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Abstract
Background

Cellular senescence and the senescence-associated secretory phenotype (SASP) are recognized drivers
of chronic inflammation. This study aims to characterize a specific senescent fibroblast subset and its
role in reshaping the immune landscape of Crohn’s disease (CD).

Methods

Single-cell and bulk transcriptomic data from CD patients were analyzed to identify senescent cell
populations and map intercellular communication networks. Mechanistic and functional validations
were conducted utilizing macrophage-fibroblast co-culture systems and a dextran sulfate sodium (DSS)-
induced colitis mouse model treated with the selective SERPINE1 inhibitor, TM5441.

Results

Transcriptomic profiling identified a localized, previously uncharacterized subpopulation of SERPINE1+*
fibroblasts in inflamed CD tissues that exhibited high senescence scores, G1 cell-cycle arrest, and a pro-
inflammatory secretory profile. Interaction analyses revealed that IL1RN* macrophages induce this
fibroblast senescence primarily via paracrine TNF-a signaling. Mechanistically, SERPINE1 sustains this
senescent phenotype by promoting the activation of the cGAS-STING pathway. Importantly, targeted
pharmacological inhibition of SERPINE1 using TM5441 significantly attenuated DSS-induced colitis and
effectively suppressed cGAS-STING-mediated cellular senescence in vivo.

Conclusion

SERPINET acts as a central driver of pathogenic fibroblast senescence in the CD mucosal
microenvironment by activating the cGAS-STING pathway. Consequently, pharmacological inhibition of
SERPINET presents a promising therapeutic strategy for managing intestinal inflammation in Crohn's
disease.

Background

Crohn's disease (CD) is a chronic inflammatory bowel disease of unknown etiology, with contributions
from genetic, environmental, and microbial factors(1). The immune environment in the gut shows high
heterogeneity(2, 3), wherein stromal and immune cells, together with their secreted cytokines, drive
disease pathogenesis and represent therapeutic targets(4, 5). Although biologic therapies such as anti-
TNF agents (e.g., infliximab) have transformed disease management, a significant proportion of patients
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either fail to respond or lose response over time(6, 7). Therefore, we need alternative therapies that
target the disease mechanism.

Cellular senescence is a stable cell cycle arrest triggered by stress(8). A hallmark of senescent cells is
the upregulation of cyclin-dependent kinase inhibitors, notably p21 and p16, which enforce cell cycle
exit(9, 10). Notably, p16 and p21 have been identified as senescence markers in patients with IBD,
suggesting their potential association with disease progression and mucosal inflammation(11).
Senescent cells remain metabolically active(12, 13) and secrete a repertoire of pro-inflammatory factors,
collectively termed the senescence-associated secretory phenotype (SASP) (14). This sustained SASP
generates a chronic inflammatory milieu that drives tissue dysfunction and disease progression(15).

Plasminogen activator inhibitor-1 (PAI-1), encoded by SERPINE1, is a recognized component of the
SASP(16-18). Beyond its role as a secreted marker, PAI-1 actively drives cellular senescence and
organismal aging(17, 19, 20). PAI-1 is necessary and sufficient to induce senescence downstream of p53
and p21(20-22). Elevated SERPINE1 expression promotes tumor progression and modulates immune
responses(23, 24), suggesting that SERPINE1 shapes the immune microenvironment. Given its emerging
role as a key mediator of senescence(17, 20), SERPINE1 represents a candidate contributor to chronic
inflammatory diseases. Nevertheless, its role in the intestinal microenvironment of CD has not been
systematically investigated.

Accumulating evidence has established the cGAS-STING signaling pathway as a critical regulator of
cellular senescence(25). Mechanistically, cGAS senses cytosolic DNA—often derived from mitochondrial
damage or genomic instability—and initiates signaling cascades that enforce cell cycle arrest and drive
the SASP(26, 27). The cGAS-STING pathway has also been implicated in the pathogenesis of
inflammatory bowel disease(28, 29). However, whether SERPINE1 regulates cellular senescence through
the cGAS-STING pathway remains unknown.

Here, by performing single-cell transcriptomic profiling of intestinal tissues from CD patients, we
identified a previously uncharacterized subpopulation of SERPINE1+ fibroblasts that exhibit a high
senescence score, G1 cell-cycle arrest, and a pro-inflammatory secretory phenotype. These cells are
almost exclusively localized to inflamed regions and function as central communication hubs,
particularly interacting with ILTRN* macrophages. Through integrative ligand-receptor analysis and
functional experiments, we demonstrate that IL1RN* macrophages drive fibroblast senescence via
paracrine TNF-a signaling, and that SERPINE1 sustains this senescent phenotype by activating the cGAS-
STING pathway. Importantly, pharmacological inhibition of SERPINE1 with TM5441 alleviates
experimental colitis and suppresses cGAS-STING-mediated senescence in vivo. Collectively, our findings
demonstrate that SERPINE1 drives pathogenic fibroblast senescence in Crohn's disease by activating the
cGAS-STING pathway, thereby highlighting SERPINE1 as a key mediator of senescence and a potential
therapeutic target in CD.

