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Purpose: Lichen sclerosus urethral stricture disease (LS USD) is a refractory and progressive disease primarily affecting the anterior
urethra in males. Various potential etiological factors, such as genetics, autoimmunity, infection, and exposure to infectious urine, have
been suggested. However, the accurate etiology of LS in the male urethra remains unclear.

Patients and Methods: In this study, we conducted single-cell RNA sequencing to identify the transcriptional profiles of three
patients with LS USD and three patients with non-LS USD. Immunofluorescence was used to confirm the single-cell sequence results.
Results: Our study revealed distinct subsets of vein endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts (FBs) with
high proportions in LS USD, contributing to the tissue microenvironment primarily involved in proinflammatory and immune
responses. In particular, FBs displayed a unique subset, Fib7, which is exclusively present in LS USD, and exhibited high expression
levels of SAA1 and SAA2. The accumulation of macrophages, along with the dysregulated ratios of M1/M2-like phenotype
macrophages, may be engaged in the pathogenesis of LS USD. Through cell—cell communication analysis, we identified significant
interactions involving CXCL8/ACKRI1 and CCR7/CCL19 in LS USD. Remarkably, Fib7 exhibited exclusive communication with IL-
1B macrophages through the SAA1/FPR2 receptor-ligand pair.

Conclusion: Our study provides a profound understanding of the tissue microenvironment in LS USD, which may be valuable for
understanding the pathogenesis of LS USD.
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Introduction

Lichen sclerosus (LS) is a chronic inflammatory skin disease predominantly affecting the anogenital skin in both sexes.'
This disease was first described by Weir in 1875.2 Although the term balanitis xerotica obliterans (BXO) was proposed
by Stiihmerd in 1928, the International Society for the Study of Vulvar Disease recommended the use of the term LS in
men instead of BXO.? In males, penile LS can lead to phimosis, dyspareunia, and urethral strictures caused by scarring
lesions in the prepuce, coronal sulcus, and glans penis. It can even increase the risk of developing penile squamous cell
carcinoma, although the causal relationship remains to be determined.* Urethral stricture disease (USD) is a common
complication of LS, accounting for up to 15% of cases, with panurethral strictures being the most prevalent subtype
(48.6%).> Although intraurethral steroids with self-calibration have shown efficacy in some patients, urethroplasty is
often necessary. However, the high risk of recurrence and the need for multistage repairs are major challenges for this
disease. Perineal urethrostomy (PU) is considered the last resort for serious cases.® Despite various proposed etiological
factors over the last decade, such as genetics, autoimmunity, infection, and exposure to infectious urine, the accurate
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etiology of LS in men remains unclear.” Considering the clinical heterogeneity and high postoperative failure rate in LS
USD, understanding the characteristics of the disease is crucial. However, to date, studies focusing on LS USD are
limited.”

In recent years, single-cell RNA sequencing (scRNA-seq) has emerged as a powerful tool for revealing the diversity
of cell states and heterogeneity within cell populations.” Analyzing the transcriptome of individual cells allows us to
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comprehend complex cellular interactions and obtain comprehensive insights into diseases in biological systems.'® Thus,
we performed scRNA-seq to identify the transcriptional profiles of a single cell in tissues affected by LS USD and non-
LS USD. By constructing a cell atlas of LS USD and shedding light on the complexity of the tissue microenvironment,
we aimed to uncover characteristics specific to LS USD. Employing established cell markers, we identified nine cell
types in LS USD and non-LS USD tissues. Through evaluation of cell composition and gene expression for each group,
our study unveiled aberrant numbers and functions of cell subsets and highlighted the intricate crosstalk among cellular
components potentially contributing to the pathogenesis of LS USD. These findings provide insights into potential
therapeutic strategies for managing LS USD.

Materials and Methods

Sample Collection and Processing

The experimental materials were human urethral stricture tissues removed from three patients with LS USD and non-LS
USD in Tangdu Hospital (Shaanxi, China). The specimen was taken from the middle position of urethral stricture.
Clinical characteristics of these patients are shown in Table 1. This research was approved by the Clinical Ethics
Committee of Tangdu Hospital, Fourth Military Medical University (K202301-04). The procedures used in this study
adhere to the tenets of the Declaration of Helsinki. Fresh tissues were stored in sCelLive Tissue Preservation Solution
(Singleron) on ice within 30 min after surgery. The specimens were washed with Hanks’ Balanced Salt Solution three
times, minced into small pieces, and digested with 3 mL of sCelLive Tissue Dissociation Solution (Singleron) by using
the Singleron PythoN Tissue Dissociation System at 37 °C for 15 min. The cell suspension was collected and filtered
through a 40-micron sterile strainer. The GEXSCOPE red blood cell lysis buffer (RCLB, Singleron) was added, and the
mixture (cell: RCLB = 1:2 [volume ratio]) was incubated at room temperature for 5-8 min to remove red blood cells.
Then, the mixture was centrifuged at 300 xg and 4 °C for 5 min to remove the supernatant and suspended softly in PBS.
Finally, the samples were stained with trypan blue, and the cell viability was evaluated microscopically.

