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Abstract

The discovery of Mas-related G protein-coupled receptors (Mrgprs) has opened a compelling 

chapter in our understanding of immunity and sensory biology. This family of receptors, with 

their unique expression and diverse ligands, have emerged as key players in inflammatory states 

and hold the potential to alleviate human diseases. This review will focus on the members 

of this receptor family expressed on immune cells and how they govern immune and neuro-

immune pathways underlying various physiological and pathological states. Immune cell-specific 

Mrgprs have been shown to control a variety of manifestations, including adverse drug reactions, 

inflammatory conditions, bacterial immunity, and the sensing of environmental exposures like 

allergens and irritants.

Introduction

The Mas-related G protein-coupled receptor (MRGPR) family of orphan G protein-coupled 

receptors (GPCRs) are a cornerstone in somatosensation.1 However, their role exceeds the 

domains of itch and pain, as these GPCRs substantially impact immune cell function. 

Mrgprs are expressed on various immune cell types, including mast cells, dendritic cells 

and neutrophils, highlighting their capacity to regulate a variety of immune responses. 

MRGPR stimulation can trigger different immune processes, leading to the release of 

pro-inflammatory cytokines, chemotaxis of immune cells, and modulation of immune cell 

activation states. One of the main identified mechanisms for MRGPRs is facilitating the 

crosstalk between sensory nerves and immune cells. Neuropeptides released from sensory 

nerves can activate MRGPRs on immune cells, leading to their recruitment and activation in 
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response to allergens, irritants, and infections. Clinical trials of drugs inhibiting MRGPRs to 

treat and manage immune-related disorders are already underway, suggesting the possibility 

that several other MRGPRs with unknown immune-modulating functions could also serve as 

potential therapeutic targets.

Brief Historical Perspective

In 2001, via a subtractive cloning screen using RNA from dorsal root ganglion (DRG) 

neurons, Dong, Anderson, and colleagues discovered a previously unknown GPCR gene 

family.2 Following these findings, another group discovered these family members using rat 

neuronal tissue.3 As the genes in this family showed the highest homology (approximately 

35%) to the MAS1 proto-oncogene, they were designated as the MAS-Related G-Protein 

Coupled Receptor (MRGPR). Based on sequence similarities, 3 subfamilies are clustered 

into Mrgpra, Mrgprb and Mrgprc, containing 50 members, of which only 22 have intact 

open reading frames (ORFs), and the rest are pseudogenes (Fig. 1A). Four human 

Mrgpr genes showed close homology (approximately 50%) to these 22 mouse Mrgprs. 

However, without apparent sequence homology needed to confirm the ortholog pair, these 

4 human MRGPRs were initially coined as members of the ‘X’ cluster: MRGPRX1, 

MRGPRX2, MRGPRX3, and MRGPRX4.4 Further, 4 other Mrgprs with well-defined 

sequence homology in both mice and humans were identified, specifically, Mrgprd, Mrgpre, 

Mrgprf, and Mrgprg. In sum, 26 murine and 8 human MRGPRs with intact coding 

sequences constitute this receptor family (Fig. 1B).

The Mrgpr family members show high structural similarity, having short (3-21 amino acid) 

N-termini and relatively conserved transmembrane and intracellular domains. The most 

variation among these family members resides in the extracellular environment, which 

imparts unique ligand binding potential.

The mast cell-MRGPRX2 axis in skin infection and inflammation

The first report of extra-neuronal expression of MRGPRs came in 2006 when Tatemoto et 

al. demonstrated that human mast cells express MRGPRX2.5 This discovery has led to a 

wealth of new research re-evaluating our understanding of what drives mast cell activation. 

Classically, mast cells are most known for their role in immunoglobulin E (IgE)-mediated 

allergic manifestations. In allergen-sensitized individuals, crosslinking of the high-affinity 

IgE receptor (FcεR1) by antigen-IgE complexes on mast cells drives degranulation, leading 

to the release of pre-formed mediators such as histamine, arachidonic acid metabolites, and 

cytokines.6 Although mast cells are known for their pre-formed content, they also synthesize 

lipid mediators and cytokines in response to IgE crosslinking.7 The secretory output of 

activated mast cells drives the hallmark features of type I hypersensitivity (hives, edema, 

bronchospasm, itching, etc). However, it had been well-established that mast cells can be 

triggered in an IgE-independent fashion, culminating in an inflammatory response similar 

to IgE-dependent activation. Before the discovery of IgE in 1967, and starting at least in 

the 1950s, reports were studying the effects of various mediators, including neuropeptides, 

on human mast cells and in later experiments beginning in the 1970s, had demonstrated 

that neuropeptides like substance P (SP) could drive human skin mast cell degranulation.8-10 

Today, we know that these IgE-independent endogenous and exogenous mast cell activators, 
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most of which are positively charged and are also collectively called basic secretagogues, 

form a diverse collection of synthetic and natural molecules like compound 48/80, FDA-

approved drugs, neuropeptides, venoms, and toxins, now known to trigger mast cells via 

MRGPRX2.

