° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
J Cardiovasc Pharmacol. 2012 February ; 59(2): 116-123. doi:10.1097/FJC.0b013e3182244a12.

Anti-inflammation therapy by activation of prostaglandin EP4
receptor in cardiovascular and other inflammatory diseases

Eva HC Tangl, Peter Libby?2, Paul M Vanhouttel, and Aimin Xul3

1 Department of Pharmacology & Pharmacy, The University of Hong Kong. Li Ka Shing Faculty of
Medicine Building, 2/F 21 Sassoon Rd, Hong Kong

2 Cardiovascular Division, Department of Medicine, Brigham and Women’s Hosipital, Harvard
Medical School, 77 Ave Louis Pasteur, Boston MA 02115, USA

3 Department of Medicine, The University of Hong Kong. Li Ka Shing Faculty of Medicine
Building, 8/F 21 Sassoon Rd, Hong Kong

Abstract

Prostaglandin E, constitutes a major cyclooxygenase-2-derived prostanoid produced at
inflammatory sites. In vitro and in vivo data supports its role as a modulator of inflammation.
Prostaglandin E, exerts anti-inflammatory effects by binding to one of its receptors, the
prostaglandin E receptor 4 (EP4), thereby modulating macrophage and T lymphocyte functions
that participate crucially in innate and adaptive immunity and tissue remodeling and repair.
Activation of EP4 suppresses the release of cytokines and chemokines from macrophages and T
cells, inhibits the proliferation and activation of T cells, and induces T cell apoptosis. Lack of EP4
in bone marrow—derived cells accelerates local inflammation in atherosclerotic and aneurysm
lesions and increases the prevalence of aneurysm formation. An EP4 agonist promotes graft
survival in allograft cardiac transplantation and dampens tissue damage after myocardial ischemia.
Anti-inflammatory actions of EP4 agonism may benefit other inflammatory disorders, including
colitis and gastric ulcers. By contrast, EP4 acts as a pro-inflammatory mediator in
encephalomyelitis, skin inflammation, and arthritis by promoting T helper (Th) 1 differentiation
and Th17 expansion. Overall, EP4 activation produces powerful anti-inflammatory responses in
many experimental diseases, rendering EP4 agonists attractive agents to attenuate syndromes
associated with inflammation.

Introduction

The enzyme cyclooxygenase (COX) forms prostanoids, including prostaglandin Do,
prostaglandin E,, prostaglandin F,, prostacyclin (prostaglandin I,), and thromboxane A,
(Figure 1). These prostanoids possess a broad range of physiological functions and modulate
inflammatory diseases. Nonsteroidal anti-inflammatory drugs (NSAIDs) have wide use to
treat symptoms of inflammation. Most of these agents block the production of prostanoids
through non-selective inhibition of COX, inhibiting both COX-1 and COX-2 isoforms.1-2
But the inhibitory effect of NSAIDs’ on platelet aggregation [leading to an increased
bleeding risk], along with the gastrointestinal irritation that they cause limits their
therapeutic usefulness.1:2

