Current Allergy and Asthma Reports (2021) 21:3

https://doi.org/10.1007/511882-020-00979-5

BASIC AND APPLIED SCIENCE (I LEWKOWICH, SECTION EDITOR) ;.)

Check for
updates

Mast Cell-Specific MRGPRX2: a Key Modulator of Neuro-Immune
Interaction in Allergic Diseases

Monica Thapaliya' - Chalatip Chompunud Na Ayudhya' - Aetas Amponnawarat' - Saptarshi Roy' - Hydar Ali’

Accepted: 26 October 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Purpose of Review Atopic dermatitis (AD) and allergic asthma are complex disorders with significant public health burden. This
review provides an overview of the recent developments on Mas-related G protein-coupled receptor-X2 (MRGPRX2; mouse
counterpart MrgprB2) as a potential candidate to target neuro-immune interaction in AD and allergic asthma.

Recent Findings Domestic allergens directly activate sensory neurons to release substance P (SP), which induces mast cell
degranulation via MrgprB2 and drives type 2 skin inflammation in AD. MRGPRX2 expression is upregulated in human lung
mast cells and serum of asthmatic patients. Both SP and hemokinin-1 (HK-1 generated from macrophages, bronchial cells, and
mast cells) cause degranulation of human mast cells via MRGPRX2.

Summary MrgprB2 contributes to mast cell-nerve interaction in the pathogenesis of AD. Furthermore, asthma severity is
associated with increased MRGPRX2 expression in mast cells. Thus, MRGPRX2 could serve as a novel target for modulating
AD and asthma.

Keywords Mastcell - Mas-related G protein-coupled receptor X2/B2 - Atopic dermatitis - Allergic asthma - Itch - Neuro-immune

interaction

Introduction

Allergic diseases, such as allergic rhinitis, asthma, food aller-
gy, and eczema, are common in all age groups in the United
States with a high burden in pediatric populations. Allergies
are the 6th leading cause of chronic illness in the U.S. affect-
ing over 50 million Americans with an annual cost of $18
billion [1, 2]. Growing adverse impact of allergic diseases
on public health highlights the need for novel therapeutic de-
velopment. Intense research in the field has increased our un-
derstanding of disease pathogenesis, and the critical role of
mast cells in the manifestation of allergic diseases has become
evident.

Mast cells are unique tissue-resident immune cells strategi-
cally located in tissues that have direct interface with the
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external environment such as the skin and mucosal surfaces
(e.g., respiratory tract, oral/gastrointestinal tract) [3—-5]. They
are well-characterized central effectors of T-helper-2 type
(Th2)-dominated immune response [6—8]. Upon activation
via crosslinking of high affinity immunoglobulin E (IgE) re-
ceptor (FceRI) on mast cells with allergen, they release a wide
range of pre-stored inflammatory mediators (histamine, sero-
tonin, protease), followed by de novo synthesis of mediators
(prostaglandins and leukotrienes) and a variety of cytokines
such as interleukin (IL)-4, IL-5, IL-9, and 1L-13 [9—12]. These
inflammatory mediators are the drivers of the pathology ob-
served in allergic inflammatory diseases including atopic der-
matitis (AD) and allergic asthma [5, 13-16].

While Th2 immune dysregulation has been comprehen-
sively studied in AD and allergic asthma, the pathophysiology
of these diseases are complex and multifactorial [17]. A grow-
ing body of evidence suggests that neuro-immune interaction
is a key modulator in the manifestation of pathological out-
comes in AD and allergic asthma [18, 19]. Mast cells are
located in close proximity to peripheral nerve endings in most
tissues and act as the first responder to sensory nerve activa-
tion [20, 21]. Thus, it is not surprising that the crosstalk be-
tween mast cells and neurons has been implicated in many
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pathologies including neurogenic inflammation and itch [22e,
23e¢]. While extensive studies have focused on IgE-FceRI-
mediated mast cell activation in allergic diseases, recent stud-
ies demonstrated the existence of an IgE-independent path-
way, which is mediated via a novel G protein-coupled recep-
tor (GPCR) known as Mas-related GPCR-X2 (MRGPRX2;
mouse counterpart MrgprB2). MRGPRX2 is a class A
GPCR, and thus shares the common structural feature contain-
ing seven transmembrane (TM) o-helices with other GPCRs
[24]. Ligand binding to the extracellular region of GPCRs
leads to the conformational changes in the intracellular region,
exposing an intracellular pocket that can effectively engage
the binding of G proteins and other intracellular signaling
proteins, and initiating a downstream signaling cascade [25].
The function of GPCRs is regulated by a process known as
desensitization (uncoupling of G proteins from the receptor),
which requires phosphorylation of agonist-occupied receptor
at Ser/Thr residues in the carboxyl-terminus by GPCR kinases
and the recruitment of adaptor proteins 3-arrestins [26].

