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reveals the role of tumor necrosis factor
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Abstract: Objectives: To identify aberrantly expressed immune molecules in keloids and to explore their possible bio-
logic significance. Methods: Immune molecules with abnormal expression were identified based on immune gene
sequencing of keloids, microarray datasets and high-throughput sequencing datasets and methylation microarray
datasets from the Gene Expression Omnibus (GEO) database, and real-time quantitative PCR analysis. Results:
Upregulation of tumor necrosis factor superfamily member 4 (TNFSF4) in keloids was identified. Enrichment anal-
ysis found that high TNFSF4 expression was associated with immune processes, such as regulation of neutro-
phil chemotaxis, dendritic cell chemotaxis, and antigen processing and presentation. Single-cell RNA sequencing
(scRNA) results suggested that TNFSF4 was upregulated in mesenchymal fibroblasts, which are the critical cells
in skin fibrosis. This high expression of TNFSF4 enhanced cell-to-cell interactions in fibrosis-related pathways, in-
cluding the fibronectin 1 (FN1) and collagen pathways. Mesenchymal fibroblasts expressing TNFSF4 significantly
upregulated gene expression in extracellular matrix organization and wound healing processes. Conclusions: Our
study revealed upregulation of the immune molecule TNFSF4 in keloids at the multi-omics level and its effects on
intercellular crosstalk and transcriptional profiles of mesenchymal fibroblasts. Investigation of TNFSF4 as an im-

mune checkpoint molecule may represent a new direction for keloid treatment research.
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Introduction

Keloid scar is a dermal fibroproliferative disor-
der. Abnormal excessive deposition of the
extracellular matrix is its main pathologic mani-
festation. Keloids resemble tumors in aggres-
siveness, but the associated etiologic mecha-
nisms have not been sufficiently elucidated
[1-3]. Multiple elements are associated with
the development of keloidal scarring, including
endocrine, tension, infection, and genetics.
However, there is no independent theory that
explains keloid development and the accompa-
nying clinical features. Owing to the unspecified
etiology of keloids, singular symptomatic thera-
pies like surgical excision and intra-lesion drug
injection have high post-treatment recurrence
rates [4].

A variety of immune molecules are gradually
being recognized as essential participants in

the development of keloidal scarring [5]. Skin
injury is accompanied by alterations in immune
cell phenotype and functions. The immune
response in the pathological state disrupts the
local immune homeostasis of the skin, which
leads to development of fibrosis [6-8]. In-
creasing evidence indicates that a range of
immune molecules is involved in skin fibrosis
formation via effects on fibroblast proliferation,
chemotaxis, and collagen synthesis. However,
the mechanisms of action of dysregulated
immune molecules on keloids are not fully
understood [9-11].

In this study, we identified high expression of
tumor necrosis factor superfamily member 4
(TNFSF4) based on sequencing of immune
genes present in keloids. TNFSF4 encodes a
cytokine of the tumor necrosis factor ligand
family that is involved in antigen presentation
and stimulates T cell activation. High expres-
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sion of TNFSF4 was validated in multiple tran-
scriptomesequencingdatasets. Overexpression
of TNFSF4 was found to predominantly occur in
fibroblasts at a single-cell resolution; it affected
intercellular crosstalk, particularly in fibrosis-
related pathways. Our findings contribute to
understanding the role of TNFSF4 dysregula-
tion in keloids and provide evidence for future
immunotherapy of keloids.

Materials and methods
Sequencing immune-related genes

Six young patients with keloid lesions and five
healthy recipients of cosmetic surgery were
randomly recruited. Samples of chest lesions
collected from the patients with keloids were
sequenced. The exclusion criteria were 1)
patients with severe systemic disease, 2)
patients with treated keloid lesions, and 3)
patients younger than 18 years of age or older
than 40 years of age. The Oncomine Immune
Response Research Assay kit (Thermo Fisher,
USA) was used to detect expression of 395
immune-related genes in the collected sam-
ples. These genes included those involved in
lymphocyte regulation, cytokine signaling, lym-
phocyte markers, and checkpoint pathways. All
experimental procedures were performed fol-
lowing the manufacturers’ instructions.

