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Increased circulating Th17 frequencies and serum IL-22
levels in patients with acute generalized exanthematous
pustulosis
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Background/Objective Acute generalized exanthematous pustulosis (AGEP) is a diffuse pustular disorder that
usually begins in intertriginous folds with widespread erythema. The causes in the majotity of the cases are drugs.
T cells and interfeukin (IL)-8 play roles in the development of AGEP, but the mechanism remains to be elucidated.
We investigated the involvement of Th17 cells and their cytokine 1L-22 in the pathogenesis.

Methods Three patients with AGEP were enrolled in this study. The percentages of IL-177 Th17 cells, interferon

“,‘f T cells and !L»Aﬁ" T CGHS W

gcelis and 400 VEFE M

al easured in the patients’ peripheral blood lymphocytes by intraceliular cytokine
staining and flow cytometry. The concentration of IL-22 in the sera was measured by enzyme-linked immunosorbent
assay.

Results The percentages of Th17 cells were markedly higher in all three patients than healthy control individuals.
The frequencies of interferon v* T cells were slightly high in the patients compared with the control, and there was
no definite tendency in IL-4™ T-cell frequencies. The concentration of [L-22 was remarkably high in all patients when
compared with normal subjects with levels under detection.

Conclusion Th17 cells and their produced cytokine 1L-22 were elevated in the peripheral blood of patients with
AGEP. As IL-17 and IL-22 cooperatively stimulate keratinocytes to produce IL-8, IL-8 may contribute to the
accumulation of neutrophils in the lesional epidermis of AGEP.
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In AGEP, lymphocyte transformation test {LTT) usually shows

Acute generalized exanthematous pustulosis (AGEP) is a diffuse
pustular disorder characterized by acute, small, non-follicular, ster-
ile pustules that usually begin in intertriginous folds with wide-
spread oedema and erythema.'™ Fever and peripheral blood
leucocytosis are often seen in the patients. The majority of the
cases are induced by adverse drug reactions, often triggered by
pristinamycin, ampicillin/amoxicillin, quinolones, chloroquine,
sulphonamides, terbinafine and diltiazem.'! Massive subcorneal
infiltration of neutrophils and dermal and epidermal infiltration
of T cells are the histopathological features.
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high levels of stimulation index (S.1.) towards causative drugs, sug-
gesting that drug-specific T cells mediate AGEP? as seen in the
other types of drug eruptions.” Drug-specific CD4" and CD8' T
cells are present in the blood and play an important role by pro-
ducing neutrophil chemoattractant interleukin-§ (11.-8)/CXCL8.> >
However, the pathogenesis of AGEP cannot be explained merely
with T-cell-secreting IL-8, because the mechanism of subcorneal
collection of neutrophils remains to be an issue. One possibility

s that IL-8-secreting T cells invade into the epidermis, leading to

the infiltration of neutrophils. Alternatively, a certain population
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of T cells specific for a given drug might stimulate keratinocytes
to produce 11-8, and the keratinocyte-derived I1-8 might be
responsible for subcorneal neutrophil aggregation. In fact, the
elevated expression of 1L-8 was observed in keratinocytes as well
as infiltrating mononuclear cells.”

11.~17-producing Th17 cell is a newly established CD4™ T helper
cell subset, and dysregulated Thl7 responses mediate a variety of
systemic and skin inflammatory conditions, such as psoriasis™®
and atopic dermatitis.” Th17 cells coexpress 11.-22, and its receptor
is expressed on epithelial tissues.” T1.-17 and 11-22 cooperatively
enhance some immunological responses and exert a strong syner-
gistic effect o the production of TL-§ by keratinocytes.” Recently,
an increased frequency of Thi7 cells has been reported in a case of
AGEP."Y To address the possible participation of Th17 cells in the
pathogenesis of AGEFP, we examined the frequency of Thi7 cells
and the level of I1-22 in three patients with AGEP.

Three patients with AGEP, 32-year-old woman (case 1), 68-year-
old woman (case 2) and 59-vear-old man (case 3), were enrolled

in this study. The diagnosis was made on the basis of clinical man-
ifestations, i.e. an erythematous, burning eruption with small pus-
tules on the peripheries distributed to the inner thighs, knees,
lower legs and upper limbs (Fig. la). In all patients, the total len-
cocyte counts and CRP values were elevated with neutrophilia.
Histopathologically, there were subcorneal neutrophilic pustules
and a dermal lymphocytic infiltrate. The causative drugs and LTT
were as follows: case [, acetaminophen (final concentration,
10 pg/L; S.L, 2.5); case 2, roxithromycin (Fig. 1b; final concentra-
tion, 3 pg/T; S.1, 2.1) and case 3, doripenem (final concentration,
1.8 we/L; SI, L.7). Discontinuation of the causative drugs and
oral or topical administration of corticosteroids tmproved the
eruptions in 2 weeks. Roxithromycin as causative drug of AGEP is
known,'" and doripenem-induced AGEP in case 3 was reported
previously.'?

