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Encapsulating peritoneal sclerosis (EPS) is a life-threatening fibrotic condition characterized by severe
abdominal adhesions, chronic inflammation, and significant morbidity. The lack of effective treatments
for EPS stems from a limited understanding of its underlying mechanisms. In this study, we developed a
modified mouse model of PD-induced EPS and investigated the role of the STING signaling pathway in
disease progression. Our findings reveal that STING activation in peritoneal mesothelial cells significantly
increases the secretion of the macrophage chemokine CCL2, leading to enhanced macrophage
infiltration and the formation of pathological adhesions. Notably, pharmacological inhibition of STING
using the inhibitor H151 effectively reduced macrophage infiltration and fibrosis, demonstrating its
therapeutic potential in alleviating EPS. These results identify the STING pathway as a critical mediator of
EPS pathogenesis and suggest that STING inhibitors could offer a promising therapeutic strategy to
prevent or reverse EPS, particularly in clinical settings such as peritoneal dialysis.

Globally, abdominal adhesions represent a significant cause of morbidity
and mortality'”. The pathogenesis of intra-abdominal adhesions is multi-
factorial, with causes ranging from surgical procedures to conditions such as
peritoneal dialysis (PD), tuberculous peritonitis, radiation therapy, intra-
abdominal infections, and chronic inflammatory diseases like Crohn’s
disease’. While local application of hydrogels is commonly used to prevent
post-surgical adhesions™, this strategy becomes impractical in cases
involving diffuse adhesions. In such instances, pharmacological interven-
tions that can be administered throughout the abdominal cavity or sys-
temically are essential’.

Among the various causes of intra-abdominal adhesions, encapsu-
lating peritoneal sclerosis (EPS) stands out as a particularly severe con-
dition. EPS is characterized by extensive adhesions leading to intestinal
obstruction and is often accompanied by peritoneal thickening, sclerosis,
calcification, and the encasement of the small intestine™’. One of the most
common causes of EPS is PD, especially when complicated by
peritonitisj. Thus, in this study, we selected PD-induced EPS as our
pathological model to better understand the mechanisms of adhesion
formation and to identify potential therapeutic strategies. While EPS
modeling is challenging, especially given the resistance of mice to EPS, we

refined our animal models to more accurately reflect human EPS
pathology.

The ¢GAS-STING signaling axis, composed of cyclic GMP-AMP
synthase (cGAS) and its downstream adaptor stimulator of interferon genes
(STING), is critical in regulating the transcription of host defense genes,
including type I interferons and pro-inflammatory cytokines. Recent
research has implicated STING activation in the progression of fibrosis and
inflammatory diseases through pathways involving NF-kB activation, cell
death, and endoplasmic reticulum stress'*'". However, its role in abdominal
adhesion formation, particularly in the context of PD-induced EPS, remains
unexplored.

In this study, we developed a novel mouse model of PD-induced EPS
and performed a series of in vivo and in vitro experiments to address key
mechanistic questions. We first sought to identify the critical drivers of EPS
pathogenesis, with a particular focus on macrophage chemotaxis and
inflammation. We then evaluated whether pharmacological inhibition of
this pathway could mitigate inflammatory infiltration and collagen
deposition. Finally, we explored the cellular mechanisms underlying mac-
rophage recruitment, highlighting the role of mesothelial cells in activating
the STING pathway. Together, these findings offer new insights into cellular
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crosstalk at the mesothelial interface and uncover unexpected consequences
of STING activation in the peritoneal environment.

Materials and methods

Study population

We conducted a retrospective analysis of clinical data from patients diag-
nosed with Encapsulating Peritoneal Sclerosis (EPS) who were admitted to
The Third Affiliated Hospital of Sun Yat-sen University. Data collected
included relevant medical history, clinical laboratory results, and abdominal
ultrasound findings. The study was approved by the Medical Ethics Com-
mittee of The Third Affiliated Hospital of Sun Yat-sen University ([2022]02-
268-01). Informed consent was obtained from all the patients and all ethical
regulations relevant to human research participants were followed (Sup-
plementary Table 1). The diagnosis of EPS was made based on the criteria
established by the Special Committee of the International Society for Peri-
toneal Dialysis'.

Animals and experimental design

Eight-week-old male C57BL/6 ] mice were purchased from the Laboratory
Animal Center of South China Agricultural University. All animal proce-
dures were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council) and were approved by the
Ethics Committee of South China Agricultural University (Approval No.
[2022] D136). To establish a model of peritoneal dialysis-induced encapsu-
lating peritoneal sclerosis (EPS), mice were randomly assigned to one of five
groups. The control group received intraperitoneal injections of saline in
volumes equivalent to the treatment groups. PD group received daily intra-
peritoneal injections of 100 mL/kg of 4.25% peritoneal dialysis solution
(PDS). LPS group received intraperitoneal injection of 4 mg/kg lipopoly-
saccharide (LPS; Sigma, derived from E. coli O111) once-weekly. The SHS
group was administered 0.3 mL of a surgical hygiene solution (SHS) daily,
following a previously published protocol”. The EPS model group (PD +
LPS + SHS) received daily intraperitoneal injections of 100 mL/kg of 4.25%
peritoneal dialysis solution (PDS) combined with 0.3 mL SHS, and a once-
weekly intraperitoneal injection of 4 mg/kg lipopolysaccharide (LPS; Sigma,
derived from E. coli O111). Daily monitoring of mice included observation
for intra-abdominal adhesion and other clinical symptoms. Following a
3-week exposure period, the animals were euthanized and samples collected
for subsequent analysis. For the intervention study, mice received daily
intraperitoneal injections of the STING inhibitor H151 (750 nmol per mouse,
dissolved in 200 uL of 10% Tween-80 in PBS; MCE, HY-112693), admi-
nistered 30 minutes prior to EPS model induction. Control animals in the
treatment arm received the same volume of vehicle solution without H151.

Gross Adhesion scoring

Mice were anesthetized, and their abdominal cavities were carefully opened
for objective evaluation of adhesion formation. The criteria for diagnosing
EPS were adapted from previous studies"’, with modifications for scoring.
Specifically, Score 0: No adhesions. Score 1: Presence of 1-3 distinct adhe-
sions. Score 2: More than three distinct adhesions. Score 3: Extensive, sheet-
like adhesions. We examined key anatomical structures, including the
peritoneum, gastrointestinal loops, mesentery, and liver, for signs of
thickening, contraction, or adhesion formation. The total adhesion score for
each mouse was calculated, with a maximum score of 42 representing
cocoon-like adhesions. Adhesion data were recorded for statistical analysis,
with details provided in Supplementary Table 2.

Histologic scoring of adhesion tissue

Histological assessment methods for adhesion were adopted from published
research and appropriately modified'*"”. Following the euthanasia of the
mice, transverse sections of the entire peritoneal cavity were collected from
consistent anatomical locations for embedding. Tissue sections were sub-
sequently subjected to Masson’s trichrome staining. Six random micro-
scopic fields of adhesive knots per slide were captured, and Masson-positive
areas were quantified using ImageJ software.

Abdominal ultrasonography

At week 3, abdominal wall ultrasonography was performed using a high-
resolution small animal ultrasound system (Vevo3100, Fujifilm Visual
Sonics). Mice were anesthetized with 1% inhaled isoflurane at a flow rate of
0.6-1 L/min, maintaining a heart rate between 400-600 beats per minute. To
facilitate ultrasonographic imaging, approximately 3 mL of physiological
saline solution was injected into the abdominal cavity via an indwelling
needle to create abdominal distension. The ultrasound scans were con-
ducted by three experienced professionals specializing in small animal
ultrasonography, ensuring consistent imaging results.

