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GRAPHICAL ABSTRACT
Background: P17, a peptide isolated from Tetramorium
bicarinatum ant venom, is known to induce an alternative
phenotype of human monocyte–derived macrophages via
activation of an unknown G protein–coupled receptor (GPCR).
Objective: We sought to investigate the mechanism of action
and the immunomodulatory effects of P17 mediated through
MRGPRX2 (Mas-related G protein–coupled receptor X2).
Methods: To identify the GPCR for P17, we screened
314 GPCRs. Upon identification of MRGPRX2, a battery
of in silico, in vitro, ex vivo, and in vivo assays along
with the receptor mutation studies were performed. In
particular, to investigate the immunomodulatory actions,
we used b-hexosaminidase release assay, cytokine
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releases, quantification of mRNA expression, cell
migration and differentiation assays,
immunohistochemical labeling, hematoxylin and eosin,
and immunofluorescence staining.
Results: P17 activated MRGPRX2 in a dose-dependent manner
in b-arrestin recruitment assay. In LAD2 cells, P17 induced
calcium and b-hexosaminidase release. Quercetin- and short
hairpin RNA–mediated knockdown of MRGPRX2 reduced P17-
evoked b-hexosaminidase release. In silico and in vitro
mutagenesis studies showed that residue Lys8 of P17 formed a
cation-p interaction with the Phe172 of MRGPRX2 and [Ala8]
P17 lost its activity partially. P17 activated LAD2 cells to recruit
THP-1 and human monocytes in Transwell migration assay,
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Abbreviations used

aa: Amino acid

CD11a: Cluster of differentiation 11a

CD11b: Cluster of differentiation 11b

CD11c: Cluster of differentiation 11c

CD14: Cluster of differentiation 14

CST-14: Cortistatin-14

DRG: Dorsal root ganglia

ECL: Extracellular loop

GPCR: G protein–coupled receptor

HDP: Host defense peptide

h-MDM: Human-monocyte–derived macrophage

ICAM-1: Intercellular adhesion molecule 1

MC: Mast cell

MCP1: Monocyte chemoattractant protein 1

MD: Molecular dynamics

MIP-1a: Macrophage inflammatory protein 1 a

MRGPRX2: Mas-related G protein–coupled receptor X2

shRNA: Short-hairpin RNA

TM: Transmembrane

J ALLERGY CLIN IMMUNOL

JANUARY 2022

276 DURAISAMY ET AL
whereas MRGPRX2-impaired LAD2 cells cannot. In addition,
P17-treated LAD2 cells stimulated differentiation of THP-1 and
human monocytes, as indicated by the enhanced expression of
macrophage markers cluster of differentiation 11b and TNF-a
by quantitative RT-PCR. Immunohistochemical and
immunofluorescent staining suggested monocyte recruitment in
mice ears injected with P17.
Conclusions: Our data provide novel structural information
regarding the interaction of P17 with MRGPRX2 and
intracellular pathways for its immunomodulatory action. (J
Allergy Clin Immunol 2022;149:275-91.)

Key words: Mast cell activation, innate immunity, immune modula-
tion, MRGPRX2, mast cells, monocytes, human-monocyte–derived
macrophages (h-MDMs), monocyte recruitment, chemotaxis, cyto-
kine release

Venomous animals have developed a vast array of venom
peptides for protection and predation. These peptides are invalu-
able resources to mankind because they are already directed to
various pharmacological targets that are potentially related to
pathological conditions.1 Currently, there are at least 10 Food and
Drug Administration–approved drugs available in the market
based on animal venom peptides.2 These peptides, termed host
defense peptide (HDP), are an evolutionarily essential component
of the innate immune system of most multicellular organisms.3

They have gained importance in recent years due to their broad
spectrum of antimicrobial activities and their emerging role in
innate and adaptive immune responses.4 There are 2 families of
naturally occurring HDPs found in humans—defensins and cath-
elicidins. Defensins have been shown to play a role as immune
modulators by inducing production of proinflammatory cytokines
and act as chemokines for various immune cells and enhance the
phagocytic ability of macrophages.5 Cathelicidins such as peptide
LL-37 act as chemoattractant for neutrophils, monocytes, and T
cells by interacting with the formyl peptide receptor–like 1, a G
protein–coupled receptor (GPCR).6,7 Moreover, they are involved
in wound healing by acting as an angiogenic factor.8,9 Some indi-
vidual HDPs could use more than 1 GPCR to facilitate their func-
tions in different cells. For instance, human b-defensin 3 is
chemotactic to dendritic cells via chemokine receptor 6 and
monocytes via an unknownGPCR.10 The multidimensional prop-
erties of these HDPs hold promising potentials as prophylactic
and antimicrobial agents via direct activation and recruitment of
concomitant immune cells.

P17 is a short HDP characterized from the ant Tetramorium
bicarinatum venom11 recently shown to be involved in host de-
fense by activating macrophages.12 Therefore, it is hypothe-
sized that P17 can be exploited as a therapeutic peptide for
the treatment of immune-related diseases. In our previous
study, we have shown that P17 induces an alternative pheno-
type of human-monocyte–derived macrophages (h-MDMs) by
activating an unknown pertussis toxin–sensitive GPCR via cal-
cium mobilization, which in turn enhances the antifungal activ-
ity of h-MDMs.12 GPCRs are the largest family of membrane
proteins in human genome as it encodes for approximately
800 of these 7 transmembrane (TM) receptors, which are about
13% of all membrane proteins.13-16 GPCRs serve as increas-
ingly attractive drug targets due to their important roles in
various physiological processes and relevance in diseases
such as inflammatory disorders, metabolic imbalances, cardiac
disorders, and cancer as well.15,17 GPCRs can be classified into
6 classes sharing similar structural properties with the core 7
TM domains, variable extracellular N-terminal and intracellular
C-terminal extensions, and 3 extracellular loops (ECLs) and 3
intracellular loops. On ligand binding, GPCRs undergo confor-
mational changes, which result in various intracellular
modifications via G protein–dependent (eg, cyclic adenosine
3’,5’-cyclic monophosphate and phospholipase C) and G
protein–independent (eg, b-arrestin) pathways.18-23 To date,
structures of about 50 GPCRs have been resolved. The recent
advances in both structural and molecular studies have enabled
new computational methods to discover novel ligand-binding
sites that modulate GPCR functions.24 As mentioned above,
the identity of GPCRs corresponding to P17 is unknown.
Therefore, in this study, we have identified Mas-related G
protein–coupled receptor-X2 (MRGPRX2) as a first specific re-
ceptor for peptide P17, because there is a possibility that more
than 1 GPCR may recognize P17.

