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HIGHLIGHTS

« Substance P/MrgprB2/Tryptase/PAR2
pathway contributes to the formation
of cisplatin-induced neuropathic
pain.

« PAR2 and MrgprD are partially co-
expressed in DRG neurons with
mutual restraint.

« Knocking out MrgprD could alleviate
cisplatin-induced neuropathic pain.

« MrgprB2 activation contributed to
the pain recovery at the later stage of
CINP by down-regulating MrgprD
receptor.
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ABSTRACT

Introduction: Neuro-immune interactions have been recognized to be involved in the development of
neuropathic pain induced by chemotherapeutic drugs (CINP). However, its role in pain resolution remains
largely unknown, particularly concerning mast cells.

Objectives: To investigate the bidirectional modulation of mast cell Mas-related G protein-coupled recep-
tor B2 (MrgprB2)-mediated neuro-immune interactions in CINP.

Methods: CINP model was established in wild-type mice, Mas-related G protein-coupled receptor D
knockout (MrgprD”-) mice, mast cell-deficient mice, MrgprB2 knockout (MrgprB27") mice, and
MrgprB2-Cre tdTomato mice. The role of MrgprB2 receptor in CINP was investigated by calcium imaging,
cytokine antibody arrays, mining of single-cell sequencing databases, immunofluorescence, western blot-
ting, co-immunoprecipitation (Co-IP), among other methodologies.

Results: We observed that cisplatin-induced allodynia was significantly inhibited in MrgprB2”~ mice,
which was attributed to the blockade of tryptase release and the suppression of upregulation of
protease-activated receptor 2 (PAR2) expression in dorsal root ganglion (DRG). Thus, the activation of
MrgprB2/Tryptase/PAR2 axis contributed to the development of cisplatin-induced pain. In addition, we
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MrgprX2, mas-related G protein-coupled receptor X2; AD, Atopic Dermatitis; ACD, Atopic Contact Dermatitis; DRG, Dorsal root ganglion; CIPN, Chemotherapy-induced
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also found that there was co-expression of PAR2 and MrgprD in DRG neurons. And activation of PAR2 can
negatively regulate the expression of MrgprD, whether in a physiological state or in a chronic pain con-
dition. Consequently, MrgprD expression was down-regulated by the activation of the MrgprB2/Tryptase/
PAR?2 axis during the later stages of CINP, which was associated with pain relief. Therefore, the activation
of MrgprB2/Tryptase/PAR2 axis also contributed to the alleviation of cisplatin-induced pain. This finding
was in line with the phenomenon that persistent stimulation by cisplatin did not cause a continuous

increase in pain.

Conclusions: Our research elucidated the bidirectional modulation of MrgprB2-dependent neural
immune axis in CINP. This study emphasized that MrgprB2 is a critical target for early intervention in
CINP, and highlighted the necessity of considering the mechanism differences at different stages in pain

management.

© 2025 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Neuropathic pain (NP) is an important public health problem
that negatively impacts quality of life and exacts an enormous
socio-economic cost [1]. Chemotherapy-induced peripheral neu-
ropathy (CIPN) is a common dose-limiting adverse side effect and
results in high incidence of neuropathic pain [2]. The prevalence
of chemotherapy-induced peripheral neuropathy (CIPN) varies
among individuals, with reported rates ranging from 19 % to over
85 %. The highest prevalence is observed in patients receiving
platinum-based medications (70-100 %), followed by those treated
with taxanes (11-87 %), ixabepilone (60-65 %), and thalidomide
along with its analogs (20-60 %) [3]. CIPN has a direct impact on
the survival and quality of life due to its long-lasting nature [4].
Prevention or treatment of CIPN is still an unmet clinical need
due to the incomplete understanding of the pathogenesis of CIPN
[5,6]. It is well established that neuro-immune interaction is a
potential common driver of neuropathic pain caused by
chemotherapy drugs [7]. Activation of mast cells has been shown
to play an important role in neuropathic pain induced by vin-
cristine [8], oxaliplatin [9], and paclitaxel [10]. Emerging evidence
indicates that specific subtypes of immune cells, such as anti-
nociceptive macrophages and T regulatory cells, can contribute to
pain resolution [11]. Hence, in addition to the development of
CINP, whether mast cells are also involved in the resolution of CINP
remains to be investigated.

MrgprB2 is selectively expressed on connective tissue mast
cells. It can be activated by various basic secretagogues through a
non-Ig mechanism, including inflammatory peptides and drugs
associated with allergic reactions [12]. MrgprB2 and MrgprX2 play
important roles in skin host defense, but their inappropriate acti-
vation contributes to the pathogenesis of rosacea, AD, ACD, non-
histamine pruritus, pseudo hypersensitivity, and mastocytosis
[13]. MrgprB2/MrgprX2 is also associated with the development
of pain. MrgprB2 receptor has been shown to play an important
role in the postoperative pain by mediating the release of chemoki-
nes CCL2/CCL3 from mast cells [14]. MrgprB2 receptor can also
sensitize TRPV1 channels in neurons through mediating TNF-o
release, thereby contributing to alcohol-withdrawal-associated
headaches [15]. Furthermore, Pituitary Adenylate Cyclase Activat-
ing Peptide (PACAP) can also mediate mast cell activation via the
activation of MrgprB2 receptor, thus contributing to migraine
development [16]. Therefore, we speculate that the activation of
MrgprB2 may also play important roles in CINP. In addition, it
has been reported that MrgprB2 is capable of mediating the release
of tryptase [17]. Tryptase, the most abundant protease of the mast
cell, has been implicated as a key mediator of pain that acts
through activation of its cognate receptor PAR2. The tryptase-

PAR2 axis plays important roles in nociceptive signaling and pain
[18]. Numerous studies have shown that PAR2 is involved in neu-
ropathic pain induced by a variety of chemotherapy drugs, such as
bortezomib [19], oxaliplatin [20], paclitaxel [10]. Consequently, we
hypothesize that the MrgprB2/Tryptase/PAR2 axis might be impli-
cated in the progression of CINP.

Studies have shown that PAR2 and Mrgprs are partially co-
expressed in DRG neurons, and that activation of PAR2 can regulate
the function of Mrgprs [21]. In addition, the activation of MrgprB2
can predominantly stimulate DRG neurons that overlap with
MrgprD* neurons [17], indicating MrgprB2/Tryptase/PAR2 axis
may regulate MrgprD receptor in DRG neurons. MrgprD is
expressed within IB4" DRG neurons and has been proposed to be
involved in pain sensation and modulation [22]. Genetic ablation
in adulthood of unmyelinated sensory neurons expressing the
MrgprD reduces behavioral sensitivity to noxious mechanical stim-
uli but not to heat or cold stimuli [23]. MrgprD also participates in
inflammatory pain by facilitating NF-xB activation through inter-
action with TAK1 and IKK complex [24]. Also, our previous study
has found that MrgprD plays an important role in the cold pain
of CCl-induced neuropathic pain through the PKA-TRPA1 pathway
[25]. Additionally, reports demonstrate that there is a downregula-
tion of MrgprD expression in some chronic diseases, such as SNI-
induced neuropathic pain [26]. This implies that the body itself
could alleviate pain by downregulating the expression of MrgprD.
Furthermore, we observed that regardless of whether in the later
stages of postoperative pain [14] or migraine [16], wild-type mice
exhibited a rapid recovery in pain behavior. In contrast, MrgprB2-
mice demonstrated a slower recovery in pain behavior. This sug-
gests that the presence of MrgprB2 may be beneficial to the process
of pain recovery. Hence, we hypothesize that the MrgprB2 receptor
might also contribute to pain alleviation by negatively regulating
MrgprD receptor through PAR2 receptor.

In the current study, we explored the role of neuron-mast cell
interactions in the formation and resolution of CINP. Our findings
demonstrated that the MrgprB2/Tryptase/PAR2 axis not only con-
tributed to cisplatin-induced pain hypersensitivity, but also allevi-
ated pain during the later stages of CINP by down-regulating the
expression of MrgprD.

Material and methods
Ethics statement
All animal procedures were approved by the Institutional Ani-

mal Care & Use Committee (IACUC) of Nanjing University of Chi-
nese Medicine (Permit No. ACU210406).
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Animals

Adult C57BL/6] male mice (8-10 weeks) were purchased from
Charles River; Mast cell-deficient Kit (W-sh)/Kit (W-sh) sash mice,
MrgprB2~ mice, MrgprD”- mice, MrgprB2-Cre tdT mice, MrgprD-
Cre tdT mice were kindly provided by Xinzhong Dong (Johns Hop-
kins University, Baltimore). Most experiments were performed on
male mice between the ages of 8-12 weeks. Additionally, compar-
ative experiments on pain behavior in C57BL/6] mice and
MrgprB2”~ mice were conducted among both female and male
mice.

