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In brief

Xu et al. identify MrgprX2/B2 as an
inducible pro-fibrotic receptor in dermal
fibroblasts. Activated by LL37, this
receptor triggers a calcium-dependent
signaling axis that promotes TGF-p1
production and myofibroblast
transformation. These findings position
MrgprX2/B2 as a promising therapeutic
target for hypertrophic scarring.
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SUMMARY

Hypertrophic scarring (HTS) represents a common clinical challenge characterized by excessive fibroblast
activation and tissue fibrosis. However, the upstream signals driving pathological fibroblast proliferation
remain poorly understood. Here, we identify the G protein-coupled receptor MrgprX2 (human)/MrgprB2
(mouse), traditionally restricted to mast cells, as an inducible pro-fibrotic receptor in dermal fibroblasts dur-
ing HTS progression. MrgprX2 is markedly upregulated in dermal fibroblasts from HTS, and pharmacological
inhibition of MrgprX2 significantly reduces fibrosis in humanized skin organoid models. In mouse studies, the
endogenous peptide LL37 emerged as an MrgprX2/B2 activator in fibroblasts, triggering calcium influx,
transforming growth factor g1 (TGF-p1) secretion, and proliferation. Genetic ablation of MrgprB2 in fibro-
blasts significantly reduced fibrosis in vivo, establishing the LL37-MrgprX2/B2-TGF-f1 axis as a key mediator
of fibroblast activation and fibrotic remodeling. Together, our findings position MrgprX2/B2 as a critical mo-
lecular link between tissue injury-associated signals and fibrotic pathology, offering a promising therapeutic

target for fibroblast-driven fibrosis in HTS.

INTRODUCTION

Skin wound healing is a complex biological process involving the
coordinated interaction of various cell types to restore tissue
integrity.1 However, in some individuals, this process results in
abnormal scars, including hypertrophic scarring (HTS) and
keloid lesions.? HTS is especially common, affecting 40%-
70% of patients undergoing surgery and up to 94% of individuals
recovering from burn injuries.® These scars have a profound
impact on patients, causing pain, itching, restricted movement,
and psychological distress due to their appearance.*> Despite
its high prevalence and significant impact on patients’ quality
of life, effective treatment options for HTS remain limited.
Fibroblasts are the principal mediators of skin fibrosis, playing a
central role in extracellular matrix (ECM) deposition, tissue remod-
eling, and scar formation.>*” Under normal conditions, they help
maintain skin homeostasis by producing structural components
such as collagen, elastin, and proteoglycans.®° During wound
repair, however, fibroblasts undergo a prolonged phenotypic

)

transformation into myofibroblasts, leading to tissue stiffening
and excessive scarring.'®'? Previous studies have identified
several factors that contribute to fibroblast activation, including in-
flammatory signals, growth factors, and mechanical stress.'®'*
However, the mechanisms driving persistent fibroblast activation
in skin fibrosis remain unclear. Recent advances establish the
skin as a neuroimmuno-endocrine organ where keratinocytes, me-
lanocytes, immune cells, and fibroblasts coordinately sense envi-
ronmental stressors (trauma, antimicrobial peptides, UV radiation)
and regulate local homeostasis.'® Within this network, fibroblasts
actively produce POMC-derived neuropeptides (e.g., «-MSH with
antifibrotic effects), respond to CRH/urocortin signaling, and
contribute to local glucocorticoid synthesis, yet how they directly
detect injury-associated antimicrobial peptides remains unknown.

Mas-related G-protein-coupled receptor B2 (MrgprB2), the
mouse ortholog of human MrgprX2, is predominantly expressed
in connective tissue mast cells and mediates non-IgE-depen-
dent activation in response to a variety of basic secretagogues,
including neuropeptides, drugs, and antimicrobial peptides.®~'°
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MrgprX2/MrgprB2 plays a crucial role in neuroimmune interac-
tions by promoting mast cell degranulation, leading to the
release of pro-inflammatory mediators and the recruitment of im-
mune cells to sites of tissue injury. This mechanism contributes
to the pathogenesis of several conditions, including asthma,
itch, neurogenic inflammation, and pain.?°~>° Emerging evidence
indicates that MrgprX2/B2 expression can be dynamically upre-
gulated during disease states, suggesting that its expression is
modifiable by local inflammatory and tissue-specific sig-
nals.'>?*2% These findings underscore the need for further
exploration of the molecular pathways that drive disease pro-
gression through MrgprX2/B2 signaling.

With RNA-sequencing analysis of human HTS tissues, we re-
vealed a significant upregulation of MrgprX2 expression in fibro-
blasts. Parallel to how environmental stressors reprogram
resident cells to adopt neuroendocrine phenotypes,’® LL37-
induced MrgprX2/B2 expression transforms quiescent fibro-
blasts into pro-fibrotic effectors that sense injury signals
normally restricted to mast cells. Complementary mechanistic
studies using a modified mouse model of skin fibrosis demon-
strated that MrgprB2 activation is critical for fibroblast-depen-
dent release of transforming growth factor p1 (TGF-p1), which
in turn promotes pathological fibrosis. These findings under-
score the critical role of the MrgprX2/B2 signaling in promoting
fibroblast activation and advancing fibrotic tissue remodeling.

RESULTS

MrgprX2 is functionally upregulated in fibroblasts within
human hypertrophic scar tissue

To investigate the expression pattern of MrgprX2 in human skin
fibrosis, we performed RNAscope fluorescent in situ hybridiza-
tion. MrgprX2 mRNA was scarcely detectable in normal skin
(NS) but was markedly upregulated in HTS tissues (Figure 1A).
Although MrgprX2 has been traditionally considered mast cell-
specific, only a minority of its signals overlapped with Avidin-
positive mast cells, suggesting additional sources of expression.
Noting that single-cell RNA-seq analysis revealed a significantly
higher abundance of fibroblasts in HTS tissues compared to
healthy skin (Figures 1B and 1C), we re-analyzed public protein
expression datasets and found low but detectable levels of
MrgprX2 in fibroblasts (Figure S1). These observations led us
to hypothesize that fibroblasts may contribute to the elevated
MrgprX2 expression in HTS.

To test this, we performed bulk RNA-sequencing on fibro-
blasts purified from NS and HTS tissues. Compared to NS fibro-
blasts, those from HTS displayed a clear activation profile. A
heatmap of the top 20 upregulated genes included established
fibroblast activation markers such as GDF5 and LRRC15,
consistent with fibrotic remodeling (Figures 1D and 1E). Among
the Mrgpr gene family members (MVRGPR-X1, -X3, -X4, -D, -E,
-F, -G), only MRGPRX2 was significantly upregulated in HTS fi-
broblasts (Figure 1F). Immunostaining confirmed that MrgprX2
signals primarily co-localized with a-SMA-positive fibroblasts,
indicating its presence in activated fibroblast populations. These
findings were corroborated by RT-gPCR and western blot ana-
lyses, which showed significantly higher MRGPRX2 mRNA and
protein levels in fibroblasts from HTS tissues (Figures 1G-1l).
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To determine whether MrgprX2 was functionally expressed in
fibroblasts, we cultured primary fibroblasts and performed cal-
cium imaging in single living cells. Stimulation with the
MrgprX2 agonist PAMP (9-20, also known as PAMP-12) showed
that fibroblasts isolated from healthy skin displayed minimal
[Ca®*]; responses (Figure 1J). In contrast, approximately 80%
of fibroblasts derived from HTS tissues exhibited robust calcium
influx upon PAMP-12 stimulation (Figure 1K), significantly higher
than the response observed in NS fibroblasts. Importantly, this
response was abolished by small interfering RNA (siRNA)-medi-
ated knockdown of MRGPRX2 (Figures 1L-1M and S2), confirm-
ing that the observed calcium influx was specifically mediated
through MrgprX2. To further characterize the hypertrophic
phenotype of MRGPRX2-expressing fibroblasts, we assessed
a broader panel of activation markers, including MKI67, FAP,
POSTN, COL1A1, and COL3A171 in addition to ACTA2 and
COL1A2 (Figure S3). MRGPRX2 siRNA knockdown significantly
reduced the expression of all these downstream effectors.
Notably, the expression of LRRC15, a top upregulated marker
in the HTS fibroblast pool, remained unchanged following
MRGPRX2 ablation. This uncoupling indicates that MRGPRX2
signaling does not strictly overlap with the entire LRRC15*
lineage, but rather defines a distinct functional state driving the
hyper-proliferative and pro-fibrotic phenotype within the acti-
vated fibroblast microenvironment.

Endogenous LL37 upregulates MrgprX2 to drive
fibroblast activation and proliferation

Previous studies have shown that MrgprX2 can be activated by a
variety of biologically active peptides. To identify an endogenous
activator relevant to fibrotic conditions, we performed pan-tissue
RNA-seq and found that CAMP, the gene encoding the antimi-
crobial peptide LL37, was significantly upregulated in HTS sam-
ples compared to healthy skin (Figure 2A). In contrast, other
genes encoding endogenous secretagogues were either un-
changed or are not known activators of MrgprX2. Supporting
this transcriptomic evidence, immunofluorescence staining
showed no detectable LL37 signal in healthy skin, whereas
HTS tissues exhibited a pronounced LL37 signal, primarily local-
ized in K14-positive keratinocytes (Figure 2B). This was further
validated by RT-gPCR and western blotting, which confirmed
elevated CAMP transcripts and increased protein levels of
LL37 and its precursor hCAP18 in HTS tissues (Figures 2C, 2D,
and S4).

