Liao et al. Biology Direct (2025) 20:40 B|o|ogy Direct
https://doi.org/10.1186/513062-025-00639-6

. : : ®
Dynamic single-cell transcriptomic reveals the D
cellular heterogeneity and a novel fibroblast
subpopulation in laryngotracheal stenosis

Ziwei Liao', Yangyang Zheng', Mingjun Zhang', Xiaoyan Li'"", Jing Wang'™ and Hongming Xu'""

Abstract

Background Laryngotracheal stenosis (LTS), a pathological narrowing of the upper airway caused by excessive
extracellular matrix (ECM) deposition, often leads to dyspnea and even respiratory failure. However, systematic studies
addressing the specific subpopulations and their contribution to LTS development still remain underexplored.

Results We collected laryngotracheal tissue at multiple time points of LTS rat model, established by injuring

their laryngotracheal lining, and performed dynamic single-cell RNA sequencing (scRNA-seq) to elucidate the
transcriptomic atlas of LTS development. The results showed, from the inflammatory state to the repair/fibrotic state,
infiltration of immune cells such as monocyte macrophages decreased and fibroblast increased. We delineated

the markers and functional status of different fibroblasts subsets and identified that fibrotic fibroblasts may

originate from multiple fibroblast subpopulations, including a new subpopulation characterized by the expression
of chondrogenic markers such as Ucma and Col2a1, we designated this subcluster as chondrocyte injury-related
fibroblasts (CIRF). Furthermore, we categorized monocytes/macrophages into several subtypes and identified that
SPP1 high macrophages represented the largest macrophage subpopulation in LTS, providing evidence to clarify the
importance of SPP1T macrophages in fibrosis disease. Our findings also revealed the interactions among these cells to
explore the molecular mechanism associated with LTS pathogenesis.

Conclusions Our study, for the first time, conducted dynamic scRNA-seq on LTS, revealing the cellular heterogeneity
and providing a valuable resource for exploring the intricate molecular landscape of LTS. We propose CIRF may
represent a tissue-specific fibroblast lineage in LTS and potentially originate from cells in the perichondrium of the
trachea and transform into fibrotic fibroblasts. Integration of our study with those of other respiratory fibrotic diseases
will allow for a comprehensive understanding of airway remodeling in respiratory diseases and exploring potential
new therapeutic targets for their treatment.
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Background

Laryngotracheal stenosis (LTS) is a pathological narrow-
ing of the upper airway caused by excessive extracellular
matrix (ECM) deposition [1]. Symptoms of LTS include
dysphonia, dyspnea, stridor, and even respiratory failure,
depending on the site and degree of stenosis [2]. LTS can
arise from various etiologies, including congenital dis-
ease, trauma, chemical injury, specific and non-specific
inflammation, and some unknown cause, of which long-
term endotracheal intubation is the most common [3].
With the frequent occurrence of public health events,
such as the COVID-19, tracheal intubation, on the one
hand, serves as an important tool for treating critical
care patients with lung failure [4], but also leads to an
increased risk of LTS [5, 6]. Surgical operation is the only
way to treat the LTS nowadays [7, 8], but limited by high
recurrence of re-stenosis and severe complications [9].
Limitations of treatment methods make prevention of
the formation of LTS very crucial.

Excessive ECM deposition is the primary pathophysio-
logical factor for initiation and maintenance of LST [10],
therefore, fibroblasts, which drive matrix deposition and
stiffening [11], have been the focus of LTS research [12,
13]. Even though advanced experimental techniques have
revealed significant diversity and functional heterogene-
ity within fibroblast populations in LTS [14, 15], there
still lack of a systematic study addressing the tissue-spe-
cific fibroblast lineages in LTS, as well as their contribu-
tion to LTS development.

Additionally, macrophages are another predominant
cell population in LTS [16], and have traditionally been
classified into M1 and alternatively activated M2 pheno-
types [17]. Recent studies, however, have demonstrated
that macrophages consist of various subpopulations with
distinct functions, surpassing the conventional M1/M2
classification [18—-20]. Despite this, the abnormalities and
significance of these macrophage subpopulations in LTS
remain largely unexplored. Therefore, the mechanisms
underlying the interactions and effects of fibroblasts,
macrophages, and immune cells in LTS require further
investigation.

Single-cell RNA sequencing (scRNA-seq) has emerged
as a powerful tool for deciphering complex cell-to-cell
communication and identifying novel biological mark-
ers in various diseases [21-23]. Dynamic gene expression
at the single-cell level can reflect development, differen-
tiation, or disease progression [24]. Increasing evidence
suggests that scRNA-seq is invaluable for exploring the
temporal heterogeneity of altered cell types in fibrotic
diseases, including cardiac and renal fibrosis [25, 26].
However, to date, the cellular composition and functional
alterations in LTS, particularly among fibroblast and
macrophage subsets, as well as the underlying mecha-
nisms, remain poorly understood.
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For the first time, we performed dynamic single-cell
transcriptomic profiling of LTS rat model collected
from different time during LTS development, aiming to
uncover cell subpopulations distinct from those in other
fibrotic tissues and provided new insights on LTS evolu-
tion and development. Our finding provided a valuable
resource for exploring the intricate molecular landscape
of LTS, which allows for in-depth understanding on
LTS and offers potential new therapeutic targets for its
treatment.

