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Background: Mas-related G protein–coupled receptor X2
(MRGPRX2) is a promiscuous receptor on mast cells that
mediates IgE-independent degranulation and has been
implicated in multiple mast cell–mediated disorders, including
chronic urticaria, atopic dermatitis, and pain disorders.
Although it is a promising therapeutic target, few potent,
selective, small molecule antagonists have been identified, and
functional effects of human MRGPRX2 inhibition have not been
evaluated in vivo.
Objective: We sought to identify and characterize novel, potent,
and selective orally active small molecule MRGPRX2
antagonists for potential treatment of mast cell–mediated
disease.
Methods: Antagonists were identified using multiple functional
assays in cell lines overexpressing human MRGPRX2, LAD2
mast cells, human peripheral stem cell–derived mast cells, and
isolated skin mast cells. Skin mast cell degranulation was
evaluated in Mrgprb2em(2/2) knockout and Mrgprb2em(MRGPRX2)

transgenic human MRGPRX2 knock-in mice by assessment of
agonist-induced skin vascular permeability. Ex vivo skin mast
cell degranulation and associated histamine release was
evaluated by microdialysis of human skin tissue samples.
Results: MRGPRX2 antagonists potently inhibited agonist-
induced MRGPRX2 activation and mast cell degranulation in
all mast cell types tested in an IgE-independent manner. Orally
administered MRGPRX2 antagonists also inhibited agonist-
induced degranulation and resulting vascular permeability in
MRGPRX2 knock-in mice. In addition, antagonist treatment
dose dependently inhibited agonist-induced degranulation in
ex vivo human skin.
Conclusions: MRGPRX2 small molecule antagonists potently
inhibited agonist-induced mast cell degranulation in vitro and
From aEscient Pharmaceuticals, San Diego; bInstitute of Allergology, Charit�e–Univer-

sit€atsmedizin Berlin, corporate member of Freie Universit€at Berlin and Humboldt-

Universit€at zu Berlin, Berlin;cFraunhofer Institute for Translational Medicine and

Pharmacology, Immunology and Allergology, Berlin;dToulouse Institute for Infec-

tious and Inflammatory Diseases (Infinity)–University Toulouse III, Toulouse; and
eGenoskin SAS, Toulouse.

Received for publication February 21, 2024; revised May 22, 2024; accepted for publi-

cation July 2, 2024.

Corresponding author: Veena Viswanath, PhD, Drug Discovery and Translational

Biology, Escient Pharmaceuticals, 10578 Science Center Drive, Ste 250, San Diego,

CA 92121. E-mail: vviswanath@escientpharma.com.

0091-6749

� 2024 The Authors. Published by Elsevier Inc. on behalf of the American Academy of

Allergy, Asthma & Immunology. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.jaci.2024.07.002
in vivo as well as ex vivo in human skin, supporting potential
therapeutic utility as a novel treatment for multiple human
diseases involving clinically relevant mast cell activation. (J
Allergy Clin Immunol 2024;nnn:nnn-nnn.)
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Mast cells are granulocytes found in connective tissues and
mucous membranes of barrier tissues including the skin,
meninges, and respiratory and gastrointestinal tracts that mediate
inflammatory responses, such as hypersensitivity, allergic, and
inflammatory reactions.1,2 Mast cells are activated via IgE-
mediated allergic pathways (typically activated by environmental
allergens) and IgE-independent pathways.3,4 A defining feature of
these cells is the presence of dense cytoplasmic granules that
contain histamine, heparin, and a variety of proteases and proin-
flammatory mediators that are released upon cell activation in a
process called degranulation.5 Release of granule contents results
in increased vascular permeability, inflammation, swelling, itch,
and pain.6

Mas-related G protein-coupled receptors (MRGPRs) are class
A rhodopsin-like G protein–coupled receptors that are expressed
on sensory neurons and innate immune cells, which reside in close
proximity within barrier tissues.2,7 In humans, the MRGPR fam-
ily comprises 8 receptors (MRGPRX1-MRGPRX4 and
MRGPRD-MRGPRG) that can sense noxious stimuli and appear
to have a role in pruritus, pain, and innate immunity. Of these re-
ceptors, MRGPRX2 is expressed on mast cells and is associated
with IgE-independent mast cell activation and degranulation.6,8