Studies in the early 1990s indicated that the inducible COX-2 isoform largely accounted for
the formation of prostaglandins associated with inflammation, while COX-1 appears to
produce mainly prostaglandins with constitutive functions.2 Accordingly, the
pharmaceutical industry developed selective COX-2 inhibitors. Such agents underwent
clinical deveopment: celecoxib (Celebrex®) and rofecoxib (Vioxx®) and lumiracoxib
(Prexige®). These selective COX-2 inhibitors aimed to provide powerful anti-inflammatory
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effects, while constitutive COX-1 would continue to produce prostanoids and protect the
gastric mucosa, regulate renal functions, and among other desirable functions.3 However,
clinical data revealed that users of selective COX-2 inhibitors can have an increased risk of
acute myocardial infarction and stroke.*> These unfavorable side effects led to the
withdrawal of rofecoxib from the market in 2004.1 Lumiracoxib has been withdrawn from
the market in several countries mostly due to hepatotoxicity concerns, but it is still sold in a
few countries including Mexico, Ecuador and Dominican Republic. Celecoxib remains
available for prescription, but must be delivered with a FDA-mandated “black box” warning
for cardiovascular and gastrointestinal risks. The American Heart Association has declared
that celecoxib should be used only as a last resort in patients who have, or are at risk for
developing, cardiovascular disease.? Indeed, findings indicated that COX-2 rather than
COX-1 produces prostacyclin, the potent vasodilator and inhibitor of platelet aggregation.
Hence, selective COX-2 inhibitors depress prostacyclin formation in humans, providing one
possible explanation why selective COX-2 inhibitors may augment cardiovascular events. In
addition, mature human platelets lack COX-2 expression, so that selective COX-2 inhibitors
do not disrupt the production of thromboxane A,, which promotes platelet aggregation and
vasoconstriction.! Selective inhibition of COX-2 may favor thrombosis, predisposing to
complications of atherosclerosis and other cardiovascular diseases. These findings
emphasized the need to find new therapeutics that block COX-2-mediated inflammation
while averting the associated cardiovascular risk.

Other COX-2—derived prostanoids also may protect or aggravate cardiovascular diseases.
Prostaglandin E; comprises one of the major COX-2—derived prostanoids at inflammatory
sites.6.7 Accumulating in vitro and in vivo data supports the role of prostaglandin E; as an
endogenous inhibitor of inflammation.8-20 Prostaglandin E, exerts this anti-inflammatory
action by binding to one of its receptors, the prostaglandin EP4 receptor.%12:13 Elimination
of prostaglandin E, production by selective COX-2 inhibitors would eradicate the beneficial
EP4-mediated action. The loss of such endogenous anti-inflammatory signaling may
additionally contribute to the adverse cardiovascular effects of selective COX-2 inhibitors.
Thus, activation of EP4 receptors may serve as a novel therapeutic target to treat
cardiovascular inflammatory diseases.

Prostaglandin E;, synthesis and EP receptors

Prostaglandin E, plays a key mediatory role in inflammation and has pleiotropic effects in a
range of tissues. It is the major prostanoid secreted by various cells in response to
inflammatory stimuli.26 Prostaglandin E; arises from the sequential metabolism of
arachidonic acid by cyclooxygenase and prostaglandin E synthases. There are three different
prostaglandin E synthases: cytosolic prostaglandin E synthase (cPGES), and two
microsomal prostaglandin E synthases, mPGES-1 and mPGES-2. Of these isomerases,
cPGES and mPGES-2 are constitutively expressed, whereas mPGES-1 is mainly an induced
enzyme.2! Prostaglandin E; exerts its biological functions mainly via four G protein-coupled
7 transmembrane receptors — EP1, EP2, EP3, and EP4.22 The EP receptor isoforms have
unique expression patterns and couple to distinct signaling pathways. EP1 receptors
stimulate intracellular calcium mobilization?? and EP2 receptors initiate Gs-coupled signals
stimulating adenylyl cyclase to produce cyclic adenosine monophosphate (CAMP). 22 EP3
receptor has more complex signaling. Indeed, multiple EP3 receptor isoforms are generated
by alternative splicing from a single EP3 receptor gene (PTGERS3), and these isoforms
activate different signaling pathways, including Gi and Gs coupling, as well as calcium
mobilization. 22 The action of EP4 traditionally is viewed as depending on a Go-protein
mediated transient increase in intracellular cAMP. 22 In turn, cAMP activates protein kinase
A (PKA), which then phosphorylates downstream effector proteins, in particular cCAMP
response element binding protein (CREBP) (Figure 2).1223 However, PKA and CREB do
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not mediate the anti-inflammatory action of EP4.12.13 |nstead, the EP4 receptor—associated
protein (EPRAP) binds to the long carboxyl terminal cytoplasmic domain of EP4, reduces
stimulus-induced phosphorylation at this site, and enhances the stability of p105 [an
important cytoplasmic inhibitor of the activation of nuclear factor kappa B (NF«B) and
mitogen-activated protein kinase kinase (MEK)], and thus attenuates the cellular impact of
NF«B and MEK (Figure 2).13:24 Ultimately, EP4 activation results in reduced NF«B-
dependent inflammatory gene transcription and decreased production of pro-inflammatory
factors, thereby limiting inflammatory processes. The cAMP analog 8-Br-cAMP mimicks
the EP4-mediated anti-inflammatory action in human macrophages,1225 suggesting the
involvement adenylyl cyclase. Similarly, dibutyryl cAMP mimicks the EP4-mediated
suppression of lipopolysacchride (LPS)-induced tumor necrosis factor-alpha (TNF-a)
production in mouse peritoneal neutrophils.8 However, some proprietary EP4 agonists
exhibit an anti-inflammatory activity without elevation in cCAMP, at least in
macrophages,13:16 suggesting that cAMP may not be necessary for the EP4-mediated anti-
inflammatory action in these cells. The importance of cAMP elevation in EP4-mediated
immunosuppression also remains controversial. Taken as a whole, the mechanisms
underlying the anti-inflammatory actions of EP4 differ from the traditional EP4-mediated
PKA, CREB-dependent cascade. The existence of a family of EP receptors coupled to
distinct intracellular signals provides a molecular basis for the diverse physiological actions
of prostaglandin E,.