Methods

Establishment of injury-induced rat model of LTS

All animal experiments were conducted in accordance
with the guidelines of the Institutional Animal Care and
Use Committee of Shanghai Children’s Hospital. LTS
was induced in 12-week-old male rats. Anesthesia was
administered via an intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg). After sterilizing
the skin with ethanol, a 1.5 cm vertical midline ventral
incision was made over the laryngotracheal complex to
expose the larynx and trachea. A 0.22 pm wire brush was
inserted into the airway and scraped back and forth to
create a circumferential laryngotracheal injury, thereby
inducing LTS. Following surgery, the rats were main-
tained on a high-protein soft diet (ClearH,0) [27]. Some
rats were sacrificed at 1 and 7 days post-surgery, and their
laryngotracheal complexes were harvested for histologi-
cal analysis (1 =6 for each time point). Additionally, some
rats were sacrificed at 1, 3, 5, and 7 days post-surgery, and
their laryngotracheal lining tissues were collected, dis-
sected into 1 mm?® pieces, and prepared for scRNA-seq
analysis (n =3 for each time point).

Histology and immunohistochemical staining of LTS tissue

Laryngotracheal tissues were harvested from rats at 1
and 7 days post-injury. After fixation in 4% PFA for 24 h
and embedding in paraffin, the tissues were sectioned
into 4 pm-thick slices in the axial plane. The sections
were then subjected to Hematoxylin and Eosin (H&E)
staining and Masson staining. For immunohistochemical
staining, the tissue sections were blocked with 3% BSA
and incubated overnight at 4 °C with primary antibodies,
including rabbit anti-rat «-SMA (ab5694; Abcam) and
rabbit anti-rat COL1A1 (72026T; CST). On the following
day, goat anti-rabbit secondary antibodies were applied.
All stained sections were digitized using a slide scanner,
and quantitative analysis was performed using Image].
Thickness measurements were conducted from the
medial aspect of the tracheal cartilage to the basement
membrane of the epithelium, with the thickest portion of
each segment measured and recorded.
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Sample collection and single-cell suspension Preparation
Rats were sacrificed at 1, 3, 5, and 7 days post-injury,
and their laryngotracheal lining tissues were collected
for sequencing (n=3 for each time point). After being
washed twice in PBS, each sample was dissected into
1 mm?® pieces and digested in sCelLiveTM tissue dissocia-
tion solution for 30 min at 37 °C. Following digestion, the
cells were filtered through a 40 um cell strainer and cen-
trifuged at 800 x g for 5 min. The supernatant was then
removed, and the pellet was washed once with PBS at 400
x g for 5 min. The pellet was resuspended in PBS supple-
mented with 1% FBS. Cell viability was assessed using the
Trypan blue exclusion method, and the resulting single-
cell suspension had a viability rate of over 80%.

10 x genomics library and sequencing

Single-cell sequencing was performed using the 10x
Genomics platform by LC-Bio Technology Co., Ltd.
(Hangzhou, China). Following the manufacturer’s stan-
dard protocol, library sequencing was conducted on the
Illumina NovaSeq sequencing system (paired-end multi-
plexing run, 150 bp). The cell suspension was loaded into
a 10x Chromium chip to capture single cells and generate
single-cell gel beads in emulsions (GEMs). The process
included reverse transcription (RT) reactions, GEM-RT
clean-up, cDNA amplification, cDNA fragmentation,
end-repairing, A-tailing, and ligation to an index adaptor,
followed by single-cell libraries construction.

Quality control and cell clustering

For quality control, Seurat (version 4.3.0) was used to
assess unique molecular identifiers (UMIs) and mito-
chondrial gene content. Cells with more than 500
detected genes and less than 25% mitochondrial gene
content were considered to have passed quality control.
A total of 47,068 cells met the quality control criteria
and were retained for subsequent bioinformatic analy-
sis. Library size normalization was performed on the
filtered matrix to obtain normalized counts, and the top
2,000 variable genes were identified with the parameter
flavor = ‘Seurat! Principal component analysis (PCA)
was conducted on the scaled variable gene matrix to
reduce dimensionality, with the top 50 principal compo-
nents used for clustering and further dimensional reduc-
tion. In this study, cells were grouped into 30 clusters
using a graph-based clustering approach and visualized
with Uniform Manifold Approximation and Projection
(UMAP) or t-Distributed Stochastic Neighbor Embed-
ding (t-SNE).

Pseudotime trajectory analysis

The trajectory analysis of cell differentiation was con-
structed with Monocle2 (v 2.10.0) to reveal the cell-state
transitions. The “DDRTree” function was applied to
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reduce the dimensions with default settings and map the
differentiation of fibroblast subtypes. The results were
visualized by “plot_cell_trajectory” function.

Enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis were used to
predict the molecular function, biological function, cellu-
lar composition, biological process and possible pathways
involved in differentially expressed genes. KEGG and GO
analyses were performed by cluster Profiler R package
and visualized by ggplot2 R package. P-values <0.05 were
considered significantly enriched.

Calculation of macrophage polarization scores
“AddModuleScore” function in Seurat were used to cal-
culate the polarization score of cells annotated as “Mono-
cytes” and “Macrophages’, and evaluate the functional
polarization of Monocytes and Macrophages.