Chronic pain model

Cisplatin-induced pain model: Mice with different genotypes
(WT mice, MrgprD”~ mice, mast cell-deficient mice, MrgprB2™
mice) were randomly divided into normal saline group and cis-
platin group, and no less than 5 mice in each group were used
for behavioral assessment. Additionally, in the inhibitor interven-
tion experiments, CINP mice were randomly divided into solvent
group and drug group, with no less than 4 mice in each group for
behavioral assessment. Model mice were administered with cis-
platin (0.8 mg/kg, intraperitoneal injection, i.p., once daily, from
day 0 to day 11 for a total of 12 consecutive days) to induce
chemotherapy-related neuropathic pain [27]. Mice in normal sal-
ine group were administered with normal saline via intraperi-
toneal injection. Behavioral assessments were conducted 24 h
after cisplatin treatment. The samples were collected at the differ-
ent stages of pain progression: the initial phase of pain (day 3), the
development phase of pain (day 7), and the dynamic equilibrium
phase of pain (day 11).

Postoperative pain model: WT mice were randomly divided into
sham group and model group, with 5 mice in each group. The post-
operative pain model was established according to the literature of
Green et al. [ 14]. Initially, the right hind leg of mice was disinfected
with iodophor solution after anesthesia. Subsequently, an 11- scal-
pel blade was employed for a longitudinal incision. The incision
commenced about 2 mm from the proximal end of the heel and
extended towards the toes. The incision length was about 5 mm.
Meanwhile, the underlying muscle was carefully elevated using
curved forceps, ensuring that both the origin and insertion of the
muscle remained intact. Finally, 8-0 nylon mattress suture was
used to complete the skin closure, and then an erythromycin oint-
ment was applied to the wound. Mice in the sham group were
anesthetized, disinfected and treated with erythromycin ointment
without any incision. Behavioral assessments were conducted 24 h
after the incision, and samples were collected during the period of
pain recovery (day 5).

Complete Freund’s Adjuvant (CFA) pain model: WT mice were
randomly divided into sham group and model group, with 5 mice
in each group. Mice in the model group were injected with 10 pL
Complete Freund’s Adjuvant (Sigma, USA, F5881) to the right hind
paw (subcutaneous injection, i.h.). Mice in normal saline group
were administered with 10 pL normal saline (i.h.). Behavioral
assessments were conducted 24 h after the incision, and samples
were collected during the period of pain recovery (day 5).

Behavioral assays

In the CINP pain model, the mechanical allodynia, thermal
hyperalgesia, and cold allodynia of each group of mice were evalu-
ated. In the reference literature [14], the mechanical allodynia of
each group of mice were evaluated in the postoperative pain model
and CFA pain model. Each behavior assessment was performed
every other day.
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Measurement of mechanical allodynia: As our previous study
described [28], the withdrawal threshold was defined as the fre-
quency of paw withdrawal responses to a standard von Frey hairs
that delivered a force of 0.16 g (Ugo Basile, Gemonio, Italy).

Measurement of heat hyperalgesia: Heat hyperalgesia was eval-
uated by radiant heat (Ugo Basile, Gemonio, Italy). Animals were
habituated to the testing environment for at least 2 days before
testing. Mice were placed in elevated glass platform and allowed
to habituate for 30 min. The radiant heat source was applied to
the hind paw with intervals of at least 3 min between applications.
A cutoff time of 20.1 s was imposed to prevent tissue damage. The
average withdrawal latency was recorded as the response latency.

Measurement of cold allodynia: Cold allodynia was evaluated
by cold plate testing [29]. Animals were habituated to the testing
environment for at least 2 days before testing. Each animal was
placed on a cold plate maintained at 4 + 1°C, brisk lifting of the
hindpaw was counted as a nociceptive response, and the number
of lifts within 5 min was counted. Walking steps or slow paw lift-
ing related to locomotion were not counted.

Histological assays

In the CINP model, we collected paw tissues for histological
assays at day 0, day 3, day 7 and day 11. Histological assays, includ-
ing Hematoxylin-Eosin staining and Toluidine blue staining, were
performed as described in our previous study [28].

Quantitative real-time PCR

In the CINP model, the paw tissues and DRGs for qPCR were col-
lected at day 0, day 3, day 7 and day 11. Total RNA was extracted by
using the TRIzol (Vazyme, Nanjing, China, R401-01) method. Com-
plementary DNA (cDNA) was generated by using Hifair® Il One
Step RT-qPCR SYBR Green Kit (Yeasen, Shanghai, China) according
to the manufacturer’s instruction. Real-time qPCR was performed
by using Hieff® qPCR SYBR Green Master Mix (Yeasen, Shanghai,
China) and GAPDH were used as the internal controls. The
sequences of the mouse MrgprB2 primers were as follows:
forward, 5’-AATCAAGAATCTAAGCACCTC-3’, and reverse, 5'-
CGTTTACAGCGATACCAA-3". The sequences of the mouse PAR2 pri-
mers were as follows: forward, 5'-CGGGACGCAACAACAG
TAAAGGA-3', and reverse, 5'-AGGGGGAACCAGATGACAGAGAG-3'.
The sequences of the mouse MrgprD primers were as follows: for-
ward, 5'-TGTGGGGGGGATGGCAGGCAAC-3’, and reverse, 5'-ATGG
GGAAAAGCACGGAGAGGC-3'. The sequences of the mouse GAPDH
primers were as follows: 5'-GCACAGTCAAGGCCGAGAAT-3’, and
reverse, 5'-GCCTTCTCCATGGTGGTGAA-3".

Western blot

In the CINP model, the paw tissues and DRGs for western blot
were collected at day 0, day 3, day 7 and day 11. Tissues were
homogenized in Radio-Immunoprecipitation Assay (RIPA) lysis
buffer containing a mixture of protease inhibitors and Phenyl-
methyl sulfonyl fluoride (PMSF) (Beyotime, Shanghai, China,
P0013B). The homogenate was then ultrasonic and centrifuged.
The protein samples were separated on 10 % SDS-PAGE gels (Bey-
otime, Shanghai, China, PO012A) and transferred to the polyvinyli-
dene fluoride (PVDF) membranes (Millipore, USA, IPFL00010). Then
the membranes were blocked by 5 % Bovine Serum Albumin (BSA)
(Solarbio, Beijing, China, A8010), and probed with primary anti-
bodies, followed by Horseradish Peroxidase (HRP)-conjugated sec-
ondary antibodies. GAPDH, B-Actin or B-Tubulin as a loading
control. Signals were visualized using Super ECL Detection Reagent
(Yeasen, Shanghai, China, 36208ES60), and captured by ChemiDoc
XRS system (Bio-Rad, USA). Primary antibodies we used as follow-
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ing: mouse anti-PAR2 (1:1000, Santa Cruz, sc-13504), mouse anti-
tryptase (1:1000, Santa Cruz, sc-59587), rabbit anti-MrgprD
(1:1000, Alomone, AMR-061), rabbit anti-GAPDH (1:5000, Absin,
abs-124037), mouse anti-B-Actin (1:5000, FUDE, FD0060-50),
mouse anti-p-Tubulin (1:5000, FUDE, FD0064-50). Image ] was
used to measure the gray value of the specific bands.

Immunofluorescence

In the CINP model, the paw tissues and DRGs for immunofluo-
rescence were collected at day 0, day 3, day 7 and day 11. Tissues
were fixed in 4 % paraformaldehyde for 24 h at 4°C and then dehy-
drated in sucrose for 24 h at 4°C. The sections were embedded in
OCT and sliced to a thickness of 10 um. The sections were fixed
with 4 % paraformaldehyde at RT for 10 min. The slides were pro-
cessed by 0.15 % Triton X-100 for 20 min at RT (for substance P and
tryptase staining), and then blocked with 3 % BSA for 1 h at 37°C.
Then the slides incubated for overnight at 4°C with mouse anti-
substance P (1:500, R&D), mouse anti-tryptase (1:500, Santa Cruz,
sc-59587), mouse anti-PAR2 (1:500, Santa Cruz, sc-13504), rabbit
anti-MrgprD (1:500, Alomone, AMR-061), mouse monoclonal
anti-substance P (1:500, R&D, MAB4375) or a mixture of mouse
anti-PAR2 (1:500, Santa Cruz) and rabbit anti-MrgprD (1:500, Alo-
mone). The sections were then incubated with Alexa Fluor
555/488-conjugated anti-mouse IgG (H + L) antibody, or Alexa
Fluor 555-conjugated anti-rabbit IgG (H + L) antibody, or a mixture
of Alexa Fluor 555-conjugated anti-mouse IgG (H + L) antibody and
Alexa Fluor 488-conjugated anti-rabbit IgG (H + L) antibody (1:200,
Beyotime) for 2 h at 37°C. For hindpaw tissues sections, FITC-avidin
staining was followed for 30 min after tryptase staining. Then the
sections were mounted with Antifade Mounting Medium with
DAPI (Beyotime, Shanghai, China, P0O131) and images captured
with the microscope (Nikon, Tokyo, Japan) with a magnification
of 125 or 200.