In 2015, it was reported that Mrgprb2 was the mouse ortholog of human MRGPRX2 11, 

with similarly restricted expression to mast cells. Thus, MRGPRX2 and Mrgprb2 became 

a bona fide marker of mast cells. However, their expression is not equally found across 

different types of mast cells, highlighting the developmental dichotomy to the genesis of 

mast cells. The long-held belief that circulating bone marrow (BM) derived precursors 

give rise to tissue mast cells is now being replaced with the knowledge that in mice and 

humans, mast cells can originate from hematopoietic stem cells from the bone marrow or 

the yolk sac.12, 13 Mast cells with embryonic origins (i.e. yolk sac) tend to be enriched 

for granules containing tryptase, chymase, and carboxypeptidase (MC(TC)). They are 

found in connective tissues, fat, and sub-mucosa of the skin, in proximity to blood and 

lymphatic vessels, and neurons.14 MRGPRX2 is highly expressed in fat and skin mast 

cells15, and like in humans, Mrgprb2 is also majorly expressed by mouse connective 

tissue-associated MC(TC).16 Unlike yolk-sac-derived mast cells, mast cells that develop 

from the bone marrow are predominantly found in respiratory and gastrointestinal mucosal 

tissues and contain tryptase-loaded granules (MC(T)). In mice and humans, these express 

little Mrgprb2 16 or MRGPRX2 15, respectively. In line with the segregated expression 

of Mrgprb2/MRGPRX2 to connective tissue mast cells, engraftment of human fetal liver 

CD34+ hematopoietic stem cells into humanized mice resulted in the development of human 

mast cells in various organs where it was observed that only the skin engrafted mast cells 

expressed MRGPRX2, but not those in the lungs, spleen or liver.17 This may suggest the 

possibility that connective tissue-specific signals may support the expression of MRGPRX2.

Ligand discovery efforts using peptide and chemical screening libraries revealed that both 

Mrgprb2 and MRGPRX2 could be ligated by hundreds of compounds, including many 

endogenous secretagogues 18, which have been shown to trigger mast cell degranulation. 

These include substance P (SP), pituitary adenylate cyclase-activating polypeptide (PACAP), 

somatostatin (SST), cortistatin, the adrenomedullin-derived PAMP12 (also known as 

PAMP9-20), and anti-microbial peptides.5, 11, 18 In addition, Mrgprb2/MRGPRX2 were 

shown to bind various cationic FDA-approved drugs, including vancomycin, icatibant, 

ciprofloxacin, as well as several compounds derived from the opioid family like codeine 

and morphine.11, 19, 20 Engagement of this pathway resulted in mast cell degranulation and 

the development of drug-induced pseudo-allergic drug reaction in mice, suggesting that 

MRGPRX2 is may be responsible for adverse drug reactions like the red man syndrome 

characterized by itchy skin eruptions in response to vancomycin.21

Mast cells are a versatile component of innate immunity, and they essentially populate all 

organs. Mast cells are considered one of the most ancient immune cells originating nearly 

500 million years ago from primitive test cells of urochordates, which are functionally 

and morphologically highly similar to mast cells, including their ability to degranulate and 

respond to compound 48/80 (C48/80).22 Like their ancestor test cells, which were thought 

to provide host protection against infections, Mrgpr-expressing mast cells are likely central 
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to how we have evolved a rapid response to environmental triggers and pathogen exposures. 

This detection system can react to various host mediators released during infection, as well 

as molecules of microbial origin. One of the major anti-microbial pathways thought to be 

elicited during infection is the recognition of host-defense peptides by Mrgprb2/MRGPRX2 

on mast cells.

Cationic host-defense peptides also known as anti-microbial peptides (AMPs) are expressed 

across diverse species ranging from microorganisms to plants, amphibians, and mammals.23 

These short (>50 amino acids), positively charged (at physiological pH) peptides from 

vertebrates can be categorized into 2 broad classes, defensins and cathelicidins.24 Defensins 

are broadly subdivided into 3 categories: alpha-defensins, beta (β)-defensin and θ-defensins; 

among these, beta-defensins are ubiquitous and found in all vertebrates.24 LL-37 is the only 

human cathelicidin.25 Both LL-37 26 and β-defensins 27 are ligands for MRGPRX2 and 

induce MRGPRX2-dependent mast cell degranulation.

Given their anatomical distribution at barrier surfaces, mast cells are known to be actively 

engaged by pathogens, including viruses, bacteria and fungi, where they generally provide 

protective immunity.28, 29 During infection, mast cells can be activated downstream of cell-

surface receptors, like toll-like receptors (TLRs) and Fc-receptors (FcRs)30, and this leads to 

the secretion of a wide variety of mediators that are directly anti-microbial such as AMPs.31 

A major mechanism by which mast cells are thought to mediate anti-microbial response is 

through increased recruitment and activation of other immune cells like neutrophils.32 In a 

model of localized dermonecrotic infection using an intradermal injection of S. aureus, mice 

with inducible deficiency in mast cells (Mcpt5Cre;iDTR) failed to clear bacteria efficiently 

when compared to mast cell sufficient animals.33 Also, injection of the Mrgprb2/MRGPRX2 

agonist mastoparan, a peptide isolated from wasp venom, reduced skin bacterial burden, 

wound size, and scarring in mast cell-sufficient mice, but not when mast cells were depleted. 

Administration of mastoparan also induced mast cell-dependent recruitment of neutrophils, 

Langerhans cells and DCs in response to S. aureus. In line with this, the inactive mastoparan 

analog, mastoparan 17, was significantly less effective than mastoparan in reducing lesion 

size. However, several cationic amphiphilic peptides, such as mastoparan, not only activate 

mast cells via Mrgprb2/MRGPRX2 but can also kill bacteria directly by binding to and 

disrupting negatively charged bacterial membranes. Thus, Arifuzamman et al. 33 generated 

mastoparan analogs (Duke Mast F and MP-6I peptides) with uncoupled properties to 

separate the mast cell degranulating and direct anti-bacterial properties of mastoparan. The 

Duke Mast F peptide induced mast cell activation but had no anti-bacterial activity and was 

able to reduce S. aureus-induced lesion size. Conversely, the MP-6I peptide had no activity 

on mast cells but retained its anti-bacterial properties and showed no effect in reducing 

lesions. Thus, suggesting that sensing of endogenous anti-microbial peptides by Mrgprb2/

MRGPRX2 is a key anti-microbial mechanism.

