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INTRODUCTION: Scratching is an often irresis-
tible, stereotypical, and evolutionarily conserved
behavioral response to the sensation of cutane-
ous itch. Inmany common skindiseases, such as
dermatitis (eczema), protracted itching—or
pruritus—is the dominant symptom and repre-
sents a substantial source of morbidity. Scratch-
ing in response to itch is clinicallywell recognized
to exacerbate dermatitis and is pathogenic in
some diseases. However, scratching an itch is
often a pleasurable sensation and does not
trigger avoidance behavior, which suggests that
it may provide some benefit to the host.

RATIONALE: In the skin, activated dermal mast
cellsmediate hallmarks of the cutaneous allergic

response, including hives and itch, which re-
sults in scratching behavior. They also recruit
inflammatory cells and promote host defense
against Staphylococcus aureus. Mast cells can
be activated through a variety of mechanisms,
including allergens, that cross-link preformed
complexes of immunoglobulin E (IgE) anti-
bodies bound to the FceRI receptor or via
ligands for the MrgprB2 receptor, including
substance P (SP)—a neuropeptide released by
pain-sensing neurons. The functional conse-
quence of mast cell activation through dif-
ferent receptors, how scratching promotes
cutaneous inflammation, and whether scratch-
ing provides benefit to the host all remain
poorly explored.

RESULTS: To explore the relationship between
itch, scratching, and inflammation, we gen-
erated mice that allow for the selective and
inducible ablation of the nonpeptidergic 2
(NP2) subset of itch-sensing neurons, charac-
terized by the expression of MrgprA3 (called
Mrgpra3DTR).We found thatMrgprA3-expressing
neurons were required for scratching and in-
flammation inmodels of type 2 contact hypersen-
sitivity and FceRI-mediatedmast cell activation.
In both cases, scratching augmented mast cell
degranulation, tumor necrosis factor (TNF)
expression, and recruitment of neutrophils.
Scratching was not required for increased
expression of the alarmins thymic stromal
lymphopoietin (TSLP) and interleukin-33 (IL-33),
which are known to activate mast cells. Rather,
we found that scratching was sufficient to trig-
ger release of SP from Trpv1-expressing neu-
rons that synergized with FceRI cross-linking,
resulting in maximal TNF release from mast
cells. This was confirmed using mice with a
genetic ablation of MrgprB2 or the gene en-
coding SP (Tac1) and by chemogenetic inhibition
of Trpv1-expressing neurons. Inflammation in
mice prevented from scratching could be rescued
by exogenous activation of Trpv1-expressing neu-
rons. Finally, we found that scratching reduced
cutaneous microbial diversity and, in an epicuta-
neous S. aureus infection model, both inflam-
mation and host defense required scratching.

CONCLUSION: The itch-scratch cycle is a path-
ogenic process in allergic skin rashes, such as
dermatitis, or arthropod reactions. In this cycle,
itch and scratching increase inflammation and
disease exacerbation. Our data suggest that
scratching activates cutaneous Trpv1-expressing
neurons, which are a major source of SP in the
skin. Coordinated activation ofmast cells by both
MrgprB2 and FceRI agonism synergistically aug-
ments inflammation, in part through increased
recruitment of neutrophils. Thus, dermal mast
cells occupy a central node in cutaneous inflam-
mation and are capable of integrating both
adaptive and innate neuroimmune triggers.
Moreover, inflammation-induced scratching
can reduce the abundance of certain members
of the cutaneous commensal community and, in
the context of superficial S. aureus infection,
inflammation triggered by scratching provides
enhanced host defense. These data exemplify
how scratching can both exacerbate disease
and benefit the host through a neuroimmune
axis and reconciles the seemingly paradoxical
role of scratching as a pathological process and
evolutionary adaptation.▪
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Scratching synergizes with FceRI mast cell activation to drive allergic skin inflammation. Cross-
linking of FceRI or IgE on mast cells by allergens or S. aureus activates mast cell release of pruritogens
(itch-inducing factors) that are sensed by MrgprA3-expressing neurons. Scratching resulting from itch
sensation activates Trpv1-expressing neurons to release the neurotransmitter SP. SP acting through MrgprB2
on mast cells synergizes with FceRI to enhance mast cell release of TNF, resulting in enhanced cutaneous
inflammation and increased S. aureus host defense. [Figure created with BioRender.com]
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Scratching promotes allergic inflammation and host
defense via neurogenic mast cell activation
Andrew W. Liu1,2, Youran R. Zhang1,2, Chien-Sin Chen1,2, Tara N. Edwards1,2, Sumeyye Ozyaman1,2†,
Torben Ramcke1,2, Lindsay M. McKendrick1,2, Eric S. Weiss1,2, Jacob E. Gillis1,2, Colin R. Laughlin2‡,
Simran K. Randhawa2, Catherine M. Phelps2, Kazuo Kurihara1,2, Hannah M. Kang1,2,
Sydney-Lam N. Nguyen1,2, Jiwon Kim3, Tayler D. Sheahan3§, Sarah E. Ross3,4, Marlies Meisel2,5,
Tina L. Sumpter1,2, Daniel H. Kaplan1,2*

Itch is a dominant symptom in dermatitis, and scratching promotes cutaneous inflammation, thereby
worsening disease. However, the mechanisms through which scratching exacerbates inflammation and
whether scratching provides benefit to the host are largely unknown. We found that scratching was
required for skin inflammation in mouse models dependent on FceRI-mediated mast cell activation.
Scratching-induced inflammation required pain-sensing nociceptors, the neuropeptide substance P,
and the mast cell receptor MrgprB2. Scratching also increased cutaneous inflammation and augmented
host defense to superficial Staphylococcus aureus infection. Thus, through the activation of
nociceptor-driven neuroinflammation, scratching both exacerbated allergic skin disease and provided
protection from S. aureus, reconciling the seemingly paradoxical role of scratching as a pathological
process and evolutionary adaptation.

S
cratching is an often irresistible, stereo-
typical, and evolutionarily conserved
behavioral response to the sensation
of cutaneous itch (1). In many common
skin diseases, such as dermatitis, pro-

tracted itching or pruritus—a sensation on
the skin that encourages scratching—is the
dominant symptom and represents a sub-
stantial source of morbidity. Scratching in
response to itch is clinically well recognized
to further increase pruritus and subsequent
scratching, thereby exacerbating disease in a
scenario called the itch-scratch cycle (2). Nota-
bly, unlike pain, which triggers avoidance and
aversive behavior, scratching an itch is often
pleasurable, which suggests that it may pro-
vide some benefit to the host (3). Immune
cell–derived mediators, such as interleukin-4
(IL-4), IL-13, and IL-31, have been demonstra-
ted to promote itch sensation, and blockade of
their corresponding receptors is highly effec-
tive in reducing itch, scratching, and skin in-
flammation in patients with atopic dermatitis
(4, 5). Despite these advances, the questions of

how scratching promotes cutaneous inflam-
mation and whether scratching provides ben-
efit to the host remain poorly explored.
Murine sensory afferent neurons innervat-

ing the skin include subsets of nociceptive, or
pain-sensing, peptidergic neurons and itch-
sensing nonpeptidergic neurons. Pain-sensing
neurons generally express the ion channel
TRPV1 and can be directly activated by nu-
merous inflammatory cytokines and bacterial
products, resulting in pain sensation (6, 7). In
addition, activation of TRPV1-expressing neu-
rons is sufficient to trigger cutaneous inflam-
mation, and these neurons participate in many
host-pathogen interactions in barrier tissues
(7–9). Itch-sensing neurons include two major
groupings called nonpeptidergic 2 (NP2) and
nonpeptidergic 3 (NP3) (10, 11). NP3 can be
identified on the basis of selective expression
of the receptor for IL-31 and NP2 by expression
of MrgprA3, a receptor activated by chloro-
quine (12–14). Receptors for other endogenous
pruritogens, such as histamine from activated
mast cells, IL-4 and/or IL-13 from innate lym-
phoid cells (ILCs) and T cells, and thymic
stromal lymphopoietin (TSLP) from keratino-
cytes, are broadly expressed across sensory
neurons (15, 16).
Mast cells are best known as effectors of an-

aphylactic responses. Mast cells can be acti-
vated by allergens that cross-link preformed
allergen-specific immunoglobulin E (IgE) that
bind to FceRI, the high-affinity IgE receptors
on their surface (17). Several endogenous factors,
including the neuropeptide substance P (SP)
released by pain-sensing TRPV1-expressing neu-
rons, activate mast cells through the receptor

MrgprB2 (18). In the skin, local mast cell ac-
tivation triggers the release of preformed
granules containing histamine that induces
local vascular permeability and edema but also
triggers local pruritus (19, 20). Mast cells also
trigger recruitment of inflammatory cells—
most notably neutrophils—through direction-
al release of tumor necrosis factor (TNF) into
blood vessels and are required for inflamma-
tion in murine models of allergic contact der-
matitis (21–23). Mast cells also mediate local
host defense against S. aureus after either
FceRI- or MrgprB2-mediated activation (24–26).
In this work, we used mouse systems to abol-
ish the function of NP2 neurons and explore
the relationship between itch, scratching,
and inflammation.