MRGPRX2 is a highly promiscuous receptor that is activated
by numerous endogenous peptide agonists including neuropep-
tides, eosinophil granule proteins, and antimicrobial peptides,
as well as many exogenous drugs including fluoroquinolone anti-
biotics, phenothiazines, neuromuscular blocking agents, hormone
receptor modulators, and natural remedies.6,7,9-11 Similarly, the
mouseMRGPRB2 receptor, which is recognized as the functional
ortholog of the human MRGPRX2 receptor, is also expressed on
mast cells and activated byMRGPRX2 agonists.12 Knockdown of
MRGPRX2 in human mast cells or MRGPRB2 in murine mast
cells reduces mast cell activation and degranulation in response
to MRGPRX2 agonists, but does not reduce responses to IgE-
induced activation.3,10,12,13 Additionally, MRGPRB2 knockout
mice display attenuated phenotypes, including reduced responses
to MRGPRX2 agonist-induced vascular permeability, pseudoal-
lergic and anaphylactic responses, lower itch and immune cell
1
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Abbreviations used
CRISPR: C
lustered regularly interspaced short palindromic repeats
CSU: C
hronic spontaneous urticaria
EC50: H
alf-maximal effective concentration
IC50: H
alf-maximal inhibitory concentration
IP-1: In
ositol monophosphate
KI: K
nock-in
KO: K
nockout
LAD2: L
aboratory of Allergic Diseases (mast cells)
MBP: M
ajor basic protein
MRGPR: M
as-related G protein–coupled receptor
NK1R: N
eurokinin-1 receptor
PACAP: P
ituitary adenylate cyclase–activating peptide
PSCMC: P
eripheral stem cell-derived mast cell
infiltration in allergic contact dermatitis, rosacea and atopic
dermatitis, and reduced hyperalgesia in pain models.3,6,14,15

Furthermore, several gain- and loss-of-function gene polymor-
phisms in MRGPRX2 have been identified as associated with in-
flammatory or autoreactive diseases, and the presence of multiple
loss-of-function polymorphisms leads to reducedmast cell activa-
tion with MRGPRX2 agonists.16,17

Activation of MRGPRX2 triggers release of proinflammatory
mediators and multicellular signaling cascades that likely play a
key role in multiple human diseases that exhibit underlying
clinically relevant mast cell activation.18,19 MRGPRX2 has been
proposed to play an important role in mast cell–driven diseases
such as chronic spontaneous urticaria (CSU).10,12,20-25 Patients
with CSU have been reported to have elevated plasma/serum
levels of substance P, an agonist of MRGPRX2,26,27 and a greater
number of MRGPRX2-positive mast cells in skin biopsy speci-
mens.28 Enhanced skin reactivity to intradermally injected
MRGPRX2 ligands has also been observed in CSU, consistent
with increased MRGPRX2 expression and activity.24,29 Current
treatment options in CSU, including anti-IgE therapeutics, do
not adequately control disease in many patients, consistent with
a non-IgE mechanism driving disease in many of these pa-
tients.30,31 Increased expression of MRGPRX2 and substance P
has also been reported in lesional atopic dermatitis skin samples
compared with nonlesional skin samples from patients.32-34 In
addition, MRGRPX2 has been implicated in pain conditions
such as migraine, interstitial cystitis, and postoperative pain as
well as numerous chronic inflammatory conditions such as
asthma, rosacea, and ulcerative colitis.14,34-40 Finally,MRGPRX2
has been proposed to play an important role in acute drug/idio-
pathic pseudoallergic reactions, given that multiple drugs activate
this receptor.12,20,21 Thus, accumulating evidence supports the
role of MRGPRX2 in IgE-independent mast cell activation and
makes it a potential therapeutic target for non-IgE–driven inflam-
matory and pain conditions that are precipitated by degranulating
mast cells and are less amenable to current standard treatments.
Inhibition of MRGPRX2-mediated mast cell activation and
degranulation could potentially provide a novel treatment for a
wide range of pain, allergic, and inflammatory conditions.

Overall, we demonstrate the identification of novel, orally
activeMRGPRX2 antagonists that inhibit mast cell degranulation
with potential utility for treatment of mast cell mediated diseases.
We screened potential small molecule antagonists in vitro and
identified selective MRGPRX2 antagonists that blocked
MRGPRX2-mediated mast cell degranulation. The in vivo effi-
cacy of MRGPRX2 antagonists and ablation of MRGPRB2 on
skin mast cell degranulation was evaluated in custom-generated
MRGPRX2 knock-in (KI) and MRGPRB2 knockout (KO) trans-
genic mice by assessment of agonist-induced skin vascular
permeability. Finally, MRGPRX2 antagonism was confirmed in
ex vivo human skin via assessment of histamine release.
METHODS
A complete description of all methods used in this study is

provided in this article’s Methods section in the Online Re-
pository at www.jacionline.org.
Cell culture and in vitro assays
Chinese hamster ovary cells stably expressing human

MRGPRX2 and human embryonic kidney cells stably expressing
mouse MRGPRB2 were used in agonist-induced inositol
monophosphate (IP-1) accumulation and b-arrestin recruitment
assays. Laboratory of Allergic Diseases (LAD2) mast cells (Na-
tional Institutes of Health, Bethesda, Md), human peripheral
stem cell–derived mast cells (PSCMCs), and isolated human
skin mast cells were evaluated for agonist-induced b-hexosamin-
idase, tryptase, or cytokine release.
Generation and housing of mice
Clustered regularly interspaced short palindromic repeats