Acquisition and pre-processing of keloid data-
sets

Sequenced keloid expression profiles were
obtained from the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/
geo/); GSE44270 [12] and GSE92566 [13]
were selected as test sets to assess gene
expression differences between keloid and
control samples. The four datasets obtained
to validate target gene expression included
GSE190626 [14], GSE158395 [15], GSE121-
618 [16], and GSE178562 [17] (Table 1). The
“affy” package was used to perform gene name
annotation; background correction was per-
formed using the RMA algorithm to exclude the
effects of non-specific factors [18]. GSE44270
and GSE92566 were combined to account for
the limited sample sizes. Batch effects were
removed using the “limma” package, and the
effects of batch effect removal were visualized
using principal component analysis (PCA) [19].

1608

Identification of differentially expressed genes

Differentially expressed genes were screened
in immune gene sequencing and GEO database
expression profiles using the “limma” package,
a p value less than 0.05, and a |[log, fold
change| greater than 1. Genes differentially
expressed in the keloid lesions were revealed
using volcano maps and heatmaps [19].

Methylation microarray data acquisition and
processing

A matrix of genome-wide scans of methylation
profiles (GSE56420) was obtained from the
GEO database (keywords “methylation” and
“keloid”) [20]. The microarray data were quali-
ty-controlled and normalized using the “ChAMP”
package, and differential analysis of the meth-
ylation sites was performed using the champ.
DMP function [21].

Protein-protein and drug-protein interaction
networks

Based on previous experimental data and cal-
culations, the Search Tool for the Retrieval of
Interaction Gene/Proteins (STRING) database
was used to predict protein molecules that
interacted with the target protein and to
visualize physical and functional associations
between proteins [22]. The Search Tool for
Interacting Chemicals (STITCH) database was
used to predict drugs that might interact with
the target protein, based on drug-target rela-
tionships and binding affinities [23].

Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analy-
sis were performed on molecules in the protein
interaction network using the R package, “clus-
terProfiler” [24]. The combined GEO dataset
was divided into two groups according to high
versus low expression of TNFSF4. Gene set
enrichment analysis was performed to assess
functional pathways enriched in the TNFSF4
high-expression group [25].

Single-cell RNA sequencing data analysis

The keloid sample GSM5494684 and skin
sample GSM5494683 were obtained from the
dataset GSE181316 to observe TNFSF4
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Table 1. Overview of the datasets used in this study

Dataset Platform

Sample

Study type
yop Control Keloid

GSE44270 Affymetrix Human Gene 1.0 ST Array

GSE92566 Affymetrix Human Genome U133 Plus 2.0
Array

GSE190626 Illumina NovaSeq 6000

GSE158395 Illumina NovaSeq 6000

GSE121618 Agilent-072363 SurePrint G3 Human GE v3
8x60K Microarray 039494

GSE178562 lllumina HiSeq 2500

GSE56420 Ilumina HumanMethylation450 BeadChip

GSE181316 lllumina HiSeq 4000

Expression profiling by array

Expression profiling by array

Expression profiling by array

Methylation profiling by genome tiling array

GSM1081600 GSM1081582
GSM1081601 GSM1081583
GSM1081602 GSM1081584
GSM1081603 GSM1081585
GSM1081586
GSM1081587
GSM1081588
GSM1081589
GSM1081590

GSM2432365 GSM2432366
GSM2432367 GSM2432368
GSM2432370 GSM2432379

GSM2432371

Expression profiling by high throughput sequencing GSM5726791 GSM5726788

GSM5726792 GSM5726789
GSM5726793 GSM5726790

Expression profiling by high throughput sequencing GSM4798872 GSM4798878

GSM4798873 GSM4798868
GSM4798874 GSM4798869
GSM4798875 GSM4798871
GSM4798876
GSM4798877
GSM4798879
GSM4798880
GSM4798870

GSM3440198 GSM3440194
GSM3440199 GSM3440195
GSM3440200 GSM3440196
GSM3440201 GSM3440197
GSM3440203 GSM3440202
GSM3440204

Expression profiling by high throughput sequencing GSM5393807 GSM5393819

GSM5393808 GSM5393820
GSM5393815
GSM5393816

GSM1361173 GSM1361179
GSM1361174 GSM1361180
GSM1361175 GSM1361181
GSM1361176 GSM1361182
GSM1361177 GSM1361183
GSM1361178 GSM1361184