In the three patients, the percentages of circulating Th17 cells
and serum levels of I1-22 were measured. The method for

measurement of Th17 Th

measurement o cells as well as Thi and Th2 cells was
. . 9 . ~
described previously.” Briefly, blood samples were taken from

the patients 5 or 6 days after the onset of eruption. Intracellular

(b)
(a) Roxithromycin
(pg ML) Figure 1 Representative clinical appear-
ance and LTT to drug. (a) Clinical appeatr-
L R ance of case 1, showing an erythematous,
s T scaly, pustular eruption present on the
’ thighs (left) and upper extremities (right).
5 g gb) LTT of case 2, showing an elevation of
3H-thymidine (TdR) incorporation in
50 — response to roxithromycin added to the
72-h culture of patient’s PBMC. *P < 0.05,
Q 5 10 18 20

3H-TdR incorporation = SD {cpm x10-%)

compared with the non-addition control.
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the three patients. (a) Representative flow
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Normal Normal are [L-17", CD3* and CD8". (b) Percentage
sub;eczs”:] subjects : i ) of IL-17*CD3*CD8™ cells (Th17 cells).
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Th17 and 1L-22 in AGEP

cytokines of PBMC were stained according to the protocol of
Cytostain (Immunotech, Marseille, France) with a few modifica-
tions. Freshly isolated peripheral blood mononuclear cells
(PBMG; 2 % 10° cells/mL) were incubated in complete RPMI-
1640, 10 ng/mL of phorbol I2-miyristate 13-acetate (PMA;
Sigma Chemical Co., St. Louis, MO, USA), 107 mol/L of ion-
omycin (Wako, Osaka, Japan) of Golgistop (BD
Biosciences) for 8 h. The cells were washed and dircctly stained
with PerCP-conjugated anti-CD8 mAb (BD Biosciences, San
Diego, CA, USA) and subsequently with APC-conjugated anti-
CD3 mAb (BD Biosciences) for 20 min at 4 °C. After washing,
100 W of Cytofix/Cytoperm buffer (BD) Biosciences) was added
to each well and incubated for 20 min at room temperature

and 0.7 plL

and washed with Perm/Wash solution as manufacture’s proto-
col (BD Biosciences). They were stained with PE-labelled anti-
[L-17 or IL~4 and FITC-labelled anti-TFN-y monoclonal antibody.
Fluorescence profiles were analysed by flow
FACSCanto

OLATIG

cytometry in

The serum concentration of 1-22 was measured by using
human TL-22 quantikine enzyme-linked immunosorbent assay
(ELISA) kit (R & D Systems, Minneapolis, MN, USA).

tesmulis

V\’e detected circulating hnnphocyte\ intracellularly positive for
IL-17, TFN-v or IL-4 by flow cytometry. As CD4 expression is
downregulated by stimulation with PMA and ionomvycin, we esti-
mated CD3"CD8™ cells as CD4™ T cells.” The T1-17* cell popula-
tion was found exclusively in CD3"CD8” T cells (Fig. 2a),
representing Thi7 cells. The ﬁ‘equcﬁcies of Thi7 cells in all three
patients were elevated compared with the normal subjects
(Fig. 2b). The percentage of IFN-y" T cells was slightly higher in
the three patients than the normal subjects (n = 12; five men and
seven women; mearn age, 48.8 years) (Fig. 2¢), and both CD4" and
CD8" fractions showed the similar [FN-v" cell-elevated*tendency
(data not shown}. [L-4" T cells were exclusively CD4-positive, and
there was no definite tendency of its percentage in the patients
compared with the control (Fig. 2d).

In parallel, we quantified the serum concentration of IL-22.
[1-22 was elevated in all patients, compared with the normal indi-
viduals (7 = 5; two men and three women; mean age, 45.2 years)
whose JL-22 levels were under detection (Fig. 3).

It is well known that TL-8 is the most important chemokine for
neutrophil infiltration. AGEP is a disease in which both neutroph-
ils and T cells are involved,”™ and IL-8-producing T cells have
been thought to mediate AGEP.”™ Our study confirmed the
increase of Th17 cells found in PBMC of d patient with AGEP and
the possible involvement of Thl7 cells in the pathogenesis of
AGEP."? Furthermore, we demonstrated the elevation of their pro-
duced cytokine 1L-22. As IL-17 and 1L-22 cooperatively stimulate
keratinocytes to produce IL-8,” our finding suggests that keratino-

JEADV 2010
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Figure 3 IL-22 levels in sera of the three patients. The concen-
tration of {L-22 was measured with ELISA kit according to the
manufacturer’s directions.

cyte-derived TL-8 contributes to the accumulation of neutrophils
in the lesional epidermis of AGEP. It is thus likely that not only
T cells*™ but also keratinocytes are the source of IL-8 in AGEP.
The subcorneal infiltrate of neutrophils, a hallmark of AGEP, can
be explained with this notion. Th17 cells are deeply involved in
the pathogenesis of psariasis,” and the resultant production of
11-8 by keratinocytes may lead to Munro’s microabscess and even
the pustular form of psoriasis. In this concept, AGEP may share
the pathomechanism with psoriasis. Th17 cells play a role for not
only systemic but also for local cutaneous inflammation through
the upregulation of neutrophil-chemoattracting and mobilizing
chemokines in AGEP.
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Increased expression of mRNAs for IL-4,
IL-17, IL-22 and IL-31 in skin lesions of
subacute and chronic forms of prurigo

Prurigo lesions are divided into acute, subacute, and chronic
forms [1]. Subacute prurigo tends to affect middle-aged
women with symmetrical distribution. Chronic prurigo
consists of small, irritable papules, preferentially on the
abdomen and other sites. These two forms persist for a
long period and may evolve into nodular lesions. Prurigo
is severely itchy and characterized histologically by infil-
trates of lymphocytes and eosinophils and acanthosis of
the epidermis. Th2 cells expressing interleukin (IL)-4, IL-5
and 1L-10 infiltrate into the lesional skin of subacute and
chronic prurigos [2]. However, all features of prurigo cannot
be ascribed to Th2 cytokines, and other cytokines may par-
ticipate in the pathogenesis. IL-31 is pathogenic for pruritic
skin diseases, such as atopic dermatitis and prurigo nodu-
laris [3]. On the other hand, IL-22 is a critical cytokine for
proliferation of epidermal keratinocytes [4]. We therefore
investigated the expression of these cytokines in the skin
lesions of prurigo.

