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CESI is associated with alleviating keloid fibrotic
characteristics potentially by modulating
JAK/STAT-mediated M2-like macrophage

polarization in in vitro models
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Abstract. Keloids are characterized by excessive fibrosis
driven by interactions between fibroblasts and macrophages.
Carboxylesterase 1 (CES1) is associated with fibrosis, but its
role in keloid pathogenesis remains unclear. The present study
aimed to explore the role of CESI in keloid fibrosis and its
regulation of macrophage-fibroblast interactions. Differential
expression analysis was performed on keloid datasets
(GSE92566, GSE121618 and GSE158766). KEL FIB cells
and MO macrophages or M2 macrophages were co-cultured.
Cellular interactions were evaluated using the Cell Counting
Kit-8 assay to assess proliferation, while flow cytometry was
used to assess apoptosis. Additionally, fibrosis-related markers
(collagen 111, collagen I, TGF-f, vimentin, a-smooth muscle
actin and fibronectin), M2 macrophage polarization markers
(CD206 and CD163) and components of the JAK/STAT
signaling pathway were assessed using western blotting,
immunofluorescence and reverse transcription-quantitative
PCR. Bioinformatics analysis showed that CES1 expression
was downregulated in keloid tissues compared with normal
skin tissues. Co-culture with MO macrophages enhanced KEL
FIB cell proliferation and reduced apoptosis while upregu-
lating fibrotic markers. Conversely, KEL FIB cells induced
M2-like polarization of MO macrophages, as characterized
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by the increased expression of CD163 and CD206. CES1
overexpression in KEL FIB cells was associated with reduced
phosphorylated STATS levels, suggesting a potential modula-
tory effect on the JAK/STAT signaling pathway, accompanied
by decreased expression of fibrotic markers in KEL FIB cells
and M2 polarization markers in co-cultured MO macrophages.
CESI1 knockdown resulted in the opposite effects, which was
mitigated by the STATS5 inhibitor AC-4-130. However, CES1
overexpression did not notably alter fibrotic markers in KEL
FIB cells co-cultured with M2 macrophages. The results of
the present study suggested a key role for CESI in modulating
keloid fibrosis, possibly by modulating M2 polarization
through the JAK/STAT signaling pathway in vitro. Targeting
CESI and macrophage-fibroblast interactions may provide a
novel research direction and a promising therapeutic strategy
for keloid treatment.

Introduction

Keloids result from the excessive proliferation of fibrous tissue
after skin injury. These lesions usually appear as thick, hard
scars that extend beyond the original wound boundaries and
are difficult to heal spontaneously, causing persistent discom-
fort for patients (1). In one study, the mean age of onset was
significantly lower in patients with multiple keloids than in
those with solitary keloids (22.65+8.39 vs. 28.19+12.80 years;
P=0.006) (2). In addition, ethnicity disparities in keloid suscep-
tibility have been reported, with individuals of black and Asian
ethnic backgrounds showing higher odds of keloid occurrence
than individuals with white ethnic backgrounds (OR=6.14,
95% CI: 3.75-10.07 and OR=3.70, 95% CI: 2.16-6.34, respec-
tively (3). The most commonly used treatments for keloids
include corticosteroid injections, surgical excision, laser
therapy and radiotherapy (4,5). However, keloids remain chal-
lenging to manage due to their high recurrence rates, which
have been reported to range from 33 to 100% depending on
treatment modalities (6). The pathophysiology of keloids has
been associated with inflammatory mediators, such as IL-8,


https://www.spandidos-publications.com/10.3892/etm.2026.13347

2 JIN et al: CESI INHIBITS KELOID FIBROSIS VIA JAK/STAT-MEDIATED SUPPRESSION OF M2 POLARIZATION

TGF-p and IL-6, as well as immune responses involving
a-smooth muscle actin (a-SMA) (7). In addition, keloid
formation is characterized by the continuous accumulation of
extracellular matrix (ECM), primarily driven by fibroblasts
via the TGF-f signaling pathway (8). Therefore, research on
keloid-related signaling pathways and their regulatory mecha-
nisms is important for the development of effective treatment
strategies.

Macrophages are immune cells integral to maintaining
immune homeostasis, tissue repair and the inflammatory
response (9). Macrophages regulate these processes by
producing various cytokines, including IL-6, IL-1 and TNF-a.
Depending on the microenvironment, macrophages can differ-
entiate into M1 (classically activated) or M2 (alternatively
activated) phenotypes (10). M2 macrophages are typically
associated with fibrosis and the healing process, and they have
been shown to promote scar formation. Several studies have
highlighted the notable function of macrophages in the forma-
tion and progression of keloids. Seoudy ez al (11) demonstrated
that keloid tissues exhibit low levels of M1 macrophages,
while M2 macrophages are notably elevated. Furthermore,
Dirand et al (12) found that M2 macrophages enhance the
fibrotic characteristics of keloid fibroblasts, whereas M1
macrophages exhibit antifibrotic properties. This suggests that
the M1/M2 macrophage subtypes have distinct effects on the
fibrotic process in keloids, and restoring the balance between
these two populations may represent an effective therapeutic
strategy. Given these insights, the present study investigated the
impact of macrophages on fibroblasts and further elucidated
the specific mechanisms underlying keloid formation.

The JAK/STAT signaling pathway is essential for regu-
lating cellular processes such as differentiation, survival,
proliferation and immune responses (13). Abnormal activation
of the JAK/STAT pathway has been associated with several
diseases, including cancer (14). In fibrotic diseases, sustained
activation of the JAK/STAT signaling pathway leads to
excessive ECM deposition and tissue remodeling, thereby
exacerbating disease progression (15). Clinical research has
shown that JAK/STAT inhibitors effectively hinder keloid
progression by reducing collagen production, cellular migra-
tion and proliferation, as well as by inducing apoptosis and
halting the cell cycle (16). Furthermore, research has shown
that fibroblasts activated by WNTS5A secrete 1L-6, which
subsequently activates the JAK/STAT signaling pathway,
promoting epithelial-mesenchymal transition in neighboring
keratinocytes (17).

