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Pulmonary fibrosis represents a progressive interstitial lung disease marked by
excessive extracellular matrix deposition and architectural distortion. Vascular
endothelial cells critically contribute to fibrogenesis through paracrine
secretion of pro-fibrotic mediators, yet their mechanobiological regulation
remains elusive. Using integrated single-cell multi-omics profiling of human
pulmonary fibrosis specimens and experimental fibrosis models induced by
bleomycin or silica, we identify mechanosensitive Piezol upregulation in
Endothelial cells as a hallmark of fibrotic progression. Endothelial-specific
Piezol knockout significantly attenuates Bleomycin-induced fibrotic remo-
deling in male mice, establishing its pathogenic necessity. Mechanistically,
PIEZOL1 activation promotes pulmonary fibrosis development via CAPN2-
mediated STAT3 phosphorylation, which may regulate the secretion of the
pro-fibrotic molecule interleukin-33. These findings suggest that the endo-
thelial PIEZO1-CAPN2-STAT3-IL33 axis is a potential therapeutic target for PF

intervention.

Pulmonary fibrosis (PF) represents a spectrum of chronic progressive
interstitial lung disorders characterized by excessive extracellular
matrix deposition, culminating in substantial morbidity and mortality.
Idiopathic pulmonary fibrosis (IPF), the most prevalent and clinically
significant subtype, presents particular therapeutic challenges due to
its indeterminate pathogenesis and restricted treatment modalities.
While two antifibrotic agents (pirfenidone and nintedanib) have
received clinical approval, these palliative therapies only modestly
decelerate disease progression without achieving fibrosis resolution’.
This therapeutic limitation underscores the critical need for elucidat-
ing pathogenic mechanisms and developing targeted interventions.
Current research implicates dysregulated repair mechanisms in PF
pathogenesis, particularly abnormal wound healing responses

characterized by progressive fibrotic extracellular matrix
accumulation®. This complex process involves coordinated interac-
tions among pulmonary structural cells (epithelial, endothelial) and
recruited effector cells (immune populations, activated fibroblasts),
mediated through an evolving network of soluble mediators (e.g.,
cytokines, chemokines) that regulate intercellular communication®.
Vascular endothelial cells (ECs), constituting the luminal interface
of blood vessels, are ubiquitously distributed across tissues and criti-
cally regulate diverse pathophysiological processes*. Within the pul-
monary system, these cells extend their functional repertoire beyond
vascular permeability maintenance to actively modulate tissue
homeostasis’. Emerging evidence indicates spatial adjacency between
pulmonary fibroblasts and vascular cells, with dysregulated
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intercellular communication driving progressive fibrotic remodeling®.
Experimental models demonstrate that bleomycin (BLM)-induced
repetitive lung injury triggers pathological ligand presentation from
pulmonary vascular endothelial cells to perivascular fibroblasts, initi-
ating maladaptive repair cascades that culminate in fibrosis®. Fur-
thermore, the NRP1-HIF2a-EPCR signaling axis has been implicated in
aging-associated endothelial reprogramming, fostering aberrant
macrophage-endothelial crosstalk that impairs regenerative capacity
and accelerates fibrotic progression’. These findings collectively
highlight pulmonary EC-derived molecular pathways as novel ther-
apeutic targets for PF intervention.

ECs employ mechanosensors to transduce mechanical stimuli
through a process termed mechanotransduction®. This biological
mechanism converts mechanical forces (e.g., shear stress, cyclic
stretch) into intracellular biochemical signals, thereby inducing chro-
matin remodeling and transcriptional reprogramming®. Biomechanical
stresses orchestrate critical endothelial functions spanning angiogen-
esis, apoptosis regulation, inflammatory responses, and vasoactive
mediator production, with dysregulation implicated in both physio-
logical adaptation and pathological progression®™. Cellular traction
forces transmitted through the extracellular matrix (ECM) establish
reciprocal mechanical feedback, wherein ECM stiffening perturbs
mechanosensitive signaling cascades, ultimately compromising EC
functional plasticity in disease states®. Pathological ECM accumulation
—a hallmark of fibrotic remodeling—likely disrupts mechanical home-
ostasis during alveolar morphogenesis, consequently altering pul-
monary vascular mechanobiology. Nevertheless, the precise molecular
mechanisms linking aberrant mechanical signaling to pulmonary vas-
cular dysfunction remain incompletely defined.

In this study, through single-nucleus RNA sequencing (snRNA-
seq) profiling of IPF patient lung tissues, we identified mechan-
osensitive transcriptional signatures in ECs correlating with fibrotic
progression. Leveraging multi-omics analysis across human IPF spe-
cimens and preclinical PF models (BLM/SiO2-induced), we demon-
strated pathological upregulation of PIEZO1 mechanotransduction
pathways within the pulmonary vasculature. Conditional Piezol
knockout in ECs (Cdh5-CreERT2) significantly attenuated fibrotic
remodeling in BLM-challenged mice. Pharmacological modulation
using PIEZO1 antagonist GsMTx4 or agonist Yodal reciprocally miti-
gated or exacerbated fibrotic outcomes, respectively. Mechanistic
investigations revealed that PIEZO1 activation induces endothelial IL33
secretion through CAPN2/STAT3-mediated transcriptional activation,
establishing this mechanochemical axis as a driver of fibroblast acti-
vation. Our findings establish endothelial mechanotransduction via
PIEZO1-IL33 signaling as a druggable target for pulmonary fibrosis
intervention.

Results

Mechanical Stress in Pulmonary ECs Associated with Dete-
rioration of Lung Function

To understand pulmonary fibrosis (PF) through clinical prognostic
indicators, such as the relationship between lung function and cell
subpopulations, we collected lung tissues from four idiopathic pul-
monary fibrosis (IPF) lung transplant recipients and five non-IPF nor-
mal controls at West China Hospital of Sichuan University and
Shenzhen People’s Hospital. These samples were processed using 10x
Genomics for single-nucleus RNA sequencing (snRNA-seq) (Fig. 1A,
Supplementary Data S1-S3), and 35,310 cells from IPF patients and
35,997 cells from normal controls were obtained for subsequent ana-
lysis after quality control. Uniform manifold approximation and pro-
jection (UMAP) was performed for dimensionality reduction. Fifteen
cell subpopulations were characterized based on marker gene
expression, including alveolar type I cells (AT1), alveolar type Il cells
(AT2), ciliated cells, club cells, basal cells, macrophages, fibroblasts,
smooth muscle cells (SMC), lymphoid cells, arterial endothelial cell

(arterial ECs), general capillary ECs, aerocyte ECs, systemic venous ECs,
pulmonary venous ECs, lymphatic ECs (Fig. 1B, Supplementary Fig. 1A-
C). We then employed Scissor, a method that identifies cell sub-
populations from single-cell data associated with lung function
phenotypes®.

The clinical trajectory of idiopathic pulmonary fibrosis is variable,
with a decline in forceful lung volume (FVC) being the main indicator
of progression**. Given that an FVC <50% is indicative of severe pul-
monary dysfunction and significant physiological impairment™'®, we
established 50% of FVC as the diagnostic cut-off value. Subjects were
stratified into two phenotypes: those with FVC < 50% were defined as
the FVC-low phenotype (FLP, designated Scissor*), while those with
FVC>50% comprised the FVC-high phenotype (FHP, designated
Scissor’).We then integrated the bulk data (GSE47460) with the
snRNA-seq data using Scissor, identifying 18,272 Scissor" (FVC% < 50%)
and 29,897 Scissor- cells associated with FLP and FHP, respectively
(Fig. 1C). After calculating the proportion of FLP cells of each cell type,
we found that the proportion of FLP ECs within the total population of
ECs was the most predominant compared with other types of cells
(Fig. 1D). To delineate aberrant signaling pathways in ECs associated
with severe lung function impairment during pulmonary fibrosis pro-
gression, we performed Scissor-based analysis on ECs from IPF
patients and normal controls. Endothelial cells were further parti-
tioned into six subtypes (Fig. 1E). FLP cells from IPF patients and
controls were then selected using the Scissor method and subjected to
pseudobulk and differential expression analysis (Fig. 1F-G). Gene set
scoring revealed significant upregulation of the mechanical stress (MS)
signaling pathway in the IPF group (Fig. 1H-I).

