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EP2 inhibition restores myeloid metabolism and

reverses cognitive decline

") Check for updates

Ryan Lushington, MS, Samuel Camilli, Francisco Pascual, BS, Richard F. Lockey, MD, and Narasaiah Kolliputi, PhD
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Nonsteroidal anti-inflammatory drugs alleviate pain and
inflammation by inhibiting the cyclooxygenase pathway. This
pathway has various downstream effects, some of which are
beneficial. Prostaglandin E; is a key downstream product in the
cyclooxygenase pathway that modulates inflammation.

A correlation between aging and increased expression of the
prostaglandin E, receptor, EP2, has been associated with
inflammatory processes, cognitive aging, angiogenesis, and
tumorigenesis. Therefore, inhibition of EP2 could lead to
therapeutic effects and be more selective than inhibiting
cyclooxygenase-2. Studies suggest that inhibition of EP2 restores
age-associated spatial memory deficits and synaptic proteins
and impairs tumorigenesis. The data indicate that EP2 signaling
is important in myeloid cell metabolism and support its
candidacy as a therapeutic target. (J Allergy Clin Immunol
Global 2023;2:100082.)
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The cyclooxygenase (COX) pathway synthesizes prostanoids
from the substrate arachidonic acid. These include prostaglandins
PGH,, PGE,, PGD,, PGF,,, prostacyclin PGI,, and thromboxane
TXA,. Studies suggest a positive correlation between the admin-
istration of COX-2 inhibitors and the reduction in certain cancers,
cancer-related mortality, and neuroinflammation.' Prostaglandin
E, (PGE,) is a product of the COX-2 pathway and has been
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Abbreviations used
C52: Compound 52

cAMP: Cyclic adenosine monophosphate

COX: Cyclooxygenase

Epac: Exchange protein directly activated by cAMP
MDM: Monocyte-derived macrophage

PGE,: Prostaglandin E,

PKA: Protein kinase A

implicated in the process of inflammation, cognitive aging, angio-
genesis, and tumorigenesis.' Prostaglandin signaling occurs
through 4 G-protein—coupled receptors: EP1, 2, 3, and 4. PGE,
signaling of the EP2 receptor leads to potentially beneficial or
harmful effects that vary with the signaling components and the
type of stimulus.' PGE,-EP2 signaling may serve as a valuable
therapeutic target given its presence and impact in inflammation,
neurodegeneration,  cytoprotection,  tumorigenesis,  and
angiogenesis.

PGE,-EP2 SIGNALING PATHWAYS AND
COMPONENTS

Itis crucial to recognize the components involved in PGE,-EP2
signaling to better understand the various downstream effects of
this pathway. When stimulated by PGE,, the EP2 receptor medi-
ates either a G protein—dependent response or a G protein—
independent response. In the G protein—dependent pathway,
EP2 functions as a stimulatory G (Gs) protein—coupled receptor
that leads to adenyl cyclase activation and increased levels of
cytoplasmic cyclic adenosine monophosphate (cAMP). This re-
sults in the stimulation of either exchange protein directly acit-
vated by cAMP (Epac) or protein kinase A (PKA). Epac
stimulation leads to the activation of Rap1/2, which is associated
with oxidative stress, inflammation, and injury. Conversely, PKA
stimulation leads to the direct phosphorylation of the cAMP-
responsive element-binding protein. The activation of cAMP-
responsive element-binding is associated with beneficial effects
such as neuroprotection, neuronal survival, enhanced memory,
axonal growth, and axonal regeneration.3 Although cAMP prefer-
entially stimulates PKA, the Epac pathway is stimulated under
periods of sustained EP2 activation and higher levels of cAMP."

The G protein—independent pathway occurs through [3-arrestin
and Src protein complex formation with the EP2 receptor. This
complex interacts with epidermal growth factor receptors initi-
ating pathways phosphoinositide 3-kinase/phosphokinase B
(PKB/AKT), c-Jun-N-terminal kinase, and Ras/extracellular-
signal-regulated kinase, which are involved in cell proliferation
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and metastasis." The G protein—dependent cAMP/PKA/cAMP-
responsive element-binding and cAMP/Epac/Rap pathways
undergo signaling crosstalk with the G protein—-independent (3-ar-
restin pathways. Specifically, recent reports have found agonists
that prefer 1 and 32 adrenoceptors, which act to regulate the
conformational states of the cytoplasmic region of E2 receptors,
thus altering the function of the protein.” Development of a
G-protein—coupled receptor—biased ligand of the EP2 receptor
would allow for selective stimulation of either G-protein—depen-
dent or —independent signaling.