Elisa

For abdominal lavage fluid analysis, mice were anesthetized with isoflurane,
and 2 mL of physiological saline solution was injected into the abdominal
cavity for peritoneal lavage. The lavage fluid was collected, centrifuged at
3000 rpm and 4 °C for 10 minutes, and the supernatant was obtained for
ELISA measurements according to the instructions provided in the
respective ELISA Kkits. For cell culture supernatants and peritoneal dialysis
effluent, collect the supernatant and perform the detection according to the
instructions after centrifuging. All the ELISA kit were purchased from
MeiMian, China, and the catalog numbers were listed as follow: Mouse
CCL2: MM-0723M1; Mouse IL-6: MM-0163M1; Human CCL2: Human
CCL2: MM-2261H1; Human cGAMP:MM-60090H1).

Histological examination and immunohistochemistry
Histological and immunohistochemical analyses were performed as pre-
viously described'*”. After intraperitoneal lavage, the visceral and parietal
peritoneum, along with adherent tissues, were harvested following cardiac
perfusion. The tissues were immediately fixed in 4% polyformaldehyde for
24 hours, followed by gradient dehydration in ethanol. The tissues were
embedded in paraffin and sectioned into 4 um slices using a microtome. For
general histological evaluation, the sections were deparaffinized and stained
with hematoxylin and eosin (H&E) using Harris’ stain. Fibrosis was assessed
using Masson’s trichrome staining.

For immunohistochemistry, deparaffinized sections were blocked with
5% bovine serum albumin (BSA) and incubated overnight at 4°C with the
following primary antibodies: anti-Fibronectin (Abcam, ab2413, 1:100),
anti-COL1A1 (CST, 720268, 1:100), anti-a-SMA (Sigma-Aldrich, A5228,
1:100), anti-IL-1p (CST, 12242, 1:100), anti-IL-6 (CST, 12912, 1:100), anti-
TNF-a (CST, 11948, 1:100), anti-CD31(Servicebio, GB120005, 1:300), anti-
CD45 (Servicebio, GB113886, 1:300), anti-F4/80 (Servicebio, GB113373,
1:500), anti-Ly6G (Servicebio, GB12229, 1:500), and anti-CD3 (Servicebio,
GB111337, 1:500), anti-STING (CST, 13647, 1:100), anti-CCL2 (Service-
bio, GB11199, 1:500), anti-Cytokeratin 7 (Santa Cruz, sc-23876, 1:50). The
sections were then incubated with species-specific secondary antibodies and
visualized using the DAB chromogen system. The secondary antibodies:
anti-mouse Alexa Fluor 488 (4408S, 1:1000), anti-rabbit Alexa Fluor 594
(88895, 1:1000).

Primary culture of human peritoneal mesothelial cells and
treament

Human primary mesothelial cells were obtained and cultured as previously
described"’. They were maintained in Earle’s M199 medium (Gibco,
C11150500BT) supplemented with 20% FBS, 1% penicillin-streptomycin
(Gibco, 15140122), and 1% insulin-transferrin-selenium (ThermoFisher,
41400-045).

Cell culture

Human primary mesothelial cells were obtained and cultured as pre-
viously described'®"”. They were maintained in Earle’s M199 medium
(Gibco, C11150500BT) supplemented with 10% FBS, 1% penicillin-
streptomycin (Gibco, 15140122). Met-5A cell line were purchased from
ATCC and were cultured in M199 medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin at 37°C in a 5%
CO2 atmosphere. In this study, Met-5A cells were used only in
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experiments involving cell transfection, while all other experiments were
conducted using primary human peritoneal mesothelial cells. To simu-
late EPS conditions, 0.1% SHS (containing 0.1% chlorhexidine gluconate
and 15% ethanol) and 1 pug/mL lipopolysaccharide (LPS) were added to
the culture medium. THP-1 cells were differentiated into macrophages
by treatment with 100 ng/mL phorbol 12-myristate 13-acetate (PMA,
Sigma, P1585) for 48 hours. As for H151 treatment, the drug was added
to the mesothelial cells 30 min before adding SHS + LPS, with a working
concentration of 2 uM.

Cell Transfection

The Met-5A cells were seeded into 6-well plates and transfected with si-IRF3
or control siRNA (GenePharm, suzhou, China) using Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA). The target sequences for the
preparation of siRNAs of human IRF3 are listed in Supplementary table 3.
The siRNA and Lipofectamine 2000 were gently mixed, incubated at room
temperature for 20 min, and transferred into cells. After 6 h incubation, the
cells were washed twice with PBS and cultured in 10% FBS-containing
M199. The effect of siRNA-induced gene silencing was verified by
Western Blot.

Co-culture trans-well migration assay

Trans-well migration assays were performed using 24-well chambers with
an 8 uM pore size (Corning, USA). In the upper chamber, 1 x 10° THP-1
cells were seeded and differentiated into macrophages with PMA. HPMCs
were seeded into the lower chamber and treated with 0.1% SHS and 1 pg/mL
LPS. After 24 hours, the medium in the lower chamber was replaced with
750 uL M199 medium containing 10% FBS, and the upper chamber was
filled with 500 uL RPMI 1640 containing 1% FBS. After a further 24 hours of
incubation, non-migrating cells on the upper surface of the membrane were
removed with cotton swabs. The membrane was fixed in 4% paraf-
ormaldehyde and stained with 0.5% crystal violet. Migrating cells were
counted under a microscope, with results averaged from three independent
experiments. As for H151 treatment, the drug or equivalent volume of
solvent was added to mesothelial cells 30 min before adding SHS + LPS,
with a working concentration of 2 tM. And for anti-CCL2 treatment, 30 ug/
mL of Carlumab (HY-P99188, MCE) or anti-IgG was added to mesothelial
cells 30 min in advance.

Western blot

Cell extracts were prepared using RIPA buffer containing protease and
phosphatase inhibitors (Beyotime, China). For tissue samples, peritoneal
tissues were minced into small pieces and homogenized in cell lysis
buffer. Protein concentrations were determined using a BCA protein
assay kit. The proteins were boiled in loading buffer for 10 minutes and
separated by 10% or 12.5% SDS-PAGE, followed by transfer to a PVDF
membrane (Roche, Switzerland). The membranes were blocked in 5%
non-fat milk and incubated overnight at 4°C with primary antibodies,
followed by horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Boster, BA1054, 1:5000). Protein bands were visualized using
enhanced chemiluminescence (ECL) and analyzed using Image]
software.

The primary antibodies used for western blot were anti-STING (CST,
136478, 1:1000), anti-c-GAS (CST, 79978, 1:1000), anti-IRF3 (CST, 11904,
1:1000), anti-p-IRF3 (CST, 29047, 1:1000), anti-P65 (CST, 8242, 1:1000),
anti- p-P65 (CST, 3033, 1:1000), anti-B-actin (CST, 84578, 1:2000).

RNA isolation and quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from mesothelial cells and mouse peritoneal tis-
sues using the RNA extraction kit (GOONIE, China). cDNA was synthe-
sized using a reverse transcription kit (Takara) following the manufacturer’s
instructions. Quantitative real-time PCR was performed using SYBR Green
Premix (Takara), with B-actin as the housekeeping gene. Gene expression
levels were analyzed using the delta-delta Ct method. Primer sequences are
listed in Supplementary Table 4.

Flow cytometry

Mouse visceral peritoneum tissue from intestine were excised and
dissected into small fragments, followed by enzymatic digestion using
a cocktail of enzymes to generate a single-cell suspension. The sus-
pension was then incubated with fluorescently labeled antibodies
specific for the following markers: PerCP/Cyanine5.5 anti-mouse
CD45 (Biolegend, 103131), FITC anti-mouse F4/80 (Biolegend,
123107), APC anti-mouse/human CDI11b (Biolegend, 101211), PE
anti-mouse Ly-6G (Biolegend, 127607), APC/Cyanine7 anti-mouse
CD19 (Biolegend, 1115529), Alexa Fluor® 700 anti-mouse TCR f
(Biolegend, 109223). Incubation was carried out for 1hour at 4°C.
After incubation, cells were washed to remove unbound antibodies
and resuspended in staining buffer. Flow cytometry was performed
using a FACSCalibur flow cytometer (BD Biosciences, USA), and
data were analyzed using FlowJo software (TreeStar, Inc).

