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Purpose: This study aimed to construct a comprehensive single-cell transcriptomic atlas of human ureteral scar stricture tissue using
single-cell RNA sequencing (scRNA-seq), to uncover cellular heterogeneity, subpopulation dynamics, and intercellular communica-
tion networks.

Methods: Ureteral tissues were collected from three normal controls (CTR) and three patients with ureteral scar stricture (US). Single-cell
suspensions were prepared using the MobiNova-100 platform and sequenced on the Illumina NovaSeq 6000 system. Data were analyzed
using Seurat, Harmony, Monocle2 (for pseudotime trajectory analysis), CellChat (for cell-cell communication), and SCP (for GO/KEGG
enrichment). Key findings were validated by multiplex immunofiuorescence (IF) and immunohistochemistry (IHC).

Results: Eleven major cell types were identified, including epithelial, stromal, endothelial, and immune cells, each comprising
distinct subpopulations. Compared to CTR tissues, US tissues exhibited an increased proportion of SI00A8" and MT1E" basal
epithelial cells with pro-inflammatory characteristics. Fibroblasts displayed substantial heterogeneity, with expansion of
inflammatory fibroblasts and smooth muscle cell subsets. Endothelial cells (ECs) showed upregulated inflammatory and antigen
presentation pathways. Macrophages exhibited mixed M1/M2 polarization, with enrichment of APOE" and APOBEC3A"
subsets. Additionally, Th17, Treg, and CD8" T cell populations were elevated. Cell-cell communication analysis revealed
enhanced signaling among fibroblasts, ECs, and immune subsets, particularly via PERIOSTIN, collagen, and laminin pathways.
Conclusion: This study presents the first high-resolution single-cell atlas of ureteral scar stricture tissue, revealing profound cellular
heterogeneity and remodeling of the immune—stromal—epithelial landscape. The findings also highlight intensified intercellular
communication within the fibrotic microenvironment, offering novel insights into disease pathogenesis and potential therapeutic
targets.

Keywords: ureteral stricture, single-cell rna sequencing, cell-cell communication, immune microenvironment

Journal of Inflammation Research 2025:18 1274912768 12749
Received: 14 May 2025 © 2025 Ding et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 28 August 2025 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 15 September 2025


http://orcid.org/0000-0003-4935-4005
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Ding et al

Introduction

The ureter is a vital component of the urinary system, responsible for transporting urine from the renal pelvis to the
bladder. Structurally, it consists of a multilayered epithelium-comprising basal, intermediate, and umbrella cells—
supported by underlying connective tissue, a lamina propria, and a muscularis layer composed of smooth muscle cells
and elastic fibers.' Disruptions of cellular homeostasis within the ureter can lead to various urological disorders, many of
which may progress to ureteral scar stricture.”> Ureteral scar stricture, characterized by luminal narrowing and urinary
obstruction, commonly results from trauma, surgical injury, inflammation, ischemia, or neoplastic processes. The central
pathological mechanism involves persistent fibrotic remodeling accompanied by local immune dysregulation.*
Although surgical intervention remains the mainstay of clinical management, providing temporary symptom relief and
improved urinary drainage, its long-term efficacy is limited, with high rates of recurrence.” More critically, there is a lack
of effective strategies to halt or reverse fibrotic progression. This therapeutic gap largely stems from an incomplete
understanding of the cellular and molecular mechanisms underlying stricture development.

Previous studies have demonstrated that ureteral scar stricture is a chronic and progressive fibrotic disorder, primarily
driven by epithelial barrier disruption, aberrant fibroblast activation, immune microenvironmental imbalance, and
excessive extracellular matrix (ECM) deposition.®® Under sustained inflammatory stimuli, urothelial cells may undergo
epithelial-to-mesenchymal transition (EMT), during which they lose epithelial polarity and cell-cell junctions while
acquiring mesenchymal features characterized by a-SMA and vimentin expression. These alterations enhance fibrogenic
potential and contribute to tissue stiffening and luminal occlusion.”” Concurrently, fibroblasts differentiate into myofi-
broblasts, which secrete large quantities of collagen, hyaluronic acid, and fibronectin, exacerbating ECM accumulation
and promoting the formation of rigid neotissue. These pathological processes collectively lead to irreversible fibrosis and
stricture formation.'® In addition, aberrant immune cell activation within the local tissue microenvironment plays
a pivotal role in coordinating inflammation and fibrogenesis. However, most existing studies have focused on specific
signaling pathways, such as TGF-f/Smad, PDGF, and Wnt/B-catenin, or isolated cell populations, lacking
a comprehensive understanding of the multicellular interplay and dynamic remodeling events occurring in scarred
ureteral tissue.''"'?

The advent of single-cell RNA sequencing (scRNA-seq) has revolutionized the investigation of cellular heterogeneity
and intercellular communication within complex tissues. This high-resolution technique enables the identification of
distinct cell subpopulations, transcriptional signatures, developmental trajectories, and cell-cell interaction networks at
single-cell resolution. In recent years, scRNA-seq has driven major advances in fibrosis research by uncovering
pathogenic cell subsets and key molecular pathways involved in fibrotic progression.'*™'® In urology, single-cell atlases
have been successfully constructed for the kidney, bladder, prostate, and urethra, shedding light on organ-specific cellular
architecture and immune landscape features.'’ 2 However, in the context of ureteral disease, the application of SCRNA-
seq remains limited, with only a few studies reported to date.*’** To our knowledge, no single-cell transcriptomic
analyses have been conducted on human ureteral scar stricture under fibrotic pathological conditions.

To address this critical knowledge gap, we performed scRNA-seq on both normal and fibrotic ureteral tissues to
generate a comprehensive single-cell transcriptomic atlas. This analysis aimed to identify key cell populations, functional
remodeling patterns, and altered intercellular communication networks involved in ureteral scar formation. Special
attention was given to characterizing the heterogeneity and dynamic regulatory features of major cell lineages, including
epithelial cells, fibroblasts, and immune cells. Through this approach, we identified several potentially pathogenic cell
types and signaling pathways that may contribute to the pathogenesis of ureteral scar stricture and represent potential
targets for future therapeutic interventions.