Expression profiling by high throughput sequencing GSM5494683 GSM5494684

GSE: Gene set ensemble; GSM: Gene set matrix.

expression patterns [26]. The “Seurat” pack-
age was used to create the objects, filtering out
low-quality cells with less than 500 measured
genes or with more than 5% mitochondrial
genes [27]. The top 2000 high-variable genes
were identified using the FindVariableFeatures
function, and PCA was performed on the high-
variable genes using the RunPCA function. The
RunUMAP function was applied to reduce the
dimensionality of the data, and the harmony
function was used to remove inter-sample
batch effects. Different cell types were labeled
according to typical marker genes, such as
fibroblasts: decorin (DCN), collagen type | alpha
2 (COL1A2), keratinocytes: keratin 1 (KRT1),
keratin 14 (KRT14), macrophages: CD68 mole-
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cule (CD68), dendritic cells: fc epsilon receptor
la (FCER1A), T cells: CD3 delta subunit of T-cell
receptor complex (CD3D), smooth muscle cells:
actin alpha 2 (ACTA2), melanocytes: premela-
nosome protein (PMEL), pericytes: regulator of
G protein signaling 5 (RGS5), endothelial cells:
intercellular adhesion molecule 1 (ICAM1) and
lymphatic endothelial cells: lymphatic vessel
endothelial hyaluronan receptor 1 (LYVEZL).
Cellular distribution and expression of selected
genes were revealed using the DotPlot and
FeaturePlot functions. The percentages of cell
types expressing TNFSF4 were calculated and
presented in pie charts. Genes differentially
expressed between TNFSF4+ mesenchymal
fibroblasts and TNFSF4- mesenchymal fibro-
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Table 2. Primers and their sequences for quantitative RT-PCR analysis

Gene name Sense primer Antisense primer
TNFSF4 5’-ATGGTATCACATCGGTATCCTCG-3’ 5-GCCCTTCAGGGAGATGAGATAA-3’
GAPDH 5’-GGAAGCTTGTCATCAATGGAAATC-3’ 5-TGATGACCCTTTTGGCTCCC-3’

blasts were searched for using the FindMarkers
function, with a P value less than 0.05, and a
|log, fold change| greater than 0.25 as the cut-
off value.

Analysis of cell-cell communication

To characterize the effects of TNFSF4-ex-
pressing fibroblasts on intercellular communi-
cation, the fibroblast cluster was divided into a
population of fibroblasts that did not express
TNFSF4 and a population of TNFSF4+ fibro-
blasts. The CellChat package was used to infer
intercellular communication involving TNFSF4+
fibroblasts and to calculate the probability of
communication between all cell groups in
each signaling pathway [28]. Signaling path-
ways with global alterations were selected for
examination.

Quantitative real-time PCR assay

Tissue (100 mg) samples were extracted and
ground sufficiently until no tissue mass was vis-
ible; the total RNA was then extracted and eval-
uated for RNA concentration and purity. Over-
concentrated RNA was diluted in appropriate
ratios to make a final concentration of 100-500
ng/ul. RNA was reverse transcribed into cDNA
using the Servicebio® RT First Strand cDNA
Synthesis Kit (G3330, Servicebio). A gPCR fluo-
rescence kit (SYBR Green qPCR Master Mix,
G3320, Servicebio) was used for quantitative
analysis of TNFSF4 expression by the 224CT
method. Each sample was assayed three times
in the same run (Table 2).

Statistical analysis

The Mann-Whitney U test or Student’s t test
was used to compare continuous variables
between the keloid and control groups when
appropriate. R software (version 4.1.2) was
used for all statistical analyses. Two-tailed P
values < 0.05 were regarded as significant.