Methods
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Data collection and processing

In this study, single-cell and bulk transcriptomic data for this study were obtained from the Gene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/). The scRNA-seq dataset (GSE134809)
includes paired resection ileal samples from 11 patients, which included both inflamed and uninflamed
tissues. Bulk RNA-seq data were sourced from four independent cohorts (GSE102133, GSE100833,
GSE66407, GSE186582, andGSE16879) for biomarker validation.

For scRNA-seq processing, low-quality cells and doublets were filtered out using the following criteria:
mitochondrial gene percentage < 20%, number of detected genes (nFeature_RNA) between 300 and
6,000, and removal of doublets with DoubletFinder (v2.0.6). After these filters, a total of 87,011 high-
quality cells were retained for subsequent analysis. We then processed the data using the Seurat
pipeline(30). Gene expression was log-normalized and scaled, and the top 3000 highly variable genes
were selected for downstream analysis. Principal component analysis (PCA) was used for initial
dimensionality reduction, and batch effects were corrected using Harmony (v1.2.3)(31). Uniform
manifold approximation and projection (UMAP) was used for dimensionality reduction. Cell clustering
was conducted using the FindClusters function (resolution = 0.3). Cell types were manually annotated
based on the expression of canonical marker genes.

Quantification of senescence signature

In this study, we employed a senescence-associated gene set (SenMayo), described by Saul et al(32).
This gene set has been confirmed to be enriched in senescent cells across various tissues and
organisms. Enrichment analysis for the SenMayo gene set was performed on the scRNA-seq data using
AUCell (v1.28.0). The complete gene list is provided in Supplemental Table S1.

Deconvolution of bulk transcriptomes

To infer the abundances of fibroblast subpopulations (including the SERPINE1 + subset) in independent
bulk RNA-seq cohorts, we performed deconvolution analysis using CIBERSORTXx
(https://cibersortx.stanford.edu/)(33, 34). A custom signature matrix was generated from our scRNA-
seq data. This signature and the bulk expression matrices (datasets GSE102133, GSE100833, and
GSE186582) were then analyzed using the CIBERSORTx web portal with batch correction enabled and
100 permutations.

Cell-cell communication analysis using CellChat

To explore cell-cell interactions between different cell types, we used the CellChat package (v2.2.0)(35),
which is based on known interactions between signaling ligands, receptors, and their cofactors
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developed by Jin. et al. Secreted Signaling, ECM-Receptor, and Cell-Cell Contact relationships were
considered. All analyses were performed using default parameters.

Nichenet

To infer signaling interactions between specific cell types and identify ligands that regulate gene
expression changes in receiver cells, we applied NicheNet (v2.2.1)(36, 37) for cell-cell communication
analysis. This method integrates prior knowledge of ligand—receptor interactions and intracellular
signaling to predict ligands influencing target gene expression in receiver cells, along with their
downstream signaling mediators.

In our study, we defined fibroblasts as the receiver cell population and macrophages as sender cells. The
gene sets of interest consisted of genes differentially expressed in fibroblasts from inflammatory
regions compared to those from uninflamed tissues.

Mice

All animal experiments were approved by the Experimental Animal Welfare Ethics Committee, Zhongnan
Hospital of Wuhan University (WP20260092) and conducted in accordance with the Chinese regulations
for the administration of laboratory animals. Male C57BL/6J mice (7 weeks, 20—22 g) were obtained
from Sibefu (Beijing, China) and housed under standard specific pathogen-free (SPF) conditions. Mice
were randomly assigned to three groups: wild-type (WT) control, DSS-induced colitis model, and TM5441
treatment. Colitis was induced by 2.5% DSS in drinking water for 7 days. During this period, the TM5441
group received daily intraperitoneal injections of TM5441(15mg/kg), followed by normal drinking water.
All mice were euthanized on day 10.

During the experiment, the disease activity index (DAI) was calculated daily based on body weight loss,
fecal bleeding, and stool consistency. On day 10, colon lengths were measured. Distal colon tissues were
fixed in 4% paraformaldehyde and embedded in paraffin. Tissue sections were prepared and subjected to
H&E staining by Beijing Saveir Biotechnology Co., Ltd. (Beijing, China).

Cell culture and co-culture experiments

RAW264.7 macrophages and CCD-18Co fibroblasts were maintained in complete DMEM (10% FBS, 1%
P/S) at 37°C with 5% CO, and routinely tested for mycoplasma. To establish the co-culture system,
RAW264.7 cells were polarized to an M1 phenotype using LPS (100 ng/mL, 24 h, Sigma-Aldrich, L4391).
The conditioned medium (CM) from these M1 macrophages was collected, centrifuged, and applied to
CCD-18Co fibroblasts for 48 h. For direct ligand stimulation, fibroblasts were treated with recombinant
TNF-a (10 ~ 40 ng/mL, 24 h). Control groups included untreated fibroblasts and those exposed to CM
from unstimulated (M0) macrophages.
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Quantitative real-time PCR (qQRT—PCR)

Total RNA was isolated with TRIzol (Invitrogen) and quantified. One microgram of RNA was reverse-
transcribed into cDNA using the PrimeScript RT reagent Kit (Takara). gPCR was carried out in 20-pL
reactions containing SYBR Green Supermix (Bio-Rad) on a CFX96 Real-Time PCR System (Bio-Rad). All
reactions were performed in triplicate. Relative mRNA expression was analyzed using the 2 - AACt
method, with GAPDH as the endogenous control. Primer sequences are detailed in the Supplementary
Material.