To further validate our findings, we expanded our sample size by
collecting scRNA-seq data from 66 IPF patients and 59 normal lung
tissues from five public scRNA-seq datasets in the GEO database’ ',
Pearson correlation analysis on collected samples demonstrated a
positive correlation between mechanical stress score of ECs and
fibrosis score of samples (Fig. 1J). We then identified 34,898 ECs
(Supplementary Fig. 2A-B) and used the scissor method to identify FLP
and FHP cells (Fig. 1K). We also focused on whether mechanical stress
was responsible for the progression of IPF and found widespread
increases in mechanical stress in the lung cells of IPF patients (Fig. 1L-M
and Supplementary Fig. 2C). Additionally, a meta-analysis combining
the five GEO datasets validated that ECs from IPF patients exhibited
relatively high mechanical stress (Fig. IN). We performed Pearson
correlation analysis on a randomly selected dataset (GSE136831). This
analysis revealed a positive correlation between mechanical stress
scores and both the myofibroblast percentage in total fibroblasts and
fibroblast markers (Fig. 10 and Supplementary Fig. 2D). These results
suggest that abnormally elevated mechanical stress in ECs is asso-
ciated with the development of PF.

Mechanical Stress of ECs Elevated in SiO, Induced Silicosis
Silicosis is a type of occupational PF caused by the inhalation of large
amounts of SiO, dust. To determine whether ECs in PF exhibit elevated
mechanical stress, we established a mouse model of silicosis by tra-
cheal instillation of SiO, over five months. We collected single-cell
suspensions from lung tissues to prepare scRNA-seq and scATAC-seq
libraries using 10X Genomics kits to measure RNA and chromatin
accessibility (Fig. 2A). The H&E and Masson staining results demon-
strated significant interstitial lung fibrosis in the PF mouse model
induced by SiO; (Fig. 2B).

After quality assessment and screening of SiO»-treated and
saline-treated mice (Supplementary Data S4-S6), scRNA-seq clus-
tered 39,048 cells and identified major cell types in the lung tissues
based on marker genes expression. As a result, UMAP plots showed
lung cell subpopulations, including endothelial cells, dendritic cells,
B cells, ATl cells, AT2 cells, macrophages, neutrophils, T cells,
pericytes, clara cells, natural killer (NK) cells, monocytes, ciliated
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cells, basal cells, mast cells, smooth muscle cells (SMC), and fibro-
blasts (Fig. 2C, Supplementary Fig. 3A). We also analyzed the
scATAC-seq dataset including 26,575 cells for quality control and
batch correction using the R package “Seurat” and used our anno-
tated scRNA-seq dataset to predict cell types via scATAC-seq
(Fig. 2D, Supplementary Fig. 3B). Additionally, we identified

MS scores of ECs

markers for cellular subtypes in mouse lung tissues post-SiO»
treatment using scATAC-seq and scRNA-seq (Fig. 2E-F).

To investigate differentially regulated signaling pathways in ECs,
we performed GO analysis and MS scoring on ECs of scRNA-seq
dataset. We found that ECs from SiO»-treated mice showed elevated
mechanotransduction signals (Fig. 2G-1 and Supplementary Fig 3C-D).
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Fig. 1| Mechanical Stress Increased in the ECs from IPF Patient and Significantly
Associated with the PF Development. A The schematic workflow of this study
integrated single-nucleus RNA sequencing with bulk RNA-seq data. B Uniform
Manifold Approximation and Projection (UMAP) clustering of cells in snRNA-seq
data of IPF patients and normal lung tissues. C The “Scissor” algorithm co-analyzed
snRNA and bulk-RNA data, selecting lung function-related cell subpopulations from
snRNA-seq data using bulk-RNA lung function data. D Stacked bar chart showed the
proportions of Scissor subpopulations in each cell type. E The UMAP plot of
endothelial cells (ECs) subpopulations in snRNA-seq data. F UMAP plot displaying
ECs of Scissor groups. G Volcano plots depicting pseudobulk differentially
expressed genes between FLP ECs of IPF group and FLP ECs of Normal group in
snRNA-seq data. P values were calculated using the Wald test. Vertical dashed lines
represented log2(fold change) threshold of 1, and horizontal dashed lines repre-
sented the P-value threshold of 0.05. UMAP plot (H) and violin plot (I) showed
mechanical stress (MS) scores of FLP ECs in IPF (n=4061 cells) and Normal

(n=1826 cells) groups. J Correlation analysis (Pearson Correlation) between
mechanical stress score of ECs and fibrosis score of samples shown with error band
representing 95% confidence interval. K The UMAP plot showed scissor-positive
and scissor-negative cells associated with low lung function (FLP) and high lung
function (FHP). UMAP (L) and violin plot (M) showed MS scores of FLP ECs in IPF
(n=5020 cells) and Normal (n =1383 cells) groups of five GEO datasets. N Meta-
analysis of five GEO datasets showing the MS score of ECs in IPF and Normal groups.
Standardized mean difference (SMD) were calculated as Hedges’ g with corre-
sponding 95% confidence intervals. O Correlation analysis (Pearson Correlation) of
mechanical stress scores and fibroblast subpopulations in GSE136831 dataset. I, M:
Violin plots displayed the mean (yellow diamond) the median (center line), the
interquartile range, and the whiskers (1.5 x interquartile range). P value was cal-
culated using the two-tailed unpaired t-test. Source data are provided as a Source
Data file.

We also analyzed the different peaks of ECs and performed MS scoring
on ECs in the scATAC-seq dataset of SiO,-treated and saline-treated
mice, revealing an increase in mechanical stress scores in the SiO»-
treated group (Fig. 2J-L Supplementary Fig. 3E).

Finally, we analyzed the enrichment of the mechanical stress-
related genes in ECs for motifs (Fig. 2M) and observed that the central
motifs included Sox9, Statl, Etsl, Fosll, Fos, Etvl, Rela, Neurogl, Meis2,
Pparg, Jun, Gata4, Foxp2, Nfkb1, and Irf1 (Fig. 2N). These results confirm
the critical role of aberrant mechanosensitive signaling pathways in
ECs in the pathogenesis of occupational PF.

Mechanosensitive PIEZO1 is Relevant to the Development of PF
BLM-induced pulmonary fibrosis (PF) mice are widely used as an ani-
mal model for studying PF due to their ability to mimic human lung
fibrosis. To further validate the above findings, we harvested lung tis-
sues from BLM-treated mice for single-cell multi-omics studies
(Fig. 3A). H&E and Masson staining revealed marked interstitial fibrosis
in the lungs (Fig. 3B), confirming the successful establishment of the PF
model. Using the same bioinformatics analysis approaches, scRNA-seq
and scATAC-seq clustered 41,522 and 35,791 cells, respectively (Sup-
plementary Data S7-9). Next, we visualized the major lung cell sub-
populations using UMAP analysis (Fig. 3C-D) and identified clustering-
specific markers for each subpopulation (Supplementary Fig. 4A-F).
In order to identify by which specific gene of mechanosensitive
pathway of EC might attribute to PF development, we then used Venn
diagram analysis to integrate bulk RNA-seq of ECs from BLM-induced
PF of mice with a single multi-omics dataset from above-analyzed
human and mice samples, and we identify mechanosensitive Piezol
and Piezo2 might serve as the candidate genes to involve in the
pathogenesis of PF (Fig. 3E). PIEZOs are calcium-permeable non-
selective cation channels that sense mechanical stimuli in multicellular
organisms and mediate various biological processes. Subsequently, we
analyzed the peaks of all mechanical stress-related genes in ECs and
found that the increased peak activities of ECs mainly included Piezol
and Piezo2 (Fig. 3F and Supplementary Fig. 4G). Additionally, motif
enrichment analysis identifies motifs associated with mechanical stress
in ECs, including Neurogl, Statl, Nfkb1, Gata4, Rela, Sox9, Foxp2, Etvl,
Fos, Fosll, Meis2, Irfl, Jun, Etsl, and Pparg (Supplementary Fig. 4H).
Interestingly, heatmap analysis of bulk-RNA-seq showed the expres-
sion of piezol increased in ECs from BLM-treated mice, while Piezo2
exhibited an opposite expression pattern (Fig. 3G). Consistent with
these findings, immunofluorescence analysis of murine models
demonstrated that Piezol expression was significantly upregulated in
pulmonary ECs of BLM-treated mice (Fig. 3H). To further verify our
finding in human samples, we firstly investigated the subpopulation
distribution of PIEZOs in ECs, we quantified the proportions of PIEZOI*
and PIEZO2' ECs, respectively. The analysis revealed that PIEZOI is
predominantly expressed in vascular ECs, whereas PIEZO2 shows pre-
ferential expression in lymphatic ECs (Supplementary Fig. 41-)).