A recent study showed that Mrgprb2-mediated recognition of anti-microbial peptides is 

not the only mechanism by which mast cells protect the host. Bacterial gene expression is 

dictated by their cellular density in a phenomenon known as quorum sensing (QS). Both 

gram-negative and gram-positive bacteria synthesize QS molecules (QSM), which serve as 

messengers for communication within the bacterial colony.34 However, these can also be 
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sensed by host immune cells. Various cationic QS peptides from gram-positive bacteria 

were shown to activate Mrgprb2 and MRGPRX2 and mediate host-pathogen clearance.35 

Various QSM such as the competence-stimulating peptide (CSP) from Streptococcus 
pneumoniae, Entf from Enterococcus faecium, and Streptin-1 from S. pyogenes activated 

mast cells through Mrgprb2 and MRGPRX2, leading to mast cell degranulation. Further, 

CSP-deficient Streptococcus pneumoniae deficient could not activate mast cells. During 

infection, Mrgprb2−/− mice had elevated bacterial loads and reduced recruitment of 

neutrophils compared to controls. These findings are in line with others33, showing that 

an intact mast cell response facilitates the influx of immune cells, including neutrophils. 

This suggests that in addition to the ability of mast cells to directly produce AMPs 31, 

they coordinate the recruitment of other immune effectors to produce an anti-microbial 

response. Together, these reports support the role for an Mrgprb2/MRGPRX2-mast cell axis 

in controlling bacterial infections at barrier surfaces (Fig. 2).

Aberrant microbial activity is also thought to be pathogenic in rosacea, a chronic skin 

inflammatory condition with multifactorial etiology.36 Dysbiotic colonization in rosacea is 

believed to drive a heightened host defense response encompassing enhanced anti-microbial 

peptide generation and immune cell recruitment.37 Compared to normal skin, patients with 

rosacea harbor more mast cells.38 Consistent with this, studies in murine models have 

demonstrated the importance of mast cells in rosacea-like skin inflammation induced by 

intradermal injection of the cathelicidin LL-37. 38, 39 Moreover, in skin biopsies of patients 

with rosacea, more mast cells express MRGPRX2 than in normal subjects.40 Furthermore, 

LL-37-induced rosacea in mice was significantly reduced in mast cell deficient KitW-sh/W-sh 

mice and Mrgprb2−/− mice.40

The Mrgprb2/MRGPRX2-mast cell axis may go beyond responding to bacterial infections 

and could play a role in the host response to tick bites. A recent study showed that Mrgprb2 

and MRGPRX2 can recognize tick (Ixodes persulcatus)-derived salivary defensin peptides 

(IPDef1, IPDef2).41 In vivo, IPDefs elicited scratching and vascular leakage, and in vitro 
stimulation of mouse peritoneal mast cells with recombinant IPDef induces the release of 

histamine, serotonin, and tryptase, although it is not clear whether this is dependent on 

Mrgprb2. Nonetheless, taken together this data is suggestive that the tick bite-mediated itch 

sensation may be dependent on the Mrgpr-mast cell system.

Mast cells and MRGPRs: the neuroimmune axis regulating dermatitis and itch

Sterile and non-sterile immunity is no longer the purview of only immune cells. In the 

last decade, the field of neuroimmunology has contributed to a more holistic view of our 

responses to infection, inflammation and somatosensation. We now know that neuronal 

signals are essential to condition an appropriate immune response. In many tissues, like the 

skin, subsets of immune populations, including mast cells, exist near sensory nerves and are 

receptive to neural outputs.

Our comprehension of the molecular pathways responsible for translating pruritic stimuli 

into the sensation of itch is still at an early stage. Itch can be categorized into two 

main origins: histaminergic and non-histaminergic.42 As the primary source of histamine, 

mast cells are crucial mediators of histaminergic-related acute itch. In sensitized allergic 
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individuals, IgE-complex via crosslinking of high-affinity IgE receptors on mast cells 

can activate them, leading to histamine release.7 Histamine-induced itch involves the H1 

and H4 histamine receptors on histaminergic nerves, this activates capsaicin-responsive 

nociceptors or TRPV1+ nociceptors, leading to the release of neuropeptides, like SP and 

calcitonin gene–related protein (CGRP).43 44 This so-called “neurogenic inflammation,” 

results in vasodilation in the surrounding tissue, plasma extravasation, and mast cell 

degranulation.42, 45 While histamine is an important mediator for both acute and chronic 

itch, non-histaminergic pathways are major contributors to different types of itch. For 

example, itch neurons can be activated by a variety of exogenous and endogenous 

nonhistaminergic pruritogens such as peptides, lipids, cytokines and proteases, etc.46 While 

histamine receptors are present in the 3 main classes of itch-sensing neurons in human and 

mouse, labeled as non-peptidergic nociceptor 1 (NP1), NP2, NP3 47, Mrgprs have selective 

expression. Single cell RNA sequencing of mouse DRG sensory neurons revealed that NP1, 

NP2, NP3 are specifically labeled by Mrgprd, Mrgpra3, and somatostatin (SST) expression, 

respectively.48 Consistently, human DRG single cell RNAseq study also demonstrated the 

existence of these three classes of itch-sensing neurons.47 In human DRG, MRGPRX1 
is expressed in both NP1 and NP2 whereas MRGPRD is weakly expressed in NP1 and 

MRGPRX4 is specifically expressed in NP2 population. Like mice, SST is also a specific 

marker for human NP3 neurons.47

Mrgprb2 is an important mediator of non-histaminergic itch. Importantly, itch triggered by 

Mrgprb2-activated mast cells drives the release of different pruritogens, which results in 

the engagement of distinct itch sensory neurons compared to those initiated downstream of 

anti-IgE complexes. The Mrgprb2 agonist PAMP12 induced Mrgprb2-dependent scratching, 

and this was accompanied by the release of tryptase, but not histamine.49 On the other 

hand, itch induced by anti-IgE complexes or ovalbumin was not dependent on Mrgprb2 

and induced histamine, but not tryptase release. The administration of Mrgprb2 agonists, 