RNA sequencing

After euthanizing the mice, the mesentery tissue of the intestine was swiftly
dissected to obtain visceral peritoneum tissue from intestine, and it was then
placed in cryovials; this entire process was performed on ice. The tissue was
then immediately transferred to liquid nitrogen for flash freezing and
subsequently stored at -80 °C until sequencing. Total RNA was extracted
from the tissue, and its concentration and purity were assessed using an
Agilent 2100 Bioanalyzer for quality control. mRNA was then purified and
fragmented, followed by cDNA synthesis using the RNA as a template. After
the library construction was completed, the libraries underwent a second
quality assessment using the Agilent 2100 Bioanalyzer, which included an
evaluation of the total library concentration and effective library con-
centration. Finally, Next-Generation Sequencing was conducted using the
Nlumina sequencing platform, where paired-end (PE) sequencing of the
libraries was performed.

RNA-seq analysis

Differentially expressed genes (DEGs) between experimental groups were
identified using the edgeR R package (v3.28.1). Heatmaps and volcano plots
were generated using the heatmap and ggplot2 R packages, respectively.
Genes with an adjusted p-value < 0.05 were considered significantly dif-
ferentially expressed. Gene Ontology (GO) and signaling pathway analyses
were performed using the clusterProfiler R package (v3.14.3) to identify
enriched biological processes and pathways associated with DEGs.

Deconvolution of RNA-seq data

To estimate cell-type composition, RNA-seq data were analyzed using the
Multi-subject Single Cell Deconvolution (MuSiC) R package (v1.0.0).
Reference single-cell RNA sequencing data from mouse peritoneum were
obtained from the GEO database (GSE136636, GSE176254). Normalized
single-cell RNA expression data from these datasets were used to train the
deconvolution model to estimate the cell-type proportions in bulk RN A-seq
samples.

Transcription factor activity inference in bulk RNA-seq

We used the DecoupleR R package (v2.9.7)" to infer transcription factor
(TF) activity from bulk RNA-seq data. The analysis was based on the
OmniPath dataset'’, a comprehensive collection of signaling pathways and
regulatory interactions. Prior to running the analysis, RNA-seq data were
normalized and transformed to log2 counts per million (CPM). We then
applied the Univariate Linear Model (ULM) method in DecoupleR to cal-
culate TF enrichment scores for each sample, with default parameters unless
otherwise specified. The resulting activity scores were visualized using the
ggplot2 R package (v3.5.1), allowing for a clear comparison of TF activity
between different conditions.

Chromatin immunoprecipitation (ChlIP)
The ChIP enzymatic chromatin IP protocol (Cell Signaling Technology,
USA) was employed to conduct the ChIP assay. Three groups were
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Fig. 1 | Modifying an EPS mouse model to closely resemble PD-induced
abdominal adhesions. A Schematic of the experimental regimen for establishing the
mouse model of EPS. B Gross macroscopic examination of the abdominal cavity.
Control mice displayed smooth, well-expanded mesenteries and sharp liver edges;
PD group and LPS group showed no observable changes; SHS-treated mice showed
blunted liver edges (yellow arrow), but little interorgan adhesions. In the PD +
LPS + SHS group, there were extensive adhesions between abdominal organs (blue
arrow) and thickened liver margins caused by surface fibrosis. C Quantification of
adhesion scores across Control group (n =7), PD group (n = 6), LPS group (n=7),
SHS group (n = 16), and PD + SHS + LPS group (n = 25). D Dynamic body weight
changes in mice over the course of the study. E Kaplan-Meier survival curve showing
survival rates in each group. EPS mice obtained a survival rate of 83.3% (25/30) and a
success rate of 100% (25/25). F Ultrasonographic comparison highlights the
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anatomical similarities between the murine EPS model and the human condition.
a-d Ultrasound imaging of control mice revealed a smooth parietal peritoneum and
normal gastrointestinal motility (a). In contrast, the EPS mice showed peritoneal
thickening and calcification (b, arrows), adhesions between the parietal peritoneum
and intestinal loops (c, arrows), and a characteristic “cauliflower-like” central
clumping of small bowel loops (d). Supplementary Video 1 provides dynamic
ultrasonography of the abdominal cavity in both control and EPS mice. e-h In
human patients, control subjects demonstrated a smooth peritoneal surface (e),
while EPS patients exhibited peritoneal thickening (£, arrows), calcification

(g, arrows), and significant adhesions between the parietal peritoneum and intestinal
loops (h, arrows). ***p < 0.001 by Student’s t test or ANOVA test. Fig. 1A, and the
ultrasound, human, mouse drawing elements in Fig. 1F were created in BioRender.
Sun, J. (2025) https://BioRender.com/vbajaol.
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established: Control group, SHS + LPS+-si-NC group, and SHS + LPS
+si-IRF3  group. Twenty-four hours post-transfection, cells were
treated with SHS+ LPS for 24 hours. Subsequently, 1x107 Met-5A
cells from each group were collected for the ChIP assay.
Following the manufacturer’s instructions, the chromatin was immu-
noprecipitated using an anti-IRF3 antibody (Proteintech, 11312-1-AP)

or a negative control IgG antibody on rotators at 4°C overnight.
The primer set F: AAAGTGTCTCGTCCTGACC and R: AGGGCG
GAGTCAAGCAGGAG was utilized for qPCR of CCL2 promoter
regions. The PCR products were then subjected to 1% agarose gel DNA
electrophoresis and documented using a Tanon gel documentation
system.
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Fig. 2 | EPS mouse model exhibits fibrosis, inflammation, and increased vascular
density in peritoneum, consisting with the pathological characteristics

in human. A Cross-sectional images of the abdominal cavity in EPS mice, showing
widespread, diffuse adhesions forming clot-like structures throughout the peritoneal
cavity. Hematoxylin and eosin (HE) and Masson’s trichrome staining of the parietal
(B) and visceral (C) peritoneum, demonstrating significant peritoneal thickening
and fibrotic deposition in EPS mice. D Immunohistochemical analysis of the parietal
peritoneum showing increased expression of extracellular matrix (ECM) markers,
including COL1ALl, fibronectin (FN), and a-smooth muscle actin (a-SMA), indi-
cative of active fibrosis. E Immunohistochemical analysis of inflammatory markers

IL-1p, IL-6, and TNF-a in the parietal peritoneum, showing significant upregulation
of these cytokines in EPS mice, highlighting the inflammatory component of the
disease. F Immunofluorescent staining of CD31 in the visceral peritoneum
(omentum) showing denser angiogenesis in EPS mice compared to controls.
Quantification of peritoneal thickness in the parietal (G) and visceral (H) perito-
neum, revealing significant thickening in EPS mice (n = 6 per group). I ELISA
analysis of peritoneal lavage fluid, confirming an increase in IL-6 levels in EPS mice
compared to controls (n = 6 per group). Data are presented as mean + SEM.***

P <0.001, two-tailed Student’s t-test.

Statistical Analysis and Reproducibility

All datasets were first assessed for normality using the Shapiro-Wilk test.
For comparisons between two groups, variance homogeneity was tested
using the F-test. If data were normally distributed with equal variances, a
two-tailed unpaired Student’s t-test was applied. Otherwise, the
Mann-Whitney U test was used for non-normally distributed data or when
variances were unequal. For comparisons among more than two groups,
one-way ANOVA followed by Tukey’s post hoc test was used for normally
distributed data with equal variances, while the Kruskal-Wallis test with
Dunn’s correction was used for non-parametric data. All values are pre-
sented as mean + SEM, and statistical significance was defined as p < 0.05.
Analyses were performed using GraphPad Prism 8 (GraphPad Software,
Inc.). Experimental reproducibility is defined as the ability to consistently
replicate results under the same conditions. Sample sizes are determined
based on experimental requirements and resources. In vitro experiments
were typically repeated three or more times, and in vivo for at least 6
biological replicates.

