
Received: 18 May 2025. Revised: 25 November 2025. Accepted: 3 January 2026

© The Author(s) 2026. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits

non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation

rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact

journals.permissions@oup.com.

Burns & Trauma, 2026, 14, tkag002

https://doi.org/10.1093/burnst/tkag002

Published: 6 January 2026

Research Article

Spatiotemporal regulation of acute wound healing by the 
NLRP3 inflammasome: dual roles in 
macrophage-fibroblast chemotaxis and phenotype
during wound repair
Dongzhen Zhu1,2,‡ , JianJun L i1,2,3,‡ , Bingyang Y u1,4,‡ , Nanbo L iu5,‡ , Xu Guo1, Yanlin Su1, Yuzhen Wang 1, 
Yuyan Huan g1,2, Liting Liang1,2, Linhao Hou1, Chao Zhang 1, Qinghua L iu1, Mengde Zhang1,2, Wei Song1, 
Yi Ko ng1, Jinpeng D u1, Zhao L i1, Yue Kong1, Feng Tia n1, Xiangye Yin1,2, Ping Zhu5, Xiaobing F u1,2,*, 
Sha Huang 1,2,* 

1Research Center for Wound Repair and Tissue Regeneration, Medical Innovation Research Department, Chinese People’s Liberation Army General Hospital, 
51 Fucheng Road, Haidian District, Beijing 100048, China
2Chinese People’s Liberation Army Medical School, 28 Fuxing Road, Haidian District, Beijing 100853, China
3Department of General Surgery, The Six Medical Centre, Chinese People’s Liberation Army General Hospital, 28 Fu X ing Road, Haidian District, Beijing 100853,

China
4Department of Biomaterial, College of Life Sciences, Mudanjiang Medical University, 3 Tongxiang Stree t, Aiming District, Mudanjiang 157011, China
5Guangdong Cardiovascular Institute, Guangdong Provincial People’s Hospital (Guangdong Academy of Medical Sciences), Southern Medical University, 106 
Zhongshan 2nd Road, Yuexiu District, Guangzhou, Guangdong 510100, China

*Corresponding authors. Xiaobing Fu, E-mail: fuxiaobing@vip.sina.com; Sha Huang, E-mail: stellarahuang@sina.com 
‡Dongzhen Zhu, JianJun Li, Bingyang Yu, and Nanbo Liu contribute d equally to this work.

Abstract 
Background: The spatiotemporal regulation of inflammatory dynamics is critical for successful wound healing. However, the 
precise mechanistic role of the NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome in orchestrating 
these processes remains incompletely characterized. This study a imed to delineate the specific mechanisms by which NLRP3

governs cellular and molecular events during wound healing.

Methods: Multi-omics sequencing data were utilized to profile NLRP3 inflammasome activation dynamics in murine and

human acute wound models. Nlrp3−/− mice were generated using CRISPR-Cas9 technology. In vitro and in vivo functional 
assays were performed to assess NLRP3-dependent regulation of macrophage and fibroblast recruitment, polarization, and

phenotype modulation.

Results: NLRP3 is predominantly expressed in macrophages and neutrophils during the inflammatory phase of wound healing. 
Global deletion of Nlrp3 reduces IL-1β, the main downstream effector, attenuates CCL/CXCL chemokine signaling, decreases 
both inflammatory and pro-reparative cell infiltration, and disrupts the phenotypic switching of macrophages and fibroblasts, 
collectively delaying wound closure. However, the resulting low-inflammatory microenvironment in Nlrp3−/− mice may 
upregulate Wnt and Notch signaling early in the repair phase, curbing fibrosis and promoting appendage regeneration. 
Partial IL-1β blockade in WT mice recapitulates the NLRP3-null phenotype, whereas IL-1β reconstitution in knockout mice 
accelerates healing but increases fibrosis. Mor eover, the NLRP3 protein also modulates fibroblast phenotype independently

of inflammasome activation via a ROS-dependent mechanism.

Conclusion: NLRP3 exerts dual-phase regulatory roles in wound healing: (i) during inflammation, it drives chemokine-

mediated macrophage/fibroblast recruitment and M1 polarization while suppressing fibroblast-mediated repair via IL-1β 
signaling; (ii) later, NLRP3 deficiency enhances Wnt/Notch signaling, promoting structural restoration despite transiently 
delayed healing. Moreover, fibroblasts with high NLRP3 expression engage an inflammasome-independent NLRP3/ROS axis 
that augments activation of TGF-β/Smad signaling. These findings position NLRP3 as a potential therapeutic target for

modulating phase-specific inflammatory and regenerative responses.
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Highlights 
• NLRP3 drives chemokine-dependent macrophage/fibroblast recruitment and M1 polarization during the inflammatory 

phase, while its deficiency enhances Wnt/Notch-mediated structural restoration during the pr oliferative phase, revealing 
phase-specific therapeutic potential.

• NLRP3 ablation rewires macrophage dynamics by suppressing M1 pro-inflammatory phenotypes and enhancing M2 
reparative polarization, r eshaping the immune microenvironment across h ealing phases.

• Macrophage NLRP3 inflammasome activation suppresses the pro-reparative phenotype and promotes a pro-

inflammatory phenotype in fibroblasts via IL-1β. Conversely, inflammatory fibroblasts highly express NLRP3, which, 
independent of inflammasome assembly, amplifies TGF-β-induced Smad signaling through the NLRP3/ROS axis.

Background 
Wound healing is a meticulously orchestrated biological process 
characterized by sequential yet overlapping phases: hemos tasis,
inflammation, proliferation, and remodeling [1, 2]. Among these 
stages, the inflammatory response serves as a critical coordinator 
of cellular and molecular events essential for tissue repair. While 
transient inflammation clears pathogens and cellular debris, dys-
regulation—particularly excessive or prolonged ac tivation—can
lead to chronic wounds, fibrosis, and impaired regeneration [3, 4]. 
This delicate balance underscores the need to elucidate mecha-
nisms that fine-tune inflammatory signaling to optimize the heal-
ing process.

Inflammasomes, particularly the NOD-like receptor family pyrin 
domain-containing 3 (NLRP3) inflammasome, have emerged as 
pivotal players in innate immunity and tissue repair [5, 6]. NLRP3 
activation is triggered by both exogenous pathogen-associated 
molecular patterns (PAMPs) and endogenous damage-associated 
molecular patterns (DAMPs) released during injury and infection. 
The canonical ac tivation pathway involves a two-step process:
(i) priming via NF-κB signaling (e.g. triggered by TLR activation 
in response to DAMPs), which upregulates NLRP3 and pro-IL-1β 
expression, and (ii) activation by stimuli such as ATP or crystalline 
structures, leading to inflammasome assembly, caspase-1-
mediated maturation of IL-1β and IL-18, and pyroptosis [6, 7]. 
While NLRP3 activation is indispensable for acute wound repair, 
its persistent activity drives chronic inflammation and fibr osis, as
seen in diabetic ulcers and pathological scars [5, 8–10]. Despite its 

therapeutic potential, the spatiotemporal dynamics of NLRP3— 
how it temporally regulates interactions between immune cells 
(e.g. macrophages) and stromal c ells (e.g. fibroblasts)—remain
poorly defined, hindering targeted interventions.

Current studies predominantly focus on NLRP3’s role in 
isolated cell types or phases. For example, NLRP3 in macrophages 
promotes IL-1β release to recruit neutrophils, while in fibroblasts, 
it may modulate extracellular matrix (ECM) remodeling [10– 
12]. However, wound healing necessitates dynamic crosstalk 
across phases: macrophages recruit fibroblasts via chemokines 
during early inflammation, while fibroblasts later t ransition to
myofibroblasts to drive contraction and ECM deposition [13, 
14]. Emerging evidence suggests NLRP3 orchestrates these 
interactions through IL-1β signaling, yet conflicting reports 
highlight a paradox—NLRP3 deficiency delays acute wound
closure but reduces fibrosis [8, 10]. This apparent contradiction 
implies phase-specific roles: early activation to initiate repair 
versus later suppression to prevent pathological remodeling. 
Resolving this duality requires a systems-level approach to map
NLRP3’s spatiotemporal activity and its downstream cellular
networks.

During cutaneous wound healing, precisely orchestrated 
chemotaxis sequentially recruits neutrophils, macrophages, 
fibroblasts, endothelial, and ker atinocyte populations to the
injury site [14–16]; however, the upstream molecular switches 
translating tissue damage into these chemotactic cues remain 
elusive. The NLRP3 inflammasome is a sentinel for both
DAMPs and PAMPs that amplifies local innate immunity [6, 7].
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Nevertheless, whether NLRP3 activation governs the spatiotem-
poral release of chemotactic gradients or directly dictates the 
migratory competence of repair-associated cells is still unknown. 
Elucidating this regulatory axis is critical t o understand—and
ultimately correct—chemotactic failure in chronic or infected
wounds.

Here, we employed CRISPR/Cas9-generated Nlrp3−/− mice, 
multi-omics and functional assays to dissect NLRP3’s roles 
across wound healing phases. We demonstrate that NLRP3 
activation during inflammation drives macrophage-fibroblast 
recruitment via CCL/CXCL chemokines, while its suppression in 
later phases facilitates M2 macrophage polarization and tissue 
repair. Mechanistically, NLRP3 governs fibroblast phenotypic 
plasticity through L-1β-dependent macrophage to fibroblast 
crosstalk, linking inflammation to ECM remodeling. Notably, 
we corroborated these dynamics in human wounds, revealing
conserved NLRP3 functions. Our findings redefine NLRP3 as a
temporal gatekeeper of healing, offering a roadmap for phase-
specific therapies to treat chronic wounds and fibrosis.

Materials and me thods

Animals and model

All animal experiments were conducted in accordance with the 
guidelines of and approved by the Animal Ethics Committee of 
the Chinese PLA General Hospital (approval no. S2024-407-01).
Wild-type (WT; C57BL/6 J) and Nlrp3−/− (C57BL/6 J background) 
mice were obtained from the Guangdong Cardiovascular Institute 
and housed in Shanghai Model Organisms Center under standard 
housing conditions. Genotyping identified homozygous Nlrp3−/− 
mice, which, along with WT littermates were used for subsequent 
experiments. Genotyping of mice was perf ormed by PCR and
agarose gel electrophoresis (Figure S1). All following experimental 
mice were 6–8 week-old and weighed 25–30 g, ensuring uniformity 
in age and growth phase.

WT and N lrp3−/− mice full-thickness skin 
wo und model

A full-thickness skin wound model was est ablished as previously
described [17]. Briefly, C57BL/6 J and Nlrp3−/− mice (n = 20 per 
group, with 4 mice per time point at days 0, 2, 4, 7, and 14 for 
subsequent tissue collection and analysis) were anesthetized with 
1.5%–3% isoflurane in oxygen. After shaving the dorsal hair, a 
midline mark was made on the back, and the skin was disinfected. 
Using an 8 mm punch biopsy tool, a full-thickness skin wound was 
created at t he marked site, and Tegaderm (3 M, USA) was used to
cover the wound to prevent contamination.

IL-1β blockade in C57BL/6 J mice

To maximize biological replication while adhering to the 3Rs 
principle, two full-thickness excisional wounds (8 mm diameter) 
were created with a sterile disposable punch on the shaved 
dorsum of each C57BL/6 J mouse after isoflurane anesthesia. 
Consequently, total of 15 mice per group with three mice per time-
point provided six identical wounds for statistical comparison. To
neutralize endogenous IL-1β during healing, 50 μl containing 
20 μg of either control IgG or anti-IL-1β neutralizing antibody 

(BE0246, BE0091, Invivomab) was administered subcutaneously 
at four equidistant points around e ach wound immediately after
wounding and repeated on days 1, 3, and 5.

IL-1β supplementation in Nlrp3−/− mice 
To restore the physiological IL-1β profile absent in Nlrp3−/− mice, 
recombinant murine IL-1β (R&D Systems) was injected subcut a-
neously in a volume of 50 μl according to the following schedule 
that mimics the natural temporal expression: 2 μg at Day 0, 10 μg 
at Days 1 and 3, and 2 μg at Day 5. Vehicle controls received an 
equivalent volume of PBS at identical time-points.

Wound healing was monitored and photographed on Days 0, 
2, 4, 7, 10, and 14. Wound size was measured using ImageJ soft-
ware, and wound healing progression was tracked. Tissue samples 
were divided into three groups: one for RNA sequencing, one for
Western blotting (WB) and PCR analysis, and one for histological
staining.