The ethical committee of our university approved this
study. Papulonodular lesions of subacute and chronic
prurigos (ca. 3 mm in diameter) were biopsied and sub-
jected to real-time polymerase chain (PCR) analysis.
Seven patients (M:F=4:3; mean age, 68.7+ 10.9) were
enrolled. As controls, skin specimens (center of lesional
skin) of 7 patients with plaque psoriasis (M: F=4:3;
65.5 years +15.9) and 5 normal individuals were used.
Total RNA was extracted with an RNA extraction kit
(Promega, Madison, WI). RNA was reverse transcribed
and amplified by random hexamer with primers and probes
from TagMan (Applied Biosystems, Foster City, CA). The
result for each gene was normalized to the quantity of
B-actin (ACTB) detected in the sample. In parallel, we
measured the percentage of IL-17*CD4* T (Th17) cells

EJD, vol. xx, n° x, xx-xx 2010

Eur J Dermatol 2010; xx (x): 1-3
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in peripheral blood mononuclear cells (PBMC) from the
patients, as described previously [S]. Intracellular IL-17 of
PBMC was stained according to the protocol of Cytostain
(Immunotech, Marseille, France), with some modi-
fications.

The level of IL4 mRNA expression was higher in prurigo
skin than in normal and psoriatic skin, and there was
no significant difference between normal and psoriatic
skin (figure 1A). IL3] mRNA was expressed at a signi-
ficantly higher level in prurigo than psoriasis and normal
skin (figure IB). mRNAs for IL-17 (figure 1C) and 1L-22
(figure 1D) were highly expressed in both prurigo and
psoriasis lesions, compared to normal skin. A significant
correlation was found between the expression levels of
14 and IL31 (P=0.0429), and a correlation tendency was
observed between IL17 and IL22 (P=0.1096) in patients
with prurigo. The percentages of peripheral blood Th17
cells (IL-17*CD3"CD4+CD8" cells) were also examined.
Figure ]E represents a typical flowcytometric analysis of
Th17 cells. The frequencies of Th17 cells were significantly
higher in prurigo as well as in psoriasis than in normal
control (figure IF).

In addition to the previcus observation that Th2 cytokines
are highly expressed in prurigo lesions [2], the present study
showed that IL31, IL17, and IL22 are also increased in
prurigo. IL-31 is produced by a certain subset of Th2 cells
and is involved in pruritic disorders [3], and /L3 and IL4
were correlated with each other in our prurigo study, as seen
in atopic dermatitis {6]. Prurigo shared the high expression
levels of IL-17 and IL-22 with psoriasis. Epidermal ker-
atinocytes proliferate in response to IL-22 [4], leading to
acanthosis. Accordingly, we found that IL/7 and IL22 were
elevated in prurigo lesions. Prurigo may be characterized
by the increment of IL-17/IL-22 and IL-31. Since these two
categories of cytokines seem to be derived from different
T cell populations, Th17/Th22 and Th2, it is considered
that the characteristics of prurigo, i.e. pruritus and epider-
mal hyperplasia, are mediated by the unique combination
of pathogenic T cells. B

| —
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Figure 1. Expression of cytokines in the skin and percentages of Th17 cells in the blood. A, B, C, D) Biopsy specimens were
taken from lesional skin of patients with prurigo and psoriasis, and from normal skin of healthy subjects. They were examined for
the expression of the indicated four cytokines by real-time RT-PCR. The data represent the means £ SD. UDL: under detection
level. In TL-4 of psoriasis, 6 cases were UDL and one case was 5.15. In TL-31 of psoriasis, 5 cases were UDL and 2 cases were
2.77 and 3.07. *P=0.024, **P < 0.01. E, F) PBMC from the patients and normal volunteers were subjected to intracellular
cytokine staining and flow cytometry. A representative flow cytometric datais shown (E). The mean # SD of Th17 cell percentages

in each group (F). *P=0.050, **P =0.0019.
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Prostanoid Receptors as Possible Targets for Anti-Allergic Drugs: Recent
Advances in Prostanoids on Allergy and Immunology
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Abstract: Prostanoids, consisting of prostaglandins and thromboxane, are cyclooxygenase metabolites of arachidonic acid
released in various pathophysiological conditions which exert a range of actions mediated through their respective
receptors expressed on target cells. Although it has been difficult to analyze the physiological role of prostanoids, recent
developments in both the disruption of the respective gene and receptor selective compounds have enabled us to
investigate the physiological roles for each receptor. It has been demonstrated that each prostanoid receptor has multiple
functions, and that their expression is regulated in a context-dependent manner that sometimes results in opposite,
excitatory and inhibitory, outcomes. The balance of prostanoid production and receptor expression has been revealed to be
important for homeostasis of the human body. Here, we review new findings on the roles of prostanoids in allergic and

immune diseases, focusing on contact dermatitis, atopic dermatitis, asthma, rheumatoid arthritis, and encephalomyelitis,
and also discuss the clinical potentials of receptor-selective drugs.