Importance of EP4 in immune cells: in vitro evidence

Prostaglandin E, modulates several aspects of the immune response. In inflammation and
related pathological conditions, its production increases following stimulation of arachidonic
acid release and induction of COX-2.21 The major cells of the immune system express EP
receptor isoforms — in particular, EP4.912 Prostaglandin E, exerts immune suppression by
binding to EP4 receptors, and thus modulating the functions of cells (including T
lymphocytes and macrophages) critical to immune responses.®12

EP4 is the predominant prostaglandin E, receptor subtype in human macrophages.12
Prostaglandin E,, following binding to EP4, suppresses the production of inflammatory
cytokines and chemokines in macrophages in vitro. It attenuates inflammatory activators of
human macrophages by suppressing LPS-induced expression of cytokines, including TNF-a,
interleukin-12 (IL-12), and interferon-y (IFN-y).26:27 In these cells, prostaglandin E also
suppresses the production of LPS-induced chemokines, including monocyte chemoattractant
protein-1 (MCP-1), IL-8, macrophage inflammatory protein-1a (MIP-1a) and -1p (MIP-1p),
and interferon-inducible protein-10 (IP-10).12 These molecules all participate in leukocyte
recruitment and/or the alteration of antigen-presenting ability of macrophages by inhibiting
expression of MHC class 11 proteins. 12 Prostaglandin E; also inhibits the TNF-o—, IFN-y—,
and 1L-1p-mediated expression of these chemokines.12 The anti-inflammatory actions of
prostaglandin E; exhibit cell type selectivity, as this prostanoid suppresses chemokine
expression in human macrophages but not in human vascular smooth-muscle cells exposed
to LPS or pro-inflammatory cytokines.12

The suppressive action of prostaglandin E; on cytokine and chemokine production in
macrophages results almost exclusively from EP4 agonism: A selective EP4 antagonist
completely reverses the suppression of MCP-1, IL-8, MIP-1a, MIP-1B and IP-10 induced by
the prostanoid.12 Furthermore, prostaglandin E; has no effect on LPS-stimulated cytokine
release in EP4-deficient macrophages.24 The targeted disruption of the EP4 gene decreases
prostaglandin E,—mediated inhibition of TNF-o and IL-12 in LPS-activated mouse
macrophages,®26:27 supporting the primary role of EP4 receptor subtype in the anti-
inflammatory pathway in macrophages. Under some conditions, EP2 may exert a similar
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anti-inflammatory role as EP4.9:28 Nevertheless, this review focuses on the effects of
prostaglandin E, mediated by EP4. Indeed, the EP4-dependent suppression by prostaglandin
E, of chemokine and cytokine production in macrophages, leading to reduced infiltration of
inflammatory cells, makes this subtype of prostanoid receptors a likely therapeutic target for
the treatment of inflammatory diseases.