Results

Some tumor necrosis factor superfamily mem-
bers were upregulated in expression in keloids

A flow chart of the sample processing is pre-
sented in Figure 1. Keloid disorder is a fibrotic
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disease induced by an inflammatory response
that resembles autoimmune diseases charac-
terized by the initiation of an inflammatory
response that leads to tissue damage. There-
fore, we sequenced immune-related genes in
the keloid lesion samples, including the expres-
sion of 395 genes related to antigen presenta-
tion and processing, immune cell identification,
and immune cell activation. The genes that dif-
fered significantly between keloid and normal
skin samples were mainly associated with
checkpoint pathways, chemokine signaling, T
cell receptor (TCR) co-expression, and T cell
regulation. We found upregulation of some
tumor necrosis factor superfamily members
(TNFSF4, TNFSF14, TNFSF18) in the keloid
samples (Figure 2A).

Upregulation of TNFSF4 expression in keloids
was validated in several datasets

While the immunogenetic sequencing results
suggested that some tumor necrosis factor
superfamily members were upregulated in
keloids, this differential expression might not
be universal. Therefore, we selected expres-
sion profile datasets from the GEO database to
screen tumor necrosis factor superfamily mem-
bers with stable upregulated expression. We
obtained two datasets, GSE44270 and
GSE92566, from the GEO database. The two
datasets were combined, and batch effects
were removed after normalization of the data
(Figure 2B). The merged GEO dataset and the
immune gene sequencing dataset were
screened separately for differentially expressed
genes, and the results were presented as heat-
maps (Figure 2C, 2D).

Figure 3A presents results for upregulation of
TNFSF4 expression in the combined GEO data-
set and the immunogenetic sequencing datas-
et. This elevated expression was found in
GSE190626 (P value = 0.011), GSE158395 (P
value = 0.003), and GSE178562 (P value =
2e-04) (Figure 3B). RT-PCR results from clinical
samples revealed that TNFSF4 expression was
significantly elevated in keloids, compared with
normal skin tissue (Figure 3C).
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To assess methylation levels of TNFSF4 in
keloids, the GSE56420 dataset containing DNA
methylation profiles of 485,577 cytosine phos-
phodiester bond guanine (CpG) was analyzed.
Two differentially methylated CpG sites of
TNFSF4 were detected in the body region and
TSS200 (transcription start site) region. In the
keloid samples, levels of methylation in the
body regions of TNFSF4 were generally elevat-
ed; methylation levels in the TSS200 regions
were low, overall (Figure 3D). Hypermethylation
of the promoter suppresses gene expression
and methylation of the gene body region is pos-
itively correlated with gene expression [29].
Thus, TNFSF4 methylation levels detected in
the GSE56420 dataset were consistent with
the TNFSF4 transcript levels mentioned above.

1611

Enrichment analysis results indicated that
TNFSF4 is involved in multiple immune pro-
cesses

Considering that molecular functions are most-
ly accomplished via protein complex formation,
protein molecules with which TNFSF4 interact-
ed were examined in the STRING database
to better understand the biologic activity of
TNFSF4. A protein interaction network contain-
ing thymic stromal lymphopoietin (TSLP), CD8a
molecule (CD8A), TNFSF4, TNFRSF4, TNFSF9,
TNFRSF9 was constructed (Figure 4A). The
results of functional enrichment indicated that
these proteins were associated with signaling
receptor activator activity, receptor ligand activ-
ity, T cell activation, and cytokine-cytokine