Keywords: Prostanoid, atopic dermatitis, contact dermatitis, NSAID, prostaglandin, asthma, rheumatoid arthritis,

encephalomyelitis, allergy.

INTRODUCTION

Allergic and immune diseases, including asthma, atopic
dermatitis (AD), rhinitis, and autoimmune diseases are rela-
ted to each other as steps in the ‘atopic march,” and are found
to be increasing in number [1]. They have been treated by
suppressing inflammation mainly through steroid-based
therapy that, unfortunately, has multiple side effects, such as
obesity, hyperglycemia, and osteoporosis, among others.
Recently, several advanced therapies for these allergic and
immune diseases [2, 3] have been developed, but most of
them are very expensive. Therefore, the development of
more effective and inexpensive treatments with fewer side
effects is in high demand.

When tissues are exposed to diverse pathophysiological
stimuli, arachidonic acid (AA) is released from membrane
phospholipids, and converted to lipid mediators, such as
prostanoids, leukotrienes (LTs) and hydroxy-eicosatetra-
enoic acids (HETESs). Prostanoids are formed by the cyclo-
oxygenase (COX) pathway, whereas LTs and HETEs are
formed by the S-, 12- and 15-lipoxygenase (LO) pathways.
COX has two isoforms, COX-1 and COX-2. While COX-1
is constitutively expressed in cells, COX-2 requires specific
stimulation, by substances such as acetone and the phorbol
ester TPA [4). This reaction results in the formation of an
unstable endoperoxide intermediate prostaglandin (PG) Ha,
which, in turn, is metabolized to PGD,, PGE,, PGF,,, PGl
and thromboxane (TX) A, by specific synthases.

*Address correspondence to this author at the Department of Dermatology
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Therapeutics, Kyoto University Graduate School of Medicine, 54 Shogoin-
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Prostanoids are released from cells immediately after for-
mation. Because they are chemically and metabolically un-
stable, they usually function only locally through membrane
receptors on target cells [5]. Nine types and subtypes of
membrane prostanoid receptors are conserved in mammals
from mouse to human: two subtypes of the PGD receptor
(DP; and the chemoattractant receptor homologous-molecule
expressed on Th2 cells, CRTH2), four subtypes of the PGE
receptor (EP1, EP2, EP3, and EP4), the PGF receptor (FP),
the PGI receptor (IP), and the TXA receptor (TP) (Fig. 1).
All are G protein—coupled rhodopsin-type receptors with
seven transmembrane domains (Fig. 1). Main signal trans-
duction mechanisms of these prostanoid receptors are
through regulation of intracellular cyclic adenosine mono-
phosphate (cAMP) concentration and intracellular free
calcium concentration. DP, EP2, EP4 and IP are Gs coupled
receptors and elevate intracellular cAMP concentration,
while EP3 and CRTH2 are Gi coupled receptors and
decrease intracellular cAMP. EP1, FP and TP are Gq and
other G protein coupled receptors and increase intracellular
calcium concentration [S]. However, most of them may
couple to more than one G protein with each signaling path-
way. Recently, individual prostanoid receptor gene-deficient
mice have been used as models to dissect out the respective
roles of each receptor in combination with the use of
compounds that selectively bind to prostanoid receptors as
agonists or antagonists [6). These genetic and pharmacolo-
gical approaches have revealed new roles for prostanoids and
their receptors in allergic and immune diseases. In this
review, we describe the current investigative status of pros-
tanoids in allergic and immune diseases, especially focusing
on skin disease, and discuss the clinical potentials of
receptor-selective drugs.

© 2010 Bentham Science Publishers Ltd.



2 Current Drug Targets, 2010, Vol. 11, No. 11

Honda et al.

Arachidonic acid

i

Leukotrienes
(LTs), HETESs

Aspirin

l COX-1.2 NSAIDs

PGG,

—

inhibition

PGES
FGOS

. h
PGEz PGD:2 PGlz TXAz PGF2u

L » < v v v

EP1 EP2 EP3 EP4 DP CRTH? P TP Fp

(BP1)  (DP2)
Gprotein : Gg? Gs Gilg Gs Gs Gi Gs Gslg Gq

Fig, (1). Biosynthetic pathways of prostanoids. The formation of PGD,, PGE,, PGF,, PGG,, PGH,, and PGl,, and TXA,, from
arachidonic acid is shown. The first two steps of the pathway (i.e., conversion of arachidonic acid to PGG, and then to PGH,) are catalyzed
by cyclooxygenase (COX), and the subsequent conversion of PGH, to each PG is catalyzed by the respective synthase as shown. All are G

protein-coupled rhodopsin-type receptors.

