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Extracellular matrix anchored neutrophils
drive pulmonary fibrosis in mice

Liliang Yang1,2,3,9, Piaopiao Sun1,3,9, Jing Wang1,3,4,9, Mengjie Xu1, Binyan Zhu1,
Keqing Yu1, Yi Rong1, Ruiqing Mao1, Shuangfeng Zi1, Chi Liu5, Jie Huang6,
Jianmei Ma7, Hanbin Chen1, Wei Luo1,4, Wei Zhang1,4, Xinxin Zhang1,
Shencun Fang 3 & Jie Chao 1,4,8

Pulmonary fibrosis (PF) is a progressive lung disease characterized by chronic
immune dysregulation and excessive extracellular matrix (ECM) remodeling.
Neutrophils, traditionally linked to acute inflammation, are increasingly
recognized for their role in fibrosis. In this study, we identified a unique subset
of neutrophils undergoing reverse transendothelial migration (rTEM) in the
lungs of a silicosis mouse model induced by intratracheal SiO₂ instillation.
Using single-cell RNA sequencing (scRNA-seq), spatial transcriptomics (ST),
and ECMproteomics, we found that rTEMneutrophils were retained in fibrotic
regions via ICAM1-mediated interactions with the ECM. Mechanistically,
macrophage-derived cathepsin C (CTSC), accumulating in the ECM, cleaved
ICAM1 into its soluble form (sICAM1), which promoted fibroblast activation
and exacerbated fibrosis. In vivo depletion of neutrophils or macrophages
reduced ICAM1 and CTSC levels, alleviating fibrosis and underscoring their
pathogenic roles. These findings establish a direct link between ECM, rTEM
neutrophils, and fibrosis, highlighting CTSC and ICAM1 as promising ther-
apeutic targets. All animal experiments were performed using male mice.

Silicosis is a chronic interstitial lung disease causing progressive lung
dysfunction1. Once regarded as primarily affecting workers in devel-
oping countries, it has nowbecome a global health concern, impacting
an estimated 2.2 million workers in the United States, 2 million in the
European Union, and over 23 million in China2–7. Silicosis manifests in
pathological forms such as simple nodular silicosis, progressive mas-
sive fibrosis, and diffuse interstitial fibrosis. Moreover, silica exposure
can lead to severe complications, including acute silicoproteinosis,
pulmonary tuberculosis, chronic obstructive pulmonary disease, and
lung cancer6,8,9. Despite advancements in care and support

technologies, no effective pharmacotherapies for silicosis are cur-
rently available. The disease is characterized by persistent lung
inflammation and advanced fibrosis, progressing even after exposure
cessation10,11. Most patients are diagnosed at the irreversible stages
(phase II/III), where treatment options are lacking and current
approaches fail to halt disease progression3,12. This underscores the
need for early diagnosticmarkers and specific therapeutic targets. The
pathological mechanisms of silicosis involve multiple lung cell types,
particularly inflammatory cells such as neutrophils, which respond to
SiO2 deposition by releasing inflammatory mediators, promoting
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fibroblast proliferation, and contributing to abnormal ECM remodel-
ing. Therefore, a comprehensive understanding of the molecular
mechanisms underlying silica-induced silicosis is critical for advancing
its pathophysiological knowledge and identifying therapeutic
opportunities.

Immune dysregulation plays a pivotal role in chronic inflamma-
tion and fibrosis13,14. Neutrophils, the most abundant immune cells in
circulation, are essential effectors of the innate immune response.
However, their role in pulmonary fibrosis, particularly during the late
stages of irreversible fibrosis, remains poorly defined15. Neutrophils
originate in the bone marrow and, following maturation, migrate
through the endothelial layer into circulation under the guidance of
chemokines. They rapidly accumulate at sites of injury to combat
pathogens and mobilize bone marrow reserves16–18. Notably, circulat-
ing neutrophils are retained in the lung microvasculature, forming the
“marginated neutrophil pool”. Early in inflammation,many neutrophils
recruited to the lung are derived from this pool, which serves as a
readily available reservoir for rapid immune responses19. Clinical stu-
dies indicate elevated neutrophil counts in the blood and bronch-
oalveolar lavage fluid (BALF) of patients with idiopathic pulmonary
fibrosis (IPF)20,21. Furthermore, neutrophils exhibit substantial pheno-
typic and functional heterogeneity under various disease states22–24. Of
particular interest is a subset of neutrophils undergoing reverse
transendothelial migration (rTEM), moving from tissues back into
circulation25. These rTEM neutrophils differ from traditional neu-
trophils that undergo apoptosis and are cleared by macrophages26;
instead, they acquire a highly activated phenotype and prolonged
survival25. While rTEM neutrophils have been implicated in other
chronic inflammatory diseases, their role in silicosis remains largely
unexplored. We hypothesize that blocking the activation and recruit-
ment of rTEM neutrophils to the lungs could mitigate irreversible
fibrosis in silicosis.

The extracellular matrix (ECM) forms a dynamic scaffold around
cells, providing structural and biochemical support, mechanical sta-
bility, and protection. Composed of fibrillar proteins, glycosami-
noglycans (GAGs), proteoglycans, and other components, the ECM
constitutesmore thana third of bodymass27. Dysregulation of the ECM
is directly or indirectly implicated in numerous chronic diseases,
including lung fibrosis. In conditions of injury or fibrosis, the ECM
undergoes remodeling mediated by matrix-degrading enzymes,
resulting in significant changes in composition28,29. An abnormal ECM
microenvironment can attract rTEM neutrophils, further influencing
immunomodulatory processes30,31. Conversely, neutrophils play active
roles in regulating and repairing the ECM, particularly in early tissue
repair, by incorporating preexisting matrix into new scaffolds32,33.
Investigating the complex interplay between ECM and neutrophils
offers potential solutions for addressing failed or excessive tissue
repair in lung fibrosis.

In this study, we examined the occurrence and functional roles of
rTEM neutrophils in silica-induced lung fibrosis, focusing on
macrophage-derived cathepsin C (CTSC)-mediated cleavage of ICAM1.
Using scRNA-seq and ST, we identified rTEM neutrophils in a silicosis
mousemodel and analyzed their association with fibrosis using public
datasets. Proteomic analyses, along with in vitro and in vivo experi-
ments, revealed that ECM-accumulated CTSC cleaves ICAM1 into
soluble sICAM1, which drives lung fibrosis progression.

Results
rTEM neutrophils are involved in fibrosis progression based on
multi-omics analysis
Toexamine the cellular changes associatedwith silica-inducedfibrosis,
we established a murine silicosis model via intratracheal administra-
tion of SiO₂. CT imaging of the lungs at 56days post-exposure revealed
grid-like shadows consistent with interstitial fibrosis, while H&E stain-
ing confirmed thickened alveolar septa, alveolar structural

disorganization, and hemorrhagic plaques (Fig. S1a, b). These findings
confirmed the successful induction of silicosis.

Single-cell RNA sequencing (scRNA-seq) was performed on lung
tissues from four experimental groups (NS-7d, NS-56d, SiO₂−7d, and
SiO₂−56d). t-distributed stochastic neighbor embedding (t-SNE) plot
revealed 20 distinct cell clusters across all groups (Fig. S1c). Among
these, neutrophil populations displayed significant numerical and
proportional changes. In SiO₂-treated groups, neutrophil counts
decreased at 7 days but showed a marked increase by 56 days, com-
pared to control groups (Figs. 1a and S1d).

The phenotype of rTEM neutrophils is characterized by high
expression of intercellular adhesion molecule 1 (ICAM1) and low
expression of chemokine receptor 1 (CXCR1, also known as CD181)
(ICAM1highCXCR1low)25. Based on this phenotype, 5386 neutrophils were
categorized into four subpopulations: reverse transendothelial
migration (rTEM) neutrophils (ICAM1highCXCR1low), naïve circulatory
(NC) neutrophils (ICAM1⁻CXCR1⁺), tissue-resident (TR) neutrophils
(ICAM1lowCXCR1low), and an unknown subtype (ICAM1highCXCR1high)
(Fig. 1b, c). Notably, rTEM neutrophil proportions were higher in SiO₂
groups than NS groups (Fig. 1d), and their absolute number increased
from day 7 to day 56 post-exposure (Figs. 1c and S1e). Interestingly,
although rTEM cells increased in number, their relative percentage
declined slightly at the later stage, which was attributed to a more
pronounced expansion of TR neutrophils during fibrosis (Fig. S1f–i).
This disproportionate growth of the TR subset likely reflects a broader
adaptive response to chronic injury. Pseudotime analysis suggested
that NC neutrophils transition into rTEM neutrophils during disease
progression. However, the eventual fate of rTEM neutrophils remains
unclear (Fig. 1e).

