Inhibition of mast cell degranulation by novel
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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 Mrgprb2°™~'~) knockout and Mrgprb2°™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
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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;u8:EEE-EENE,)
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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. 2 Mast cells are activated via IgE-
mediated allergic pathways (typically activated by environmental
allergens) and IgE-independent pathways.** 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.” Release of granule contents results
in increased vascular permeability, inflammation, swelling, itch,
and pain.®

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.”’ 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, MRGPRX?2 is expressed on mast cells and is associated
with IgE-independent mast cell activation and degranulation.®®
MRGPRX?2 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.®”%!! Similarly, the
mouse MRGPRB?2 receptor, which is recognized as the functional
ortholog of the human MRGPRX2 receptor, is also expressed on
mast cells and activated by MRGPRX2 agonists.'* Knockdown of
MRGPRX?2 in human mast cells or MRGPRB2 in murine mast
cells reduces mast cell activation and degranulation in response
to MRGPRX?2 agonists, but does not reduce responses to IgE-
induced activation.”'%'*'? Additionally, MRGPRB2 knockout
mice display attenuated phenotypes, including reduced responses
to MRGPRX?2 agonist-induced vascular permeability, pseudoal-
lergic and anaphylactic responses, lower itch and immune cell


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:vviswanath@escientpharma.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jaci.2024.07.002

2 WOLLAM ET AL

Abbreviations used
CRISPR: Clustered regularly interspaced short palindromic repeats
CSU: Chronic spontaneous urticaria
ECs,: Half-maximal effective concentration
1Cso: Half-maximal inhibitory concentration
IP-1: Inositol monophosphate
KI: Knock-in
KO: Knockout
LAD2: Laboratory of Allergic Diseases (mast cells)
MBP: Major basic protein
MRGPR: Mas-related G protein—coupled receptor
NKIR: Neurokinin-1 receptor
PACAP: Pituitary adenylate cyclase—activating peptide
PSCMC: Peripheral stem cell-derived mast cell

infiltration in allergic contact dermatitis, rosacea and atopic
dermatitis, and reduced hyperalgesia in pain models.™*'""?
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 reduced mast cell activa-
tion with MRGPRX2 agonists.'*"”

Activation of MRGPRX?2 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.'®'” MRGPRX2 has been
proposed to play an important role in mast cell-driven diseases
such as chronic spontaneous urticaria (CSU). 0122025 pytients
with CSU have been reported to have elevated plasma/serum
levels of substance P, an agonist of MRGPRX2,2°’27 and a greater
number of MRGPRX2-positive mast cells in skin biopsy speci-
mens.”® Enhanced skin reactivity to intradermally injected
MRGPRX?2 ligands has also been observed in CSU, consistent
with increased MRGPRX2 expression and activity.”**’ 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.’*! Increased expression of MRGPRX2 and substance P
has also been reported in lesional atopic dermatitis skin samples
compared with nonlesional skin samples from patients.”” " 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.'#>+*° Finally, MRGPRX?2
has been proposed to play an important role in acute drug/idio-
pathic pseudoallergic reactions, given that multiple drugs activate
this receptor.'*?**' Thus, accumulating evidence supports the
role of MRGPRX?2 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
active MRGPRX2 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 MRGPRX?2 antagonists that blocked
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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
MRGPRX?2 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 (3-hexosamin-
idase, tryptase, or cytokine release.

Generation and housing of mice

Clustered regularly interspaced short palindromic repeats
(CRISPR)-mediated Mrgprb2e™—"~) KO and
Mrgprb2¢"™RGPRX2) transgenic MRGPRX2 KI mice in C57BL/
6] background were custom generated). Gene expression of
MRGPRX?2 in KI mice was confirmed by PCR and protein levels
confirmed by flow cytometry analysis of MRGPRX2™ peritoneal
mast cells. Mice were 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
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TABLE |. Endogenous and exogenous agonists activate MRGPRX2 to induce mast cell degranulation