(CRISPR)–mediated Mrgprb2em(2/2) KO and
Mrgprb2em(MRGPRX2) transgenic MRGPRX2 KI mice in C57BL/
6J background were custom generated). Gene expression of
MRGPRX2 in KI mice was confirmed by PCR and protein levels
confirmed by flow cytometry analysis of MRGPRX21 peritoneal
mast cells. Micewere housed in pathogen-free conditions on a 12-
hour light/dark cycle and provided with ad libitum access to food
and water at Explora Biolabs (San Diego, Calif). Animal housing
and procedures were performed according to Institutional Animal
Care and Use Committee–approved protocols and conformed to
the National Research Council Guide for Care and Use of Labo-
ratory Animals.
Evans blue extravasation
For Evans blue extravasation (vascular permeability) assays, 8-

to 10-week-old male C57BL/6J wild-type, MRGPRB2 KO or
MRGPRX2 KI mice were restrained and injected intravenously
with 1% Evans blue before intradermal treatment with vehicle
PBS, MRGPRX2 agonists, or goat anti-mouse IgE. In some
experiments, animals were orally gavaged with EP262 or vehicle
3 hours before intradermal injections. Evans blue dye was
extracted from the skin tissue and quantified. Results are
expressed as micrograms of dye per milligrams of tissue and
normalized to vehicle.
Microdialysis in ex vivo human skin
Fresh human skin tissue from patients undergoing elective

surgery was received 1 day after surgery. Microdialysis was
carried out using a 4-Channel Microdialysis Syringe Pump with
CMA 30 Linear Microdialysis Probes (CMA Microdialysis AB,
Kista, Sweden), 6 kDa molecular weight cut-off. Antagonists

http://www.jacionline.org


TABLE I. Endogenous and exogenous agonists activate MRGPRX2 to induce mast cell degranulation

Agonist tested

b-Hexosaminidase in LAD2 cells average

EC50 6 SD (nM)

IP-1 in MRGPRX2 CHO cells average

EC50 6 SD (nM)

b-Arrestin in MRGPRX2 CHO cells average

EC50 6 SD (nM)

PACAP 1-27 27 6 19 52 6 48 78 6 98

Cortistatin-14 51 6 40 120 6 100 350 6 98

PACAP 1-38 120 6 8 520 6 260 ND

MBP-19 120 6 83 1600 6 300 ND

Compound 48/80 320 6 170 460 6 210 1,600 6 0

Cetrorelix 320 6 140 5,300 6 2,300 1,500 6 95

Substance P 500 6 350 2,900 6 2,000 1,600 6 0

Chlorpromazine 4,600 6 640 3,000 6 1,500 2,700 6 1,600

Dextromethorphan 51,000 6 0 3,600 6 1,500 3,400 6 230

Icatibant 17,000 6 13,000 17,000 6 15,000 34,000 6 7,600

n 5 2-64 per condition.

CHO, Chinese hamster ovary; ND, not determined.
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were diluted in vehicle perfusate and intradermally injected flank-
ing the probe. After 1 hour, baseline perfusatewas collected for 10
minutes, followed by intradermal injection of MRGPRX2 ago-
nists flanking the probe. Perfusate samples were then collected
over 5- to 10-minute intervals for 40 minutes and stored at
2208C before histamine quantification.
Statistical analysis
Data were analyzed with GraphPad Prism version 10.3.0

(GraphPad Software, Boston, Mass). Data are presented as
mean 6 SD or SEM unless otherwise specified.
RESULTS

A wide range of endogenous and exogenous

agonists activate MRGPRX2 to induce mast cell

degranulation
Using cell lines overexpressing human MRGPRX2 or the

mouse functional ortholog MRGPRB2 and measuring IP-1
accumulation as a readout of Gq-coupled G protein–coupled
receptor signaling, we confirmed that many structurally diverse
agonists activate bothMRGPRX2 andMRGPRB2. These include
endogenous neuropeptides such as cortistatin-14, pituitary ad-
enylate cyclase–activating peptide (PACAP), and substance P;
immunemediators such as eosinophil major basic protein (MBP);
and exogenous drugs such as icatibant (Table I; Table E1 in the
Online Repository at www.jacionline.org). Treatment of the
LAD2 human mast cell line with MRGPRX2 agonists induced
mast cell degranulation as measured byb-hexosaminidase release
(Table I), which was dependent on MRGPRX2, as CRISPR-
mediated knockout of MRGPRX2 completely inhibited this ef-
fect (Fig 1, A). These studies demonstrated that mast cell degran-
ulation induced by these agonists was fully mediated by
MRGPRX2 and not via other receptors. MRGPRX2 agonists
also induced degranulation across multiple mast cell types,
including PSCMCs and isolated human skin mast cells (Fig 1,
B; Fig E1 in the Online Repository at www.jacionline.org).