INFLAMMATION AND PAIN MODULATION

Myeloid cells, for example, macrophages and microglia, are
responsible for initiating acute inflammation in response to injury
by producing primary inflammatory mediators. These mediators,
for example, histamine, bradykinin, and various chemokines and
cytokines, are responsible for vasodilation and increased vascular
permeability. Some inflammatory cytokines generated via the
nuclear factor kappa B pathway lead to increased expression of
COX-2, which increases synthesis of PGE,.” PGE,, a secondary
inflammatory mediator, further promotes vasodilation while at-
tracting and activating immune cells, such as macrophages.

Prostaglandins have been implicated in the exacerbation of
many different disorders such as rheumatoid arthritis through
further activation of inflammation-related genes and cytokines.
One report used collagen-induced arthritic mice to observe the
interaction between PGI,-IP (prostaglandin receptor pathway)
and IL-1f3, in which the reduction of prostaglandin receptor I
(IP) significantly reduced the extent of arthritis via synovial cell
proliferation, bone destruction, and inflammatory cell prolifera-
tion.® Important to note is that PGE, is an immune modulator
and its signaling via EP2 exacerbates inflammation.' PGE,, in
addition to being an immune modulator, amplifies sensitivity to
pain, a process known as hyperalgesia. Mice genetically modified
to lack EP2 receptors (EP~' ") and subsequently subjected to pe-
ripheral inflammation show a normal initial response without ev-
idence of chronic hyperalgesia.” Therefore, PGE, may play a role
in mediating chronic hyperalgesia through EP2.

Nonsteroidal anti-inflammatory drugs are commonly used in
humans to alleviate pain and inflammation by inhibiting the entire
COX-2 pathway. Studies have shown that the COX-2 pathway has
some beneficial cardiovascular effects as seen in the mediation of
late-phase ischemic preconditioning—a process in which short
periods of ischemia lead to increased myocardial resistance,
which furthers ischemia.® Therefore, developing a selective EP2
inhibitor may be more beneficial to treat inflammation and pre-
serve the beneficial effects of the COX-2 pathway. In addition,
a selective EP2 inhibitor may have the potential to prevent pain
in the setting of chronic hyperalgesia.

TUMORIGENESIS

The EP2 receptor could be involved in tumorigenesis via
multiple mechanisms, one of which is via the recruitment of
B-arrestin 1. As previously mentioned, B-arrestin leads to the
activation of the phosphoinositide 3-kinase/Akt and Ras/extra-
cellular-signal-regulated kinase pathways through a G protein—
independent manner by complexing with Src and epidermal
growth factor receptors.” Both pathways promote cellular prolif-
eration and metastasis. Cross talk between the G protein—
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independent and —dependent pathway can also lead to activation
of the phosphoinositide 3-kinase/Akt pathway by Gy subunit
release on EP2 receptor activation. This could lead to inhibitory
phosphorylation of glycogen synthase kinase-33 (Fig 1), subse-
quently resulting in the nuclear translocation of B-catenin and
thereby stimulate growth-promoting gene expression.m

The role of EP2 receptor signaling in chronic inflammation
may account for its role in tumorigenesis, given the established
relationship between chronic inflammation and the local micro-
environment—which is conducive to tumor formation and
genetic alterations. The proinflammatory mediators associated
with PGE,-EP2 signaling, for example, chemokines and cyto-
kines, provide a foundation for angiogenesis and tumorigenesis.
Likewise, EP2 signaling modulates immune cells through the
downregulation of INF-y and TNF-a expression, thus impairing
their ability to regulate apoptosis and prevent tumorigenesis.'
Another interesting observation is that EP2 signaling converts
TGF-f through the alteration of TGF-f signaling from a tumor-
suppressing to a tumor-promoting agent.'

There is a probable connection between EP2 signaling and
tumorigenesis as demonstrated in in vivo mouse models. The lack
of EP2 receptors is associated with a reduction in both the size and
number of intestinal polyps in EP2~’~ mice with familial adeno-
matous polyposis. The deletion of EP2 receptors in this same
model reduced tumor growth and led to increased life expectancy.
Similarly, mice that underwent ablation of the EP2 receptor re-
vealed a reduction in skin tumor development, whereas overex-
pression showed enhanced skin tumor development.’
Administration of the EP2 agonist, butaprost, in multiple mouse
models of prostate cancer suggests that EP2 receptor signaling
leads to promotion of tumor growth and invasion.'' Treating
mice with the EP2 antagonist, TG4-155, inhibits EP2 signaling
and leads to a reduction in prostatic growth and invasion.'' Simi-
larly, TG6-10-1, an analog of TG4-155 with an improved in vivo
half-life and brain penetration, has been shown to impair malig-
nant glioma growth by reducing COX-2 activity—driven glioblas-
toma multiforme cell proliferation, invasion, and metastasis. >
Furthermore, it was found that EP, antagonism by TG6-10-1
led to an arrest in the cell cycle at GO-G1 and resulted in apoptosis
of glioblastoma multiforme cells.'” These findings all provide
insight into how a selective EP2 receptor antagonist could reduce
tumorigenesis, possibly through the modulation of inflammation
and angiogenesis.

