
 

 

 

 

 

 

 

University of Southern Denmark

In vitro prediction of in vivo pseudo-allergenic response via MRGPRX2

John, Linu M; Dalsgaard, Charlotte M; Jeppesen, Claus B; Conde-Frieboes, Kilian W;
Baumann, Katrine; Knudsen, Niels P H; Skov, Per S; Wulff, Birgitte S

Published in:
Journal of Immunotoxicology

DOI:
10.1080/1547691X.2021.1877375

Publication date:
2021

Document version:
Final published version

Document license:
CC BY

Citation for pulished version (APA):
John, L. M., Dalsgaard, C. M., Jeppesen, C. B., Conde-Frieboes, K. W., Baumann, K., Knudsen, N. P. H., Skov,
P. S., & Wulff, B. S. (2021). In vitro prediction of in vivo pseudo-allergenic response via MRGPRX2. Journal of
Immunotoxicology, 18(1), 30-36. https://doi.org/10.1080/1547691X.2021.1877375

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:

            • You may download this work for personal use only.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 23. May. 2023

https://doi.org/10.1080/1547691X.2021.1877375
https://doi.org/10.1080/1547691X.2021.1877375
https://portal.findresearcher.sdu.dk/en/publications/14bf7d8b-fc83-4952-a407-5c73877bf07b


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iimt20

Journal of Immunotoxicology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iimt20

In vitro prediction of in vivo pseudo-allergenic
response via MRGPRX2

Linu M. John , Charlotte M. Dalsgaard , Claus B. Jeppesen , Kilian W. Conde-
Frieboes , Katrine Baumann , Niels P. H. Knudsen , Per S. Skov & Birgitte S.
Wulff

To cite this article: Linu M. John , Charlotte M. Dalsgaard , Claus B. Jeppesen , Kilian W. Conde-
Frieboes , Katrine Baumann , Niels P. H. Knudsen , Per S. Skov & Birgitte S. Wulff (2021) In�vitro
prediction of in vivo pseudo-allergenic response via MRGPRX2, Journal of Immunotoxicology, 18:1,
30-36, DOI: 10.1080/1547691X.2021.1877375

To link to this article:  https://doi.org/10.1080/1547691X.2021.1877375

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 11 Feb 2021.

Submit your article to this journal 

Article views: 198

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=iimt20
https://www.tandfonline.com/loi/iimt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1547691X.2021.1877375
https://doi.org/10.1080/1547691X.2021.1877375
https://www.tandfonline.com/action/authorSubmission?journalCode=iimt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iimt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1547691X.2021.1877375
https://www.tandfonline.com/doi/mlt/10.1080/1547691X.2021.1877375
http://crossmark.crossref.org/dialog/?doi=10.1080/1547691X.2021.1877375&domain=pdf&date_stamp=2021-02-11
http://crossmark.crossref.org/dialog/?doi=10.1080/1547691X.2021.1877375&domain=pdf&date_stamp=2021-02-11


RESEARCH ARTICLE

In vitro prediction of in vivo pseudo-allergenic response via MRGPRX2

Linu M. Johna, Charlotte M. Dalsgaarda, Claus B. Jeppesena, Kilian W. Conde-Frieboesa, Katrine Baumannb,
Niels P. H. Knudsenb, Per S. Skovb,c and Birgitte S. Wulffa

aGlobal Research, Novo Nordisk A/S, Maaloev, Denmark; bRefLab ApS, Copenhagen N, Denmark; cOdense Research Center of Anaphylaxis,
Odense University Hospital, Odense, Denmark