To validate LL37 as a functional activator of MrgprX2, we per-
formed calcium imaging in HFF1 cells engineered to overexpress
MrgprX2. These cells showed robust intracellular calcium re-
sponses upon LL37 stimulation, in contrast to control cells
(Figure S5). Consistent with this pattern, primary fibroblasts
derived from healthy skin displayed minimal intracellular calcium
responses to LL37 (Figure 2E), whereas fibroblasts from HTS tis-
sues exhibited robust responses (Figure 2F). This response was
effectively suppressed by siRNA knockdown of MRGPRX2 or
pharmacological blockade of MrgprX2 function (Figures 2G-
2K), demonstrating that LL37 is a potent and specific upstream
activator of MrgprX2 in the fibrotic microenvironment.

In addition to this direct activation, 24 h LL37 treatment
significantly increased both the mRNA and protein levels of
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Figure 1. Fibroblasts upregulate MrgprX2 expression in hypertrophic scar lesions

(A) Representative images showing MrgprX2 expression in skin and hypertrophic scar tissues, co-stained with Avidin. n = 5 per group. Scale bars = 100 pm.
(B and C) scRNA-seq data showing (B) cell clustering and (C) increased fibroblast abundance in HTS versus NS.

(D) Schematic illustrating fibroblast isolation from NS and HTS tissues for bulk RNA-sequencing. Created with BioRender.com.

(E and F) Heatmaps of RNA-seq data from isolated fibroblasts (n = 3 per group), showing (E) the top 20 upregulated genes in HTS fibroblasts and (F) Mrgpr gene
family expression profiles.

(G and H) RT-gPCR and western blot analysis confirming increased MrgprX2 expression in HTS fibroblasts (n = 3-5 per group). Student’s ¢ test.

(I) Immunostaining showing MrgprX2 expression co-localized with a-SMA™ fibroblasts in NS and HTS tissues (n = 5 per group). Scale bars = 100 pm.

(J-M) Calcium imaging shows responses to PAMP-12 (50 nM) in (J) NS fibroblasts, (K) HTS fibroblasts, and (L) HTS fibroblasts after MRGPRX2 knockdown, with
(M) quantitative analysis (n = 6 cover slips per group). One-way ANOVA with Tukey’s multiple comparison test. Data are shown as mean + SEM. **p < 0.01, **p <
0.001, and ***p < 0.0001.

MrgprX2 in primary fibroblasts isolated from healthy skin was significantly inhibited by MRGPRX2 siRNA (Figures 2Q
(Figures 2L-2M), resulting in robust [Ca®*]; responses and 2R). These findings suggest that LL37 not only activates
compared with those in the vehicle-treated group MrgprX2 signaling but also upregulates its expression, thereby
(Figures 2N-2P). Moreover, LL37 treatment enhanced fibroblast  contributing to fibroblast activation and proliferation in
viability compared to vehicle-treated controls, and this effect fibrotic skin.
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Figure 2. Endogenous LL37 upregulates MrgprX2 in fibroblasts in hypertrophic scar

(A) Heatmap from bulk RNA-seq analysis showing CAMP (LL37) upregulation in HTS tissues (n = 3 per group).

(B) Immunofluorescence of LL37 and K14 in NS and HTS tissues (n = 5 per group). Scale bars = 100 pm.

(C and D) RT-gPCR (n = 8 per group) and western blot (n = 3-5 per group) showing increased CAMP and LL37 levels in HTS fibroblasts. Student’s t test.

(E-H) Calcium imaging of fibroblasts stimulated with LL37 (50 ng/mL): (E) NS,

(F) HTS, (G) HTS pre-treated with MrgprX2 antagonist-1. (H) Quantification (n = 6

cover slips per group). One-way ANOVA with Tukey’s multiple comparison test.
(I-K) Calcium imaging of HTS-derived fibroblasts stimulated with LL37 (50 ng/mL): (I) transfected with CTRL siRNA, (J) transfected with MRGPRX2 siRNA. (K)

Quantification (n = 6 cover slips per group). Student’s t test.

(L and M) LL37-induced upregulation of MrgprX2 in fibroblasts derived from normal skin (NS), as shown by (L) RT-qgPCR and (M) western blot. n = 3-5 per group.

Student’s t test.

(N-P) Calcium imaging of NS-derived fibroblasts pretreated with vehicle (N) or LL37 (O), and quantification (P). n = 6 cover slips per group. Student’s t test.
(Qand R) CCK-8 assay showing LL37-induced fibroblast proliferation (Q), and the effect of MRGPRX2 siRNA knockdown on LL37-induced proliferation (R) (7 = 10
per group). Student’s t test and One-way ANOVA with Tukey’s multiple comparison test. Data are shown as mean + SEM. ns: not significant. **“p < 0.001 and

****p < 0.0001.

LL37-MrgprX2 signaling in fibroblasts promotes fibrosis
in a humanized skin organoid model

The reconstructed full-thickness 3D skin model, which contains
both epidermis and dermis, has emerged as an innovative

4 Cell Reports 45, 117616, July 28, 2026

in vitro tool for investigating the complex processes of fibrotic pro-
gression, providing critical insights into the underlying molecular
and cellular mechanisms of this pathology.?” To generate this
model, healthy donor-derived keratinocytes and fibroblasts were
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Figure 3. LL37 promotes fibroblast-driven fibrosis in a skin organoid model
(A) Diagram illustraes the construction of the humanized full-thickness skin organoid.
(B and C) Gross morphology (B) and Masson’s trichrome and Collagen XVII staining (C) confirming epidermal and dermal structure (n = 10 per group). Scale bars =

100 pm.
(D) Schematic of full-thickness wound induction in the organoid.

(E) H&E staining shows wound morphology after 4 days of LL37 or LL37 + antagonist-1 treatment.

(F) Quantification of wound edge closure.

(G and H) RT-gPCR analysis of pro-fibrotic genes ACTA2 and COL1A2 (n = 5 per group). One-way ANOVA with Tukey’s multiple comparison test. Data are shown

as mean + SEM. *p < 0.05, ***p < 0.001, and ****p < 0.0001.

used to establish the humanized full-thickness 3D skin organoid
(Figures 3A and 3B). Characterization with Masson’s and Collagen
XVII (pinpoint basement membrane) staining revealed that the
organoids displayed epidermal and dermal layers closely resem-
bling native skin morphology (Figure 3C). To simulate injury and
evaluate fibrotic responses, full-thickness wounds were created
in the skin organoids using a 1 mm biopsy punch (Figure 3D),
and the organoids were cultured for four days under various treat-
ment conditions. To thoroughly characterize the temporal impact
of LL37, we performed a time-course analysis (day 0, day 1, day
4) on LL37-treated organoids using western blot for a comprehen-
sive panel of pro-fibrotic and proliferative markers (Figure S6). This
analysis revealed a significant and progressive upregulation of
a-SMA, COL1A1, COL3A1, FAP, POSTN, and Ki67 protein levels
from day 0 to day 4 in LL37-treated organoids, clearly indicating

accelerated fibroblast activation, proliferation, and matrix de-
position, consistent with fibrotic progression. While overt scarring
was not apparent within this 4-day time frame, organoids treated
with LL37 displayed accelerated wound closure and elevated
expression of fibrotic markers compared to vehicle-treated con-
trols (Figures 3E, 3F, and S6). In contrast, co-treatment with the
MrgprX2 antagonist-1 significantly delayed wound healing and
reduced expression of pro-fibrotic genes, including ACTA2, and
COL1A2 (Figures 3E-3H), highlighting the role of LL37-MrgprX2
signaling in promoting fibroblast-driven fibrosis.

LL37-induced mouse model recapitulates hypertrophic
scarring

Clinical observations have identified a notable association be-
tween rosacea and HTS, and acute application of LL37 is known

Cell Reports 45, 117616, July 28, 2026 5
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Figure 4. LL37 induces hypertrophic scar-like lesions in mice

(A) Diagram outlining the LL37-induced murine fibrosis model. Created with BioRender.com.
(B) Gross skin images over time following PBS or LL37 injection (n = 20 mice per group). Scale bars = 2.5 mm.

(C) H&E and Masson staining showing dermal thickening.

(D) Quantification of skin thickness (n = 5 per group). Scale bars = 100 pm. Student’s t test.
(E and F) Representative images of a-SMA immunofluorescence and (F) quantification of fluorescence intensity (n = 5 per group). One-way ANOVA with Tukey’s

multiple comparison test.