Since silicosis is a focal disease, we next investigate the spatial
distribution of neutrophil subsets within the lung. An integrated
analysis of spatial transcriptomics and scRNA-seq revealed that rTEM
neutrophils were primarily localized to inflammatory and fibrotic
regions, whereas other neutrophil subsets displayed no distinct
spatial patterns (Fig. 1f). Functional analysis indicated that rTEM
neutrophils were associated with neutrophil response pathways and
uniquely linked to fibroblast proliferation and activation (Fig. 1g),
underscoring their potential pro-fibrotic role. In addition, we
observed that rTEM neutrophils were enriched in inflammation-
associated pathways, such as immune response–activating and
immune response–regulating signaling pathways. To further eluci-
date the functional phenotype of rTEMneutrophils, we defined a pro-
fibrotic gene signature by intersecting rTEM-specific marker genes
(from scRNA-seq) with published fibrosis-related gene sets. This
analysis identified 74 candidate genes potentially mediating fibrotic
activity (Fig. S1j). Spatial transcriptomics revealed that these genes
are predominantly enriched in regions of inflammation and fibrosis,
supporting their relevance in fibrotic microenvironments. Full-
resolution plots for all 74 genes are available via Figshare (https://
figshare.com/s/fb49da030b4605bb306d). To experimentally vali-
date this signature, we performed qPCR for the top five genes, all of
which were significantly upregulated in rTEM neutrophils compared
to other subsets (Fig. S1k).To confirm the clinical relevance, rTEM
neutrophil and fibrosis scores were assessed in human silicosis lung
tissues and bronchoalveolar lavage fluid (BALF) from silicosis
patients34,35. Both scores were elevated and significantly correlated,
reinforcing their association with fibrosis (Fig. 1h, i).

rTEM neutrophils mediate fibrotic phenotype of fibroblasts
To validate the role of rTEM neutrophils in fibrosis progression, flow
cytometry was employed to assess their presence in vivo. The pro-
portion of ICAM1highCXCR1low rTEM neutrophils in SiO₂−56d lung tis-
sueswas significantly higher than inNS-56d (Figs. 2a and S2a). A similar
increase was also observed in bleomycin-induced pulmonary fibrosis,
indicating that rTEM neutrophil accumulation is a shared feature
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across distinct fibrotic models (Fig. S2b). Immunofluorescence stain-
ing revealed elevated ICAM1 levels co-localized with the neutrophil
marker Ly6G in SiO₂−56d lungs, further confirming the increased
presence of rTEM neutrophils in fibrotic lungs (Fig. 2b). Interestingly,
flow cytometry detected approximately 4% rTEM neutrophils, mark-
edly lower than the ~20% estimated by scRNA-seq using our initial
definition (ICAM1 counts > 0 and CXCR1 counts = 0). To test whether

this difference was driven by threshold settings, we reanalyzed scRNA-
seq data using mean-, median-, and MAD-based criteria. All three
methods consistently showed rTEM enrichment in fibrotic lungs
(Fig. S2c–e), with the MAD method—robust to outliers and zero infla-
tion—yielding the most conservative estimates, down to ~2%. These
findings indicate that the absolute percentage differences between
scRNA-seq and flow cytometry primarily reflect modality-specific
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detection principles and threshold definitions rather than biological
inconsistency.

Fibroblasts are the key effector cells in pulmonary fibrosis.
Functional analysis revealed that rTEM neutrophils were involved in
fibroblast proliferation, activation, and migration (Fig. 1g). CellChat
analysis also indicated an increase in interactions between rTEM neu-
trophils and fibroblasts (Fig. 2c). To further investigate the role of
rTEM neutrophils in fibroblast function, we developed an in vitro
model utilizing transwell chambers to simulate rTEM, with integrity of
the mpECs monolayer assessed via transendothelial electrical resis-
tance (TEER) measurements36 (Fig. S3a, b). Western blot analysis con-
firmed the rTEM neutrophil phenotype in vitro, characterized by high
ICAM1 and lowCXCR1 levels in the Exp-upper group (neutrophils in the
upper chamber)36 (Fig. 2d, e). Additionally, in the Exp-lower group
(neutrophils in the lower chamber), ICAM1 protein levels were also
elevated, while CXCR1 protein levels remained unchanged compared
to the controls (Fig. 2d, e). According to a study by A. Woodfin et al.36,
these ICAM1high neutrophils are characteristic of rTEM neutrophils,
supporting the identificationof these neutrophils as rTEM in our study.
Conditioned medium (CM) from in vitro-generated rTEM neutrophils
significantly enhanced COL1A2 and ACTA2 expression in MLg fibro-
blasts, along with their proliferation and migration (Figs. 2f–i and
Fig. S3c, d). These findings suggest that rTEM neutrophils actively
contribute to fibroblast activation andpulmonary fibrosis progression.

ICAM1 activates fibroblast and links rTEM neutrophils to ECM
interactions
ICAM1, highly expressed on rTEM neutrophils (Fig. 3a), was investi-
gated for its role in pulmonary fibrosis. Recombinant ICAM1 (rmI-
CAM1) significantly enhanced fibroblast activation, as evidenced by
increased expression of fibrotic markers COL1A2 and ACTA2 (Fig. 3b,
c). Furthermore, rmICAM1 stimulated fibroblast proliferation and
migration in MLg cells, as demonstrated by BrdU incorporation and
scratch wound healing assays (Fig. 3d–g).

To elucidate the mechanism by which ICAM1 promotes a fibrotic
phenotype, we analyzed cellular interactions between ECM-producing
fibroblasts and rTEM neutrophils. ICAM1 signaling was found to
mediate this interaction through integrin family proteins, specifically
ITGAM, ITGAL, ITGAX, and ITGB2 (Fig. 3h). These integrins, which are
closely associated with ECM components, were significantly upregu-
lated in ECM proteomics data from SiO₂-exposed lungs compared to
NS controls (Figs. 3i and S4b–d). Additionally, rTEM neutrophils
exhibited the highest expression levels of ECM-related genes among all
neutrophil subtypes, further supporting their involvement in ECM
remodeling (Fig. S4a).

Functional enrichment analysis of differentially expressed ECM
proteins revealed significant enrichment in pathways related to ECM-
receptor interactions, cell adhesion, and leukocyte migration, high-
lighting a strong connection between ECM and rTEM neutrophils
(Fig. 3j). Molecular docking analysis confirmed direct interactions

between ICAM1 and the integrin proteins ITGAM, ITGB2, ITGAL, and
ITGAX, suggesting a physical basis for this signaling axis (Fig. 3k–n).
These findings underscore the pivotal role of ICAM1 in facilitating
fibroblast activation and mediating critical ECM-neutrophil interac-
tions, thereby driving pulmonary fibrosis progression.

ECM-accumulated CTSC cleaves ICAM1 into a soluble form
To further investigate the interaction between rTEM neutrophils and
fibrotic ECM, we simulated the rTEM process in vitro (For detailed, see
the “Methods”) (Fig. 4a). The results revealed that the mean fluores-
cence intensity (MFI) of Ly6G was significantly higher in fibrotic ECM
(Fib-ECM) compared to normal ECM (Nor-ECM) (Fig. 4b, c), consistent
with the high expression of integrin molecules in Fib-ECM. Unex-
pectedly, the MFI of ICAM1 in Fib-ECM was significantly lower than in
Nor-ECM (Fig. 4b, c). To summarize, these results suggest that rTEM
neutrophils were trapped in lung ECM during rTEM.

To determine the mechanism for the reduced ICAM1 in Fib-ECM,
we performed GO enrichment analysis for upregulated proteins in Fib-
ECM compared with Con-ECM. Results show that these ECM proteins
are associated with positive regulation of proteolysis (Fig. 4d). During
the disease process, ICAM1 can be cleaved by selective splicing or
proteolysis to a variety of membrane-bound and soluble forms37.
Notably, among all the hydrolysis-related proteins on the ECM, the
increase in CTSC was the most significant and pronounced(Fig. 4e).
Both Western blot and immunofluorescence analysis confirmed that
CTSC levels were significantly higher and accumulated more in Fib-
ECM compared to Nor-ECM (Figs. 4f, g and S5a).

To further investigate the ability of CTSC to cleave ICAM1 into a
soluble form, we conducted HDOCK analysis to confirm the interac-
tion between CTSC and ICAM1 (Fig. 4h). We then conducted in vitro
cleavage assays using recombinant ICAM1 protein incubated with
either recombinant CTSC or decellularized lung ECM, following a
modified protocol based on Gocheva et al.38 (Fig. 4i). Western blot
analysis revealed a marked reduction in full-length ICAM1 (~ 130 kDa)
and the appearance of a single cleaved fragment (~35–40 kDa), a pro-
cess inhibited by protease inhibitors (Fig. 4j, k). Notably, unlike neu-
trophil elastase (NE) or cathepsin G (CTSG)39, CTSC did not generate
multiple ICAM1 isoforms. Taken together, these findings demonstrate
that CTSC, accumulated on the lung ECM, has the ability to cleave
ICAM1 to make it soluble form.