Quantitative analysis of PIEZOI" and PIEZO2' EC proportions compared
with control revealed a significant increase of PIEZOI" cells in the IPF
group, whereas PIEZO2' cells showed no significant change (Fig. 31-).
Subsequent immunofluorescence validation using IPF patient and
normal control confirmed that PIEZO1 expression was significantly
upregulated in IPF vascular ECs compared to control (Fig. 3K). A meta-
analysis of the GEO Human IPF Public Database also showed that
PIEZO1 was significantly upregulated in ECs (Fig. 3L). Therefore, we
selected PIEZOI in ECs as the promising intervention target of PF for
the functional validation in following study.

Gene Deletion and Pharmacological Intervention of Piezol
Affect PF Development
To determine the functional role of PIEZO1 in pulmonary vascular cell-
mediated fibrosis, we systematically knocked out Piezol in vascular
cells of adult mice using a tamoxifen-inducible EC-specific
CreERT2 system. We developed mice with loxP site-flanking Piezol
crossed with VE-Cad-CreERT2 mice. Tamoxifen was used to specifically
activate CreERT2 activity in ECs, inducing EC-specific deletion of Piezol
(Piezol “¥) in VE-cad-CreERT2 Piezol '*"*® mice. PiezoI-haploinsuffi-
cient adult mice (Piezol ") served as controls to monitor Cre toxicity.

We observed significant knockdown of PIEZOI in lung vascular
endothelial cells (Fig. 4A-B), confirming the successful generation of
EC-specific PiezoI-deficient mice. Subsequently, Masson, picrosirius
red (PSR) and H&E staining revealed significant reduction of collagen
deposition and inflammation in PiezoI**“ mice compared to controls
(Fig. 4C, Supplementary Fig. 5A-B). Alpha-smooth muscle actin (aSMA)
immunofluorescence staining further verified the inhibition of lung
fibrosis by Piezol deletion in ECs (Fig. 4D). We induced pulmonary
fibrosis in these PiezoI** mice using BLM and observed a significant
reduction in hydroxyproline in lung tissue (Fig. 4E).

To further investigate the role of PIEZO1 in modulating pulmonary
EC function and lung injury, we administered the PIEZO1 agonist Yodal
via both intratracheal and intraperitoneal routes. We found that, com-
pared to the saline control group, both intratracheal and intraperitoneal
administration of Yodal led to an increased inflammatory cells and
fibrosis in the lungs of mice revealed by the hydroxyproline assay,
Masson, picrosirius red (PSR) and H&E (Supplementary Fig. 5C-F).

Additionally, we applied antagonist and agonist to explore if
PIEZO1 is a potential therapeutic target for PF (Fig. 4F). Histopatholo-
gical staining and hydroxyproline assay revealed that the antagonist
GsMTx4 reduced the production of hydroxyproline in fibrotic lung
tissue as well as deposition of ECM and collagen, indicating GsMTx4
can effectively alleviate PF, whereas the agonist Yodal exacerbated the
fibrotic response in the BLM-induced PF mouse model (Fig. 4G-l,
Supplementary Fig. 5G-H). Importantly, Yodal failed to worsen fibrosis
in endothelial-specific Piezol-knockout mice subjected to BLM, con-
firming that the pro-fibrotic effect of Yodal is mediated through
endothelial Piezol (Supplementary Fig. 6A-D).
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In conclusion, our findings demonstrate that targeting PIEZOI in
ECs inhibits the development of pulmonary fibrosis, highlighting
PIEZO1 as a promising target for the development of therapeutic
interventions for PF.

PIEZO1 Activation Coupling IL-33 to Regulate the

Development of PF

Recent studies demonstrate that ECs play a crucial role in the patho-
genesis of pulmonary fibrosis through both juxtacrine and paracrine

mechanisms, mediated by the secretion of various bioactive mole-
cules, particularly cytokines and chemokines**'>?2, Notably, emerging
evidence suggests that aberrant mechanical stress can significantly
influence the release of these mediators from ECs during pathological
processes. Building upon these findings, we propose a novel hypoth-
esis that aberrant mechanical stress contributes to the progression of
PF by modulating the secretion of pro-fibrotic factors from ECs.
Firstly, we conducted CellChat analysis on our snRNA-seq dataset,
which revealed that PIEZOI' ECs had significantly higher interaction
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Fig. 2 | Single-Cell Multi-Omics Analysis Reveals Elevated Mechanical Stress in
ECs of the SiO, - Induced Mouse PF Model. A Schematic diagram of the SiO,
mouse model. Mice were divided into control (saline, n = 3) and experimental (SiO,,
n=3) groups by tracheal injection. After 20 weeks, mice were euthanized, and lung
single-cell suspensions were prepared for sequencing. B Validation of the SiO,
mouse model. H&E and Masson staining showed increased inflammation and
fibrosis in the lungs of SiO, treated mice (n =3 mice per group). C UMAP plots of
lung tissue scRNA-seq data from SiO,-induced and control mice. D UMAP plots of
lung tissue scATAC-seq data from SiO,-induced and control mice. E Violin plots
showed expression of marker genes of scRNA-seq data from SiO,-induced and
control mice. F In scATAC-seq data from SiO,-induced and control mice, peaks for
marker genes were identified for each subcelltype. G The UMAP plot showed
endothelial subpopulations in scRNA-seq data from SiO,-induced and control mice.

UMAP plot (H) and violin plot (I) showed the MS scores of endothelial cells in
scRNA-seq data of Silica-induced (n =784 cells) and control (n =816 cells) mice.
J The UMAP plot showed the endothelial subpopulations of scATAC-seq data.
UMAP plot (K) and violin plot (L) showed the MS scores of endothelial cells in
scRNA-seq data of Silica-induced (n =387 cells) and control (n =689 cells) mice.
M GO enrichment analysis of motifs showed that signaling pathways associated
with mechanical stress were enriched in ECs. Statistical significance of GO terms
was calculated using the hypergeometric test. N Table showing TF motifs of
endothelial cells enriched in mechanical stress-related pathways by scATAC-seq
data. P values were calculated using the hypergeometric test. I, L: Violin plot dis-
played the mean (yellow diamond) the median (center line), the interquartile range,
and the whiskers (1.5 x interquartile range). P value was calculated using the two-
tailed unpaired t-test. Source data are provided as a Source Data file.

numbers and strengths with other lung cells compared to PIEZOI ECs
(Fig. 5SA). To further explore potential downstream pro-fibrotic factors
sensitive to mechanical stress and regulated by PIEZO1 signaling, we
analyzed publicly available scRNA-seq data and identified 47 differ-
entially regulated pro-fibrotic genes through Venn diagram analysis
(Fig. 5B). Heat map analysis showed that /GFBPS, IL33, MGP, SPRY1, and
ACKRI were specifically expressed in ECs (Fig. 5C), and these genes
exhibited a significant correlation with mechanical stress scores
(Fig. 5D). However, PIEZO1 expression were only positively correlated
with the expression of /L33 and ACKRI (Fig. 5E). Given that ACKRI is not
classified as a cytokine, whereas /L-33 represents a canonical cytokine,
we therefore selected /L33 as the definitive therapeutic target in this
study. Feature and violin plot indicated that /L33 was specifically and
highly expressed in ECs (Fig. 5F), and /L33 was significantly upregulated
in the IPF group compared to normal control (Fig. 5G). The violin plot
of our snRNA-seq dataset revealed that /L33 expression was sig-
nificantly higher in PIEZOI' cells compared to PIEZOI cells, with
PIEZOI" ECs in the IPF group exhibiting a higher /L33 expression level
than those in the control group (Fig. 5SH). We further analyzed bulk
RNA-seq data from sorted ECs, observing upregulation of /[33
expression in ECs from BLM-treated mice compared to control, the
sequencing results were also validated (Fig. 5I-J), which were further
verified by immunofluorescence staining of IL-33 in the lung ECs of
fibrosis patients (Fig. 5K).We then examined the relationship between
IL33 and PIEZOI. To our expectation, immunofluorescence staining
showed that administration of Yodal enhanced IL-33 expression, while
GsMTx4 had the opposite effect (Fig. 5L). Immunofluorescence ana-
lysis further confirmed that specific deletion of Piezol in ECs markedly
reduced IL-33 expression, reinforcing the hypothesis that PIEZOI1
activation regulates /L33 secretion in ECs (Fig. SM).

