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Abstract
Background  Mesenchymal stem cells (MSCs) exhibit therapeutic potential for ulcerative colitis (UC) due to their 
immunomodulatory, homing, and tissue repair capabilities, but clinical efficacy is constrained by heterogeneity. 
Induced pluripotent stem cell-derived mesenchymal stem cells (iMSCs) exhibit superior stem cell properties 
compared to traditional MSCs, with CD146+ MSCs exhibiting enhanced biological characteristics. Nevertheless, the 
biological properties of CD146+iMSCs, as well as their therapeutic potential in UC, remain unclear.

Methods  CD146+ subpopulations were isolated from iMSCs and umbilical cord-derived MSCs (UCMSCs) using 
magnetic beads sorting. The surface markers, proliferation capacity, differentiation potential, and regulatory 
effects on macrophage polarization were analyzed. Dextran sulfate sodium (DSS) - induced UC mouse models 
were established and treated with CD146+iMSCs. Body weight, disease activity index (DAI), colon length, and 
histopathological damage were evaluated. Peripheral immune cells and cytokines were analyzed by flow cytometry 
and ELISA. Transcriptome sequencing of colon tissues was performed and jointly analyzed with GEO datasets to 
identify the mechanisms of CD146+iMSCs’ therapeutic efficacy in UC through differential gene expression profiling, 
protein-protein interaction network, functional enrichment analysis, and immune infiltration assessment. The core 
mechanisms were validated in vitro and vivo.

Results  CD146+ iMSCs exhibited similar morphology and macrophage polarization regulatory capacity to 
CD146+UCMSCs, with superior proliferation and differentiation potential. CD146+ iMSCs significantly ameliorated UC 
symptoms (weight, DAI), reduced colon damage, decreased IL-6/TNF-α, and restored immune balance. Integrated 
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Introduction
Ulcerative colitis (UC) is a chronic inflammatory bowel 
disease (IBD) [1], characterized by chronic inflamma-
tion and ulceration of the mucosal layer, typically pre-
senting with alternating periods of flare and remission 
[2]. It is widely accepted that UC primarily develops in 
genetically susceptible individuals following exposure to 
specific environmental triggers [3]. The pathophysiology 
of UC is highly complex, with factors such as gut micro-
biota dysbiosis, intestinal epithelial barrier dysfunction, 
and dysregulated immune responses playing crucial roles 
in its onset and progression [4, 5]. Over the past two 
decades, UC has become a global health challenge, with a 
sharp increase in its occurrence rate in low- and middle-
income countries [6, 7]. Current therapeutic strategies for 
UC include 5-aminosalicylic acid agents, corticosteroids, 
immunosuppressants, and biologics. However, long-
term use of these medications is associated with vari-
ous adverse effects. Moreover, not all patients respond 
adequately, and some may develop intolerance [8]. For 
patients with medically refractory UC, surgical interven-
tion remains a necessary option, although severe compli-
cations such as postoperative strictures can significantly 
impair quality of life [5]. Therefore, there is an urgent 
need to develop novel treatment strategies.

Mesenchymal stem cells (MSCs) are spindle-shaped 
cells possessing multilineage differentiation potential and 
self-renewal capacity [9, 10]. They have been regarded 
as a profound therapeutic tool widely used in regenera-
tive medicine. Numerous studies have employed MSCs 
derived from human umbilical cord blood, adipose tissue, 
bone marrow, and intestinal tissue to treat inflammatory 
bowel diseases, including UC, demonstrating promising 
efficacy [11–14]. However, conventional MSCs exhibit 
high heterogeneity due to variations in tissue sources 
and isolation techniques, leading to significant differ-
ences in surface marker expression, proliferative capacity, 
and differentiation potential among different subpopula-
tions [15]. Such heterogeneity may influence the immu-
nomodulatory and tissue healing capabilities of MSCs, 
thereby affecting their therapeutic outcomes in diseases 
like UC. Hence, developing highly homogeneous MSC 

subpopulations represents an important future direction 
for MSC-based therapeutics.

Developing novel stem cell sources has emerged as a 
promising direction to address the challenge of MSC 
heterogeneity. Recent advances in stem cell engineering 
have opened new avenues to address MSC heterogeneity. 
A novel MSC subtype—induced pluripotent stem cells 
(iPSCs)-derived MSCs (iMSCs)—has attracted signifi-
cant attention due to their high homogeneity, enhanced 
proliferative capacity, and well-preserved self-renewal 
potential. achieved through the selection of homogenous 
iPSC clones at an optimal state as the starting population, 
thereby effectively addressing the challenge of high het-
erogeneity in the final product. Studies have confirmed 
that iMSCs are highly similar to adult MSCs in terms 
of morphology, surface marker expression, stemness-
related gene expression, and trilineage differentiation 
potential [16, 17]. In addition to possessing typical MSC 
characteristics, iMSCs retain advantages of iPSCs, such 
as low immunogenicity, reduced senescence, and patient 
specificity, which lower the risk of immune rejection in 
recipients during cell therapy [18–23]. These properties 
enable iMSCs to promote tissue healing significantly [24], 
modulate immune responses, and attenuate inflamma-
tory reactions [25], making them an up-and-coming cell 
source in regenerative medicine.

Parallel efforts have focused on isolating functionally 
distinct subpopulations to address MSC heterogeneity. 
MSC subpopulations with distinct functional and bio-
logical properties have been successfully isolated and 
purified based on specific surface markers—including 
Stro-1, SSEA-4, CD271, and CD146 [26–28]. Among 
these, CD146, an adhesion molecule belonging to the 
immunoglobulin superfamily, has garnered widespread 
attention as a functionally relevant surface marker [29–
35]. The CD146⁺ MSC subpopulation has demonstrated 
superior therapeutic efficacy compared with unsorted 
MSCs across various regenerative medicine models [36–
38], suggesting that CD146 may serve as a key marker 
for defining an MSC subset with enhanced therapeutic 
potency.

First, the expression of CD146 is directly associated 
with enhanced homing capacity, which is crucial for 

analysis of colon transcriptome sequencing data and GEO datasets revealed the pivotal role of the IL-17 signaling 
pathway in the therapeutic effects of CD146+iMSCs. CD146+iMSCs effectively suppressed IL-17 expression both in cell 
inflammation models and colon tissues, downregulated nine hub genes, and inhibited macrophage polarization via 
the cGAS-STING axis.

Conclusion  CD146+iMSCs exhibited advantages in proliferative and differentiation capabilities. They could 
ameliorate UC by suppressing IL-17 expression, downregulating HUB genes, and modulating macrophage 
polarization through the cGAS-STING axis.