CTSC genetic ablation attenuates pulmonary fibrosis and ICAM1
cleavage in vivo
To validate the functional role of CTSC in pulmonary fibrosis, we
employed CTSC knockout (CTSC−/−) mice and subjected them to SiO₂-
induced lung fibrosis for 56 days (Fig. 5a). CT imaging revealed a
marked reduction in high-density areas in the lungs of CTSC-deficient
mice compared to wild-type controls, indicating attenuated fibrotic
changes (Fig. 5b). Histopathological analyses, including H&E, Sirius
Red, and Masson staining, demonstrated substantial improvements in

Fig. 1 | scRNA-seq Identifies rTEM Neutrophils and Correlates Them with
Fibrosis Progression. a Pie chart showing the proportion and number of neu-
trophils in different groups. b Dot plot illustrating marker genes for neutrophil
subtypes. c t-SNE plot visualizing the distribution of four neutrophil subtypes,
including rTEM neutrophils, in mouse lung tissues across four groups. d Stacked
barplot displaying the proportion changes of rTEM and non-rTEM neutrophils.
e Pseudotime trajectory analysis using the Monocle2 package to investigate tran-
sitions among the four neutrophil subtypes. f Joint analysis of scRNA-seq and
spatial transcriptomics data reveals the spatial distribution of rTEM neutrophils
within lung tissues. gGene Ontology (GO) enrichment analysis of marker genes for
the four neutrophil subtypes, highlighting top six terms for each subtype and
fibroblast activation and proliferation-related terms in rTEM neutrophils. The
enrichment was performed with clusterProfiler. For each gene set, over-
representation was tested using a hypergeometric test (equivalent to a one-sided

Fisher’s exact test) against the specified background gene universe. Analyses were
conducted for BP, CC, and MF ontologies. Resulting P values were adjusted for
multiple testing using the Benjamini–Hochberg procedure, and significance was
determined by FDR (p.adjust) <0.05. Point color encodes the adjusted P value and
point size indicates the number of input genes overlapping the term (Count).
h Correlation analysis between rTEM neutrophils and fibrosis using transcriptomic
data from Pang et al. i Correlation analysis between rTEM neutrophils and fibrosis
using scRNA-seq data from Peng et al. (GSE174725). h, i: Module scores between
two groups were compared using a two-sided Wilcoxon rank–sum test
(Mann–Whitney U). The association between the rTEM module score and the
fibrosis module score was evaluated using a two-sided Pearson correlation test
(h, i, rightmost panel). Correlation coefficients (R2) and exact P values were cal-
culatedusing the R function cor.test. Source data are provided as a SourceDatafile.
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lung architecture, along with reduced collagen deposition in CTSC−/−

mice (Fig. 5c). Consistently, hydroxyproline quantification revealed a
significant decrease in CTSC−/− mice compared with wild-type controls
(Fig. 5d). These results suggest that CTSC deficiency mitigates silica-
induced pulmonary fibrosis.

Furthermore, Western blot analysis showed significantly lower
expression levels of fibrotic markers COL1A2 and ACTA2 in lung

tissues fromCTSC−/−mice compared to wild-type controls (Fig. 5e–g).
To investigate whether CTSC contributes to ICAM1 proteolysis
in vivo, we measured soluble ICAM1 (sICAM1) levels using ELISA.
CTSC deficiency significantly lowered sICAM1 levels in both lung
tissue lysates and bronchoalveolar lavage fluid (BALF), further sup-
porting that CTSC mediates ICAM1 cleavage during fibrosis
(Fig. 5h, i).
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Macrophage-derived CTSC accumulation in ECM promotes
pulmonary fibrosis via ICAM1 hydrolysis
To identify the primary source and role of CTSC accumulation in ECM,
a retrospective analysis of CTSC expression was conducted. The Dot-
plot revealed that macrophages exhibited the highest CTSC expres-
sion among cell types (Fig. 6a), which a finding further supported by
data from Peng et al.34 (Fig. 6b). To validate this observation, CTSC
expression dynamics were assessed in RAW264.7 macrophage cells
following SiO₂ treatment. We observed that the expression of CTSC
peaked 12 h following SiO2 treatment (Fig. 6c). Additionally, CTSC
level in lung tissues was higher in SiO2−56 d and was colocalized with
macrophage cell marker F4/80 (Figs. 6d, e and S6a).

To confirm the role of macrophages in CTSC accumulation within
ECM, clodronate liposomes (CL) were used to depletemacrophages in
silicosis mice (Fig. 6f). Histological analysis revealed that macrophage
depletion reduced hemorrhagic plaques, normalized alveolar septa
thickness, alleviated ECM disorganization, and decreased collagen
deposition in lung tissues (Fig. S6b). Importantly, CTSC levels accu-
mulation in the ECM were significantly reduced in macrophage-
depleted mice, further establishing macrophages as the primary
source of CTSC in silicosis (Fig. S6c, d).

We next evaluated how macrophage depletion affected rTEM
neutrophils. Consistent with the previous results (Fig. 4b, c), Ly6G
fluorescence intensitywas significantly higher in Fib-ECMcompared to
Nor-ECM (Fig. 6g, h). However, ICAM1 fluorescence intensity showed
no significant differences between these groups (Fig. 6g, h). This
observation aligns with the understanding that integrin molecules are
derived not only frommacrophages but also from other immune cells
such as monocytes, dendritic cells, and natural killer cells (Fig. S6e). In
summary, macrophages are the main source of CTSC in fibrotic ECM.
Macrophage depletion reduced CTSC accumulation and ICAM1 pro-
teolysis but did not affect the retention of rTEM neutrophils in
the ECM.

To confirm that macrophage-derived CTSC can cleave ICAM1 and
promote pulmonary fibrosis, we simulated the disease microenviron-
ment and generated CTSC in vitro (for details, see the “Methods”)
(Fig. 6i). The results demonstrated that SiO₂-stimulated RAW 264.7
macrophages produced CTSC, which interacted with neutrophils to
cleave ICAM1 into soluble intercellular adhesion molecule 1 (sICAM1)
(Fig. 6j). Notably, Neutralizing CTSC with a specific antibody or pro-
tease inhibitor significantly reduced ICAM1 proteolysis (Fig. 6j).

The role of sICAM1 in fibroblast activation was evaluated using
conditioned medium (CM-2), which contained elevated levels of
sICAM1. CM-2 treatment significantly increased COL1A2 and ACTA2
expression in MLg fibroblasts (Fig. 6k, l), while promoting fibroblast
proliferation and migration (Fig. 6m–p). These findings suggest that
macrophage-derived CTSC, accumulated on ECM, promotes fibrosis
by cleaving ICAM1, releasing sICAM1, and activating fibroblasts.

Neutrophil depletion alleviates pulmonary fibrosis
To validate the role of rTEM neutrophils in pulmonary fibrosis, we
depleted neutrophils in vivo using an anti-Ly6G antibody. A dosing

regimen involving eight consecutive intraperitoneal injections was
employed, with sampling conducted on the final day of treatment
(Fig. 7a). Flow cytometry confirmed successful depletion of rTEM
neutrophils in lung tissues (Figs. 7b and S7a), as well as in peripheral
blood (Fig. S7a, b). CT imaging revealed significantly reduced high-
density areas in the lungs of silicosis mice following anti-Ly6G treat-
ment (Fig. 7c). Additionally, HE staining, Sirius Red, Masson staining,
and hydroxyproline assays demonstrated improvements in lung
architecture and a reduction in collagen deposition and hydroxypro-
line content following neutrophil depletion (Fig. 7d, e), highlighting a
mitigating effect of anti-Ly6G treatment on lungfibrosis. HE staining of
other organs, except for the spleen, showed no significant changes
following anti-Ly6G antibody administration (Fig. S7c–g).

Western blot analysis further revealed significant reductions in
the expression of fibrosis markers, including COL1A2 and ACTA2, in
lung tissues of anti-Ly6G-treated mice (Figs. 7f–h and S7h). To assess
the effect of neutrophil depletion on ICAM1 expression, we performed
immunofluorescence and ELISA assays. The results showed that anti-
Ly6G treatment significantly decreased ICAM1 levels in lung tissues
(Figs. 7i and S7i, j) and reduced soluble ICAM1 levels in both lung tissue
extracts and BALF (Fig. 7j, k). Taken together, these findings demon-
strate that depletion of neutrophils, including rTEM subsets, effec-
tively alleviates silica-induced pulmonary fibrosis by reducing ICAM1
expression and limiting its proteolysis into a soluble form. To further
confirm the pro-fibrotic capacity of rTEM neutrophils in a lung tissue
context, we treated precision-cut lung slices (PCLS) with conditioned
medium derived from rTEM neutrophils. This treatment significantly
upregulated the expression of fibrotic markers COL1A2 and ACTA2
(Fig. S8a–c), underscoring the ability of rTEM to promote fibrotic
remodeling in lung tissue.

Discussion
In this study, we identified a heterogeneous subtype of reverse trans-
endothelial migrated (rTEM) neutrophils that emerges in the lungs
during the progression of silicosis-induced fibrosis. We demonstrated
that interactions between rTEM neutrophils and the lung ECM create a
sustained cycle of inflammation and fibrosis, ultimately leading to
irreversible pulmonary fibrosis. Importantly, the progression of fibro-
sis observed in this model closely resembled the pathological pro-
cesses seen in patients with pulmonary fibrosis. The critical role of
ICAM1 in rTEM neutrophils was highlighted in this study. ICAM1
expression was found to be essential for the activation and functional
changes of lung fibroblasts. Depleting neutrophils in vivo significantly
reduced both rTEM neutrophil numbers and ICAM1 levels in lung tis-
sues, contributing to the mitigation of fibrosis. Moreover, we
demonstrated that macrophage depletion effectively reduced CTSC
production, thereby attenuating ICAM1 proteolysis. However, this
intervention did not significantly affect the retention of rTEM neu-
trophils in the lung ECM, suggesting that macrophage-derived CTSC
plays a role in promoting fibrosis through its interaction with ICAM1.
These findings provide mechanistic insights into the progression of
fibrosis and identify potential therapeutic targets (Fig. 8).