In addition to in vitro assays, we examined agonist-induced
mast cell degranulation in vivo using a mouse model of vascular
permeability as a measure of mast cell degranulation. Intradermal
injection of MRGPRX2 agonists increased vascular permeability
in wild-type mice, whereasMRGPRB2 KOmice showed reduced
responses to all agonists tested (Fig 1, C), confirming previous
reports.3,12 Substance P–induced vascular permeability showed
only partial dependence on MRGPRB2, likely due to activation
of other receptors.
Potent small molecule MRGRPX2 antagonists

inhibit MRGPRX2-mediated mast cell degranulation
After validating the efficacy of agonists to induce MRGPRX2

activation and mast cell degranulation, we optimized small
molecules for potency against MRGPRX2. After iterative
screening and compound modification to improve potency of
potential antagonists, compounds EP262 and closely related
analog EP9907 were identified with a half-maximal inhibitory
concentration (IC50) of 2.5 nM and 3.0 nM, respectively, versus
cortistatin-14 in LAD2 mast cell degranulation assays (Fig 2,
A). Further characterization revealed that EP262 and EP9907
completely inhibited MRGPRX2 activation in MRGPRX2-
overexpressing Chinese hamster ovary cells in response to all
agonists tested (Fig 2, B; Table II; Fig E2, A, in the Online Repos-
itory at www.jacionline.org) and acted as noncompetitive inverse
agonists as evaluated by Schild plot analysis41 and inhibition of
basal receptor activity (Fig E3 in the Online Repository at
www.jacionline.org). In addition, we evaluated EP262- and
EP9907-mediated inhibition of other human MRGPR receptors
as well as mouse and cynomolgus monkey MRGPRX2 orthologs
to determine specificity and cross-species activity. EP262 and
EP9907 failed to block activation of human MRGPRX1,
MRGPRX3, and MRGPRX4 and weakly inhibited MRGPRD
with potencies of 5.2 mM and 13 mM, respectively (Table E2 in
the Online Repository at www.jacionline.org). Compared with
potent inhibition of human MRGPRX2, EP262 and EP9907 ex-
hibited lower potency at mouse MRGPRB2 (9-9.5 mM) and cyn-
omolgus monkey MRGPRX2 (0.9-1.2 mM) (Table E3 in the
Online Repository at www.jacionline.org). Furthermore, compre-
hensive in vitro off-target profiling EP262 versus a wide range of
targets associated with clinical safety risk, including many other
receptors, revealed a favorable selectivity profile with minimal
off-target effects (data not shown). This indicated that EP262 is
highly selective for MRGPRX2 with low potential for adverse ef-
fects related to off-target receptor interactions. No agonist or
antagonist activities were observed at these targets at concentra-
tions up to 1000-fold higher than its potency against the
MRGPRX2 receptor.
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FIG 1. A wide range of endogenous and exogenous agonists activated

MRGRPX2 to inducemast cell degranulation. (A)Degranulation in LAD2 hu-

man mast cells as measured by b-hexosaminidase release, which was

blocked by knockout of MRGPRX2 (X2 KO) (n5 3 experiments). (B) Degran-

ulation of PSCMCs as measured by b-hexosaminidase release (n5 5 exper-

iments). (C) Intradermal injection of agonists induced mast cell

degranulation and vascular permeability in Mrgprb21/1 wild-type mice,

but not in Mrgprb22/2 animals. Data are mean 6 SEM (n 5 14-69 animals

per group). ***P < .001, ****P < .0001 (unpaired t test).

J ALLERGY CLIN IMMUNOL

nnn 2024

4 WOLLAM ET AL
Importantly, EP262 and EP9907 potently inhibited agonist-
induced mast cell degranulation in multiple human mast cell
types, including LAD2 mast cells (Fig 2, C; Table II; Fig E2, B),
PSCMCs (Fig 2,D; Fig E2,C), and isolated human skinmast cells
(Fig E4 in the Online Repository at www.jacionline.org). In addi-
tion to b-hexosaminidase, MRGPRX2 antagonists inhibited
numerous other inflammatory mediators released upon agonist-
induced mast cell degranulation, including tryptase release from
PSCMCs (Fig 2, E; Fig E2, D), histamine release from LAD2
mast cells (Fig E5 in the Online Repository at www.jacionline.
org), and secretion of a wide range of late-phase cytokines and
chemokines from LAD2 mast cells (Fig 2, F; Fig E2, E), demon-
strating complete inhibition of multiple measures of mast cell
degranulation. The ability of antagonists to inhibit agonist-
induced mast cell activation and degranulation was also observed
via single cell time-lapse confocal microscopy in PSCMCs (Fig
E6, A, in the Online Repository at www.jacionline.org). Cells
were loaded with the calcium indicator dye Fluo-4 (Thermo
Fisher Scientific, Waltham, Mass) and stimulated in the presence
of the granule-binding glycoprotein, Av.SRho (Sigma-Aldrich, St
Louis, Mo), to monitor early calcium signaling and degranulation
dynamics at the single-cell level.42 The MRGPRX2 agonist, sub-
stance P, rapidly induced robust calciummobilization followed by
degranulation (Fig E6, B and C), which was blocked by pretreat-
ment with nanomolar concentrations of the MRGPRX2 antago-
nist, EP9907. This provided visual confirmation of inhibited
degranulation in live mast cells (Fig E6, D-K).
EP262 inhibits agonist-induced skin mast cell

