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ABSTRACT

Background: Mas gene-related G protein-coupled receptors (MRGPRs) are a GPCR family
responsive to various exogenous and endogenous agonists, playing a fundamental role in
pain and itch sensation. The primate-specific family member MRGPRX2 and its murine
orthologue MRGPRB2 are expressed by mast cells, mediating IgE-independent signaling
and pseudo-allergic drug reactions.

Objectives:  Therefore, knowledge about the function and regulation of
MRGPRX2/MRGPRB2 is of major importance in prevention of drug hypersensitivity reactions
and drug-induced pruritus.

Methods: To identify novel MRGPR (ant)agonists, we screened a library of pharmacologically
active compounds utilizing a high-throughput calcium mobilization assay. Identified hit
compounds were analyzed for their pseudo-allergic and pruritogenic effects in mice and
human.

Results: We found a class of commonly used drugs activating MRGPRX2 which consists to a
large extent of antidepressants, antiallergic drugs, and antipsychotics. Three-dimensional
pharmacophore modeling revealed structural similarities of the identified agonists, classifying
them as cationic amphiphilic drugs. Mast cell activation was investigated using the three
representatively selected antidepressants clomipramine, paroxetine, and desipramine.
Indeed, we could show a concentration-dependent activation and MRGPRX2-dependent
degranulation of the human mast cell line LAD2. Furthermore, clomipramine, paroxetine, and
desipramine were able to induce degranulation of human skin and murine peritoneal mast
cells. These substances elicited dose-dependent scratching behavior upon intradermal
injection in C57BL/6 mice but less in MRGPRB2-mutant mice as well as wheal-and-flare
reactions upon intradermal injections in humans.

Conclusion: Our results contribute to the characterization of structure-activity relationships
and functionality of MRGPRX2 ligands and facilitate prediction of adverse reactions like drug-

induced pruritus to prevent severe drug hypersensitivity reactions.
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WORD COUNT: 7340 (not including the abstract, figure legends, and references)

NUMBER OF FIGURES/TABLES: 6/1 (+Supplement: 4/2)

KEY MESSAGES:
- A group of commonly used, cationic amphiphilic drugs act as agonists for MRGPRX2,
MRGPRB2, and/or MRGPRAL.
- Clomipramine, paroxetine, and desipramine trigger mast cell degranulation causing
scratching behavior in mice and wheal-and-flare reactions in humans.
- The structure-activity relationships of MRGPRX2 ligands can help to explain adverse
drug reactions as well as drug-induced pruritus and guide development of preventive

compounds.

CAPSULE SUMMARY: This study revealed an activation of MRGPRX2 by several cationic

amphiphilic drugs which activate mast cells and act as effective pruritogens.

KEY WORDS: Mas gene-related G protein-coupled receptors, mast cells, pseudo-allergic

drug reactions, (drug-induced) pruritus
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ABBREVIATIONS

ANOVA — analysis of variants

ATP — adenosine triphosphate

AUC - area under the curve

Bam8-22 — bovine adrenal medulla peptide

BSA — bovine serum albumin

C48/80 — compound 48/80

CHO - chinese hamster ovarian cells

CQ - chloroquine

CST - cortistatin

DAT — dopamine transporter

DC — deoxycholic acid

DHR - drug hypersensitivity reaction

DMEM - Dulbecco’s modified eagle medium

DMSO - dimethylsulfoxide

DNA — desoxyribonucleic acid

(D)PBS — Dulbecco’s phosphate buffered saline

DRG - dorsal root ganglion

ECs5, — half maximum effective concentration

FBS — fetal bovine serum

FceR — receptor for the Fc region of immunoglobulin E
FI — fluorescence intensity

FIASMA — functional inhibitor of acidic sphingomyelinase
FW — forward primer

GFP/YFP — green/yellow fluorescent protein

GPCR - G protein-coupled receptor

HBSS — Hank’s balanced salt solution

HEK293 — human embryonic kidney cells

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPRT — hypoxanthine-guanine phosphoryltransferase
hsMCs — human skin mast cells

i.d., i.p., i.v. — intradermal, intraperitoneal, intravenous
IL —interleukin

LAD2 - Laboratory of Allergic Diseases — 2

LOPAC - library of pharmacologically active compounds
LPA — lysophosphatidic acid

MACS — magnetic cell separation

MOCK — empty vector control

MRGPRs — mas gene-related G protein-coupled receptors
NET — norepinephrine transporter

NPFF — neuropeptide FF

P1 — propidium iodide

PIPES — piperazine-N,N'-bis(2-ethanesulfonic acid)
(qQ)PCR - (quantitative real-time) polymerase chain reaction
mpMCs —murine peritoneal mast cells

PNAG — poly-N-acetylglucosamine

RNA - ribonucleic acid

RPMI — Roswell Park Memorial Institute 1640 medium
RV — reverse primer

SCF — stem cell factor

SEM - standard error of the mean

SERT - serotonin transporter

SIF — simulated intestinal fluid

SP — substance P

SSRI — selective serotonin reuptake inhibitor
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TCA — tricyclic antidepressant
TRP — transient receptor potential
VAS - visual analogue scale
WT — wild-type
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INTRODUCTION

Drug hypersensitivity reactions (DHRs) are undesired events during therapeutic interventions
and occur in about 8-15% of all adverse drug reactions.’ Besides T cell-mediated DHRs,
mast cells are key players in most cases, either activated by IgE-dependent, also named
“allergic”, or IgE-independent, also known as “pseudo-allergic’, mechanisms.>**° Both
mechanisms provoke mast cell degranulation with release of their granular content including
histamine and other biogenic amines, cytokines, proteases, lysosomal enzymes, leukotrienes
and prostaglandins. These factors induce smooth muscle contraction, vasodilatation,
inflammation and neurotransmission to trigger host defense responses. In case of allergic or
pseudo-allergic reactions, they can also trigger edema, urticaria, and pruritus and even a life-

threatening anaphylactic shock.®™

Mediating IgE-independent activation of mast cells, the MRGPRX2 (mas gene-related G
protein-coupled receptor X2, also known as MRGX2) plays an important role in pseudo-
allergic drug reactions.®™? In 2001, Dong et al. identified a family of GPCRs expressed on
sensory neurons with about 50 murine Mrgprs, 27 of them have an intact open reading frame
(class A—C with several sub-receptors, D, E, F, G), and eight human MRGPRs (X1-X4, D, E,
F, G).» Since then, ongoing research showed an activation of MRGPRs by various
structurally diverse substances. Screening of potential MRGPR ligands revealed murine and
human receptors with a functional homology: The small peptide bovine adrenal medulla
(Bam) 8-22 activates human MRGPRX1 as well as murine MRGPRC11.** Chloroquine (CQ)
also activates human MRGPRX1 but MRGPRA3 instead of MRGPRC11.'> Compound 48/80
(€C48/80), a polymer produced by condensation of N-methyl-p-methoxyphenethylamine with
formaldehyde,'® activates human MRGPRX2 and MRGPRX1 as well as murine MRGPRB2
while the neuropeptide FF (NPFF) can activate both human MRGPRX2 and murine
MRGPRA1."**" The biogenic amine B-alanine can induce signaling of human MRGPRD as

well as of murine MRGPRD.' These findings imply that the primate-specific MRGPR
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subfamily X is closely linked to the murine subfamilies A, B, and C, whereas subfamilies D,

E, F, and G are concordant between species, based on sequence homology.***

Members of the MRGPR family, which are expressed on sensory neurons, are not only
involved in nociception but also in itch signaling: MRGPRX1 and MRGPRA3 mediate
chloroquine-induced pruritus.*® Chloroquine is a drug used to treat malaria for which severe
pruritus as adverse effect was reported, particularly in Africans.?’ Besides chloroquine,
several antibiotics, opioids or cytostatic drugs and less commonly selective serotonin
reuptake inhibitors (SSRI) and tricyclic antidepressants (TCA) provoke pruritus as an
adverse event. The pathway by which these drugs elicit itch is still not fully understood,
ranging from acute pruritus by DHRs to chronic pruritus via liver damage.? In most cases of
itch sensation, exogenous or endogenous pruritogens excite sensory nerve fibers which
transmit electrophysiological signals through the spinal cord to the brain. In the central
nervous system, signals are processed and eventually transferred to motor neurons inducing
a scratch movement.?*?* Itch signaling starts at the dermal level where pruritogens bind to
GPCRs located in the cellular membrane of nerve endings. Activation of these GPCRs can
induce a rise of cytosolic calcium levels via the inositol phospholipid signaling pathway which
in turn sensitizes and opens depolarizing ion channels such as transient receptor potential
(TRP) channels. Depolarization of the neuronal membrane can trigger further voltage-gated
ion channels and transforms the stimulus into action potential firing and transmission to the
brain.”>* The first known pruritogen was histamine, which binds to histamine receptors H1,
H2, H3 or H4 and signals via mechanically insensitive C-fibers.??® In contrast, the initial
GPCR in non-histaminergic itch, which is mostly transduced by polymodal C-fibers, was

unknown until MRGPRs were discovered.?*%°

MRGPRX2 takes a unique role among MRGPRs as it is expressed in human skin mast

9,30 31-33

cells,” " while its expression on dorsal root ganglion (DRG) neurons is still under debate.
Immunohistochemistry and quantitative polymerase chain reaction (QPCR) as well as in situ
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hybridization gave evidence for an MRGPRX2 expression in human DRGs,?*** but RNA-Seq
analysis of human DRGs did not show a relevant MRGPRX2 expression.*! Assuming its
expression on DRG neurons, MRGPRX2 ligands might induce non-histaminergic itch by
direct neuronal activation. Besides, MRGPRX2 causes indirectly histaminergic itch by
degranulation of mast cells, thereby releasing histamine which can activate sensory neurons
located in the epidermis. MRGPRX2 ligands are structurally diverse exogenous and
endogenous compounds, e.g., neuropeptides (i.a. substance P),* proteases,® antimicrobial

36,37

peptides,***” opioids® and basic secretagogues.!” Some of these ligands are associated with

mast cell activation and MRGPRX2-dependent pseudo-allergic drug reactions.”*-**

Here, we report on a high-throughput screening on MRGPRs using a library of
pharmacologically active compounds. With this approach, we aimed at elucidating molecular
traits that lead to the activation or inhibition of these GPCRs. We were interested in i) the
“deorphanization” of MRGPRX3 and MRGPRE-G, ii) the activation of MRGPRX2 leading to
candidates inducing DHRs including pruritus, and ii) MRGPR inhibitors as potential
therapeutics. In this article, we will report on novel MRGPRX2 agonists as potential

candidates for DHR.
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MATERIALS AND METHODS
Human material and subjects
The generation and use of human material for the isolation of primary human cells was
approved by the local Charité Ethics Committee, Charité—Universitatsmedizin Berlin
Germany (EA1/141/12). Clomipramine was intradermally injected in the volar forearm of five

subjects (physicians, coauthors of this publication).