Fig. 2 | rTEM neutrophils mediate fibroblast activation, proliferation, and
migration. a Flow cytometry gating strategy for identifying rTEM neutrophils
(ICAM1highCXCR1low) within CD11b⁺Ly6G⁺ lung neutrophils, based on fluorescence-
minus-one (FMO) controls. Full gating workflow is shown in Fig. S2A. b Immuno-
fluorescence analysis confirming rTEM neutrophils in lung tissues, with co-
localization of Ly6G and ICAM1 signals. Scale bar = 200μm. c CellChat analysis
visualizing cell-cell communication between neutrophil subtypes and fibroblasts.
Thicker lines indicate stronger interactions, and darker colors denote higher con-
fidence.d, eWesternblots validating the generation of in vitro rTEMneutrophils by
showing higher ICAM1 and lower CXCR1 expression in upper chamber cells of the
transwell system. f, g Fibroblasts stimulated with upper and lower chamber neu-
trophil conditioned medium. Western blot analysis shows significant changes in

ACTA2 and COL1A2 levels. IL-1β, neutrophils, and mpECs did not show significant
effects on fibroblast function in controls. h, i Proliferation and migration of fibro-
blasts assessed by BrdU incorporation and scratch wound healing assays, respec-
tively. Scale bar = 650μm. Data are presented as mean ± SEM. n = 5 mice per group
for flow cytometry and immunofluorescence, and n = 5 independent experiments
for in vitro assays. Biological replicates indicate independent animals or cell cul-
tures. Representative blots/images are shown from n = 5 independent experiments
with similar results. Statistical significance was determined using two-sided Stu-
dent’s t-test withWelch’s correction (a, comparedwithNS−56d) or one-wayANOVA
with Dunnett’s multiple comparisons test (e, g, compared with Con-1). Source data
are provided as a Source Data file.
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Fig. 3 | ICAM1’s role in fibroblast activation and rTEM neutrophil-ECM inter-
actions. a Violin plot showing elevated ICAM1 expression in rTEM neutrophils.
b Recombinant mouse ICAM1 (rmICAM1, 10 ng/ml) significantly enhances fibro-
blast viability. c Effects of rmICAM1 on fibroblast activation markers COL1A2 and
ACTA2, with quantified data shown in the right panel. d–g BrdU incorporation and
scratch wound healing assays demonstrating the effects of rmICAM1 on fibroblast
proliferation and migration. d, e Scale bar = 200μm. f, g Scale bar = 650μm. e and
g quantify BrdU-positive cells and wound area, respectively. h CellChat analysis of
communication between ECM-producing fibroblasts and rTEM neutrophils, high-
lighting ligand-receptor contributions in ICAM1 signaling. i Volcano plot of differ-
ential ECM proteins in SiO₂-56d vs. NS−56d, with integrin family proteins (e.g.,

ITGAM, ITGB2) showing the most significant changes. The gray dots represent all
the differentially expressed proteins, while the colored dots represent all the
integrin family proteins on the ECM. j Barplot showing KEGG terms enriched for
differential ECM proteins in SiO₂-56d compared to NS−56d. k–n HDOCK analysis
reveals physical binding sites between ICAM1 and integrin family proteins (ITGAM,
ITGB2, ITGAL, ITGAX). Representative blots/images are shown from n = 5 inde-
pendent experiments with similar results. Data are presented as mean ± SEM. n = 5
independent experiments. b, compared with 0 ng/mL group: Dunn’s post hoc test
with Benjamini–Hochberg correction for multiple testing. c, f, g, compared with
vehicle group: unpaired two-sided t test with Welch’s correction. Source data are
provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-66633-8

Nature Communications |        (2025) 16:11655 7

www.nature.com/naturecommunications


Neutrophils are traditionally associated with acute inflammation
due to their short lifespan; however, their role in progressive fibrosis
has remained controversial. Recent studies in sepsis-induced lung
injury and long COVID-19 have revealed that delayed neutrophil
apoptosis and cytoskeletal rearrangement can promote their seques-
tration in pulmonary capillaries, amplifying inflammatory cascades
and potentially contributing to fibrosis40–42. Our findings alignwith this

perspective, as neutrophil depletion significantly alleviated lung
fibrosis in silicosis mice. This suggests that rTEM neutrophils, in par-
ticular, play a pathogenic role in the late stages of fibrosis.

rTEM neutrophils are distinct from classical neutrophils due to
their prolonged survival and enhanced inflammatory capacity22,43–45. In
this study, we found that the number and proportion of rTEM neu-
trophils in lung tissues increased continuously during silicosis
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Fig. 5 | Genetic deletion of CTSC alleviates pulmonary fibrosis and ICAM1
cleavage in vivo. a Schematic of the experimental design: wild-type (CTSC+/+) and
CTSC knockout (CTSC−/−) mice were administered either normal saline (NS) or SiO₂
via intratracheal instillation and evaluated after 56 days. b Representative CT
images of mouse lungs showing reduced high-density fibrotic regions in
CTSC−/−__SiO₂mice compared towild-type controls (CTSC+/+__SiO2). cRepresentative
H&E, Sirius Red, and Masson staining images showing improved alveolar archi-
tecture anddecreasedcollagendeposition inCTSC−/−__SiO₂ lungs. Scalebar 200μM.
d Hydroxyproline quantification indicating decreased collagen content in
CTSC−/−__SiO2 lungs compared with CTSC+/+__SiO2 group. e–g Western blot and

densitometric quantification of fibrosis markers COL1A2 and ACTA2 in lung tissues
across all four groups. h, i ELISA quantification of soluble ICAM1 levels in (h) lung
tissue lysates and (i) bronchoalveolar lavage fluid (BALF), showing reduced ICAM1
cleavage in CTSC-deficient mice compared with CTSC+/+__SiO2 group. Representa-
tive images are shown from n = 5 independent experiments with similar results.
Data are presented as mean± SEM. n = 5 mice per group. d, f–i: Statistical sig-
nificance was determined using two-way ANOVA with Tukey’s post hoc test. Sig-
nificant comparisons between groups are indicated in the figure panels. Source
data are provided as a Source Data file. Created in BioRender. Chao, J. (2025)
https://BioRender.com/ua4330j.

Fig. 4 | ECM-accumulated CTSC cleaves ICAM1 into a soluble form. a Workflow
showing the seeding of rTEM neutrophils on fibrotic ECM (Fib-ECM from SiO₂-56d
lungs) and normal ECM (Nor-ECM fromNS−56d lungs). b, c IF analysis of Ly6G and
ICAM1 expression on Fib-ECM and Nor-ECM, with (c) quantifying mean fluores-
cence intensity. Scale bar = 200μm.dGO enrichment of upregulated ECMproteins
in SiO₂-56d compared to NS−56d. e Volcano plot showing differential ECM pro-
teins, with CTSC exhibiting the most significant changes among hydrolytic
enzymes. The graydots represent all thedifferentially expressedproteins, while the
colored dots represent all the hydrolysis-related proteins on the ECM. The p-values
shown in the proteomics results were calculated using a two-sided Welch’s t-test,
comparing normalized protein intensities between SiO₂-treated samples and con-
trol samples. f, g Western blot and immunofluorescence analyses of CTSC

expression in lung ECM from NS-56d and SiO₂−56d mice. Scale bar = 200 μm.
h HDOCK suggesting CTSC binding to ICAM1, indicating potential cleavage.
i Experimental workflow illustrating CTSC-mediated cleavage of ICAM1.
j, k Western blots showing ICAM1 cleavage fragments after incubation with
recombinant CTSC (j) or lung ECM (k). As purified proteins (200 ng) were used,
traditional loading controls (e.g., GAPDH) were not applicable (k). No loading
control was applied due to the acellular nature of the ECM (k). Representative
images are shown fromn = 5 independent experimentswith similar results. Data are
presented as mean± SEM. n = 5 independent experiments. c, compared with Nor-
ECM group: two-way ANOVA, followed by Šídák’s multiple comparisons test.
Sourcedata areprovided as a SourceDatafile. Created in BioRender. Chao, J. (2025)
https://BioRender.com/ua4330j.
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progression, correlating with fibroblast activation and ECM remodel-
ing. These findings consolidate the “double-edged sword” nature of
rTEMneutrophils. While they play protective roles in innate immunity,
their persistent presence in fibrotic tissues exacerbates disease pro-
gression by sustaining inflammation and fibroblast activation46,47.
Notably, we also detected elevated rTEM neutrophils in bleomycin-
induced fibrosis, suggesting that their accumulation is a common

feature of fibrotic lung models likely driven by early excessive
inflammation.

Although the proportion of rTEM neutrophils among total neu-
trophils slightly declined from day 7 to day 56, this reflects a faster
expansion of TR neutrophils during late-stage fibrosis. Such expansion
may represent an adaptive response to chronic tissue injury, as sug-
gested in other lung inflammation models. We speculate that the
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accumulation of TR neutrophils may reflect a general adaptive
response to chronic tissue injury, as previously suggested in lung
inflammation models48,49. Importantly, the absolute number of rTEM
neutrophils still rose significantly, supporting enhanced recruitment
or retention. Given their potent pro-inflammatory and pro-fibrotic
capacity, this accumulation plays a key role in driving fibrotic
progression.

A key finding of this study was the interaction between rTEM
neutrophils and lung ECM. The ECM, acting as a molecular reservoir
and structural scaffold, was shown to retain and “hijack” rTEM neu-
trophils through ICAM1 and integrin-mediated interactions. This
mechanism establishes a feedback loop that perpetuates inflammation
and fibrosis. Although managing the excessive infiltration of rTEM
neutrophils remains a significant hurdle50, understanding this unique
migration and retention event offers opportunities for therapeutic
intervention by disrupting the ECM-rTEM neutrophil cycle.