MRGPRX2 is expressed predominantly in mast cells and is
activated by a broad range of cationic ligands including many
Food and Drug Administration (FDA)-approved drugs, host
defense peptides (HDPs), and neuropeptides [27-30].
Endogenous neuropeptides such as substance P (SP) and
hemokinin-1 (HK-1), which are implicated in the pathogene-
sis of AD and allergic asthma, were historically known to
activate the GPCR, neurokinin-1 receptor (NK-1R) [31-33].
However, the recent realization that SP and HK-1 activate
human mast cells via MRGPRX2, independently of NK-1R
[22¢e, 34¢¢], raises the interesting possibility that the previous-
ly described effects of these neuropeptides on AD and allergic
asthma are mediated via MRGPRX2.

The main objective of this article is to review the recent
literature on the function of MRGPRX2/B2 as the novel re-
ceptor for neuropeptides, SP and HK-1, as opposed to NK-1R.
We will provide an overview on the roles of MRGPRX2/B2
in the context of neuro-immune interaction in allergic diseases
with primary focus on AD and allergic asthma. We will fur-
ther discuss the prospects and unmet needs in targeting
MRGPRX2 as an option for the modulation of AD and aller-
gic asthma.

Discovery of the Novel Mast Cell Receptor,
MRGPRX2

Based on their location and mediator contents, mast cells ex-
hibit distinct heterogeneity. Human mast cells are classified
into 2 subtypes based on the protease content of their secretory
granules and their tissue localization. Thus, mast cells that
contain both tryptase and chymase are known as MCrc and
are found predominantly in connective tissues such as the skin
[35-37]. By contrast, mast cells that contain only tryptase in
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their granules are known as MCr and are present in mucosal
surfaces such as the gut and the lung. In rodents, connective
tissue mast cells resemble MCrc and mucosal mast cells re-
semble MCt. While both subtypes express FceRI,
MRGPRX2 is predominantly expressed in MCrc [35]. The
expression profile of NK-1R in different mast cell subtypes
has not been studied extensively. Earlier studies showed that
mouse bone marrow-derived mast cells (BMMCs) cultured in
stem cell factor (SCF) and IL-4, considered to be a connective
tissue phenotype, express NK-1R [38], but human intestinal
mast cells, considered to be of the mucosal type, do not con-
stitutively express NK-1R [39]. Later, Sumpter et al. [40] re-
ported that BMMCs express low levels of NK-1R which is
significantly increased upon FceRI activation. However,
Fujisawa et al. [41] reported that human skin mast cells that
do not express NK-1R respond to SP for degranulation via
MRGPRX2. Additionally, Manorak et al. [34¢¢] showed that a
human mast cell line (LAD?2 cells), which express both NK-
IR and MRGPRX2, respond to SP and HK-1 for degranula-
tion solely via MRGPRX2. This interesting finding warrants
studies targeting MRGPRX2-SP/HK-1 axis.