Recent studies have emphasized the key function of
macrophages in the fibrotic response, particularly the influ-
ence of M2 macrophages, which have been shown to promote
fibrosis through cytokine release and interaction with fibro-
blasts (18,19). The JAK/STAT signaling pathway may help
modulate these fibrotic processes, and abnormal activation has
been associated with keloid development. Carboxylesterase
1 (CESI) is a member of the serine hydrolase superfamily
that catalyzes ester hydrolysis and is increasingly investi-
gated for its role in drug metabolism (20). In addition to its
established role in xenobiotic metabolism, CESI is involved
in lipid metabolism and has been associated with metabolic
disorders and liver fibrosis (21). The present study explored the
potential association and investigated the role of CES1 and the

JAK/STAT signaling pathway in fibrotic processes in keloid
fibroblasts. By exploring the functional relationships among
CESI, macrophage polarization and fibroblast behavior, the
obtained findings may offer insights into potential mechanisms
underlying keloid formation, and may provide preliminary
clues for new avenues for therapeutic intervention to address
the challenges posed by keloid treatment.

Materials and methods

Retrieval of keloid-related datasets. In the present study, gene
expression profiles associated with keloids were analyzed using
data from Gene Expression Omnibus (https:/www.ncbi.nlm.
nih.gov/geo/). A total of three relevant datasets (GSE92566,
GSE121618 and GSE158766) were selected (22,23). The
GSE92566 dataset consists of four keloid skin samples (case
group) and three adjacent non-lesional skin samples (control
group), enabling comparison of gene expression between
keloid-affected and healthy tissues. The GSE121618 dataset
contains five endothelial cell samples isolated from keloid
tissue (case group) and six samples derived from normal skin
(control group), providing a basis for investigating differences
in endothelial cell behavior associated with keloid pathogen-
esis. Finally, the GSE158766 dataset comprises six samples of
proliferative scar cells (case group) and three normal skin cell
samples (control group), enabling analysis of gene expression
alterations associated with scar formation.

Expression analysis of overlapping genes in three keloid-
related datasets. Differential gene expression analysis was
conducted on the keloid-associated datasets (GSE92566,
GSE121618 and GSE158766) utilizing the ‘limma’ package
in R software (version 3.42.2; https://bioconductor.org/pack-
ages/limma/). Briefly, background correction and quantile
normalization were performed to standardize gene expression
profiles across datasets. To minimize technical variation and
reduce inter-dataset heterogeneity, the datasets were merged
and subjected to batch-effect correction before downstream
analysis. Differentially expressed genes (DEGs) were identified
using fold-change (FC)-based screening, with FC>1.3 defining
upregulated genes and FC<0.7 defining downregulated genes,
combined with a nominal P<0.05. Given the limited sample
sizes of the original datasets, FC-based screening was priori-
tized over strict multiple-testing correction to reduce the risk
of excluding biologically relevant genes due to low statistical
power. Experimental approaches subsequently validated the
candidate genes. Following the identification of DEGs, over-
lapping upregulated and downregulated DEGs among the
three datasets were identified using the Venn diagram online
tool (https://bioinformatics.psb.ugent.be/webtools/Venn/). The
expression patterns of the overlapping genes in keloid and
normal control samples were subsequently analyzed and visu-
alized using the Sangerbox platform (version 3.0; http://vip.
sangerbox.com/home.html).

Cell lines and culture. For cellular experiments, the human
keloid fibroblast cell line KEL FIB (cat. no. CRL-1762) was
purchased from the American Type Culture Collection,
and human monocytic THP-1 cells were sourced from The
Type Culture Collection Cell Bank of the Chinese Academy



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

of Sciences Committee. Both cell lines were subjected to
short tandem repeat profiling identification and mycoplasma
detection by the suppliers and were confirmed free of
cross-contamination. KEL FIB cells were cultured in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin-strepto-
mycin. THP-1 cells were maintained in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 1%
penicillin-streptomycin and 10% FBS. All cell cultures were
incubated in a 5% CO, atmosphere at 37°C.

Macrophage differentiation and co-culture with KEL FIB
cells. Following the protocol established by Hickman et al (24),
THP-1 cells were treated with 40 ng/ml macrophage
colony-stimulating factor (cat. no. P5313; Beyotime
Biotechnology) for 48 h at 37°C to induce their differentiation
into MO macrophages. To confirm successful differentiation,
cells were examined for morphological changes under an
inverted light microscope. Differentiated MO macrophages
exhibited characteristic adherent morphology with elongated,
spindle-shaped or star-like appearance, in contrast to the round,
floating morphology of undifferentiated THP-1 monocytes. To
further differentiate MO macrophages into M2 macrophages,
20 ng/ml IL-4 (cat. no. P5129; Beyotime Biotechnology) was
added to the culture medium for 24 h at 37°C. For the indirect
co-culture assay, KEL FIB cells were first seeded into the
lower chamber of 6-well Transwell inserts with 0.4-um pores
at a density of 1x10° cells per well and cultured overnight to
allow cell attachment. Subsequently, differentiated MO or M2
macrophages were seeded in the upper chamber at 1x10° cells
per well in complete RPMI-1640 medium containing 10%
FBS and 1% penicillin-streptomycin. KEL FIB cells in the
lower chamber were maintained in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin. The two cell popu-
lations were physically separated by the Transwell membrane,
which allowed the exchange of soluble factors. The indirect
co-culture was maintained for 48 h at 37°C in a humidified
incubator containing 5% CO,.

Cell treatments. For TGF-p treatment, KEL FIB cells were
incubated at 37°C for 24 h in complete growth medium
supplemented with 10% FBS and 1% penicillin-streptomycin
containing 5 ng/ml TGF-f (Beyotime Biotechnology). To inhibit
phosphorylated (p)STATS signaling, DMSO was employed to
dissolve the STATS inhibitor AC-4-130 (MedChemExpress),
which was then added at a final concentration of 5 M to the
KEL FIB cell culture medium containing 10% FBS and 1%
penicillin-streptomycin, and the cells were incubated at 37°C
for 24 h. Control groups were treated with an equivalent
volume of DMSO to ensure consistency across experimental
conditions.