Cell-cell communication analysis

The Cellphone DB (version 4.0.0) software equipped with
a detailed receptor-ligand database was used to identify
potential interactions between different cells [28]. Per-
mutation number for calculating the null distribution of
average ligand-receptor pair expression in randomized
cell identities was set to 1000. The threshold for individ-
ual ligand or receptor expression was based on the cut-
off value of average log gene expression in each cell type.
Predicted interaction pairs with p-value<0.05 and an
average log2 expression fold change > 0.1 were considered
significant. The results were visualized by “heatmap_plot”
and “dot_plot”

Statistical analysis

All data analyses were performed by using R software,
Image] and GraphPad Prism. When comparing differ-
ences between two groups, statistical analysis was per-
formed and analyzed by Student’s t-test, when comparing
differences among three or more groups were performed
and analyzed by one-way analysis of variance (ANOVA).
P values < 0.05 were considered statistically significant.

Results

Establishment of a rat model of LTS

We induced laryngotracheal stenosis (LTS) in 12-week-
old male rats and collected samples at multiple time
points during disease progression (1, 3, 5, and 7 days
post-laryngotracheal injury; n=3 for each time point)
(Fig. 1a). To validate the successful induction of the rat
LTS model prior to performing scRNA-seq, we first
stained laryngotracheal tissue from rats at 1- and 7-days
post-injury (n=3 per group) (Fig. 1b). Hematoxylin
and eosin (H&E) staining of the laryngotracheal tissue
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Fig. 1 Schematic representation of the experimental procedure and validation of rat model of LTS. (@) Workflow: The rat model of LTS was induced by
injuring the laryngotracheal lining using a brush. Laryngotracheal complexes were harvested at 1 and 7 days post-injury for histological analysis (n=6).
Laryngotracheal lining tissues were collected at 1, 3, 5, and 7 days post-injury, dissected, and processed for single-cell RNA sequencing (scRNA-seq)
(n=3 for each time point). (b) Representative images of Hematoxylin and Eosin (H&E) staining and Masson's trichrome staining. (c) Quantification of the
laryngotracheal lining thickness was shown. Data are presented as mean+SEM, with statistical significance determined by Student’s t-test. *P<0.05;
***¥P<0.0001 between indicated groups. (d) Representative images of immunostaining for Col1al and a-SMA of laryngotracheal tissues from rats at 1
and 7 days post-LTS induction. N=6. (e) Quantification of the expression levels of Col1al and a-SMA was shown on the right side. Data are presented as
mean + SEM, with statistical significance determined by Student’s t-test. *P <0.05; ****P<0.0001 between indicated groups

revealed that the laryngotracheal lining in 7-days post-
injury rats was significantly thicker than in 1-day, with
the thickened lining causing severe airway obstruction.
Masson’s trichrome staining further confirmed successful
LTS induction, as collagen deposition was significantly

increased in 7-days post-injury rats (n=3) compared to
1-day rats (n=3) (Fig. 1c). Additionally, immunohisto-
chemical analysis demonstrated enhanced expression
of Collagen 1A1 and a-SMA in 7-days post-injury rats
relative to 1-day rats, indicating increased extracellular
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matrix deposition in the tissues (Fig. 1d and e). Therefore,
we successfully established a rat model of LTS for subse-
quent studies.

Single-cell landscape of the pathologic progression of LTS
To characterize the heterogeneity of cells during injury
and repair stage, and to associate bulk transcriptomic
changes with specific cell types, we performed scRNA-
seq on the laryngotracheal lining of rats. Following strin-
gent quality control filtering and removal of doublets, a
total of 47,068 cells (Day 1=12,720; Day 3=9,909; Day
5=11,642; Day 7=12,797) passed quality metrics and
were included for downstream normalization, principal
component analysis (PCA), and Harmony integration
(Fig. 2a). Visualization of single-nucleus transcriptomes
in Uniform Manifold Approximation and Projection
(UMAP) space identified 30 distinct cell clusters (Fig. 2b
and c). The top 10 most highly expressed genes in each
cluster were shown in Fig. 2c and d.

Using established cell type-specific marker genes, we
identified 8 distinct cell types within these 30 clusters:
Fibroblasts (expressing Collal, Colla2, Mgp, Bgn), Peri-
cytes (expressing Rgs5, Abcc9, Kcnj8), Endothelial cells
(expressing Vwf, Pecam1, Cdh5), Epithelial cells (express-
ing Wfdc2, Gpx2, Sfn), Neutrophils (expressing S100a9
and S100a8), Monocytes/Macrophages (expressing Cd14,
Fcgr3a, Van, Cd163, Mrcl), T cells (expressing Cd3g and
Cd3e), and a small cluster lacking distinct marker genes.
The scaled expression levels and proportions of cells
expressing cluster-specific markers for each cell type
were shown in dot plots (Fig. 2e).

By comparing UMARP visualizations and cell ratios, we
observed dynamic changes in the proportions of cell clus-
ters at each time point. Following LTS induction, there
was a notable increase in the proportion of fibroblasts.
Fibroblast constituted the largest cluster, proving their
critical role in LTS, while the proportions of epithelial
and myeloid cells gradually decreased. Additionally, the
proportions of endothelial cells and pericytes exhibited
fluctuating changes over time (Fig. 2f and g). In conclu-
sion, using scRNA-seq, we identified various cell popu-
lations and their gene markers during the progression of
LTS. Further analysis will focus on the subpopulations
within these cell groups and their characteristics.