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

Results

Establishing a mouse model of EPS with rapid intra-abdominal
adhesions

We aimed to develop a novel and more efficient mouse model of
encapsulating peritoneal sclerosis (EPS), closely mimicking the condition
observed in human patients. To achieve this, we combined several high-
risk factors commonly associated with peritoneal dialysis-related EPS,
including a 4.25% peritoneal dialysis solution (PD), a surgical hygiene
solution (SHS) consisting of chlorhexidine gluconate and ethanol, and
lipopolysaccharide (LPS) to replicate episodic peritonitis (Fig. 1A). While
traditional models using SHS alone require up to 8 weeks for EPS for-
mation [13], the addition of PD and LPS successfully accelerated the
process, enabling significant intra-abdominal adhesion formation by the
3rd week.

Macroscopic evaluation revealed distinct differences between the
experimental groups. Control mice showed smooth hepatic edges and well-
expanded mesenteries with no visible adhesions (Fig. 1B). In contrast, the
PD + LPS + SHS group exhibited prominent signs of adhesion, including
thickened liver margins with fibrous deposits (Fig. 1B, yellow arrow) and
extensive adhesions between the abdominal organs, particularly between the
liver, intestines, and parietal peritoneum (Fig. 1B, blue arrow). Additionally,
these mice displayed severe mesentery contraction and intestinal dilation,
with some cases forming an abdominal “cocoon” structure, indicative of
advanced EPS pathology (Supplemental Fig. 1). The adhesion scores of the
PD + LPS + SHS group were significantly higher than those of the single
control groups, demonstrating the robustness of the model in replicating
EPS (Fig. 1C).

To assess the physiological impact of EPS, we monitored body weight
and survival rates. Mice in the PD 4- LPS + SHS group showed significant
weight loss compared to other groups, suggesting a progression toward
malnutrition or cachexia, a common complication in EPS (Fig. 1 D). Despite

the severity of the disease, the survival rate in this group remained relatively
high at 83.3%, allowing us to reliably conduct further analyses (Fig. 1E).

Since invasive exploration of the abdominal cavity is impractical in
clinical settings, we employed ultrasonography to non-invasively assess the
structural changes in the peritoneum, as commonly done in patients™.
Comparing to the control group (Fig. 1F-a, Supplementary Video 1),
ultrasonography of EPS mice revealed key pathological features, including
peritoneal thickening, calcification, and characteristic intestinal dilation
(Figs. 1F-b and 1F-c), resembling the “concertina-like” appearance often
observed in EPS patients. The mouse model also demonstrated strong
adhesions between the parietal peritoneum and intestinal loops, which were
confirmed by static and dynamic imaging (Fig. 1F-d, Supplementary Video
2). To validate the clinical relevance of our model, we compared these
findings with ultrasonographic features from human EPS patients. The
human subjects exhibited similar pathological traits, such as peritoneal
thickening, calcification, and organ adhesions (Figs. 1F-f to 1F-h). These
similarities between the mouse model and human disease underscore the
utility of this model for studying EPS pathogenesis and evaluating potential
therapeutic interventions. In summary, the combination of PD, LPS, and
SHS successfully accelerated the development of EPS in mice, with key
anatomical and pathological features closely mimicking human EPS. Given
its efficiency and reproducibility, this model will be used for further studies
aimed at understanding the mechanisms of EPS and testing potential
therapeutic strategies.

EPS mouse model exhibits inflammation, fibrosis, and increased
vascular density in peritoneum

To further characterize the pathological changes in our EPS mouse
model, we performed detailed histopathological analyses of the
peritoneum. As shown in Fig. 2A, cross-sectional images of the
abdominal cavity revealed widespread and diffuse adhesions
throughout the peritoneum in EPS mice. These adhesions formed
dense, clot-like structures that encompassed multiple abdominal
organs, closely resembling advanced EPS pathology observed in
humans. Histological staining provided insight into the structural
and cellular changes associated with EPS. Hematoxylin and eosin
(H&E) staining indicated substantial thickening of both the parietal
and visceral peritoneum in the EPS group, with marked infiltration of
inflammatory cells (Fig. 2B, C). This infiltration signifies a heigh-
tened inflammatory response within the peritoneal tissues, which is a
key feature of EPS progression. In addition, Masson’s trichrome
staining highlighted extensive fibrotic deposition, further confirming
that fibrosis is a central component of EPS pathology (Fig. 2B, C).
Quantitative analysis of peritoneal thickness revealed a significant
increase in EPS mice compared to controls, as depicted in Fig. 2G, H,
reflecting the overall fibrotic burden in the disease. To explore the
molecular drivers of this fibrotic response, we conducted immuno-
histochemical analyses, which demonstrated the upregulation of
extracellular matrix (ECM) markers, including collagen type I alpha 1
(COL1A1), fibronectin (FN) and a-smooth muscle actin (a-SMA), in
the peritoneum of EPS mice (Fig. 2D, Supplemental Fig. 2A). These
markers are indicative of active fibroblast proliferation and matrix
remodeling, key processes in tissue fibrosis.
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Fig. 3 | Histological features and dynamic formation of intraperitoneal adhesions
in EPS mice. A Representative images of H&E and Masson’s trichrome staining
showing the dynamic pathological progression of adhesion formation in EPS mice.
Mice were sacrificed at days 1, 7, 14, and 21 to capture different stages of adhesion
development (AW: abdominal wall; BW: bowel wall). B Immunohistochemistry
staining of adhesion cross-sections showing the distribution of key inflammatory
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cell types involved in adhesion formation. CD3 was used to identify lymphocytes,
Ly6G for neutrophils, and F4/80 for macrophages. C Quantitative analysis of
immune cell infiltrations in Fig. 3B (n = 6 per group). D A graphical diagram
depicting the dynamic formation of interorgan adhesions, illustrating the transition
from early inflammatory cell infiltration to fibrous scar tissue formation over time.
Data are presented as mean + SEM. *** p < 0.001, two-tailed Student’s t-test.

Inflammation is known to play a critical role in EPS development™** In
consistent with these observations, our immunohistochemical analysis
showed significant upregulation of pro-inflammatory cytokines, including
interleukin-1 beta (IL-1f), interleukin-6 (IL-6), and tumor necrosis factor-

alpha (TNF-a), within the peritoneal tissues of EPS mice (Fig. 2E, Supple-
mental Fig. 2B). Furthermore, enzyme-linked immunosorbent assay
(ELISA) confirmed elevated expression of IL-6 in the peritoneal lavage fluid
of EPS mice compared to controls (Fig. 2I), highlighting the systemic
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inflammatory milieu. Another critical aspect of EPS pathology is increased
vascular density, often associated with chronic inflammation and fibrosis. In
the EPS model, we observed a notable increase in blood vessel density in the
visceral peritoneum, as demonstrated by CD31 staining (Fig. 2F, Supple-
mental Fig. 2C). Collectively, these results provide a comprehensive view of
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the severe inflammation, fibrosis, and angiogenesis occurring in the peri-
toneum of EPS mice. Importantly, these pathological changes closely mirror
those reported in human EPS, validating the utility of this mouse
model for studying disease mechanisms and potential therapeutic
interventions.
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Fig. 4 | Transcriptomic analysis reveals increased fibrosis and inflammatory
infiltration in the peritoneum of EPS mice. A Heatmap of RNA-seq data com-
paring gene expression in the visceral peritoneum of Control (n = 3) and EPS (n = 3)
mice. B Gene Ontology (GO) biological process enrichment analysis of differentially
expressed genes (DEGs) significantly upregulated in EPS mice compared to controls.
C GSEA) showing enhanced myeloid leukocyte activation and regulation of leu-
kocyte adhesion in EPS mice. D UMAP plot illustrating cell clusters from two
publicly available single-cell RNA sequencing (scRNA-seq) datasets of mouse
omentum. Mes: mesothelial cells; Endo: Endothelial cells; Fib: Fibroblasts; Neutro:
Neutrophils; Macro: Macrophages; T: T cells. E Venn diagram showing the overlap
between cell type-specific marker genes from scRNA-seq datasets and DEGs iden-
tified in our bulk RNA-seq data. F Deconvolution analysis using scRNA-seq datasets