B-Hexosaminidase in LAD2 cells average

IP-1 in MRGPRX2 CHO cells average

B-Arrestin in MRGPRX2 CHO cells average

Agonist tested ECso = SD (nM) ECso = SD (nM) ECso = SD (nM)
PACAP 1-27 27 =19 52 = 48 78 = 98
Cortistatin-14 51 = 40 120 = 100 350 += 98
PACAP 1-38 120 = 8 520 = 260 ND
MBP-19 120 £ 83 1600 * 300 ND
Compound 48/80 320 = 170 460 = 210 1,600 £ 0
Cetrorelix 320 £ 140 5,300 + 2,300 1,500 += 95
Substance P 500 £ 350 2,900 = 2,000 1,600 = 0
Chlorpromazine 4,600 = 640 3,000 = 1,500 2,700 = 1,600
Dextromethorphan 51,000 = 0 3,600 = 1,500 3,400 = 230
Icatibant 17,000 = 13,000 17,000 = 15,000 34,000 = 7,600

n = 2-64 per condition.
CHO, Chinese hamster ovary; ND, not determined.

were diluted in vehicle perfusate and intradermally injected flank-
ing the probe. After 1 hour, baseline perfusate was 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
—20°C before histamine quantification.

Statistical analysis

Data were analyzed with GraphPad Prism version 10.3.0
(GraphPad Software, Boston, Mass). Data are presented as
mean = 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 Gqg-coupled G protein—coupled
receptor signaling, we confirmed that many structurally diverse
agonists activate both MRGPRX?2 and MRGPRB2. These include
endogenous neuropeptides such as cortistatin-14, pituitary ad-
enylate cyclase—activating peptide (PACAP), and substance P;
immune mediators 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 MRGPRX?2 agonists induced
mast cell degranulation as measured by 3-hexosaminidase release
(Table I), which was dependent on MRGPRX2, as CRISPR-
mediated knockout of MRGPRX?2 completely inhibited this ef-
fect (Fig 1, A). These studies demonstrated that mast cell degran-
ulation induced by these agonists was fully mediated by
MRGPRX?2 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 El 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 MRGPRX?2 agonists increased vascular permeability
in wild-type mice, whereas MRGPRB2 KO mice showed reduced
responses to all agonists tested (Fig 1, C), confirming previous

rc=,ports.3’12 Substance P—induced vascular permeability showed
only partial dependence on MRGPRB?2, 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 (ICsg) 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 analysis*' 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 MRGPRXI,
MRGPRX3, and MRGPRX4 and weakly inhibited MRGPRD
with potencies of 5.2 uM and 13 pM, 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 MRGPRB?2 (9-9.5 uM) and cyn-
omolgus monkey MRGPRX2 (0.9-1.2 wM) (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 MRGPRX?2 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 induce mast 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) (n = 3 experiments). (B) Degran-
ulation of PSCMCs as measured by B-hexosaminidase release (n = 5 exper-
iments). (C) Intradermal injection of agonists induced mast cell
degranulation and vascular permeability in Mrgprb2™* wild-type mice,
but not in Mrgprb2™’~ animals. Data are mean = SEM (n = 14-69 animals
per group). ***P < .001, ****P < .0001 (unpaired t test).