Murine bone marrow-derived macrophage 
and fibroblast isolation, cell c ulture, and

treatment

Bone marrow-derived macrophages (BMDMs) were isolated fr om
8-week-old male Nlrp3−/− mice and their age-matched WT con-
trols. Mice were euthanized by cervical dislocation, and the tibias 
and femurs were carefully dissected. Bone marrow was flushed 
from the cavities of the long bones using high-glucose Dulbecc o’s
Modified Eagle Medium (DMEM, Biological Industries, Israel) with
a 1 ml syringe. The cell suspension was then filtered through a
100 μm mesh and centrifuged at 1300 rpm for 5 min. The cell 
pellet was treated with red blood cell lysis buffer (eBioscience) for 
3 min, followed by centrifugation and resuspension with culture 
medium. The cells were cultured in DMEM supplemented with 
1% L-glutamine, 30 mM glucose, 10% fetal bovine serum (FBS, 
Gibco, USA), 1% penicillin–streptomycin (Solarbio, China), and 
50 ng/ml Macrophage colony-stimulating factor (PeproTech). On 
Day 3, half of the culture medium was replaced, and on Day 5, the
entire medium was refreshed. BMDMs were harvested on Day 7
for subsequent experiments. To induce polarization, BMDMs were
stimulated with 1 μg/ml lipopolysaccharide (LPS, Sigma-Aldrich, 
USA) for 24 h to promote M1 polarization, or with 20 ng/ml IL-4 
(Novoprot ein, China) for 48 h to induce M2 polarization.

Primary fibroblasts were isolated from Neonatal Nlrp3−/− 
and WT mice. The neonatal mice were euthanized, and their 
skin was disinfected by immersion in 75% ethanol for 5 min. 
The full-thickness skin was then excised and placed epidermis 
side up in a sterile petri dish. After removing the epidermis 
using Dispase II (Roche, 2 mg/ml) overnight at 4◦C, the dermal 
tissue was minc ed and placed in a centrifuge tube. The tissue
was digested in 0.25% type I collagenase (ThermoFisher) for
30 min at 37◦C. The cell suspension was filtered through a
100 μm cell filter and centrifuged to collect the fibroblast 
pellet. The isolated primary fibroblasts were cultured in DMEM 
supplemented with 30 mM glucose, 10% FBS, and 1% penicillin– 
streptomycin. Fibroblasts before p assage 3 were used for further
experiments. All cell cultures were maintained at 37◦C in a 5% CO2 
incubator.
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Coculture model 
The transwell coculture system was used to assess the chemo-
tactic effects of macrophages on fibroblasts. 50 000 J774.1 
macrophage cells line were seeded in the lower chamber of a 24-
well Transwell plate. After 24 h of incubation in complete DMEM 
supplemented with 10% FBS and 1% penicillin–streptomycin, 
the macrophages were stimulated under the following condi-
tions: (i) macrophage (control group); (ii) macrophage + LPS: 
stimulated with 250 ng/ml LPS for 6 h; (iii) macrophage + LPS-
ATP: stimulated with 250 ng/ml LPS for 5 h followed by the
addition of 2 mM ATP (MCE, USA) and further incubation for 1 h;
(iv) macrophage + MCC950 (MCE, USA): pretreated with 10 μM 
MCC950 for 2 h before LPS or ATP stimulation, followed by a 6-
h treatment; (v) macrophage + LP S-ATP + MCC950: pretreated
with 10 μM MCC950 for 2 h, followed by LPS stimulation for 5 h, 
and the addition of 2 mM ATP for 1 h. Following stimulation, the 
original medium was discarded, and fresh DMEM medium with 
10% FBS was added to the macrophages. WT fibroblasts were 
then digested and seeded in the upper chamber, with serum-free 
DMEM placed in the lower chamber. After 24 h of coculture, cells
were subjected to 0.3% crystal violet staining and photographed
to evaluate fibroblast migration.

To evaluate the directional migration of THP-1–derived 
macrophages, a 24-well transwell system with 8-μm pore 
polycarbonate membranes (Corning) was used. 100 000 THP-1
cells in 200 μl RPMI-1640 containing 10% FBS were seeded into 
the upper chambers. The lower chambers contained 600 μl of the 
same medium supplemented with 100 ng ml−1 PMA to induce M0 
macrophage differentiation. After 24 h, non-adherent cells were 
removed, and adherent macrophages were exposed to the same 
treatments as J774.1 cells in fresh RPMI-1640 containing 2% FBS. 
Cells were allowed to migrate for an additional 24 h in serum-
free RPMI-1640. Non-migrated cells on the upper surface were 
gently removed with cotton swabs, whereas migrated cells on the 
lower surface were fixed with 4% paraformaldehyde for 15 min,
stained with 0.3% crystal violet for 15 min, and washed three
times with PBS. Images were captured under a light microscope
at 200× magnification, and cells in five random fields per insert
were counted.

For fibroblast chemotaxis, 10 000 human skin fibr oblas (HSFs)
in 200 μl serum-free DMEM were seeded into the upper chambers. 
THP-1–derived macrophages in the lower chambers were exposed 
to the same treatments as J774.1 cells to serve as a chemoattrac-
tant. Cells were allowed to migrate for an additional 24 h in serum-
free RPMI-1640, and crystal violet staining and photographed were 
used to evaluate fibroblast migration.

To further investigate the influence of NLRP3 inflammasome 
activation in macrophages on fibroblasts, an fibroblast coculture 
model was used. After macrophage stimulation with 250 ng/ml 
LPS  for  5  h,  followed  by  1  h  2  mM  ATP  treatment, the conditioned 
medium (CM) was c ollected. The medium was used to treat both
WT and KO fibroblasts for 24 h. Following treatment, cells were
harvested for further analysis.

Histological, immunohistochemistry, and 
immunofluorescence s taining

At the designated time points, dorsal wound tissues were col-
lected from anesthetized mice, fixed in 4% paraformaldehyde, 

decalcified, and embedded in paraffin using standard protocols. 
Hematoxylin and eosin (H&E, Beyotime, China) staining was per-
formed to examine the anatomical structure of the wound and sur-
rounding microvessels. Masson’s trichrome staining (M&T , Solar-
bio, China) was used to assess the wound area, including the hair
follicle structure and collagen deposition within the wound bed.

For immunohistochemistry staining (Beyotime, China), tissue 
sections were permeabilized with 0.3% Triton X-100 for 10 min at 
room temperature, followed by blocking with 10% goat serum and 
3% hydrogen peroxide in PBS. The sections were then incubated 
overnight at 4◦C with the appropriate primary antibodies. IHC
staining was performed using horseradish peroxidase (HRP)-
conjugated secondary antibodies, with 3,3′-diaminobenzidine 
(DAB) used for visualization.

For cell immunofluorescence staining (IF), BMDMs or fibroblasts 
were cultured in 35 mm confocal dishes and stimulated with the 
specified reagents. The cells were washed with PBS, fixed in 4% 
paraformaldehyde for 15 min, and permeabilized with 0.3% Triton 
X-100 for 20 min at room temperature. After washing three times 
with PBS, the cells were blocked with 10% normal goat serum 
(Solarbio, China) for 1 h and incubated overnight at 4◦C with the 
primary antibodies. The cells were then incubated with the appro-
priate fluorescently labeled secondary antibody at room temper-
ature for 2 h in the dark. Confocal images were captured using 
a TCS SP8 confocal microscope (Leica, Germany). Image analysis 
was performed using ImageJ software. For IF staining of tissue
sections, the slides were deparaffinized and subjected to antigen
retrieval. The subsequent steps followed the same procedure as
for the cell IF staining. The primary and secondary antibodies used
for IHC and IF are detailed in Table S1. 

Western blo t
At the designated time points, protein samples were collected by 
lysing cells or tissues using sodium dodecyl sulfate (SDS) lysis 
buffer supplemented with protease inhibitors (Roche). The pro-
tein extracts were then separated by 10% SDS-polyacrylamide 
gel electrophoresis and transferred onto a methanol-activated 
polyvinylidene difluoride (PVDF) membrane (GE Healthcare, USA). 
Following the transfer, the membrane was incubated with TBST 
buffer containing 5% bovine serum albumin (BSA) to block non-
specific binding sites. The membrane was then probed overnight 
at 4◦C with an anti-NLRP3 antibody (1:1000, AG-20B-0014-C100, 
AdipoGen Life Sciences). As a loading control, the membrane w as
incubated with anti-GAPDH antibody (1:5000, 60–004–1-Ig, Pro-
teintech, USA). Protein expression levels were detected using an
enhanced chemiluminescence system (Applygen, China) and visu-
alized with a UVITEC Alliance MINI HD9 imaging system (UVITEC,
UK). The other primary antibodies used for WB are detailed in
Table S1. 

Ribonucleic acid extraction and reverse 
transcription quantitative polymerase 
chain reaction

Tissue or cell samples were homogenized and lysed in Trizol 
reagent (Ambion, USA) to extract total RNA. The cDNA was 
synthesized from RNA using the PrimeScript RT Reagent Kit
with gDNA Eraser (Takara, China) following the manufacturer’s
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reverse transcription protocol. Quantitative real-time PCR (RT-
qPCR) was performed using TB Green Premix Ex Taq II (Takara, 
China) on a QuantStudio 5 system (Applied Biosystems, USA). 
The relative expression levels of target genes were calculated
using the 2 − ��Ct method, with glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh) as the reference gene. The primers for 
the target genes are provided in Table S2. 

Flow cytometry assay

Single-cell suspensions were prepared from wound tissues of WT
and Nlrp3−/− mice at Day 2 post-wounding. Tissues were dissoci-
ated using an enzymatic cocktail containing 1 m g/ml Liberase TM
(900 μl; Roche, USA), 1 mg/ml DNase I (150 μl; Roche, USA), and
950 μl RPMI-1640 medium. The resulting cell suspensions were 
harvested, washed twice with PBS, and subsequently stained for 
surface markers using antibodies against CD11B, F4/80, and CD86 
(all from BD Biosciences, USA). Staining was performed for 1 h at 
4◦C in the dark. For the polarization assay, BMDMs from WT and 
KO mice were treated with 20 ng/ml IL-4 for 48 h to induce M2
polarization, followed by staining with antibodies against CD11B
and CD206 (BD Biosciences, USA).

Flow cytometry was performed on a BD flow cytometer (BD 
Biosciences, USA). A standardized gating strategy was applied 
to all samples: single cells were first gated based on FSC-A/SSC-
A profiles, followed by FSC-H/FSC-A to exclude doublets. From 
the singlet population, CD11b-positive cells were selected, 
and macrophages were further identified as F4/80high cells 
within the CD11b+ gate. Macrophage subsets were defined as 
CD86high for M1-like or CD206high for M2-like phenotypes, with 
the positivity thresholds established using negative controls.
Unstained samples and single-stain controls were included for
each experimental group and genotype to optimize instrument
voltage settings and calculate compensation matrices. Detailed
antibody information is provided in Table S1. 

To evaluate the differential production of reactive oxyg en
species (ROS) by WT and Nlrp3−/− fibroblasts, cells were plated 
at a density of 2 × 10∧5 per well in 12-well plates and grown to 
80% confluence in complete DMEM. The culture medium was 
then replaced with fresh DMEM containing 2% FBS, and the cells 
were subjected to one of the following treatments: (1) IL-1β (10 
ng/ml); (2) TGF-β (20 ng/ml); (3) IL-1β (10 ng/ml) + TGF-β (20 
ng/ml); (4) LPS (500 ng/ml) for 4.5 h; or (5) LPS (500 ng/ml) for
4.5 h followed by ATP (2 mM) for 1 h. After stimulation, adherent
cells were gently detached with Accutase (Sigma), washed once in
PBS, and incubated with 5 μM dihydroethidium (DHE, Beyotime, 
China) in 600 μl PBS at 37◦C for 30 min in the dark. Cells were then 
washed once in PBS, resuspended in 500 μl PBS, and immediately 
analyzed on a flow cytometer (BD Biosciences, USA). A minimum of 
10 000 events per sample were acquired; the median fluorescence 
intensity (MFI) of the PE channel was used as a quantitative index 
of intrac ellular ROS. Data were analyzed using FlowJo v10.8.1.

CCK-8 and scratch assay

Cell proliferation of fibroblasts was assessed using the CCK-8 assay 
kit (Dojindo, Japan) according to the manufacturer’s instructions. 
Cells were treated under different conditions, including the co-
culture setup, and proliferation was measured at specified time 

points by adding C CK-8 reagent and measuring absorbance at 450
nm.

For the scratch migration assay, cells were treated with vari-
ous interventions, and once the cells reached 90% confluenc e, a
scratch was created using a 200 μl pipette tip. The pipette tip was 
gently used to create a consistent scratch perpendicular to the 
marked line. After scratching, the cells were washed twice with 
PBS to remove any detached cells. Fresh medium containing 1% 
FBS was added, and images were captured at the marked line 
under a microscope. The scratch area was monitored and pho-
tographed every 24 h at the same location. The images collected
at different time points were analyzed using ImageJ software to
quantify the cell migration.

RNA sequencing and da ta analysis

Tissue mRNA was extracted from tissue samples using the 
fixed and recovered intact RNA protocol. Wound tissue samples
were processed for sequencing using the Illumina NovaSeq™ 
6000 platform (LC Sciences). Differentially expressed genes 
(DEGs) were identified by applying a false discovery rate 
(FDR) threshold of <0.05 and an absolute fold change ≥1. 
These DEGs were further subjected t o the Gene Ontology (GO)
function and KEGG pathway enrichment analysis using the
DAVID bioinformatics resources (https://davidbioinformatics.nih. 
gov/). The results of GO and KEGG enrichment analyses were 
visualized using an online platform (https://www.bioinformatics. 
com.cn, accessed on 10 December 2024) for da ta analysis and
visualization.