to compare cellular proportions in the Control and EPS groups, highlighting an
increased proportion of fibroblasts among parenchymal cells and macrophages
among immune cells in EPS mice (n = 3 per group). G Flow cytometry analysis of
visceral peritoneum from intestine, confirming a significant increase in immune cell
infiltration, particularly macrophages, in EPS mice compared to controls (n =5 per
group). H Correlation analysis between COL1A1 expression and the infiltration of
various inflammatory cell types, showing a strong positive correlation between
macrophage infiltration and extracellular matrix (ECM) progression. I Correlation
analysis between the macrophages proportion detected by flow cytometry with
COLI1AL1 expression in the peritoneum by immunohistochemistry and peritoneal
thickness. Data are presented as mean + SEM. * p < 0.05, *** p < 0.001, two-tailed
Student’s t-test.

Dynamic collagen deposition and inflammatory cell infiltration
during EPS formation

To investigate the dynamic progression of intraperitoneal adhesion for-
mation in EPS, we sacrificed mice at different time points and analyzed the
histopathological changes in the peritoneum. On day 1, no noticeable
infiltration of inflammatory cells or collagen fiber deposition was observed
on the peritoneal surface. By day 7, inflammatory cells had begun infiltrating
the peritoneum, accompanied by the initial deposition of collagen fibers
(Fig. 3A). This early infiltration laid the groundwork for adhesion forma-
tion, with immune cells accumulating on the surface of fibers by day 14, and
the fibrils progressively thickening and interconnecting to form adhesions.
As the process advanced, collagen fibers continued to proliferate and gra-
dually became the dominant structural component of the adhesions, while
the infiltration of immune cells began to subside. By day 21, the adhesions
had evolved into dense fibrous scar tissue, with minimal remaining immune
cell infiltration (Fig. 3A). These findings closely mirror the pathological
evolution observed in human EPS, where early inflammation gives way to
excessive fibrotic deposition over time.

In addition to collagen depositions, H&E and Masson’s trichrome
staining revealed significant infiltration of inflammatory cells within the
adhesion regions (Fig. 3A). To determine the types of immune cells
involved, we conducted immunohistochemical staining with markers for
specific cell types at the conclusion of EPS molding (day 21). The markers
used were F4/80 for macrophages, CD3 for T lymphocytes, and Ly6G for
neutrophils (Fig. 3B). Among these, macrophages were found to be the
predominant immune cells present within the adhesions, suggesting their
key role in driving the fibrotic response (Fig. 3C). This was further supported
by the extensive infiltration of macrophages in the parietal peritoneum
(Supplemental Fig. 3), reinforcing the critical involvement of macrophages
in the adhesion formation process. The graphical diagram in Fig. 3D
illustrates the dynamic formation process of interorgan adhesions, depicting
the transition from early inflammatory infiltration to the eventual deposi-
tion of fibrous scar tissue. The findings indicate the role of macrophage
recruitment in the development of EPS, offering additional understanding
of the cellular processes involved in adhesion formation within this dis-
ease model.

Transcriptomic alterations in peritoneal tissues of EPS

mouse models

To gain insights into the transcriptomic alterations in the peritoneal tissues
of EPS mice, we performed bulk RNA sequencing on the visceral perito-
neum, using three biological replicates from both the Control and EPS
groups (Fig. 4A). Our analysis identified a total of 3,900 upregulated genes
and 4,397 downregulated genes in the EPS group compared to controls
(adjusted p-value < 0.05). Notably, macrophage-associated genes such as
Marco and Csf3r, along with chemokine-related genes, exhibited significant
upregulation in the EPS group, underscoring the inflammatory nature of the
disease (Supplemental Fig. 4).

To better understand the functional implications of these differentially
expressed genes (DEGs), we performed Gene Ontology (GO) enrichment
analysis. As shown in Fig. 4B, the upregulated genes in the EPS group were
predominantly enriched in biological processes associated with immune

activation, such as leukocyte migration, myeloid leukocyte activation, and
interleukin production. These findings suggest that immune cell activation,
particularly the infiltration of mononuclear macrophages, plays a
central role in the progression of EPS. In addition, Gene Set Variation
Analysis (GSVA) further supported this, with a marked increase in myeloid
leukocyte activation scores in the EPS mice (Fig. 4C). This aligns with the
observed increase in macrophage infiltration, indicating that these immune
cells are key contributors to the ongoing inflammatory and fibrotic
processes.

To gain further insight into the cellular composition of the peritoneal
tissues, we utilized two publicly available single-cell RNA sequencing
(scRNA-seq) datasets from mouse omentum and classified them into seven
distinct clusters based on canonical marker genes (Fig. 4D) (GSE 136636,
GSE176254). Differential expression analysis between the Control and EPS
groups revealed that 63% of the marker genes identified from scRNA-seq
overlapped with those from our bulk RNA-seq data (Fig. 4E). Using this
dataset, we applied deconvolution analysis with the R package MuSiC to
assess the relative proportions of different cell types. Our analysis showed a
marked decrease in the proportion of mesothelial cells in the EPS group,
suggesting a disruption in the mesothelial layer, which is a known con-
tributor to adhesion formation by exposing adhesive fibrin clots to sur-
rounding tissues™. Conversely, we observed a significant increase in the
proportion of fibroblasts in the EPS mice, which likely contributes to the
excessive fibrous deposition seen in the disease. In terms of immune cell
populations, both macrophages and T cells were significantly elevated in the
EPS group, with macrophages being the most predominant immune cell
type (Fig. 4F). To validate these findings, we performed flow cytometry on
peritoneal tissues, confirming that the percentage of macrophages was
significantly higher in EPS mice, corroborating the RNA-seq results
(Fig. 4G). Furthermore, we examined the correlation between different
immune cell types and the expression of the fibrosis marker Collal. Among
the immune cell markers evaluated, F4/80, a macrophage marker, demon-
strated the strongest positive correlation with Collal expression (R* = 0.471,
p = 0.042) (Fig. 4H). Concurrently, the proportion of macrophages detected
by flow cytometry showed a significant positive correlation with COL1A1
expression in the peritoneum as measured by immunohistochemistry
(R*=0.9311, p<0.0001), as presented in Fig. 41, suggesting that macro-
phages are the main immune cell type involved in fibrotic deposition in EPS.
These findings, when combined with our previous immunohistochemistry
data, emphasize the pivotal role of macrophage infiltration in the formation
of EPS and further highlight the synergistic relationship between immune
cell infiltration and fibrotic deposition in this disease model.

