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Preclinical study of engineering MSCs
promoting diabetic wound healing

and other inflammatory diseases through M2
polarization
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Abstract

Background Diabetic foot ulcer (DFU) represents a common and severe complication of diabetes mellitus. Effective
and safe treatments need to be developed. Mesenchymal stem cells (MSCs) have demonstrated crucial roles in tissue
regeneration, wound repair and inflammation regulation. However, the function is limited. The safety and efficacy of
gene-modified MSCs is unknown. Therefore, this study aimed to investigate whether genetically modified MSCs with
highly efficient expression of anti-inflammatory factors promote diabetic wound repair by regulating macrophage
phenotype transition. This may provide a new approach to treating diabetic wound healing.

Methods In this study, human umbilical cord-derived MSCs (hUMSCs) were genetically modified using recombinant
lentiviral vectors to simultaneously overexpress three anti-inflammatory factors, interleukin (IL)-4, IL-10, IL-13
(MSCs-3IL). Cell counting kit-8, flow cytometry and differentiation assay were used to detect the criteria of MSCs.
Overexpression efficiency was evaluated using flow cytometry, quantitative real-time PCR, Western blot, enzyme-
linked immunosorbent assay, and cell scratch assay. We also assessed MSCs-3ILs ability to modulate Raw264.7
macrophage phenotype using flow cytometry and quantitative real-time PCR. In addition, we evaluated diabetic
wound healing through healing rate calculation, HE staining, Masson staining, and immunohistochemical analysis of
PCNA, F4/80, CD31, CD86, CD206, IL-4, IL-10 and 1L-13. In addition, we evaluated the safety of the MSCs-3IL cells and
the effect of the cells on several other models of inflammation.

Results MSCs-3IL efficiently expressed high levels of IL-4 and IL.-10 (mMRNA transcription increased by 15,000-fold and
800,000-fold, protein secretion 400 and 200 ng/mL), and IL-13 (mRNA transcription increased by 950,000-fold, protein
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secretion 6 ng/mL). MSCs-3IL effectively induced phenotypic polarization of pro-inflammatory M1-like macrophages
(M1) towards anti-inflammatory M2-like macrophages (M2). The enhancement of function does not change the cell
phenotype. The dynamic distribution in vivo was normal and no karyotype variation and tumor risk was observed. In a
mouse diabetic wound model, MSCs-3IL promoted diabetic wound healing with a wound closure rate exceeding 96%
after 14 days of cell treatment. The healing process was aided by altering macrophage phenotype (reduced CD86 and
increased CD206 expression) and accelerating re-epithelialization.

Conclusions In summary, our study demonstrates that genetically modified hUMSCs effectively overexpressed three
key anti-inflammatory factors (IL-4, IL-10, IL-13). MSCs-3IL-based therapy enhances diabetic wound healing with high
efficiency and safety. This suggests that genetically modified hUMSCs could be used as a novel therapeutic approach
for DFU repair.

Keywords Mesenchymal stem cells, Macrophage, Diabetic wound healing, Posttraumatic inflammation, Tissue repair,

Regeneration

Introduction

Diabetes mellitus (DM) is a widespread chronic con-
dition. According to the International Diabetes Fed-
eration, 540 million adults aged 20-79 years worldwide
were diagnosed with diabetes in 2024 [1]. This number
is projected to rise to 643 million by 2030 and 783 mil-
lion by 2045 [2-4]. Diabetic foot ulcer (DFU) is a seri-
ous and prevalent complication among diabetic patients,
potentially resulting in amputation in severe cases [5, 6].
Wound healing is a complex and tightly regulated biolog-
ical process divided into four stages:hemostasis, inflam-
mation, proliferation and remodeling [7]. Studies have
identified diabetic neuropathy, peripheral vasculopathy,
and inflammation as primary factors contributing to DFU
progression, potentially stalling healing at any stage of
wound healing [8, 9]. Despite traditional therapies such
as debridement, dressings, antibiotics, hyperbaric oxygen
therapy, negative pressure therapy, and surgery, achieving
complete DFU healing remains challenging [10-12].

In the last years, cell therapy has gradually come into
the limelight as a therapeutic possibility [13, 14]. In par-
ticular, mesenchymal stem cells (MSCs), as a kind of
pluripotent stem cells with high self-renewal and multi-
directional differentiation potential, can differentiate into
osteoblasts, chondrocytes, and chondrogenic cells under
specific conditions [15]. Human umbilical cord-derived
MSCs (hUMSCs) have greater expansion capacity and
are free from ethical constraints [16]. MSCs have been
used in a variety of disease models, such as cancer, dia-
betes, neurological disorders, cardiovascular and pulmo-
nary diseases [17—-19]. MSCs repair damaged tissues by
paracrine cytokines, which reduce inflammation, elimi-
nate fibrosis, and promote cellular proliferation, leading
to the promotion of wound healing and repair of tissues
and organs [20]. However, the innate function of MSCs
is not always sufficient for therapeutic use [21]. Genetic
modification significantly enhances the biological func-
tions of MSCs and circumvents certain limitations of
MSCs-based repair therapy [22-24]. Therefore, using

genetically engineered MSCs for diabetic wound tissue
repair is imperative [25, 26].

As essential components of the innate immune sys-
tem and cellular immunity, macrophages maintain tis-
sue homeostasis and play indispensable roles throughout
wound healing [27, 28]. Macrophages are classified
into proinflammatory M1-like macrophages (M1) and
anti-inflammatory M2-like macrophages (M2) [29].
M2 macrophages promote angiogenesis and fibroblast
proliferation, migration, and differentiation, which are
necessary for tissue repair. Interleukin-4 (IL-4) and inter-
leukin-13 (IL-13) polarize M2 macrophages to reduce
inflammation [30]. Increasing the M2 phenotype and
decreasing the M1 phenotype have been shown to facili-
tate diabetic wound repair [31]. MSCs predominantly
modulate the immune system via paracrine signaling,
secreting cytokines such as the Th2 cytokines interleu-
kin-10 (IL-10) and IL-4, which polarize macrophages
from the M1 to the M2 phenotype, thereby reducing
inflammation [29, 32]. Cytokines are signaling molecules
of the immune system that regulate fundamental bio-
logical processes such as host defense, inflammation, cell
growth, angiogenesis, and tissue repair [33]. During skin
wound healing, IL-4 and IL-13 promote fibroblast che-
motaxis, proliferation, collagen and ECM production [34,
35]. IL-10 is an anti-inflammatory and antifibrotic cyto-
kine that promotes scarless regenerative wound healing
(36, 37].

Genetic engineering may endow MSCs with greater
regenerative capacity, thereby overcoming the clinical
challenges of MSCs-based treatment of diabetic wounds.
Previous genetic modifications of cells have focused
mostly on a single specific cytokine, growth factor, or
chemokine, whereas tissue regeneration requires mul-
tiple interactions with cytokines, growth factors, or che-
mokines [38]. Compared with MSCs overexpressing IL-4
alone, those co-overexpressing with PDGEF-BB and IL-4
have been shown to increase cell proliferation, activity,
and osteogenic capacity [39]. Therefore, we hypothesised
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that co-modification of MSCs with cytokines (MSCs-3IL)
is a promising therapeutic strategy for diabetic foot ulcer
repair.

In this study, we employed recombinant lentiviral vec-
tors to modify hUMSCs by overexpressing three anti-
inflammatory factors, namely, IL-4, IL-10, and IL-13
(MSCs-3IL). We examined the expression of these factors
in MSCs-3IL and the effect of MSCs-3IL on macrophage
polarization in vitro. Additionally, using a full-thickness
skin wound model in diabetic mice, we investigated
whether MSCs-3IL could enhance wound repair by mod-
ulating the macrophage phenotype (Fig. 1). The potential
of MSCs-3IL for the treatment of DFU and safety issues
were evaluated.

