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Classical itch studies have focused on
IgE-mediated mast cell activation and
histamine release. Meixiong et al.
demonstrate that mast cell activation
through the receptor Mrgprb2
contributes to non-histaminergic
pruritus. Compared with IgE-FcεRI
signaling, Mrgprb2-activated mast cells
released more tryptase and excited a
distinct itch-sensory neuron population.
Mast-cell-associated Mrgprs may be
therapeutic targets for itch associated
with allergic contact dermatitis.
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SUMMARY

Classical itch studies have focused on immunoglobulin E (IgE)-mediated mast cell activation and histamine release. Recently, members of the Mas-related
G-protein-coupled receptor (Mrgpr) family have been
identified as mast cell receptors, but their role in itch
is unclear. Here, we report that mast cell activation
via Mrgprb2 evoked non-histaminergic itch in mice
independently of the IgE-Fc epsilon RI (FcεRI)-histamine axis. Compared with IgE-FcεRI stimulation,
Mrgprb2 activation of mast cells was distinct in
both released substances (histamine, serotonin,
and tryptase) and the pattern of activated itchsensory neurons. Mrgprb2 deficiency decreased
itch in multiple preclinical models of allergic contact
dermatitis (ACD), a pruritic inflammatory skin disorder, and both mast cell number and PAMP1-20
concentrations (agonist of the human Mrgprb2 homolog, MRGPRX2) were increased in human ACD
skin. These findings suggest that this pathway may
represent a therapeutic target for treating ACD and
mast-cell-associated itch disorders in which antihistamines are ineffective.

INTRODUCTION
Mast cells are the principle skin stores of numerous bioactive
and immunomodulatory molecules such as chemokines, cytokines, histamine, serotonin, and tryptase (Metcalfe et al., 1997;
Wernersson and Pejler, 2014). Upon activation, mast cells
release compounds that can impact processes as varied as
tissue remodeling, immune response, vascular tone, and
nociception (Abraham and St John, 2010; Bischoff, 2007; Galli
and Tsai, 2012; Meixiong and Dong, 2017; Ng, 2010). In the

context of nociceptive itch (i.e., pruriception), mast cells are
key cellular mediators via release of histamine, which activates
receptors present on itch-sensory neurons of the dorsal root
ganglia (DRG) (Shim and Oh, 2008).
Canonically, mast cell activation is understood to result from
antigen binding to immunoglobulin E (IgE) antibody and crosslinking of the high-affinity IgE receptor, Fc epsilon RI (FcεRI).
More recently, members of the Mas-related family of G-protein-coupled receptors (Mrgprs), Mrgprb2 in mice and
MRGPRX2 in humans, have been identified as mast cell-expressed G-protein-coupled receptors (Kamohara et al., 2005;
McNeil et al., 2015; Nothacker et al., 2005; Robas et al., 2003;
Subramanian et al., 2011). Murine Mrgprb2 and human
MRGPRX2 are activated by basic secretagogues, a class of
positively charged molecules known to activate mast cells
through a non-IgE mechanism (Galli and Tsai, 2012; Meixiong
and Dong, 2017). Activation of either Mrgprb2 or MRGPRX2
results in mast cell degranulation that is both spatially and
temporally distinct from FcεRI-mediated degranulation (Gaudenzio et al., 2016; McNeil et al., 2015). These observations
provoke the hypothesis that mast cell Mrgpr pathways may promote itch in a unique fashion separate from classical IgE-mediated itch.
Despite their well-described roles in histaminergic itch, how
mast cells interact with pruriceptive sensory nerves in vivo has
not been investigated. Here, we report that activation of mast
cells via Mrgprb2 induced itch distinct from classical IgE-FcεRI
histaminergic itch. Compared to FcεRI activation, Mrgprb2
activation resulted in differential release of pruritogens. Using
intravital Ca2+ imaging of sensory neurons, we showed that
Mrgprb2-stimulation of mast cells, compared to IgE-FcεRI
signaling, activated a distinct population of itch-sensory neurons. Histamine H1 receptor (H1R) blockade is not effective in
treating numerous chronic itch disorders associated with mast
cell activation such as allergic contact dermatitis (ACD) (Askenase et al., 1983; Dudeck et al., 2011; Erickson et al., 2018; Gimenez-Rivera et al., 2016; Grimbaldeston et al., 2007). In
contrast, we demonstrated that Mrgprb2 was critical for itch in
Immunity 50, 1163–1171, May 21, 2019 ª 2019 Elsevier Inc. 1163
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Figure 1. Compared with FcεRI Activation, Mrgprb2 Agonist PAMP9-20 Elicits Non-histaminergic Itch and Differential Pruritogen Release
(A–H) Scratching bouts from injection of pruritogen at either the nape or the cheek (mean plus SEM depicted). Each open circle represents an independent mouse
data point. *p < 0.05; ***p < 0.001; n.s., not significant by two-tailed unpaired Student’s t test. (A and B) PAMP9-20 injection into either the nape (50 mL) (A) or cheek
(10 mL) (B) of WT and Mrgprb2/ (B2 /) animals. (A) 8 mg: WT, n = 6; B2 /, n = 7; 24 mg: WT, n = 13, B2 /, n = 12; 40 mg: WT, n = 5, B2 /, n = 5. (B) 4.8 mg:
WT, n = 4, B2 /, n = 4; 8 mg: WT, n = 5, B2 /, n = 4. (C) Injection of 24 mg PAMP9-20 (50 mL of 300 mM) at the nape in the presence of either vehicle (Veh) or
cromolyn. Vehicle, n = 9; cromolyn n = 8. (D) Injection of 24 mg PAMP9-20 (50 mL of 300 mM) into the nape of WT and SASH (cKitW-sh) mice. For both, n = 8. (E) 1 mg
anti-IgE injection into WT and B2 / mice. WT, n = 7; B2 /, n = 6. (F) 50 mg ovalbumin injection into sensitized WT and B2 / animals. WT, n = 6; B2 /,
n = 9. (G) 1 mg anti-IgE injection at the cheek with the indicated antagonist. Vehicle, n = 13; H1 blocker, n = 9; H4 blocker, n = 14; ritanserin, n = 10; mianserin, n = 6;
cyproheptadine, n = 8; ondansetron, n = 5. (H) 24 mg PAMP9-20 injection at the nape with the indicated antagonist. Vehicle, n = 15; H1 blocker, n = 11; H4 blocker,
n = 16; ritanserin, n = 14; mianserin, n = 6; cyproheptadine, n = 8; ondansetron, n = 5.
(I–K) In vitro release of histamine (I), serotonin (J), and tryptase beta 2 (K) from mouse peritoneal mast cells upon stimulation by various concentrations of
either PAMP9-20 or anti-IgE. Open circles depict independent biological replicates from peritoneal mast cells isolated from >4 animals (mean plus SEM
depicted). *p < 0.05; ***p < 0.001 by two-tailed unpaired Student’s t test. (I) PAMP9-20: 2.5, n = 8; 25, n = 5; 125, n = 7. For anti-IgE: 2.5, n = 5; 8, n = 7; 25, n = 8.
(J and K) All concentrations n = 3.
See also Figures S1 and S2.