Activation of the cGAS-STING pathway in mesothelial cells reg-
ulates macrophage chemotaxis

To investigate the mechanism underlying the significant macrophage
infiltration observed in the EPS peritoneum, we reanalyzed our bulk RNA
sequencing data. KEGG analysis revealed that genes upregulated in EPS
mice were enriched in pathways related to cell chemotaxis and cytoplasmic
DNA sensing, particularly the ¢cGAS-STING pathway (Supplemental
Fig. 5A-B), highlighting a potential link between immune cell recruitment
and intracellular immune surveillance mechanisms (Fig. 5A). Additionally,

Communications Biology | (2025)8:1266


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08662-z

Article

Chemokine signaling pathway Inflammatory response pathway g 3000 *kk
/ GSVA score / GSVA score £% -
; 03 r=0.89 s<
] N : p<0.05 04, 12096 £y
Cytokine-cytokine receptor interaction 02 e E p<0.01 g é 2000
Chemokine signaling pathway 02 ° gg
0.1 b ©
NF-kappa B signaling pathway o § E 1000-
TNF signaling pathway 05 * 05 05 05 g 3
-0. i S e + s
Cytosolic DNA-sensing pathway -0.14 Cytosolic DNA-sensing -0.24 Cytosolic DNA-sensing o2
° 02 / GSVA score L 1 GSVA score g 0
0 50 100 150 e 04 Control EPS
E Gene counts
@ Control W EPS
<
s
2
=y
58
33
£
g8
se
3
$a
e
o}
o
c-GAS STING
F <
s
2
L
s
8
£
s
2
5
2
Kl
3
-3
PIRF3/IRF3  pNFKB/NFKB
J =
€
5
= © 20pm
S 8- kkk K —
Control SHS+LPS 8 _ @
536 Hkk Kok %
iz EE 2
£5
7]
gt
ag <o
23, 3B
k<t NI
o} I¥
4 7]
c-GAS STING
K 10 ok ok
51 A ® 5 T
s Do 8
cGAS Ll P8 gg ikl
- 2 Qe
S ST 6
sTNG | R | s 85 | wans
— - 2 <2 4 ——
) = - - 3 e xex Z5
pacin SR G- ——— |, - o A e ﬂ { :
2
5 ) [ I
& “ 0 r11 T r}l T ﬁ T
IL1B IL6 TNFa
° P
= &5
5 S 5
2 £
Y $
35 o g
<z( 2 g § Macrophages
x>z 9] S
EQ Q 5
= 5 g
8 a sooogoooog Mesothelial cells
7] o i »
-
- 0
e
[
I+
7]
Q SHS+LPS SHS+LPS S
Control +anti-lgG +anti-CCL2

Migrated cells/HPF

GSVA demonstrated a strong positive correlation between the cytoplasmic
DNA-sensing pathway and cytokine chemotaxis and inflammatory
response pathways, further supporting the role of intracellular surveillance
system in EPS progression (Fig. 5B, C).

Given that CCL2 is a well-established chemokine involved in
macrophage recruitment™”, our qPCR validation confirmed that CCL2

2

Migrated cells/HPF

exhibited the most pronounced expression change among chemokines in
the peritoneal tissues of EPS mice (Supplemental Fig. 6A). ELISA analysis
of the peritoneal lavage fluid revealed significantly higher levels of CCL2
in the EPS group compared to controls (Fig. 5D). Immunofluorescence
also showed a marked increase in CCL2 expression in the parietal
peritoneum, primarily co-localizing with Cytokeratin 7+ mesothelial cells
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Fig. 5 | Activation of the cGAS-STING pathway in mesothelial cells regulates
macrophage chemotaxis. A KEGG analysis showing significant enrichment of
upregulated genes in cell chemotaxis and cytoplasmic DNA-sensing pathways in
EPS mice. GSVA scores demonstrating a positive correlation between the cyto-
plasmic DNA-sensing pathway and cytokine chemotaxis (B) and inflammatory
response pathways (C). D ELISA results showing elevated CCL2 levels in the peri-
toneal lavage fluid of EPS mice (n = 6 per group). E Immunofluorescence indicating
increased CCL2 expression in the EPS parietal peritoneum, primarily co-localized
with Cytokeratin 7+ mesothelial cells. F Immunofluorescence showing increased
STING expression in the EPS parietal peritoneum, also co-localized with Cytoker-
atin 7+ mesothelial cells. G Western blot confirming the activation of cGAS-STING
and downstream proteins in the EPS peritoneum (n = 6 per group). H Cytoplasmic
DNA leakage observed in mesothelial cells stimulated with LPS + SHS. I, ] Western
blot and immunofluorescence showing STING activation and downstream signaling
in mesothelial cells under EPS stimulation, with H151 reducing this activation (n = 4
independent experiments). K qPCR showing upregulation of inflammatory-related

genes in mesothelial cells under EPS stimulation, with or without H151 pretreatment
(n =3 independent experiments). L gPCR demonstrating increased CCL2 gene
expression in mesothelial cells under EPS stimulation, with H151 reducing the effect
(n =3 independent experiments). M Immunofluorescent staining of CCL2 in EPS-
stimulated mesothelial cells. N ELISA showing elevated CCL2 levels in mesothelial
cell supernatant under EPS stimulation, with H151 reducing CCL2 secretion (n =3
independent experiments). O Schematic of the trans-well assay to assess macro-
phage migration. Mesothelial cells were seeded in the lower chamber, stimulated
with EPS, and co-cultured with macrophages from the upper chamber (Created in
BioRender. Sun, J. (2025) https://BioRender.com/vbajaol). P Bright-field image of
macrophage migration after co-culturing with EPS-stimulated mesothelial cells.

Q Quantification of macrophage migration under different conditions, with H151
alleviating macrophage migration (n = 3 independent experiments).

R, S Representative image and quantification of macrophage migration under anti-
CCL2 treatment, (n = 3 independent experiments). Data are presented as mean +
SEM. * p < 0.05, ¥* p <0.01, *** p <0.001, two-tailed Student’s t-test.

(Fig. 5E, Supplemental Fig. 6B). These findings suggest that mesothelial
cells are the primary source of CCL2 secretion in EPS, driving the che-
motaxis of macrophages.

We then investigated the activation of the cGAS-STING pathway,
which is known to mediate responses to cytoplasmic DNA. Both Western
blot and immunofluorescence confirmed significant activation of the cGAS-
STING pathway in EPS peritoneum, with STING co-localizing primarily
with mesothelial cells (Fig. 5F, G, Supplement Supplemental Fig. 6C, D),
suggesting that activation of the cGAS-STING pathway in mesothelial cells
under EPS conditions may be responsible for promoting the chemotaxis of
inflammatory cells, such as macrophages. After initial experiments to set up
the in vitro EPS model (Supplemental Fig. 6E-H), we simulated the EPS
environment by treating human peritoneal mesothelial cells (HPMCs) with
LPS and SHS. Under these conditions, mesothelial cells exhibited cyto-
plasmic DNA leakage (Fig. 5H), consistent with cGAS-STING pathway
activation. Western blotting and immunofluorescence confirmed the acti-
vation of STING and its downstream proteins in mesothelial cells upon EPS
stimulation, while treatment with the STING inhibitor H151 partially
mitigated this effect (Fig. 51, J). qPCR analysis further demonstrated that the
expression of inflammatory-related genes was significantly upregulated in
mesothelial cells under EPS stimulation, and this effect was also suppressed
by H151 (Fig. 5K). We next examined the role of CCL2 in this process. RT-
qPCR and cellular immunofluorescence showed that both CCL2 gene
expression and CCL2 protein levels were significantly elevated in meso-
thelial cells under EPS stimulation, and these increases were attenuated by
H151 (Fig. 5L, M). The secretion of CCL2 in the cell supernatant was also
significantly higher in EPS-stimulated mesothelial cells (Fig. 5N). STING
agonists ADU-S100 also significantly induced CCL2 expression (Supple-
mental Fig. 61, J), verifying the role of STING activation in promoting
CCL2 secretion.