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 skin mast cells
(Fig E4 in the Online Repository at www.jacionline.org). In addi-
tion to P-hexosaminidase, MRGPRX2 antagonists inhibited
numerous other inflammatory mediators released upon agonist-
induced mast cell degranulation, including tryptase release from
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PSCMC:s (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.*” The MRGPRX2 agonist, sub-
stance P, rapidly induced robust calcium mobilization followed by
degranulation (Fig E6, B and C), which was blocked by pretreat-
ment with nanomolar concentrations of the MRGPRX?2 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 transgenic MRGPRX2 Kl mice
by targeted CRISPR-mediated gene editing, in which the human
MRGPRX?2 gene was inserted into the mouse Mrgprb2 loci (Fig 3,
A). We confirmed expression of human MRGPRX?2 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
MRGPRX?2 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 MRGPRX?2 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 MRGPRX?2 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
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FIG 2. Identification of MRGPRX2 antagonists that potently inhibit MRGPRX2 activity. (A) Small molecule
optimization in the development of the potent MRGPRX2 antagonists, with low nM potency, as assessed
by B-hexosaminidase release in LAD2 mast cells. EP262 inhibited activation of MRGPRX2 in overexpressing
cells by all agonists tested, as measured by (B) IP-1 levels (representative values shown, n = 3-17 experi-
ments), (C) B-Hexosaminidase release in LAD2 mast cells (n = 5 experiments), and (D) PSCMCs (n = 3 ex-
periments). EP262 also inhibited (E) agonist-induced tryptase secretion from PSCMCs (n = 2 experiments)
and (F) secretion of cytokines and chemokines from LAD2 mast cells. Data are mean *= SEM (n = 2-3 exper-
iments). MCP-1, Monocyte chemoattractant protein-1; MIP-1a, macrophage inflammatory protein-1 alpha;
MIP-18, macrophage inflammatory protein-1 beta
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TABLE Il. MRGPRX2 antagonist EP262 inhibits activation by endogenous and exogenous agonists
B-Hexosaminidase in LAD2 cells average IP-1 in MRGPRX2 CHO cells average B-Arrestin in MRGPRX2 CHO cells average

Agonist tested IC50 = SD (nM) ICs0 = SD (nM) IC50 = SD (nM)
Cetrorelix 0.67 = 0.17 17 = 3.9 35 %03
Chlorpromazine 0.76 = 0.085 13 £03 43+ 14
Dextromethorphan 14 = 0.14 27 =13 3409
MBP-19 14 = 0.11 11 £ 0.98 ND
PACAP 1-27 1.8 = 0.091 22 £ 64 39 +28
Substance P 22 *+0.15 15 £ 0.95 1.5+ 0.6
Cortistatin-14 2.5 +0.38 14 £ 6.0 24 =02
PACAP 1-38 2.6 =0.18 16 + 14 ND
Compound 48/80 3.3 +0.39 15 + 3.1 47 + 3.8
Icatibant 34 +0.52 24 £ 4 12 0.2

Average ICs, of antagonist versus agonist at approximately ECg, concentrations (concentration that gives 80% of maximal response). n = 2-17 per condition.
CHO, Chinese hamster ovary; ND, not determined.
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MRGPRX?2 an attractive target for therapeutic treatment of non—
IgE-driven conditions.™***** To better understand the relation-
ship between these 2 pathways of mast cell degranulation, we
knocked out MRGPRX2 or the high-affinity IgE receptor,
FCeRlIa, in LAD2 mast cells by CRISPR-mediated gene editing
and evaluated degranulation induced by either IgE or the
MRGPRX?2 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
LAD?2 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
MRGPRX?2 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.®'*%-*>
Here, we describe the identification of novel small molecule an-
tagonists that specifically and potently inhibit the human
MRGPRX?2 receptor in vitro and in vivo.

Several studies have shown that expression of MRGPRX?2 and
its agonists are upregulated in patients with chronic urticaria,
allergic contact dermatitis, atopic dermatitis, chronic prurigo,
asthma, and other mast cell-associated diseases.”*>>***> Howev-
er, the ability to interrogate the function and potential of
MRGPRX?2 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.’”’ However,
they do not display potent activity across various functional as-
says in vitro and, in many cases, are not bioactive in vivo. The mol-
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
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as noncompetitive inverse agonists, and displayed high selectivity
over other MRGPRs and many 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.’®* 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. *®*7%"
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
invivo using transgenic KI mice. Finally, these MRGPRX2 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.'' Even though human MRGPRX2
and mouse MRGPRB?2 are recognized to be functional orthologs,
they exhibit significant differences in sequence similarity (approx-
imately 53% overall sequence similarity).® It is therefore chal-
lenging to identify antagonists that are equally efficacious at
blocking human MRGPRX2 and ortholog receptors in other spe-
cies, including mouse MRGPRB2. To enable in vivo pharmacolog-
ical evaluation of MRGPRX2 antagonists, we generated transgenic
MRGPRX?2 KI mice, in which the human MRGPRX?2 gene was 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 MRGPRX?2 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
MRGPRX?2 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.*'? Inhi-
bition of vascular permeability by all MRGPRX?2 agonists tested
was observed at free plasma EP262 concentrations of approxi-
mately 20 nM or less in MRGPRX?2 KI mice. Importantly, this is
the first report demonstrating in vivo inhibition of human
MRGPRX?2 using an orally active small molecule antagonist.