Rhinitis, asthma, food allergy, and eczema are common allergic
diseases that affect more than 50 million people in the United
States, with an annual cost of $18 billion. The adverse effects of
allergic diseases highlight the importance of novel and alternative
therapeutic methods in tackling these chronic conditions. In
particular, the critical role of mast cells (MCs) in the manifesta-
tion of systemic allergic reaction is crucial.25 MC release consti-
tutes a major role in anaphylaxis, and in the case of the minor
acute MC degranulation, it may result in the initiation of system-
atic and complex inflammatory pathways, which are often used
for host defense against various venoms and parasites.26

MRGPRX2 is a membrane GPCR, almost exclusively expressed
in immune MCs, and is responsible for MC-mediated clinically
relevant hypersensitive reactions in the absence of severe allergic
reactions.27 For instance, LL-37 is a known agonist of
MRGPRX2, which is highly upregulated in rosacea.28 MCs are
the major source of LL-37 in the murine model of rosacea.26,29

In fact, many allergens that activate MRGPRX2 have not been
validated for specificity or potency,30,31 and these compounds
have to be investigated in detail. In this study, we show that via
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MC activation, P17 induces recruitment and differentiation of
monocytes into macrophages. Taken together, our data thus pro-
vide structural information of P17 interacting with MRGPRX2
and its intracellular pathways for an immunomodulatory action.
METHODS

Animals
C57BL/6N adult malemice, about 6 to 8weeks old, were obtained from the

Laboratory Animal Unit of the University of Hong Kong (AAALAC

International accredited). This study was conducted in strict accordance

with the recommendations stated in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. Protocols of the study

were approved by the Committee on the Use of Live Animals in Teaching and

Research (CULATR 4849-19) of the University of Hong Kong. All animal

procedures were performed under ketamine/xylazine anesthesia.
PRESTO-Tango GPCR b-arrestin recruitment assay
b-Arrestin recruitment assay was carried out as previously described.32 For

antagonistic study, compounds/peptides were added 1 hour before adding the

agonists. On day 5, medium and drug solutions were removed from the wells

(by aspiration) and 30mL luciferase substrate solution was added to each well.

After incubation for 10 minutes at room temperature, luminescence was

counted in PerkinElmer Victor X4.

Intracellular calcium assay
Chinese hamster ovary-K1 cells were seeded at a density of 2.03 105 per

well onto 6-well plates (Nunc) using minimum essential medium 24 hours

before transfection with lipofectamine 2000 Transfection Reagent (Invitro-

gen, Waltham, Mass). Twenty-four hours after transfection, the cells were

lifted using Gibco Versene Solution, and 5 3 104 cells were transferred to

35-mm glass-bottom Petri dishes (MatTek Corporation, Ashland, Mass) over-

night for confocal microscopy and 23 104 cells were plated in 96-well plates

for dose-response experiments. Fluo4-NW assay kit (Thermo Fisher Scienti-

fic, Waltham, Mass) was used for detecting the intracellular calcium as spec-

ified by the manufacturer.

Real-time quantitative RT-PCR
First-strand cDNAs were obtained (Transcriptor First Strand cDNA

Synthesis Kit, Roche Diagnostics GmbH, Mannheim, Germany), followed

by quantitative PCR (7300 Real-Time PCR System, Applied Biosystems,

Foster City, Calif). The expression of transcripts was examined using ChamQ

SYBR Color qRT-PCR Master Mix as specified by the manufacturer. 22DDCt

method33 was used for data analysis with the internal control, gapdh.
The b-hexosaminidase release assay
The b-hexosaminidase release assay was carried out as we previously

described.32 Either P17 or other agonists at the indicated concentrations diluted

in modified Tyrode’s solution were introduced into each well and incubated for

30 minutes. For antagonistic study, compounds/peptides were added 30 minutes

before adding the agonists. Compound 48/80 was used as a positive control.34
Lentivirus production and MRGPRX2 silencing in

LAD2 cells
MRGPRX2-targeted Mission short-hairpin RNA (shRNA) lentiviral plas-

mids were purchased from Sigma-Aldrich, St Louis, Mo. We used 2 shRNAs

for lentiviral production, and a nontarget shRNAvector was used as a control.

SHC016, TRCN0000357642, and TRCN0000009176 were used to produce

lentivirus, according to the manufacturer’s instructions. Cell transduction

was conducted by mixing 2 mL viral supernatant with 3 mL LAD2

(5 3 106) cells. Eight hours after infection, medium was changed to virus-
free complete medium, and antibiotic (puromycin, 2 mg/mL; Sigma-

Aldrich) selection was initiated 16 hours later. Cells were analyzed for

MRGPRX2 knockdown by real-time quantitative RT-PCR (qRT-PCR).35
Quantification of Evans blue
Quantification of Evans blue was carried out as previously described32 with

slight modification. Young adult mice (C57BL/6N aged 6-8 weeks old) were

intravenously injected with 50 mL (irrespective of the body weight) of 12.5%

Evans blue in saline. Five minutes later, 5mL of 20mg/mL agonists was injected

into one paw, and salinewas injected into the other paw as a negative control. For

antagonist study, the antagonist was introduced 10 minutes before agonists.

Fifteenminutes later, the paw thicknesses were measured again and documented.

Micewere euthanized and paw tissueswere collected, dried at 508C, andweighed
separately. Evans blue dye is extracted by adding 500mL of amixture of acetone-

saline (7:3) to each tissue sample and incubating at 378C for 12 hours.
Identification of P17 binding site on MRGPRX2

receptor
MRGPRX2 receptor belongs to opioid receptor family. All class AGPCRs

are generally known to have their active site at the TMdomain, largely adapted

as a binding site for small compound agonists, such as P17, which is a 13-

amino acid (aa) long peptide. For molecular dynamics (MD) simulation, the

homology model of receptor and peptide was merged and corrected for

abnormalities by protein preparation wizard and was later embedded in

hydrolyzed 8 3 8 nm 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

lipid bilayer structure. The system was submitted to steepest-descent energy

minimization up to a tolerance of 1000 KJ/mol/nm and was evaluated by

protein-ligand root root-mean-square deviation (RMSD) analysis for the

200 ns of simulation time. We have performed a preliminary study of single

unbiased MD simulation of 200 ns in which the P17 peptide started the inter-

action process with the MRGPRX2 model. We performed site-directed muta-

genesis on Tango-MRGPRX2 for the above-mentioned aa using the Q5 Site-

Directed Mutagenesis Kit (New England BioLabs, Ipswich, Mass). The

mutant Tango-MRGPRX2 receptors were used for PRESTO-Tango GPCR

b-arrestin recruitment assay.
Pharmacophore region and alanine scanning of

peptide P17
In an attempt to locate the pharmacophore region of P17, we have

synthesized 8 truncated P17 analogues—P17(3-13), P17(5-13), P17(7-13),

P17(9-13), P17(1-5), P17(1-7), P17(1-9), and P17(1-11)—and 12 peptides by replac-

ing each aa of peptide P17 with alanine.36 All these compoundswere function-

ally tested for standard degranulationb-hexosaminidase assays in LAD2 cells.