Although /L33 is a well-documented profibrogenic cytokine
known to drive fibrosis in multiple organs, the specific role of EC-
derived /L33 in PF development remains largely unclear. To determine
whether /L33 in ECs is essential for PF development, we specifically
deleted /[33 in ECs by crossing VE-cad-CreERT2 mice with /[33®/x®
mice and applied BLM to create a pulmonary fibrosis mouse model
(Fig. 6A). mRNA of /[33 and protein of IL-33 were efficiently deleted in
ECs via Vecad-Cre/LoxP (Fig. 6B). Subsequent analyses with Masson,
PSR, H&E and aSMA staining, hydroxyproline assay demonstrated that
1133 * mice had remarkably lower fibrotic responses than those of /[33
“T mice in bleomycin induced PF mouse model (Fig. 6C-E, Supple-
mentary Fig. 6E).

Moreover, we constructed a mouse model with EC-specific /[33
overexpression (OE-/[33) using an adeno-associated virus (AAV)
delivery system to determine if PiezoI-regulated PF development is
dependent on /[33. We generated a lung EC-selective adeno-asso-
ciated virus (AAV) system expressing /{33 under the EC-selective Tiel
promoter (AAV-Tiel-/[33), which was specifically overexpressed in
the lung of Piezol “*“ mice. Mice were initially pretreated with AAV
through the trachea for four weeks, followed by bleomycin

treatment. They were then euthanized in the third week after bleo-
mycin administration (Fig. 6F). mRNA of /[33 and protein of IL-33
were confirmed the endothelial-specific overexpression of /[33 in
lung tissue. (Fig. 6G). As expected, specific deletion of Piezol in ECs
alleviated pulmonary fibrosis, but this effect was significantly
reversed by the specific overexpression of /[33 in ECs achieved by
AAV-1I33 (Fig. 6H-J, Fig Supplementary Fig. 6F). Collectively, these in
vivo functional rescue experiments indicate that the endothelial
PIEZOI activation promoted PF development in a /L33 dependent
manner.

CAPN2-STAT3 Axis Regulates IL-33 Expression Upon the PIEZO1
Activation

We investigated the regulatory mechanism of PIEZO1 on IL33 expres-
sion in vitro using primary human umbilical vein endothelial cells
(HUVECs). Since both cellular tension and changes in matrix stiffness
can activate the PIEZO1 channel, we applied tension to the monolayer
of HUVECs using a cell stretching device and cultured HUVECs on
substrates of varying stiffness to simulate the spontaneous activation
of PIEZO1. We found that when subjected to 20% strain, the secretion
and mRNA transcription levels of /L33 in HUVECs initially increased
at 6hours and then decreased at 24 hours, and meanwhile we
observed that in monolayers cultured on a 25 kPa substrate, HUVECs
exhibited higher secretion and transcriptional expression levels of IL-
33 (Fig. 7A-B). Notably, silencing PIEZOI expression with shRNA in
HUVECs inhibited the secretion and transcription of IL-33 after cells
were subjected to 20% strain for 6 hours or cultured on a 25 kPa sub-
strate (Fig. 7C-E).

CAPN2 functions as a key downstream effector in the PIEZOI-
mediated mechanotransduction pathway, participating in multiple
mechanoresponsive biological processes. Interestingly, both the
activity and protein level of Calpain2 significantly increased after 20%
strain stretching and 25 kPa substrate culturing with a similar trend to
IL-33 (Fig. 7F, G), which were inhibited by PIEZO1 knockdown (Fig. 7H,
I). Thus, we speculated PIEZOI activation induced /L33 is dependent on
CAPN2. Consistent with our hypothesis, CAPN2 knockdown (shCAPN2)
markedly decreased IL-33 expression and secretion upon mechanical
stimulation (Fig. 7J, K).

Transcription factors (TFs) are necessary to bind to the promoter
region and directly initiate the expression of target genes. To explore
which TFs act as downstream molecules of the PIEZO1-CAPN2 axis to
regulate IL-33 expression (Fig. 7L), we first utilized the Cistrome
(http://dbtoolkit.cistrome.org/) public transcription factor database
and predicted the top 10 transcription factors that might regulate /L33
expression (Fig. 7M). Additionally, we performed motif enrichment
analysis of differential peaks in ECs using scATAC-seq datasets of the
fibrotic mouse model and identified the top 100 motifs highly
expressed in the endothelium (Fig. 7N). Venn diagram analysis sug-
gested that STAT3 is a key TF regulating /L33 expression upon
mechanical force (Fig. 7N). Importantly, 6 hours of mechanical stretch
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Fig. 3 | Identification of Mechanosensitive PIEZO1 as a Potential Regulator of
Pulmonary Fibrosis Development. A BLM intratracheal model scheme (n=3 per
group). B H&E and Masson validation of inflammation/fibrosis (n=3 per group).
C Lung scRNA-seq UMAP. D scATAC-seq UMAP subclusters. E Venn showing Piezol
and Piezo2 as co-regulated genes across silica and BLM bulk, scRNA-seq and
scATAC-seq data. F scATAC-seq coverage peaks of PiezoI and Piezo2. G CD31 and
CD45-sorted EC bulk-RNA-seq heatmap and bar chart (n =3 per group). Gene
expression levels were Z-score normalized. P values were calculated using the two-
tailed unpaired t-test. H PIEZO1 (green) and Ve-cad (red) co-staining and

quantification in fibrotic mouse lungs (n =4). UMAP and bar charts (mean + SEM) of
PIEZOI" (1) and PIEZOZ2' (J) EC counts in normal controls (n=5) versus IPF (n=4)
patients. P values were calculated using the two-tailed unpaired t-test. K PIEZO1
(green) and CD31 (red) co-staining and quantification in human IPF vs normal lungs
(n=10). L Meta-analysis of five GEO datasets showing elevated PIEZOI in IPF ECs.
Standardized mean difference (SMD) were calculated as Hedges’ g with corre-
sponding 95% confidence intervals. Data were shown as mean + SEM, H and K: two-
tailed unpaired t-tests, Source data are provided as a Source Data file.
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clearly promoted the activation of STAT3 as revealed by p-STAT3
immunoblotting (Fig. 70), and this stretch-induced activation was
blocked by PIEZO1 and CAPN2 silencing (Fig. 7P). These results suggest
that STAT3 might acts as a downstream TF of PIEZOI that is involved in
the regulation of /L33 expression. As demonstrated in Fig. 7Q, R, STAT3
knockdown (shSTAT3) in HUVECs cultured under mechanostimulatory
conditions (cyclic 20% tensile strain and 25 kPa substrate stiffness)
significantly attenuated both /L33 transcript levels and protein
secretion.

In conclusion, endothelial PIEZO1 activation induces the down-
stream profibrotic molecule IL-33 to regulate the development of PF,
might potentially through the CAPN2-STAT3 axis.

Discussion

Pulmonary fibrosis (PF) pathogenesis arises from dynamic interplay
between cellular compartments and dysregulated signaling networks.
Employing single-cell RNA sequencing (scRNA-seq) of clinical speci-
mens complemented by public dataset integration, we delineated
mechanobiological drivers of PF progression. Leveraging the compu-
tational algorithm Scissor, we established bi-directional associations
between endothelial mechanosensitivity and declining pulmonary
function (forced vital capacity [FVC]). Through cross-species valida-
tion in BLM/SiO2-induced murine models with scRNA-seq confirma-
tion, we established endothelial PIEZOI as a central
mechanotransducer in fibrotic remodeling. Mechanistic investigations
revealed that PIEZOI-mediated calcium flux activates CAPN2-depen-
dent STAT3 phosphorylation, may triggering IL-33 secretion that sus-
tains fibroblast activation through paracrine signaling. These results
position the endothelial PIEZO1-CAPN2-STAT3-IL33 axis as a mechan-
ochemical signaling hub with therapeutic potential for PF
management.

The lung maintains lifelong mechanical responsiveness, con-
tinuously experiencing biomechanical forces during respiratory
cycles that shape its structural and functional adaptation®*.
Pathological fibrotic remodeling manifests as alveolar architectural
distortion and compromised pulmonary compliance, driven by
myofibroblast dysregulation and aberrant ECM
homeostasis®.Emerging evidence implicates vascular biomechani-
cal alterations in pulmonary fibrosis pathogenesis?***’, VECs emerge
as central regulators of fibrotic progression through integrated
metabolic reprogramming, transcriptional control, and epigenetic
modulation of paracrine signaling’?*%. To date, single-cell studies
have revealed a high degree of heterogeneity in ECs across different
tissues, along with dynamic and plastic functions of immune cells.
Most single-cell studies focus primarily on descriptive mapping,
with limitations in linking data to clinical phenotypes. Therefore, we
used the “Scissor” algorithm to correlate FVC with single-cell data.
Additionally, “Scissor” classified ECs into two groups, revealing that
elevated mechanical stress in ECs were strongly associated with
worsening lung function. Our bioinformatics approach of correlat-
ing single-cell data with clinical phenotypes has strong clinical
relevance and can be widely applied to other diseases.