degranulation in vivo
To evaluate human MRGPRX2 receptor function in mouse

models, we developed proprietary transgenicMRGPRX2KImice
by targeted CRISPR-mediated gene editing, in which the human
MRGPRX2 genewas inserted into the mouseMrgprb2 loci (Fig 3,
A). We confirmed expression of human MRGPRX2 on mast cells
by flow cytometry analysis of isolated peritoneal mast cells (Fig 3,
B). Intradermal injection of MRGPRX2 agonists, including
cortistatin-14, induced mast cell degranulation in the skin as
measured by Evans blue vascular permeability assays (Fig E7
in the Online Repository at www.jacionline.org). Agonist potency
was consistent with in vitro experiments, confirming functional
MRGPRX2 in skin mast cells.

Oral treatment of MRGPRX2 KI animals with EP262 led to a
dose-dependent inhibition of cortistatin-14–induced mast cell
degranulation and skin vascular permeability (Fig 3, C). Oral
pharmacokinetics experiments in mice informed dose selection
for these in vivo studies (Fig E8 in the Online Repository at
www.jacionline.org). EP262 significantly reduced degranulation
and vascular permeability at free plasma concentrations as low
as 1.6 nM with complete inhibition achieved at approximately
10 nM concentrations. In addition, oral treatment with EP262
(at approximately 20 nM free plasma concentrations) led to inhi-
bition of MRGPRX2 activation by all agonists tested, including
endogenous neuropeptides, eosinophil granule peptide MBP-19,
and exogenous drug agonists (Fig 3, D). This is consistent with
the ability of the antagonist to block mast cell degranulation
induced by all MRGPRX2 agonists in vitro. Similarly, EP9907
also blocked agonist-induced degranulation in vivo (Fig E9 in
the Online Repository at www.jacionline.org). There were no
other phenotypic effects or safety-related observations in animals
dosed with MRGPRX2 antagonists at any concentration tested
(data not shown).
MRGPRX2 antagonists block mast cell

degranulation by MRGPRX2 agonists, but not IgE
Previous studies reported that MRGPRX2 mediates mast cell

degranulation independently of the IgE-induced pathway, making

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


0

5
60

65

70
IL-8

Fo
ld

C
ha

ng
e

R
el

at
iv

e
to

Ve
hi

cl
e

0

5
46
48
50
52

GM-CSF

0

5

10

15

20
MCP-1

0

10

20

30
TNFα

EP262 + Cortistatin-14

Vehicle
EP262 (1 μM)
Cortistatin-14 (500 nM)

0

5

10

15
IL-5

Fo
ld

C
ha

ng
e

R
el

at
iv

e
to

Ve
hi

cl
e

0

2

4

6
IL-3

0

5
120
125
130
135

MIP-1α

0

5
375

400

425
MIP-1β

-12 -10 -8 -6 -4
0

10

20

30

40

50

60

log [EP262] M

Se
cr

et
ed

Tr
yp

ta
se

(n
g/

L) Cortistatin-14 (1 μM)

-10 -8 -6 -4
0

20

40

60

log [EP262] M

H
ex

os
am

in
id

as
e

R
el

ea
se

(%
 S

ec
re

te
d

A
ct

iv
ity

/T
ot

al
)

Icatibant (50 μM)

Cortistatin-14 (500 nM)
PACAP 1-38 (400 nM)
PACAP 1-27 (140 nM)

Substance P (1 μ  M)

-11 -10 -9 -8 -7 -6 -5
0

20

40

60

80

log [EP262] M

H
ex

os
am

in
id

as
e

R
el

ea
se

(%
Se

cr
et

ed
A

ct
iv

ity
/T

ot
al

)

PACAP 1-27 (140 nM)

Substance P (1 μM)

Cortistatin-14 (500 nM)

Icatibant (50 μM)

MBP-19 (600 nM)

PACAP 1-38 (400 nM)

-10 -9 -8 -7 -6 -5 -4
0

500

1000

1500

2000

log [EP262] M

[IP
1]

nM

Cortistatin-14 (300 nM)

Substance P (10 μM)

PACAP 1-27 (150 nM)

Icatibant (60 μM)

MBP-19 (3 μM)

PACAP 1-38 (1 μM)

CB

ED

F

IC
50

LA
D

2
H

ex
os

am
in

id
as

e
R

el
ea

se

1 nM

10 nM

100 nM

1 μ       M

10 μM 7300 nM

440 nM

160 nM

48 nM
25 nM 20 nM

EP262
2.5 nM

Potency of potential antagonists vs Cortistatin-14

EP9907
3.0 nM

A

β-

β-

β-
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by b-hexosaminidase release in LAD2mast cells. EP262 inhibited activation of MRGPRX2 in overexpressing
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iments). MCP-1, Monocyte chemoattractant protein-1; MIP-1a, macrophage inflammatory protein-1 alpha;