PROSTANOID FORMATION IN THE SKIN

Human bodies are exposed to external stimuli conti-
nuously. As a representative organ, the skin plays an import-
antrole in self-defense during exposure to foreign antigens,
and consists of many immune cells, such as keratinocytes
(KCs), T cells, B cells, mast cells, eosinophils, fibroblasts,
and two types of cutaneous dendritic cells (DCs), epidermal
Langerhans cells (LCs) and dermal DCs (dDCs). In the
normal human skin, immunohistochemical examinations
have revealed that COX-1 is observed throughout the epider-
mis, whereas COX-2 exists in more differentiated, supra-
basilar KCs and outer root sheath cells of hair follicles [7, 8].

Among prostanoids, PGE; is the main COX product in
human epidermal homogenates [9]. PGD, has been detected
in human skin {9], and PGD synthase is present predomi-
nantly in LCs, dDCs, dermal macrophages and mast cells,
but not in KCs {10, 11]. Of this group of cells, mast cells
have been found to be one of the major cellular sources of
PGD;. Only very low TX synthase activity has been found in
the skin; however, high levels of TXB,, as a metabolite of
TXA,, were detected in the cultured supernatant of LCs and
DCs [12]. PGI, was detected in the skin of the murine atopic
dermatitis model [13]. PGF,,, was observed in skin exudates
of nickel allergy patients [14]. The above findings on the
synthesis of prostanoids are summarized in Table 1.

Table 1. Expression of Prostaneid Synthases and Prostanoid Receptors in the Skin

PGDS PGES PGFS PGIS | TXS DP CRTH2 EP1 EP2 | EP3 | EP4 | FP 1P TP
Keratinocytes m m,h h h h h
Langerhans cells h m, h m m, h m m m m
Dendritic cells h m, h m m, h m, h m, h m
T cells m, h(Th2) m m m m, h m m
B cells mh | mh { m,h | mh m
Macrophages m, h m m, h m m m m m, h
Eosinophils h h h h m m m, h h h
Mast cells, basophils m,h h m, h m, h m m m m
Neutrophils h h h m m, h m
Blood vessels h h h mh | mh | mh | mh m,h | mh

PG; Prostaglandin, s; synthase, m: mouse, h; human
Modified from the reference by Tilley er al.
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PROSTANOID RECEPTOR EXPRESSION ON KERA-
TINOCYTES AND IMMUNE CELLS

Adilt human KCs express mRNA for all subtypes of
PGE, receptors [15, 16] and the expression of all PGE,
receptors have been detected in mouse KCs by immunohisto-
chemistry [17]. Mouse LCs and DCs have been shown to
express DP [18], EP1, 2, 3, 4 [19], and IP [20]. T cells are
known to express EPI1, 2, 3, 4 [21], IP [22] and TP [12].
PGE, suppresses T cell proliferation, T cell differentiation in
the thymus, and IL-1 production by acting at EP2 and EP4
[23] in vitro. B cells express EP1, 2, 3, and 4 [21] and PGE,
facilitates IgE class switching through EP2 and EP4 in vitro
[24]. Mast cells express EP1, 2, 3, 4, DP, and IP [21, 25],
and PGE; acts at EP3 to suppress degranulation [26]. Human
eosinophils express EP2, EP4, DP, CRTH2 and TP [25, 27],
and PGE, seems to prolong eosinophil survival [28, 29]. On
the other hand, PGE, suppresses TNF-o production and
enhances IL-6 production from neutrophils stimulated by
lipopolysaccharide (LPS) through EP2 and EP4 [25, 30]. As
summarized in Table 1, prostanoids and their receptors are
produced and expressed by a wide variety of cells in the
skin, This varied expression pattern of prostanoids maintains
the homeostasis of our body, which will be discussed as
below.

NON-STEROIDAL ANTI-INFLAMMATORY DRUGS
AND PROSTANOIDS

The roles of prostanoids on allergy and immune diseases
have been suggested by clinically monitoring the effects of
non-steroidal anti-inflammatory drugs (NSAIDs), a set of
COX inhibitors. It is well known that cutaneous immune
responses are associated with an increase in prostanoid
formation; however, the roles of prostanoids have been less
well defined. This is presumably because the effects of
NSAIDs are far less marked compared to those of steroids
[31]. There are some skin diseases that are effectively treated
with NSAIDs 3, 31, 32]; for example, ibuprofen piconol has
an anti-inflammatory effect on acne vulgaris, by inhibiting
leukocyte migration induced by Propionibacterium acnes
[33]. However, NSAIDs are generally not useful for inflam-
matory skin diseases, such as contact dermatitis and AD [3,
31] largely because NSAIDs occasionally induce contact
dermatitis themselves. Since NSAID is a COX inhibitor,
which blocks formation of all prostanoids, observations
obtained from NSAIDs neither indicate which type of
prostanoid nor which class of prostanoid receptor is involved
in a given process. Recent genetic and pharmacological app-
roaches have revealed some unexpected findings regarding
each prostanoid receptor. It is high time to reconsider the
significance of each prostanoid receptor in allergic and
immune diseases.

PROSTANOIDS IN CONTACT HYPERSENSITIVITY
- SENSITIZATION PHASE

In order to evaluate the physiological roles of prostanoids
in immune responses of the skin, the use of a contact hyper-
sensitivity (CHS) model (in other words, allergic contact
dermatitis) is an effective tool [34, 35]. Migration of cuta-
neous DCs to the lymph nodes is a crucial step in the initia-
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tion of CHS. This activation of cutaneous DCs is initiated by
KCs that secrete pro-inflammatory cytokines upon antigen
application. Thus, by virtue of their specific cytokine secre-
tion pattern, KCs determine the microenvironment for
cutaneous DC maturation and migration (Fig. 2).