Keywords  CD146, iPSC-derived mesenchymal stem cells, Ulcerative colitis
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cells to reach sites of intestinal inflammation. Studies 
have indicated that CD146 serves as a key functional 
marker promoting the migration and tissue engraft-
ment of MSCs [26–28]. For instance, in a fracture model, 
CD146+ bone marrow MSCs (BMSCs) exhibited broader 
tissue distribution and higher chemotactic efficiency 
[27]; similarly, in an intervertebral disc degeneration 
model, the CD146+MSCs subpopulation also demon-
strated stronger migratory capacity toward injured tis-
sues compared to the CD146- subpopulation [28]. Based 
on these findings, we hypothesize that CD146+iMSCs 
are similarly capable of more effectively targeting and 
accumulating in the intestinal inflammatory and dam-
aged areas of UC, thereby laying the foundation for local-
ized therapeutic effects. Second, CD146+MSCs exhibit 
superior immunomodulatory functions, particularly 
their ability to drive macrophage polarization toward the 
anti-inflammatory M2 phenotype, which aligns closely 
with UC treatment strategies. In IBD, such as UC, pro-
inflammatory M1 macrophages exacerbate inflammation 
and epithelial barrier damage, whereas anti-inflamma-
tory M2 macrophages are essential for inflammation 
resolution and mucosal healing [39]. Research has shown 
that the CD146+MSCs subpopulation holds an advan-
tage in this regard: ex vivo experiments have confirmed 
their enhanced ability to induce macrophage polariza-
tion toward the M2 phenotype, as evidenced by reduced 
nitric oxide and increased ARG1 expression [40]; more 
importantly, in vivo studies have demonstrated that 
CD146+BMSCs pre-stimulated with inflammatory 
cytokines significantly promote the conversion of M1 
to M2 macrophages and secrete higher levels of anti-
inflammatory cytokines, thereby more effectively miti-
gating inflammatory responses [41]. This suggests that 
CD146+iMSCs may alleviate intestinal inflammation and 
promote tissue healing in UC by efficiently modulating 
macrophage balance. Furthermore, beyond macrophage 
regulation, CD146+MSCs have also demonstrated the 
ability to modulate adaptive immunity in various disease 
models (such as premature ovarian insufficiency and 
sepsis), including reversing the CD4⁺/CD8⁺ T cell ratio 
imbalance and increasing the proportion of immunosup-
pressive regulatory T cells [40, 42]. It is particularly note-
worthy that their immunosuppressive function can be 
further amplified under inflammatory microenvironment 
stimulation. Studies have shown that CD146+BMSCs 
pre-treated with inflammatory cytokines exhibit a reju-
venated phenotype and highly express key immuno-
modulatory mediators such as prostaglandin E2 (PGE2) 
and indoleamine 2,3-dioxygenase [41]. This indicates 
that CD146+iMSCs can effectively suppress excessive 
immune responses and robustly respond to inflammatory 
environments similar to those in UC, thereby enhanc-
ing their therapeutic efficacy and providing a strong 

theoretical possibility for precision medicine in UC 
treatment.

The aforementioned evidence establishes 
CD146+MSCs as a highly promising source of therapeu-
tic cells. Previous studies from our laboratory have also 
confirmed that CD146+ umbilical cord mesenchymal 
stem cells (UCMSCs) exhibit superior immunomodula-
tory and pro-regenerative properties. However, whether 
CD146+ induced pluripotent stem cell-derived MSCs 
(CD146+iMSCs) possess distinct biological characteris-
tics compared to conventionally sourced MSCs (such as 
UCMSCs)—particularly within the complex pathological 
microenvironment of UC—and what their therapeutic 
potential and mechanisms of action might be, remains 
unclear. Therefore, this study aims to directly compare 
the key biological properties of CD146+iMSCs and 
CD146+UCMSCs, systematically evaluate the therapeu-
tic efficacy of CD146+iMSCs in a UC disease model, and 
further investigate the underlying molecular mechanisms 
to provide a novel and potentially superior cell-based 
therapeutic option for UC.

Methods
Reagents and antibodies
The list of all reagents and antibodies used in this study is 
recorded in Supplementary file 1 (Table S1).

Isolation of mesenchymal stem cells and cells culture
The human umbilical cords (n = 3) were provided by the 
Beijing Shangdi Hospital. The umbilical cord was washed 
using normal saline. After cleaning, the vascular struc-
tures were removed from the umbilical cord, which was 
then cut into small pieces and placed in a sterile PBS 
solution containing 0.05% collagenase and 0.001% hyal-
uronidase. Subsequently, digestion was performed in 
a constant temperature shaker at 37  °C and 150  rpm 
for approximately 2  h. The target cells were obtained 
through centrifugation and inoculated into the culture 
flask containing MSCs serum-free medium for cultur-
ing. Human iMSCs were purchased from Nuwacell Ltd. 
(Hefei, China) and were cultured in the ncMission hMSC 
Medium. HIEC and IEC-6 were cultured in high-glucose 
DMEM containing 10% FBS and 1% P/S. RAW264.7 was 
cultured in high-glucose DMEM containing 10% FBS. All 
cell lines were cultured in a humidified incubator at 37 °C 
with 5% CO2.

Identification of surface markers
100 µL (1 × 107/mL) of the cell suspension was incubated 
with specific antibodies for CD73, CD14, CD45, CD34, 
CD90, CD105, CD106, CD31, and CD11b for 30 min at 
4  °C. After washing twice in PBS containing 0.5% FBS, 
the percentage of cells was detected by flow cytometry.
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Sorting of CD146+iMSCs and CD146+UCMSCs
The FcR blocking reagent and CD146 magnetic beads 
were added to label the cells, and the cells were centri-
fuged and resuspended. The labeled cells were separated 
in the magnetic field of the magnetic activated cell sort-
ing (MACS) separator. The cells before and after sorting 
were incubated with CD146 antibody, incubated at room 
temperature for 20 min prior to washing in PBS and ana-
lyzing by flow cytometry.

Cell proliferation
CD146+iMSCs and CD146+UCMSCs were stained with 
cell proliferation Dye eFluor 670. The two MSC sub-
populations were digested, collected, rinsed with PBS, 
and resuspended. Then, cells were mixed with Dye670 
solution (10 µM) and incubated in the dark at 37  °C for 
10  min. Five-fold volumes of complete medium were 
added and incubated on ice for 5  min to quench stain-
ing. Immediately, the cells were washed with complete 
medium thrice and cultured in MSC complete medium 
at 37 °C with 5% CO2 at the four-time points (0, 12, 24, 
and 48 h), respectively. The proliferation index was ana-
lyzed with Modfit LTTM.

Cell differentiation
According to the manufacturer’s instructions, upon 
reaching 100% confluence, the complete medium was 
replaced with MSC adipogenic or osteogenic differentia-
tion medium for 18–21 days or 14–16 days, respectively. 
After induced differentiation, cells were stained with 
Oil Red O staining solution for adipogenic differentia-
tion or Alizarin Red solution for osteogenic differentia-
tion. Then, the cells were photographed with an optical 
microscope.

Construction of a cell inflammation co-culture model
IEC-6 and HIEC were inoculated into six-well plates at 
a density of 3 × 10⁵ cells per well. Three groups were set 
up respectively: blank control group (Control group), 
lipopolysaccharide (LPS) -induced inflammation model 
group (LPS group), and stem cell co-culture intervention 
group (CD146+iMSCs group). Then, 1  µg/mL LPS was 
added to all groups except the control group to induce an 
inflammation model. In the CD146+iMSCs group, IEC-6 
and HIEC were seeded in the lower chambers of the six-
well Transwell plate at a density of 3 × 10⁵ cells per well, 
and MSCs were seeded in the upper chambers at a den-
sity of 2 × 10⁵ cells per well. After 36  h, IEC-6 or HIEC 
were harvested for further experiments.