Substance p ELISA

Substance P ELISA (Mlbio) was prepared according to the man-
ufacturer’s protocol. Briefly, whole DRG tissues were harvested at
the development phase of pain (day 7) after cisplatin treatment.
Then the tissues were homogenized in PBS. After homogenization,
the supernatant was collected and stored at 80°C until used for
ELISA.

Cytokine antibody array

The cytokine antibody array is capable of simultaneously
detecting 111 types of mouse cytokines in a single experiment.
This array exhibits sensitivity at the pg/mL level. Similar to ELISA,
the antibody array is also based on the measurement of antibody
pairs. Compared to conducting multiple ELISA or western blot
experiments, the time and cost associated with using an antibody
array are significantly lower. Therefore, we employed cytokine
antibody array technology to assess the expression of various
inflammatory factors in different groups of mice. Referring to the
literature [30], hindpaw tissues at the development phase of pain
(day 7) were homogenized in PBS containing protease inhibitors.
After homogenization, Triton X-100 was added to the homogenates
(final concentration of 1 %), frozen at — 80 °C for 1 day, then thawed
and centrifuged at 12000 rpm for 30 min at 4 °C to remove cellular
debris. After protein quantitation with BCA protein assay kit, hind-
paw tissues homogenates were harvested and mixed at equal
quantity, and 200 ng total protein were used. The mixed homoge-
nates were assayed by the Proteome Profiler Mouse XL Cytokine
Array (R&D Systems, USA, ARY028) according to the manufac-
turer’s recommendation.
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Culture of mouse DRG neurons

The mice were deeply anesthetized with overdoses of isoflu-
rane. Mouse DRGs were collected in cold DH10 medium (DMEM/
F-12 with 10 % fetal bovine serum and 1 % penicillin-streptomycin)
and digested with collagenase type I (1.6 mg/mL, Sigma) and
dispase-II (3.5 mg/mL, Sigma) for 30 min at 37°C. After blowing, fil-
tration and centrifugation, DRGs were suspended in DH10 med-
ium. Then the cells were plated on glass cover slips coated with
poly-D-lysine (0.5 mg/mL, solarbio, P2100) and laminin (10 pg/
mL, Sigma, 11243217001). DRG Neurons were cultured in fresh
DH10 medium with nerve growth factor (50 ng/mL, Sigma) at
37°C and used within 24 h.

Calcium imaging

DRG neurons were incubated with 2 puM Fura-2 AM (Sigma,
47989) and 0.02 % Pluronic F-127 (Sigma, P2443) at 37°C for
17 min or 2 uM Fluo-4 AM (Beyotime, S1060) and 0.02 % Pluronic
F-127 (Sigma, P2443) at RT for 30 min. The cells then immediately
washed 3 times by calcium imaging buffer (137 mM NacCl, 5.4 mM
KCl, 1 mM CaCl,, 1.2 mM MgCl,, 8 mM glucose, 1.2 mM NaH;POy,,
20 mM HEPES, PH was 7.4). A high-speed, continuously scanning,
monochromatic light source (Polychrome V, Till Photonics, Grafel-
ing, Germany) was used for excitations of 340/380 nm or 488 nm
(2 s exposure time), enabling the detection of changes in the intra-
cellular free calcium concentration. Each experiment was done at
least 4 times and at least 100 cells were analyzed each time. The
intensity of the cell response to the agonists was quantified by
the fluorescence intensity ratio. The fluorescence intensity ratio =
(Fmax — FO) / (FO), where Fmax represented the maximum value
of fluorescence, and FO was the baseline fluorescence. The propor-
tion of the cell response to the agonists was quantified by the ratio
of positive cells to the total number of cells.

Co-immunoprecipitation assays

The DRG lysate was incubated at 4°C for 2 h with 1.0 pg anti-
PAR2 or anti-IgG antibody, and then 20 pL protein A/G PLUS-
agarose beads (Santa Cruz Biotechnology) were added and incu-
bated at 4°C for 4 h. Then beads were washed four times with
immunoprecipitation buffer and analyzed by Western Blot.

Mining and analysis of single cell sequencing database

Cellular heterogeneity is a common characteristic of biological
tissues, particularly in neurons. Traditional transcriptomic
sequencing (RNA-Seq) and QPCR are limited to detecting transcrip-
tional differences between individuals or populations, while the
transcriptional variations at the cellular level remain challenging
to assess accurately. Single-cell transcriptomics offers a novel
approach for high-throughput sequencing at the individual cell
level, effectively addressing the issue of transcriptional differences
among cells. Therefore, we conducted an analysis of single-cell
sequencing databases to investigate the expression levels of PAR2
and MrgprD receptors in each DRG neuron. The read counts for
each coding gene for single-cell RNA-sequencing profiles of mouse
DRG sensory neurons were obtained from Gene Expression Omni-
bus (accession number GSE63576). Clustering and visualization of
the single-cell data sets were performed using Principal Compo-
nents Analysis.

Statistical analysis

All data were presented as mean + SEM and analyzed using
Prism 8.0 (GraphPad Software) and n represents the number of



Y. Jiang, F. Ye, . Zhang et al.

mice analyzed. Statistical comparisons were conducted by two
tails, unpaired Student’s t-test (two groups) or one-way ANOVA
analysis (more than two groups), and p < 0.05 was considered to
be significant difference.

Results
MrgprB2 receptor is involved in cisplatin-induced neuropathic pain

Mast cells play crucial roles in the CINP induced by vincristine,
oxaliplatin, and paclitaxel [8-10]. MrgprB2 receptor is a key recep-
tor specifically expressed on mast cells and is associated with the
progression of inflammatory pain and headache. Therefore, in this
study, we investigated the role of MrgprB2 in CINP. As Fig. 1A-C
illustrated, the mice showed obvious cold, mechanical allodynia,
as well as thermal hypersensitivity after cisplatin stimulation. In
addition, the infiltration of inflammatory cells and mast cells in
the hindpaw tissues of model mice was significantly increased
(Fig. S1A-B), and deleting mast cells could significantly reduce
the pain induced by cisplatin (Fig. S1C-E). Compared to C57BL/6]
mice, the cold allodynia in mast cell-deficient mice was signifi-
cantly alleviated (Fig. S1C). However, there was no notable relief
observed for mechanical allodynia, heat hyperalgesia, or weight
loss (Fig. S1D-E, Fig. S2A). These findings underscore the impor-
tance of mast cells in cisplatin-induced cold pain.

Next, the function of MrgprB2 was studied. We found that the
infiltration of MrgprB2" mast cells in the hindpaw tissues and
DRGs was significantly increased (Fig. 1E). And real-time PCR
results showed that the mRNA expression of MrgprB2 receptor in
hindpaw tissues of the model mice was also significantly up-
regulated (Fig. 1D). Compared to C57BL/6] mice, MrgprB2~/~
female or male mice could significantly alleviate cisplatin-
induced cold allodynia (Fig. 1F and 1I). At the same time,
cisplatin-induced mechanical allodynia (Fig. 1G and 1 J) and ther-
mal hypersensitivity (Fig. 1H and 1 K) in MrgprB2~/~ mice was also
reduced to a certain extent. However, similar to sash mice,
MrgprB2~/~ female or male mice could not significantly improve
the weight loss induced by cisplatin (Fig. S2B-C). Moreover, com-
pared to C57BL/6] mice, we also observed that MrgprB2~/~ mice
had reductions in the infiltration of inflammatory cells induced
by cisplatin (Fig. S3A, B). This may be due to reduced chemokines
expression in MrgprB2~/~ model mice, such as CCL3/4, CXCL1,
CXCL9, CXCL10, CXCL11, CXCL13 (Fig. 1M, Fig. S3C-H). Substance
P could promote innate immune cell recruitment via activation
of MrgprB2 receptor in postoperative incision model [14], so we
suggested that substance P might also be involved in the
cisplatin-induced pain model. Immunofluorescence and ELISA
results showed that cisplatin could increase the expression of sub-
stance P (Fig. 1L-O). Anti-substance P antibodies treatment (2 pg
Anti-SP/20 pL saline, i.h., pretreatment for 1 h) could alleviate
MrgprB2* mast cells degranulation (Fig. S4A) and reduce pain
hypersensitivity in model mice (Fig. 1P-R). Knocking out MrgprB2
could reduce the analgesic effect of substance P antibody (Fig. S4-
B-D). Therefore, we suggested that MrgprB2 might be activated by
substance P to recruit inflammatory cells and participate in
cisplatin-induced pain.