(G-J) RT-gPCR and western blot showing elevated a-SMA and COL1a2 in fibroblasts (n = 3-8 per group). Student’s t test.
(K-M) RT-gPCR analysis of FAP, COL1A1, and COL3AT expression in fibroblasts (n = 3-8 per group). Student’s t test. Data are shown as mean + SEM. ns: not

significant. *p < 0.05 and ****p < 0.0001.

to induce rosacea-like skin inflammation in mice.**° Building on
this, we adapted the LL37-induced rosacea-like model into a
murine model of skin fibrosis by administering daily intradermal
injections of 640 pM LL37 for 21 days (Figure 4A). By day 21,
the wild-type (WT) mice exhibited skin lesions with hallmark
features of fibrosis, including erythema, inelasticity, and rough,
uneven skin texture (Figure 4B). Histological analysis revealed
progressive dermal thickening, accumulation of a-SMA-positive
fibroblasts, and the absence of skin appendages (Figures 4C—
4F). Fibroblasts isolated from LL37-treated mice also showed
upregulated expression of fibrosis-associated molecules,
including o-SMA, COL1A2, FAP, COL1A1, and COL3A1
(Figures 4G-4M), confirming LL37-induced myofibroblast acti-
vation. These findings demonstrate that our model effectively re-
capitulates key pathological features of human HTS.

Genetic ablation of MrgprB2 in fibroblasts alleviates
skin fibrosis

We next examined the expression and functional significance of
MrgprB2, the murine ortholog of human MrgprX2, in the LL37-
induced fibrosis model. Consistent with the upregulation of
MrgprX2 observed in human HTS tissues, MrgprB2 expression
was significantly increased following LL37 treatment
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(Figure 5A). To assess the in vivo contribution of MrgprB2 to
fibrosis, we subjected global MRGPRB2 knockout (KO) mice
and their WT littermates to the LL37-induced fibrosis model.
Notably, compared to LL37-treated WT controls, MRGPRB2
KO mice exhibited significantly attenuated fibrotic responses,
including reduced lesion severity (Figure S7A), decreased skin
thickness (Figures S7B and S7C), and diminished dermal fibrosis
(Figures S7D and S7E). To identify the key cell types responsible
for the fibrotic response, we crossed MRGPRB2°® mice with
tdTomato (Ai9) reporter mice (Figure 5B). Immunostaining re-
vealed that, while a subset of MrgprB2 expression overlapped
with Avidin-positive mast cells (Figure S8), the majority was
localized to a-SMA-positive fibroblasts (Figure 5C). Consistent
with this finding, mast cell-deficient Kit*" mice showed no sig-
nificant improvement in fibrosis despite exhibiting markedly
reduced infiltration of T cells, B cells, neutrophils, monocytes,
and macrophages (Figures S9 and S10), suggesting that while
mast cells regulate the immune microenvironment, LL37-driven
fibrosis is primarily mediated through direct MrgprB2 signaling
in fibroblasts. On the other hand, in fibroblasts isolated from
LL37-treated mice, MrgprB2 expression was significantly
elevated at both mRNA and protein levels (Figures 5D and 5E).
In vitro, LL37 stimulation enhanced MrgprB2 expression and
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Figure 5. MrgprB2* fibroblasts drive LL37-induced mouse skin fibrosis

(A) RT-gPCR of MrgprB2 expression in skin tissues (n = 7 per group).

(B and C) MRGPRB2°"®; Ai9 reporter mice showing tdTomato* fibroblasts co-localized with a-SMA (n = 5 per group). Scale bars, 250 pm (10x), 100 pm (40x).
(D-G) RT-gPCR and western blot analysis of MrgprB2 expression in lesion-derived and LL37-treated fibroblasts (n = 3-8 per group). Student’s t test.

(H and I) CCK-8 assay showing increased fibroblast viability following LL37 treatment (H), and the effect of control siRNA or MRGPRB2 siRNA on LL37-induced
viability (I). n = 5 per group. Student’s t test and One-way ANOVA with Tukey’s multiple comparison test.

(J-M) Calcium imaging of mouse fibroblasts from vehicle-pretreated (J), LL37 pretreated cells transfected with CTRL siRNA, (J) LL37 pretreated cells transfected
with MRGPRB2 siRNA. (K) Quantification. n = 6 cover slips per group. One-way ANOVA with Tukey’s multiple comparison test.

(N) Schematic of COL1A2°°5R: MRGPRB2"" mouse generation.

(O-Q) Calcium imaging in fibroblasts from MRGPRB2" (0) and COL 1A2°"°ER: MRGPRB2" (P) mice, with (Q) quantification (n = 6 cover slips per group). Student’s t test.
(R-V) Gross skin images (R), x--SMA staining (S), fluorescence quantification (T), H&E staining (U), and lesion thickness (V) from the LL37-treated MRGPRB2" and
COL1A2°"ER: MRGPRB2™ mice (n = 5-7 per group). Scale bars = 2.5 mm (R), 100 um (S, U). Student’s t test. Data are shown as mean + SEM. ns: not significant.
**p < 0.01, **p < 0.001, and ****p < 0.0001.
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increased fibroblast viability (Figures 5F-5l; S11). Notably, nearly
90% of fibroblasts from LL37-treated mice exhibited calcium
influx (Figures 5J and 5K), which was abolished by siRNA-medi-
ated knockdown of MRGPRB2 (Figures 5L-5M and S12), con-
firming its essential role in fibroblast activation.

To directly assess the role of fibroblast-expressed MrgprB2 in
skin fibrosis, we generated the fibroblast-specific MrgprB2
KO mice by crossing COL1A2°°ER with MRGPRB2"" mice
(Figure 5N). LL37 did not elicit any measurable [Ca®*]; responses
in the fibroblast isolated from LL37-treated COL1A2°°FR:
MRGPRB2" mice compared with that in the fibroblast isolated
from LL37-treated MRGPRB2"" mice (Figures 50-5Q), indicating
a reliable genetic ablation efficacy. Notably, following 21 days of
LL37 treatment, COL1A2°°F: MRGPRB2"" mice exhibited
significantly milder erythema, smaller lesion sizes, markedly
thinner tissue thickness, and a decreased density of a-SMA-pos-
itive fibroblasts compared to their littermate controls
(MRGPRB2"" mice) (Figures 5R-5V). These results demonstrate
that fibroblast-expressed MrgprB2 is essential for promoting
fibroblast activation and proliferation, and it contributes signifi-
cantly to the development of skin fibrosis.

Downstream transforming growth factor f§ (TGF-f)
signaling is crucial in tissue fibrosis

MrgprX2/B2-mediated calcium signaling plays a key role in regu-
lating diverse biological processes.*® To investigate its down-
stream effects, we re-analyzed RNA-sequencing data and found
that genes associated with the Ca®*/calmodulin-NFAT axis,
such as CALM1-3 and NFACT1-2, were significantly upregu-
lated (Figures S13A and S13B), suggesting pathway activation
(Figure S13C). Supporting this, RT-gPCR analysis revealed that
fibroblasts from both human HTS tissues and LL37-induced
fibrotic mouse models exhibited elevated expression of PPP3CA
and NFATC1, NFATC2, compared to healthy controls
(Figures S13D-S13l). Importantly, pharmacological inhibition of
calcineurin with FK506 or blockade of NFAT with VIVIT signifi-
cantly reversed this upregulation in cultured fibroblasts
(Figures S13J-813U), confirming the activation of the Ca®*-cal-
cineurin-NFAT signaling pathway. In vivo, NFATC1 RNAscope
staining confirmed that LL37-induced fibroblast NFAT activation
is MRGPRB2-dependent and CsA-sensitive (Figure S14).
Consequently, CsA treatment significantly attenuated dermal
thickness in WT mice (Figure S15).

Given that the Ca®*-Calcineurin-NFAT pathway is known to
regulate the transcription of key fibrotic mediators, including
TGF-p,°"* we next investigated how MrgprX2/B2 signaling in-
fluences TGF-B1 expression. Interestingly, TGF-$1 expression
was markedly increased in LL37-treated fibroblasts derived
from both human and mouse tissues (Figures 6A-6D), as well
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as in fibroblasts isolated from HTS-like lesions (Figures 6E and
6F). Notably, genetic ablation of MRGPRB?2 in fibroblasts signif-
icantly suppressed TGF-f1 expression (Figures 6G and 6H),
further supporting that MrgprX2/B2-mediated calcium signaling
acted as a critical upstream regulator of TGF-p1 transcription
and drives fibrotic progression. To directly investigate the role
of TGF-B1 in tissue fibrosis, we genetically ablated TGFB1 in fi-
broblasts by crossing the COL1A2°*tF with TGFB1"" mice
(Figure 6l). Following LL37-induced fibrosis, COL1A2°EF:;
TGFB1"" mice exhibited milder erythema, smaller lesion sizes,
reduced skin thickness, and decreased o-SMA intensity
compared to their littermate controls (TGFB1”" mice)
(Figures 6J-6N). Together, these findings demonstrate that the
Ca?*-calcineurin-NFAT axis mediates TGF-p1 transcription via
MrgprX2/B2-mediated calcium signaling, which plays a crucial
role in driving tissue fibrosis. Beyond LL37, MRGPRB2 deletion
also impaired wound healing (Figure S16) and MRGPRB2* cells
contributed to bleomycin-induced myofibroblast differentiation
(Figure S17). While the initiating triggers differ across these
models, the downstream consequence consistently converges
on MRGPRB2-driven fibroblast activation, suggesting its role
as a broader sensor in tissue repair and fibrosis.