the setting of ACD and thus a possible target for therapeutic
intervention.
RESULTS
Compared with FcεRI, Mrgprb2 Agonism Elicited
Divergent, Non-histaminergic Itch Behavior and
Differential Pruritogen Release
Although mast-cell-associated histaminergic itch is well studied,
the precise role of Mrgpr signaling in mast cell itch is not known.
Mrgprb2 (murine) and MRGPRX2 (human) are expressed in mast
cells and not in other immune or neuronal cells (Flegel et al.,
2015; McNeil et al., 2015; Motakis et al., 2014). We confirmed
that Mrgprb2 expression was specific to mast cells and not sensory neurons by crossing Mrgprb2-Cre mice expressing Cre recombinase under control of the Mrgprb2 promoter with a tdTomato (tdT) reporter mouse line (Mrgprb2-Cre;tdT). Mrgprb2Cre;tdT mice had no detectable tdT fluorescence in either DRG
or spinal cord (Figures S1A–S1C). Concordantly, no Mrgprb2
signal was detected in DRG or spinal cord using RT-PCR (Figure S1D). We employed pro-adrenomedullin peptide 9-20
(PAMP9-20) and compound 48/80, previously identified ligands
1164 Immunity 50, 1163–1171, May 21, 2019

of Mrgprb2 and MRGPRX2 (McNeil et al., 2015), to test whether
activation of mast cells via Mrgprs was sufficient to induce itch
in vivo. PAMP9-20 is a potent hypotensive peptide that is produced by a variety of cell types, including cells of the adrenal
medulla and keratinocytes (Kapas et al., 2001; Kuwasako
et al., 1997), and compound 48/80 is a canonical basic secretagogue activator of mast cells (Paton, 1951). Subcutaneous injection of either PAMP9-20 or compound 48/80 elicited itch in wildtype (WT) mice (Figures 1A and S2A) that was reduced in
Mrgprb2-deficient (Mrgprb2/) mice (Figures 1A and S2A).
Neither substance elicited pain in the cheek model of behavior
(i.e., wiping), indicating the specificity of acute Mrgprb2 activation for itch (Figures 1B, S2B, and S2C). To test whether pruritus
resulted from mast cell activation, we injected PAMP9-20 into
both cromolyn-treated and cKitW-sh (SASH) mice. Cromolyn is
a mast cell stabilizer that inhibits granule release, while SASH
mice are c-Kit receptor-deficient animals that lack mast cells.
Both cromolyn-treated animals and SASH mice displayed
reduced PAMP9-20 itch compared to control animals (Figures
1C and 1D). Mrgprb2/ animals had intact mast cell itch responses to non-Mrgpr stimuli such as acute injection of antiIgE, an antibody against mouse IgE, and repeated ovalbumin

(OVA) exposure (Figures 1E and 1F). Anti-IgE directly crosslinks
IgE and activates FcεRIa, while OVA sensitization results in a
variety of OVA-specific immune responses including the generation of OVA-specific IgE (Reddy et al., 2012). Although the
cellular expression of FcεRIa differs between mice and humans
(de Andres et al., 1997), in mice, anti-IgE would be expected to
specifically activate skin-resident mast cells (Figures S2D
and S2E).
Both histamine (H1 and H4) and serotonin (5-HT2 and 5-HT7)
receptor antagonism have been reported to be effective in controlling various forms of mast-cell-associated itch (Dunford et al.,
2007; Katagiri et al., 2006; Morita et al., 2015; Shim and Oh,
2008; Yamaguchi et al., 1999). Indeed, cetirizine (H1R antagonist), JNJ7777120 (H4R antagonist), and the serotonin receptor
antagonists ritanserin, mianserin, and cyproheptadine substantially reduced anti-IgE-associated itch (Figure 1G). In contrast,
PAMP9-20-mediated itch was not significantly reduced by any
tested antagonist (Figure 1H). Of note, the concentrations of
ritanserin, mianserin, and cyproheptadine utilized (1 mg/kg)
would inhibit not only serotonergic but also histaminergic receptors. Ondansetron, a 5-HT3 antagonist, affected neither anti-IgE
nor PAMP9-20 itch (Figures 1G and 1H). These data suggest that
Mrgprb2 itch was not mediated by mast cell release of histamine
and serotonin, indicating that Mrgprb2 activation may confer
functions on skin-resident mast cells different from classical
IgE-mediated activation. We stimulated murine peritoneal mast
cells with PAMP9-20 and anti-IgE. At concentrations where
mast cells were similarly activated, as determined by b-hexosaminidase release assay and Ca2+ imaging (Figures S2F and
S2G), we detected differential release of well-known pruritogens.
Compared with anti-IgE, PAMP9-20 resulted in lower release of
the monoamines histamine and serotonin and greater release of
tryptase beta 2 (Figures 1I–1K).
Differential Mast Cell Activation Resulted in Divergent
Sensory Neuron Excitation Profiles
In both rodents and humans, mast cells maintain a close
anatomical relationship with sensory nerve fibers (Harvima
et al., 2010). Such proximity supports a model whereby peptidergic sensory neurons can activate mast cells, and mast cells, in
turn, can excite neurons via degranulation and release of effector
molecules (Kleij and Bienenstock, 2005; van Diest et al., 2012).
To explore how Mrgprb2 activation of mast cells might stimulate
sensory nerves, we performed intravital Ca2+ imaging in PirtGCaMP6s mice after peripheral injection of Mrgprb2 agonists.
Pirt-GCaMP6s mice express GCaMP6s, a genetically encoded
fluorescent Ca2+ indicator, in >95% of sensory neurons (Kim
et al., 2014) (Figures 2A and 2A0 ). Following injection of either
PAMP9-20 (300 mM) or compound 48/80 (10 ng/mL) into the
footpad of the ipsilateral hindpaw (part of the L4 dermatome),
we observed robust activation of a subset of small-diameter
sensory neurons in L4 DRG (Figures 2A–2C and S3A). PAMP920 and compound 48/80 activated a similar number of sensory
neurons per trial, and both agonists activated significantly fewer
neurons in Mrgprb2/ mice (Figure 2B). In contrast, anti-IgE
and direct activators of neurons, chloroquine (CQ), 5-HT, and
b-alanine, excited an equivalent number of sensory neurons
in both control and Mrgprb2/ animals (Figures 2B, 2D, S3B,
and S3C).