For mouse wound analysis, the microarray dataset GSE23006 
was downloaded from the GEO public database (https://www. 
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23006). This dataset 
includes gene expression data from mouse full-thickness wounds 
(1 mm) at various time points (0 h, 6 h, 12 h, 24 h, 3d, 5d, 7d, 10d), 
with three samples per time point. Differential gene expression 
analysis was conducted using the limma package in R (version 
4.3.3), where all eight time points were compared in pairwise 
combinations, resulting in 28 comparisons. DEGs were identified 
with the criteria of |log2 fold change (FC)| > 1 and P <0.05. The 
intersection of all DEGs was used to identify genes closely asso-
ciated with wound healing. For functional analysis, the identified 
DEGs were submitted to the DAVID online tool for GO and KEGG 
pathway enrichment analysis. The GO terms included biological
process, cellular component, and molecular function. To analyze
the temporal expression patterns of these genes, we employed the
Mfuzz package (version 2.62.0) for time-series clustering, setting
the number of clusters to 10. GO and KEGG pathway analyses
were then conducted for cluster 1, which primarily consisted of
inflammation-related genes.

For the analysis of human wound data, the RNA sequencing 
dataset GSE174661 was d ownloaded from the GEO public
database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc 
=GSE174661). This dataset encompasses gene expression data 
from acute human wounds at distinct time points (0 day, 1 day, 
and 7 day), with 5 samples per time point, as well as 5 cases 
of venous ulcer. Based on the sample correlation principal 
component analysis (PCA) clustering, 4 samples were selected
from each group for subsequent analysis. The FPKM values
of the sample expression were normalized according to gene
expression levels, and the expression levels of NLRP3 in each
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group were extracted for comparison. Furthermore, GSEA analysis 
was performed between each pair of groups to compare the 
differentially e xpressed related pathways.

Single-cell RNA sequencing data analysis 
of mouse acute wound

The scRNA-seq data used in this study were downloaded from 
the Genome Sequence Archive (GSA: CRA010641) at the China 
National Center for Bioinformation. For this analysis, we focused 
on four specific subsets related to the normal wound healing pro-
cess: skin_YD0, skin_YD2, skin_YD4, and skin_YD7. Downstream 
analyses were performed using the Seurat software package 
(version 5.0.3), which included quality control, data integration, 
cell type identification, and differential gene expression analysis. 
Cells were filtered based on the following criteria: number 
of detected genes: 500 < nFeature_RNA < 7000; percentage of 
mitochondrial gene expression: mt_percent <20%; percentage of 
hemoglobin gene expression: HB_percent <5%; Total RNA counts: 
1000 < nCount_RNA < 97th percentile. To address potential 
batch effects from biological replicates within each group, the 
Harmony package was employed for data integration. After 
integration, the data were scaled using the ScaleData function. 
PCA was performed with the RunPCA function, retaining the first 
30 principal components (dims = 1:30) fo r subsequent analysis.
Unsupervised clustering was conducted using the FindNeighbors
and FindClusters functions, with a resolution parameter set
to 0.3. To identify marker genes specific to each cluster, the
FindAllMarkers function was used with thresholds of an average
log2 fold change (avg_log2FC > 0.25) and an adjusted p-value
(p_val_adj < 0.05). These marker genes were then used to assign
cell types to the clusters based on known gene expression
patterns.

Cell–cell communication across different cell types was 
analyzed using the CellChat R package (version 1.6.1). This 
package infers interactions based on ligand-receptor pairs from 
the CellChatDB database. The CommunProbPathway function 
was employed to infer cell–cell communication at the signaling 
pathway level. The communication prob abilities were calculated
by summing the probabilities of related ligand-receptor pairs,
thereby quantifying the strength of the interactions.

Pseudotime analysis, trajectory construction, and calculation 
of pseudotime-dependent gene expression were performed using 
the Monocle2 package (version 2.24) in R. After integrating the 
fibroblast subset into the Seurat object, the data were converted 
into a Monocle-compatible Cell Dataset. The analysis followed 
the recommended pipeline. Genes with expression >0.1 and 
expressed in at least 10 cells were retained for subsequent 
analysis. Size factors and dispersions were estimated, and t-
SNE reduction and clustering were performed. For pseudotime 
ordering, the DispersionTable function was used to calculate 
gene expression dispersion, selecting genes with expression 
≥0.1 and a dispersion greater than or equal to the fitted 
dispersion. These high-variance genes were used for pseudotime 
analysis, and trajectories wer e constructed using DDRTree.
Differential gene analysis of the differentiation process (states)
was performed with the differential GeneTest function. The
top 20 DEGs related to differentiation were selected, and
pseudotime-dependent gene expression was visualized using

the plot_pseudotime_heatmap function from the viridis (version
0.6.5) package.

Single-cell RNA sequencing data analysis 
of human acute wound

The single-cell RNA sequencing (scRNA-seq) data of human 
wounds utilized in this study were downloaded from the 
GSE241132 dataset. This dataset comprises 12 samples from 4 
time points, namely the skin tissue wounds of 3 healthy donors 
at Day 0, Day 1, Day 7, and Day 30, with biopsies taken from the 
same site. The human single-cell data were processed following 
a protocol analogous to that employed for mouse data. For this 
analysis, we conducted data quality control and integration based 
on the code and parameters provided in the previous original 
article. In total, 58 814 cells and 22 139 genes from 12 samples of 
acute wounds were retained for downstream analysis. Uniform 
Manifold Approximation and Projection (UMAP) and k-nearest 
neighbors graph were generated using the RunUMAP and Find-
Neighbors functions in Seurat (version 5), respectively. Major cell
clusters were identified using the Louvain graph-based algorithm
with a resolution of 0.5, resulting in 27 clusters. Subpopulation
analyses of macrophages were performed using the same pipeline
as for major cluster identification, which included normalization,
variable feature selection, batch correction, dimensionality
reduction, and unsupervised clustering, but with a resolution
of 0.2.

Wound-tissue IL-1β quantification by 
enzyme-linked immunosorbent assay

On post-wounding days 2 and 4, the entire 8-mm wound area 
(including 2 mm of adjacent unwounded margin) was excised 
from each mouse, snap-frozen in liquid nitrogen, and stored at
−80◦C until processing. Tissues were homogenized in ice-cold 
RIPA buffer (Beyotime, China) supplemented with 1 mM PMSF and 
1× protease inhibitor cocktail (Roche) using a bead-beater (25 Hz, 
60 s). Homogenates were centrifuged at 12000 × g for 15 min at 
4◦C, and supernatants were assayed for IL-1β concentration with 
a commercially available mouse IL-1β ELISA kit (BY-EM220174, 
Byabscience, China) according to the manufacturer’s protocol. 
Total protein content w as determined by BCA assay (Solarbio Life
Sciences) to normalize cytokine levels. Data are expressed as pg
IL-1β per mg total protein.

Statistical a nalysis

All experiments were performed with at least three replicates, 
and the sample sizes are indicated in the figure legends. Results 
are expressed as the mean ± standard deviation (SD). Statistical 
analyses were conducted using GraphPad Prism 9.5.0 (GraphPad, 
USA). Post-hoc power analysis was performed using G∗Power soft-
ware (version 3.1.9.7) for the primary outcome measure of wound 
closure rate at Day 4. Comparisons between two groups were 
performed using an unpaired two-tailed t-test, while comparisons
among multiple groups were conducted using one-way or two-
way analysis of variance (ANOVA), followed by Tukey’s multiple
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comparisons test. A P-value of <0.05 was used a statistical signifi-
cance threshold. The significance levels are denoted as ∗P <0.05,
∗∗P <0.01, ∗∗∗P <0.001, and ∗∗∗∗P <0.0001.

Results 
NOD-, LRR- and pyrin domain-containing 
protein 3 dynamic changes may 
participate in the r egulation of the wound

healing process

To gain insights into the molecular mechanisms governing wound 
healing, we conducted bioinformatics analysis of the GSE23006 
microarray dataset, which encompasses the gene expression 
profiles of mouse skin wounds from Day 0 t o Day 10, spanning the
entire wound healing process [18]. To identify key genes involved 
in the wound healing process, we paired the eight time-point 
groups, creating 28 combinations. Subsequently, Differential 
expression analysis were performed on each combina tion, and
the Union of all DEGs (total number: 2211) was taken for follow-
up analysis (Figure 1 a). To further verify the functions of these 
genes, we conducted GO analysis. The results showed that these 
genes are involved in almost all biological processes critical to 
wound healing, such as inflammatory response, immune system
process, cell proliferation, angiogenesis, and epithelialization
(Figure 1 b). Significantly, emerging evidence highlights the 
indispensability of intricate intercellular crosstalk during the 
inflammatory phase for successful acute wound resolution [1, 
8, 19, 20]. To further identify the key inflammatory and immune 
regulatory genes involved in acute wound healing, we performed 
Mfuzz time-series analysis clustering of all DEGs, yielding 10 
distinct tr anscriptional modules. Based on previous studies of
the expression patterns during the inflammatory phase [18, 
20–22], we prioritized Cluster 1 as it represents a gene set 
crucial for regulating inflammation (Figure 1 c). GO and KEGG 
enrichment analyses of cluster 1 confirmed significant enrichment 
in inflammatory and immune-related pathways, particularly the 
NOD-like receptor signaling pathway and the NF-κB pathway 
(Figure 1 d). 

Intriguingly, the NLRP3 inflammasome, a master regulator of 
innate immune activation and inflammatory responses, is closely 
linked to bo th the NOD-like receptor signaling pathway and the
NF-κB pathway. Given its established role in cutaneous repair, we 
analyzed the gene expression dynamics of Nlrp3 and Il1b, which 
initiate the NLRP3 inflammasome in two wound models, RNA-
seq datasets of different sizes (1 mm and 8 mm) [17, 18]. The 
results demonstrated a significant upregulation of NLRP3 during 
the inflammatory phase, followed by a rapid downregulation, 
and restor ation to baseline levels as the wound almost re-
epithelialization (Figure 1 e). With the increase in wound size and 
the extension of healing time, the time for Nlrp3 and Il1b gene 
expression to return to normal is also prolonged. Moreover, strong 
positive correlations were observed between Nlrp3 expression
and critical healing regulators (e.g. Il1β, Tgfβ1, Mmp9; Figure 1 f). 
Collectively, these findings suggest that the dynamic activation 
of the NLRP3 inflammasome may be involved in regulating the
wound healing process.

Deletion of NOD-, LRR- and pyrin 
domain-containing protein 3 delays dorsal 
skin wound healing in mice but improves

wound healing quality

NLRP3 is critical for inflammasome assembly and activation [7]. 
To investigate its role in wound healing, we utilized CRISPR-Cas9-
generated Nlrp3 KO mic e and created a full-thickness skin injury
model (Figure 2 a). Our results demonstrated that Nlrp3 gene and 
protein expression levels were significantly elevated during the 
early inflammatory phase in WT wounds but gradually decreased 
over time. In contrast, expression levels remained negligible in
uninjured skin and Nlrp3 KO mice (Figure 2 b and c). Analysis 
of wound healing speed showed significantly delayed healing 
in Nlrp3 KO mice compared to WT mice a t days 2,4,7 after skin
injury, especially on the 2nd and 4th days (Figure 2 d and e). 
Interestingly, Day 7 post-injury displayed a marked increase in 
collagen in KO wounds relative to WT wounds. However, by Day 
14, collagen deposition in KO wounds was on par with WT wounds
(Figure 2f– h). Additionally, KO wounds exhibited enhanced hair 
follicular formation at the wound margins compared to WT 
wounds on Day 14, and the epidermal thickness of KO wounds 
on days 7 and 14 post-injury was always lower than that of WT
wounds and closer to that of normal skin (Figure 2 g and h). 
These findings were further supported by IF staining, which 
revealed significantly higher expression of α-smooth muscle 
actin (α-SMA), collagen type I (COLI), collagen type III (COLIII), 
and TGF-β1 expression in KO wounds at Day 7, but relatively
lower expression of COLI and TGF-β1 at Day 14 (Figure 2 i and j). 
In summary, Nlrp3 deletion delays inflammatory-phase wound 
healing but displays higher-quality tissue repair characterized by 
reduced COLI and T GF-β1 expression and enhanced appendage
restoration.