Western Blot

The cells were lysed in RIPA buffer (NCM Biotech, China) containing protease inhibitors (NCM Biotech,
China). Protein concentrations were quantified using a BCA protein assay kit (Beyotime, China). The
primary antibodies used in this study included SERPINE1 (1:2000, genuin biotech Cat# 63098), CDKN1A
(1:2000, genuin biotech Cat# 61661), CDKN2A (1:2000, genuin biotech Cat# 71177), and GAPDH
(1:3000, Proteintech Cat# 60004-1-1g).

Statistical analysis

Data are presented as the mean + standard error of the mean (SEM) from at least three independent
experiments. Statistical comparisons between two groups were performed using an unpaired two-tailed
Student’s t-test for data meeting assumptions of normality and equal variance, or the non-parametric
Mann-Whitney U test (Wilcoxon rank-sum test) otherwise. A p-value of less than 0.05 was considered
statistically significant. Significance levels are denoted as follows: * for p < 0.05, ** for p < 0.01, *** for p
<0.001, and **** for p < 0.0001.

Results

Landscape of Senescence genes in the scRNA-seq dataset
for Crohn’s Disease

To explore the landscape of cellular senescence genes (CSG) in crohn’s disease (CD), we conducted
deep analysis in single-cell sequencing data. After quality control, a total of 87011 cells were included for
further scRNA-seq analysis. After dimensionality reduction and clustering, we annotated the cell clusters
with detailed marker information, identifying 10 major cell lineages (Fig. TA). Batch effect correction was
performed across all samples using harmony (v1.2.3) (Fig. 1B), showing that the overall distribution was
relatively stable, and sensitivity to batch effects was minimal. Then, we calculated the percentage of
these cell types in the two groups, the proportion of them varied across samples (Fig. 1C). Bubble plots
displayed the expression proportion of significant marker genes across distinct cell types (Fig. 1D). To
quantify senescence heterogeneity across cell populations, we performed AUCell scoring on each cell
type using 125 CSG obtained from the Senmayo database, a reliable resource for curated cell
senescence gene sets. Notably, fibroblasts and myeloid cells exhibited higher senescence scores and
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demonstrated the most significant differences (p < 0.0001) between inflammatory and normal groups
(Fig. 1E, F). However, due to the inherent challenge in distinguishing the senescence state of myeloid
cells—as their secretion of proinflammatory factors overlap extensively with the senescence-associated
secretory phenotype (SASP) and the highest average senescence score observed in fibroblasts, we
prioritized the fibroblast population for further analysis, considering their potential involvement in CD
pathogenesis.

Figure 1. Landscape of Senescence genes in the scRNA-seq dataset for Crohn's Disease. (A) UMAP
visualization of major cell lineages. (B) UMAP visualization after batch-effect correction. (C) Stacked bar
plot displaying proportional composition of major cell types between involved and uninvolved tissue. (D)
Dot plot of canonical marker-gene expression used for cell-type annotation (size = percent expressed,;
color = mean level). (E-F) Violin and UMAP plots of senescence (Senmayo gene-set) AUCell scores,
showing cell-type and group differences (E) and global distribution (F).

SERPINE1+* fibroblasts represent inflammation- specific
senescent cells driving disease pathogenesis

Based on elevated senescence scores in inflammatory versus normal fibroblasts, we subclustered
fibroblasts into 5 transcriptionally distinct subpopulations (Fig. 2A), consistent with recent studies
identifying multiple subsets in CD strictures and mucosa(38). Marker gene expression is shown in

Fig. 2B. AUCell-based senescence scoring revealed SERPINE1+ fibroblasts exhibited the highest scores
(Fig. 2D). Consistent with cellular senescence—characterized by G1 arrest, apoptosis resistance, and
SASP(39, 40) —scran analysis showed SERPINE1* fibroblasts were almost entirely arrested in G1, unlike
actively cycling other subclusters(41, 42) (Fig. 2D). These cells were primarily enriched in inflammatory
regions and nearly absent in normal tissues (Fig. 2E), aligning with reported roles of SERPINE1/PAI-1 in
intestinal fibrosis (43).

CIBERSORTx deconvolution of public datasets (GSE102133, GSE100833, GSE186582)(34) validated
these findings: SERPINE1+ fibroblasts were almost exclusively detected in CD samples versus controls
(Figs. 2F-2H). Given SERPINE1/PAI-1 is an established senescence-associated gene(44), these data
identify SERPINE1+ fibroblasts as a senescent, cell cycle-arrested subpopulation contributing to chronic
CD inflammation.

Pathway enrichment (GO, KEGG, Hallmark) revealed ECM organization and apoptotic regulation (GO),
neurodegenerative disease pathways (KEGG)—possibly reflecting shared oxidative stress mechanisms—
and robust Hallmark enrichments in inflammatory response, TNF-a signaling via NF-kB(45), and hypoxia
(46) (Fig. 21). The co-enrichment of hypoxia and inflammation mirrors the CD microenvironment and
drives senescence/SASP.