In vitro comparisons of Mrgprb2 agonism with IgE receptor activation have demonstrated that Mrgprb2 agonism triggers more
rapid degranulation of smaller granules (Gaudenzio et al., 2016).
Intravital Ca2+ imaging of mast cell-activated sensory neurons
was consistent with this model. In comparison with anti-IgE-associated neurons, Ca2+ imaging traces of PAMP9-20-activated neurons displayed earlier excitation, increased numbers of Ca2+ signal
peaks, and reduced total peak area (amplitude 3 duration) (Figures
2E–2G) (see STAR Methods for details). Neuronal excitation associated with either PAMP9-20 or anti-IgE was detected later than
that associated with CQ, a direct activator of neuronal Mrgpra3
(Liu et al., 2009) (Figures 2E, S3D, and S3E).
Mrgprb2 and FcεRI Activation of Mast Cells Excited
Distinct Populations of Itch-Sensory Neurons
Having established that differential activation of mast cells (IgE
versus Mrgprb2) exhibited global differences in neuronal activation signatures, we were interested in examining the specific
identity of activated sensory neurons. Based on divergent itch
behavior (Figure 1), we hypothesized that differential activation
of mast cells would excite separate classes of itch neurons
in vivo. Single-cell RNA sequencing of mouse sensory neurons
has determined three classes of itch neurons typified by expression of three G-protein-coupled receptors, Mrgprd (NP1),
Mrgpra3 (NP2), and 5ht1f (NP3) (Usoskin et al., 2015) (Figure 3A).
In order to identify itch neuron subtypes activated by mast cell
agonism, we employed specific agonists for these receptors,
b-alanine (Mrgprd), CQ (Mrgpra3), and 5-HT (5ht1f), to functionally identify neurons (Figures 3A and 3A0 ). Receptor expression is
not strictly exclusive to each class of itch neuron. For example, a
significant percentage (22%) of Mrgpra3-positive NP2 neurons
express Mrgprd and thus would be expected to be activated
by both b-alanine and CQ (Usoskin et al., 2015). In the same
imaging trial, repeat injections of the same activator should theoretically exhibit 100% overlap in excited neurons. However, in
our trials, technical variability limited sensitivity. Of PAMP9-20activated neurons, 66% (50/76) were activated by a repeat injection of PAMP9-20. Subsequent percentage overlap data were
thus normalized to this figure. Of all tested compounds, the two
Mrgprb2 agonists, compound 48/80 and PAMP9-20, most
consistently overlapped (Figure 3B). Mrgprb2-agonist-activated
neurons exhibited broad overlap with neurons responsive to
b-alanine (NP1), CQ (NP2), and 5-HT (NP3) and significantly
less overlap with neurons sensitive to histamine and capsaicin
(Figures 3C–3G). In contrast, anti-IgE-associated neurons overlapped significantly less with neuronal classes identified by
b-alanine, CQ, and 5-HT and more with neurons responsive to
histamine and capsaicin (Figures 3C–3G). Further, both cetirizine
(H1R antagonist) and JNJ7777120 (H4R antagonist) preferentially
decreased the number of anti-IgE-activated neurons compared
to PAMP9-20-excited neurons (Figure 3H).
Mrgprb2 Promoted ACD-Associated Itch in Mice, and
MRGPRX2 Agonists Were Elevated in Human ACD Skin
Given the role of Mrgprb2 in mediating non-histaminergic itch,
we sought to investigate the relevance of Mrgprb2 in preclinical
models of ACD, a chronic itch disorder associated with mast
cell involvement (Askenase et al., 1983; Dudeck et al., 2011; Gimenez-Rivera et al., 2016; Grimbaldeston et al., 2007). ACD is a
Immunity 50, 1163–1171, May 21, 2019 1165