ABSTRACT
In development of peptide therapeutics, rodents are commonly-used preclinical models when screening
compounds for efficacy endpoints in the early stages of discovery projects. During the screening process,
some peptides administered subcutaneously to rodents caused injection site reactions manifesting as
localized swelling. Screening by postmortem evaluations of injection site swelling as a marker for local
subcutaneous histamine release, were conducted in rats to select drug candidates without this adverse
effect. Histological analysis of skin samples revealed that the injection site reactions were concurrent with
mast cell degranulation, resulting in histamine release. Mast cell activation can be mediated by MRGPRX2,
a GPCR that induces a pseudo-allergenic immune response. The present study demonstrates that a com-
mercially-available cell-based MRGPRX2 assay reliably identifies compounds that induce histamine release
or localized edema in ex vivo human and rodent skin samples. In vitro screening was subsequently imple-
mented using the MRGPRX2 assay as a substitute for postmortem injection site evaluation, thus achieving
a significant reduction in animal use. Thus, in cases where injection site reactions are encountered during
in vivo screening, to enable faster screening during the early drug discovery process, an MRGPRX2 in vitro
assay can be used as an efficient, more ethical tool with human translational value for the development
of safer pharmacotherapies for patients.
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Introduction

Mast cells (MC) are important modulators of the innate and
adaptive immune response and are often located at boundaries
between tissues and the external milieu (Shelburne and Abraham
2011; Elieh Ali Komi et al. 2020). This strategic localization sup-
ports the immune system in the early detection of pathogens.
MCs circulate in the blood as precursors originating from bone
marrow and carry out their differentiation upon arrival at the
resident tissue into granulated cells according to tissue specific
signals (Elieh Ali Komi et al. 2020). Degranulation of MC and
release of mediators of inflammation (e.g., histamine, prostaglan-
dins, proteases) occurs upon activation by IgE-dependent or
-independent pathways via many different antigens (Gaudenzio
et al. 2016; Bulfone-Paus et al. 2017). The resulting anaphylaxis
(IgE-mediated) or anaphylactoid (pseudo-allergenic; non-IgE-
mediated) reactions can present with a variety of clinical symp-
toms (e.g., swelling/edema, hypotension, bronchospasm, skin
rashes/hives), depending on the mediators that are released
(Theoharides et al. 2019).

A Mas-related GPCR, i.e., MRGPRX2, is specifically expressed
on mast cells. MRGPRX2 was recently shown to induce pseudo-
allergenic reactions to several FDA-approved cationic drugs
(McNeil et al. 2015; Porebski et al. 2018; Grimes et al. 2019).
MRGPRX2 can also be activated by endogenous peptides such as
anti-microbial host defense peptides (human b-defensins, catheli-
cidin LL-37), neuropeptide Substance P, and opioids (Ali 2016,
2017). High levels of the MrgprX2 transcript are expressed in

human skin mast cells (Porebski et al. 2018; Varricchi et al.
2019). The Mas-related gene family has �50 members in mouse,
rat, human, macaque, and rhesus monkey that can be subdivided
into several subfamilies (Solinski et al. 2014; Ali 2017; Porebski
et al. 2018). In humans, there are four MRGPRX members,
MRGPRX1-X4. In rodents, there are several more subtypes of the
Mas-related GPCR (Porebski et al. 2018). MrgprB has been sug-
gested to be the rodent orthologue of human MRGPRX2
(Solinski et al. 2014; Grimbaldeston 2015; McNeil et al. 2015;
Subramanian et al. 2016; Wang et al. 2020). Many of the drugs
and peptides that induce pseudo-allergenic reactions in humans
via MRGPRX2, also induce skin irritation and edema in mice
(McNeil et al. 2015).

Activation of MRGPRX2 induces mast cell degranulation and
histamine release (McNeil et al. 2015; Ding et al. 2019).
Histamine is one of the mediators released from mast cell gran-
ules upon activation by various toxins and is associated with
symptoms of dermal edema/swelling (Garafalo and Kaplan 1981;
Wei et al. 2009; Kimura et al. 2015). Histamine release has long
been used as a marker of anaphylaxis or pseudo-allergenic reac-
tions (Charitos et al. 2020). Quantitative and qualitative measure-
ments of histamine release in the ex vivo setting have been
developed to test for allergenic activity induced by a diverse
array of test agents with both rodent and human ex vivo skin
samples (de Antonio and Rothschild 1969; Petersen 1997, 1998;
Petersen et al. 1996, 1997; Suzuki et al. 2020).