Adhesion molecules are key regulators of cellular function, tissue
integrity, and dynamic homeostasis51. They mediate intercellular
interactions and trigger intracellular signaling by binding to the
cytoskeleton and adapter proteins, ensuring dynamic responses to
specific stimuli52. Among adhesionmolecules, ICAM1, amember of the
immunoglobulin superfamily, has been frequently implicated in
inflammation and fibrosis. ICAM1 is a cell surface glycoprotein com-
prising five extracellular immunoglobulin domains, a transmembrane
region, and a short cytoplasmic tail, which interacts with various
integrin family members, such as LFA-1 and Mac-1, to regulate leuko-
cyte adhesion and migration53,54. In lung diseases, ICAM1 has been
associated with both inflammatory and fibrotic processes. For exam-
ple, ICAM1 expression is upregulated in idiopathic pulmonary fibrosis
and acute lung injury, where it facilitates leukocyte recruitment and
the amplification of inflammatory responses55. In our study, ICAM1was
identified as a critical molecule on rTEM neutrophils, serving as an
“anchor” that mediates their retention in the lung ECM. Although we
did not conduct direct experiments to confirm ICAM1-integrin inter-
actions in this context, previous studies have extensively documented
the binding of ICAM1 to integrins and its adhesive functions in
inflammatory and fibrotic settings56,57. Based on these well-established
mechanisms, we deduce that ICAM1 adheres to ECM components,
contributing to the retention of rTEM neutrophils and perpetuating
the fibrotic cycle.

Interestingly, ICAM1 not only functions as a cell surface molecule
but is also susceptible to cleavage into its soluble form (sICAM1). This
dual function of ICAM1, both as an adhesion molecule and a soluble
mediator, underscores its complex role in fibrosis. In silicosis, we
observed elevated ICAM1 expression on rTEMneutrophils, which likely
contributed to their retention in the ECM. Concurrently, macrophage-
derived CTSC cleaved ICAM1 into sICAM1, which activated fibroblasts
and exacerbated fibrosis. These findings highlight the dual roles of
ICAM1 in regulating neutrophil-ECM interactions and promoting
fibroblast activation, reinforcing its central position in the fibrotic
cascade. Although our study identifies CTSC as a key ECM-associated
protease responsible for ICAM1 cleavage and fibrotic progression, we
cannot exclude thepossibility that other proteases—such asneutrophil
elastase, cathepsin G, or matrix metalloproteinase-9—may also

contribute to this process under certain conditions39,58. While CTSC
exhibited the most prominent upregulation in fibrotic ECM and its
genetic deletion significantly reduced sICAM1 levels and fibrosis
severity, compensatory activation of other proteases in the absence of
CTSC remains a plausible scenario. Future studies involving protease
activity profiling, selective inhibitors, or combinatorial knockout
models will be necessary to delineate potential redundancy or synergy
among protease families in ICAM1 cleavage and fibrotic regulation.

ICAM1 undergoes protein cleavage to produce at least six
membrane-bound forms and one soluble form (sICAM1)37. sICAM1 is
particularly relevant in the context of lung diseases, where its levels are
elevated in the serum and BALF of patients with pulmonary fibrosis,
asthma, and chronic obstructive pulmonary disease59–65. This soluble
variant retains the extracellular immunoglobulin domains responsible
for binding integrins, allowing it to modulate cell signaling pathways
and contribute to disease progression56,66 Our study corroborates
these findings, showing a progressive increase in sICAM1 levels in the
lung tissues and BALF of silicosis mice during fibrosis progression.

The cleavage of ICAM1 into sICAM1 is mediated by proteases such
as matrix metalloproteinase-9 and cathepsin G, as well as CTSC, which
was identified in this study as a key ECM protease upregulated during
fibrosis39,58 CTSC not only cleaves ICAM1 but also regulates neutrophil
extracellular traps and inflammatory responses, linking it to a range of
immune-mediated diseases such as rheumatoid arthritis, pneumonia,
and viral infections67–69 Interestingly, CTSC has also been implicated in
cancer metastasis by regulating neutrophil infiltration and ECM
remodeling70 Furthermore, the inhibition of elastase-associated neu-
trophil proteases, which are often upregulated by CTSC, has been
shown to alleviate lung injury71 In this study, we demonstrated that
macrophage-derived CTSC cleaves ICAM1 on rTEM neutrophils, gen-
erating sICAM1, which subsequently activates fibroblasts and pro-
motes fibrosis. The proteolytic activity of CTSC adds another layer of
complexity to ICAM1’s role in silicosis, transitioning from an adhesion
molecule to a soluble mediator of fibrotic signaling. This finding
underscores the importance of understanding the proteolytic regula-
tion of ICAM1, particularly in its transition to sICAM1.

Despite the significant insights gained, our study has limitations.
The use of anti-Ly6G antibodies to deplete neutrophils lacks specificity
for rTEM neutrophils, potentially affecting other neutrophil subtypes
with protective roles in fibrosis. Developing targeted methods to
specifically manipulate rTEM neutrophils will be crucial for further
understanding their precise contributions to fibrosis. Although our
PCLS-based co-culture assays confirmed the pro-fibrotic effects of
rTEM neutrophils in vitro, additional in vivo experiments are war-
ranted to validate their pathogenic function under physiological con-
ditions. For example, adoptive transfer of purified rTEM neutrophils
into fibrotic mouse lungs would provide stronger causal evidence.

Second, while we demonstrate that sICAM1 generated from rTEM
neutrophils promotes fibroblast activation, rTEM cells may also
secrete other pro-fibrotic mediators. Thus, a comprehensive profiling
of rTEM-derived soluble factors and further functional validation are
required to fully understand their contribution to disease progression.
Moreover, although the increased trends of rTEM neutrophil were
consistent between scRNA-seq and flow cytometry, the absolute

Fig. 6 | Macrophage-derived CTSC in ECM promotes pulmonary fibrosis via
ICAM1 hydrolysis. a, bDot plots from GSE183682 and GSE174725 showing highest
CTSC expression in macrophages. cWestern blot of CTSC levels in RAW264.7 cells
treated with SiO₂. d, e Spatial transcriptomics and IF show elevated CTSC expres-
sion in SiO₂-56dmouse lungs. Scale bar = 200 μm. fClodronate liposomeworkflow
formacrophagedepletion to investigate effects on ECM-associatedCTSC and rTEM
neutrophils. g, h IF showing Ly6G and ICAM1 levels in ECM after macrophage
depletion, with Nor-ECM as the control group. Scale bar = 200 μm. i Experimental
workflow exploring CTSC’s role in ICAM1 cleavage. PI represents a protease inhi-
bitor that inhibits CTSC function, while Ab refers to an anti-CTSC antibody that

blocks CTSC function. j ELISA detecting ICAM1 levels in CM-2, confirming CTSC
cleaves neutrophil-derived ICAM1. k, l Fibroblasts co-cultured with CM-2 show
elevated COL1A2 and ACTA2 levels. m–o BrdU assay and wound healing assessing
fibroblast proliferation (m, n) and migration (o, p) after CM-2 treatment. Repre-
sentative images are shown from n = 5 independent experiments with similar
results. Scale bar = 650μm. Data are presented as mean ± SEM. n = 5 independent
experiments. h: two-way ANOVA, followed by Šídák’s multiple comparisons test.
j, compared with Con-CM2: one-way ANOVA, followed by Tukey’s test. l, n, p:
Unpaired t test with Welch’s correction. Source data are provided as a Source Data
file. Created in BioRender. Chao, J. (2025) https://BioRender.com/ua4330j.
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proportions differed considerably between platforms—likely reflecting
methodological biases inherent to each technique72–75 rTEM neu-
trophils are transcriptionally distinct and may be difficult to isolate by
conventional flow cytometry due to gradual marker shifts and phe-
notypic overlap. This underscores the need for complementary vali-
dation using single-cell transcriptomics, which allows unbiased
clustering and trajectory inference. Another potential limitation of

comparing rTEMproportions across platforms is the inherentmisalign
in definition criteria—flow cytometry relies on protein surfacemarkers
(ICAM1highCXCR1low), while scRNA-seq detects transcriptional activity
(ICAM1 counts > 0, CXCR1 counts = 0). Although we approximated
flow’s protein gating by applying stricter mRNA thresholds, direct
translation is constrained by lack of empirical mRNA-to-protein con-
version data for neutrophils in our dataset. Nonetheless, concordant
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enrichment of rTEM neutrophils in fibrotic lungs across bothmethods
validates the biological relevance of this subset, even if absolute pro-
portions differ due to technical and definitional differences.

Finally, while our use of global CTSC knockout mice provides
genetic support for the pro-fibrotic role of CTSC in vivo, it does not
exclude the involvement of CTSC expressed by other cell types. To
more precisely define the role of macrophage-derived CTSC, future
studies employing macrophage-specific CTSC knockout models (e.g.,
LysM-Cre or Cx3cr1-Cre) will be crucial. These models will help isolate
the contribution of CTSC within macrophages and clarify whether the
observed fibrotic effects are driven by macrophage-intrinsic mechan-
isms or by systemic or developmental compensatory pathways.

Pulmonary fibrosis is a fatal, progressive disease with limited
therapeutic options. In this study, we identified a direct functional link
between the lung ECM and neutrophils during the irreversible fibrosis
stage of silicosis. Specifically, we demonstrated that a subtype of
heterogeneous neutrophils, which underwent rTEM, persisted in the
lungs throughout the progression of silicosis. The ECM, acting as both
a molecular reservoir and a scaffold for cell survival, facilitated the
retention and recruitment of rTEM neutrophils in a spatiotemporal
manner. This interaction resulted in the continuous circulation of
rTEM neutrophils during the inflammatory and fibrotic stages, ulti-
mately contributing to irreversible fibrosis. Furthermore, our findings
suggest that targeting CTSC, a key molecule in the lung ECM, and

ICAM1, a core molecule in rTEM neutrophils, represents a potential
therapeutic approach for progressive pulmonary fibrosis. We believe
that the insights from our mouse models of pulmonary fibrosis will
pave the way for breakthroughs in the prevention and treatment of
pulmonary fibrosis and other fibrotic diseases.