Collectively, this functional signature—marked by inflammatory activation and hypoxic response—
underpins the senescent state of SERPINE1+ fibroblasts. Their robust SASP profile and near-exclusive
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localization to inflamed tissues suggest these cells function as "inflammatory amplifiers" perpetuating
chronic mucosal inflammation and tissue pathogenesis in CD.

Figure 2. SERPINE1+ fibroblasts represent inflammation- specific senescent cells driving disease
pathogenesis. (A) UMAP plots of the subclustered fibroblasts. (B) Heatmap of discriminative marker
genes used to define fibroblast subclusters. (C) Violin plot of Senmayo (senescence) AUCell scores
across fibroblast subpopulations. (D) Stacked bar chart of cell-cycle phase distributions across
fibroblast subclusters. (E) Stacked bar plot showing proportional abundance of fibroblast subclusters
between involved and uninvolved groups. (F-H) Box plots of CIBERSORTx-deconvolved SERPINE1 +
fibroblast proportions in three independent GEO datasets (GSE100833, GSE102133, GSE186582),
comparing Crohn's disease (CD) versus control tissue. (I) GO, KEGG and GSEA enrichment results for the
SERPINET1 + fibroblast gene set.

SERPINE1 + Fibroblasts Function as Communication Hubs
in Crohn's Disease

To map intercellular communication networks in CD, we applied CellChat to all cellular populations.
Fibroblasts engaged in the majority of communications (Fig. 3A). Comparing inflamed versus normal
tissues, CEACAM, COMPLEMENT, MIF, ICAM, and COLLAGEN pathways were enriched in inflammation,
whereas GDNF, EGF, NOTCH, and VEGF predominated in normal regions (Supplementary Fig. 1A).
Notably, COLLAGEN, CypA, and MIF pathways were exclusive to the inflammatory group (Fig. 3B).

Within the MIF pathway—where pro-inflammatory cytokine MIF triggers NF-kB, AKT, and AMPK
signaling(47)—SERPINE1* fibroblasts served as primary senders, with B cells and myeloid cells as main
receivers (Supplementary Fig. 1B), suggesting these fibroblasts drive inflammatory microenvironments
through immune cell interactions.

Comparative analysis revealed SERPINE1+ fibroblasts exhibited significantly more interactions than
SERPINE1- fibroblasts, preferentially connecting to myeloid cells, B cells, endothelial cells, and stem
cells (Fig. 3C). SERPINE1+* fibroblasts displayed the highest outgoing communication strength and
substantial incoming activity, while myeloid cells showed the highest incoming intensity (Fig. 3D). These
findings suggest SERPINE1+ fibroblasts remodel the immune microenvironment via enhanced
communication, particularly through SASP factors targeting myeloid and lymphoid lineages.

Given the strong fibroblast-myeloid communication, we subclustered myeloid populations for refined
analysis (Fig. 3E; transcriptional signatures in Supplementary Fig. 1C). CellChat revealed extensive,
heterogeneous networks between fibroblast subtypes and myeloid cells (Fig. 3F). SERPINE1+ fibroblasts
emerged as the most interactive subset, with both highest outgoing strength and greater incoming
activity than SERPINE1- fibroblasts (Fig. 3G). They exhibited significantly stronger communication with
all myeloid subpopulations (Fig. 3H), with the most robust interaction specifically occurring between
SERPINE1+ fibroblasts and ILTRN* macrophages—implicating this axis as critical to the CD
microenvironment.
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Figure 3. SERPINE1 + Fibroblasts Function as Communication Hubs in Crohn's Disease. (A) CellChat
circle plot of global intercellular communication networks. (B) Differential cell-cell communication
strength between involved and uninvolved fibroblasts. (C) Circle plot comparing inter-cell-type
communication strengths between SERPINE1 + and SERPINE1 - fibroblasts. (D) Dotplot of total outgoing
and incoming signaling strength for each cell population, highlighting SERPINE1 + fibroblasts among the
top communicators. (E) UMAP visualization of myeloid cell sub-clusters after re-clustering and
annotation. (F) Circle plot summarizing global cell-cell communication between myeloid subsets and
fibroblast subpopulations. (G) Dot plot comparing outgoing and incoming signaling strength among
myeloid and fibroblast subpopulations. (H) Circle plot comparing communication strength between
SERPINET + versus SERPINE1 - fibroblasts and individual myeloid subpopulations.

ILTRN+ Macrophages Drive Fibroblasts Senescence via
TNF-a Signaling

Building on CellChat results, we employed NicheNet to predict ligand-receptor-target interactions
between macrophages and SERPINE1* fibroblasts, using differentially expressed fibroblast genes as the
target set. The top 30 predicted macrophage ligands included IL1B, TGFB1, ILT1A, CXCL12, IL6, and TNF
(Fig. 5A; corresponding receptors in Supplementary Fig. 2A). Enrichment analysis of their predicted
targets revealed significant involvement in apoptosis regulation, immune response, leukocyte
chemotaxis, and TNF signaling (Supplementary Fig. 2B, C), underscoring their immunomodulatory roles.

