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Objectives: Keloid is a highly aggressive fibrotic disease resulting from excessive
extracellular matrix deposition after dermal injury. Intra-lesional injection of
triamcinolone acetonide (TAC) in combination with 5-fluorouracil (5-FU) is a
commonly used pharmacological regimen and long-term repeated injections
can achieve sustained inhibition of keloid proliferation. However, the molecular
mechanisms underlying the inhibitory effect on keloids remain insufficiently
investigated.

Methods and materials: This study performed single-cell RNA sequencing
analysis of keloids treated with TAC+5-FU injections, keloids, and skins to
explore patterns of gene expression regulation and cellular reprogramming.

Results: The results revealed that TAC+5-FU interrupted the differentiation
trajectory of fibroblasts toward pro-fibrotic subtypes and induced keloid
atrophy possibly by inhibiting the FGF signaling pathway in intercellular
communication. It also stimulated partial fibroblasts to develop the potential
for self-replication and multidirectional differentiation, which may be a possible
cellular source of keloid recurrence. T cell dynamics demonstrated elevated
expression of secretory globulin family members, which may be possible
immunotherapeutic targets. Schwann cell populations achieved functional
changes by increasing the proportion of apoptotic or senescence-associated
cell populations and reducing cell clusters that promote epidermal development
and fibroblast proliferation.

Conclusions: Our findings elucidated the molecular and cellular reprogramming
of keloids by intra-lesional injection of TAC+5-FU, which will provide new

insights to understand the mechanism of action and therapeutic targets.
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1 Introduction

Keloids, caused by an imbalance of extracellular matrix
deposition and autophagy during wound healing, are a group of
fibrotic skin diseases characterized by invasion into the surrounding
skin and uncontrolled proliferation (1-3). The appearance is that of
a hard pathologic scar that protrudes from the skin and manifests
microscopically as dense, swirling or irregularly arranged bundles of
collagen fibers (4). A variety of factors, including race, local tension,
immunity, and hypoxia, have been reported to be associated with the
development of keloids, but no theory exists that can independently
and adequately elucidate the pathogenesis of keloids (5-7). Owing to
their severe aesthetic impact and uncomfortable symptoms like
itching and soreness, keloids impose a heavy physical and
psychological burden on patients.

Triamcinolone acetonide (TAC) is the most commonly used
synthetic glucocorticoid for the treatment of keloid scars, with
vasoconstrictive, anti-inflammatory and immunosuppressive
effects (8). TAC inhibits inflammatory responses in wound
healing by inhibiting leukocyte and monocyte migration and
phagocytosis, and induces fibroblast apoptosis by blocking
transforming growth factor (TGF)-B1 expression (9, 10). 5-
Fluorouracil (5-FU) prevents the synthesis of pyrimidine
thymidine, which is essential for DNA replication, and its scarcity
leads to death in rapidly dividing cells. In vitro studies have
demonstrated that 5-FU is effective in preventing the synthesis of
collagen (11, 12). Combination injections of these two drugs can
effectively inhibit fibroblast proliferation and degrade total collagen.
Moreover, 5-FU+TAC has been reported to significantly diminish
the retention of CD103 memory T cells locally and infiltration of
CD 8 T cells in the skin (13). Multiple, long-term repeated
injections can achieve sustained inhibition of keloid proliferation
(14, 15). However, the key mechanisms by which this treatment
regimen inhibits keloid growth and reduces painful and pruritic
symptoms are still not well understood.

Single-cell RNA sequencing (scRNA-seq) allows unbiased
recording of transcriptional profiles with unprecedented resolution
by sequencing mRNA from individual cells, bringing a data-driven
innovation in understanding the mechanisms of disease (16, 17). The
application of single-cell sequencing to detect post-treatment keloids
is instructive for understanding the gene expression changes and
biomolecular mechanisms by which pharmacotherapy inhibits keloid
growth. In this study, we performed scRNA-seq analysis in keloid
tissues after TAC+5-FU injection treatment to learn more about the
altered program and microenvironment composition, which
contributes to the resolution of potential mechanisms of TAC+5-
FU effects on keloids at the cellular level.