Animals

The C57BL/6 mice (Charles River, Wilmington, MA, USA) were bred in-house in group cages
in a temperature-controlled environment on a 12 h light-dark cycle. Food and water were
provided ad libitum. The mice were killed aged 6 to 16 weeks in a rising CO, atmosphere and
by cervical dislocation. Animals from both sexes were used for experiments. All animal
experiments conform to the Directive 2010/63/EU and were authorized by the district
government (Regierung Unterfranken, Wirzburg Ansbach, Germany; reference number
55.2-2532-2-844). For generation of peritoneal mast cell cultures (mpMCs), C57BL/6J mice
were obtained from breeding colonies of the animal facilities of Charité - Universitatsmedizin
Berlin. Animal care was conducted in accordance with current Institutional Animal Care and
Use Committee guidelines at the Charité-Universitatsmedizin Berlin under official
permissions of the State of Berlin, Germany. Animal care and experiments for MRGPRB2-
mutant mice were conducted in accordance with current Institutional Animal Care and Use
Committee guidelines at Johns Hopkins University School of Medicine with approved

protocol MO19M34.

Cell lines

Human embryonal kidney (HEK293 and HEK293T) cells were received from American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultivated in DMEM (Life
Technologies/Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (Pen/Strep). The human mast cell line
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“Laboratory of Allergic Diseases - 2" (LAD2) was obtained from Dr. Arnold Kirshenbaum and
Dr. Dean Metcalfe (National Institute of Allergy and Infectious Diseases (NIAID), NIH,
Bethesda, MD, USA) and MRGPRX2-deficient LAD2 cells were generated using
CRISPR/Cas9 as described by Shtessel et al.**** Cells were cultured in StemPro-34 SFM
(Life Technologies) with nutrient supplements, 1% glutamine, 1% Pen/Strep and 100 ng/mL
of human stem cell factor (SCF, Peprotech, Rocky Hill, NJ, USA). Phoenix-A cells were
cultivated in RPMI 1640 (Life Technologies) supplemented with 50 UM B-mercaptoethanol
(Thermo Scientific), 10% FBS, 2 mM L-glutamine (Life Technologies), 1% minimal essential
medium (PAN-Biotech GmbH, Aidenbach, Germany), 1 mM sodium pyruvate (PAN-Biotech)
and 40 U/mL Pen/Strep. Cells were tested for mycoplasma every four to eight weeks.
Generation and cultivation of primary cells are described in separate paragraphs in the

following.

Isolation and culture of human skin mast cells

Primary human skin mast cells (hsMCs) were prepared and cultured as described before.*
Samples from three different donors were cultured and analyzed separately. Purity of MC
cultures were routinely checked by flow cytometry for CD117/FceRI positive cells and was
found to be >95%. For detailed description of the isolation procedure see Materials and

Methods in the Online Repository.

Isolation and culture of murine peritoneal mast cells

C57BL/6J mice were sacrificed by cervical dislocation and the peritoneal cavity was flushed
twice with 5 mL of ice cold DPBS. Cells were collected by centrifugation at 300 g for 3 min
and resuspended in RPMI 1640 (Biochrom) supplemented with 25 mM HEPES, 1% non-
essential amino acids, 1% Pen/Strep, 10% FBS (all Life Technologies) and 20 ng/mL each
recombinant mouse IL-3 and SCF (both Peprotech). Suspension cells were cultured at

1.0 x 10° cells/mL with complete media and culture flask change once a week. Purity of
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murine peritoneal mast cell (mpMC) cultures were routinely checked by flow cytometry for

CD117/FceRI positive cells and was found to be >95% after 4 weeks in culture.

Isolation and culture of murine DRGs

Adult C57BL/6J mice of both sexes were used to obtain sensory neurons. About 12-20
dorsal root ganglia (DRGs) were harvested from all spinal levels. The procedure was
described previously.* The nerve roots were removed and the DRGs were incubated in
0.5% streptomyces proteinase, 1% clostridium collagenase (both Sigma-Aldrich) at 37 °C
and 5% CO, for 30 min. After subsequent mechanical dissociation, the cells were seeded on
glass cover slips coated with poly-D-lysine (200 pg/mL, Sigma-Aldrich) and incubated in
serum-free TNB 100 medium supplemented with TNB 100 protein-lipid complex (Biochrom),
Pen/Strep (100 U/mL each, Life Technologies) and nerve growth factor (mouse NGF 2.5S,
100 ng/mL; Alomone Labs, Tel Aviv, Israel) at 37 °C in a 5% CO, atmosphere for 24-30 h

before conduction of calcium microfluorimetry experiments.

Cloning of human MRGPRs and murine Mrgprs

The one-exon genes for human MRGPRX1, -X4, -D and -G were amplified from human
genomic DNA while MRGPRX2, -X3, -E and -F were amplified from HeLa cDNA using the
PWO Superyield DNA Polymerase Kit (Roche, Basel, Switzerland) following manufacturer’s
instructions. Human MRGPRs were cloned into the pMP71 plasmid containing an IRES
followed by green fluorescent protein (GFP), allowing detection of transduced cells.*®*” The
single exon genes for murine Mrgpral, -a3 and -b2 were amplified from murine genomic
DNA using Phusion High Fidelity DNA Polymerase (Thermo Fisher Scientific). Murine Mrgprs
were cloned into the mYFP (yellow fluorescent protein)-fusion plasmid producing MRGPR-
YFP fusion proteins. For a detailed description of the cloning procedure see Materials and
Methods in the Online Repository. Inserts were confirmed using Sanger sequencing and
subsequent analysis with FinchTV (version 1.4.0, Geospiza, Inc.; Seattle, USA) and Multiple
Alignment Construction & Analysis Workbench (MACAW, version 2.0.5).%
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Retroviral constructs and transduction

Phoenix-A cells were transfected as previously described with M57 and pMP71-MRGPR
plasmids using FUGENE® HD Transfection Reagent (Promega, Madison, WI, USA).*" After
48 h, viral supernatant was collected and used to transduce HEK293 cells on culture plates
coated with 30 ug/mL recombinant human retronectin (Takara Bio, Kasatsu, Japan). After
approximately one week, transduced cells were sorted for GFP expression by flow cytometry
based cell sorting using the FACSAria Il (Becton, Dickinson and Company, Franklin Lakes,

NJ, USA).

Transfection

HEK293T were transiently transfected with murine Mrgpral, Mrgpra3 or Mrgprb2 using
Lipofectamine 2000 (Invitrogen/ Thermo Fisher Scientific). Therefore, coverslips (822 mm,
Thermo Fisher Scientific) were coated with poly-L-lysine (Sigma-Aldrich) for 1 h at room
temperature to facilitate cell attachment. After washing the coverslips with DPBS, 1x10° cells
per well were seeded in DMEM with 10% FBS and 1% Pen/Strep and placed at 37 °C and
5% CO, for 24 to 48 h. On the day of transfection, medium was removed and replaced by
Opti-MEM (Thermo Fisher Scientific) supplemented with 5% FBS and transfection was
conducted following manufacturer’s instructions. As all plasmids co-expressed YFP, success
of transfection was assessed by fluorescence microscopy using the AMG Evos fluorescence
microscope (Thermo Fisher Scientific). Transfected cells were used for further experiments
24 — 48 h post transfection. Overexpression of the transfected Mrgprs was verified using a

PCR.

Quantitative real-time PCR

To confirm the successful transduction of HEK293 cells or transfection of HEK293T cells, a
gPCR was conducted. RNA from transduced or transfected HEK293 or HEK293T cells was
isolated with TriZol (Thermo Fisher Scientific) following the manufacturer’s instructions. The
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RNA was quantified using a Nanodrop ND1000 Spectrophotometer (Thermo Fisher
Scientific). Thereafter, 1 pg of total RNA was translated to cDNA using QuantiNova Reverse
Transcription Kit (Qiagen). gPCR was then conducted using SensiFast™ Sybr® No-ROX Kit
(Bioline, London, UK), amplifying the cDNA at an annealing temperature of 60 °C for 40
cycles in a CFX Connect gPCR System (Bio-Rad Laboratories). Primer sequences are listed
in supplementary table 2 in the Online Repository. Quantification cycles (Cq) were
normalized to Cq values of the housekeeping gene hypoxanthin-guanin-

phosphoribosyltransferase (HPRT) using the 27247

method. For visualization, amplification
products were loaded onto a 2% agarose gel supplemented with Midori Green Advanced
(Nippon Genetics Europe) and separated for 35 min at 90 V before visualization using a Gel

Doc™ XR+ Gel Documentation System (Bio-Rad Laboratories).

Multi-cell fluorometric measurement of cytosolic calcium levels

To investigate activation of all eight human MRGPRs, transduced HEK293 cells were pooled
in equal parts immediately before performance of high-throughput experiments. Of the library
of pharmaceutically active compounds LOPAC®"*° (Sigma-Aldrich/Merck KGaA, Darmstadit,
Germany), 720 compounds were used for (ant)agonist screening. Compounds (10 mM in
dimethyl sulfoxide (DMSO)) were diluted in DPBS without Ca* and Mg* to a final
concentration of 30 uM. Compounds, which were positive in the high-throughput calcium
mobilization screening, were tested on each MRGPR expressing cell line separately using
empty vector cells as control to determine receptor specificity. Therefore, positive agonists
were reordered from Sigma-Aldrich in single vials; paroxetine was additionally ordered from
Biorbyt (Cambridge, UK). For each experiment, MRGPR-specific positive controls were
applied to the cells to test vitality and responsiveness before measuring compounds of
interest: Bam8-22 (1 uM; Genemed Synthesis Inc., San Antonio, TX, USA), deoxycholic acid
(DC, 100 uM; Sigma-Aldrich) and C48/80 (10 pg/mL, Sigma-Aldrich) diluted in DPBS (without
Ca®" and Mg?"). General activation was tested with lysophosphatidic acid 18:1 (LPA, 50 uM;
Avanti Polar Lipids, Alabaster, AL, USA). To research inhibitory effects of pharmaceutically
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active compounds, the cell pool was stimulated with the library compound to detect
activation. After 55 s, the cell pool was treated with the known MRGPRX1 agonist BAM8-22
or known MRGPRX2 agonist C48/80 to examine whether addition of the pharmaceutically
active compound caused a reduced rise of cytosolic calcium levels and hence an alleviated
activation of MRGPRX1 or MRGPRX2. For a detailed description of multi-cell fluorometric
measurement of cytosolic calcium levels see Materials and Methods in the Online

Repository.

Calcium microfluorimetry of single cells

Calcium microfluorimetry of single cells was used for heterogeneous cell cultures like
transiently transfected cells or primary cell cultures with different cell types (e.g., DRG
derived cells) as it enables specific detection of cells of interest via imaging. Those cells of
interest might be characterized by YFP expression or signaling upon stimulus with a positive
control, depending on the experimental setup. For calcium imaging, primary mast or neuronal
cells as well as transfected HEK293T cells were stained with the fluorescent calcium
indicator dye Fura-2-AM and were measured as described previously.***° For a detailed

description of calcium microfluorimetry see Materials and Methods in the Online Repository.