Prostaglandin E, modulates a wide range of T-cell functions. Its ability to inhibit T-cell
proliferation is well established. It suppresses the differentiation of CD4" T helper (Th)
129-31 and the activation and proliferation of cytotoxic CD8* T lymophocytes.32:33 The
prostanoid induces apoptosis in CD4*CD8+ double-positive thymocytes34 and in resting
mature T cells.3® Prostaglandin E; affects profoundly the production of cytokines by T cells,
decreases the production of IFN-y by CD8+ T cells,3® inhibits the production of Thl
cytokines such as IFN-y and IL-2 by Thi1 cells,?” and inhibits cell-surface expression of
cytokine receptors in lymphocytes.3” Thus, prostaglandin E; plays a variety of crucial roles
throughout the life of T cells, regulating proliferation, apoptosis, and cytokine production.

Studies utilizing T cells deficient in each EP subtype reveal that the immunosuppressive
actions of prostaglandin E, in T lymphocytes are mediated predominantly by EP4.°
Furthermore, a selective EP4 agonist suppresses the proliferation of CD4* T cells in a
concentration-dependent manner.2:10.16 In co-culture experiments, inhibition of T-cell
proliferation occurs when the macrophages, but not when the T cells are treated with the
EP4 agonist.16 Thus, EP4-mediated inhibition of T-cell proliferation depends on the
activation of macrophages. IL-12 is critical to the induction of Th1 response, regulating the
differentiation of ThO to Th1 cells. Th1 cells produce pro-inflammatory cytokines such as
IFN-y and IL-2, and these cytokines in turn induce the activation and proliferation of T
lymphocytes.16 Stimulation of EP4 causes reduced 1L-12 release from macrophages,
suggesting that the EP4 agonist suppresses T-cell proliferation through IL-12 suppression
and macrophage inactivation.18 Furthermore, the inhibition of the production of IL-2 and
IFN-y from Th1 cells by EP4 may polarize cellular response towards a Th2 phenotype by
enhancing IL-4 and IL-5 production.2%:38 Prostaglandin E, thus may affect the overall slant
of an immune response.

The EP4-mediated anti-inflammatory action is not restricted to T cells and macrophages. It
is also seen in neutrophils and dendritic cells. Thus, EP4 activation prevents N-formyl-
methionyl-leucyl-phenylalanine-(fMLP)-stimulated aggregation of rat neutrophils.3°
Prostaglandin E, also suppresses TNF-a production in mouse neutrophils collected from the
peritoneal cavity by casein treatment, and this suppression is dependent on EP4-activation.8
Furthermore, prostaglandin E, inhibits IFN-a secretion and Th1l co-stimulation by human
plasmacytoid dendritic cells via EP4 engagement.4? These observations support a primary
role of EP4 in the anti-inflammatory response to prostaglandin E, in immune cells.

Importance of EP4 in cardiovascular diseases: in vivo evidence

The interest in targeting EP4 to treat inflammatory diseases has emerged from the
demonstration of the detrimental effects of EP4-targeted disruption or the benefits of EP4
agonists under several pathological conditions. The discussion below summarizes the
potential role of EP4-activation in suppressing inflammation during myocardial ischemia/
reperfusion (I/R) injury, allograft rejection after cardiac transplantation, atherosclerosis, and
abdominal aortic aneurysm.