M1/M2 polarization of RAW264.7
RAW264.7 cells were plated at 1 × 104 cells/ cm2 in the 
lower chamber of a six-well Transwell plate in the pres-
ence of LPS (1 µg/mL) or Interleukin-4 (IL-4, 20 ng/mL) 

and two MSC subpopulations were seeded in the upper 
chambers at a density of 1 × 104 cells/cm2. Control group, 
LPS or IL-4 group, LPS or IL-4+CD146+UCMSCs group, 
and LPS or IL-4+CD146+iMSCs group were established. 
Each experimental group was cultured in triplicate 
wells and maintained at 37 °C with 5% CO2. After 48 h, 
RAW264.7 were harvested and the expression of macro-
phage-related markers (iNOS, CD206, and Arg-1) were 
evaluated by flow cytometry and real-time quantitative 
Polymerase Chain Reaction (RT-PCR).

RNA extraction and RT-PCR
After collecting the cells and the tissues, Trizol and chlo-
roform were added. The mixture was pipetted repeat-
edly for homogenization, left to stand for 10  min, and 
then centrifuged at 12,000 rpm for 15 min at 4 °C. After 
washing the RNA precipitates with 75% ethanol, the 
supernatant was removed through centrifugation, and 
the precipitates were air-dried. The RNA concentration 
was then measured using a spectrophotometer. The reac-
tion system and procedures were established according 
to the instructions provided in the reverse transcription 
kit and RT-PCR kit from TransGen Biotech. The relative 
expression levels of target genes were calculated using 
the 2-ΔΔCt method. All primer sequences are listed in 
Supplementary file 1 (Table S2).

RNA sequencing
Two MSC subpopulations (passage 6) and colon sam-
ples were frozen in liquid nitrogen and stored at −80 °C. 
Three samples were randomly selected from each group 
for RNA sequencing. According to the manufacturer’s 
instructions, total RNA was extracted from the samples 
using a TRIzol reagent. The integrity and concentration 
of the RNA were assayed. The cDNA libraries were con-
structed according to the manufacturer’s instructions for 
the NEBNext Ultra RNA Library Prep Kit for Illumina 
(E7530; New et al. [NEB], Ipswich, MA, USA) and the 
NEBNext Multiplex Oligos for Illumina (NEB, E7500). 
The cDNA libraries were loaded onto an Illumina HiSeq 
sequencing platform (performed by Applied Protein 
Technology Company). Adapters and reads in the raw 
reads of each sample were trimmed to obtain clean reads. 
Gene expression levels were estimated using Fragments 
Per Kilobase of exon per Million mapped fragments 
(FPKM). Differential genes were considered significant 
when Padj < 0.05 and log2 Fold Change (FC) > 1. The 
sequencing data supporting the results are uploaded as 
supplementary materials (Supplementary file 2 and 3).

Mouse UC model
All animal experiments were approved by the Eth-
ics Committee of the Experimental Animal Cen-
ter of the Academy of Military Medical Sciences 
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(IACUC-DWZX-2023-571). All mice were maintained 
in specific pathogen-free cages at the animal facility and 
provided with autoclaved food and water. To ensure unbi-
ased group assignment, a total of twenty-four C57BL/6 
mice (6–8 weeks old) were randomly allocated into three 
groups (n = 8 per group) using a random number table 
method: control group, dextran sulfate sodium (DSS) 
group and DSS+CD146+iMSCs treatment group. The 
control group received plain drinking water; DSS group 
were given 2.5% DSS water for 5 days. On days 3 and 5, 
1 × 106 CD146+iMSCs in 0.1 mL PBS were intraperito-
neally injected to CD146+iMSCs group, while control 
and DSS group received PBS vehicle. During the induc-
tion and recovery phases of experimental colitis, the mice 
body weight, faecal characteristics, and faecal occult 
blood test were recorded daily. The disease activity index 
(DAI) [43] was calculated daily according to the previous 
protocol. On day 10 of the modeling process, the mice 
were sacrificed via spinal dislocation to facilitate subse-
quent sampling and testing (Fig. 4B). The work has been 
reported in line with the ARRIVE guidelines 2.0.

In vivo small animals imaging
C57BL/6 mice (6–8 weeks old) were divided into two 
groups using a random number table method: tail vein 
injection groups and intraperitoneal injection groups 
(n = 6 per group), with each group further subdivided 
into control group and DSS group (n = 3 per group). 
CD146+iMSCs were co-incubated with 10 µM DIR solu-
tion in a 37 ℃ incubator for 30  min. Then 1 × 106 DIR-
labeled CD146+iMSCs were injected into mice in the 
DSS group by intraperitoneal injection or tail vein injec-
tion, respectively. Mice were anesthetized with 3–5% 
isoflurane (in 100% oxygen at 0.4–0.6  L/min flow rate) 
using a precision vaporizer. Induction was performed in 
a sealed chamber for 2  min until loss of righting reflex 
was observed. Afterward, the abdominal hair of the mice 
was removed, and fluorescence images of the cells were 
captured using a small animal in vivo imaging system 
on days 1, 3, 7, 14, 21, and 28 post-injection. At the end 
of imaging on day 28, the overall fluorescence intensity 
scale was adjusted for normalization analysis.

Animal anesthesia
Anesthesia procedure for in vivo small animals imag-
ing: Isoflurane was introduced into the vaporizer, and 
the anesthesia machine along with the oxygen supply 
system was activated. The oxygen flow rate was adjusted 
to 0.4–0.6  L/min, with the initial isoflurane concentra-
tion set at 3%–5%. The mouse was then gently placed 
into the induction chamber and maintained under sealed 
conditions for 2  min. Anesthesia protocol for mouse 
sample collection: 1% sodium pentobarbital solution 
was prepared in physiological saline. Anesthesia was 

administered via intraperitoneal injection at a dosage of 
50 mg/kg body weight.

Hematoxylin and eosin staining (H&E staining)
Colon tissues were collected at the end of the study 
period and immediately fixed with 4% paraformalde-
hyde. The tissue samples were embedded in paraffin and 
stained with hematoxylin and eosin. The specimens were 
observed and photographed under an inverted micro-
scope. A total of 5 fields per group was selected ran-
domly and histological examinations were performed in a 
blinded manner. The severity of symptoms was calculated 
by scoring the extent of bowel wall thickening (grades 
0–3: 0, none; 1, mucosa; 2, mucosa and submucosa; 3, 
transmural), damage to the crypt (grades 0–3: 0, none; 
1, loss of goblet cells; 2, only surface epithelium intact; 
3, loss of entire crypt and epithelium), and infiltration of 
inflammatory cells (grades 0–2: 0, none; 1, mild to mod-
erate; 2, severe).

Peripheral blood test and immune phenotyping
Blood samples were collected from the orbital vein. 
20–30 µL of EDTA anticoagulated blood was mixed 
evenly and analyzed using an automated hematology 
analyzer. 50 µL of EDTA-anticoagulated blood were incu-
bated with CD3, CD4, CD8, CD11b, and B220 flow anti-
bodies in the dark at 4  °C for 30  min. Subsequently, 1× 
red blood cell lysis buffer was added, and lysis was per-
formed at room temperature for 10–15  min. After lysis 
was complete, flow cytometry was used for detection, 
and the data were analyzed using FlowJo software.

Enzyme-linked immunosorbent assay (ELISA)
Blood samples were collected from the orbital vein and 
centrifuged at 3000  rpm for 15  min to obtain serum. 
According to the manufacturer’s instructions, the levels 
of IL-6 and tumor necrosis factor-alpha (TNF-α) in the 
serum were measured using an ELISA kit.