MIP-1b, macrophage inflammatory protein-1 beta
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TABLE II. MRGPRX2 antagonist EP262 inhibits activation by endogenous and exogenous agonists

Agonist tested

b-Hexosaminidase in LAD2 cells average

IC50 6 SD (nM)

IP-1 in MRGPRX2 CHO cells average

IC50 6 SD (nM)

b-Arrestin in MRGPRX2 CHO cells average

IC50 6 SD (nM)

Cetrorelix 0.67 6 0.17 17 6 3.9 3.5 6 0.3

Chlorpromazine 0.76 6 0.085 13 6 0.3 4.3 6 1.4

Dextromethorphan 1.4 6 0.14 27 6 13 3.4 6 0.9

MBP-19 1.4 6 0.11 11 6 0.98 ND

PACAP 1-27 1.8 6 0.091 22 6 6.4 3.9 6 2.8

Substance P 2.2 6 0.15 15 6 0.95 1.5 6 0.6

Cortistatin-14 2.5 6 0.38 14 6 6.0 2.4 6 0.2

PACAP 1-38 2.6 6 0.18 16 6 1.4 ND

Compound 48/80 3.3 6 0.39 15 6 3.1 4.7 6 3.8

Icatibant 3.4 6 0.52 24 6 4 1.2 6 0.2

Average IC50 of antagonist versus agonist at approximately EC80 concentrations (concentration that gives 80% of maximal response). n 5 2-17 per condition.

CHO, Chinese hamster ovary; ND, not determined.
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FIG 3. EP262 inhibited in vivomast cell degranulation. (A)Generation of theMrgprb2em(MRGPRX2) transgenic

KI mouse, replacingmouseMrgprb2with humanMRGPRX2 behind the endogenousMrgprb2 promoter. (B)

Representative histogram demonstrating confirmation of human MRGPRX2 expression in peritoneal mast

cells isolated from KI mice (shown as MRGPRX21/1 in red) compared with Mrgprb21/1 wild-type mice

(black) by flow cytometry. (C) Oral treatment of KI mice with EP262 inhibited mast cell degranulation and

vascular permeability induced by the MRGPRX2 agonist cortistatin-14, with increased inhibition correlating

with increased plasma levels of EP262. Data are mean6 SEM (n5 10-21 animals per group). **P < .01, ***P
<0.01, ****P < .0001 for EP262 versus cortistatin-14 (one-way ANOVAwith post hoc Tukey multiple compar-

isons test). (D) EP262 (19.5 nM free plasma concentrations) inhibited mast cell degranulation and vascular

permeability in vivo induced by all agonists tested, including substance P, PACAP 1-27, PACAP 1-38, MBP-

19, icatibant, and compound 48/80. Data are mean 6 SEM (n 5 6-11 animals per group). **P < .01, ***P <

.001, ****P < .0001 for EP262 versus Vehicle (unpaired t test). gRNA, Guide RNA; PE, phycoerythrin.
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MRGPRX2 an attractive target for therapeutic treatment of non–
IgE-driven conditions.3,4,42-44 To better understand the relation-
ship between these 2 pathways of mast cell degranulation, we
knocked out MRGPRX2 or the high-affinity IgE receptor,
FCεRIa, in LAD2 mast cells by CRISPR-mediated gene editing
and evaluated degranulation induced by either IgE or the
MRGPRX2 agonist, cortistatin-14 (Fig 4, A). Whereas knockout
of MRGPRX2 completely inhibited cortistatin-14–induced
degranulation, it did not reduce response to IgE. Conversely,
knockout of the IgE receptor inhibited degranulation induced
by IgE, but not cortistatin-14. Accordingly, treatment with
EP262 did not inhibit IgE-induced degranulation in either
LAD2 mast cells or PSCMCs, consistent with a non–IgE-medi-
ated mechanism of action (Fig 4, B and C). Similar to in vitro ex-
periments, we found that although knockout of the MRGPRB2
receptor (Fig 4, D) or oral EP262 administration to MRGPRX2
KI mice (Fig 4, E) completely inhibited cortistatin-14–induced
mast cell degranulation and vascular permeability, IgE-induced
mast cell degranulation was unchanged.
Ex vivo human skin mast cell degranulation is

inhibited by treatment with EP262
To further validate inhibition of mast cell degranulation in intact

human tissue, we examined the effect of EP262 in human skin
explants by microdialysis, which enables real-time monitoring of
select degranulation products. Intradermal injections of
MRGPRX2 agonists, cortistatin-14 and icatibant, led to robust
dose-dependent increases in histamine release across multiple
donors (Fig E10 in the Online Repository at www.jacionline.org),
indicative of mast cell degranulation. Pretreatment with intrader-
mal injection of EP262 led to dose-dependent inhibition of both
cortistatin-14 and icatibant-induced histamine release (Fig 5, A
and B).
DISCUSSION
An increasing amount of evidence shows that MRGPRX2

mediates IgE-independent mast cell activation in response to a
wide range of agonists, triggering release of proinflammatory
mediators and a multicellular signaling cascade that likely plays a
key role in multiple mast cell–mediated human diseases.6,18,30,35

Here, we describe the identification of novel small molecule an-
tagonists that specifically and potently inhibit the human
MRGPRX2 receptor in vitro and in vivo.