MRGPRX?2 is a highly promiscuous receptor that is activated
by numerous structurally diverse agonists that also activate other
canonical receptors.””'" 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 MRGPRX?2 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 via MRGPRX2 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, NKIR antagonists
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FIG 5. EP262 inhibited agonist-induced mast cell degranulation in ex vivo human skin. Treatment with
EP262 dose-dependently inhibited mast cell degranulation and histamine release induced by both
cortistatin-14 (A) and icatibant (B). Data are mean = SEM (n = 3) and are normalized to maximal agonist-
induced histamine response. *P < .05, **P < .01 for EP262 treatments versus vehicle (two-way ANOVA

with post hoc Tukey multiple comparisons test).

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 NKIR
antagonists.”

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.’ #33 Additional studies
demonstrated that substance P analogs devoid of key residues
failed to induce mast cell degranulation, confirming ligand-
MRGPRX2 interactions.”™’ 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 PACIR (half-maximal effec-
tive concentration [ECso] = approximately 2 nM), but activate
MRGPRX?2 only at higher concentrations (ECsq = 50-500
nM).”® 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.'* Elevated levels of MRGPRX2 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.”’""
Additionally, increased expression of cortistatin-14 and substance
P has been observed in the skin of patients with chronic prurigo
and atopic dermatitis.”*> 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.*
Given that patients with CSU show enhanced skin reactivity
to intradermally injected MRGPRX2 agonists, MRGPRX2
may play a critical role in mast cell sensitivity.”**° 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 MRGPRX?2 antagonists identi-
fied to date. Potent and orally active MRGPRX?2 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

o Novel small molecule MRGPRX?2 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.

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.

REFERENCES

1.

Olivera A, Beaven MA, Metcalfe DD. Mast cells signal their importance in health
and disease. J Allergy Clin Immunol 2018;142:381-93.

. Mittal A, Sagi V, Gupta M, Gupta K. Mast cell neural interactions in health and

disease. Front Cell Neurosci 2019;13:110.

. Meixiong J, Anderson M, Limjunyawong N, Sabbagh MF, Hu E, Mack MR, et al.

Activation of mast-cell-expressed Mas-related G-protein-coupled receptors drives
non-histaminergic itch. Immunity 2019;50:1163-71.e5.

. Lyons DO, Pullen NA. Beyond IgE: alternative mast cell activation across different

disease states. Int J Mol Sci 2020;21:1498.

. Moon TC, Befus AD, Kulka M. Mast cell mediators: their differential release and

the secretory pathways involved. Front Immunol 2014;5:569.

. Corbiere A, Loste A, Gaudenzio N. MRGPRX2 sensing of cationic compounds—a

bridge between nociception and skin diseases? Exp Dermatol 2021;30:193-200.

. Gour N, Dong X. The MRGPR family of receptors in immunity. Immunity 2024;

57:28-39.

. Subramanian H, Gupta K, Ali H. Roles of Mas-related G protein-coupled receptor

X2 on mast cell-mediated host defense, pseudoallergic drug reactions, and chronic
inflammatory diseases. J Allergy Clin Immunol 2016;138:700-10.

. Kiihn H, Kolkhir P, Babina M, Dull M, Frischbutter S, Fok JS, et al. Mas-related G

protein-coupled receptor X2 and its activators in dermatologic allergies. J Allergy
Clin Immunol 2021;147:456-69.