DISCUSSION

The progression of fibrosis is strongly influenced by fibroblast in-
teractions with immune cells through cell-cell communica-
tion.*>~*® While there is a low level of constitutive LL37 expres-
sion in most immune cells and epithelia, injury can significantly
upregulate its expression in keratinocytes.®**' This raises the
hypothesis that keratinocyte-fibroblast interactions may play a
critical role in fibrosis through LL37-MrgprX2/B2-mediated
reciprocal paracrine signaling. Such dynamic crosstalk may
further create a feedback loop that sustains fibrotic processes,
especially in pathological scar formation. Supporting this, sus-
tained LL37 treatment in mice induced a HTS-like pathology,
characterized by erythema, inelastic lesions, and increased
dermal thickness. This mouse model provides a platform for
investigating the molecular mechanisms driving skin fibrosis.
Indeed, we found that fibroblast-expressed MrgprX2/MrgprB2
plays a detrimental role in skin fibrosis through downstream
Ca®*-dependent calcineurin-NFAT-TGF-1 signaling, which is
essential for fibroblast proliferation and myofibroblast transfor-
mation. Understanding the MrgprX2/MrgprB2-dependent accel-
eration of fibrotic processes via an autocrine mechanism may be
critical for effectively mitigating excessive scarring. Importantly,
the central role of calcium signaling in fibroblast activation must
be considered alongside vitamin D signaling, a key regulator of
calcium homeostasis, whose CYP11A1-derived metabolites

Figure 6. TGF-p1 mediates fibrosis downstream of fibroblast-expressed MrgprX2/B2 activation

(A-D) RT-gPCR and western blot analysis of TGF-p1 in LL37-treated primary human (A-B) and mouse (C-D) fibroblasts (n = 3-5 per group). Student’s t test.
(E and F) TGF-p1 expression in fibroblasts from LL37-induced mouse fibrotic lesions (n = 3-8 per group). Student’s t test.

(G and H) RT-gqPCR and western blot analysis TGF-B1 expression in fibroblasts from COL1A2°°5F: MRGPRB2" mice (n = 3-7 per group). Student’s t test.

(

) Diagram of the generation of COL1A2°°5%; TGFB1"" mice.

(J-N) Gross skin images (J), H&E staining (K), «-SMA staining (L), fluorescence quantification (M), and lesion thickness (N) from the LL37-treated TGFB1"" and
COL1A2°ER: TGFB1™ mice (n = 5-7 per group). Scale bars, 2.5 mm (J), 100 pm (K-L). Student’s t test. Data are shown as mean + SEM. **p < 0.001 and

****p < 0.0001.
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exhibit potent anti-fibrotic activities by suppressing TGF-p1-
induced collagen deposition.*? This interplay suggests that
therapeutic strategies targeting MrgprX2/B2 may benefit from
concurrent modulation of the vitamin D pathway to counteract
pathological fibrosis.

MrgprX2/MrgprB2 has traditionally been considered a mast
cell-specific marker, primarily expressed in connective tissue-
type mast cells rather than mucosal mast cells.'>*® Notably,
the engraftment of human hematopoietic stem cells into human-
ized mice resulted in MrgprX2 expression exclusively in skin-en-
grafted connective tissue mast cells,** suggesting that connec-
tive tissue-specific signals are essential for sustaining MrgprX2
expression and function in preserving tissue integrity and medi-
ating response to injury. Given that fibroblasts are the predomi-
nant cell type in connective tissue and play a central role in main-
taining the structural and functional tissue integrity by producing
ECM components, cytokines, and growth factors,* it is plau-
sible to hypothesize that MrgprX2 expression may vary along a
spectrum of resident cell activation states, depending on local
tissue signals and inflammatory cues. Specific connective tis-
sue-derived factors may promote the upregulation of this recep-
tor in mast cells and even other cell types.

Interestingly, recent studies indicate that MrgprX2 expression
is dynamically regulated in response to inflammatory stimuli, in-
fections, or drug exposure, suggesting that its upregulation may
be context- or disease-state-dependent.?>*~*¢ Beyond mast
cells, MrgprX2 has also been detected on other immune cells,
such as basophils and eosinophils, albeit at lower levels and typi-
cally under specific conditions, with expression increasing in
response to environmental stimuli.*® These findings are consis-
tent with our sequencing data, showing that while quiescent fi-
broblasts exhibit negligible MrgprX2/MrgprB2 expression, this
GPCR is significantly upregulated under pathological conditions
and mediates calcium influx upon LL37 stimulation. These dy-
namic changes suggest that MrgprX2 contributes to disease
progression when ectopically expressed in non-canonical cell
types such as fibroblasts. While our data identify MRGPRX2 as
a critical functional driver of fibroblast activation, the precise
overlap of this MRGPRX2" state with established fibroblast sub-
sets (such as LRRC15" populations) remains to be fully eluci-
dated. Future studies utilizing high-depth spatial transcriptomics
will be necessary to overcome the detection limits of standard
scRNA-seq and map the spatial dynamics of MRGPRX2* fibro-
blasts during fibrotic progression.

Fibroblasts have traditionally been viewed as passive struc-
tural cells responsible for maintaining ECM integrity.*>" How-
ever, upon exposure to external insults, such as tissue injury,
inflammation, or chronic stress, fibroblasts become activated,
transformed into myofibroblasts, and actively contribute to
wound healing and fibrotic processes.”>*® A key driver of
this transition is the dynamic crosstalk between fibroblasts
and immune cells, particularly macrophages.®**’~>° Activated
macrophages secrete factors such as TGF-f, PDGF, and
Relm, which promote fibroblast proliferation and activa-
tion.*>%%%2 In turn, fibroblasts produce chemokines such as
CCL2 and cytokines such as IL-6, facilitating macrophage
recruitment and activation and sustaining the inflammatory
and fibrotic milieu.°*°* This bidirectional communication high-
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lights the evolving role of fibroblasts from passive ECM pro-
ducers to active regulators of immune responses and tissue re-
modeling. Notably, while mast cells can modulate immune cell
recruitment through MrgprB2-dependent degranulation, our
data showing preserved fibrosis in mast cell-deficient mice un-
derscore that the direct LL37-MrgprB2 axis in fibroblasts is the
dominant driver of fibrotic remodeling, independent of mast
cell-mediated inflammatory amplification. Notably, this trans-
formation is further marked by the upregulation of Mrgprx2/
MrgprB2 in fibroblasts, which equips them to directly sense
damage-associated signals and promote rapid wound repair.
However, in the presence of sustained LL37 release and unre-
solved inflammation, this fibroblast-intrinsic immune surveil-
lance system may become maladaptive, driving excessive
fibroblast proliferation, myofibroblast differentiation, and
fibrotic remodeling. Our findings thus position MrgprX2/B2 as
a novel component bridging the skin’s neuroendocrine network
with fibrotic pathology through Ca®*-calcineurin-NFAT-TGF-p1
signaling,'® aligning with the emerging view of fibroblasts as
active neuroendocrine participants.®® Despite known differ-
ences in steroidogenic regulation and anatomical structure be-
tween mouse and human skin,®® the functional conservation of
the MrgprX2/B2 pathway across species is validated through
human tissue analysis, mouse genetic models, and humanized
skin organoids to support its translational relevance for thera-
peutic targeting in HTS.

In summary, this study highlights the critical role of MrgprX2/
MrgprB2* fibroblasts in mediating skin fibrosis. The upregulation
of MrgprX2/MrgprB2 under pathological conditions underscores
its contribution to fibroblast activation and the progression of
fibrosis in both human and murine models. Our findings provide
important insights into the cellular and molecular mechanisms
underlying pathological fibrosis and suggest that targeting
MrgprX2/MrgprB2 may offer a novel therapeutic strategy to
enhance wound healing and mitigate HTS.

Limitations of the study
While this study identifies MrgprX2/B2 as a critical driver of fibro-
blast-mediated fibrosis, and our LL37-induced mouse model
has proven effective for mechanistic dissection, future research
must enhance its translational and clinical relevance. To better
correlate with human data and validate findings, developing hu-
manized MrgprX2 receptor mouse models is crucial, especially
given the species-specific differences between human
MrgprX2 and mouse MrgprB2. A deeper understanding of the
functional distinctions between MrgprX2 and MrgprB2 is also
essential to refine therapeutic targets and ensure drug speci-
ficity. Furthermore, these models, along with robust cell-based
assays, can be leveraged for pharmacological validation and
accelerated drug development, including screening novel antag-
onists with high selectivity and potency. Integrating these
advanced models with human clinical data, considering factors
such as genetic polymorphisms, will significantly advance our
understanding and the development of targeted therapies for
fibrotic diseases.