Methods
Study approval
This work has received approval for research ethics from the Labora-
tory Animal Care and Use Committee of Southeast University
(Approval No. 20190121002).

Animals, strains, and housing
Mus musculus, C57BL/6J mice (male, 6–8 weeks old) were obtained
from GemPharmatech Co., Ltd. Ctsc knockout C57BL/6J mice were
kindly provided by Prof. Jianmei Ma and Prof. Chi Liu; the line was
maintained on a C57BL/6J background in our facility. Mice were
housed in the Laboratory Animal Center of Southeast University under
SPF conditions (12-h light/dark cycle, 21–25 °C, 40–50% humidity) with
food and water ad libitum.

Silicosis model
After anesthetization with pentobarbital, mice received an intra-
tracheal injection of 100μL silica suspension (50mg/mL). Control

Fig. 8 | Proposed mechanism of rTEM neutrophils in pulmonary fibrosis.
Fibrotic insults induce reverse transendothelial migration (rTEM) of neutrophils①.
ICAM1highCXCR1low rTEMneutrophils adhere to and are retained by lung ECMvia
integrins②. Macrophage‑derived CTSC accumulates in the ECM③ and cleaves

neutrophil ICAM1 to generate sICAM1④, which activates fibroblasts and drives
collagen deposition⑤. This CTSC–ICAM1 axis links ECM retention of rTEM neu-
trophils to fibroblast activation in pulmonary fibrosis. Schematic illustration cre-
ated with Figdraw.com (license ID: SIUUY789f7).

Fig. 7 | Neutrophil depletion alleviates pulmonary fibrosis. a Workflow of anti-
Ly6G antibody treatment for neutrophil depletion; anti-IgG2a served as the isotype
control. b Flow cytometry detecting rTEM neutrophil levels in lungs 10 days after
anti-Ly6G treatment. c CT imaging and 3D reconstruction showing reduced high-
density lung areas in neutrophil-depleted mice. d Histological analysis (H&E, Mas-
son, Sirius Red) of lung tissues showing improved morphology and reduced col-
lagen deposition. Scale bar = 200μm. e Hydroxyproline assay quantifying collagen
content in lung tissues. f–h Western blot analysis of COL1A2 and ACTA2 levels in
lung tissues. i Immunofluorescence showing Ly6G and ICAM1 co-localization in
lung tissues. Yellow arrows indicate cells with strong co-localization. Scale bar =

200μm. j, k ELISA showing reduced sICAM1 levels in lung tissues and BALF after
neutrophil depletion. Representative images are shown from n = 5 independent
experiments with similar results. Data are presented asmean± SEM. n = 5mice. The
unit of study was the individual mouse, and samples (lung tissue or protein
extracts) were collected from each animal independently. All replicates are biolo-
gical replicates derived from distinct experimental subjects. b, e, g, h, j, k: two-way
ANOVA, followed by Tukey’s test. Groups compared include NS (normal saline
control) and SiO₂ (silica-induced fibrosis) treatments, each assessed with two dif-
ferent antibody labels (αIgG2a and αLy6G). Source data are provided as a Source
Data file. Created in BioRender. Chao, J. (2025) https://BioRender.com/ua4330j.
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mice were injected with sterile saline (NS) in the same manner. Mice
were housed in separate cages and observed for 56 days. Silicon
dioxide particles (<5μm diameter) were dried at high temperature
before use. Concentrations used were 5mg/mL for cellular assays and
50mg/mL for animal models. All in vivo experiments were performed
using male C57BL/6J mice. The rationale for using only male animals
was as follows: (i) malemice provide a more stablemodel, as estrogen
cycling in females can influence immune responses and fibrosis pro-
gression; (ii) the use of male mice is consistent with the majority of
published studies on SiO₂- and bleomycin-induced pulmonaryfibrosis,
facilitating comparison across studies; and (iii) limiting experiments to
one sex reduced the overall number of animals required, in line with
the 3 R principle of animal research. Euthanasia was performed by
intraperitoneal injection of overdose pentobarbital (150mg/kg) on the
final day of the experiment, in accordance with institutional animal
welfare guidelines.

CT scanning
Mouse lung CT imaging was conducted using a Hiscan XM Micro CT
scanner (Suzhou Hiscan Information Technology Co., Ltd.) under the
following conditions: 60 kV tube voltage, 134 μA tube current, 50ms
single exposure time, and 50μm resolution. Image reconstruction and
analysis were performed using Hiscan Viewer 3.0 (Nanjing Zuang-
chuang Biotechnology Co., Ltd.).

Cell culture
All cells were maintained at 37 °C in a humidified atmosphere with 5%
CO2. MLg(ATCC, Cat#CCL-206) and RAW 264.7 (ATCC, Cat#TIB-71)
cells were cultured in DMEM containing 10% FBS, 1% penicillin-
streptomycin (P/S), and 1% glutamine. Primary mouse pulmonary
microvascular endothelial cells (mpECs) were isolated from male
C57BL/6J mice using CD31 MicroBeads (Miltenyi, 130-097-418) and
cultured in Endothelial Cell Medium (ScienCell, #1001) with Endothe-
lial Cell Growth Supplement (#1052) and 1% penicillin–streptomycin at
37 °C, 5% CO₂. Neutrophils were cultured in RPMI-1640 medium with
10% FBS, 1% P/S, 1% glutamine, and 0.1% 2-mercaptoethanol.

Generation of rTEM neutrophils
Following Gocheva et al.36, rTEM neutrophils were generated in a
Transwell system. Mouse pulmonary endothelial cells (mpECs) were
pre-stimulated with IL-1β (2.5 ng/mL) for 4 h, washed with PBS, and co-
cultured with bone marrow-derived neutrophils at 37 °C for 1 h. Non-
adherent neutrophils were removed, and the culture continued for
24 h. rTEM neutrophils were collected by washing the mpEC mono-
layer with DMEM. Three control groups were set up: (1) neutrophils
incubated alone; (2) neutrophils co-incubated with mpECs; (3) mpECs
incubated after IL-1β stimulation.

Phenotypic identification of rTEM neutrophils
For in vivo identification, single-cell suspensions from mouse lung
tissue were treated with Red Blood Cell Lysis Buffer to remove ery-
throcytes. Single-cell suspensions were stained with Fixable Viability
Dye eFluor 506 (eBioscience, Cat#65-0866-14, 1:1000), and Fc recep-
tors were blocked using anti-mouse CD16/CD32 (BD Biosciences,
Cat#553141, clone 2.4G2, 1:100). The following fluorochrome-
conjugated antibodies were used: anti-CD45-PE-Cy7 (BD Biosciences,
Cat#561868, clone 30-F11, 1:200), anti-CD11b-PerCP-Cy5.5 (BD Bios-
ciences, Cat#561114, cloneM1/70, 1:200), anti-Ly6G-FITC (eBioscience,
Cat#11-9668-80, clone 1A8, 1:200), anti-CD54-BV786 (BD Biosciences,
Cat#740855, clone YN1/1.7.4, 1:100), and anti-CD181-PE (BD Bios-
ciences, Cat#566383, clone 8E5, 1:100). Samples were acquired on a
Cytek Aurora spectral cytometer. Flow cytometry gating was per-
formed in the following order: exclusion of debris (FSC-A vs SSC-A),
live cells (viability dye–), singlets (FSC-A vs FSC-H), CD45⁺ leukocytes,
and CD11b⁺Ly6G⁺ neutrophils. rTEM neutrophils were identified as

ICAM1high CXCR1low cells, with gating thresholds defined based on
fluorescence-minus-one (FMO) controls. The complete gating strategy
and FMO validation are shown in Fig. S2A.

For the in vitro rTEM neutrophils identification, cells from
Transwell inserts were lysed, and ICAM-1 and CXCR1 expression was
detected by western blot.

Single-cell transcriptome sequencing (GSE183682)
Lung tissue samples were collected from mouse silicosis model
groups: NS-7 d, NS-56 d, SiO2-7 d, and SiO2−56 d (one sample from
each group). After perfusion, hearts were rinsed three times with PBS
buffer. Lung tissues were sliced into small pieces (approximately
0.5mm³), and individual cells were isolated using a lung isolation kit. A
Gel Bead in Emulsion (GEM) was generated following the manu-
facturer’s protocol, and quality was assessed using an Agilent
4200 system. Cell suspensions were loaded onto a Chromium Single-
Cell Controller (10× Genomics) using a single-cell 5′ Library (v3), Gel
Bead Kit, and Chromium Single-Cell G Chip Kit. Libraries were con-
structed with 150bp paired-end reads and sequenced on an Illumina
NovaSeq6000 platform using NovaSeq Control Software v1.7 by Beij-
ing BIO Biotechnology Co.

scRNA-seq reanalysis of rTEM neutrophils with alternative
thresholds
rTEM neutrophils were initially defined in the scRNA-seq dataset as
ICAM1 counts > 0 and CXCR1 counts = 0 within the neutrophil clus-
ter. To assess the robustness of rTEM proportion estimates to
threshold definitions, we reanalyzed the same dataset using three
alternative strategies, all based on log-normalized expression values:
(1) Mean-based threshold—ICAM1high defined as expression greater
than the global mean of ICAM1 across all neutrophils; CXCR1low

defined as expression less than or equal to the global mean of CXCR1.
(2) Median-based threshold—ICAM1high defined as expression greater
than the global median of ICAM1 across all neutrophils; CXCR1low

defined as expression less than or equal to the global median of
CXCR1. (3) Median Absolute Deviation (MAD)-based threshold—
ICAM1high defined as expression greater than k ×MADbaseline (ICAM1)
calculated from baseline-control neutrophils; CXCR1low defined as
counts = 0 (optional ≤MADbaseline). This method was chosen for its
robustness to extreme values and zero inflation in scRNA-seq data,
and k was tuned to yield conservative estimates in fibrotic groups.
For each approach, neutrophils were classified into rTEM
(ICAM1highCXCR1low), NC (ICAM1lowCXCR1high), TR (ICAM1lowCXCR1low),
or unknown (ICAM1highCXCR1high), and rTEM proportions were cal-
culated as a percentage of total neutrophils in each experimental
group. The MAD-based criterion was selected as the strictest
approximation to the protein “high/low” logic in flow cytometry
because it is robust to extreme values and zero inflation in scRNA-
seq data.

