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Abstract

Prostaglandins (PGs) are the major lipid mediators in animals and which are biosynthesized 

from arachidonic acid by the cyclooxygenases (COX-1 or COX-2) as the rate-limiting enzymes. 

Prostaglandin E
2
 (PGE

2
), which is the most abundantly detected PG in various tissues, exerts 

versatile physiological and pathological actions via four receptor subtypes (EP1–4). Non-steroidal 

anti-in�ammatory drugs, such as aspirin and indomethacin, exert potent anti-in�ammatory actions 

by the inhibition of COX activity and the resulting suppression of PG production. Therefore, PGE
2
 

has been shown to exacerbate several in�ammatory responses and immune diseases. Recently, 

studies using mice de�cient in each PG receptor subtype have clari�ed the detailed mechanisms 

underlying PGE
2
-associated in�ammation and autoimmune diseases involving each EP receptor. 

Here, we review the recent advances in our understanding of the roles of PGE
2
 receptors in the 

progression of acute and chronic in�ammation and autoimmune diseases. PGE
2
 induces acute 

in�ammation through mast cell activation via the EP3 receptor. PGE
2
 also induces chronic 

in�ammation and various autoimmune diseases through T helper 1 (T
h
1)-cell differentiation, T

h
17-cell 

proliferation and IL-22 production from T
h
22 cells via the EP2 and EP4 receptors. The possibility of 

EP receptor-targeted drug development for the treatment of immune diseases is also discussed.

Keywords: IL-22, mast cells, T
h
1 cells, T

h
17 cells, T

h
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Introduction

Prostaglandin E
2
 (PGE

2
) is a major physiologically active 

lipid, which is biosynthesized from arachidonic acid (AA) 
by the cyclooxygenases (COX-1 and COX-2) and PGE syn-
thases; AA is released from membrane phospholipids by 
phospholipase A

2
 (PLA

2
), and thus PGE

2
 is derived from 

membrane phospholipids (Fig. 1) (1–4). PGE
2
, which is the 

most abundant PG detected in various tissues, exerts ver-
satile physiological and pathological actions via four sub-
types of PGE receptors, termed E-type prostanoid receptor 
1–4 (EP1–4), expressed in the cell surface membrane. 
Each EP subtype is coupled to a distinct signal transduc-
tion pathway: EP1 induces intracellular Ca2+ mobilization 
via the Gq protein, EP2 and EP4 increase cyclic adenosine 
monophosphate (cAMP) production via Gs and EP3 inhibits 
adenylyl cyclase (thus decreasing cAMP) via Gi and elicits 
Ca2+ mobilization and phosphoinositide 3-kinase (PI3K) ac-
tivation in some cell types (Fig. 1) (1–6). Moreover, EP2 and 

EP4 have been shown to activate PI3K through the β-arrestin 
pathway (7–9).

PGE
2
 produced in the cells is released into the extracellular 

space, and rapidly converted to 15-keto PGE
2
, the inactive 

metabolite of PGE
2
 by 15-hydroxyprostaglandin dehydro-

genase (15-PGDH) in the intercellular space or blood (10). 
Therefore, PGE

2
 does not readily circulate throughout the 

body, and its actions are limited to cells in the vicinity of the 
PGE

2
-producing cells. Non-steroidal anti-inflammatory drugs 

(NSAIDs), such as aspirin and indomethacin, exert potent 
anti-inflammatory actions by the inhibition of COX activity, and 
thereby the suppression of PG production (Fig. 1) (11–15).

In the late 1990s, mice deficient in each of the EP receptors 
were generated, and selective agonists and antagonists for 
each EP receptor were developed (1, 5). These mice and re-
agents have been powerful tools that enabled us to uncover 
the molecular mechanisms underlying the physiological and 
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pathological actions of PGE
2
. In this review, we summarize 

the recent advances in PGE
2
-EP receptor-mediated acute 

and chronic inflammation, as well as autoimmune diseases.

Dual pathways of PGE
2
-EP signaling in acute 

in�ammation

Acute inflammation is characterized by four major symptoms, 
namely, rubor (red flare), calor (heat), tumor (swelling) and 
dolor (pain), and is caused by tissue damage or the invasion 
of pathogens. The red flare and heat reactions are triggered 
by an increase in blood flow caused by vasodilatation, and 
the swelling reaction is induced by increased vascular perme-
ability and the recruitment of leukocytes (16). PGE

2
 is abun-

dantly produced in the region of inflammation. Furthermore, 
NSAIDs block these major inflammatory symptoms. These 

results suggest that PGE
2
 is involved in the induction of acute 

inflammation (14, 15).
In a previous report, the EP subtypes involved in PGE

2
-

mediated acute inflammatory responses were identified 
using an ultraviolet B (UVB)-irradiated skin inflammation 
mouse model (17). UVB irradiation to the mouse ear induced 
the recruitment of leukocytes, and PGE

2
 was abundantly pro-

duced in the irradiated ear tissue, leading to edema. The 
UVB-induced recruitment of leukocytes and edema were 
partially suppressed in EP2-deficient mice and by treatment 
with an EP4 antagonist. Interestingly, treatment with an EP4 
antagonist in EP2-deficient mice further suppressed UVB-
induced edema formation. EP2 and EP4 have been shown to 
be expressed in vascular smooth muscle cells (18, 19), and 
their activation promotes vasodilation via cAMP signaling. It 
is thus likely that PGE

2
 induces red flare, heat and swelling 

Fig. 1. Biosynthesis and inactivation of PGE
2
 and EP receptor-elicited signal transduction pathways. PGE

2
 is synthesized by COX-1 or COX-2 

and PGE synthase. Arachidonic acid, a COX substrate, is released by PLA
2
 from membrane phospholipids. PGE

2
 exerts versatile actions via 

four receptor subtypes (EP1–4). NSAIDs exert anti-inflammatory actions by the inhibition of COX activity, and thereby the suppression of PGE
2
 

biosynthesis. PGE
2
 released outside of the cell is rapidly converted into an inactive metabolite by 15-PGDH in the extracellular space.
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reactions by relaxing vascular smooth muscle via the EP2/
EP4 receptors, resulting in an increase in blood flow (Fig. 2; 
Table 1) (14, 15, 17).