Myocardial Ischemia

The damage from myocardial I/R injury results from the release of oxygen free radicals and
from the inflammatory response of the damaged tissues, leading to myocyte death and
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interstitial fibrosis, processes involved in ventricular remodeling. Inflammatory cells —
including monocytes, macrophages, and neutrophils — are the main sources of
inflammatory factors that fuel this event.*1 EP4 activation protects the reperfused
myocardium against ischemic injury in the rat.14 Pharmacological intervention with an EP4
agonist significantly reduces infarct size, and improves left ventricular contraction and
dilatation as compared with vehicle-treated rats.14 The cardioprotective effect of the EP4
agonist relates largely to the attenuation of the infiltration of inflammatory cells, especially
macrophages, into the ischemic myocardium.14 The EP4 agonist attenuates the release of
inflammatory cytokines [including TNF-a, IL-1p, IL-6, and MCP-1] from macrophages
induced by I/R. The EP4 agonist also suppresses the migration of macrophages in vitro by
decreasing the level of MCP-1 production.14 Furthermore, EP4 agonists attenuate the
expression and activities of MMP-2 and MMP-9 in reperfused tissue, enzymes that may
decrease myocardial fibrosis.1# In accordance with these observations, mice that lack
mPGES-1 exhibit adverse left ventricular dilatation and decreased left ventricular systolic
and diastolic function compared with wild-type mice after acute myocardial infarction,*2
suggesting that prostaglandin E, derived from mPGES-1 causes protection and prevents I/R
injury. Hence, an EP4 agonism might limit the consequences of I/R.

Allograft rejection in cardiac transplantation

In parenchymal rejection of cardiac allografts, T lymphocytes and macrophages infiltrate the
myocardium and affect the myocardial cytolysis and inflammatory response that cause acute
rejection.16:28 |n C57BL/6 donor hearts heterotopically transplanted into BALB/c recipients
[with major histocompatibility complex (MHC) mismatch], prostaglandin E, production in
the rejected grafts exceeds that in the native hearts.16:28 Administration of selective EP4
agonists to the recipient mice prevents acute cardiac rejection and prolongs graft survival
compared with the vehicle-treated group.16:28 EP4 receptor activation suppresses the
macrophage production of pro-inflammatory factors, [including cytokines (IFN-y and 1L-6),
chemokines (IP-10, MIP-2, MIP-1a, MIP-1f, and lymphotactin)] and adhesion molecules by
induction of NF«B activity, resulting in reduced macrophage infiltration and T-cell
proliferation.18 These findings support a role for EP4 as an anti-inflammatory mediator in
acute cardiac rejection in vivo, and highlight the effectiveness of EP4 agonists in prolonging
allograft survival.

Atherosclerosis

Inflammation drives the development, progression, and clinical manifestations of
atherosclerosis. The balance between persistent pro-inflammatory signals and intrinsic anti-
inflammatory pathways influences all stages of this chronic inflammatory disease.*3 Human
atherosclerotic plaques display increased biosynthesis of prostaglandin E,.4 EP4 constitutes
the predominant prostaglandin E; receptor isoform present in human macrophages, whether
studied in culture or present in atheromata.12:1% EP4 modulates inflammation and its
contribution to atherosclerosis in vivo.194% Hypercholesterolemic low-density lipoprotein
deficient mice transplanted with either EP4*"* or EP4~/~ bone marrow consumed a high-fat
diet. The lack of EP4 in bone marrow—derived cells did not affect inflammation or
atherosclerotic plaque size at early stages of atherosclerosis (five weeks of high-fat diet),
which comprised less mature atheromata.1® But at a later stage, when mature atheromata had
developed (ten weeks of high-fat diet), mice with EP4 in their bone marrow exhibited less
local inflammation with decreased expression of chemotactic proteins (including MCP-1
and IP-10), reduced presence of inflammatory cells (macrophages and T cells), and an
increased number of smooth-muscle cells within the plaques.® These findings support the
role of EP4 as an anti-inflammatory mediator in atherogenesis in vivo, although the
interference with EP4 function did neither prevent the progression of atherosclerosis nor
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alter lesion size in the aorta or in the aortic root (at either early- or late-stage
atherosclerosis).1® Accumulating evidence suggests that asymptomatic and symptomatic
lesions differ with regard to inflammatory burden rather than plaque size. EP4 may thus
suppress inflammation in established atheromata.