Material and Methods

Sample Collection

Tissue specimens were collected from patients undergoing surgery at the Department of Urology, The First Affiliated
Hospital of Anhui Medical University, between October 2024 and February 2025. A total of 19 cases were included in
the study. Patients were enrolled according to the following criteria: US group: Patients with a history of upper ureteral
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calculi who had undergone intracorporeal holmium laser lithotripsy and subsequently developed upper urinary tract
obstruction. The diagnosis of upper ureteral stricture was confirmed by imaging examinations (intravenous urography,
CT urography, retrograde pyelography, etc.) and ureteroscopic evaluation. All patients underwent laparoscopic resection
of the strictured upper ureteral segment followed by urinary tract reconstruction, and postoperative pathology confirmed
cicatricial stricture of the upper ureteral lumen. CTR group: Patients who underwent radical nephrectomy, during which
normal upper ureteral tissue was obtained intraoperatively, with no tumor invasion into the collecting system. General
inclusion criteria: Age >18 years; complete clinical data; no prior radiotherapy, chemotherapy, or immunotherapy before
surgery. Exclusion criteria: (1) Concomitant urothelial carcinoma or other uncontrolled malignancies; (2) Acute urinary
tract infection or systemic infectious diseases with fever; (3) Hematologic disorders or autoimmune diseases; (4)
Specimens not meeting the quality control requirements for single-cell RNA sequencing in terms of acquisition or
preservation. Among them, 10 patients diagnosed with ureteral scar stricture (US) underwent robot-assisted laparoscopic
resection and urinary tract reconstruction. All patients in this group had a history of upper urinary tract stones treated
with endoscopic holmium laser lithotripsy. The control group (CTR) consisted of 9 patients with histologically normal
ureteral tissues collected during radical nephrectomy for renal tumors without involvement of the collecting system. For
scRNA-seq, ureteral tissue samples were collected from three individuals per group (CTR and US). Ethical approval was
granted by the Institutional Ethics Committee of The First Affiliated Hospital of Anhui Medical University (Approval
No. PJ 2025-02-92). All participants provided written informed consent prior to tissue collection and analysis.

scRNA-Seq Experiment

Immediately after surgical excision, tissue samples were immersed in pre-chilled Hank’s Balanced Salt Solution (HBSS;
Thermo Fisher Scientific) supplemented with 1% penicillin-streptomycin. Under sterile conditions, tissues were washed
three times with ice-cold Dulbecco’s phosphate-buffered saline (PBS; Gibco), minced into approximately 1 mm?®
fragments, and washed again with PBS. The minced tissues were transferred into enzyme digestion solution, pre-
filtered through a 0.22 pm sterile membrane. Enzymatic digestion was carried out in a 37°C water bath for
30-45 minutes with gentle agitation. Following digestion, the suspension was filtered through a 40 um nylon mesh to
remove debris. The cell suspension was centrifuged at 1,500 rpm for 5 minutes at 4°C. After removing the supernatant,
red blood cell lysis was performed using 1 mL RBC Lysis Buffer (Miltenyi Biotec). The cells were then washed twice
with PBS and centrifuged again at 1,500 rpm for 5 minutes. Cell viability and concentration were assessed via trypan
blue staining (Gibco), ensuring viability exceeded 85%. The cell density was then adjusted to 700-1,200 cells/uL for
subsequent scRNA-seq. Single-cell library preparation was conducted using the MobiCube High-throughput Single Cell
3" Transcriptome Set V2.1 (PN-S050200301) in conjunction with the MobiNova-100 microfluidic platform. Freshly
prepared single-cell suspensions were immediately loaded onto microfluidic chips, where automated droplet generation
and reagent mixing occurred. Reverse transcription, complementary DNA (¢cDNA) amplification, and library preparation
were performed according to the manufacturer’s protocol. Library quality and cDNA concentration were assessed using
a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).”> Final libraries were sequenced on the Illumina NovaSeq 6000
platform using a paired-end 150 bp (PE150) configuration for high-throughput sequencing.

Quality Control, Analysis, and Annotation of scRNA-Seq Data
Raw sequencing outputs in FASTQ format were initially processed using MobiVision software (version 2.1), a dedicated
pipeline developed by MobiGene for quality assessment and preprocessing. This tool automatically extracts cell barcodes
and unique molecular identifiers (UMIs) embedded in sequencing reads, facilitating precise quantification of transcript
levels at the single-cell resolution. The STARSolo alignment module** was employed to align reads to the human
reference genome (refdata-gex-GRCh38-2024-A), generating essential quality control metrics, including the number of
high-quality cells, median gene count per cell, alignment rate, and sequencing saturation, thereby offering
a comprehensive evaluation of library performance and sequencing depth.

Subsequent analyses were conducted using the Seurat package (version 4) in R.>> Expression matrices were imported
and converted into Seurat objects for each individual sample. To ensure data integrity, cells were filtered based on the
following exclusion criteria: fewer than 500 or more than 6,000 detected genes, total transcript counts below 1,000,
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mitochondrial content exceeding 10%, or ribosomal gene content greater than 40%. Genes expressed in fewer than three
cells were also excluded. Each sample was independently normalized using the NormalizeData function, followed by
identification of highly variable genes (FindVariableFeatures), data scaling (ScaleData), and principal component
analysis (PCA). The top 20 principal components (PCs) were selected for Uniform Manifold Approximation and
Projection (UMAP) and initial clustering. To correct for batch effects across datasets, the Harmony algorithm?® was
applied. Clustering and visualization (UMAP and t-SNE) were then re-executed using Harmony-adjusted PCs to ensure
coherent integration and accurate biological interpretation. To further improve analytical precision, potential doublets
were identified using the DoubletFinder package,”” which simulated homotypic doublet formation, optimized the pK
parameter, and classified doublets. Only confidently classified singlets were retained for downstream analyses. To
minimize the impact of ambient RNA contamination on gene expression quantification, the decontX>® algorithm was
applied, and only cells with an estimated contamination level below 15% were preserved to maintain transcriptomic
accuracy. Before clustering, cell cycle phase scores were calculated for each cell using canonical S-phase and G2/
M-phase gene sets provided in Seurat. These scores were regressed out during data scaling to reduce confounding effects
from proliferative variability. PCA, clustering, and UMAP visualization were then re-applied to the corrected dataset.
Clustering resolution was optimized by testing a range from 0.1 to 1.5, and clustree analysis was used to assess cluster
consistency across resolutions. The resolution producing the most stable hierarchical structure was selected for final cell
population annotation. Resulting clusters were assigned based on the seurat clusters identity class. Metadata, including
sample identity (orig.ident) and experimental condition (group), were incorporated to support UMAP visualization and
group interpretation. The marker genes used for annotating specific cell types are provided in Supplementary Table S1.

Differential Gene Expression and Functional Enrichment Analysis

To thoroughly investigate the biological properties and functional roles of distinct cellular subsets within ureteral scar
stricture tissue, differential gene expression analysis was performed to identify significantly altered genes. Enrichment
analyses of these differentially expressed genes (DEGs) were subsequently carried out using Gene Ontology (GO) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases. These analyses were implemented via the
clusterProfiler module integrated within the SCP platform,” enabling detailed characterization of relevant biological
processes, molecular functions, cellular components, and signaling pathways involved in disease progression.