Injection site reactions during in vivo screening can stall the
momentum of the early drug discovery process. Encountering
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injection site reactions stemming from off-target activation of mast
cells during in vivo screening in peptide-based drug discovery pro-
grams can also confound interpretation of efficacy parameters and
significantly hinder progress to selecting lead candidates. The study
reported here describes the establishment of the use of a commer-
cial in vitro assay to predict the occurrence of MRGPRX2-mediated
in vivo injection site reactions in rodents and compared it to ex
vivo assays (human and rodent). This enables one to abandon the
use of animals for screening on this adverse effect, resulting in
greatly-reduced animal use in accordance with the 3R
(Replacement, Reduction and Refinement) principles for the more
ethical use of animals in drug testing.

Materials and methods

Compounds

Cortistatin-14 (C5808), Substance P (S6883), icatibant (HOE140),
sermorelin (G6771) and cetrorelix (C5249) were purchased from
Sigma (St. Louis, MO). All other peptides were synthesized and
qualified at Novo Nordisk A/S (Maaloev, Denmark).

Animals

Male Sprague Dawley rats (200–250 g, Taconic, city, Germany)
were fed ad libitum a standard chow diet (Altromin 1320) along
with free access to water. All animals were housed at 23 �C (±
2 �C) with a 55% relative humidity, and maintained on a 12 h
light/dark cycle. The rats were mock-handled the days leading
up to study initiation, and acclimated to environmental condi-
tions for a minimum of 8 days before study initiation. Group
sizes were estimated based on experience from earlier experi-
ments. All experiments were carried out in accordance with the
EU Directive 2010/63/EU of the 22 September 2010 on the pro-
tection of animals used for scientific purposes, and were
approved by The Animal Experimentation Inspectorate, Ministry
of Environ-ment and Food, Denmark.

Macroscopic evaluations of rat skin specimens

It has been shown in humans that upon in vivo challenge by
intradermal injection of an allergen, histamine is released from
cutaneous mast cells into the dermis resulting in localized swel-
ling; the size of the swelling correlates with the local histamine
levels (Petersen et al. 1997). Similar effects have been observed
in rat skin specimens. Therefore, a macroscopic postmortem
evaluation of the rat skin specimens in the neck region was per-
formed after subcutaneous injection of drug or vehicle in order
to select drug candidates with low degree or without local mast
cell degranulation and histamine release.

All rats were shaved in the neck region (an area of 2� 3 cm)
and then randomly allocated into test groups. Each rat received
one injection of 100ml vehicle or drug in the middle of the
shaved injection area with a 26-G (0.45� 12mm) needle and a
1-ml syringe. Fresh needles were used for each animal and dis-
carded after usage. The insertion of the needle was oriented
caudally in the injection site area and marked with permanent
ink. At 3 h post-injection, the rats were anesthetized by isoflur-
ane inhalation and immediately euthanized by exsanguination
(via abdom-inal aorta). The injection area was then dissected;
the subcutaneous tissue was inspected and scored on a 0–5 scale
for the following parameters: 1) redness/hemorrhage, 2) swelling/
edema, and/or 3) precipitation of test compound. The histologist

scoring the injection site was blinded to treatment groups and
macroscopic analysis was done in a randomized order. After
scoring (�2–3min), the demarcated injection site was excised
and fixed in 10% neutral buffered formalin in sealed plastic con-
tainers for further histologic analysis.

Histological microscopic analysis of rat skin specimens

Each injection site was subsequently trimmed and cut into three
sections representing the upper, middle, and lower part of the
injection sites. These three sections were further processed and par-
affin embedded in one block/injection site. The tissue blocks were
then cut in 4–5mm sections using a microtome in parallel sections
and stained with hematoxylin and eosin - or toluidine blue for his-
tamine release evaluation. All prepared sections were evaluated by a
trained toxico-pathologist for swelling/edema formation and visible
mast cell degranulation using a light microscope.