PathHunter g-arrestin recruitment assay
A Chinese hamster ovary (CHO) cell line stably expressing B-arrestin, fused to an N-terminal
deletion mutant of p-galactosidase, and MRGPRX2 C-terminally tagged with a [-

galactosidase fragment (ProLink™

) was purchased from DiscoverX (Fremont, CA, USA).
Cells were grown in F-12 Ham’s Nutrient Mixture (Life Technologies) supplemented with
10% FBS, 1% Pen/Strep (PAN-Biotech), 800 pg/mL gentamicin (PAN-Biotech) and
300 pg/mL hygromycin B (PAN-Biotech) at 37° C and 5% CO,. On the day before the assay,
cells were seeded into 96-well plates (Nunclon Delta surface plates, Thermo Fisher
Scientific) at a density of 2.5 x 10° cells/mL per well in 89 pL of Opti-MEM medium (Thermo
Fisher Scientific) supplemented with 2% FBS, 1% Pen/Strep, 800 ug/mL gentamicin and 300
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pg/mL hygromycin B. Compound dilutions were prepared in DMSO. Cortistatin-14 (CST-14,
Bioscience, Bristol, UK), which served as a standard agonist, was diluted in DPBS. In agonist
assays, 10 puL of compound dilutions (final concentration: 10 uM) or CST-14 (final
concentration: 5 uM) were added to each well after adding 1 pL of DPBS to the compound
wells and 1 pL of DMSO to the CST-14 wells. Final DMSO concentrations did not exceed 1%
(v/v). For determination of baseline luminescence, DPBS containing 1% DMSO in the
absence of compound was used. To each well, 50 pL of detection reagent (DiscoverX) was
added. After an incubation period of 60 min at room temperature in the dark, chemo
luminescence was measured using a Mithras LB 940 plate reader (Berthold Technologies,
Bad Wildbad, Germany). Three to four independent experiments were performed, each in

duplicates. The luminescence signals were normalized to the signal of the standard agonist.

3D pharmacophore modeling

Computer-based analysis of three-dimensional molecular structures considering
physicochemical properties was conducted using Maestro Software (V11 for Linux;
Schroedinger, New York City, NY, USA) with the OPLS3 force-field. Each structure was
optimized to minimum energy before the analyses. The Ligrep module was used to mimic
physiological conditions (pH =7) and to consider tautomers. Pharmacophore alignment
showed structures and binding motifs indicating aromaticity, lipo-/hydrophilicity or hydrogen
bridging capacities. The 3D pharmocophore model is based on analyzing motif similarities

between the substances and overlaying their geometries.

B-hexosaminidase release assay

Measurement of B-hexosaminidase release was conducted to detect mast cell degranulation
in LAD2 cells, MRGPRX2-deficient LAD2 cells as well as hsMCs and mpMCs. For a detailed
description of B-hexosaminidase release assays in those cell lines see Materials and

Methods in the Online Repository.
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Annexin V/PI staining

To assess potential toxicity of the newly discovered agonists, LAD2 cells were stained for
annexin V and propidium iodide (PI) after 30 min of incubation with varying concentrations of
clomipramine, paroxetine, and desipramine in DPBS supplemented with 1 g/L glucose. After
stimulation, cells were washed twice with DPBS and once with annexin binding buffer
(BioLegend, San Diego, CA, USA) before addition of annexin V-Pacific Blue (1 pL,
BioLegend) and PI (1 pL, eBioscience, San Diego, CA, USA). After 15 min of incubation,
fluorescent staining of the cells was assessed using MACSQuant® Analyzer 16 Flow
Cytometer (Miltenyi Biotec). Pacific Blue was excited using V1 channel with a filter for 400—
500 nm whereas Pl was measured in channel B3 with an excitation at 595-635 nm. Flow
cytometry data was analyzed using FlowJo (version 10, Becton Dickinson). Gating was set
with unstimulated samples as well as single color stainings. Cells negative for annexin V and

Pl were considered viable.

Evans Blue extravasation assay (passive cutaneous anaphylaxis)

1% Evans Blue dissolved in DPBS (100 pL) was injected i.v. before anaesthetizing the
C57BL/6N mice by i.p. injection of xylazine (120 mg/kg body weight; Rompun® 2%, Bayer
AG, Leverkusen, Germany) and ketamine (24 mg/kg body weight; Ketanest® S, Pfizer, New
York City, NY, USA). 5 min after the injections, the anesthetized mice were placed under the
Leica EZ4W stereomicroscope (Leica, Wetzlar, Germany) and 10 uL of DPBS and C48/80
(100 pg, 20 g/L) or clomipramine (100 pg, 28.5 mM) dissolved in DPBS were injected
intradermally into the left and right ear, respectively. After 15 min mice were sacrificed by
cervical dislocation and the ears were removed. To extract Evans Blue from the tissue, the
ears were dried for 24 h at 50 °C before incubation in formamide for 24 h at 50 °C under light
shaking at 300 rounds per minute. The extracted Evans Blue was then quantified assessing

absorbance at 600 nm in the NOVOstar microplate reader (BMG Labtech).

Behavioral scratch assay
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Behavioral scratch assays were conducted using C57BL/6N and MRGPRB2-mutant mice
from both sexes. For unbiased assessment of acute scratching behavior in C57BL/6N mice
upon stimulation with clomipramine, paroxetine, and desipramine, a magnet-based recording
technology was used as described before by Kremer et al.”® MRGPRB2-mutant mice and
respective wild-type control mice were kindly provided and scratching was recorded by Prof.
Xinzhong Dong and coworkers, using a classical, observation-based recording. In both
experimental setups, mice were acclimated in their test chambers and injection of the
respective compound of interest (clomipramine (100 pug, 5.69 mM), paroxetine (100 ug,
5.34 mM), desipramine (100 pg, 6.60 mM) and C48/80 (100 pg, 2g/L)) occurred
intradermally in the neck of the mice with a total volume of 50 uL. The amount of all
compounds injected was 100 pg per mouse in accordance to the literature for C48/80 used in
scratch assays.”™** Immediately after injection, scratching was assessed for 30 min. For a
detailed description of the behavioral scratch assays see Materials and Methods in the

Online Repository.

Intradermal injection of clomipramine in healthy volunteers

50 pL of 5 mM clomipramine in simulated intestinal fluid (SIF) and SIF as a negative control
were injected i.d., in a single-blinded manner, parallel, randomized left vs. right, in the mid of
the volar forearm (2 males, 3 females, age 29-51). Itch intensity was assessed on a visual
analogue scale (VAS, 0-100 mm) every single minute starting after provocation up to 30
minutes, for the left and for the right forearm as described previously.>® Blood flow was
assessed using laser speckle contrast imaging (Full-field laser perfusion imager-2, Moor
Instruments, Axminster, UK) before provocation as well as 3 minutes and 20 minutes after

provocation. Wheal and flare size were measured using a ruler at the same time points.

Data analysis
For statistical analysis, GraphPad Prism version 8 (GraphPad Inc. La Jolla, CA, USA) was
used. In case data were positively tested for normal distribution (Kolmogorov-Smirnov), a t-
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Test was conducted for two groups or an ANOVA for more than two groups. In case data
were not normally distributed, a Kruskal-Wallis test was applied. Association of parameters
was determined by Pearson’s product-momentum correlation for parametric data or by
Spearman correlation for non-parametric data. Data are presented as mean + SEM. Results
of statistical inference are indicated for p-values as follows: * p<0.05, ** p<0.01, *** p<0.001,
**+% n<0.0001. Hierarchical cluster analysis of the agonists was conducted with the maximum
fluorescence intensity ratio (max. FI 340/380 nm) values of the agonists using IBM SPSS
Statistics (version 21, IBM, Armonk, NY, USA). Distances were calculated using average
group linkage. To draw area proportional Venn diagrams, EulerApe (University of Kent,

Canterbury, UK) was employed.>*
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RESULTS

Several cationic amphiphilic drugs are MRGPRX2 agonists in vitro

In an MRGPR-overexpressing HEK293 model, we examined activation and inhibition of
MRGPRs by pharmacologically active compounds. Therefore, we established a HEK293
overexpression model via viral transduction, consisting of eight cell lines expressing one
MRGPR each (MRGPRX1, MRGPRX2, MRGPRX3, MRGPRX4, MRGPRD, MRGPRE,
MRGPRF, MRGPRG) and an empty vector control (MOCK) (see Fig. S1 in the Online
Repository). These cells were used for a high-throughput screening of 720 pharmacologically
active compounds measuring a transient rise of cytosolic calcium levels upon activation of
the respective GPCR. Thereby, we identified 18 new agonists selective for MRGPRX2 with a
maximum fluorescence intensity ratio (FI 340/380 nm) above 1.1, namely aminobenztropine,
amitriptyline, benztropine, chlorpheniramine, chlorpromazine, chlorprothixene, citalopram,
clemastine, clemizole, clomipramine, clozapine, cyclobenzaprine, cyproheptadine,
desipramine, diltiazem, fluoxetine, imipramine and paroxetine (alphabetically ordered). The
screening was conducted at a concentration of 30 uM of the respective compound. The
maximum FI ratio (1.12-1.92 for 340/380 nm) correlated well with the ECs, values (8.15 pM —
206 pM) of all nine substances tested (see Fig. S2 in the Online Repository). The known
MRGPRX2 agonist C48/80 served as positive control (Fig. 1A). To classify and order the
newly discovered agonists, hierarchical cluster analysis by their maximum ratio of calcium-
dependent fluorescence via average group linkage was conducted. Clustering suggested
four groups with i) strong (clomipramine, cyproheptadine, chlorpromazine), ii) intermediate
(benztropine, chlorprothixene, paroxetine, amitriptyline), iii) weak (imipramine, desipramine,
clemastine, aminobenztropine) and iv) very weak (chlorpheniramine, clemizole, citalopram,
clozapine, fluoxetine, diltiazem, cyclobenzaprine) activation potential (see Fig. S2 in the
Online Repository). For further analysis, the following three representative agonists were
selected and studied in detail: clomipramine as a representative of strong agonists,
paroxetine as a representative of intermediate agonists, and desipramine as a representative
of agonists with weak activation potential. These candidates selectively activated
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MRGPRX2- but no other MRGPR- or empty vector control-transduced cells at a
concentration of 30 uM (Fig. 1B). Also, clomipramine, paroxetine, and desipramine provoked
a concentration-dependent activation of MRGPRX2 with a half-maximal effective
concentration (ECso) of 15 puM for clomipramine, 34 uM for paroxetine, and 78 uM for
desipramine (Fig. 1C). Analyzing the concentration-response on MOCK cells showed an
unspecific Ca?" response of HEK293 cells for high concentrations of 500-1000 pM for
clomipramine and desipramine, and of 100 uM in case of paroxetine. Next, concentration-
dependent activation of MRGPRX2 by clomipramine, paroxetine, and desipramine was
evaluated using an MRGPRX2-dependent B-arrestin recruitment assay based on enzyme
complementation technology. The determined ECs, values were 9.00 uM for clomipramine,
15.8 uM for paroxetine, and 21.6 uM for desipramine (Fig. 1D). This finding might be of
relevance since a B-arrestin assay represents a calcium-independent GPCR signaling
pathway, which is responsible for receptor internalization, and not all known MRGPRX2

agonists elicit B-arrestin recruitment.>

Three-dimensional pharmacophore modeling was conducted in order to evaluate those
ligands’ spatial structure. We aimed at identifying structural features that are shared by the
new agonists and which would allow us to define motifs that are essential for receptor
activation. This computer-based analysis of the 3D molecular structures revealed that all
agonists identified in our screening (18 out of 18) carry an aliphatic, protonatable, often
tertiary amino group and two benzene rings, while 12 out of 18 compounds additionally
feature a hydrophobic center connecting these two aromatic rings (Fig. 2). Thus, all
MRGPRX2 agonists share a similar amphiphilic surface charge pattern, which is
characterized by negative and positive electrostatic potentials ranging from -0.15 V (blue) to
0.15 V (red). This amphiphilic property is characterized by a lipophilic, aromatic, sterically
demanding partial structure, besides an aliphatic but highly polar, weakly basic function,

which is, at least in part, positively charged at a physiologic pH value of 7.4. Moreover, 10
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out of 18 compounds feature a halogen substituent (fluorine or chlorine) on one of the
benzene rings, potentially serving as Lewis-acceptor for o-hole binding.