Optimal contact hypersensitivity to
fluorescein isothiocyanate and oxazolone
requires scratching

To generate NP2 loss-of-functionmice, we bred
Mrgpra3Cre-gfp mice with ROSA26iDTR mice
to generate Mrgpra3DTR (13). Treatment with
Diphtheria toxin (DT) (13, 27) ablated MrgprA3-
expressing neurons (fig. S1, A and B) and
reduced scratching bouts after intradermal
(i.d.) administration of chloroquine, a ligand
for MrgprA3, but it did not abolish scratch-
ing in response to IL-31, a ligand selective for
NP3 neurons (fig. S1, C and D). Thus, DT ad-
ministration efficiently and selectively ablated
MrgprA3-expresing neurons in Mrgpra3DTR

mice.
Microscopic visualization of dorsal root

ganglia (DRGs) for MrgprA3 [green fluorescent
protein (GFP)] and TRPV1 inMrgpra3GFP mice
revealed that ~60% of MrgprA3-expressing
neurons did not coexpress TRPV1 (fig. S1, E
and G). We also we bred Trpv1Cre to Rosa26.
hM4Di/mCitrine mice to generate Trpv1hM4Di

inhibitory designer receptors exclusively acti-
vated by designer drugs (DREADD)mice that
allow for the selective silencing of neurons
after administration of clozapineN-oxide (CNO).
RNAscope visualization ofmRNA forMrgpra3
and mCitrine in DRGs found that ~40% of
MrgprA3-expressing neurons had not under-
gone Cre-mediated recombination in Trpv1hM4Di

mice (fig. S1, F and G). As expected, a single
intraperitoneal (i.p.) administration of CNO
suppressed nociceptor function based on
delayed paw withdrawal to heat stimulation
(Hargreaves test) with an effective duration
of ~5.5 hours (fig. S1, H and I). However,
scratching after chloroquine administration
in CNO-treated Trpv1hM4Di mice was only par-
tially reduced compared with Mrgpra3DTR

mice (fig. S1C). These data were consistent
with the identification of two populations
of Mrgpra3-expressing neurons (NP2.1 and
NP2.2) by transcriptomic analyses of DRGs,
with NP2.1 having very low expression of
Trpv1 (28–30).
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To determine whether MrgprA3-expressing
neurons were required for contact hyper-
sensitivity (CHS), a model for allergic contact
dermatitisMrgpra3DTR and littermate control
(LMC)mice were treated with DT, sensitized on
the shaved abdomen with the haptens fluores-
cein isothiocyanate (FITC), oxazolone (Ox), or
dinitrofluorobenzene (DNFB). Five days later,
mice were challenged on the ear with the same
hapten, and ear thickness was measured as a
surrogate for inflammation. Ear thickness in
response to all three haptens peaked 1 day
postchallenge and was reduced in Mrgpra3DTR

mice treated with FITC and Ox but not DNFB
(Fig. 1, A to C). To determine whetherMrgprA3-
expressing neurons were required during the
challenge phase, we adjusted our protocol to
administer DT 3 and 6 days after sensitization
and challengedmice on day 8. Effective ablation
of MrgprA3-expressing neurons was confirmed
by reduced chloroquine-induced scratching (fig.
S1J). CHS to FITC and Ox were both reduced,
indicating that MrgprA3-expressing neurons
were required during the challenge phase of
CHS (fig. S1, K and L).
We hypothesized that reduced inflammation

in Mrgpra3DTR could be related to the loss of

scratching. Scratching behavior was reduced
in DT-treatedMrgpra3DTR in response to FITC
and Ox but not DNFB (Fig. 1D). This was con-
firmed by repeating these experiments with
LMC control mice wearing Elizabethan collars
to physically prevent scratching at the time of
challenge. Mice with reduced responses to itch-
inducing agents (Mrgpra3DTR mice) or mice
that could not scratch (LMC collar) failed to
develop robust ear inflammation in response
to FITC and Ox but not DNFB (Fig. 1E). On the
basis of these data, we concluded that in re-
sponse to a subset of haptens, scratching and
the development of robust CHS inflammation
required MrgprA3-expressing neurons.

Scratching is required for optimal neutrophil
infiltration and mast cell degranulation

To understand how scratching augmented in-
flammation, we examined ears 1 day after
hapten challenge by histological analysis. Both
FITC- and Ox-challenged ears in LMC mice
showed edema and amostly neutrophilic infil-
trate,withFITC-treatedmicehavingmore edema
andOx-treatedmice having a greater infiltrate
(Fig. 2A). The cellular infiltrate and number
of neutrophils were substantially decreased

based on histology and flow cytometry in both
Mrgpra3DTR mice and LMCmice wearing col-
lars (Fig. 2, B and C, and fig. S2, A to C). In
CHS, TNF is required for the recruitment of
neutrophils into the skin (31, 32). Expression
of Tnf was increased after FITC and Ox chal-
lenge in LMC mice but not in Mrgpra3DTR

mice or LMC mice wearing collars (Fig. 2, D
and E). Expression of Tslp, which can be in-
creased by barrier disruption (15, 33, 34), was
elevated by hapten challenge in all groups but
was not dependent on MrgprA3-expressing
neurons or scratching (fig. S2, D and E). Alter-
ations in cellular infiltrate and Tnf expression
were not observed with DNFB CHS (fig. S2, H
to J). FITC CHS responses were unaffected by
inhibition of calcitonin gene–related peptide
(CGRP) (fig. S2G).
Because the peak of CHS inflammation was

at 24hours postchallenge, keymechanistic events
might be occurring at earlier time points. Thus,
ear thickness after FITC and Ox challenge was
measured starting at 1 hour postchallenge
(Fig. 2, F and G). Differences in inflammation
were evenmore pronounced, with reduced ear
thickness in Mrgpra3DTR mice and collared
LMCmice first evident at 10 to 12 hours after
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Fig. 1. MrgprA3-expressing neurons and scratching are required for FITC
and Ox CHS. (A to C) DT-treated Mrgpra3DTR (red circles) or LMC (black circles)
mice were sensitized on shaved abdominal skin with FITC (LMC and Mrgpra3DTR

n = 7 mice) (A), Ox (LMC and Mrgpra3DTR n = 10) (B), or DNFB (LMC and
Mrgpra3DTR n = 27) (C) hapten followed by challenge 5 days later on the ear with
the same hapten. Ear thickness at the indicated time points after challenge is
shown (FITC LMC and Mrgpra3DTR n = 7; Ox LMC and Mrgpra3DTR n = 10; DNFB
LMC n = 9 and DNFB Mrgpra3DTR n = 8). (D) The number of scratching bouts
observed over 30 min in mice 1 day postchallenge, with the indicated hapten
shown (LMC n = 8 to 9, Mrgpra3DTR n = 7 to 10). (E) Ear thickness 1 day after