Methods

Animals and ethics approval statement

All procedures related to the animal experiments were
performed in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH Publication No.
80-23). All animal studies and hUMSCs isolation and
use were conducted with approval (No. IACUC-2022056,
No. IACUC-2024099 and NO. KY01-2023-01-01).
C57BL/6] mice (6-8 weeks old, 25 g, male), NOD-SCID
immunodeficient mice (6—8 weeks old, 20 g, female) and
SD rats (6—8 weeks old, 20 g, female) were obtained from
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GemPharmatech (Guangdong, China). All mice were
maintained at controlled temperature (24 °C+1 °C) and
relative humidity (50—60%) with a 12 hours (h) light/12 h
dark light cycle. All mice were allowed free access to food
and water. All efforts were made to minimize animal
usage and suffering. The work has been reported in line
with the ARRIVE guidelines 2.0.

Isolation, culture and identification of hUMSCs

Umbilical cords (approximately 1.6 c¢cm in diameter)
were obtained from healthy full-term cesarean-delivered
fetuses. The amniotic membrane was removed to obtain
Wharton’s jelly. Wharton’s jelly was dissected into 2
mm? tissue blocks and cultured with Dulbecco’s modi-
fied Eagle’s medium/F12 (DMEM/F12, VivaCell, Ger-
many) supplemented with 10% fetal bovine serum (FBS,
VivaCell, Germany) and 1% penicillin/streptomycin (P/S,
HyClone, USA) at 37 °C with 5% CO,. The cells that
migrated from the tissue blocks were considered first-
passage MSCs (P0). Upon reaching approximately 80%
confluency, the cells were detached with 0.25% trypsin
solution (Gibco, USA), collected, and passaged or fro-
zen. Cells from passages 4 to 8 (P4—P8) were chosen for
further experiments. The expression of MSCs-positive
markers (CD105, CD73, and CD90) or MSCs-negative
markers (CD14, CD19, HLA-DR, CD34, and CD45)

MSCs-3IL —
Re-epithelialization
M1 M2
olelele oleloele Macrophage o' 0'e'0'e'e'e'eeelole
Epidermal cells IL-1p IL-10 Collagen deposition
IL-6 IL-13 Angiogenesis
TNFa Argl
Inflammatory factors
. ; Facilitate diabetic
Diabetic wound ,
wound healing

%
MSCs-3IL
Local injection

C57BL/6J mouse
STZ ip. molding

New vessels

Facilitate diabetic .
wound healing

Fig. 1 Schematic illustrations of MSCs-3IL for diabetic wound healing and closure process. C57BL/6J mice were injected with streptozotocin (STZ) to
create a diabetic model, and MSCs-3IL were injected into the full-thickness skin wound, which increased the expression of anti-inflammatory factors and
decreased the expression of pro-inflammatory factors. MSCs-3IL induced the polarization of M1 to M2 macrophages, promoted collagen regeneration,

angiogenesis and re-epithelialization, thereby facilitating wound healing
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(BD Biosciences, USA) was confirmed via flow cytom-
etry (LSRFortessa X20, BD). The multilineage differen-
tiation potential of hUMSCs was assessed by culture in
osteogenic, adipogenic, and chondrogenic differentiation
media (OriCell, NZ), followed by staining with alizarin
red S, oil red O, and alcian blue.

Construction and characterization of IL-4-, IL-10-, and
IL-13-modified hUMSCs

The lentiviral vectors were obtained from VectorBuilder,
Inc. Vector maps are provided in Supplementary Fig. 1A
(Figure S1A). hUMSCs (1.2 x 10°/well) were seeded in
six-well plates, and the virus was diluted in MSCs cul-
ture medium supplemented with 8 pg/mL polybrene
and infected with hUMSCs at a multiplicity of infection
(MOI) of 20. Three groups were included in this study:
(1) MSCs, unaltered MSCs; (2) MSCs-V, MSCs infected
with the empty lentiviral vector; and (3) MSCs-3IL,
MSCs infected simultaneously producing IL-4, IL-10
and IL-13 under a strong promoter, containing enhanced
green fluorescent protein (eGFP) reporters. The cells
were observed under a fluorescence microscope 48 h
after infection. The infection efficiency and expression
of the MSCs markers CD105, CD73, CD90, CD14, HLA-
DR, and CD34 were evaluated via fluorescence micros-
copy and flow cytometry. Infected MSCs were cultured

Table 1 Sequences of primers used for gRT-PCR. Human(h)-
specific primers were designed to detect the expression of genes
in MSCs-3IL, and mouse(m)-specific primers were designed to
detect the expression of inflammatory and anti-inflammatory
factors of Raw264.7

Genes Forward primer 5'—3’ Reverse primer 3'—5’

hGAPDH CGATATGGACGTACACACGA TGGGTTAGCTGATAG-
GAGAG

h-IL-4 ATGGGTCTCACCTCCCAACT GATGTCTGTTACGGT-
CAACTCG

h-IL-10 TCAAGGCGCATGTGAACTCC GATGTCAAACTCACT-
CATGGCT

h-IL-13 ACGGTCATTGCTCTCACTTGCC  CTGTCAGGTTGAT-
GCTCCATACC

mf-actin AAATCGTGCGTGACATCAAAGA  GCCATCTCCTGCTC-
GAAGTC

m-IL-18 ACCTTCCAGGATGAGGACATGA CTAATGGGAACGTCA-
CACACCA

m-TNFa GCCACCACGCTCTTCTGTCTAC  GGGTCTGGGC-
CATAGAACTGAT

m-IL.-10 CTTACTGACTGGCATGAG- GCAGCTCTAGGAGCAT-

GATCA GTGG

m-IL-13 CAGCCTCCCCGATACCAAAAT  GCGAAACAGTTGCTTT-
GTGTAG

m-IL-6 TCTATACCACTTCACAAGTCGG  GAATTGCCATTGCA-
CAACTCTT

m-Arg1 TGGCTTTAACCTTGGCTT- AAAGAA-

GCTTCG CAAGCCCTTGGGAG-

GAGA

Page 4 of 22

in osteogenic, adipogenic, and chondrogenic differen-
tiation media to assess potential impacts on multilineage
differentiation ability.

Karyotype analysis

Karyotype analysis was performed to assess whether viral
infection altered the morphological structure and num-
ber of chromosomes of hUMSCs. The cells were treated
with colchicine (0.2 pg/mL) for 2.5 h at 70% confluency,
followed by collection and treatment with 0.075 mol/L
KCl in a hypotonic solution. Preparations were fixed,
G-banding was performed, and cells in the division phase
were photographed and analyzed.

Cell proliferation assay

The cell proliferation capacity was assessed via a cell
counting kit-8 (CCK-8) assay (Beyotime, China). MSCs,
MSCs-V and MSCs-3IL were seeded into 96-well plates
(3 x 10%/well, 100 pL). For measurement, 10 pL of CCK-8
solution was added to each well. After incubation for 3 h,
the absorbance was measured at 450 nm via a microplate
reader (MultiskanSKY, Thermo).

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was isolated from cells via TRIzol reagent
(Invitrogen, USA), followed by reverse transcription into
c¢DNA via the HisScript cDNA Synthesis Kit (Vazyme,
China). Then, qRT-PCR was performed via ChamQ
SYBR qPCR Master Mix (Vazyme, China) on a CFX96
real-time qPCR instrument (Bio-Rad, USA). The rela-
tive expression levels of the target genes were calculated
via the 2722t method. GAPDH and pB-actin were used
as internal controls. The sequences of primers used are
listed in Table 1.