MRGPRX2 in vitro b-arrestin assay

The commercially-available PathHunter eXpress MRGPRX2
CHO-K1 b-Arrestin GPCR assay (DiscoverX, Fremont, CA) was
used to evaluate the potency of test compounds. This assay
measured the activation MRGPRX2 by detecting b-arrestin
recruitment using a homogeneous, gain-of-signal assay based on
Enzyme Fragment Complementation (EFC) technology. The
assay employs a b-galactosidase (b-gal) enzyme split into two
fragments, the Enzyme Donor (ED) and Enzyme Acceptor (EA).
Independently these fragments have no b-gal activity; however,
when brought together in in solution, they form an active b-gal
enzyme. Since b-arrestin recruitment occurs independent of G-
protein coupling, the assay provided a direct measure of receptor
activation. As such, MRGPRX2 is tagged with the small fragment
of b-gal (a low-affinity version of ED) and co-expressed in cells
stably expressing b-arrestin tagged with EA. Activation of
MRGPRX2 stimulated binding of b-arrestin to the tagged GPCR,
forcing complementation of ED and EA, resulting in the forma-
tion of an active b-gal enzyme. The resulting active enzyme
hydrolyzed substrate present in the PathHunter detection reagent
to generate light.

PathHunter MRGPRX2 expressing CHO-K1 cell suspension
were transferred to 96-well plates, incubated for 48h in media sup-
plied by the manufacturer and thereafter, treated for 90min with
varying concentrations of test compounds at 37 �C. Upon addition
of the provided detection reagent cocktail, plates were incubated at
room temperature, protected from light, for 1 h to generate the
assay signal. Plates were then evaluated with a standard lumines-
cence plate reader (Mithras, Berthold Technologies, Bad Wildbad,
Germany). Data were analyzed in Prism 7 software (GraphPad, San
Diego, CA) and EC50 values were calculated by nonlinear regres-
sion analysis of sigmoidal dose response curves. Mean pEC50 with
the 95% confidence interval are stated in the tables, as well as the
mean EC50 values that were calculated by 10-pEC50, respectively,
and presented in nM.

Ex vivo assay of human skin samples

Donor skin
Abdominal skin specimens were obtained from five individual
patients undergoing cosmetic surgery for removal of excess skin.
The skin was transported at ambient temperature to RefLab
(Copenhagen, Denmark) in a container supplied with sterile
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saline immediately after surgical removal. As the skin donors
were fully anonymized, the tissue was obtained and used in this
study in accordance with the Danish Act on Research Ethics
Review of Health Research Projects, Section 14 (3) -
“Notification obligation” concerning the use of anonymized
human tissue for research purposes. Note that at the time of per-
forming the study, the use of human skin was exempt from eth-
ical approval because donors were fully anonymized. This means
that while an ethical approval was obtained, but no informed
consent from each skin donor was required; thus, no approval
number is available.

Preparation of skin
Smaller skin specimens measuring � 4� 15 cm were excised
from the parent tissue. Subcutaneous fat was removed before the
skin specimens were pinned onto Styrofoam covered with moist
tissue paper to keep the skin hydrated from the dermal side.
Twelve microdialysis probes with a 2 kDa molecular weight cut-
off (EP Medical, Copenhagen, Denmark) were inserted into each
skin specimens using 23G guide cannulas. The length of the
microdialysis membranes was adjusted to 40mm, with 2 cm of
the membrane being implanted intradermally. To avoid any bias
from tissue excision and potential spillover, the probes were
spaced a minimum of 1 cm apart and at least 1 cm from the edge
of the skin specimen. The inlet tubing of the microdialysis
probes was connected to syringes mounted in a micro-perfusion
pump (AL1200, World Precision Instruments, Hertfordshire,
UK) enabling perfusion of the probes.