Figure 2. Differential Mast Cell Agonism Exhibits Varied Sensory Neuron Activation Profiles
(A and A0 ) Graphical depiction (A) and experimental flowchart (Aʹ) of in vivo Ca2+ imaging of Pirt-Cre-GCaMP6s sensory neurons. White arrowheads indicate
activated neurons.
(B) Total number of activated neurons for the labeled compound (mean plus SEM depicted). Open circles represent imaging trials from independent mice.
**p < 0.01; ***p < 0.001; n.s., not significant by two-tailed unpaired Student’s t test. PAMP9-20: WT, n = 12, B2 /, n = 5; compound 48/80: WT, n = 5, B2 /,
n = 5; anti-IgE: WT, n = 3, B2 /, n = 4.
(C, D, Cʹ, and Dʹ) Averaged Ca2+ imaging traces with ±95% confidence intervals (CIs) (C and D) and heatmaps (Cʹ and Dʹ) of individual neurons activated by 300 mM
PAMP9-20 (C and Cʹ; n = 72) and 100 mg/mL anti-IgE (D and Dʹ; n = 72).
(E–G) Box (25th and 75th percentiles) and whisker (max and min) plots. **p < 0.01; ***p < 0.001 by two-tailed unpaired Student’s t test. (E) Time to first detected
activation within trial period for neurons activated by the indicated test compounds. PAMP9-20, n = 95; CQ, n = 79; anti-IgE, n = 79. (F) Number of Ca2+ signal
peaks (>20% increase over baseline) within imaging trial period. PAMP9-20, n = 74; anti-IgE, n = 85. (G) Positive peak area (amplitude over baseline 3 duration)
within the imaging trial period. PAMP9-20, n = 74; anti-IgE, n = 85.
See also Figure S3.

type IV hypersensitivity reaction that typically presents as an
intensely pruritic, eczematous skin rash that is not amenable to
antihistamine treatment (Kostner et al., 2017). In three separate
models of ACD, squaric acetyl dibutyl acid (SADBE)- (Fu et al.,
2014), oxazolone-, and dinitrochlorobenzene (DNCB)-treated
mice exhibited significantly elevated itch compared to vehicletreated controls. In all three models, Mrgprb2/ animals
scratched substantially less than WT mice (59% reduction in
SADBE, 46% reduction in oxazolone, and 44% reduction in
DNCB) (Figures 4A–4C). Compared to vehicle-treated skin,
DNCB treatment resulted in an enrichment of immune cells as
1166 Immunity 50, 1163–1171, May 21, 2019

measured by CD45+ cell numbers; however, DNCB-treated
Mrgprb2/ skin had significantly lower CD45+ cell counts
compared to WT skin (Figures 4D and 4G). Both WT and
Mrgprb2/ mice had similar ear skin thickness associated
with ACD (Figure S4A). Further, Mrgprb2/ mice were not
protected from itch in the setting of either atopic dermatitis
(MC903 or calcipotriol) or dry skin (acetone:ether [1:1] elicited),
indicating that Mrgprb2 preferentially regulated ACD-associated
itch (Li et al., 2006; Miyamoto et al., 2002) (Figures S4B and S4C).
Mast cells modulate ACD-associated inflammation (Askenase
et al., 1983; Dudeck et al., 2011; Gimenez-Rivera et al., 2016;

Figure 3. Mrgprb2 Agonism Excites Multiple Itch Sensory Neuron Subtypes in an Activation Pattern Distinct from FcεRI
(A) Graphical depiction of itch neuron subtypes.
(Aʹ) Experimental flowchart for in vivo Ca2+ imaging of mast cell agonists plus neuronal activators.
(B) Percent overlap of activated sensory neurons from a peripheral injection of 300 mM PAMP9-20 and a repeat injection of either 300 mM PAMP9-20 (n = 4) or
10 mg/mL compound 48/80 (n = 3). The percentages for these and subsequent data were normalized to repeated PAMP 9-20 injection.
(C) Normalized percentage overlap between 300 mM PAMP9-20 and 10 mM chloroquine (CQ; n = 5), 1 mM 5-HT (n = 6), or 10 mM b-alanine (n = 5) and between
anti-IgE and CQ (n = 3), 5-HT (n = 4), or b-alanine (n = 4).
(D) Normalized percentage overlap between PAMP9-20 and either 9 mM histamine (n = 3) or 3 mM capsaicin (n = 3) and between anti-IgE and either histamine
(n = 4) or capsaicin (n = 4).
(E–G and Eʹ–Gʹ) Averaged Ca2+ imaging traces with ±95% CIs (E–G) and heatmaps (Eʹ–Gʹ) of individual neurons activated by both PAMP9-20 and CQ (n = 42;
E and Eʹ), 5-HT (n = 42; F and Fʹ), or b-alanine (n = 38; G and Gʹ).
(H) Total number of neurons activated by the indicated test compound in the presence of vehicle, cetirizine (H1R antagonist), or JNJ7777120 (H4R antagonist). For
anti-IgE: vehicle (veh), n = 4; cetirizine, n = 3; JNJ7777120, n = 3. For PAMP9-20: vehicle, n = 5; cetirizine, n = 3; JNJ7777120, n = 3. For histamine (Hist): vehicle,
n = 5; cetirizine, n = 3; JNJ7777120, n = 3. For 5-HT: vehicle, n = 3; cetirizine, n = 3; JNJ7777120, n = 3.
(C–H) Mean plus SEM is depicted. Open circles represent individual, imaged mouse DRGs. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant; two-tailed
unpaired Student’s t test.
See also Figure S3.