Enzyme-linked immunosorbent assay (ELISA)

The expression levels of IL-4, IL-10 and IL-13 in MSCs-
3IL were quantitated via ELISA kits (Bluegene, China).
The cell culture supernatants were collected after 72 h,
and the optical densities were determined at 450 nm via a
microplate reader.

Western blotting

The total protein content was quantified via a BCA assay
(Thermo, USA). Proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes. Primary antibodies, including anti-
IL-4 (Proteintech, 1:1000, USA), anti-IL-10 (RD, 1:2000,
USA), and anti-IL-13 (Abcam, 1:1000, UK), were incu-
bated with the samples overnight at 4 °C. The membranes
were incubated with appropriately diluted secondary
antibodies (anti-mouse IgG or anti-rabbit I1gG), followed
by color development and quantification.



Wu et al. Stem Cell Research & Therapy (2025) 16:113

Cell scratch assay

MSCs, MSCs-V and MSCs-3IL cells were first pretreated
with 10 pg/mL mitomycin C for 2 h to inhibit the pro-
liferative ability of cells. Then the cells were inoculated
in 96-well plates at a density of 2.5x 10%*/well, with 6
replicate wells in each group. After 24 h of inoculation,
the cells were scratched at a density of 90% or more.
After scratching, the cell culture was photographed and
recorded in the Incucyte S3 instrument until the top and
bottom of the cell scratches were in contact with each
other. The cell migration rate was calculated as [(initial
scratch distance - scratch distance at a time point)/initial
scratch distance]x100%.

Agarose spot assay

0.1 g agarose was added to 20 mL of DPBS to make a
0.5% agarose solution. The solution was heated to boil-
ing, filtered through 0.22 pum, and cooled to 40 °C. The
solution was then analyzed in an EP tube. Prepare 10 uL
of PBS, IL-1P (concentration of 20 ng/mL) in EP tubes,
and add 90 pL of agarose solution to mix well. Pipette 5
pL of the mixture into a 6-well plate, 8 drops per well.
The 6-well plate was cooled at 4 C for 15 min. Add cells
(MSCs, MSCs-V, MSC-3IL) pre-treated with 10 pg/mL of
mitomycin C for 2 h at a density of 5x 10°/well, and add
culture medium DMEM/F12+10% FBS+P/S. The cells
were cultured in an incubator and Image ] analyzed the
distance of cell penetration through agarose.

In vitro inflammation model

Raw264.7 (murine monocyte macrophage) cells were
purchased from the Guangzhou Institutes of Biomedi-
cine and Health, Chinese Academy of Sciences (Guang-
zhou, China). Raw264.7 cells were cultured with DMEM/
HG (Gibco, USA) supplemented with 10% FBS (Gibco,
USA) at 37 °C with 5% CO,.

Raw264.7 cells were seeded at 3 x 10°/well in a six-well
plate and treated with or without 100 ng/mL lipopolysac-
charide (LPS, Sigma, USA) for 24 h. Then, the cells were
collected after 72 h of coculture with MSCs or MSCs-
3IL supernatants. The impact of MSCs or the MSCs-3IL
supernatant on Raw264.7 phenotypic polarization was
assessed via qRT-PCR for the expression of the inflam-
matory and anti-inflammatory factors IL-18, TNFa,
IL-10, IL-13, IL-6, and Argl and via flow cytometry for
CD80 and CD163 expression.

In vivo luciferase imaging in mice

D-Luciferin (Macklin, China) was diluted to 15 mg/mL
in DPBS and sterile-filtered through a 0.22-micron filter.
hUMSCs were infected with a virus carrying the lucif-
erase (Luc)-encoding gene. Untreated cells and infected
cells were injected intraperitoneally (i.p.) into mice with
5x10%/100 uL DPBS, and the control group was injected
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with an equal volume of DPBS. At 0, 3, and 7 days after
cell injection, the mice were placed in an isoflurane
induction chamber, and 0.2 mL of luciferin (20 mg/
mL) was injected i.p. after the animal was sedated. One
group of mice was a sham-operated group, in which the
mice were injected with fluorescein only and received
no prior treatment. The luciferin substrate was injected
10-20 min before image capture.

Tumorigenicity tests

To assess the safety of MSCs-3IL in vivo, 1x10° cells in
PBS containing 50% Matrigel were injected subcutane-
ously (i.h.) into NOG-SCID mice(6—8 weeks old, female).
Equal volumes of DPBS were used as a negative control,
and equal volumes of human induced pluripotent stem
cells (hiPSCs) were used as a positive control. hiPSCs
were cultured in Matrigel-coated dishes with mTeSR1 cell
culture medium (StemCell, CA). Tumor formation was
assessed 6 weeks after cell injection. Heart, liver, spleen,
lung and kidney tissues were collected for HE staining.

Modeling and cell transplantation in diabetic mice
C57BL/6] male mice were fasted for 16 h before treat-
ment. Immediately before injection, streptozotocin
(STZ) was dissolved in sodium citrate buffer (pH 4.5) to
a final concentration of 20 mg/mL. STZ was injected i.p.
into the animals at 150 mg/kg. Equal volumes of citrate
buffer were used as a control for the healthy group.
Diabetic mice were generated if fasting blood glucose
measurements were >16.7 mmol/L on day 10. The mice
were anesthetized with 0.2 mL/10 g of tribromoetha-
nol (Sigma, Germany). Two circular, full-thickness skin
wounds 8 mm in diameter were created on the backs of
the mice, and cells were injected into the full-thickness
skin wounds. The mice were divided into groups receiv-
ing PBS (injected with 100 pL of PBS), MSCs-V (injected
with 5x10* MSCs-V cells in 100 pL of PBS), MSCs-3IL
(injected with 5x 10* MSCs-3IL cells in 100 uL of PBS),
or MSCs-3IL-3d (injected with 5x 10* MSCs-3IL cells in
100 pL of PBS 3 days after wound surgery), with 25 mice
per group. Wound healing was assessed via Image] soft-
ware at 0, 3, 7, and 14 days (DO, D3, D7 D14). The wound
healing rate was calculated as [(C,-Ct)/C]x100%. C, rep-
resents the wound size on day 0, and Ct represents the
wound size at each time point.

Histology and immunohistochemistry

All mice were euthanised by cervical dislocation. The
skin tissues were harvested from the mice on D0, D3, and
D7 D14, fixed in 4% formaldehyde, dehydrated through
a gradient and then embedded in paraffin. Histological
analyses included hematoxylin-eosin (HE) staining, Mas-
son’s trichrome staining, and immunohistochemistry
(PCNA, F4/80, CD31, CD86, and CD206; IL-4. IL-10 and



Wu et al. Stem Cell Research & Therapy (2025) 16:113

IL-13) (Abcam, UK). Image ] was used to calculate the
mean value of the positive area percentage for immuno-
histochemical staining. Positive area percentage was cal-
culated as (positive area/total area) x100%.

Inflammation modeling and cell therapy

In the vaginitis model, female rats were divided into four
groups: normal control, model, MSCs-V-treated, and
MSCs-3IL-treated, five per group. Except for the normal
control group, 0.2 mL of 25% phenol glue paste (com-
posed of 5 mL of liquid phenol, 1 g of gum arabic pow-
der, 4 mL of glycerol, and distilled water to a total volume
of 20 mL) was injected approximately 1 cm deep into the
vagina once daily for a total of four injections. Following
the fourth model, 1 x 10°/50 pL of MSCs-V were injected
into the vaginas of the rats in the MSCs-V treatment
group, an equivalent volume of MSCs-3IL was injected
into the MSCs-3IL treatment group, and 50 uL of PBS
was injected into the model group. Seven days after cell
therapy, the rats were euthanized, and vaginal samples
were collected for HE staining.