In addition to a pharmacophore analysis to identify structural commonalities, we screened
the literature to survey functional similarities for our newly discovered MRGPRX2 agonists.
We thereto focused on their usage as therapeutics and their respective targets. The newly
discovered MRGPRX2 agonists are commonly used as antidepressants (7 out of 18),
antiallergic agents (4 out of 18), antipsychotics (3 out of 18) or antispasmodics (3 out of 18)
(Table I). Furthermore, 12 out of 18 compounds have a high or medium affinity to serotonin
(SERT) and/or norepinephrine (NET) transporters acting as serotonin or norepinephrine
reuptake inhibitors; only a few compounds are dopamine reuptake inhibitors binding to
dopamine transporters (DAT). Additionally, most agonists have anti-serotonergic, anti-
histaminergic, and anti-cholinergic effects, some of them also anti-dopaminergic or anti-
adrenergic activities. Receptor-ligand binding affinities were taken either from the
Psychoactive Drug Sreening Program (PDSP) Database® or from references listed in Table
I. As the inhibition constant K; is strongly dependent on the receptor subtype and might differ
between publications, we do not provide exact literature values here. Instead, we classified
them into three categories: low (0, K; = 0.2-20 nM), medium (+, K;=21-200 nM), and high
(++, Ki = 201-2000 nM). During literature research, one remarkable aspect emerged: due to
their amphiphilic character, 12 out of 18 compounds were found to be functional inhibitors of
acidic sphingomyelinase (FIASMA). Such compounds enter lysosomes, where they become
fully protonated at their aliphatic amino moiety because of the low intra-lysosomal pH value.
After protonation, it is impossible for them to cross the membrane anymore. Their lipophilic
moiety anchors in the cell membrane and the positively charged portion, which points to the
lumen, disturbs electrostatic adherence of acidic sphingomyelinase, which leads to its
degradation.®’

Taken together, when we review the structural and functional commonalities, it becomes

clear that this novel class of MRGPRX2 agonists only comprises cationic amphiphilic drugs.
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A group of cationic amphiphilic drugs activates human mast cells MRGPRX2-dependently

Subsequently, we were interested in the impact this knowledge might have for common
therapeutic interventions. It is well known that MRGPRX2 is expressed on mast cells and
provokes IgE-independent degranulation; hence, MRGPRX2 agonists are capable of
inducing anaphylactic reactions. Consequently, we experimentally studied activation and
degranulation in LAD2 cells and hsMCs by measurements of intracellular calcium
mobilization and B-hexosaminidase release assays. First, we confirmed activation of LAD2
cells by 30uM of aminobenztropine, amitriptyline, benztropine, chlorpheniramine,
chlorpromazine, chlorprothixene, citalopram, clomipramine, cyproheptadine, desipramine,
diltiazem and paroxetine using 10 pg/mL of C48/80 as a positive control (see Fig. S3A in the
Online Repository). The comparison of MRGPRX2 activation in both cell lines, LAD2 (cf.
Fig. S3A) and MRGPRX2-expressing HEK293 cells (cf. Fig. 1A), revealed a strong
correlation (see Fig. S3B in the Online Repository). This correlation validates our MRGPRX2-
expressing HEK293 model as it shows calcium mobilization levels akin to those in human
LAD2 cells, which express MRGPRX2 endogenously. Then, we investigated the
concentration-dependent activation of LAD2 cells by clomipramine, paroxetine, and
desipramine to determine ECs, values (Fig. 3A), which were 16 puM for clomipramine, 18 pM
for paroxetine, and 34 uM for desipramine. Besides calcium mobilization, clomipramine,
paroxetine, and desipramine were also able to provoke a degranulation of LAD2 cells in a
concentration-dependent manner (Fig. 3B). At a concentration of 15 uM for clomipramine
and of 75 uM for paroxetine, degranulation measured by B-hexosaminidase release was
significantly increased in LAD2 cells. The maximum concentration tested for each agonist
was determined in accordance with a cell toxicity test (Fig. S3C). For this purpose, the
indicated concentrations (50 to 400 pM) of the respective MRGPRX2 agonist were applied to
LAD2 cells, which were subsequently stained with propidium iodide (PI) and Annexin V and
analyzed by flow cytometry. Pl and Annexin V can be used for quantification of apoptotic and
necrotic cells; thus, we observed cell toxicity effects for stained cells and full viability for
unstained cells. For clomipramine, cell toxicity was detected at a concentration higher than
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100 uM, whereas paroxetine and desipramine were less toxic with onset of toxicity above
150 uM and 300 pM, respectively, suggesting that the release of granular content at ECs,
values is not due to cell death. To prove that the LAD2 degranulation is due to MRGPRX2
activation, a B-hexosaminidase assay in LAD2 cells with a MRGPRX2 knockout was
conducted (Fig. 3C). The degranulation caused by 50 uM of clomipramine, paroxetine, and
desipramine or 10 pg/mL C48/80 was not above vehicle control in cells lacking MRGPRX2
while wild-type LAD2 exhibited a significantly augmented B-hexosaminidase release.
Tween20 (2%) induced comparable signals in both cell lines. Moreover, clomipramine and
paroxetine were able to significantly induce degranulation of primary human skin mast cells
as of a concentration of 38 UM (clomipramine) and of 75 uM (paroxetine), while desipramine
induced a weak, not significant degranulation (Fig. 3D). In summary, MRGPRX2 agonists
induced MRGPRX2-dependent B-hexosaminidase release in both LAD2 and primary human

mast cells.

A group of cationic amphiphilic drugs activates murine and human mast cells and induces
scratching behavior

The physiological relevance of cationic amphiphilic drug-induced mast cell activation and
degranulation was investigated in mice and humans. First, activation of mpMCs was
evaluated and could be confirmed for all three MRGPRX2 agonists by calcium
microfluorimetry using substance P (SP) and C48/80 as positive controls (Fig. 4A). Linear
correlation analysis of cells responding to one of the newly discovered agonists and cells
responding to the positive control SP or C48/80 was conducted to verify that reacting cells
are MRGPRX2-expressing mast cells (Fig. 4B). It revealed clear correlation (r = 0.42-0.72,
all p<0.0001) for clomipramine and desipramine with SP and C48/80 and a weak correlation
for paroxetine with SP or C48/80 (r = 0.31-0.34, p<0.0001). Furthermore, degranulation of
mpMCs was assessed in vitro upon stimulation with increasing concentrations of
clomipramine, paroxetine, and desipramine and showed a significant response as of a
concentration of 38 uM for clomipramine, of 75 uM for paroxetine, and of 150 uM for
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desipramine (Fig. 4C). Thus, we aimed to corroborate mast cell degranulation in an in vivo
model using Evans Blue dye injected into the tail vein of C57BL/6N mice (Fig. 4D).
Clomipramine and the positive control C48/80 significantly enhanced extravasation of Evans
Blue stained plasma proteins in the ear of the mice indicating local anaphylaxis with an
augmented histamine concentration.®® Next, we utilized the MRGPRX2 orthologue
MRGPRB2, expressed on mast cells, which we hypothesized to be also activated by the
newly discovered MRGPRX2 agonists. Calcium microfluorimetry on HEK293T cells
transfected with either Mrgprb2 or an empty vector control exhibited activation of Mrgprb2-
transfected cells by clomipramine, paroxetine, desipramine and the control agonist C48/80
(Fig. 4E+F). For paroxetine, the mean response of pooled MRGPRB2-expressing HEK293T
cells showed only a minor elevation of the calcium signal compared to control cells.
However, individual Mrgprb2-transfected cells showed clear responses to treatment with

clomipramine and desipramine.

The human MRGPRX2 is suggested to be not only expressed on mast cells but also on
neuronal cells of DRGs.*** Thus, MRGPRX2 agonists may directly activate a neuronal
signaling cascade in humans. Since MRGPRB2 is not expressed on murine DRG neurons,
but other murine MRGPRs are, we tested their direct activation by our newly discovered
agonists. Calcium microfluorimetry of dissociated murine DRG cells evidenced that
clomipramine (10-100 uM), paroxetine (25-100 uM), and desipramine (100 uM) were
capable to directly activate neuronal cells (see Fig. S4A in the Online Repository). The
TRPA1 agonist carvacrol and the TRPV1 agonist capsaicin were applied to the same cells.
So, cells responding to clomipramine, paroxetine, and desipramine could be characterized by
their TRP expression using area proportional Venn diagrams (see Fig. S4B in the Online
Repository). Interestingly, the three agonists mainly activated neurons expressing TRPV1 or
both channels but rarely cells expressing only TRPAL. MRGPRA1 and MRGPRAS are
murine MRGPRs expressed on sensory neurons.® Thus, clomipramine, paroxetine, and
desipramine were tested on HEK293T cells transfected with Mrgpral and Mrgpra3 or an
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empty vector control. All three compounds induced substantial calcium mobilization in around
60—90% of all cells positive for MRGPRA1 (determined by YFP expression), whereas they
did not activate MRGPRA3 or control cells (see Fig. S4C in the Online Repository). The
neuropeptide FF (NPFF) was used as a positive control for MRGPRA1 and chloroquine for
MRGPRAS3. Clomipramine, paroxetine, and desipramine induced a minimal signal on empty

vector control cells, substantially weaker than in MRGPRAL-expressing cells.