Several conceptual considerations also remain. The CO-
L1A2°ER driver targets a broad fibroblast population, and while
our findings establish a clear role for fibroblast-expressed
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MrgprX2/B2 in fibrosis, the precise subset responsible awaits
further resolution. The partial uncoupling of MrgprX2 expression
from the LRRC15" lineage suggests that MrgprX2™* cells occupy
a functionally distinct activation state. Emerging technologies
such as high-depth spatial transcriptomics will be instrumental
in mapping the identity and spatial dynamics of this population
with greater specificity. Finally, the humanized 3D organoid
model, despite its considerable strengths, lacks vasculature, im-
mune infiltrates, and innervation; next-generation organoid plat-
forms incorporating these components will provide an even
more complete recapitulation of the fibrotic microenvironment.
These constraints notwithstanding, convergent evidence from
human tissues, multiple mouse genetic models, and organoid
systems collectively supports MrgprX2/B2 as a promising thera-
peutic target in HTS.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit Polyclonal anti-CAMP antibody
Rabbit Polyclonal anti-MRGPRX2 antibody
Rabbit Monoclonal anti-COL1A1 antibody

Mouse Monoclonal anti-alpha smooth
muscle Actin antibody

Rabbit Monoclonal anti-Ki67 antibody

Mouse Monoclonal anti-TGF beta-1 antibody
Rabbit Polyclonal anti-GAPDH antibody
Mouse Monoclonal anti-Beta Actin antibody
Rabbit Monoclonal anti-COL3A1 antibody
Mouse Monoclonal anti-Periostin antibody
Rabbit Polyclonal anti-Keratin 14 Antibody
Mouse monoclonal anti-Avidin-FITC antibody
Rabbit Polyclonal anti-MPO antibody

Rabbit Polyclonal anti-FAP antibody

Rabbit Monoclonal anti-COL1A2 antibody
Mouse monoclonal anti-NFATc1 antibody
Rat monoclonal anti-ER-TR7 antibody

Goat polyclonal AF488 Anti-Rabbit IgG antibody

Rabbit polyclonal Cy3 Anti-Mouse IgG antibody

Goat polyclonal AF647 Anti-Rabbit IgG antibody

Rat monoclonal BV605 Anti-Ly-6C antibody

Rat monoclonal APC anti-Ly-6G antibody

Rat monoclonal BB515 anti-CD11b antibody

Rat monoclonal RB780 anti-CD45R/B220 antibody
Rat monoclonal BV786 anti-CD335 (NKp46) antibody
Rat monoclonal BV421 anti-CD117 (c-Kit) antibody
Rat monoclonal RB705 anti-CD45 antibody

Rat monoclonal PE anti-F4/80 antibody

Rat monoclonal APC anti-CD3e antibody

Proteintech
Abcam
HuaBio

Abcam

Affinity

Thermo Fisher Scientific
Proteintech

Proteintech

HuaBio

Proteintech

BioLegend

Sigma-Aldrich
Proteintech

ABclonal

Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

Jackson ImmunoResearch
Laboratories

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend

BD Biosciences
BD Biosciences
BD Biosciences

Cat# 12009-1-AP; RRID: AB_908736
Cat# ab237047; RRID: AB_10782580
Cat# HA722517; RRID: AB_3714533
Cat# ab7817; RRID: AB_262054

Cat# AF0198; RRID: AB_2834152
Cat# MA1-21595; RRID: AB_561657
Cat# 10494-1-AP; RRID: AB_2263076
Cat# 66009-1-Ig; RRID: AB_2687938
Cat# HA720050; RRID: AB_3071990
Cat# 66491-1-Ig; RRID: AB_2881856
Cat# 905304; RRID: AB_2616896
Cat# F1269; RRID: AB_259431

Cat# 22225-1-AP; RRID: AB_2879037
Cat# A6349; RRID: AB_2766951

Cat# ab308455; RRID: AB_3678665
Cat# sc-7294; RRID: AB_2152503
Cat# sc-73355; RRID: AB_1122890
Cat# 111-545-003; RRID: AB_2338046

Cat# 315-165-003; RRID: AB_2340135

Cat# 111-605-003
; RRID: AB_2338072

Cat# 563011; RRID: AB_2737949
Cat# 560600; RRID: AB_1727561
Cat# 564454; RRID: AB_2665392
Cat# 569208; RRID: AB_3684868
Cat# 741029; RRID: AB_2740647
Cat# 105827; RRID: AB_10898120
Cat# 570291; RRID: AB_3086726
Cat# 565410; RRID: AB_2687527
Cat# 557596; RRID: AB_396759

Chemicals, peptides, and recombinant proteins

LL37 peptides

Normal Donkey Serum

Fetal Bovine Serum

Dulbecco’s Modified Eagle Medium
RPMI-1640 Medium
Penicillin-Streptomycin

Collagenase NB4

collagenase D

Protease from Streptomyces griseus
Paraformaldehyde Solution, 4% in PBS
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Sangon Biotech(Shanghai)
Millipore Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific
Millipore Sigma

Millipore Sigma

Nordmark

Millipore Sigma

Millipore Sigma

Millipore Sigma

Cat# P34103

Cat# 566460

Cat# A5256701
Cat# 11965092
Cat# R8758

Cat# P0781

Cat# S1745401
Cat# 11088858001
Cat# P5147

Cat# 30525-89-4

(Continued on next page)



Cell Reports

¢? CellPress

OPEN ACCESS

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Triton X-100 Millipore Sigma Cat# X100

Cyclosporin A

Bleomycin sulfate

Fura-2 AM

lonomycin

Corn oil

Dimethyl sulfoxide(DMSO)

Poly-L-Lysine Hydrobromide

RIPA Lysis and Extraction Buffer

1x Tris-Buffered Saline (TBS)

NUPAGE™ 4 to 12%, Bis-Tris, 1.0-1.5 mm
NuPAGE™ MOPS SDS Running Buffer (20X)
NuPAGE™ Transfer Buffer (20X)

Med chem express
Med chem express
Millipore Sigma

Yeasen

Millipore Sigma
Millipore Sigma
Millipore Sigma

Thermo Fisher Scientific
Biorad

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# HY-B0579
Cat# HY-17565
Cat# 47989
Cat# 50401ES03
Cat# C8267
Cat# 67-68-5
Cat# P4707
Cat# 89901

Cat# 1610782
Cat# NP0321BOX
Cat# NP00O1
Cat# NP00061

ChamQ Universal SYBR gPCR Master Mix Vazyme Cat# Q711-02

4’ ,6-Diamidino-2-phenylindole dihydrochloride (DAPI) Millipore Sigma Cat# MBD0020
MCDB 153 Medium Sigma-Aldrich Cat# M7403
Human Serum Albumin Sigma-Aldrich Cat# A9731

EGF R&D Systems Cat# 236-EG
KGF R&D Systems Cat# 251-KG
FGF R&D Systems Cat# 233-FB
Hydrocortisone Sigma-Aldrich Cat# H0888
Insulin Sigma-Aldrich Cat# 12643
Transferrin Sigma-Aldrich Cat# T8158
Tamoxifen Millipore Sigma Cat# 10540-29-1
Fixable Viability Stain 510 BD Biosciences Cat# 564406; RRID: AB_2869572
Trypsin-EDTA (0.25%), phenol red Gibco Cat# 25200056
Critical commercial assays

Cell Count Kit-8 Yeasen Cat# 40203ES

HighGene transfection reagent

HyperScript Ill RT SuperMix for gPCR
with gDNA Remover

RNAscope Multiplex Fluorescent Reagent Kit v2

ABclonal Technology
EnzyArtisan

Advanced Cell Diagnostics

Cat# RM09014
Cat# R202-02

Cat# 322300-USM

Bicinchoninic Acid (BCA) Protein Assay Kit Thermo Scientific Cat# 23225
Deposited data
Bulk RNA-seq raw data NCBI Sequence Read PRJNA1259902:

Archive (SRA)

https://dataview.ncbi.nim.nih.gov/
object/PRJNA1259902?reviewer=
nbfn6r9ebim28ea87amaid4skb

Experimental models: cell lines

HFF1 Cell Line
Primary Human Epidermal Keratinocytes
Primary Human Dermal Fibroblasts

STEM RECELL
Lifeline Cell Technology
Lifeline Cell Technology

Cat# STM-CL-5013
Cat# FC-0025
Cat# FC-0024

Experimental models: organisms/strains

Mouse: C57BL/6J
Mouse: MRGPRB2™"
Mouse: TGFB1™""

Mouse: COL1A2°™ER

The Jackson Laboratory
GemPharmatech
The Jackson Laboratory

The Jackson Laboratory

Cat# 000664; RRID:IMSR_JAX:000664
Cat# T009283

Cat# 002220
RRID:IMSR_JAX:002220

Cat# 029235
RRID:IMSR_JAX:029235

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: MRGPRB2°™® GemPharmatech Cat# T065301
Mouse: Ai9 (tdTomato knock-in) GemPharmatech Cat# T002249
Mouse: B6.Cg-Kit" =" The Jackson Laboratory Cat #:030764

RRID:IMSR_JAX:030764

Mouse: MRGPRB2 ™/~ Cyagen Cat# S-KO-07487

Oligonucleotides

MRGPRB2-mouse-siRNA Obio N/A

MRGPRX2-human-siRNA Obio N/A

Quantitative real-time PCR primers Sangon Biotech(Shanghai) N/A

Recombinant DNA

LV-h-MRGPRX2-3flag Hanbio Biotechnology N/A

LV-m-MRGPRB2-3flag Hanbio Biotechnology N/A

Software and algorithms

Prism https://www.graphpad.com/ N/A
scientific-software/prism/

ImagedJ https://imagej.nih.gov/ij/ N/A

FlowdJo https://www.flowjo.com N/A

LAS X imaging software Leica Microsystems N/A

Adobe Photoshop Adobe.com N/A

Adobe lllustrator Adobe.com N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Human skin tissue samples were collected from healthy donors and patients with pathological scars at the Ninth People’s Hospital
affiliated to Shanghai Jiao Tong University School of Medicine, following approval by the Institutional Review Board (IRB) (Approval
No. SH9H-2022-T327-1). Pathological scar tissues were obtained from patients undergoing surgical excision. All tissue collections
were performed under sterile conditions and processed for primary fibroblast isolation, histological analysis, or cryopreservation at
—80°C for subsequent immunofluorescence staining. Written informed consent was obtained from all participants prior to sample
collection, in accordance with the Declaration of Helsinki.