Several studies have shown that expression of MRGPRX2 and
its agonists are upregulated in patients with chronic urticaria,
allergic contact dermatitis, atopic dermatitis, chronic prurigo,
asthma, and othermast cell–associated diseases.28,32,34,45 Howev-
er, the ability to interrogate the function and potential of
MRGPRX2 has been limited by the lack of potent bioactive an-
tagonists. Several lower-affinity compounds have been reported
to be inhibitors of MRGPRX2 in the literature.46-53 However,
they do not display potent activity across various functional as-
says in vitro and, inmany cases, are not bioactive in vivo. Themol-
ecules we identified via systematic high-throughput screening
and subsequent medicinal chemistry optimization showed high
potency in multiple functional assays in a variety of mast cells.
As exemplified by EP262 and EP9907, these molecules blocked
activation of MRGPRX2 against all agonists tested, functioned
as noncompetitive inverse agonists, and displayed high selectivity
over otherMRGPRs andmany other receptors. Importantly, treat-
ment with EP262 and EP9907 potently inhibited MRGPRX2
agonist–induced activation and mast cell degranulation in all as-
says tested, including inhibition of both early-phase degranula-
tion products such as histamine and late-phase degranulation
products such as cytokines. This contrasts with reports of other
molecules that demonstrate high potency in specific assays
involving MRGPRX2 overexpression, but do not block endoge-
nously expressed MRGPRX2-mediated mast cell degranulation
with equal potency and efficacy.46-53 Also, the previously pub-
lished reports describe only in vivo evaluation of antagonists at
the murine ortholog Mrgprb2, which does not show the utility
of these molecules at the human MRGPRX2 receptor.46,47,50,51

In our study, EP262 and EP9907 blocked activation of LAD2
mast cells and primary human mast cells derived from multiple
tissues, as well as inhibited the human MRGPRX2 receptor
in vivo using transgenic KImice. Finally, theseMRGPRX2 antag-
onists potently inhibited agonist-induced mast cell degranulation
in intact human tissue ex vivo, providing proof-of-concept in
physiologically complex intact human tissue.

The MRGPR receptors are quite variable with relatively diverse
primary amino acid sequences across different species, and
members of the MRGPRX family are found only in primates and
several other nonrodent species.11 Even though humanMRGPRX2
and mouse MRGPRB2 are recognized to be functional orthologs,
they exhibit significant differences in sequence similarity (approx-
imately 53% overall sequence similarity).8 It is therefore chal-
lenging to identify antagonists that are equally efficacious at
blocking human MRGPRX2 and ortholog receptors in other spe-
cies, including mouseMRGPRB2. To enable in vivo pharmacolog-
ical evaluation ofMRGPRX2 antagonists, we generated transgenic
MRGPRX2KI mice, in which the humanMRGPRX2 genewas in-
serted into the mouse Mrgprb2 loci. We confirmed expression of
human MRGPRX2 in mast cells and confirmed functionality
in vivo by demonstrating that multiple MRGPRX2 agonists
increased skin vascular permeability, a measure of mast cell
degranulation.25 Mast cell degranulation induced by MRGPRX2
agonists, but not IgE stimulation, was reversed by oral EP262 in
MRGPRX2 KI animals, consistent with the IgE-independent role
of MRGPRX2. Furthermore, EP262 was highly potent, resulting
in a 90% inhibitory EP262 free plasma concentration of 2.3 nM
against cortistatin-14 in the vascular permeability model.3,12 Inhi-
bition of vascular permeability by all MRGPRX2 agonists tested
was observed at free plasma EP262 concentrations of approxi-
mately 20 nM or less in MRGPRX2 KI mice. Importantly, this is
the first report demonstrating in vivo inhibition of human
MRGPRX2 using an orally active small molecule antagonist.