To identify senescence-inducing ligands, we focused on senescence-associated genes (SAGs) within
predicted targets and traced their upstream regulators. IL1B, IL1A, TGFB1, and TNF emerged as master
regulators of fibroblast senescence (Fig. 5C). Notably, these ligands were specifically enriched in ILTRN*
macrophages (Fig. 5D), with their activity strongly correlating with fibroblast senescence scores (r=0.8,
p =0.001; Fig. 5E). This independently corroborates CellChat findings, identifying ILTRN* macrophages
as key drivers of fibroblast senescence via paracrine signaling (Fig. 5F).

Given that IL1B, TGFB1, and TNF upregulate SERPINET1 in fibroblasts (Fig. 5B-C), and TNF expression in
ILTRN* macrophages showed the strongest correlation with fibroblast senescence (r = 0.56, p = 0.031;
Fig. 5G), we hypothesize TNF-a as the primary pro-senescence signal from IL1TRN* macrophages to
SERPINE1+ fibroblasts. This aligns with TNF-a's established role in senescence and SASP induction, with
CellChat confirming ILTRN* macrophages as predominant TNF signal senders and SERPINE1+*
fibroblasts as major receivers.

Collectively, our integrated analyses support a model wherein ILTRN* macrophages drive senescent and
pro-fibrotic phenotypes in SERPINE1+ fibroblasts through paracrine TNF-a (and potentially IL1B), thereby
contributing to Crohn's disease pathogenesis.

Figure 4. IL1RN+ Macrophages Drive Fibroblasts Senescence via TNF-a Signaling. (A-B) Heatmap
showing the activity of ligands inferred to regulate SERPINE1 + fibroblasts by myeloid subsets (A), the
predicted downstream target genes within SERPINE1 + fibroblasts (B). (C) Heatmap of ligand activities
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and their predicted senescence-associated target genes in fibroblasts, ranked by regulatory potential. (D)
Dot plot showing expression (size = percent expressed; color = mean level) of key ligands across myeloid
sub-populations. (E) Scatterplot showing the positive correlation between IL1TRN+ macrophage ligand
activity and fibroblast senescence score across samples (r = 0.80, p =0.001). (F) Heatmap of the TNF
signaling pathway highlighting the main sender and receiver cell populations inferred by CellChat. (G)
Scatterplots showing correlations between IL1TRN+ macrophage expression of TNF, IL1B and TGFB1 (x-
axis) and fibroblast senescence score (y-axis); TNF exhibits a significant positive correlation (r =0.56, p
=0.031), whereas IL1B and TGFB1 show no significant association.

SERPINE1 drives cGAS-STING-mediated cellular
senescence and pro-inflammatory signaling in Crohn's
disease

To evaluate SERPINET as a biomarker in Crohn's disease (CD), we analyzed multiple independent RNA-
seq cohorts and observed robust upregulation of SERPINET1 in diseased tissues (Fig. 5A; GSE102133,
GSE66407, GSE186582). SERPINE1 demonstrated high diagnostic accuracy across all three datasets
(AUC > 0.8), supporting its potential as a diagnostic biomarker (Fig. 6B). This transcriptional increase
was corroborated by elevated protein levels in Western blot analysis (Fig. 5C-D).

To assess the clinical relevance of SERPINE1* fibroblasts, we performed CIBERSORTx deconvolution on
a bulk RNA-seq dataset from Infliximab-treated CD patients (GSE16879). Baseline proportions of
SERPINE1* fibroblasts were significantly higher in non-responders than in responders (Supplementary
Fig. 3A; p = 0.00078), suggesting this subpopulation predicts therapeutic resistance. To investigate
functional roles, we generated SERPINE1 knockdown CCD-18Co fibroblasts (Supplementary Fig. 3B).
Using a macrophage—fibroblast co-culture system, we found that M1-polarized RAW264.7 macrophages
induced fibroblast senescence, marked by upregulation of CDKN1A, CDKN2A, and SERPINE1 (Fig. 5F).
TNF-q, identified by NicheNet as a top ligand, independently upregulated SERPINET1, validating the
predicted signaling axis (Supplementary Fig. 3C). These senescent fibroblasts concurrently expressed
pro-inflammatory SASP factors (Supplementary Fig. 3E), indicating that SERPINE1-driven senescence
may contribute to disease progression primarily by promoting local inflammatory signaling within the CD
microenvironment.

Previous studies have recognized SERPINE1 as both a marker and mediator of senescence (17, 48, 49).
To elucidate its underlying regulatory mechanism in our system, we performed knockdown experiments
in M1-treated cells. SERPINE1 depletion partially rescued M1-induced senescence, as evidenced by the
downregulated expression of CDKN1A and CDKN2A (Fig. 5E-F), alongside a concomitant reduction in
key SASP factors, including IL6, IL8, and CCL2 (Supplementary Fig. 3E). These findings reinforce the role
of SERPINET1 as a critical regulator that sustains senescence and its pro-inflammatory output within the
CD microenvironment.
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Recently, the cGAS-STING signaling axis has emerged as a pivotal node bridging innate immune sensing
to cellular senescence(50, 51). Driven by the aberrant accumulation of cytosolic DNA, this pathway
incites potent inflammatory cascades and reinforces senescent phenotypes. We thus investigated
whether SERPINE1 engages this pathway in CD. Transcriptomic analysis revealed a strong positive
correlation between SERPINE1 and STING (TMEM173) expression (Fig. 5G; r=0.67, p < 0.001), indicating
a potential regulatory link between SERPINET and cGAS-STING signaling. SERPINE1 knockdown in CCD-
18Co cells led to a marked reduction in the phosphorylation levels of STING, TBK1, and IRF3 (Fig. 5H, I).
Consistently, pharmacological inhibition of SERPINE1 with TM5441 yielded similar results (Fig. 5H, I).
SERPINET overexpression exerted the opposite effect, promoting the phosphorylation of these key
components (Fig. 5J-K). Inhibiting STING with C170 suppressed this pathway activation and partially
rescued SERPINE1-induced senescence (Fig. 5J, K). Together, these findings demonstrate that
SERPINET drives cellular senescence and cytokine secretion, at least in part, by promoting cGAS-STING
activation.