Animals

All animal experiments were conducted using male and female mice aged 8-10 weeks at the initiation of experiments. The strains
used included wild-type C57BL/6J mice (The Jackson Laboratory, Cat# 000664; RRID: IMSR_JAX:000664), MRGPRB2™"" mice
(GemPharmatech, Cat# T009283), TGFB1"" mice (The Jackson Laboratory, Cat# 002220; RRID: IMSR_JAX:002220), COL1A2°7EF
mice (The Jackson Laboratory, Cat# 029235; RRID: IMSR_JAX:029235), MRGPRB2°"® mice (GemPharmatech, Cat# T065301), Ai9
tdTomato knock-in reporter mice (GemPharmatech, Cat# T002249), mast cell-deficient B6.Cg-Kit"V>" mice (The Jackson Labora-
tory, Cat# 030764; RRID: IMSR_JAX:030764), and global MRGPRB2~'~ knockout mice (Cyagen, Cat# S-KO-07487). Both sexes
were used in the LL37-induced fibrosis model (Figures 4A-4F, 5B, 5C, 5N-5V, 6I1-6N, S7, S8, S9, and S10), while male mice were
used exclusively for primary cell isolation and in vitro experiments. No significant sex-dependent differences in lesion severity or
fibrotic markers were observed in the LL37-induced fibrosis model. All animals were housed in specific pathogen-free (SPF) condi-
tions under a controlled environment with a 12-h light/dark cycle, constant temperature (24°C), and free access to food and water. All
animal experimental procedures were conducted in strict accordance with the guidelines of the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the Shanghai Institute
of Materia Medica, Chinese Academy of Sciences. Procedures were approved by the Experimental Animal Management Committee
(IACUC), Shanghai Institute of Materia Medica, Chinese Academy of Sciences, according to all external and internal biosafety and
bioethics guidelines (Ethics No. 2023-04-FJ-009).

Cell lines

The HFF1 human foreskin fibroblast cell line (STEM RECELL, Cat# STM-CL-5013) was used for MrgprX2 overexpression experi-
ments. Primary Human Epidermal Keratinocytes (Lifeline Cell Technology, Cat# FC-0025) and Primary Human Dermal Fibroblasts
(Lifeline Cell Technology, Cat# FC-0024) were used for the construction of the humanized full-thickness 3D skin organoid model.
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METHOD DETAILS

Mouse model of hypertrophic scar

To establish a reproducible mouse model of hypertrophic scar (HTS), LL37 peptide was used as a proinflammatory and pro-fibrotic
stimulus. Male and female mice (8-10 weeks old, weighing 22-25 g) were anesthetized, and the dorsal skin was shaved to expose a
1cm x 1 cmarea. Avolume of 50 pL of 640 pM LL37 peptide dissolved in PBS was intradermally injected into the center of the marked
area once daily for 21 consecutive days. Photographs of the treated site were taken prior to each injection to monitor gross morpho-
logical changes. Skin samples were harvested at baseline (day 0) and on days 3, 7, and 21 post-initial injection for histological, mo-
lecular, and cellular analyses. No significant sex-dependent differences in lesion severity or fibrotic markers were observed. This
model recapitulates key features of human HTS, including dermal thickening, collagen deposition, and fibroblast activation.

LL37-induced fibrosis and pharmacological intervention

To evaluate the contribution of calcineurin signaling to LL37-mediated fibrosis, mice were treated with Cyclosporine A (CsA), a se-
lective calcineurin inhibitor. Following the establishment of the LL37-induced fibrosis model (as described above), a treatment cock-
tail was prepared by incorporating a concentrated Cyclosporine A (CsA) stock solution (50 mg/mL) into the 640 pM LL37 solution at a
final volume ratio of 1% (v/v). Subjects were administered a 50 pL intradermal injection of this mixture daily. Vehicle-treated controls
received equivalent volumes of sterile saline.

Mouse model of full-thickness wounding

Telogen-phase mice (P50-P65) were anesthetized with isoflurane, and dorsal hair was removed using electric clippers. Following
disinfection with 70% ethanol, full-thickness excisional wounds were created using sterile 6 mm biopsy punches (depending on
experimental design). To minimize wound contraction and isolate re-epithelialization-mediated healing, the fascia layer beneath
the panniculus carnosus was carefully excised around the wound perimeter. Wounds were left unsutured and covered with a trans-
parent adhesive dressing (Tegaderm) to maintain hydration. The healing process was monitored longitudinally, with digital photo-
graphs captured at days 1, 3, 5, 7, and 9 post-wounding. Wound area was quantified using Imaged software, and the percentage
of wound closure was calculated as: final area/initial area x 100%.

Bleomycin-induced fibrosis model

To induce cutaneous fibrosis, mice received intradermal injections of bleomycin at a concentration of 1 unit/mL. A total volume of
100 pL was divided equally and administered across four symmetrical injection sites on the shaved dorsal skin. Injections were
repeated every other day for a total of 14 days to establish reproducible fibrotic lesions. Control mice received equivalent volumes
of sterile PBS following the same injection schedule. Skin samples were harvested 24-48 h after the final injection for histological and
molecular characterization of fibrotic changes.

Reconstructed full-thickness human skin organoid model

A reconstructed full-thickness human skin organoid model was established to mimic the human skin microenvironment in vitro,
based on modified protocols as previously described.?” Primary human epidermal keratinocytes and dermal fibroblasts were ob-
tained from Lifeline Technology. Cells were maintained in a specialized complete culture medium developed by Archgene Biotech-
nology Co., Ltd (Patent No. CN202111073240.0), consisting of MCDB153/DMEM supplemented with 10% FBS, 40 mg/mL human
serum albumin, 10 ng/mL EGF, 10 ng/mL KGF, 10 ng/mL FGF, 500 ng/mL hydrocortisone, 5 pg/mL insulin, and 10 pg/mL transferrin.

To reconstruct the dermal layer, primary fibroblasts were suspended in a neutralized collagen type | solution (Sigma-Aldrich),
poured into cell culture inserts, and incubated at 37°C for 3 days to allow polymerization and fibroblast spreading. Following dermal
layer formation, primary keratinocytes were seeded onto the surface of the collagen-fibroblast gel and maintained under submerged
conditions for an additional 3 days to promote cell attachment and initial stratification.

Subsequently, the cultures were exposed to an air-liquid interface by removing the apical medium, allowing the keratinocytes to
differentiate and form a well-organized, multi-layered epidermis over the dermal equivalent. The reconstructed skin organoids were
cultured for up to 14 days at the air-liquid interface, generating a full-thickness human skin structure consisting of a fibroblast-popu-
lated dermal layer and a stratified keratinocyte-derived epidermal layer. This humanized skin organoid model recapitulates key fea-
tures of native human skin architecture and was utilized for subsequent functional and molecular analyses.

Preparation of primary human fibroblasts
Primary fibroblasts were isolated from normal human skin or pathological scar tissues. Fresh tissues were first rinsed in sterile PBS
containing 1% Penicillin-Streptomycin (P/S) for 5-10 min to minimize microbial contamination. After drying, the tissues were minced
into small fragments (approximately 1 mm?®) and subjected to enzymatic digestion with 0.3% Collagenase NB4 dissolved in DMEM.
The digestion was performed at 37°C in a shaking incubator at 200 rpm for 3 h to release fibroblasts from the extracellular matrix.
The resulting cell suspension was filtered through a 70 pm cell strainer to remove undigested tissue fragments, and the filtrate was
centrifuged twice at 1500 rpm for 5 min. The cell pellets were resuspended in DMEM supplemented with 10% fetal bovine serum and
1% P/S. The isolated fibroblasts were seeded into culture dishes, 6-well, 24-well, or 96-well plates, or on sterile glass coverslips for
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subsequent experiments. Cells were maintained in a humidified incubator at 37°C with 5% CO.,. The culture medium was replaced
every other day, and fibroblasts were used for experiments once the confluency reached 75% or higher.

Preparation of primary mouse fibroblasts

Primary dermal fibroblasts were isolated from full-thickness dorsal skin of male mice aged 8-10 weeks (with or without hypertrophic
scar modeling). The harvested skin was rinsed with sterile PBS containing 1% P/S for 5-10 min. After drying, the tissue was minced
into small fragments and digested in a solution containing Collagenase D and Streptomyces protease in RPMI 1640 medium. The
digestion was performed at 37°C in a shaking incubator at 200 rpm for 90 min.

