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Human umbilical cord mesenchymal stem cells
ameliorate skin fibrosis development in a mouse
model of bleomycin-induced systemic sclerosis
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Abstract. Mesenchymal stem cell (MSC) infusion has
become a novel therapeutic strategy for complex autoimmune
diseases; however, few detailed studies have been performed
to investigate the benefit and mechanism of MSC treatment on
systemic sclerosis (SSc). The present study aimed to evaluate
the therapeutic effect of human umbilical cord derived-MSCs
(UC-MSCs) on bleomycin-induced SSc in mice and explore the
potential underlying mechanism. The murine SSc model was
established by daily subcutaneous injection of bleomycin for
4 weeks, followed with two UC-MSC infusions every 7 days.
Skin fibrosis was assessed by H&E and Masson staining.
Flow cytometry was used to determine IL-17A, IFN-y, tumor
necrosis factor-f, IL-10 and IL-12 levels in serum samples
and T cell subsets in murine spleen. Additionally, gene
expression levels of cytokines and fibrosis markers in skin
samples were measured by reverse transcription-quantitative
PCR. Immunofluorescence staining was performed to track
UC-MSC localization and lymphocyte cell infiltration
in vivo. UC-MSC treatment exerted an anti-fibrotic role in
bleomycin-induced SSc mice, as confirmed by histological
improvement, decreased collagen synthesis, and reduced
collagen-lal, collagen-la2, fibronectin-1 and a-smooth
muscle actin gene expression levels. The results indicated that
UC-MSC treatment only had a limited systematic effect on
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cytokine production in serum samples and T cell activation
in the spleen. By contrast, T helper (Th)17 cell infiltration and
activation in skin were efficiently inhibited after UC-MSC
infusion, as evidenced by the decreased IL-17A and retinoic
acid-related orphan receptor yt gene expression as well as
IL-17A production. UC-MSC administration significantly
ameliorated bleomycin-induced skin fibrosis and collagen
formation primarily by eliminating local inflammation and
Th17 cell activation in the skin; however, the systemic inhibi-
tory effect of UM-MSCs on cytokines was less profound.

Introduction

Systemic sclerosis (SSc) is a chronic connective tissue disorder
characterized by progressive fibrosis of the skin and internal
organs (1,2). Worldwide, the prevalence of SSc ranges from
7 per million to 489 per million and its incidence ranges from
0.6/million per year to 122/million per year due to geographical
variations (3). In particular, the prevalence was reported to be
higher in the United States and Australia compared with that
in Japan and Europe (3).

To date, the pathogenesis of SSc has not been completely
understood. Autoimmune disorders, vasculopathy and fibrosis
are the hallmarks of SSc. T helper (Th) subpopulations,
including Thl, Th2, Th9, Th17 and Th22 cells and regulatory
T cells (Tregs), and the associated cytokines are involved in the
autoimmune disorders of patients with SSc (4). SSc displays
a Th1/Th2 cytokine imbalance with a predominant Th2
profile (5). IL-4, IL-5 and IL-13 secreted by Th2 cells are also
implicated in SSc development either by directly stimulating
collagen synthesis and myofibroblast differentiation, or
indirectly by regulating immunity and accumulation of
extracellular matrix (ECM) after the induction of TGF-f3
secretion (6). However, IFN-v, the main cytokine produced
by Thl cells, can obstruct the above responses, leading to
an anti-fibrotic effect (7-9). In addition, the levels of Th17
cells are significantly increased in the peripheral blood, skin
lesions and lung tissues of patients with SSc (10,11). Although
some studies reported that patients with SSc have fewer Tregs
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and more Thl7 cells in comparison with those in healthy
individuals (11-13), the role of Tregs in scleroderma remains
unclear (14). It has also been shown that IL-9-producing Th9
cells may protect from the development of pulmonary fibrosis
in SSc by inducing IL-17 production and Treg activation (15).