MRGPR receptors are also known as “itch receptors”.*® Thus, we aimed to investigate the
pruritogenic potential of the newly discovered MRGPR agonists using a murine scratching
model and intradermal injection in the skin of five subjects.*®*® Indeed, intradermal injection
of 100 pg of clomipramine (5.7 mM), paroxetine (5.3 mM), or desipramine (6.6 mM) per site
in the neck of C57BL/6N mice induced substantial scratching behavior, detected observer-
independently using a magnet-based recording technology (Fig. 5A). C48/80 served as a
positive control to induce scratching behavior. Clomipramine and paroxetine elicited
substantial scratching of 109+48 and 108+49 scratch bouts, respectively, within 30 min after
injection compared to 21+16 scratch bouts after application of PBS. The responsiveness of
individual mice suggests also a pruritogenic potential of desipramine, albeit there was no
significant difference to PBS control with the pre-specified number of animals and the large
variance observed. Furthermore, scratching behavior was induced dose-dependently
injecting either 0.1, 1 or 10 mM of clomipramine. At concentrations of 1 mM (18 ug/site) and
above, scratch bouts were significantly enhanced within 30 min after injection in comparison
to the negative control PBS (Fig. 5B). There was no dependency on the sex of the mice
perceived (data not shown). Compared with C57BL/6 wild-type animals, MRGPRB2-mutant
animals scratched significantly less in response to injection of clomipramine and desipramine
suggesting that MRGPRB2 mediates a component of cationic amphiphilic drug-induced
pruritus (Fig. 5C-E). When injecting clomipramine (50 pL, 5 mM) in the skin of the volar
forearm of five healthy volunteers (physicians, co-authors), a fast and substantial mast cell
activation was observed (Fig. 6). Mast cell activation was determined i) by a wheal-and-flare
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reaction measured with a ruler at 3 min (data not shown) and 20 min after provocation
showing a significantly increased reaction upon provocation with clomipramine in comparison
to vehicle control (SIF) and ii) by a significant blood flow change in comparison to baseline
using laser speckle contrast imaging at the same time points. Out of five subjects, one
subject (#1) reported about a distinct, long-lasting itch sensation upon provocation with
clomipramine, one subject (#4) about mild itch, and one subject (#2) about a very subtle,
itch-like sensation (Fig. 6E). Taken together, the maximal pruritus intensity was not
significantly enhanced upon intradermal injection of clomipramine in comparison to vehicle
control (Fig. 6D), albeit a high individual variance was observed with itch induction in some

subjects.
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DISCUSSION

The GPCR MRGPRX2 is known to play an important role in pseudo-allergic drug reactions.**
Here, we introduce a novel class of cationic amphiphilic drugs as agonists for this receptor
identified by means of a high-throughput calcium mobilization screening. Considering the
agonists’ molecular structure and activation capacity, we hypothesize the following structural
elements to be of major importance for MRGPRX2 activation: i) the aromatic ring system is
preferably tricyclic with a hydrophobic center and has a halogen substituent, ii) the aliphatic
amino group is tertiary or otherwise sterically demanding and arranged orthogonally to the
axis of the ring system. Aromaticity in combination with a protonatable amino group can also
be found in opioids, phenothiazines, fluoroquinolone antibiotics and neuromuscular blocking
agents, already published as MRGPRX2 agonists, which is in line with our findings. Their
ECs, values in calcium mobilization assays ranged from 6 uM for opioids to 25 uM for
phenothiazines and, thus, are similar to the ECs, values of cationic amphiphilic drugs
presented here.'”**% All newly characterized agonists target receptors or transporters for
monoamine neurotransmitters. Analysis and structural comparison via in silico homology
modeling of the well-known sequences of the respective receptors, many of which have been
co-crystallized with their ligands, and MRGPRX2 could be performed.®*® To determine
structural elements consistent between known agonists and to characterize the MRGPRX2
binding pocket may facilitate the identification of other novel MRGPRX2 agonists and the

prevention of DHRs.

Next, we investigated the physiological relevance of the newly discovered MRGPRX2
agonists by using mast cells which express MRGPRX2 or MRGPRB2 endogenously.®* In the
human mast cell line LAD2 as well as in primary human and murine mast cells, calcium
mobilization and degranulation were induced by clomipramine, paroxetine, and positive
controls and a similar tendency was observed for desipramine.®*® In LAD2 cells lacking
MRGPRX2, degranulation was decreased to the level of vehicle control implying that
MRGPRX2 is crucial for mast cell degranulation upon stimulation with cationic amphiphilic
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drugs. In murine mast cells, paroxetine also induced calcium mobilization in cells, which were
not MRGPRB2-expressing based on a lack of response to C48/80 (cf. Fig. 4B and 4F).
Although there are several studies showing that paroxetine has no affinity to serotonin
receptors, recent publications demonstrated that paroxetine and other SSRIs like sertraline,
citalopram or fluoxetine, can induce pruritus via 5-HT,s receptors.®*® Since mast cells are
proposed to express 5-HT,z and other serotonin receptors, paroxetine could signal via
several receptors on mast cells, including the here described activation of MRGPRX2.%
Besides potential activation of other GPCRs, clomipramine and paroxetine provided an
indication for inhibition of calcium channels: in calcium microfluorimetry experiments, they
lowered the basal calcium level in mast cells before calcium mobilization upon GPCR
activation occurred (cf. Fig. 4A).°*%° Furthermore, HEK293T cells transiently transfected with
the murine Mrgprb2 receptor responded to stimulation with the newly discovered agonists,
although not all transfected cells positive for YFP tagged to Mrgprb2 were activated by
C48/80 or clomipramine, paroxetine, and desipramine. Accordingly, small molecule drugs
identified as MRGPRX2 activators by McNeil et al. exhibited explicitly different ECsq on
MRGPRB2, suggesting there is indeed a functional homology between MRGPRX2 and
MRGPRB?2 but no full analogy.'” Hence, cationic amphiphilic drugs signal via MRGPRX2 and
MRGPRB2 but possibly not exclusively, therefore even GPCR-independent mechanisms
might play a role.”® This hypothesis is conceivable since higher concentrations of
clomipramine, paroxetine, and desipramine activated HEK293 cells in a concentration-
dependent manner (cf. Fig. 1C). Nevertheless, our data show convincing evidence for an
activation of primary human and murine mast cells by the cationic amphiphilic drugs

clomipramine, paroxetine, and desipramine.

Activation of mast cells not only triggers inflammatory signaling pathways resulting in
enhanced vascular permeability and recruitment of other immune cells,” there is also an
interaction of mast cells and neuronal cells modulating itch and pain sensation.”? We
investigated the activation of murine DRG neurons by clomipramine, paroxetine, and
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desipramine and the respective overlap with cells responding to TRPV1 agonist capsaicin
and TRPA1 agonist carvacrol. Histaminergic itch is assumed to signal via TRPV1, while
activation of TRPA1 is associated with non-histaminergic, MRGPR-mediated itch.”® In
calcium microfluorimetry, 7-9% of all detected cells reacted to the three new agonists and
Venn diagrams depict the overlap of reacting cells with TRPV1" and TRPAL1" cells.
Remarkably, most cells activated by the newly discovered agonists were positive for TRPV1,
some additionally expressed TRPAL. Thus, signaling circuits of DRG neurons induced by
clomipramine, paroxetine, and desipramine would need further investigation. To identify the
responsible murine MRGPRs in DRG neurons, MRGPRA1 and MRGPRA3 were tested as
they are expressed on neuronal cells and MRGPRA1 was proposed to be a functional
homologue of MRGPRX2.*'*™ Cells transfected with Mrgpral were activated by
clomipramine, paroxetine, and desipramine. In contrast, clomipramine, paroxetine or
desipramine did not elicit responses in HEK293T cells transfected with Mrgpra3, while
moderate responses to the known MRGPRAS agonist chloroquine served as positive control
for functional expression. Thus, the results propose MRGPRA1l as neuronal MRGPR
mediating neuronal responses to the identified cationic amphiphilic drugs. How MRGPRs
modulate the interplay between mast cells and neuronal cells and how the organism benefits

from expression of MRGPRs on both cell types remains to be elucidated.

Pruritus can be one symptom of (pseudo-)allergic reactions, which is not restricted to the
injection site but is processed via the spinal cord and the brain.”>’® For this reason, we
investigated the pruritogenic potential of the newly discovered agonists in vivo. In mice,
clomipramine and paroxetine induced scratching behavior, desipramine showed a similar
tendency. Thus, our data represent the first evidence for substances with a particular
pharmacophore, all of which are clinically used drugs, to be effective pruritogens in mice.
Interestingly, itch sensation towards clomipramine in humans was highly individual within the
five subjects investigated, which might possibly be caused by MRGPRX2 polymorphisms.”’
Nonetheless, there was a clear mast cell activation in terms of a wheal-and-flare reaction and
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a blood flow change detectable in all subjects. However, the impact on the medical treatment
of patients with depression and psychotic disorders or allergies remains ambiguous.
Antipsychotics and antidepressants in general are assumed to induce miscellaneous

78-80

dermatological reactions, anaphylaxis,®* and pruritus,?*®? but also serve for treatment of

psychogenic and chronic pruritus.®*%°

Topical application of doxepin, a tricyclic
antidepressant with similar structure to clomipramine, desipramine, and imipramine, induced
contact dermatitis with eczema and itch sensation.’”® Additionally, clomipramine can
mediate infrequent but severe cutaneous adverse drug reactions.?*%° Also antihistamines,
commonly used in allergic disorders to relieve mast cell-mediated symptoms,®* are presumed
to be able to lead to an anaphylaxis and hypersensitivity reaction in very rare cases.?"2
However, it should be considered that the observed effects might be a continuation of the
initial allergic or anaphylactic event. The immediate and non-immediate adverse reactions of
the newly discovered MRGPRX2 agonists shown here could be different for oral and
intravenous administration as it is assumed for B-lactam antibiotics.**** Neuromuscular
blocking agents, which are known to activate MRGPRX2 and which are mostly administered
intravenously, are often associated with drug-induced perioperative hypersensitivity
reactions.”®" Though, orally administered drugs, like clomipramine, paroxetine, and
desipramine, undergo metabolism in gut and liver and their metabolites might exhibit an
altered reaction profile than that of the parent drug. At first sight, it may be odd that first-
generation H1 antihistamines and antipruritics activate MRGPRX2 on mast cells inducing
degranulation with histamine release and scratching behavior in mice. Hou et al. found the
antipsychotic chlorpromazine to release histamine from mast cells via MRGPRX2, but at the
same time, it inhibited calcium mobilization by histamine receptor H1 in overexpressing

HEK?293 cells.* This allows to formulate the hypothesis, that MRGPRX2 might modulate the

histamine-signaling pathway at the interplay of mast cells and neuronal cells.
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Table | — Classification of novel MRGPRX2 agonists by medical

sphingomyelinase (FIASMA)

use, reuptake inhibition,

antagonistic effects and

inhibition of acid

g% 5 z 5 > 5% 3>
Agonist Usage as 3D model Reuptake inhibition 87 35> 38 25 = FIASMA Ref.