Spatiotemporal dynamics of the NOD-, 
LRR- and pyrin domain-containing protein 
3 inflammasome during mouse wound

healing

To explore the spatiotemporal distribution of NLRP3, we 
performed bioinformatic analysis on single-cell RNA sequencing 
dat a from a publicly available mouse full-thickness skin injury
model [23]. Cell population dynamics mirrored classical wound 
healing phases: inflammatory cells, notably macrophages and 
neutrophils, dominated the early inflammatory phase (days 2– 
4 post-injury), while fibr oblasts, epithelial cells, and endothelial
cells prevailed during the repair phase (Day 7) (Figure 3 a and b, 
and Figure S2a and b). Nlrp3 and Il1b expression was enriched 
in macrophages and neutrophils, with lower e xpression levels
observed in fibroblasts (Figure 3c–e). Notably, the proportion of 
NLRP3-positive cells and their average expression levels were pos-
itively correlated (Figure 3 d and e and Figure S2c and d). NLRP3 
exhibited dynamic expression patterns in macrophages and 
fibroblasts throughout the wound healing process, whereas neu-
trophils maintained persistently high expression. These results
suggest that the dynamic expression of Nlrp3 in macrophages
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Figure 1 Microarray data GSE23006 reveal the correlation between NLRP3 inflammasome activation and wound healing. (a) Workflow diagram for 
GSE23006 microarray data analysis from the GEO database. (b) GO enrichment analysis of the top 20 biological processes terms associated with 
DEGs during wound healing. All related DEGs were from the union of DEGs from pairwise comparisons across all time points during wound healing. 
(c) Time-series analysis (Mfuzz) of all DEGs during wound healing. (d) GO enrichment analysis of the top 20 biological processes terms associated with 
cluster 1 from (c). (e) Transcriptomic analysis reveals dynamic expression of NLRP3 inflammasome prime related genes (Nlrp3, Il1b)  during  wound  
healing in different wound sizes. Left panel (GSE23006 dataset, 1 mm wound), right panel (8 mm full-thickness skin wound RNA-sequence data from our
published paper [17]); wound healing time: red dashed box. (f) Correlation analysis between Nlrp3 expression and wound healing-related genes (Col1a1, 
Col3a1, Tgfb1, Mmp8, Mmp9,  and Vegfa) in the GSE23006 dataset. GO gene ontolo gy, BP Biological process, DEG differentially ex pressed gene

and fibroblasts may play a more critical role in regulating wound 
healing. As NLRP3 is a key regulator of the IL-1 signaling pathway, 
we analyzed ligand-receptor interactions within this pathway. The 
results revealed high expression of Il1b ligands in macrophages 
and neutrophils, while receptors such as Il1rap were highly 
expressed in fibroblasts, neural cells, and epithelial cells. Addition-
ally, fibroblasts, endothelial cells, hair follicle cells, and epithelial 
cells expressed high levels of Il1r1, Il1rl1, and Il1rl2 receptors,
indicating that macrophages and neutrophils may regulate
fibroblast functions through IL-1 signaling during wound healing
(Figure S2e). 

IF co-localization further confirmed that NLRP3 was predom-
inantly expressed in macrophages (F4/80+) and neutrophils 
(LY6G+) during the early inflammatory phase (Day 2) (Figure 3 f). 
IHC revealed widespread activation of NLRP3 and IL-1β in the 
inflammatory phase (Day 2 and Day 4), which became relatively 
low e xpression and localized to the superficial dermis during
the repair phase (Day 7) (Figure 3 g and h). Collectively, these 
findings indicated that NLRP3 is mainly expressed in macrophages 
and neutrophils during wound healing, with low expression in 
fibroblasts. Its dynamic expression in macrophages and fibrob-
lasts resembles the NLRP3 inflammasome activation pattern
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Figure 2 In-vivo experimental evaluation of the effects of NLRP3 KO on wound healing. (a) Strategy for generating Nlrp3 KO mice and schematic 
representation of the animal experiments. (b) Western blot analysis of NLRP3 and COL1 protein expression in WT and KO mice at various time points 
(Days 0, 2, 4, and 7) post-injury. GAPDH was used as a loading control. (c) Relative protein and mRNA expression of NLRP3 in WT mice at various time 
points (days 0, 2, 4, and 7) post-injury. Data of mRNA are presented as fold changes relative to Day 0 (mean ± SD, n = 3). (d) Representative optical images 
of wounds and wound area tracing analysis corresponding to optical images on days 0, 2, 4, 7, and 14. Scale bar, 200 μm. (e) Quantitative analysis of 
wound remaining ratio on Days 0, 2, 4, and 7 from (d). n = 4. (f) Representative H&E staining of wounds on Days 7 and 14. Scale bar, 500 and 200 μm. (g) 
Representative Masson trichrome staining of wounds on Days 7 and 14. Scale bar, 500 and 200 μm. Black dashed lines delineate the wound margin. The 
black arrow denotes hair follicles inside the wound. (h) The quantification analysis of collagen area and epidermal thickness in the wound from (g). 
(mean ± SD, n = 3).  (i) Representative IF images of α-SMA (red), COLI (green), COLIII (green), and TGF β1 (green for Day 7 and red for Day 14). Cell nuclei 
are counterstained with DAPI (blue). Scale bar, 50 μm. (j) Quantitative analysis of IF staining for α-SMA, COLI, COLIII, and TGF-β1 in the wound from (i) 
(mean ± SD, n = 3). WT, Nlrp3+/+:  WT;  KO  , Nlrp3−/−:  KO. KO NLRP3 knockout, WT wild-type
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Figure 3 Spatiotemporal dynamics of the NLRP3 inflammasome during mouse wound healing. (a) UMAP plots of single-cell RNA sequencing reveal 
dynamic cellular compositions at different time points during wound healing. (b) Bar charts show the changes in the proportion of wound cells at 
different time points. (c) Spatiotemporal dynamic gene expression of Nlrp3 and Il1b during wound healing. (d) Proportion changes of Nlrp3-positive 
macrophages and neutrophils during wound healing. (e) Average expression levels of Nlrp3 acr oss different cell types during wound healing. (f)  IF  
colocalization of NLRP3 with LY6G and F4/80 on Day 2 post-wounding. NLRP3 (red), LY6G (green), F4/80 (green), and DAPI (blue). Scale bar, 100 μm. 
(g) Immunohistochemical analysis of NLRP3 and IL-1β expression during different phases of wound healing. Scale bar, 100 μm. (h) Quantitative analysis 
of NLRP3 and IL-1β expression in wound tissues during different phases of wound healing (mean ± SD, n = 3). Scale bar, 100 μm. Neu neutrophil, 
SMC smooth muscle cell, HF hair follicle, UMAP uniform manifold approximation and projec tion, MAC macrophage, HF hair follicle
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during wound healing, suggesting these cells may be key regu-
lators in NLRP3 inflammasome -mediated regulation of wound
healing.

NOD-, LRR- and pyrin domain-containing 
protein 3 knockout impairs the chemotaxis 
of macrophages and fibroblasts to the

wound during the inflammatory phase

To investigate the role of the NLRP3 inflammasome in early wound 
healing, RNA sequencing was performed on wound tissues from 
WT and Nlrp3 KO mice on Day 2 post-injury. Transcriptomic 
analysis identified 441 upregulated and 786 downregulated
genes in Nlrp3 KO wounds compared to WT (Figure 4 a). GO and 
KEGG pathway analyses revealed significant downregulation of 
inflammation response and immune system processes, including 
the NOD-like receptor signaling p athway, Toll-like receptor
signaling pathway, and NF-κB signaling pathway (Figure 4 b). 
Chemotaxis-related pathways, such as the chemokine signaling 
pathway and cytokine-cytokine receptor interaction, were
also significantly downregulated (Figure 4 b). Heatmap analysis 
highlighted reduced expression of key chemotactic mediators, 
including Ccl2, Ccl3, and Ccl7 in the CCL pa thway, and Cxcl12 and
Cxcr3 in the CXCL pathway (Figure 4 c). These findings suggest that 
Nlrp3 deficiency may impair the recruitment of inflammatory and 
reparative cells to the wound site through CCL/CXCL pathw ays
during the early phase of wound healing.

To further understand the impact of NLRP3 inflammasome 
activation on cell recruitment, we performed ligand-receptor 
expression and cell-communication analyses on single-cell
sequencing data [23]. Prior studies demonstrated that NLRP3 
activation peaks during the early inflammatory phase (Figures 1– 
3). Therefore, we focused on the significantly upregulated cellular 
communication on Day 2 post-injury. Ligand-receptor expression 
analysis showed that Ccl2, Ccl3, and Ccl7 were predominantly 
expressed in macrophages and fibroblasts on Day 2 post-
injury, while Cxcl12 was enriched in fibroblasts (Figure S3a). 
Comparative analysis of uninjured and injured skin revealed 
that the CCL signaling pathway was markedly enhanced on 
Day 2, with macrophages acting as both signal senders and 
r eceivers. fibroblasts also exhibited upregulated CCL signaling
and CXCL signaling as signal senders (Figure S3b). Notably, 
these chemokines were significantly downregulated i n Nlrp3
KO mice (Figure 4 c), suggesting that NLRP3 activation influences 
chemokine expression, thereby regulating immune and reparative 
cell recruitment, particularly macrophages and fibroblasts.

Further analysis of the interactions between macrophages 
and fibroblasts during the inflammatory phase revealed that 
macrophages can influence fibroblast function via chemokine-
related ligand-receptor interactions and IL-1 signaling p athway
ligand-receptor interactions in the early inflammatory phase (Day
2) (Figure S3c). Moreover, fibroblasts can influence macrophage 
function via chemokine-related ligand-receptor interactions in the 
early inflammatory phase (Figure S3d), which is consistent with 
previous studies suggesting inflammatory fibroblasts mediate 
macrophages through CCL2 and CCL7 chemokines [15]. 

To validate NLRP3’s impact on macrophage recruitment, 
flow cytometry was performed on Day 2 wounds from WT 

and Nlrp3 KO mice. NLRP3 deficiency significantly reduced the 
proportion of t otal macrophages (F4/80+) and M1 macrophages
(F4/80+, CD86+) in KO wounds (Figure 4 e). Concordantly, qPCR 
analysis revealed marked downregulation of key chemotactic 
genes (e.g. Ccl2/3/7) in KO wounds (Figure 4 d). To dissect 
the interplay between NLRP3 activation in macrophages and 
fibroblast migration, we employed a transwell co-culture system
(Figure 4 f). Firstly, LPS + ATP robustly activated the NLRP3 
inflammasome in macrophages, as confirmed by Western 
blotting, while the NLRP3 inhibitor MCC950 suppressed its
activation (Figure S4a). Secondly, LPS significantly upregulated 
Ccl3 and Ccl7 expression in macrophages, and LPS + ATP further 
increased their expression, while the NLRP3 inhibitor MCC950
suppressed inflammasome-activated chemokine expression
(Figure 4 g). Finally, as expected, LPS + ATP-primed macrophages 
significantly enhanced fibroblast migration, an effec t abolished by
MCC950 (Figure 4 h), establishing NLRP3 as an enhanced mediator 
of macrophage-driven chemotaxis. Direct LPS + ATP stimulation 
further revealed NLRP3’s cell-intrinsic role in fibroblasts: WT 
fibroblasts exhibited augmented migra tion, whereas Nlrp3 KO
fibroblasts showed blunted responses (Figure S4b). These findings 
collectively indicate that NLRP3 inflammasome activation in 
both macrophages and fibroblasts enhances their chemota ctic
recruitment during the early inflammatory phase.

NOD-, LRR- and pyrin domain-containing 
protein 3 is involved in macrophage 
pheno type switching during wound

healing

MAC-mediated immune regulation and inflammatory 
responses are critical for wound healing [24]. In the inflammatory 
phase of wound healing, Nlrp3−/− mice exhibited not only 
attenuated inflammatory responses (Figure 4 b and c) but also 
a reduced proportion of pro-inflammato ry M1 macrophages
(Figure 4 e). To clarify NLRP3’s role in regulating macrophage pro-
and anti-inflammatory phenotypes, we detected inflammation-
related gene expression in WT and KO mouse wounds on days 
2 and 7 post-injury. Results showed that in KO mouse wounds 
during the inflammatory phase, pro-inflammatory genes (Il6, Il1β, 
and Nos2) w ere downregulated, while anti-inflammatory genes
(Il10, Mrc1, and Tgfβ1) were upregulated (Figure 5 a). Similarly, 
even during the wound repair phase, the expression of pro-
inflammatory genes (Il1β, Tnfα, and Nos2) was reduced in KO 
mouse wounds, while the expression of anti-inflamma tory genes
(Arg1, Il10, Mrc1, and Tgfβ1) was increased (Figure 5 b). 