Microdialysis

The intradermal microdialysis probes were perfused with Pipes
buffer at a flow rate of 3.0 ml/min for 30min to wash out
trauma-induced mediators caused by probe implantation. Next,
dialysates were collected for 30min to assess basal histamine lev-
els in the tissue before the skin was subjected to 2� 25 ml intra-
dermal injections with the test compounds at alternating sides of
each microdialysis membrane. Microdialysis sampling was car-
ried out in 10-min intervals for 60min to assess the amount of
histamine released from each injection. The microdialysis sam-
pling procedure was conducted at room temperature.

Histamine detection system

Histamine detection was performed at RefLab ApS as described
in Jensen et al. (2020). In brief, the assay was based on the
selective binding of histamine to a glass fiber matrix that can be
detected fluorometrically and quantified using a Histareader
501VR (RefLab, Copenhagen, Denmark) after coupling to o-phtha-
laldehyde (OPA). Significant histamine release was deter-mined
as occurring in a sample that yielded a value 3X the SD of the
background fluorescence. Assay sensitivity for histamine was
5 ng/ml (CV% < 7%). Histamine AUC were calculated by the
trapezoidal rule.

Results

Cationic compounds can activate MRGPRX2

Sermorelin, Substance P, cetrorelix and icatibant were tested in
the DiscoverX b-arrestin assay in order to confirm that com-
pounds reported (Chen et al. 2008; Olivennes et al. 2003;
Amatya et al. 2010; Baş et al. 2015; McNeil et al. 2015) to induce
skin irritation in humans also activated MRGPRX2. Cortistatin
(a somatostatin receptor agonist) - reported to also be a potent
agonist at MRGPRX2 - was used as a comparator (Allia et al.
2005; Sieler et al. 2008; Solinski et al. 2014). Cetrorelix was found
to be a full agonist (pEC50 ¼ 6.6 nM) at MRGPRX2 with com-
parable potency to cortistatin (pEC50 ¼ 6.6, Figure 1). In con-
trast, sermorelin and Substance P displayed lower estimated
potencies (pEC50 ¼ 5.0 and 4.8, respectively), and icatibant was
inactive (Figure 1).

Histamine release in ex vivo human skin samples

To determine if the potencies of the compounds tested in the
cell-based MRGPRX2 assay correlated in a translationally-rele-
vant setting, histamine release was assessed in freshly-acquired
abdominal human skin specimens from patients undergoing cos-
metic surgery. Exposure of skin specimens to sermorelin, cetror-
elix and Substance P (tested on MRGPRX2 potency) and
Compound 48/80 (widely-used in animal and tissue models as a
mast cell activator [Rothschild 1970; Kumar et al. 2020]) induced
histamine release with peak values occurring at 10min post-
administration of compound (Figure 2(A)). Based on technical
replicates for each compound, all compounds induced a greater
excursion in histamine release at 10min compared to the vehicle
(19.0 [± 2.8] ng/mL), with Substance P (714.3 [± 25.7] ng/mL)

Figure 1. Cationic compounds can activate MRGPRX2. Compounds were tested in the DiscoverX b-arrestin assay and compared to cortistatin (somatostatin receptor
agonist) that is a potent agonist at MRGPRX2. Representative graph on potency of compounds tested (left) and table (right) of mean pEC50 that are calculated as the
mean of three independent experiments, and the 95% confidence interval (CI) is given as [lower; upper]. The mean EC50 is calculated from the mean pEC50.
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and cetrorelix (115.3 [± 2.1] ng/mL) causing the largest peak val-
ues, followed by sermorelin (62.0 [± 5.3] ng/mL) and Compound
48/80 (55.7 [± 0.6] ng/mL). AUC values over the 60-min meas-
urement period reflected the rank order of histamine release
observed at peak histamine release (Figure 2(B)). Note: the extent
of histamine release induced by Substance P (Figure 2) was not
mirrored in the rank ordering on in vitro response to MRGPRX2
(Figure 1), possibly due to additional activation of the neuroki-
nin-1 receptor (NK1R) or other receptors on mast cells by this
compound (Erin et al. 2004; Subramanian et al. 2016; Green
et al. 2019; Zhan et al. 2019).