Recently, Morimoto et  al. further uncovered the mechan-
isms underlying PGE

2
-induced acute inflammatory responses 

using an AA-induced dermatitis model (20). In this model, 
PGE

2
 was abundantly synthesized within ear tissue after 

topical AA application (21). They monitored AA-induced in-
flammatory responses in mice deficient in each EP receptor 
and found that only EP3-deficient mice demonstrated a sig-
nificantly reduction of inflammatory responses, such as vas-
cular hyperpermeability and the recruitment of neutrophils. 
Conversely, treatment of mice with PGE

2
 and an EP3-selective 

agonist induced ear swelling. A previous report showed that 
AA-induced inflammation was abolished in COX-1-deficient 
mice (22). These results suggest that COX-1-derived PGE

2
 

exacerbates acute inflammation via EP3 in an AA-induced 
dermatitis model.

Interestingly, PGE
2
-induced vascular hyperpermeabil-

ity was canceled by treatment of mice with a histamine H1 
receptor antagonist, as well as in mast cell-depleted mice, 
indicating that mast cells are the key player for this inflamma-
tory response. Moreover, reconstitution with wild-type (WT) 
bone marrow-derived mast cells (BMMCs) in the ears of mast 

cell-depleted mice recovered the PGE
2
 response, but recon-

stitution with EP3-deficient BMMCs did not, indicating that the 
EP3 receptor in mast cells is crucial for this event.

Moreover, in the in vitro BMMC culture system, PGE
2
-EP3 

signaling induced antigen-independent degranulation and 
interleukin-6 (IL-6) production, and both of these events were 
completely blocked by the depletion of extracellular Ca2+, indi-
cating that PGE

2
-EP3 signaling induces mast cell activation 

via Ca2+ entry from the extracellular space. Pharmacological 
experiments elucidated that PGE

2
-EP3 signaling-induced 

Ca2+ influx in mast cells is mediated by Gi, phospholipase 
C (PLC), and the stromal interaction molecule (STIM)-Orai 
channel pathway. Mast cell degranulation is mainly divided 
into two processes: translocation of granules into the plasma 
membrane and membrane fusion. The former event is de-
pendent on PI3K signaling, and the latter event is dependent 
on intracellular Ca2+ levels (23–25). PGE

2
-EP3 signaling also 

activated PI3K signaling, and inhibition of PI3K significantly 
repressed PGE

2
-induced degranulation and IL-6 production 

in mast cells. These results suggest that PGE
2
-EP3 signal-

ing induces mast cell degranulation and IL-6 release by 
Gi-dependent Ca2+ mobilization and PI3K activation (Fig. 2; 
Table 1). Histamine released by mast cells promotes vascular 
permeability via H1 receptor signaling (16). On the other 

Fig. 2. Dual pathways of PGE
2
-EP signaling-induced acute inflammation. Tissue damage induces COX-1-mediated PGE

2
 production in the 

skin. PGE
2
 induces vasodilatation and increases local blood flow via the EP2/EP4 receptors, leading to red flare and heat. PGE

2
 also activates 

mast cells via the EP3 receptor. PGE
2
-EP3 signaling induces Gi-dependent PLC activation, and then facilitates intracellular Ca2+ mobilization 

via STIM-Orai channels. The EP3 pathway also induces PI3K activation in a Gi-dependent manner. These two signaling pathways cooperatively 
induce histamine release (degranulation) and IL-6 release. Histamine stimulates vascular permeability, and IL-6 promotes the recruitment of 
neutrophils. IP

3
, inositol 1,4,5-trisphosphate; IP

3
R, IP

3
 receptor; PIP

2
, phosphatidylinositol 4,5-bisphosphate.
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hand, IL-6 promotes the production of IL-8, which is a neutro-
phil-attracting chemokine (26).

The above information hence suggests that PGE
2
 exacer-

bates acute inflammation via two different mechanisms. One 
is that PGE

2
 relaxes vascular smooth muscle, resulting in 

vasodilatation via EP2 and EP4 signaling in smooth muscle 
cells, and consequently promotes red flare and heat reac-
tions. The other is that PGE

2
 induces vascular hyperperme-

ability and the recruitment of neutrophils via the EP3 receptor 
in mast cells, resulting in swelling (Fig. 2; Table 1) (17, 20).

PGE
2
-EP2/EP4 signaling in T

h
1 differentiation in vitro

Naive CD4+ T cells are activated by antigen-induced T-cell 
receptor (TCR) signaling and co-stimulatory signaling via 
cluster of differentiation (CD)28, and then differentiate into 
the effector cells, such as T helper 1 (T

h
1), T

h
2 and T

h
17 cells 

according to their local environment, resulting in diverse im-
munological responses. T

h
1-cell differentiation is induced by 

IL-12 and interferon-γ (IFN-γ), and T
h
2-cell differentiation is 

induced by IL-4. T
h
17-cell differentiation is induced by IL-6 

and transforming growth factor-β (TGF-β), and T
h
17-cell ex-

pansion is stimulated by IL-23 (27–29). PGE
2
 was previously 

reported to inhibit TCR signaling via the cAMP-protein kinase 
A (PKA) pathway, and to repress T

h
1-cell differentiation (30–

32). As Gs-deficient T cells were reported to be unable to 
differentiate into T

h
1 cells, the significance of cAMP signaling 

in T
h
1-cell differentiation has been controversial (33).

Yao et al. analyzed whether PGE
2
 promotes T

h
1-, T

h
2- or T

h
17-

cell differentiation from naive CD4+ T cells under priming condi-
tions for each effector T cell (34). As a result, PGE

2
 was found 

to strongly accelerate T
h
1-cell differentiation only under condi-

tions of both TCR and CD28 stimulation, mimicking pathogen 
infection, but not TCR stimulation alone. Moreover, EP2 and EP4 
agonists also promoted T

h
1-cell differentiation, whereas EP1 

and EP3 agonists did not. Further experiments showed that al-
though cAMP-PKA signaling inhibits TCR signaling when only 

TCR is activated, additional activation of CD28 cancels the in-
hibition of TCR signaling by PKA via PI3K activation. It is likely 
that PGE

2
-EP2/EP4 signaling activates PI3K coordinately with 

CD28 signaling, leading to the up-regulation of master regu-
lators of T

h
1-cell differentiation, such as IL-2 (Il2), IL-2 receptor 

α-chain (Il2ra), IFN-γ (Ifng) and T-box transcription factor ex-
pressed in T cells (T-bet, Tbx21) (Fig. 3; Table 1) (35).