PGE, produced by KCs upon antigen exposure acts at
EP4 on cutaneous DCs to facilitate initiation of cutaneous
immune responses by promoting the migration and matura-
tion of cutaneous DCs, and the blockade of PGE,-EP4 sig-
naling attenuates the CHS response [19] (Fig. 2). Interest-
ingly, prostanoid activity producing the opposite effects has
also been documented: PGD, induced by percutaneous
infection with the helminth parasite Schistosoma mansoni
specifically impedes the migration of LCs through the DP
receptor [18], and administration of the DP agonist,
BW245C, inhibits migration of LCs and attenuates OVA-
induced dermatitis [36]. Stimulation of DP signaling also
inhibits the migration of lung DC, which leads to the
suppression of airway inflammation [37]. The PGI, receptor
IP inhibits the proinflammatory cytokine production and T
cell stimulatory function of DCs [38]. These activities of
lipid mediators are not only limited to prostanoids: LC
migration from the skin to the lymph nodes utilizes the LTC,
transporter multidrug resistance-associated protein 1 [39].
The significance of these prostanoid receptors in pathophy-
siological conditions remained to be elucidated, but modula-
tion of the signaling of these receptors may lead to a
discovery of a possible candidate for the immune reaction.

Once cutaneous DCs migrate to draining lymph nodes,
they present antigens to naive T cells to prime them, Subse-
quently, the engagement of the antigen complex by T cell
receptors triggers clonal expansion and differentiation of T
cells. CD4" helper T (Th) cells are differentiated into at least
three subsets: Thi, Th2 and Th17. Similarly, CD8" cytotoxic
T (Tc) cells undergo differentiation into two subsets: Tcl
cells and Tc2 cells. Contact hypersensitivity is mainly
mediated by Tht cells and to some extent by Th17 cells [40].
Although the suppressive activity of PGE, on Thl differen-
tiation in vitro has been known since the 1980s, the in vivo
role of PGE; on Th differentiation has only recently been
addressed. In the sensitization phase of CHS, PGE, produced
by DCs stimulate EP1 receptors on naive CD4" and CD8" T
cells and promote Thl and Tcl differentiation {41]. Accord-
ingly, EPl-deficient mice showed reduced Thl and Tcl
differentiation and CHS responses [41]. In addition to EP
receptor signaling, IP signaling promotes Thl and Tcl
differentiation through cAMP dependent mechanism [42].
Interestingly, it has been reported that IP deficient mice
showed enhanced Th2 response such as elevated IgE
concentration in serum in mouse OVA-induced asthma
model [22], suggesting that lack of PGI,-IP signaling might
result in Th2 biased immune response through inhibition of
Thl differentiation in TP deficient mice. Prostanoids also
regulate DC-T cell interaction in the priming of naive T
cells. Cutaneous DCs produce abundant TXA,, which acts
on naive T cells to impair the DC-T cell interaction [12].
Predictably, TP-deficient mice or wild-type mice treated
with a TP antagonist, S-145, during the sensitization period
showed enhanced CHS responses, indicating that TP

signaling negatively regulates the priming of T cells [12]
(Fig. 2).
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Fig. (2). Hypothesis on the role of prostanoids in the contact hypersensitivity response. During the sensitization period, antigen induces
pro-inflammatory cytokine secretion by KCs, which enhances cutaneous DCs (LCs and dDCs) activation and migration to regional lymph
nodes. In the lymph nodes, cutaneous DCs activate naive T cells which differentiate into mature memory T cells, During antigen exposure to
the skin, KCs produce PGE,, and mast cells produce PGD,. Moreover, schistosomes produce PGD, during helminthic infection. The PGE,-
EP4 pathway promotes, but PGD,-DP and PGI,-IP pathways inhibit cutaneous DC migration and maturation. TXA, produced by activated

cutaneous DCs seems to act on naive T cells to disrupt DC-T cell interaction. The PGE,-EP1/EP2/EP4 pathways promote Thl cell
differentiation. The PGE,-EP4 pathway also promotes Th17 cell expansion.

During the elicitation phase of the CHS response, secondary antigen exposure to the skin stimulates KCs to secrete pro-inflammatory
cytokines, chemokines and other mediators, which activate the endothelial activation of blood vessels. This activation attracts memory T cell .
infiltration into the skin. Subsequently, antigen-loaded antigen-presenting cells activate memory T cells to induce mediator release. PGE,

dilates blood vessels possibly through EP2 and EP4. PGE,-EP3 signaling inhibits KCs activation and plays an anti-inflammatory role in
CHS.