MRGPRX2 is a highly promiscuous receptor that is activated
by numerous structurally diverse agonists that also activate other
canonical receptors.6,9,10 Confirming previous studies, loss of
either human MRGPRX2 or mouse MRGPRB2 in mast cells
led to reduced mast cell activation and degranulation in response
to MRGPRX2 agonists. This demonstrated that mast cell activa-
tion induced by these agonists is driven by MRGPRX2 and not
through other receptors. For example, the neuropeptide substance
P activates mast cells viaMRGPRX2 and not via the neurokinin-1
receptor (NK1R), as shown by complete inhibition of substance
P–induced degranulation in vitro and in vivo when MRGPRX2
and MRGPRB2 are absent. Interestingly, NK1R antagonists

http://www.jacionline.org
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FIG 4. MRGPRX2-mediatedmast cell degranulation is IgE independent. (A) KO of the high-affinity IgE recep-

tor FCεRIa blocked LAD2 mast cell degranulation in response to IgE stimulation, but did not alter response

to MRGPRX2 agonists, whereas KO of MRGPRX2 completely inhibited degranulation in response to

MRGPRX2 agonists but not IgE stimulation. Similarly, EP262 potently inhibited degranulation induced by

MRGPRX2 agonist cortistatin-14 but not IgE stimulation in LAD2 cells (B) as well as in peripheral stem

cell–derived mast cells (C). (D) Loss of Mrgprb2 in mice prevented mast cell degranulation and vascular

permeability induced by MRGPRB2/X2 agonists including cortistatin-14 (3 mM) but not IgE stimulation

(n5 66-69 animals per group). (E) Oral EP262 treatment (19.5 nM free plasma concentrations) in MRGPRX2

KI mice also inhibited mast cell degranulation induced by cortistatin-14 (300 nM) but not IgE stimulation

(n 5 10 animals per group). Data shown in (D) and (E) are mean 6 SEM. ****P < .0001, ns 5 not significant

(unpaired t test).
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have been shown to have off-target activity at mouse MRGPRB2,
but not human MRGPRX2. This likely explains the lack of trans-
lation of mouse studies to clinical investigation of NK1R
antagonists.54

Recent structural understanding of MRGPRX2 has revealed a
distinct extracellular ligand-binding pocket, which is described as
wide open and shallow and is made up of 2 different subpockets,
with charge interactions at acidic residues D184 and E164 shown
to be critical for receptor activation.53,55 Additional studies
demonstrated that substance P analogs devoid of key residues
failed to induce mast cell degranulation, confirming ligand-
MRGPRX2 interactions.56,57 The large binding pocket also
accounts for receptor promiscuity in binding a large variety of
structurally diverse cationic ligands, and the lower potency
observed for receptor agonists. For example, PACAP peptides
are highly potent at their canonical PAC1R (half-maximal effec-
tive concentration [EC50] 5 approximately 2 nM), but activate
MRGPRX2 only at higher concentrations (EC50 5 50-500
nM).58 This supports the hypothesis that MRGPRX2 activation
occurs when ligand concentrations reach higher pathological
levels, eg, when homeostasis is disrupted. Accordingly, ablation
of Mrgprb2 or inhibition of MRGPRX2 did not show any pheno-
typic effects under normal conditions, and there were no safety
observations in animals dosed with high concentrations of
MRGPRX2 antagonists.12 Elevated levels ofMRGPRX2 agonists
such as substance P and eosinophil cationic protein have been
demonstrated in the serum of patients with chronic urticaria,
atopic dermatitis, and other inflammatory conditions.27,59-61

Additionally, increased expression of cortistatin-14 and substance
P has been observed in the skin of patients with chronic prurigo
and atopic dermatitis.32,45 However, the endogenous tissue con-
centrations of these ligands in normal or pathological conditions
are unknown. It is tempting to speculate that, under pathological
conditions, locally high concentrations of neuropeptides released
by activated sensory neurons induce degranulation in nearby mast
cells. Release of proinflammatory mediators can then initiate and
maintain downstream chronic inflammation and disease.
In mast cell–mediated diseases such as chronic urticaria, both
IgE-dependent and independent pathways are implicated.30

Given that patients with CSU show enhanced skin reactivity
to intradermally injected MRGPRX2 agonists, MRGPRX2
may play a critical role in mast cell sensitivity.24,29 Here, we
characterize the IgE-independent mechanism of MRGPRX2 in
acute mast cell degranulation using both pharmacological and
genetic methods. To our knowledge, the molecules we describe
are the most potent and druglike MRGPRX2 antagonists identi-
fied to date. Potent and orally active MRGPRX2 antagonists are
a potential novel mechanism for treating non–IgE-mediated
mast cell–dependent diseases. Accordingly, EP262 is currently
being investigated in clinical trials as a once-daily oral therapy
for chronic spontaneous urticaria (NCT06077773), chronic
inducible urticaria (NCT06050928), and atopic dermatitis
(NCT06144424). The results of these studies will illuminate
the potential contribution of MRGPRX2 in human health and
disease.
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Key messages

d Novel small molecule MRGPRX2 antagonists potently in-
hibited agonist-induced mast cell degranulation in
cultured mast cells, in mice, and in ex vivo human skin
in an IgE-independent manner.

d Potent orally active MRGPRX2 antagonists have poten-
tial for management of mast cell–mediated disorders
including inflammatory and pain conditions that are less
amenable to current standard treatments.
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