PGE
2
 enhanced the expression of the IL-12 receptor β2 

chain (Il12rb2) in TCR-activated naive T cells, and the effect of 
PGE

2
 was repressed by cotreatment with a PKA inhibitor, but 

not a PI3K inhibitor. Moreover, PKA activator-induced gene 
expression of Il12rb2 and the IFN-γ receptor α-chain (Ifngr1) 
was robustly suppressed by knockdown of the transcription 
factor cAMP responsive element-binding protein (CREB). 
PKA has been shown to promote the nuclear localization of 
CREB by its phosphorylation (36). It is also known that CREB-
dependent transcriptional activation is promoted by a family 
of cAMP-regulated transcriptional coactivators (CRTCs) (37). 
The nuclear translocation of CRTCs is negatively regulated 
by its phosphorylation by salt-inducible kinase (SIK) (38, 39), 
and PKA is also known to suppress the kinase activity of SIK2 
by its phosphorylation (40). Thus, PKA indirectly activates 
the nuclear translocation of CRTCs through SIK2 phosphor-
ylation. Indeed, a cAMP analogue was shown to promote the 
nuclear translocation of CRTC2, which is a member of the 
CRTCs, in WT but not SIK2-deficient T cells. Furthermore, the 
expression of Il12rb2 and Ifngr1 induced by a cAMP ana-
logue was suppressed by the knockdown of CRTC2. Thus, 
PGE

2
-EP2/EP4 signaling facilitates T

h
1-cell differentiation via 

CREB-mediated and CRTC-mediated amplification of IL-12 
signaling, as well as IFN-γ signaling by cAMP and PI3K path-
ways (Fig. 3; Table 1) (35, 36).

PGE
2
-EP2/EP4 signaling in T

h
17-cell expansion in vitro

Yao et al. also investigated the roles of PGE
2
 in the function of 

T
h
17. Although PGE

2
 did not promote T

h
17-cell differentiation 

Table 1. Summary of EP receptors involved in acute and chronic inflammation

Disease and associated process Involved or associated receptor Reference

In vitro model
 Mast-cell degranulation, IL-6 production EP3 (20)
 T

h
1-cell differentiation from naive T cells EP2, EP4 (34, 35)

 IL-23-induced T
h
17-cell expansion EP2, EP4 (34, 41)

 IL-23 production from dendritic cells EP4a (34, 45)
 IL-22 production from T

h
22 cells EP2, EP4 (65)

In vivo disease mouse model
 UVB-irradiated skin inflammation EP2, EP4 (17)
 AA-induced dermatitis EP3 (mast cellb) (20)
 DNFB-induced CHS, EAE EP4a (34)
 DNFB-induced CHS, adoptive transfer colitis EP4a (T cell) (35)
 IL-23-induced psoriatic skin inflammation EP2, EP4 (T cell) (41)
 Oxazolone-induced allergic skin inflammation EP4c (T cell) (65)
Human disease
 Psoriasis EP4d (41)
 AD EP4e (65)

aLittle or no involvement of EP2.
bEvaluation of PGE

2
-induced edema and hyperpermeability.

cInvolvement of EP2 not evaluated.
dAssociation of EP2 gene expression not described.
eEP2 gene expression showed negative association with disease severity.
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from naive T cells in any TCR-stimulating conditions, PGE
2
 

stimulated T
h
17-cell expansion in the presence of IL-23 (34). 

Moreover, an EP2 agonist, an EP4 agonist, a cAMP analogue 
and a PKA activator also mimic the effects of PGE

2
, suggest-

ing that PGE
2
-EP2/EP4 signaling facilitates IL-23-induced 

T
h
17-cell expansion via the cAMP-PKA pathway.
Recently, Lee et  al. investigated the mechanism therein 

(41). They showed that PGE
2
-induced T

h
17-cell expansion is 

mediated by the up-regulation of CREB-dependent IL-23 re-
ceptor (Il23r). Furthermore, IL-23 enhanced the expression 
of COX-2 (Ptgs2), as well as PGE

2
 production. IL-23-induced 

up-regulation of Il23r was suppressed by cotreatment with 
indomethacin, suggesting that IL-23 triggers endogenous 
PGE

2
 signaling. Several genomic studies showed that Janus 

kinase 2 and signal transducer and activator of transcription 3 
(STAT3) are involved in IL-23 signaling (42–44). Indeed, IL-23 
promoted the phosphorylation of STAT3, and IL-23-induced 
up-regulation of Il23r was canceled by cotreatment with a 
STAT3 inhibitor. Interestingly, IL-23-induced phosphorylation 
of STAT3 was inhibited by cotreatment with a PKA inhibitor. 
These results suggest that PGE

2
 secreted by IL-23-stimulated 

T
h
17 cells synergistically promotes Il23r expression via CREB 

and STAT3 pathways activated by PKA, resulting in the ampli-
fication of IL-23 signaling (Fig. 4; Table 1) (34, 41).

Dendritic cells have been shown to produce IL-23 upon 
their activation. Interestingly, PGE

2
 was also shown to induce 

IL-23 production from dendritic cells (34, 45). CD40 induced 
the production of IL-23 from dendritic cells, and this effect 
was up-regulated by cotreatment with PGE

2
, an EP4 agonist 

and a cAMP analogue but not an EP2 agonist. Although EP2 
(Ptger2) and EP4 (Ptger4) mRNAs were detected at similar 
levels in dendritic cells, an EP2 agonist hardly increased 
intracellular cAMP levels, whereas an EP4 agonist did so 

considerably. Therefore, the EP2 receptor is unlikely to be 
functionally coupled to cAMP production in dendritic cells, al-
though the mechanism remains unclear. Moreover, IL-23 pro-
duction from CD40-activated dendritic cells was prominently 
blocked by cotreatment with indomethacin or an EP4 antag-
onist. These results suggest that CD40 signaling induces 
endogenous PGE

2
 production, and secreted PGE

2
 promotes 

IL-23 production in dendritic cells via the EP4-cAMP pathway. 
Thus, these results suggest that PGE

2
-EP4 signaling pro-

motes T
h
17-cell expansion not only by inducing IL-23 pro-

duction from dendritic cells, but also by up-regulating Il23r 
expression in T

h
17 cells (Fig. 4; Table 1) (34, 45).