Cell transfection. KEL FIB cells were cultured at a seeding
density of 2x10° cells per well in 24-well plates. Cells were
incubated overnight in complete growth medium to achieve
70-80% confluence. Transfections were conducted using
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
KEL FIB cells were transfected with a pcDNA3.1-based
plasmid for CESI1 overexpression (over-CES1) or the control
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vector (vector) (Shanghai GenePharma Co., Ltd.). The plasmid
was used at 0.5 ug per well. Additionally, small interfering
RNA (siRNA) targeting CESI (si-CESI; sense, 5'-CCUGCUG
ACUUGACCAAGAAA-3"; and antisense, 5-UUUCUUGGU
CAAGUCAGGCAGG-3') or negative control siRNA (si-NC;
sense, 5S'-UUCUCCGAACGUGUCACGUTT-3"; and anti-
sense, 5'-ACGUGACACGUUCGGAGAATT-3") (Shanghai
GenePharma Co., Ltd.) was transfected into separate groups of
KEL FIB cells at a final concentration of 50 nM. Transfection
was performed at 37°C for 6 h, after which the medium was
replaced with fresh complete growth medium. For co-culture
experiments, KEL FIB + MO macrophages and KEL FIB +
M2 macrophages were co-cultured after transfecting KEL FIB
cells with either over-CES1 or vector plasmids. All transfec-
tion procedures adhered to standardized protocols. Cells were
harvested for subsequent analyses after 48 h of transfection.

Cell Counting Kit-8 (CCK-8) assay. Cell proliferation was
assessed using the CCK-8 assay (cat. no. CK04; Dojindo
Laboratories, Inc.). For co-culture experiments, KEL FIB cells
and MO macrophages were first co-cultured using the 6-well
Transwell system at 1x10° cells per well under the conditions
aforementioned. Following co-culture, the indicated cells were
collected and re-seeded into 96-well plates for the CCK-8
assay. Following the aforementioned treatments, CCK-8
reagent was added to each well, and the cells were incubated
for 2 h at 37°C. Absorbance was measured at 450 nm using a
microplate reader (Thermo Fisher Scientific, Inc.) on days 1,
2,3 and 4.

Flow cytometry analysis. Flow cytometry was used to assess
apoptosis in KEL FIB cells and MO macrophages under the
indicated experimental conditions. KEL FIB cells cultured
alone or treated with TGF-f were seeded at a density of
1x10° cells per well in 24-well plates and cultured for 24 h
before treatment. KEL FIB cells co-cultured with MO macro-
phages were cultured using the 6-well Transwell system
aforementioned. After the indicated treatment or 48 h of
co-culture, KEL FIB cells were collected for apoptosis anal-
ysis. For MO macrophage experiments, MO macrophages were
cultured alone or co-cultured with KEL FIB cells using the
same Transwell system, and MO macrophages were collected
after 48 h for apoptosis analysis. Cells were dissociated using
trypsin-EDTA, washed with PBS and resuspended in binding
buffer provided with the Annexin V-FITC Early Apoptosis
Detection Kit (cat. no. 6592; Cell Signaling Technology, Inc.).
For apoptosis analysis, the cell suspension was incubated at
room temperature in the dark for 15 min after adding 5 pl
annexin V-FITC solution and 5 ul PI. The stained cells were
analyzed with a CyFlow Space flow cytometer (Sysmex Partec
GmbH), and the data were processed using FlowJo software
(version 10.6.1; FlowJo, LLC; Waters Biosciences).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from KEL FIB cells, MO macrophages
or M2 macrophages with RNAiso Plus (cat. no. 9108; Takara
Biotechnology Co.,Ltd.) as per the manufacturer's instructions.
cDNA synthesis was conducted using the PrimeScript RT
Reagent Kit (Takara Bio, Inc.) according to the manufacturer's
instructions. The SYBR Green PCR Master Mix (Vazyme
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Biotech Co., Ltd.) was then used to perform RT-qPCR on the
resulting cDNA using a StepOnePlus Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Ltd.). The
amplification conditions were as follows: Initial denaturation
at 95°C for 30 sec, followed by 40 cycles of denaturation
at 95°C for 5 sec and annealing/extension at 60°C for 30 sec. A
melting-curve analysis was performed at the end of the ampli-
fication to verify the specificity of the products. The primer
sequences used for amplification were as follows: CES1
forward, 5'-GATGTGGCTCCGTGCCTTTA-3' and reverse,
5'"TTCCCAGGAAAATGGCCACA-3'; CD206 forward,
5" TTCCTTTGGACGGATGGACG-3' and reverse, 5-CCT
CGTTTACTGTCGCAGGT-3"; CD163 forward, 5-GAAGAC
AGAGACAGCGGCTT-3' and reverse, 5'-GGTATCTTA
AAGGCTCACTGGGT-3". The forward and reverse primers
for GAPDH, which was used as a reference internal control,
were as follows: GAPDH forward, 5'-ATGAATGGGCAG
CCGTTAGG-3' and reverse, 5-CGCCCAATACGACCAAAT
CA-3". The 2244 method was used to determine the relative
expression of target genes (25).