After the identification of MRGPRX2 as an IgE-independent
pathway for mast cell activation by Tatemoto et al. [42] in 2006,
our lab was the first to show that HDPs activate mast cells via this
receptor [27, 28]. At that time, it was believed that this receptor
was expressed only in primates [43]. However, a landmark study
by McNeil et al. [29] led to the discovery of the mouse counter-
part (MrgprB2), which opened up a new era for mast cell re-
search in the context of its effect on pseudoallergic drug reac-
tions. More recently, MrgprB2 has been shown to be involved in
experimental neuro-immune interactions with regard to the reg-
ulation of neurogenic inflammation, pain, itch, and AD in mice
[22¢¢, 23¢¢]. In humans, the pathological manifestations of chron-
ic idiopathic urticaria is associated with MRGPRX2 activation
[41, 44, 45+¢]. Additionally, its potential role in modulating aller-
gic asthma has increasingly been recognized [34, 46°¢].

SP Elicits Inflammatory Responses via
MRGPRX2 and MrgprB2

Besides close anatomical localization, mast cells and sensory
neurons demonstrate bidirectional communications. Mast
cell-derived mediators, such as histamine, leukotrienes, and
tryptase, interact with their specific receptors on sensory nerve
endings, resulting in the release of neuropeptides [47—49]. For
example, tryptase activates proteinase-activated receptor-2
(PAR-2) on sensory afferent neurons, which promotes the
secretion of pre-stored neuropeptide SP, a member of the
tachykinin family of neurokinins [47, 50, 51]. In turn, SP
released from nerve endings evokes further mast cell degran-
ulation, resulting in the release of a wide array of proinflam-
matory cytokines and chemokines, and subsequently leading
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to the recruitment of innate immune cells including neutro-
phils, monocytes, and macrophages [38, 52, 53]. Immune
cell recruitment further amplifies local inflammatory re-
sponses and facilitates peripheral nerve sensitization,
which are critical characteristics of neurogenic inflamma-
tion. Activation of mast cells by SP has been implicated in
the pathogenesis of a number of neuroinflammatory con-
ditions such as neurogenic inflammation [22e¢], chronic
urticaria [41], and AD [45¢¢]. In addition, SP expression
is also upregulated in asthmatic lungs when compared to
healthy controls [54].

Initial studies showed that SP induced Ca”* mobilization in
HEK-293 cells ectopically expressing NK-1R [55].
Neurogenic inflammation and pain caused by SP were then
postulated to be mediated via NK-1R [56-58]. Based on these
studies, several antagonists of NK-1R were developed as po-
tential therapies for inflammatory pain, AD, and asthma
[59-61]. Although these NK-1R antagonists were effective
at reducing airway hyperresponsiveness, inflammation, and
pain in animal models, they failed to demonstrate significant
anti-inflammatory and analgesic effects in several human clin-
ical studies [62, 63]. Interestingly, Azimi et al. [64] showed
that conventional NK-1R antagonists have an off-target effect
on the mouse MrgprB2 but not human MRGPRX2. Hence,
this failure of NK-1R antagonists in humans suggests the pos-
sibility that the inflammatory effect of SP may be mediated via
alternative mechanisms, presumably through MRGPRX2.

Emerging evidence suggests that MrgprB2 regulates SP-
mediated neurogenic inflammation in mice [22¢¢]. Using post-
operative incision and complete Freund’s adjuvant (CFA)
pain models, Green et al. [22¢¢] demonstrated that activation
of MrgprB2 by SP is required for inflammatory and thermal
hyperalgesia, pro-inflammatory cytokine and chemokine pro-
duction, and innate immune cell recruitment. Intriguingly,
these responses are unaffected in NK-1R-deficient (NK-
1R /") mice. Furthermore, SP-stimulated release of inflamma-
tory cytokines and chemokines in LAD2 cells are reduced in
MRGPRX2-silenced cells and not modulated by an NK-
IR antagonist. These findings suggest that both SP-induced
immune cell recruitment and cytokine release are mediated by
MRGPRX2, independent of the canonical SP receptor NK-1R
[22¢¢]. These discoveries that SP elicits inflammatory re-
sponses via MRGPRX2/B2 have therefore challenged our
previous understanding on SP/NK-1R axis.