In the rat osteoarthritis (OA) model, the rats were allo-
cated to four groups: normal control, model, MSCs-V-
treated, and MSCs-3IL-treated, five per group. OA was
induced in rats via meniscus injury surgery. Four weeks
postsurgery, 1x10°/50 uL of MSCs-V were injected into
the joint cavities of the rats in the MSCs-V treatment
group, an equivalent volume of MSCs-3IL was admin-
istered to the MSCs-3IL treatment group, and 50 uL of
PBS was injected into the model group. At week 10, the
rats were euthanized, and knee joint tissues were col-
lected for HE and Masson staining.

In the mouse acute pleurisy model, the mice were
allocated to four groups: normal control, model, MSCs-
V-treated, and MSCs-3IL-treated, five per group. Each
mouse received an injection of 30 pL of 1% carrageenan
into the right pleural cavity, while the normal control
group was administered an equivalent volume of saline.
Two hours later, 5 x 10°/50 uL. MSCs-V were injected into
the right pleural cavity of the MSCs-V treatment group,
and an equivalent volume of MSCs-3IL was administered
to the MSCs-3IL treatment group. The mice were eutha-
nized 6 h after cell therapy, and the lungs were collected
for HE staining.

For the mouse acute inflammation model, the mice
were allocated to four groups: normal control, model,
MSCs-V-treated, and MSCs-3IL-treated, five per group.
All the groups, except for the normal control group,
which received an intraperitoneal injection of saline,
were injected with 100 pL of a 6 mg/mL LPS solution
to induce acute inflammation. Two hours after model
induction, the MSCs-V treatment group was adminis-
tered an intraperitoneal injection of 1x10°/200 pL of
MSCs-V cells, the MSCs-3IL treatment group received
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an equivalent volume of MSCs-3IL cells, and the model
group was administered 200 uL of PBS. The mice were
euthanized 6 hours after cell therapy, and the right lung
and spleen were collected for HE staining.

For the acute colitis mouse model, the mice were
divided into four groups: normal control, model, MSCs-
V-treated, and MSCs-3IL-treated. The mice in the nor-
mal control group were given distilled water ad libitum,
while those in the remaining groups were provided 2%
dextran sulfate sodium (DSS) for 5 days. On the third
day of induction, the MSCs-V and MSCs-3IL treatment
groups were administered an intraperitoneal injection
of 5x10° cells in 200 L, whereas the model group was
administered an equivalent volume of saline. On the sev-
enth day after induction, all the mice were euthanized by
cervical dislocation, and the distal colon were collected
for HE staining.

To establish a diabetic mouse model, LPS (5 mg/kg)
was injected intraperitoneally to establish a model of dia-
betes complicating pneumonia. The diabetic mice were
divided into 4 groups, namely, the normal control group,
model group, MSCs-V treatment group and MSCs-3IL
treatment group, and the cells were injected intraperito-
neally at 5x 10°/200 pL. The mice were cervically dislo-
cated and killed 6 h after injection, and the right lungs
were harvested and stained with HE.

Statistical analysis

All the data were analyzed with GraphPad Prism 9 and
reported as the meanst+standard deviations. One-way
ANOVA with multiple comparisons was used to compare
the significant differences. *P value< 0.05 was consid-
ered statistically significant. The article used ChatGPT to
embellish and syntactically modify the statements.

Results

Characterization of hUMSCs

The primary hUMSCs were identified by their morpho-
logical characteristics, surface marker identification,
and multidirectional differentiation potential. Most
cells exhibited fibroblast-like adherent growth under
the microscope, with some appearing spindle shaped or
irregularly triangular (Figure S1B). The expression of cell
surface markers was identified by flow cytometry, which
revealed >95% positivity for CD105, CD73, CD90, and
CD105 but negativity for CD34, CD45, CD14, and HLA-
DR<2% (Figure S1C). Alizarin red staining revealed
that the cells were able to differentiate into osteoblasts,
oil red O staining revealed that the cells differentiated
into adipocytes, and alcian blue staining revealed that
they differentiated into chondrocytes (Figure S1D), con-
firming their multipotent characteristics. These results
indicate that the hUMSCs we isolated have stem cell
characteristics.
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Viral infection did not alter the characteristics of hUMSCs
To enhance therapeutic efficacy, hUMSCs were geneti-
cally modified to overexpress IL-4, IL-10, and IL-13
simultaneously. Analysis of cell morphology, stem cell
phenotype, and differentiation potential revealed no
alterations in biological properties due to viral infection.
The cultured MSCs-3IL were spindle shaped (Fig. 2A). A
CCK-8 assay was performed to determine the prolifera-
tion of the cells after 1, 2, 3 and 4 days. The proliferation
capacity of virus-infected cells was comparable to that
of untreated cells (Fig. 2B). The levels of the stem cell
surface markers CD105, CD73, CD90 and CD105 were
>95%, whereas those of CD34, CD45, CD14 and HLA-
DR were <2% (Fig. 2C). Alizarin red, oil red O, and alcian
blue staining revealed osteogenic, adipogenic, and chon-
drogenic differentiation, respectively (Fig. 2D). The chro-
mosomes of the modified cells were not altered, as shown
by karyotypic analysis (Figure S1E). These data indicate
that viral infection does not alter the characteristics of
hUMSCs.

To assess postinfection safety, hUMSCs were infected
with a luciferase-expressing virus. In vivo, imaging with
D-Luciferin detected infected hUMSCs on DO and D3,
and weak fluorescence was detected on D7 (Figure S2A).
This indicates that these bacteria can survive in vivo with-
out the safety concerns of prolonged presence. Addition-
ally, when MSCs-3IL were transplanted into NOD-SCID
mice, samples were taken 6 weeks after injection, and no
adverse effects on proliferation, tumorigenicity, or other
safety concerns were observed in the MSCs-3IL group.
Tumor formation at the injection site was observed in
the positive control hiPSC group at 4 weeks (Figure S2B).
HE staining of the heart, liver, spleen, lung and kidney
revealed no significant differences between the MSCs-
3IL and DPBS groups (Figure S2C). These data confirmed
the safety profile of the lentiviral-modified hUMSCs.

Modified hUMSCs efficiently overexpress IL-4, IL-10 and
IL-13

To investigate the infection efficiency and expression
levels of IL-4, IL-10, and IL-13 in modified MSCs, we
examined their fluorescence and secretion levels. Follow-
ing 48 h of lentiviral infection, MSCs-3IL cells expressed
green fluorescence (eGFP) under a fluorescence micro-
scope (Fig. 3A). Flow cytometry analysis revealed an
infection rate of 97% for eGFP expression, with a minimal
decrease observed after multiple passages (92% and 88%),
indicating high virus infection efficiency (Fig. 3B). qRT-
PCR analysis (Fig. 3C) revealed that MSCs-3IL expressed
IL-4, IL-10, and IL-13 at millions of times higher levels
than MSCs and MSCs-V cells. Western blotting con-
firmed elevated protein levels of IL-4, IL-10, and IL-13 in
the MSCs-3IL group compared with those in the MSCs-
V group (Fig. 3D). IL-4, IL-10 and IL-13 secretion levels
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in the culture medium were assayed via ELISA. IL-4 and
IL-10 secretion in the MSCs group was below the detect-
able range of ELISA (n.d.). IL-4, IL-10 and IL-13 levels
were greater in the MSCs-3IL group than in the MSCs
and MSCs-V groups (Fig. 3E). MSCs-3IL efficiently
expressed high levels of IL-4 (protein secretion>400
ng/mL), IL-10 (protein secretion 200 ng/mL) and IL-13
(6 ng/mL), which significantly enhanced cell secretion.
These findings highlight the efficient viral infection and
robust expression of IL-4, IL-10, and IL-13 by modified
hUMSCs.