Previous studies have shown that NLRP3 inflammasome 
activation promotes M1 macrophage polarization [24–26]. To 
explore this further, we induced M1 polarization in BMDMs 
with LPS, M2 polarization with IL-4, and NLRP3 inflammasome 
activation with LPS + ATP. PCR results revealed that LPS-induced 
M1 polarization mildly upregulated Nlrp3 expression, IL-4-induced 
M2 polarization signific antly downregulated Nlrp3, and LPS + ATP
treatment markedly increased Nlrp3 expression (Figure 5 c). In 
addition, BMDMs from WT and Nlrp3-KO mice were induced by 
IL-4 in vitro. Flow cytometry analysis showed the proportion of M2 
macrophages (F4/80+, CD11b+, CD206+) in NLRP3 KO BMDMs
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Figure 4 RNA sequencing combined with in vivo and in vitro experiments was used to verify the effects of NLRP3 KO on cell chemotaxis during the 
inflammatory phase. (a) Principal component analysis (PCA) and volcano plot of DEGs. Red dots represent significantly upregulated genes in KO 
compared to WT, while blue dots represent significantly downregulated genes (q-value <0.05, |log2 fold change| > 1). (b) GO and KEGG pathway 
enrichment analysis of DEGs between WT and KO mouse wounds. Left panel: GO enrichment analysis; right panel: KEGG pathway enrichment analysis; 
upregulated (red) and downregulated (blue) genes in KO mouse wounds. (c) Heatmap analysis of chemotaxis and inflammatory response-related genes 
in WT and KO mouse wounds at Day 2 post-injury. (d) qRT-PCR analysis of chemotaxis-related gene expression (Ccl2, Ccl3,  and Ccl7)  in  WT  and  KO  mouse  
wounds on Day 2 post-injury (mean ± SD, n = 3).  (e) Flow cytometry analysis of macrophage proportion and M1 macrophage polarization in wound 
tissues on Day 2 post-injury (mean ± SD, n = 3).  (f) Schematic representation of the Transwell chemotaxis assay f or fibroblast migration in macrophage 
co-culture. (g) qRT-PCR analysis of chemotaxis-related gene expression (Ccl3 and Ccl7) in macrophages through different treatments. 
(h) Representative crystal violet staining images in transwell assays to evaluate the effect of macrophage NLRP3 inflammasome activation on fibroblast
migration. PCA principal component analysis, DEG differentially expressed gene, GO Gene ontology, KO NLRP3 knockout, WT wild-type
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Figure 5 NLRP3 is involved in macrophage phenotype switching during wound healing. (a) qRT-PCR analysis of inflammation-related gene expression in 
WT and KO mouse wounds on Day 2 post-injury. (b) qRT-PCR analysis of inflammation-related gene expression in WT and KO mouse wounds on Day 7 
post-injury. (c) qRT-PCR analysis of Nlrp3 expression in WT BMDM by different treatments. LPS: 1 μg/ml, 24 h; IL-4: 20 ng/ml, 48 h. LPS + ATP: LPS 
250 ng/ml for 5 h, then the ATP 2 mM for 1 h. (d) Flow cytometry analysis of IL-4-induced M2 macrophage polarization in WT and KO BMDM. IL-4: 
20 ng/ml, 48 h. (e) qRT-PCR analysis of pro-inflammatory and anti-inflammatory gene expression in WT and KO BMDMs (mean ± SD, n = 3). 
(f) Representative IF images of CD206 and CD86 expression in WT and KO BMDM induced by IL-4 (20 ng/ml, 48 h). CD206 (green), CD86 (red), and DAPI 
(blue). Scale bar, 50um. (g) Representative IF images of M2 polarization-related gene expression in WT and KO wounds at Day 7 post-injury. CD206
(green), IL-10 (green), and DAPI (blue). Scale bar, 50 μm. LPS lipopolysaccharide, ATP Adenosine Triphosphate, IL Interleukin, BMDM bone 
marrow-derived macrophage, KO NLRP3 knockout, WT wild-t ype

was increased (Figure 5 d). qPCR analysis revealed that pro-
inflammatory genes (Nos2, IL-1β) were downregulated, and anti-
inflammatory genes (Il10, Mrc1) were significantly upr egulated
in Nlrp3 KO BMDMs compared to WT (Figure 5 e). IF staining also 
confirmed increased expression of CD206 in KO BMDM (Figure 5 f). 
These results indicate that, consistent with in vivo findings, Nlrp3 
KO BMDMs are more prone to M2 polarization. In addition, IF 
images demonstrated that anti-inflammatory markers (CD206, IL-
10) were upregulated in Nlrp3 KO wounds at 7 days post-injury. In 
summary, NLRP3 KO mice display a relatively lower inflammatory
microenvironment, promoting macrophage polarization to the
anti-inflammatory M2 type.

Single-cell sequencing data revealed 
NOD-, LRR- and pyrin domain-containing 
protein 3’s regulatory role in the 
phenotypic switching of m acrophages and

fibroblasts during wound healing

Macrophages and fibroblasts, highly plastic cells, play a k ey role
in wound healing [27–29]. To further explore the relationship 
between NLRP3 and the phenotypes of macrophages and fibrob-
lasts during wound healing, we analyzed scRNA data of mouse
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acute wounds via cell sub-clustering and functional annotation. 
The results showed that myeloid cells were subclustered into dis-
tinct subsets: M1 (pro-inflammatory), M2 (reparative), chemotaxis 
macr ophage, and DC populations (DC1–2) based on functional
gene signatures (Figure 6 a and b). Nlrp3 and Il1b expression 
was enriched in M1 and chemotaxis macrophage (Figure 6 c). 
Functional annotation revealed that M1 macrophage upregulated 
innate immune pathways (e.g. NOD-like/TNF/NF-κB signaling), 
while chemotaxis macrophage preferentially activated leukocyte 
migration and chemotaxis (Figure 6 d and e). This distinct func-
tional partitioning indicates that NLRP3 inflammasome activation 
drives both M1 polarization and chemotactic recruitment.

Parallel sub-clustering of fibroblasts identified inflammatory 
fibroblasts, reparative fibroblasts, angiogenic fibr oblasts, etc.
(Figure 6 f). Nlrp3 and Il1b localized predominantly to inflamma-
tory fibroblasts (Figure 6 g). GO analysis highlighted leukocyte 
migration and immune cell 
activation as top-enriched pathways in Nlrp3-high inflammatory
fibroblasts (Figure 6 h and i). Strikingly, Nlrp3+ fibroblasts exhib-
ited dual regulation: upregulation of chemotaxis/taxis pathways 
coincided with suppression of ECM remodeling genes (Figure 6 j). 
The results further provide evidence that NLRP3’s close link to cell 
chemotaxis and its regulatory role in macr ophage and fibroblast
phenotypes.

NOD-, LRR- and pyrin domain-containing 
protein 3 inflammasome affects fibroblast 
pr o-repair phenotypic transition

Building on scRNA-seq evidence of suppressed ECM-related 
pathways in NLRP3+ fibroblasts (Figure 6 j), we hypothesized that 
NLRP3 modulates fibroblast reparative transitions via IL-1 signal-
ing. CellChat analysis identified neutrophils/macrophages as IL-
1β sources during inflammation (Days 2–4), with fibroblasts/myo
fibroblasts serving as key receivers (Figure 7 a). Strikingly, the Il1b-
(Il1r1 + Il1rap) axis dominated macrophage/fibroblast crosstalk, 
peaking in myo fibroblasts during inflammation (Figure 7 b), sug-
gesting macrophage-derived IL-1β directs fibroblast phenotypic 
transition. To investigate the association between fibroblast 
phenotype transitions and NLRP3 inflammasome activation, 
Subclustering analysis revealed nine dynamic fibroblast subsets
with the main cluster 0–4 for the following analysis (Figure S6a 
and b). Clusters 0, 2, and 4 specialized in ECM remodeling, cluster 
1 exhibited mixed inflammatory-reparative features, and cluster 3 
emerged as a pro -inflammatory population enriched in cytokine
signaling (Figure S6c and Table S3). Pseudotime trajectory mod-
eling positioned cluster 0 as the progenitor state, progressively 
diverging into terminal inflammatory (cluster 3) and reparative
phenotypes (cluster 2) (Figure 7 c). Reparative fibroblasts exhibited 
higher differentiation states than inflammatory fibroblasts, 
suggesting a potential transition from inflammatory to reparative 
phenotypes during wound healing, which is in line with Yuval 
Rinkevich’s study that pro-inflammatory fibroblasts can serve 
as an intermediate state before switching to repair-associated
myo fibroblasts [30]. Further analysis of Nlrp3 and Il1b revealed 
their predominant expression in state 1 (inflammatory fibroblasts) 
and state 5 (reparative fibroblasts), linking NLRP3 inflammasome 
activation to both inflammatory and reparative fibroblast
phenotypes (Figure 7 d). Screening for key genes regulating this 

differentiation trajectory identified IL-1β, Spp1, Lgals7, Saa3, and 
Cxcl2 as significantly upregulated in later clusters, sugg esting roles
in inflammation, chemotaxis, and tissue remodeling (Figure 7 e). 
Thus, NLRP3 inflammasome activation influences fibroblast phe-
notypes, impacting both their pro-inflammator y and reparative
functions.

Functional validation in Nlrp3−/− mice demonstrated that 
under homeostatic conditions (without injur y or stimulation),
Nlrp3−/− mice show downregulation of Acta2, Col1a1, Col3a1, 
Cd31, Vegfa, etc (Figure 7 f). Similarly, in vitro-isolated primary 
dermal fibroblast cells from Nlrp3−/− mice exhibit down-
regulation of repair-related markers like A cta2 and Col1a1
(Figure 7 g and h). Unexpectedly, Nlrp3 deficiency fibroblasts 
concomitantly enhanced proliferation and migration (Fig-
ure S5d and e). Fibroblasts could transform into myo fibrob-
lasts to promote ECM synthesis and wound contraction dur-
ing wound repair. To mimic inflammasome activation, we 
treated WT and KO fibroblasts with LPS + ATP in vitro and 
performed collagen contraction assays. Both groups showed
reduced contractile ability after inflammatory stimulation
(Figure S5f). 

To investigate macrophage-mediated effects on fibroblast 
function, we established an macrophage-fibroblast co-culture 
model mimicking an in vivo inflammatory microenvironment
(Figure 7 i). Stimulation with LPS + ATP induced Nlrp3 expression 
in fibroblasts, which was further enhanced when c o-cultured
with NLRP3-activated macrophages (Figure 7 j). Analysis of 
macrophage NLRP3 inflammasome activation revealed its 
inhibitory effects on fibroblast reparative genes and proteins 
(α-SMA, COL1, and TGFβ1), which were attenuated in Nlrp3 KO
fibroblasts (Figure 7 k, l and l). Interestingly, while macrophage 
NLRP3 inflammasome activation suppressed fibroblast reparative 
function, it promoted fibroblast pr oliferation and migration
(Figure S5g and h). Collectively, these findings indicate that NLRP3 
inflammasome activation regulates the fibroblasts’ functions and 
phenotypy through both intrinsic and macrophage-mediated
mechanisms.

NOD-, LRR- and pyrin domain-containing 
protein 3 induces reactive oxygen species 
and modulates Smad-dependent 
fibr oblast activation independent from

inflammasome

Inflammasome activation in macrophages inhibits the pro-
reparative phenotype of fibroblasts in a manner linked to 
fibroblast-intrinsic NLRP3 expression. We hypothesized that this 
effect is mediated by IL-1β, the principal effector cytokine released 
upon inflammasome activation. Consistent with this premise, 
exogenous IL-1β markedly up-regulated NLRP3 tr anscription
while simultaneously suppressing the pro-reparative gene signa-
ture of fibroblasts (Acta2 and Col1a1; Figure S6b). Unexpectedly, 
exposure of fibroblasts to the canonical inflammasome trigger LPS 
plus ATP failed to generate detectable cleaved caspase-1 (p20), in 
contrast to the activation observed in macrophages (Figures 8a 
and b, and S6a). In light of previous reports on NLRP3-mediated 
regulation of non-immune cells [31–33], we postulated that

D
ow

nloaded from
 academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkag002/8415534 by guest on 12 O
ctober 2026