S 35% g8 B3 <28

09 58 &9 = o
Aminobenztropine ARR
Amitriptyline Antidepressant ARRM SERT (+), NET (+) + ++ 0 0 0 + 56,64,98-100
Benztropine Antispasmodic ARR DAT (+) ++ o+ 0 ++ + + 26,100
Chlorpheniramine  Antiallergic agent ARRH SERT (+), NET (0), DAT ++ °6:99,101
Chlorpromazine  Antipsychotic ARRHM SERT (0), NET (0) + + + + + + 56.100,102,103
Chlorprothixene  Antipsychotic ARRHM SERT (0), NET (+), DAT  ++  ++  ++ + + + 56,100
Citalopram Antidepressant ARRHM SERT (++) 0 0 0 56,64,99,104
Clemastine Antiallergic agent ARRHM ++ 0 + 56,100,105
Clemizole Antiallergic agent ARRH + 26,106
Clomipramine Antidepressant ARRHM SERT (++), NET (+) + + 0 + + + 96,64,99,100
Clozapine Antipsychotic ARRHM SERT (0), NET (0) ++ o+t + ++ 56,102,103
Cyclobenzaprine  Antispasmodic ARRM SERT (+), NET (+) ++ + + 56,100.107.108
Cyproheptadine  Antiallergic agent ARRM NET (o) ++ o+t + ++ + 56,100
Desipramine Antidepressant ARRM SERT (++), NET (++) 0 + + + + 56,99,100
Diltiazem Antispasmodic* ARRM
Fluoxetine Antidepressant ARRH SERT (++), NET (0) + 0 0 + 56,64,98~
Imipramine Antidepressant ARRM SERT (+), NET (+) + + + 0 + 96,64,99,100
Paroxetine Antidepressant ARRH SERT (++), NET (0), DAT + + 56,64,99,100,104

*Diltiazem is used in angina and hypertensive disorders (vasodilatation); A = Amino group, R = benzene ring, M = hydrophobic center, H = halogen
substituent, SSRI = selective serotonin reuptake inhibitor, TCA = tricyclic antidepressant, SERT = serotonin transporter, NET = norepinephrine
transporter, DAT = dopamine transporter; o (K; = 0.2-20 nM), + (K; = 21-200 nM), ++ (K; = 201-2000 nM).
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FIGURES LEGENDS

Fig.1: Pharmaceutically active compounds activate M RGPRX2.

(A) Maximum ratio of intracellular Ca?'-dependent fluorescence intensity (FI) upon
stimulation of MRGPRX2-expressing HEK293 cells by 18 pharmaceutically active
compounds at 30 uM and C48/80 as positive control (10 g/mL). Maximum FI is equivalent to
the peak point of transient Ca**-dependent fluorescence of Fura-2-AM ratio at 340 nm and
380 nm shown in Fig.S2. Bars represent mean+SEM (n = 3-6). (B) Transient Ca**-dependent
fluorescence intensity (FI, 340/380 nm) in MRGPR-expressing HEK293 cells and empty
vector control (MOCK) upon stimulation with clomipramine, paroxetine, desipramine (30 pM)
and C48/80 (10 pg/mL). Arrows indicate addition of stimulus. Graphs represent meantSEM
(n=3-6). (C) Average concentration-response curves of clomipramine, paroxetine,
desipramine and C48/80 showing the measured maximum Fl for the respective
concentration (meantSEM) plotted with a non-linear regression fit to determine the half-

maximal effective concentration (EC, ) in MRGPRX2-expressing HEK293 cells (n = 3-4).

MOCK cells were used as control (n = 3-4); highest p-values are depicted: **** p<0.0001,
*p<0.05 (Two-way ANOVA with post-hoc Sidak’s multiple comparisons test). (D)
Concentration-response curves of clomipramine, paroxetine, and desipramine in B-arrestin
assays (n= 3, meantSEM) at the MRGPRX2 receptor using CHO cells recombinantly

expressing the receptor.

Fig.2: Novel MRGPRX2 agonists, sharing structural c =~ ommonalities, are cationic
amphiphilic drugs.

3D pharmacophore modeling of agonists with Maestro Software (Schroedinger, used to
highlight the molecular surface and the electrostatic potential thereof) revealed structural
similarities: all 18 agonists feature an aliphatic protonatable amino group and a lipophilic
group of two benzene rings (ARR); 12 out of 18 substances additionally have a hydrophobic

center (ARRM) and 10 out of 18 substances exhibit a halogen substituent on one of the
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aromatic rings (ARRH). Structural features: Amino group (A), two benzene rings (RR),

hydrophobic center (M), halogen substituent (H).

Fig.3: MRGPRX2-dependent activation and degranulati  on of human mast cells by the
cationic amphiphilic drugs clomipramine, paroxetine , and desipramine.

(A) Average concentration-response curves of clomipramine, paroxetine, and desipramine on
LAD2 cells showing measured maximum fluorescence intensity (FI, 340/380 nm) for the
respective concentration (n = 3-5, meantSEM) plotted with a non-linear regression fit to

determine the half-maximal effective concentration (EC,). (B) Concentration-dependent

degranulation of LAD2 cells (n=3-5) measured by [B-hexosaminidase release upon
stimulation by clomipramine, paroxetine, and desipramine (concentration as indicated).
Degranulation is defined as the brutto release of 3-hexosaminidases in % of total content, SP
(30 uM) was used as positive control. One-way ANOVA with post-hoc Tukey's multiple
comparisons test was used for statistical analysis. (C) Elimination of MRGPRX2 in LAD2
cells by CRISPR-Cas9 (LAD2 MRGPRX2 KO) decreased degranulation upon stimulation
with clomipramine, paroxetine and desipramine (50 pM) in comparison to wild-type LAD2
cells (LAD2 WT). C48/80 (10 pg/mL) and Tween20 (2%) were used as positive control. Two-
way ANOVA with Sidak’s multiple comparisons test was used for statistical analysis (n = 4).
(D) Concentration-dependent degranulation of primary human skin mast cells (hsMCs, n =3
donors) measured by B-hexosaminidase release upon stimulation by clomipramine,
paroxetine, and desipramine (concentration as indicated) or SP (10 uM) as positive control. A
Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test was applied. For all

subfigures: bars represent mean+SEM; **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.

Fig.4: Clomipramine, paroxetine, and desipramine me  diate murine mast cell activation
and degranulation — potentially via MRGPRB2.
(A) Average time course of Ca®’-dependent fluorescence intensity (Fl, 358/391 nm) on

primary peritoneal murine mast cells (mpMCs, n =3 donors) treated with clomipramine
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(75 uM), paroxetine (100 uM), or desipramine (150 uM) followed by SP (50 uM) and C48/80
(15 pg/mL). Bars indicate application period; graphs represent mean+95% confidence
interval of N cells. (B) Scatterplots of the ratio increases for mpMCs responding to
clomipramine, paroxetine, or desipramine and SP or C48/80, respectively. Within the
scatterplots, every dot reflects a single cell. Non-parametric Spearman correlation (r) and
two-tailed p values were computed: p<0.001 for all scatterplots. (C) Concentration-dependent
degranulation of mpMCs measured by B-hexosaminidase release upon stimulation by
clomipramine, paroxetine, and desipramine (concentration as indicated). Bars represent
mean+SEM (n = 3 donors); *** p<0.001, ** p<0.01, * p<0.05 (Kruskal-Wallis test with post-
hoc Dunn’s multiple comparisons test). SP (10 uM) was used as positive control. (D) Evans
Blue stained extravasation 15 min after intradermal ear injection of clomipramine (100 pg) or
C48/80 (100 pg) and PBS as negative control in C57BL/6N mice. Quantified by
measurement of absorbance at 600 nm after Evans blue extraction with formamide. Bars
represent mean+SEM, each dot reflects one single mouse (n = 7-8 mice); ** p<0.01, * p<0.05
(paired t-test). (E+F) Time course of Ca?*-dependent fluorescence intensity (Fl, 358/391 nm)
on HEK293T cells transiently transfected with (E) Mrgprb2 and (F) empty vector control
(MOCK) upon stimulation by clomipramine, paroxetine, and desipramine at a concentration
of 50 uM as well as C48/80 (10 pug/mL), NPFF (10 uM) and ionomycin (2 uM) as controls.
Bars indicate application period; graphs represent mean (colored line) £ 95% confidence

interval (in grey) of N cells (n = 4 for (E) and n = 3-4 for (F)).

Fig.5: Clomipramine, paroxetine, and desipramine in  duce scratching behavior in mice.

(A) Scratch bouts within 30 min after intradermal injection (50 pL) of clomipramine,
paroxetine, and desipramine with PBS as negative and C48/80 as positive control, each
100 pg per mouse in C57BL/6N mice (n = 7 mice, Brown-Forsythe and Welch ANOVA with
post-hoc Dunnett’s T3 multiple comparisons test). (B) Dose-dependent scratching behavior
after intradermal injection of 50 pL of the indicated concentrations of clomipramine in the

neck of C57BL/6N mice (Latin square counterbalancing, n = 16 mice, Kruskal-Wallis test with
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post-hoc Dunn’s multiple comparisons test). (C-E) Scratch bouts within 30 min after
intradermal injection of 100 pg clomipramine (C, n = 9-10 mice, unpaired t test with post-hoc
Welch’s correction), paroxetine (D, n=11-12 mice, unpaired t test), or desipramine (E,
n = 10 mice, unpaired t test with post-hoc Welch’s correction) in C57BL/6N and MRGPRB2-
mutant mice. For all subfigures: Bars represent meantSEM, each dot reflects a single

mouse, **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.

Fig.6: Intradermally applied clomipramine evokes an activation of human skin mast

cells.

(A) Wheal-and-flare reaction 20 min after intradermal injection of 50 pL of clomipramine
(5 mM) in comparison to vehicle control in five healthy volunteers (n = 5, Two-way ANOVA
with post-hoc Sidak’s multiple comparison test). (B) Laser speckle contrast imaging of the
skin of the volar forearm 3 min and 20 min after intradermal injection of clomipramine
(Clomi., n =5, paired t test). (C) Example of flare development measured by laser speckle
contrast imaging 3 min after provocation with 5 mM clomipramine in comparison to vehicle
control. (D) Maximal itch intensity within 30 min upon provocation with clomipramine (n = 5,
paired t test), ascertained by means of a visual analogue scale (VAS, 0-100 mm). (E) Time
course of itch sensation in n = 5 subjects. Itch intensity was self-reported by subjects on a
VAS every single minute. For subfigures A-D: Bars represent mean+SEM, each dot reflects a

single subject, **** p<0.0001, * p<0.05.
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SUPPLEMENT/ONLINE REPOSITORY

Materials and methods

Isolation and culture of human skin mast cells

In brief, human breast skin or eyelids from plastic reduction surgeries were digested in
2.4 U/mL dispase type Il (Roche) over night at 4 °C. The epidermis was removed, the skin
was minced with scissors and further digested for 1 h in Dulbecco's phosphate-buffered
saline (DPBS) containing Ca* and Mg®* (Life Technologies) supplemented with 1%
Pen/Strep, 5% FBS, 2.5 ug/mL amphothericin (Biochrom, Berlin, Germany), 5 mM MgSQs,,
10 pg/mL DNase | (Roche), 0.75 mg/mL hyaluronidase (H-3506, Sigma-Aldrich) and
1.5 mg/mL collagenase (type Il, Worthington Biochemical Corp., Lakewood, NJ, USA) at
37 °C with shaking. The cell suspension was filtered via 300 pm and 40 pum sieves (Retsch,
Haan, Germany) followed by centrifugation at 300 g for 15 min at 4 °C and the digestion
cycle was repeated once. Cells were washed in DPBS without Ca?* and Mg* (Life
Technologies). MCs were isolated by CD117 positive MACS enrichment (Miltenyi, Bergisch
Gladbach, Germany) and cultured in basal Iscove’s medium supplemented with 1%
Pen/Strep, 10% FBS, 1% non-essential amino acids (all Life Technologies) and 226 pM a-
monothioglycerol. Cells received recombinant human IL-4 (20 ng/mL) and hSCF (100 ng/mL)
(both Peprotech) after 24 h in culture. Cells were cultured 1-2 weeks prior to the

degranulation assay at 1.0 x 10° cells/mL with addition of IL-4 and SCF twice a week.