METABOLIC BIOENERGETIC IMPLICATIONS
PGE,-EP2 signaling is implicated as a significant contributor
for cognitive decline. With age, levels of PGE, increase, so too
does the expression of EP2 receptors on human monocyte-
derived macrophages (MDMs).'® As shown in Fig 1, the inci-
dence of PGE,-EP2 signaling activates glycogen synthase 1
from the phosphorylation and inactivation of GSK3f via protein
kinase B (PKB/AKT). This results in glycogen synthesis, which is
associated with a decrease in glucose utilization in glycolysis or
the pentose phosphate pathway. PGE, signaling leads to de-
creases in glycolysis and a reduction in the mitochondrial oxygen
consumption rate as shown through PGE, stimulation within hu-
man MDMs. " These decreases are mediated by the EP2 receptor.
Therefore, in aged human MDMs, PGE, signaling with EP2 may
be closely associated with the promotion of glucose sequestration
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FIG 1. G-protein—dependent signaling via B-catenin. A, Without the presence of an agonist for EP2, G-pro-
teins remain inactive and B-catenin is phosphorylated and picked up by a nucleosome for destruction. At the
same time, glycogen synthase | remains inactive and no glycogen is produced. B, The presence of PGE; ac-
tivates the as guanosine triphosphate (GTP) subunit and releases B-catenin and GSK-38 from Axin. During
this time, the free By subunits activate the PI3K-PDK1-AKT signaling pathway, resulting in the inhibitory
phosphorylation of the free GSK-3B. GYS1 is then enabled to conduct glycogen synthesis without inhibition
from GSK-3pB. Without GSK-3 to inhibit it, the released B-catenin is allowed to undergo nuclear transloca-
tion, promoting gene expression and cell growth. AKT, Protein kinase B; APC, Adenomatous polyposis coli
protein; CK1, casein kinase 1; GDP, guanosine diphosphate; GSK-38, glycogen synthase kinase-33; GYST,
glycogen synthase 1; LEF, lymphoid enchancer factor; PI3K, phosphoinositide 3-kinase; TCF, T-cell factor.

into glycogen. This could lead to reduced glucose flux and mito-
chondrial respiration. "

Cellular metabolism is an integral component in the regulation
and function of the immune system.'* If the bioenergetics of a cell
could be compromised, it serves as a potential route to develop
maladaptive phenotypes, some of which are typically attributed
to aging. PGE, may hinder human MDM function over time. In
older macrophages, there is increased activity of PGE,, EP2,
and glycogen synthase, all of which enhance the conversion of
glucose into glycogen. This diminishes glucose flux, reducing
readily available energy. In addition, findings suggest that meta-
bolic transitions occur in aging myeloid cells that cause them to
be unable to use alternative energy resources. Minhas et al"?
labeled human MDMs with '*C-isotopes of glutamine, pyruvate,
lactate, and glucose and found that aged human MDMs are meta-
bolically dependent on glucose.13 Conversely, they also showed
that young human MDMs are more capable of converting glucose,
pyruvate, lactate, and glutamine into glycolytic and TCA-cycle
intermediates.'® Because of the dependence of aged human
MDMs on glucose, PGE,-EP2 signaling could result in a bio-
energetically deficient state. Previous research has indicated
that energy metabolism in the cell plays a key role in the regula-
tion of the immune system; specifically, activated T cells engage
primarily in glycolysis, fixing pyruvate as lactate to restore nico-
tinamide adenine dinucleotide (NAD™) and perpetuate glycol-
ysis."” Without glycolysis, T cells, MDMs, and other similar
cell types would be unable to produce the energy required to

properly function, thus inducing a proinflammatory response
such as that of aged human MDMs.