PGE
2
-EP2/EP4 signaling in T

h
1-/T

h
17-associated 

autoimmune diseases

Among the three effector T
h
 cells, both T

h
1 and T

h
17 cells me-

diate inflammation and autoimmune diseases (46–50). Thus, 
the next question was whether PGE

2
 drives T

h
1-cell differen-

tiation and T
h
17-cell expansion in vivo as well as in vitro, and 

moreover, whether such functions of PGE
2
 would contribute to 

the progression of these diseases.
Yao et al. aimed to answer these questions using the fol-

lowing two autoimmune disease models, in which both T
h
1 

and T
h
17 cells are deeply associated with the observed 

pathogenesis: a dinitrofluorobenzene- (DNFB-) induced 
contact hypersensitivity (CHS) model and an experimental 
autoimmune encephalomyelitis (EAE) model that is induced 
by a peptide fragment of the myelin oligodendrocyte glyco-
protein and is a model of multiple sclerosis (34, 51, 52). In 
both models, an EP4 antagonist greatly attenuated disease 
severity and repressed the production of IFN-γ and IL-17 
in regional lymph nodes in a dose-dependent manner. On 

Fig. 3. PGE
2
-EP2/EP4 signaling-induced T

h
1 differentiation. PGE

2
-EP2/EP4 signaling accelerates T

h
1 differentiation under both TCR-stimulated 

and CD28-stimulated conditions. PKA signaling on its own inhibits TCR signaling, but simultaneous PI3K activation by CD28 and EP2/EP4 can-
cels the inhibitory effects of PKA on TCR signaling, leading to increased gene expression of Il2, Il2ra, Ifng and Tbx21. PGE

2
-EP2/EP4 signaling 

promotes the nuclear localization of CREB and CRTC2 by the inhibition of SIK2-derived phosphorylation of CRTC2 via the cAMP-PKA pathway. 
CREB and CRTC2 cooperatively stimulate the gene expression of Il12rb2 and Ifngr1. PGE

2
-induced T

h
1 differentiation is involved in the progres-

sion of autoimmune diseases, such as CHS and multiple sclerosis.
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the other hand, EP2-deficient mice did not demonstrate 
any changes in the onset and progression of both models. 
These results suggest that PGE

2
 enhances T

h
1-cell differen-

tiation and T
h
17-cell expansion via the EP4 receptor in in vivo 

models, leading to the exacerbation of T
h
1-/T

h
17-associated 

autoimmune diseases. In contrast, endogenous PGE
2
-EP2 

signaling does not appear to contribute to the pathogenesis 
of EAE and CHS models, although the mechanism is unclear 
(Table 1) (34).

Yao et  al. also analyzed the significance of PGE
2
-EP4 

signaling in T cells for autoimmune diseases using T-cell-
specific EP4-deficient mice (35, 53, 54). In the CHS model, 
EP4 depletion in T cells reduced the population of T

h
1 cells 

in lymph nodes as well as ear swelling. Moreover, the role 
of PGE

2
-EP4 signaling in T cells was confirmed by an adop-

tive transfer colitis experiment, which creates a model of in-
flammatory bowel disease, particularly Crohn’s disease (55, 
56). Transfer of naive CD4+ T cells isolated from WT mice into 
T-/B-cell-deficient mice (recombination-activating gene 2-de-
ficient mice) induced severe inflammatory colitis, whereas 
the transfer of naive CD4+ T cells isolated from EP4+/− mice 
demonstrated milder body weight loss and weaker colonic in-
flammation than those of WT T cells. In contrast, EP2−/− T cells 

did not show the attenuation of colitis development observed 
in WT T cells. These results indicate that the exacerbating 
actions of PGE

2
 on T-cell-mediated autoimmune diseases is 

mediated by the EP4 receptor, but not by the EP2 receptor, 
as shown using CHS and inflammatory colitis models (Table 
1) (35).

Recently, Lee et al. analyzed the contribution of PGE
2
-EP2/

EP4 signaling in IL-23-induced skin inflammation, which is 
a model of T

h
17-regulated psoriasis (41). IL-23 administra-

tion into the skin up-regulated the expression of PGE
2
 bio-

synthesis-associated enzymes, including COX-2 (Ptgs2), 
microsomal prostaglandin E synthase-1 (mPGES-1, Ptges1) 
and mPGES-2 (Ptges2). IL-23-induced ear swelling was re-
duced by 50% in EP2-deficient mice or WT mice treated with 
an EP4 antagonist. Furthermore, when EP2-deficient mice 
were treated with an EP4 antagonist, IL-23-induced skin in-
flammation was completely blocked. They also showed that 
this skin inflammation was attenuated in T-cell-specific EP2- 
or EP4-deficient mice, and was also completely inhibited in 
both EP2-deleted and EP4-deleted conditions. These results 
suggest that PGE

2
-EP2/EP4 signaling in T cells cooperatively 

exacerbates the pathogenesis of T
h
17-associated skin in-

flammation (Table 1) (41).

Fig. 4. PGE
2
-EP2/EP4 signaling-induced T

h
17 expansion. CD40 signaling induces endogenous PGE

2
 production in dendritic cells, and PGE

2
 

promotes IL-23 production from dendritic cells via the EP4-cAMP pathway in an autocrine manner. IL-23, secreted from dendritic cells, pro-
motes COX-2-derived PGE

2
 production in T

h
17 cells via IL-23R signaling. PGE

2
-EP2/EP4 signaling facilitates the nuclear localization of CREB 

and IL-23-activated STAT3 via the cAMP-PKA pathway. CREB and STAT3 cooperatively induce the gene expression of Il23r. PGE
2
-induced T

h
17 

expansion is involved in the pathology of autoimmune diseases, such as CHS, multiple sclerosis and psoriasis. IL-23R, IL-23 receptor.
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PGE
2
-EP2/EP4 signaling in IL-22 production from 

T
h
22 cells

Atopic dermatitis (AD) and allergic contact dermatitis (ACD) 
are both inflammatory skin diseases with chronic eczema, 
and are histologically characterized by epidermal hyper-
plasia and the infiltration of immune cells, such as T cells, 
dendritic cells and eosinophils (57–59). Recent studies have 
shown that IL-22, a cytokine that induces epidermal hyper-
plasia and inhibits keratinocyte maturation, is deeply involved 
in the initiation and progression of AD and ACD (60, 61). 
Indeed, serum IL-22 levels are increased in patients with AD 
and ACD compared with those in healthy subjects (62, 63). 
Importantly, a clinical trial for a neutralizing anti-IL-22 anti-
body is being performed at present. T

h
17 cells are known to 

produce IL-22, but the IL-22-producing CD4+ effector T cell 
subsets have been identified as T

h
22 cells. To date, T

h
22 cells 

as well as T
h
17 cells are considered to play crucial roles in the 

pathogenesis of AD and ACD (63).
PGE

2
 has been shown to promote IL-22 production from 

type 3 innate lymphoid cells, but it was unknown whether 
PGE

2
 affects T

h
22 function (64). Robb et al. found that PGE

2
 

promotes IL-22 production in CD4+ T cells cultured in T
h
22-

priming conditions (65). This effect of PGE
2
 was mimicked 

by both an EP2 agonist and an EP4 agonist, and conversely, 
PGE

2
-induced IL-22 production was suppressed by cotreat-

ment with an EP2 antagonist and an EP4 antagonist. Although 
IL-23 on its own failed to augment Il22 expression, simultan-
eous activation of the PKA pathway enhanced Il22 transcrip-
tion. Furthermore, PGE