RT-PCR Amplification and Library Construction

Single-cell suspensions (2 x 10° cells/mL) with PBS (HyClone) were loaded onto a microwell chip using the Singleron
Matrix Single Cell Processing System. Barcoding beads were collected from the microwell chip, followed by reverse
transcription of the mRNA captured by the barcoding beads to obtain cDNA and PCR amplification. Then, the amplified
cDNA was fragmented and ligated with sequencing adapters. The scRNA-seq libraries were constructed in accordance

Table | Clinical Data of Single-Cell Sequencing Samples of LS USD and Non-LS USD

Donor Gender | Age (y) | BMI History Glans Stricture Stricture Pathological Surgical
(kg/m?) appearance | Location Length (cm) Results Treatment
LSI Male 56 23.56 No Scar lesion Anterior urethra 14 Pathological Lingual mucosa
confirmation urethroplasty
LS2 Male 54 23.12 Circumcision Scar lesion Anterior urethra 14 Pathological Lingual mucosa
confirmation urethroplasty
LS3 Male 40 22.56 Circumcision Scar lesion Anterior urethra 10 Pathological Lingual mucosa
confirmation urethroplasty
Non-LS| | Male 34 27.23 Trauma Normal Anterior urethra 4 Not checked Urethroplasty
(penile segment) with pedicle flap
Non-LS2 | Male 37 20.35 Indwelling Normal Anterior urethra 4 Not checked Urethroplasty
catheter (penile scrotal with pedicle flap
junction)
Non-LS3 | Male 66 24.35 Endoscopic Normal Anterior urethra 3 Not checked Buccal mucosa
prostatectomy (penile segment) urethroplasty

Abbreviations: LS, lichen sclerosus; USD, urethral stricture disease; BXO, balanitis xerotica obliterans; PU, perineal urethrostomy; SCRNA-seq, single-cell RNA sequencing;
GO, gene ontology; GSEA, gene set enrichment analysis; GSVA, gene set variation analysis; DEGs, differentially expressed genes; MCs, myeloid cells; FBs, fibroblasts; ECs,
endothelial cells; SMCs, smooth muscle cells; EPCs, epithelial cells; PCs, plasma cells; MASTSs, mast cells; IL-1B Mac, IL-IB macrophages; CIQA Mac, CIQA macrophages;
UMARP, unsupervised uniform manifold approximation and projection.

Journal of Inflammation Research 2024:17 hetps: 5329

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

with the protocol of the GEXSCOPE Single-cell RNA Library Kits (Singleron).!" Individual libraries were diluted to 4
nM, pooled, and sequenced on the Illumina NovaSeq 6000 with 150 bp paired-end reads.

Primary Analysis and ldentification of Cell Types

Raw reads were processed to generate gene expression matrixes using an internal pipeline. First, raw reads were processed
with cutadapt'? to trim poly-A tail and adapter sequences after low-quality reads were removed. The cell barcode and UMI
were extracted, and STAR'? v2.5.3a was used to map reads to the reference genome GRCh38 (ensemble version 92 gene
annotation). Finally, featureCounts'* v1.6.2 was used to form UMI counts and gene counts of each cell, and expression
matrix files were generated for further analysis. The data were subsequently analyzed using the Seurat package (version
3.1.2)'>'° of R (version 3.5.1). Cells were filtered by UMI counts below 30,000 and gene counts between 200 and 5000.
Cells with over 50% mitochondrial content were then removed. We used the NormalizeData and ScaleData functions to
normalize and scale all gene expression levels, and we selected the top 2000 variable genes with the FindVariableFeatures
function for PCA. Using the top 20 principal components, we separated cells into multiple clusters with FindClusters. The
batch effect among samples was removed by Harmony.'” Finally, the UMAP algorithm was applied to visualize cells. Based
on published research, each cluster was annotated on the basis of the marker genes discovered by the FindAllMarkers
function. Marker genes for clusters of the first clustered cells are shown as follows: myeloid cells (MCs; Lyz, Mrcl, Cd68,
Cd163, and Fcerla), endothelial cells (ECs; Cdh5, Pecam1, and Vmf), fibroblasts (FBs; Dcn, Colla2, and Collal), smooth
muscle cells (SMCs; Acta2, Tagln, and Mylk), plasma cells (PCs; Cd79a, Jchain, Mzb1, and Ighgl), epithelial cells (EPCs;
Krt5, krt15, krt14, krt17, and krt13), T cells (TCs; Cd2, Cd3d, Trac, and Trbcl), B cells (BCs; Ms4al, Cd79a, and Cd79b),
and mast cells (MASTs; Tpsabl, Tpsb2, and Cpa3).

Differentially Expressed Genes (DEGs) Analysis
Genes expressed in more than 10% of the cells in a cluster and with an average log (fold change) of more than 0.25 were
selected as DEGs by Seurat FindMarkers based on the Wilcox likelihood-ratio test with default parameters.

Pathway Enrichment Analysis

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genome (KEGG) analyses were used with the “clusterProfiler”
package v3.16.1.'"® Gene set enrichment analysis (GSEA) was also conducted using the GSEA toolkit.'” Normalized
enrichment scores were acquired using 1000 gene set permutations, and a cutoff P value of 0.05 was used to filter significant
enrichment results. Gene set variation analysis (GSVA) converted the expression matrix into a path enrichment score
matrix, and the different pathways were then obtained through ImFit analysis using the limma package.

Pseudotime Trajectory Analysis

The cell lineage trajectory of subsets was inferred using Monocle2 (v2.22.0).%° In constructing the trajectory, the top
2000 highly variable genes were selected by using Seurat FindVariableFeatures, and dimensionality reduction was
performed by DDRTree. The trajectory was visualized by using the plot cell trajectory function in Monocle2.

Cell-Cell Interaction Analysis

Cell-cell interactions between different cell types were predicted on the basis of known ligand-receptor (LR) pairs by
using the CellphoneDB package (v2.1.7).?' The permutation number for calculating the null distribution of average LR
pair expression in randomized cell identities was set to 1000 times. Individual ligand or receptor expression was set by
a cutoff based on the average log gene expression distribution for all genes across each cell type. Significant cell—cell
interactions were defined as P < 0.05.