2 Method
2.1 Sample acquisition

This study was approved by the Medical Ethics Committee of
Peking Union Medical College Hospital (JS-2907). Two keloid
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patients who had been treated with TAC + 5-FU injections for 1
month at other hospitals and voluntarily requested surgical excision
because of the aesthetic impact of the atrophic lesions were
recruited into the post-treatment keloid group (PK). The
combination treatment drug was made by mixing 0.6 mL of 2.5%
5-FU, 5 mL of 1% TAC, and 1 mL of 2% lidocaine (one intra-lesion
injection). 2 patients with untreated keloids had keloid tissue and
normal skin tissue within 5 cm of the lesion surgically collected (18).
All collected lesions were taken from the chest region. The four
patients included were all female, with a mean age of 25.25 years,
and all had a disease duration of more than 3 years. Exclusion
criteria were as follows (1): patients with severe systemic or immune
diseases (2); patients who had undergone previous surgery,
radiotherapy, laser, or cryotherapy for keloids (3); patients with
lesions that were infected or ulcerated (4); patients with skin
diseases; and (5) women who were pregnant or lactating.

Fresh specimens were washed with saline and then placed in
sCelLiveTM tissue preservation solution (Singleron Bio Com,
Nanjing, China) for freezing within 30 minutes after surgery.
Chopped specimens were digested with Singleron PythoNTM
Automated Tissue Dissociation System (Singleron Bio Com,
Nanjing, China) for 15 min, followed by removal of erythrocytes
using 2 ml of GEXSCOPE® Erythrocyte Lysis Solution (Singleron
Bio Com, Nanjing, China). Cell viability was assessed by
microscopy and cell counts were performed on the prepared cell
suspensions to ensure a concentration of 1 x 10> cells/ml.

2.2 Single cell RNA sequencing

Libraries were constructed from prepared cell suspensions
according to the protocol of GEXSCOPE® Single Cell RNA
Library Kits (Singleron Bio Com, Nanjing, China) and sequenced
on the Illumina HiSeq X platform (19). Raw reads were completed
using CeleScope v1.3.0 to construct a human reference genome to
generate a gene expression matrix (https://github.com/singleron-
RD/CeleScope). The expression matrix was filtered using Scanpy
v1.8.2 to complete quality control by the following criteria: 1)
exclusion of cells with less than 200 genes or greater than 50%
mitochondrial content; 2) exclusion of cells with the highest 2% of
UMI counts or gene counts; and 3) exclusion of genes expressed in
less than 5 cells (20). Batch effects between samples were removed.
After normalization of the expression matrix, the top 2000 were
selected as highly variable genes for scaling the matrix. The top 20
principal components obtained after principal component analysis
were selected and the aggregated cell clusters were visualized by
Uniform Manifold Approximation and Projection (UMAP) by
downscaling and clustering the data using the Louvain algorithm.
Based on the SynEcoSys database (Singleron Bio Com, Nanjing,
China), the cell type identity of each cluster was defined by the
expression of typical markers identified in each cell cluster for
differential gene discovery. After visualization of the annotated cell
clusters, keratinocytes accounted for more than half of the total
number of cells. As keloids are caused by excessive deposition of
extracellular matrix in the dermis, the effect of keratinocytes was
removed from the visualisation of cell proportions in order to
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provide a clearer view of the changes in fibroblasts and other major
functional cell populations. Based on the nonparametric Wilcoxon
likelihood ratio test, genes with a P value less than 0.05 and average
log2(Fold Change) of greater than 0.25 were selected as
differentially expressed genes.

2.3 Enrichment analysis

To predict the biological functions of differentially expressed
genes (DEGs) and to reveal differences in molecular mechanisms
between different cell clusters, potential pathways and biological
processes of DEGs enrichment were evaluated by the
“clusterProfiler” package and using Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
(21). Using the GSVA package, the average gene expression of the
target cell type was used as input data to assess the enrichment of
different pathways across different cell clusters (22).