Pseudotime Trajectory Analysis

To investigate the dynamic developmental progression of key cell populations involved in scar formation, pseudotime
trajectory analysis was performed using the Monocle2 package.*® Dimensionality reduction was implemented via the
DDRTree algorithm, which projects cells into a low-dimensional space and arranges them along a continuous trajectory.
This enabled the inference of lineage differentiation directions and the identification of critical branch points. Changes in
the expression patterns of transcription factors and signaling pathways were examined along the trajectory to uncover
potential regulatory mechanisms underlying cell fate transitions.

Cell-Cell Communication Network Analysis

Intercellular communication was analyzed using the CellChat package, which infers potential ligand—receptor interac-
tions by integrating ligand expression from one cell population with corresponding receptor expression in interacting
populations. The comparelnteractions function was applied to evaluate the relative interaction strength across different
sample groups. Communication networks were visualized using netVisual heatmap and
netAnalysis_signalingRole heatmap, providing insights into the directionality and intensity of signaling events within
the tissue microenvironment.

Immunohistochemistry (IHC) Staining

Ureteral tissue specimens were fixed in paraformaldehyde solution, embedded in paraffin blocks, and processed for
histological and immunohistochemical staining. Sections were deparaffinized with xylene and rehydrated through
a graded ethanol series. Antigen retrieval was performed via heat-induced epitope retrieval using citrate buffer at
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elevated temperatures for 10 min. Endogenous peroxidase activity was quenched by incubating sections in 3% hydrogen
peroxide for 20 minutes. Samples were then incubated overnight at 4°C with primary antibodies against pan-cytokeratin
(pan-CK), a-smooth muscle actin (a-SMA), and CD45 (Supplementary Table S2), diluted in blocking buffer. Following
washes, sections were treated with HRP-conjugated secondary antibodies for 20 minutes, and signals were developed

using a diaminobenzidine (DAB) detection kit (RCD002, Huilan Biological Technology, China). Finally, stained sections
were digitally scanned using a high-resolution pathology imaging system (Huilanbio, Huilan Biological Technology,
China) for subsequent analysis.

Multiplex Immunofluorescence (IF) Staining

For IF analysis, paraformaldehyde-fixed, paraffin-embedded (FFPE) ureteral tissue sections were prepared following
procedures consistent with the IHC protocol. Sections were incubated with primary antibodies targeting pan-CK,
Vimentin, CD31, CD68, CD86, CD163, and CD3 (Supplementary Table S2) in accordance with standard IHC workflows.
Subsequently, multiplex fluorescence-conjugated secondary antibodies were applied and incubated in the dark at room

temperature for 1 hour. Fluorescent signals were then acquired using a digital pathology scanner (Huilanbio, Huilan
Biological Technology, China). Co-localization patterns and spatial organization of cellular markers were examined to
validate the spatial distribution inferred from scRNA-seq data.

Results

Cellular Lineage Mapping and Heterogeneity Profiling of Human Ureteral Scar
Stricture Tissue

To comprehensively characterize the cellular landscape and functional remodeling associated with ureteral scar stricture
(US), we performed scRNA-seq on ureteral tissue samples from three US patients and three normal controls (CTR).
Following rigorous quality filtering (retaining cells with >500 and <6,000 detected genes, >1,000 UMIs, <10%
mitochondrial, and <40% ribosomal content) (Supplementary Figures S1-S3), a total of 36,853 high-quality single

cells were retained, with an average of approximately 6,100 cells per sample (18,415 from CTR and 18,438 from US)
(Figure 1A). Dimensionality reduction using UMAP revealed 11 major cellular lineages (Figure 1B), including epithelial
cells, fibroblasts, endothelial cells (ECs), monocytes/macrophages, and T cells, which were further classified into 30
transcriptionally distinct subclusters. Cell proportion analysis (Figure 1C) demonstrated a dramatic reduction in epithelial
cells in US tissues (from 94.9% to 18.5%), accompanied by notable increases in fibroblasts (from 3.38% to 9.96%),
monocytes/macrophages (from 0.54% to 8.36%), and pericytes (from 0.15% to 10.96%). These findings suggest
substantial epithelial loss and enhanced stromal and immune cell infiltration within the fibrotic microenvironment.
Lineage identity was confirmed through expression of canonical marker genes (Figure 1D), with EPCAM and KRTS8
labeling epithelial cells, VIM and COL1A1 marking fibroblasts, CD68 and CD163 identifying macrophages, and CD3D
and CD8A distinguishing T cells. Functional enrichment analysis of lineage-specific DEGs (Figure 1E) revealed that
epithelial cells in US tissues were enriched in oxidative phosphorylation and stress-response pathways, including
responses to metal ions and interferon signaling. Fibroblasts showed upregulation of genes associated with collagen
synthesis, ECM remodeling, and TGF-3 signaling, while immune cells exhibited activation of IL-17/TNF inflammatory
pathways, antigen presentation, and cytotoxicity-related responses. To corroborate the spatial organization suggested by
scRNA-seq, multiplex IF staining was conducted (Figure 1F) using lineage-specific markers (pan-CK, Vimentin, CD68,
CD163, CD3, CD86, and CD31). The results revealed a marked reduction in pan-CK+ epithelial cells, a notable
expansion of Vimentin" fibroblasts, and increased infiltration of CD68/CD163" macrophages and CD3" T cells in US
tissues, consistent with transcriptomic observations. Collectively, these results uncover extensive cellular remodeling in
ureteral scar stricture, characterized by epithelial depletion and expansion of stromal and immune compartments. The
coordinated engagement of multiple lineages underscores a dynamic interplay between structural disruption and immune
activation, which may contribute to fibrotic disease progression.
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Figure | (A) Workflow of scRNA-seq analysis. CTR: normal ureter; US: ureteral scar stricture. (B) UMAP visualization of cell populations from CTR and US groups after
dimensionality reduction. (C) Comparative analysis of cellular composition between CTR and US samples. (D) Dot plot illustrating the expression patterns of key marker genes
across major cell types in the US group. (E) DEGs and corresponding functional enrichment analysis of main cell types in the US group. (F). Multiplex IF staining (7 markers, 8 colors)
validating key cellular subsets and spatial localization.
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Single-Cell Characterization of Epithelial Lineages in Ureteral Scar Stricture Tissue