Transcription Factor (TF) Regulatory Network Analysis (pySCENIC)

The TF network was constructed by pySCENIC (v0.11.0)** using the scRNA expression matrix and TFs in
AnimalTFDB. First, GRNBoost2 predicted a regulatory network based on the coexpression of regulators and targets.
Then, CisTarget was applied to exclude indirect targets and search TF-binding motifs. Subsequently, AUCell was used
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for regulon activity quantification for every cell. Cluster-specific TF regulons were identified in accordance with Regulon
Specificity Scores, and the activity of these TF regulons was visualized in heatmaps.

Hematoxylin-Eosin (HE) and Immunofluorescence (IF) Staining

Tissues were typically fixed in 10% neutral-buffered formalin solution and dehydrated in gradient ethanol and xylene
before they were infiltrated in paraffin to form paraffin-embedded blocks. Tissue sections were then cut from the blocks
at 3—5 um thickness and subjected to HE staining. For IF staining, tissues on slides were blocked in 5% (v/v) normal goat
serum in PBS and then incubated with a primary antibody (CD86, 1:100; CD206,1:100; SAA1, 1:200; PDGFR-a,1:100)
diluted in PBS with 5% goat serum overnight at 4 °C. Thereafter, the tissues were incubated with a fluorophore-
conjugated secondary antibody diluted in PBS with 5% goat serum for 60 min at room temperature. DAPI was also
added at a concentration of 1 pg/mL to visualize nucleic acids in each cell. Photographs were taken using a fluorescence
microscope (Olympus, Tokyo, Japan) in a dark room.

Statistical Analysis

All statistical analyses were performed using R (v3.5.1). Comparisons of gene expression between two groups of cells
were performed using unpaired two-tailed Wilcoxon rank-sum tests. SPSS 22.0 was used for Student’s ¢ test. P < 0.05
was considered statistically significant. Immunofluorescence staining was confirmed in at least three biological replicates

with consistent results.

Results
Characteristics of the Overall Cell Types in USD by scRNA-Seq

Single-cell transcriptome analysis was performed on the urethral stricture tissue in three patients with LS USD and non-LS
USD (Figure 1A). Apart from the patient’s report of urination difficulties, the clinical diagnosis of LS USD was based on
physical exam findings, Including white skin changes on the glans, meatus, fusion of glans to foreskin, and/or LS urethral
changes such as stippled or pan-urethral disease on retrograde urethrography. Histological and morphological changes were
confirmed by hematoxylin and eosin staining, which showed a classical pathognomonic appearance for LS, such as deep
band-like infiltrate of mononuclear inflammatory cells, hyperkeratosis, epidermal atrophy, sclerosus, and hyalinization
(Figure 1B).”* Information on these individuals’ clinical characteristics is shown in Table 1. After quality control and
filtration, 16,937 cells were collected for further analysis (Table S1). Using the unsupervised uniform manifold approxima-
tion and projection (UMAP) technique, we clustered the detected cells into nine major clusters (Figure 1C and D). Based on
the marker genes expressed in various cells, we isolated MCs (CD163 and LYZ), FBs (COL1A1 and DCN), ECs (PECAM1
and VWF), SMCs (ACTA2 and TAGLN), EPCs (KRT6A and KRT13), PCs (IGHG2 and IGKC), TCs (CD3E and CD3D),
BCs (PTPRC and MS4A1), and MASTs (CPA3 and KIT) (Figure 1E, Table S2, Figure S1A and B). The results indicated
significant differences in MCs, FBs, ECs, EPCs, and SMCs between LS USD and non-LS USD with regard to the
proportion of these cell clusters. Globally, the proportion of EPCs, MCs, and SMCs increased in LS USD. Conversely,

the proportion of ECs and FBs in LS USD decreased (Figure 1F, Figure S1C). Thus, these results showed significant cell
population deviation between the two diseases, indicating that the different cell types in LS USD might be attributed to the
pathological features of LS USD. Thus, the cell-specific function in LS USD must be further explored. Although PCs, TCs,
BCs, and MASTs had different proportions between the two disease samples, the isolated cells were few for in-depth
analysis. Subsequently, we investigated the molecular features of different cell types (Figure 1G). Among them, GSVA of
the hallmark pathways revealed that MCs had a higher enrichment score for inflammatory response. Moreover, the
upregulated Kras signaling, inflammatory response, and TNFa signaling via the NF-kB and interferon gamma response
pathways indicated that MCs promoted the development of local inflammation, which was consistent with the histological
results of inflammatory cell infiltration in LS USD.
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EC Subsets in LS USD were Involved in the Immune Response by Engaging and