Figure 5. SERPINE1 drives cGAS-STING-mediated cellular senescence and pro-inflammatory signaling
in Crohn's disease (A) SERPINE1 expression is significantly elevated in CD patients across three public
datasets. (B) SERPINE1 shows strong diagnostic performance (AUC > 0.8) across three datasets. (C-D)
Elevated SERPINE1 protein expression in human intestinal tissues from CD. (E-F) SERPINE1 knockdown
suppresses M1 macrophage-fibroblast co-culture-induced inflammatory SASP expression. (G)
correlation between SERPINE1 and TMEM173 (STING) expression in Crohn's disease (GSE75214).
Pearson correlation coefficient R =0.67, p < 2.2 x 10-"¢. (H-) SERPINE1 knockdown and pharmacological
inhibition attenuate cGAS-STING pathway activation. (J-K) SERPINE1 overexpression promotes cGAS-
STING pathway activation, and STING inhibition rescues SERPINET1-induced senescence.

Validating Serpine1 as a DSS therapeutic target using
TM5441

To validate our in vitro findings and evaluate SERPINE1 as a therapeutic target, we administered the
SERPINET inhibitor TM5441 in a DSS-induced colitis model. Wild-type mice were randomized into three
groups: control, DSS, and DSS + TM5441. Mice in the DSS and treatment groups received 2.5% DSS in
drinking water for 7 days, with concurrent daily TM5441 administration beginning at the onset of DSS
exposure (Fig. 6A). Throughout the experimental period, mice were monitored for clinical parameters
including body weight and disease activity. Compared with DSS-treated controls, TM5441-treated mice
exhibited reduced colon shortening (Fig. 6B, D), markedly attenuated weight loss (Fig. 6E), and
significantly lower disease activity index (DAI) scores (Fig. 6F). Histological examination by H&E staining
further revealed that TM5441 treatment substantially ameliorated mucosal architecture disruption and
diminished inflammatory cell infiltration (Fig. 6C). These findings demonstrate that pharmacological
inhibition of SERPINE1 confers protective effects against DSS-induced colonic injury, supporting
SERPINET as a viable therapeutic target in inflammatory bowel disease.
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To elucidate the molecular mechanism underlying these protective effects, we examined cGAS-STING
pathway activity in colonic tissues. Western blotting showed that TM5441 inhibited SERPINE1
expression, confirming its on-target inhibitory effect. In vivo, TM5441-mediated cGAS-STING inactivation
suppressed downstream STING, TBK1, and IRF3 phosphorylation. This validates that pharmacological
SERPINET inhibition blocks cGAS-STING activation in vivo, thereby alleviating DSS-induced colitis.

Figure 6. Validating Serpine1 as a DSS therapeutic target using TM5441 (A) Schematic overview of the
experimental design using the selective SERPINE1 inhibitor TM5441 in the DSS-induced mouse model.
(B) Representative photographs of colons. (C) H&E staining of colon sections. Scale bar: 200 pm (or 50
um for enlarged regions). (D) Quantification of colon length. (E) Body weight trajectories demonstrate
that TM5441 treatment significantly attenuates DSS-induced weight loss. (F) Disease activity index (DAI)
score. (G) TM5441 significantly inhibits STING pathway activation in DSS-treated mice.

Discussion

CD is marked by dysfunctional and overactive immune responses that lead to uncontrolled
inflammation(52). Emerging evidence indicates that cellular senescence and the SASP perpetuate
chronic inflammation across a spectrum of inflammatory diseases(53, 54). Senescent cells maintain
and regulate the SASP through pathways such as NF-kB, JAK2/3, p38 MAPK, and cGAS-STING, thereby
sustaining the inflammatory tissue microenvironment(53). However, the specific molecular drivers of
fibroblast senescence in CD remain poorly defined. In this study, we demonstrate that SERPINET1 is
upregulated in CD and drives cellular senescence and inflammation. Single-cell transcriptomic analysis
identified fibroblasts as the cell population exhibiting the most pronounced senescence signature and
revealed SERPINE1 as a key senescence-associated marker in this population. In vitro, SERPINE1
knockdown in fibroblasts attenuated cellular senescence and reduced the secretion of SASP-related
inflammatory factors.