Cloning of human MRGPRs and murine Mrgprs

Cloning primers for human MRGPRs (supplementary table 1) were designed to introduce a
5’EcoRI and a 3'Xhol cleavage site. The cloning primers for Mrgpral (supplementary table
1), were designed to create a 5'Smal and 3"Bglll restriction site. For Mrgpra3 and -b2 the
primers introduced a 5'Smal and a 3’BamHI restriction site. Amplification products were
loaded onto a 2% agarose gel supplemented with Midori Green Advanced (Nippon Genetics
Europe, Dueren, Germany) and separated for 30 min at 90 V. Visualization was conducted

on a Gel Doc™XR+ Gel Documentation System (Bio-Rad Laboratories, Hercules, CA, USA).
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Products of the expected size were extracted and purified using the NucleoSpin® Gel and
PCR Clean-up kit (Macherey-Nagel, Diren, Germany). Human MRGPRs were cloned into
the pMP71 plasmid containing an IRES followed by green fluorescent protein (GFP), allowing
detection of transduced cells.***’ Murine Mrgprs were cloned into the mYFP-fusion plasmid
producing MRGPR-YFP fusion proteins. pMP71 plasmid and amplified MRGPRs were cut
with EcoRI-HF and Xhol (New England Biolabs, Ipswich, MA, USA). mYFP-fusion plasmid
and amplified murine Mrgpral were cut with Bglll and Smal whereas the amplified Mrgpra3
and b2 were cut with BamHI and Smal. After visualization by agarose gel electrophoresis
and purification, ligation was performed using the T4 DNA ligase (Thermo Fisher Scientific)
at 16°C overnight and transformed NEB 5-alpha chemically competent E.coli (New England
Biolabs). Transformed bacteria were plated on agar plates supplemented with ampicillin
(200 mg/mL) for pMP71 plasmid or kanamycin (50 mg/mL) for mYFP-fusion plasmid. After
incubation for 12 h at 37 °C clones were picked and grown in LB media supplemented with
ampicillin or kanamycin overnight. Plasmids were isolated using the Qiagen Plasmid

Purification Kit (Qiagen, Hilden, Germany).

Multi-cell fluorometric measurement of cytosolic calcium levels

HEK293 cells were harvested, washed three times with wash buffer composed of Hank’s
balanced salt solution (HBSS) containing 0.2% bovine serum albumin (BSA) and 10 mM
HEPES, and counted. Cells were incubated with 1 ug/uL Fura-2 AM (Life Technologies and
Biotium, dissolved in DMSO) in HBSS containing BSA, HEPES and 0.25% pluronic acid F-
127 (Life Technologies), for 60 min at 37 °C and washed three times with wash buffer.
Thereafter, cells were resuspended in wash buffer to a final concentration of 5 x 10° cells per
100 pL. Five minutes prior to calcium measurements, cells were transferred to a 96-cell UV-
STAR® micro plate (Greiner Bio-One, Kremsmiinster, Austria) with 5 x 10° cells per well and
pre-warmed to 37 °C. Analyses were performed in a microplate fluorimeter with integrated
pipetting system (BMG Labtech NOVOstar, Offenburg, Germany) at 340 and 380 nm for

excitation and 510 nm for emission. For every experiment, apertures of both wavelengths
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were adjusted to yield the same signal intensity, resulting in a baseline ratio of 1. Emission
was recorded every 1.5 s with 10 flashes per interval. After baseline measurement for 21.4 s,
the integrated pipetting system automatically added substances to the cell suspension with a
velocity of 360 pL/s. Shifts in emission intensity were recorded every 4 s for 60 s. Analysis
and calculation of the 340 nm/380 nm ratio (FI 340/380 nm) was conducted in Excel 2016

(Microsoft Cooperation, Redmond, WA, USA).

Calcium microfluorimetry of single cells

Fura-2AM dye was mixed with pluronic® F-127 (final concentration 0.02%, Biotrend,
Cologne, Germany) and diluted to 3 uM in external solution. Cells were loaded with this dye
for about 30 min at 37 °C and 5% CO, and washed in pure external solution for 10 min at
room temperature. On an inverted microscope, the samples were excited at 358 and 391 nm
with a Polychrome V monochromator (Till Photonics, Graefelfing, Germany) at 1 Hz. A
gravity driven and software-controlled common outlet perfusion system generated a
continuous superfusion of the cells throughout the experiment at a rate of 0.5 mL/min.*® A
peltier-cooled slow-scan CCD camera collected the fluorescence emission above 440 nm.
The TillVision software was used to control the experiments, to analyze the data and to
calculate the fluorescence ratio (FI 358/391 nm) for all regions of interest after background
subtraction. The area under the curve (AUC) of the ratio within one minute after start of
application was analyzed in comparison to control periods. Protocols contained a final
application of KCI (60 mM) for primary cells and of ionomycin (2 uM) for transfected
HEK293T to acquire a maximum response and to discard nonresponsive cells; positive
calcium responses were defined as ratio increases above 0.1. An application period of 30 s
was applied for clomipramine, paroxetine, desipramine, NPFF, chloroquine, ATP, C48/80,
substance P and carvacrol as well as 20 s for KCI and ionomycin and 10 s for capsaicin (all:
Sigma-Aldrich, except NPFF: Genscript Biotech, Piscataway Township, NJ, USA). All

calcium microfluorimetry experiments were performed in extracellular solution, consisting of



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

145 mM NaCl, 5 mM KCI, 1.3 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, 10 mM glucose

(adjusted to the physiological pH 7.4; all: Carl Roth, Karlsruhe, Germany).

B-hexosaminidase release assay

LAD2 cells were fed the day before stimulation. Next day, 1 x 10° cells were incubated with
final concentrations of clomipramine, paroxetine and desipramine ranging from 1.5 to 100 uM
in a PIPES CM buffer (25 mM Pipes, 119 mM NaCl, 5 mM KCI, 2.8 mM CaCl2, 1.4 mM
MgCI2; pH 7.4) supplemented with 0.1% BSA at 37 °C for 30 min. Incubation with substance
P (30 uM, Sigma-Aldrich) was used as positive control. Unstimulated cells served as control
for spontaneous release and lysed cells (Triton-X 100, 1%, Sigma-Aldrich) as control for total
content. Supernatants were collected and rapidly frozen at -80 °C. Thawed lysates (20 pL)
were equally mixed with 4-nitrophenyl N-acetyl-B-D-glucosaminide (Sigma-Aldrich: pNAG, in
0.05 M citrate buffer, pH 4.5) and incubated at 37 °C for 1 h. Reaction was stopped by
adding 200 pL of sodium carbonate buffer (0.05 M, pH 10.0) and absorbance was measured
in a plate reader. The percentage of specific release was calculated as follows: (100 /
content total) * release stimulated = release in % of total content (set equal to 100%).

For B-hexosaminidase release assay in MRGPRX2-deficient LAD2 cells, knockout cells and
control cells (LAD2 wild-type (WT)) were seeded (0.25 x 10° cells per well) and treated with
different concentrations of clomipramine, paroxetine, desipramine ranging from 12.5 uM to
100 uM for 30 min at 37° C and 5% CO,. C48/80 (10 pg/mL) and Tween-20 (2%) were used
as positive controls for MRGPRX2-dependent and MRGPRX2-independent degranulation,
respectively. After incubation, cells were pelleted, supernatants were harvested, and cells
were lysed using 0.1% Triton-X100. The p-hexosaminidase in both supernatants and in cell
lysates were quantified by hydrolysis of pNAG in 0.1 M sodium citrate buffer (pH 4.5) for
90 min at 37° C. The percentage of B-hexosaminidase release was calculated as a percent
of total content.

HsMCs and mpMCs were fed the day before stimulation with medium. Next day, 5 x 10° cells

were seeded into a 96-well plate in a total volume of 50 pL of warm HEPES-Tyrodes buffer.
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The cells were incubated with final concentrations of clomipramine, paroxetine and
desipramine ranging from 5 to 300 uM, substance P (10 uM, Sigma-Aldrich), IgE (1 pg/mL,
Merck KGaA), Tyrodes buffer or ionomycin (1 uM, Sigma-Aldrich) for 1 h at 37 °C. The cells
stimulated with IgE were then separately treated with anti-IgE (1 pg/mL, Bethyl Laboratories,
Montgomery, TX, USA) for 1 h at 37 °C. After stimulation, the cells were centrifuged and
50 uL of supernatant was collected. The cells were lysed in 100 pL of distilled water and
lysates were rapidly frozen at the -80 °C. After thawing, 50 pL of lysates and supernatants
were incubated for 1 h at 37 °C with the same amount of 4-methylumbelliferyl N-acetyl-3-D-
glucosaminide (Sigma-Aldrich) diluted in citrate buffer (pH 4.5) to measure the level of
secreted and intracellular hexosaminidase. Reaction was stopped by adding 100 pL of
sodium carbonate buffer (pH 10.7), and fluorescence was measured at 460 nm and
excitation at 355 nm for 0.1 s. The percentage of B-hexosaminidase release was calculated

as (optical density [OD] of lysates + OD of supernatants)/OD of supernatants x 100.