Bleomycin and SiO, may induce abnormal mechanical forces in
murine lungs. Initially, these agents directly damage alveolar type Il
epithelial cells (AT2 cells), leading to surfactant dysfunction and
aberrant mechanical force generation®. Subsequent epithelial cell
death and alveolar collapse further disrupt local mechanical home-
ostasis, exacerbating parenchymal stress®. Concurrently, inflamma-
tory cascades—marked by immune cell infiltration and alveolar edema
—amplify epithelial and endothelial cell injury and dysfunction,
thereby intensifying mechanical dysregulation®’. During the chronic
phase, excessive ECM deposition increases tissue stiffness, initiating a
self-reinforcing cycle of mechanical stress®. This cycle activates
mechanosensitive pathways in resident cells, including ECs and fibro-
blasts, which further accelerates ECM remodeling and fibrotic

progression. Ultimately, chronic fibrosis results in declined lung
function, disrupted respiratory rhythm, and perpetuation of abnormal
mechanical forces.

Clinical evidence establishes hemodynamic shear stress pertur-
bations as pathogenic drivers in vascular disorders, notably athero-
sclerosis. VECs exhibit flow-adaptive spindle-shaped morphology
aligned with laminar flow vectors, with pathological progression
involving chronic exposure to aberrant shear profiles*. In PF, we posit
that ECs undergo pathological shear stress reprogramming. Mechan-
istically, ECs decode hemodynamic forces through apical mechan-
osensory complexes comprising PIEZO1, protein kinase cascades, P2X4
receptors, and NOTCHI1 signaling nodes®*®. Seminal work by Li et al.
demonstrated embryonic lethality in mice with global or endothelial-
specific Piezol deletion, underscoring its essentiality in vascular
morphogenesis'. Although PIEZOI is recognized as a master
mechanoregulator in cardiovascular pathologies (e.g., atherosclerosis,
hypertension)”, its pulmonary vascular functions remain unexplored.
Through endothelial-specific Piezol ablation in conditional knockout
(VE-Cad-CreERT2) mice, we established its functional necessity in PF
pathogenesis.  Single-cell  transcriptomic  profiling revealed
compartment-specific expression patterns: PIEZOI localized to pul-
monary vascular endothelium, whereas PIEZO2 dominated lymphatic
endothelial, suggesting distinct mechanobiological roles in respiratory
homeostasis.

IL-33, a tissue-derived alarmin of the IL-1 superfamily, is con-
stitutively expressed in nuclear compartments of pulmonary ECs,
immune populations, and stromal cells, serving as a key regulator of
type 2 immunity and barrier homeostasis®®. While its profibrotic role
through macrophage-mediated ST2 signaling is established, the
endothelial-specific contribution to fibrogenesis remains enigmatic®.
SscATAC-seq is a useful tool for theoretically investigating potential
transcription factors involved in specific cellular processes. Using this
tool, we identified STAT3 as a potential upstream transcription factor
promoting /L33 expression upon PIEZO1 activation. Thus, STAT3 and
IL33 may form a positive feedback loop in the presence of abnormal
PIEZO1 signaling. Finally, since ECs are present in almost all human
tissues and organs, we suggest that a similar mechanism of PIEZO1-1L33
crosstalk may be involved in other tissue remodeling diseases,
including chronic obstructive pulmonary disease (COPD), asthma, and
tumors.

Although Yodal is widely employed as a PIEZOI agonist to simu-
late mechanotransduction pathways, Yodal as a surrogate for
mechanical stress still presents critical limitations. Firstly, Yodal
exhibits off-target effects, inducing tonic sustained elevation of intra-
cellular Ca?* that may activate non-physiological pathways, such as
aberrant PIEZO-mediated signaling observed in cardiac systems*>*,
Secondly, the spatio-temporal Ca?* signaling patterns triggered by
Yodal fundamentally differ from those induced by physiological
mechanical cues (e.g., shear stress, stretch, or stiffness)*>**. Unlike the
localized (e.g., focal adhesion-associated) and transient activation of
PIEZO1 under mechanical stimulation***¢, Yodal elicits prolonged,
global Ca?* signaling that deviates from in vivo mechanotransduction
dynamics. Therefore, to address these limitations, we employed phy-
siologically relevant mechanical stimuli-cyclic stretch and substrate
stiffness modulation-to mimic mechanical forces in our experimental
models. Our in vitro data demonstrate that mechanical force-induced
Ca?* transients (via stretch/stiffness) activate Calpain, consistent with
its role in mechanosensitive pathways. Notably, under 24-hour sus-
tained mechanical stimulation, Calpain levels decreased rather than
increased, aligning with the hypothesis that prolonged mechanical
cues may trigger homeostatic downregulation of Calpain activity to
counteract excessive proteolytic stress. This observation underscores
the necessity of distinguishing pharmacological agents (e.g., Yodal)
from biomechanical stimuli when interrogating mechanotransduction
pathways.
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Fig. 4 | Gene Deletion and Pharmacological Intervention of PIEZO1 Affect PF
Development. A Tracheal BLM model schematic (Piezol V" and PiezoI** mice).

B PIEZO1 protein in isolated EC, immune cells, fibroblast and epithelial cells (n=3).
C Representative Masson and PSR images and quantification (n=6). D aSMA
immunofluorescence and quantification (n=4). E Lung hydroxyproline content in
Piezo1"" and Piezo1**“ mice (n =5). F Scheme of PIEZOI agonist Yodal or antagonist
GsMTx4 treatment; mice sacrificed after 3 weeks. G Lung hydroxyproline after i.p.

Yodal or GsMTx4 (n = 6). H Representative Masson and PSR images and quantifi-
cation (n=6). I xSSMA immunofluorescence and quantification (n=5). Error bars
represent mean + SEM, B: two-tailed unpaired t-tests, G-I: one-way ANOVA followed
Tukey’s multiple comparisons test was, C-F: two-way ANOVA followed Tukey’s
multiple comparisons test. All n denote biologically independent samples. Source
data are provided as a Source Data file.
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There are several limitations to this study due to technical hur-
dles. First, although we used bioinformatics tools, we lacked an
experimental method to directly measure true mechanical stress levels
in ECs. Therefore, we could not demonstrate whether ECs are affected
by abnormal shear stress in fibrotic lungs. Second, while our data
position STAT3 as an upstream regulator of IL33, exactly how this
regulation occurs—whether directly or indirectly—remains to be elu-
cidated.Third, while we used EC conditional knockout mice to show
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that PIEZOI activation-mediated /L33 induction is necessary for PF
development, we lacked studies on cellular crosstalk between ECs and
other cells. IL-33, an EC-derived necrosis factor, may activate perivas-
cular fibroblasts and macrophages during PF development, warranting
co-culture experiments to explore this. Although more research is
needed, our work elucidates the molecular and cellular nodes of
abnormal mechanical stress in ECs, potentially aiding in the discovery
of new candidate therapies for treating fibrotic diseases.

Nature Communications | (2026)17:2655

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70193-w

Fig. 5 | PIEZO1 Activation Coupling IL-33 to Regulate the Development of PF.
A CellChat analysis of human lung snRNA-seq data. B Venn of 47 shared DEGs from
four datasets (GSE159354, GSE132771, GSE128033, GSE122960). C Heatmap of 47-
gene expression across cell types. D Correlation analysis (Pearson Correlation) of
expression of IGFBPS, IL33, MGP, SPRY1, ACKRI and mechanical stress scores in ECs.
E Correlation analysis (Pearson Correlation) of expression of PIEZOI and IGFBPS,
L33, MGP, SPRYI, ACKRI in ECs. F Human snRNA-seq UMAP and violin of /L33
distribution and subpopulations. G Bar chart showed expression of /L33 (mean +
SEM) in IPF (n=7966 cells) vs control (n=4174 cells). P value was calculated using
the two-tailed unpaired t-test. H Violin of /L33 in PIEZOI vs PIEZOI" ECs. 1 Bulk-RNA-
seq of saline and BLM (7 days and 14 days) induced mice (n=3 per group). Gene

expression levels were Z-score normalized. P value was calculated using the two-
tailed unpaired t-test. J qPCR of /[33 in BLM mouse lung ECs. K IL-33 (green) and
CD31 (red) co-staining in human IPF vs normal, quantification is shown at right
(n=10). L IL-33 (green) and CD31 (red) co-staining in Yodal- or GsMTx4-treated
fibrotic mouse lungs, quantification is shown at right (n=3). M IL-33 (green) and
CD31 (red)co-staining in Piezol " and Piezo1** BLM lungs, quantification is shown
at right (n=3). Error bars represent mean + SEM, H, K, J, M: two-tailed unpaired t-
test; L: one-way ANOVA followed Tukey’s multiple comparwasons test, All n values
indicate biologically independent samples. Source data are provided as a Source
Data file.