2.4 Trajectory analysis and RNA velocity

To map the respective differentiation trajectories between
fibroblast clusters and Schwann cell clusters, a pseudo-time
trajectory analysis was performed with Monocle2 (23). Transition
trajectories between different differentiation states of cells were
constructed based on the first 2000 highly variable genes
identified, and the DDRTree algorithm was used to achieve
descending and cell sorting of the data. Dependent genes that
changed significantly with pseudo-time were identified by the
DifferentialGeneTest function and visualized as heat maps.
Information on the targeted dynamics of the cells was inferred
based on the observed ratio of spliced to unspliced mRNA using
velocyto analysis in python, and the results were projected onto
UMAP plots (24).

2.5 Intercellular communication

CellPhoneDB v2.1.0 (1000 iterations) was employed to predict
differences in cell-cell interactions between keloid after treatment,
keloid and normal skin based on a database of known ligand
receptors, with a focus on changes in fibroblast-cell cell
interactions. Heatmaps and bubble plots were presented to
demonstrate the number of pairs of interactions and ligand-
receptor pairs between different cell types (25).

2.6 Transcription factor regulatory
network analysis

After searching for genes encoding transcription factors (TFs)
in the AnimalTFDB database (http://bioinfo.life.hust.edu.cn/
AnimalTFDB/), transcription factor networks were constructed by
pYSCENIC using expression matrixes of fibroblast cell populations
(26). Potential targets of each transcription factor were predicted
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based on the co-expression of regulators and targets, and regulator
activity was quantified by AUCell and both active and inactive
regulators were identified.

2.7 Immunohistochemical staining

Excised keloid specimens were immediately fixed in 4%
paraformaldehyde and subjected to conventional gradient
dehydration, wax immersion, and paraffin embedding on day 2.
Paraffin sections were sequentially dewaxed, hydrated, and antigen
repaired. After blocking endogenous peroxidase activity with
hydrogen peroxide for 10 minutes, tissue isolates were incubated
with primary antibodies overnight at 4°C. Anti-Ki-67 (1:100,
Abcam, Cat#: ab15580), anti-BAX (1:200, Abcam, Cat#: ab32503)
were used for immunohistochemistry. Secondary antibodies were
then applied. 3,3’-diaminobenzidine solution was added for staining
development. Finally, neutral resin blocking, microscopic
observation and photography were performed.

2.8 Immunofluorescence

Paraffin sections were deparaffinized and antigen retrieval was
completed. Sections were placed in 3% hydrogen peroxide solution
and incubated for 25 minutes at room temperature to block
endogenous peroxidase. The sections were then serum blocked.
The blocking solution was removed and anti-human Osteopontin
antibody (Abcam, Cat#: ab8448) and anti-Fibronectin antibody
(Abcam, Cat#: ab2413) were added dropwise and incubated flat
in a moist box at 4°C overnight. The sections were gently shaken
and dried, and the appropriate fluorescent secondary antibody was
added dropwise, and DAPI was used to re-stain the nuclei of the
cells. Fluorescence blocker was applied to seal the sections.

3 Results

3.1 ScCRNA-seq reveals the cellular
landscape of keloids after TAC+5-FU
intra-lesional injection treatment

To dissect the regulation of transcriptional profiles of keloids by
TAC+5-FU, we performed single-cell RNA sequencing on 2 post-
treatment keloids (PK group), 2 keloids without any therapy (K
group), and 2 adjacent normal skins (N group). A total of 14,443
transcriptome data from cells in the PK group, 39,494 from cells in
the K group and 39,253 from cells in the N group were obtained.
After visualization of the annotated cell populations, keratinocytes
accounted for the majority of the total cell population. Considering
that keloids are caused by excessive deposition of extracellular
matrix in the dermis, the effect of keratinocytes was excluded
from the downstream analysis in order to visualize more clearly
the changes in fibroblasts and other major functional cell
populations. Cell clusters were characterized using well-
established cellular markers, and a total of 9 cell types were
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identified, namely endothelial cells, fibroblasts, Langerhans cells,
mononuclear phagocytes, mast cells, melanocytes, mural cells,
Schwann cells, and T cells (Figures 1A, B). The genes specifically
expressed in each cell type as illustrated in Figure 1D; Figure SI1.
Subsequently, we analyzed the ratio of cell lineages between the
three groups, with fibroblasts, mast cells, mononuclear phagocytes,
Langerhans cells, melanocytes and T cells being reduced in the PK