Abdominal aortic aneurysm

Human abdominal aortic aneurysm (AAA) tissues display increased biosynthesis of
prostaglandin E,.8 The expression of EP4 abounds in mouse and human AAA tissues.2046
These observations support a role for prostaglandin E, and EP4 in the pathogenesis of AAA.
AAA exhibit characteristics of a chronic inflammatory disorder. As remodeling of the blood
vessel wall occurs, immune cells accumulate in the evolving aneurysm. Mice, of both
genders, deficient in EP4 in their haemotopoietic cells have increased severity and
prevalence of angiotensin I1-induced aneurysms, compared to wild-type chimeric mice.2°
The expression of MCP-1 in AAA lesions in EP4 bone-marrow deficient mice exceded that
in those of wild-type chimeric mice.29 Accordingly, the aneurysmal lesions of the EP4-
deficient bone marrow chimeric mice exhibited a markedly increased accumulation of
macrophages and T cells,20 signifying an escalation of local inflammation. The lack of EP4
in bone marrow cells also augmented elastin fragmentation by enhancing the ability of MMP
and cathepsins to break down elastin within the aneurysm lesions, increased the number of
cells bearing markers of apoptosis, and decreased the accumulation of smooth muscle cells
within AAA lesions.20 These findings demonstrate the pathophysiological importance of
prostaglandin E, signaling through EP4 receptors as an endogenous anti-inflammatory
pathway involved in the prevention of aneurysm formation.

By contrast, mice with global deletion of the genes for COX-2 or mPGES-1 exhibit
cardioprotective effects, with depressed prostaglandin E, production and retarded AAA
formation.#”:48 Thus, EP ligands derived from COX-2 and mPGES-1 promotes AAA
pathogenesis. The specific responsible EP receptor remains undefined, but activation of EP4
does not likely explain this result, since EP4 activation causes reduced incidence and
severity of AAA by decreasing local inflammation.2% Because multiple EP receptors may
exert opposing effects, selective inhibitors (or agonists, as in the case of EP4) for individual
EP receptors may be more attractive than upstream inhibition of COX-2 or mPGES-1 for the
treatment or prevention of AAA. No available therapy can prevent AAA, leaving patients
with invasive treatments as the only option. Consequently, chemopreventive strategies to
prevent the expansion of AAA have considerable appeal. Because of their protective effects,
EP4 agonists may offer a novel approach to treat or prevent aneurysm development.

Immunosuppressive effect of EP4 in non-cardiovascular related
inflammatory diseases

The usefulness of EP4 activation to limit inflammatory diseases extends beyond those
discussed above, and may apply to other conditions. For example: 1) peripheral EP4
activation protects the brain from systemic inflammation.2® In vivo, conditional deletion of
EP4 in macrophages and microglia increases lipid peroxidation and pro-inflammatory gene
expression in the brain and in isolated adult microglia following peripheral LPS
administration.1® Peripheral pharmacological treatment with a selective EP4 agonist leads to
a decrease in pro-inflammatory gene expression in the plasma and in the hippocampus of
LPS-treated mice,18 demonstrating that EP4 signaling attenuates inflammation in the central
nervous system by suppressing the transmission of systemic immune responses to the brain.
2) EP4 activation maintains intestinal homeostasis, retaining mucosal integrity by
suppressing innate immunity. Thus, mice deficient in EP4 developed severe colitis when
administered 3% dextran sulphate sodium (DSS) while the same treatment only induced
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marginal colitis in wild-type mice.19 The administration of an EP4 selective antagonist
mimicked this phenotype in wild-type mice.19 Likewise, administration of an EP4 selective
agonist to wild-type mice ameliorated severe colitis normally induced with 7% DSS, while
administration of the EP4 antagonist suppressed the recovery from colitis and induced a
significant proliferation of CD4+ T cells.19 3) EP4 agonists accelerated chronic gastric ulcer
healing, suppressed inflammatory cell infiltration in the granulation tissue, and reduced
gastric bleeding and inflammation. EP4 agonists augmented ulcer healing by promoting
proliferation and survival of mucous epithelial cells.1>