Western blot (WB) analysis. Protein lysates from KEL FIB
cells and macrophages under the indicated experimental condi-
tions were prepared using RIPA lysis buffer (Thermo Fisher
Scientific, Ltd.), supplemented with protease and phosphatase
inhibitors. Protein concentration was determined using the
BCA Protein Assay Kit (Beyotime Biotechnology). Proteins
in equal quantities (30 ug per lane) were separated with 10%
SDS-PAGE and then transferred to PVDF membranes (Merck
KGaA). The membranes were blocked with 5% non-fat milk in
TBST containing 0.1% Tween-20 for 1 h at room temperature.
For blots displaying a target protein together with GAPDH, the
corresponding primary antibodies were incubated simultane-
ously on the same PVDF membrane, and the resulting bands
were distinguished according to their expected molecular
weights. The membranes were incubated with the corre-
sponding primary antibodies for 1 h at room temperature.
The following primary antibodies were used to probe the
membranes: Collagen ITI (1:1,000; cat. no. ab184993), collagen I
(1:1,000; cat. no. ab138492), TGF-f (1:1,000; cat. no. ab215715),
vimentin (1:1,000; cat. no. ab92547), fibronectin (1:1,000;
cat. no. ab2413), CES1 (1:10,000; cat. no. ab53008), CD206
(1:1,000; cat. no. ab64693), CD163 (1:1,000; cat. no. ab182422)
and GAPDH (1:10,000; cat. no. ab181602), all purchased from
Abcam. The a-SMA antibody (1:500; cat. no. A5228) was
obtained from Sigma-Aldrich (Merck KGaA). STATS (1:1,000;
cat. no. 94205) and pSTATS (1:1,000; cat. no. 9359) antibodies
were acquired from Cell Signaling Technology, Inc. Following
incubation with primary antibodies, the membranes were
washed with TBST and incubated for 1 h at room temperature
with HRP-conjugated goat anti-rabbit IgG H&L (1:5,000;
cat. no. ab6721; Abcam) or HRP-conjugated goat anti-mouse
IgG H&L (1:5,000; cat. no. ab97023; Abcam). Protein bands
were visualized using ECL reagent (Beyotime Biotechnology)
and semi-quantified with ImageJ software (version 1.8.0;
National Institutes of Health).

Immunofluorescence analysis. Immunofluorescence staining
was performed to evaluate the localization and expression of
a-SMA in KEL FIB cells, KEL FIB cells co-cultured with MO

macrophages and KEL FIB cells exposed to 5 ng/ml TGF-f.
After fixation for 30 min at room temperature with 4% para-
formaldehyde (Wuhan Servicebio Technology Co., Ltd.), the
cells were permeabilized for 15 min using 0.1% Triton X-100
(Beijing Solarbio Science & Technology Co., Ltd.) at room
temperature. To prevent non-specific binding, the cells were
treated with 5% BSA (Gibco; Thermo Fisher Scientific, Ltd.)
for 1 h at room temperature following three rounds of washing
with PBS. The cells were then incubated with a primary
antibody against a-SMA (1:50; cat. no. AG0101; Beyotime
Biotechnology) at 4°C overnight. After washing with PBS,
cells were treated with Alexa Fluor 594-conjugated AffiniPure
Goat Anti-Rabbit IgG (H+L) secondary antibody (1:500;
cat. no. 111-585-003; Jackson ImmunoResearch Laboratories,
Inc.) at room temperature for 1 h in the dark. Cell nuclei
were counterstained with DAPI (5 pg/ml; cat. no. C0066;
Beijing Solarbio Science & Technology Co., Ltd.) for 10 min
at room temperature. A fluorescence microscope (Olympus
Corporation) was used to obtain fluorescence images, and the
expression and localization of a-SMA were analyzed using
ImageJ software (version 1.8.0; National Institutes of Health,
USA).

Statistical analysis. The R software (version 4.3.2; R
Foundation for Statistical Computing) was used for statis-
tical analysis. Three independent biological replicates were
performed, each with three technical replicates, and the mean
of the technical replicates was used for analysis. Data are
presented as the mean + SD or as box-and-whisker plots. For
comparisons between two experimental groups, an unpaired
Student's t-test was used. The Mann-Whitney U test was
used for non-parametric comparisons between two groups.
One-way ANOVA was used to assess significant differences
among groups, and Tukey's post hoc test was conducted for
pairwise comparisons. Two-way ANOVA followed by Tukey's
post hoc test was conducted for analyses involving multiple
factors. Box-and-whisker plots are presented as the median
and interquartile range. P<0.05 was considered to indicate a
statistically significant difference.

Results

Identification of DEGs and the hub gene CESI in keloid
datasets. In the present study, differential expression analysis
was conducted on keloid-related datasets, GSE92566,
GSE121618 and GSE158766, using the R ‘limma’ package.
As illustrated in Fig. 1A, analysis of the GSE92566 dataset
revealed 1,140 upregulated DEGs and 2,246 downregulated
DEGs in the case group relative to the control group. Similarly,
the GSE121618 dataset exhibited 1,038 downregulated
and 1,702 upregulated DEGs (Fig. 1B). Furthermore, the
GSE158766 dataset showed 207 upregulated DEGs and 86
downregulated DEGs in the case group relative to the control
group (Fig. 1C). Subsequent analysis of the upregulated DEGs
across the three datasets identified one overlapping gene
(Fig. 1D). Additionally, two overlapping genes were found
among the downregulated DEGs across the three datasets
(Fig. 1E). Finally, expression analysis of the overlapping genes
CESI, procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3
(PLOD3) and semaphorin 3G (SEMA3G) in the control and
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Figure 1. Screening of DEGs and expression verification of key genes in keloid datasets. (A) Volcano plot displaying DEGs in the GSE92566 dataset. Brown
dots indicate upregulated DEGs, while yellow dots indicate downregulated DEGs. (B) Volcano plot for DEGs in the GSE121618 dataset. Red dots indicate
upregulated DEGs, while green dots indicate downregulated DEGs. (C) Volcano plot for DEGs in the GSE158766 dataset. Green dots indicate upregulated
DEGs, while red dots indicate downregulated DEGs. (D) Venn diagram illustrating overlapping upregulated DEGs among the three datasets (GSE92566,
GSE121618 and GSE158766). (E) Venn diagram showing overlapping downregulated DEGs across the three datasets (GSE92566, GSE121618 and GSE158766).
Expression levels of the overlapping genes (CES1, PLOD3 and SEMA3G) in the control and case groups across the (F) GSE92566, (G) GSE121618 and
(H) GSE158766 datasets. Group comparisons were performed using the Mann-Whitney U test. "P<0.05 and “P<0.01 vs. control. DEG, differentially expressed
gene; CES], carboxylesterase 1; PLOD3, procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3, SEMA3G, semaphorin 3G; not sig, not significant.

case groups across the three datasets indicated that CES1 and
SEMA3G were downregulated in the case group, whereas
PLOD3 was upregulated (Fig. 1F-H). Previous studies have
demonstrated that CES1 is linked to pathways associated with
lipid metabolism, inflammation and tissue remodeling (26,27).
These processes are highly relevant to keloid pathogenesis,
suggesting that CES1 may regulate keloid development. In
addition, the consistent dysregulation of CES1 across multiple
datasets further supports its potential relevance in disease
progression. Therefore, CES1 was selected as a hub gene for
subsequent analysis.