hapten challenge in DT-treated LMC and Mrgpra3DTR mice as well as Elizabethan-
collared control mice (LMC collar; black triangles) is shown (FITC, LMC n = 9,
Mrgpra3DTR n = 15, collar n = 6; Ox, LMC n = 20, Mrgpra3DTR n = 15, collar n = 5;
DNFB, LMC and Mrgpra3DTR n = 31, collar n = 17). Results in (A) to (C) are
represented as means ± SEMs from three to five independent experiments.
Individual data points in (D) and (E) represent data from a single animal, and
bars are means ± SEMs from three to five independent experiments. Significance
was calculated using unpaired Student’s t test [(A) to (C)], Mann-Whitney (D),
or one-way analysis of variance (ANOVA) with multiple comparisons (E).
*P < 0.05; **P < 0.01; ****P < 0.0001; ns, not significant.
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Fig. 2. Scratching is required for neutrophilic infiltrate and mast cell acti-
vation. (A) Representative H&E sections of ears from sensitized DT-treated LMC
(black circles), Mrgpra3DTR (red circles), and collared LMC (black triangles) mice
24 hours after FITC or Ox challenge. (B) The total number of neutrophils from
untreated mice, FITC-challenged DT-treated LMC, Mrgpra3DTR, and collared LMC
mice at 24 hours, as determined by flow cytometry (untreated n = 4, LMC and
Mrgpra3DTR n = 11, collar n = 5). (C) Same as in (B) but sensitized and
challenged with Ox (untreated n = 3, LMC n = 9, Mrgpra3DTR n = 5, collar n = 6).
(D and E) Relative expression of Tnf mRNA based on quantitative reverse
transcription PCR (RTqPCR) of whole ear skin from unmanipulated, Mrgpra3DTR,

and collared LMC mice 24 hours after FITC (untreated n = 4, LMC n = 8,
Mrgpra3DTR and collar n = 6) (D) and Ox challenge (untreated n = 4, LMC and
Mrgpra3DTR n = 8, collar n = 5) (E). (F and G) Ear thickness at the indicated
time points after FITC (LMC n = 17, Mrgpra3DTR n = 18, collar n = 11) (F) and Ox
(LMC n = 36, Mrgpra3DTR n = 20, collar n = 10) (G) challenge is shown.
(H) Quantification of EB dye extravasation in FITC- or Ox-sensitized DT-treated
LMC, Mrgpra3DTR, and collared LMC mice 10 hours after FITC challenge
and 12 hours after Ox challenge (LMC n = 7, Mrgpra3DTR and collar n = 5).
(I) Immunofluorescent microscopic visualization of ear skin 10 hours after FITC
challenge illustrates avidin+ mast cells (red) and DAPI nuclear label (blue) in
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FITC and Ox but not after DNFB challenge
(fig. S2K).
The rapid time course, coupled with histo-

logic evidence of edema and the known role for
mast cell–derived TNF in neutrophil recruit-
ment, suggested that scratching-induced mast
cell degranulation could explain our observa-
tions (21, 32, 35). As expected, FITC CHS was
reduced in mast cell–deficient mice (fig. S2L)
(23, 36, 37). Both FITC and Ox challenge trig-
gered local extravasation of Evans blue (EB)
dye, ameasurement of dermal edema at 12 hours
postchallenge in LMC mice (Fig. 2H). EB ex-
travasation was reduced almost to baseline
inMrgpra3DTR mice and LMC mice wearing
collars despite numbers of dermal mast cells
remaining unchanged (fig. S2F). Visualization
ofmast cell granuleswith avidin—which binds
to abundant negatively charged proteoglycans
found in mast cell granules, thereby allowing
for easy identification of these cells—confirmed
a decrease in the percentage of degranulated
mast cells in the absence of scratching (Fig. 2, I
and J). On the basis of these data, we con-
cluded that in both FITC and Ox CHS, scratch-
ing was required for inflammation, mast cell
degranulation, expression of Tnf, and recruit-
ment of neutrophils into the skin.

Passive cutaneous anaphylaxis inflammation
is amplified by scratching

To directly assess how scratchingwas required
for mast cell activation in vivo, we activated
mast cells with MrgprB2 agonism through in-
jection of SP or compound 48/80, a synthetic
ligand for MrgprB2, into the dermis of wild-
type (WT) mice. Moderate transient scratching
that required MrgprA3-expressing neurons
was evident at 30 min (Fig. 3A and fig. S3A).
Increased ear thickness resulting from ede-
mawas also evident at 30min and resolved by
10 hours with no requirement for scratching
(Fig. 3B and fig. S3B). To activate mast cells
through FceRI, we performed a passive cuta-
neous anaphylaxis (PCA) assay in which we
first sensitized the ear pinna with dinitro-
phenyl-specific IgE and followed up with a
treatment of dinitrophenyl-albumin (DNP)
20 hours later (38). During the early response
after DNP, scratching but not edema-mediated
ear swellingwas reduced inMrgpra3DTRmice.
Notably, at the 10-hour time point, which is
characterized by neutrophilic infiltration (31),
we observed reduced ear thickness and less
edema inMrgpra3DTR and collared LMCmice
(Fig. 3, C to E). A reduced neutrophilic infil-
trate at the 10-hour time point was confirmed

by visualization of neutrophils with anti-Gr1
(Fig. 3, F and G). Consistent with reduced
numbers of neutrophils, expression of Tnf
mRNA and TNF protein were reduced in
Mrgpra3DTR mice and LMC mice wearing
collars compared with uncollared LMC mice
(Fig. 3, H and I).
These data align well with the requirement

for scratching in the FITC and Ox but not
DNFB CHSmodels. Unlike DNFB, both FITC
and Ox have been reported to trigger type 2
responses, as evidenced by increased IgE
production (fig. S3C) (39–41). This raised the
possibility that scratching could synergize
with FceRI-mediated mast cell activation to
increase TNF, neutrophil recruitment, and
inflammation.

TRPV1-expressing nociceptors and SP
are required for scratching-induced mast
cell activation

Tounderstandhow scratching promoted FceRI-
mediated mast cell activation, we examined
levels of TSLP and IL-33. Both cytokines can
be released by keratinocytes in response to
epidermal disruption and have been reported
to stimulate mast cell activation (33, 34, 42–45).
Protein expression of TSLP and IL-33 measured
in ear tissue 10 hours after FceRI-mediatedmast
cell activation were equally elevated in both
LMC and collared LMC mice compared with
untreated controls, which indicates that ex-
pression was unrelated to scratching (fig. S4,
A and B). By contrast, FceRI-mediated mast
cell activation in the PCA assay triggered re-
lease of SP to levels similar to those obtained
with activation of Trpv1-expressing neurons by
administration of capsaicin and was attenu-
ated in collared mice that were prevented
from scratching (Fig. 4A).
On the basis of this finding, we hypothesized

that MrgprB2 ligation by SP could augment
FceRI-mediated mast cell activation. To test
this, we turned to primary peritoneal mast cell
cultures (PMCs), a common in vitro surrogate for
connective tissue mast cells (46). PMCs effi-
cientlydegranulateandreleaseb-hexosaminidase
(b-hex), which is found in granules in response to
both FceRI cross-linking and MrgprB2 agonism
(47, 48). By contrast, FceRI cross-linking is much
more effective than MrgprB2 agonism for the
release of TNF (38).
To determine whether there was a com-

binatorial effect, we treated PMCs with anti-
dinitrophenyl IgE followed by increasing
concentrations of DNP and/or compound 48/80.
Analysis of supernatants 6 hours poststimulation

confirmed that DNP or compound 48/80 in
isolation led to similar degranulation based on
b-hex release, but only DNP induced apprecia-
ble TNF release (Fig. 4, B and C, and fig. S4, C
and D). At the DNP dose of 100 ng/ml, the ad-
dition of compound 48/80 only led to a slightly
increased b-hex release, but notably, the addi-
tion of compound 48/80 led to a synergistic
release of TNF (Fig. 4, B and C). Similar results
were obtained combiningDNPwith SP (fig. S4E).
Because peritoneal cell–derived mast cells

are not fully equivalent to dermal mast cells,
we next determined whether MrgprB2 ligation
affected mast cell function after FceRI cross-
linking in vivo by repeating the PCA assay in
mice lacking MrgprB2 (Mrgprb2−/−) and mice
lacking the gene encoding SP and neurokinin
A (Tac1−/−) . Ear thickness at 10 hours, edema
based on EB extravasation, and expression of
Tnf were all reduced (Fig. 4, D to F). Similar
results were obtained inWTmice by adminis-
tration of QWF, an inhibitor of SP receptors. No-
tably, scratching was unaffected in Mrgprb2−/−,
Tac1−/−, or QWF-treated WT mice (Fig. 4G).
Thus, SP, Tac1, and other MrgprB2 ligands
were dispensable for mast cell–induced scratch-
ing after FceRI-mediated mast cell activation.
Moreover, the decoupling of scratching from
inflammation established that SP and its re-
ceptor on mast cells, MrgprB2, were required
for inflammation downstream of scratching
behavior.
TRPV1-expressing nociceptors are a major