Regulatory T cells (Tregs) are another important T cell neutrophil infiltration through CRTH2 and contributes to the
subset, which suppress the activation of effector T cells and progression of inflammation [48]. Accordingly, administra-
play suppressive function in various disease, including CHS tion of CRTH2 antagonist attenuates the CHS response [49].
[43-45] It has been reported that PGE, promote Foxp3 On the other hand, stimulation of the EP3 receptors on KCs
mRNA expression throught EP2 and EP4 dependent mecha- inhibited the chemokine expression in KCs, and suppressed
nism in vitro [46]. However, the physiological role of these the CHS response [50]. Predictably, EP3-deficient mice
signaling in the skin immune response has yet to be showed increased CHS responses, suggesting that both endo-
elucidated. genous and exogenous EP3 signaling plays an anti-inflam-

matory role at the elicitation site under certain conditions

501.
6. PROSTANOIDS IN CONTACT HYPERSENSITI- (0] ' . o
VITY - ELICITATION PHASE On the other hand, TPA is known to induce skin inflam-
mation. After TPA application, acute edema is induced and

After establishment of the sensitization phase, antigen re- followed by inflammatory cell infiltration, with this entire

challenge onto the skin stimulates KCs to produce memory T episode being induced by TNF—o, and PGE, [51]. In fact,
cell—at?racting chemokines, such as CCL27, and neutrophil- intradermal injection of PGE, into human skin causes erythe-
attracting chemokines, such as CXCL1 and CXCL2, and to 1, with vascular permeability changes [52-54]. Similar skin
evoke inflammation, in a stage called the elicitation phase. It inflammation is induced by ultraviolet B, which is mediated
has been demonstrated that these chemokines are induced by through EP2 and EP4 receptors [55]. Such direct effects of
PGE; [35, 47], and several prostanoid receptors are also  prostanoids on blood vessels might affect the elicitation
involved in this phase. For example, PGD, promotes
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phase of CHS, but the physiological role in this context
remains unknown.

7. PROSTANOIDS IN AD

AD is a common pruritic and chronic inflammatory skin
disease that is regarded as one of the T helper type 2 (Th2)
diseases. In the dermis, a cellular infiltrate is present consist-
ing of lymphocytes, monocytes and mast cells. Histamine is
one of the mediators suspected to play an important role in
Th2 disease processes, but its role in AD is uncertain
because antihistamines improve the disease only partially,
not dramatically [56, 57]. Therefore, in the search for poten-
tial mediators involved in the inflammatory processes of AD,
mediators other than histamine have to be considered. In this
respect, it would be of relevance to examine the potential
role- of prostanoids in the molecular pathology of AD. In
biopsy specimens from patients with AD, PGE, has been
determined in biologically active amounts in both lesional
and perilesional skin [S58]. In contrast, normal levels of
eicosanoids were found in the uninvolved skin of these
patients [58]. Using an ovalbumin-induced mouse AD
model, COX-2 inhibition induced both enhanced eosinophil
infiltration and elevated IL-4 expression in the skin lesion
with elevated serum IgE and IgGl, suggesting that COX-2-
derived prostanoids play protective roles in the development
of AD. As TP-deficient mice exhibited an enhanced immune
response with an increased serum IgE level on a repeated
hapten application-induced murine AD model [12], TP
signaling may be responsible for the worsened phenotype of
COX-2-deficient mice.

Current Drug Targets, 2010, Vol. 11, No. 11 5

PGE; has the capacities to induce wheal and flare reac-
tions when injected into human skin [59] and to modulate the
inflammatory responses elicited by other mediators [54, 60].
In contrast, one of the characteristics of AD is the elevation
of IgE in the sera of patients, which is related to pruritus
[61]. PGE, drives Ig class switching to IgE by acting at EP2
and EP4 on B cells under LPS and IL-4 stimulation in vitro
[24]. The physiological role of PGE, on class switching in
AD patients should be pursued in future studies.

PGD; is the major prostanoid produced by activated mast
cells. PGD, has two types of receptors, DP and CRTH2.
CRTH2 induces chemotaxis in Th2 cells, eosinophils and
basophils with enhanced degranulation [62, 63]. In response
to PGD,, CRTH2 also induces Th2 cell and neutrophil
migration into inflammatory skin sites [48]. Virtually all
CRTH2" CD4" lymphocytes have a pure Th2 phenotype and
occupy not all but a large proportion of circulating Th2 cells
in both normal and AD subjects. In AD patients, a
preferential increase of CRTH2" cells was noted within the
disease-related cutaneous lymphocyte-associated antigen-
positive CD4" T cell compartment [64]. There remains a
need to clarify the respective roles of DP and CRTH2 in
pathophysiological conditions.

Pruritus is also an important hallmark of AD as PGE; is
known to evoke pruritus in AD patients [65]. And PGD,, but
not the CRTH2 agonist, 13, 14-dihydro-15-keto-PGD,, red-
uced scratching behavior in NC/Nga AD model mice,
suggesting that DP suppresses pruritic activity [66].

The above findings indicate that each prostanoid receptor
plays its own role in a context-dependent manner (Fig. 3).
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Fig. (3). Prostanoids in atopic dermatitis. A considerable amount of recent data has suggested that prostanoid receptors play some critical
roles in the pathogenesis of AD in a context-dependent manner. Possible roles are summarized.
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AD might be controlled by antagonists for DP, CRTH2, EP2,
EP4, and/or IP, and by agonists for EP4 and/or TP.

8. PROSTANOIDS IN ASTHMA

PGD, is a major prostanoid produced by activated mast
cells [67] and is released in large amounts during asthmatic
attacks in certain patients [68]. It has also been reported that
the increase of prostanoid in BALF were detected in a mouse
asthma model [69, 70]. Although the role of PGDs in allergic
asthma long remained unclear, an analysis using DP-
deficient mice revealed that PGD,-DP signaling stimulates
chemokine expression on airway epithelial cells and faci-
litates Th2 cell and eosinophil accumulation in the lungs, and
plays a central role in asthma [67]. Single nucleotide
polymorphism analysis of the human DP gene (PTGDR) also
suggests the importance of DP in the pathogenesis of asthma
[71]. From these observations, it suggests that prostanoids
facilitate asthmatic attacks through DP signaling both in
mice and humans.