Reciprocal pro-survival interaction between MO macrophages
and KEL FIB. TGF-f is a key driver of fibroblast-mediated
fibrosis and scar formation, leading to abnormal tissue repair

and fibrotic processes by activating fibroblasts, promoting
ECM synthesis and inducing inflammation (28). In the present
study, the proliferation of KEL FIB cells under different
conditions was evaluated using the CCK-8 assay (Fig. 2A).
Compared with KEL FIB cells cultured alone, co-culture with
MO macrophages notably promoted the proliferation of KEL
FIB cells from day 3. In addition, treatment with 5 ng/ml TGF-f3
also promoted KEL FIB cell proliferation. The apoptosis rate
of KEL FIB cells under different conditions was examined
through flow cytometry (Fig. 2B). A significant reduction in
the apoptosis rate was observed in KEL FIB cells co-cultured
with MO macrophages compared with those cultured alone.
Treatment with 5 ng/ml TGF-f also significantly reduced
apoptosis in KEL FIB cells compared with cells cultured alone.
To determine whether this interaction is reciprocal, the effects
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Figure 2. Bidirectional crosstalk between MO macrophages and KEL FIB cells enhances proliferation and reduces apoptosis. (A) CCK-8 assay results showing
the proliferative response of KEL FIB cells in co-culture with MO macrophages or treated with TGF-f (5 ng/ml). “P<0.05 and “P<0.01 vs. KEL FIB group.
Statistical analysis was performed using two-way ANOVA followed by Tukey's post hoc test. (B) Cells were stained with annexin V-FITC and PI to assess
apoptosis in different treatment conditions [KEL FIB, KEL FIB + MO or KEL FIB + TGF-f (5 ng/ml)]. The percentage of apoptotic cells is indicated for each
condition (Q2 + Q3 quadrants). Statistical analysis was performed using one-way ANOVA followed by Tukey's post hoc test. "P<0.05 and “P<0.01 vs. KEL FIB
group. (C) CCK-8 assay showing the proliferation of MO macrophages cultured alone or co-cultured with KEL FIB cells over 4 days. 'P<0.05 vs. MO group.
Statistical analysis was performed using two-way ANOVA followed by Tukey's post hoc test. (D) Representative annexin V-FITC and PI flow cytometry plots
and quantitative analysis of apoptosis in MO macrophages cultured alone or co-cultured with KEL FIB cells. Statistical analysis was performed using unpaired
Student's t-test. ‘P<0.05 vs. MO group. Data are presented as the mean + SD (n=3). CCK-8, Cell Counting Kit-8; OD, optical density.

of KEL FIB cells on the proliferative capacity and apoptotic
status of MO macrophages were further assessed. The CCK-8
assay showed that co-culture with KEL FIB cells significantly
increased the proliferation of MO macrophage compared
with that of MO macrophages cultured alone (Fig. 2C). Flow
cytometry analysis showed that co-culture with KEL FIB
cells significantly reduced the apoptosis of MO macrophages
compared with that of cells cultured alone, indicating that
KEL FIB cells have an anti-apoptotic protective effect on
MO macrophages (Fig. 2D). Collectively, the present findings
demonstrated a reciprocal pro-proliferative and anti-apoptotic
interaction between MO macrophages and KEL FIB cells,
suggesting a feed-forward cellular circuit that may facilitate
fibrotic remodeling.

MO macrophages promote upregulation of fibrosis markers
in KEL FIB cells. To further clarify the impact of MO macro-
phages on scar fibroblast-mediated fibrosis, WB analysis was
conducted to assess the levels of fibrosis-associated markers
(collagen III, collagen I, TGF-f3, vimentin, a-SMA and fibro-
nectin) in MO macrophage and KEL FIB cell co-cultures as
well as TGF-pB-treated KEL FIB cells. The results indicated
that co-culture with MO macrophages significantly elevated
fibrosis marker levels compared with those in the KEL FIB
cell-only group, a trend similarly observed with TGF- treat-
ment (Fig. 3A and B). Immunofluorescence analysis further
supported these findings, showing a marked increase in
a-SMA fluorescence intensity in KEL FIB cells co-cultured
with MO macrophages, indicating upregulation of this fibrosis
marker. TGF-B-treated KEL FIB cells also exhibited a
notable increase in a-SMA fluorescence intensity (Fig. 3C).

These results suggest that macrophages can induce fibrotic
transformation in KEL FIB cells.

KEL FIB cells induce M2-like polarization of MO macro-
phages. CD206 and CD163 are hallmark markers of M2
macrophages (29). Whether KEL FIB cells cause MO macro-
phages to become M2-polarized was evaluated by measuring
the levels of M2 macrophage markers (CD206 and CD163).
RT-qPCR experimental results showed that the expression
levels of CD206 and CD163 were upregulated in MO macro-
phages following co-culture with KEL FIB cells (Fig. 4A).
Subsequent WB analysis confirmed that CD206 and CD163
protein levels were increased in co-cultured MO macrophages
compared with those in the MO macrophage group alone
(Fig. 4B and C). These findings suggest that keloid fibroblasts
drive M2-like polarization in macrophages.