MrgprB2/Tryptase/PAR2 axis participates in cisplatin-induced
neuropathic pain

Tryptase, the most abundant protease of mast cells, regulates
neuronal activity by activating PAR2 receptor through protease
cleavage. Having established that mast cell tryptase-PAR2 axis
had important roles in nociceptive signaling and pain [18,31]. Pre-
viously, studies have shown that mast cell MrgprB2 activation can
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promote tryptase release [17]. We speculated that MrgprB2/Tryp-
tase/PAR2 axis was involved in cisplatin-induced pain. Results
showed that the expression of tryptase and B-tryptase in hindpaw
tissues at different time points were significant increases in model
group (Fig. 2A-C). Meanwhile, similar results were observed in
DRGs of model mice (Fig. 2D-F). We also saw a significant increase
of tryptase-positive cells co-stained with mast cell marker avidin
in the hindpaw tissues of model mice (Fig. 2G). Additionally, block-
ing tryptase with APC366 could significantly reduce the cold allo-
dynia and thermal hypersensitivity induced by cisplatin, and also
inhibit the mechanical allodynia to a certain extent, indicating
the important roles of tryptase in cisplatin-induced neuropathic
pain (Fig. 2 N-P). However, the tryptase expression in hindpaw tis-
sues (Fig. 2H-]) or DRGs (Fig. 2 K-M) was not increased in
MrgprB27~ mice after modeling. Furthermore, immunofluores-
cence results of hindpaw tissues also showed that there was no sig-
nificant increase of tryptase-positive cells co-stained with avidin in
MrgprB2- model mice (Fig. 2Q).

Then the role of PAR2 receptor in cisplatin-induced pain was
examined. As we expect, PAR2 expression was significantly
increased in model mice (Fig. 3A-D). In addition, blocking PAR2
receptor with FSLLRY-NH, significantly alleviated cisplatin-
induced pain (Fig. 3E-G). Moreover, there were no change of
PAR2 expression in MrgprB27/~ mice after modeling (Fig. 3H-J).
These results indicated that MrgprB2 was involved in cisplatin-
induced pain via Tryptase/PAR2 axis.

PAR2 receptor and MrgprD receptor are partially co-expressed in DRG
neurons

The above results suggested that the MrgprB2/Tryptase/PAR2
axis was involved in the development of CINP. Studies have shown
that PAR2 is partially co-expressed with Mrgprs receptors in DRG
neurons, and that PAR2 activation can regulate the function of
Mrgprs receptors [21]. In addition, the activation of MrgprB2
mainly stimulates DRG neurons that overlap with MrgprD* neu-
rons which are implicated in pain sensation and modulation [22].
Based on these findings, we hypothesized that PAR2 may be
involved in cisplatin-induced pain by regulating MrgprD. Then
the co-expression of the receptors PAR2 and MrgprD was explored.
We performed an analysis in WT mice, MrgprB2~/~ mice, MrgprD-
Cre tdT mice, and MrgprD~/~-eGFP mice to evaluate their co-
expression pattern in DRG neurons. Immunofluorescence results
showed that about 30-50 % of PAR2-positive neurons in different
genotypes of mice expressed MrgprD (or eGFP) (Fig. 4A-G), which
was similar to single-cell sequencing data (GSE63576, 27.2 % PAR2-
positive neurons expressed MrgprD in C57/BL6] mice) (Fig. 4J-L). In
addition, we also observed a population of DRG neurons isolated
from WT mice (about 5 % of total DRG neurons) could respond to
both B-alanine and SLIGRL-NH, stimulation, which further indicat-
ing PAR2 and MrgprD were partially co-expressed (Fig. 4H, I).

PAR2 receptor and MrgprD receptor are mutually restricted in DRG
neurons

The above results showed that PAR2 and MrgprD receptors
were partially co-expressed. Hence, we further investigated the
potential regulatory role of PAR2 on MrgprD in the subsequent
studies. Interestingly, we discovered that the regulation of PAR2
on MrgprD was negative. Compared with untreated WT mice, we
found an increase in PAR2 mRNA expression and a decrease in
MrgprD mRNA expression in whole DRGs of untreated MrgprB2~/
~ mice (Fig. 5A-C). Pearson correlation analysis showed that the
mRNA expression of PAR2 and MrgprD was negatively correlated
(Fig. 5D). Similarly, we also observed that PAR2 expression was
up-regulated and MrgprD expression was down-regulated at the
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Fig. 2. MrgprB2 participates in cisplatin-induced pain via tryptase. (A-C) Western blot showing an increased tryptase and B-tryptase expression in hindpaw tissues of WT
mice after modeling. Data were analyzed using one-way ANOVA with Dunnett’s multiple comparisons test, error bars show SEM, *p < 0.05, “p<0.01, n = 6. (D-F) Western blot
showing an increased tryptase and B-tryptase expression in whole DRGs of WT mice after modeling. Data were analyzed using one-way ANOVA with Dunnett’s multiple
comparisons test, error bars show SEM, *p < 0.05,n =8, 9, 9, and 9 for the groups of day 0, 3, 7, and 11, respectively. (G) Immunofluorescence images of hindpaw tissues
sections of WT mice at different time points after modeling, arrows point to tryptase-positive cells (red) co-stained with mast cell marker avidin (green). Scale bar was 100
um. (H-]) Western blot showing no elevated tryptase and p-tryptase expression in hindpaw tissues of MrgprB2”/~ mice. Data were analyzed using one-way ANOVA with
Dunnett’s multiple comparisons test, error bars show SEM, *p < 0.05, n = 6. (K-M) Western blot showing no elevated tryptase and B-tryptase expression in whole DRGs of
MrgprB27- mice. Data were analyzed using one-way ANOVA with Dunnett’s multiple comparisons test, error bars show SEM, “p < 0.01, n = 6. (N-P) At day 7, model mice were
treated with APC 366 (5 mg/kg) or saline (intraperitoneal injection), and cold allodynia (N), mechanical allodynia (0), and thermal hypersensitivity (P) were measured 1h
later. Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, "p < 0.01, n = 8. (Q) Immunofluorescence images of hindpaw tissues sections of
MrgprB27/- mice after modeling, arrows point to tryptase-positive cells (red) co-stained with mast cell marker avidin (green). Scale bar was 100 pum (125x).

<

Fig. 1. MrgprB2 receptor was involved in cisplatin-induced neuropathic pain. (A-C) Behavioral tests of pain induced by cisplatin. Cold allodynia (A), mechanical allodynia (B)
and thermal (C) hypersensitivity were measured at day 0, 3, 7 and 11, respectively. Data were analyzed using one-way ANOVA with Dunnett’s multiple comparisons test,
error bars show SEM, *p < 0.05, “p < 0.01, n = 6. (D) MrgprB2 mRNA expression in hindpaw tissues of model mice induced by cisplatin. Data were analyzed using one-way
ANOVA with Dunnett’s multiple comparisons test, error bars show SEM, *p < 0.05, n = 6. (E) Image of hindpaw (top) and DRG (bottom) sections comparing saline group to
model group. MrgprB2 positive mast cells (red) are identified with arrows. Scale bars was 100 pum (125 x ). (F-H) Cisplatin-induced pain was performed on WT or MrgprB2~/~
female mice. MrgprB2~/~ female mice showed a significant decrease in cold allodynia induced by cisplatin (F), and a partial remission of mechanical allodynia (G) and thermal
hypersensitivity (H). Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, "p < 0.01, n = 5. (I-K) Cisplatin-induced pain was performed on WT
or MrgprB2~/~ male mice. MrgprB2~/~ male mice showed a significant decrease in cold allodynia induced by cisplatin (I), and a partial remission of mechanical allodynia (J)
and thermal hypersensitivity (K). Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, "p < 0.01, "'p < 0.001, n = 5. (L) Immunofluorescence of
Substance P expression in DRG at different time points in cisplatin induced pain. Scale bars was 100 pm (125 x ). (M) Inflammatory cytokines were assessed by the Proteome
Profiler Mouse XL Cytokine Array. (N) Substance P concentration was measured at day 7 after cisplatin treatment. Data were analyzed using two-tailed Student’s t test, error
bars show SEM, *p < 0.05, n = 4. (O) Proportion of SP* neurons were measured at day 0, 3, 7 and 11, respectively. Data were analyzed using one-way ANOVA with Dunnett’s
multiple comparisons test, error bars show SEM, *p < 0.05, n = 6, 4, 7, and 5 for the groups of day 0, 3, 7, and 11, respectively. (P-R) At day 7, Anti-SP (2 pg of Anti-SP was
dissolved in 20 pL of saline) or mouse IgG (2 pg of IgG was dissolved in 20 pL of saline) were injected into the left and right hindpaws of the model mice, respectively. After
1 h, measurements of cold allodynia (P, unilateral), mechanical allodynia (Q), and thermal hypersensitivity (R) were conducted on the left and right hindpaws, respectively.
Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, n = 4.
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Fig. 3. MrgprB2 participates in cisplatin-induced pain via PAR2. (A-D) PAR2 expression at different time points induced by cisplatin in WT mice. Immunofluorescence (A), the
mRNA expression (B), and the protein expression (C, D) of PAR2 in whole DRGs were measured at day 0, 3, 7 and 11, respectively. Scale bars was 100 um (200x). Data were
analyzed using one-way ANOVA with Dunnett’s multiple comparisons test, error bars show SEM, *p < 0.05, ~'p < 0.0001, n = 6. (E-G) At day 7, FSLLRY-NH, (15 pg) or 1%
DMSO were injected into the left and right hindpaws of model mice, respectively. Cold allodynia (E, unilateral), mechanical allodynia (F) and thermal hypersensitivity (G)
were measured 1h later. Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, n = 6. (H-]) PAR2 expression induced by cisplatin in WT mice and
MrgprB2~- mice. Inmunofluorescence (H), the mRNA expression (I), and the protein expression (J) of PAR2 in whole DRGs were measured in WT mice and MrgprB2/~ mice.
Data were analyzed using two-tailed Student’s ¢ test, error bars show SEM, *p < 0.05, n = 5 for panel I, n=6 for panel J.