P17, downsized and alanine-substituted analogues were synthesized by Fmoc

solid-phase methodology on a Liberty microwave-assisted automated peptide

synthesizer (CEM, Saclay, France) using the standard manufacturer’s proced-

ures at 0.1 mmol scale as previously described.37 All Fmoc-amino acids (0.5

mmol, 5 eq.) were coupled on preloaded Fmoc-Leu-, Fmoc-Ile-, Fmoc-

Glu(OtBu)-, or Fmoc-Ala-Wang resin by in situ activation with HBTU (0.5

mmol, 5 eq.) and DIEA (1 mmol, 10 eq.), and Fmoc removal was performed

with a 20% piperidine solution in DMF. After completion of the chain assem-

bly, peptides were deprotected and cleaved from the resin by adding 10 mL of

the mixture TFA/TIS/H2O (9.5:0.25:0.25) for 180 minutes at room tempera-

ture. After filtration, crude peptides were washed thrice by precipitation in

TBME followed by centrifugation (4500 rpm, 15minutes). The synthetic pep-

tides were purified by reversed-phase HPLC on a 21.23 250 mm Jupiter C18

(5mm, 300�A) column (Phenomenex, Le Pecq, France) using a linear gradient

(10%-50% or 10%-40% over 45 minutes) of acetonitrile/TFA (99.9:0.1) at a

flow rate of 10 mL/min. The purified peptides were then characterized by

MALDI-TOF mass spectrometry on an UltrafleXtreme (Bruker, Strasbourg,

France) in the reflector mode using a-cyano-4-hydroxycinnamic acid as a ma-

trix. Analytical reversed-phase-HPLC, performed on a 4.63 250 mm Jupiter



FIG 1. Identification ofMRGPRX2 as the receptor for P17 and using 3-D homologymodeling to show certain

aas are involved in peptide-receptor interactions. A, (i) Chart showing the total number of GPCRs screened

(P <_ .05). (ii) Dose-dependent Tango-MRGPRX2 b-arrestin recruitment assay of P17 (N 5 3-5) (P <_ .0001). (iii)

Representative live cell confocal images showing P17-mediated Ca21 release. P17 (2.5 mM)-treated
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C18 (5 mm, 300�A) column, indicated that the purity of the peptides was more

than 99.%.
Human monocyte isolation
Human monocytes were isolated essentially according to the previously

published protocol.38 Briefly, whole blood was collected from healthy volun-

teer donors in EDTA tubes (4 mL) and added to tubes containing Ficoll-Paque

Plus (4 mL) (Cytiva). Tubes were centrifuged to collect the buffy coat, which

was then washed 3 times with 40 mL serum-free RPMI media by centrifuga-

tion (400g, 10 minutes). Cells were resuspended in serum containing RPMI

1640media and plated in 100-mmculture dish for 4 hours. The adheredmono-

cytes at the culture disk were subsequently verified by flow cytometry analysis

with cluster of differentiation 11b (CD11b) and cluster of differentiation 14

(CD14) markers.
In vitro cell invasion and migration assays
In vitro cell invasion assays were performed in 12-mm diameter and 3-mm-

pore polycarbonate filter transwell plates (Corning Transwell polycarbonate

membrane cell culture inserts). THP-1 cells (2 3 105 cells in 300 mL

RPMI-1640 medium) were seeded on the upper chamber, and the lower

well filled with wild-type andMRGPRX2 knockdown LAD2 cell supernatants

as chemoattractant (700 mL, serum-free StemPro-34) that was previously

exposed to water, P17, and compound 48/80. Water was used as a negative

control. After incubation for 16 to 18 hours at 378C in the presence of 5%

CO2, THP-1 cells were fixed for 15 minutes in methanol and stained for 5

to 10 minutes with 0.1% crystal violet. Cells that had migrated or invaded

to the bottom surface of the filter were counted.39
Cell culture and differentiation assay
THP-1 or human primary monocytes were cultured at an initial density of

53 105 cells/mL (1mL) and treated with serum-free Stempro-34 supernatants

(1mL) collected fromLAD2 cells treatedwith P17, compound 48/80, or water

for 24 to 48 hours in a 6-well plate. THP-1 cells were then collected for real-

time qRT-PCR and/or flow cytometry assays.
Immunohistochemistry, hematoxylin and eosin,

and immunofluorescence staining
Animals were sacrificed and ears were isolated frommice and fixed in 10%

formaldehyde, dehydrated with graded ethanol, embedded in paraffin, and

sectioned (10 mm). Immunostaining, hematoxylin and eosin staining, and

immunofluorescence were carried out as previously described.40 Rabbit

anti-CD11b antibody (1:500 dilution; Abcam, Cambridge, UK) was used as

the primary antibody. Alexa Fluor 488 donkey antirabbit IgG (1:500 dilutions;

Invitrogen) was used for immunofluorescence as the secondary antibody. For

double staining, rabbit anti-CD11b (1:500 dilution; Abcam) and Rat anti-F4/

80 [CI:A3-1] (1:200 dilution, Abcam) were used as primary antibodies, and

Alexa Fluor 488 donkey antirabbit IgG (1:500 dilutions; Invitrogen) andAlexa

Fluor 594 Goat Anti-Rat IgG (1:500 dilution; Abcam) were used as secondary

antibodies. Statistical comparisonsweremade between the number of CD11b-

positive cells in ear areas in control and treated groups using Student t test,

with significance set at P value less than or equal to .05.
MRGPRX2-PCDNA3.11 transfected CHO cells and P17 (

fected CHO cells (see videos in the Online Repository) (N

P17 in MRGPRX2-transfected CHO cells (N 5 3-4) (P <_ .0

Effect of P17 on MRGPRX2-impaired LAD2 cells. Perce

48/80 and (ii) P17. Effect of quercetin on P17-evoked resp

treated MRGPRX2-transfected HTLA cells with querc

release in pretreated LAD2 cells with quercetin (100 mM

DMSO, Dimethyl sulfoxide; ns, not significant; SCT, Se
48/80 and CST-14 are positive controls. ****P <_ .0001;
Quantification and statistical analysis
All data are shown as means6 SEM unless specified. The graphs between

groups were plotted using Prism 8.0 software (GraphPad Software Inc, San

Diego, Calif). The data were analyzed using Student t tests and ANOVA (2-

way ANOVA) followed by Tukey’s multiple comparisons test throughout

this study. A P value of less than or equal to .05 was considered to be

significant.

Detailed methodology is available in this article’s Methods section in the

Online Repository at www.jacionline.org.
RESULTS

Identification of MRGPRX2 as a receptor for P17 and

3-dimensional homology modeling to determine

specific aa residues involved in peptide-receptor

interactions
To identify a specific receptor for P17, a dose of 100 nM was

used to screen 314 Tango-GPCRs (Fig 1, Ai) (Addgene), and
initially 32 putative hits with P value less than or equal to .05
were obtained, of which 31 belonged to class A GPCR and 1
was a class B GPCR (PTH1R) (see Fig E1 in this article’s Online
Repository at www.jacionline.org). Among these hits, human
Tango-MRGPRX2 was found to be dose-dependently activated
by P17 with an EC50 value of 4.13 mM (95% CI, 1.85-9.18
mM), whereas cortistatin-14 (CST-14), a positive control, was
able to activate MRGPRX2 with an EC50 of 0.49 mM (95% CI,
0.27-0.88 mM31) (Fig 1, Aii). Because MRGPRX2-mediated cal-
cium release has been evidently reported before,41,42 we have
therefore evaluated the effect of P17 on Ca21 mobilization in
MRGPRX2-transfected CHO cells. Expression of MRGPRX2
mRNA in transfected cells was first verified by qRT-PCR (data
not shown). Incubation of 2.5 mM P17 provoked calcium move-
ments in the cytoplasm of MRGPRX2-transfected CHO cells
(see video in this article’s Online Repository at www.jacionline.
org) (Fig 1, Aiii) but not in control vector–transfected CHO cells.
Application of graded concentrations of P17 and CST-14 induced
dose-dependent increases in [Ca21]i with an EC50 of 3.5 mM
(95% CI, 2.4-5.23 mM) and 0.44 mM (95% CI, 0.20-0.95 mM),
respectively (Fig 1, Aiv). Moreover, because MRGPRX2 is natu-
rally expressed abundantly in a human MC model LAD2
cells,43,44 we showed that both P17 and CST-14 induced
[Ca21]i increases with EC50 of 1.42 mM (95% CI, 0.65-3.09
mM) and 0.21 mM (95% CI, 0.11-3.95 mM), respectively (Fig
1, Av).