Responding to Inflammatory Cell infiltration into tissues

Given the highest number of EC separations, a total of 11,091 ECs were reclustered, and five distinct subsets were
illustrated for further analysis (Figure 2A). Proportionally, vein ECs were the main subsets in both samples, which
contained three cell subsets, namely, vein EC1, vein EC2, and vein EC3. Although the number of ECs decreased in LS
USD, vein EC1 and vein EC3 showed a relatively high proportion in LS USD (Figure 2C). As shown in Figure 2B, the
encoded genes of vein EC1 were associated with triggered leukocyte adhesion and transmigration, angiogenesis,
chemokines, and antigen-presenting molecules, such as ACKR1, EFEMPI1, CCL2, and HLA-DRA. Vein EC3 was
related to the regulation of the cell cycle phase, nuclear division, and organelle fission, such as TOP2A, STMNI1, and
CENPE. Conversely, vein EC2 exhibited a high proportion in non-LS USD, which was related to mitochondrial DNA,
cell cycle regulation, and potent angiogenic factors, such as MT-RNR1, MT-RNR2, CCNL2, and EGFL7. Subsequent
GO analysis also showed enriched pathways related to neutrophil-mediated immunity, neutrophil degranulation, and
neutrophil activation in vein EC1. In contrast, vein EC3 enriched pathways related to the regulation of chromosome
segregation, mitotic sister chromatid segregation, and mitotic nuclear division (Figure 2D, Figure S2A—C). Collectively,
vein EC1 and vein EC3 may play an important role in the immune response, cell proliferation, and cell migration.
Furthermore, we explored the DEGs of vein ECs in the pathogenesis of LS USD. Vein EC1 and vein EC3 expressed high
levels of atypical chemokine receptor (ACKR1) and adhesion molecules (SELE, SELP, and ICAM1). In particular, vein
EC1 expressed high levels of chemokines (CCL2) and inflammatory molecules (IL33 and IL1R1) (Figure 2E). During LS
USD, ACKRI1, SELE, SELP, and ICAM1 were highly expressed in vein ECs, whereas CCL2 and CXCL8 were highly
expressed in vein EC1 (Figure 2F). Based on previous reports, ACKR1 can regulate the activity of chemokines, including
CCL2 and CXCLS, by translocating them across the endothelial barrier after binding to them, which facilitates
immobilization and presentation to leukocytes, thereby promoting their extravasation.”**> IL33 and IL1RI belong to
the IL-1 family and play diverse roles in mediating innate and adaptive immune responses.”® We also compared the
DEGs of vein EC1 and vein EC3 between LS USD and non-LS USD. As shown in Figure 2G, vein EC1 and vein EC3
highly expressed genes encoding antigen-presenting molecules and immune response molecules such as HLA-DRBS,
CSF3, and C1R. Therefore, we hypothesized that vein EC1 and vein EC3 primarily participate in LS USD pathogenesis
by activating inflammatory cells and assisting in their transport into the urethral stroma.

SMC Subset in LS USD Primarily Perform Matrix Remodeling and Participate in the

Immune Response

We also clustered SMCs into five subsets based on canonical markers (Figure 3A and B). Proportional analysis revealed
that SMC2 and SMC5 were dominant in LS USD compared with non-LS USD (Figure 3C). In particular, SMC2
exhibited high expression of inflammatory and immune response-related genes (CHI3L2, CFD, and CFH), metal ion
homeostasis and detoxification-related genes (MT1F and MT1X), adipogenesis or lipid metabolism genes (APOE and
STEAP4), lymphoid tissue-homing chemokines (CCL21), and angiogenesis and inflammation genes (ANGPTL1). SMC5
expressed high levels of collagen-encoding genes (COL1A1, COL1A2, COL3A1, and COL6A3), cell adhesion molecule
(THY1), and lymphoid tissue-homing chemokines (CCL19) (Figure 3B, Figure S3A). GO analysis indicated that SMC2
and SMC5 were enriched in pathways related to extracellular matrix organization, extracellular structure organization,
and external encapsulating structure organization (Figure 3D, Figure S3B). Furthermore, we explored DEGs in SMC2
and SMC5 to understand their functions. Notably, collagen-encoding genes (such as COL1A1, COL1A2, COL3Al,
COL6A3, and COL6AL1), chemokines (such as CCL19, CCL21, and CXCL12), and genes mediating cell-cell and cell-
matrix interactions (such as EFEMP1) were upregulated (Figure 3E).?” CCL19 and CCL21 are lymphoid tissue-homing
chemokines that are essential for recruiting CCR7-expressing dendritic cells bearing pathogen-derived antigens and
lymphocytes to lymph nodes.*® Therefore, the SMC subsets in LS USD, particularly SMC2 and SMCS5, seem to be
engaged in matrix remodeling and the immune response. SMC2 showed a distinct gene expression profile related to
inflammation, immune response, and extracellular matrix organization, suggesting a potential role in recruiting lympho-
cytes and contributing to extracellular matrix dysregulation in LS USD. In contrast, SMCS5 exhibited a gene expression
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Figure 2 Characteristics of ECs in LS USD and non-LS USD. (A) UMAP plot showing clusters of endothelial cell subsets. (B) The heatmap displays the expression of the top
20 differentially expressed genes (rows) across the EC subsets (columns). Yellow represents genes with high expression, while blue represents genes with low expression.
(C) Bar chart showing the relative proportion of each EC subset in LS USD and non-LS USD. (D) Representative GO terms enriched by upregulated DEGs in vein ECs. (E)
Relative expression levels of the ICAMI, SELE, SELP, ACKRI, IL33, CCL2, and ILIRI genes across five EC subsets. (F) Violin plot showing the expression of ACKRI, CCL2,
CCLS, ICAMI, SELE, and SELP in vein EC subsets of LS USD and non-LS USD. (G) Volcano plots showing DEGs of vein ECI and vein EC3 subsets in LS/non-LS comparison.
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Figure 3 Characteristics of SMCs in LS USD and non-LS USD. (A) UMAP plot showing clusters of SMC subsets. (B) Heatmap displays the expression of the top 20
differentially expressed genes (rows) across the various subsets of SMCs (columns). Yellow represents genes with high expression, while blue represents genes with low
expression. (C) Bar chart showing the relative proportion of each SMC subset in LS USD and non-LS USD. (D) Representative GO terms enriched by upregulated DEGs in
SMCs. (E) E. Relative expression levels of the CHI3L2, EFEMPI, CCLI19, CCL21l, CXCLI12, COLIAI, COL3AI, COL4AI, COL5AI, COL6AI, and COL6A3 genes across
the five subsets of SMCs.

profile indicating involvement in matrix remodeling, recruiting lymphocytes, and cell adhesion (Figure S3C). These
findings provide valuable insights into the role of specific SMC subsets in LS USD pathogenesis, shedding light on
potential targets for further research and therapeutic interventions.