protein level in untreated MrgprB2~/~ mice (Fig. 5E-F). At the same
time, the results of calcium imaging showed that the activity of
PAR2 was up-regulated in whole DRGs of untreated MrgprB2~/~
mice (Fig. 5G-H). But the activity of MrgprD was not significantly
changed (Fig. 5I-]), which may be because B-alanine could not fully
reflect the activity of MrgprD in vitro. In addition, injection of the
PAR2 agonist SLIGRL-NH, into the hindpaw of MrgprB2~/~ mice
showed significantly increased pain hypersensitivity compared
with WT mice (Fig. 5 K-L). Meanwhile, we also found the scratch-
ing behavior induced by p-alanine was decreased in MrgprB2~/~
mice (Fig. 5 N). These results demonstrated the negative correla-
tion between PAR2 and MrgprD.

To further confirm this hypothesis, we also investigated the
expression of PAR2 in whole DRGs of MrgprD™/~ mice. As we
expect, untreated MrgprD~/~ mice had a significantly increase in
PAR2 expression compared with untreated WT mice (Fig. 5 M, O-
Q). Accordingly, calcium imaging analysis showed that the activity
of PAR2 was increased in whole DRGs of MrgprD~/~ mice (Fig. 5R-
S). We also found that MrgprD~/~ mice had an increase in the pain
hypersensitivity induced by SLIGRL-NH, compared with WT mice
(Fig. 5T-U). These findings further pointing to the negative correla-
tion between PAR2 and MrgprD in DRGs.

Furthermore, neurons responding to both p-alanine and
SLIGRL-NH, stimulation demonstrated a significantly lower
response to B-alanine than neurons respond to responding to
B-alanine alone (Fig. 5 V). At the same time, neurons responding

to both SLIGRL-NH, and B-alanine stimulation exhibited a lower
response to SLIGRL-NH, than neurons responding to SLIGRL-NH,
alone (Fig. 5 W), indicating the mutual inhibition between PAR2
and MrgprD. Single-cell sequencing data also showed that the
MrgprD expression in PAR2" neurons was lower to some extent
than that in PAR2™ neurons; and the PAR2 expression in MrgprD*
neurons was lower to some extent than that in MrgprD™ neurons,
which further confirming the mutual inhibitory relationship
between PAR2 and MrgprD (Fig. 5X, Y). Additionally, we observed
MrgprD mRNA expression was decreased in isolated DRG neurons
induced by SLIGRL-NH, stimulation (Fig. S5A), indicating the neg-
ative regulatory effect of PAR2 on MrgprD. However, co-
immunoprecipitation result showed that there was no obvious
direct interaction between PAR2 receptor and MrgprD receptor in
DRG (Fig. S5B). Hence, we suggested that the mechanism of the
negative correlation between PAR2 and MrgprD in DRG may be
indirectly.

PAR?2 receptor negatively regulated MrgprD receptor expression in
chronic pain

The above results indicated that under physiological condi-
tions, PAR2 could negatively regulate MrgprD. We hypothesized
that PAR2 might also negatively regulate MrgprD in pain condi-
tions. Therefore, we subsequently carried out an in-depth explo-
ration in chronic pain models related to MrgprB2 receptor. As
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Fig. 4. PAR2 and MrgprD are partially co-expressed in DRG neurons. (A-D) Immunofluorescence images and quantification of DRG sections from WT mice (A), MrgprD-TD
mice (B), MrgprB2~/~ mice (C), and MrgprD~/~ mice (D), co-expressed neurons are identified with arrows. Scale bar was 25 pum. (E-F) Quantification of PAR2" (E), MrgprD* (F),
and PAR2"MrgprD* (G) DRG neurons in different genotypes of mice. (H, I) Example traces of [Ca?*]; measured by Fura-2 imaging from whole DRG neurons isolated from WT
mice exposed to 5 mmol/L B-alanine and 50 pmol/L SLIGRL-NH,. (J-L) Analysis of single cell sequencing data of DRG neurons in GEO database.

we expect, in cisplatin-induced pain model mice, the expression
of MrgprD in DRGs was decreased gradually over time
(Fig. 6A-C). Correlation analysis showed that that the mRNA
expression of PAR2 and MrgprD was significantly negatively cor-
related at different time points (Fig. 6D), which indicated that
PAR2 may be capable of negatively regulating the expression of
MrgprD. After long-term treatment with PAR2 inhibitor FSLLRY-
NH, (4 mg/kg/d for 12 consecutive days) can block the downreg-
ulation of MrgprD receptor in CINP (Fig. 6E). These results indicat-
ing that downregulation of MrgprD expression induced by
cisplatin may be regulated by PAR2. In addition, we also found
that the expression of PAR2 was negatively correlated with the
expression of MrgprD in postoperative pain (Fig. 6F-1). Similarly,
in the CFA pain model, the expression of PAR2 receptor was