Am J Transl Res 2023;15(3):1607-1625
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Figure 2. Identification of differentially expressed genes (DEGs). A. Sequencing of 395 immune genes, with vertical
coordinates reflecting fold changes in gene expression in keloids compared to normal skins. The results suggested
that significant differential genes in keloids were mainly associated with checkpoint pathways, chemokine signal-
ing, TCR co-expression and T cell regulation. B. Batch removal effect is illustrated by principal component analysis
after GSE44270 and GSE92566 were combined. The left panel shows the results of principal component analysis
before batch removal, and the right panel presents the results after batch effects were removed using the ComBat
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function. C. Heatmap of differentially expressed genes in the combined GEO dataset. D. Heatmap of differentially
expressed genes in the sequencing of 395 immune genes. Darker red indicates a higher expression level, while
deeper green means lower expression level. FC, fold change; GEO, gene expression omnibus TCR, T cell receptor.
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Figure 3. Identification of the target gene TNFSF4. A. Volcano map of differentially expressed genes. The GEO
dataset is shown on the left, and immune sequencing is presented on the right. Yellow represents genes with low
expression, green indicates genes with no significant difference in expression, and red refers to genes with high
expression in keloids. TNFSF4 expression is upregulated in both datasets. B. Violin plots of elevated TNFSF4 ex-
pression validated in GSE190626 (P. value = 0.011), GSE158395 (P. value = 0.003), and GSE178562 (P. value =
2e-04). C. Expression levels of TNFSF4 were quantified in keloids (n = 10) and normal skin samples (n = 10) using
quantitative real-time PCR analysis. D. Visualization of the methylated CpG sites of TNFSF4 located in the body
region and TSS200 region, with the horizontal coordinate indicating the percentage of methylation signal intensity.
CpG, cytosine-phosphodiester bond-guanine; FC, fold change; TSS, transcription start site. **P < 0.01.

receptor interaction (Figure 4C, 4D). Chitin and
sulfate compounds were found to interact with
TNFSF4 in the STITCH database (Figure 4B).
Gene set enrichment analysis (Figure 4E)
revealed that high expression of TNFSF4 in the

combined GEO dataset was associated with a
variety of immune processes, including regula-
tion of neutrophil chemotaxis, dendritic cell
chemotaxis, antigen processing and presenta-
tion, and the interferon-alpha response.
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Figure 4. Functional prediction of TNFSF4. A. Visualization of protein molecules that interact with TNFSF4 in the STRING database. B. Prediction of possible com-
pounds associating with TNFSF4 in the STITCH database. C, D. Gene ontology (GO) and KEGG pathway enrichment analysis of molecules in the protein interaction
network via the R package “clusterProfiler”. E. Gene set enrichment analysis of the merged GEO dataset. The expression profile data were divided into 2 groups
based on TNFSF4 expression. The enriched pathways upregulated in the TNFSF4 high expression group are demonstrated.
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TNFSF4 expression reshaped the intercellular
communication network

We also identified cell types expressing TNFSF4
using single-cell RNA sequencing datasets to
more precisely assess intercellular differences
in TNFSF4 expression in keloid lesions. After
correction for batch effects using the Harmony
algorithm, a total of 12,330 cells were included
in the downstream analysis (Figure 5A and
Supplementary Figure 1). The unsupervised
clustering algorithm identified 18 clusters that
were assigned to eight cell types. Cells express-
ing TNFSF4 were concentrated in the fibroblast
cluster (Figure 5B).

CellChat was then used to analyze the effect of
TNFSF4 expression in fibroblasts on intercellu-
lar communication. We found that TNFSF4+
fibroblasts had a broader communication net-
work with other clusters (Figure 5C), especially
in fibrosis-related signaling pathways such as
the fibronectin 1 (FN1), collagen, and trans-
forming growth factor beta (TGFB) signaling
pathways (Figure 5D). Expression of ligands of
these signaling pathways, like COL1A1, COL1-
A2, and FN1, was at high levels in TNFSF4+
fibroblasts (Figure 5E). TNFSF4+ fibroblasts are
an important cellular source of the thrombos-
pondin (THBS) pathway, and ligands of this
pathway mediate cell-matrix interactions that
function in wound healing, angiogenesis, and
inflammatory responses [30].

Among growth factor-related signaling path-
ways such as the midkine (MK) pathway and
the (PTN) pathway, TNFSF4+ fibroblasts in-
creased autocrine signaling modalities, com-
pared with TNFSF4- fibroblasts (Figure 6). The
MK pathway and PTN pathway have been
reported to promote cell growth, migration, and
angiogenesis in a variety of tumors [31-33].
For epidermal growth factor (EGF) pathway,
TNFSF4+ fibroblasts served as receptors in-
creasing interaction with keratinocytes and
endothelial cells and expressing higher levels
of epidermal growth factor receptor (EFGR).