Methods

Human Patient Samples

In this study, we enrolled four patients (male: 3; female: 1; age range:
45-64 years, mean t standard deviation: 57.7 + 4.3 years) with idio-
pathic pulmonary fibrosis (IPF) who underwent lung transplantation
surgery and five normal individuals (male: 3; female: 2; age range:
38-69 years, mean + standard deviation: 51.0 + 6.1 years) whose lung
tissue specimens were obtained from surgical resections for other
indications. Designed to explore the central role of endothelial cells in
pulmonary fibrosis, this study had a limited sample size and was not
prospectively stratified or analyzed by sex. Information on partici-
pants’ sex was obtained from their clinical medical records. This study
was approved by the Medical Ethics Committees of West China Hos-
pital, Sichuan University and Shenzhen People’s Hospital (Approval
No.: LL-KY-2021651) in accordance with the guidelines of the Declara-
tion of Helsinki. All participants (or their legal guardians) provided
written informed consent for participation in this study, the publica-
tion of indirect identifiers mentioned in Supplementary Data S1 and
future related research. No financial compensation was provided to
participants. For future studies, the collected samples were preserved
by freezing or embedding in optimal cutting temperature (OCT)
compounds. Detailed demographic and clinical characteristics of the
patients are shown in Supplementary Data S1. No individual-level data
are presented in a manner that could compromise anonymity, and all
data sharing complied with the ethical approvals granted by the
Institutional Review Boards of West China Hospital of Sichuan Uni-
versity and Shenzhen People’s Hospital.

Mice

C57BL/6]) mice were obtained from the Model Animal Research
Center of Nanjing University. Piezol "' (STOCK Piezol‘™>!pat);
029213) and /33 (B6(129S54)-1[33™18¥); 030619) mice were
obtained from GemPharmatech, Nanjing, China. Mice expressing
ECspecific Cdh5-(PAC)-CreERT2 were provided by R. H. Adam. Cdh5-
(PAC)-CreERT2 mouse was crossed with floxed Piezol mouse to
generate  Creff"Piezol'"'*  mice and  CrefRTj[33xF/oxP,
CrefR2Pjezo]' P and CrefR"2/[33'F/>" mice were intraperitoneally
treated with tamoxifen (100 mg/kg) 2 months after birth for 6 days
(interrupted for 3 days after the third dose), leading to endothelial-
specific deletion of Piezol(Piezol*™) and /[33(/[33°5¢). Tamoxifen-
treated Cre-negative littermates (PiezoI"" and /[33"") were used as
control for all experiments. All experiments used 8-10-week-old
male specific pathogen-free (SPF) mice. The animals were housed in
a temperature-controlled (22 + 2 °C), humidity-regulated (50% + 10%
relative humidity) environment under a standard 12-hour light/dark
cycle at the Experimental Center of West China Second University
Hospital, Sichuan University. The facility maintains strict SPF con-
ditions with continuous air filtration and regular monitoring of
environmental parameters. Mice were group-housed in individually
ventilated cages with sterile bedding and had free access to auto-
claved standard rodent chow and water ad libitum. Bedding was
changed weekly, and health status was monitored regularly. All
animal experimental protocols were approved by the Laboratory

Animal Ethics Committee of West China Second University Hospital,
Sichuan University (approval number: 20220303070), and con-
ducted in strict accordance with the institutional guidelines for the
care and use of laboratory animals.

Cell culture

HEK293T (ATCC, #CRL-3216,) cells were purchased from the American
Tissue Collection Center (ATCC, Manassas, VA) with validated cell
identity and eliminated of mycoplasma contamination. HEK293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(C11995500BT, Gibco) with high glucose supplemented with 10% fetal
bovine serum (FBS) (10099141, Gibco) and penicillin-streptomycin
(Gibco). Human umbilical vein endothelial cells (HUVECs) were iso-
lated from neonatal umbilical cord as described and cultured in
endothelial Cell Medium (1001, ScienCell) at 37 °C in a humidified
atmosphere of 5% CO,.

Public data

Single-cell RNA sequencing (scRNA) data were obtained from the Gene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/). We
retrieved and utilized scRNA sequencing data from IPF patients and
healthy individuals (by GSE136831”7, GSE132771%, GSE128033",
GSE159354?° and GSE122960%). In addition, we collected extensive
RNA sequencing data from IPF patients and normal lung tissue
(courtesy of GSE47460)".

Method specifics

Endothelial cell isolation. Immunomagnetic bead cell sorting is based
on the ability of cell surface antigens to bind to specific antibodies
attached to magnetic beads. Briefly, the Sheep anti Rat magnetic beads
were pre-coated with CD31 (BD, #550274, 1:20 dilution) and CD45 (BD,
#550539, 1:20 dilution) respectively. Harvested mouse lungs were
washed with pre-cooled DPBS, cut into pieces, digested with digestion
DMEM containing 1 mg/mL type 1 collagenase (Solarbio, #C8140),
1mg/mL type IV collagenase (Biosharp, C#8160), 1 mg/mL Dispase Il
(Solarbio, #D6430), and 0.2 mg/mL DNAase (Solarbio, #BS165) in 37 °C
for 40 min. After erythrocytes were lysed, cells were resuspended with
MACS Buffer (Miltenyi Biotec, #130-091-376) and incubated on ice for
15 minutes with anti-mouse CD31 MicroBeads (for endothelial cell
separation, Miltenyi Biotec, #130-097-418), anti-mouse CD45
MicroBeads (for immune cell separation, Miltenyi Biotec, #130-052-
301), anti-mouse CD326 MicroBeads (for epithelial cell separation,
Miltenyi Biotec, #130-105-958), and anti-mouse CD140a MicroBeads
(for fibroblast separation, Miltenyi Biotec, #130-101-502). The MACS
MultiStand separation rack (Miltenyi Biotec, #130-042-302), Mid-
iMACS Separator (Miltenyi Biotec, #130-042-302), and LS Separation
columns (Miltenyi Biotec, #130-042-401) were assembled and used to
separate the cells, the isolated endothelial cells, epithelial cells,
immune cells, and fibroblasts are used for Western blot and qPCR
experiments.

AAV treatment. Mice were anesthetized by inhalation at 6-8 weeks of
age, and after general anesthesia, the limbs of the mice were fixed with
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Fig. 6 | Endothelial PIEZO1 Regulated Pulmonary Fibrosis Required IL-33.

A Schematic of BLM-induced fibrosis in /33 " vs /133 ** mice. B /[33 mRNA (n=4)
and IL-33 protein in lung ECs (n = 3). C Representative Masson/PSR images and
quantification (n=5). D aSMA immunofluorescence and quantification (n=4).

E Lung hydroxyproline content (n = 5). F Schematic: EC-specific /[33 overexpression
via AAV-Tiel in Piezol V" and Piezo1**“ mice; 4-week pretreatment, BLM at week 4,
sacrifice at week 7. G IL-33 expression in ECs, immune and epithelial cells after AAV-
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OE-/[33 (n=3). H Masson/PSR images and quantification (n=5). I aSMA immuno-
fluorescence and quantification (n = 4).J Hydroxyproline content (n = 5). Error bars:
mean + SEM; B,G: two-tailed unpaired t-test; C,D-E,I: two-way ANOVA followed
Tukey’s multiple comparisons test; H,J: three-way ANOVA followed Tukey’s multi-
ple comparisons test. All n values indicate biologically independent samples.
Source data are provided as a Source Data file.
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sterile tape, the skin of neck was scraped off and disinfected with
alcohol, and the trachea was carefully cut open to expose the trachea.
2 x10*11 Vector Genomes (v.g) of AAVENT-Tiel-NC (Negative control),
AAVENT-TIE1-OE-/[33 (GeneChem, Shanghai), were injected into the
trachea, respectively. The neck skin was carefully sutured and the
efficiency of target gene expression was verified after 4 weeks.