The digested mixture was filtered through a 70 um cell strainer to obtain a single-cell suspension, followed by centrifugation twice
at 5809 for 7 min. The resulting cell pellet was resuspended in RPMI 1640 medium supplemented with 10% FBS and 1% P/S. The
isolated fibroblasts were plated in appropriate culture dishes or plates and maintained at 37°C with 5% CO,. The culture medium was
refreshed every other day, and fibroblasts were collected for experiments when the cell confluency exceeded 75%.

Cell viability assays

Cell viability of primary human and mouse fibroblasts was evaluated using the Cell Count Kit-8 (CCK-8) according to the manufac-
turer’s instructions. Briefly, fibroblasts were seeded into 96-well plates at a density of 8,000 cells per well in 100 pL of DMEM con-
taining 10% FBS and 1% Penicillin-Streptomycin. After incubation for 24 h at 37°C in a humidified incubator with 5% CO, to allow cell
attachment, LL37 peptide and siRNA were added to the culture medium for 0-24 h to assess the dose-dependent effects on cell
viability. Subsequently, 10 pL of CCK-8 solution was added to each well, and the cells were incubated for an additional 2 h at
37°C. The absorbance at 450 nm was measured using a microplate reader. Each experimental condition was performed in triplicate
wells, and all experiments were independently repeated at least three times. The optical density (OD) values were used to calculate
the relative cell viability, expressed as a percentage of the untreated control group.

siRNA-mediated gene silencing

Gene silencing of MRGPRX2 in primary human fibroblasts and MRGPRB2 in primary mouse fibroblasts was achieved using small
interfering RNA (siRNA)-mediated knockdown. Chemically synthesized siRNA sequences targeting MRGPRX2 and MRGPRB2
were purchased from OBIO Technology Co., Ltd. (Shanghai, China). The detailed sequences of siRNAs used are provided as follows.
Cells were seeded into 6-well plates at approximately 50-60% confluence and transfected with 50 nM siRNA using HighGene trans-
fection reagent following the manufacturer’s recommended protocol. Briefly, siRNA and HighGene reagent were separately diluted in
Opti-MEM, incubated for 5 min at room temperature, then mixed gently and incubated for 20 min to allow complex formation. The
siRNA-transfection reagent complexes were then added to cells in antibiotic-free medium and incubated for 6 h. The medium was
subsequently replaced with complete growth medium containing 10% FBS and 1% P/S. Cells were harvested 48-72 h post-trans-
fection for subsequent RNA and protein analysis to evaluate knockdown efficiency.

Oligonucleotides name

Sequence (5'-3)

MRGPRB2-mouse-si1-sense GGAUCUAUUGGAUACUCUATT
MRGPRB2-mouse-si1-antisense UAGAGUAUCCAAUAGAUCCTT

MRGPRB2-mouse-si2-sense GCGGAAGACUCUCAAGCUATT
MRGPRB2-mouse-si2-antisense UAGCUUGAGAGUCUUCCGCTT
MRGPRB2-mouse-si3-sense GGAAGCUACUACAUCGAUATT

MRGPRB2-mouse-si3-antisense UAUCGAUGUAGUAGCUUCCTT
MRGPRX2-human-si1-sense GAAGGAUUCUGAUGUCUUATT
MRGPRX2-human-si1-antisense UAAGACAUCAGAAUCCUUCTT

MRGPRX2-human-si2-sense CGAGAAGCAGUCUGGUGUATT
MRGPRX2-human-si2-antisense UACACCAGACUGCUUCUCGTT
MRGPRX2-human-si3-sense CAGAAAGUACAACAGUGAATT

MRGPRX2-human-si3-antisense UUCACUGUUGUACUUUCUGTT
Control si-sense UUCUCCGAACGUGUCACGUTT
Control si-antisense ACGUGACACGUUCGGAGAATT

Plasmid construction and transfection

Plasmids encoding LV-h-MRGPRX2-3flag and a negative control vector carrying GFP were synthesized and constructed by Hanbio
Biotechnology (Shanghai, China). The target genes were subcloned into the mammalian expression vector pcDNA3.1(+) using stan-
dard molecular cloning techniques and sequence-verified to ensure accuracy.
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For transient transfection, primary human HFF1 cells were seeded into 6-well plates at approximately 50-70% confluence. The
plasmid DNA was diluted in Opti-MEM, and the HighGene transfection reagent was separately diluted in Opti-MEM. After 5 min
of incubation at room temperature, the DNA and reagent mixtures were combined and allowed to form complexes for 20 min.
The transfection complexes were then added to the cells in antibiotic-free medium and incubated for 6 h at 37°C with 5% CO.,. After
incubation, the medium was replaced with complete growth medium containing 10% FBS and 1% P/S.

Transfected cells were harvested 48-72 h post-transfection for downstream analyses, including RNA extraction, protein detection,
or functional assays. All plasmids underwent Sanger sequencing validation, and confirmed constructs were aliquoted and stored at
—80°C for long-term preservation.

Live-cell CaZ* imaging

Intracellular calcium concentration ([Ca2*]) changes in primary human and mouse fibroblasts were measured using Fura-2-based
ratiometric fluorescence imaging, with slight modifications. Briefly, fibroblasts were seeded onto sterile glass coverslips pre-coated
with poly-L-lysine in 24-well plates and cultured overnight to allow cell attachment.

Cells were then incubated with 4 uM Fura-2 AM diluted in serum-free culture medium containing 0.02% Pluronic F-127 at 37°C for
60 min in the dark to facilitate dye loading. After loading, cells were washed three times with Hanks’ Balanced Salt Solution to remove
excess dye and incubated in HBSS at room temperature for an additional 30 min to allow complete de-esterification of Fura-2 AM.

Fluorescence measurements were performed using an inverted Leica fluorescence microscope equipped with 340 nm and 380 nm
excitation filter wheels and a 510 nm emission filter. Time-lapse images were captured using LAS X imaging software. The ratio of
fluorescence intensity at 340 nm-380 nm excitation (F340/F380) was calculated to monitor real-time changes in [Ca®*];.

Baseline fluorescence ratios were recorded for each coverslip under resting conditions until stabilization. Pharmacological agents
or LL37 peptides were then applied to stimulate calcium influx, and fluorescence changes were continuously monitored. The acti-
vation threshold was defined as an increase in Fura-2 ratio exceeding 3 standard deviations above the baseline, corresponding to
approximately a 20% increase. Stable baseline ratios confirmed cell viability and experimental reliability. All experiments were
repeated independently at least three times.

RNA extraction and RT-qPCR
Total RNA was extracted from cultured cells or tissue samples using TRIzol Reagent following the manufacturer’s protocol. Briefly,
cells were lysed in TRIzol and phase separation was induced by chloroform, followed by centrifugation. The aqueous phase contain-
ing RNA was collected and precipitated with isopropanol. The RNA pellet was washed with 75% ethanol, air-dried, and resuspended
in RNase-free water. RNA concentration and purity were measured using a NanoDrop spectrophotometer, and integrity was as-
sessed by agarose gel electrophoresis.

For cDNA synthesis, 1 pg of total RNA was reverse transcribed using the HyperScript Ill RT SuperMix for gPCR with gDNA
Remover, which includes a genomic DNA removal step. The reaction was carried out according to the manufacturer’s instructions.

Quantitative real-time PCR (RT-gPCR) was performed using 2 x ChamQ Universal SYBR gPCR Master Mix on a QuantStudio or
CFX96 real-time PCR system. Gene-specific primers were designed to span exon-exon junctions when applicable to minimize
genomic DNA amplification. The PCR cycling conditions were as follows: initial denaturation at 95°C for 30 s, followed by 40 cycles
of 95°C for 10 s and 60°C for 30 s. Melt curve analysis was conducted to confirm specificity.

Relative gene expression levels were calculated using the 2-24C method, with GAPDH or ACTB as internal reference genes. Al
reactions were performed in triplicate, and no-template controls (NTCs) were included to detect potential contamination. Statistical
analysis and graphing were performed using GraphPad Prism 10.0. The list of primers used is provided as follows.