PAMP12 and C48/80, in mice skin activates sensory neurons that partly overlap with those 

activated by substances like β-alanine, which triggers Mrgprd, chloroquine, which binds 

to Mrgpra3 and 5-hydroxytryptamine (5-HT).49 However, these neurons do not coincide 

with those sensitive to histamine and capsaicin. Conversely, neurons activated by anti-IgE 

complex administration overlap with those responsive to histamine and capsaicin but not 

those triggered by β-alanine, chloroquine, and 5-HT.49 This distinction highlights the 

complexity of itch pathways and the diversity of sensory neurons involved in different itch 

sensations. Mrgprb2 was also partially involved in driving itch and immune cell infiltration 

in different models of acute contact dermatitis (ACD) using dinitrochlorobenzene (DNCB), 

squaric acetyl dibutyl acid (SADBE) and oxazolone. Specifically, in these models, itch and 

immune cell influx was reduced by approximately 50% in Mrgprb2−/− mice as compared 

to controls.49 Itch responses not mediated by Mrgprb2 may be elicited downstream of 

histamine or other alternative pathways of itch possibly involving basophils, natural killer 

(NK) cells, IL-31, TSLP, or IL-33.50-53 Further, as Mrgprb2 agonists favors the release of 

tryptase, which is a known activator of protease-activated receptors (PARs), it remains a 

possibility that Mrgprb2-driven non-histaminergic itch involves PAR-mediated activation of 

sensory fibers.54, 55
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Atopic dermatitis (AD) a.k.a. eczema and ACD manifest similar symptoms but have 

different causes: external vs. internal triggers, respectively.56 AD is a heterogeneous, chronic 

allergic inflammatory disease characterized by rashes, skin lesions and intense itch. While 

the complete etiology of AD is unknown, a dysregulated type 2 immune response with 

elevated IgE and barrier dysfunction is thought to underlie its pathogenesis.57, 58 Mast cells 

are elevated in the skin of patients with AD and they are thought to play a role in AD 

pathogenesis.59 Additionally, microbial dysbiosis is now appreciated as a potential driver of 

AD pathophysiology. Compared to non-AD patients, Staphylococcus aureus colonization is 

20-30% in healthy individuals but reaches 30-100% in AD patients 60, and it can colonize 

lesional and non-lesional skin. This is thought to be driven in part by compromised barrier 

integrity. S. aureus produces a range of virulence factors, including proteases (aureolysin, 

serine protease, cysteine protease), phenol soluble modulins (PSMs) and superantigens 

(staphylococcal enterotoxin A, B, TSST-1) which can disrupt barrier function and engage 

inflammatory circuits driving AD.61

It is thought that dysregulated mast-cell-neuron circuits can drive AD. In a murine model of 

AD utilizing a mixture of house dust mite (HDM) and staphylococcal enterotoxin B (SEB), 

depletion of TRPV1+ nociceptors using the ultrapotent TRPV1 agonist, resiniferatoxin, 

attenuated HDM+SEB-induced skin pathology and as well as reducing eosinophil, and 

neutrophil recruitment.14 In this model, HDM is thought to trigger skin sensory neurons 

directly. Specifically, while SEB itself did not, HDM alone or in combination with SEB 

induced calcium influx in a capsaicin-sensitive subpopulation of DRG neurons in vitro 
and caused the release of SP in culture. SP is then thought to trigger Mrgprb2 on mast 

cells, leading to inflammation. Functionally, manifestations of experimental AD were 

almost entirely dependent on the SP-Mrgprb2 axis. Specifically, SP- or Mrgprb2-deficient 

animals had a significant reduction in skin pathology, inflammation and IgE production in 

response to allergen.14 Interestingly, HDM-induced activation of cultured DRG neurons is 

independent of MyD88 or the protease-activated receptor (PAR2) but requires the intrinsic 

proteolytic activity of HDM.14 Specifically, the cysteine, but not serine, protease activity of 

HDM was necessary for neuronal activation. In line with these findings, Der p 1, a cysteine 

protease and major allergen from house dust mite, was shown to activate MrgprC11, 

Mrgpra3 and the human ortholog MRGPRX162. This activation was entirely dependent 

on the protease activity of Derp 1. We thus envision an Mrgpr relay involving the direct 

activation of Mrgprs on sensory neurons, leading to the release of Mrgprb2-activating 

neuropeptides that induce mast cell degranulation (Fig. 2). On the other hand, the serine 

protease activity in sources of allergens is important in mediating IL-33 release.63 Moreover, 

endogenous serine proteases like mast cell tryptase and chymase potentiates IL-33 mediated 

ILC2 response.64 Aberrant IL-33 production is central in many allergic manifestations, 

including AD 65-67, where it is thought to play a pathogenic role.68, 69 Thus, it is reasonable 

to foresee that allergens can engage two different mechanisms: 1) via a cysteine protease-

dependent nociceptor-mast cells module and 2) through a serine protease-induced IL-33 

axis, both converging in driving the development of type 2 immunity in AD.

Lastly, it is important to appreciate the nuances in the murine models utilized to study 

dermatitis and the role of mast cells among these. Mast cells have been found to be largely 

dispensable in experimental models of AD using MC903 (calcipotriol, a vitamin D analog) 
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70 and acetone:ether-induced dry skin itch.65 In simpatico with these, the sensation of itch 

in MC903-induced AD and acetone:ether-induced dry skin, was independent of Mrgprb2.49 

Perhaps, the contribution of mast-cell in AD can be appreciated in less reductive models 

of skin inflammation and likely better studied in approaches mimicking the more complex 

nature of the environmental triggers (allergen & microbial interaction) that drive AD in 

susceptible individuals.