In addition to the complex pathogenesis, SSc is one of
the most difficult immune disease to cure, with a cumula-
tive 5-year mortality rate of 25% from diagnosis (16).
Glucocorticoids, disease modifying anti-rheumatic drugs and
biological agents are not efficient enough for SSc therapy (17).
Hematopoietic stem cell transplantation has been reported to
effectively block disease progression and reverse skin fibrosis
especially for the treatment of a number of patients with
early diffuse cutaneous SSc (18). In addition, mesenchymal
stem cell (MSC) transplantation provides another promising
therapeutic option. In contrast to bone marrow (BM)-derived
MSCs, umbilical cord (UC)-MSCs have received increasing
attention due to the easiness of harvest, and fewer ethical and
safety issues (19). Moreover, UC-MSCs not only have similar
properties to BM-derived MSCs, but also exhibit compara-
tively elevated expression of immunomodulatory molecules,
including TGFp1, indoleamine 2,3-dioxygenase (IDO), tumor
necrosis factor (TNF)-stimulated gene 6 protein (TSG-6)
and prostaglandin E2 (20). The mechanisms by which MSC
treatment ameliorates autoimmune diseases remain to be fully
elucidated. It has been reported that MSCs exert immuno-
regulatory or tissue-repairing effects by balancing Th1/Th2
or Treg/Thl17 ratios, long-term engraftment at the target site or
secretion of paracrine factors (21).

It has also been reported that MSCs and endothelial
progenitor cells from patients with SSc lose their potential to
differentiate into endothelial cells (22). Vascular wall injury
due to autoimmunity or other factors, including infectious
agents, nitric-oxide-related free radicals or granzymes, causes
structural and functional vasculature abnormalities, which
could further lead to fibroblast activation and scleroderma
progression (23). Transplantation of MSCs isolated from the
healthy population showed an effective therapeutic effect for
scleroderma in previous clinical case reports (24,25). These
therapeutic effects may be due to the potential differentia-
tion of MSCs into endothelial cells and their participation in
the formation of new blood vessels in adults (26). Although
studies in certain fibrotic animal models confirmed the thera-
peutic benefit of MSC transplantation on SSc, indicating its
immunoregulatory properties (27-29), further detailed studies
of the underlying therapeutic mechanism are required.

The present study evaluated the therapeutic potential of
UC-MSC infusion and its effect on collagen synthesis and
immune dysregulation in a bleomycin-induced SSc model.
The potential molecular mechanism of UC-MSC treatment
was investigated in detail, providing new information to
expand the knowledge of MSC transplantation in SSc therapy.

Materials and methods

Cell culture. UC-MSCs were purchased from Chengdu
Kangjing (Sichuan Kangbaoli) Biological Technology Co.,
Ltd. (https:/www.konjin.com.cn/ganxibaojishu/) (30,31). and
cultured in UltraCULTURE Serum-free Cell Culture Medium
(cat. no. BEBP12-725F; Lonza Group, Ltd.) supplemented with

10% fetal bovine serum (FBS; cat. no. SH30071; HyClone;
Cytiva), 1% penicillin-streptomycin (cat. no. SV30010;
HyClone; Cytiva) and 1% L-glutamine (cat. no. SH30034;
HyClone; Cytiva). The cells were incubated at 37°C with
5% CO,.

Animal experiments.In total, 30 BALB/C mice were purchased
from Chengdu Dashuo Experimental Animal Co., Ltd. Female
mice (age, 6-7 weeks; average weight, 20+2g) were used in the
present study. All mice were fed in the specific-pathogen-free
(SPF) room in the West China Science and Technology Park of
Sichuan University, with room temperature ranging 22-25°C,
humidity ranging 40-60% and 12-h light/dark cycle. All mice
had free access to food and water. Bleomycin (Nippon Kayaku
Co., Ltd.) was dissolved in PBS at a concentration of 1 mg/ml.
The mice received a daily subcutaneous injection at the dorsal
area of either bleomycin or PBS (100 ul; administered using
a 27-gauge needle) for 4 weeks as described before (32). The
PBS injection was used as a control. A total of 1x10° UC-MSCs
suspended in 100 pl PBS were injected into the tail vein of
bleomycin-induced SSc mice at day 28 and 35, respectively.
Mice were sacrificed at day 42. Blood, skin, and spleen were
collected for further experiments. The experimental timeline
is presented in Fig. 1A. All studies and procedures were
approved by the Committee on Animal Experimentation
of the West China Hospital, Sichuan University (approval
no. 2017-203).