. Tatemoto K, Nozaki Y, Tsuda R, Konno S, Tomura K, Furuno M, et al. Immuno-

globulin E-independent activation of mast cell is mediated by Mrg receptors. Bio-
chem Biophys Res Commun 2006;349:1322-8.

. Cao C, Roth BL. The structure, function, and pharmacology of MRGPRs. Trends

Pharmacol Sci 2023;44:237-51.

. McNeil BD, Pundir P, Meeker S, Han L, Undem BJ, Kulka M, et al. Identification

of a mast cell specific receptor crucial for pseudo-allergic drug reactions. Nature
2015;519:237-41.

. Sabato V, Michel M, Blank U, Ebo DG, Vitte J. Mast cell activation syndrome: is

anaphylaxis part of the phenotype? A systematic review. Curr Opin Allergy Clin
Immunol 2021;21(5):426-34.

. Serhan N, Basso L, Sibilano R, Petitfils C, Meixiong J, Bonnart C, et al. House dust

mites activate nociceptor-mast cell clusters to drive type 2 skin inflammation. Nat
Immunol 2019;20:1435-43.

. Green DP, Limjunyawong N, Gour N, Pundir P, Dong X. A mast-cell-specific re-

ceptor mediates neurogenic inflammation and pain. Neuron 2019;101:412-20.e3.

. Alkanfari I, Gupta K, Jahan T, Ali H. Naturally occurring missense MRGPRX2

variants display loss of function phenotype for mast cell degranulation in response
to substance P, hemokinin-1, human beta-defensin-3, and icatibant. J Immunol
2018;201:343-9.

. Chompunud Na Ayudhya C, Roy S, Alkanfari I, Ganguly A, Ali H. Identification of

gain and loss of function missense variants in MRGPRX2’s transmembrane and intra-
cellular domains for mast cell activation by substance P. Int J Mol Sci 2019;20:5247.

. Babina M. The pseudo-allergic/neurogenic route of mast cell activation via

MRGPRX2: discovery, functional programs, regulation, relevance to disease, and
relation with allergic stimulation. Itch 2020;5:e32.

. Thapaliya M, Chompunud Na Ayudhya C, Amponnawarat A, Roy S, Ali H. Mast

cell-specific MRGPRX2: a key modulator of neuro-immune interaction in allergic
diseases. Curr Allergy Asthma Rep 2021;21:3.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

J ALLERGY CLIN IMMUNOL
mmm 2024

. McNeil BD. MRGPRX2 and adverse drug reactions. Front Immunol 2021;12:

676354.

Grimes J, Desai S, Charter NW, Lodge J, Moita Santos R, Isidro-Llobet A, et al.
MrgX2 is a promiscuous receptor for basic peptides causing mast cell pseudo-
allergic and anaphylactoid reactions. Pharmacol Res Perspect 2019;7:¢00547.
Deepak V, Komarow HD, Alblaihess AA, Carter MC, Metcalfe DD, Ali H. Expres-
sion of MRGPRX2 in skin mast cells of patients with maculopapular cutaneous
mastocytosis. J Allergy Clin Immunol Pract 2021;9:3841-3.e1.

Giavina-Bianchi P, Goncalves DG, Zanandrea A, Borges de Castro R, Garro LS,
Kalil J, et al. Anaphylaxis to quinolones in mastocytosis: hypothesis on the mech-
anism. J Allergy Clin Immunol Pract 2019;7:2089-90.

Shtessel M, Limjunyawong N, Oliver ET, Chichester K, Gao L, Dong X, et al.
MRGPRX2 activation causes increased skin reactivity in patients with chronic
spontaneous urticaria. J Invest Dermatol 2021;141:678-81.e2.

Elieh-Ali-Komi D, Metz M, Kolkhir P, Kocaturk E, Scheffel J, Frischbutter S, et al.
Chronic urticaria and the pathogenic role of mast cells. Allergol Int 2023;72:
359-68.