up-regulated to a certain extent, and the expression of MrgprD
receptor was also decreased to a certain extent, although these
changes were not statistically significant (Fig. S6A, B). These
results confirmed that PAR2 could regulate MrgprD expression
in chronic pain. At the same time, the contralateral DRG of post-
operative pain and CFA pain model mice were also examined and
analyzed. As Fig. S6C, D showed, the expression of PAR2 receptor
was slightly up-regulated and the expression of MrgprD receptor
was slightly down-regulated in the contralateral DRGs of the
postoperative pain model. Nevertheless, the expression of PAR2
and MrgprD receptor was not significantly changed in the con-
tralateral DRGs of the CFA pain model, which may be due to the
slight changes in the expression of these two receptors in the ipsi-
lateral DRGs of CFA model mice.
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Fig. 5. The negative correlation between PAR2 and MrgprD expression. (A-C) PAR2 mRNA expression (B) and MrgprD mRNA expression (C) in whole DRGs of WT and MrgprB2 /-
mice, respectively. Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p <0.05, “p<0.01,n=5. (D) Correlation analysis between PAR2 mRNA expression and
MrgprD mRNA expression. (E, F) The relative protein expression of PAR2 and MrgprD in whole DRGs of WT and MrgprB2 ~/~ mice, respectively. Data were analyzed using two-tailed
Student’s t test, error bars show SEM, *p < 0.05, "p < 0.05, n = 5. (G, H) Quantification of Fluo-4 fluorescence intensity ratio (G) and responding DRG neurons (H) induced by SLIGRL-
NH; (final concentration was 25 jtmol/L) in DRG of WT and MrgprB2~/~ mice, respectively. Data were analyzed using two-tailed Student’s t test, error bars show SEM, 'p<0.0001;
for panel G, n=94and 198 in WT and MrgprB2~/~ group, respectively; for panel H,n=15 and 11 in WT and MrgprB2~/~ group, respectively. (I,]) Quantification of Fluo-4 fluorescence
intensity ratio (I) and responding DRG neurons (J) induced by B-alanine (final concentration was 2 mmol/L) in DRG of WT and MrgprB2~/~ mice, respectively. Data were analyzed
using two-tailed Student’s t test, error bars show SEM; for panel I, n = 77 and 99 in WT and MrgprB2~/~ group, respectively; for panel J, n=13 and 12 in WT and MrgprB2~/~ group,
respectively. (K, L) The times of licking (K) and the time of licking (L) induced by SLIGRL-NH, (100 pmol/L, 1 uLin 25 pL saline, subcutaneous injection) in WT and MrgprB2~/~ mice,
respectively. Data were analyzed using two-tailed Student’s t test, error bars show SEM, “p<0.01, n=4. (N) The scratching bounts induced by p-alanine (100 mmol/L, 1 puLin 50 uL
saline, intradermal injection) in WT and MrgprB2~/~ mice, respectively. Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, n = 6, 7 in WT and
MrgprB2~/~ group, respectively. (M, 0) PAR2 mRNA expression in DRG of WT and MrgprD~/~ mice, respectively . Data were analyzed using two-tailed Student’s t test, error bars
show SEM, “p<0.01,n=5.(P, Q) The relative protein expression of PAR2 in DRG of WT and MrgprD~/~ mice, respectively. Data were analyzed using two-tailed Student's t test, error
bars show SEM, “'p < 0.001, n = 6. (R, S) Quantification of Fluo-4 fluorescence intensity (R) and responding DRG neurons (S) induced by SLIGRL-NHS, (final concentration was 25
pmol/L)in DRG of WT and MrgprD~/~ mice, respectively (the data of the WT group was shared for panel G, H). Data were analyzed using two-tailed Student’s  test, error bars show
SEM, *p < 0.05; for panel R, n=94 and 113 in WT and MrgprD~/~ group, respectively; for panel S, n=15 and 7 in WT and MrgprD~/~ group, respectively. (T, U) The times of licking (T)
and the time of licking (U) induced by SLIGRL-NH, (100 pmol/L, 1 L in 25 pL saline, subcutaneous injection) in WT and MrgprD~/~ mice, respectively. Data were analyzed using
two-tailed Student’s t test, error bars show SEM, *p < 0.05, n = 4, 8 in WT and MrgprD~/~ group, respectively. (V) Quantification of Fura-2 fluorescence intensity ratio induced by
B-alanine (5 mmol/L) in ALA*SLI* neurons and ALA*SLI" neurons, respectively. Data were analyzed using two-tailed Student’s t test, error bars show SEM. *p < 0.05, “p<0.01,n=39
and 31 for ALA*SLI" neurons and ALA*SLI" neurons, respectively. (W) Quantification of Fura-2 fluorescence intensity ratio induced by SLIGRL-NH, (50 pmol/L) in SLI"ALA* neurons
and SLI'ALA™ neurons, respectively. Data were analyzed using two-tailed Student’s t test, error bars show SEM. n = 39 and 29 for ALA*SLI" neurons and ALA'SLI* neurons,
respectively. (X, Y) Mining and analysis of single-cell sequencing databases (GSE155622 and GSE63576). (X) The differential expression of MrgprD in PAR2* neurons and PAR2”
neurons. (Y) The differential expression of PAR2 in MrgprD* neurons and MrgprD~neurons. Data were analyzed using two-tailed Student’s t test, error bars show SEM, for panel X, n
=18, 483; for panel Y, n=187,314.

MrgprB2 receptor-dependent neural immune axis is implicated in pain which is a common phenomenon. MrgprD receptor has also been
resolution through down-regulating MrgprD receptor reported to be downregulated in several chronic diseases, such as
psoriasis [32], and spared nerve injury [26]. Next, we investigated

The above results indicated that PAR2 could downregulate the the potential impact of MrgprD downregulation on cisplatin-
expression of MrgprD in the later stage of cisplatin-induced pain, induced pain. Compared to WT mice, MrgprD~/~ mice had reduc-
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tions in both cold and mechanical allodynia, but not decreased
thermal hypersensitivity (Fig. 7A-C). In addition, MrgprD~/~ mice
also partially alleviated cisplatin-induced weight loss (Fig. S2D).
These findings suggested that MrgprD receptor was involved in
the development of cisplatin-induced pain. Therefore, the down-
regulation of MrgprD expression could contribute to contribute
to the alleviation of cisplatin-induced pain. This was consistent
with the findings that pain behavior did not consistently increase
over time despite daily cisplatin stimulation (Fig. 1A-C). Further-
more, long-term inhibition of PAR2 activity with FSLLRY-NH, could
significantly alleviate cisplatin-induced pain in the early stage;
however, it did not exhibit a notable analgesic effect in the later
stages (Fig. 7D-F). This may be attributed to the blockade of
MrgprD downregulation caused by prolonged inhibition of PAR2
(Fig. 6E). These findings further indicated that PAR2 was involved
in pain resolution by negatively regulating the expression of
MrgprD. Given that MrgprB2 can mediate the activation of the
Tryptase/PAR2 axis, we hypothesized that MrgprB2 activation
could result in MrgprD downregulation. As Fig. 7G-] showed, sub-
stance P or PAMP-12 treatment could significantly decrease the
MrgprD expression in DRGs, which could be blocked by MrgprB2
knockout (Fig. S7). These results indicated that the negative regu-
latory role of the MrgprB2 receptor on MrgprD expression. More-
over, we also found that MrgprB2 mRNA expression was
negatively correlated with MrgprD mRNA expression in cisplatin-
induced pain (Fig. 7K). Knocking out of MrgprB2 receptor could
effectively block the downregulation of MrgprD in the CINP model
(Fig. 7L), which further confirmed that MrgprB2 activation could
negatively affect the expression of MrgprD. Taken together, we
proposed that the MrgprB2/Tryptase/PAR2 axis also contributed
to pain resolution by downregulating MrgprD expression in the
later stages of CINP. This was in line with the findings that pain
behavior in mice was in dynamic equilibrium at the later stage
despite daily cisplatin stimulation.

Discussion

Here we elucidated a novel pain modulation mechanism involv-
ing neuron-mast cell interactions, specifically highlighting the
bidirectional modulation of MrgprB2-dependent neural immune
axis in CINP. The Substance P/MrgprB2/Tryptase/PAR2 axis not
only participated in the mechanism of pain hypersensitivity, but
also alleviated the pain perception by downregulating MrgprD
expression in the later stage of CINP.

The neuro-immune interactions play important roles in the
peripheral and central sensitization processes of chronic pain,
which has been widely recognized. For instance, immune cells such
as macrophages, neutrophils, and mast cells can directly or indi-
rectly enhance the excitability of peripheral nociceptive neurons
[33]. It is well established that neuro-immune interaction is a
potential common driver of CINP. Activation of mast cells has been
shown to play an important role in neuropathic pain induced by
chemotherapeutic drugs such as vincristine, oxaliplatin, and
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paclitaxel [8-10]. In our current study, the results demonstrated
that MrgprB2/Tryptase/PAR2 axis played a crucial role in
cisplatin-induced allodynia. MrgprB2~/~ mice significantly attenu-
ated cisplatin-induced cold hypersensitivity and partially reduced
the mechanical and thermal hypersensitivity. Similar to the study
on postoperative pain model [14], MrgprB2~/~ mice could also inhi-
bit cisplatin-induced inflammatory cells infiltration, which may
also be related to the activation of MrgprB2 by substance P in
model mice. However, Sash mice could not alleviate the mechani-
cal and thermal pain induced by cisplatin. The possible reason is
the abnormal immune cell populations caused by Kit"V-SH such
as the increase of the medium and high expression populations
of Ly6G in spleen of Sash mice [34]. In addition, we observed that
deletion of mast cells or MrgprB2 receptor did not alleviate
cisplatin-induced weight loss, suggesting that unlike NK1R, the
classical receptor for substance P, MrgprB2 receptor may not be
involved in cisplatin-induced digestive responses such as nausea
and vomiting.

Notably, emerging research evidence indicates that neuro-
immune interactions play crucial roles in pain relief. Some immune
cells are capable of producing various pro-resolution or anti-
inflammatory mediators, which subsequently reduce the excitabil-
ity of sensory neurons and alleviate pain [35]. Several studies have
shown that immune cells such as Treg [36] or CD11c¢" spinal micro-
glia populations [37] are essential for pain recovery. In addition,
neutrophils cells can secrete pain-relieving mediators such as opi-
oid peptides to alleviate pain [38], and can also promote pain relief
by inhibiting T cell responses through the macrophage antigen-1
(Mac-1) [39]. Furthermore, macrophages can also play important
roles in alleviating chronic pain. Research indicates that M2 macro-
phages can mitigate pain by releasing IL-4 and IL-10 [40]. Also,
studies have shown that M2 macrophages could transfer mito-
chondria to DRG neurons, thereby reducing the excitability of neu-
rons and contributing to pain relief [41]. Despite this, the neuron-
mast cell interactions in pain relief have not been thoroughly
investigated.