source of SP in the skin, which can be released
by scratching (12, 49–51). To determine whether
nociceptors were required for scratching-
induced inflammation, we repeated the PCA
assay in Trpv1hM4Di inhibitory DREADDmice.
PCA responses at 10 hours in CNO-treated
Trpv1hM4Di mice showed reduced release of
SP, reduced ear thickness, reduced edema, and
reduced expression ofTnf comparedwith CNO-
treated control mice (Fig. 4, A and H to J). As
with inhibition of SP receptors and ablation of
Mrgprb2 or Tac1, scratching behavior was
unaffected (Fig. 4K).We confirmed that scratch-
ing in response to FITC CHS was unaffected
in CNO-treated Trpv1hM4Di mice (fig. S4F).
These data supported amodel inwhich scratch-
ing triggers nociceptor activation resulting
in SP release, though a nonneuronal source
of SP has not been formally excluded. SP en-
gagement of MrgprB2 on mast cells then syn-
ergizes with FceRI cross-linking to augment
the release of TNF, thereby triggering increased
neutrophil recruitment and increased inflam-
mation (fig. S5).

DT-treated LMC, Mrgpra3DTR, and LMC collared mice. Background FITC appears
green. Regions highlighted by dotted lines are shown at higher magnification
in insets. (J) Quantification of the number of degranulated mast cells observed in
(I) is shown (LMC and Mrgpra3DTR n = 8, collar n = 5). Scale bars [(A) and (I)],
200 mm. Individual data points represent data from a single animal, and bars

show means ± SEMs from three independent experiments [(B) to (E), (H), and
(J)]. Results in (F) and (G) are represented as means ± SEMs from three
independent experiments. Significance was calculated using a one-way ANOVA
with multiple comparisons [(B) to (H) and (J)]. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.
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A prediction of this model is that nocicep-
tor activation should compensate for the ab-
sence of scratching. To test this, we performed
the PCA assay on collared and uncollared WT

mice but mixed the DNP challenge with ei-
ther vehicle or capsaicin to activate TRPV1-
expressing neurons. As before, collared mice
failed to develop increased ear thickness, EB

extravasation, or increased expression of Tnf.
The addition of capsaicin, however, rescued
all of these parameters back to the level of
the uncollared cohort, and this rescue was
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Fig. 3. Scratching is required for neutrophilic inflammation after FceRI-
mediated mast cell activation. (A) The number of scratching bouts per hour in
DT-treated LMC (black circles) and Mrgpra3DTR (red circles) at the indicated time
after i.d. injection of 1.2 mg of SP (“SubP”) into the ear is shown. (B) Ear
thickness in DT-treated LMC, Mrgpra3DTR, and collared LMC (black triangles)
mice at the indicated time after i.d. injection of SP into the ear is shown (LMC
n = 9, Mrgpra3DTR n = 5, collar n = 4). (C and D) Same as in (A) and (B) except
mice were sensitized with 20 ng of dinitrophenyl-specific IgE followed by i.d.
injection of 2 mg of DNP to the ear pinna 20 hours later (LMC n = 10 to 15,
Mrgpra3DTR n = 7 to 11, collar n = 6). (E) Quantification of EB dye extravasation
10 hours after DNP challenge (LMC n = 8, Mrgpra3DTR n = 6, collar n = 5).
(F) Immunofluorescent microscopic visualization with DAPI (blue) and anti-Gr1

(magenta) to visualize neutrophils in ear skin 10 hours after DNP challenge.
(G) Quantification of numbers of neutrophils in (F) is shown (LMC n = 7,
Mrgpra3DTR n = 6, collar n = 5). (H and I) Expression of normalized Tnf mRNA (H)
and TNF protein expression (I) in whole ear skin from unmanipulated mice (black
squares) and DT-treated LMC, Mrgpra3DTR, and LMC collared mice 10 hours
after DNP challenge (untreated n = 4; LMC, Mrgpra3DTR, and collar n = 5). Scale
bar (F), 200 mm. Results in (A) to (D) are represented as means ± SEMs from
three independent experiments. Individual data points [(E) and (G) to (I)]
represent data from a single animal, and bars show means ± SEMs from three
independent experiments. Significance was calculated using a Mann-Whitney test
[(A) and (C)] or by one-way ANOVA with multiple comparisons [(B), (D), (E), and
(G) to (I)]. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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inhibited inMrgprb2−/− mice (Fig. 4, L to N,
and fig. S4, I to K). Similarly, the addition of
capsaicin to FITC during the CHS challenge
phase rescued inflammation, EB extravasa-

tion, and mast cell degranulation in collared
mice with the numbers of dermal mast cells
remaining unchanged (Fig. 4, O to Q, and
fig. S4, G and H). Thus, nociceptor activation

can rescue inflammation in the absence of
scratching, thereby demonstrating a neuro-
genic mechanism linking scratching with al-
lergic inflammation.

Fig. 4. Scratching-induced
inflammation requires neuro-
genic mast cell activation.
(A) WT (black circles), collared WT
(black triangles), and TrpV1hM4Di

(blue triangles) mice were chal-
lenged with DNP and quantifica-
tion of SP in supernatants from
ex vivo skin explant organ cultures
of ear tissue harvested 30 min
after challenge. Unchallenged
(black squares) and collared mice
treated with capsaicin (open
squares) are also shown (unchal-
lenged, capsaicin, and DNP collar
n= 8; DNP n= 16;TrpV1hM4Di n= 6).
(B and C) Percentage of mast
cell degranulation as calculated by
b-hex release (B) and TNF protein
levels (in picograms per milliliter)
(C) from the culture supernatants
of DNP-specific IgE-sensitized
cultured PMCs from six mice
across three experiments 6 hours
after treatment with the
indicated dose of DNP and 48/80.
(D to F) Ear thickness (D), quan-
tification of EB extravasation (E),
and Tnf mRNA (F) measured
at 10 hours after DNP challenge in
vehicle-treated (black circles),
QWF-treated (magenta circles),
MrgprB2−/− (purple circles), and
Tac1−/− (lavender circles) DNP-
specific IgE-sensitized mice.
(G) Scratching behavior over
30 min after DNP challenge in
vehicle-treated, QWF-treated,
MrgprB2−/−, and Tac1−/− mice
(vehicle n = 9 to 13, QWF n = 7,
MrgprB2−/− n = 8 to 12, Tac1−/−

n = 9). (H to J) Ear thickness (H),
quantification of EB extravasation
(I), and Tnf mRNA (J) measured
at 10 hours after DNP challenge
in CNO-treated LMC and TrpV1hM4Di

mice (LMC n = 7 to 10, TrpV1hM4Di

n = 8 to 9). (K) Scratching behavior
over 30 min after DNP challenge.
(L to N) Ear thickness (L), quanti-
fication of EB extravasation (M),
and Tnf mRNA (N) measured at
10 hours after capsaicin treatment
(black squares), DNP challenge
(black circles), DNP challenge in collared mice (black triangles), and DNP and capsaicin in collared mice (green squares) (capsaicin, DNP, and DNP capsaicin collar n = 8; DNP
collar n = 7). (O to Q) Ear thickness (O), quantification of EB extravasation (P), and degranulated mast cells (Q) quantified at 10 hours after FITC challenge in cohorts, as
in (L) to (N) (capsaicin n = 7 to 8, FITC n = 7 to 9, collar n = 6 to 7, FITC capsaicin collar n = 8). Individual data points represent data from a single animal, and bars show
means ± SEMs from three independent experiments. Significance was calculated using a one-way ANOVA with multiple comparisons [(A), (D) to (G), and (L) to (Q)], unpaired
Student’s t test [(H) to (J)], or Mann-Whitney test (K). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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MrgprA3-expressing neurons and
scratching are required for optimal host
defense to S. aureus
Colonization and superficial infection with
S. aureus along with alterations of the cutan-
eous microbiome are strongly associated with
the development of atopic dermatitis (52–57).
Given the link between scratching and allergic
inflammation, we hypothesized that scratch-
ing could affect the cutaneous microbiome. To
test this, cohorts of DT-treated Mrgpra3DTR,
LMC, and collared LMC mice were sensitized
and challengedwith FITCusing our CHSmodel.
At 24 hours postchallenge, both the challenged
and nonchallenged (i.e., unmanipulated) ears
were harvested under sterile conditions. We
assessed the skinmicrobiomecompositionusing
two parallel approaches: To globally profile the
presence of bacterial signatures, we performed
16S ribosomal RNA sequencing (16S rRNA-seq)
of skinmicrobialDNA, and to broadly delineate
the viable skin microbiome, we used a culturo-
mics approach using broths and agars of di-
verse nutrient composition, enabling recovery
of low-abundance and phylogenetically distinct
bacteria (58).
Based on analysis of 16S rRNA-seq of un-