Accumulation of Myeloid Cells, Particularly Macrophages, May Be an Important

Pathogenic Factor in LS USD

Through scRNA-seq analysis, a dominant proportion of MCs, particularly macrophages, was identified in LS USD. The
MC pool was further subdivided into three clusters: IL-1B macrophages (IL-1B Mac), C1QA macrophages (C1QA Mac),
and dendritic cells (DCs) (Figure 4A and B). On the basis of their molecular markers, IL-1B Mac cells exhibited M1-like
phenotypes that were associated with proinflammatory properties. Their molecular markers included CCL20, CXCL2,
CXCLS, and IL-1B (Figure 4C). IL-1B Mac was strongly enriched in LS USD (Figure 4D). C1QA Mac cells exhibited
M2-like phenotypes, and these macrophages were associated with anti-inflammatory properties involving tissue remo-
deling and wound healing.?’ Their molecular markers included LGMN, CCL18, C1QB, and C1QA (Figure 4C). C1QA
Mac were enriched in non-LS USD (Figure 4D). GO enrichment analysis was performed for the upregulated DEGs in
MC:s. The results showed that most of the biological processes that were enriched among the DEGs in DCs were antigen
processing and presentation of exogenous antigen, antigen processing and presentation of exogenous peptide antigen via
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Figure 4 Characteristics of myeloid cells in LS USD and non-LS USD. (A) UMAP plot showing clusters of myeloid cell subsets. (B) UMAP plots showing the expression of
IL-1B, CXCL8, CD163, and LGMN. (C) The heatmap displays the expression of the top 20 differentially expressed genes (rows) across the myeloid cell subsets. Yellow
represents genes with high expression, while blue represents genes with low expression. (D) Comparison of the ratio of myeloid cell subsets in LS USD and non-LS USD. (E)
Representative GO terms enriched by upregulated DEGs within distinct myeloid cell subsets. (F) Immunostaining for CD86 (red) and CD206 (green) indicates that the
numbers of MI-type macrophages and M2-type macrophages are higher in the LS USD group. Scale bars represent 100 pm. (G) Heatmap of the expression of the top 10
transcription factors of IL-1B macrophages and CIQA macrophages in LS USD and non-LS USD.
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MHC class II, and regulation of inflammatory response. IL-1B Mac was related to the cellular response to tumor necrosis
factor, chemokine-mediated signaling pathway, cellular response to interleukin-1 (IL-1), and transition metal ion home-
ostasis. C1QA Mac cells were related to receptor-mediated endocytosis, neuron death regulation, and lymphocyte-
mediated immunity (Figure 4E). In exploring these propositions, IF staining was performed, and we confirmed that M1-
like Mac (representative of CD86) and M2-like Mac (representative of CD206) were massively infiltrated in LS USD
(Figure 4F). Thus, the accumulation of macrophages and the dysregulation of the M1/M2-like Mac ratio promoted the
continuous occurrence of the inflammatory response.*”

To further investigate the cell differentiation pathway, we performed pseudotime analysis on Mac. The results
suggested that there was a major differentiation trajectory from IL-1B Mac to C1QA Mac. It seems that the transcrip-
tomes of these two Mac subsets exhibit sustained changes (Figure S4A-D).

Subsequently, single-cell regulatory network inference and clustering (SCENIC) analysis identified the top 10
candidate TFs responsible for the differences in gene expression among different macrophage clusters in LS USD,
which were notably different from those in non-LS USD. Common highly expressed TFs in all Mac subsets of LS USD
included CEBPB, FOSL2, BHLHE40, HIF1A, and SPI1 (Figure 4G). However, their roles in Mac are still unknown.

Therefore, these TFs are potential key regulators of Mac functions in LS USD, which warrants further research.

FBs in LS USD that Showed Significantly Different Transcriptional Profiles from
Non-LS USD Might contribute to the Pathogenesis of LS USD

FBs play a key role in tissue fibrosis, a hallmark of USD. ScRNA-seq analysis revealed significant differences in the
transcriptional profiles of FBs between LS-USD and non-LS USD. First, we analyzed the DEGs of FBs between LS USD
and non-LS USD. In LS USD, inflammatory and immune response—related genes (PLA2G2A, CCL19, CXCL14, C3,
PTX3, SLPI, SAA1, CHI3LI1, and CHISLZ),31 adipogenesis-related gene (APOD), heavy metal detoxification and metal
ion homeostasis-related genes (MT1E, MT1M, and MT2A), and the canonical Wnt signaling pathway gene inhibitor
(DKK1) were highly expressed.>? In contrast, non-LS USD expressed genes related to matrix remodeling (COL3Al,
COLS5A1, COL6A1, COL7A1, COL3A1, TGFB1, CTHRCI, TNC, FN1, THBS4, and SPARC) and oxidative phosphor-
ylation (MT-RNR1 and MT-RNR2) at high levels (Figure 5A). GSVA of the hallmark pathways revealed that FBs had
a high enrichment score for epithelial mesenchymal transition, notch signaling, and peroxisomes in non-LS USD.
Moreover, IL6-JAK-STAT3 signaling, inflammatory response, and TNFa signaling via the NF-kB and interferon
gamma response pathways were upregulated in LS USD (Figure S5A). Next, GO analysis revealed that FBs in LS
USD were enriched for transition metal ion homeostasis, neutrophil activation, and neutrophil activation involved in
immune response and neutrophil-mediated immunity, whereas non-LS USD FBs were enriched for extracellular matrix
organization, extracellular structure organization, collagen fibril organization, and ossification (Figure 5B, Figure S5B).
GSEA also showed that myeloid leukocyte-mediated immunity and the positive regulation of inflammatory response-
associated pathways were enriched in LS USD FBs, whereas non-LS USD FBs were associated with transforming
growth factor-B receptor signaling and ossification (Figure 5C).