While some mast-cell-neuron interactions can drive skin inflammation, others can establish 

a regulatory tone in the skin (Fig. 2). A group of skin sensory neurons, distinct from 

TRPV1+, express Mrgprd.71 These Mrgprd+ neurons could be maintained by Langerhans 

cells and promote homeostasis.72 During irritant-induced dermatitis or S. aureus-induced 

skin infection, the Mrgprd+ neurons were shown to protect against aberrant mast cell 

activation in response to chemical irritants via their glutamate release. Selective ablation of 

glutamate signaling on mast cells induces a hyperactive state. Administration of the Mrgprd 

ligand, β-alanine reduced mast cell activation in response to the Mrgprb2 agonist C48/80. 

In line with this, the depletion of Mrgprd+ neurons resulted in heightened SP release and 

hyperactivation of local mast cells via a Mrgprb2-dependent mechanism.72 Skin mast cells 

from Mrgprd+ neurons-depleted mice showed increased Mrgprb2 transcript and enhanced 

responses to C48/80. Despite the loss of skin homeostasis, the heightened mast cell activity 

in mice lacking Mrgprd+ neurons lead to improved control of S. aureus skin infection.72 

Therefore, while SP-expressing TRPV1+ neurons activate the Mrgprb2-mast cell axis, a 

separate group of Mrgprd+ neurons can secrete glutamate to control this aberrant activation. 

We can envision that dysregulation of this balance could represent a novel disease pathway 

in susceptible individuals.

Mast cells, MRGPRs and pain

Unsurprisingly, mast cells have generated significant attention due to their pivotal role in 

inciting inflammation in response to diverse triggers. Yet, a compelling revelation is the 

newfound understanding that mast cells, primarily via Mrgprb2-dependent mechanisms, 

profoundly influence the sensory perception of cutaneous inflammatory pain. Traditionally, 

the conventional wisdom held that sensory neurons could elicit pain, in isolation from the 

participation of other cells. It was postulated that sensory neurons could directly sense 

bacterial products, such as formylated peptides 73 or endotoxin recognized through the 

TLR4 receptor 74 but also independent of TLR4, via the TPRA1 channel 75, thereby 

provoking pain during infections. Infection-induced pain was shown to occur independently 

of neutrophils and monocytes 73, and more largely, the role of these cells in driving pain in 

other models is also debated 76, 77. However, the contribution of mast cells remained to be 

explored. Emerging evidence has demonstrated the existence of neuro-mast cell mechanisms 

that underlie inflammation-induced pain, which may also be triggered in response to 

bacterial products. One model frequently employed to mimic inflammatory pain is the 

use of Complete Freund's Adjuvant (CFA), a suspension of inactivated mycobacterium. 

In this context, the work of Green et al. has demonstrated the critical role of Mrgprb2 

in driving CFA-induced hyperalgesia.78 Furthermore, using a relevant model mimicking 

postoperative incision pain, it was observed that the depletion of mast cells expressing 

Mrgprb2 (Mrgprb2CreROSA2iDTR mice) resulted in a reduction in post-incision-induced 
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thermal and mechanical hypersensitivity compared to controls. Like with CFA, this 

attenuation of hypersensitivity and pain was dependent on Mrgprb2, as supported by the 

diminished response observed in Mrgprb2−/− mice compared to controls. In addition to pain, 

the increased infiltration of immune cells, specifically neutrophils and monocytes, observed 

in the postoperative setting, as opposed to sham-treated animals, was entirely abolished in 

mice deficient in Mrgprb2. Mechanistically, SP-mediated activation of Mrgprb2, but not 

through its canonical receptor neurokinin-1 receptor (NK1R), could drive cell infiltration 

and the elicitation of pain. These observations emphasize the pivotal role of the mast 

cell-Mrgprb2 axis not only in driving immune responses in the skin but also in orchestrating 

the accompanying perception of pain.

In addition to SP, PACAP, another neuropeptide ligand for MRGPRX2 5 was shown to 

mediate migraine pain.79, 80 Specifically, using Mrgprb2Cre;ROSA26tdTomato mice, it was 

shown that mouse meningeal mast cells expressed Mrgprb2. Further, in a migraine model, 

applying C48/80 and PACAP 1-38 directly onto the dura increased mechanical facial 

hypersensitivity which was significantly reduced in Mrgprib2−/− mice.79 To test the role 

of MRGPRX2 specifically in mast cells in vivo, transgenic mice harboring MRGPRX2 

(ROSA26lsl-MRGPRX2) were crossed with Mrgprb2Cre mice, generating Mrgprb2MRGPRX2 

animals. In order to circumvent the potentially confounding role of endogenous Mrgprb2 

in mast cells, Mrgprb2MRGPRX2 mice were crossed to Mrgprb2−/− mice to generate 

Mrgprb2MRGPRX2;Mrgprb2−/− mice. This targeting strategy knocked in MRGPRX2 in 

approximately 70% of peritoneal and meningeal mast cells. Stimulation of these peritoneal 

mast cells with PACAP resulted in a calcium response in those cells cultured from 

Mrgprb2MRGPRX2;Mrgprbr2−/− animals; however this was not seen in control animals. 

Importantly, in vivo, dural application of PACAP resulted in migraine-like pain behavior 

in MRGPRX2-overpressing mice, significantly more than in control animals. While the 

precise mechanisms underlying how PACAP activates Mgprb2 and MRGPRX2 on mast 

cells to induce migraine pain remains an area of investigation, there is a possibility that 

their degranulation could result in the expansion of meningeal arteries. This assumption is 

rooted in the observation that PACAP has been demonstrated to induce arterial dilation in 

rats, and this process appears to be mast-cell dependent.81 Notably, efforts aimed at targeting 

the conventional receptors for SP (NK1R) and PACAP (PAC1R) 82, 83, have yielded limited 

success in mitigating pain, including migraine pain.