10.3389/fimmu.2023.1106289

group compared to the K group (Figure 1C). In addition, the
expression level of intercellular interaction signals was more
abundant between the K group than the other two groups,
especially between fibroblasts and T cells (Figure 1E). Overall,
TAC+5-FU injection treatment not only altered the cellular
composition of keloids, but also impacted the level of
intercellular communication.
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FIGURE 1
Dissection of keloids treated with TAC+5-FU injection (n=2), keloids (n=2), and keloid-adjacent skins (n=2) by scRNA-seq. (A) UMAP plots of the 3
groups of cells after dimensional reduction clustering. Single-cell sequencing of the 3 groups yielded a total of 93,190 cells, and cluster analysis after
removal of keratinocytes in the epidermis yielded a total of 18,605 cells. (B) The UMAP plot of 9 cell subtypes. (C) Proportion of cell lineages in
keloids treated with TAC+5-FU injection (PK), keloids (K) and normal skins (N). (D) The bubble plot of differentially expressed genes. For each cluster,
the top 3 genes and their relative expression levels in all sequenced cells were displayed. (E) Interaction network plots between all cell types in
keloids treated with TAC+5-FU injection (PK), keloids (K) and normal skins (N), where network edge thickness indicates the total number of ligand-
receptor pairs and line color is consistent with ligand cell type. UMAP, uniform manifold approximation and projection; TAC, triamcinolone
acetonide; 5-FU, 5-fluorouracil; ECs, endothelial cells; MPs, mononuclear phagocytes.
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3.2 The differentiation trajectory and
intercellular interactions of fibroblasts
are reshaped

Since excessive proliferation of fibroblasts is one of the principal
mechanisms of keloid formation, we proceeded to perform
descending clustering of fibroblast populations and detected a total
of 10 clusters (Figures 2A, B). To determine the specific functions of
the different clusters, we performed enrichment analysis of
upregulated genes (Figure 2C) and examined the expression of
markers (Figure S2A) for the four identified fibroblast
subpopulations (mesenchymal fibroblasts, pro-inflammatory
fibroblasts, secretory-papillary fibroblasts and secretory-reticular
fibroblasts) (27). Cluster 1 was characterized by the expression of
genes associated with epidermal development (Figure 2C) including
KRTDAP, KRTI1, and KRT10 (Figure S2B). Expression of pro-
inflammatory fibroblast markers (CCL19, CXCL2, CXCL3) was
concentrated in cluster 2 (Figure S2A), where the upregulated
genes were significantly associated with inflammatory response
(Figure 2C). Secretory-reticular fibroblast markers (WISP2, SLPI,
TSPANS) were predominantly expressed in cluster 3, and secretory-
papillary fibroblast markers (APCDDI1, ID1, WIF1) were mostly
expressed in cluster 8 (Figure S2A). Mesenchymal fibroblast markers
ASPN and POSTN were mainly expressed in clusters 5 and 6, and
the results of functional enrichment analysis of clusters 5 and 6
showed correlation with extracellular matrix tissue and collagen
fibril tissue (Figure 2C). The proportion of cluster 1, 2, 5, and 6 was
decreased in the PK group compared with keloids (Figures 2A, B),
suggesting a reduced composition of pro-epidermal, pro-
inflammatory, and mesenchymal-type fibroblast clusters. The
results were consistent with clinical observations that keloids
treated with TAC+5-FU experienced local remission of
inflammation and atrophy of the dermis and epidermis.