Staining with Paul Karl Horan (PKH) membrane linkers and
in situ PKH67-labeled MSCs tracing. Fluorescent labelling
of UC-MSCs was performed by incubating 1x107 cells in
1 ml Diluent C containing freshly prepared PKH67 (10 xM;
PKH67 Green Fluorescent Cell Linker Mini Kit for General
Cell Membrane Labeling; cat. no. MINI67; Sigma-Aldrich;
Merck KGaA) for 10 min at room temperature. Subsequently,
1x10® UC-MSCs were injected into bleomycin-induced SSc¢
mice, as aforementioned. Skin tissues were harvested and
fixed in 2% paraformaldehyde overnight at 4°C and embedded
in Tissue-Tek O.C.T. compound. Sections (5-xm-thick) were
air-dried for 1 h at room temperature before being mounted
using 1 drop of mounting medium containing DAPI (cat.
no. 0100-20; SouthernBiotech) by following the manufac-
turer's protocol for frozen sections. The labelled MSCs were
observed under an immunofluorescence microscope at x40
magnification.

Flow cytometry analysis. Splenocytes were obtained by
crushing the spleen and a gentle filtration through a 40-xm cell
strainer (BD Biosciences). The red blood cells was removed
using red blood cell lysis buffer (cat. no. 00-4333; eBioscience;
Thermo Fisher Scientific, Inc.) and incubation for 5 min at
room temperature. Subsequently, splenocytes were washed
twice with BioWhittaker® RPMI 1640 media (Lonza Group,
Inc.) containing 10% FBS, 10 mM HEPES, 1 mM sodium
pyruvate, 56 yuM 2-mercaptoethanol, 1% L-glutamine and
1% penicillin/streptomycin. Single-cell suspensions were
cultured in 96-well flat-bottomed plates in triplicate at a density
of 1x10° cells/ml (200 pl) in the aforementioned complete RPMI
1640 medium for 6 h before detection by staining with antibodies.
For intracellular staining of IL-17A, IL-4 and IFN-y, cells were
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Figure 1. UC-MSC treatment ameliorates bleomycin-induced skin fibrosis.
(A) The experimental timeline. (B) Visible changes in the mouse dorsal skin.
(C) Representative images of H&E and Masson trichrome-stained sections
in different groups (magnification, x20). (D) Changes in dermal thickness
(n=10 mice/group). Data are presented as the mean + SEM. “P<0.0001.
UC-MSC, umbilical cord-mesenchymal stem cell; SSc, systemic sclerosis.

stimulated with 50 ng/ml phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich; Merck KGaA), 1 yg/ml ionomycin
(Sigma-Aldrich; Merck KGaA) and 5 ug/ml protein transport
inhibitor containing monensin (GolgiStop™; BD Biosciences) at
37°C with 5% CO, for 4 h. Monoclonal antibodies for mouse CD4
[1:150 in 2% BSA (cat. no. A3803; Sigma-Aldrich; Merck KGaA);
cat.no. 8545004282; eBioscience; Thermo Fisher Scientific, Inc.],
IL-17A (1:40; cat. no. 559502; BD Biosciences), IL-4 (1:100; cat.
no. 8517704181, eBioscience; Thermo Fisher Scientific, Inc.) and
IFN-v (1:100; cat. no. 8511731181; eBioscience; Thermo Fisher
Scientific, Inc.) were used for flow cytometry. Cells were stained
with the CD4 antibody in the dark for 30 min at 4°C. After
incubation with CD4, cells were subsequently fixed in Fixation
buffer (eBioscience; Thermo Fisher Scientific, Inc.) at room
temperature and protected from light for 30 min. The cells were
then added with Permeabilization Diluent (eBioscience; Thermo
Fisher Scientific, Inc.) directly followed by centrifugation at
400 x g for 5 min at room temperature. For IFN-y, IL-4 and
IL-17A staining, cells were incubated at 4°C and protected from
light for 30 min with antibodies diluted in the Permeabilization
Diluent (1:100). Data were collected using a BD FACSCalibur™
instrument (BD Biosciences) and analyzed using FlowJo
software (version 10.6.2; FlowJo LLC).

Cytokine measurement. Serum samples were collected after
centrifugation at 1000 x g and room temperature for 15 min
and stored at 80°C until measurement. To measure cytokine
levels IL-17A, IFN-y, TNF-a, IL-10 and IL-12, a Mouse
MACSPIex Cytokine Kit (cat. no. 130-101-740; Miltenyi
Biotec, Inc.) was used according to the manufacturer's proto-
cols.