In line with the importance of mast cell and Mrgprb2 in pain perception, a recent study 

utilizing a mouse model of alcohol withdrawal-induced headache showed that MrgprB2 

significantly impacts pain perception.84 Specifically, while WT and Mrgprb2−/− mice 

have similar intake and preference for alcohol over water, following alcohol withdrawal, 

Mrgprb2−/− mice had less pain (grimace score). They performed better in physical 

activity (open-field) tests. Using Pirt-GCaMP3 Ca2+ imaging, the authors demonstrated 

that following alcohol-withdrawal, a group of small-diameter (<20 mm) and medium-

diameter (20-25 mm) trigeminal neurons are spontaneously activated. However, this is 

significantly reduced in Mrgprb2−/− mice. Ethanol consumption and withdrawal activate 

the Hypothalamic-Pituitary-Adrenal (HPA) axis. This is thought to lead to enhanced 

corticotropin-releasing factor (CRF) levels in the plasma and dura mater. CRF can then 

activate mast cells through MrgprB2, inducing the release of TNFα which could sensitize 
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TRPV1 in sensory neurons and mediate alcohol withdrawal-induced pain.84 However, 

CRF has also been shown to have profound analgesic effects, in part through inducing 

endogenous opioids such as beta-endorphins.85 The role of CRF acting through its canonical 

receptors (CRFR1 and CRFR2) vs. MrgprB2 seems to be distinct. For clinical targeting, 

it will be necessary to further understand the interplay and usage of receptor subtypes by 

CRF in pain perception. Overall, MRGPRX2 may serve as an alternative receptor for these 

pain-inducing mediators (SP, PACAP, CRF), constituting a new and promising target for 

managing pain.

In the last decade, our understanding of MRGPR-expressing mast cells in an immuno-

pathological context has grown (Fig. 2). However, yolk-sac-derived tissue-resident mast 

cells, akin to resident macrophages, have homeostatic functions, and the role of Mrgpr's in 

this context is a domain of novel exploration.12

Lastly, while the expression of Mrgprb2/MrgprX2 is thought to be largely restricted to 

mast cells, a few recent studies also indicate that other cell types, like sensory neurons, 

eosinophils, and basophils, can express MRGPRX2.86-88 The extent to which MRGPRX2 

is expressed in these at baseline and during inflammation and its function on these cells 

remains to be studied.

Mrgprs in dendritic cells and neutrophils

Our current understanding is that, except for mast-cell exclusive Mrgprb2/MRGPRX2, 

all members of the Mrgpr family are expressed in DRG sensory neurons. However, new 

findings are highlighting that several Mrgprs are expressed by immune cells.

Mrgpra1 is the founding member of the Mrgpr family, which was initially described in 2001, 

where it was shown to be activated by a variety of neuropeptides, including neuropeptide FF 

(NPFF), SP, and SST.2 Mrgpra1 is known to be expressed by murine DRG.89 Moreover, 

using in vitro cultured mouse DRG, it has been suggested that SP-elicited itch could 

be driven by Mrgpra1 + DRG fibers.90 Though, the biology of Mrgpra1 extends beyond 

neurons. A recent report has shown that it is expressed in skin CD301b+ dendritic cells 

(DCs), promoting allergic inflammation. 91 In response to intradermal delivery of the 

protease papain, skin sensory neurons release SP, which acts on adjacent CD301b+ DCs 

through Mrgpra1 The SP-Mrgpra1 axis promoted the migration of CD301b+ DCs to local 

lymph nodes (LN), as Mrgpra1−/− CD301b+ DCs displayed significantly less migration 

than control CD301b+ DCs. LN recruitment of CD301b+ DCs promoted papain-induced 

Th2 responses and the development of skin allergy.91Although papain has been shown to 

directly activate human mast cells 92, papain-induced itch and numbers of CD301b+ DCs 

in the LN remained unaffected in mast cell-deficient (KitW-sh/W-sh ) mice.91 These data 

demonstrate that Mrgpra1 could function to enhance type 2 immunity in the skin in response 

to environmental triggers.

Other members of the Mrgpra subfamily, Mrgpra2a, and Mrgpra2b, are characterized by 

their expression in DRG neurons2 and neutrophils 93. While the function of DRG-expressed 

Mrgpr2a/2b remains to be explored, a recent study demonstrated that β-defensins, secreted 

by keratinocytes during skin infections, can engage Mrgpr2a/2b on neutrophils to promote 
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anti-bacterial responses.94 Mice deficient in keratinocyte-derived defensins or deficient for 

Mrgpr2a/2b displayed impaired bacterial clearance compared to control animals in a S. 
aureus skin infection model. The stimulation of neutrophils with human beta-defensin-3 

(hBD3), or its mouse homolog BD14, led to neutrophil degranulation, which was abrogated 

in neutrophils deficient for Mrgpr2a/2b (Mrgpra2 DKO). Further, at baseline, the bacterial 

species composition of skin differed considerably between control animals and mice 

deficient in either defensins or Mrgpr2a/2b. Given the importance of the microbiome 

in maintaining skin homeostasis, it is likely that this pathway could participate in the 

pathobiology of various cutaneous conditions by regulating the skin microbiome. Moreover, 

as several endogenous cationic antimicrobial peptides95 including β-defensins can ligate 

Mrgprb2/MRGPRX2 on mast cells, Mrgpra2a/2b on neutrophils, as well as other Mrgprs 95, 

we hypothesize that together, this form a united front to microbial aggressors.

Mrgprs structure and signaling

Canonically, GPCR signaling involves three heterotrimeric G proteins (Gα, Gβ, and 

Gγ), which associate with the receptor in an unstimulated state. Ligand binding leads 

to a conformational change in the GPCR, triggering binding of the Gα subunit to GTP, 

producing a downstream signaling cascade.96 The Gα subunit exists in 4 families: Gαs 

(s-stimulatory), Gαi (i-inhibitory), Gαq11 and Gβq12/13. Mrgprs can utilize all G-proteins 

(Gαs, Gαi, Gαq) (Fig 3). However, there is a preference for coupling to Gαq11, with little 

or no coupling with Gα12/13.97, 98 Gαq/11 signaling activates phospholipase C (PLC), 

which drives the formation of diacyl-glycerol (DAG) and inositol 1,4,5-triphosphate (IP3). 