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkag002#supplementary-data


Burns & Trauma, 2026, Vol. 14, tkag002 15 

Figure 6 Single-cell sequencing data reveal NLRP3’s regulatory role in the phenotypic switching of macrophages and fibroblasts during wound healing. 
(a) UMAP visualization of myeloid cells showing subpopulations. (b) Dotplot showing marker genes for myeloid cell subsets. (c) Dot plot illustrating the 
expression levels of key inflammasome activation genes (Nlrp3, Il1b) in different myeloid cell subpopulations. (d) GO and KEGG enrichment analysis of 
highly variable genes upregulated in M1 macrophages. (e) GO enrichment analysis of highly variable genes upregulated in chemotaxis macrophage. (f) 
UMAP visualization of fibroblasts showing fibroblast subpopulations epi fibroblast: epidermal fibroblast, angi fibroblast: angiogenic, inflam fibroblast: 
inflammatory fibroblast, and repair fibroblast: reparative fibroblast. (g) Dot plot illustrating the expression levels of key inflammasome activation genes 
(Nlrp3 and Il1b) in different fibroblast cell subpopulations. (h) GO enrichment analysis of highly variable genes upregulated in inflammatory fibroblasts 
(inflam fibroblast). (i) Temporal dynamics of NLRP3-positive fibroblast cells during wound healing. (j) GO and KEGG enrichment analysis of up-regulated 
and down-regulated genes in NLRP3-positive fibroblast compared with NLRP3-negative fibroblast. LPS lipopolysaccharide, ATP Adenosine Triphosphate,
IL interleukin, KO NLRP3 knockout, WT wild-type
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Figure 7 NLRP3 inflammasome affects fibroblast pro-repair phenotypic transition. (a) CellChat analysis of IL1 signaling pathway interaction strengths 
among cell populations at different time points during wound healing. (b) Interactions between macrophages, neutrophils, and fibroblasts via IL 
signaling pathways during wound healing. (c) Pseudotime analysis of fibroblast differentiation trajectories. (d) Expression of inflammasome-related 
genes (Nlrp3 and Il1b) in fibroblast across different differentiation states. (e) The heatmap of the top 20 key genes driving fibroblast differentiation during 
wound healing. (f) qRT-PCR analysis of wound healing-related gene expression in skin tissue (unwound) from WT and KO mice (mean ± SD, n = 3). (g) 
qRT-PCR analysis of wound healing-related gene expression in primary fibroblast from WT and KO mic e (mean ± SD, n = 3). (h) Representative IF images 
of wound healing-related protein expression in fibroblast from WT and KO mice. A-SMA (red), COLI and COLIII (green), DAPI (blue). Scale bar, 100 μm. 
(i) Schematic representation of the co-culture experiment using macrophage-CM and fibroblasts. Fibroblasts were derived from WT or NLRP3 KO mice. 
LPS -ATP-treated fibroblasts: fibroblasts were treated with LPS (250 ng/ml) and ATP (2 mM) for 24 h. CM + LPS-ATP treated fibroblasts: CM collected from 
LPS-ATP treated macrophages (250 ng/ml LPS for 5 h, 2 mM ATP for 1 h) was applied to fibroblasts for 24 h. (j) qRT-PCR analysis of NLRP3 mRNA 
expression in fibroblasts under different treatment conditions. (k) qRT-PCR analysis of wound healing-related gene expression in WT and KO fibroblasts 
after treatment with LPS + ATP or C M + LPS + ATP (mean ± SD, n = 3). (l) Representative IF images of wound healing-related protein expression in WT 
and KO fibroblasts after treatment with LPS + ATP or CM + LPS + ATP. Scale bar, 100 μm. (m) Quantitative analysis of IF images for wound 
healing-related protein expression in WT and KO fibroblasts from (l) (mean ± SD, n = 3). LPS lipopolysaccharide, AT P Adenosine Triphosphate, 
IL interleukin, KO NLRP3 knockout, WT wild-type
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Figure 8 NLRP3 protein induces ROS and modulates Smad-dependent fibroblast activation independent from inflammasome. (a) Western blot analysis 
of pro-casp1 and cleaved casp1 protein expression in macrophage and fibroblast under different treatments. GAPDH was used as a loading control. LPS 
(500 ng/ml, 4.5 h) plus ATP (5 mM, 1 h). (b) Quantification of pro-casp1 and cleaved casp1 protein levels, normalized to GAPDH (mean ± SD, n = 3). 
(c) Representative IF images of NLRP3 (green), TOMM20 (red) and DAPI (blue) in WT and KO fibroblast with different treatments. Scale bar, 50 μm. 
(d) Representative IF images of MitoTracker (red) of WT and KO fibroblast with different treatments. Cell nuclei are count erstained with Hoechst (blue). 
Scale bar, 50 μm. (e) Flow cytometry analysis of ROS level of WT and KO fibroblast with different treatments by Dihydroethidium (DHE) staining. 
(f) Quantification of ROS level of WT and KO fibroblast with different treatments (mean ± SD, n = 3). (g) Western blot analysis of COL1, p-SMAD 2/3, and 
SMAD2/3 protein expression of WT and KO fibroblast with different concentrations of TGFβ1. GAPDH was used as a loading control. (h) Quantification of 
Col1, p-SMAD 2/3, and SMAD2/3 protein levels of WT and KO fibroblast with different concentrations of TGFβ1  (mean ± SD, n = 3). (i) qRT-PCR analysis of 
Col1a1, Ki67, Smad2,  and Smad3 in fibroblas t through different treatments (mean ± SD, n = 3). (j) Schematic representation of the molecular 
mechanisms by which NLRP3 regulates fibroblast function. ATP Adenosine Triphosphate, ROS reactive oxygen species, DHE Dihydroethidium,
KO NLRP3 knockout, WT wild-type
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NLRP3 governs fibroblast behavior independently of c anonical
inflammasome assembly.

Immunofluorescence staining revealed a pronounced co-
localization of endogenous NLRP3 with the mitochondrial 
marker TOMM20 in WT fibroblasts (Pearson’s R = 0.66; Figures 8c 
and S6c). Over-expression of NLRP3 further increased this co-
localization (R = 0.75; Figure S6c), suggesting a direct mitochon-
drial association. Functional interrogation using mitochondrial 
membrane-potential dyes demonstrated that NLRP3 activation 
enhanced mitochondrial activity, whereas NLRP3 deficiency 
a ttenuated the LPS/ATP-induced impairment of mitochondrial
function (Figures 8d). Flow-cytometric quantification of ROS 
showed consistently lower levels in Nlrp3 KO fibroblasts under 
all experimental conditions relative to WT controls (Figures 8e 
and f), despite comparable up-regulation of NLRP3 expression by 
the various stimuli (S6a, b, and d). 

TGF-β1 is the dominant driver of fibroblast-mediated repair, 
and the Smad pathway is a critical determinant of fibroblast 
functionality. Stimulation of WT fibroblasts with TGF-β1 induced 
Smad2/3 phosphorylation (p-Smad2/3) and elevate d COL1
expression; these responses were markedly attenuated in Nlrp3
KO fibroblasts (Figure 8g–i). In addition, treatment with LPS + ATP 
up-regulates the fibroblast NLRP3 inflammasome; subsequent 
exposure to TGF-β1 further enhanc ed the activation of Smad
signaling (Figure S6d). Integrating these findings with previous 
evidence that NLRP3 promotes renal and cardiac fibrosis via
inflammasome-independent mechanisms [34, 35], we propose 
that macrophage inflammasome activation drives IL-1β secretion 
which engages IL-1R1 on fibroblasts, triggering NF-κB-dependent 
NLRP3 up-regulation that fosters a pro-inflammatory and anti-
reparative phenotype during inflammation. NLRP3, in turn, 
co-localizes with mitochondria to amplify ROS production, 
thereby potentiating TGF-β1-induced Smad phosphorylation and 
subsequent expression of repair-associated genes and proteins,
including COL1 (Figure 8 j). 

NOD-, LRR- and pyrin domain-containing 
protein 3 knockout promotes hair follicle 
and nerve rep air during the wound repair

phase

Histological assessments at Day 14 post-injury demonstrated 
reduced scarring and augmented hair f ollicle morphogenesis
in Nlrp3 KO versus WT wounds (Figure 2). Transcriptomic 
profiling of Day 7 repair-phase tissues revealed NLRP3 deficiency 
broadly downregulated inflammatory/immune pathways while 
upregulating regenerative programs encompassing c ollagen
remodeling, hair follicle induction, and neural regeneration
(Figure 9a–c). Specifically, to delineate the temporal dynamics 
driving differential healing outcomes, we performed Mfuzz time-
series clustering on transcriptomic data spanning the wound 
repair (Days 0–14). Genes stratified into 10 distinct co-expression 
clusters, with functional annotation revealing divergent activation 
trajectories between genotypes across three pivotal modules. 
In WT wounds, inflammatory and immune-regulatory clusters 
exhibited rapid upregulation, peaking at Day 2 post-injury. In 
contrast, Nlrp3 KO wounds displayed a delay in inflammatory 
activation, with cluster 6 reaching maximal expression intensity 
2 days late r than WT. Conversely, hair follicle, neural regeneration,

and Wnt signaling clusters in KO wounds achieved rapidly elevated
expression by Day 7 and sustained high levels through Day 14,
diverging from the delayed activation observed in WT controls
(Figure 9 d). As noted earlier, RNA sequencing results indicated 
upregulation of pathways related to hair follicle and nerve 
regeneration in Nlrp3 KO mice. IF staining on Day 14 confirmed 
increased hair follicle density and enhanced nerve regeneration
in Nlrp3 KO wounds compared to WT (Figure 9 e). This supports 
the hypothesis that NLRP3 deficiency facilitates hair f ollicle and
nerve repair.

In vivo neutralization of interleukin-1 beta 
attenuates inflammatory cell infiltration 
and macrophage pro-inflammatory 
polariz ation while impairing wound

closure

To clarify the contribution of IL-1β—the principal effector 
downstream of the NLRP3 inflammasome—to cutaneous wound 
healing, we administered a neutralizing anti-IL-1β antibody 
subcutaneously on post-wound days 0, 1, 3, and 5, coincident with
the increased endogenous expression of IL-1β (Figure 10a). ELISA 
and western blot analyses of wound on days 2 and 4 confirmed 
that the antibody markedly reduced local IL-1β abundance
(Figures 10b and S7a and b). 

In vivo neutralization of IL-1β significantly delayed wound
closure (Figures 10c–e and S8a) and suppressed the expression 
of COL1, α-SMA, and TGF-β1 on Day 7 (Figure S8b and c). IF 
analyses specifically evaluating macrophage and neutrophil 
dynamics revealed that IL-1β blockade markedly inhibited the 
pro-inflammatory macrophage phenotype (F4/80+CD86+) while 
promoting a pro-reparative phenotype (F4/80+CD206+) during 
both the inflammatory (days 2 and 4) and proliferative (Day 7)
phases. Additionally, neutrophil (Ly6G+) infiltration on Day 2 was
significantly reduced (Figure 10h–k and Figure S7c and d). These 
data indicate that IL-1β is a pivotal inflammatory mediator in 
wound repair; its depletion not only attenuated inflammatory-cell 
infiltration during the early inflammatory phase (Day 2) but also
impaired the subsequent recruitment of cells on Day 4 (Figure 10f 
and g). Masson trichrome and IF staining of wounds at the 
remodeling phase (Day 14) demonstrated that neutralization of IL-
1β augmented collagen deposition and elevated COL1 and α-SMA 
expression, thereby intensifying post-healing fibrosis (Figure S7a 
and d). Collectively, these findings establish IL-1β as the principal 
NLRP3-derived effector, is indispensable for physiological wound 
healing. Reducing its availability not only retards the healing 
process but also predisposes to exaggerated scar formation.

Interleukin-1 beta replenishment in NOD-, 
LRR- and pyrin domain-containing protein 
3-deficient mice restores inflammatory 
cell infiltration and pro-inflammatory 
macrophage polarization t o accelerate

wound closure

Prior studies indicated that the impaired wound healing observed 
in NLRP3-deficient mice results primarily from attenuated
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Figure 9 NLRP3 KO promotes hair follicle and nerve repair during the wound repair phase. (a) PCA and volcano plot of DEGs. Red dots represent 
significantly upregulated genes in KO compared to WT, while blue dots represent significantly downregulated genes (p-value <0.05, |log2 fold 
change| > 1). (b) GO and KEGG pathway enrichment analysis of DEGs between WT and KO mouse wounds. Left panel: GO enrichment analysis; right 
panel: KEGG pathway enrichment analysis; upregulated (red) and downregulated (blue) genes in KO mouse wounds. (c) Heatmap analysis of 
inflammatory response-related, ECM organization, neurogenesis, and hair follicle regeneration-related genes in WT and KO mouse wounds at Day 7 
post-injury. (d) Mfuzz analysis showing dynamic changes of inflammation, immune response, hair follicle regeneration, Wnt Signaling pathway, and 
neuroregeneration-related genes in WT and KO mouse wounds. The red dashed box highlights the time points with the most significant differences 
between the two groups. (e) Representative IF images of hair follicle and nerve markers expression in WT and KO wounds at Day 14 post-injury. K5
(green), K14 (red), NF-H (green), and β-III tubulin (green), and DAPI (blue). Scale bar, 75 μm. PCA principal component analysis, DEG differentially 
expressed genes, KO NLRP3 k nockout, WT wild-type
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Figure 10 Effects of in vivo IL-1β blockade on wound healing and inflammatory infiltration. (a) Schematic representation of the different treatments of 
the WT mouse. (b) ELISA analysis of the IL-1β level of wound tissue on the different treatments. (c) Representative optical images of wounds on days 0, 2, 
4, 7, and 14. Scale bar, 200 μm. (d) Wound area tracing analysis corresponding to (c). (e) Quantitative analysis of relative wound area on days 2, 4, 7, and 
10 from (c).(mean ± SD, n = 6). (f) Representative H&E staining of wounds on days 2 and 4. Scale bar, 200 and 50 μm. (g) The quantification analysis of cell 
number per HPF in the wound from (f). (mean ± SD, n = 6). (h) Representative IF images of F4/80 (green), CD86 (red), and CD206 (purple) for Day 2 and 
Day 7. Cell nuclei are counterstained with DAPI (blue). Scale bar, 100 μm. (i) Quantitative analysis of the IF area of CD86 and CD206 in the wound from (h). 
(mean ± SD, n = 6). (j) Representative IF images of LY6G (green) for Day 2 and Day 4. Cell nuclei are counterstained with DAPI (blue). Scale bar, 100 μm. (k) 
Quantitative analysis of the IF area of LY6G in the wound from ( j).(mean ± SD, n = 6). KO NLRP3 knockout
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IL-1β signaling. To verify this causality, we restored the physio-
logical IL-1β landscape in Nlrp3−/− animals by subcutaneous 
administration of recombinant IL-1β (2 μg on Day 0, 10 μg  on  
Days 1 and 3, and 2 μg on Day 5) to recapitulate the endog enous
temporal gradient (Figure 11a). ELISA and western blot analyses of 
wound tissue collected on days 2 and 4 confirmed a pronounced 
and sustained rise in local IL-1β abundance (Figures 11b and S9a 
and b). 