Data source
Four ulcerative colitis datasets were downloaded from 
the GEO database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​o​/), 
and GEOquery (version 2.54.1) was used.

Differentially expressed genes (DEGs) screening
The data in the four datasets were obtained by removing 
probes corresponding to multiple molecules. There may 
be cases where one molecule corresponds to multiple 
probes, or one probe corresponds to multiple molecules. 
For multiple probes corresponding to the same molecule, 
only the probe with the largest signal value was retained. 
The data was then normalized once more using the nor-
malize Between Arrays function of the limma package 
(version 3.42.2). The clustering patterns among sample 

https://www.ncbi.nlm.nih.gov/geo/
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groups were examined using Principal Component Anal-
ysis (PCA) plot. Differential analysis between two groups 
was performed using the limma package, and the results 
were visualized with volcano plots (with thresholds set at 
|log2(FC)| >1 and p.adj < 0.05). Additionally, significantly 
expressed molecules are visualized using heatmaps. All 
statistical analyses and visualizations were performed 
using R (version 3.6.3).

Protein-protein interaction network construction and key 
HUB gene identification
Four GEO datasets (GSE87466, GSE47908, GSE36807, 
and GSE9452) were analyzed for the differential 
expressed genes and the results were visualized using 
ggplot2 (version 3.3.6) and Venn Diagram (version 1.7.3). 
The common DEGs were used to construct a protein-
protein interaction (PPI) network based on Search Tool 
for the Retrieval of Interacting Genes (STRING) data-
base, and significant modules were analyzed and their 
key genes were screened by using Cytoscape software. 
Subsequently, the cytohubba algorithm was employed to 
identify HUB genes, followed by the creation of a HUB 
network diagram.

DEGs enrichment analysis
Common DEGs (human source) were annotated using 
the org.Hs.eg.db (version 3.10.0) for ID conversion. Sub-
sequently, functional enrichment analysis, including 
Gene Ontology (GO) terms and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways, was performed 
on these shared DEGs with the clusterProfiler package 
(v3.14.3).

Immune infiltration analysis
We used the CIBERSORTx website (​h​t​t​p​​s​:​/​​/​C​I​B​​E​R​​S​O​
R​​T​x​.​​s​t​a​n​​f​o​​r​d​.​e​d​u​/) to estimate the correlation between 
HUB genes and immune cells in the samples from the 
GSE87466, GSE47908, GSE36807, and GSE9452 datasets. 
The results were visualized using GraphPad Prism 8.

Western blot (WB)
RAW264.7 cells and colon tissues were lysed using RIPA 
lysis buffer. SDS loading buffer was added to the samples, 
which were then incubated at 100  °C for 10  min. The 
sample proteins were separated by 4–20% SDS-PAGE gel 
electrophoresis and transferred to a 0.45 μm polyvinyli-
dene fluoride membrane. The proteins were blocked with 
Tris-buffered saline containing 5% skim milk powder. 
Subsequently, the samples were co-incubated with anti-
bodies (β-Actin, IL-17, cGAS, and STING) overnight at 
4 °C. The membrane was then co-incubated with horse-
radish peroxidase (HRP)—conjugated Goat Anti-Rab-
bit IgG (H+L). The protein bands were treated with an 

enhanced chemiluminescence (ECL) kit for visualization 
and analyzed by Image J software.

Statistical analysis
Data are expressed as mean ± standard error (M ± SEM). 
All statistical analyses were performed with GraphPad 
Prism software. All results were from three independent 
experiments. Differences among three or more groups 
were analyzed by one-way ANOVA followed by Tukey’s 
multiple-comparison test. Differences between two 
groups were evaluated by unpaired two-tailed t-tests. 
Post hoc tests were performed using the Tukey test. All 
experiments were repeated independently three times. 
P < 0.05 was considered statistically significant.

Results
Acquisition and identification of iMSCs and UCMSCs
Cryopreserved iMSCs were thawed and expanded to the 
4th passage (P4), exhibiting a typical fibroblast-like mor-
phology (Fig.  1A). UCMSCs were successfully obtained 
using a standard isolation protocol and cultured to P4, 
showing similar morphological characteristics (Fig.  1B). 
Flow cytometry analysis revealed that both cell types 
expressed typical MSCs markers (CD73, CD90, and 
CD105; positivity rate > 95%), while were negative for 
hematopoietic/endothelial lineage markers (CD11b, 
CD14, CD31, CD34, CD45, and CD106) (Fig.  1C, D). 
These findings confirm that both iMSCs and UCMSCs 
meet the minimal criteria for MSCs established by the 
International Society for Cellular Therapy (ISCT).

Biological characteristics of CD146+iMSCs and 
CD146+UCMSCs
We obtained CD146+iMSCs and CD146+UCMSCs using 
CD146 immunomagnetic bead separation (Fig.  2A). 
Flow cytometry analysis revealed that the proportions of 
CD146+ cells in iMSCs and UCMSCs before separation 
were 15.5% and 25.7%, respectively, and the purity after 
separation was over 97% for both cell types (Fig.  2B). 
The magnetic bead separation process did not affect cell 
morphology, and both stem cell subpopulations main-
tained typical spindle-shaped adherent growth charac-
teristics (Fig.  2C). As shown in Fig.  2D, differentiation 
experiments demonstrated that both CD146+iMSCs 
and CD146+UCMSCs possess adipogenic and osteo-
genic differentiation potential. However, CD146+iMSCs 
exhibited stronger differentiation capacity, as evidenced 
by increased calcified deposits after osteogenic induc-
tion and a higher number of lipid droplets with a larger 
stained area after adipogenic induction. Quantitative his-
tomorphometry further revealed statistically significant 
differences in both Alizarin Red-positive area (osteogen-
esis) and Oil Red O-positive area (adipogenesis) between 
CD146+iMSCs and CD146+UCMSCs (Fig. 2E). For Dye 

https://CIBERSORTx.stanford.edu/
https://CIBERSORTx.stanford.edu/
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eFluor 670 proliferation assay (Fig.  2F), CD146+iMSCs 
exhibited significantly higher proliferation ability than 
that of CD146+UCMSCs (Fig.  2G). Flow cytometry 
results indicated that compared to the LPS group or 
IL-4 group, treatment with both stem cell subpopula-
tions reduced the proportion of M1—macrophages 

(iNOS+) and increased the proportion of M2—macro-
phages (CD206+) (Fig.  2H). In addition, qPCR results 
further confirmed that compared to the LPS group or 
IL-4 group, both stem cell subgroups significantly inhib-
ited the expression of the M1 marker iNOS (Fig.  2I) 
and promoted the expression of the M2 marker Arg-1 

Fig. 1  Acquisition and identification of iMSCs and UCMSCs. A Morphology of iMSCs (10×, scale bar: 500 μm). B Morphology of UCMSCs (10×, scale bar: 
500 μm). C Flow cytometry analysis of surface markers of iMSCs (n = 3). D Flow cytometry analysis of surface markers of UCMSCs (n = 3)
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Fig. 2 (See legend on next page.)
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(Fig.  2J). However, there was no statistically significant 
difference in regulatory ability between the two stem cell 
subpopulations.