Grimbaldeston et al., 2007). Indeed, compared to healthy control
skin, lesional skin from ACD had increased numbers of mast
cells, as determined by avidin staining (Figures 4E and 4F). Multiple Mrgprb2 and MRGPRX2 agonists have been identified to be
upregulated in ACD skin (El-Nour et al., 2006; Scholzen et al.,
2001). Here, we found that expression of PAMP1-20, an Mrgprb2
and MRGPRX2 agonist, was similarly upregulated in ACD patient
skin but undetectable in healthy control skin (Figures 4H and 4I).
Adrenomedullin, the PAMP1-20 precursor, is produced by keratinocytes (Kapas et al., 2001). In support of this, we observed
that anti-PAMP1-20 staining was specific to epidermis (Figures
4H and 4I). A preabsorption control with PAMP1-20 peptide in-

hibited staining, supporting the specificity of the anti-serum
used (Figures 4H00 ). Collectively, these findings support the hypothesis that mast cell-expressed Mrgpr signaling plays a role
in the pathogenesis of ACD-associated itch in both mice and
humans.
DISCUSSION
It is widely believed that mast cells, via the IgE-FcεRI-histamine
axis, contribute to itch in a number of inflammatory skin disorders. However, histamine antagonists have been ineffective in
treating many forms of allergic itch, suggesting that alternative
Immunity 50, 1163–1171, May 21, 2019 1167

Figure 4. Mast Cell Mrgprs Mediate a Component of Murine ACD Itch, and PAMP1-20, an MRGPRX2 Agonist, Is Upregulated in Human
ACD Skin
(A–C) Scratching bouts in WT and Mrgprb2/ animals with ACD (mean plus SEM depicted). Open circles represent independent mice. *p < 0.05; ***p < 0.001 by
two-tailed unpaired Student’s t test. For all compounds, vehicle was acetone: olive oil (4:1 v/v). (A) ACD elicited by squaric acid dibutyl ester (SADBE). Vehicle:
WT, n = 8, B2 /, n = 6; SADBE: WT, n = 13, B2 /, n = 12. (B) 2-Phenyl-5-oxazolone (oxazolone). WT, n = 11, B2 /, n = 13. (C) 1-Chloro-2,4-dinitrobenzene
(DNCB): WT, n = 9, B2 /, n = 8.
(D) Representative flow cytometry plots of DNCB-treated ear skin and vehicle treated ear skin from WT and B2 / animals. Numbers indicate the percentage of
cells within boxes.
(E and Eʹ) Representative images of control (E) and ACD (Eʹ) human skin stained with avidin-fluorescein isothiocyanate (FITC). White arrows indicate positive
staining. Scale bar, 100 mM.
(F) Number of avidin-stained cells per square millimeter (mean plus SEM depicted). Open circles represent separate sections. *p < 0.05 by two-tailed unpaired
Student’s t test. Control (CTRL), n = 5; contact dermatitis, n = 5.
(G) Number of CD45+ leukocytes per biopsy from DNCB- and vehicle-treated WT and B2 / mouse ear skin (mean plus SEM depicted). Open circles represent
independent samples from separate mice. **p < 0.01 by two-tailed unpaired Student’s t test. For vehicle: WT, n = 3, B2 /, n = 3. For DNCB: WT, n = 12, B2 /,
n = 19.
(H–H00 ) Representative images of control (H) and ACD human skin (Hʹ and H00 ) stained with either anti-PAMP (1-20) (human) antiserum (H and Hʹ) or antiserum
preabsorbed with excess PAMP1-20 peptide (H00 ). Hʹ and H00 are from adjacent sections from the same patient.
(I) Number of PAMP1-20-positive cells as a percentage of DAPI. Control, 0/1,616; ACD, 1,669/2,071; ACD preabsorbed, 63/2,097. ***p < 0.001 by chi-square test.
Samples from at least 5 different ACD patients were tested.
See also Figure S4.

mechanisms exist (Kamo et al., 2014; Liu et al., 2016; Usatine
and Riojas, 2010). Here, we demonstrated that Mrgprb2
activation of mast cells, compared to classical IgE-mediated
activation, promoted the differential release of pruritogens like
tryptase beta 2 and evoked non-histaminergic itch. However,
due to the complex composition of mast cell granules,
Mrgprb2-associated non-histaminergic itch is likely caused by
a number of pruritogens in addition to tryptase. Although largely
1168 Immunity 50, 1163–1171, May 21, 2019

histamine independent, a minor component of Mrgprb2-associated itch may be histaminergic, as antihistamines slightly
reduced the number of sensory neurons activated by PAMP920. Conversely, IgE-FcεRI-associated itch displayed a non-histaminergic component that was resistant to histamine receptor
antagonism. These findings suggest that despite clear divergence, some overlap exists between Mrgprb2- and FcεRI-mediated mast cell itch.