Behavioral scratch assay

For the automated detection of scratch movements in mice, small polytetrafluoroethylene-
coated magnets (size: 5x2mm, VWR, Radnor, PA, USA) were subcutaneously implanted into
the hind paws of C57BL/6N mice one week before behavioral tests. For scratch experiments,
animals were accustomed to the measurement cages at least 60 min before intradermal
injection of 50 uL DPBS or the respective pruritogen into the nape using a 30G fine dosage
syringe (B. Braun, Melsungen, Germany). Behavioral experiments were conducted on five
consecutive days with injection of PBS on the first day, followed by application of
clomipramine (100 pg, 5.69 mM), paroxetine (100 pug, 5.34 mM), desipramine (100 pg,
6.60 mM) and C48/80 (100 pg, 2 g/L). Evaluation of dose-dependent scratching behavior in
response to intradermal application of 0 mM (PBS only), 0.1 mM, 1 mM and 10 mM
clomipramine was done using the diagram-balanced Latin Square method. Mice were
injected on consecutive days in the neck. Repetitive injections did not cause a visible

damage of the skin, which was verified each day before intradermal injection. Immediately
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after injection, scratching was assessed for 30 min. Scratches were automatically detected
as the movement of the implanted magnets induced electric currents through two coils
placed around the cage. Electric signals were recorded using oscillography. Recordings were
controlled and stored using SiMon (V2.0, Academic Medical Center, University of
Amsterdam) and analyzed thereafter using Scratch Analysis (V1.13, Academic Medical
Center, University of Amsterdam). Movements with a frequency between 10-20 Hz, an
amplitude above 300 mV and a minimum of 4 repetitions were classified as scratching. This
magnet-based recording technology has a positive predictive value of 95 % at a sensitivity of
50% and a negative predictive value of 72% as shown before.*

For MRGPRB2-mutant and control mice, the day prior to the experiment, mice were
acclimated in behavioral test chambers once for thirty minutes before being subjected to a
series of three mock injections with 5-min break periods in between. On the day of the
experiment, animals were habituated to the behavioral chamber for 10 minutes before
injection. Clomipramine, paroxetine, or desipramine (each 100 pg in a 50 pl volume) were
then injected to the nape of necks subcutaneously and mouse behavior was assessed for a
total of 30 minutes. A total number of scratching bouts (defined as a lifting of either hind paw
to scratch at the nape and replacing the paw onto the floor or to the mouth) was quantified
within the 30-min observation period. All behavioral tests were performed and scored by

experimenter who were blinded to the animal genotypes.

Tables

Supplementary table | — Primers used for cloning of hsMRGPRs and mmMrgprs

Gene dpirrlerzrc]:(tei:)n Primer Sequence (5° = 3) *

EcoRI-hsMRGPRX1- | FW CCGGAATTCAGCATGGATCCAACCATCTCAACC
Xhol RV CCGCTCGAGTCCTCACTGCTCCAATCTGCTTCC
EcoRI-hsMRGPRX2- | FW CCGGAATTCAGCATGGATCCAACCACCCCGGCCT
Xhol RV CCGCTCGAGTCTCTACACCAGACTGCTTCTCGA
EcoRl-hsMRGPRX3- | FW CCGGAATTCAGCATGGATTCAACCATCCCAGT
Xhol RV CCGCTCGAGTCCTCACTGCTCCAATCTGCTTC
EcoRI-hsMRGPRX4- | FW CCGGAATTCAGCATGGATCCAACCGTCCCAGT




162
163

164

Xhol RV CCGCTCGAGCCCTCATGGCCCCAATCTGCTT
EcoRI-hsMRGPRD- FW CCGGAATTCAGCATGAACCAGACTTTGAATAG

Xhol RV CCGCTCGAGTCTTCAAGCCCCCATCTCATTGGT
EcoRI-hsMRGPRE- | FW CCGGAATTCCCCATGATGGAGCCCAGAGAAGC

Xhol RV CCGCTCGAGGGCTCAGGCTGCTATGTCCAC
EcoRI-hsMRGPRE- | FW CCGGAATTCGAGATGGCTGGAAACTGCTCCTGG

Xhol RV CCGCTCGAGGTCTCAGGAGGCGTTCCCCG
EcoRI-hsMRGPRG- | FW CCGGAATTCAGGATGTTTGGGCTGTTCGGCCTC

Xhol RV CCGCTCGAGCACTTATAGGAGACCCATGGGCAGGG
Smal-mmMrgpral- FW GGGGGGGAAAGCAGCACCTGTGCAGGGTTTCTAG
Balll RV CGCAGATCTTGGCTCTGATTTGCTTCTTGACATCTCCAC
Smal-mmMrgpra3- FW GGGGGAGAAAGCAACACCAGTGCAGGGTTTCTG
BamHiI RV CGGATCCCGGCTCTGCTTTGTTTCTTGACATCTCCAC
Smal-mmMrgprb2- FW GGGAGTGGAGATTTCCTAATCAAGAATCTAAGCACCTC
BamHI RV CGGATCCGCTGCAGCTCTGAACAGTTTCCAGTTCTTC

* Start- and Stop codons are displayed in bold and restriction sites are underlined. For murine constructs, Start
and Stop codons are located in the plasmid’s backbone.

Supplementary table 1l — Primers used for quantitat

ive real-time PCR

Gene dP_rlme_r Primer Sequence (5° = 3’) Product Size
irection

FW CGGCCGCCTTATATATTCCCT

hsMRGPRX1 287 bp
RV ACCAAGCAGAATCAGCACCA
FW GCCCATCTGGTATCGC

hsMRGPRX2 429 bp
RV GGGTTGGCACTGCTGTTAAGA
FW CCGACTTCCTCTTCCTTAGCG

hsMRGPRX3 229 bp
RV CAGAGCAGGACACACATGACT
FW TCTGGTTTGCATGTCCCTGT

hsMRGPRX4 94 bp
RV CTGCCTATTTTGACGCTGCC
FW CCGTGGAGTCAGCCCTAAAC

hsMRGPRD 157 bp
RV CAGAAGGGGTTCCTGTGCAT
FW CGGAACCTGCTCTGGTACAT

hsMRGPRE 99 bp
RV CAGGCAGAAGTAGACGACGG
FW GGCAACAGGAACAAGATGT

hsMRGPRF 250 bp
RV GAAGAGGTAGCCCACATCGG
FW GCGTGGTCCTCTTTGTCTGG

hsMRGPRG 128 bp
RV CAGGCTCCAGTAGAAGACCG
FW AGCCAGACTTTGTTGGATTTGA

hsHPRT 131 bp
RV GGCTTTGTATTTTGCTTTTCCAGT
FW GAATGGGGGAAAGCAGCACC 297 bp

mmMrgpral
RV GCAGTATGGAATCTATGATGTGACC
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FW CCCTGGTTGGGATGGGACTA 267 bp
mmMrgprb2
RV ACAAGCAGCGCTCAATGCTA
W ATCCTTCCTTCTACACAAGCCA
mmMrgpra3 70 bp
RV CTGCACTGGTGTTGCTTTCTC
FW ACAGGCCAGACTTTGTTGGAT
mMmHPRT 150 bp
RV ACTTGCGCTCATCTTAGGCT

Figure legends

Fig.S1: MRGPR-overexpressing HEK293 model.

(A) Stable (over)expression of the eight human MRGPRs, MRGPRX1-4 and D-G, in HEK293
cells verified by detection of the respective mMRNA in gPCR (n = 3). MRGPR-expressing cells
were compared to an empty vector control (MOCK) and HEK293 cells (untreated). (B) Ca**
mobilization assays with known agonists for MRGPRX1 (Bam8-22, 2 uM), MRGPRX2
(C48/80, 10 pg/mL), and MRGPRX4 (DC, 100 uM) as well as addition of PBS as negative

control. Graphs represent meantSEM (n = 3).

Fig.S2: Activation potential of newly discovered MR GPRX2 agonists.

(A) Transient Ca*-dependent fluorescence intensity (FI, 340/380 nm) in MRGPRX2-
expressing HEK293 cells (n=3-6) and empty vector control (MOCK, n=2-3) upon
stimulation with respective compounds (30 puM). Arrows indicate addition of stimulus; graphs
represent mean+SEM depicted with a 2D structure of the compound and sorted according to
the response. (B) Hierarchical cluster analysis of novel agonists by their maximum FI at
30 uM with average group linkage identifying four main groups with different MRGPRX2
activation potential denominated strong, intermediate, weak and very weak. (C) Average
concentration-response curves of strong/intermediate and (very) weak agonists showing
measured maximum FI for the respective concentration plotted with a non-linear regression

fit to determine the half-maximal effective concentration (EC,) (MRGPRX2: n =3, MOCK:

n = 2-3). (D) Correlation of the maximum FlI upon stimulation of MRGPRX2-expressing

HEK293 cells and the ECsy of the respective compound. Within the scatterplot, every dot
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reflects a tested compound. Non-parametric Spearman correlation (r) and the two-tailed p-

value were computed.

Fig.S3: MRGPRX2-dependent activation of human mast  cells (continuation).

(A) Maximum ratio of intracellular Ca?'-dependent fluorescence intensity (FI) upon
stimulation of LAD2 cells by 12 pharmaceutically active compounds at a concentration of
30 uM and C48/80 as positive control (10 pg/mL). Bars represent mean+SEM (n = 3). (B)
Correlation of maximum ratio of FI upon stimulation of LAD2 and MRGPRX2-expressing
HEK293 cells. Within the scatterplot, every dot reflects a tested compound. Parametric
Pearson correlation (r) and two-tailed p value were computed. (C) LAD2 cell viability

depending on agonist concentration of clomipramine, paroxetine, and desipramine detected

by flow cytometry. Viable cells were classified as PI"AnnexinV~ cells. Bars represent

mean+SEM (n = 3-5).

Fig.S4: Clomipramine, paroxetine, and desipramine s timulate primary sensory

neurons and activate MRGPRA1 but presumably not MRG  PRAS3.

(A) Average time course of Ca*-dependent fluorescence intensity (FI, 358/391 nm) in
dissociated, 1-day cultured primary murine dorsal root ganglion (DRG) neurons. Cells were
stimulated with clomipramine (Clomi., 100 uM), paroxetine (Parox., 25 uM), or desipramine
(Desi., 100 uM) and TRPA1 agonist carvacrol (Carv., 100 uM), TRPV1 agonist capsaicin
(Cap., 200 nM) as well as potassium chloride (KCl, 60 mM) as positive control. Bars indicate
application period; graphs represent mean+95% confidence interval of N cells in one
representative experiment out of three. (B) Venn diagrams illustrating the overlap of cells
responding to either one or several of the stimuli applied. (C) Average cytosolic Ca*
transients in HEK293T cells transfected with either Mrgpral, Mrgpra3 or empty vector control
(MOCK). Cells were stimulated with clomipramine (Clomi., 50 uM), paroxetine (Parox.,
50 pM), or desipramine (Desi., 50 pM) and NPFF (10 uM, MRGPRAL1 agonist), C48/80

(10 pg/mL, MRGPRB2 agonist), chloroquine (CQ, 50 uM, MRGPRA3 agonist) as well as
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ATP (1.25 mM) and/or ionomycin (lono., 2 uM) as positive control. Bars indicate application
period; graphs represent mean (colored line) £ 95% confidence interval (in grey) of N cells
(n=2). A waiting period of 45 min after the test stimulus was introduced to limit cross-
desensitization to NPFF, the continuous recording period 7-45 min was omitted for clarity.

Lower panel in C as in Fig.4F.