To directly assess the impact of mesothelial cell activation on
macrophage migration, we performed a transwell co-culture assay, where
mesothelial cells were co-cultured with macrophages (Fig. 50). EPS-
stimulated mesothelial cells significantly promoted macrophage migra-
tion (Fig. 5P, Q), while treatment with H151 partially alleviated this
effect. These findings demonstrate that activation of the cGAS-STING
pathway in mesothelial cells leads to the secretion of CCL2, which in turn
induces macrophage chemotaxis and migration. Collectively, our results
highlight the critical role of mesothelial cells in sensing EPS-related sti-
muli and activating the cGAS-STING pathway, thereby driving macro-
phage recruitment through CCL2 secretion. Inhibition of STING
effectively reduces both CCL2 production and macrophage migration,
offering a potential therapeutic approach for mitigating macrophage-
driven inflammation in EPS. Additionally, we observed that anti-CCL2
intervention also significantly attenuated in vitro EPS-induced macro-
phage migration, again indicating that CCL2 acts as the predominant
cytokine driving macrophage chemotaxis in this microenvironment
(Fig. 5R, S).

Inhibition of cGAS-STING activation ameliorates EPS formation

in mice

To investigate whether inhibiting the cGAS-STING pathway could reduce
the severity of EPS, we administered the STING inhibitor H151 via intra-
peritoneal injection in mice (Fig. 6A). Western blot and immuno-
fluorescence analyses confirmed that H151 effectively suppressed the
activation of STING and downstream signaling proteins in the peritoneal
tissues (Fig. 6B), validating its ability to block STING signaling in vivo. In
parallel, H151 treatment significantly lowered the expression of CCL2 in
peritoneal tissue (Fig. 6C, Supplemental Fig. 7A) and in the peritoneal lavage
fluid (Fig. 6D). This reduction in CCL2 was associated with a decrease in
macrophage infiltration on the peritoneal surface, observed through
immunohistochemistry (Fig. 6E, F). Correlation analysis between the CCL2
concentration in peritoneal lavage fluid and the F4/80 infiltration area
showed a significant positive correlation (Fig. 6G). These results indicate
that STING-mediated chemotaxis, driven by CCL2, plays a central role in
recruiting macrophages during EPS progression. Therapeutically, H151
treatment markedly improved the pathological features of EPS. Mice treated
with H151 showed a significant reduction in adhesion scores during gross
assessments (Fig. 6H, I), reflecting decreased intra-abdominal adhesions.
Histological staining also revealed a notable reduction in collagen fiber
deposition in the adhesion regions (Fig. 6]Ja-b and 6K). The thickness of the
parietal peritoneum, a hallmark of fibrosis in EPS, was significantly
decreased in H151-treated mice (Fig. 6]-c and L), indicating a direct impact
on fibrotic progression. Immunohistochemistry showed that ECM-related
proteins (COL1AL1, fibronectin, a-SMA) (Fig. 6d-f), inflammatory markers
(IL-1B, IL-6, TNF-a), and pro-angiogenic VEGF were significantly reduced
in the H151-treated group (Fig. 6M), supporting the inhibitor’s anti-
adhesion effect. In summary, these findings suggest that inhibiting cGAS-
STING activation with H151 reduces CCL2 secretion and macrophage
recruitment, ultimately mitigating the excessive collagen deposition and
adhesion formation characteristic of EPS. This highlights the potential of
targeting the STING pathway as a therapeutic strategy for EPS.

IRF3 as the key transcription factor promoting CCL2 secretion in
mesothelial cells

Cyclic GMP-AMP synthase (cGAS) detects cytosolic DNA during cellular
stress and activates the adaptor protein STING, which triggers immune
responses by activating the downstream transcription factor IRF3*™*". We
investigated whether the activation of STING in mesothelial cells under EPS
condition regulates CCL2 secretion via IRF3. Using the Univariate Linear
Model (ULM) method in the DecoupleR package, we analyzed our bulk
RNA-seq data and found that IRF3 transcriptional activity was significantly
elevated in the EPS group (Fig. 7A). This increase in IRF3 activity aligns with
our observation of increased phospho-IRF3 levels in mesothelial cells under
EPS condition (Fig. 5I). Among the genes predicted to be regulated by IRF3,
CCL2 and CCL5 were the most upregulated in the EPS group (Fig. 7B), with
CCL2 had the higher p-value (p < 10°). To further investigate how IRF3
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promotes CCI2 expression, we used the JASPAR database to analyze the gene (Fig. 7E, F, Supplemental Fig. 8). These findings demonstrate that
transcription factor binding sites within the CCL2 promoter and identifieda  under EPS condition, IRF3 binding to the CCL2 promoter facilitates
high-scoring potential IRF3 binding site (Fig. 7C). This suggested a direct  increased CCL2 production and secretion. Thus, IRF3 serves as a key
interaction between IRF3 and the CCL2 promoter region (Fig. 7D). To test  transcription factor driving CCL2 secretion in mesothelial cells in response
this possibility, we conducted a chromatin immunoprecipitation (ChIP) to EPS. IRF3 knockdown significantly reduced both the transcription and
assay, which validated that IRF3 indeed binds to the promoter of the CCL2  secretion of CCL2 in response to stimulation with a STING agonist
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Fig. 6 | Inhibition of the cGAS-STING activation effectively ameliorated
abdominal adhesion in EPS. A The schematic diagram of administering the STING
inhibitor H151 (Created in BioRender. Sun, J. (2025) https://BioRender.com/
vbajaol). Western blot (B) and immunofluorescence (C) demonstrating that H151
effectively reduced the activation of STING and its downstream proteins in peri-
toneal tissues (n = 6 per group). D ELISA exhibited that H151 partially lowered the
CCL2 concentration in peritoneal lavage fluids (n = 6 per group).

E-F Immunohistochemistry (IHC) showed H151 effectively reduced macrophage
infiltration (n = 6 per group). G Correlation analysis between the CCL2 con-
centration in peritoneal lavage fluid and the F4/80 infiltration from (F) among the 3
groups. Gross macroscopic viewing of abdomen (H) and the macroscopic adhesion
score (I) demonstrated from a macro perspective that H151 effectively alleviated

abdominal adhesion (n = 6 per group). J-L Histopathological assessment of intra-
abdominal adhesions and fibrous deposition on peritoneal surface. a MASSON
staining of the abdominal cross-sections presented the adhesion condition in dif-
ferent groups, and the MASSON™ area (b) was calculated and the statistic diagram is
shown in Figure K (n = 6 per group). ¢ Masson’s trichrome staining illustrates the
thickness of the parietal peritoneum among the three groups, with (L) showing the
corresponding statistical bar graph (n = 6 per group). d—-f Immunohistochemical
images presenting the expression of three classic ECM-related proteins in parietal
peritoneum: COL1A1, Fibronectin, and a-SMA. M Immunohistochemical analysis
of inflammatory markers IL-1p, IL-6, and TNF-a in the parietal peritoneum. Data
are presented as mean + SEM. *p < 0.05, ¥*p < 0.01, ¥***p < 0.001, two-tailed Stu-
dent’s t-test.

(Supplemental Fig. 6, J) and EPS-conditioned media (Fig. 7G, H). Fur-
thermore, this genetic intervention markedly inhibited macrophage
migration, as shown by transwell assays (Fig. 71, J). These results provide
functional evidence that IRF3 is a key transcriptional regulator of CCL2 in
EPS-associated mesothelial responses.

Clinical relevance of STING activation and EPS

For a clinical investigation of the cGAS-STING pathway, we collected
peritoneal tissues, including adhesion tissues, from patients with EPS and
healthy controls. Immunofluorescence staining revealed significant activa-
tion of the cGAS-STING pathway in mesothelial cells from the peritoneal
surface of EPS patients (Fig. 8A), along with a marked increase in CCL2
expression (Fig. 8B). Given that a significant number of mesothelial cells are
shed into the peritoneal dialysis fluid under EPS condition, we also prepared
smears of the shed cells from the peritoneal dialysis effluent for immuno-
fluorescence staining, which yielded results consistent with the peritoneal
tissue (Fig. 8C-H). Additionally, ELISA measurements confirmed that the
concentration of CCL2 in the peritoneal dialysis effluent was significantly
higher in EPS patients compared to controls (Fig. 8I), so as the cGAMP,
which serves as an indicator of STING activation (Fig. 8]). Furthermore,
there is a positive correlation between CCL2 and cGAMP concentrations
(Fig. 8K). These clinical findings corroborate the link between STING
activation and increased CCL2 levels in EPS, further supporting the role of
the ¢GAS-STING pathway in driving macrophage chemotaxis and
inflammation.