manipulated ears, we found that the presence
of collars for 24 hours onLMCmice hadminimal
impact on microbial diversity. However, the
microbial diversity of Mrgpra3DTR mice dif-
fered from LMC mice as shown in a species-
level diversity graph and the average Bray Curtis
b-diversity (fig. S6, A and B, and fig. S7). We
found a reduction in alpha diversity, a mea-
surement of the number of microbial taxa
(richness) between FITC challenged and con-
tralateral unmanipulated ears, which was ab-
sent in collared LMC and Mrgpra3DTR mice
where scratching was not present (Fig. 5A).
LEfSe analysis (linear discriminant analysis
effect size) revealed a decrease in specific taxa
within the phylum Firmicutes, which suggests
that scratching could reduce Firmicutes abun-
dance (Fig. 5B and fig. S8). Culturomic analy-
sis (fig. S9) revealed the presence of nine viable
genera, including Staphylococcus from unma-
nipulated LMC ears (Fig. 5C). Notably, in FITC-
treated ears fromLMCmice, we observed a loss
of Staphylococcus, Lysinibacillus, and Ligilacto-
bacillus, which was not evident in FITC-treated
collared mice. Thus, using two independent but
complementary techniques, we have demon-
strated that scratching induced by FITC CHS
reduced the abundance of specific members of
the cutaneous commensal community, includ-
ing viable Staphylococcus.
Recently, the V8 protease has been identi-

fied as a major S. aureus–derived factor that
drives pruritus through engagement with the
PAR1 receptor (30). MrgprA3-expressing neu-
rons innervate the epidermis, and a subset also
expresses F2r, the gene for PAR1 (12, 13, 30). To
test whether V8 protease–mediated scratching

required MrgprA3-expressing neurons, 40 U
of recombinant V8 protease was intradermally
injected into the nape of DT-treatedMrgpra3DTR

and LMC mice. V8 protease induced a robust
scratching response, which was reduced in the
absence of MrgprA3-expressing neurons (Fig.
5D). Next, using amodified S. aureus infection
model (30, 59), we skin-infected DT-treated
Mrgpra3DTR and LMC mice with 107 colony-
forming units (CFU) of S. aureusUSA300 under
an occlusive patch that allows for epidermal in-
fection. Five days later, spontaneous scratching
immediately after patch removal and alloknesis
at 10 hoursweremeasured (fig. S6C andFig. 5, E
and F). Both were reduced in the absence of
MrgprA3-expressing neurons.
We repeated the experiment but waited a

further 9 days after patch removal to allow an
adaptive immune response to develop, which
was confirmed by increased serum IgE (fig.
S6D). Mice were then challenged by pricking
the ventral ears eight times using allergen
needles coated with 109 CFU S. aureus (25).
Within 30min, naïve LMCmice exhibitedmod-
est MrgprA3-dependent site-directed scratching
behavior, which was increased in sensitized
mice (Fig. 5G). At 8 hours after S. aureus chal-
lenge, sensitized LMC control mice showed
increased ear thickness, edema, Tnf expres-
sion, and mast cell degranulation (Fig. 5, H to
K). Notably, these parameters were all reduced
in collared LMC andMrgpra3DTRmice. Because
IgE-mediated mast cell activation provides host
defense against S. aureus (25), we assessed total
bacterial load in the ear 1 day after S. aureus
challenge. In naïve, unpatched mice, scratching
did not affect CFU (Fig. 5L). By contrast, CFU
was reduced by ~10-fold in sensitized mice. No-
tably, this protection was lost in Mrgpra3DTR

and collared mice. Thus, in sensitized mice
with elevated IgE, optimalmast cell activation,
cutaneous inflammation, and S. aureus host
defense all required itch sensation and scratching.

Discussion

The itch-scratch cycle is a pathogenic process
in pruritic allergic skin rashes or lesions, such
as from dermatitis or an arthropod bite. In
this cycle, itching and scratching increase
inflammation and disease exacerbation. We
now provide amechanistic underpinning for
this effect. Scratching activates cutaneous TRPV1-
expressing neurons, which are a major source
of SP in the skin. Coordinate activation ofmast
cells by both MrgprB2 and FceRI agonism syn-
ergistically augments inflammation, at least in
part through increased recruitment of neutro-
phils. Thus, dermal mast cells occupy a central
node in cutaneous inflammation and are capa-
ble of integrating both adaptive and innate
neuroimmune triggers. Moreover, inflammation-
induced scratching can reduce the abundance
of certain members of the cutaneous commen-
sal community and, in the context of superficial

S. aureus infection, augmented inflammation
triggered by scratching provides enhanced host
defense. Thus, these data exemplify how scratch-
ing can exacerbate dermatitis and benefit the
host through a neuroimmune axis.
The pathogenic role of scratching in diseases

such as atopic dermatitis appears to be at odds
with the evolutionary conservation of scratch-
ing and the pleasurable sensation of scratch-
ing an itch, thereby suggesting that there is
a host benefit from scratching (3). The find-
ing that scratching reduced S. aureus burden
in the context of infection demonstrates a
benefit from scratching that was previously
lacking. Scratching also affected the cutaneous
microbiome, which may prove important in
preventing dysbiosis. Notably, mice lacking
MrgprA3-expressing neurons appeared to have
dysbiosis. In our acute scratching models, we
did not observe an outgrowth of S. aureus,
which is commonly seen in atopic dermatitis.
Atopic dermatitis, however, is a chronic di-
sease involving dysregulation of the epidermal
barrier, immune system, and the cutaneous
microbiome. The role of mast cells in the
pathogenesis of atopic dermatitis remains
controversial. Thus, although we have dem-
onstrated that scratching suppressed S. aureus
burden in the acute context, there are many
other factors that likely allow for its overgrowth
in the context of chronic disease.
Scratchingwas largely abrogated inMrgprA3

or NP2 loss-of-function mice in response to
directmast cell activation throughMrgprB2 or
FceRI ligation, which is consistent with prior
observations (47). In more complex models,
loss of NP2 neurons hadmore variable results,
with partial inhibition of scratching in FITC
CHS, V8 protease, and superficial S. aureus
infection whereas DNFB CHS was unaffected.
This likely results from pruritogens not derived
frommast cells activating the NP3 neuron sub-
set, which remains intact in Mrgpra3DTR mice.
Trpv1 is transiently expressed during ontogeny,
resulting in broad expression of Cre in most
sensory afferents, including someNP2 neurons
(60). Thus, it was unexpected that scratching in
response to PCA or FITC CHS was not affected
in CNO-treated Trpv1hM4Di. Single-cell analysis
of DRG transcripts indicates that a subset of
Mrgpra3-expressing neurons (NP2.1) expresses
very low levels of Trpv1 compared with the
NP2.2 subset, although Trpv1 expression was
not observed in analysis of bulk-sortedMrgprA3-
expressing neurons. (28, 60). NP2.1 neurons also
express transcripts for F2r (PAR1), which senses
S. aureus V8 protease and Mrgprb4, which is
associated with pleasurable touch sensation (61).
This aligns with our observation that ~60% of
MrgprA3-expressing neurons do not coexpress
TRPV1. In addition, inTrpv1hM4Dimice, ~40%of
MrgprA3-expressing neurons do not coexpress
Trpv1, and scratching in response to chloro-
quine was only partially reduced. We speculate
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Fig. 5. Scratching is required for S. aureus–induced scratching and host
defense. (A and B) Shannon alpha diversity (A) and linear discriminant analysis
(LDA) (B) of 16S rRNA-seq of the indicated groups. (C) The identity of live genera
isolated from ear swabs obtained 24 hours after FITC challenge of the indicated
group is shown (LMC and Mrgpra3DTR n = 5, collar n = 6). (D) Scratching
behavior over 30 min after i.d. nape injection of Staph V8 protease in DT-treated
LMC and Mrgpra3DTR mice (LMC and Mrgpra3DTR n = 8). (E) Scratching behavior
over 30 min immediately after removal of occlusive S. aureus patch in DT-treated
LMC (black circles) and Mrgpra3DTR (red circles) mice (LMC and Mrgpra3DTR