IP3 activates calcium channels in the endoplasmic reticulum, leading to calcium release 

and DAG activates protein kinase C (PKC). Specifically, Gαs activation induces adenylyl 

cyclase activity, which results in cyclic AMP (cAMP) formation, leading to the activation of 

protein kinase A (PKA). Mrgprd is the only Mrgpr known to employ Gαs.97 Further, many 

Mrgprs employ the inhibitory Gαi pathway.99, 100 This pathway impedes adenylyl cyclase, 

suppressing cAMP production and consequently driving the inhibition of the stimulatory 

Gαs pathway. In addition, some Mrgprs, like MrgprA3, MrgprC11, and MRGPRX1, exhibit 

the utilization of Gαγ-signaling. Like various Gα signaling pathways, Gβγ can also activate 

PLC, PKC, and PKA. MRGPRX2 has been shown to activate to almost all G-coupled 

proteins but couples strongly to Gαq88, 98, as well as Gαi.98, 101

In addition to G-protein mediated signaling, ligand binding to GPCR also induces 

recruitment of adaptor β-arrestin proteins.102 Initially characterized for their role in GPCR 

desensitization and downregulation, β-arrestins can also initiate signaling events, resulting in 

unique biological outcomes.103 GPCR agonists, termed balanced agonists, can trigger both 

calcium and β-arrestin pathways. However, some GPCR agonists can selectively trigger G 

proteins or β-arrestins and are known respectively as G protein-biased and β-arrestin-biased 

agonists. Like other GPCRs, signaling downstream of Mrgprs can be different depending 

on the nature of the agonist. Research from Ali and his team has shed light on the 

activation of MRGPRX2, revealing two distinct activation models that depend on the ligand 

involved. For example, AG-30/5C, icatibant, codeine, C48/80 and the antimicrobial peptide 

LL-37 induced calcium mobilization and degranulation through MRGPRX2 via a G protein-

dependent pathway; their impact on β-arrestin recruitment varies significantly. Notably, 
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unlike AG-30/5C and LL-37, codeine and C48/80 induce MRGPRX2 internalization through 

β-arrestin20, 26, 104, which may function to restrain hyperactivation of MRGPRX2.105 

Downstream of these pathways, MRGPRX2-mediated degranulation in response to C48/80 

and substance P requires ERK and PI3K in primary human mast cells.106, 107 Similarly, 

C48/80- and LL-37-induced chemokines also appear to rely on ERK activation in the 

LAD2 human mast cell line.108 Recently, a non-synonymous polymorphism (N62S) in 

MRGPRX2 was identified in ulcerative colitis (UC) patients.109 The serine (S) allele was 

shown to protect against UC. In response to various MRGPRX2 ligands, including PAMP12, 

the 62S variant was shown to induce significantly more β-arrestin recruitment and ERK 

phosphorylation but less inositol trisphosphate accumulation than the wildtype asparagine 

(N) allele (62N). Adrenomedullin, the PAMP12 precursor, is increased in inflamed UC 

tissue and it is speculated that this could drive pathology through the wildtype MRGPRX2. 

However, patients harboring the N62S variant, possibly due to increased β-arrestin-mediated 

MRGPRX2 desensitization, could be protected from aberrant activation by endogenous 

ligands.

Stimulation through FcεRI and MRGPRX2 are fundamentally distinct modes of mast cell 

activation, however they both appear to converge to the downstream activation of lysyl-

tRNA synthetase (LysRS), a component of the translation machinery and a regulator of 

the transcription factor MITF (Microphthalmia associated-transcription factor). MITF is a 

well-known driver of melanocyte differentiation, but it also has a key role in driving mast 

cell identity. In response to FcεRI or MRGPRX2-dependent (via substance P) stimulation, 

the LysRS-MITF pathway drives genes that characterize mast cell identity and function like 

Kit and Mmcp6 as well as promote degranulation.107, 110-112 Although there may only be a 

partial signaling overlap between these two-mast cell activating modalities since blockade of 

this pathway only partially impaired MRGPRX2 activation.107 Further, MRGPRX4 has been 

shown to associate with receptor activating-modifying protein-2 (RAMP-2), but not other 

members of the RAMP family.113 RAMP-2 reduces the surface expression of MRGPRX4 

(Fig. 3), as well as inhibits basal and agonist-induced signaling driven by the MRGPRX4 

ligands nateglinide114 and bile acids.115, 116

Although the various MRGPRs may use similar downstream signaling effectors, we know 

that MRGPRs exhibit responsiveness to a wide range of structurally distinct agonists, 

encompassing both small molecules and large peptides. This suggested the presence of 

distinct extracellular ligand-binding sites within these GPCRs. This was confirmed by 

CryoEM 3D structural studies of MRGPRX1, MRGPRX2, MRGPRX4 and MRGPRD that 

have demonstrated diverse residue composition and charge distribution in their extracellular 

binding sites.98, 100, 117-119 This is well illustrated when comparing MRGPRX2 and 

MRGPRX4. The primary binding pocket between these two MRGPRs was found to be 

quite different. The negatively charged binding site of MRGPRX2 explains why many of its 

agonists are positively charged. Conversely, MRGPRX4 does not have a negatively charged 

binding pocket and has several basic residues that confer a positive charge and a preference 

for negatively charged ligands like bile acids. Lastly, due to the lack of selective agonists 

for MRGPRX3, MRGPRE, MRGPRF and MRGPRG, the downstream signaling effectors to 

these are unknown.
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Targeting Mrgprs in the clinic

Various clinical trials to block MRGPRs are underway (Table 1). MRGPRX4 is being 

targeted as it drives itch in response to pathological levels of bile acids and heme 

metabolites115, 116, as seen in patients with chronic liver and kidney diseases. Also, the 

blockade of MRGPRX2 is being studied for skin diseases where mast cell dysregulation is 

thought to play a pathological role. Here, we will discuss the human data supporting these 

studies.