Postmortem evaluation of injection site reactions in rat
skin specimens

Ex vivo screening of compounds by postmortem evaluations of
injection site swelling was conducted in rats to select drug candi-
dates with low effect or no adverse effect. Macroscopic inspec-
tion was first performed to score skin specimens (3 h post-
injection) on the severity of swelling/edema induced by a specific
compound (Figure 3, right panel) compared to vehicle controls
(Figure 3, left panel). To determine whether the observed edema
was associated with degranulation and thereby histamine release,
skin specimens were processed for microscopic evaluation of
degranulation. Specimens from vehicle-dosed animals (Figure 4,
left panel) were compared with that of rats dosed with com-
pound (Figure 4, right panel). Compounds were ranked

according to severity score from macroscopic evaluations of
injection site reactions (Figure 5(A)). Compounds that ranked
high on the macroscopic evaluation of edema and induced
degranulation and histamine release did not progress into in vivo
efficacy screening.

MRGPRX2 activation predicts injection site reactions in rat
skin specimens

To determine whether the postmortem ex vivo rankings of com-
pounds could be linked to MRGPRX2, these compounds were
screened on activation of MRGPRX2 in the DiscoverX assay
(Figure 5(B)). The rank order of scoring severity from postmor-
tem macroscopic evaluations (Figure 5(A)) was found to correl-
ate with the rank order of potency on MRGPRX2 (Figure 5(B)).

Compounds selected with MRGPRX2 assay do not induce
histamine release in human skin specimens

To confirm the translational value of the MRGPRX2 assay,
front-runner compounds inactive on MRGPRX2 and qualifying
for the relevant criteria for lead candidate selection were tested
in the ex vivo assay for histamine release from human skin speci-
mens. Compounds were injected in equimolar concentrations
and were tested on the same skin donor as in Figure 2. Front-
runner compounds that showed weak activity on MRGPRX2

Figure 2. Compounds active on MRGPRX2 induce histamine release in human skin specimens. All compounds were injected at 3mM and histamine release was meas-
ured for 60min (in 10-min intervals) using microdialysis sampling. Basal levels (0min measurement) have been subtracted from the remaining timepoints. (A)
Histamine recovery depicted in ng/ml. Points are shown as mean± SD of technical replicates. (B) Histamine AUC for the 60-min period shown in A. Substance P is off
scale, with a mean of 714 ng/ml. The graph depicts mean± SD of technical replicates.

Figure 3. Acute induction of swelling/edema in postmortem evaluation of rat skin specimens. Representative examples of rat skin specimens excised postmortem 3 h
after single subcutaneous dose of vehicle (left panel) or a compound (right panel) that was found to induce injection site reactions in sub-chronic studies.
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(Figure 6(A)) also induced slightly greater histamine release in
human skin specimens (Figure 6(B)) and were de-selected.

Discussion

Peptide drug discovery projects may encounter injection site
reactions with sub-chronic subcutaneous dosing in rodents. The
present study provides an example of identifying the cause of
injections site reactions in a discovery project, and the imple-
mentation of a translationally-relevant in vitro counter-screen
that predicted the occurrence of injection site reactions. This
effect on local tolerance was demonstrated to be off-target and
the extent/severity of the reaction was found to be species-spe-
cific, with rats being more sensitive than mice. Although internal
compounds that induced injection site reactions tended to be

cationic in nature, it was uncertain what aspect of charge, struc-
ture or symmetry of a compound induced the onset of injection
site reactions in rodent efficacy models.