n = 9). (F) Ten hours after patch removal, alloknesis was measured by a 0.04g
von-Frey filament out of nine total stimuli in DT-treated LMC and Mrgpra3DTR

mice (LMC n = 8 and Mrgpra3DTR n = 9). (G) Scratching behavior over 30 min
after epicutaneous S. aureus ear infection in naïve and sensitized DT-treated LMC
and Mrgpra3DTR mice (LMC n = 9 to 11 and Mrgpra3DTR n = 8 to 10). (H to K) Ear

thickness (H), quantification of EB extravasation (I), Tnf mRNA (J), and
degranulated mast cells (K) quantified at 8 hours after epicutaneous S. aureus
ear infection in sensitized DT-treated LMC, Mrgpra3DTR, and LMC collared (black
triangles) mice (LMC n = 8 to 14, Mrgpra3DTR n = 5 to 8, collar n = 6 to 10).
(L) S. aureus ear CFU in DT-treated LMC, Mrgpra3DTR, and LMC collared mice
that were either previously uninfected (naïve) or previously sensitized (LMC n = 4
to 14, Mrgpra3DTR n = 4 to 10, collar n = 5 to 9). Tissue was harvested 24 hours
after epicutaneous ear infection. Bars in (A) to (C) represent 25th to 75th
percentiles, with whiskers extending to 10th and 90th percentiles. Horizontal
bars indicate the medians. Individual data points in (D) to (L) represent data
from a single animal, and bars show means ± SEMs from three independent
experiments. Significance was calculated using a Student’s paired t test (A), a
Mann-Whitney test [(D) to (G)], or a one-way ANOVA with multiple comparisons
[(H) to (L)]. *P < 0.05; **P < 0.01; ***P < 0.001.
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that itch sensation in the FITC CHSmodel may
be transduced by NP2.1 MrgprA3-expressing
neurons that do not express TRPV1 and are not
subjected to recombination in Trpv1Cre mice.
The requirement for both IgE and FceRI in

CHS responses has beenwell described (22, 39).
The presence of increased IgE after a single
hapten sensitization, however, was somewhat
unexpected because IgE production often re-
quires multiple immunizations and a longer
time frame (62). Differential mast cell responses
to MrgprB2 versus FceRI activation have been
reported based on the size of fused granules
and which granule contents (e.g., histamine,
proteases, and cytokines) are released (38, 47).
Although FceRI-mediated TNF release from
mast cells has been well established, our work
builds on these previous findings because we
observe that the dual activation of both the
FceRI and MrgprB2 pathways can synergisti-
cally augment TNF release and increase neu-
trophil recruitment. We have focused only on
TNF as a mast cell–derived effector cytokine
owing to its well-defined role in mediating
neutrophil recruitment and cutaneous inflam-
mation in CHS (21–23). We recognize that
MrgprB2 ligation may also affect mast cells
activated through non–FceRI-mediatedmech-
anisms and that other mast cell–derived factors,
such as CXCL1 and CXCL2, may also be affected
(63). In addition, although we demonstrate the
requirement of SP and MrgprB2 in our model,
this may not be a direct effect, as SPmay trigger
the activation of keratinocytes to release other
MrgprB2 ligands (64, 65).
We have demonstrated a cutaneous innate

neuroimmune mechanism linking itch and
scratching with adaptive allergic responses
through mast cell activation. These findings
illuminate a pharmacologically targetable me-
chanism by which scratching causes inflamma-
tion and reconciles the seemingly paradoxical
role of scratching as a pathological process and
evolutionary adaptation.

Materials and methods
Mice

C57BL/6J mice were purchased from Jackson
Laboratory (Bar Harbor, ME). Mrgpra3Cre-gfp
miceweregenerouslyprovidedbyX.Dong (Johns
Hopkins University, Baltimore, MD). Mrgpra3Cre-
gfp mice were crossed with ROSA26iDTR (Jax
Stock, no. 007900)mice to obtainMrgpra3DTR

mice.Mrgprb2−/−micewere kindly provided by
B. McNeil (Northwestern University, Chicago,
IL). Tac1−/− mice were purchased from Jackson
Laboratory (Jax Stock, no. 004103). We crossed
Mcpt5Cre (66) with Rosa26iDTR mice to ob-
tainMcpt5DTRmice.We crossed TrpV1Cre (Jax
Stock, no. 017769) mice with Rosa26-LSL-
hm4Di-DREADD (Jax Stock, no. 026219) mice
to obtain Trpv1hm4Di mice. Experiments were
performed on independent cohorts of male
and femalemicebetween theagesof 6 to 12weeks.

FITC, Ox, PCA, and S. aureus experiments
were conducted using female mice. Euthanasia
was performed using CO2. All mice were main-
tainedunder specific pathogen–free conditions,
and all animal experiments were approved by
University of Pittsburgh Institutional Animal
Care and Use Committee.

DT-mediated neuronal ablation in MrgprA3DTR

and Mcpt5DTR mice

To ablate MrgprA3-expressing neurons, 4-week-
oldMrgprA3-DTR andLMCmicewere given six
total doses of 300 ng DT (Fisher, NC9972886) in
100 ml phosphate-buffered saline (PBS) (Fisher,
10010049) i.p. 3 days apart. In the model of
neuronal ablation after hapten sensitization,
mice were given two total doses of 600 ng DT
in 100 ml PBS on days 3 and 6 postsensitization.
To locally delete mast cells in Mcpt5DTR mice,
we injected 120 ng DT i.d. at the ear pinna in
FITC-sensitizedmice 6 and 2 days before FITC
challenge.

Scratching behavior

Before behavioral recording, mice were habi-
tuated in clear plexiglass behavioral chambers
for 30 to 60 min during the light cycle. The
following pruritogens were injected in 20 ml
PBS i.d. at the nape: chloroquine diphosphate
(0.2 mg, Sigma, C6628), IL-31 (16 mg, Fisher,
210-31), and V8 protease (40 U, Worthington,
LS003608). Scratching behavior was graded
by a blinded observer.

CHS

Micewere sensitized on day 0 by epicutaneous
application of the following haptens: 100 ml of
0.5% FITC (Sigma-Aldrich F7250) in 1:1 acetone:
dibutyl phthalate (Sigma-Aldrich 179973 and
524980), 100 ml of 2% Ox (4-Ethoxymethylene-
2-phenyl-2-oxazolin-5-one, Sigma-Aldrich 862207)
in 100% EtOH, or 25 ml of 0.5% DNFB (1-Fluoro-
2,4-dinitrobenzene, Sigma-Aldrich D1529) in
4:1 acetone:olive oil (Sigma-AldrichO1514) onto
dry shaven abdominal skin. On day 5, baseline
ear thickness wasmeasured with amicrometer
followed by challenge with 10 ml of 0.5% FITC
to both sides of one ear, 10 ml of 1% Ox to the
dorsal side of the ear, or 10 ml of 0.2% DNFB
to both sides of one ear. Ear thickness was
measured at the respective time points, with
baseline ear thickness being subtracted to ob-
tain the change in ear thickness. LMC collared
mice were affixed with mouse Elizabethan col-
lars (Kent Scientific EC201V) immediately after
challenge. 80 mg BIBN4096 (Sigma SML2426)
or vehicle [800ml 5%dimethyl sulfoxide (DMSO)]
was given i.p. 1 hour before FITC challenge
and ear thickness was measured 24 hours
postchallenge.