Regulation of CESI expression in KEL FIB cells by MO
macrophages and TGF-f3. To investigate the role of CESI
in keloid fibroblasts, RT-qPCR experiments were conducted
to confirm that the mRNA expression of CESI in KEL FIB
cells was markedly reduced when co-cultured with MO macro-
phages or treated with 5 ng/ml TGF-p compared with that in
KEL FIB cells cultured alone (Fig. 5A). These results were
also confirmed at the protein level through WB experiments,
showing a decrease in CES1 protein in KEL FIB cells after
co-culture with MO macrophages or application of 5 ng/ml
TGF-p (Fig. 5B and C). To further explore the functional
role of CESI, the efficiency of CES1 knockdown and over-
expression was verified by transfecting KEL FIB cells with
CESl-targeting molecules followed by RT-qPCR and WB
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Figure 3. Effects of MO macrophages and TGF-f on the expression of fibrosis-related markers in KEL FIB cells. (A) WB analysis depicting the levels of fibrosis
markers (collagen I, collagen III, TGF-f, vimentin, a-SMA and fibronectin) in KEL FIB cells following co-culture with MO macrophages or treatment with
TGF-f (5 ng/ml). (B) Semi-quantitative analysis of fibrosis marker expression in KEL FIB cells, derived from WB data. Statistical analysis was performed
using one-way ANOVA followed by Tukey's post hoc test. (C) Immunofluorescence staining showing a-SMA expression (red) and cell nuclei counterstained
with DAPI (blue) in KEL FIB cells under the indicated conditions. Merged images demonstrate the expression and localization of a-SMA in KEL FIB cells
co-cultured with MO macrophages or treated with TGF-f3 (5 ng/ml). Data are presented as the mean + SD (n=3). Scale bar, 50 ym. "P<0.05, “"P<0.01, ““P<0.001
and “""P<0.0001 vs. KEL FIB group. WB, western blot; a-SMA, a-smooth muscle actin.

analyses, confirming effective regulation of CES1 levels
(Fig. 5D-G).

Overexpression of CESI is associated with reduced
JAK/STAT signaling and decreased fibrosis markers in keloid
fibroblasts. To explore the impact of CESI on the JAK/STAT
signaling cascade and fibrosis in KEL FIB under co-culture
conditions, CES1 was overexpressed in KEL FIB cells, which

were then co-cultured with MO macrophages. Following
co-culture, KEL FIB cells were subjected to WB analysis. The
results showed that after CES1 overexpression, the pSTATS
level in KEL FIB cells decreased significantly, whereas total
STATS expression did not change markedly (Fig. 6A and B).
This suggests that CES1 may affect the JAK/STAT signaling
cascade by blocking the activation of STATS. Further WB
analysis showed that CES1 overexpression significantly
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Figure 4. Effects of KEL FIB co-culture on CD206 and CD163 expression in MO macrophages. (A) Reverse transcription-quantitative PCR analysis measuring
the expression levels of M2 macrophage markers (CD206 and CD163) in MO macrophages or MO macrophages co-cultured with KEL FIB cells. Statistical
analysis was performed using unpaired Student's t-test. (B) Western blot analysis showing the protein expression levels of the M2 macrophage markers CD206
and CD163 in MO macrophages or in macrophages co-cultured with KEL FIB cells. (C) Corresponding semi-quantification of band intensities is presented in
bar graphs. Statistical analysis was performed using unpaired Student's t-test. Data are presented as the mean + SD (n=3). "P<0.05 and “'P<0.01 vs. MO group.

reduced the levels of multiple fibrosis markers in KEL FIB
cells, such as collagen III, collagen I, TGF-f, vimentin,
a-SMA and fibronectin (Fig. 6C and D). Immunofluorescence
analysis confirmed these findings, showing that after CES1
overexpression, the a-SMA fluorescence intensity was notably
reduced in CESl1-overexpressing KEL FIB cells co-cultured
with MO macrophages, indicating that this fibrosis marker
was downregulated (Fig. 6E). These results suggest that
CESI overexpression is associated with reduced JAK/STAT
signaling and lower fibrosis marker expression in keloid
fibroblasts.

CESI is associated with attenuated M2-like macrophage
polarization possibly by regulating the JAK/STATS signaling
pathway in keloid fibroblasts. To investigate the role of
CESI1 and the JAK/STAT signaling pathway in regulating
macrophage polarization under keloid fibroblast-macrophage
co-culture conditions, the expression levels of M2 macrophage
markers (CD206 and CD163) were evaluated by RT-qPCR
and WB analyses in MO macrophages co-cultured with
CESl-overexpressing KEL FIB cells. The results showed that
CESI overexpression in KEL FIB cells suppressed CD206
and CD163 expression in co-cultured MO macrophages
compared with that in controls (Fig. 7A-D). Subsequent WB
analysis examined the impact of CES1 knockdown and STATS
inhibitor (AC-4-130) on pSTATS and STATS expression levels
in KEL FIB cells after co-culture with MO macrophages. The
results revealed that CES1 knockdown in KEL FIB cells led
to an increase in pSTATS levels, while total STATS expres-
sion remained unchanged. Notably, the addition of AC-4-130
reversed the increase of pSTATS in CES1-knockdown KEL
FIB cells, with STATS levels again showing no marked change
(Fig. 7E and F). Furthermore, RT-qPCR and WB analyses
demonstrated that CES1 knockdown promoted CD206 and
CD163 expression in co-cultured MO macrophages, an effect
reversed by AC-4-130 treatment (Fig. 7G-K). These find-
ings suggest that CES1 may attenuate M2-like macrophage
polarization of MO macrophages by inhibiting the JAK/STAT
signaling pathway in keloid fibroblasts.

Polarized M2 macrophages promote fibrotic characteristics
in keloid fibroblasts. To measure M2 macrophage marker
levels, RT-qPCR and WB analyses were performed on MO
and M2 macrophages, revealing a notable increase in CD206
and CD163 mRNA and protein levels in M2 macrophages
compared with those in MO macrophages (Fig. 8A-C).
Subsequent WB analysis evaluated the expression of fibrosis
markers (collagen III, TGF-f, collagen I, vimentin, a-SMA
and fibronectin) in CESl-overexpressing KEL FIB cells
co-cultured with M2 macrophages. The aforementioned
results showed that CES1 overexpression in KEL FIB cells
was associated with reduced levels of M0-to-M2-like polar-
ization markers in the co-culture system, accompanied by
decreased expression of fibrosis-related factors in KEL FIB
cells. By contrast, when pre-polarized M2 macrophages were
co-cultured with CES1-overexpressing keloid fibroblasts, M2
cells could have continued to enhance the fibrotic activation
of fibroblasts. Consequently, in the presence of exogenous
M2 macrophages, fibrosis marker levels did not differ signifi-
cantly between the CES1-overexpressing and control groups
(Fig. 8D and E). These findings suggest that the antifibrotic
effect of CES1 potentially relies on inhibiting M0-to-M2
polarization, whereas pre-polarized M2 macrophages can
negate this effect. However, this finding is preliminary and
requires further validation in subsequent studies.