PAMP9-20-excited neurons most consistently overlapped with
Mrgprd+ itch neurons, while anti-IgE-associated neurons overlapped with histamine-sensitive neurons. In itch sensory neurons,
H1R expression and Mrgprd expression do not overlap (Usoskin
et al., 2015), indicating that PAMP9-20 and anti-IgE activated
different populations of sensory neurons. One possible explanation for this difference in sensory neuron activation between
PAMP9-20 and anti-IgE could be differential mast cell degranulation and release of compounds like tryptase beta 2. Tryptases
cleave proteinase-activated receptors (PARs) present on itchsensory neurons (Fu et al., 2014; Liu et al., 2011; Shimada et al.,
2006). PARs such as PAR4 and PAR2 are preferentially expressed
in Mrgprd+ and 5ht1f+ neurons, respectively (Usoskin et al., 2015).
Many chronic allergic itch conditions with mast cell involvement are refractory to histamine antagonists, indicating that alternative itch mechanisms exist (Kamo et al., 2014; Liu et al., 2016;
Usatine and Riojas, 2010). ACD is one such condition with an
enormous occupational health burden (Peiser et al., 2012). In
ACD skin, multiple potential Mrgprb2 and MRGPRX2 agonists
are upregulated. Indeed, we show that Mrgprb2/ mice were
protected from ACD-associated itch and that PAMP1-20 was enriched in lesional ACD patient skin. Despite a significant reduction
in pruritus, Mrgprb2/ animals had residual ACD itch, which
could result from alternative mechanisms such as interleukin33 (IL-33) activation of neuronal ST2 and T cell release of IL-31
(Liu et al., 2016; Takamori et al., 2018). Both mast cells and
MRGPRX2 agonists are upregulated in atopic dermatitis and
psoriasis (Nattkemper et al., 2018). However, Mrgprb2/ animals did not exhibit reduced itch after topical MC903 treatment,
a model of atopic dermatitis. Whether MRGPRX2 is an alternative
mast-cell-associated target in pruritus of atopic dermatitis in humans remains to be defined. Notwithstanding this, our murine
studies suggest that Mrgprb2 played a preferential role in ACD
compared to atopic dermatitis or dry skin.
Herein, we determined that activation of Mrgprb2 present on
mast cells resulted in largely non-histaminergic itch. Our data
showed that, compared with classical FcεRI signaling, Mrgprb2
agonism resulted in the release of different pruritogens from
mast cells, resulting in the activation of a unique population of
sensory neurons. Further, we found a major contribution of
Mrgprb2 to ACD pruritus across a variety of murine models
and enrichment of PAMP1-20, a Mrgprb2 and MRGPRX2
agonist, in human ACD skin. Collectively, our studies suggest
that MRGPRX2 may represent a novel therapeutic target for
treating ACD and other mast-cell-associated itch disorders in
which antihistamines are ineffective.
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Oligonucleotides
Primers targeting Mrgprb2: forward 50 gtcacagaccagtttaacacttcc, rever 50 - cagccatagccaggttgagaa
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xinzhong
Dong (xdong2@jhmi.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
Mice were housed 2-5 per cage with a 12-hour light/dark cycle and ad libitum access to rodent chow and water. Behavior assessments were performed during the light phase. All experimental protocols were approved by the Animal Care and Use Committee at
the Johns Hopkins University School of Medicine (Protocol Number: MO16M40). All mice used for this study were born and bred
within Hopkins Miller Research Building Animal facility and weaned at 3-3.5 weeks of age. Mice used for experiments were
1.5-3 months old males and females (20 - 30 g) on the C57BL/6 background. Mrgprb2 / and Mrgprb2-Cre animals were generated
as previously described (McNeil et al., 2015). Pirt-cre animals were generated as previously described via homologous recombination (Kim et al., 2016). Rosa26-LoxP-STOP-LoxP (lsl)-GCaMP6s and Rosa26-LoxP-STOP-LoxP (lsl)-tdTomato mice were purchased
from Jackson Labs. Pirt-cre; Rosa26-lsl-GCaMP6s mice were obtained by crossing Pirt-cre animals with lsl-GCaMP6s animals.
Mrgprb2-cre; Rosa26-lsl-tdTomato mice were obtained by crossing Mrgprb2-cre animals with lsl-tdTomato animals. cKitW-sh
(SASH) mice were obtained from Jackson Labs.
Human Skin Sample Collection
De-identified human skin tissues were obtained under IRB-exempt protocols through the Division of Dermatology at Washington
University School of Medicine and the Skin Biology and Diseases Resource-based Center at the Perelman School of Medicine at
the University of Pennsylvania. Allergic contact dermatitis lesional skin was obtained from eleven patients aged 17 - 89. Eight patients
were female, and three patients were male. Healthy control skin was taken from eight patients aged 29 – 47. All healthy skin was
collected from female patients. Besides allergic contact dermatitis where indicated, all patients were otherwise healthy. Skin tissue
sections from were obtained from biopsy specimens that were fixed in 10% neutral buffered formalin and embedded in paraffin.
METHOD DETAILS
Peritoneal Mast Cell Primary Culture
Peritoneal mast cells were isolated from adult male and female mice as previously described (McNeil et al., 2015). A peritoneal lavage
was performed. Mast cells were isolated from the cellular contents using a 70% percoll gradient, spun at 500 rcf. for 20 minutes at
4 C. Cell pellets were washed, and mast cells were plated onto fibronectin-coated coverslips or cell culture wells. Mast cell purity
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among isolated cells was assessed with toluidine blue staining. > 95% of isolated cells were stained by toluidine blue and thus determined to be mast cells. Isolated cells were cultured with mouse stem cell factor (SCF) (25 ng/mL) for two hours at 37 C before further
experimentation.
Immunofluorescence Imaging of Mrgprb2-Cre; tdT Animals
Immunofluorescence imaging was performed as previously described (Han et al., 2013). Briefly, Mrgprb2-Cre; tdT animals were
anesthesized with chloral hydrate before fixation with 4% paraformaldehyde. After fixation, primary tissues of interest, dorsal root
ganglia, spinal cord, and skin were dissected, post-fixed in 4% PFA for 1 hr at RT, before incubation with 20% sucrose then 30%
sucrose. Tissues were embedded in OCT and sectioned on a cryotome. Sections were dehydrated and stained with IB4-488 for
1 hour at RT before imaging on a Zeiss LSM700 confocal microscope.
RT-PCR
RNA was purified from dissected DRG, spinal cord, and approximated 1 3 105 peritoneal mast cells with QIAGEN RNEasy Micro