Transcriptome sequencing of CD146+iMSCs and 
CD146+UCMSCs
After comparing the biological characteristics of 
CD146+iMSCs and CD146+UCMSCs, we further con-
ducted RNA sequencing analysis on these two stem 
cell subpopulations of passage 6 to deeply explore 
their functional differences. The sequencing results 
revealed 2720 differentially expressed genes between 
the CD146+iMSCs group and the CD146+UCMSCs 
group, including 1596 upregulated genes and 1124 down-
regulated genes (Fig.  3A). Figures  3B and C present the 
visual volcano plot and hierarchical clustering diagram of 
these DEGs between the CD146+iMSCs group and the 
CD146+UCMSCs group, respectively. Among the sig-
nificantly upregulated pathways, CD146+iMSCs exhib-
ited strong activation of the neuroactive ligand–receptor 
interaction pathway and the calcium signaling path-
way (Fig.  3D). Multiple genes encoding neurotransmit-
ter receptors (e.g., HTR2A, ADRA1B) and ion channels 
(e.g., CACNA1C, CACNB1) were upregulated, suggest-
ing that CD146+iMSCs may possess enhanced basal sig-
nal perception and transmembrane signal transduction 
activity. Furthermore, in CD146+iMSCs, the expression 
of core ligand genes (TGFB2, TGFB3) and regulatory 
factors (SMAD6) of the TGF-β signaling pathway was 
upregulated. Key molecules in the intestinal immune 
network for IgA production, such as the B-cell activa-
tion factor CD40 and the lymphocyte chemoattractant 
CXCL12, were also consistently upregulated. These tran-
scriptional changes indicate potential roles in immu-
nomodulation and mucosal barrier repair. On the other 
hand, among the significantly downregulated pathways, 
the TNF signaling pathway was broadly suppressed in 
CD146+iMSCs (Fig.  3E). Upstream signaling molecules 
(MAP3K8, MAP3K5), pro-inflammatory cytokines 
(IL1B, IL6), and downstream effectors (MMP3, PTGS2) 
within this pathway were all markedly downregulated. 
These results suggest that CD146+iMSCs may exert anti-
inflammatory effects by suppressing the TNF signaling 
pathway. In terms of cellular components (CC) (Fig. 3F), 
differentially expressed genes were significantly enriched 
in the extracellular matrix and integral components of 

the plasma membrane, indicating that CD146+iMSCs 
may have enhanced cell surface interaction capabilities 
and secretory functions, which are crucial for repairing 
the damaged intestinal mucosal physical barrier in UC. 
Differentially expressed genes were enriched explicitly 
at the molecular function (MF) level in terms such as 
signaling receptor regulator activity and receptor ligand 
activity (Fig. 3F). Within these pathways, chemokine (e.g., 
CXCL12) and growth factors (e.g., VEGF, FGF) were sig-
nificantly upregulated, providing a molecular basis for 
their immunomodulatory functions and paracrine signal-
ing activity.

Evaluation of the therapeutic efficacy of intraperitoneal 
injection of CD146+iMSCs in DSS-induced UC
The therapeutic efficacy of MSCs is influenced by dif-
ferent administration routes. To determine the optimal 
route, we first compared the in vivo biodistribution of 
CD146+iMSCs administered via intraperitoneal injection 
and tail vein injection using a small animal in vivo imag-
ing system. We found that the fluorescence signals in the 
intraperitoneal injection group were mainly enriched in 
the abdominal region of the mice and persisted for a lon-
ger duration (Fig. 4A). Therefore, we selected intraperito-
neal injection for subsequent treatment experiments. As 
shown in the schematic diagram (Fig. 4B), we established 
a mouse UC model and administered CD146+iMSCs 
via intraperitoneal injection to systematically evaluate 
their efficacy in treating UC. The body weight of mice 
in the DSS group decreased significantly during model-
ing, whereas the weight loss in the CD146+iMSCs group 
was significantly attenuated compared to the DSS group 
(Fig.  4C). Additionally, the disease activity index score 
was significantly lower in the CD146+iMSCs group com-
pared to the DSS group (Fig. 4D). We further examined 
colon length and morphology. Compared to the con-
trol group, the colon in the DSS group was significantly 
shortened and exhibited congestion and edema, while 
the colon length in the CD146+iMSCs group was less 
shortened, and the redness and swelling were improved 
(Fig.  4E, F). H&E staining revealed abnormal colonic 
crypt structure and abnormal inflammatory cell infiltra-
tion in the DSS group, whereas the crypt structure and 
epithelial cell structure were better preserved in the 
CD146+iMSCs group, and the histopathological activity 
index was reduced compared to the DSS group (Fig. 4G, 

(See figure on previous page.)
Fig. 2  Biological characteristics of CD146+iMSCs and CD146+UCMSCs. A Schematic diagram of magnetic bead sorting. B Flow cytometry analysis of 
the expression of CD146 in iMSCs and UCMSCs before and after magnetic bead sorting (n = 3). C Cell morphology after magnetic bead sorting (10×, 
scale bar: 500 μm). D Alizarin Red staining for osteogenic differentiation and Oil Ted O staining for adipogenic differentiation (10×, scale bar: 200 μm). E 
Quantitative analysis of osteogenic differentiation and adipogenic differentiation (n = 3). F CD146+iMSCs and CD146+UCMSCs were incubated with Dye 
eFluor 670, and cell proliferation was evaluated by flow cytometry at 0 h, 12 h, 24 h, and 48 h (n = 3). G The cell proliferation index of CD146+iMSCs and 
CD146+UCMSCs (n = 3). H Flow cytometry analysis of macrophage polarization (n = 3). I RT-PCR results of the macrophage polarization marker iNOS (M1) 
(n = 4). J RT-PCR results of the macrophage polarization marker Arg-1 (M2) (n = 4). Performed in duplicate from three independent experiments. Data are 
presented as mean ± SEM. For all graphs, **p < 0.01, ***p < 0.001
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Fig. 3 (See legend on next page.)
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H). Immunohistochemistry results showed that com-
pared with the DSS group, the Zonula Occludens-1 (ZO-
1) protein expression pattern in the CD146+iMSCs group 
was similar to that in the control group, maintaining an 
intact epithelial barrier structure (Fig. 4I). These findings 
strongly demonstrate that CD146+iMSCs can effectively 
alleviate DSS-induced ulcerative colitis in mice.

CD146+iMSCs restore peripheral immune homeostasis and 
suppress Proinflammatory cytokines in UC
To elucidate the immunomodulatory profile of 
CD146+iMSCs in alleviating UC, we documented coor-
dinated changes in inflammatory parameters. Peripheral 
blood test results showed typical inflammatory blood 
alterations in the DSS group, characterized by a decrease 
in white blood cells (WBC) and abnormal elevations in 
red blood cells (RBC), platelets (PLT), and hemoglobin 
(HGB). Treatment with CD146+iMSCs reversed these 
abnormal indicators, significantly restoring periph-
eral blood counts to levels comparable to those of 
normal mice in the control group (Fig. 5A). Flow cytom-
etry analysis of peripheral immune cell profiling further 
untangled that CD146+iMSCs effectively modulate the 
balance of peripheral immune cells. As shown in Fig. 5B, 
CD146+iMSCs normalized the levels of CD3+ T cells, 
myeloid CD11b+ cells, and the CD4/CD8 ratio in periph-
eral blood from the UC model. Examination of inflamma-
tory cytokines revealed that DSS induction significantly 
increased the levels of proinflammatory cytokines IL-6 
and TNF-α in mouse serum, as well as the expression of 
IL-6, TNF-α, and IL-1β in colonic tissue. However, treat-
ment with CD146+iMSCs significantly downregulated 
the levels of these proinflammatory cytokines (Fig.  5C, 
D). Thus, these findings validated that CD146+iMSCs 
suppress inflammation responses by affecting cytokines 
and lymphocytes. These coordinated changes warrant 
further investigation and provide a foundation for the 
development of CD146+iMSCs-based treatment plans 
for UC.