2
 accelerated the expression of the aryl 

hydrocarbon receptor (AHR, Ahr), an important transcription 
factor for IL-22 gene expression, and cAMP signaling-induced 
IL-22 induction was completely blocked by cotreatment with 
an AHR inhibitor (66). Therefore, these results suggest that 
the PGE

2
-EP2/EP4-PKA pathway up-regulates the expression 

of Ahr, which in turn cooperatively enhances IL-23-driven Il22 
transcription (Fig. 5; Table 1) (65).

Robb et  al. analyzed whether PGE
2
-EP4 signaling pro-

motes IL-22 production from T cells in vivo, and consequently 
exacerbates IL-22-associated skin disease. In T-cell-specific 
EP4-deficient mice, IL-22-producing T cells in the lymph nodes 
were attenuated after DNFB sensitization. Furthermore, the 
significance of PGE

2
-induced IL-22 production was analyzed 

in an oxazolone-induced allergic skin inflammation model, 
which mimics human ACD pathogenesis (67). Indomethacin 
as well as T-cell-specific EP4-deficiency markedly sup-
pressed oxazolone-induced ear swelling and the histological 
features of eczema, suggesting that PGE

2
-EP4 signaling ex-

acerbates ACD development by stimulating IL-22 production 
from T

h
22 cells (Fig. 5; Table 1) (65). On the other hand, the 

pathogenesis of EP2-deficient mice was not analyzed, and 
therefore the significance of endogenous PGE

2
-EP2 signaling 

in ACD remains to be determined.

PGE
2
-EP4 signaling in human skin diseases

PGE
2
-EP4 signaling has been shown to be involved in skin 

diseases by stimulating T
h
17-cell expansion and IL-22 

production from T
h
22 cells. The next question was hence 

whether EP4 signaling also plays a role in human diseases. 
Lee et  al. analyzed public microarray data in skin biopsy 
specimens from psoriasis patients and healthy control sub-
jects (41). Expression levels of the T

h
17-associated genes 

IL23A, IL23R, IL17A, IL17F and STAT3 were increased in 
psoriatic skin. Interestingly, expression levels of the PGE

2
-

associated genes PTGS2 (COX-2), PTGES1 (mPGES-1), 
PTGES2 (mPGES-2) and PTGER4 (EP4) were increased. 
In contrast, the expression level of HPGD (15-PGDH, the 
PG-inactivating enzyme) was decreased in psoriatic skin. 
In addition, expression levels of T

h
17-associated genes 

were positively correlated with those of PGE
2
-associated 

genes, including PTGER4, and were negatively correlated 
with that of HPGD. Although there was no description re-
garding whether PTGER2 expression was altered, at least 

Fig. 5. PGE
2
-EP2/EP4 signaling-induced IL-22 production from T

h
22 cells. PGE

2
-EP2/EP4 signaling promotes the gene expression of Ahr 

through the cAMP-PKA pathway. By the addition of IL-23 signaling, AHR synergistically activates Il22 gene expression. PGE
2
-induced IL-22 

production from T
h
22 cells is involved in the pathology of inflammatory skin diseases, such as AD and ACD.
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the PGE
2
-EP4 pathway appears to be up-regulated together 

with the T
h
17-associated pathway in human psoriatic skin 

inflammation (Table 1) (41).
Robb et al. also analyzed public microarray data of skin 

biopsy specimens from AD patients and healthy control sub-
jects (65). Expression levels of the T

h
22-associated genes 

IL22, AHR and IL23R, as well as genes of the IL-22-induced 
pro-inflammatory factors S100A7, S100A8 and S100A9 were 
increased in AD skin. Notably, expression levels of PGE

2
-

associated genes, including PTGER4 were also increased, 
and HPGD and PTGER2 (EP2 gene) were decreased in AD 
skin. Furthermore, the expression level of IL22 positively 
correlated with the expression levels of PTGES1, PTGES2 
and PTGER4, and negatively correlated with that of HPGD 
in AD skin (65). Robb et al. further analyzed whether beta-
methasone (a corticosteroid) may alter PGE

2
-associated 

gene expression in human AD skin. They found that treat-
ment of human subjects with betamethasone for 3 weeks 
markedly suppressed the expression levels of both IL-22-
associated and PGE

2
-associated genes, including PTGER4, 

compared with their expression levels before the treatment. 
Interestingly, UVB irradiation, an effective treatment for AD, 
also attenuated the expression of PGE

2
-associated genes 

in AD skin. These results may reflect the involvement of 
PGE

2
-EP4 signaling in IL-22 production also in human AD 

skin (Table 1) (65).

Conclusions

Studies using mice deficient in each of the PG receptors 
have enabled us to understand the detailed mechanisms 
of PG-regulated acute and chronic inflammation, as well as 
autoimmune diseases at the molecular and cellular levels. 
For a long time, although the role of PGE

2
 in acute inflamma-

tion was understood to be vasodilation of vascular smooth 
muscle cells via EP2/EP4 signaling, it was subsequently 
demonstrated that PGE

2
 induces mast cell activation via EP3 

receptor signaling, and consequently enhances vascular 
permeability, contributing to PGE

2
-induced acute inflamma-

tion (20, 68). PGE
2
 promotes T

h
1-cell differentiation, T

h
17-cell 

proliferation and IL-22 production from T
h
22 cells in vitro via 

EP2 and EP4 receptors, and exacerbates chronic inflamma-
tion and various autoimmune diseases, mainly via the EP4 
receptor in most cases (Table 1) (34, 35, 41, 45, 65).