Pro-inflammatory responses mediated by EP4

In spite of the numerous reports of the immunosuppressive effect of EP4 activation, some
findings indicate that EP4 activation may stimulate immune responses under certain
conditions. Indeed, prostaglandin E, increases cytotoxic responses against allogeneic cells.*?
Prostaglandin E,, by activating EP4 receptors, also augments Th1 proliferation and 1L23-
induced Th17 proliferation.>? The occurrences of EP4-mediated pro-inflammatory responses
are also observed in vivo. In mice subjected to experimental autoimmune encephalomyelitis
or contact hypersensitivity, the administration of a selective EP4 antagonist decreases the
accumulation of both Th1 and Th17 cells in regional lymph nodes and the production of
IFN-y and 1L-12 by lymph node cells, and suppresses disease progression.>% As a result,
prostaglandin E, and EP4 activation promote immune inflammation by causing Thl
differentiation and Th17 expansion. Likewise, in two separate experimental arthritis models
— collagen-induced arthritis and glucose-6-phosphate isomerase-induced arthritis — the
activation of EP4 with prostaglandin E, promoted Th1 differentiation and Th17 expansion,
exacerbating arthritis and promoting inflammatory pain.5! The oral administration of an EP4
antagonist suppressed Thl and Th17 cytokine production and reduced arthritis and
inflammatory pain in these rodents.>! These findings support the pro-inflammatory role of
EP4 activation in vivo during contact hypersensitivity, in encephalomyelitis and in arthritis.

Why prostaglandin E, exerts pro-inflammatory effects through EP4 in some circumstances,
and anti-inflammatory actions in others is unclear. This apparent paradox could relate to the
prevailing concentration of prostaglandin E, or EP4 agonist. For example, at nanomolar
concentrations, prostaglandin E, enhances Th1 differentiation, promoting IFN-y through
activation of EP4.22 Such Th1 differentiation-promoting activities do not pertain to higher
prostaglandin E, concentrations.2? These findings propose a bimodal effect of prostaglandin
E, on immune responses, promoting inflammation at lower but attenuating it at higher
concentrations (Figure 3). In this case, the immune-modulation fate of prostaglandin E,
would depend largely on its local concentration in vivo. Given this, it is worth noting that
the concentration of prostaglandin E, often increases as disease progresses or worsens, as is
the case in cardiac transplantation allografts,16 atherosclerotic lesions'®, and aortic
aneurysms.20 When comparing the results of diverging studies with the administration of
exogenous prostaglandin E,, it remains difficult to compare the absolute amount of
prostaglandin E; present from one experiment to another because the endogenous formation
of the prostanoid varies and alter substantially to the actual prostaglandin E; level present at
the cellular level within the different systems.

Concentrations of other modulators also likely impact the specific fate of EP4-mediated
immune modulation (Figure 3). EP4 mediates Th1 differentiation-promoting effect in vitro,
but this effect depends on the presence of IL-12 in the culture medium.%® Without this
cytokine, prostaglandin E; has little effect on Th1 differentiation.50 This facilitation of T-
cell differentiation by prostaglandin E; is specific to the Thi subset.>0 Prostaglandin E, does
not enhance, but instead suppresses Th17 differentiation from CD4+CD62L+ naive T cells
under any T-cell receptor stimulation condition.50 But the presence of sufficient IL-23 in the
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culture medium, prostaglandin E, initiates Th17 cell expansion by EP4 receptor
activation.®® In contrast to the EP4-mediated anti-inflammatory actions, EP4-mediated Th1
differentiation does not require cCAMP or protein kinase A, but instead depends on
phosphoinositide 3-kinase (PI13K).59-°1 Not all immune-promoting effects resulting from
EP4 signaling depend on PI3K. Indeed, EP4-dependent, IL-23-induced Th17 expansion does
not require activation of this kinase and depends instead on the production of cAMP.50 -
ornithine can also control the direction of the immune regulatory response to prostaglandin
E,. L-ornithine is an immune-regulatory substance that accumulates in supernatants of
activated macrophages as a consequence of the high arginase [which converts L-arginine
into urea and L-ornithine] activity of these cells.*? High concentrations of L-ornithine
counteract the inhibitory effect of prostaglandin E; on CD8" T cell activation, and vice versa
prostaglandin E; counteracts the inhibitory effect of high doses of L-ornithine. Prostaglandin
E, and L-ornithine therefore are interdependent and antagonistic.® For these reasons, the
presence of other modulators influences the ultimate fate of EP4-mediated actions.