To confirm that the effect of P17 on LAD2 cells is
MRGPRX2-dependent, we have used lentiviral-mediated
shRNA to knock down MRGPRX2 in LAD2 cells.
MRGPRX2-impaired LAD2 cells by shRNA-mediated knock-
down showed significant reduction in b-hexosaminidase release
on both P17 and compound 48/80 treatments (Fig 1, Bi and ii),
indicating that P17 and compound 48/80 activated MCs via
2.5 mM)-treated PCDNA3.11 vector backbone trans-

5 3). (iv) Ca21 response on graded concentration of

001). (v) Ca21 mobilization in LAD2 cells on P17. B,

ntage b-hexosaminidase release with (i) compound

onses. (iii) Percentage b-arrestin recruitment in pre-

etin (100 mM). (iv) Percentage b-hexosaminidase

). All values are means 6 SEM (N 5 3 and n 5 3).

cretin; YFP, Yellow Fluorescent Protein. Compound

***P <_ .001; **P <_ .01; * P<_ .05; and ns P > .05.

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


FIG 2. Locating the pharmacophore of peptide P17 and in vitro validation of peptide-receptor interaction

site.A, Effect of single dose (10 mM) of P17 fragments on (i) b-arrestin recruitment and (ii) b-hexosaminidase

release (percentage is compared with the basal). (iii) Superimposed MRGPRX2 receptor model in ribbon
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MRGPRX2. MRGPRX2 gene knockdown was verified by qRT-
PCR (see Fig E4, Ai). In addition, pretreatment of quercetin
(100 mM), an antagonist of MRGPRX2, significantly reduced
stimulatory actions of both P17 and compound 48/80 in b-ar-
restin assay in HTLA (an HEK293 cell line stably expressing
a tTA-dependent luciferase reporter and a b-arrestin2-TEV
fusion gene) cells and b-hexosaminidase assays in wild-type
LAD2 cells (Fig 1, Biii and iv).
Locating the pharmacophore region of peptide P17

using in silico 3-dimensional homology modeling

and in vitro validation of peptide-receptor

interaction site
To locate the pharmacophore region of P17, we first synthe-

sized 8 P17 peptide fragments and determined their functional
activities in both b-arrestin recruitment in receptor-transfected
HTLA cells and b-hexosaminidase release assays in LAD2 cells
(Fig 2, Ai and ii). Our data suggest that P17 fragments 5-13 and 1-
11, although less potent compared with the P17 whole peptide,
significantly stimulated b-arrestin recruitment in receptor-
transfected cells and degranulation of LAD2 cells. Thus, we
initially speculated that the pharmacophore of P17 lay within
the region 5-11 or 5-13. These data should allow more accurate
prediction in in silico studies to locate MRGPRX2 aa residues
important for ligand interactions.45,46 In the meantime, we have
also developed a 3-dimensional (3-D) model of MRGPRX2 using
the homology modeling approach as previously published class
A human pyroglutamylated RFamide peptide receptor and class
B human secretin receptor.47,48 Because MRGPRX2 is a class
A orphan receptor structurally more related to opioid receptors,
the 3-D model of MRGPRX2 was built using the k-opioid recep-
tor (PDB ID: 6B73) as a template.49 Three different homology
models were produced by SWISS-MODEL and MODELLER al-
gorithms.50 These models were then screened for steric collisions
between atoms by the help of Ramachandran plot from Rampage
server.51 The final selected 3-D structure had 98.8% of aa residues
in favored or allowed regions (see Fig E2, Ai, in this article’s On-
line Repository at www.jacionline.org). Visualization and verifi-
cation of the receptor models were done by Schrodinger
biological suite.52 By Schrodinger Desmond, we were able to en-
ergy minimize the full receptor structure in the most thermody-
namically stable conformation, which was then validated by
virtual docking of a small compound agonist ZINC72453573
with known binding sites53 on the receptor (Fig E2, Aii). In Fig
2, Aiii, we show superimposed MRGPRX2 receptor model with
ribbon structure docked with ZINC72453573 in ball and stick
structure, P17 in yellow, P17(5-11) in blue, and P17(5-13) in gray.
Finally, we have used MD simulation54 for atomistic refinement
to simulate molecular interactions of P17 fragments with
MRGPRX2 in real time at 200 ns (see videos in this article’s
structure, docked with different agonistic molecules, t

gray, P17(5-11) in blue, and P17 in yellow. (iv) Docking

ceptor. (v) Effect of P17 fragments on both b-arrestin

consolidated as EC50 and % Emax values. B, Dose-resp

P17, [Ala4]P17, [Ala8]P17, and [Ala7]P17 (P <_ .0001) (N 5
in LAD2 cells with P17, [Ala4]P17, [Ala8]P17, and [Ala7]P

80, and CST-14 on MRGPRX2 and MRGPRX2 mutant (

receptors in the b-arrestin recruitment assay (P <_ .0

means 6 SEM (N 5 3 or more and n 5 3). Compoun

.0001; ***P <_ .001; **P <_ .01; *P <_ .05; and ns P > .05.
Online Repository at www.jacionline.org). Consolidated from
both docking results of P17(5-13) and P17(5-11) (Fig 2, Aiv; Fig
E2, Aiv) and MD (Fig E2, B), we predicted that P17 interacts
with Tyr89, Phe172, Ser173, Asp174, Gly175, Trp250, Lys251, and
Ser253 residues of MRGPRX2. In particular, the Lys8 moiety of
P17 specifically formed a cation-p interactionwith Phe172 residue
of MRGPRX2 (Fig 2, Aiv).