Novel Role of MRGPRX2/B2 in Atopic
Dermatitis

Atopic dermatitis (AD), also known as atopic eczema, is a
chronic inflammatory skin condition that is clinically charac-
terized by recurrent eczematous skin lesions with intense pru-
ritus and type 2 immunity-associated hypersensitivity to

common domestic allergens such as house dust mites
(HDMs) [65]. It affects approximately 15-20% of children
and 1-3% of adults worldwide, with an increasing prevalence,
especially in urbanized and industrialized areas [66]. AD is
frequently associated with other atopic diseases including al-
lergic asthma, allergic rhinitis, and food allergy [65, 67].
Additionally, AD causes a profound impairment of quality
of life for patients and their families. Individuals with AD,
particularly those with moderate-to-severe disease, often suf-
fer from chronic/relapsing itch and pain, as well as psychoso-
cial morbidities, such as anxiety, depression, and suicidal ide-
ation [68—70]. Despite significant public health burden asso-
ciated with AD, the pathogenesis of chronic itch and inflam-
mation in AD is not completely understood, and therapeutic
options are limited. Thus, there is an urgent need to better
understand the mechanisms underlying the pathophysiology
of AD to develop novel therapeutic and preventative
strategies.

Although the etiology of AD is not fully understood, skin
barrier dysfunction, microbial dysbiosis, and aberrant Th2-
immune dysregulation are implicated as the primary patholog-
ical drivers [71, 72]. Skin barrier defects can stimulate
keratinocytes to release thymic stromal lymphoprotein
(TSLP) and other cytokines that promote Th2-type immune
response [72, 73]. They also allow the penetration of irritants/
allergens and colonization of Staphylococcus aureus (S.
aureus), which promote further inflammation, thus leading
to a vicious cycle [74]. S. aureus is frequently isolated from
the skin of AD patients and is found in 70-100% of lesional
skin when compared to 5-40% of healthy control skin [75,
76]. S. aureus-derived exotoxins with superantigen (SAg) ac-
tivity, such as staphylococcal enterotoxins B (SEB), contrib-
ute significantly to dermal T cell infiltration and disease se-
verity [74, 77]. Patients whose skin is colonized with SEB-
secreting S. aureus have more accumulation of skin-
infiltrating T cells and a higher severity of AD than those
colonized with non-toxigenic strains [77].

Mast cells have long been implicated in the pathogenesis of
AD [15, 78]. Although mast cells serve as a functional ho-
meostatic regulatory unit to facilitate neuro-immune interac-
tion [50e, 79], their inappropriate activation and peripheral
nerve sensitization account for inflammatory and
pruritoceptive pathways in AD. Lesional skin of AD patients
is hyper-innervated with SP-positive nerve fibers, enhanced
mast cell-nerve fiber contacts, and increased numbers of acti-
vated mast cells when compared to non-lesional skin [80],
suggesting an important role of mast cell-nerve interaction in
the pathogenesis of AD. Moreover, plasma level of SP is
elevated in AD patients with a positive correlation to disease
severity [81, 82].

The gene encoding SP precursor, Tacl, is highly expressed
in the transient receptor potential cation channel subfamily V
number 1 (TRPV1%) nociceptors [83]. Recently, Serhan et al.
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[45¢] showed that Tacl expressed in the neuronal compart-
ment of the skin is required for the development of experi-
mental allergic skin inflammation in mice. Application of
Dermatophagoides farinae (D. farinae) extracts and SEB on
the dorsal skin has been widely used and shown to induce AD-
like skin lesions in mice with histological and immunological
characteristics similar to those of human AD [84, 85]. Indeed,
treatment of wild-type mice with D. farinae and SEB induced
a systemic D. farinae-specific Th2 response and developed
macroscopic skin lesion with increased epidermal thickness.
However, Tt acl”’” mice exhibited substantially reduced skin
lesion development and histological abnormalities [45¢¢]. As
SP is shown to function through MrgprB2 and MRGPRX2 to
regulate neurogenic inflammation, itch sensation, and chronic
urticaria [22e+, 41], neuro-immune interaction in AD is likely
to be mediated via this receptor.