In distinguishing genes and cell populations related to LS USD, we classified FBs into seven subsets based on their
unique marker gene profiles and visualized them using the UMAP technique (Figure 5D). The proportions of FB cluster 2
(Fib2), FB cluster 4 (Fib4), FB cluster 5 (Fib5), and FB cluster 7 (Fib7) were higher in LS USD, whereas FB cluster 3
(Fib3) and FB cluster 6 (Fib6) showed larger proportions in non-LS USD (Figure 5F). Gene expression profiles and GO
analysis revealed that Fib2 was enriched in regeneration, memory T-cell (TC) differentiation, and regulation of memory
TC differentiation. Fib4 was enriched in detoxification, response to copper ions, and response to toxic substances. Fib5
was enriched in ameboid-type cell migration, cell junction assembly, and the canonical Wnt signaling pathway. Fib7 was
enriched in neutrophil-mediated immunity, neutrophil activation, and neutrophil activation involved in the immune
response. Nevertheless, Fib3 expressed high levels of COL7A1, COL1A1, and TGF-B1, which were closely related to
extracellular matrix organization, collagen fibril organization, and ossification. Fib6 expressed high levels of MMP3,
MMP1, and TNC, which were relevant to extracellular matrix organization, extracellular structure organization, and
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Figure 5 Characteristics of FBs in LS USD and non-LS USD. (A) The heatmap displays the expression of the top 20 differentially expressed genes (rows) across the
FBs in the two groups (columns); the warmer the color is, the higher the expression. (B) GO analysis of upregulated and downregulated DEGs of FBs between LS USD and
non-LS USD. (C) GSEA enrichment curved graph for representative signaling pathways upregulated in FBs between LS USD and non-LS USD. (D) UMAP of the unbiased
clustering of FBs reveals seven cellular clusters. (E) Dot plots showing significant marker genes and enriched GO terms across FB clusters. (F) Comparison of the ratio of FB
subsets in LS USD and non-LS USD. (G) UMAP of the unbiased clustering of marker genes SAAI and SAA2 in Fib7.

external encapsulating structure organization. Notably, the functions of Fib3 and Fib6 were related to collagen formation,
extracellular matrix composition, and fibrosis, accounting for the principal part of non-LS USD (Figure 5E, Figure S5C).

Fib7 expressed high levels of SAA1 and SAA2 and primarily existed in LS USD (Figure 5F and G). To validate this
discovery, we performed IF staining with cell counts for representative markers. PDGFR-a (pink) was stained for FBs,
and SAALI (green) positive FBs were found only in the LS USD group (Figure 6A and B).

Next, we removed Fibl with a small difference in proportion between the two groups and analyzed the cell
differentiation of the remaining six subsets via pseudotime analysis (Figure 7A and B). In the non-LS USD group,
two diverging cell fates started with Fib3 and Fib6, primarily occupying the upper space of the major trajectory, and
differentiated toward Fib2, Fib4, and Fib5. In the LS USD group, a small amount of Fib3 occupied one cell fate in the
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Figure 6 Immunostaining of Fib 7 in LS USD and non-LS USD tissues. (A) Immunostaining for PDGFR-a. (pink), SAAI (green), and DAPI (blue) showing the existence of Fib7
in LS USD (white row). PDGFR-o and SAA| were stained to confirm the fibroblasts and Fib7 subset cells, respectively. Scale bars represent 200 pm (left) and 50 pm (right).
(B) Immunostaining for PDGFR-a (pink), SAAI (green), and DAPI (blue) showing the absence of Fib7 in non-LS USD (white row). PDGFR-a and SAAI were stained to
confirm the fibroblasts and Fib7 subset cells, respectively. Scale bars represent 200 pm (left) and 50 pm (right).

early stage of differentiation. Fib2, Fib4, and Fib5 occupied the lower space of the major trajectory, which belonged to
the late stage of differentiation. Fib7 was the end of the trajectory, which belonged to the latest stage of differentiation
(Figure 7C and D). These results suggested that LS USD-associated FBs promoted inflammation and participated in the
immune response, potentially contributing to the pathogenesis of LS USD. The identification of distinct FB subsets,
particularly SAA1 expressing FBs, further highlights the heterogeneity and potential functional roles of FBs in LS USD.

Cell Communication Predicted by CellPhoneDB

In investigating the interactions in these subsets of cells, we performed CellPhoneDB analysis to investigate cell commu-
nication and understand the relationships among different cell clusters in LS USD and non-LS USD. Fib7, a unique FB
subset in LS USD, exhibited strong communication with other FBs, Macs, and ECs (Figure 8A, Figure S6C). The overall
intercellular communication in LS USD was stronger than that in non-LS USD samples, particularly in FBs, Macs, and ECs
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(Figure 8A and B, Figure S6A—C). We utilized related LR pairs to predict those involved in these cell—cell interactions. In
LS USD, we found that lymphocytes, FBs, and SMCs significantly communicated with vein EC1 through the LR pair
CXCLS8-ACKRI1 (Figure 8C). As previously reported, vein EC1 highly expressed ACKR1, and CXCL8 was found to be
highly expressed in stromal cells and MCs (Figure 8D and E). These results suggested that ACKR" vein EC1 may be
involved in leukocyte recruitment, and the CXCL8-ACKRI1 interaction may promote leukocytes to enter the stroma and
aggravate the inflammatory reaction in LS USD. Moreover, lymphocytes were identified to communicate with FBs, SMCs,
and Macs through the immune-related LR pair CCR7-CCL19, especially with SMCS5 (Figure 8F and G). These findings
were consistent with the previous result of highly expressed CCL19 in SMCS5. Intriguingly, Fib7 showed a unique
interaction with IL-1B Mac via the SAA1-FPR2 LR pair (Figure 8H and I). This result supports the potential involvement
of Fib7 in the pathogenesis of LS USD and warrants further exploration.