Spatial transcriptome sequencing (GSE183683)
Lung tissues were trimmed near the hilum, frozen in optimal cutting
temperature compound (OCT), and stored at −80 °C. Sections were
adhered to slides, fixed, and stained with H&E before imaging. Visium
spatial libraries were constructed using the Visium Spatial Library
Construction Kit and sequenced on an Illumina NovaSeq6000 by
CapitalBio Technology.

Proteome analysis of the extracellular matrix
ECM proteins from NS-56d and SiO2−56dmouse lungs were extracted
using the Compartmental Protein Extraction Kit (Millipore, Cat 2145).
Extracts were divided for SDS-PAGE and trypsin digestion. Proteomic
data were generated on an LC–MS/MS platform (Shanghai Luming
Biological Technology Co., Ltd.) using vendor-provided acquisition
software (ProteinPilot, v.5.0).
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One 6-plex TMT set was acquired comprising six channels
(126–131) mapped to sample IDs: 126 = com111, 127 = con116,
128 = con117, 129 =M80, 130 =M101, 131 =M107. For between-group
statistics we compared M (M80/M101/M107; n = 3 biological repli-
cates) versus Con (com111/con116/con117; n = 3 biological replicates).
Proteins were reduced/alkylated (iodoacetamide to 10mM, 15min,
dark) and acetone-precipitated (−20 °C ≥ 4 h; 8000 × g, 10min)
before trypsinization (Trypsin-TPCK 1:50, 200mM TEAB, 37 °C
overnight). Peptides were TMT-labeled in 100mM TEAB: TMT
reagent reconstituted in anhydrous acetonitrile (88 µL), 41 µL added
per sample, 1 h at room temperature; reaction quenched with 8 µL 5%
hydroxylamine for 15min. Labeled peptides were combined. High-pH
reversed-phase fractionation was performed on an Agilent 1100
HPLC with a Zorbax Extend-C18 (2.1 × 150mm, 5 µm) column; mobile
phases were ACN/H₂O adjusted to pH 10 (A: 2/98; B: 90/10), flow
300 µLmin−1, with a 75min gradient (8–60min collected eachminute
into 15 tubes). Peptide fractions were loaded onto Evotips and
separated on an Evosep One using the 30SPD method (1 µLmin−1)
with 15 cm analytical column; mobile phases: A = H₂O/0.1% FA, B =
ACN/0.1% FA. MS data were acquired on a Bruker timsTOF Pro
(Bruker Daltonics; supplier listed in the report) with nano-ESI 1.5 kV,
drying gas 180 °C at 3.0 Lmin−1, MS1 m/z 100–1700, TIMS 1/K₀ range
0.6–1.6, collision energy 20–59 eV. Raw data were processed in
MaxQuant v1.6.17.0 using the UniProt reviewed Mus musculus (tax-
onomy 10090) FASTA. Enzyme: Trypsin/P; fixed modification: Car-
bamidomethyl (C); variable modifications: Oxidation (M), Protein
N-term Acetylation; first search tolerance 20 ppm, main search
10 ppm; max missed cleavages = 2; instrument type: Bruker TIMS.
Protein-level FDR was controlled at <1% (4228 protein groups; 25,987
peptides identified). Proteins with ≥1 unique peptide were retained;
proteins with expression values present in ≥50% of samples in any
group were kept. For proteins with ≤50%missingness, missing values
were imputed by the within-group mean. Intensities were median-
normalized and log₂-transformed before downstream analyses.
Quality control included PCA and sample-to-sample correlation
analyses on the set of confidently quantified proteins. Differentially
expressed proteins (DEPs) between M and Con were defined using
fold-change and two-sided t-tests with the vendor’s thresholds FC ≥
2.0 and p < 0.05; in this comparison, 270 DEPs were reported
(M_vs_Con).

Decellularization of lung matrices
Decellularized ECM was harvested based on a previous report with
somemodifications76 Freshly harvested lung tissueswereembedded in
OCT and cryosectioned into 300μm slices using a Leica cryostat.
Tissue sections were placed in 6-well plates and incubatedwith 5mLof
1% SDS solution under gentle agitation at room temperature for 1 h, a
step repeated once with fresh SDS. Subsequently, sections were
incubated overnight in fresh 1% SDS at room temperature with con-
tinuous shaking. The next day, the SDS solutionwas replacedwith 5mL
of 1%Triton×-100, and the sectionswere agitated at roomtemperature
for 1 h, repeated three times. This was followed by overnight incuba-
tion in fresh 1% Triton ×-100 under the same conditions. After deter-
gent removal, sections were rinsed twice with 1× PBS and four times
with ddH₂O. To remove residual nuclear material, sections were trea-
ted with 5mL of 1M NaCl for 1 h at room temperature, then rinsed
again with 1× PBS (2 times) and ddH₂O (2 times). DNA digestion was
performed by incubating the sections with 5mL of DNase I solution
(20μg/mL) containing 4.2mM MgCl₂ for 1.5 h at room temperature
under agitation. After enzymatic treatment, tissues were washed twice
with ddH₂O. For sterilization, sections were treated with 4.8% acetic
acid for 20min in a biosafety cabinet, followed by three washes with
sterile 1× PBS. The decellularized ECM slides were stored at 4 °C
until use.

Simulation of neutrophils rTEM in vitro
To simulate dynamic rTEM, rTEM neutrophils were induced in Trans-
well inserts. After nonadherent neutrophils were removed, lung ECM
(Nor/Fib) was placed in the lower chamber to mimic the micro-
environment. ECM was fixed with 1× paraformaldehyde after 24 h and
analyzed by immunofluorescence staining.

ScRNA-seq and spatial transcriptomics integration analysis
Cell-type-specific marker genes identified from the scRNA-seq dataset
were used as gene signatures. Using the AddModuleScore function in
Seurat, we calculated module scores to estimate the spatial enrich-
ment of each cell type, with higher scores indicating greater abun-
dance. To validate spatial distribution patterns, we further applied
cell2location to integrate the scRNA-seq and spatial transcriptomics
data, generating probabilistic maps of cell-type abundance across tis-
sue sections

Enrichment analysis
Unless otherwise specified, Enrichment analysis was performed using
the R package “clusterProfiler” for genes meeting criteria of |log2 fold
change| > 1 and adjusted p-value < 0.01.

Signature scores and their correlation analysis
The rTEM signature genes were identified from our scRNA-seq dataset
(GSE183682), and the fibrosis signature was derived from the Com-
parative Toxicogenomics Database (CTD), which contains a list of 947
genes associated with pulmonary fibrosis. These two signature scores
were computed using Seurat’s AddModuleScore function, followed by
an assessment of their correlation.

Macrophage depletion
Clodronate liposomes (100μL, 5mg/mL) were injected via tail vein
into silicosis model mice every 7 days for 56 days. Control liposomes
were used as controls.Mice were grouped based on similar weight and
status before treatment.

Neutrophils depletion
To deplete neutrophils, anti-mouse Ly6G (Clone 1A8, Bioxcell) and an
IgG2a isotype control (2A3, Bioxcell) were administered via intraper-
itoneal (i.p.) injection at a dose of 100 µg/20 × g body weight. The
treatment protocol included daily injections for the first 6 days, fol-
lowed by injections every other day for 4 additional days, based on
other reports77,78

Mouse primary endothelial cells
To isolate mouse primary endothelial cells, one-week-old mice were
anesthetized with pentobarbital, and a thoracic incision was made to
expose the heart and lungs for cardiac perfusion. The lungs were
excised, minced with surgical scissors, and digested with collagenase I
and DNase for 1 h at 37 °C with gentle shaking. The resulting super-
natant was centrifuged and filtered through a 70-µm cell strainer to
obtain a single-cell suspension. Mouse pulmonary endothelial cells
(mpECs) were then isolated using CD31 MicroBeads (130-097-418,
Miltenyi Biotec) following the manufacturer’s protocol.

Isolation of mouse bone marrow neutrophils
To isolate mouse bone marrow neutrophils, wild-type (WT) mice,
approximately 6–8weeks old, were anesthetized with pentobarbital. A
neck dissection was performed to remove the femurs and tibiae of the
hind limbs, and the bonemarrowwasflushedwith phosphate-buffered
saline (PBS) to collect a single-cell suspension. Mouse primary bone
marrow neutrophils were then isolated using the Neutrophil Isolation
Kit (130-097-658, Miltenyi Biotec) following the manufacturer’s
protocol.
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Resistance across monolayers
Following previously established protocols withmodifications79 3 × 105

mpECs per well were cultured on 0.3 cm2 Transwell® plates. The
transendothelial electrical resistance (TEER)wasmonitoredduring cell
growth using amicrotiter Milli cell ERS-2 system. The resistance values
were calculated using the following formula:

Unit Area Resistance = Resistance (Ω) × Effective Membrane
Area (cm2).