Integrated bioinformatics and transcriptomics reveal IL-17 
signaling pathway in ulcerative colitis pathogenesis
This study conducted a comprehensive analysis of 
four ulcerative colitis datasets (GSE9452, GSE36807, 
GSE87466, and GSE47908) from the GEO database. 
Additionally, transcriptome sequencing was performed 
on colon tissue from control and DSS-treated mice. The 

combined results were used to explore the pathophysiol-
ogy of ulcerative colitis.

As shown in Fig.  6A, the PCA results demonstrate 
a clear spatial separation between the healthy control 
group and the UC group samples across the four data-
sets. The independent clustering of the two groups in 
the principal component space indicates significant dif-
ferences between them, suggesting reliable data. The 
volcano plots display 2400, 1279, 3117, and 1280 DEGs 
identified in the four datasets, respectively (Fig. 6B). The 
Venn analysis revealed 132 common DEGs shared among 
the four datasets (Fig.  6C), which were then input into 
the String database for interaction analysis and to con-
struct a protein-protein interaction network (Fig.  6D). 
Using the cytohubba algorithm, nine key HUB genes 
were identified: ISG20, GBP1, PSMB8, ISG15, IFITM1, 
GBP2, GBP5, CXCL10, and OAS2 (Fig.  6E). The KEGG 
enrichment analysis of the 132 DEGs suggested that the 
occurrence of UC was associated with NOD-like recep-
tor signaling pathway, complement and coagulation cas-
cades, and IL-17 signaling pathway (Fig.  6F). The GO 
analysis results (Fig.  6G, H) indicated that DEGs were 
involved in cytokine-mediated signaling pathway, posi-
tive regulation of inflammatory response, granulocyte 
chemotaxis, and response to interferon-gamma. They 
were also related to cellular components such as secre-
tory granule lumen, cytoplasmic vesicle lumen, and colla-
gen-containing extracellular matrix.

The sequencing results of mice colon showed that 2177 
DEGs were found in the DSS group compared to the 
Control group (Fig.  6I). Figure  6J visualized the TOP10 
results of GO analysis, revealed that these DEGs were 
associated with biological processes such as response to 
external stimulus, regulation of multicellular organismal 
processes, and cell migration. Additionally, these genes 
were involved in cellular components including the cell 
periphery, plasma membrane, and extracellular region. 
Furthermore, they participated in molecular functions 
like signaling receptor binding, calcium ion binding, 
receptor ligand activity, and extracellular matrix bind-
ing. The TOP20 results of KEGG enrichment analysis 
indicated that these DEGs were enriched in signaling 
pathways such as cytokine-cytokine receptor interaction, 
IL-17 signaling pathway, and complement and coagula-
tion cascades (Fig. 6K).

The enrichment of the IL-17 signaling pathway in both 
clinical samples and mouse tissue samples suggests that 
IL-17-related inflammatory pathways may play a critical 

(See figure on previous page.)
Fig. 3  Transcriptome sequencing of CD146+iMSCs and CD146+UCMSCs. A Histogram of differentially expressed genes (DEGs) (n = 3, CD146+iMSCs 
vs. CD146+UCMSCs). B Volcano plot of DEGs (CD146+iMSCs vs. CD146+UCMSCs). C Hierarchical clustering diagram of DEGs (CD146+iMSCs vs. 
CD146+UCMSCs). D Bubble plot of KEGG pathway enrichment analysis (TOP20 UP, CD146+iMSCs vs. CD146+UCMSCs). E Bubble plot of KEGG pathway 
enrichment analysis (TOP20 DOWN, CD146+iMSCs vs. CD146+UCMSCs). F Multi-panel bar plots of GO enrichment terms (TOP30, CD146+iMSCs vs. 
CD146+UCMSCs)
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role in the occurrence and development of ulcerative 
colitis.

CD146+iMSCs attenuate colitis via IL-17 signaling 
Inhibition and hub gene network modulation
The WB analysis of the colon tissue revealed a signifi-
cant upregulation of IL-17 expression in the DSS group, 
which was notably downregulated following treatment 
with CD146+iMSCs (Fig.  7A, B). In the LPS-induced 
inflammatory cell co-culture model, CD146+iMSCs sig-
nificantly decreased the expression of nine HUB genes 
in both HIEC and IEC-6 compared to the LPS group 
(Fig. 7C, D).

CD146+iMSCs regulate macrophage polarization through 
cGAS-STING axis
Based on the established anti-inflammatory effects 
of CD146+iMSCs, we further explored their regula-
tory mechanisms on the immune microenvironment. 
Immune infiltration analysis revealed that macrophage 
polarization played a significant role in the pathogenesis 
of UC: the proportion of M0 macrophages was signifi-
cantly reduced in the UC group, while the infiltration of 
proinflammatory M1 subtype macrophages was mark-
edly increased (Fig.  8A). Results on the biological char-
acteristics of CD146+iMSCs indicated their ability to 
inhibit the polarization of M0 macrophages towards M1 
macrophages and promote the conversion of M0 macro-
phages to M2 macrophages (Fig.  2H–J). To investigate 
whether CD146+iMSCs improve UC by modulating 
macrophage polarization, we conducted in vitro and in 
vivo experiments for validation. As shown in the immu-
nofluorescence results of colonic tissue in Fig.  8B, the 
DSS group exhibited increased infiltration of M1 mac-
rophages compared to the control group, which was sig-
nificantly reduced following CD146+iMSCs treatment. 
WB analysis further demonstrated that CD146+iMSCs 
could downregulate the expression of proteins in the 
cGAS-STING pathway in LPS-induced macrophages 
(Fig. 8C, D). These findings suggest that CD146+iMSCs 
may inhibit the transition of macrophages from the M0 
to the M1 phenotype, at least in part through suppression 
of the cGAS-STING signaling pathway, thereby improv-
ing colonic inflammation.

Discussion
Mesenchymal stem cells are multipotent cells character-
ized by their multi-directional differentiation potential, 
self-renewal capacity, secretory properties of trophic fac-
tors, and homing ability to inflammation or tissue injury 
sites. Owing to these properties, MSCs have emerged 
as promising candidates for cell-based therapy in vari-
ous diseases, including inflammatory bowel disease. 
However, the biological characteristics and therapeutic 
efficacy of MSCs vary considerably depending on their 
tissue origin and cellular subpopulations. This study 
evaluated the similarities and differences in the biologi-
cal properties of CD146+iMSCs and CD146+UCMSCs. 
Further, it demonstrated that intraperitoneal injection 
of CD146+iMSCs significantly alleviated symptoms in a 
murine model of DSS-induced UC. Mechanistic studies 
suggested that the beneficial effects of CD146+iMSCs 
may be associated with modulation of the IL-17 signaling 
pathway and macrophage polarization.