Lung fibrosis model. An intratracheal BLM (Selleck) injection model
was used to induce lung fibrosis. BLM sulfate powder was suspended
and dissolved in sterile PBS and a dose of 1 unit/kg (50 pL/20 g) was
intratracheally injected into mice at 8 weeks of age. During the injec-
tion process, mice were anesthetized with Isoflurane. Mice were
euthanized 21 days after injection, and the lungs were harvested for the
analysis of morphology and fibrosis.
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Fig. 7 | CAPN2-STAT3 Axis Regulates IL-33 Expression Upon PIEZO1 Activation.
HUVECs under 20% stretch for 0,6,24 h or 2,12,25 kPa substrates; IL-33 secretion
(n=3) A and mRNA (n=3) B. C PIEZOI knock-down with shPIEZOI (n=3). HUVECs
were transduced with shPIEZO1 for 48 h, cultured on 25 kPa substrates for 24 h or
subjected to 6 h mechanical stretch before measuring IL-33 secretion (n=3) D and
mRNA (n=3) E. HUVECs were cultured on 2, 12, 25 kPa substrates for 24 h or
stretched (20%) for 0, 6, 24 h, followed by measurement of calpain activity F and
CAPN2 protein G (n = 3). HUVECs (shPIEZOI) were cultured on 25 kPa substrates for
24 h or subjected to 6 h mechanical stretch, followed by measurement of calpain
activity (n=3) H and CAPN2 protein levels (n =3) I. ] CAPN2 knock-down with
shCAPN2 (n=3). K HUVECs (shCAPN2) were cultured on 25 kPa substrates for 24 h
or subjected to 6 h mechanical stretch, IL-33 secretion(left) and mRNA(right)

(n=3). L Model for paracrine IL-33 regulation. M Cistrome: STAT3 predicted to
drive IL-33 regulation. N intersection of top 100 motifs in BLM-treated mouse ECs
with top 10 TFs. O The protein levels of P-STAT3 and STAT3 in HUVECs treated with
20% stretch for 0 and 6 hours (n =3). P The protein levels of P-STAT3 and STAT3 in
HUVECs (shPIEZO1 or shCAPN2) treated with 20% stretch for 6 h (n=3). Q STAT3
knock-down with shSTAT3 (n=3). R HUVECs (shSTAT3) were cultured on 25 kPa
substrates for 24 h or subjected to 6 h mechanical stretch; IL-33 secretion(left) and
mRNA(right) (n = 3). Error bars: mean + SEM; C, G, J, 0-Q: two-tailed unpaired t-test;
A, B, F: one-way ANOVA followed Sidak’s multiple comparisons test, D-E, H-1, K, R:
two-way ANOVA Tukey’s multiple comparisons test. All n denote biologically
independent samples. Source data are provided as a Source Data file.

Measurement of hydroxyproline. The hydroxyproline content in lung
tissues was measured using Hydroxyproline (HYP) Assay Kit (Solarbio,
#BC0255). Briefly, tissues of equal weight were cut into as many pieces
as possible. Then, tissues are baked overnight in 12 N hydrochloric acid
at 110 °C and neutralized with sodium hydroxide. Next, the samples
were added to 1.4% chloramine T in 0.5M sodium acetate/10% iso-
propanol and incubated for 20 min at room temperature. Ehrlich’s
solution was added into samples for 30 min incubationat 65 °C. Finally,
the absorbance values of all samples were measured at 560 nm on a
SpectraMax Plus 384 full-spectrum microplate reader (Molecular
Devices), and the Hydroxyproline content was calculated based on the
fresh weight of tissues and the standard curve.

Histological analysis. The right lung was fixed in 4% paraformalde-
hyde for 24 h and then sent to Servicebio (Wuhan, China) for dehy-
dration, paraffin embedding, and sectioning at 4 um. H&E, Sirius Red
and Masson staining were performed by Servicebio according to
standard protocols. Whole-slide digital images were captured under
identical settings using an Olympus VS120-FL-6 slide scanner. Quanti-
tative analysis of H&E staining, Sirius red staining, and Masson staining
was performed by evaluating five random fields in each section. The
severity of pulmonary inflammation was graded based on the follow-
ing criteria: 0, normal; 1, inflammatory cells occupying 0-10% of the
entire tissue; 2, inflammatory cells occupying 10-40% of the entire
tissue; 3, inflammatory cells occupying 40-70% of the entire tissue; 4,
inflammatory cells occupying 70-100% of the entire tissue. For Sirius
red staining or Masson staining, ImageJ software was used to define the
red areas (in Sirius red staining) or blue areas (in Masson staining) in
the tissue as positive areas. These areas were then outlined and their
ratios to the entire field of view were calculated.

Immunofluorescence staining. Lung tissues from humans or mice
were dehydrated after fixation with 4% paraformaldehyde (PFA) and
subsequently embedded, cut into 4 pum sections. And then depar-
affinized, rehydrated, sections were washed with PBS for a few min-
utes, then placed in sodium citrate buffer (pH 6.0) or EDTA buffer (pH
9.0) for antigen retrieval (The sections were microwaved on high for
10 min until they reached a slight boil, then the power was reduced to
low for an additional 15 min). After cooling to room temperature, the
sections were washed again with PBS and blocked with 10% donkey
serum in PBS for one hour at room temperature. Then incubated with
primary antibodies at 4 °C overnight. The sections were washed and
then incubated with fluorochrome-conjugated secondary antibodies.
Finally, the sections were counterstained with DAPI (Roche,
#10236276001) and observed under an Olympus VSI20-FL-6 slide
scanner. The primary antibodies used were CD31 (Abcam, #ab9498;
Servicebio, #GB13063), VE-cadherin (R&D Systems, #AF938), IL-33
(R&D Systems, #AF3626), PIEZO1(proteintech, #15939-1-AP) and aSMA
(Abcam, #ab7817) antibodies.

Cytokine measurement by ELISA. The amounts of IL-33 in HUVECs
supernatant were quantified using the Human IL-33 DuoSet ELISA kit

(R&D Systems, #D3300B) according to the manufacturer’s instruc-
tions. Absorbance was read on a SpectraMax Plus 384 full-spectrum
microplate reader (Molecular Devices) and the data were analyzed with
OriginPro 9.1.

Protein extraction and western blotting. Isolated cells or tissues were
kept onice and lysed in RIPA buffer (Beyotime, #P0013B) supplemented
with protease and phosphatase inhibitor cocktails (MCE). Protein con-
centration was determined with the BCA assay (beyotime, # P0010).
30-60 pg of protein was loaded per well on 4-20% SDS-PAGE gels (ACE,
#ET15420LGel), transferred to ethanol-activated PVDF membranes
(Thermo Fisher Scientific, #88518), blocked with 5% skim milk in TBST,
and incubated overnight at 4 °C with primary antibodies diluted in
TBST: IL-33 (R&D Systems, #AF3626, 1:1000), PIEZO1 (Proteintech,
#15939-1-AP, 1:1 000), CALPAIN2 (Labome, #A03492, 1:1000), P-STAT3
(CST, #9134 s, 1:1000), STAT3 (Abcam, #ab68153, 1:2 000), P-STAT1
(CST, #9171, 1:1000), STATI (Proteintech, #10144-2-AP, 1:1000), GAPDH
(Servicebio, #GB12002, 1:5000), p-actin (Proteintech, #66009-1,
1:5000), B-tubulin (CST, #2146, 1:5000). Membranes were then incu-
bated with HRP-conjugated goat anti-rabbit or anti-goat IgG for 1.5 h at
room temperature and developed with ECL Prime. Chemiluminescence
was captured using a ChemiDoc MP Imaging System (Bio-Rad).
Uncropped Western blot images are provided in the Source Data file.

Real-time quantitative PCR (qPCR). Purified total RNA from sorted
mouse lung cells (include endothelial cell) or HUVECs was extracted
using TRIzol (ThermoFisher, #15596026) and reverse transcribed with
PrimeScript RT reagent Kit (RRO37A, Takara Bio). Gene expression was
analyzed by qPCR with SYBR green chemistry (RR420A, Takara Bio).
Relative expression level of mRNA was determined by normalizing
each gene’s expression level to that of the internal reference gene
GAPDH. A CFX96 Connect Real-Time PCR Detection System (Bio-Rad)
was used for amplification and data acquisition. Relative expression
was calculated by comparing the cycle threshold values using the 2
astyele threshold method.