To further explore the differentiation trajectory underlying the
variations in fibroblast proportions, we performed a pseudo-time
analysis using Monocle2 and identified five states (Figure 2D).
Fibroblasts in keloids followed a “statel-state2-state4” trajectory,
with more fibroblasts differentiating towards mesenchymal clusters
5 and 6 than in normal skins (Figure 2E), accompanied by increased
expression of KRT1, KRT10 (Figure S2C), and POSTN (Figure 2F).
The fibroblasts in the PK group exhibited a novel direction of
differentiation (from state 1 to state 5/state 3), and the tendency to
differentiate toward mesenchymal type clusters 5 (state 2) and 6
(state 4) was suppressed, during which the expression of
inflammatory response-related genes C3, CXCL12, and CXCL14
was reduced (Figure S2C). This was consistent with the results
described above for changes in cell proportions. Fibroblasts in the
PK group were more differentiated towards cluster 4 (state 5) and
cluster 10 (state 3) (Figure 2E). Gene ontology enrichment analysis
showed that genes involved in smooth muscle contraction,
establishment of endothelial barrier, and enteric nervous system
development were enriched in cluster 4 (Figure 2D), with a
tendency of multidirectional differentiation and absence of
function of promoting extracellular matrix formation. Cluster 10
was characterized by the expression of genes associated with mitosis
and cell division. A low level of Ki67 expression was observed in
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keloids after treatment, which was almost absent in normal skin and
more abundant in keloids. Increased expression of the pro-
apoptotic gene BAX was observed in the PK group. Expression of
extracellular matrix protein FN1 and bone matrix protein OPN was
identified in keloids, whereas these proteins were reduced in the PK
group (Figure S3). This suggests that TAC+5-FU injection
stimulates fibroblasts to develop a potential for self-replication
and multidirectional differentiation after causing local tissue
damage to keloids, similar to the acute wound healing process.

Due to the importance of transcription factors (TFs) in
regulating genomic DNA openness, modulating numerous
immune responses, and developmental patterns (28, 29), we then
inferred information on the regulation of TFs behind each fibroblast
subtypes (Figure 2G). The results revealed that activation of
HOXB7, MEF2C, RUNX2, SP7, SOX4 was observed in cluster 4.
These transcription factor-regulated network modules were mainly
involved in chondrocyte development (SFRP2, COL11A1, FGF18,
RUNX2), cell differentiation (MEF2C, FOXD1, NDE1, MDK,
SOX18, TCF4, RXRG, CAMK2G, ZFPM1, SOX4), neuron
differentiation (NAPA, MEF2C, CCND1, NNAT, RUNX3, RXRG,
HDACY9, RUNX2), T cell differentiation (DLL4, PTPRK, SOX4,
RUNX2), which further corroborated the multidirectional
differentiation potential of cluster 4 (Table SI).

Intercellular interactions between fibroblasts and other cells
within the microenvironment are a prerequisite for fibrosis
formation (30, 31). Therefore, we constructed cell-cell
communication networks for each of the three groups and
observed the presence of a denser communication network in
keloids, with partial intercellular communication in the PK group
being weakened or even completely inhibited (Figure 3A), as in the
case of checkpoint signaling (Figure 3B). The intercellular crosstalk
in the PK group was primarily present between fibroblasts-
fibroblasts. Notably, among the growth factor-related cellular
interactions, cluster 10 and cluster 3 fibroblasts in keloids were
the major cellular sources of FGF signaling (Figure 3B). FGF2, FGF7
and FGFI10, as members of the fibroblast growth factor family, are
involved in various biological processes, including embryonic
development, cell growth, tissue repair, tumor growth and
invasion, and have been reported to be critical targets in the
fibrosis process (32, 33). TAC+5-FU significantly inhibited FGF
signaling among fibroblasts.

Overall, the tissue damage caused by TAC+5-FU injection to
keloids stimulated fibroblast differentiation toward cluster 10 with
self-replicating potential and cluster 4 with multidirectional
differentiation potential, interrupting the normal keloid
differentiation trajectory of fibroblasts toward the pro-fibrotic
subtype of clusters 5-6. The FGF signaling pathway was
extensively inhibited in fibroblast interactions, which may be a
potential pathway of action in keloid atrophy.