Using in silico data as a reference, we tried to pinpoint specific
interactions between P17 andMRGPRX2 by synthesizing a series
of L-alanine–scanning mutants of P17, and consolidated their
EC50 and Emax values (Fig 2, Av). For comparison purpose, we
initially showed that P17 and 2 other positive controls, compound
48/48 and CST-14, recruitedb-arrestin inMRGPRX2-transfected
HTLA cells and stimulated b-hexosaminidase release in human
LAD2 cells (Fig 2, B and C). Some P17-Ala scanning mutants
such as [Ala1]-, [Ala3]-, [Ala5]-, [Ala6]-, [Ala9]-, and [Ala13]
P17 exhibited no or less significant difference in both EC50 and
Emax values in b-arrestin assay compared with P17 (Fig 2, Av;
see Fig E3, Ai, in this article’s Online Repository at www.
jacionline.org). However, alanine replacements at residues 4, 7,
and 8 led to significant changes in EC50 values measured by b-ar-
restin assay (P <.001; Fig 2, B and C). Indeed, Lys8 / Ala8 sub-
stitution almost abolished its activity (P < .0001) as shown in Fig
2, B and C, whereas both Glu4 / Ala4 and Glu7 / Ala7 muta-
tions resulted in slight enhancement in EC50 values in b-arrestin
assay, indicating that these 2 mutant peptides are potentially more
potent than P17 in activating the receptor (Fig 2, B). Finally,
[Ala2]-, [Ala10]-, and [Ala12]-substituted analogues also showed
loss of activity in both b-arrestin and b-hexosaminidase assays
to a lesser extent than [Ala8]P17 (Fig E3, Aii and B). Thus,
[Ala2]-, [Ala8]-, [Ala10]-, and [Ala12]-P17 acted as partial ago-
nists. Interestingly, preincubation of wild-type LAD2 cells with
[Ala8]P17 (10 mM) drastically reduced the efficacy of P17 in
both assays (Fig E3, Ci and ii), suggesting that this point-
substituted P17 analogue can be used as a competitive antagonist
of the receptor. This observation has been reported in other partial
and full agonist systems, where the partial agonist causes activa-
tion of a quiescent system and antagonism in a system activated
by a more efficacious agonist.55

Aswe have predicted that residue Phe172 ofMRGPRX2 formed
a cation-p interaction with the Lys8moiety of P17 and aa 172-175
might also be of importance, we have produced 2 site-directed
mutants (MRGPRX2*F172A and MRGPRX2*172-175A) con-
sisting of mutations at aa site 172 and another from 172 to 175
of MRGPRX2, for functional analyses. MRGPRX2 gene expres-
sion was verified by qRT-PCR (see Fig E4, Aii, in this article’s
Online Repository at www.jacionline.org). Both mutants dis-
played decreased activity in b-arrestin recruitment with P17 as
well as with the 2 known agonists, compound 48/80 and CST-
14 (Fig 2, D). Taken as a whole, these data were consistent with
our in silico analysis that Lys8 of P17 and Phe172 of MRGPRX2
hat is, ZINC72453573 in ball and stick, P17(5-13) in

of P17(5-11) showing the aa interactions with the re-

recruitment and b-hexosaminidase release assay

onse activation of Tango-MRGPRX2 construct with

3). C, Dose-response release of b-hexosaminidase

17 (P <_ .0001) (N5 3). D, Effect of P17, compound 48/

MRGPRX2*F172A and MRGPRX2*172-175A) tango

001) (N 5 3). ns, Not significant. All values are

d 48/80 and CST-14 are positive controls. ****P <_
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FIG 3. P17 induces release of cytokines in human LAD2 cells via MRGPRX2 and the subsequent recruitment

of monocytes. A, Representative pictures showing the reactivity of cytokines released from LAD2 cells to the

cytokine array (ab193656 – 120 targets, Abcam). (i) Membrane arrays with water and P17 treatment. Positive

control (light blue boxes), blanks (yellow boxes), and negative control (black boxes). Representative colored
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are key aa residues of the ligand/receptor complex responsible for
the activation.
P17 induces release of cytokines in human LAD2

cells via MRGPRX2 and induces monocyte

recruitment
To investigate the mechanisms of P17 in activation and

degranulation of LAD2 cells, we screened for cytokine and
chemokine release on 30-minute P17 (10 mM) stimulation using
cytokine membrane arrays consisting of 120 different capture an-
tibodies. We treated the membranes with water- or P17-treated
LAD2 cell supernatants (Fig 3, Ai). We displayed some represen-
tative hits with green, red, and white boxes in the array between
controls and the treatments. The graph shows cytokine levels
that are significantly different in comparison to controls (Fig 3,
Aii). To validate these data, we selected 2 positive hits, monocyte
chemoattractant protein 1 (MCP1) andmacrophage inflammatory
protein 1 a (MIP-1a), and measured their concentrations using
ELISA after stimulation with water, P17, and compound 48/80,
in addition to with or without ethylene glycol bis (2-aminoethyl
ether) tetraacetic acid, a known calcium-chelating agent.56 P17
and compound 48/80 induced MCP1 (Fig 3, Bi) and MIP-1a
(Fig 3, Bii) secretion in LAD2 cells (30 minutes and 24 hours).
In addition, treatment of LAD2 cells with ethylene glycol bis
(2-aminoethyl ether) tetraacetic acid (5mM) before P17 and com-
pound 48/80 administration significantly reduced the release of
both cytokines. Moreover, quercetin (100 mM) treatment before
P17 stimulation significantly abrogated cytokine release. In sum-
mary, these data suggest that P17-provoked cytokine release
from MCs is mediated by MRGPRX2 via a calcium-dependent
pathway.

As we noticed the release of cytokines such as MCP157-59 and
MIP-1 a,59,60 which are known to be chemoattractant for mono-
cytes, we explored the effect of P17-treated LAD2 cell superna-
tant on monocyte recruitment using the standard transwell
migration assay57,61 as represented by the cartoon in Fig E5, Ai,
in this article’s Online Repository at www.jacionline.org. The
invaded cells were stained as depicted in Fig 3, Ci, and counted
using National Institutes of Health ImageJ software. Compared
with the control group (water), treatment of LAD2 cells with 10
mM P17 or compound 48/80 yielded a supernatant that signifi-
cantly enhanced the invasion capacities of THP-1 cells (Fig 3,
Ci). Similarly, supernatant from control shRNA-transduced
LAD2 cells showed similar invasion capacities as untreated
LAD2 cells (Fig 3, Cii). In contrast, MRGPRX2 shRNA-
transduced LAD2 cell supernatant significantly reduced THP-1
invasion on P17 stimulation (Fig 3, Cii). Noteworthy, addition
boxes indicate the location of the detection of cytokines

TMIP1 (white) (N5 2; data are pooled from 2 different in

significant fold change in reactivity of cytokine release

MIP-1a secretion on P17 and compound 48/80 treatme

EGTA (5 mM) and quercetin (100 mM) (N 5 3). Values

images and the graph showing the migrated (THP-1

the membrane when they are treated with LAD2 cell s

and compound 48/80 treatment (N 5 3), (ii) water and

shRNA-transduced LAD2 cells (N 5 3), and (iii) water an

man monocyte migration in (D) (i) water and P17 trea

shRNA- and MRGPRX2 shRNA-transduced LAD2 cells

glycol bis (2-aminoethyl ether) tetraacetic acid; ns,
****P <_ .0001; ***P <_ .001; **P <_ .01; *P <_ .05; and ns P
of 10 mM of P17 in LAD2-unconditioned culture medium had
no effect on monocyte recruitment (Fig E5, Aii). In addition to
the MRGPRX2 knockdown, we have investigated the effects of
MRGPRX2 antagonist quercetin on P17- and compound 48/80-
treatment of LAD2 cells. Quercetin significantly reduced both
P17- and compound 48/80–mediated THP-1 monocyte recruit-
ment (Fig 3, Ciii). To study whether P17 can also induce human
monocyte recruitment, we have isolated human monocytes from
peripheral blood and performed the Transwell migration assay.
The isolated human monocytes were validated beforehand using
flow cytometry by double and single CD11b and/or CD14 stain-
ing (see Figs E6 and E7 in this article’s Online Repository at
www.jacionline.org), because human monocytes express both
markers abundantly.62-65 Similar to THP-1 cells, isolated human
monocytes also showed significant P17-induced invasion capac-
ity (Fig 3, Di). This migration is likely to be mediated by
MRGPRX2 because MRGPRX2-impaired LAD2 cells recruited
significantly less human monocytes than the wild-type LAD2
(Fig 3, Dii). Taken as a whole, these data suggest that P17-
mediated monocyte recruitment is MC MRGPRX2-dependent.
P17-treated LAD2-MC line supernatant induces