In immune response-related pathways, TNF-
SF4+ fibroblasts increased signal reception to
the MIF pathway that regulates macrophage
function. Expression of atypical chemokine
receptor 3 (ACKR3), a receptor of this pathway,
was observed in TNFSF4+ fibroblasts. TNFSF4+
fibroblasts were a key source of the c-c motif
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chemokine ligand (CCL) signaling pathway, and
CCL2 is one of the critical chemokines that reg-
ulate migration and infiltration of monocytes
and macrophages [34]. TNFSF4+ fibroblasts
expressed ligands of the TWEAK signaling net-
work. This pathway acted both in an autocrine
manner and a paracrine manner from fibro-
blasts to keratinocytes.

TNFSF4+ mesenchymal fibroblasts possessed
a pro-fibrotic transcriptional profile feature

Previous studies found that fibroblasts can
be subdivided into four types, namely mesen-
chymal fibroblasts (MFs), pro-inflammatory
fibroblasts (PFs), secretory-papillary fibrobla-
sts (SPFs), and secretory-reticular fibroblasts
(SRFs) [35]. After subdivision of fibroblasts, the
results indicated that the high TNFSF4 expres-
sion was mainly clustered in MFs (Figure 7A-D).
Prior studies found that MFs are the most vari-
able fibroblast type and are possibly the high-
est-contributing cell type in keloid lesions, com-
pared with normal scarring [36]. TNFSF4+ MFs
upregulated gene expression for extracellular
matrix organization, collagen binding, and
wound healing processes, with a transcription-
al profile characteristic of fibrosis promotion
(Figure 7F, 7G).

Discussion

Keloidal scarring is a refractory skin disease
due to its persistent growth and aggressive
nature. Because the associated pathogenic
mechanisms are incompletely clarified, keloidal
scarring still lacks clear molecular targets and
long-lasting and effective therapies [37-39].
Considering the vital role of the immune
response in keloid formation, this study aimed
to identify a molecule associated with keloids
based on an immune perspective and to com-
prehensively assess the expression and cellu-
lar distribution in a multi-omics setting. TNFSF4
and TNFRSF4 constitute a pair of co-stimulato-
ry molecules. TNFSF4 binds to receptors on T
cells and generates co-stimulatory signals that
act as a facilitator of lymphocyte activation and
proliferation [40]. Considering that it is an
essential mechanism in tumor immune check-
point blockade therapy and immune tolerance,
identification of aberrant expression of TNFSF4
may provide a new direction for future research
on keloid lesions.
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Figure 7. Upregulation of TNFSF4 mainly in mesenchymal fibroblasts. A, B. Subdivision and annotation of fibroblast
subtypes. Seven cell clusters were obtained after downscaling of overall fibroblasts. C, D. TNFSF4 expression in fi-
broblast subpopulations. The red ellipse indicates that the high expression of TNFSF4 is concentrated in the mesen-
chymal fibroblast cluster. The pie charts show the distribution of cell types expressing TNFSF4 in keloid and control
group. E. Expression of representative genes for mesenchymal fibroblasts, pro-inflammatory fibroblasts, secretory
papillary fibroblasts and secretory reticular fibroblasts. F. Volcano map of differentially expressed genes in TNFSF4+
mesenchymal fibroblasts compared to TNFSF4- mesenchymal fibroblasts. G. Enrichment analysis of differentially

expressed genes in TNFSF4+ mesenchymal fibroblasts.

To the best of our knowledge, there is a paucity
of studies and reports on immune molecules in
keloids. In this study, we found upregulation of
TNFSF4 in keloids using immunogenetic se-
quencing and GEO datasets. This finding was
validated using datasets GSE190626, GSE-
158395, and GSE178562. Variation in TNFSF4
at the epigenetic level was concordant with
expression in the transcriptome; TNFSF4 hyper-
methylated sites were located in the body
region and hypomethylated sites were situated
in the TSS200 region of the promoter. Fun-
ctional enrichment analysis of the protein inter-
action network constructed based on TNFSF4
indicated that TNFSF4 was involved in multiple
immune processes. Single-cell RNA sequenc-
ing results suggested that TNFSF4 was highly
expressed in MFs, which are pivotal cells in
skin fibrosis. This elevated TNFSF4 expression
enhanced cell-to-cell interactions in fibrosis-
related pathways, such as the FN1 pathway
and collagen pathway. TNFSF4-expressing MFs
markedly upregulated gene expression in extra-
cellular matrix organization and wound healing
processes. Therefore, it is reasonable to con-
clude that TNFSF4 is a biomolecule that may
contribute to the pathogenesis of keloidal
scars.