Discussion

Although the worldwide incidence of LS remains unknown, the reported incidence in Western populations was estimated
to be 1 in 300 persons, and up to 30% of cases reported urethral involvement.** To accurately assess the incidence of LS
in phimosis, Czajkowski et al found that up to 67.4% of patients with phimosis were diagnosed with LS, which is much
higher than the results of previous studies.>**> However, the pathophysiology of LS USD remains unclear. Thus, the
molecular mechanism of LS USD must be urgently explored. In this study, we presented nine major cell types at the
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Figure 8 Cell communication between cell subsets in LS USD and non-LS USD. (A) Heatmap showing the interaction intensity among major cell subsets in LS USD. (B)
Heatmap showing the interaction intensity among major cell subsets in non-LS USD. (C) Interaction of BCs, TCs, DCs, FBs, and SMCs with vein EC| via the CXCL8/ACKRI
interaction pair in LS USD and non-LS USD. (D) Violin plot showing the expression of ACKRI and CXCL8 in LS USD and non-LS USD. (E) UMAP plots showing the
expression of CXCL8 and ACKRI in LS USD and non-LS USD. (F) Interaction of BCs, TCs, and DCs with FBs, SMCs, and Macs via the CCR7/CCLI9 interaction pair in LS
USD and non-LS USD. (G) UMAP plots showing the expression of CCR7 and CCLI9 in LS USD and non-LS USD. (H) Interaction of Fib7 with other major subsets via the
SAAI/FPR2 interaction pair in LS USD and non-LS USD. (I) UMAP plots showing the expression of SAAI and FPR2 in LS USD and non-LS USD.
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single-cell level, elucidated the cell composition and specific gene expression signatures, and comprehensively compared
the heterogeneous transcriptional profile between LS USD and non-LS USD, thereby providing new insights into the
mechanisms related to LS USD. To our knowledge, this study is the first to research single-cell transcriptome profiling in
LS USD.

Our study revealed that the principal subsets of ECs, SMCs, and FBs in LS USD were associated with promoting
inflammation and participating in the immune response. Notably, we identified a unique FB, Fib7, which exhibited high
expression levels of SAA1 and SAA2 in LS USD. This subset was primarily enriched in neutrophil-mediated immunity.
Furthermore, we observed a significant accumulation of Macs in LS USD and a dysregulation in the ratio of M1/M2-like
phenotype Macs. Cell communication analysis revealed that the CCR7-CCL19 LR pair communicated with immune cells
and stromal cells in LS USD, suggesting that CCL19 may play a crucial role in recruiting and infiltrating lymphocytes
into the affected area. In addition, we found that ACKR1" vein ECI1 plays a role in leukocyte recruitment through its
interaction with CXCL8-ACKR1. Remarkably, Fib7 demonstrated a unique interaction with IL-1B Mac through SAA1-
FPR2 signaling. Collectively, our findings strongly suggest that abnormal inflammation and the immune response play
a central role in the pathogenesis of LS USD. These novel insights into the cellular and molecular mechanisms involved
in the disease provide a foundation for further research and potential therapeutic interventions.

ECs play a crucial role in inflammatory disease by actively participating in and regulating inflammatory processes.*
In LS USD, we identified heterogeneity in EC subsets, particularly noting a higher proportion of vein EC1 and vein EC3
compared with non-LS USD. A notable marker for vein EC1 was ACKRI1, which is known to regulate leucocyte
recruitment.’’ Previous studies have indicated that ACKRI is located in endothelial junctions, promoting neutrophils
through venular walls in a unidirectional luminal-to-abluminal manner.*® Interestingly, research by Ramachandran et al
showed that ACKR1" ECs are increased in human liver cirrhosis, leading to enhanced leucocyte transmigration, which is
associated with organ fibrosis.*® In our study, we also observed high expression of adhesion molecules such as I[CAMI,
SELE, and SELP in vein EC1 and vein EC3, indicating their capacity to promote leukocyte entry into the tissue.*’ In
addition, inflammatory cytokines and receptors such as IL-33, CCL2, CXCLS8, and IL-1 receptor (IL-1R1) were highly
expressed in vein EC1. These genes were associated with the type II activation of ECs. Upon activation in response to the
binding of inflammatory cytokines to relevant receptors, such as IL-1 and IL-1R1, these ECs initiate a cascade of signal
transduction events and express proinflammatory proteins. One of these proteins was adhesion molecules, which
increased leukocyte migration and facilitated a transition from neutrophil-rich infiltrates to mononuclear cell-rich
infiltrates.*' Similarly, research on the cytokine expression profile of penile LS has also revealed an increase in the
expression of the pro-inflammatory factor IL-1a.** Thus, our results suggested that vein EC1 and vein EC3 might recruit
leukocytes and participate in the inflammatory reaction in LS USD.