Gene signatures of different fibroblasts subsets in LTS

To further elucidate the specific role of fibroblasts in LTS,
we performed unsupervised clustering on all fibroblast
populations. Common fibroblast lineage-specific mark-
ers, including Collal, Colla2, Col3al, and Mgp (Fig. 3a),
were used to validate the fibroblast clusters identified by
SingleR. Based on gene expression patterns (Fig. 3b), we
identified 8 distinct subpopulations: fibrotic, inflamma-
tory, stress-activated, proliferating, chondrocyte injure
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related fibroblasts (CIRF), epithelial-mesenchymal tran-
sition (EMT) related fibroblasts (EMTF), mesothelial,
and “other” The top differentially expressed genes for
each subpopulation were listed in Fig. 3c. UMAP space
showed these distinct subpopulations of fibroblasts
(Fig. 3d).

Inflammatory fibroblasts exhibited high expression of
Cxcl12 and were characterized by the specific expres-
sion of multiple complement factors, such as C7, C4a,
and C4b, which were associated with the early recruit-
ment of inflammatory cells [29]. Stress-activated fibro-
blasts expressed interferon-responsive genes, including
Ifitm1 and Ifitm2 [30, 31]. Proliferating fibroblasts were
marked by the expression of the proliferation marker
protein Ki-67 [32], along with other proliferation-asso-
ciated genes such as Cenpt, Ube2c, and Stmn2 (Fig. 3c).
Fibrotic fibroblasts, which were significantly increased in
LTS, were characterized by the high expression of extra-
cellular matrix (ECM) component protein genes, includ-
ing Postn, Collal, and Col5al, as well as ECM regulatory
genes such as Tnfaip6 and Lcn (Fig. 3e). Most impor-
tantly, we identified a unique subpopulation character-
ized by the expression of Ucma and other chondrogenic
markers, including Col2al, Col9a2, and Coll0al. We
named this subpopulations CIRF (chondrocyte injury
related fibroblasts) (Fig. 3f). EMTF fibroblasts exhibited
high expression of epithelial markers such as Krt16 and
Krtl3, suggesting that these cells may be undergoing
EMT, a process implicated in the pathogenesis of fibrosis
(Fig. 3G). In contrast, the “other” cluster lacked distinct
marker genes and did not exhibit notable differential
expression compared to other subpopulations. In sum-
mary, we identified a novel fibroblast subpopulation in
LTS that highly expresses chondrogenic markers.

Functional characterization of fibroblast subpopulations

To further explore the roles of these fibroblast clusters,
we performed Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment
analyses. The CIRF cluster was enriched for terms such
as “chondrocyte differentiation’; “glycosaminoglycan
binding’, “skeletal system development’, “bone develop-
ment’, and “positive regulation of mesenchymal stem cell
differentiation” Notably, pathways associated with extra-
cellular matrix (ECM) production and organization were
also enriched in CIRF, suggesting that CIRF may function
as ECM-producing cells. Pathways involved in chondro-
cyte remodeling, and ECM regulation were significantly
upregulated in CIRF, including “PI3K-Akt signaling path-
way, “Focal Adhesion’, “ECM-receptor interaction’, and
“TNF signaling pathway” (Fig. 4a). Additionally, KEGG
analysis revealed that the upregulated genes in the EMTF
subpopulations were associated with epithelial-mes-
enchymal transition (EMT), including pathways such
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Fig. 2 The cellular compositions of the pathologic progression of LTS. (a) t-SNE plots the distribution of cells at different time points (LTS_1, LTS_3, LTS_5,
and LST_7) based on clustering results. Each cell was represented as a dot, with cells colored according to their assigned clusters. (b) Manifold Approxi-
mation and Projection (UMAP) plots shown the distribution of 30 cell clusters at LTS_1, LTS_3, LTS_5, and LTS_7, with distinct cell clusters annotated in
different colors. (c) Principal component heatmap displayed the expression level of the top 10 differentially expressed genes (DEGs) across the 30 cell
clusters, with each column representing a cell. Color reflected the expression level, from low (purple) to intermediate (black)and high (yellow). (d) Volcano
plots highlighted the top 5 differentially expressed genes (DEGs) in each cell cluster. The Y-axis represents the log2 fold change, indicating the magnitude
of gene expression change, while the X-axis reflects the percentage of cells expressing the DEGs. (e) Dot plot illustrated the signature gene expression
in each cell cluster. Dot color intensity denoted average expression level, from low to high. Dot size was proportional to the fraction of cells expressing
each gene. (f) UMAP plots demonstrated major 8 cell types existing in LTS_1, LTS_3, LTS_5, and LTS_7, including doublet, endothelial cell, endocardial
cell, fibroblast, mo/macrophage, neutrophil, pericyte, T cell, along with their distribution across these time points. Distinct cell types were annotated by
different colors. Bar chart exhibited the composition of cell populations at different time points. Blocks represented distinct time LTS_1, LTS_3, LTS_5, and
LTS_7.The quantity of cell was in proportion to the block height

as TGF-B, HIF-1, Rapl, and cAMP signaling pathways
(Fig. 4b). In the fibrotic fibroblast cluster, upregulated
genes were primarily involved in ECM-related processes,
including “collagen-containing extracellular matrix’,
“collagen fibril organization’, and “extracellular matrix

