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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 (HETEs). Prostanoids are formed by the cyclo-
oxygenase (COX) pathway, whereas LTs and HETEs are
formed by the 5-, 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) H,,
which, in turn, is metabolized to PGD,, PGE,, PGF,, PGI,,
and thromboxane (TX) A, by specific synthases.

*Address correspondence to this author at the Department of Dermatology
and Center for Innovation in Immunoregulative Technology and
Therapeutics, Kyoto University Graduate School of Medicine, 54 Shogoin-
Kawara, Sakyo, Kyoto 606-8507, Japan; Tel: + 81-75-751-3310; Fax: + 81-
75-761-3002; E-mail: kaba@kuhp kyoto-u.ac.jp

1389-4501/10 $55.00+.00

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 [S]. 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 [5]. 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.
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Fig. (1). Biosynthetic pathways of prostanoids. The formation of PGD,, PGE,, PGF,,, PGG,, PGH,, and PGI,, 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-
ant role 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 Prostanoid Synthases and Prostanoid Receptors in the Skin

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

PG; Prostaglandin, s; synthasc, m; mousc, h; human
Modificd from the reference by Tilley ef al
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PROSTANOID RECEPTOR EXPRESSION ON KERA-
TINOCYTES AND IMMUNE CELLS

Adult 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 EP1, 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-a 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: Th1, 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 Thl cells and to some extent by Th17 cells [40].
Although the suppressive activity of PGE, on Th1 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 PGl,-1P signaling might
result in Th2 biased immune response through inhibition of
Thl differentiation in IP 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 prostancids 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 nalve 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 PGL-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
subset, which suppress the activation of effector T cells and
play suppressive function in various disease, including CHS
[43-45] It has been reported that PGE, promote Foxp3
mRNA expression throught EP2 and EP4 dependent mecha-
nism in vitro [46]. However, the physiological role of these
signaling in the skin immune response has yet to be
elucidated.

6. PROSTANOIDS IN CONTACT HYPERSENSITI-
VITY - ELICITATION PHASE

After establishment of the sensitization phase, antigen re-
challenge onto the skin stimulates KCs to produce memory T
cell-attracting chemokines, such as CCL27, and neutrophil-
attracting chemokines, such as CXCL1 and CXCL2, and to
evoke inflammation, in a stage called the elicitation phase. It
has been demonstrated that these chemokines are induced by
PGE, [35, 47], and several prostanoid receptors are also
involved in this phase. For example, PGD, promotes

neutrophil infiltration through CRTH2 and contributes to the
progression of inflammation [48]. Accordingly, administra-
tion of CRTH2 antagonist attenuates the CHS response [49].
On the other hand, stimulation of the EP3 receptors on KCs
inhibited the chemokine expression in KCs, and suppressed
the CHS response [50). Predictably, EP3-deficient mice
showed increased CHS responses, suggesting that both endo-
genous and exogenous EP3 signaling plays an anti-inflam-
matory role at the elicitation site under certain conditions
[50].

On the other hand, TPA is known to induce skin inflam-
mation. After TPA application, acute edema is induced and
followed by inflammatory cell infiltration, with this entire
episode being induced by TNF-a and PGE; [51]. In fact,
intradermal injection of PGE; into human skin causes erythe-
ma with vascular permeability changes [52-54]. Similar skin
inflammation is induced by ultraviolet B, which is mediated
through EP2 and EP4 receptors [55]. Such direct effects of
prostanoids on blood vessels might affect the elicitation
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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 [58]. 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 1L-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.
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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 1L-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).

Antigen chronicirepeated exposure

X x %

Kak Kyk Kyx

T 11 183

1 11 11

) 5

*,ﬁ'****

i R 0 B R A
: ~
. -
EP2/ . .
PGl -IP PGD.-
EP4 | PGE,-EP3 } L__~ l CRTHZ
— . PGE - . 1
- . EP2EP4 -
: : '
. v IgE producticn
:! Vasodilation | Mast cell
' degranulation
2 Eosinophil
cCcLz7
: lass switch infii
=P . promotion production ¢ © IE infitration,
«oeeepinhibition IgE production

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 a2 mouse
asthma model [69, 70]. Although the role of PGD, 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,-
CRTH2 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-

Antigen

Mast Cell

, PGD,
degranulation .
*

L2

L]

[

L

Histamin v

DP

cysLTs |

DC migration

—t
lllll>

. promotion
- inhibition

Honda et al

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.