Using intravital imaging approach, a new method to visu-
alize the activation of sensory neurons and mast cells simul-
taneously in live mice, Serhan et al. [45+¢] demonstrated that
the majority of TRPV1* neuron endings are found in close
proximity and/or form physical contacts with skin mast cells,
which express MrgprB2. They further showed that D. farinae
directly activates TRPV1*Tacl” neurons to release SP, which
induces degranulation in mast cells via MrgprB2 (Fig. 1a).
Unlike wild-type mice, MrgprB2™ ™ mice showed substan-
tial reductions in skin lesions, skin barrier disruption, and
immune cell recruitment [45¢¢]. Taken together, this study
suggests that upon allergen exposure, TRPV1*7Tacl™ neurons
release SP, which induces degranulation in mast cells via
MrgprB2 to promote the development of AD-like allergic skin
inflammation (Fig. 1a). These findings identify MrgprB2 as a
key receptor that facilitates communication between skin mast
cells and TRPV1™" nociceptors. Whether MRGPRX2 in hu-
man functions via a similar mechanism has yet to be
determined.

MRGPRX2 in Non-histaminergic Itch

IgE-FceRI-mediated mast cell activation and histamine re-
lease have been demonstrated to be crucial for the develop-
ment of itch. However, antihistamines are largely ineffective
for the treatment of chronic itch sensation including AD-
associated itch [86]. This phenomenon is not completely un-
derstood and it likely reflects the involvement of an additional
pathway. Dysregulation of mast cell-nerve interaction has
been implicated in itch sensation [87°, 88—90]. Itch is a classic
hallmark for AD and is exacerbated by pruritogens, inflam-
matory mediators, and activation of sensory nerves [87¢].
Recently, MrgprB2 has been demonstrated to regulate non-
histaminergic itch in mice. Compared to classical IgE-FceRI-
mediated activation, MrgprB2-mediated mast cell activation
induces differential mediator release and distinct pattern of
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activated itch-sensory neurons [23ee]. For example,
MrgprB2 activation induced by pro-adrenomedullin peptide
9-20 (PAMP 9-20) results in the release of tryptase B pre-
dominantly with low levels of monoamines, histamine and
serotonin, and excites distinct itch-sensory neuron populations
expressing either Mrgprd, Mrgpra3, or HTRIF to induce itch
(Fig. 1b). By contrast, FceRI-mediated activation is associated
with greater release of histamine and serotonin, and mainly
triggers histamine-sensitive neurons. Not surprisingly, while
histamine receptor antagonists substantially reduce itch in-
duced by anti-IgE, they have insignificant effects on
MrgprB2 agonist-mediated itch [23e¢]. Thus, it is possible that
AD-associated itch ineffective with antihistamine treatment
may be MRGPRX2 mediated. However, this association is
yet to be investigated. Of note, AD patients have increased
risks of allergic contact dermatitis [70, 91], whose pathogen-
esis has been recently shown to be regulated via MRGPRX2/
B2 [23ee, 92, 93]. Therefore, targeting MRGPRX2 could be a
promising therapeutic modality for the prevention and/or
treatment of non-histaminergic itch.