Zheng W, Wang J, Zhu W, Xu C, He S. Upregulated expression of substance P in ba-
sophils of the patients with chronic spontaneous urticaria: induction of histamine
release and basophil accumulation by substance P. Cell Biol Toxicol 2016;32:217-28.
Metz M, Krull C, Hawro T, Saluja R, Groffik A, Stanger C, et al. Substance P is
upregulated in the serum of patients with chronic spontaneous urticaria. J Invest
Dermatol 2014;134:2833-6.

Fujisawa D, Kashiwakura J, Kita H, Kikukawa Y, Fujitani Y, Sasaki-Sakamoto T,
et al. Expression of Mas-related gene X2 on mast cells is upregulated in the skin of
patients with severe chronic urticaria. J Allergy Clin Immunol 2014;134:622-33.e9.
Borici-Mazi R, Kouridakis S, Kontou-Fili K. Cutaneous responses to substance P
and calcitonin gene-related peptide in chronic urticaria: the effect of cetirizine and
dimethindene. Allergy 1999;54:46-56.

Kolkhir P, Elieh-Ali-Komi D, Metz M, Siebenhaar F, Maurer M. Understanding hu-
man mast cells: lesson from therapies for allergic and non-allergic diseases. Nat
Rev Immunol 2022;22:294-308.

Tharp MD, Bernstein JA, Kavati A, Ortiz B, MacDonald K, Denhaerynck K, et al.
Benefits and harms of omalizumab treatment in adolescent and adult patients with
chronic idiopathic (spontaneous) urticaria: a meta-analysis of “real-world” evi-
dence. JAMA Dermatol 2019;155:29-38.

Nattkemper LA, Tey HL, Valdes-Rodriguez R, Lee H, Mollanazar NK, Albornoz
C, et al. The genetics of chronic itch: gene expression in the skin of patients
with atopic dermatitis and psoriasis with severe itch. J Invest Dermatol 2018;
138:1311-7.

Youngblood S, Tomasevic K. Atopic dermatitis skin biopsies have high numbers of
activated mast cells that are inhibited by AK002 after stimulation ex vivo. J Allergy
Clin Immunol 2020;145:AB198.

Jia T, Che D, Zheng Y, Zhang H, Li Y, Zhou T, et al. Mast cells initiate type 2
inflammation via tryptase released by MRGPRX2/MrgprB2 activation in atopic
dermatitis. J Invest Dermatol 2024;144:53-62.¢2.

Ogasawara H, Noguchi M. Therapeutic potential of MRGPRX2 inhibitors on mast
cells. Cells 2021;10:2906.

Sbei S, Moncrief T, Limjunyawong N, Zeng Y, Green DP. PACAP activates
MRGPRX2 on meningeal mast cells to drive migraine-like pain. Sci Rep 2023;
13:12302.

Manorak W, Idahosa C, Gupta K, Roy S, Panettieri R Jr, Ali H. Upregulation of
Mas-related G protein coupled receptor X2 in asthmatic lung mast cells and its
activation by the novel neuropeptide hemokinin-1. Respir Res 2018;19:1.

An J, Lee JH, Won HK, Kang Y, Song WJ, Kwon HS, et al. Clinical significance of
serum MRGPRX2 as a new biomarker in allergic asthma. Allergy 2020;75:959-
62.

Roy S, Alkanfari I, Chaki S, Ali H. Role of MrgprB2 in rosacea-like inflammation
in mice: modulation by beta-arrestin 2. J Invest Dermatol 2022;142:2988-97.¢3.
Chen E, Chuang LS, Giri M, Villaverde N, Hsu NY, Sabic K, et al. Inflamed ulcer-
ative colitis regions associated with MRGPRX2-mediated mast cell degranulation
and cell activation modules, defining a new therapeutic target. Gastroenterology
2021;160:1709-24.

Wyllie DJ, Chen PE. Taking the time to study competitive antagonism. Br J Phar-
macol 2007;150:541-51.

Gaudenzio N, Sibilano R, Marichal T, Starkl P, Reber LL, Cenac N, et al. Different
activation signals induce distinct mast cell degranulation strategies. J Clin Invest
2016;126:3981-98.