In SMC subsets, we observed that SMC2 and SMCS had a higher proportion in LS USD than in non-LS USD, and
they may promote collagen formation and induce lymphocytic infiltration. Notably, we discovered that SMC5 strongly
interacted with lymphocytes and DCs via the LR pair CCR7-CCL19. The CCR7-CCL19 axis is known to play an
important role in inflammation-related disease progression. For example, in multiple sclerosis, elevated levels of CCL19
have been found in the cerebrospinal fluid (CSF), resulting in increased TC infiltration and the presence of proinflam-
matory CCR7" DCs in the CSF.* Apart from SMC5, CCL19 was also found to be highly expressed in SMC2 and FBs of
LS USD. Thus, we hypothesized that CCL19 could bind to its receptor CCR7, which is expressed on TCs, BCs, or DCs,
thereby facilitating the recruitment of lymphocytes from the blood and promoting their chemotaxis toward the USD site.
This observation was consistent with the typical pathological feature of lymphocytic infiltration commonly observed in
LS.** Our findings suggested that SMC2, SMC5, and their interaction with lymphocytes and DCs through the CCR7-
CCL19 axis may contribute significantly to the pathogenesis of LS USD.

At present, the presence and role of inflammatory cells infiltrating LS USD remain poorly understood. Regauer et al
confirmed that low-level clonal TCs infiltrating foreskin specimens with penile LS combined with immune profiles
support a characteristic of local immune disorder.*> In our research, we found significant differences in the number and
proportion of macrophages between LS USD and non-LS USD at the single-cell level. This result may be related to the
degree of disease development and the location of tissue samples, which demonstrated the strong heterogeneity of LS
USD. Notably, LS USD exhibited massive accumulation of macrophages and a high proportion of M1-like phenotype
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macrophages, which are important characteristics of inflammatory lesions.*® Macrophage dysfunction can lead to
abnormal tissue repair and continuous tissue damage, potentially contributing to the development of pathological
fibrosis.*® Similar observations have been made in other chronic wound conditions, such as diabetic foot ulcers, venous
leg ulcers, and pressure ulcers. Pro-inflammatory M1-like macrophages dominate the chronic wound margin, contributing
to the persistence of the wound.*”** Therefore, these results suggested that the extended duration and high proportion of
pro-inflammatory macrophages may be potential causes of the sustainable development of LS USD.*’ Although some
autoimmune diseases are associated with an increased M1/M2 ratio, whether the disorder ratio is the main cause of the
pathogenic process in LS USD remains unknown. Considering that TFs regulate gene expression, we further detected
TFs related to LS USD in macrophage subsets. The TFs CEBPB, FOSL2, BHLHE40, HIF1A, and SPI1 were upregulated
in both macrophage subsets. In lung fibrosis models, macrophages can promote lung tissue fibrosis in a FOSL2-
dependent manner, and targeting FOSL2 can alleviate lung fibrosis.’® Notably, FOSL2 had direct effects on autoimmu-
nity and inflammation by inhibiting the development of regulatory TCs (Tregs). Overexpressing FOSL2 in a mouse
model displayed a systemic inflammatory phenotype and immune infiltrates in multiple organs.”’ CEBPB mediates the
differentiation of profibrotic macrophages.> BHLHE40, as a critical TF, promotes broad proinflammatory and glycolytic
gene expression by elevating HIF 1o levels in macrophages.” The high expression level of SPII has also been linked to
the differentiation of monocytes/macrophages.>® On the basis of these findings, we hypothesized that these TFs may play
an important role in LS USD, but further research and confirmation are necessary to comprehensively understand their
contributions to the disease.

An increasing body of evidence has highlighted the significant role of FBs in maintaining tissue homeostasis and
immune regulation.”> FBs have been shown to have diverse functions, acting either as inflammatory cells or recruiting
leukocytes and lymphocytes in various inflammatory diseases. Understanding the phenotype, mechanisms, and pathways
of FBs could lead to the identification of therapeutic targets.”® In our study, FBs in LS USD had different functions and
differentiations compared with those in non-LS USD. Notably, LS USD-associated FBs possessed pro-inflammatory and
enhanced immune reactions. Further investigation of the cell lineage identified seven FB subsets in human USD, with
high proportions of Fib2, Fib4, Fib5, and Fib7 in LS USD. Fib7 was particularly intriguing because of its high expression
of SAAI/SAA2 genes, which are known to have cytokine-like activities and are associated with the regulation of
inflammation and immunity.>” Moreover, LR pair analysis revealed that Fib7 communicated with IL-1B Mac via the
SAA1-FPR2 interaction. Previous research has shown that SAA1 in tissues can bind to the FPR2 receptor activate the
NF-kB signaling pathway, thereby promoting the release of pro-inflammatory factors such as TNF-q, IL-6, and IL-1,
inducing phagocyte migration and prolonging the lifespan of neutrophils.’®° The present observations have shown that
NFKBI is overexpressed in advanced penile LS and exhibits a correlation with its progression.®® Furthermore, studies
have demonstrated enhanced mRNA expression of pro-inflammatory cytokines such as IL-1A, INF-y, and IL-6 in the
foreskin of patients suffering from penile LS. Notably, in severe cases, there is also a significant increase in the
expression of IL-1B mRNA.®' These findings, to a certain extent, confirm the validity of our research. Smole et al
also confirmed that the interaction of SAA1 with FPR2 leads to airway epithelial 1L-33 release and the development of
allergic inflammation in vivo.®® In addition, FPR2 deletion has been shown to suppress macrophage chemotaxis and M1
polarization by blocking the cellular signaling pathway.®® Consequently, targeting the SAA1-FPR2 signaling pathway
may show great application potential as a therapeutic strategy for LS USD.

Conclusion

Our study utilized high-dimensional single-cell analysis to obtain a comprehensive cell landscape of LS USD, making it
the first cell atlas of its kind and providing valuable insights into the compositional and functional changes of cellular
components involved in the pathogenic mechanisms. By broadening our understanding of LS USD at the single-cell

level, we open up new avenues for advancing the field and improving patient outcomes.
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