TNFSF4, an immune checkpoint regulator, is a
co-stimulatory molecule necessary for full acti-
vation of T cells. Its polymorphisms have been
linked to a diverse range of immune diseases,
such as desiccation syndrome and systemic
lupus erythematosus [41-43]. TNFSF4 is a
member of the tumor necrosis factor family,
which has numerous family members and
establishes a complex communication system
in various cell types by binding to TNFRSF4,
recruiting signal transduction proteins, and
activating downstream signaling pathways [44-
46]. Single-cell RNA sequencing found that
TNFSF4 was highly expressed in MFs. This
result suggested that TNFSF4 was an impor-
tant regulator in the fibrosis process. Elhai et al.
found that TNFSF4 protein expression was 3.6-
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fold higher in systemic sclerosis compared with
control samples. They also found positive stain-
ing for TNFSF4 in CD90+ and a-smooth muscle
actin-positive cells. These results indicate that
TNFSF4 is expressed in fibroblasts and myofi-
broblasts [47]. Furthermore, a fibrogenic model
found that TNFSF4 knock-out mice are protect-
ed from bleomycin-induced fibrosis and have
reduced pro-inflammatory cytokine levels. The
abnormal upregulation and function of TNFSF4
in systemic sclerosis are consistent with our
keloid lesion results and partially corroborate
our findings.

TNFSF4 has been reported to be abnormally
upregulated in tumor-associated fibroblasts in
stressful environments like chemotherapy and
hypoxia. The presence of fibroblasts with
increased TNFSF4 expression is correlated
with chemoresistance in lung adenocarcinoma
[48]. Blockade of immune checkpoints (e.g.,
TNFSF4/TNFRSF4) targeting immune function
stimulation signals is one of the most promis-
ing therapeutic tools available for tumors.
Programmed death receptors such as TNFRSF4
are expressed on the surface of T cells, while
ligands like TNFSF4 are presented on tumor
cells. Binding of the receptors to their ligands
can appropriately regulate T cell activation [49].
Considering the tumor-like properties of
keloids, the development of immunotherapeu-
tic agents targeting a family of immune co-stim-
ulatory molecules may be a promising future
direction for keloid treatment.

We found aberrant expression of the immune
co-stimulatory molecule TNFSF4 in keloid fibro-
blasts and its effect on intercellular crosstalk.
However, this study had some limitations. First,
it was a retrospective study of sequencing data,
and the sample size in the keloid dataset was
relatively small. Second, there was heterogene-
ity among patients, especially in the single-cell
RNA sequencing results; the generalizability of
the results should be confirmed in a large-scale
study. Finally, because clinical information for
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the patients with keloid lesions was unavail-
able in several datasets, it was difficult to per-
form subgroup analysis in terms of age and
gender, based on the general profiles of the
patients. Considering TNFSF4 has been report-
ed as a biomarker to predict the development
of systemic sclerosis, multicenter, large-sample
prospective studies are necessary to estimate
the predictive power of TNFSF4 for keloids.

Conclusions

This study revealed upregulation of TNFSF4
expression in keloids from an immunological
perspective and validated the aberrant expres-
sion of TNFSF4 at the methylation and single-
cell sequencing levels. The results also sug-
gested upregulation of TNFSF4 expression was
specifically clustered in MFs, which is one of
the cell types that contributes most during the
formation of extracellular matrix in keloids.
TNFSF4 may represent a promising new focus
for pathogenesis research, and the special sta-
tus of TNFSF4 as an immune checkpoint mole-
cule may provide a new direction for immuno-
therapy of keloidal scars.
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TNFSF4 and keloid disorder
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Supplementary Figure 1. A. Descending and clustering analysis. 18 cell clusters were obtained after unsupervised clustering. B. Annotation of cell clusters. Feature
plots of the expression of classical cell markers used for cellular annotation.