Emerging Role of MRGPRX2 in Allergic
Asthma

Allergic asthma is an upper airway inflammatory disease
caused by a complex interaction between structural and im-
mune cells (airway smooth muscles, T cells, and leukocytes)
[94-96]. Similar to AD pathogenesis, mast cells are widely
recognized as a major player in allergic asthma by mediating
effector function in Th2-immune response driven inflamma-
tion [94-96]. Mast cell-released histamine causes airway
smooth muscle contraction, mucus hypersecretion, and plas-
ma extravasation within the airway wall, which consequently
results in airway narrowing [97-99]. Mast cell-derived
cysteinyl leukotrienes are some of the most potent
bronchoconstrictors known to cause asthmatic airway ob-
struction as well as increase mucus production [100, 101¢].
There are a number of similarities between AD and allergic
asthma. For example, sensory nerve fibers and mast cells are
present in both skin [21] and lungs [102], which are continu-
ously exposed to environmental allergens such as HDMs
[103, 104]. Given the important roles of mast cells in Th2
immune response, it is possible that these diseases share a
common mechanism for their initiation involving mast cell-
nociceptor interaction. The level of SP (MRGPRX2 agonist)
is elevated in lungs, bronchoalveolar lavage, and sputum ob-
tained from asthmatic patients compared to normal controls
[105, 106]. Furthermore, mast cells obtained from bronchoal-
veolar lavage (from patients at routine bronchoscopy) are ac-
tivated by SP [107]. Although it was generally accepted that
normal human lung mast cells are of the MCr type and do not
express MRGPRX2 [41, 108], it now appears that ~20% of
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Fig. 1 MRGPRX2-mediated mast cell-nociceptor interaction in atopic
dermatitis, itch, and allergic asthma. a Common domestic allergens,
house dust mites (HDMs), directly activate TRPV1*TacI* sensory neu-
rons to release neuropeptide substance P (SP), which induces mast cell
degranulation and cytokine/chemokine production via MrgprB2 that
drives the development of inflammation in atopic dermatitis. b Pro-
adrenomedullin peptide 9-20 (PAMP 9-20) released from keratinocytes
activates MrgprB2 resulting in the release of tryptase. Compared to clas-
sical IgE-FceRI, MrgprB2 recruits CD45" immune cells and excites dis-
tinct itch-sensory neuron populations expressing either Mrgprd, Mrgpra3,

normal human lung mast cells express MRGPRX2 [109ee].
Thus, it is possible that, similar to AD pathogenesis
(Fig. 1a), upon allergen challenge, SP is released from sensory
nerves and activates MRGPRX2-expressing lung mast cells to
cause bronchoconstriction and Th2-mediated immune re-
sponse, resulting in mild allergic asthma (Fig. 1c).
Moreover, in individuals with severe asthma, airway submu-
cosa and lung epithelium are dominated by MCrc type mast
cells rather than MCy [97, 110, 111]. Manorak et al. [34ee]
demonstrated that the number of MRGPRX2 positive mast
cells in Iungs of the patients who died with asthma is signifi-
cantly enhanced compared to patients who died with unrelated
cause.

Neuropeptide HK-1, an important mediator implicated in
the bronchoconstriction in asthma, belongs to the same family
of neurokinins as SP [112]. Using transfected HEK-293 cells,
Morteau et al. [S5] showed that HK-1 is a full agonist for NK-
IR and induces Ca** mobilization with similar binding affin-
ity as SP. Unlike SP, HK-1 is not produced by sensory nerves
but is released by lung macrophages, human bronchial cells,
and FceRI-activated mast cells [40, 112, 113]. Interestingly,
FceRI activation of murine mast cells results in enhanced
production of HK-1, which further activates mast cells via
NK-IR to provide adjuvancy in the development of chronic

or HTRIF to induce non-histaminergic itch. ¢ HDM exposure activates
sensory nerves to produce SP, which activates MRGPRX2 in lungs to
induce degranulation resulting in mild asthma. Hemokinin-1 (HK-1) pro-
duced from lung macrophages, bronchial cells and mast cells, and ligands
generated from eosinophils (major basic protein (MBP) and eosinophil
peroxidase (EPO)), neutrophils (cathelicidin LL-37), and epithelial cells
(-defensins) further activates mast cells via MRGPRX2 to induce de-
granulation and release inflammatory mediators (histamine, prostaglan-
din 2 (PGD2) to amplify the airway hyperresponsiveness resulting in
allergic asthma exacerbation

airway inflammation in vivo [40]. However, Manorak et al.
[34¢°] showed that HK-1 induces degranulation in rat baso-
philic leukemic (RBL-2H3) cells stably expressing
MRGPRX2 and a human mast cell line (LAD2) endogenously
expressing MRGPRX2. This effect was not inhibited by an
NK-1IR antagonist, but knockdown of MRGPRX2 in LAD2
cells resulted in substantial reduction of HK-1-induced de-
granulation [34ee]. These findings suggest that in addition to
SP, HK-1 also activates human mast cell via MRGPRX2 and
the potential adjuvancy in the chronic airway inflammation is
likely mediated via MRGPRX2, not NK-1R. Thus, it is pos-
sible that allergen-induced mast cell/FceRI activation, which
is involved in asthma pathogenesis, produces HK-1 which
may further activate MRGPRX2 and produce inflammatory
mediators such as histamine and PGD2 to amplify the airway
hyperresponsiveness, resulting in more severe asthma
(Fig. 1c). These findings suggest that allergic asthma severity
could be linked with MRGPRX2 upregulation.