Conclusion

Although prostaglandin E, exerts well recognized immunosuppressive actions, the adverse
effects related to its broad biological activities resulting from the activation of its four EP
receptors render it an impractical therapeutic agent. Compounds that interact specifically
with the immune-suppressive EP4 receptor may allow a wider, more practical exploitation in
the therapy of inflammatory diseases. Experimental studies illustrate the potential merit of
EP4 in hampering inflammation in various disorders. Such investigations have demonstrated
anti-inflammatory effects of EP4 in atherosclerosis and AAA using chimeric mice that lack
EP4, but the efficacy of EP4 agonists in these animal models remains speculative. An EP4
agonist has promoted graft survival in allograft cardiac transplantation and dampened tissue
damage after myocardial ischemia, but the efficacy and safety of EP4 activation in humans
remains largely unknown. Accumulating in vivo data demonstrate that anti-inflammatory
therapy by activation of EP4 receptor may benefit not only cardiovascular diseases, but also
other inflammatory disorders — in particular colitis, endotoxic shock, and gastric ulcers.
Conversely, EP4 acts as a pro-inflammatory mediator in encephalomyelitis, skin
inflammation, and arthritis by promoting Th1 differentiation and Th17 expansion. Overall,
the suppression of immune responses following activation of EP4 receptors presents an
attractive therapeutic target for treating a broad range of inflammatory diseases. EP4
agonists may become anti-inflammatory drugs that mitigate COX-2-mediated inflammation,
without augmenting cardiovascular risks.
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Figure 1.

Metabolism of arachidonic acid into specific prostanoids. COX-1= cyclooxygenase 1;
COX-2 = cyclooxygenase 2; PGIS = prostacyclin synthase; TXS = thromboxane synthase;
cPGES = cytosolic prostaglandin E synthase; mPGES-1 = microsomal prostaglandin E
synthase 1; mPGES-2 = microsomal prostaglandin E synthase 2; PGDS = prostaglandin D
synthase; PGFS = prostaglandin F synthase.
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Figure 2.

Schematic representation of the EP4-mediated classical pathway and the EP4-mediated anti-
inflammatory pathway. Classical pathway: Prostaglandin E, through EP4 transiently
increases intracellular cAMP (by activation of adenylyl cyclase). cCAMP activates protein
kinase A (PKA), which subsequently phosphorylates the downstream cAMP response
element-binding protein (CREB), which binds to certain DNA sequences and increases the
transcription of downstream genes. Anti-inflammatory pathway: EPRAP binds directly to the
cytoplasmic tail of EP4 and associates with p105. The EPRAP-p105 complex suppresses
NF«B and MEK activation by inhibiting p105 phosphorylation and its degradation, thereby
reducing pro-inflammatory gene expression.
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Figure 3.

Schematic representation of the proposed bi-modal effect of prostaglandin E,. In the
presence of certain modulators, such as IL-12 or IL-23, a low concentration of prostaglandin
E, results in pro-inflammatory signals. Conversely, a high concentration of prostaglandin E,
leads to anti-inflammatory responses. Modulators such as L-ornithine decrease proliferation
of CD8+ T cells, thereby preventing anti-inflammatory action.
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