Babina M, Guhl S, Artuc M, Zuberbier T. Allergic FcepsilonRI- and pseudo-
allergic MRGPRX2-triggered mast cell activation routes are independent and
inversely regulated by SCF. Allergy 2018;73:256-60.

Babina M, Wang Z, Li Z, Franke K, Guhl S, Artuc M, et al. FcepsilonRI- and
MRGPRX2-evoked acute degranulation responses are fully additive in human
skin mast cells. Allergy 2022;77:1906-9.


http://refhub.elsevier.com/S0091-6749(24)00675-4/sref1
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref1
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref2
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref2
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref3
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref3
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref3
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref4
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref4
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref5
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref5
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref6
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref6
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref7
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref7
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref8
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref8
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref8
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref9
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref9
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref9
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref9
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref10
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref10
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref10
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref11
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref11
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref12
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref12
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref12
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref13
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref13
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref13
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref14
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref14
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref14
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref15
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref15
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref16
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref16
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref16
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref16
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref17
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref17
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref17
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref18
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref18
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref18
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref19
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref19
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref19
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref20
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref20
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref21
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref21
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref21
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref22
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref22
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref22
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref23
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref23
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref23
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref24
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref24
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref24
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref25
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref25
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref25
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref26
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref26
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref26
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref27
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref27
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref27
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref28
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref28
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref28
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref29
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref29
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref29
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref30
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref30
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref30
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref31
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref31
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref31
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref31
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref31
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref31
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref32
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref32
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref32
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref32
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref33
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref33
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref33
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref34
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref34
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref34
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref35
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref35
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref36
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref36
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref36
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref37
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref37
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref37
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref38
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref38
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref38
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref39
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref39
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref40
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref40
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref40
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref40
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref41
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref41
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref42
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref42
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref42
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref43
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref43
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref43
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref44
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref44
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref44

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER =m

45.

46.

47.

48.

49.

50.

51.

52.

Kolkhir P, Pyatilova P, Ashry T, Jiao Q, Abad-Perez AT, Altrichter S, et al. Mast
cells, cortistatin, and its receptor, MRGPRX2, are linked to the pathogenesis of
chronic prurigo. J Allergy Clin Immunol 2022;149:1998-2009.e5.

Kumar M, Duraisamy K, Annapureddy RR, Chan CB, Chow BKC. Novel small
molecule MRGPRX2 antagonists inhibit a murine model of allergic reaction.
J Allergy Clin Immunol 2023;151:1110-22.

Bawazir M, Amponnawarat A, Hui Y, Oskeritzian CA, Ali H. Inhibition of
MRGPRX2 but not FcepsilonRI or MrgprB2-mediated mast cell degranulation
by a small molecule inverse receptor agonist. Front Immunol 2022;13:1033794.
Ogasawara H, Furuno M, Edamura K, Noguchi M. Novel MRGPRX2 antagonists
inhibit IgE-independent activation of human umbilical cord blood-derived mast
cells. J Leukoc Biol 2019;106:1069-77.

Lu J, Wang X, Ge S, Hou Y, Lv Y, He H, et al. Synthesis and evaluation of new
potential anti-pseudo-allergic agents. Bioorg Med Chem Lett 2022;59:128575.
Callahan BN, Kammala AK, Syed M, Yang C, Occhiuto CJ, Nellutla R, et al. Ost-
hole, a natural plant derivative inhibits MRGPRX2 induced mast cell responses.
Front Immunol 2020;11:703.