Another possible consequence of this bioenergetic deficiency
involves cognitive decline. In the human brain, the microglial
cells compose the main myeloid population and, with age, show
an increased expression of EP2.'® The EP2 receptor, implicated in
both in vitro and in vivo mouse models, promotes chronic neuro-
inflammation." Aged myeloid cells, in an energy-deficient state,
promote proinflammatory cytokine expression. Chronic inflam-
mation may result in cognitive impairments, such as spatial mem-
ory deficits, commonly attributed to age. Alzheimer disease is a
prominent pathology involving cognitive impairment. Within
these brains, there are abnormal levels of amyloid-beta plaques,
which play an integral role in this disease. Compound 52 (C52)
is a brain-penetrant EP2 inhibitor. In an ex vivo assay of mice
treated with C52, the treated mice demonstrated an increased
macrophage-mediated clearance of amyloid-beta plaques.'’
This suggests a possible route through which EP2 inhibition
may improve cognition. Additional studies should be conducted
to evaluate whether similar results can be produced in an
in vivo model and its effect on cognition.

EP2 RECEPTORS AS A THERAPEUTIC TARGET
Minhas et al hypothesized that either the reduced expression or

selective inhibition of the EP2 receptor would alleviate the

bioenergetic insufficiency experienced by aged myeloid cells.
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FIG 2. Two mechanisms converge, leading to bioenergetic insufficiency in myeloid cells. In aging myeloid
cells, levels of PGE, and EP2 are markedly increased. This increase leads to increased EP2 signaling, which
subsequently leads to the activation of glycogen synthase 1 (GYS1), which decreases glucose flux. This cul-
minates with metabolic changes in which myeloid cells become dependent on glucose energetically, result-
ing in a bioenergetics-deficient state. This bioenergetic state leads to the accumulation of proinflammatory

mediators and harmful effects.

For example, genetic reduction of the EP2 receptor by 50% in
mice (Cd11bCre'®'%) leads to increased mitochondrial respira-
tion and increased glycolysis, and restored mitochondrial
morphology.'* When aged Cd11bCre'*'°* mice performed tasks
to evaluate spatial memory and cognition, their performance was
indistinguishable from that of younger Cdl1bCre'®"** mice;
however, aged Cd11bCre''°* mice significantly outperformed
aged mice that had not undergone the knockdown of EP2 recep-
tors.® This suggests that there is a relationship between the meta-
bolism of aging MDMs and cognitive decline. Treating mice with
the EP2 inhibitors, PF-04418948 and C52, inhibits PGE,-EP2
signaling and results in increased energy production within
aged myeloid cells. This reduces glycogen synthesis and en-
hances glycolytic and TCA-cycle activities, as seen in the
Cd11bCre""** mice models.®

Inflammatory factors in plasma and the hippocampus were
restored to levels comparable to those in their youthful
counterparts after treating mice for 1 month with the brain-
penetrant EP2 inhibitor C52.° C52-treated mice cognition was
evaluated with an object location memory test and the Barnes
maze task, which revealed an improvement in age-associated
memory deficits compared with controls.® Electrophysiolog-
ical recordings of the aged mice treated with C52 showed a
restoration of hippocampal CA1l long-term potentiation, a
mechanism responsible for learning and memory; in addition,
this result was seen in Cd11bCre'**"'°* mice.® When mice were
treated peripherally with the brain-nonpenetrant EP2 inhibitor,
PF-04418948, for 6 weeks, they exhibited similar benefits to
those treated with the brain-penetrant C52 and to
Cd11bCre''** mice.®
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FIG 3. Myeloid knockdown of the EP2 receptor provides significant insight.
The study conducted by Minhas et al using Cd11bCre'®*'°* mice showed the
effects of reducing EP2 expression by 50%.'® Notable impacts were the
reduction in glycogen synthase 1 and the subsequent reduction in glycogen
synthesis. Remarkably, physiological abnormalities observed within mito-
chondria associated with age reversed, indicating there is a connection be-
tween EP2 signaling and abnormalities in mitochondrial density, number,
and morphology. GYS1, Glycogen synthase 1.

Restoration of hippocampal plasticity and memory function,
associated with the reduction of EP2 signaling, indicates that
MDM metabolism correlates with cognitive function. This asso-
ciation implies that at least 2 mechanisms converge, leading to
cognitive deficits associated with aging. As MDMs age, their
metabolism shifts toward glucose dependence and when com-
bined with an increase in PGE, signaling, a bioenergetic-deficient
state occurs (Fig 2). This results in the age-associated mitochon-
drial abnormalities in morphology, number, and density. These
changes also promote the circulation of proinflammatory factors
that cause cognitive decline. These metabolic changes may also
promote angiogenesis, tumorigenesis, and cellular proliferation.
However, the findings of Minhas et al show that downregulation
or inhibition of PGE,-EP2 signaling reverses bioenergetic depen-
dence on glucose, improves mitochondrial morphology, restores
synaptic proteins, and ultimately reverses age-associated spatial
memory deficits (Fig 3)."*