Histology

Dissectedmouse skin orDRG tissuewere fixed
in4%paraformaldehyde (PFA) at 4°C for 2hours,

cryoprotected in25%sucrose inPBS for 24hours,
and embedded in optimal cutting temper-
ature (OCT) compound at −80°C. DRG tissue
was cut at 10 mm and skin tissue was cut at
6 mm andmounted onto Superfrost plus slides.
Hematoxylin and eosin (H&E) histology was
performed by UPMCDermatopathology. For
immunofluorescence, antibodies (below) were
diluted in antibody diluting buffer [3% bovine
serum albumin (BSA), 0.1% Tween20, in PBS]
overnight andmounted using ProLongGold anti-
fade reagent with 4′,6-diamidino-2-phenylindole
(DAPI) (Thermo Fisher, P36935). Images were
capturedusing theKeyenceBZ-X810 fluorescent
microscope (Keyence Corporation, Elmwood
Park, NJ).

Fluorescence in situ hybridization or RNAscope

RNAscope was carried out as previously des-
cribed (67). Mice anesthetized with isoflurane
were rapidly decapitated. DRGs were dissected
within 5 min and embedded in OCT at −80°C.
DRG tissue was cut at 15 mm, mounted directly
onto Superfrost plus slides. RNAscope was
performed according to the protocol using the
RNAscope Multiplex Fluorescent v2 Assay (Ad-
vanced Cell Diagnostics, 323100). Probes used
wereMm-Mrgpra3-C2 (ACDBio, 548161-C2) and
mCitrine-O1-C3 (ACDBio, 1221581-C3).

Flow cytometry

Single-cell suspensions were obtained as pre-
viously described (8). Whole skin was minced
finelywith scissorsandresuspended inRPMI1640
(Gibco, MT10040CV) with 2.5 mg/ml colla-
genase XI (Sigma-Aldrich, C7657), 0.25 mg/ml
hyaluronidase (Sigma-Aldrich, H3884), 0.1 mg/
ml deoxyribonuclease (DNase) (Sigma-Aldrich,
D5025), 0.01 M HEPES (Sigma-Aldrich, H0887),
and 10% fetal bovine serum (FBS) (RnDSystems,
S11550H) followed by incubation in a shak-
ing incubator for 35 min at 37°C at 250 rpm.
The digested tissues were then homogenized
using a gentleMacs Dissociator (Miltenyi Biotec,
130-093-235). The resulting cells were filtered
through a 40-mm cell strainer (BDBiosciences
352340). Antibodies (below) were diluted in
stainingmedia (2% Calf Serum, 5mMEDTA,
0.04% Azide). After doublet and live/dead
exclusion, cells were gated as follows: neu-
trophils, CD45+ CD11b+ Gr-1high; eosinophils
CD45+ CD11b+ Gr-1-SiglecFhigh, dermal gdT
cells, CD45+ CD3+TCRgdmid; CD4 T cells,
CD45+ CD3+ TCRb+ CD4+ CD8−; CD8 T cells,
CD45+ CD3+ TCRb+ CD4− CD8+. Data were
analyzed using FlowJo software (TreeStar,
Ashland, OR).

Antibodies

Antibodies used include anti-GFP (Biolegend
FM264G, AF488), TrpV1 (Alomone ACC-030),
Sulforhodamine 101 conjugated Avidin (Sigma-
Aldrich A2348), CD45.2 (Biolegend 104, BV421
or BV605), CD11b (Biolegend M1/70, AF700),
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Gr-1 (Biolegend RB6-8C5, BV605), SiglecF
(Biolegend E50-2440, PE), TCRb (Biolegend
H57-597, PE-Texas Red), TCRgd (Biolegend
GL3, AF647), CD4 (Biolegend RM4-5, BV421),
CD8a (Biolegend 53-6.7, BUV737), and CD3e
(Biolegend 17A2, PE).

RNA

Tissuewas homogenized using theNavyRINO
Lysis Kit (Next Advance, NAVYR5) RNA was
isolated from whole skin using Trizol (Sigma-
Aldrich, T9424) following the manufacturer’s
protocol. RNA to cDNA conversion was per-
formed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, 4368813).
cDNAwas analyzed using TaqManGene Expres-
sion assays (Tnf assay ID: Mm00443258_m1,
Tslp assay ID: Mm01157588_m1). CT values
are normalized to gene expression levels in
untreated LMC tissue.

In vivo mast cell assays

For in vivo activation of mast cells byMrgprB2
ligation, ear thickness was measured before
injection of 200 ng Compound 48/80 (Sigma-
Aldrich, C2313) or 1.2 mg SP (Tocris, NC2226616)
in 20 ml PBS into the ear pinna with an insulin
needle. EB extravasation was carried out as
previously described (18, 68). For FITC and Ox
challenge, mice were anesthetized using iso-
flurane and 1.25mgEB (Sigma-Aldrich, E2129)
in 50 ml PBS was given retro-orbitally 15 min
before hapten challenge. For the in vivo acti-
vation ofmast cells by FceRI cross-linking, 20ng
dinitrophenyl-specific IgE (Sigma-Aldrich,D8406)
in 20 ml PBS was injected i.d. in the ear pinna.
20 hours later, mice were anesthetized and
0.625 mg EB in 50 ml PBS was administered
retro-orbitally. 15 min later, baseline ear thick-
ness was measured and 2 mg DNP (Sigma-
Aldrich, A6661) in 20 ml PBSwas applied to the
ear pinna i.d. For QWF experiments, vehicle
control or QWF (Tocris, 66-425), prepared as
previously described (69), was mixed with
DNP and injected. EB was extracted by incu-
bation in formamide (Sigma-Aldrich, D4551)
overnight at 37°C, and the OD was read at
650 nm using a spectrophotometer (Biotek,
EPOCH) and analyzed using Gen5 software.
Normalized EB was calculated by subtracting
EB in untreated tissue.

Serum collection and IgE enzyme-linked
immunosorbent assay (ELISA)

Untreated and LMC and MrgprA3-DTR mice
were bled 10 hours after FITC, Ox, and DNFB
challenge. S. aureus–immunized LMC and
MrgprA3-DTR mice were bled 14 days after
epicutaneous immunization. Blood samples
were then incubated at room temperature
for 30min and centrifuged at 1500g for 10min.
Serum was collected and stored at −20°C.
Serum was diluted 5x in 10% FBS and total
IgE levels in serum were quantified using a

mouse IgE ELISA (BD Biosciences, 555248)
according to the manufacturer’s protocol.

Cytokine protein expression

Tissue was homogenized in 500 ml Cell ex-
traction buffer (Invitrogen, FNN0011) supple-
mented with phenylmethylsulfonyl fluoride
(PMSF) (Sigma-Aldrich, 52332) and protease
inhibitor (Sigma-Aldrich, P2714) according to
the manufacturer’s recommendation. Tissue
homogenates were centrifuged for 10 min at
7500 rpm. TNF and IL-33 levels in supernatant
were quantified using a bead-based LEGEND-
plex immunoassay (Biolegend, 740134) accord-
ing to the manufacturer’s protocol. Samples
were analyzed on LSRFortessa flow cytome-
ters (Becton Dickinson, Franklin Lakes, NJ).
Data were analyzed using LEGENDplex anal-
ysis software. TSLP levels in supernatant were
quantified using a TSLP ELISA (R&D Systems,
DY555) according to themanufacturer’s protocol.

Chemogenetic inhibition of nociceptors

To inhibit TrpV1-expressing nociceptors, CNO
dihydrochloride (Tocris, 6329) was injected
i.p. at 1 mg/kg. To measure thermal noci-
ception, we used a plantar testing apparatus
(IITC, 390G). Mice treated with CNO were
habituated for 1 hour in individual clear
Plexiglas (acrylic plastic) chambers. A focused
light beam was then applied to the plantar
surface of the hindpaw. The mean of three
paw withdrawal latencies was determined
aftermeasurements at baseline and 1, 3, 5, 7, 9,
11, and 13 hours after CNO injection. In PCA
and FITC experiments in which TrpV1hM4Di

mice were used, CNO was given 1 hour before
challenge.