MSCs-3IL polarized LPS-stimulated macrophages to the M2
phenotype

To assess the effect of MSCs-3IL on the macrophage
phenotype, Raw264.7 cells were initially stimulated with
100 ng/mL LPS for 24 h to induce the M1 phenotype,
followed by treatment with MSCs or MSCs-3IL super-
natant for 48 h. The results demonstrated that LPS signif-
icantly increased the expression of the proinflammatory
cytokines IL-1f3, IL-6, and TNFa in Raw264.7 cells, with
no significant change in /L-10 or Argl expression com-
pared with that in untreated controls, indicating that LPS
stimulation was able to successfully polarize Raw264.7
cells to the M1 phenotype. Compared with those in
the LPS group, the addition of MSCs mixture slightly
increased the expression of IL-13 and ArgI and decreased
the expression of IL-1f3, IL-6 and TNFa. Moreover, the
MSCs-3IL supernatant significantly increased the expres-
sion of IL-13, IL-10, and Argl and significantly decreased
the expression of IL-18, IL-6, and TNF« (Fig. 4A). Indi-
cating that MSCs drove M2 polarization, which was par-
ticularly pronounced when the MSCs-3IL shifted from
M1 to M2.

To further demonstrate that MSCs-3IL can induce a
shift in the macrophage phenotype, the expression of the
M1 marker CD80 reached 91% in Raw264.7 cells after
LPS stimulation, as detected by flow cytometry. This
expression decreased to 79.9% with the MSCs super-
natant and further decreased to 66% with the MSCs-
3IL supernatant. MSCs-3IL significantly increased M2
marker CD163 expression to 19%, whereas the MSCs
group presented 6% CD163 expression (Fig. 4B). These
findings demonstrate that MSCs-3IL effectively promote
macrophage polarization toward the M2 phenotype,
which contributes to the inhibition of inflammation.

Migratory response of MSCs to inflammatory and
implantational stimuli

The migratory ability of different cells was detected by
cell scratch assay. According to the results of the wound
healing width, the cells of each group were basically
under contract after 12 h of scratching, and there was no
significant difference in the migration ability between the
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Fig.2 Characterization of MSCs-3IL. (A) Microscopic image of cultured MSCs-3IL showing normal morphology, scale bar:100 um. (B) Cell proliferation was
assessed by CCK-8 assay. (C) Flow cytometry analysis of MSCs-3IL surface markers: CD73, CD90, CD105 (positive markers); CD34, CD14, HLA-DR (negative
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Fig. 3 Expression level of IL-4, IL-10, and IL-13 in MSCs-3IL. (A) Fluorescence microscopy image showing MSCs-3IL cells expressing green fluorescent pro-
tein (eGFP), scale bar: 100 pm. (B) Flow cytometric analysis demonstrating the infection efficiency of MSCs-3IL at different passages. (C) QRT-PCR analysis
of IL-4, IL-10, and I[-13 gene expression in MSCs-3IL compared to control MSCs. Statistical analysis was performed using one-way ANOVA. ***P <0.001
compared to the control group. n=3 biological replicates. Error bars represent standard deviations (SDs). (D) Western blot analysis showing protein ex-
pression levels of IL-4, IL-10, and IL-13 in MSCs-3IL. (E) ELISA results measuring IL-4, IL-10, and IL-13 secretion levels in MSCs-3IL cell supernatants collected
after 72 h of culture. n.d: below the detectable range of ELISA. ***P<0.001 compared to the control group. n=3 biological replicates. Error bars indicate

standard deviations (SDs)

three groups, indicating that the infection of MSCs-3IL
with the three anti-inflammatory factors had no effect on
the migration ability of the cells(Fig. 5A and B).

The invasive capacity of all MSCs lines was assessed
using the agarose dot assay, which measures the invasive
capacity of cells by analyzing their crawling under an aga-
rose gel on a flat surface. All MSCs lines demonstrated
the ability to migrate in the agarose droplet assay after
24 h. The migration distance of MSCs-3IL was greater
than that of the other cell lines both under non-stimu-
lated conditions and in the presence of the inflammatory
cytokine IL-1pB(Fig. 5C and D).

MSCs-3IL accelerated wound healing in diabetic mice
Given the capacity of MSCs-3IL to mitigate inflamma-
tion and polarize the macrophage phenotype from M1 to
M2 in vitro, we wondered whether MSCs-3IL would have
the same effect in vivo and increase the clinical therapeu-
tic potential. We evaluated the efficacy of MSCs-3IL cell
therapy in promoting wound healing in a diabetic mouse
model. The establishment and experimental procedure of
the mouse diabetic wound model are shown in Fig. 6A.
Compared with those in the healthy control group, the
fasting blood glucose levels of C57BL/6] mice exceeded
16.7 mmol/L on day 10 post-STZ injection, and the mice
in the model group presented with signs of weight loss,
polyuria, polydipsia, and polyphagia, confirming success-
ful model induction. To assess the effect of MSCs-3IL, we
created two full-thickness 8 mm diameter skin wounds
on each mouse’s back, followed by injections catego-
rized into control (PBS), MSCs-V, MSCs-3IL, or MSCs-
3ILwhich were administered three days postwound
(MSCs-3IL-3d). Wound images were captured at DO, D3,
D7, and D14 (Fig. 6B).

The wound closure simulation plots, created from
digital images of the healed wounds, revealed that
the wounds treated with MSCs-3IL healed the fastest
(Fig. 6C). Image] analysis of the wound area on D3 and
D7 revealed no significant differences among the groups
(Fig. 6D). On D10, the wound closure rate was sig-
nificantly greater in the MSCs-3IL group (94%) and the
MSCs-3IL-3d group (91%) than in the PBS group (86%),
and the closure rate of the MSCs-V group was 89%. Fur-
thermore, the MSCs-3IL closure rate surpassed that
of the MSCs-3IL-3d, suggesting that there was no ben-
efit from delaying treatment postwounding (p<0.05).
On D14, the closure rates were 96% in the MSCs-3IL

group and 94% in the MSCs-3IL-3d group, which were
significantly higher than those in the PBS group (90%),
with no difference between the MSCs-3IL group and
the MSCs-3IL-3d group. The closure rate was 91% in the
MSCs-V group (Fig. 6D). Although there was no differ-
ence in the closure rate between the MSCs-V and MSCs-
3IL groups, the survival rate of mice in the MSCs-3IL
group was higher than that of mice in the other groups
(Fig. 6E). These results emphasize that MSCs-3IL therapy
accelerates wound healing and may improve survival in
diabetic mice, highlighting its potential clinical applica-
tion. The results suggest that delayed administration did
not result in better efficacy. Possibly because inflamma-
tion occurs in the early stages of wound healing, delayed
injection of cells misses the optimal stage for treating
inflammation and does not achieve the desired therapeu-
tic effect.