In addition to DP actions, an involvement of PGD,-
CRTH?2 signaling has been reported in asthma. Administra-
tion of a CRTH2 antagonist reduced eosinophil accumula-
tion in a mouse asthma model, and administration of a
CRTH2 agonist augmented infiltrations of inflammatory
cells into the lungs [72, 73], suggesting that PGD,-CRTH2
signaling also mediate airway inflammation. However,
CRTH2-deficient mice showed increased inflammatory cell
infiltrations and IL-5 production from activated T lympho-
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cytes [74], suggesting that CRTH2 signaling may regulate
cytokine production in the development of asthma. Further
analyses are needed to clarify whether an inhibition of
CRTH2 signaling would have an overall beneficial effect.

On the other hand, the existence of prostanoid receptors
that negatively regulate allergic reactions has been reported
[26]. Among PGE receptor-deficient mice, EP3-deficient
mice showed exaggerated airway inflammation, and admin-
istration of an EP3 agonist suppressed the inflammation by
inhibiting mast cell activation and chemokine production
from airway epithelial cells [26]. EP3 signaling is also
reported to play an anti-inflammatory role in experimental
allergic conjunctivitis [75]. These results indicate that PGE,-
EP3 signaling negatively regulates allergic inflammation. It
has been well known that ingestion of aspirin (NSAIDs),

" which blocks prostanoid synthesis, sometimes induces

severe bronchoconstriction in a proportion of subjects with
asthma. Previously, such aspirin-induced asthmatic attacks
(AIA) were explained by the diversion of arachidonic acid
metabolism from the COX pathway to the LO pathway.
However, the balance of PGD,-DP signaling as promoter of
airway inflammation and PGE»-EP3 signaling as suppressor

of airway inflammation may explain the mechanism of the
AlA.

9. PROSTANOIDS IN RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is a chronic inflammatory
disease of the joints characterized by inflammatory cell
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Fig. (4). Prostanoids in asthma. PGD, produced by mast cells act on airway epithelial cells through DP and facilitate inflammation by
promoting chemokine production. PGD,-DP signaling plays a suppressive role in the sensitization phase by inhibiting DC migration and
activation. PGD; also acts on Th2 cells and eosinophils through CRTH2, and promotes accumulation of inflammatory cells. In contrast,
PGE,-EP3 signaling plays an anti-inflammatory role by inhibiting mast cell degranulation and chemokine production from airway epithelial

cells.
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infiltration, synovial hyperplasia and destruction of cartilage
and bone. NSAIDs have been long and widely used for
treatment of RA. Among PGs, PGE; has been suggested as a
main PG type active in RA reactions. In fact, it has been
reported that mice deficient in microsomal PGE synthase-1
showed reduced arthritic responses in mouse collagen-
induced arthritis (CIA) [76]. It was later revealed that EP2
and EP4 mediate inflammation in CIA [77]. Furthermore,
PGI,-IP signaling plays a critical role in the development of
CIA by enhancing the expression of arthritis related genes,
such as IL-6 vascular endothelial growth factor-A, and the
receptor activator of NF-kappa B ligand, in synovial
fibroblasts [78]. Regulation of both PGI,-IP signaling and
PGE,-EP2/EP4 signaling can be one of the potential targets
in controlling joint inflammation.

10. PROSTANOIDS IN ENCEPHALOMYELITIS

Recently, EP2 and EP4 receptors have been reported to
regulate Thl and Thl7 differentiation [79]. Both EP2 and
EP4 signaling on naive T cells promote Thl differentiation
through the phosphatidyl inositol-3 kinase pathway. EP4
signaling also promote Thl7 differentiation through the
cAMP pathway, and blockade of EP4 signaling inhibited
Thi7 differentiation in CHS and mouse experimental
encephalomyelitis (EAE) [79]. As Thl7 cells are involved in
many diseases, including not only CHS, but also psoriasis,
rheumatoid arthritis, and encephalomyelitis among others, an
antagonist of the EP4 receptor may become a useful drug
target for regulating Th17-mediated diseases.

11. CONCLUSIONS

In this review, we have summarized current findings on
the actions of prostanoids and their receptors in allergic and
immune diseases of the skin. It is worthwhile to mention the
role of prostanoid receptors on cutaneous DC function,
where EP4 as promotor of DC migration and DP as inhibitor
of DC migration mediate in opposite directions. NSAID
treatment may therefore mask the complex effects of prosta-
noids in the disease pathway. Clarification of each prostanoid
pathway should widen our understanding not only of the
actions of prostanoids but also of the delicate regulation of
cutaneous immune reactions. At present, the studies on the
role of allergic and immune diseases at the prostanoid
receptor level were mostly conducted using experimental
animals. The next question to address is to what degree this
pathway contributes to initiation and progression of human
diseases, and how effective the therapy directed to this
signaling is. There are several ongoing efforts to develop
better prostanoid receptor agonists and antagonists, and
clinical trials involving these types of drugs may be able to
clarify these issues. Selective manipulation of the actions
mediated by each receptor may provide a novel therapeutic
strategy for cutaneous allergic or inflammatory disorders.
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