3.3 Regulation of immune
transcriptional profiles

Keloids are histologically composed of massive irregular infiltration
of collagen fibers and inflammatory cells, and a complex immune
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microenvironment is essential in pro-fibrosis. We proceeded to resolve
cellular heterogeneity and investigated changes in the transcriptional
profiles of mononuclear phagocytes and T cells. Conventional dendritic
cell type 2 (cDC2) and macrophages were the predominant cell
populations in the PK and K groups, which did not differ
significantly in proportion (Figures 4A, B). Macrophages were
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deactivated in inflammatory response, TNFo/NF-kB signaling
pathway, IL6/JAK2/STATS3 signaling pathway, but upregulated
epithelial mesenchymal transition, TGF beta signaling pathway
(Figure 4C), indicating that macrophages had M2 type macrophage
characteristics that suppressed inflammation and promoted tissue
damage repair (34). ¢cDC2 activated oxidative phosphorylation,
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FIGURE 3

Single-cell transcriptome network of keloid after TAC+5-FU injection treatment. (A) Cell-cell communication networks of post-treated keloids (left
panel), keloids (middle panel), and normal skins (right panel) were constructed using CellPhoneDB. Heatmap showing the numbers of inter-
populations communications with each other in the three groups. (B) Bubble diagrams demonstrating the ligand-receptor interactions associated
with cytokines, checkpoints and growth factors present in the keloid after TAC+5-FU injection treatment and keloid, respectively.

inflammatory response, TNF o/NF-kB signaling pathway and
upregulated the expression of genes related to inflammatory response
and antigen presentation, including EREG, LAMP3, CD1c, and CCR7
(Figures 4C, D). ¢cDC2 and macrophages in the PK group significantly
upregulated the expression of genes involved in apoptosis and
angiogenesis (Figure 4E).

Subclustering analysis of T cells identified four T cell
subpopulations, comprising naive T cells, CD4+ effector
memory T cells (CD4Tem), CD8+ effector T cells (CD8Teff),
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and CD8+ mucosa-associated invariant T cells (MAIT), with a
reduced proportion of CD8+ mucosa-associated invariant T cells
in the PK group (Figures 5A, B). MAIT cells were enriched in
epithelial mesenchymal transition and hypoxia pathways
(Figure 5C), and MAIT cells have been reported to be the
major lymphocyte population producing IL-17A, capable of
initiating immune response and fibrosis formation in an IL-1,
IL-18, and antigen-dependent manner (35, 36). Three major T
cell subpopulations in the PK group upregulated the expression
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of genes associated with regulation of cell cycle, protein
stabilization, apoptotic process, and regulation of autophagy
compared to untreated keloids (Figure 5D). In addition, the
expression of immunomodulatory-related secretoglobin family
members (SCGB2A2, SCGB1D2, SCGB1B2P) was upregulated in
all three T cell subtypes (Figure 5E).
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3.4 Behavioral changes in Schwann
cell differentiation

Since pharmacological treatment can effectively relieve the
pruritus and tingling of keloids, we characterized in detail the
Schwann cell clusters that maintain sensory neuron function. A
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total of nine Schwann cell subtypes were examined. The Schwann
cell clusters in keloids were substantially increased in number
compared to normal skins (Figures 6A, B). The Schwann cell
population in normal skin consisted of cluster 1, cluster 2, and
cluster 8 (Figure 6A). Cluster 1 expressed genes for myelin
formation (MBP, PLLP, LPAR1, MAL, EGR2) and cluster 2
upregulated the expression of axon guidance-related genes (LGI1,
NOTCH3, EFNB1, TRIO, LAMA2, BDNF, DPYSL2, MYCBP2,
NEOI, SCNI1B). Cluster 8 was characterized by genes that
promoted epidermis development and fibroblast proliferation
(Figure 6C). A greater diversity of Schwann cell clusters was
observed in keloids, as evidenced by the detection of cluster 9