columns, according to the manufacturer’s suggestions. RNA was treated for 20 minutes with DNase I (New England BioLabs) before
being used to generate first strand cDNA using a SuperScript III kit (Invitrogen) according to the manufacturer’s instructions. A
negative control reaction was included where SuperScript III reverse transcriptase was replaced by water. 25 mL PCR reactions
were run with 12.5 mL RedTaq ReadyMix (Sigma), 0.5 mL DMSO, 0.25 mL each of 50 mM gene-specific forward and reverse primers,
10 mL water, and 2 mL mixture from either cDNA or negative control synthesis reactions. PCR reaction included a 4 minute initial step
at 95 C, 30 s annealing at 62 C, 40 s extension at 72 C, and 25 s at 95 C (with the last three steps repeated 39 times), and a final
4 minute step at 72 C. Primers for MrgprB2 were forward gtcacagaccagtttaacacttcc, reverse cagccatagccaggttgagaa.
Behavioral Tests
All applicable behavioral tests were performed and analyzed with the experimenter blind to genotype. For all studies, male and female
mice age 1.5 3 months were used. No sex- or ag-based differences were found for any analysis. Experiments were designed in a
blocked fashion with regards to genotype, sex, and age of mice. Itch behavior experiments were performed between 8 a.m. and
12 p.m. The day prior to experimentation, animals were habituated in the test chamber for 30 minutes underdoing a series of three
mock injections. On the day of the experiment, animals were allowed to acclimatize to the test chamber for 10 minutes prior to injection. Pruritic compounds were subcutaneously injected into the nape of the neck or cheek, and scratching behavior was observed
for 30 minutes. For the nape, we injected compounds in a 50 mL volume. For cheek, 10 mL was used. A bout of scratching was defined
as a hindpaw directed continuous scratching movement at the injection site. In the cheek injection model, a wipe was defined as a
single forepaw stroking the site of the injection. Use of both forepaws was classified as grooming behavior and not counted. Scratching behavior was quantified by counting the number of scratching bouts during the 30-min observation period. Wiping was quantified
during a 30-minute observation period. All pharmacologic antagonists were given intraperitoneally 30 minutes prior to injection of test
compound. Mast cell stabilizer, cromolyn, 25 mg/kg. H1R block, 30 mg/kg of cetirizine HCl (pH 7.4); H4R block, 40 mg/kg of
JNJ7777120; ritanserin block, 1 mg/kg ritanserin; mianserin block, 1 mg/kg mianserin; cyproheptadine block, 1 mg/kg cyproheptadine; ondansetron block, 1 mg/kg ondansetron.
Peritoneal Mast Cell Isolation, In Vitro Experimentation, and Detection of Released Contents, Histamine, and
Tryptase Beta 2
For calcium imaging experiments, mast cells were incubated with the calcium dye Fluo-4 for 30 minutes before imaging. For all mast
cell granule release assays, b-hexosaminidase, histamine, and Tryptase Beta 2, 1x104 – 5x104 mast cells were incubated with test
compound for 30 minutes before supernatant was collected. All assay results were normalized according to cell number. For, b-hexosaminidase release, lysate was collected after addition of 0.5% Triton X-100. Both supernatant and lysate were incubated with 1mM
4-Nitrophenyl N-acetyl-b-D-glucosaminide (PNAG) solution for 1.5 hr at 37 C. 10mM Glycine, pH 10 was added to stop the reaction,
and absorbance at 405nm was read on a Flexstation 3 (Molecular Devices). Histamine was detected with an ELISA kit from Enzo
Lifesciences according to manufacturer’s instructions. Tryptase beta 2 was detected with an ELISA kit from Cusa Bio according
to manufacturer’s instructions.
DRG Exposure Surgery for In Vivo Imaging of the Whole L4 DRG
DRG exposure surgery was performed as previously described (Kim et al., 2014). Throughout the surgery, mice were kept on a heating pad (DC temperature controller, FHC) to maintain body temperature at 37 C ± 0.5 C as monitored by rectal probe. Mice were
anesthetized by i.p. injection of sodium pentobarbital (40 mg/kg) and their backs were shaved and disinfected. Ophthalmic ointment
(Lacrilube; Allergen Pharmaceuticals) was then applied. An approximately 2-cm midline incision was made at the lower part of the
lumbar enlargement and 0.1 mL of 1% lidocaine was injected into the paravertebral muscles before they were dissected away to
expose L3–L5 vertebrae. Using rongeurs, the surface aspect of the L4 DRG transverse process was removed and the underlying
DRG was exposed. Bleeding was stopped using styptic cotton.
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In Vivo DRG Calcium Imaging
In vivo imaging of whole L4 DRG was performed for 1–3 hours immediately following surgery. Images were acquired using a laserscanning confocal microscope (Leica LSI microscope) equipped with a 53 0.5 NA macro dry objective and fast EM-CCD camera. Live
images were acquired at 8 to 10 frames in frame-scan mode per 7–8 s, at depths of 0 to 70 mm below the dura with the DRG in the
focal plane. Throughout imaging, body temperature was maintained at 37 C ± 0.5 C with a heating pad and rectal temperature
monitoring. Anesthesia was maintained with 2% isofluorane and pure oxygen delivered through nosecone. Mice were laid
abdomen-down on a custom-designed microscope stage. The spinal column was secured at two sites using clamps. Imaging
was monitored during the activation of DRG neuron cell bodies by peripheral stimuli (5 mL of the stated concentration of either
mast cell or neuronal activators) delivered via Hamilton syringe.
In Vivo Calcium Imaging Data Analysis
For imaging data analysis, raw image stacks were collected, deconvoluted, and imported into ImageJ (NIH). Optical planes from
sequential time points were re-aligned and motion corrected using the stackreg rigid-body cross-correlation-based image alignment
plugin. The number of counted activated neurons between different mice and different DRG imaging periods was normalized to the
total number of neurons present in the DRG. The total number was counted using the thresholding function in ImageJ software from a
high-quality, Z stack image of DRG at baseline. The size of activated neurons was calculated using the area function in ImageJ.
Calcium signaling amplitudes were normalized Ft /F0 as a function of time. F0 was defined as the average pixel intensity during the
first two to six frames of each imaging experiment. Changes in fluorescence were measured from all neurons that displayed a change
from baseline and selected for further analysis. In subsequent analysis, neurons that displayed < 0.2 F0 change in baseline, were only