EP2-deficient female mice and EP4-deficient neo-
nate mice demonstrated impaired fertilization and pa-
tent ductus arteriosus, respectively, indicating that EP2 
and EP4 play crucial roles in successful fertilization and 
neonatal adaptation of the vascular system, respectively. 
However, no severe phenotypes were found in adult mice 
deficient for EP3 and EP4 (18, 69–73). Therefore, spe-
cific antagonists for EP3 or EP4 are expected to be safe 
and effective therapeutic drugs for acute and chronic in-
flammation, as well as for autoimmune diseases in non-
pregnant adults. Just recently, Morimoto et al. and Toyoda 
et al. clarified the crystal structure of the human EP3 and 
EP4 receptors, respectively (74, 75). This information will 
enable us to develop more efficient and specific drugs 
targeting human EP3 and EP4.

Funding

This work in our laboratory was supported in part by grants from 
the Japan Agency for Medical Research and Development, 
Core Research for Evolutional Science and Technology 
(gm0710006h0105 to Y.S.), and by grants from the Grants-in-
Aid for Scientific Research 18052010, 20390024, 20054009, 
20022023, 22116003, 24390017, 26670030, 15H05905 and 
17H03990 (to Y.S.) from the Ministry of Education, Culture, 
Sports, Science and Technology of Japan.

Acknowledgements

We are grateful to Dr H.  Akiko Popiel for careful reading of the 
manuscript.

Conflicts of interest statement: the authors declared no conflicts of 
interest.

References

 1 Woodward, D. F., Jones, R. L. and Narumiya, S. 2011. International 
Union of Basic and Clinical Pharmacology. LXXXIII: classifi-
cation of prostanoid receptors, updating 15  years of progress. 
Pharmacol. Rev. 63:471.

 2 Coleman, R. A., Smith, W. L. and Narumiya, S. 1994. Classification 
of prostanoid receptors: properties, distribution, and structure of 
the receptors and their subtypes. Pharmacol. Rev. 46:205.

 3 Smith,  W.  L., DeWitt,  D.  L. and Garavito,  R.  M. 2000. 
Cyclooxygenases: structural, cellular, and molecular biology. 
Annu. Rev. Biochem. 69:145.

 4 Helliwell,  R.  J., Adams,  L.  F. and Mitchell,  M.  D. 2004. 
Prostaglandin synthases: recent developments and a novel hy-
pothesis. Prostaglandins Leukot. Essent. Fatty Acids 70:101.

 5 Sugimoto, Y. and Narumiya, S. 2007. Prostaglandin E receptors. 
J. Biol. Chem. 282:11613.

 6 Narumiya,  S., Sugimoto,  Y. and Ushikubi,  F. 1999. Prostanoid 
receptors: structures, properties, and functions. Physiol. Rev. 
79:1193.

 7 Fujino,  H., Xu,  W. and Regan,  J.  W. 2003. Prostaglandin E
2
 in-

duced functional expression of early growth response factor-1 by 
EP4, but not EP2, prostanoid receptors via the phosphatidylino-
sitol 3-kinase and extracellular signal-regulated kinases. J. Biol. 
Chem. 278:12151.

 8 Buchanan, F. G., Gorden, D. L., Matta, P., Shi, Q., Matrisian, L. M. 
and DuBois, R. N. 2006. Role of beta-arrestin 1 in the metastatic 
progression of colorectal cancer. Proc. Natl Acad. Sci. USA 
103:1492.

 9 Chun,  K.  S., Lao,  H.  C., Trempus,  C.  S., Okada,  M. and 
Langenbach, R. 2009. The prostaglandin receptor EP2 activates 
multiple signaling pathways and beta-arrestin1 complex forma-
tion during mouse skin papilloma development. Carcinogenesis 
30:1620.

 10 Zhang, Y., Desai, A. and Yang, S. Y. 2015. Inhibition of the prosta-
glandin-degrading enzyme 15-PGDH potentiates tissue regen-
eration. Science 348:1223.

 11 Narumiya,  S. and Furuyashiki,  T. 2011. Fever, inflammation, 
pain and beyond: prostanoid receptor research during these 
25 years. FASEB J. 25:813.

 12 Hirata, T. and Narumiya, S. 2012. Prostanoids as regulators of 
innate and adaptive immunity. Adv. Immunol. 116:143.

 13 Aoki, T. and Narumiya, S. 2012. Prostaglandins and chronic in-
flammation. Trends Pharmacol. Sci. 33:304.

 14 Hohjoh,  H., Inazumi,  T., Tsuchiya,  S. and Sugimoto,  Y. 2014. 
Prostanoid receptors and acute inflammation in skin. Biochimie 
107:78.

 15 Kawahara,  K., Hohjoh,  H., Inazumi,  T., Tsuchiya,  S. and 
Sugimoto, Y. 2015. Prostaglandin E

2
-induced inflammation: rele-

vance of prostaglandin E receptors. Biochim. Biophys. Acta 
1851:414.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

rtic
le

/3
1
/9

/5
9
7
/5

4
2
3
5
8
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



PGE
2
 exacerbates inflammation  605

 16 Perretti, M. and Ahluwalia, A. 2000. The microcirculation and inflam-
mation: site of action for glucocorticoids. Microcirculation 7:147.

 17 Kabashima,  K., Nagamachi,  M., Honda,  T. et  al. 2007. 
Prostaglandin E

2
 is required for ultraviolet B-induced skin inflam-

mation via EP2 and EP4 receptors. Lab. Invest. 87:49.
 18 Sugimoto, Y., Narumiya, S. and Ichikawa, A. 2000. Distribution 

and function of prostanoid receptors: studies from knockout 
mice. Prog. Lipid Res. 39:289.

 19 Yokoyama,  U., Iwatsubo,  K., Umemura,  M., Fujita,  T. and 
Ishikawa, Y. 2013. The prostanoid EP4 receptor and its signaling 
pathway. Pharmacol. Rev. 65:1010.

 20 Morimoto, K., Shirata, N., Taketomi, Y. et al. 2014. Prostaglandin 
E

2
-EP3 signaling induces inflammatory swelling by mast cell ac-

tivation. J. Immunol. 192:1130.
 21 Rao, T. S., Currie, J. L., Shaffer, A. F. and Isakson, P. C. 1993. 

Comparative evaluation of arachidonic acid (AA)- and tetra-
decanoylphorbol acetate (TPA)-induced dermal inflammation. 
Inflammation 17:723.

 22 Goulet, J. L., Pace, A. J., Key, M. L. et al. 2004. E-prostanoid-3 
receptors mediate the proinflammatory actions of prostaglandin 
E

2
 in acute cutaneous inflammation. J. Immunol. 173:1321.