In AD patients, nerve fibers show positivity for substance P are elevated as compared to 

controls.120 Further, another study showed upregulation of TAC1 (the gene encoding SP) in 

itchy skin, that positively correlated with itch intensity in AD patients.121 Also, the number 

of mast cells and production of PAMP12 by keratinocytes was enhanced in patients with 

ACD (n=5) compared to controls (n=5).49 Urticaria, another common and heterogeneous 

skin condition characterized by itching, hives, and inflammation, is also thought to be 

driven by aberrant mast cell activity. 122 While acute urticaria (≤ 6 weeks) has identifiable 

triggers (food, drugs), chronic urticaria or CU (> 6 weeks-1 year) can be both inducible and 

spontaneous with unknown etiology.123 Degranulation of mast cells releases inflammatory 

mediators, including histamine, that result in sensory nerve activation, vasodilatation, plasma 

extravasation, and cellular recruitment, and these sequelae underlie the development of key 

features of urticaria like hives, itch, and angioedema.122 In a small cohort of CU patients, 

staining of skin sections showed that in severe CU patients (n=9), the total number of mast 

cells was not increased compared to nonatopic controls (n=13). However, the frequency 

of MRGPRX2+ mast cells was higher (47.0% ± 6.9%) as compared to controls (21.6% ± 

7.8%).124 Further, eosinophils, which also accumulate in CU patients, are thought to play a 

role via the production of major basic protein and eosinophil peroxidase, which were shown 

to activate mast cells to release histamine in an MRGPRX2-dependent manner in cultured 

skin mast cells.124 Further, in a cohort of mild CU patients (n=10), it was shown that the 

skin test response, as measured by the mean wheal diameter to two MRGPRX2 activating 

drugs, atracurium and icatibant, but not histamine, was significantly higher compared to 

controls (n=10).125 These 2 studies, albeit with a small number of patients, show promise 

for targeting MRGPRX2 in CU patients. In addition to having greater sensitivities to drugs 

known to activate MRGPRX2, some CU patients show elevated levels of the MRGPRX2 

agonist substance P.126, 127

While Mrgprb2 and MRGPRX2 expression in mouse and human mast cells respectively 

shows a dichotomy between connective tissue and mucosal sites15, there exists a broad 

diversity of mast cell states in humans, as recently shown.16, 128 Therefore, the relative 

expression of MRGPRX2 in a continuum of mast cell states may be varied. This complexity 

could dictate the efficacy of the MRGPRX2 antagonists currently in the clinic.

Concluding remarks

So far, we know that Mrgprs are expressed by sensory neurons, mast cells, neutrophils, and 

dendritic cells, where they regulate their function in various scenarios, including infection, 

allergy, and somatosensation. Several essential aspects of their biology remain unknown: 

1) what drives the expression of Mrgprs on immune cells in a restricted manner? Is their 
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surface expression modulated during inflammation or by disease-defining modifiers like 

environmental exposures, nutritional states, biome composition? 2) The genes encoding 

Mgrprs are highly polymorphic, and the function of these mutations on immune cell 

function and disease is largely unknown, 3) What is the role of immune-expressed Mrgprs 

in developing immune cell lineages and 4) It is important to appreciate that Mrgprs can 

function independently of their ligands, as they exhibit elevated basal activity.129 What is the 

functional consequence of this basal activity?

We anticipate that our knowledge of the immune functions of Mrgprs is not only going to 

expand but will also lead to the design of new clinical trials and the development of novel 

future therapeutics.
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The Mas-related G protein-coupled receptor (Mrgpr) family of orphan GPRCs are crucial 

for somatosensation, but more recently they have been shown to substantially impact 

immune cell function. Gour and Dong review the roles of Mrgprs expressed on immune 

cells and how they govern immune and neuro-immune pathways underlying various 

physiological and pathological states.
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Figure 1: 
Structure of MRGPR receptor family in mice (A) and humans (B) and their ligands. Each 

bar represents a Mrgpr gene.
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Figure 2: 
Mrgprb2 on mast cells can be activated by variety of endogenous and exogenous positively 

charged activators (e.g. neuropeptide substance P, drugs, chemical irritants, AMP, QSM, 

etc). The activation of Mrgprb2 on mast cells leads to the release of protease, cytokine, 

chemokines and recruitment of other immune cells. There are also mutual interactions 

between mast cells and sensory nerves in the skin leading to itch and pain.
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Figure 3: 
Signaling mediators downstream of MRGPRs. MRGPRX1, MRGPRX2, MRGPRX4 and 

MRGPRD can mediate Gαq11 dependent pathways leading to phospholipase C (PLC) driven 

calcium responses. MRGPRX1, MRGPRX2 and MRGPRD can additionally engage Gαi 

and MRGPRD can recruit Gαs that drives cAMP production. In addition to G-proteins, 

β-arrestin signaling is engaged by MRGPRs and selectively other cell-surface receptor like 

RAMP-2 can inhibit MRGPRX4 expression and basal or agonist-induced activation.

Gour and Dong Page 24

Immunity. Author manuscript; available in PMC 2024 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gour and Dong Page 25

Table 1:

Drug development targeting MRGPRs

Target Company Disease Phase Comment

MRGPRX2 Escient Pharmaceuticals AD and CU Phase 1 completed

Phase 2 ongoing for CU
(NCT6077773)

Phase 2 ongoing for AD
(NCT06144424)

Safety trials found to be safe and well-
tolerated

MRGPRX2 Evommune Urticaria Interstitial 
Cystitis

Preclinical N.A.

MRGPRX4 Escient Pharmaceuticals Cholestatic/Uremic 
Pruritus

Phase 1 completed
(NCT04510090)

Phase 2 ongoing
(NCT05525520)

Safety trials found to be safe and well-
tolerated
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