To gain deeper insights into epithelial lineage alterations in ureteral scar stricture, we conducted subclustering analysis of
epithelial cells, identifying multiple distinct subpopulations, including mature umbrella cells (UPK2"), intermediate-type
cells (FABP5"), and basal-like cells (eg, KRT5"). UMAP projection revealed well-defined clusters corresponding to each
subtype, though some subpopulations displayed more diffuse spatial distributions (Figure 2A and B). Compared with the
CTR group, epithelial lineages in the US group exhibited pronounced compositional shifts, notably with a significant
increase in basal-like cells and a marked decrease in FABPS5" intermediate and UPK2" umbrella cells (Figure 2C and D).
Analysis of marker gene expression demonstrated a striking upregulation of SI00A8 and MT1E specifically in US tissues
(Figure 2E). Differential expression and heatmap analyses revealed that FABPS" intermediate and MT1E" basal cells in
US samples expressed numerous genes involved in inflammatory responses, oxidative stress, and immune regulation,
whereas UPK2" umbrella cells were significantly diminished and showed reduced expression of genes associated with
barrier maintenance (Figure 2F). GO enrichment analysis further uncovered functional heterogeneity among epithelial
subsets (Figure 2G): FABP5" intermediate cells were enriched in pathways related to immune-metabolic coupling,
including fatty acid metabolism and glucocorticoid response; SIO0AS8" basal cells were associated with interferon
signaling and antimicrobial defense; MT1E" basal cells were linked to metal ion response, cellular stress, and cell—
cell adhesion; UPK2" umbrella cells showed enrichment in steroid and cholesterol biosynthesis, underscoring their role
in maintaining epithelial barrier integrity. To explore the developmental dynamics of epithelial cells during fibrosis, we
reconstructed pseudotime trajectories using Monocle2 (Figure 21-K). In the CTR group, cells followed a linear
differentiation path from basal to intermediate to mature umbrella states. In contrast, the US group exhibited disrupted
differentiation trajectories, with SI00A8", MT1E", and FABP5" cells predominantly occupying early pseudotime stages,
suggesting impaired maturation or aberrant activation. Meanwhile, UPK2" umbrella cells were sparse and localized at
late pseudotime points, indicating defective terminal differentiation and loss of barrier function. Multiplex IF staining
(Figure 2H) further validated transcriptomic observations, revealing significant upregulation of MT1E and S100A8
proteins in the epithelial layer of US tissues, accompanied by a marked reduction in pan-CK" epithelial staining. These
findings were corroborated by IHC, which also demonstrated reduced pan-CK expression in the US group (Figure 2L),
supporting the occurrence of epithelial attrition and enhanced EMT. In conclusion, these results demonstrate that
epithelial lineages in ureteral scar stricture tissue undergo profound structural disintegration, developmental impairment,
and functional reprogramming. These changes suggest that epithelial cells may serve dual roles, as early victims of
barrier breakdown and as active participants in driving inflammation and fibrotic progression.

Single-Cell Characterization of Fibroblast Lineages in Ureteral Scar Stricture Tissue

As central mediators of fibrosis, fibroblasts in ureteral scar stricture (US) tissues were subjected to detailed single-cell
analysis. UMAP-based dimensionality reduction identified seven transcriptionally distinct mesenchymal subpopulations
(Figure 3A), including inflammatory fibroblasts, ECM-producing fibroblasts, smooth muscle cells (SMCs), and two
discrete myofibroblast subsets (Figure 3B). Differential gene expression analysis revealed that fibroblasts in the US group
exhibited not only significant alterations in cell-type proportions but also pronounced transcriptional and functional
heterogeneity (Figure 3C). Pathway enrichment analysis further uncovered distinct subtype-specific functional programs,
encompassing ECM remodeling, inflammatory signaling, actomyosin contractility, and chemokine-mediated pathways
(Figure 3D), indicating varied pathological roles across different phases of scar progression. Notably, both ECM-
producing fibroblasts and myofibroblast subtypes displayed sustained activation of profibrotic signaling pathways. To
investigate fibroblast developmental dynamics, we reconstructed pseudotime trajectories using Monocle2, which revealed
a transition from quiescent to activated fibroblast states (Figure 3E). Fibroblasts from the US group were predominantly
localized at the terminal ends of the trajectory, suggesting a more mature or activated phenotype (Figure 3F). Integration
of subtype identity along the trajectory further demonstrated that ECM-producing fibroblasts and myofibroblasts were
significantly enriched at these terminal stages (Figure 3G), underscoring their pivotal roles in late-stage fibrotic
remodeling. To validate these transcriptomic findings, multiplex IF and IHC were employed to assess the spatial
expression of NRG1 (upregulated in ECM-producing fibroblasts) and a-SMA (a canonical marker of myofibroblasts)
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Figure 3 (A) UMAP plots displaying the distribution of fibroblasts in the CTR and US groups. (B) Bar plots illustrating the proportional distribution of fibroblast
subpopulations in CTR and US samples. (C) Dot plot showing DEGs among fibroblast subtypes in the US group. (D) Heatmap and GO enrichment analysis of DEGs in
fibroblast subpopulations from the US group. (E) Pseudotime trajectory of fibroblasts reconstructed using Monocle2, illustrating lineage progression. (F) Comparative
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subpopulations. (H). Immunohistochemical staining validating the expression and localization of marker genes in fibroblast subsets. (I) Multiplex IF staining demonstrating
spatial identity and heterogeneity of fibroblast subpopulations.
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(Figure 3H and I). In US tissues, NRG1 and a-SMA exhibited overlapping expression patterns within the subepithelial
stroma and scar core, confirming their identity as profibrotic fibroblast subsets. Additionally, the distribution of a-SMA
provided histological evidence of tissue remodeling. In CTR tissues, a-SMA expression was restricted to the inner
longitudinal and outer circular smooth muscle layers, reflecting normal ureteral structure. In contrast, US tissues
displayed disorganized expansion of a-SMA cells within the inner muscle layer, accompanied by extensive immune
infiltration (Figure 3H), suggesting a convergence of structural disarray and inflammatory activation during fibrotic
progression. Collectively, fibroblasts in ureteral scar stricture tissue exhibit pronounced functional heterogeneity and
divergent developmental trajectories. Among these, ECM-producing fibroblasts and myofibroblasts emerge as dominant
profibrotic populations driving advanced tissue remodeling, thereby representing promising therapeutic targets for anti-

fibrotic intervention.
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Single-Cell Characterization of ECs in Human Ureteral Scar Stricture Tissue