 23 Nishida,  K., Yamasaki,  S., Ito,  Y. et  al. 2005. FcεRI-mediated 
mast cell degranulation requires calcium-independent microtu-
bule-dependent translocation of granules to the plasma mem-
brane. J. Cell Biol. 170:115.

 24 Kuehn,  H.  S., Rådinger,  M., Brown,  J.  M. et  al. 2010. Btk-
dependent Rac activation and actin rearrangement following 
FcepsilonRI aggregation promotes enhanced chemotactic re-
sponses of mast cells. J. Cell Sci. 123:2576.

 25 Nishida,  K., Yamasaki,  S., Hasegawa,  A., Iwamatsu,  A., 
Koseki, H. and Hirano, T. 2011. Gab2, via PI-3K, regulates ARF1 
in FcεRI-mediated granule translocation and mast cell degranu-
lation. J. Immunol. 187:932.

 26 McLoughlin,  R.  M., Hurst,  S.  M., Nowell,  M.  A. et  al. 2004. 
Differential regulation of neutrophil-activating chemokines by 
IL-6 and its soluble receptor isoforms. J. Immunol. 172:5676.

 27 Steinman, L. 2007. A brief history of T(H)17, the first major re-
vision in the T(H)1/T(H)2 hypothesis of T cell-mediated tissue 
damage. Nat. Med. 13:139.

 28 Korn, T., Bettelli, E., Oukka, M. and Kuchroo, V. K. 2009. IL-17 
and Th17 cells. Annu. Rev. Immunol. 27:485.

 29 Steinman, L. 2008. A rush to judgment on Th17. J. Exp. Med. 
205:1517.

 30 Betz, M. and Fox, B. S. 1991. Prostaglandin E
2
 inhibits produc-

tion of Th1 lymphokines but not of Th2 lymphokines. J. Immunol. 
146:108.

 31 Hilkens, C. M., Vermeulen, H., van Neerven, R. J., Snijdewint, F. G., 
Wierenga, E. A. and Kapsenberg, M. L. 1995. Differential modu-
lation of T helper type 1 (Th1) and T helper type 2 (Th2) cytokine 
secretion by prostaglandin E

2
 critically depends on interleukin-2. 

Eur. J. Immunol. 25:59.
 32 Harris, S. G., Padilla, J., Koumas, L., Ray, D. and Phipps, R. P. 

2002. Prostaglandins as modulators of immunity. Trends 
Immunol. 23:144.

 33 Li, X., Murray, F., Koide, N. et al. 2012. Divergent requirement for 
Gαs and cAMP in the differentiation and inflammatory profile of 
distinct mouse Th subsets. J. Clin. Invest. 122:963.

 34 Yao, C., Sakata, D., Esaki, Y. et al. 2009. Prostaglandin E
2
-EP4 

signaling promotes immune inflammation through Th1 cell differ-
entiation and Th17 cell expansion. Nat. Med. 15:633.

 35 Yao,  C., Hirata,  T., Soontrapa,  K., Ma,  X., Takemori,  H. and 
Narumiya, S. 2013. Prostaglandin E

2
 promotes Th1 differentiation 

via synergistic amplification of IL-12 signalling by cAMP and PI3-
kinase. Nat. Commun. 4:1685.

 36 Mayr, B. and Montminy, M. 2001. Transcriptional regulation by 
the phosphorylation-dependent factor CREB. Nat. Rev. Mol. Cell 
Biol. 2:599.

 37 Altarejos,  J.  Y. and Montminy,  M. 2011. CREB and the CRTC 
co-activators: sensors for hormonal and metabolic signals. Nat. 
Rev. Mol. Cell Biol. 12:141.

 38 Sasaki,  T., Takemori,  H., Yagita,  Y. et  al. 2011. SIK2 is a key 
regulator for neuronal survival after ischemia via TORC1-CREB. 
Neuron 69:106.

 39 Katoh, Y., Takemori, H., Lin, X. Z. et al. 2006. Silencing the consti-
tutive active transcription factor CREB by the LKB1-SIK signaling 
cascade. FEBS J. 273:2730.

 40 Screaton, R. A., Conkright, M. D., Katoh, Y. et al. 2004. The CREB 
coactivator TORC2 functions as a calcium- and cAMP-sensitive 
coincidence detector. Cell 119:61.

 41 Lee,  J., Aoki,  T., Thumkeo,  D., Siriwach,  R., Yao,  C. and 
Narumiya,  S. 2019. T cell-intrinsic prostaglandin E

2
-EP2/EP4 

signaling is critical in pathogenic TH17 cell-driven inflammation. 
J. Allergy Clin. Immunol. 143:631.

 42 Anderson,  C.  A., Boucher,  G., Lees,  C.  W. et  al. 2011. Meta-
analysis identifies 29 additional ulcerative colitis risk loci, 
increasing the number of confirmed associations to 47. Nat. 
Genet. 43:246.

 43 Wang,  K., Zhang,  H., Kugathasan,  S. et  al. 2009. Diverse 
genome-wide association studies associate the IL12/IL23 
pathway with Crohn Disease. Am. J. Hum. Genet. 84:399.

 44 Polgar, N., Csongei, V., Szabo, M. et al. 2012. Investigation of 
JAK2, STAT3 and CCR6 polymorphisms and their gene-gene 
interactions in inflammatory bowel disease. Int. J. Immunogenet. 
39:247.

 45 Ma,  X., Aoki,  T. and Narumiya,  S. 2016. Prostaglandin E
2
-EP4 

signaling persistently amplifies CD40-mediated induction of 
IL-23 p19 expression through canonical and non-canonical 
NF-κB pathways. Cell. Mol. Immunol. 13:240.

 46 Tzartos, J. S., Friese, M. A., Craner, M. J. et al. 2008. Interleukin-17 
production in central nervous system-infiltrating T cells and glial 
cells is associated with active disease in multiple sclerosis. Am. 
J. Pathol. 172:146.

 47 Moldovan, I. R., Rudick, R. A., Cotleur, A. C. et al. 2003. Interferon 
gamma responses to myelin peptides in multiple sclerosis cor-
relate with a new clinical measure of disease progression. J. 
Neuroimmunol. 141:132.

 48 Ziolkowska,  M., Koc,  A., Luszczykiewicz,  G. et  al. 2000. High 
levels of IL-17 in rheumatoid arthritis patients: IL-15 triggers in 
vitro IL-17 production via cyclosporin A-sensitive mechanism. J. 
Immunol. 164:2832.

 49 Annunziato, F., Cosmi, L., Santarlasci, V. et al. 2007. Phenotypic 
and functional features of human Th17 cells. J. Exp. Med. 
204:1849.