MSCs-3IL treatment promoted re-epithelialization and
collagen regeneration

Re-epithelialization in diabetic mouse wounds was
assessed via HE staining (Fig. 7A). Significant infiltration
of inflammatory cells was observed across all groups on
D3. On D7, epidermal defects were observed in the PBS
group, and the wounds were infiltrated with many inflam-
matory cells, whereas the number of inflammatory cells
was reduced in the MSCs-V, MSCs-3IL, and MSCs-3IL-
3d groups. The MSCs-3IL and MSCs-3IL-3d groups pre-
sented a thin epidermal layer and sparse capillaries. On
D14, the PBS group still presented a deficient epidermis
with persistent inflammatory cell infiltration, whereas the
MSCs-V group presented a decreased number of inflam-
matory cells and the formation of a thin epidermal layer.
In contrast, the MSCs-3IL and MSCs-3IL-3d groups pre-
sented minimal inflammatory cell infiltration, thicker
epidermal layers, and more complete wound epithelia
with increased formation of skin appendages, including
hair follicles.

The abundance of collagen at the wound site was
assessed via Masson’s trichrome staining (Fig. 7B and
C). The staining revealed greater collagen formation in
the MSCs-V, MSCs-3IL, and MSCs-3IL-3d groups than
in the PBS group. On D14, coarse collagen bundles par-
allel to the surface were evident in the MSCs-3IL and
MSCs-3IL-3d groups, compared with the other groups,
collagen regeneration was significantly increased in
the MSCs-3IL group. Combined, the HE and Masson’s
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Fig. 4 MSCs-3IL suppressed the inflammatory reaction and enhanced M2-like polarization in LPS-stimulated macrophages. (A) QRT-PCR analysis show-
ing the expression levels of Il-10, IL-13, Arg1, Il-1B, IL-6, and TNFa in LPS-stimulated macrophages treated with MSCs-3IL compared to control conditions.
Statistical analysis was performed using one-way ANOVA*P<0.05, **P<0.01, ***P<0.001. n =3 biological replicates. Error bars represent standard devia-
tions (SDs). (B) Flow cytometric analysis depicting the percentage of CD163-positive (M2 marker) and CD80-positive (M1 marker) cells in LPS-stimulated
macrophages treated with MSCs-3IL
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trichrome staining results indicated that MSCs-3IL treat-
ment promoted angiogenesis, improved dermal tissue
regeneration, and enhanced collagen regeneration in dia-
betic wounds, thereby facilitating healing under normal
skin conditions.

MSCs-3IL promoted wound healing by targeting the M2
phenotype in vivo

To investigate the role of MSCs in wound healing
through macrophage modulation, we performed immu-
nohistochemical staining of skin tissues for the prolifera-
tion marker PCNA, the macrophage marker F4/80 and
the vascular marker CD31. Wound re-epithelialization
is crucial for restoring skin barrier integrity and relies
on the proliferation, migration, and differentiation of
epidermal cells throughout the healing process. Statisti-
cal analysis revealed significantly greater PCNA expres-
sion in the MSCs-3IL group than in the PBS group on
D3, and the PCNA expression in the MSCs-3IL group
was greater than that in the MSCs-V group on D7. On
D14, PCNA expression remained significantly elevated
in both the MSCs-3IL and MSCs-3IL-3d groups com-
pared with that in the PBS and MSCs-V groups (p <0.05),
with no significant difference between the MSCs-3IL
and MSCs-3IL-3d groups (Fig. 8A and B). These findings
indicated that MSCs-3IL treatment promoted the prolif-
eration of epidermal cells and wound re-epithelialization.
Quantitative analysis of F4/80-positive areas revealed
greater rates in the MSCs-3IL and MSCs-3IL-3d groups
than in the PBS group on day 14, with the F4/80-positive
area in the MSCs-3IL group also being greater than that
in the MSCs-V group (p<0.05) (Fig. 8C and D), suggest-
ing increased macrophage recruitment and inflammation
regulation by MSCs-3IL. Quantitative analysis of CD31
immunohistochemistry showed that CD31 was higher
in the MSCs-3IL group than in the PBS group at day
14 (p<0.05) (Fig. 8E and F), suggesting that MSCs-3IL
increased angiogenesis.

To further clarify whether MSCs-3IL promote dia-
betic wound repair by regulating macrophage phenotype
switching, an analysis of CD86 and CD206 immunohis-
tochemical staining results in diabetic wounds revealed
that compared with PBS, MSCs-3IL significantly reduced
M1 phenotype CD86 expression on D7 and D14, suggest-
ing attenuation of the inflammatory response (Fig. 9A
and B). CD206 expression was significantly greater in the
MSCs-3IL group than in the control group on day 3, with
MSCs-3IL-3d also showing higher expression than PBS.
By day 14, CD206 expression in the MSCs-3IL group
decreased as wound healing progressed, and the inflam-
matory response diminished (Fig. 9C and D). In conclu-
sion, MSCs-3IL effectively suppressed the inflammatory
response and promoted diabetic wound repair by modu-
lating macrophage phenotype switching, decreasing the
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M1 proinflammatory phenotype, increasing the M2 anti-
inflammatory phenotype, and targeting M2 polarization.

Changes in local levels of MSCs-3IL cells after injection into
diabetic wounds in mice

After injection of MSCs-3IL into the wounds of diabetic
mice, changes in local IL-4, IL-10 and IL-13 concentra-
tions in the wounds of diabetic mice were detected by
immunohistochemical results. On D3 after injection, the
expression of IL-4 was elevated in the MSCs-3IL group
compared to the PBS group and the MSCs-V group. On
D7 after injection, the expression of IL-10 was elevated
in the MSCs-3IL group compared to the PBS and MSCs-
V groups. There was no significant difference in the pre-
vious expression of IL-13 between the groups. Changes
in these factors occurred mainly within seven days after
injection, and none of the differences could be detected
at 14 days, suggesting that the effects of the anti-inflam-
matory factors (IL4, IL-10, and IL-13) were maintained
for about seven days (Fig. 10).

MSCs-3IL treatment in other animal models of
inflammation

To further confirm the activity of the genetically modi-
fied cells in vivo, several other animal models have been
developed. In the rat vaginitis model, the degree of red-
ness, swelling of the vaginal opening, and purulent dis-
charge were assessed. Compared with the normal control
group, the model group presented severe redness, swell-
ing, and a substantial amount of purulent discharge (Fig-
ure S3A). Compared with the model group, the MSCs-V
and MSCs-3IL treatment groups presented a marked
reduction in vaginal redness, swelling, and purulent
discharge, with the MSCs-3IL group exhibiting greater
improvement. HE staining revealed that, in the normal
control group, the vaginal tissue structure was intact,
well-defined, and exhibited normal morphology without
inflammatory cell infiltration (red arrows). In the model
group, focal degeneration and necrosis of the vaginal
mucosal epithelium, proliferation of the lamina propria,
and substantial inflammatory cell infiltration in the sub-
mucosa were observed (red arrows). Following MSCs-V
treatment, minimal degeneration and necrosis of the
vaginal mucosal epithelium and slight inflammatory cell
infiltration were observed (red arrows). In the MSCs-3IL
treatment group, the vaginal morphology appeared rela-
tively intact, without notable inflammatory exudate (red
arrows). Overall, compared with MSCs-V, MSCs-3IL had
a more pronounced therapeutic effect on the vagina.