Senescence and the pro-inflammatory SASP drive chronic inflammation and disease (10, 55, 56).
Although therapeutic targeting of senescence and SASP has shown promise in other diseases (9, 57), its
contribution to CD pathogenesis remains incompletely understood. Increasing evidence supports the
involvement of the cGAS-STING pathway in IBD pathogenesis(29, 58). In CD, STING expression was
elevated in the colon and the cGAS-STING pathway was highly activated(59, 60). Moreover, dsDNA-
loaded EVs activate macrophage STING signaling, driving CD progression(59). Necroptotic MLKL
activation damages mitochondria, releasing mtDNA into the cytosol to engage the cGAS-STING pathway
and amplify intestinal inflammation(61). Thus, cGAS-STING-mediated inflammation and cellular
senescence may contribute to the chronic progression of CD.

In our study, single-cell analysis revealed an enrichment of SERPINE1+ fibroblasts in CD, which was
corroborated by marked upregulation of SERPINE1 protein as determined by Western blotting. Although
PAI-1 induces cellular senescence in multiple contexts(18, 20, 62), the molecular mechanisms governing
this process remain elusive. PAI-1 knockdown or TM5441 treatment in CCD-18Co cells suppressed
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STING phosphorylation and downstream signaling, whereas PAI-1 overexpression potentiated STING
activation, implicating PAI-1 as a positive regulator of the cGAS-STING pathway. Consistent with
previous studies(17, 20, 62), PAI-1 overexpression upregulated p21 expression, a canonical senescence
marker(63), indicative of enhanced senescence induction. Notably, this effect was partially abrogated by
C-176, a pharmacological inhibitor of the STING pathway, suggesting that PAI-1 promotes cellular
senescence, at least in part, through the cGAS-STING axis. Further mechanistic studies are warranted to
elucidate how PAI-1 engages and activates the STING pathway.

The DSS-induced colitis model is one of the most widely used models in gastrointestinal inflammation
research. In our model, DSS administration induced severe colonic inflammation characterized by
marked weight loss, persistent diarrhea, and rectal bleeding. Treatment with TM5441, a pharmacological
inhibitor of PAI-1, significantly attenuated disease severity. This protective effect was associated with
preserved epithelial barrier integrity and reduced inflammatory cell infiltration in the mucosa and
submucosa. Given the established role of cGAS-STING signaling in driving IBD pathogenesis(29), we
examined whether TM5441 modulates this axis. Mechanistically, TM5441 diminished phosphorylation of
STING, TBK1, and IRF3, indicating suppression of cGAS-STING pathway activation. Collectively, TM5441
protects against colitis, at least in part, by blocking cGAS-STING-mediated inflammation and
senescence.

This study has several limitations. First, the DSS-induced colitis model, although widely used, is an acute
chemical injury model and does not fully recapitulate the chronic relapsing-remitting nature of human
Crohn's disease. Second, TM5441 is a pharmacological inhibitor of SERPINE1/PAI-1; potential off-target
effects cannot be completely excluded. Third, we demonstrated that TM5441 suppressed the
phosphorylation of STING, TBK1, and IRF3, suggesting cGAS-STING pathway inhibition; however, more
direct evidence, such as genetic deletion of STING or SERPINE1, is needed to establish a definitive
causal link. Finally, the precise molecular mechanism by which SERPINE1 activates the cGAS-STING
pathway remains to be elucidated. These limitations should be addressed in future studies.

Collectively, our study identifies SERPINE1 as a central regulator of fibroblast senescence and
inflammation in the CD mucosal microenvironment, with the cGAS-STING axis serving as a critical
downstream mediator of SERPINE1-driven SASP. These findings provide novel mechanistic insights into
CD pathogenesis and suggest that pharmacological inhibition of SERPINET may offer a viable
therapeutic approach for managing intestinal inflammation in CD.
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Figure 1

Landscape of Senescence genes in the scRNA-seq dataset for Crohn's Disease.(A) UMAP visualization
of major cell lineages.(B) UMAP visualization after batch-effect correction. (C) Stacked bar plot
displaying proportional composition of major cell types between involved and uninvolved tissue. (D) Dot
plot of canonical marker-gene expression used for cell-type annotation (size = percent expressed; color =
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mean level). (E-F) Violin and UMAP plots of senescence (Senmayo gene-set) AUCell scores, showing
cell-type and group differences (E) and global distribution (F).
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SERPINE1+ fibroblasts represent inflammation- specific senescent cells driving disease pathogenesis.
(A) UMAP plots of the subclustered fibroblasts. (B) Heatmap of discriminative marker genes used to
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define fibroblast subclusters. (C) Violin plot of Senmayo (senescence) AUCell scores across fibroblast
subpopulations. (D) Stacked bar chart of cell-cycle phase distributions across fibroblast subclusters. (E)
Stacked bar plot showing proportional abundance of fibroblast subclusters between involved and
uninvolved groups. (F-H) Box plots of CIBERSORTx-deconvolved SERPINE1+ fibroblast proportions in
three independent GEO datasets (GSE100833, GSE102133, GSE186582), comparing Crohn’s disease
(CD) versus control tissue. (1) GO, KEGG and GSEA enrichment results for the SERPINE1+ fibroblast gene

set.
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Figure 3

SERPINE1+ Fibroblasts Function as Communication Hubs in Crohn's Disease. (A) CellChat circle plot of
global intercellular communication networks. (B) Differential cell-cell communication strength between
involved and uninvolved fibroblasts. (C) Circle plot comparing inter-cell-type communication strengths
between SERPINE1+ and SERPINE1 - fibroblasts. (D) Dotplot of total outgoing and incoming signaling
strength for each cell population, highlighting SERPINE1+ fibroblasts among the top communicators. (E)
UMAP visualization of myeloid cell sub-clusters after re-clustering and annotation. (F) Circle plot
summarizing global cell-cell communication between myeloid subsets and fibroblast subpopulations.
(G) Dot plot comparing outgoing and incoming signaling strength among myeloid and fibroblast
subpopulations. (H) Circle plot comparing communication strength between SERPINE1+ versus
SERPINET- fibroblasts and individual myeloid subpopulations.
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Figure 4