IL-1β reconstitution accelerated wound closure in Nlrp3−/− 
mice (Figures 11c–e and S10a) and increased the expres-
sion of COL1, α-SMA, and TGF-β1 on Day 7 (Figure S10b 
and c). In addition, IL-1β supplementation augmented early 
inflammatory-cell infiltration on Day 2, and increased the 
subsequent recruitment of reparative fibroblast populations
on Day 4 (Figure 11f and g). IF analyses specifically evaluating 
macrophage and neutrophil dynamics revealed that IL-1β 
supplementation markedly promoted the pro-inflammatory 
macrophage phenotype (F4/80+CD86+) while suppressed a 
pro -reparative phenotype (F4/80+CD206+) on days 2, 4 and 7
(Figure 11h and i, and Figure S9c and d). Additionally, neutrophil 
(Ly6G+) infiltration on Day 2 was significantly increased (Figure 11j 
and k). Masson trichrome and IF staining of wounds at the 
remodeling phase (Day 14) demonstrated that supplement of IL-
1β augmented collagen deposition and elevated C OL1 and α-SMA
expression, thereby intensifying post-healing fibrosis (Figure S9a 
and d). 

Spatiotemporal dynamic activation of the 
NOD-, LRR- and pyrin domain-containing 
protein 3 inflammasome during human

wound healing

To characterize the spatiotemporal activation landscape of 
the NLRP3 inflammasome in acute human wound healing, 
we analyzed bulk RNA sequencing (GSE174661) and single-
cell RNA sequencing (GSE241132) data from public databases. 
The results showed that NLRP3 gene expression was highest 
in the early inflammatory phase of wound healing (Wound1), 
then gradually decreased, but r emained at a relatively high
level during the repair phase (Wound7), ∼2–3 times the NLRP3
expression in normal skin. Additionally, NLRP3 expression was
also at a high level in chronic wounds (venous ulcers) (Figure 12a). 
Further GSEA analysis was performed by pairwise comparison 
of normal skin, venous ulcers, and skin wounds on Day 1 and 
Day 7. The results indicated that the Nod-like receptor signaling 
pathway, which is highly associated with NLRP3 inflammasome 
activation, was significantly upregulated in the early inflammatory 
phase (Wound1) compared to normal skin and the r epair phase
(Wound7). Similarly, the Nod-like receptor signaling pathway
was also significantly upregulated in venous ulcers compared to
normal skin (Figure 12b and Figure S11a). These findings suggest 
that the NLRP3 inflammasome has a similar activation pattern 
in human and mouse acute skin wounds, and the sustained 
activ ation of the NLRP3 inflammasome may be related to the
formation of chronic wounds.

Analysis of the single-cell sequencing data from human 
skin wounds revealed that the NLRP3 and IL-1β gene were 
primarily expressed in macrophages and DCs, with e xtremely low

expression in other cell types, such as epidermal cells and
fibroblasts (Figure 12c and d, and Figure S11b and c). Further 
analysis of the expression of IL1 signaling pathway ligand-receptor 
pairs during wound healing showed that the expression pattern of 
IL-1β in macrophages was similar to the inflammasome activation 
pattern observed in bulk RNA sequencing. IL1R1, as the main lig-
and for IL-1β, was highly expressed not only in macrophages, DCs, 
and other myeloid cells but also in fibroblasts, endothelial cells, 
and vascular smooth muscle cells. The expression pattern of IL1R1 
was consistent with the dynamic changes from the inflammatory 
phase to the repair phase of wound healing, suggesting that the 
activation of the NLRP3 inflammasome in myeloid c ells, primarily
macrophages, may promote the release of inflammatory factors
such as IL-1β, thereby regulating the function of fibroblasts and
endothelial cells during wound healing (Figure 12e). 

Focusing on macrophage heterogeneity, subclustering iden-
tified a distinct NLRP3 high subset (Cluster 3) enriched for 
inflammasome components (NLRP3, IL-1B, CASP1), peaking
during inflammation and declining dynamically post-repair
(Figure 12f –h). KEGG pathway analysis of Cluster 3 highlighted 
upregulated immune cell migration and cytokine production
pathways (Figure 12i), aligning with bulk RNA-seq chemokine 
trends. Furthermore, we analyzed the expression of ligands for 
the CCL and CXCL signaling pathways in human wounds. The 
results showed that CXCL12 was mainly expressed in fibroblasts, 
CCL3 was primarily expr essed in macrophages, and CCL2 was
highly expressed in vascular smooth muscle cells, endothelial
cells, fibroblasts, and macrophages (Figure S11d). These findings 
suggest that the activation of NLRP3 in human skin wound 
healing may also be related to the chemotaxis of various cells 
to the wound site. To further support cross-species relevance, we 
performed a comparative bioinformatic analysis of NLRP3 gene 
and protein sequences from five mammalian species (mouse, 
rat , human, bovine, and rhesus macaque). This revealed >92%
amino-acid identity in the NACHT and LRR domains which are
critical for inflammasome assembly, indicating strong functional
conservation (Figure S12). In conclusion, the activation of the 
NLRP3 inflammasome exhibits a similar spatiotemporal dynamic 
expression pattern and func tion in human and mouse wound
healing processes, suggesting similar functions.

NOD-, LRR- and pyrin domain-containing 
protein 3 inflammasome orchestrates the 
migration of human-derived macrophages

and fibroblasts

To determine whether NLRP3 inflammasome activation regulates 
the migration of human-derived macrophages and fibroblasts, 
we first stimulated THP-1 cells with LPS + ATP to trigger the 
NLRP3 inflammasome and applied the selective small-molecule 
inhibitor MCC950 to block its activation. Transwell assays 
revealed that inflammasome activation markedly enhanced THP-
1 cell migration, while MCC950-mediated inhibition significantly 
attenuated it. Subsequent co-culture transwell e xperiments
demonstrated that activation of the inflammasome in THP-1 cells
robustly promoted HSF migration, whereas MCC950 treatment
partially reversed this effect (Figure 13a). qPCR analyses of THP-1 
cells demonstrated that inflammasome activation up-regulated
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Figure 11 Impact of IL-1β replenishment on wound closure and inflammatory infiltration in NLRP3-deficient mice. (a) Schematic representation o f the 
different treatments of the Nlrp3−/− mouse. (b) ELISA analysis of the IL-1β level of wound tissue on the different treatments (mean ± SD, n = 6). 
(c) Representative optical images of wounds and wound area tracing analysis corresponding to op tical images on days 0, 2, 4, 7, a nd 14. Scale bar,
200 μm. (d) Wound area tracing analysis corresponding to optical images on Day 0, 3, 7, and from (c). (e) Quantitative analysis of relative wound area on 
days 2, 4, 7, and 10 from (c). (mean ± SD, n = 6). (f) Representative H&E staining of wounds on days 2 and 4. Scale bar, 200 and 50 μm. (g)  The  
quantification analysis of cell number per HPF in the wound from (f). (mean ± SD, n = 6). (h) Representative IF images of F4/80 (green), CD86 (red), and 
CD206 (purple) for Day 2 and Day 7. Cell nuclei are counterstained with DAPI (blue). Scale bar, 100 μm. (i) Quantitative analysis of the IF area of CD86 and 
CD206 in the wound from (h). (mean ± SD, n = 6). (j) Representative IF images of LY6G (green) for Day 2 and Day 4. Cell nuclei are counterstained with 
DAPI (blue). Scale bar, 100 μm. (k) Quantitative analysis of the IF area of LY6G in the wound from (j). (me an ± SD, n = 6). KO NLRP3 KO, WT wild-type
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Figure 12 Spatiotemporal dynamics activation of the NLRP3 Inflammasome during human wound healing. (a)  Transcriptomic  analysis  based  on  the  
GSE174661 dataset reveals dynamic expression of NLRP3 during wound healing. (b) GSEA analysis of the NOD-like receptor Signaling pathway between 
two groups. The top-ranked core enrichment genes are shown on graphs. (c) UMAP plots of single-cell RNA sequencing based on GSE241132 reveal 
dynamic cellular compositions at different time points during human wound healing. (d) Violin plot of spatiotemporal dynamic NLRP3 expression in 
wound tissues during wound healing. (e) Expression patterns of IL-1 signaling pathway-related ligand-receptor across different cell types during wound 
healing. (f) UMAP plots of macrophage subtypes during wound healing. (g) Dot plot of NLRP3-related genes e xpression (NLRP3, IL-1β,  and CASP1)  in  
macrophage subtypes. (h) Dot plot of NLRP3-related genes expression (NLRP3, IL-1β, and CASP1) in macrophage of cluster3 during wound healing. 
(i) KEGG enrichment analysis of macrophage cluster 3. Epi epidermal, SMC smooth muscle cell, MEL melanocyte, LC langerhans cell, HF hair follicle
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Figure 13 NLRP3 inflammasome activation orchestrates the migratory capacity of human macrophages and dermal fibroblasts. (a)  Representative  
crystal violet staining images in transwell assays to evaluate NLRP3 inflammasome activation on THP cells migrat ion and the effect of macrophage 
NLRP3 inflammasome activation on HSFs migration. Scale bar, 100 μm. (b) Quantitative analysis of THP-1 and HSF cell migration numbers (mean ± SD, 
n = 3). (c) qRT-PCR analysis of NLRP3 inflammasome activation on the chemotaxis-related genes CCL2 and CXCR4 in THP-1 cells (mean ± SD, n = 3). 
CM conditioned medium, HSF human skin fibroblast, HPF high power field

the chemotaxis-associated genes CCL2 and CXCR4, suggesting 
that NLRP3-dependent THP-1 migration and its pro-migratory 
influence on HSFs a re partly mediated through these chemokine
pathways (Figure 13b and c). Collectively, these data mirror our 
murine in vitro findings and establish that NLRP3 inflammasome 
activation is likewise indispensable for the migratory behavior of
human macrophages and fibroblasts.

Discussion 
This study establishes the NLRP3 inflammasome as a spatiotem-
poral orchestrator of wound healing, balancing inflammation-
driven repair with regenerative outcomes. Using Nlrp3 −/− mice, 
multi-omics, and human validation, we demonstrate that NLRP3 
activation during the inflammatory phase recruits macrophages 
and fibroblasts via CCL/CXCL chemokines, while its suppression in 
later phases facilitates M2 macrophage polarization and tissue 
repair. Mechanistically, NLRP3 governs fibroblast phenotypic 
plasticity through IL-1 signaling, linking early inflammation to ECM 
remodeling. After the inflammatory wave subsides, macrophage 
inflammasome activity declines, NLRP3-independent intrinsic 
pathways become more prominent. These pro-inflammatory 
fibroblasts display heightened responsiveness to late-stage 
TGF-β1, which via NLRP3/ROS axis augment TGF-β/Smad 
signaling and promotes fibroblas t differentiation into myo
fibroblasts. These findings resolve the paradox of NLRP3’s dual
roles—essential for acute repair but detrimental in chronic

wounds—and propose phase-specific targeting as a therapeutic
strategy.

Our data reveal that NLRP3 activation in both macrophages and 
fibroblasts drives chemokine expression, essential for recruiting 
immune and stromal cells to the wound site (Figure 4). Transwell 
assays confirmed that NLRP3-activated macrophages potently 
enhance fibroblast migration—an effect abolished by the NLRP3 
inhibitor MCC950. This aligns with prior work showing fibroblast-
mediated macrophage recruitment by CCL2 but e xtends these
findings by implicating NLRP3 as an upstream regulator of
chemotaxis [15]. Notably, NLRP3-positive fibroblasts, transiently 
elevated during inflammation, exhibited chemotaxis-related gene 
enrichment, suggesting a self-reinforcing loop where NLRP3 
primes fibroblasts to amplify recruitment signals (Figure 6 i and j). 
Pro-inflammatory fibroblasts are crucial for recruiting themselves 
and immune cells, including macrophages, and can serve as pre-
cursors to myo fibroblasts in the later stages of wound healing [30]. 

As a pivotal regulator of immunity and inflammation, NLRP3 
deficiency significantly downregulated pro-inflammatory genes 
and upregulated anti-inflammatory genes in wounds, not only
during the inflammatory phase but also during the proliferative
phase (Figure 5 a and b). The expression of these genes is cru-
cial for regulating the pro- and anti-inflammatory phenotypes of 
macrophages. Our in vitro and in vivo experiments confirmed the 
negative correlation between NLRP3 and the anti-inflammatory 
phenotype of macrophages. NLRP3 KO promotes the switching of
macrophages to the anti-inflammatory M2 phenotype.
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Further analysis of single-cell sequencing data of mouse wound 
healing showed that NLRP3 upregulation promotes macrophage 
recruitment and M1 polarization. High NLRP3 expression in fibrob-
lasts enhances their pro-inflammatory phenotype and chemo-
taxis but inhibits collagen remodeling and repair (Figure 6). This 
aligns with prior studies, namely, NLRP3 inflammasome activa-
tion promotes macrophage M1 polarization [25, 26, 36], and pro-
inflammatory fibroblasts show traits of myo fibroblast phenotype 
suppression [12, 19, 30]. Single-cell pseudotime analysis identi-
fied two fibroblast trajectories: pro-inflammatory (IL-1β-high) and 
reparative (Myoc-high). NLRP3 deficiency disrupted this bifurca-
tion, reducing reparative gene expression (e.g. Acta2, Col1a1). Co-
culture experiments revealed that macrophage inflammasome 
activation could further promote NLRP3 in fibroblas ts, suppress-
ing their reparative function—a mechanism reduced in Nlrp3 −/− 
fibroblasts. This feedforward loop partly align with studies focus-
ing on fibroblast-autonomous NLRP3 roles [37], highlighting our 
work’s novelty in defining intercellular crosstalk as a critical driver 
of fibr oblast plasticity.