In the rat OA model, HE staining revealed severe car-
tilage destruction, significant inflammatory cell infil-
tration, and capillary proliferation in the model group
(Figure S3B). The MSCs-V treatment group exhibited
reduced pathological damage, although inflammatory
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Fig. 8 Representative photomicrographs of PCNA, F4/80 and CD31 immune stained sections of the different experimental groups. (A) Immunohisto-
chemical staining for PCNA expression in wound tissue on D3, D7 and D14 post-operation, scale bar: 100 um. (B) Quantitative analysis of PCNA expression
in wound tissue on D3, D7 and D14 post-operation. (C) Immunohistochemical staining for F4/80 expression in wound tissue on D3, D7 and D14 post-
operation, scale bar: 100 um. (D) Quantitative analysis of F4/80 expression in wound tissue on D3, D7 and D14 post-operation. (E) Immunohistochemical
staining for CD31 expression in wound tissue on D3, D7 and D14 post-operation, scale bar: 100 um. (F) Quantitative analysis of CD31 expression in wound
tissue on D3, D7 and D14 post-operation. Arrows indicate positive expression. Data are presented as mean +SD. *P < 0.05, **P<0.01

cell infiltration and capillary proliferation persisted. The
MSCs-3IL treatment group demonstrated a significant
reduction in pathological damage, with marked improve-
ments in inflammatory cell infiltration and capillary pro-
liferation. Masson staining revealed extensive cartilage

destruction in the model group, cartilage regeneration in
the MSCs-V treatment group, and cartilage restoration in
the MSCs-3IL treatment group compared with the nor-
mal control group. These results indicate that, compared
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Fig. 9 Representative photomicrographs of CD86 and CD206 immune stained sections of the different experimental groups. (A) Immunohistochemical
staining for CD86 expression in wound tissue on D3, D7 and D14 post-operation, scale bar: 100 um. (B) Quantitative analysis of CD86 expression in wound
tissue on D3, D7 and D14 post-operation. (C) Immunohistochemical staining for CD206 expression in wound tissue on D3, D7 and D14 post-operation,
scale bar: 100 um. (D) Quantitative analysis of CD206 expression in wound tissue on D3, D7 and D14 post-operation. Arrows indicate positive expression.

Data are presented as mean +SD. *P < 0.05, **P<0.01, **P<0.001

with MSCs-V, MSCs-3IL provides superior therapeutic
efficacy for OA.

In the mouse acute pleurisy model, HE staining
revealed collapsed and atrophied alveoli (blue arrows),
thickened bronchial walls (red arrows), and increased
inflammatory cell infiltration (green arrows) in the model
group (Figure S3C). Following MSCs-V therapy, the alve-
olar distribution remained uneven (blue arrows), bron-
chial wall thickness was partially restored (red arrows),
and the number of inflammatory cells decreased rela-
tive to that in the model group (green arrows). Following
MSCs-3IL cell therapy, the alveoli were more evenly dis-
tributed, although the morphology was somewhat infe-
rior to that of the normal control group. Compared with
those in the MSCs-V treatment group, the bronchial wall
thickness was fully restored, and the number of inflam-
matory cells was further reduced. Overall, compared
with MSCs-V, MSCs-3IL had a more pronounced thera-
peutic effect on lung pleurisy.

HE staining of the mouse acute inflammation model
revealed that the lung tissue in the model group exhib-
ited disordered lung tissue structure, with some alveolar
cavities atrophied and collapsed (blue arrows), visible
bullae, thickened bronchial walls (red arrows), and sig-
nificant infiltration of inflammatory cells (indicated by
the box) (Figure S4A). In the MSCs-V treatment group,
the alveoli remained unevenly distributed (blue arrows),
the alveolar septa and bronchial walls were thickened

(red arrows), and inflammatory cell infiltration persisted
(indicated by the box). Compared with the MSCs-V
treatment group, the MSCs-3IL treatment group demon-
strated significantly better recovery of alveolar structure,
with reduced inflammatory cell infiltration in the bron-
chial walls and alveolar septa, which approached that of
the normal lung tissue of the control group. HE staining
of the spleen in the normal control group revealed a nor-
mal capsule, trabeculae, red pulp, and white pulp struc-
tures. In the model group, the white pulp was markedly
atrophied, reduced in size, and displayed diffuse disinte-
gration (red arrows), with extensive hemorrhage in the
red pulp and poorly defined cellular boundaries. In the
MSCs-V treatment group, white pulp atrophy and red
pulp hemorrhage were somewhat alleviated. Compared
with that in both the model group and the MSCs-V treat-
ment group, the white pulp in the MSCs-3IL treatment
group appeared fuller, larger, and overall more normal. A
comparison of the effects of different MSCs on the lungs
and spleen of mice with acute inflammation revealed that
MSCs-3IL had superior anti-inflammatory therapeutic
effects.

HE staining of the acute colitis mouse model revealed
that the colon tissue in the normal control group had
intact mucosal epithelial cells, a normal crypt struc-
ture, and orderly arranged glands (Figure S4B). The
model group exhibited severe epithelial cell damage and
shedding, gland destruction, ulcers (red arrows), and
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Fig. 10 Representative photomicrographs of IL-4, 10-10 and IL-13 immune stained sections of the different experimental groups.(A) Immunohistochem-
ical staining for IL-4 expression in wound tissue on D3, D7 and D14 post-operation, scale bar: 100 um. (B) Quantitative analysis of IL-4 expression in wound
tissue. (C) Immunohistochemical staining for IL-10 expression in wound tissue on D3, D7 and D14 post-operation, scale bar: 100 um. (D) Quantitative anal-
ysis of IL-10 expression in wound tissue. (E) Immunohistochemical staining for IL-13 expression in wound tissue on D3, D7 and D14 post-operation, scale
bar: 100 um. (F) Quantitative analysis of IL-13 expression in wound tissue. Arrows indicate positive expression. Data are presented as mean+SD. *P<0.05

extensive inflammatory cell infiltration. Compared with
the model group, the MSCs-V treatment group presented
reduced epithelial cell damage, smaller ulcer areas (red
arrows), and decreased inflammatory cell infiltration. In
contrast, the MSCs-3IL treatment group exhibited only
minimal epithelial cell shedding (red arrows). MSCs-3IL

effectively inhibited inflammation with a high level of
anti-inflammatory activity, better maintaining structural
integrity.

HE staining of the pneumonia model revealed dis-
ordered lung tissue structure in the model group, with
some alveolar cavities atrophied and collapsed, bullae
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formation, thickened bronchial walls, congested blood
vessels, and substantial inflammatory cell infiltration
(Figure S4C). In the MSCs-V treatment group, partial
recovery of the lung structure was observed in some
lobes, whereas other lobes remained collapsed. Com-
pared with the model group, the MSCs-3IL treatment
group presented improved alveolar structure, reduced
tracheal congestion, and more extensive tissue repair.
These findings suggest that MSCs-3IL are more effective
than MSCs-V for the acute treatment of diabetes-related
pneumonia and exhibit superior anti-inflammatory
effects within 6 h.

The above results indicate that MSCs-3IL can effec-
tively treat and accelerate the healing of various animal
models of inflammation, providing a strong basis for sub-
sequent clinical application and expansion.

Discussion

In previous studies, we focused on repairing wounds
and inhibiting inflammation [16, 40—-43]. In this study,
we simultaneously overexpressed three anti-inflam-
matory cytokines—IL-4, IL-10, and IL-13—in MSCs
to enhance diabetic wound repair. By doing so, we suc-
cessfully achieved robust expression levels of IL-4 (pro-
tein secretion 400 ng/mL), IL-10 (200 ng/mL), and IL-13
(6 ng/mL), which greatly exceeded the reported IL-4
secretion of 22 ng/mL in MSCs-IL-4 cells overexpress-
ing IL-4 alone and IL-10 overexpressing IL-10 alone in
hAMSC-IL-10 secretion of 600 pg/mL, and IL-13 secre-
tion of 800 pg/mL in the supernatant of ADSCs-IL-13
overexpressing 1L-13 [36, 39, 44]. This optimization not
only increased cytokine expression but also increased
the potential of MSCs to modulate macrophages and
promote diabetic wound regeneration. Compared with
unmodified MSCs or MSCs-V, MSCs-3IL demonstrated
superior induction of macrophage polarization from the
proinflammatory M1 phenotype to the anti-inflamma-
tory M2 phenotype in vitro. In a diabetic mouse model
treated with MSCs-3IL, significant improvements in
epithelial regeneration, collagen deposition, angiogen-
esis, survival rates, and wound closure rates exceeding
96% by D14 were observed. MSCs-3IL modulated mac-
rophage expression during wound healing and targeted
M2 polarization, promoting tissue repair. No difference
in the closure rate was observed between the MSCs-3IL
and MSCs-3IL-3d groups, indicating that delayed admin-
istration did not yield superior outcomes. These results
indicate that the overexpression of IL-4, IL-10, and IL-13
enhances the therapeutic efficacy of MSCs in treating
diabetic skin wounds.