10.3389/fimmu.2023.1106289

associated with cell proliferation and division and cluster 3
promoting angiogenesis and collagen fibril organization. The
proportion of cells in clusters 5, 6, and 7, which upregulated the
expression of apoptotic or senescence-related genes, was increased
in treated keloids, while the ratio of cluster 2, which was associated
with the development of the nervous system, and cluster 8, which
promoted fibroblast proliferation, were reduced (Figures 6A, C).
RNA velocity analysis revealed that the population of Schwann
cells in keloid originated from myelin formation-associated
Schwann cell cluster 1 (Figure 7A). The pseudotime trajectory in
keloids included states 2 and 3 (Figures 7B, E), while treated keloid
cluster 1 cells gradually acquired apoptotic (cluster 5, cluster 6) and
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proliferative (cluster 9) states during differentiation (Figure 7E),

suggesting that myelin formation-associated Schwann cell clusters

dedifferentiated and decreased their ability to promote myelin
formation. This process was accompanied by increased expression
of CLU, a gene involved in cell death and neurodegenerative
diseases, and decreased expression of the immune genes HLA-
DRA, HLADRBI and CD74 (Figures 7C, D).

Latent time

Relative Expression

4 Discussion

10.3389/fimmu.2023.1106289

Keloid scars, as a representative of skin fibrosis, are the
consequence of excessive extracellular matrix deposition following
dermal injury (37, 38). Although keloid scars have been extensively
studied by many scholars, theories are not yet available to

thoroughly explain the pathology and molecular mechanisms of
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keloids. A variety of treatment options are applied to keloid
scarring, including pharmacological treatment, surgical excision
of the lesion, radiation therapy, cryotherapy, and laser therapy
(39). Triamcinolone acetonide combined with 5-fluorouracil
injection therapy is recommended as the first-line drug treatment
option for keloids. The injection of the combination of these two
drugs, which is more than 80% effective in treating keloids, can
markedly inhibit fibroblast proliferation, the key mechanisms
underlying this treatment regimen remain understudied (40).
ScRNA-seq has yielded groundbreaking insights into the
molecular mechanisms of multiple diseases by enabling the
construction of disease microenvironmental maps through cell
clustering and the simulation of cell developmental trajectories.
ScRNA-seq documents a wide range of gene expression differences
at the single-cell level, and these aberrant gene expression
modulations are challenging to achieve independent and
comprehensive measurements by traditional molecular
experimental techniques (41, 42). Therefore, we applied scRNA-
seq to capture transcriptional profile changes in keloids after TAC
+5-FU injection treatment and concentrated on altered pathways
involved in the fibrotic process, which could provide new
molecular-level insights for understanding this treatment option.

In this study, we systematically evaluated the cellular
composition alterations in keloids after TAC+5-FU injection
treatment. Fibroblasts, the central cells of fibrosis, had a reduced
proportion after treatment and communication with other cells was
impaired, particularly in the FGF2 signaling pathway. FGF2 has a
regulatory role in the formation of fibrotic disease, and aberrant
expression of the FGF2 signaling pathway was reported in lung,
liver, kidney, myocardial and skin fibrosis (43-45). The FGF2
signaling pathway among fibroblasts was significantly inhibited in
keloids treated with TAC+5-FU, suggesting that it may be a
potential pathway target. Moreover, the trend of differentiation
toward mesenchymal fibroblasts was suppressed in treated keloids
in pseudotime analysis. Mesenchymal fibroblasts are highly
expressed in genes related to ossification and osteogenesis and are
a remarkably increased fibroblast subtype in keloids compared to
normal scars (27). Treatment of mesenchymal fibroblasts with
neutralizing antibodies to POSTN, a marker gene for
mesenchymal fibroblasts, significantly inhibited collagen synthesis
(46). A similar increase in the proportion of mesenchymal
fibroblasts was observed in scleroderma, and this trend may be a
general mechanism for promoting skin fibrosis (46). The decrease
in differentiation toward mesenchymal fibroblasts in treated keloids
implies that mesenchymal fibroblasts may be the potential target
cells for TAC+5-FU effects. Furthermore, previous clinical
experience has found that multiple, long-term injections of TAC
+5-FU effectively promote durable softening of keloids, whereas
single-drug injections, of either TAC or 5-FU, frequently result in a
period of symptomatic relief and subsequent recurrence (47, 48).
Our results suggested that treated keloid fibroblasts produced self-
replicating competent cluster 10 and multidirectional differentiated
cluster 4, which were induced to arise after tissue injury and possess
a strong ability to reconstitute the keloid microenvironment and
may be the cellular source of keloid recurrence.
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The function of Schwann cells is not merely confined to the
secretion of neurotrophic factors and the promotion of nerve
damage repair. Under specific circumstances, Schwann cell
precursors have the potential to generate into melanoblasts,
fibroblasts and other cell populations (49). TAC+5-FU injection
increased the number of Schwann cell clusters that upregulated
apoptosis or senescence-related gene expression and decreased the
proportion of Schwann cell clusters with the potential to promote
epidermal development and fibroblast proliferation (the major
Schwann cell clusters in normal keloids). Previous studies have
demonstrated that Schwann cells in keloids originate from myeloid
Schwann cells and gradually dedifferentiate to possess fibroblastic
or endothelial cell properties and proliferative characteristics (50,
51). Our results also indicated that the differentiation trajectory of
Schwann cell clusters started from myelin-promoting Schwann cell
clusters, however, TAC+5-FU induced Schwann cells to diverge
more toward apoptotic, senescent Schwann cell populations.