Immunofluorescence staining
Immunofluorescence staining was performed as previously
described80 Briefly, lung tissues and ECM sections (8μm)wereblocked
with 10% fetal sheep serum in 0.3% Triton ×-100 for 2 h and incubated
with primary antibodies overnight at 4 °C. Sections were stained with
Cy3/Alexa Fluor-conjugated secondary antibodies and counterstained
with DAPI. Images were captured using an Olympus IX70 fluorescence
microscope with accompanying Olympus software (v3.28). For
immunofluorescence staining, samples were incubated with ICAM-1
antibody (Proteintech, Cat#10020-1-AP, 1:200), Ly6G antibody
(eBioscience, Cat#11-9668-80, clone 1A8, 1:200), CXCR1 antibody
(ABclonal, Cat#A16386, 1:200), α-SMA antibody (Proteintech,
Cat#14395-1-AP, 1:200), collagen I antibody (Proteintech, Cat#14695-1-
AP, 1:200), and cathepsin C antibody (Santa Cruz, Cat# sc-74590, clone
D-6, 1:200). Secondary antibodies conjugated to Alexa Fluor 488, 594,
or 647 were used for detection. Nuclei were counterstained with DAPI
(ProLong™ Diamond, Cat# P36971).

Hematoxylin and Eosin staining
Hematoxylin and eosin (H&E) staining was performed on mouse lung
tissue and lung extracellular matrix (ECM) samples. The tissues were
fixed in 1× paraformaldehyde (PFA) and embedded in OCT compound
to prepare 8-µm frozen sections. These sections were stained using a
Hematoxylin and Eosin Staining Kit (C0105M, Beyotime). The proce-
dure involved washing the sections with distilled water for 2min,
staining them with hematoxylin and eosin for 10min, and rinsing off
the excess stain with tap water for approximately 10min. The tissue
sections were then dehydrated in 75% ethanol, followed by 80%
anhydrous ethanol for 10 s, and 90%xylene for 5min. Finally, the tissue
sections were mounted with neutral gum, air-dried, and images were
captured using a fluorescence microscope (Olympus IX70, USA).

Hydroxyproline Assay
Mouse lung tissues (~0.1 × g) were digested in extraction solution at
100 °C for 4 h. The pH was adjusted to 6–8, and the solution was
centrifuged at 16,000 rpm for 20min. Hydroxyproline was quantified
using the Hydroxyproline Assay Kit (Solarbio).

Western blotting
Western blotting was performed as previously described81 Briefly,
protein lysates were prepared in RIPA buffer, quantified, and sepa-
rated by SDS-PAGE. Proteins were transferred to PVDF membranes,
blocked with 5% skim milk, and incubated with primary antibodies
overnight at 4 °C. Membranes were incubated with HRP-conjugated
secondary antibodies and imaged using a Tanon scanner. The fol-
lowing primary antibodies were used for Western blotting: ICAM-1
polyclonal antibody (Proteintech, Cat#10020-1-AP, 1:1000), CXCR1
rabbit polyclonal antibody (ABclonal, Cat#A16386, 1:1000), collagen
type I polyclonal antibody (Proteintech, Cat#14695-1-AP, 1:1000), α-
smooth muscle actin polyclonal antibody (Proteintech, Cat#14395-1-
AP, 1:1000), cathepsin C monoclonal antibody (Santa Cruz, Cat# sc-
74590, clone D-6, 1:1000), β-actinmonoclonal antibody (Proteintech,
Cat#66009-1-Ig, clone 2D4H5, 1:5000), and GAPDH monoclonal
antibody (Proteintech, Cat#60004-1-Ig, clone 1E6D9, 1:5000). HRP-
conjugated secondary antibodies (Proteintech, Cat# SA00001-1/2,
1:2000) were used.

Cell counting kit-8 assay
Cell viability was assessed using the CCK-8 Assay Kit (APExBIO).
Treated cells were incubated with the reagent at 37 °C for 1–4 h, and
absorbance was measured at 450nm using a microplate reader.

Bromodeoxyuridine labeling
Treated slideswere incubatedwith BrdU-containingmedium, followed
by fixation in 1× PFA overnight. Cells were denatured in 2N HCl/0.3%
Triton ×-100, neutralized with boric acid, and stained with BrdU pri-
mary antibodies. BrdU incorporation was detected using BrdU anti-
body (Santa Cruz, Cat# sc-32323, clone IIB5, 1:200), followed by Alexa
Fluor–conjugated secondary antibodies (1:2000). Nuclei were coun-
terstained with DAPI and imaged using an Olympus IX70 fluorescence
microscope.

Cell migration assay
Cell migration was evaluated using a scratch wound healing assay.
Confluent cell monolayers were scratched using a pipette tip and
photographed at0, 6, 12, and24h.Gapdistanceswerequantifiedusing
ImageJ.

Enzyme-linked immunosorbent assay (ELISA)
Soluble ICAM-1 levels in BALF, lung tissue, and culture supernatants
were quantified using an ELISA kit (R&D Systems). Absorbance at
450nm was measured using a microplate reader.

Protein cleavage assay
For recombinant CTSC cleavage of ICAM1, recombinant mouse ICAM1
protein (R&D Systems) was incubated with recombinant CTSC (R&D
Systems) in cleavage buffer containing 25mM MES, 50mM NaCl, and
5mMDTT at pH 5.5. The reaction was performed at 37 °C for 2 h. After
incubation, the reaction was terminated by adding SDS loading buffer,
followed by boiling for 5min. Samples were then analyzed by Western
blotting to detect ICAM1 cleavage products. As the assay involved
purified recombinant proteins, traditional loading controls (e.g., β-
actin or GAPDH)were not applicable. Instead, equal amounts of ICAM1
(200 ng per lane) were loaded across all conditions to ensure
comparability.

For ECM-associatedCTSC activity, decellularized lung extracellular
matrix (ECM) was first incubated with recombinant cathepsin L (CTSL;
R&D Systems) at 37 °C for 20min in cleavage buffer (25mM MES,
50mMNaCl, 5mMDTT, pH 5.5) to activate endogenous CTSC retained
within the ECM. After pre-treatment, recombinant ICAM1 protein was
added and incubated with the ECM at 37 °C for 6 h. The reactions were
stoppedby the addition of SDS loadingbuffer andboiling for 5min, and
the samples were subsequently analyzed by Western blot to evaluate
ICAM1 cleavage. As the ECM is a non-cellular substrate, conventional
loading controls were not applicable. To ensure transparency, we
explicitly state the amount of recombinant protein (200ng) and ECM
loaded for each condition in the main figure (Fig. 4K).

Preparation and culture of precision-cut lung slices (PCLS)
Mouse precision-cut lung slices (PCLS) were prepared as follows.
Briefly, C57BL/6J mice (6–8 weeks old) were euthanized, and the lungs
were inflated with 1.5mL of 2% low-melting-point agarose (Sigma) in
pre-warmed (37 °C) Advanced DMEM/F-12 tissuemedium. The inflated
lungs were immediately placed on ice for agarose solidification, then
excised and embedded in 4% agarose for slicing. Using a vibratome
(Leica VT1200S), lung tissues were sectioned into 250 µm thick slices.
Slices were then washed and kept individually in 24-well plates in
DMEM/F-12 supplementedwith0.1% FBS, 1% Penicillin/Streptomycin at
37 °C, 5% CO2, and 100% humidity. Tissue viability was assessed using
the LDH Cytotoxicity Detection Kit (Roche) according to the manu-
facturer’s protocol. PCLS treated with 1% Triton ×-100 in PBS served as
the positive control.
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Quantification and statistical analysis
All statistical analyses were performed using GraphPad Prism 9.0.0.
Two-sided Student’s t-test was used for two-group comparisons, while
one-wayor two-wayANOVAwasapplied formulti-group analyses. Data
are presented as mean ± SEM, with significance defined as *P <0.05,
**P<0.01, or ***P <0.001. Single-cell RNA-seq and spatial tran-
scriptomic data were processed and analyzed in R v4.3.2 using Seurat
v4.4.0 (CRAN), Harmony v1.1.0 (CRAN), CellChat v1.6.0 (GitHub), and
clusterProfiler v4.10.0 (Bioconductor). Integration of scRNA-seq and
spatial data was performed following established Seurat pipelines.
GSVA v1.50.0 (Bioconductor) was used for pathway enrichment. ECM
proteomic downstream analyses were conducted in R v4.3.2 with
standard Bioconductor workflows. Structural modeling andmolecular
docking were conducted with the HDOCK server (http://hdock.phys.
hust.edu.cn/). Image analysis and quantificationwere performed using
ImageJ (Fiji distribution, v1.54, https://fiji.sc/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available in the article
and its Supplementary Information. Source data are provided as
Source Data file andmay be obtained from the corresponding authors
upon request. The sequencing data reported in this paper are depos-
ited in NCBI Gene Expression Omnibus (GEO) database with accession
numbers GEO: GSE183683 ((https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE183683), GSE183682). The proteomics data have been
deposited in the ProteomeXchange Consortium via the PRIDE partner
repository under accession code PXD028194 (https://www.iprox.cn/
page/project.html?id=IPX0003445000). No restrictions apply to data
access. Source data are provided with this paper.
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