In addition to mast cells, granulocytes such as eosinophils
and neutrophils also play a role in asthma pathogenesis. Upon
activation, eosinophils release cytoplasmic proteins such as
eosinophil-derived major basic protein (MBP) and eosinophil
peroxidase (EPO) [114-116]. Lung neutrophils are also
shown to secrete cathelicidin LL-37 in asthmatic patients
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[27, 44]. Moreover, respiratory epithelium is shown to pro-
duce -defensins in response to rhinoviral infection [117,
118] Interestingly, LL-37, MBP, EPO, and 3-defensins all
activate human mast cells via MRGPRX2 [27, 28, 41].
Since MRGPRX2 is upregulated in asthmatic lungs, it is likely
that HK-1 released from bronchial cells and activated mast
cells as well as LL-37, MBP, EPO, and [3-defensins released
from granulocytes and epithelial cells further amplify mast
cell-mediated responses in allergic asthma through the activa-
tion of this receptor (Fig. 1c). These possibilities thus intro-
duce MRGPRX2 both in the early events in allergic asthma as
well as its exacerbation.

MRGPRX2 Mutations and Their Prospective
Clinical Relevance in AD and Asthma

Molecular remodeling and mutagenesis studies have identi-
fied putative ligand binding pocket and G protein-coupling
region for MRGPRX2. It has been shown that negatively
charged residues E164 and D184 of MRGPRX2 are important
for binding several cationic ligands, including opioids and SP
[119ee, 120, 121] (Fig. 2a, b). Structural and computational
studies have identified residues in TM domains that are highly
conserved among class A GPCRs and are likely to participate
in G protein coupling [122]. These predicted residues for
MRGPRX?2 are V123, 1225, and Y279 [123¢¢]. Furthermore,
for receptor phosphorylation, the carboxyl terminus of
MRGPRX2 contains five Ser/Thr residues (Fig. 2a, b).
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Fig.2 Predicted ligand binding, G protein coupling, and phosphorylation
regions of MRGPRX2 with sequence comparisons to its mouse ortholog
MrgprB2. a Snake diagram of secondary structure of MRGPRX2 with
solid background denoting residues responsible for ligand binding (red),
G protein coupling (green), and phosphorylation (blue) of MRGPRX2. b
Amino acid numbering for each MRGPRX2 residues. ¢ Site-specific
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Utilizing structural information from crystal structures of
other class A GPCRs and naturally occurring MRGPRX2
missense variants (Fig. 3a, b), Alkanfari et al. [119e¢] identi-
fied 4 naturally occurring MRGPRX2 missense variants
(G165E, D184H, W243R, and H259Y) that failed to respond
to SP and HK-1 [119¢¢]. Additionally, Chompunud Na
Ayudhya et al. [123+¢] recently identified potentially G
protein-coupling-deficient variants with loss-of-function phe-
notype (V123F, R138C, R141C, and V282M) and
phosphorylation-defective variants with gain-of-function phe-
notype (S325L and L.329Q) for SP-induced mast cell activa-
tion and degranulation [123] (Fig. 3a, b). It is possible that
individuals with loss-of-function MRGPRX2 variants may be
resistant, while those who harbor gain-of-function variants
may be more susceptible in the context of both SP and HK-
1-mediated inflammatory response, including AD and allergic
asthma. However, these possibilities are yet to be explored.