The pathogenesis of keloid scars has been recognized widely as
extracellular matrix deposition driven by a sustained inflammatory
response in the dermis (7). Previous profiling of cell types associated
with immune responses in keloids has identified an increased
proportion of M2 type macrophages with characteristics of
tumor-associated macrophages (18). M2-type macrophages are
essential cells that play a role in inducing fibrotic disease by
secreting growth factors and regulating fibroblast proliferation
and extracellular matrix synthesis (52). Our results also identified
macrophages in the subpopulation identification of the
mononuclear phagocyte system and had the characteristics of
M2-type macrophages, which is consistent with previous reports.
Additionally, the expression of secretoglobulin family members
SCGB2A2, SCGB1D2 and SCGB1B2P was upregulated after
treatment in the T cell expression profile. Secretoglobulins are a
group of small, non-glycosylated protein families represented by
steroid hormone-induced production of uteroglobulins, and several
family members have been reported to play an anti-inflammatory
role in allergic diseases (53, 54). Alterations in secretoglobulins
expression can remove the drivers of keloid scarring by inhibiting
the inflammatory response and is expected to be a potential drug
target for inhibiting keloid growth.

In conclusion, we performed the systematic analysis of keloids
after TAC+5-FU injection treatment at single-cell resolution for the
first time. Our findings elucidated the developmental dynamic
patterns of fibroblasts and Schwann cells and the abnormal
regulation of immune-related gene expression, which will
contribute to an in-depth understanding of the potential
mechanisms of action and possible therapeutic targets of TAC+5-
FU on keloids.
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SUPPLEMENTARY FIGURE 1

ScRNA-seq profiling of keloids after TAC+5-FU injection treatment, keloids,
and normal skins. (A) UMAP projections of 18, 605 cells with unbiased
clustering, distinguished by different samples. (B) Heat map of differentially
expressed genes. For each cluster, the top 10 genes and their relative
expression levels in all sequenced cells were shown. (C) The proportion of
each cell type in each sample. UMAP, uniform manifold approximation and
projection; TAC, triamcinolone acetonide; 5-FU, 5-fluorouracil; ECs,
endothelial cells; MPs, mononuclear phagocytes.

SUPPLEMENTARY FIGURE 2

The subtypes of fibroblasts. (A) Expression of markers of four fibroblast
subtypes (mesenchymal fibroblasts, pro-inflammatory fibroblasts,
secretory-papillary fibroblasts and secretory-reticular fibroblasts) in
fibroblast clusters. The color indicates the expression level and the size of
the bubble denotes the percentage of expression. (B) Demonstration of
genes that were differentially expressed with pseudo-time. The vertical
coordinate is the amount of gene expression, and different colors represent
different fibroblast clusters. (C) Heat map of differentially expressed genes.
For each fibroblast cluster, the top 10 genes and their relative expression
levels were displayed. Horizontal coordinates represent fibroblast clusters.
UMAP, uniform manifold approximation and projection; TAC, triamcinolone
acetonide; 5-FU, 5-fluorouracil.
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immunofluorescence of FN1 and OPN.
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