NLRP3 displays varying expression levels across different 
tissues and cell types, contributing to chronic inflammation-
driven pathologies in multiple organ systems [36, 38]. While its 
mechanisms in immune cells have been extensively characterized, 
its functions in non-immune cells remain an area of active 
investigation with some contradictory findings. For instance, 
In cardiac fibrosis associated with heart failure, Bracey et al. 
demonstrated that mitochondrial-localized NLRP3 protein 
c an promote Smad signaling and myocardial fibrosis through
reactive oxygen species (ROS) generation, independently of
inflammasome assembly [33]. Concurrently, Yasutomi et al. 
reported that ATP released from sympathetic efferent nerves 
activates the P2X7 receptor on cardiomyocytes, leading to NLRP3 
inflammasome activation, IL-1β production, and adaptive cardiac
hypertrophy [39]. Similarly, in renal pathology, emerging evidence 
highlights inflammasome-independent functions of NLRP3 in 
chronic kidney disease (CKD) pathogenesis [32]. Anders et al. 
revealed that NLRP3 protein activates fibroblast TGF-β signaling 
and promotes nephrocalcinosis-related CKD progression through
mechanisms independent of inflammasome formation [31]. In 
contrast, Cliff et al. emphasized the crucial role of NLRP3 in 
macrophage-epithelial cell crosstalk during diabetic nephropathy 
development, underscoring its cell-type-specific functions [40]. 
Building upon these established paradigms, our study provides 
evidence that NLRP3 in skin fibroblasts operates through a 
similar non-canonical mechanism. We demonstrated that NLRP3 
enhances mitochondrial ROS production and potentiates TGF-
β-induced Smad signaling pathway activation independently of
inflammasome formation. Genetic ablation of NLRP3 attenuated
Smad pathway activation and consequently reduced fibrosis
(Figure 8). Furthermore, our findings partially elucidate the stage-
specific regulatory functions of NLRP3 during the inflammatory 
and proliferative phases of wound healing, particularly its 
coordinated actions in modulating both macrophage polarization 
and fibroblast activation, revealing a sophisticated intercellular 
c ommunication network that orchestrates tissue repair versus
fibrosis.

During the proliferative phase at wound post-injury Day 7, 
NLRP3 suppression correlated with M2 macrophage polarization 
and upregulated regenerative pathways, including Wnt/Notch 
signaling. NLRP3 deficiency accelerated this shift, resulting in 

reduced fibrosis and enhanced repair of hair follicles and nerves. 
Similar to fetal models, Nlrp3 KO mice retained relatively low 
inflammation and high anti-inflammatory macrophage. This 
aligns with Walraven et al.’s observations that fetal wounds with
higher M2 polarization (∼80% in fetal versus 60% in adult wounds)
achieve high-quality regeneration when the inflammatory burden
is minimized [41, 42]. The process of hair follicle regeneration is 
intricately regulated by the immune system. Emerging evidence 
indicates that RNase L activates the NLRP3 inflammasome, 
leading to caspase-1 activation, which in turn suppresses TLR3-
mediated signaling—a pathway critical for wound-induced hair
follicle neogenesis (WHIN) [43]. Consequently, inhibition of 
caspase-1 promotes WHIN, a finding consistent with the enhanced 
hair follicle appearance obser ved in our NLRP3-deficient mice
(Figure 9). Furthermore, hair follicle regeneration is known to 
be modulated by regulatory T cells (Tregs) [44, 45], and NLRP3 
has been implicated in regulating Th17 cell function and their 
plasticity toward a Treg phenotype [46, 47]. Collectively, these 
findings suggest a mechanistic link whereby NLRP3 suppression 
may foster a permissive immune microenvironment, which 
characterized by altered caspase-1 activity and enhanced Treg
regulation that actively supports hair follicle regeneration.

IL-1β is the cardinal downstream effector unleashed by NLRP3 
inflammasome activation. In WT mice, antibody-mediated IL-1β 
restriction markedly curtailed neutrophil and macrophage infil-
tration during the inflammatory phase, arrested the macrophage 
pro-inflammat ory switch, postponed wound closure, and
paradoxically intensified fibrosis in the remodeling stage
(Figures 10, S7, and 8). Conversely, local IL-1β reconstitution in 
NLRP3-deficient animals partially rescued the blunted recruit-
ment of inflammatory and reparative cells and accelerated clo-
sure, yet ultimately drove excessive scar formation (Figures 11, S9, 
and 10). These observations echo prior work linking IL-1β to 
leukocyte trafficking and chronic inflammation [35]; however, our 
integrative functional assays and multi-omics analyses uniquely 
identify NLRP3, acting upstream of IL-1β as the master role 
of choreographing wound chemotaxis and orchestrating the
dynamic phenotypic transitions of macrophages and fibroblasts
throughout the healing process.

Analysis of human wound RNA-seq data corroborates the 
conserved dynamic expression pattern of NLRP3 observed in 
mouse wounds, showing elevated levels in chronic wounds 
such as venous ulcers, with expression peaking in macrophages 
during repair. Furthermore, an NLRP3-high macrophage cluster
was found to upregulate genes related to chemotaxis and
migration (Figure 1 2). In vitro results further indicated that NLRP3 
inflammasome activation is indispensable for the migratory 
capacity of both human macrophages and fibroblasts. Recent 
studies demonstrate that hydrogel-based delivery of therapeutics 
targ eting NLRP3-mediated chronic inflammation promotes
diabetic wound healing [48, 49]. However, as highlighted in our 
study, excessive inhibition of NLRP3 during the inflammatory 
phase may impair the migration of immune cells and pro-repair 
cells to the wound site, thereby compromising healing. Therefore, 
future research on NLRP3-targeted wound ther apies should pay
close attention to its spatiotemporal regulatory mechanisms
[9, 50–52]. 

Collectively, our findings position the NLRP3 inflammasome 
as a contextual rheostat of cutaneous repair. In acute wounds, a
transient burst of NLRP3 activity within the early inflammatory
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phase generates an IL-1β gradient that recruits monocyte-derived 
macrophages and dermal fibroblasts, coordinates a swift M1-to-
M2 macrophage transition, and drives fibroblast conversion to a 
collagen-secretory phenotype, thereby ensuring timely granula-
tion tissue formation and closure. In contrast, chr onic diabetic
or venous ulcers exhibit sustained NLRP3 hyper-activation that
continually releases IL-1β [49, 53, 54]. This arrests macrophages in 
a non-resolving M1 state and locks fibroblasts into a dysfunctional, 
pro-inflammatory, senescence-associated secretory phenotype, 
leading to impaired collagen deposition and angiogenesis and 
converting the wound into a non-healing niche. Pharmacologi-
cal NLRP3 inhibition or IL-1β blockade restores M2 signatures, 
rejuvenates fibroblast ECM production, and acceler ates closure,
underscoring the therapeutic imperative to calibrate rather than
ablate NLRP3 signaling in chronic wounds [48–50, 55]. 

Limitations and future perspec tives

While this study provides insights into the role of NLRP3 in wound 
healing and regeneration, several limitations warrant considera-
tion. First, although CRISPR-Cas9-mediated gene editing was suc-
cessfully employed, our study did not utilize comprehensive off-
target assessment methods such as Tracking-seq [56], CIRCLE-
Seq [57], DISCOVER-Seq [58], or GUIDE-Seq [59]. As emphasized in 
latest reviews and articles, the combination of at least one bioin-
formatic prediction tool with one empirical method is essential to 
minimize the risk of overlooking off-target edits [60]—a standard 
we acknowledge was not fully met. Future studies would benefit 
from implementing these rigorous validation protocols to con-
clusively rule out potential confounding effects from unintended
genomic modifications.

Second, the experimental design involved a relatively con-
strained sample size. To maintain genetic homogeneity, we uti-
lized littermate controls of the same sex across three experimental 
groups at five critical time points, resulting in a group size of n = 4. 
While this approach controlled for biological variability, it falls 
below the conventional standard of n = 6–8 for animal studies and 
may consequently increase the risk of false-positive observations. 
Future r eplication with larger cohort sizes would enhance the
statistical robustness of our findings.

A particular limitation was the decision not to employ a wound-
edge fixation device in our murine model [61]. The consequent 
wound contraction makes it difficult to definitively exclude the 
possibility that pre-existing hair follicles and other adjacent struc-
tures were pulled into the wound bed, rather than resulting from 
genuine de novo regeneration. To conclusively address this lim-
itation and elucidate the specific role of NLRP3 in hair follicle 
regeneration, we propose two key approaches for future investi-
gation: (i) employing silicone-ring splints to fully inhibit wound
contraction, thereby enabling unambiguous confirmation of fol-
licular neogenesis [62]; and (ii) utilizing lineage-tracing models to 
precisely track the origin and differentiation pathways of epithe -
lial stem cells during wound repair [63]. 

Beyond the specific focus on NLRP3, emerging evidence 
suggests other inflammasome complexes may contribute to 
wound healing pathophysiology. While NLRP3 and NLRP1 sense 
pathogens and damage signals indirectly, o ther inflammasomes
including NAIP, AIM2, and NLRP6 can directly recognize PAMPs
or DAMPs [64]. Recent studies have revealed potential roles 
for AIM2 and NLRC4 inflammasomes in tissue repair. The 

AIM2 inflammasome, activated by cytosolic DNA, has been 
shown to r espond to mitochondrial DNA release following
tissue injury, thereby amplifying inflammatory signaling [65]. 
Additionally, NAIP/NLRC4 can induce pyroptosis in macrophages 
and pulmonary fibroblasts, contributing to acute lung injury
[66]. Furthermore, studies demonstrate that AIM2 and NLRC4 
can drive acute brain injury independently of NLRP3 [67]. The 
potential crosstalk and compensatory mechanisms among these 
inflammasomes suggest a more complex regulatory network 
than currently understood. Future investigations using single-
cell transcriptomics and cell-specific KO models should aim to 
delineate the spatiot emporal dynamics and relative contributions
of different inflammasome complexes across various healing
phases and cellular populations.

While our initial screening of NLRP3 as a key candidate utilized 
sequencing data from 1 mm wounds, we employed the more 
commonly used 8 mm wound model for detailed experimental 
observation of the healing process. Studies indicate that although 
wound size in murine models does not significantly alter the
fundamental stages of healing, it can influence adaptive immune
responses and fibroblast heterogeneity, particularly affecting
WIHN [68–70]. Importantly, our experimental validation in the 
8 mm murine wound model demonstrates that the candidate 
genes and pathways identified through in-silico analysis of the 
GSE23006 dataset show consistent and significant trends across 
different wound sizes. This convergence suggests that the NLRP3 
inflammasome’s sp atiotemporal regulation of macrophage and
fibroblast activity represents a fundamental mechanism in
acute wound healing, largely independent of specific wound
dimensions.

Finally, while our findings highlight NLRP3 as a promising 
therapeutic target, significant questions remain regarding its 
spatiotemporal regulation in human wound healing. A deeper 
understanding of its cell-type-specific functions, interaction 
networks, and activity modulation is essential for developing 
precise therapeutic strategies. The ultimate challenge—and 
exciting opportunity—lies in balancing the beneficial roles of 
NLRP3 in acute repair with its detrimental contributions to 
chronic inflammation and fibrosis. Future research should focus 
on developing temporal-specific targeting approaches that can
harness its protective functions while mitigating its pathological
effects, thereby advancing new treatment paradigms for chronic
wounds and scarring.

Conclusions 
Our study reveals a temporally ordered and cell-specific expres-
sion pattern of NLRP3 during wound healing. In the inflammatory 
phase, NLRP3 is predominantly expressed in macrophages, 
where canonical inflammasome activation releases IL-1β. This 
macrophage-derived IL-1β not only amplifies the recruitment 
of macrophages and fibroblasts but also transiently suppresses 
the pro-reparative phenotype in fibroblasts. Concurrently, IL-1β 
upregulates NLRP3 expression within fibroblasts, promoting their 
shift toward a pro-inflammatory state. As inflammation resolves, 
a distinct, inflammasome-independent mechanism emerges:
these pro-inflammatory fibroblasts, which accumulate high levels
of NLRP3 and ROS, exhibit heightened sensitivity to TGF-β1.
This facilitates TGF-β/Smad signaling activation and ultimately
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promotes myo fibroblast differentiation during the later stages of
repair.
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