structural constituent” ECM-related pathways such as
“ECM-receptor interaction’, “PI3K-Akt signaling path-
way’, and “Relaxin signaling pathway” were also enriched
in the fibrotic subpopulation (Fig. 4c).
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Fig. 3 Gene signatures of different fibroblasts subset in LTS. (a) Volcano plot highlighted the top 5 differentially expressed genes (DEGs) in each cell
type. The Y-axis represented the log2 fold change, indicating the magnitude of gene expression change, while the X-axis showed the percentage of
cells expressing each DEG. (b) Ridge plots illustrated the expression profiles of 10 common Fibroblast lineage-specific markers across each cell type. The
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Violin plot showed the expression levels of selected marker genes in each fibroblast subpopulation. The width of the plot indicated the distribution of
gene expression, reflecting the density of cells at different expression levels. (d) UMAP plot depicted 8 distinct fibroblast subpopulations identified dur-
ing LTS progression, including fibrotic, inflammatory, stress-activated, proliferating, chondrocyte injury-related fibroblasts (CIRF), epithelial-mesenchymal
transition (EMT)-related fibroblasts (EMTF), mesothelial, and “other!” Each subpopulation was annotated with a unique color. (e) Feature plots illustrated
the expression of specific genes in fibrotic fibroblasts, alongside the spatial distribution of gene expression across the fibroblast population. The color
intensity reflected the level of expression, ranging from low to high. (f) Feature plots illustrated the expression of specific genes in CIRF, alongside the
spatial distribution of gene expression across the fibroblast population. The color intensity reflected the level of expression, ranging from low to high. (g)
Feature plots illustrated the expression of specific genes in EMTF, alongside the spatial distribution of gene expression across the fibroblast population.
The color intensity reflected the level of expression, ranging from low to high
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Fig. 4 Functional characterization of different fibroblast. (@)GO enrichment scatterplot displayed the top 20 significantly enriched biological processes
based on upregulated genes identified in CIRF. Dot color represented the p-value, from high(green) to low (red), and dot size was proportional to the
number of associated genes. The X-axis showed the enrichment factor. KEGG enrichment bar plot illustrated the enriched pathways based on upregu-
lated genes in CIRF with the bar length corresponding to the number of related genes. (b) KEGG enrichment bar plot displayed the enriched pathways
based on upregulated genes identified in EMTF. The length of each bar was proportional to the number of related genes. (c) The GO enrichment scatter-
plot visualized the top 20 significantly enriched biological processes based on upregulated genes identified in fibrotic fibroblasts, while the KEGG enrich-
ment scatterplot presented the top 20 most significantly enriched pathways. In both plots, dot color reflected the p-value, ranging from high (green) to
low (red), and dot size was proportional to the gene number associated with each process or pathway. Value on X-axis represented the Rich Factor. (d) The
pseudo-time trajectory provided an overview of the distribution of fibroblast subpopulations along the pseudo-time trajectory, with each subpopula-
tion represented by a distinct color. And the pseudo-time trajectory, depicted as a blue line, with color intensity representing pseudo-time progression
from dark blue (early stages) to light blue (later stages) as a temporal reference. (e) Trajectory analysis separately illustrated the detailed distribution of the
eight fibroblast subpopulations along the pseudo-time trajectory. (F) UMAP maps displayed the distribution of fibroblast at different time points: LTS_1
(1 day after LTS induction), LTS_3 (3 days), LTS_5 (5 days), and LTS_7 (7 days), with cells from the same time point represented by the same color. Bar chart
showed the fraction of fibroblast subpopulations at each time point, with each block representing distinct time points (LTS_1, LTS_3, LTS_5, and LTS_7).

The quantity of cell was proportional to the block height

To investigate the origin of CIRF and the relationships
among fibroblast subpopulations, we performed pseudo-
time trajectory analysis (Fig. 4d). The analysis revealed
that CIRF and inflammatory fibroblasts were primar-
ily located at the origin of the differentiation trajec-
tory, whereas EMTE, proliferating, and stress-activated
fibroblasts were concentrated at the ends of different

trajectory branches. Interestingly, EMTF and stress-acti-
vated fibroblasts shared a common differentiation end-
point. Fibrotic fibroblasts were evenly distributed along
the trajectory, spanning from the origin to the ends of
the branches. These results suggest that fibrotic fibro-
blasts may arise from multiple fibroblast subpopulations,
including CIRE, while only a small fraction of CIRF may
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transition from other fibroblast subpopulations (Fig. 4e).
By combining these results with the functional pheno-
type of CIRFE, we inferred that CIRF may originate from
cells in the perichondrium [33].

To further evaluate the pathological progression of
LTS, we compared the proportions of each fibroblast
subpopulation at different time points. Compared to Day
1 (LTS_1), the proportion of fibrotic fibroblasts signifi-
cantly increased, becoming the largest cluster at Days 3
(LTS_3) and 5 (LTS_5). Notably, the predominant sub-
population transitioned from fibrotic fibroblasts to CIRF
by Day 7 (LTS_7), driven by a significant increase in CIRF
proportions. Additionally, the frequencies of inflam-
matory, stress-activated, and EMTF fibroblasts peaked
and be the predominant subpopulation at LTS_1, but
decreased at later time points, while the proportion of
proliferating fibroblasts increased at LTS_3 before declin-
ing at later stages as well (Fig. 4f). Taken together, the
novel CIRF subpopulation we identified may originate
from cells in the perichondrium and eventually trans-
form into fibrotic fibroblasts, along with other fibroblast
subpopulations such as EMTE.