Meanwhile, in order to progress projects and evaluate efficacy
endpoints preclinically, histological evaluations in rats dosed
acutely were conducted prior to proceeding with sub-chronic
efficacy studies. The rat had been used as a preclinical safety
model in previous injection site reactions studies, where hista-
mine release had been determined to have been the cause of
observed changes. Local histamine release causes irritation at the
injection site, which then presents as swelling or edema upon
macroscopic histological evaluation. McNeil et al. (2015)
first reported that activation of the mast cell receptor MRGPRX2
by cationic compounds induces a pseudo-allergenic response in
mice. Following up on the report, internal in vitro studies with
the DiscoverX MRGPRX2 b-arrestin assay established a parallel

Figure 4. Mast cell degranulation caused by a peptide analogue that induces swelling/edema. Rat skin specimens shown in Figure 3 were processed and stained
with tolui-dine blue and nucleus counterstain to confirm degranulation of mast cells in rats dosed subcuta-neously with either vehicle (left panel) or the peptide ana-
logue (right panel). Example of a mast cell with histamine containing granules (red/dark stain) contained within the cytoplasm (left panel). Injection of the peptide
analogue induced degranulation and extracellular dispersion of histamine containing granule contents (right panel).

Figure 5. Validation of in vitro - in vivo correlation by rank-order comparison. The rank order of scoring severity from postmortem macroscopic evaluations on swel-
ling/edema (A) was found to correlate with the rank order of in vitro potency on MRGPRX2 (B).
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association between the occurrence and severity of injection
site reactions in rats and activation of and potency on
MRGPRX2 for these compounds. A comparison of the evalua-
tions of rodent skin specimens and the MRGPRX2 assay to
induction of histamine release in freshly acquired human skin
samples confirmed the translational relevance of these findings,
thus leading to the selection of safer therapeutics that progress to
the clinic.

It must also be acknowledged that not all injection site reac-
tions encountered in preclinical studies are governed by
MRGPRX2. Nonetheless, the in vitro screen provides a quick
way to eliminate this possibility, while the ex vivo human skin
model allows for a more complex and representative evaluation
of ‘the real world’ where a compound may have agonistic effects
on several receptors. The plethora of recent literature reports fur-
ther substantiating the role of MRGPRX2 in drug-induced aller-
genic responses, i.e., drugs having off-target activity on
MRGPRX2, suggests that the probability of encountering this
preclinical safety signal is not uncommon (Porebski et al. 2018;
Grimes et al. 2019; Jiang et al. 2019; Zheng et al. 2019; Hu et al.
2020; Mencarelli et al. 2020; Ogasawara et al. 2020; Sahid et al.
2020). As an example, LaFleur et al. (2020) similarly grappled
with injection site reactions in preclinical animal studies and
used human CD34þ stem cell-derived mature human mast cells
expressing MRGPRX2 to validate the translational relevance of
using in vitro screens against MRGPRX2 and provide a compari-
son between two (Ca2þ based and b-arrestin) commercially-
available assays for this purpose.

Lansu et al. (2017) used in silico modeling tools to assess the
structure-activity nature of drugs interacting with MRGPRX2.
Based on extensive in vitro screening on LAD2 cells (a human
mast cell line) the authors asserted that (A) MRGPRX2 is a Gaq

coupled GPCR with a preference for peptides with positive
charges, and (B) while structurally distinct from canonical opioid
receptors, MRGPRX2 does bind (but not exclusively) to many
opioid receptor agonists (Lansu et al. 2017). However, a consen-
sus pattern on structure or sequence could not be determined on
peptides unrelated to opioid receptor agonists. As such, based on
current know-ledge, relying on confirmation of activity on
MRGPRX2 with the in vitro screen is the most efficient and reli-
able method to avoid advancing compounds with off-target
activity on this receptor. In addition, the in vitro test replaces
the ex vivo rodent test, thereby eliminating use of animals for
prescreening.

Thus, when faced with pseudo-allergenic reactions caused by
MRGPRX2 in preclinical animal studies, this study provides evi-
dence demonstrating that early drug discovery projects can use
the in vitro MRGPRX2 activation as a counter-screen to deselect
suboptimal compounds from progressing to the clinic. Results
from the in vitro assay may be further corroborated using a
more complex human test system such as the ex vivo skin model,
which may also reveal other off-target effects of lead candidates
not related to MRGPRX2.
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