 50 Lowes,  M.  A., Kikuchi,  T., Fuentes-Duculan,  J. et  al. 2008. 
Psoriasis vulgaris lesions contain discrete populations of Th1 
and Th17 T cells. J. Invest. Dermatol. 128:1207.

 51 Nakae,  S., Komiyama,  Y., Nambu,  A. et  al. 2002. Antigen-
specific T cell sensitization is impaired in IL-17-deficient mice, 
causing suppression of allergic cellular and humoral responses. 
Immunity 17:375.

 52 Serada, S., Fujimoto, M., Mihara, M. et al. 2008. IL-6 blockade 
inhibits the induction of myelin antigen-specific Th17 cells and 
Th1 cells in experimental autoimmune encephalomyelitis. Proc. 
Natl Acad. Sci. USA 105:9041.

 53 Takahama, Y., Ohishi, K., Tokoro, Y. et al. 1998. Functional com-
petence of T cells in the absence of glycosylphosphatidylinosi-
tol-anchored proteins caused by T cell-specific disruption of the 
Pig-a gene. Eur. J. Immunol. 28:2159.

 54 Schneider,  A., Guan,  Y., Zhang,  Y. et  al. 2004. Generation of 
a conditional allele of the mouse prostaglandin EP4 receptor. 
Genesis 40:7.

 55 Stallmach,  A., Marth,  T., Adrian,  N. et  al. 2002. Increased ex-
pression of interleukin-12 receptor beta(2) on lamina propria 
mononuclear cells of patients with active Crohn’s disease. Int. 
J. Colorectal Dis. 17:303.

 56 Ostanin, D. V., Bao, J., Koboziev, I. et al. 2009. T cell transfer 
model of chronic colitis: concepts, considerations, and 
tricks of the trade. Am. J. Physiol. Gastrointest. Liver Physiol. 
296:G135.

 57 Bieber, T. 2008. Atopic dermatitis. N. Engl. J. Med. 358:1483.
 58 Malajian, D. and Guttman-Yassky, E. 2015. New pathogenic and 

therapeutic paradigms in atopic dermatitis. Cytokine 73:311.
 59 Gittler, J. K., Krueger, J. G. and Guttman-Yassky, E. 2013. Atopic 

dermatitis results in intrinsic barrier and immune abnormalities: 
implications for contact dermatitis. J. Allergy Clin. Immunol. 
131:300.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

rtic
le

/3
1
/9

/5
9
7
/5

4
2
3
5
8
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



606  PGE
2
 exacerbates inflammation

 60 Boniface,  K., Bernard,  F.  X., Garcia,  M., Gurney,  A.  L., 
Lecron, J. C. and Morel, F. 2005. IL-22 inhibits epidermal dif-
ferentiation and induces proinflammatory gene expression and 
migration of human keratinocytes. J. Immunol. 174:3695.

 61 Souwer, Y., Szegedi, K., Kapsenberg, M. L. and de Jong, E. C. 
2010. IL-17 and IL-22 in atopic allergic disease. Curr. Opin. 
Immunol. 22:821.

 62 Hayashida, S., Uchi, H., Takeuchi, S., Esaki, H., Moroi, Y. and 
Furue,  M. 2011. Significant correlation of serum IL-22 lev-
els with CCL17 levels in atopic dermatitis. J. Dermatol. Sci. 
61:78.

 63 Ye,  J., Wang,  Y., Wang,  Z. et  al. 2018. Circulating Th1, Th2, 
Th9, Th17, Th22, and Treg levels in aortic dissection patients. 
Mediators Inflamm. 2018:5697149.

 64 Duffin,  R., O’Connor,  R.  A., Crittenden,  S. et  al. 2016. 
Prostaglandin E

2
 constrains systemic inflammation through an 

innate lymphoid cell-IL-22 axis. Science 351:1333.
 65 Robb, C. T., McSorley, H. J., Lee, J. et al. 2018. Prostaglandin 

E
2
 stimulates adaptive IL-22 production and promotes allergic 

contact dermatitis. J. Allergy Clin. Immunol. 141:152.
 66 Cella, M. and Colonna, M. 2015. Aryl hydrocarbon receptor: link-

ing environment to immunity. Semin. Immunol. 27:310.
 67 Nakajima, S., Kitoh, A., Egawa, G. et al. 2014. IL-17A as an in-

ducer for Th2 immune responses in murine atopic dermatitis 
models. J. Invest. Dermatol. 134:2122.

 68 Armstrong, R. A., Marr, C. and Jones, R. L. 1995. Characterization 
of the EP-receptor mediating dilatation and potentiation of in-
flammation in rabbit skin. Prostaglandins 49:205.

 69 Hizaki, H., Segi, E., Sugimoto, Y. et al. 1999. Abortive expansion of 
the cumulus and impaired fertility in mice lacking the prostaglandin 
E receptor subtype EP(2). Proc. Natl Acad. Sci. USA 96:10501.

 70 Tamba, S., Yodoi, R., Segi-Nishida, E., Ichikawa, A., Narumiya, S. 
and Sugimoto, Y. 2008. Timely interaction between prostaglandin 
and chemokine signaling is a prerequisite for successful fertiliza-
tion. Proc. Natl Acad. Sci. USA 105:14539.

 71 Yodoi, R., Tamba, S., Morimoto, K. et al. 2009. RhoA/Rho kinase 
signaling in the cumulus mediates extracellular matrix assembly. 
Endocrinology 150:3345.

 72 Segi, E., Sugimoto, Y., Yamasaki, A. et al. 1998. Patent ductus 
arteriosus and neonatal death in prostaglandin receptor EP4-
deficient mice. Biochem. Biophys. Res. Commun. 246:7.

 73 Yokoyama,  U., Minamisawa,  S., Shioda,  A. et  al. 2014. 
Prostaglandin E

2
 inhibits elastogenesis in the ductus arteriosus 

via EP4 signaling. Circulation 129:487.
 74 Morimoto, K., Suno, R., Hotta, Y. et al. 2019. Crystal structure of 

the endogenous agonist-bound prostanoid receptor EP3. Nat. 
Chem. Biol. 15:8.

 75 Toyoda, Y., Morimoto, K., Suno, R. et al. 2019. Ligand binding 
to human prostaglandin E receptor EP4 at the lipid-bilayer inter-
face. Nat. Chem. Biol. 15:18.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

rtic
le

/3
1
/9

/5
9
7
/5

4
2
3
5
8
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