Wang N, Wang J, Zhang Y, Zeng Y, Hu S, Bai H, et al. Imperatorin ameliorates
mast cell-mediated allergic airway inflammation by inhibiting MRGPRX2 and
CamKII/ERK signaling pathway. Biochem Pharmacol 2021;184:114401.

Liu R, Hu S, Ding Y, Wang J, Wang Y, Gao J, et al. Dictamnine is an effective anti-
anaphylactoid compound acting via the MrgX2 receptor located on mast cells.
Phytother Res 2021;35:3181-93.

53.

54.

55.

56.

57.

58.

59.

60.

61.

WOLLAM ET AL 11

Cao C, Kang HJ, Singh I, Chen H, Zhang C, Ye W, et al. Structure, function and
pharmacology of human itch GPCRs. Nature 2021;600:170-5.

Azimi E, Reddy VB, Shade KC, Anthony RM, Talbot S, Pereira PJS, et al. Dual
action of neurokinin-1 antagonists on Mas-related GPCRs. JCI Insight 2016;1:
€89362.

Yang F, Guo L, Li Y, Wang G, Wang J, Zhang C, et al. Structure, function and phar-
macology of human itch receptor complexes. Nature 2021;600:164-9.

Raj S, Hlushak S, Arizmendi N, Kovalenko A, Kulka M. Substance P analogs
devoid of key residues fail to activate human mast cells via MRGPRX2. Front Im-
munol 2023;14:1155740.

Hsin L, Fernandopulle NA, Ding J, Lumb C, Veldhuis N, Karas JA, et al. The effect
of substance P and its common in vivo-formed metabolites on MRGPRX2 and hu-
man mast cell activation. Pharmacol Res Perspect 2022;10:¢00990.
Jansen-Olesen I, Hougaard Pedersen S. PACAP and its receptors in cranial arteries
and mast cells. ] Headache Pain 2018;19:16.

Di Lorenzo G, Mansueto P, Melluso M, Candore G, Cigna D, Pellitteri ME, et al.
Blood eosinophils and serum eosinophil cationic protein in patients with acute and
chronic urticaria. Mediators Inflamm 1996;5:113-5.

Kapp A, Czech W, Krutmann J, Schopf E. Eosinophil cationic protein in sera of
patients with atopic dermatitis. J Am Acad Dermatol 1991;24:555-8.
Teresiak-Mikolajczak E, Czarnecka-Operacz M, Jenerowicz D, Silny W. Neuro-
genic markers of the inflammatory process in atopic dermatitis: relation to the
severity and pruritus. Postepy Dermatol Alergol 2013;30:286-92.


http://refhub.elsevier.com/S0091-6749(24)00675-4/sref45
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref45
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref45
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref46
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref46
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref46
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref47
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref47
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref47
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref48
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref48
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref48
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref49
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref49
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref50
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref50
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref50
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref51
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref51
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref51
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref52
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref52
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref52
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref53
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref53
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref54
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref54
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref54
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref55
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref55
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref56
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref56
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref56
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref57
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref57
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref57
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref58
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref58
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref59
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref59
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref59
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref60
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref60
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref61
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref61
http://refhub.elsevier.com/S0091-6749(24)00675-4/sref61

	Inhibition of mast cell degranulation by novel small molecule MRGPRX2 antagonists
	Methods
	Cell culture and in vitro assays
	Generation and housing of mice
	Evans blue extravasation
	Microdialysis in ex vivo human skin
	Statistical analysis

	Results
	A wide range of endogenous and exogenous agonists activate MRGPRX2 to induce mast cell degranulation
	Potent small molecule MRGRPX2 antagonists inhibit MRGPRX2-mediated mast cell degranulation
	EP262 inhibits agonist-induced skin mast cell degranulation in vivo
	MRGPRX2 antagonists block mast cell degranulation by MRGPRX2 agonists, but not IgE
	Ex vivo human skin mast cell degranulation is inhibited by treatment with EP262

	Discussion
	Disclosure statement
	References