Discussion
Encapsulating Peritoneal Sclerosis is a severe complication of peritoneal
dialysis, diagnosed through clinical symptoms, radiological findings, and
histological criteria”. EPS pathogenesis is linked to prolonged PD duration
and recurrent peritonitis, while some patients may develop EPS following
discontinuing PD"****". Despite these known risk factors, the precise
mechanisms underlying EPS remain unclear, highlighting the need for
animal models that closely mimic the human disease. In this study, we
developed a novel mouse model of EPS that replicates key pathophysiolo-
gical features observed in patients, such as inflammatory cell infiltration,
extracellular matrix (ECM) deposition, and adhesion formation. We
demonstrated that the cGAS-STING pathway plays a crucial role in EPS
pathology by activating mesothelial cells, which secrete CCL2 and promote
macrophage chemotaxis and inflammation. We also explored the ther-
apeutic potential of targeting STING signaling, showing that the STING
inhibitor HI51 significantly reduces macrophage infiltration, collagen
deposition, and adhesion formation. Lastly, we elucidated the cellular and
molecular mechanisms of macrophage recruitment, confirming that
mesothelial cells are the primary source of CCL2, driving macrophage
migration via cGAS-STING activation. These findings offer fresh insights
into EPS pathogenesis and suggest promising therapeutic interventions.
Previous EPS models relied on intraperitoneal injection of surgical
hygiene solution (SHS)"*”, requiring 8 weeks to establish. Our modified
model integrates both PD and lipopolysaccharide (LPS), leading to the
formation of stable adhesions in just 3 weeks. This model better simulates
the pathophysiological progression of EPS by reflecting more clinically

relevant risk factors, such as PD and peritonitis, and captures key features
like inflammatory infiltration and extracellular matrix (ECM) deposition.

While our model successfully recapitulates key features of PD-induced
EPS, several limitations should be acknowledged. First, the model is specific
to peritoneal dialysis—associated EPS and may not capture the full spectrum
of etiologies underlying this condition. Future models incorporating alter-
native triggers could broaden translational relevance. Second, the relatively
short duration of our experiments may not reflect the chronic nature of EPS
or fully capture long-term therapeutic outcomes, including potential resis-
tance or recurrence. Third, systemic inhibition of STING—a pathway cri-
tical for antiviral and antitumor immunity”—raises concerns about
unintended immunosuppressive effects. Although our findings highlight
the therapeutic potential of STING inhibition, we did not assess its safety
profile, which remains an essential consideration for clinical translation.

Previous studies have identified multiple factors contributing to the
initiation of abdominal adhesions, with a common emphasis on ECM
deposition between the peritoneum and adjacent organs™. Using lineage
tracing, Yuval Rinkevich’s team demonstrated that migration and infiltra-
tion of neutrophils and mesothelial cells, following mesothelial-to-
mesenchymal transition, to the surgical adhesion site were key drivers of
adhesion formation and ECM accumulation’. In contrast, Ito et al. pro-
posed that adhesions arise from the loss of the mesothelial barrier, which is
replaced by non-polarized macrophages forming a compensatory barrier”.
Zindel et al. further advanced this concept by using intravital microscopy to
show that peritoneal macrophages physically bridge intra-abdominal
organs, such as the omentum, during the early stages of adhesion forma-
tion. These macrophage bridges subsequently serve as scaffolds for the
recruitment of mesothelial cells, immune cells, and ECM components™.
Consistent with prior studies on EPS, our findings highlight inflammatory
infiltration, particularly by macrophages, as a central mechanism in disease
progression”*’. The most significantly enriched pathways in our tran-
scriptomic analysis were related to leukocyte migration and myeloid cell
activation (primarily macrophages), consistent with sustained immune cell
recruitment to the peritoneum. These macrophages may serve as a struc-
tural scaffold for subsequent adhesion bridge formation, as previously
described by Zindel et al.*. In our model, early stages of EPS were domi-
nated by immune cell infiltration, followed by extensive collagen deposition,
which mirrors the progression seen in patients. RNA-seq analysis further
confirmed upregulation of pathways involved in immune responses, par-
ticularly the cGAS-STING pathway, which mediates inflammation
and fibrosis in multiple organ systems'*”’. Activation of STING in meso-
thelial cells triggered CCL2 secretion, promoting macrophage chemotaxis
and adhesion formation, consistent with findings in other fibrotic
diseases™"".

Our results suggest that targeting the STING pathway could mitigate
the inflammatory and fibrotic processes driving EPS. STING inhibitors,
such as H151, effectively reduced macrophage infiltration, ECM deposition,
and adhesion formation in our mouse model, making this pathway a pro-
mising therapeutic target for EPS. However, given the complex signaling
interactions between STING, TGF-p, and other fibrosis-related pathways
like JAK/STAT and MAPK*"*, further studies are needed to elucidate these
relationships and optimize treatment strategies. Additionally, long-term
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motif within the promoter region of the CCL2 gene. E-F ChIP assays and ChIP-
qPCR analysis of IRF3 binding to CCL2 in mesothelial cells treated with or without
EPS (SHS + LPS) and H151 (n = 3 independent experiments). Gene silencing of
IRF3 significantly reduced both the transcriptional expression (G) and secretion (H)
of CCL2 induced by SHS + LPS. I-] Trans-well experiments demonstrating IRF3
silencing suppressed EPS-induced macrophage migration. Data are presented as
mean + SEM. ***p < 0.001, two-tailed Student’s t-test.

studies are necessary to evaluate the safety, efficacy, and resistance potential
of STING inhibitors in chronic EPS.

Currently, clinical applications of STING modulation are largely
centered on the use of STING agonists for cancer immunotherapy**,
while research on the therapeutic use of STING inhibitors remains
limited. Although STING inhibition has shown potential in animal
models to reduce macrophage infiltration and adhesion formation, sys-
temic blockade of STING raises important concerns. Given STING’s

essential role in antiviral and antitumor immunity, its inhibition could
impair host immune defenses, posing safety risks that must be carefully
considered in clinical translation. Moreover, our findings are based on
short-term experimental models, and the long-term effects of STING
inhibition—particularly in chronic EPS—remain unknown. Future stu-
dies should evaluate the safety, durability, and potential for immune
resistance associated with prolonged STING inhibition to determine its
feasibility in clinical settings.
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Fig. 8 | STING and CCL2 are upregulated in parietal peritoneum of EPS patients.
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localization showing in F, G and H. I-J ELISA measurements revealed a significant
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K Correlation analysis presented a significant positive correlation between cGAMP
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In conclusion, we established a robust mouse model that faithfully
recapitulates the key histological, molecular, and clinical features of EPS.
Our findings demonstrate that STING activation in mesothelial cells pro-
motes CCL2 secretion, triggering macrophage recruitment and adhesion
formation. Targeting the STING pathway represents a promising ther-
apeutic strategy to mitigate inflammation and fibrotic remodeling in EPS,
with potential relevance for preventing or treating this debilitating com-
plication in patients.

Data availability

The GEO accession number for the bulk RNA-seq data of mouse perito-
neum is GSE288014. All other data are available from the corresponding
author on reasonable request. Numerical source data underlying all graphs
can be found in the supplementary data file (Supplementary Data 1).
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