monocyte differentiation
In addition to monocyte recruitment abilities, some cytokines

facilitate their differentiation. We determined the transcript levels
of various macrophage markers on THP-1 cells in the presence of
P17-treated LAD2 cell supernatant, and we found increased
expression of cluster of differentiation 11a (CD11a), CD11b,
cluster of differentiation 11c (CD11c), TNF-a, CD14, and inter-
cellular adhesion molecule 1 (ICAM-1) (Fig 4, Ai) in the same
way as compound 48/80–conditioned supernatant. It should be
noted that compound 48/80 per se increased TNF-a, CD14, and
ICAM-1 transcripts and decreased CD11a transcripts in THP-1
monocytes. In addition, we have demonstrated that differentiation
of THP-1 was MRGPRX2-dependent because pretreatment with
quercetin (100 mM) affected P17-induced MC cytokine release,
and subsequently lowered the differentiation-inducing transcripts
in THP-1 monocytes (Fig 4, Aii). Our flow cytometry data indi-
cate that P17-treated LAD2 cell supernatant induced the expres-
sion of monocyte differentiation marker CD11b in THP-1 cells
(Fig 4, B; see Fig E8 in this article’s Online Repository at
www.jacionline.org). The photomicrographs showing the
adhered THP-1 cells indicated that P17 induced cell differentia-
tion because the nonadherent monocytes differentiated to adhere
to the bottom of the wells (Fig 4, Ci). The supernatant yielded
from the P17-treated MRGPRX2 knocked-down LAD2 cells
did not induce cell differentiation (Fig 4, Cii). These data
, MCP1 (red), MIP-1a (green), IL2R- a (dark blue), and

dividual experiments). (ii) Graph indicating only the

(P17-treated/control) (P < .05). B, (i) MCP1 and (ii)

nts for 30 minutes and 24 hours with and without

are means 6 SD (N 5 3 and n 5 2). Representative

cells or human primary monocytes) cells through

upernatants. THP-1 migration in (C) (i) water, P17,

P17 treatment on control shRNA- and MRGPRX2

d P17 treated with or without quercetin (N 5 3). Hu-

tment and (ii) water and P17 treatment on control

(N53). DMSO, Dimethyl sulfoxide; EGTA, ethylene
not significant. Values are mean 6 SD (N 5 3).

> .05.
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FIG 4. P17-treated MC supernatant induces monocyte differentiation. A, Surface markers were quantified

using qRT-PCR for THP-1 monocytes differentiation into h-MDMs when incubated with LAD2 cell superna-

tants, (i) water, P17, and compound 48/80 with and without LAD2 cells, and (ii) in the presence of quercetin

with water and P17. B, Flow cytometry graph showing the surface epitope, CD11b expression changes in the
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demonstrate that the differentiation of THP-1 cells into
monocyte-derived macrophages is mediated by MC MRGPRX2.
Because the differentiated human monocytes showed elevated
expression of CD11b and TNF-a (Fig 4, Di) but not CD11a,
CD11c, CD14, and ICAM-I, we have picked CD11b and TNF-
a for further analyses. The effects of P17 on CD11b and TNF-a
transcript expression are MRGPRX2-dependent because
MRGPRX2 knockdown significantly impaired their upregulation
(Fig 4, Dii). We also subsequently showed that pretreatment with
quercetin, before P17 or compound 48/80, lowered CD11b and
TNF-a expression in differentiated human monocytes (Fig 4,
Diii).
Effect of P17 in paw edema and vascular

permeability through Evans blue extravasation

assay and monocyte recruitment in mice ear
After showing that P17 inducedMC activation and recruitment

of monocytes, we sought to investigate the in vivo immunomod-
ulatory actions of P17 in C57BL/6N mice by Evans blue extrav-
asation and swelling, which are indicators of MC activation and
inflammation due to the leakage of plasma from blood ves-
sels.30,34 We report that intraplantar administration of either
P17 (10 mM) or CST-14 (10 mM) induced edema formation in
the paws (Fig 5, A), whereas saline and secretin (10 mM), a nega-
tive control peptide (data not shown), did not. In addition, pre-
treatment with quercetin (100 mM) before P17 administration
diminished plasma extravasation and paw edema (Fig 5, B).
Quantification of plasma extravasation by Evans blue leakage
and paw thickness are displayed in Fig 5, B. Both P17 and
CST-14 increased paw edema and plasma extravasation, whereas
quercetin (100 mM) decreased both paw edema and plasma
extravasation when coadministrated with P17 or CST-14. Our
data suggest that P17 induced MC activation in vivo, implying
the recruitment of free circulating monocytes from the blood.
To go further, we investigated monocyte recruitment in ears
because MCs expressing MRGPRX2 are prevalent in ear tis-
sues.66,67 Intradermal injection of P17 in ear increased the inflam-
mation because it causes local and controlled allergic reaction.
Hematoxylin and eosin stain on the ear tissues showed significant
increase in ear thickness on the P17-injected ears as compared
with the saline control. In addition, quercetin significantly
reduced the inflammation as the thickness of the tissue reduced
when P17 is coadministered with quercetin (see Fig E9 in this ar-
ticle’s Online Repository at www.jacionline.org). In addition,
immunofluorescence and immunohistochemistry studies revealed
that intradermal application of P17 in mice ear recruited CD11b1

immune-cell population (green color in immunofluorescence and
brown color in immunohistochemistry) 24 hours after injection,
whereas cotreatment of P17 (10 mM) with quercetin (100 mM)
abrogated this chemotactic effect (Fig 5, C and D). Migrated
cells in immunohistochemistry were quantified with National
LAD2 supernatant–treated cells. PE-conjugated IgG1ka

the graph showing the differentiated THP-1 cells incub

pound 48/80 and (ii) P17 treatment with MRGPRX2

LAD2 cells. D, (i) Surface markers were quantified usin

ation when incubated with LAD2 cell supernatants (i) w

the supernatants were harvested from (ii) wild-type LAD

and/or P17 treatment and (iii) quercetin (100 mM) pretre

DMSO, Dimethyl sulfoxide; ns, not significant. Values ar
used as a positive control. ****P <_ .0001; ***P <_ .001; *
Institutes of Health imageJ software and represented graphically
in Fig 5, D. Because CD11b1 immune-cell population could be
monocytes or neutrophils, to further investigate the monocyte/
macrophage infiltration, additionally, we have used macrophage
marker F4/80 because it is one of themost commonly usedmarker
for the identification of tissue macrophages68-70 in the mouse
ear.71 Contrary to CD11b, neutrophils lack F4/80 protein at their
surfaces69,72 and F4/80 marker is often used to demonstrate
monocyte infiltration in wound repair in mice models.68 Thus,
we have used both CD11b and F4/80 to double-stain the ear tis-
sues by immunofluorescence.We showed that P17 intradermal in-
jection in ear tissues stimulated infiltration of immune-cell
population expressing CD11b and F4/80, whereas P17 treatment
in the presence of quercetin reduced this process (Fig 5, C), as
indicated by the mean fluorescence intensity quantified with Zeiss
Zen microscope software, showing significant reductions in the
intensity of CD11b1 and F4/801 cells (see Fig E11 in this arti-
cle’s Online Repository at www.jacionline.org).
DISCUSSION
Hymenoptera venoms are composed of low-molecular-weight