Discussion

Keloidsresult from the aberrant proliferation of scar tissue, often
attributed to excessive collagen synthesis (30). This condition
is frequently accompanied by symptoms such as itching and
discomfort, impacting the quality of life of impacted patients.
A recent study by Kim and Kim (31) suggested that keloid
formation is influenced by multiple factors, including genetic
predisposition, dysregulated immune responses and abnormal
wound-healing processes. The present study employed
differential expression analysis on keloid-related datasets, iden-
tifying three overlapping genes: CES1, PLOD3 and SEMA3G.
Shao et al (32) revealed that knockdown of PLOD3 reduces the
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expression of lysyl hydroxylase 3 and type I collagen, leading
to a decrease in collagen pyridinoline cross-linking products.
Conversely, PLOD3 overexpression increases lysyl hydroxylase
3 and collagen I expression, suggesting that PLOD3 promotes
collagen cross-linking and the fibrotic process. Luo er al (33)
demonstrated that SEMA3G secreted by endothelial cells

markedly affects the fibrotic process in diabetic conditions
by promoting the migration and proliferation of human aortic
smooth muscle cells. Given the limited research on the role
of CESI in fibrosis and keloids, the present study aimed to
investigate the fundamental mechanisms of CESI in keloid
fibroblasts.
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Figure 6. Effects of CES1 overexpression on STATS activation and fibrosis-related markers in KEL FIB cells co-cultured with MO macrophages.

(A) Representative western blot images showing pSTATS and total STATS

expression in KEL FIB cells co-cultured with MO macrophages following

CESI overexpression. (B) Quantification of pSTATS relative to total STATS in the groups shown in (A) Statistical analysis was performed using unpaired
Student's t-test. (C) Representative western blot images showing the expression of fibrosis-related proteins, including collagen I, collagen III, TGF-f3,
Vimentin, a-SMA and fibronectin, in CES1-overexpressing KEL FIB cells co-cultured with MO macrophages. (D) Quantification of the fibrosis-related
proteins shown in (C). Statistical analysis was performed using unpaired Student's t-test. (E) Immunofluorescence analysis of a-SMA fluorescence intensity in
CESl-overexpressing KEL FIB cells co-cultured with MO macrophages. Data are presented as the mean = SD (n=3). "P<0.05 and ““P<0.001 vs. vector group.
Scale bar, 50 um. CESI, carboxylesterase 1; WB, western blot; over, overexpression; a-SMA, a-smooth muscle actin; p, phosphorylated.

TGF-p promotes ECM accumulation by enhancing
collagen synthesis and inhibiting MMP activity (34).
Additionally, multiple therapeutic strategies to inhibit TGF-3
activity have been evaluated (35,36). The present study found
that co-culturing MO macrophages with KEL FIB cells
markedly enhanced the proliferation of keloid fibroblasts and
macrophages and reduced apoptosis. These findings align with
the trend observed during the treatment of KEL FIB cells with
TGF-p. Xu et al (37) reviewed the involvement of macrophages
in keloid formation, highlighting the polarization of macro-
phages in pathological scar development. It was noted that
an early increase in M2 cells is associated with susceptibility
to abnormal scarring. Furthermore, a decrease in M1 cells
and delayed M2 cell polarization contribute to the formation
of pathological scars. Lv er al (38) also found that the total
numbers of polarized M2 macrophages and macrophages in
the peripheral blood and local skin of patients with keloids
increased markedly, suggesting that macrophage polarization
may be associated with keloid formation.

Fibrosis markers, including collagen I, TGF-f, collagen
III, vimentin, a-SMA and fibronectin, are widely considered
as key mediators of the pathological processes underlying

keloid and hypertrophic scar formation (39,40). To further
investigate the effects of macrophages on fibroblast-mediated
fibrotic phenotypes, the present study evaluated the levels of
various fibrosis markers. By detecting the levels of collagen I,
collagen III, TGF-f, vimentin, fibronectin and a-SMA, it was
found that the expression levels of fibrosis markers in keloid
fibroblasts were notably increased after co-culture with MO
macrophages, confirming that macrophages can induce the
fibrotic transformation of keloid fibroblasts.

Previous studies have focused on the regulatory effects
of fibrosis markers and their signaling pathways, exploring
possible molecular mechanisms underlying fibrosis.
Kim et al (41) showed that zinc-a-2-glycoprotein-derived
peptides effectively reduce the levels of collagen III and
collagen I in fibroblasts by inhibiting TGF-f3 and pSmad2/3
signaling pathways, while also reducing cell proliferation
during wound healing. Liu et al (42) emphasized that asporin
is strongly expressed in keloids, disrupts the response of
fibroblasts to mechanical stimulation and prevents their
differentiation into mature a-SMA* myofibroblasts. This inter-
ference leads to impaired remodeling of the collagen matrix
and abnormal proliferation. Cui ef al (43) found that extra
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Figure 7. CESI inhibits M2 macrophage polarization by modulating the JAK/STATS signaling pathway in keloid fibroblasts. (A) RT-qPCR analysis of CD206
mRNA expression in MO macrophages co-cultured with vector- or CES1-overexpressing KEL FIB cells. (B) RT-qPCR analysis of CD163 mRNA expression
in MO macrophages co-cultured with vector- or CES1-overexpressing KEL FIB cells. (C) Representative western blot images and (D) quantification of CD206
and CD163 protein expression in MO macrophages co-cultured with vector- or CES1-overexpressing KEL FIB cells. Statistical comparisons in (A), (B) and
(D) were performed using unpaired Student's t-test. (E) Representative western blot images and (F) quantification of pSTATS and total STATS levels in KEL
FIB cells co-cultured with MO macrophages under the si-NC, si-CES], si-CES1 + DMSO and si-CESI + AC-4-130 conditions. (G) RT-qPCR analysis of
CD206 mRNA expression in co-cultured MO macrophages under the indicated treatment conditions. (H) RT-qPCR analysis of CD163 mRNA expression in
co-cultured MO macrophages under the indicated treatment conditions. (I) Representative western blot images and quantification of (J) CD206 and (K) CD163
protein expression in co-cultured MO macrophages under the indicated treatment conditions. Statistical comparisons in (F-H), (J) and (K) were performed
using one-way ANOVA followed by Tukey's post hoc test. Data are presented as the mean = SD (n=3). "P<0.05, “P<0.01 and ““P<0.001 vs. vector group or
si-NC group; “P<0.05 and #P<0.01 vs. si-CES1 + DMSO group. si, small interfering; NC, negative control; over, overexpression; CESI, carboxylesterase 1;
WB, western blot; RT-qPCR, reverse transcription-quantitative PCR; p, phosphorylated.
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domain B (EDB) of fibronectin is highly expressed in keloid
tissue. The study showed that silencing EDB notably inhib-
ited TGF-B1-induced proliferation and collagen deposition in
keloid fibroblasts. Furthermore, it was demonstrated that EDB
is necessary in keloid formation by activating TGF-f1/Smad,
ERK and AKT signaling pathways.