Therapeutic Prospects and Unmet Needs
in MRGPRX2 Studies

Based on the recent evidence of MrgprB2’s vital functional
roles in AD pathogenesis [45¢¢], neurogenic inflammation and
itch [22ee, 23], and its prospective role in allergic asthma
[34ee, 124], it is reasonable to speculate that MRGPRX2-
targeted antagonists could be an attractive therapeutic inter-
vention for AD and allergic asthma. However, although
MrgprB2™™" mice have been extensively utilized to study

Predicted ligand binding pocket

E164 X2 SILEGKFCGFLFSDGDSGWCQTFDFI

|2

B2 GLLEGKACGLLFNSFDSYWCETFDVI

D184

- Protein

Predicted G protein-coupling region

1 V123

2 1225 X2 LSTVSTERCLSV....TILLTVLVFL...NPIIYF
B2 LSTISIERCLSV....TITLTVLVFL...NPIIYF

3 Y279

1 S313 . . )
Predicted phosphorylation site
2 T321
3 5325 X2 LQRALQDIAEVDHSEGCFRQGTPEMSRSSLV
B2 LQRAMQDTPEEEQSGNKSSSEHPEELETVQS
4 S327
5 S328

pairwise sequence alignment of human MRGPRX2 (top) with mouse
MrgprB2 (bottom) at predicted ligand binding (red background), G
protein-coupling (green background), and phosphorylation regions (blue
background). Red font color indicates different residues in MrgprB2
when compared to MRGPRX2
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the function of MRGPRX2 in vivo, MrgprB2 markedly differs
from MRGPRX2 for agonist affinity. For example, SP acti-
vates MRGPRX2 with ECs of 152 nM but MrgprB2 requires
ECso of 54 uM [29, 120]. Of note, the overall sequence sim-
ilarity between these two receptors is only about 53% [120].
Site-specific pairwise sequence alignment shows distinct dis-
similarity in ligand binding and phosphorylation sites, while G
protein coupling region seems to be conserved (Fig. 2c).
Azimi et al. [64] reported that antagonists which block
MrgprB2 do not inhibit MRGPRX2 activation. Furthermore,
Ogasawara et al. [125] recently reported novel MRGPRX2
antagonists that inhibited SP-mediated degranulation in hu-
man mast cells but had no inhibitory cross reactivity against
MrgprB2. These species-specific dissimilarity in amino
acids sequence may attribute to the striking differences in
agonist/antagonist affinity between two receptors. This re-
stricts the testing of antagonists for an in vivo translation and
highlights the need for development of better animal models.

Development of humanized mice have started to gain
attention in allergy research [126—128]. Recently,
Mencarelli et al. [129¢] reported the generation of human-
ized mice expressing MRGPRX2 by hydrodynamic injec-
tion of plasmids expressing human GM-CSF and IL-3 into
immunodeficient mice, NOD-scid IL2Ry_/ ~ (NSG) strain.
Even though these mice were enriched with human mast
cells, not all mast cells expressed MRGPRX2. Another
major disadvantage of this model is the inability of host
microenvironment to fully support human hematopoiesis.
One of the prospective ways to address the limitations

S Protein
O@@@@ﬂﬁﬂ@@ﬂ@@&@ﬁﬂ@@@ S
Q-

b

would be to develop humanized mice by genetically delet-
ing MrgprB2 and replacing with MRGPRX2. This ap-
proach, however, has not been reported yet.

Conclusion

Recent studies have implicated MRGPRX2/B2 as a novel
potential receptor in mast cell-mediated neuro-immune inter-
action associated with Th2-mediated allergic diseases, AD,
and allergic asthma (Fig. 1a, c) [34es, 45¢, 46°]. Emerging
evidence that MRGPRX2 contributes to SP-mediated neuro-
genic inflammation [22¢¢] and non-histaminergic itch [23ee]
strongly supports the notion that MRGPRX2 could serve as a
potential key player in AD-associated inflammation and itch
(Fig. 1a, b). Moreover, in addition to the neuropeptides SP and
HK-1, cationic peptides released from eosinophils, neutro-
phils, and epithelial cells activate human mast cells via
MRGPRX2 (Fig. 1c). Thus, MRGPRX2 appears to be a miss-
ing link for understanding of the pathogenesis of AD and
allergic asthma, and developing a specific antagonist for this
receptor could provide a novel approach for the treatment of
these and other allergic diseases.
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