Single cell profiles of monocytes/macrophages in LTS
Macrophages play a critical role in fibrosis. To further
elucidate the specific functions of macrophages in LTS,
we conducted unsupervised clustering of all myeloid
cells. We used common specific markers of the myeloid
cell lineage, including Lyz2, Cd74, Rtl-da, Rtl-dbl,
Sppl, Ctss, and Lgmn, to validate the myeloid cell clus-
ters defined by SingleR (Fig. 5a). Visualization of single-
cell transcriptomes in UMAP space revealed 16 distinct
cell clusters (Fig. 5b). The top 10 genes with the highest
expression in each separate cell cluster were shown in
Fig. 5c. Based on gene expression patterns, we further
identified 9 subpopulations, including cDC1, c¢DC3,
macro_Clqc, macro_IL1b, macro_mki67, macro_sppl,
monocyte, neutrophil, and others (Fig. 5d and g).

To evaluate the pathological progression of LTS, we
compared the proportions of each macrophage sub-
population across different time points. The macro_sppl
cluster was the largest, with its proportions fluctuating
significantly, showing an increase at LTS_5 but a decrease
at LTS_7. Notably, although macro_mki67 constituted a
small proportion, it continued to increase. The frequen-
cies of macro_IL1b and neutrophils peaked at LTS_3
before decreasing at later time points. Besides, there was
little change in the proportion of macro_Clqc (Fig. 5e).

Macrophages can polarize into classically activated M1
phenotypes, which have pro-inflammatory functions,
or alternatively activated M2 phenotypes, which exhibit
anti-inflammatory and pro-fibrotic functions. We calcu-
lated the M1 and M2 polarization scores for myeloid cell
clusters. The gene expression signatures of the 16 clusters
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did not conform to canonical M1 or M2 classifications,
indicating a reprogrammed phenotype with mixed M1
and M2 features. The M2 scores of macrophage clusters
1,2,3,4,5,6,7,8,11, 12, 13, and 15 were higher than the
M1 scores, indicating a predominant role for M2 polar-
ization in LTS progression. However, macrophage clus-
ters 9, 10, and 14 (corresponding to ¢cDC1, macro_IL1b,
and monocyte) exhibited higher M1 scores, suggesting
a distinct polarization pattern in these clusters. (Fig. 5f).
In summary, we identified several macrophage subpopu-
lations, among which the macro_sppl subpopulation
has previously been found to be associated with fibrosis.
Notably, these subpopulations did not exhibit significant
M1/M2 polarization.

Cell-cell communication reveals the interaction patterns
between fibroblast and macrophage subpopulations

To investigate cell—cell interactions during LTS progres-
sion, we employed computational modeling using Cell-
PhoneDB to identify interactions between fibroblasts
and macrophages (Fig. 6a). The interactions within
fibroblast populations were notably stronger than those
with macrophages (Fig. 6a). The intercellular crosstalk
between fibrotic fibroblast (highly expressing Postn) and
other fibroblast populations was most frequency. Studies
revealed that the supernatant of Postn + fibroblasts could
increase the expression of collagens in other fibroblasts
[34], suggesting that fibroblast cell-cell communication
played a crucial role in LTS. In particular, the interactions
between macro_MKi67 and fibroblasts, as well as those
between fibroblasts and monocytes, were significantly
enhanced. Conversely, EMTF exhibited the weakest
interactions with other cell populations. The interactions
between CIRF and various fibroblast and macrophage
subpopulations were also found (Fig. 6b). Among the
ligand—receptor pairs involving macrophage subpopula-
tions and CIRE, APP-CD74 was significantly enriched
in dendritic cells (cDC1 and ¢cDC3). What’s more, APP-
CD74 was also enriched in ETMF/cDCI1. Fibrotic fibro-
blast expressed the highest diversity of ligand types that
bind to CIRF receptors. Other notable ligand—receptor
pairs involving interactions between CIRF and differ-
ent fibroblast and macrophage subpopulations included
Fibronectin 1 (FN1)-Integrin aVbl and FNI1-Integrin
a5b1 (Fig. 6b).