Cell mechanical experiment. Matrigel (356234, Corning BD) was
diluted with serum-free medium or PBS. 2-3 ml of mixed matrix gel
was added to the chambers (Naturethink) and incubated for 1 h at
37 °C. The unbound Matrigel was aspirated from the chambers and
rinsed with serum-free medium or PBS. 1x10° Cells were seeded in
the Matrigel-coated chambers. The chambers were gently shaken to
distribute the cells evenly and then placed in the cell culture incu-
bator for 24 h. When the fusion of cells in the chambers reached 80,
chambers were attached to the manual retractor (Naturethink) and
pull the chambers to the corresponding scale of the manual
retractor. After pulling the chambers by 20%, cells were subjected to
the pulling time for 0,6 and 24 h, the cells were then digested from
the silica gel chambers with trypsin for further experiments.

Transfection with shRNA plasmid. shRNA oligos were annealed and
ligated into Agel/EcoRI (NEB, #R3552; #R3101)-digested pLKO.1-puro,
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transformed into competent cells (Tsingke, # DLC101), and sequence-
verified. For lentivirus production, 2.5 pg of the pLKO.1-shRNA (or
scramble) vector, psPAX2 and pMD2G (5:3:2) were co-transfected into
293 T cells using Lip6000 (Beyotime, #C0526). Viral supernatants
were harvested at 48 h, used to infect HUVECs, followed by 1 pg/mL
puromycin selection for 2 days. Knockdown efficiency was confirmed
by qPCR or Western blot. Primer sequences: shPIEZO1 F 5’-CTCAC-
CAAGAAGTACAATCAT-3’ R 5-ATGATTGTACTTCTTGGTGAG-3’;
ShCAPN2 F 5-TCACCTTGAATGAAGAAATTT-3’ R 5-AAATTTCTT-
CATTCAAGGTGA-3’; shSTAT3 F 5-CTCAGAGGATCCCGGAAATTT-3' R
5’-AAATTTCCGGGATCCTCTGAG-3'.

Calpain activity. A fluorometric calpain activity assay kit (Abcam,
#ab65308) was used to quantify calpain activity in the lysates of
HUVECs by fluorescent substrate N-succinyl-LLVY-AMC. All samples
were analyzed in triplicate with a multilabel reader (excitation,
400 nm; emission, 505 nm, Thermo, America) and expressed as rela-
tive fluorescent units (RFU).

scRNA/snRNA-seq: building libraries with the 10x Genomics plat-
form. Single-cell RNA sequencing (scRNA-seq) and single-nucleus RNA
sequencing (snRNA-seq) were performed using the 10X Chromium 3’
v3 kit (10X Genomics, Pleasanton, CA) according to the manufacturer’s
instructions. Data processing included quality assessment using
FASTQ and quality control using Cell Ranger and was aligned to the
Homo sapiens GRCh38.p13 reference genome. The number of unique
molecular identifiers (UMIs) and other data are shown in Supplemen-
tary Data S2.

scRNA/snRNA-seq data analysis workflow. The scRNA sequencing
data were analyzed using the Seurat software package (v4.0)**. The
detailed analysis workflow is available on the website (https://satijalab.
org/seurat/). Any single cell with less than 200 genes or more than
5000 genes, and cells with more than 25% mitochondrial genes were
regarded as low quality cells and excluded. Possible doublets were
detected using DoubletFinder. Each dataset was log-normalized using
the NormalizeData function. Genes with large differences in expres-
sion between cells were identified using the FindVariableFeatures
function, and the data was scaled using ScaleData. Integrate each
sample and correct batch effects using the Harmony*’. Culusters were
annotated using reported markers. the Subset function was used to
extract endothelial cells etc. for further analysis. Intercellular com-
munication and cellular function orchestration were explored using
CellChat25. The Meta and metafor R packages were used for formal
meta-analysis and to create forest plots.

Enrichment analysis and gene set scoring. Differential genes were
enriched using Gene Ontology (GO) enrichment analysis. Mechanical
stress (MS) scoring was performed using AddModuleScore function
and the genes for scoring were the pseudobulk DEGs of snRNA-seq
data enriched in “response to mechanical stimulus” (GO:0009612).
Fibrosis scoring was performed using AddModuleScore function with
the genes in GO pathway “collagen fibril organization” (GO:0030199).
The gene lists are available as Supplementary Data S10.

“Scissors” identifying cell subpopulations associated with lung
function. The “scissors method” integrates single-cell data with phe-
notypically relevant bulk sequencing data by first quantifying the
similarity between each bulk sample and each cell sample. The “scis-
sors method” can then optimize a regression model on a matrix
associated with the sample phenotype to identify relevant sub-
populations. A detailed description is given in the literature®.

scATAC-seq analysis using the 10x Chromium platform. We use the
10X Genomics Chromium single-cell ATAC-seq solution to prepare

single cells for sequencing and the 10X Genomics single-cell ATAC-seq
solution technology to prepare scATAC-seq libraries for sequencing.
Sample and library preparation as well as instrument and sequencing
parameters for generating scATAC-seq data on the 10x Chromium
platform are detailed below and also available at https://support.
10xgenomics.com/single-cell-atc.

Data processing of scATAC-seq. Data processing included quality
assessment using FASTQ and quality control was performed using Cell
Ranger and sequencing reads was aligned to the Homo sapiens
GRCh38.p13 reference genome.Cells were filtered using the following
criteria: (1) 3000<nCount_peaks<50000; (2) pct_reads_in_peaks>15; (3)
blacklist_ratio<0.05; (4) Nucleosome signal<4; (5) transcription start
site (TSS) enrichment score>1.Peaks calling was performed
using MACS2.

Combined analysis of scRNA-seq and scATAC-Seq. To perform an
integrated analysis of the scATAC-seq dataset and the scRNA-seq
dataset, we utilized the anchoring strategies provided by the R
packages Seurat and Signac. Initially, we identified a set of cell pairs or
“anchors” between the datasets through the FindTransferAnchors
function using typical correlation analysis (CCA) and mutual nearest
neighbors (MNNs) methods, which are hypothesized to represent
similar biological states. These anchors were the basis for integrating
the two datasets. Subsequently, we used the TransferData function to
project the clustering labels from the scRNA-seq data onto the
scATAC-seq data, which allowed us to evaluate single-cell measure-
ments in different data modalities.

Motif analysis. Motif analysis was performed using Signac package
mainly. Transcription factor (TF) binding motifs were downloaded
from JASPAR database. Then TF binding motifs were mapped to
scATAC-seq peaks using AddMotifs function. RunChromVAR function
was used for calculating motif deviation score. We performed differ-
ential accessibility analysis with FindMarkers function and obtained
corresponding motifs using FindMotifs function. MotifPlot function
was used to visualize motifs of peaks with different accessibility
between groups.

Bulk RNA sequencing and gene expression analysis. In our study, we
performed bulk RNA sequencing of endothelial cells isolated from
human and mouse lung tissue. Cells were lysed with RLT Plus buffer
immediately after sorting. Total RNA extraction was performed using
Qiagen’s RNeasy Plus Mini Kit. We then prepared full-length RNA
sequencing libraries and performed 2 x 75 bp paired-end sequencing
using a 150-cycle Nextseq 500 High Output V2 kit. The RNA-seq data
compilation included at least three independent biological replicates
to ensure robust and reproducible results.

Statistical Analysis

All statistical analyses were performed using Prism 10 and R software
by investigators who were not blinded to group allocation during
sample processing (genotype/treatment identity was required), but
all data analyses were subsequently conducted by independent
researchers using identical automated scripts to minimize
subjective bias; unpaired two-tailed Student’s t-tests were used for
two-group comparisons and one- or two-way ANOVA followed by
Tukey’s or Sidak’s multiple-comparisons test for multiple groups, with
exact tests and p-values reported in the legends, p < 0.05 considered
significant, sample sizes (n) stated, and data presented as
mean £ s.e.m.

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

The snRNA-seq data of human lung tissue used in this study are
available in the GEO database under accession number GSE314709.
The scRNA-seq and scATAC-seq data of mice used in this study are
available in the GEO database under accession number GSE314943.
The data supporting the findings from this study are available within
the manuscript and its supplementary information. Source data are
provided with this paper. In this study, public datasets used for analysis
including GSE47460, GSE136831, GSE132771, GSE128033, GSE159354
and GSE122960. Source data are provided with this paper.

Code availability
All the bioinformatic analyses were performed according to the official
recommended workflow. Codes used in this study could be found at
https://github.com/houruijiejerry/RuijieHou-Code, https://doi.org/10.
5281/zen0do.17960326.
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