In addition, we evaluated the safety of MSCs-3IL
and the effects of these cells on several other models of
inflammation. The enhancement of function did not
change the cell phenotype. The dynamic distribution in
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vivo was normal, and no karyotype variation or tumor
risk was observed, confirming the safety and feasibility
of MSCs-3IL-based therapy. MSCs-3IL can effectively
treat and promote healing in animal models of inflam-
mation, such as vaginitis, osteoarthritis, acute pleurisy,
acute inflammation, colitis and pneumonia, providing a
solid foundation for subsequent clinical application and
promotion.

DFU presents a significant challenge in clinical man-
agement, and achieving complete wound healing remains
difficult [45]. Skin wound healing involves the stages of
hemostasis, inflammation, proliferation and remodeling,
with macrophages playing pivotal roles as regulators of
inflammation and healing [46]. The transition from the
inflammatory M1 phenotype to the reparative M2 phe-
notype is crucial during the shift from the inflamma-
tion stage to the proliferation stage and is essential for
optimal wound healing [47]. The levels of inflammatory
factors and reactive oxygen species (ROS) in M2 macro-
phages are decreased, whereas the levels of anti-inflam-
matory cytokines (e.g., TGE-f, IL-10) are increased [12].
M2 macrophages facilitate wound resolution, enhancing
angiogenesis, fibroblast function, and extracellular matrix
synthesis [48]. As dysregulated macrophage responses
are associated with impaired diabetic wound healing,
strategies that target macrophages are being explored as
promising new therapeutic approaches.

MSCs can modulate immunity and promote tissue
regeneration, thereby facilitating the healing of cutane-
ous wounds [49]. MSCs interact with the immune system
mainly through paracrine signaling, where secreted cyto-
kines modulate macrophage polarization without direct
cell-to-cell contact [14, 49]. Research has indicated that
the interaction between MSCs and macrophages plays
an important role in promoting wound healing [50, 51].
The cytokines IL-4, IL-10, and IL-13 play crucial roles
in wound healing. They inhibit inflammation, modulate
macrophage phenotypes, and promote angiogenesis at
various stages of the healing process. IL-4 preserves tis-
sue integrity and stimulates collagen synthesis [52]. IL-10
is an anti-inflammatory and antifibrotic cytokine that
can regulate the inflammatory response and influence
the extracellular matrix [53]. IL-13 is a key player in trig-
gering inflammation and tissue remodeling, encourag-
ing fibroblast proliferation and differentiation [54]. IL-4
and IL-13 are involved in the inflammatory process of
allergic reactions by regulating Th2 cell differentiation
and stimulating IgE production by B cells, while IL-10
inhibits Thl cell activation and proliferation, shifting
the immune response to the Th2 type [52, 55]. The three
cooperate with each other at different stages of inflam-
mation to form a precise immunoregulatory network and
maintain body homeostasis. In macrophages, IL-4 and
IL-13 activate the STAT6 pathway via the IL-4 receptor
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alpha subunit (IL-4Ra), promoting M2 macrophage acti-
vation and supporting tissue repair processes [56—58].
IL-10 plays a consolidated anti-inflammatory role in this
process by inhibiting pro-inflammatory signaling path-
ways such as NF-kB in macrophages, further reducing
the production of pro-inflammatory cytokines [59]. In
conclusion, the three cytokines can synergize their anti-
inflammatory and tissue repair functions and regulate
macrophage phenotype at different stages of the healing
process [58, 60, 61]. Previous gene therapy research has
focused on a single specific cytokine, growth factor or
chemokine. However, tissue regeneration requires mul-
tiple interactions of multiple cells through a large num-
ber of cytokines, growth factors or chemokines. Research
has indicated that the coexpression of two interacting
genes (BMP-4 and hPTH 1-34) accelerates bone forma-
tion compared with the use of a single factor alone [62].
Compared with MSCs overexpressing IL-4 alone, those
co-overexpressing with PDGF-BB and IL-4 have been
shown to increase cell proliferation, activity, and osteo-
genic capacity [39]. These findings highlight the potential
benefits of synergistic cytokine expression over individ-
ual modifications.

Our findings highlight that MSCs-3IL therapy effec-
tively promotes diabetic wound healing by reducing M1
polarization and enhancing M2 polarization. In addition
to the mechanism by which MSCs-3IL can treat diabetic
foot ulcers by inducing M2 polarization, MSCs-3IL also
promotes vascular regeneration and tissue damage repair.
Increasing evidence suggests that MSCs can promote
local blood flow reconstruction by paracrine secretion of
multiple pro-angiogenic factors, promoting extracellular
matrix production and reducing endothelial cell apop-
tosis, which plays an important role in angiogenesis in
many pathological processes (e.g., wound healing, bone
repair, and myocardial infarction) [63—-65]. Some studies
have used hUCMSCs to induce B-catenin activation in
endothelial cells by inducing YAP phosphorylation affect-
ing the Wnt4 signaling pathway to promote angiogenesis
[66]. Meanwhile, MSCs can differentiate into endothelial
cells and smooth muscle cells of blood vessels and pro-
mote vascular regeneration [67].

In addition, many basic and clinical studies have dem-
onstrated that MSCs have desirable effects on tissue
repair of chronic refractory wounds in diabetic patients
[13, 68]. In our mouse diabetic wound model, MSCs-
3IL effectively promoted wound healing and acceler-
ated wound repair. As seen by HE and Masson staining
results, the skin of mice in the MSCs-3IL group exhib-
ited minimal inflammatory cell infiltration, a thicker
epidermal layer and a more intact skin epithelium, and
enhanced collagen regeneration at the wound site. When
we tested delayed administration treatment, we found
that it did not produce better outcomes than what was
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reported in the literature [69]. This may be related to
the fact that inflammation occurs in the early stages of
wound healing, and the wound transitions to M2 macro-
phages around day three after injury. Therefore, injecting
cells three days later may have missed the stage of inflam-
mation that occurs [12, 31]. Future investigations should
focus on elucidating the precise mechanisms by which
IL-4, IL-10, and IL-13 orchestrate wound healing through
M2 polarization and other pathways, which could open
the door for clinical applications of MSCs-3IL in enhanc-
ing wound repair and regeneration.

Conclusions

This study introduces a novel approach for treating dia-
betic wounds via cell therapy. This approach involves
modifying hUMSCs to simultaneously overexpress mul-
tiple factors. By introducing the IL-4, IL-10, and IL-13
genes into hUMSCs, the resulting MSCs-3IL exhib-
ited strong expression of anti-inflammatory factors and
improved wound healing and promoted M2 polarization
compared with unmodified hUMSCs. This strategy dem-
onstrates that targeting M2 polarization is a promising
alternative for DFU treatment. Importantly, the study
revealed no chromosomal mutations or tumorigenic out-
comes, confirming the safety and feasibility of cell-based
therapy.
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