To examine transcriptional alterations in ECs within ureteral scar stricture (US) tissue, we conducted UMAP-based
clustering analysis of EC populations from both CTR and US groups, identifying several functionally distinct subtypes.
Notably, Arterial ECs(1) were markedly expanded in the US group, while Venous ECs were nearly absent (Figure 4A—C).
Differential gene expression analysis revealed that Arterial ECs(2) upregulated genes related to inflammation and cell
adhesion, while genes involved in vascular homeostasis were downregulated. In contrast, Arterial ECs(1) exhibited
elevated expression of CXCL12 and PODXL, along with reduced expression of inflammatory markers, suggesting a role
in vascular stability maintenance. In Venous ECs, upregulated genes such as SPARCL1, SCN3A, and TFPI indicated
potential involvement in cell-matrix interactions and vascular function regulation (Figure 4D). GO enrichment analysis
further delineated the functional heterogeneity among EC subsets (Figure 4E). Arterial ECs(2) were enriched in immune-
related pathways, including antigen presentation and T cell activation, whereas Arterial ECs(1) were primarily associated
with vascular development, cell migration, and structural integrity. Venous ECs demonstrated significant enrichment in
pathways related to cell-matrix adhesion, coagulation regulation, and epithelial migration, suggesting a potential role in
tissue repair and microvascular remodeling. To investigate the dynamic transcriptional changes of endothelial lineages, we
performed pseudotime trajectory analysis using Monocle2 (Figure 4F). ECs from the US group were broadly distributed
along the trajectory, with a pronounced accumulation at the terminal state, indicating a shift toward late-stage differentiation
or activation (Figure 4G). Cell subtype mapping revealed that Arterial ECs(1) were localized at early pseudotime stages,
while Arterial ECs(2) and Venous ECs were predominantly situated at intermediate and late stages, respectively
(Figure 4H). Collectively, these results demonstrate that ECs in ureteral scar stricture tissues undergo substantial lineage
restructuring and transcriptional reprogramming. Arterial ECs(2) and Venous ECs exhibit signatures of inflammatory
activation and enhanced adhesion, implicating them in pathological vascular remodeling and immune-mediated processes

during scar stricture progression.

Single-Cell Characterization of Macrophages in Human Ureteral Scar Stricture Tissue
To explore the lineage heterogeneity and immune functional states of macrophages in ureteral scar stricture (US) tissues,
we performed reclustering analysis of CD68" cells from the US group. UMAP visualization revealed six transcriptionally
distinct macrophage subsets with diverse functional profiles, including APOE", APOBEC3A", CDIE", SELENOP", and
FCN1" macrophages, as well as FCGR3B" monocytes (Figure SA and B). Among these, APOBEC3A" and FCGR3B"
subsets were significantly enriched in US tissues, suggesting a potential role in the fibrotic microenvironment. Each
subset exhibited a distinct gene expression signature (Figure 5C). Proinflammatory genes such as IL1B, CD86, and
STAT1 were predominantly expressed in M1-like macrophages, while immunoregulatory genes including MRCI1 and
CD163 were enriched in M2-like subsets, indicating the coexistence of M1 and M2 polarization states within the fibrotic
niche. Polarization scoring further revealed spatial heterogeneity across the UMAP landscape: M1-polarized macro-
phages were enriched in the upper left region, whereas M2-associated features were concentrated in the lower right
(Figure 5D). Differential gene expression analysis identified subset-specific marker genes (Figure 5E), and functional
enrichment analysis revealed their putative immune roles (Figure 5F): SELENOP" macrophages were linked to metal ion
homeostasis and antioxidant defense; APOBEC3A ™ macrophages were enriched in pathways related to antigen presenta-
tion and T cell activation; FCN1" cells showed enrichment in chemokine signaling and bacterial defense responses,
implicating them in innate immune activation. Pseudotime trajectory analysis using Monocle2 revealed that macrophages
from US tissues were predominantly distributed at both the initial and terminal stages of the developmental trajectory
(Figure 5G). Dynamic gene expression profiling along the pseudotime axis demonstrated sustained upregulation of
immune regulators such as CCL18 and CXCL9Y, indicative of macrophage participation in chronic inflammation and
immune modulation (Figure 5H). To validate the transcriptomic results, multiplex IF staining confirmed the spatial
accumulation of APOE" macrophages within the subepithelial stroma of US tissues, co-expressing MMP19 and CD11B
(Figure 5I). These findings suggest that APOE" macrophages may contribute to ECM degradation and cell migration,

thereby playing a crucial role in tissue remodeling and scar formation. In summary, these data reveal profound functional
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Figure 5 (A) UMAP plot showing the distribution of macrophage subpopulations in the CTR and US groups. (B) Bar plots illustrating the proportional composition of
macrophage subsets in the CTR and US groups. (C) UMAP expression maps of functional state-related genes in macrophages from the US group. (D) UMAP visualization of
MI1/M2 polarization scores in macrophages within the US group. (E) Differential expression analysis of macrophage subpopulations in the US group. (F) Transcriptional
profiling and functional pathway enrichment analysis of macrophage subtypes in the US group. (G) Pseudotime trajectory plots depicting the overall and subset-specific
differentiation paths of macrophages. (H) Dynamic expression profiles of key genes along the pseudotime trajectory in US-derived macrophages. (I) Multiplex IF validation
images of macrophage marker expression and localization.

heterogeneity and terminal pro-inflammatory polarization of macrophages in ureteral scar stricture, underscoring their
central role in immune regulation and fibrotic tissue remodeling.

Single-Cell Resolution Reveals T Cell Heterogeneity and Immune Activation in
Ureteral Scar Tissue

To comprehensively characterize the compositional dynamics and functional reprogramming of T cells within the ureteral
fibrotic microenvironment, we conducted UMAP-based clustering, identifying six transcriptionally distinct T cell subsets
with functional heterogeneity: CD4" naive T cells, CD8" effector memory T cells (CD8" TEM), CDS8" activated effector
T cells (CD8" TEFF), Th17 cells, regulatory T cells (Tregs), and NK-like T cells (Figure 6A). In the US group, overall
T cell abundance was elevated, accompanied by a substantial shift in subset distribution, marked by increased proportions
of CD8" TEFF, Th17, and Treg cells, alongside a notable depletion of CD4" naive T cells (Figure 6B). Marker gene
analysis revealed distinct transcriptional signatures across T cell subsets (Figure 6C): CD3D and CD3E were broadly
expressed across all T cells, while FOXP3 and IL2RA specifically identified Tregs. Th17 cells were characterized by high
expression of IL17A, RORC, and CCR6, whereas CD8" T cell subsets were defined by CDSA, CD8B, GZMK, and
TBX21. Heatmap visualization of DEGs further confirmed the functional specialization of each subset (Figure 6D):
CD8" TEFF cells were enriched in cytotoxic activity and T cell activation pathways, Tregs were associated with
immunosuppressive signaling, and Thl7 cells exhibited elevated expression of pro-inflammatory cytokines and

https:

12760

Journal of Inflammation Research 2025:18



Ding et al

UMAP_2

UMAP_1

CD4

UMAP_2

UMAP_1
GZMK

UMAP_2

UMAP_1

TBC1D4
TN

STAM
CCDC141
ICA1

IL1R1

FAM184A
UGP2
IL6R -]
DUSP16
CX3CR1+

RAP1GAP2

C12orf75

CsT7
RBPJ

CTR

us

Cell Type
: CD8+ TEM 1.00
CD4+ Nai
c\‘I
* ©» 075 Cell Type %
E] T o cD4+ NaveT =
“ m CD8+ TEFF =
3 g 0.50 CD8+ TEM
s Cell Type s ] _lFlr}s%ells
1: CD8+ TEM 3 | W Treg
CD4+ Naive T LT (j og
% 3: NK cells : 200
af i
% 125
< ® 6:Th17 0.00 ™
=] NA 6@ R
UMAP_1 Group
CD8B FOXP3 IL2RA RORC
200 200 200 200 200 200
175 175 175 175 175 175
150 150 150 150 1.50 150
125 125 125 125 125 125
1.00 100 1.00 1.00 100 1.00
TBX21 FGFBP2 KLRB1 CCR6
200 200 200 200
175 175 175 175
150 150 150 150
125 125 125 125
100 1.00 1.00 100
Il Ty E D4+ Naive T D8+ TEFF F
Cell Type CD4+ Naive CD8+ Pseudotime
40 [ -
i 4 0 10 20
20 N 2
20 o & o} g o
|O o 5
- w O a 5
o o £ -
0 3
-4
-20
-6
-20 -5 0 5 10
Component 1
Term: Term: Term:
@ Cytoplasmic translation @ Cellkiling @ Leukocyte migration G
@ Ribosome biogenesis @ Leukocyte mediated cytotoxicity @ Cell kiling Group + CTR - US

8 Ribonucleoprotein complex biogenesis

4 Ribosomal small subunit biogenesis

® rRNA processing
@ rRNA metabolic process

NK cells

8 Positive regulation of cell activation
4 |eukocyte mediated immunity
® Regulation of cell killing

@ Regulation of immune effector process

Th17

8 Leukocyte mediated cytotoxicity
4 Natural killer cell mediated cytotoxicity

® Mononuclear cell migration

Treg

dg9 09

-20 0

@ Natural killer cell mediated immunity

CTR

Component 2

|
Term:
@ Leukocyte mediated immunity
. @ Cellkiling
8 Regulation of cell killing
Z'SCZO'E 4 Leukocyte mediated cytotoxicity
1 ® Natural killer cell mediated immunity
0 @ Regulation of leukocyte mediated
1 immunity
-2 H .
Cell Type Cell Type * CD4+ Naive T
CD8+ TEM
CD4+ Naive T 4
NK cells
Treg 2
CD8+ TEFF
Thi7 0
Group -2 0
us 4 Y
CTR

~
o} o t
\o \O g
S
@ @
o v g
o}
O
(GAPDH)
-20 0 20 40
Term: Term:
@ Positive regulation of cell adhesion @ Regulation of T cell activation
@ Mononuclear cell differentiation @ Leukocyte proliferation
8 Lymphocyte differentiation 8 Lymphocyte proliferation
4 Positive regulation of cytokine production 4 Leukocyte cell-cell adhesion
® ?e”u‘al; feSDOWSfT to transforming growth @ Mononuclear cell proliferation Component 1
actor beta stimulus B cell activation
@ Response to transforming growth ° val
factor beta
¢ CD8+TEM ¢ Th17 « CD8+ TEFF  NKcells ¢ Treg
e
* 3
o €

10 -5 0 5
Component 1

Figure 6 (A) UMAP plot depicting the distribution of T cell subpopulations in the CTR and US groups. (B) Bar plots showing the proportional composition of T cell subsets
in the CTR and US samples. (C) UMAP expression plots of key marker genes across T cell subsets in the US group. (D) Heatmap analysis of DEGs among T cell
subpopulations in the US group. (E) GO enrichment analysis of biological processes in US-derived T cell subtypes. (F) Pseudotime trajectory of T cells reconstructed using
Monocle2, indicating lineage dynamics. (G) Visualization of pseudotime trajectories comparing T cell distribution patterns between CTR and US groups. (H) Spatial mapping
of T cell subpopulations along the pseudotime trajectory.
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chemotactic mediators. GO enrichment analysis revealed distinct functional roles among T cell subsets, including
immune regulation, cytolytic function, and cell adhesion (Figure 6E). Pseudotime trajectory analysis (Figure 6F—H)
uncovered complex developmental branching within the US group, with broader cellular dispersion and increased
trajectory bifurcation. CD4" naive T cells were primarily located at the root of the trajectory, while Th17, Treg, and
CDS8" TEFF cells were enriched along terminal branches, suggesting a progressive transition from naive to activated or
regulatory phenotypes. This dynamic trajectory implies that T cells undergo significant lineage remodeling under fibrotic
stress and may function as key modulators of chronic inflammation and immune architecture reorganization during
ureteral scar formation.

Intercellular Communication Landscape Across Cell Types in Human Ureteral Scar

Tissue

To systematically investigate intercellular communication dynamics in ureteral scar tissue, we employed CellChat to
compare signaling networks between the CTR and US groups. The analysis revealed a marked increase in both the total
number of inferred interactions (2,833 vs 1,151) and the overall communication strength (68.004 vs 45.009) in the US
group, indicating significantly enhanced cellular crosstalk within the fibrotic microenvironment (Figure 7A). Network
topology visualization demonstrated that interactions among fibroblasts, epithelial cells, and monocyte/macrophage
populations were especially prominent in the US group, forming a central communication hub (Figure 7B). Pathway-
level analysis showed that fibrosis-associated signaling pathways, including TGF-, CD40, WNT, and CSF, were
significantly enriched in the US group, whereas the CTR group exhibited dominance of homeostasis-related pathways,
such as IL-1, IFN-y, and EGF (Figure 7C). Signal directionality analysis further revealed that in the US group,
fibroblasts, ECs, epithelial cells, and pericytes primarily functioned as signaling sources, while CD8" T cells and
macrophages acted as major signal receivers (Figure 7D). These findings suggest that in fibrotic scar tissue, structural
and stromal cells not only provide ECM components but also function as active hubs for immune modulation. Focusing
on fibroblast-derived signals, we observed that fibroblasts from US tissues exhibited increased output of signaling
pathways associated with ECM remodeling, inflammatory regulation, and cellular stress responses (Figure 7E), under-
scoring their regulatory prominence and network centrality. To further dissect the role of ECM—integrin signaling in
intercellular communication, we analyzed the expression of PERIOSTIN (POSTN) and its major integrin receptors
(ITGAV, ITGBS, ITGB3) across cell types (Figure 7F). POSTN was predominantly upregulated in US fibroblasts, while
its receptors were broadly expressed in CD4" T cells and macrophages, indicating a bridging function between the ECM
and immune signaling. Similarly, collagen family members (eg, COL1Al, COL1A2, COL6A1) were significantly
elevated in fibroblasts, whereas their cognate integrin receptors (ITGA1, ITGA2, ITGB1) were expressed in immune
cells, epithelial cells, and pericytes (Figure 7G), supporting a “structural cell output-immune cell response” commu-
nication model in fibrosis. In addition, laminin components (eg, LAMA2, LAMBI1, LAMB2, LAMCI) and their
respective receptors (ITGA6, ITGB1, DAG1) displayed cell type—specific expression patterns, with ligands elevated in
fibroblasts and epithelial cells, and receptors upregulated in immune and perivascular cells (Figure 7H), suggesting a role
in cell adhesion and spatial tissue organization in fibrotic regions. Collectively, these findings identify fibroblasts in US
tissues as central signaling nodes actively orchestrating cell-matrix, immune—matrix, and structural-functional coupling
within the fibrotic communication network. This highlights a coordinated, multi-lineage mechanism by which extensive
intercellular interaction drives fibrotic scar formation.