Interestingly, our findings also revealed that MrgprB2 receptor
was involved in pain alleviation during the later stages of the CINP
model through the downregulation of MrgprD expression.
MrgprD-expressing neurons mainly innervate the skin and can be
activated by chemical, mechanical, and thermal stimuli [42]. It is
well known that MrgprD is implicated in pain hypersensitivity,
such as CFA inflammatory pain [23]| and CCI-neuropathic pain
[25]. Our findings demonstrated that knocking out MrgprD could
alleviate cisplatin-induced pain, suggesting that MrgprD also con-
tributed to the progression of CINP. Therefore, the downregulation
of MrgprD resulting from the activation of MrgprB2 could con-
tribute to alleviating cisplatin-induced pain. In the CINP model,
MrgprD expression decreased gradually over time and presented
a significant downregulation in the later stages. However, during
the early stage of the CINP model, MrgprD expression was not sig-
nificantly down-regulated. This might be due to the fact that the
activation of MrgprB2 at the early stage was not sufficient to cause

<

Fig. 6. PAR2 receptor negatively regulated MrgprD receptor expression in chronic pain. (A-C) MrgprD expression at different time points in this model. Immunofluorescence
(A), the mRNA expression (B), and the protein expression (C) of MrgprD in whole DRGs were measured at day 0, 3, 7 and 11, respectively. Scale bars was 100 pm (125x). Data
were analyzed using one-way ANOVA with Dunnett’s multiple comparisons test, error bars show SEM, *p < 0.05, n = 6. (D) Correlation analysis between PAR2 mRNA
expression (ACT) and MrgprD mRNA expression (ACT) in DRG of model mice at different time points. (E) Long-term treatment with PAR2 inhibitor FSLLRY-NH, (4 mg/kg/d
from day O to day 11, i.p.) blocked the downregulation of MrgprD receptor induced by cisplatin. Data were analyzed using one-way ANOVA with Dunnett’s multiple
comparisons test, error bars show SEM, *p < 0.05, n = 4. (F, G) Behavioral tests of mechanical allodynia in postoperative pain model. Data were analyzed using two-tailed
Student’s t test, error bars show SEM, *p < 0.05, "p < 0.01, n = 5. (H) The mRNA expression of PAR2 and MrgprD in whole DRGs of postoperative pain model at day 5. Data were
analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, n = 5. (I) Correlation analysis between PAR2 mRNA expression (ACT) and MrgprD mRNA expression

(ACT) in DRG of postoperative pain model.



Y. Jiang, F. Ye, . Zhang et al.

A

B

Journal of Advanced Research xxx (xXxx) xxx

a

Cold allodynia ~ Mechanical allodynia Thermo hypersensitivity
409 W,(Ma.le)_._ o S 80 (Male) (Male)
- MrgprDD” (cisplatin) MrgprD”(cisplatin) = 0~ MegprD(cisplatin) —@—  Megpe*cisplatny 159, g i) =1y sty
= _~
& 30- g 2
s 3 60— Tg'
5 & E 10
E 204 * = =
s £ 40 ]
) * s =
> St
ko) g S 5
g 104 = 204 g
= = &
g
O T—T—T—T T T g 0TT T T T O—T—T—T—T T
QS NDH O QA PO N =] S & & & & O S & & & & O
N Y B D S S N
S DB P S SR RS B B B B
D Cold allodynia E y .
Y Mechanical allodynia Thermo hypersensitivity
251 i ) = R0—
= o WTE w wHersR) £ 8 o WT(eis) -~ WT(cis+FSLLRY) 07 o WT(cis) -B- WT(cis+FSLLRY)
s
g 20 H @
g Z, 60 =
_’a g < 154 *
£ 15 & £
: Lo :
. S
T 104 z N
g E s
g E 5 s
£ 5 z £ 5
N 5 a
ST FF S S S L ED S N > e s
c SEREPNE RS g A A R SRR R Ry
ctrl 2h 12h 24h ctrl 2h 12 h 24 h
MrgptD e () ) BB ]
et T T Y e
GAPDH | S e aus s s s s s S a o — 37KD GAPDH I.--O-.“. -—.|—37KD
1.5 0372
i 0.1789 H
5 b * o saline S 0.06 o saline
g & _0.1214 o Substance P (2h) § o @ﬁ o & FAMPI2 (2h)
5E o o o © o SubtanceP (12h) g5 1.0 0o° © Eﬁm::g(;i:)
. £ o
es o Substance P (24h) £a (24h)
2
$s 85 o
o 5D
&= 0.5 2= 051
2w 2 5
8° s
E: &
0.0 0.0
1.5+ ns. 1.5 0.2565 r=-0.6457, p=0.0319
5 n.s. H 0.099 7.5+ MrgprD
@ o x o ® * ’ a0
o | o o fg o £
s 4 S4 1.0 ) =~ 7.0 Fi
5210 ° gc 10 o X & o ° Y=-03612:X+8.742 § 15
Za o sa @ & o R2=0.5016 gq
Z& 0 o Z5 o 5 <5
ED EP g 857 2210
o= 0.5 o = 0.5 = Ew
2w 2w 9 o °
s §6 < 6.0 Z 05
[ [ K]
@ °= . E
0.0 T T T T .0 T T T T 5.5 — T T — T 0.0
& D D D & D D D 55 60 65 7.0 75 8.0 D P
& ¢ Q\"q' QQ} & ,;;,Q' ,b(‘q' mQh ACT(MrgprB2 in Foot) W&
& @ & & & & & &
< < S & )
¥ ¢ SR
& & F Q Q & &

Fig. 7. MrgprB2 receptor-dependent neural immune axis is implicated in pain resolution through down-regulating MrgprD receptor. (A-C) Cisplatin-induced pain was
performed on WT or MrgprD~/~ mice. MrgprD~~ male mice showed reductions in cold (A) and mechanical allodynia (B), but not in thermal hypersensitivity (C). Data were
analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, "p < 0.01, n = 5. (D-F) Effects of long-term treatment with PAR2 inhibitor FSLLRY-NH, (4 mg/kg/d
from day O to day 11, i.p., and behavioral tests were performed 1 h after FSLLRY-NH, treatment) on cold allodynia (D, unilateral), mechanical allodynia (E), thermal
hypersensitivity (F) induced by cisplatin cold. Data were analyzed using two-tailed Student’s t test, error bars show SEM, *p < 0.05, “p < 0.01, n = 4. (G-]) Effects of MrgprB2
agonists substance P or PAMP-12 on MrgprD expression. Substance P (10 pg per mice, intradermal injection) treatment could significantly inhibited the mRNA (I) and the
protein (G) expression of MrgprD in DRGs. PAMP-12 (40 pg per mice, intradermal injection) treatment could significantly inhibited the mRNA (J) and the protein (H)
expression of MrgprD in DRGs. Data were analyzed using one-way ANOVA with Dunnett’s multiple comparisons test, error bars show SEM, *p < 0.05, n = 6-8. (K) Correlation
analysis between MrgprB2 mRNA expression (ACT) in hindpaw tissues and MrgprD mRNA expression (ACT) in whole DRGs of model mice at different time points. (L)
MrgprD mRNA expression changes in whole DRGs of MrgprB2~/~ mice induced by cisplatin. Data were analyzed using two-tailed Student’s ¢ test, error bars show SEM, n = 4.
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a significant downregulation of MrgprD. Therefore, results indi-
cated that the role of MrgprB2 receptor in pain relief mainly
emerged in the late stages of CINP, which was consistent with
the findings that pain behavior remained in dynamic equilibrium
in the later stage under continuous cisplatin stimulation.

The present study further elucidated that the mechanism by
which MrgprB2 activation down-regulated the MrgprD expression
was related to PAR2 receptor. Studies have shown that PAR2 and
Mrgprs are partially co-expressed in DRG neurons, and that activa-
tion of PAR2 can regulate the function of Mrgprs [21]. Our results
indicated that PAR2 and MrgprD are partially co-expressed.
Immunofluorescence results showed that approximately 40 % of
the PAR2-positive neurons in wild-type mice expressed the
MrgprD receptor, and the single-cell sequencing data also revealed
that about 30 % of the PAR2-positive neurons expressed the
MrgprD receptor. Under physiological conditions, the expression
levels of PAR2 receptor and MrgprD receptor were negatively cor-
related in DRGs; and the activation of the PAR2 receptor could
down-regulate the expression of MrgprD receptor. Meanwhile, in
pathological conditions such as CINP model, the activation of
PAR2 could also suppress the expression of MrgprD. Long-term
inhibition of PAR2 activity could block the downregulation of
MrgprD expression and disrupt the pain relief pathway, and subse-
quently weaken its analgesic effects in the later stages of the CINP
model.

In addition to CINP, we also studied the postoperative pain
model and CFA model in which MrgprB2 were involved [14]. The
results showed that the expression of PAR2 was also negatively
correlated with MrgprD expression in postoperative pain, suggest-
ing that the bidirectional modulation of MrgprB2-dependent neu-
ral immune axis may also exist in postoperative pain. In summary,
the similarity of these three pain models we used was that both
substance P and MrgprB2 receptor were involved, but they were
also different. For example, in postoperative pain and CFA pain
model, chemokines released by MrgprB2 receptor activated by
substance P were mainly CCL2 and CCL3. The chemokines released
in cisplatin-induced neuropathic pain were mainly CCL3/4, CXCL1,
CXCL9, CXCL10, CXCL11, and CXCL13.