NEW PERSPECTIVES AND CONCLUDING
REMARKS

Two major converging mechanisms, within aging myeloid
cells, contribute to the cellular energy metabolism: the significant
increase in proinflammatory PGE, signaling that occurs and their
inability to use alternative energy resources (Fig 2). The mecha-
nisms directly connecting MDM metabolism to cognitive func-
tion remain to be elucidated. One hypothesis is that the
suppression of the electron transport chain leads to increased
levels of succinate and activation of the expression of
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proinflammatory cytokines.® Another is that the deleterious ef-
fects of the EP2 pathway may be due to the production of free rad-
icals. Costantino Iadecola of Weill Cornell Medical College, New
York, affirms this, stating: “The relative contribution of free rad-
icals versus metabolic dysfunction should be addressed in future
work.”'® In the past, free radical production has been noted to be a
contributing factor in many aging-related conditions.'® Knowing
whether EP2 signaling is a contributing factor could help provide
aclearer relationship between its signaling and effects. An impor-
tant consideration is the need to identify the factors responsible
for the metabolic dependence on glucose attributed to aged
MDMs. This may be a valuable target to research, because
defining this process may provide new techniques to improve
MDM bioenergetics.

A question remains to be addressed: does PGE,-EP2 signaling
ultimately result in the promotion of inflammation, leading to
further increases in PGE, levels and EP2 receptor expression?
If so, it may explain why there are notable increases in PGE,
levels and expression of EP2 receptors within aged myeloid cells.
PGE,-EP2 signaling may exacerbate bioenergetic insufficiency
and promote inflammation, given the established metabolic sus-
ceptibility of aged myeloid cells. This inflammation may lead
to increased PGE, production and expression of EP2 receptors
over time. Development of a selective EP2 inhibitor could break
this cycle.

Another facet to explore is the connection between myeloid
metabolism, inflammation, and tumorigenesis. Inhibition of EP2
signaling prevents the formation, growth, and invasion of certain
tumors, but the mechanisms remain unknown. It is hypothesized
that the bioenergetic insufficiency by aging myeloid cells
contributes to tumor formation by permitting developing tumors
to avoid immunosurveillance due to impaired immune function.
Future studies should evaluate the mechanisms by which EP2
inhibition leads to the prevention of tumorigenesis, whether
MDM metabolism is interconnected, and how inflammation plays
a role. There is novel interest in the intracellular complex, the
inflammasome. The inflammasome generates cytokine IL-1[3,
responsible for triggering an inflammatory cascade.'® Knowing
whether there is a connection between the metabolic processes
of aging myeloid cells and inflammasome activation could lead
to an understanding of the inflammatory processes involved in
cognitive decline.

Considering the potential therapeutic benefits that may be
derived from EP2 inhibition, evaluating adverse effects and the
long-term impacts of such therapy should always be considered
within any human trials. The experiments with C52 and PF-
04418948 have since been discontinued.'> Amgen’s C52 only has
been tested in preclinical rodent trials and is not being further
developed for clinical use. Development of Pfizer’s PF-
04418948 was discontinued without published results following
aphase 1 safety study. The clinical trial of PF-04418948 is signif-
icant because it is the only EP2 antagonist to have been tested in
humans to date. It is worth reemphasizing that PF-04418948
cannot cross the blood-brain barrier and possibly limits its poten-
tial to treat cognitive decline.® However, a potent, selective, and
safe EP2 inhibitor remains a target for future pharmacologic
development. It may be a useful alternative to nonsteroidal anti-
inflammatory drugs, which block COX-1 and all its downstream
effects, some of which are beneficial. An EP2 inhibitor may pro-
vide new strategies for both cancer and anti-inflammatory therapy.
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Likewise, inhibition of EP2 could reduce the risk of cellular pro-
liferation, invasion, and metastasis, common with tumorigenesis.

The data provide interesting perspectives in the restoration of
myeloid metabolism and reversal of cognitive deficits. This leads
to another hypothesis: cognitive aging and tumorigenesis may be
associated with metabolic changes within myeloid cells. It is
possible to reverse the cognitive declines associated with these
metabolic changes. EP2 inhibition reprograms myeloid glucose
metabolism and subsequently restores immune function. These
findings support the idea that there is plasticity to the process of
cognitive aging and allows us to consider aging as a reversible
process. New strategies to reverse aging could include pharma-
ceuticals designed to restore cellular metabolism that also
contribute to cognition. One such pharmaceutical could poten-
tially be a potent, safe, and selective EP2 inhibitor.
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