Discussion

This study provides the first single-cell transcriptomic profiling of human ureteral scar stricture tissue, revealing the
cellular composition and functional states of the lesion. The findings uncover pronounced cellular heterogeneity and
complex interactions among epithelial, stromal, endothelial, and immune cell populations within the fibrotic microenvir-
onment. Collectively, the results suggest that ureteral scar formation is orchestrated by a multicellular network involving
epithelial barrier dysfunction, stromal activation, immune dysregulation, and the remodeling of ECM-centered signaling
pathways.
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Figure 7 (A) Bar plots comparing the number and overall strength of intercellular communications in the CTR and US groups. (B) Reconstructed intercellular
communication network in the US group, visualizing major signaling interactions. (C) Information flow analysis of signaling pathways between CTR and US groups,
highlighting changes in communication intensity. (D) Quantitative analysis of incoming and outgoing signaling strength across different cell types in CTR and US samples. (E)
Analysis of fibroblast-related ligand-receptor signaling pathways significantly upregulated in the US group. (F) Expression profiles of PERIOSTIN and its integrin receptors
across various cell types. (G) Expression patterns of the COLLAGEN family and their integrin receptors across different cell populations. (H) Expression maps of the
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Loss of epithelial barrier integrity and abnormal differentiation are considered pivotal in driving fibrotic
progression.3 " In ureteral scar stricture tissues, we observed a marked depletion of UPK2" umbrella cells and
a concomitant expansion of FABPS5" intermediate and S100A8" basal-like epithelial populations, indicating
a disrupted regenerative process and potential reprogramming of differentiation trajectories. GO analysis revealed that
FABP5" cells were enriched in pathways related to fatty acid metabolism and the glucocorticoid response, whereas
S100A8" cells upregulated inflammation-associated programs, including type II interferon signaling and cytotoxic
immune responses. These results indicate pathological epithelial remodeling under chronic inflammatory stress, mirror-
ing the loss of umbrella cells and disrupted adhesion molecule expression reported in radiation-induced cystitis.>> We
also identified a subset of MT1E" basal-like cells exhibiting signs of expansion, with gene enrichment pointing to metal
ion stress responses and collagen regulation pathways. Combined with IF data, these findings support the spatial
localization of MTIE and S100A8 in scar regions and suggest that these cells may be undergoing early stages of
EMT. This is consistent with the reported role of EMT in fibrosis across multiple organ systems, including the lung, liver,
kidney, and gastrointestinal tract.>>® Interestingly, in our previous single-cell study on prostate cancer metabolism, we
also identified EMT-related signatures within the tumor microenvironment.>” Mechanistically, this transition may be
initiated by pro-inflammatory cytokines such as IL-1B and TNF-a, and subsequently amplified by TGF-f family
members, establishing a self-sustaining inflammation—fibrosis loop.*® Collectively, these results suggest that epithelial
lineage cells are not merely passive targets of injury but actively contribute to tissue remodeling as key modulators of the
fibrotic microenvironment.

Fibroblasts constitute the most abundant stromal cell population in scar tissue and are primarily responsible for ECM
synthesis and maintenance, thereby playing a central role in tissue repair and wound healing.***' In our study, fibroblasts
exhibited pronounced lineage heterogeneity and functional specialization. We identified several transcriptionally distinct
subsets, including ECM-producing fibroblasts, myofibroblasts (types 1 and 2), and smooth muscle-like fibroblasts, all of
which were markedly expanded in scar tissue samples. These subsets were enriched for pathways involved in collagen
biosynthesis, cellular stress response, contractile migration, and growth factor regulation, suggesting their roles in
structural remodeling, immune modulation, and chronic inflammation. Notably, the myofibroblast (2) subset expressed
hallmark genes associated with activation and contractility, including JUN, PDK4, and COL1A1, exhibiting molecular
characteristics highly consistent with pathogenic fibroblast populations observed in dermal scarring, pulmonary fibrosis,
and liver cirrhosis.**~** These cells may originate from homeostatic fibroblasts undergoing activation in response to local
cues such as TGF-B and PDGF, representing a transition toward a “pathologically activated lineage.” Pseudotime
trajectory analysis using Monocle2 revealed a clear developmental shift, indicating a directional transition from quiescent
fibroblasts toward ECM-producing and contractile myofibroblast phenotypes. This finding supports a model of functional
chemotaxis underlying scar formation. Integration with macrophage- and T cell-derived signaling further implicated
immune—stromal communication, particularly involving TGF-B, IL-6, and OSM, as potential drivers of fibroblast lineage
remodeling.*>*® To confirm the tissue-level expression of key fibroblast markers identified through scRNA-seq, multi-
plex IF staining was performed for Neuregulin-1 (NRG1) and a-SMA, a well-established myofibroblast marker. The
results demonstrated clear co-localization of NRGI1 and a-SMA within fibroblast populations enriched in scar tissue,
supporting the notion that NRG1 contributes to fibroblast activation and fibrogenesis. These findings are consistent with
previous reports in cutaneous fibrosis models,** providing strong histological evidence for NRG1 as a regulatory
mediator in ureteral fibrotic remodeling.