Although inhibition of MrgprD has been reported to increase
MrgprB2 expression [43], our results showed that MrgprD”~ mice
could reduce cisplatin-induced neuropathic pain. This does not
mean that these results are contradictory. We found that deletion
of MrgprD could prevent cisplatin-induced up-regulation of
MrgprB2 expression and the downstream tryptase-PAR2 pathway
(Fig. S8). Therefore, we speculated that MrgprD”- mice may inhibit
MrgprB2 upregulation through other pathways, such as the TRP
channels [25], inflammation [24], and so on, which need to be fur-
ther studied.

There are also some limitations in our study. Firstly, our exper-
imental results showed that the expression of MrgprB2 and
MrgprD were negatively correlated, and the activation of MrgprB2
could down-regulate MrgprD expression. However, MrgprD
expression was found to be reduced in MrgprB2”/~ mice, which
may be related to other regulatory pathways triggered by global
deletion of MrgprB2, such as the increased expression of PAR2.
Therefore, the MrgprB2 time-specific gene knockout mice and
the MrgprB2 overexpression mice should be applied in the further
study. Secondly, although we have demonstrated partial co-
expression of the PAR2 receptor and MrgprD receptor in DRG neu-
rons, the results of the ColP experiment indicated no significant
direct interaction between these two receptors. Additionally,
among all the DRG neurons, the proportion of neurons co-
expressing PAR2 and MrgprD was relatively low. Therefore, we
suggested that the mutual inhibitory relationship between PAR2
and MrgprD may be indirect, which need to be further studied.
Thirdly, our study was limited to animal models, so there is certain
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limitation in clinical applicability. In the subsequent studies, fur-
ther validation is needed in human subjects.

Taken together, results demonstrated that MrgprB2 receptor-
dependent neural immune axis not only promoted hyperalgesia
induced by cisplatin, but also contributed to the pain recovery at
the later stage by down-regulating MrgprD expression. This study
indicates that MrgprB2 receptor is a crucial target for early inter-
vention in CINP. It also implies that the treatment of chronic pain
requires consideration of the mechanistic differences at various
stages. For instance, therapeutic approaches such as the inhibition
of MrgprB2 receptor, tryptase, or PAR2 receptor might yield signif-
icant pain alleviation effects in the early stage of these pain mod-
els. Nevertheless, these treatments may potentially lead to an
aberration of pain inhibitory modulation at a later stage, such as
the blockade of the downregulation of MrgprD expression, thereby
diminishing the analgesic effect.

Conclusions

Our research findings revealed the dual role of the neuron-mast
cell interactions in chronic pain. The activation of mast cells medi-
ated by MrgprB2 receptor played crucial roles in both pain sensiti-
zation and pain resolution in the CINP model. This study
emphasizes that MrgprB2 is a critical target for early intervention
in CINP, and highlights the necessity of considering the mechanism
differences at different stages in pain management.
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Figure S1 Mast cell-deficient mice alleviated cisplatin-induced neuropathic pain. (A-B)

Pathological analysis of paw tissue in cisplatin-induced pain model mice. Samples of the model
were analyzed by Hematoxylin-Eosin staining (A) and Toluidine blue staining (B) at day 0, 3, 7 and
11, respectively (125%, scale bar was 100 um). (C-E) Cisplatin-induced pain was performed on WT

or Sash mice. Sash mice showed significant a decrease in cold allodynia induced by cisplatin (C),



13 butnot in mechanical allodynia (D) and thermal hypersensitivity (E) Data were analyzed using two-

14 tailed Student’s t test, error bars show SEM, “p < 0.05, **p < 0.001, n = 5-6.
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16
17  Figure S2 The ratio of weight loss in different model mice. (A) The ratio of weight loss in WT and
18  Sash mice induced by cisplatin. (B) The ratio of weight loss in WT and MrgprB2 7~ female mice
19  induced by cisplatin. (C) The ratio of weight loss in WT and MrgprB2™~ male mice induced by
20  cisplatin. (D) The ratio of weight loss in WT and MrgprD~~ mice induced by cisplatin. Data were
21  analyzed using two-tailed Student’s t test, error bars show SEM, “p < 0.05, **p<0.01, n = 5-6.
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Figure S3 Knockout of MrgprB2 receptor reduces cisplatin-induced inflammatory cell infiltration.
(A) H&E staining showed that compared to C57BL/6J mice, MrgprB2 ™~ mice had reductions in the
infiltration of inflammatory cells induced by cisplatin (200x, scale bar was 100 pm). (B) Toluidine
blue staining showed that compared to C57BL/6J mice, MrgprB2™~ mice had reductions in the
infiltration of mast cells induced by cisplatin. (C-H) Inflammatory cytokines were assessed by the
Proteome Profiler Mouse XL Cytokine Array. The relative intensity of individual cytokines was

analyzed after normalizing to the positive controls on the same membrane.
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Figure S4 (A) Anti-substance P antibody treatment could alleviate MrgprB2* mast cells
degranulation. (B-D) Knockout of MrgprB2 receptor reduces the analgesic effect of anti-substance

P antibody. Data were analyzed using two-tailed Student’s t test, error bars show SEM, n= 5.
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Figure S5 (A) SLIGRL-NH; (100 umol/L, 2 h) regulated MrgprD mRNA expression in whole DRG
neurons isolated from WT mice. Data were analyzed using two-tailed Student’s t test, error bars
show SEM, “p < 0.05, n=4. (B) Total MrgprD (Lane 1) and Immunoprecipitated (IP) MrgprD (Lane

2,3) were detected by Western Blotting.
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Figure S6 (A) Behavioral tests of mechanical allodynia in CFA. Data were analyzed using two-
tailed Student’s t test, error bars show SEM, “p < 0.05, n = 5. (B) The mRNA expression of PAR2
and MrgprD in whole DRGs of CFA model at day 5. Data were analyzed using two-tailed Student’s
t test, error bars show SEM, n = 5. (C) The mRNA expression of PAR2 and MrgprD in contralateral
DRGs of postoperative pain model at day 5. Data were analyzed using two-tailed Student’s t test,
error bars show SEM, n =4. (D) The mRNA expression of PAR2 and MrgprD in contralateral DRGs
of CFA pain model at day 5. Data were analyzed using two-tailed Student’s t test, error bars show

SEM, n = 4.
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Figure S7 (A) Effect of Substance P (10 pg/mouse, intradermal injection) stimulation for 2 hours
on MrgprD expression in DRGs of MrgprB2 ™/~ mice. (B) Effect of PAMP12 (40 pg/mouse,
intradermal injection) stimulation for 2 hours on MrgprD expression in DRGs of MrgprB2 ™/~

mice. Data were analyzed using two-tailed Student’s t test, error bars show SEM, n = 4-5.

A B
FOOT DRG
MDKO(ctr) MDKO(cis) MDKO(ctr) MDKO(cls)

FX S 35KD o o e 2 SK
Tr)'pnse 2 '! ‘ ' . 31KD,TPSB rmnase gig,n’sn
Tublin | l—soxn GAPDH L...—...I»mm

C D
I A T 18
5 18 ; 18 41‘1_-12_ § y: sy H 01831
gg 10 E 5 10 2 ;g 1o o gg 10 E =
5 5 o 55 B % £
gg 05 ° EE 05 ° ﬁ ?f; 0.5 ﬂ H ‘:;E 0.5 e m
f‘ Z i YA YAy 4
< A 7’ F A
E F G

MDKO(ctr) MDKO(cls)

e sxn
S E”w

MrgprB2 In Foot
Relative mRNA expression of
PAR2 in DRG

B

Relative mRNA expression of

Relative protein expression of
PAR2 In DRG

Figure S8 Knockout MrgprD reduces the upregulation of MrgprB2 induced by cisplatin. (A, C) The
expression of tryptase and B-tryptase was not increased in hindpaw tissues of MrgprD~- mice after

modeling. (B, D) The expression of tryptase and B-tryptase in whole DRGs was measured in
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66
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MrgprD”- mice (GAPDH band was shared with the internal reference in Figure S8G, and the
GAPDH band was washed by stripping buffer and then the anti-tryptase antibody was incubated).
(E) The MrgprB2 expression in hindpaw tissues was measured in MrgprD” mice after modeling.
(F) The mRNA expression of PAR2 was measured in MrgprD~- mice after modeling. (G) The protein
expression of PAR2 in whole DRGs were measured in MrgprD~- mice. Data were analyzed using

two-tailed Student’s t test, error bars show SEM, “p < 0.01, n = 4-6.
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