active during the injection period, and displayed a > 0.2 F0 change during either the baseline or the saline imaging periods were
excluded from analysis. The peak area was measured using the area under the curve (AUC) functionality in GraphPad PRISM.
Signal peaks were defined as a > 0.2F0 increase over baseline followed by either a return to baseline ± 10% or normalization of signal
by > 0.2F0. Shoulder peaks were defined as those peaks that occur before both a return from peak to baseline ± 10% F0 and before
normalization of signal by > 0.2F0 and were excluded from analysis. There is significant activation associated with injection into the
paw. In determining whether a neuron was activated within an imaging window, the neuron, represented by its designated region of
interest (ROI) needed to exhibit multiple peaks of > 0.2F0 from baseline outside of the first minute after injection. All putative responding cells and counted peaks included in analysis were verified visually using the raw imaging data and individual neuron calcium
traces. The average Ft /F0 values for specific ROIs were tested for statistical significance by repeated-measures ANOVA, followed
by Mann-Whitney statistics. Fiji (NIH), LIF (Leica), and PRISM software were used to analyze and plot Ca2+ imaging data.
Flow Cytometry
For FcERIa+ cell isolation. Cheek tissues were shaved and digested with 0.25 mg/mL Liberase TL (Roche) in DMEM at 37 C and 5%
CO2 for 90 minutes prior to homogenization through a 100 mm cell strainer in DMEM with 5% FBS. Single cell suspensions were
stained with ZombieUV viability dye per manufacturer’s instructions (Biolegend) followed by primary antibodies on ice for 30 minutes.
Primary antibodies (Biolegend unless otherwise specified) were: CD45 PE, CD11b BV510, Lin PerCP/Cy5.5, c-Kit BV605, FcERIa
FITC (eBioscience), IgE FITC (eBioscience). Lineage (Lin) cocktail included (eBioscience): CD3e, CD5, CD19, CD11c, NK1.1.
For CD45+ cell isolation from allergic contact dermatitis skin. Mice were sensitized with 2% DNCB on their abdomen. Five days
later, 1% DNCB was used to elicit allergic contact dermatitis on the ear. After 24 hours, ears were excised using a 6mm biopsy punch,
cut into small pieces and placed in RPMI1640 media containing 1.25 mg/ml Dispase II, 2 mg/ml Collagenase II and 2 mg/ml Collagenase IV. Tissues were incubated at 37 C for approximately 75mins. The digested ear tissues were passed through a 70 mm cell
strainer, pelleted and washed in PBS. Cells were stained with Aqua Live/Dead viability dye according the manufacturer’s manual
to exclude non-viable cells. Then cells were blocked for non-specific binding in buffer containing anti-mouse CD16/CD32 Fc blocker
for 10 minutes prior to staining with the CD45-FITC. Data were acquired with a CytoFLEX LX (Beckman Coulter), and the analysis was
performed using FlowJo v10 software (TreeStar).
Ovalbumin and Allergic Contact Dermatitis Itch Models
For ovalbumin associated itch, we first sensitized animals by injecting 50 mg of ovalbumin in phosphate-buffered saline (PBS) with
2 mg of aluminum hydroxide i.p. 10 days later, animals were re-injected i.p. with 20 mg of ovalbumin in PBS containing 2 mg of
aluminum hydroxide. After one week, 50 mg of ovalbumin in saline was administer and scratching behavior was quantified. Contact
dermatitis model was performed by first shaving the abdomens of animals the day prior to experimentation. Shaved abdomens were
treated with 40 mL of either 3% DNCB, SADBE, or Oxazolone dissolved in acetone: olive oil (4:1 v/v) QD for three days. After four days,
the nape of the neck of animals were shaved. The next day, 1% DNCB, SADBE, or Oxazolone dissolved in acetone: olive oil (4:1 v/v)
was applied to shaved skin QD for three days. The next day, animals were habituated by being placed in the test chamber for 1 hour.
The following day, behavior was assessed, and skin samples were collected. For skin thickness measurements, animals were sensitized with 100 mL of either 3% DNCB, SADBE, or Oxazolone dissolved in acetone: olive oil (4:1 v/v) on shaved abdomen. Five days
later, 10 mL of respective agent was applied to each side of the right ear. At the same time, 10 mL of vehicle was applied to each side of
the left ear. 24 hours later, ear thickness of both right and left ears was assessed with Mitutoyo digimatic calibrator.
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Immunohistochemistry with Paraffin-Embedded Sections
Paraffin embedded skin samples were stored until needed at 4 C. Slides were deparaffinized with 2 changes of xylene for 5 minutes
and 3 minutes changes of the following solutions: 100% ethanol, 95% ethanol, 70% ethanol, and 50% ethanol before rinsing with
distilled water. Antigen retrieval was done by heating the slides to boiling in Tris-EDTA buffer (10mM Tris, 1mM EDTA, 0.05%
Tween20, pH 9) placed within a pressure cooker (Nordic ware). Sections were permeabilized with PBST, blocked with 10% normal
goat serum for 1 hour at room temperature, and then incubated with primary antibody (1:500 for PAMP antiserum; 1:500 for avidinFITC) diluted in 10% normal goat serum overnight at 4 C. For preabsorption control, 1:500 diluted anti-serum was incubated with
100mM PAMP1-20 peptide for 1 hr at room temperature before applied like primary antibody. The next morning, slides were rinsed
three times with TBS 0.025% Triton before application of secondary antibody (1:500) diluted in 10% goat serum. Slides were incubated for 1 hour at room temperature and washed three times with TBS 0.025% Triton before being mounted with anti-Dapi medium
(Vector Labs). Sections were imaged using a Zeiss LSM700 confocal microscope and images were analyzed with ImageJ.
QUANTIFICATION AND STATISTICAL ANALYSIS
Group data were expressed as mean ± standard error of the mean unless otherwise noted. Two-tailed unpaired Student’s t tests and
two-way ANOVA tests were used to determine significance in statistical comparisons; differences were considered significant at
p < 0.05. Statistical power analysis was used to justify sample size for all behavior experiments. Variance for all presented treatment
groups was similar as determined by F test. No samples or animals subjected to successful procedures and/or treatments were
excluded from analysis. All behavior experiments were designed in a blocked manner with consideration for both genotype and
treatment. Statistical details for each experiment can be found in figure legends.
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