CD206 is a widely recognized marker of M2 macro-
phages, which are important for anti-inflammatory processes,
tissue repair and immune regulation (44). Similarly, CD163
is mainly expressed in M2 macrophages and helps clear
hemoglobin-haptoglobin complexes, thereby reducing
oxidative stress and promoting tissue remodeling (45). The
expression of CD206 and CD163 is closely associated with
macrophage polarization toward an M2 phenotype, which is
characterized by anti-inflammatory and pro-repair functions.
Previous studies have also highlighted the role of CD206
and CD163 in keloid formation. Wang and Hu (46) found
that the tRNA-derived fragment tsRNA-14783 promotes
keloid development by increasing M2 macrophage markers,
including TGF-p, IL-10 and CD206, thereby enhancing tissue
fibrosis and ECM deposition. In another study, Lee et al (47)
demonstrated that cryotherapy upregulated CD163* M2
macrophages and MMP-9, suggesting that the recruitment of

M2 macrophages serves an important role in tissue remodeling
during keloid treatment. This apparent discrepancy may reflect
the context-dependent role of M2 macrophages, which can
promote fibrosis during keloid formation but facilitate matrix
remodeling during treatment. The present experimental results
further supported the key role of macrophage polarization in
the pathogenesis of keloids. KEL FIB cells were shown to
induce the polarization of MO macrophages to the M2-like
phenotype, as evidenced by the notable upregulation of CD206
and CD163 at both the mRNA and protein levels. These results
highlight the interaction between fibroblasts and macrophages
in keloid progression and suggest that targeting macrophage
polarization may represent a new strategy for keloid treatment.

A previous study showed that CESI1 is a key component
in the hydrolysis pathway of anti-inflammatory prostaglandin
D2-glycerol ester (PGD2-G) in THP-1 monocytes and that
inhibition of CES1 activity with small-molecule inhibitors
enhances the anti-inflammatory effects of PGD2-G (48). These
findings suggest that CES1 may influence fibrotic responses
by modulating macrophage inflammatory and polarization
states, providing a potential link between CESI activity and
keloid fibrosis. The JAK/STAT signaling pathway, a key
regulatory mechanism involved in macrophage polarization



wd 2| SPANDIDOS
) PUBLICATIONS

and fibroblast activation, has garnered attention regarding its
impact on keloid formation. Chao et al (49) found increased
activation of the M2 macrophage subtype in scar tissue, with
elevated levels of pSTAT6 associated with keloid fibrosis.
The ectopic expression of IL-13 receptor subunit a2 in keloid
fibroblasts was shown to inhibit STAT6 activation and cell
proliferation. Zhou et al (50) showed that AG490, a selective
inhibitor of the JAK2/STAT3 pathway, effectively suppresses
the proliferation of human keloid fibroblasts by inducing
apoptosis and cell cycle arrest. AC-4-130 is a small-molecule
compound that specifically inhibits the STATS5 signaling
pathway, reducing STATS phosphorylation and transcriptional
activity in cells. The present study demonstrated that CESI
is downregulated in keloid fibroblasts and may be associated
with mitigating fibrosis, potentially through inhibition of the
JAK/STAT signaling pathway. Overexpression of CES1 could
reduce the levels of pSTATS and fibrosis markers, such as
collagen I and III, as well as TGF-f3, and was associated with
the inhibition of M2-like macrophage polarization. However,
polarized M2 macrophages may directly promote fibrosis in
keloid fibroblasts, counteracting the inhibitory effects of CES1
overexpression. From a therapeutic perspective, this finding
suggests that CES1-based interventions may be more suitable
for early prevention rather than reversing established fibrosis,
and underscores the important role of M2 macrophages in scar
formation.

Several limitations of the present study should be noted.
First, all experiments were performed using commercial cell
lines rather than primary keloid fibroblasts or primary macro-
phages, which may not fully capture the native cellular context.
Second, the co-culture system lacked cell-type-specific genetic
manipulation, limiting the precise attribution of signaling
events. Third, direct causal evidence remains insufficient,
and additional rescue and targeted validation experiments
are required. Fourth, no clinical keloid specimens or in vivo
models were included. These limitations should be addressed
in future studies incorporating clinical tissues and animal
experiments to enhance the robustness and generalizability of
the present findings.

In conclusion, the present investigation provided prelimi-
nary evidence for a potential role of CESI in modulating
fibrosis and M2-like macrophage polarization in the etiology
of keloids. The results demonstrated that CES1 expression
is reduced in keloid fibroblasts and that its overexpression
is associated with the inhibition of the JAK/STAT signaling
pathway, thereby reducing fibrotic markers and suppressing
M2 polarization. Furthermore, the findings indicated that MO
macrophages may contribute to keloid fibroblast proliferation
and fibrotic changes, accompanied by M2-like polarization,
underscoring the intricate interplay between macrophages and
fibroblasts during keloid formation. These findings suggest
that CES1 and the macrophage-fibroblast axis may represent
a promising research direction for keloid fibrosis, and future
studies incorporating in vivo models and clinical specimens
are warranted to further validate their potential as therapeutic
targets.
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