Macrophages, as principal immune effectors in ureteral scar lesions, exhibited notable lineage complexity and
activation diversity. Subtype-specific marker analysis revealed significant upregulation of M 1-associated genes, including
CDS86, IL1B, and STAT, indicating a substantial skew toward a pro-inflammatory phenotype likely involved in cytokine
amplification and pathological immune activation.*” Concurrently, detectable expression of M2-associated markers such
as CD163 and MRC1 suggested the presence of a regulatory macrophage subset, reflecting the functional plasticity of
macrophages in fibrotic environments. Notably, the SELENOP", APOE", and FCN1" macrophage subsets were highly
enriched in scar tissue. Among them, APOE" macrophages displayed dual functionality: producing pro-inflammatory
mediators while also demonstrating pathway enrichment related to metal ion (zinc and copper) homeostasis, lipid
metabolism, and chemotactic signaling. These features implicate APOE" macrophages in both immune modulation
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and tissue remodeling, mirroring their roles in early-stage fibrosis of the liver, lung, and kidney.**>' Further evidence
from M1/M2 polarization scoring confirmed a dominant M1-type inflammatory profile, though a subset of macrophages
exhibited transcriptional characteristics aligned with M2-like reparative activity. This mixed activation landscape
supports the concept of dual-function macrophages that simultaneously sustain chronic inflammation and promote tissue
repair, in line with the “biphasic immune regulation” model described in various fibrotic pathologies.52 Pseudotime
trajectory reconstruction revealed dynamic transitions across six major macrophage subtypes, suggesting that scar-
associated macrophages undergo divergent lineage trajectories to cooperatively mediate inflammatory amplification
and immuno-microenvironment remodeling. These transcriptional insights were validated by multiplex IF, which
confirmed the spatial enrichment of APOE" macrophages in fibrotic regions, co-expressing MMP19 and CD11b, markers
indicative of roles in ECM remodeling and cell adhesion. Together, these findings underscore APOE" macrophages as
key contributors to fibrotic progression and highlight their therapeutic potential in the context of ureteral scar stricture.

T cells, as key regulators of adaptive immunity, exhibited notable subset remodeling within ureteral scar tissue.
A significant enrichment of Th17 and regulatory T cell (Treg) populations was observed, alongside a marked reduction in
CD4" naive T cells, indicating a shift from immune homeostasis toward chronic activation. Th17 cells, characterized by
elevated expression of IL17A, RORC, and CCR6, were enriched in pathways related to TGF-B signaling, cell adhesion,
and chemotaxis, implicating them as potential drivers of inflammatory fibrosis. These observations are consistent with the
pathogenic roles attributed to Th17 cells in pulmonary fibrosis and Crohn’s disease-associated intestinal strictures.> 4
Treg cells, defined by expression of FOXP3 and IL2RA, exhibited a classic immunosuppressive phenotype and were
predominantly localized at the terminal end of the pseudotime trajectory, suggesting involvement in immune resolution
and tissue repair during late-stage fibrosis. However, Tregs may also promote fibrogenesis through TGF-f secretion,
thereby inducing fibroblast activation and ECM deposition, reflecting a dual role in both immunoregulation and fibrotic
progression.’> Robust upregulation of FOXP3 and IL2RA further confirmed the identity and functional relevance of these
cells within the fibrotic niche. Their late-stage positioning in pseudotime supports their role in immune suppression, yet
their fibrosis-promoting potential, via cytokine-mediated fibroblast crosstalk, warrants further investigation, particularly
in relation to their dynamic interactions with macrophages and epithelial cells.

Cell—cell communication analysis revealed a substantial increase in both the number and strength of intercellular
interactions in ureteral scar tissue. Fibroblasts emerged as central signaling hubs, engaging extensively with epithelial
and immune cells through key profibrotic pathways, including TGF-B, CD40, and WNT signaling axes, corroborating
observations from other fibrotic models.*>**>” Upregulation of ECM-related ligand—receptor pairs, such as FN1-CD44
and LAMB2-DAG]1, highlighted the critical role of ECM—cell interactions in scar formation, paralleling findings in
pulmonary and tubulointerstitial fibrosis, and emphasizing the active role of structural signals in disease pathology.”®~°
Additionally, immune-derived signaling molecules, MIF, IL-1, and CD99, were found to be hyperactivated in fibrotic
tissue. These ligands originated primarily from macrophages and CD8" T cells, while their corresponding receptors were
predominantly expressed by fibroblasts, suggesting a directional immune—stromal communication axis. This interaction
pattern aligns with the pro-inflammatory and profibrotic roles of MIF in pulmonary fibrosis and IL-1 in renal interstitial
fibrosis.®®** Such remodeling of the signaling network reflects the pathophysiological features of ureteral fibrosis and
offers new insights into the coordinated behavior of multicellular ecosystems. Focusing on three major ECM compo-
nents, Periostin, Collagen, and Laminin, and their respective integrin receptors (ITGA1, ITGA2, ITGBI, etc)., we
mapped cross-cellular signaling modules. Multiple collagen subtypes were significantly upregulated in fibroblasts, while
their integrin receptors were highly expressed in immune cells, epithelial cells, and pericytes. This collagen—integrin axis,
initiated by fibroblasts, may facilitate structural remodeling, enhance cell adhesion, and provide a molecular scaffold for
immune cell migration. Moreover, ECM—integrin interactions such as COL1A1-ITGAV/ITGBS were particularly active
between fibroblasts and ECs, suggesting a potential link between matrix remodeling and local angiogenesis. While such

mechanisms have been reported in other fibrotic diseases,** ¢

their contribution to ureteral scar stricture remains largely
unexplored, highlighting a promising direction for future research on vascular—stromal crosstalk in ureteral fibrosis.

In this study, we employed scRNA-seq to construct, for the first time, a comprehensive cellular lineage atlas of human
ureteral scar stricture tissue, uncovering its intrinsic cellular heterogeneity and microenvironmental characteristics.

Moreover, The enrichment of SI00A8" and MTIE" basal epithelial cells, APOE" macrophages, and ECM-producing
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fibroblasts with high periostin expression in scar tissue suggests that these features could serve as biomarkers for
recurrence risk after surgical repair. Postoperative assessment of these markers—either through ureteral tissue biopsies or
non-invasive approaches such as urine-derived exfoliated cell analysis—may help identify patients with a persistently
activated fibrotic microenvironment who could benefit from closer surveillance or early adjuvant therapy. Nonetheless,
several limitations should be acknowledged. First, the sample size was limited, and future studies involving larger patient
cohorts are necessary to validate the generalizability of cell type-specific changes and associated signaling pathways.
Second, the predicted intercellular interactions inferred from scRNA-seq data require confirmation through functional
and mechanistic assays. Lastly, the lack of longitudinal sampling restricts our ability to assess the temporal dynamics of
ureteral fibrosis. Future studies incorporating time-series analyses and spatial transcriptomics may offer deeper insights
into the progressive remodeling of cellular phenotypes and microenvironmental crosstalk throughout disease progression.

Conclusion

This study is the first to utilize sScRNA-seq to elucidate the extensive cellular heterogeneity and functional reprogram-
ming underlying ureteral scar formation. Our findings reveal a profoundly altered microenvironment, characterized by
complex and intensified communication networks among ECM-producing cells, immune populations, and structural
lineages. These insights provide a robust conceptual framework and identify potential therapeutic targets to guide the
development of precision interventions for ureteral fibrotic strictures.
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