Gene Forward primer (5'-3) Reverse primer (5'-3')

H-GAPDH GGAGCGAGATCCCTCCAAAAT GCTAAGCAGTTGGTGGTTGCA
M-GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
H-CAMP AGGTCCTCAGCTACAAGGAAG TCTTGAAGTCACAATCCTCTGGT
H-ACTA2 AAAAGACAGCTACGTGGGTGA GCCATGTTCTATCGGGTACTTC
M-ACTA2 CCCAGACATCAGGGAGTAATGG TCTATCGGATACTTCAGCGTCA
H-TGFB1 GGCCAGATCCTGTCCAAGC GTGGGTTTCCACCATTAGCAC
M-TGFB1 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
H-COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
M-COL1A1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
H-COL1A2 GTTGCTGCTTGCAGTAACCTT AGGGCCAAGTCCAACTCCTT
M-COL1A2 GTAACTTCGTGCCTAGCAACA CCTTTGTCAGAATACTGAGCAGC
H-COL3A1 GGAGCTGGCTACTTCTCGC GGGAACATCCTCCTTCAACAG

(Continued on next page)
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Continued

Gene Forward primer (5'-3') Reverse primer (5'-3)

M-COL3A1 CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC
H-FAP TGAACGAGTATGTTTGCAGTGG GGTCTTTGGACAATCCCATGT
M-FAP GTCACCTGATCGGCAATTTGT CCCCATTCTGAAGGTCGTAGAT
H-PPP3CA CCAAGTCACCGGCTTACAG CCTCCTTCATAAGATGCGCCTT
M-PPP3CA GTGAAAGCCGTTCCATTTCCA GAATCGAAGCACCCTCTGTTATT
H-NFATC1 CACCGCATCACAGGGAAGAC GCACAGTCAATGACGGCTC
M-NFATC1 GACCCGGAGTTCGACTTCG TGACACTAGGGGACACATAACTG
H-NFATC2 GAGCCGAATGCACATAAGGTC CCAGAGAGACTAGCAAGGGG
M-NFATC2 TCATCCAACAACAGACTGCCC GGGAGGGAGGTCCTGAAAACT
H-MRGPRX2 CTGGTAGGAAACGGGTTTGTG GCTGAGGACGTAGACAGAGAAG
M-MRGPRX2 ATCAAGAATCTAAGCACCTCAGC GAAAGCAAAATCATGGCTTGGT
H-MKIl67 GAAAGAGTGGCAACCTGCCTTC GCACCAAGTTTTACTACATCTGCC
H-LRRC15 CGTTGCTGTTCCAAGCGTCCAT GCTCAGTGGTAGAAGAGACGGA
H-POSTN CAGCAAACCACCTTCACGGATC TTAAGGAGGCGCTGAACCATGC

Western Blot

Protein expression levels in primary human and mouse fibroblasts were analyzed using Western blotting. Cells were washed twice
with ice-cold PBS and lysed with ice-cold RIPA lysis buffer (pH 7.4) containing a protease and phosphatase inhibitor cocktail and
1 mmol/L PMSF. Cell lysates were incubated on ice for 30 min and centrifuged at 12,000 rpm for 15 min at 4°C to collect the
supernatant.

Protein concentrations were determined using the Bicinchoninic Acid (BCA) Protein Assay Kit according to the manufacturer’s in-
structions. Equal amounts of total protein (20-40 pg) were separated by SDS-PAGE on 8-12% polyacrylamide gels and transferred
onto PVDF membranes using a semi-dry transfer system.

Membranes were blocked with 5% (w/v) Bovine Serum Albumin (BSA) dissolved in TBST (0.1% Tween 20 in TBS) for 1 h at room
temperature. Subsequently, membranes were incubated overnight at 4°C with primary antibodies diluted in TBST with 5% BSA,
including: CAMP, hCAP18, MrgprX2/B2, Col1a1, Col1a2, Col3al, a-SMA, TGF-p1, Ki67, FAP, Periostin, GAPDH, and p-actin. After
washing with TBST three times, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies
for 2 h at room temperature.

Protein bands were visualized using enhanced chemiluminescence (ECL) detection reagent and imaged with a ChemiDoc XRS+
System. Densitometric quantification of the band intensities was performed using ImagedJ software. Protein expression levels were
normalized to the corresponding loading control (e.g., GAPDH or $-actin). Data were presented as fold change relative to the control
group and expressed as mean + standard error of the mean (SEM) from at least three independent experiments.

Flow cytometry

Skin single-cell suspensions were first stained with Live/Dead viability dye, followed by staining with fluorochrome-conjugated an-
tibodies including Ly-6C, Ly-6G, CD11b, CD45R/B220, CD335, CD117, CD45, F4/80, and CD3e. Stained cells were washed, fixed
using the Cytofix/Cytoperm buffer, and analyzed by a BD FACSymphony A5 Cell Analyzer with FACSDiva software. Data were pro-
cessed using FlowJo (TreeStar).

RNAscope in situ hybridization

RNA in situ hybridization (ISH) was carried out with the RNAscope Multiplex Fluorescent Reagent Kit v2 following the manufacturer’s
instructions. In brief, 12-pm skin sections from mouse specimens were fixed in 4% paraformaldehyde at 4°C for 15 min, then dehy-
drated through a graded ethanol series (50% for 5 min, 70% for 5 min, and 100% for 5 min, repeated twice). After air-drying, sections
were incubated with hydrogen peroxide at room temperature for 10 min to inhibit endogenous peroxidase activity. Antigen retrieval
was achieved by boiling the slides in the target retrieval reagent for 5 min. Once cooled, the tissue was permeabilized with Protease Il
at 40°C for 30 min. Hybridization of probes specific to MRGPRX2 and MRGPRB2 mRNAs was performed at 40°C for 2 h in a HybEZ
Oven. Subsequent signal amplification and fluorophore labeling followed the standard RNAscope protocol. Finally, co-localization
analysis was conducted via immunofluorescence staining, as detailed in the next section.

Histology analysis

Tissue samples collected from human or mouse skin were fixed in 4% paraformaldehyde (PFA) at 4°C overnight to preserve tissue
architecture. Following fixation, samples for paraffin embedding were dehydrated through a graded ethanol series (70%, 80%, 90%,
95%, and 100%) and cleared in xylene before embedding in paraffin. Paraffin-embedded tissues were sectioned at a thickness of
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12 um using a microtome. For general histological analysis, sections were stained using hematoxylin and eosin (H&E) to evaluate
tissue morphology or Masson’s trichrome to assess collagen deposition and fibrosis, according to standard protocols. The area
of cell infiltration, dermal thickness, and collagen deposition was quantitatively analyzed using ImageJ software.

For immunofluorescent staining, fixed tissues were embedded in OCT compound (SAKURA Tissue-Tek, 4583) and frozen at
—20°C. Frozen sections (12 pm) were washed with PBS and blocked with 10% Normal Donkey Serum (NDS) for 2 h at room temper-
ature to prevent non-specific binding. Sections were then incubated overnight at 4°C in a humidified chamber with primary antibodies
targeting CAMP, Keratin14, a-SMA, Collagen XVII, TGF-$1, Avidin, MPO, NFATc1, and ER-TR7. After washing with PBS, sections
were incubated with appropriate fluorophore-conjugated secondary antibodies for 2 h at room temperature. Nuclei were counter-
stained with DAPI Fluoromount. Fluorescent images were captured using a Leica Thunder DM68 confocal microscope and analyzed
using LAS X software.

RNA-seq analysis

Total RNA was extracted using TRIzol Reagent and quantified on a NanoDrop. Ribosomal RNA was removed using the Ribo-Zero Kit.
The remaining RNA was fragmented in lllumina’s fragmentation buffer at elevated temperature. First-strand cDNA was synthesized
with random primers; the RNA template was then degraded by RNase H, and second-strand cDNA was made with DNA Pol | using
dUTP. After end repair and A-tailing, lllumina adapters were ligated. USER enzyme (NEB) removed the U-containing strand to pre-
serve directionality, and fragments of 400-500 bp were selected with AMPure XP beads. Libraries were PCR-amplified for 15 cycles
with lllumina primers, purified again with AMPure XP, and assessed on a Bioanalyzer 2100 (Agilent) with the High Sensitivity DNA
assay. Final libraries were sequenced (2 x 150 bp) on a NovaSeq 6000 (lllumina) by Genekinder Medicaltech (Shanghai) Co., Ltd,
China.

Raw sequencing reads (FASTQ files) were subjected to quality control using fastp (0.22.0) to remove reads containing adapters,
reads containing ploy-N and low-quality reads. Clean reads were mapping to the reference genome using HISAT2 v2.1.0. Gene
expression levels were quantified using HTSeq (v0.9.1) and normalized as FPKM (Fragments Per Kilobase of transcript per Million
mapped reads). Differentially expressed genes (|log2FC| > 1, adjusted p < 0.05) were identified using DESeq and visualized using
heatmaps generated by Pheatmap.

scRNA-seq analysis

We downloaded the dataset (GSE156326) and collected human skin and HTS cases for analysis. Cells expressing fewer than 200 or
more than 5,000 detected genes, or with over 10% mitochondrial gene expression, are excluded. Data normalization and identifica-
tion of highly variable genes are performed. The Seurat R package (v5.3.0) was used for normalization, scaling, and regression based
on the expression table according to the UMI count of each sample. Dimensional reduction and clustering were conducted using the
Seurat workflow, with batch effects corrected via Harmony (v1.2.3). Unsupervised clustering and marker gene identification were
carried out using the FindAllMarkers function (logFC >0.25, min.pct >0.10) with the Wilcoxon rank-sum test.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 10. All statistical details of experiments, including the specific statis-
tical tests used, exact values of n, what n represents, definition of center, and dispersion and precision measures, are provided in the
relevant figure legends and are summarized below. All data are presented as mean + SEM. The exact value of n and what n represents
are specified in each figure legend. For comparisons between two independent groups, two-tailed Student’s t-tests were used. For
comparisons involving three or more groups, one-way Analysis of Variance (ANOVA) with Tukey’s multiple comparison post-hoc test
was performed as indicated in the individual figure legends. A p-value of 0.05 or less was considered statistically significant, with
specific thresholds denoted as: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; ns indicates not significant (p > 0.05). Sample
sizes for all experiments are indicated in the figure legends. No data were excluded from the statistical analyses other than those
due to technical errors during data acquisition or processing.
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