CD146 is a mesenchymal marker of MSCs [26–28, 35]. 
Compared with CD146- cells, CD146+MSCs exhibit 
enhanced multilineage differentiation potential and 
immunomodulatory capacity ex vivo [36–38, 41], sug-
gesting the value of this marker in identifying MSC sub-
populations with therapeutic potential. However, due 
to variations in tissue origin and microenvironment, 
whether CD146+MSCs exhibit consistent functional 
properties remains to be elucidated. This study focused 
on CD146+iMSCs and compared their biological char-
acteristics with those of CD146⁺ UCMSCs. The results 
showed that both cell types shared similar morphology, 
met the surface marker criteria for MSCs, and possessed 
comparable ability to regulate macrophage polarization. 
CD146+iMSCs demonstrated a superior proliferation 
rate and multilineage differentiation potential. This find-
ing is consistent with previous reports indicating that 
iMSCs exhibit greater expansion capacity and long-term 
culture stability than conventionally sourced MSCs, and 
can maintain MSCs characteristics even after multiple 
passages ex vivo [44, 45]. The underlying mechanism may 
involve the erasure of senescence-associated methyla-
tion marks and the retention of partial epigenetic mem-
ory during reprogramming, which helps maintain stable 
gene expression profiles and consistent surface antigen 
presentation during long-term expansion [21, 46, 47]. 
Moreover, sustained high expression of endogenous plu-
ripotency markers such as Oct4 may also contribute to 
the maintenance of stemness in iMSCs [46].

(See figure on previous page.)
Fig. 4  CD146+iMSCs could alleviate DSS-induced ulcerative colitis in mice. A The in vivo biodistribution of CD146+iMSCs administered via intraperito-
neal injection (upper, n = 3) and tail vein injection (lower, n = 2). B Schematic diagram of the construction of the mouse UC model: control group (n = 6), 
DSS group (n = 8), and DSS+CD146+iMSCs group (n = 8). C Daily body weight in three groups. D Disease activity index in each group. E Representative 
photographs of colons in each group. F Comparison of colon lengths among three groups. G Representative Hematoxylin and eosin staining images 
of colon from three groups. H Histopathological Scores. I Representative immunohistochemical image of ZO-1 in colonic tissues. **p < 0.01, ***p < 0.001
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In this study, a DSS-induced UC model was employed, 
which recapitulates the pathological features of human 
IBD by disrupting the intestinal epithelial barrier and 
activating the innate immune response. This model is 
widely used for evaluating the therapeutic efficacy of 
MSCs [48]. Following DSS induction, mice exhibited 
shortened colon length, and histological examination 
revealed structural damage to the colonic mucosa, loss of 
crypts, and downregulated expression of the tight junc-
tion protein ZO-1, indicating severe impairment of the 
intestinal barrier function. Concurrently, significantly 
elevated levels of inflammatory cytokines were observed 
in serum and local colonic tissues, further confirming 
aberrant immune response activation. The aforemen-
tioned pathological changes were markedly alleviated 
after intraperitoneal administration of CD146+iMSCs. 
The mucosal structure and intestinal barrier integrity 

were restored, and inflammatory responses in the cir-
culation and damaged colonic sites were significantly 
suppressed. These findings are consistent with previous 
studies indicating that MSCs can ameliorate experimen-
tal colitis by preserving the epithelial barrier structure 
and modulating immune responses [11–14]. Notably, 
the superior therapeutic effects observed in this study 
may be attributed to the distinct transcriptomic signa-
tures of CD146+iMSCs. As mentioned earlier, factors 
associated with signaling receptor regulator activity 
(such as CXCL12 and FGF) were significantly upregu-
lated in CD146+iMSCs, suggesting that CD146+iMSCs 
may enhance barrier repair through potentiated para-
crine functions. Moreover, widespread suppression of 
the TNF signaling pathway and upregulation of the TGF-
β signaling pathway provide a molecular basis for their 
robust anti-inflammatory and pro-repair phenotype. 

Fig. 5  CD146+iMSCs Could Inhibit Inflammatory Responses in UC. A Peripheral blood test in control group (n = 6), DSS group (n = 7) and CD146+iMSCs 
group (n = 7). B Flow cytometry analysis of the proportion of immune cells in peripheral blood (n = 6 in control group, n = 6 in DSS group and n = 7 in 
CD146+iMSCs group). C ELISA analysis of IL-6 and TNF-α expression in peripheral blood among three groups (n = 5 in each group). D RT-PCR analysis of 
mRNA levels of IL-1β, IL-6, and TNF-α in colonic tissue among three groups (n = 4 in each group). *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 6 (See legend on next page.)
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Nevertheless, the precise mechanisms of action of 
CD146+iMSCs—particularly the relative contributions 
of their direct effects on intestinal epithelial cells ver-
sus their immunomodulatory effects—warrant further 
investigation.

To elucidate the underlying mechanisms by which 
CD146+iMSCs ameliorate UC, this study integrated four 
UC datasets from the GEO database, identifying 132 
common differentially expressed genes. KEGG enrich-
ment analysis revealed that these genes were enriched in 
multiple inflammation-related pathways, with the IL-17 
signaling pathway significantly enriched. Notably, enrich-
ment of the IL-17 signaling pathway was also observed 
in colon transcriptome data from our DSS-induced UC 
mouse model. To validate the role of the IL-17 path-
way, the expression of its key factors was examined in 
the UC mouse model. It was found that CD146+iMSCs 
treatment significantly reduced the protein expression 
level of IL-17 in colon tissues, suggesting that this path-
way may mediate the immunomodulatory effects of 
CD146+iMSCs. IL-17 is a pro-inflammatory cytokine 
primarily secreted by immune cells such as Th17 cells 
and γδ T cells. It promotes inflammatory responses by 
activating the NF-κB and MAPK pathways and can syn-
ergize with factors such as TNF-α to amplify inflamma-
tory signals [49–53]. Immune infiltration analysis of UC 
patient data in this study indicated increased infiltration 
of M1 macrophages, CD8⁺ T cells, and γδ T cells, which 
was closely associated with elevated IL-17 levels. Previ-
ous studies have reported that MSCs can reduce IL-17 
levels by inhibiting Th17 cell differentiation and promot-
ing regulatory T cell priming [54–56]. Consistent with 
these findings, CD146+iMSCs may modulate the IL-17 
signaling pathway, thereby influencing downstream 
inflammatory networks.

Furthermore, PPI network analysis identified nine 
hub genes. Ex vivo experiments demonstrated that 
CD146+iMSCs significantly suppressed the expression 
of these genes in inflammatory intestinal epithelial cells. 
Most of these genes have been previously reported to be 
involved in processes such as inflammasome activation 
[57], pyroptosis [58], and immune cell recruitment [59]. 
For instance, GBP1 promotes pyroptosis in UC [58], and 
CXCL10 exacerbates intestinal inflammation by facili-
tating Th1 response and effector cell recruitment [60]. 
These findings suggest that suppressing these hub genes 
may represent a key molecular mechanism through 

which CD146+iMSCs alleviate intestinal inflammation, 
warranting further investigation into their potential ther-
apeutic value.