compounds such as biogenic amines, neurotoxic and cytotoxic
peptides, and proteins, mostly enzymes that are major venom
allergens. Ant stings are very frequent and manifest in various
clinical symptoms including severe chest pain, nausea, severe
sweating, loss of breath, serious swelling, fever, dizziness, and
slurred speech. Anaphylactic shock is the most dramatic and
occasionally fatal reaction.73-75 Venom peptides target 2 predom-
inant families of membrane-bound proteins, ion channels and
GPCR, including neuropeptide GPCR.15,76,77 For instance, pep-
tides Pn3a from the tarantula Pamphobeteus nigricolor, MT7
from the green mamba Dendroaspis angusticeps, and [Thr6]BK
from the neotropical wasp Polybia occidentalis are ligands of
voltage-gated sodium channel NaV1.7, type-1 muscarinic, and
type-2 bradykinin receptors, respectively.78-80 Recently, we
have deciphered the molecular diversity of the T bicarinatum
ant venom, which encompasses 37 peptide precursors processed
into several thousand peptides in the venom,81 a source of struc-
tural templates for new therapeutics or bioactive agents. Bicarina-
lin, the most abundant peptide in T bicarinatum venom, is a
broad-spectrum antimicrobial peptide,11,82,83 whereas P17, the
second most abundant peptide, does not display any antibacterial
activity.11 However, we previously reported that P17 induces an
alternative phenotype of h-MDMs associated with an inflamma-
tory response by activating an unknown GPCR. Broadening the
knowledge on the mechanism of P17 action may contribute to
the improvement of the treatment of immune-related diseases.

MRGPRX2 is a family member of Mas-related gene receptors.
In humans, MRGPRX2 is mainly found in dorsal root ganglia
(DRG), contributing to sleep regulation, locomotion, and cortical
function after CST-14 binding.84 However, MRGPRX2
ppa was used as the isotype control. C, Images and

ated in the supernatant of (i) water, P17, and com-

shRNA-transduced and control shRNA-transduced

g qRT-PCR for human primary monocyte differenti-
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FIG 5. Effect of P17 in paw edema and vascular permeability through Evans blue extravasation assay and

monocyte recruitment in mice ear. A, Wild-type mice injected with Evans blue through tail vein and intra-

plantar injection of P17 (10 mM, 5 mL in saline) and CST-14 (positive control) (10 mM, 5 mL in saline) in the

left hind paw and 5 mL saline in the right hind paw; P17 and CST-14 with (right hind paw) and without
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transcripts are also highly expressed in human MCs.42 It is the
only receptor in the MRGPR family to be expressed outside of
the nervous system and being present in this connective tis-
sue,85,86 suggesting a function of this receptor in MC-neuron
interaction to connect innate and nervous immune systems.87

MCs are part of immune and neuroimmune systems acting as
both effecter and immunomodulatory cells. A plethora of studies
in the past decade have implicatedMRGPRX2 in host defense, al-
lergy, and inflammation.42 It mediates the initiation of inflamma-
tion, angiogenesis, tissue remodeling, tissue injury–associated
immune responses including innate or adaptive immune re-
sponses to pathogens as well as autoimmune disorders.87,88 MC
degranulation can be stimulated by either the classical IgE-
dependent (high-affinity IgE receptor) pathway or alternatively
the IgE-independent (MRGPRX2) pathway.30,89,90 Both in vitro
and in vivo, the classical and alternative activations show different
patterns of MC degranulation that are associated with distinct
local and systemic pathophysiological responses.21 Therefore, it
is essential to understand these mechanisms, particularly the
alternative MC activation, which is an emerging concept and
less understood. In this study, we have identified, from a panel
of 314 GPCRs, MRGPRX2 as a first receptor for the ant venom
peptide P17. Noteworthy, neither formyl peptide receptor–like 1
nor chemokine receptor 6 was activated by P17 in the Tango-
GPCR screening. As a major GPCR involved in allergic re-
sponses,91 MRGPRX2 is recognized for its responsivity toward
a broad range of ligands that include various peptides and com-
pounds such as CST-14, LL-37, substance P, mastoparan, and
compound 48/80.30,62,84,92-97 MRGPRX2 might have more than
1 binding pocket98 involving multiple aa residues evidenced,
for instance, by the following inactivating mutations:
E164R(ECL2), G165E(ECL2), D184H(TM5), I225A(TM6),
W243R(TM6), and H259Y(TM7) and Y279A(TM7).90,98,99

Moreover, there are several Food and Drug Administration–
approved drugs and antimicrobials that induce pseudoallergic re-
sponses via a common structural motif that could bind to
MRGPRX2.30,100 To decipher the interactions of P17 with
MRGPRX2 and promote future agonist/antagonist design of spe-
cific ligands devoid of adverse effects,30 we have built a 3-D
model of MRGPRX2 by homology modeling followed by valida-
tion via a small compound agonist ZINC72453573 with known
binding sites.53 Importantly, we demonstrated that Lys8 of P17
is essential to interact with Phe172 in the ECL2 domain of
MRGPRX2 via a cation-p interaction, and this was consistent
with a battery of in vitro tests coupled to mutation analyses.
More interestingly, some of the scanning mutants of P17
including [Ala8]P17, [Ala4]P17, and [Ala7]P17 are functional an-
tagonists and agonists and have the potential to be lead structures
for future drug development in clinical usage. As we have
mentioned before, hyperactivation of MCs by various allergens
and envenomation leads to anaphylactic or anaphylactoid shock,
(left hind paw) quercetin (100 mM) (N5 6). B, Extravasat

paw edema (N 5 6). Evans blue leakage and paw edem

presence of quercetin pretreatment (100 mM). C, Mou

hours with P17 (10 mM), saline, saline (DMSO), P17 (

(100 mM). Tissue sections were stained with CD11b (

(blue) before observation under a Carl Zeiss LSM 710

staining of tissue sections using Leica BOND-MAX mac

microscope (Nikon H550L). Recruited cells with CD11

Health ImageJ software. DAPI, 4’-6-Diamidino-2-phenyl

Values are means 6 SD (N 5 6 per group). ****P <_ .00
which results in severe allergic reaction and even death.73-75,101

Therefore, a peptide antagonist forMRGPRX2might act as an an-
tidote for anaphylaxis caused by envenomation.