Capsaicin activation of nociceptors

For PCA experiments, capsaicin (Sigma-Aldrich,
M2028) wasmixedwith 2 mgDNP at a concen-
tration of 0.5 mg in 10%DMSO (Sigma-Aldrich,
D2650) and injected i.d. in the ear pinna. Mice
in the PCA control and collared groups were
treated with 2 mg DNP in 10% DMSO injected
i.d. in the ear pinna. For FITC experiments,
3.05 mg capsaicin in 10 ml 100% EtOH was
applied topically to both sides of one ear 10min
after FITC challenge. Mice in the FITC control
and collared groups were treated with 10 ml
100% topical EtOH applied topically to both
sides of one ear 10 min after FITC challenge.
All capsaicin-treated mice were then affixed
with mouse Elizabethan collars.

Detection of cutaneous SP

Mice sensitizedwith DNP-IgEwere either chal-
lenged with an i.d. capsaicin or DNP injection.
Within 30 min postchallenge, whole ears were
harvested, split into dorsal and ventral halves,
then placed in a 24-well plate containing 1 ml
Dulbecco’sminimumessentialmedium (DMEM),
which was then placed in a shaking incubator

set at 32°C and 150 rpm for 45 min. Bath
supernatants were then collected and ana-
lyzed for SP levels using the SP ELISA kit
(Cayman chemical).

Mast cell culture

Peritoneal cells isolated from6- to 10-week-old
C57BL/6 femalemicewere cultured inRPMI1640
mediumsupplementedwith 10%heat-inactivated
fetal bovine serum (RnDSystems, S11550H),
20 mMHEPES (Sigma-Aldrich, H0887), 1 mM
sodium pyruvate (Gibco, 11360070), 1x non-
essential amino acids (Corning,MT25-025-CI),
50 mM 2-mercaptoethanol (Sigma-Aldrich,
M3148), 50 mg/ml penicillin/streptomycin
(Gibco, 15140122), 4 mM L-glutamine (Corning,
MT25-005-CI), and 25ng/ml recombinantmouse
IL-3 (PeproTech, 21313), and 15 ng/ml stem cell
factor (PeproTech, 250-03). The cells were
maintained at a concentration of 0.5 × 106 to
1 × 106 cells/ml with weekly changes of the
medium. After 3 weeks of culturing, the cell
population purity was confirmed by flow cyto-
metry, withmore than 95% of cells beingmast
cells.Mast cells were then treatedwith 1 ng/ml
DNP-specific IgE. 16 hours later, the cells were
then washed and cultured in Tyrode’s buffer
with varying concentrations of DNP (0, 1, 10,
100, and 1000 ng/ml). After a 30-min stimula-
tion at 37°C, varying 48/80 or SP solutions in
Tyrode’s buffer was added to a final concen-
tration of 0, 5, 20, and 50 mg/ml (48/80) or 0,
100, 250, and 1000 mg/ml (SP). Six hours after
DNP administration, the supernatant was har-
vested and stored at −80°C. TNFwasmeasured
using a bead-based LegendPlex as mentioned
above. b-hex was detected as previously des-
cribed (70), with optical density (OD) being
read at 405 nm using a spectrophotometer.

S. aureus infection

Methicillin-resistant S. aureus strain USA300
(ATCC, fpr3757) was grown in BDBacto Tryptic
Soy Broth (TSB) (Fisher, 211825) media over-
night at 37°C. The overnight culture was then
diluted 1:200 and grown for 2 to 3 hours in TSB
and thoroughly washed in sterile PBS. Bacteria
were then resuspended in sterile PBS at the
desired concentration. S. aureus flank infection
was carried out as previously described (30).
Two days before infection, mice back fur was
removed using electric clippers and chemical
depilation. Mice were infected with 107 CFU
USA in 100 ml sterile PBS on a 1-cm2 gauze pad
under a Tegaderm patch. The patched area
was then wrapped twice using sterile adhe-
sive bandages. Five days after epicutaneous
immunization, bandages and patches were
removed and passive scratching behavior was
recorded after a 30-min habituation period.
Nine hours after patch removal, mice were
habituated in alloknesis chambers for 1 hour.
The skin formerly under the patch of each
mouse was stimulated with a 0.04g Von Frey
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filament three times in a row. The triple stim-
ulation was repeated two more times result-
ing in nine total stimulations. S. aureus ear
infectionwas carried out as previously described
(25). The right ears of anesthetized mice were
then cleaned using 70% isopropanol and al-
lowed to dry. 109 CFU in 10 ml sterile PBS was
then pipetted on to the tip of a sterile plastic
allergy needle (Morrow Brown Allergy Diagnos-
tics, M-952308-4075). After baseline ear thick-
ness measurement, the ventral side of the right
ear was then pricked eight timeswith the staph-
coated needle. Eight hours after infection, ear
thicknesswasmeasuredand tissuewas collected
for RNA, EB, and histological analysis. 24 hours
after infection, the infected ear was cleanedwith
70% isopropanol and homogenized in RINO
tubes before dilution and plating on TSB plates.
After an overnight incubation at 37°C, colonies
were then quantified.

Analysis of the cutaneous microbiome

LMC and Mrgpra3DTR mice were cohoused
until FITC challenge. 24 hours after FITC
challenge, ears were swabbed equally on the
ventral and dorsal sides using sterile Q-tips
presoaked with sterile PBS. Swabs were sub-
merged in an aliquot of sterile PBS until pro-
cessing for culturomics (see below). Whole ears
were then harvested and snap frozen using
liquid nitrogen. Whole ear samples were pro-
cessed for 16S rRNA-seq and analysis, whichwas
performed by Zymo Research’s Microbiome
Sequencing Services, Irving, CA as previously
described (71).

Culturomics

Sterile ear swabswere incubated in PBS at room
temperature for 30min, and then samples were
aliquoted into four different bacteriological
growth media for pre-expansion of bacterial
communities:BrainHeart InfusionBroth (Fisher
Scientific, CM1135B) supplemented with 5%
sheep’s blood (Fisher Defibrinated Blood, 50-
863-753) (BHI + 5%), DeMann Rosa Sharpe
(Fisher Scientific, DF0881-17-5) (MRS) Broth,
Reinforced Clostridial (Fisher Scientific, cat.
no. OXCM0149B) (RCL) Broth, and Cooked
Meat (Fisher BD, cat. no. 226730) (CMM) Broth.
Culture broths were incubated for 48 hours
aerobically (37°C). Cultures were then streaked
for single colony isolation across six differ-
ent agars (Fisher BD, DF0140-01-0) as follows:
BHI + 5% broth culture was streaked on BHI +
5% agar, Chocolate Agar (Fisher Scientific,
R01300), and Tryptic Soy (Fisher Scientific,
DF0370-17-3) Agar; RCL broth culture was
streaked onRCL agar; CMMbroth culture was
streaked on CMM agar, and MRS broth cul-
ture was streaked on MRS agar. Agar plates
were incubated aerobically at 37°C for 48 hours.
Single colonies were then picked from agar
plates for identification by 16S rRNA single-
colony sequencing.

Bacterial colony identification
Bacterial colonies were identified as previously
described (58, 72). In brief, grown colonies were
picked with sterile pipette tips and stored at
−80°C until analysis. On the day of analysis,
picked bacterial colonies were thawed at room
temperature, resuspended with 20 ml of sterile
ATE buffer (Qiagen) and lysed at 95°C for
10 min. Samples were subsequently cooled
down to 4°C and then the DNA (2 ml) was
used as template DNA in polymerase chain
reaction (PCR) reactions amplifying the 16S
rRNA gene using universal bacterial 16S rRNA
primers (27F, 50-AGAGTTTGATCMTGGCTCAG-
30 and 1525R, 50-AAGGAGGTGATCCAGCC-30)
with reaction conditions: 95°C for 5min followed
by 35 cycles of 95°C for 30 s, 55°C for 30 s, 72°C
for 2 min, and then 72°C for 20 min. The am-
plification product (8 ml) was incubated with
2 ml ExoSAP-ITTM (Thermo Fisher, 78201)
for 37°C for 15min, followed by 80°C for 15min.
Ampliconswere sequencedby capillary sequenc-
ing, and the resulting sequences were analyzed
using BLASTN and the 16S rRNA sequences
NCBI database for species identification.
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