To characterize the fibroblast- macrophage communi-
cation specific to LTS, we utilized the CellPhoneDB tool
to explore potential ligand-receptor interactions from
our high-resolution scRNA-seq data. Fibrotic, CIRE,
mesothelial, and macrophage subpopulations emerged
as the predominant communication ‘hub’ in LTS, despite
the number and strength of cell interactions being sig-
nificantly different. Notably, CIRE-fibroblast interactions
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Fig. 5 Single-cell landscape of macrophage subpopulations in LTS. (a) Ridge plots displayed the expression signatures of 10 common myeloid lineage-
specific markers for each cell type. The curves represented the KDE, with the height indicating the density in the region. (b) UMAP plots showed 16
distinct myeloid cell clusters identified during LTS progression, with each cluster annotated by a different color. (c) Volcano plot highlighted the top 5
DEGs in each myeloid cell cluster. The Y-axis represented the log2-fold change, indicating the magnitude of gene expression change, while the X-axis
reflected the percentage of cells expressing each DEG. (d) UMAP plots demonstrated 9 distinct myeloid cell subpopulations found during LTS procession.
Each subpopulation was annotated by a different color. (e) Bar chart shown the fraction of myeloid cell subpopulations at each time point. Blocks repre-
sented distinct time points: LTS_1(1 day after LTS induction), LTS_3 (3 days), LTS_5 (5 days), and LTS_7 (7 days). The block height was proportional to the
number of cells at each time point. (f) Biological functional scores showed the M1/M2 polarization scores for each cell cluster. The middle horizontal line
represented the median, with the upper and lower edges of the box indicating the third and first quartiles, respectively. (g) Dot plot illustrated the gene
expression signatures of myeloid cell subpopulation. Dot color intensity represented the average expression level, ranging from low to high and dot size
was proportional to the fraction of cells expressing the gene

and fibrotic-fibroblast interactions were the most obvi-
ous. (Fig. 6¢ and d).

of Postn) significantly increased and be the largest sub-
population in the middle stage of LTS progression. GO
and KEGG enrichment analyses indicated that upregu-

Discussion

Fibroblasts are recognized as the main contributors to
LTS [12, 35]. In this study, we identified eight fibroblast
subpopulations in our rat LTS samples using scRNA-
seq, including fibrotic, inflammatory, stress-activated,
proliferating, CIRE, EMTE, mesothelial, and other sub-
types (Fig. 3b). By analyzing single-cell data, we found
that fibrotic fibroblasts (characterized by high expression

lated genes in the fibrotic fibroblast cluster were primar-
ily associated with ECM-related processes and pathways,
suggesting that fibrotic fibroblasts contribute to colla-
gen formation in LTS [24]. Our findings were consistent
with previous studies that Postn + fibroblasts could influ-
ence the LTS development through TGF-B/RHOA Path-
way [36]. Actually, the expression of Postn in fibroblasts
had also been implicated in other fibrotic diseases, such
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Fig. 6 The interactions between fibroblast and macrophage subpopulations. (@) Heatmap showed the intercellular crosstalk between macrophage and
fibroblast subpopulations during LTS procession. The Color represented the frequency of cell-cell communication, ranging from low (blue) to high (red).
(b) Dot plots displayed the ligand-receptor interaction pairs between CIRF/EMTF fibroblast and macrophage subpopulations. Dot color indicated the
communication probability, from low (black) to high (red), while dot size was inversely proportional to the p-value. (c) Network plots illustrated the inter-
action number between fibroblast and macrophage subpopulations. Each dot represented a single cell subpopulation. The width of the lines connecting
cell clusters was proportional to the number of interactions, and the color of the lines corresponded to the source cell cluster. The numbers on the con-
necting lines quantified the significant ligand-receptor pairs between any two cell clusters. Loops indicated autocrine signaling circuits. (d) Network plot
showed the overall interaction networks between fibroblast and macrophage subpopulations, summarizing the broader intercellular communication

as idiopathic pulmonary fibrosis and keloids [37, 38].
Notably, we identified a unique fibroblast subpopula-
tion characterized by the high expression of Ucma and
other chondrogenic maker [39]. As this subpopulation
had not been previously reported, we named it CIRF

(chondrocyte injury-related fibroblasts). GO and KEGG
enrichment analyses of CIRF revealed that this cluster
was also enriched in ECM-related processes and path-
ways, indicating that CIRF contribute to collagen forma-
tion as well. Interestingly, CIRF was significantly enriched



Liao et al. Biology Direct (2025) 20:40

in gene ontology terms such as chondrocyte differentia-
tion and glycosaminoglycan binding, as well as pathways
associated with chondrocyte remodeling. An increase
in CIRF during LTS was observed. Pseudotime trajec-
tory analysis showed that CIRF was primarily located at
the origin of the differentiation trajectory. Combining
these findings with the functional phenotype of CIRF,
we hypothesize that CIRF may originate from cells in the
perichondrium of tracheal cartilage [33]. We also iden-
tified a subpopulation with high expression of epithelial
markers, suggesting these cells may be undergoing EMT,
which we named EMTE. Previous studies have suggested
that bile acids may contribute to LTS by inducing EMT
[40], and other investigations have shown that inhibit-
ing EMT could alleviate the progression of LTS [41, 42],
highlighting the critical role of EMT in LTS development.
Pseudotime trajectory analysis revealed that inflamma-
tory fibroblasts were primarily located at the origin of
the differentiation trajectory, while stress-activated fibro-
blasts were positioned at the end, shedding light on the
relationship between inflammatory and stress-activated
fibroblasts. Due to the limited understanding of these
fibroblast subpopulations, further studies and additional
direct experimental evidence are needed to elucidate the
origins and functions of this unique fibroblast subpopula-
tion in LTS.