In terms of immune regulation, macrophage polariza-
tion plays a critical role in the pathogenesis of UC [61]. 
Our immune infiltration analysis revealed significantly 
increased pro-inflammatory M1 macrophages in UC 
patients. CD146+iMSCs inhibit LPS-induced M1 polar-
ization and promote IL-4-induced M2 polarization ex 
vivo. This mechanism may involve mediators secreted by 
iMSCs, such as tumor necrosis factor-inducible gene 6 
protein (TSG-6) and PGE2, which have been reported to 
promote the transition of macrophages toward an anti-
inflammatory phenotype [62–64]. Notably, this study 
also revealed that CD146+iMSCs inhibit the cGAS–
STING signaling pathway, which is involved in innate 
immunity [65] and has been recently implicated in M1 
macrophage polarization [66–68]. Western blot results 
showed that the protein expression of cGAS and STING 
was significantly downregulated in an inflammatory 
intestinal epithelial cell model following treatment with 
CD146+iMSCs, suggesting that these cells may regu-
late macrophage polarization and ultimately attenuate 
colonic inflammation by suppressing this pathway.

In summary, CD146+iMSCs may exert their therapeu-
tic effects through multiple coordinated mechanisms, 
including suppression of the IL-17 signaling pathway, 
downregulation of multiple inflammation-related hub 
genes, and modulation of macrophage polarization via 
the cGAS–STING pathway. However, the inter-regula-
tory relationships among these pathways and their in vivo 
significance require further high-quality basic research to 
elucidate the underlying mechanisms.

Findings of this study provide preclinical evidence sup-
porting the therapeutic potential of CD146+iMSCs in 
ulcerative colitis; however, several limitations remain. 
First, although transcriptomic analysis and ex vivo exper-
iments suggested potential mechanisms involving the 
IL-17 signaling pathway, hub genes, and macrophage 
polarization, the direct target cell types of CD146+iMSCs 
and their upstream and downstream regulatory path-
ways remain unclear. Furthermore, functional valida-
tion through in vivo gene knock-out is lacking, and the 
specific contributions of these pathways in the disease 
context require further elucidation. Second, while ex 
vivo biological characteristics were compared between 
CD146+iMSCs and CD146+UCMSCs, a direct in vivo 

(See figure on previous page.)
Fig. 6  Transcriptome analysis of ulcerative colitis datasets and colon tissues. A PCA plots of UC dataset GSE9452, GSE36807, GSE87466, and GSE47908. B 
Volcano plots of DEGs in four UC datasets. C Venn diagram of DEGs in four UC datasets. D Protein-Protein interaction (PPI) network of 132 shared DEGs. E 
PPI network diagram of nine HUB genes. F Bar chart of KEGG pathway analysis for 132 shared DEGs. G Bubble plot of the GO analysis for biological process 
of 132 shared DEGs. H Bubble plot illustrating the GO analysis for cellular component of 132 shared DEGs. I Volcano plot showing DEGs in the colon tis-
sues of UC group and control group. J Bubble plots of GO enrichment analysis for DEGs from I. K Bubble plot of KEGG pathway enrichment analysis for 
DEGs from I
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comparison of therapeutic efficacy was lacking, making 
it difficult to evaluate their translational potential com-
prehensively. Finally, the iMSCs used in this study were 
likely derived from a single donor’s commercial iPSCs 
line. While this ensures consistent cell quality and mini-
mal heterogeneity, caution is warranted when generaliz-
ing these conclusions to iMSCs derived from other iPSC 
sources. Additionally, the mismatch in the number of 
donors between the two cell groups may affect the gener-
alizability of the RNA-sequencing data.

Given the aforementioned limitations, future research 
can be advanced in multiple directions in greater depth. 
First, the specific mechanisms by which CD146+iMSCs 
regulate the IL-17 signaling pathway and macrophage 
polarization in vivo should be further elucidated. Sec-
ondly, the donor sources of iPSCs should be expanded to 
establish a multi-donor CD146+iMSCs bank. A system-
atic comparison should then be conducted between these 
CD146+iMSCs and CD146+MSCs derived from various 
tissues—such as umbilical cord, bone marrow, and adi-
pose tissue—in terms of their biological characteristics 
and efficacy in treating ulcerative colitis. Furthermore, 
transcriptomic analyses of multi-donor CD146+iMSCs 
and tissue-derived CD146+MSCs should be conducted. 
These efforts may be integrated with high-dimensional 
technologies such as proteomics and single-cell RNA 
sequencing to deeply investigate the unique molecular 
expression profiles of CD146+iMSCs and their therapeu-
tic mechanisms. This will ultimately facilitate the devel-
opment and clinical application of CD146+iMSCs-based 
therapeutic regimens for inflammatory diseases.

Conclusion
This study demonstrated that CD146+iMSCs possess 
superior proliferative capacity and differentiation poten-
tial compared to CD146+UCMSCs, while effectively 

ameliorating DSS-induced UC in mice by restoring 
intestinal barrier function and suppressing inflamma-
tion. These therapeutic effects may be mediated through 
modulation of the IL-17 signaling pathway, inhibiting 
key inflammatory hub genes, and regulating macro-
phage polarization via the cGAS-STING pathway. These 
findings highlight the promise of CD146+iMSCs as a 
cell-based therapeutic strategy for inflammatory bowel 
diseases, warranting further investigation into their clini-
cal translational potential.
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Fig. 7  Transcriptome analysis of ulcerative colitis. A Expression of IL-17 protein in the colon tissues of UC group, control group, and CD146+iMSCs group. 
B Quantitative analysis of the expression level of IL-17 protein. C HUB genes mRNA expression in HIEC cells post DSS induction and CD146+iMSCs treat-
ment, as measured by RT-PCR (n = 4 in each group). D HUB genes mRNA expression in IEC-6 cells post DSS induction and CD146+iMSCs treatment, as 
measured by RT-PCR (n = 4 in each group). *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 8  CD146+iMSCs regulate macrophage polarization through cGAS-STING axis. A Immune infiltration analysis of four UC datasets. B Immunofluores-
cence images of macrophage infiltration in colonic tissues. C Western Blot analysis of expression level of cGAS and STING protein. D Quantitative statistics 
were performed for gray values of cGAS and STING protein. *p < 0.05, **p < 0.01, ***p < 0.001
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iPSCs	� Induced pluripotent stem cells
iMSCs	� Induced pluripotent stem cells-derived mesenchymal stem cells
BMSCs	� Bone marrow mesenchymal stem cells
PGE2	� Prostaglandin E2
UCMSCs	� Umbilical cord mesenchymal stem cells
MACS	� Magnetic activated cell sorting
LPS	� Lipopolysaccharide
IL	� Interleukin
RT-PCR	� Real-time quantitative polymerase chain reaction
FPKM	� Fragments per kilobase of exon per million mapped fragments
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DSS	� Dextran sodium sulfate
DAI	� Disease activity index
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ELISA	� Enzyme-linked immunosorbent assay
TNF-α	� Tumor necrosis factor-alpha
DEGs	� Differentially expressed genes
PCA	� Principal component analysis
PPI	� Protein-protein interaction
STRING	� Search tool for the retrieval of interacting genes
GO	� Gene ontology
KEGG	� Kyoto Encyclopedia of Genes and Genomes
WB	� Western Blot
HRP	� Horseradish peroxidase
ECL	� Enhanced chemiluminescence
M ± SEM	� Mean ± standard error
ISCT	� International Society for Cellular Therapy
CC	� Cellular components
MF	� Molecular functions
ZO-1	� Zonula Occludens-1
WBC	� White blood cell
RBC	� Red blood cell
PLT	� Platelet
HGB	� Hemoglobin
TSG-6	� Tumor necrosis factor alpha-stimulated gene-6
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