Herein, we show that P17 stimulated the release of 7
cytokines (metallopeptidase inhibitor 1, thymus-expressed che-
mokine, GM-CSF, MCP1, FLT3 ligand, vascular endothelial
growth factor, and macrophage inflammatory protein 3 a) 1.2-
fold more than control. Almost all of them are proinflammatory
in nature, and some of them are known to be a potent chemoat-
tractant for various immune cells. For example, MCP158,102 and
MIP-1a59,60 are 2 main chemokines involved in monocyte
recruitment. Our data, particularly the in vitro and ex vivo
finding, collectively suggest that P17 via MRGPRX2 stimulated
LAD2 cytokine releases and concomitantly recruited monocytes
and then differentiated them into proinflammatory-type (M1-
type) h-MDMs. This was validated by the release of cytokines
(GM-CSF and macrophage-CSF)103,104 and expressions of
CD11a, CD11b, CD11c, CD14, TNF-a, and ICAM-1 marker
genes.105-110 MCs are known to play a major role in innate im-
munity by releasing various cytokines via either high-affinity
IgE receptor or MRGPRX2.30,89 In a very recent study,
MRGPRX2 has been shown to recruit neutrophils62 and mono-
cytes,63 and the MRGPRX2 agonist, LL-37, also recruits neu-
trophils via formyl peptide receptor–like 1 activation.111,112

However, to our knowledge, MRGPRX2-mediated concomitant
monocyte recruitment and differentiation has not been previ-
ously reported or demonstrated. Monocytes can be differenti-
ated into inflammatory or anti-inflammatory subset on the
basis of the environment. On infection or tissue damage, they
could infiltrate the tissues to differentiate into either macro-
phages or dendritic cells (DCs), which are morphologically
distinct from each other; macrophages and DCs are defined as
F4/801 and CD11c1-positive cells, respectively.113,114

In this study, we demonstrate that a novel peptide from ant
venom activates MRGPRX2 in a Ca21-dependent manner on
MCs to recruit monocytes, but also differentiates them into an
CD11b1 and F4/801 immune population, possibly into macro-
phages. It is plausible that there is more than 1 immune-cell
population at the P17-injected site in in vivo models because
neutrophils are known to be recruited by MRGPRX2 activa-
tion.62 However, in this study, we focused on the monocyte
recruitment because our in vitro finding suggests monocyte
recruitment and differentiation. Regardless of the ambiguity in
the immune-cell population being recruited, this study shows
that P17 is a potent MRGPRX2 agonist that induces monocyte
recruitment and differentiation via activating MCs. Mice Mas-
related G protein–coupled receptor-B2 is the human orthologue
of MRGPRX2.30 It is to be noted that findings in this study are
limited to the in vitro, ex vivo, and in vivo studies carried out.
Validation of these findings in Mas-related G protein–coupled
receptor-B2 knockout mice model will enhance our current
ed paws were quantified for Evans blue leakage and

a with agonists and saline treatment and/or in the

se ears intradermal injection (N 5 6/group) for 24
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understanding of MRGPRX2-mediated responses via P17 acti-
vation. In addition, the study reveals key structural information
of the receptor, which in turn can be used to target novel ther-
apeutic drugs that could be used for inflammatory, allergic, or
allergic-related diseases. Overall, these data suggest that P17
or agonists of MRGPRX2 could activate MCs to induce allergic
and inflammatory responses through MRGPRX2 and modulate
the microenvironments by concurrently recruiting and differen-
tiating monocytes in the tissues. Our data also compel us to
revisit various pathophysiological conditions mediated by the
MRGPRX2-MCs axis. With the given structural insights and
the novel immunomodulatory pathway, MRGPRX2 could be a
major therapeutic target to modulate the microenvironment in
various autoimmune and inflammatory disorders, particularly
in the gut. As mentioned above, various cytokines/chemokines
that are released on P17 treatment are already known as key
players in inflammatory bowel disease and colorectal cancer.
For example, thymus-expressed chemokine is a potent chemoat-
tractant for cells expressing IgA antibody-secreting cells to in-
testine,115 macrophage migration inhibitory factor is an
important factor at the intestinal barrier,116 and neutrophil-
activating protein 2 recruits mesenchymal stem cells for tissue
repair and wound healing.117,118 Other studies report the protec-
tive effect of MRGPRX2 ligands such as CST-14119,120 and pro-
tegrin121,122 in Dextran sodium sulfate (DSS)-induced colitis, a
heavily explored aspect of MCs. However, colon is known to
contain a nervous system of its own, sensitive to known
MRPGRX2 agonists such as CST-14, substance P, and vasoac-
tive intestinal peptide.123 Therefore, MRGPRX2 possibly can
be the intermediary link between the nervous system and colon.
In addition, the enteric nervous system is innervated by 3 types
of sensory neurons: DRG, nodose/jugular ganglia, and intrinsic
primary afferent neurons.123,124 Not to mention, MRGPRX2 is
also highly expressed in DRG.84 It is therefore plausible that
these ligands pose a protective effect through MRGPRX2,
which in turn modulate the microenvironment via cytokines
and DRG in inflammatory bowel disease or colorectal cancer.
Exploiting the MRGPRX2-MCs-enteric nervous system axis
will surely enhance our current understanding on intestinal im-
munity and intestinal inflammatory processes.

In this study, we identified that P17 acted through
MRGPRX2. In our previous studies, we demonstrated that
P17 directly activates h-MDMs via an unknown GPCR and
induces an alternative/anti-inflammatory phenotype of h-MDMs
(M2 type).12 The major question that rises up is whether P17
acts through MRGPRX2 in h-MDMs, although its expression
in these cells is relatively low compared with MCs (see Fig
E10, Ai, in this article’s Online Repository at www.jacionline.
org).125 P17 was able to induce [Ca21]i in THP-1 only at very
high concentration (Fig E10, Aii). It has to be noted that M1
and M2 types are an oversimplified characterization of macro-
phages because they are known to be very complex.126 The cy-
tokines released on P17 activation in LAD2 cells are mainly
proinflammatory cytokines that are known to induce M1 macro-
phage polarization.127 In addition, LAD2 cells–induced
h-MDMs have shown an increase in markers that correspond
to M1-type macrophage such as ICAM-1, CD11b, and CD11c
hallmarks of M1-type macrophages.101,128,129 However, we
showed that LAD2 cells–induced h-MDMs displayed a marked
increase in the expression of CD11b marker, whereas direct
activation of h-MDMs with P17 showed a reduction in
CD11b.12 Thus, there is a possibility that there is more than 1
GPCR that can be activated by P17 in different immune cells.
It is likely that P17 activates LAD2 cells via MRGPRX2 to re-
cruit monocytes and differentiate them into M1-type h-MDMs,
and subsequently via an unknown GPCR directly activating
h-MDMs to induce the M2-type h-MDMs for pathogen clearing,
as we have previously reported.12 Therefore, an extensive study
on this aspect should be carried out in the future to further un-
derstand the detailed mechanism of P17 in various immune cells
and their interconnectivity in their immunomodulatory effect.
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Key messages

d P17 activates MRGPRX2 in MCs.

d Residues Lys8 of P17 and Phe172 of MRGPRX2 are
crucial for the ligand/receptor interaction.

d P17 recruits and differentiates monocytes via MRGPRX2
activation in MCs.
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