Macrophages play crucial roles in regulating LTS
progression. Using scRNA-seq, we categorized mono-
cytes/macrophages into five subtypes: macro_Clqc,
macro_IL1b, macro_mki6é7, macro_sppl, and mono-
cytes, based on their dominant gene expression profiles.
Macro_sppl, which highly expresses SPP1 (commonly
referred to as SPP1+ macrophages), had been identified
in several recent studies as fibrosis-associated macro-
phages [43, 44]. A study demonstrated that Sppl + mac-
rophages expanded in both human chronic kidney
disease and heart failure, promoting cardiac and renal
fibrosis by orchestrating fibroblast activation through
Sppl, Fnl, and Sema3 crosstalk [45]. Moreover, previ-
ous studies indicated that Sppl+macrophages interact
with cancer-associated fibroblasts (CAFs) to stimulate
ECM remodeling and promote tumor immune barrier
structure formation [46]. These findings suggested that
the interaction between Sppl + macrophages and fibro-
blasts played a crucial role in collagen formation. Addi-
tionally, Sppl marked a conserved macrophage injury
response that masks fibrosis-specific programming in
the lung, further implicating its potential role in fibrosis
[47]. In our study, Sppl+macrophages constituted the
largest macrophage subpopulation, suggesting that they
might play a significant role in LTS. Macro_IL1b exhib-
ited higher expression levels of the pro-inflammatory fac-
tor IL1b [48], and its M1 scores were higher than those
of M2. Our results further supported previous research
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showing that serum IL-1p levels in LTS patients were
higher than those in healthy controls, suggesting a posi-
tive correlation between IL-1f and LTS [49]. A previous
study revealed that pro-inflammatory M1 macrophages
could induce a pro-fibrotic response in adipose-derived
stem cells (ASCs) through IL1b expression [50], aligning
with other findings that blocking macrophage IL1b sig-
naling could suppress fibroblast activation and amelio-
rate cardiac fibrosis [51]. These findings suggested that
macro_IL1b might play a dual role in LTS progression,
contributing to both pro-inflammatory and pro-fibrotic
functions. Further molecular biology studies are required
to elucidate the role of macro_IL1b in LTS fibrosis.

Advanced research indicated that fibroblast-macro-
phage crosstalk plays a critical role in fibrosis progression
across multiple organs [52]. In our study, we observed
that fibroblast subpopulations interacted with all mac-
rophage subpopulations identified. Interestingly, interac-
tions within fibroblast populations were notably stronger
than those between fibroblasts and macrophages. Among
these, intercellular crosstalk between fibrotic fibroblasts
(characterized by high Postn expression) and other fibro-
blast populations was the most frequent. Functional
studies havd shown that the supernatant of Postn + fibro-
blasts could increase collagen expression in other fibro-
blasts [34], suggesting that interactions within fibroblast
populations could serve as a potential therapeutic target
for fibrotic diseases. Furthermore, fibrotic fibroblasts
were found to highly express ECM regulatory genes such
as Tnfaip6 and Lcn [53, 54]. Due to article length con-
straints, we focused on the interactions between CIRF/
EMTEF and macrophage. Notably, we found that APP-
CD74 receptor interactions were significantly enriched
in CIRF-cDC1 as well as EMTF-cDC1, indicating the
central role of the APP-CD74 pathway in LTS develop-
ment. Previous studies havd shown that the APP-CD74
axis mediated endothelial cell-macrophage communica-
tion, promoting kidney injury and fibrosis [55]. Further-
more, a cell communication analysis revealed that the
APP-CD74 axis was significantly upregulated in biliary
atresia, contributing to the positive regulation of fibro-
blast proliferation and liver fibrosis [56]. These findings
suggested that the APP-CD74 axis played a particularly
important role in promoting fibrotic diseases. However,
the role of the APP-CD74 axis in regulating LTS develop-
ment remains unexplored, and further investigation are
required. Notably, fibrotic fibroblasts expressed the high-
est diversity of ligand types binding to CIRF receptors,
further highlighting their importance in regulating other
fibroblasts. Additional studies are needed to determine
whether Postn + fibroblast is a unique marker of fibrotic
fibroblasts capable of regulating other fibroblast popula-
tions and to elucidate how this type of fibroblast uniquely
contributes to the development of LTS.
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Additionally, in this study, we aimed to point out the
cellular heterogeneity at different time points during the
laryngotracheal stenosis (LTS) process. Given the ethical
and practical challenges of obtaining human samples at
different stages, we used a rat LTS model and performed
single-cell RNA sequencing. Therefore, while this model
provided valuable insights into the dynamics of cellu-
lar changes during LTS, including the communication
between fibroblasts and macrophages, the findings might
not fully reflect the complexity of human LTS. More-
over, we did not conduct further experimental valida-
tion to assess the functional relevance of the observed
gene expression patterns and cell subpopulations. Future
research involving human samples and additional experi-
mental validation will be crucial to confirm these findings
and better understand the biological roles of the identi-
fied subpopulations in LTS.

Conclusion

In conclusion, we conducted a systematic analysis of
fibroblast and macrophage subpopulations and their
interactions in LTS using scRNA-seq. We identified a
unique fibroblast subpopulation characterized by high
Ucma expression, which may originate from cells in the
perichondrium of tracheal cartilage. Additionally, we
explored the potential role of fibrotic fibroblasts in pro-
ducing ECM component proteins and regulating other
fibroblast populations. Furthermore, we investigated the
interactions between fibroblasts and macrophages during
LTS progression and identified specific ligand-receptor
pairs mediating fibroblast-macrophage communication
in LTS. These findings provide deeper insights into the
development of LTS and may help identify potential ther-
apeutic targets for its treatment.
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