IL1RN+ Macrophages Drive Fibroblasts Senescence via TNF-a Signaling.(A-B) Heatmap showing the
activity of ligands inferred to regulate SERPINE1+ fibroblasts by myeloid subsets (A), the predicted
downstream target genes within SERPINE1+ fibroblasts (B). (C) Heatmap of ligand activities and their
predicted senescence-associated target genes in fibroblasts, ranked by regulatory potential. (D) Dot plot
showing expression (size = percent expressed; color = mean level) of key ligands across myeloid sub-
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populations. (E) Scatterplot showing the positive correlation between IL1RN+ macrophage ligand activity
and fibroblast senescence score across samples (r = 0.80, p = 0.001). (F) Heatmap of the TNF signaling
pathway highlighting the main sender and receiver cell populations inferred by CellChat. (G) Scatterplots
showing correlations between ILTRN+ macrophage expression of TNF, IL1B and TGFB1 (x-axis) and
fibroblast senescence score (y-axis); TNF exhibits a significant positive correlation (r = 0.56, p = 0.031),
whereas IL1B and TGFB1 show no significant association.

A GSE102133 GSEBB407 GSE186582 B ROC Curves Comparison (
group B8 co W8 Cowo group B O B Corirl group 88 co B8 Conicl 2
© of - i
H NC cb
8 10
o :
R —>50kDa
) . ) SERPINEL | - -]
w o : o g
H Y g 2
a8 a o 8 L pr—
& ge : & & GAPDH ———— a— w— o= —35kDa
7 5 - 3
. : 6
§ 1 = e ¢
cD Control cD Control cD Control 00 02 04 06 08 10
group group group 1 Specifcity
15 e CCD18co
— - — SZ 5z 5
s E Co-culture + + ;E 25 EE
>8 SISERPINEL - - -+ 23 2s 2%
3 < 1.0 EH 32 H
S o 5 X g%
0z G W s 5 =3
oo =] e 25 8 8
5 & 0.5
o w e J—

NC  CD
Co-Culture + - + - + 5% 3
28 2
R=067,p<22e-16 ' Si-NC  + + §§ gg
H" 5
Si-SERPINEL - - + + H H
=
. T™M5441 - - - -+ 4 za
P-IRF3 — e e e |—57kDa

IRF3 |- T — e — -|—57kDa

TMEM173

P-TBKL [™0 e e |—saxpa

TBK1 s wew wo. o | — 84kDa s

P-STING W W M = . o [—35kDa

STING [ == = e @ e @ | 35KDa

Relative density of
PSTING/GAPDH
Relative density of
PTBK1/GAPDH

8
SERPINE1

SERPINEL | ™8 W wew = | —askpa

GAPDH | — — ——— — |— 35kDa

J. K.

Flag-SERPINET - - + +
Vector  + + - - '8
c170 - + - +

Relative density of
PSTING/GAPDH
Relative density of
CDKN1A/GAPDH
Relative density of
pTBK1/GAPDH

5

Relative density of
PIRF3/GAPDH
Relative density of
SERPINE1/GAPDH

Page 27/30



Figure 5

SERPINET1 drives cGAS-STING-mediated cellular senescence and pro-inflammatory signaling in
Crohn's disease (A) SERPINE1 expression is significantly elevated in CD patients across three public
datasets. (B) SERPINET shows strong diagnostic performance (AUC > 0.8) across three datasets. (C-D)
Elevated SERPINE1 protein expression in human intestinal tissues from CD. (E-F) SERPINE1 knockdown
suppresses M1 macrophage-fibroblast co-culture-induced inflammatory SASP expression. (G)
correlation between SERPINET and TMEM173 (STING) expression in Crohn's disease (GSE75214).
Pearson correlation coefficient R = 0.67, p < 2.2 x 10", (H-I) SERPINE1 knockdown and pharmacological
inhibition attenuate cGAS-STING pathway activation. (J-K) SERPINE1 overexpression promotes cGAS-
STING pathway activation, and STING inhibition rescues SERPINET1-induced senescence.
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Figure 6

Validating Serpine1 as a DSS therapeutic target using TM5441 (A) Schematic overview of the
experimental design using the selective SERPINET inhibitor TM5441 in the DSS-induced mouse model.
(B) Representative photographs of colons. (C) H&E staining of colon sections. Scale bar: 200 pm (or 50
um for enlarged regions). (D) Quantification of colon length. (E) Body weight trajectories demonstrate
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that TM5441 treatment significantly attenuates DSS-induced weight loss.(F) Disease activity index (DAI)
score. (G) TM5441 significantly inhibits STING pathway activation in DSS-treated mice.
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