Histopathology and immunofluorescence. The impaired skin
in the injection area was removed and fixed in 10% formalin
solution for 24 h at room temperature, dehydrated in a graded
ethanol series and embedded in paraffin. Tissue sections
(5-pm-thick) were then deparaffinized and rehydrated gradually
in xylene (twice) followed by a descending ethanol series and
distilled water at room temperature. For hematoxylin-eosin
(H&E) staining, the slides were first stained with hematoxylin
for 1 min at room temperature followed by rinsing in tap water,
after removing excess background stain in 1% HCL for 10 sec,
the slides were then counterstained with eosin for 2 min at
room temperature. The slides were visualized under the light
microscope at x10 magnification.

For Masson trichrome staining, a trichrome stain kit (cat.
no. ab150686; Abcam) was used by following the manufac-
turer's protocol. Briefly, the slides were incubated in Weigert's
iron hematoxylin (5 min), Biebrich Scarlet-Acid Fuchsin
Solution (15 min), Phosphomolybdic-Phosphotungstic Acid
Solution (15 min) and Aniline Blue Solution (10 min), all
at room temperature. The slides were visualized under the
light microscope at x10 magnification. Skin thickness was
calculated in ym digitally using the Olympus stream software
(version 1.9; Olympus Coporation) measuring = three times
from the epidermis to the dermal-fat junction.

For immunofluorescence analysis, after paraffin removal
using protocol as aforementioned, epitope retrieval was
performed using citrate buffer (pH 6.0) at 95°C water for
30 min before blocking in 4% bovine serum albumin (BSA;
cat. no. A3803; Sigma-Aldrich; Merck KGaA) in PBS at room
temperature for 1 h and tissue sections were incubated with
anti-IL-17A (1:100, cat. no. ab79056; Abcam) and anti-CD3
(1:100, cat. no. ab135372; Abcam) antibodies at 4°C overnight.
Goat anti-rabbit Alexa Fluor 488 (1:500, cat. no. A11034;
Invitrogen; Thermo Fisher Scientific, Inc.) or goat anti-rabbit
Alexa Fluor 555 IgG (1:500, cat. no. A21428; Invitrogen;
Thermo Fisher Scientific, Inc.) were used as secondary anti-
bodies for incubation at room temperature for 1 h. Nuclei
were then stained with one drop of (~50 ul) DAPI (cat.
no. 0100-20; SouthernBiotech) at room temperature for 2 min.
Immunofluorescence images were captured using a Zeiss
LSM 510 META confocal microscope at x40 magnification.
Negative controls, stained only with secondary antibodies, did
not result in marked fluorescence and were omitted from the
figures.

Hydroxyproline content assay. Collagen content in skin
tissues was measured with a Hydroxyproline Assay kit
(Nanjing Jiancheng Bioengineering Institute). The impaired
skin tissues in the injection area (100 mg) was placed in
a test tube and mixed with 1 ml hydrolysate (6 mol/l HCI,
catalog no. 1.10164, Merck Millipore). After the tissues were
hydrolyzed in a 95°C water bath for 20 min, pH value was
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adjusted to 6.0-6.8. A total of 5 mg activated charcoal was
added into tissue samples, mixed, and centrifuged at 1368 x g
at room temperature for 10 min. Supernatant (I ml) was
collected into a new tube and incubated with chloramines-T
solution for 20 min at room temperature. The mixture was
then heated with para-dimethylaminobenzaldehyde at 60°C
for 20 min. The absorbance at 550 nm was read with a
1500 Multiskan Spectrum Microplate Reader (Thermo Fisher
Scientific, Inc.). The hydroxyproline content was expressed in
pg/mg of skin.

Reverse transcription-quantitative PCR (RT-qPCR) anal-
ysis. Total RNA was isolated from the impaired skin tissue in
the injection area using TRIzol® reagent according to manu-
facturer's protocol (Invitrogen; Thermo Fisher Scientific,
Inc.). Total RNA was treated with DNase I (cat no. 2270A;
Takara Bio, Inc.) at 37°C for 20 min and reverse transcribed
into cDNA using PrimeScript™ RT reagent Kit (cat.
no. RRO37A; Takara Bio, Inc.) with oligo d(T) primers at
37°C for 15 min and 85°C for 5 seconds. Gene expression was
quantified using QuantiNova® SYBR® Green PCR Kit (cat.
no. 208054; Qiagen GmBH) using the following thermocy-
cling conditions: Initial denaturation step of 2 min at 95°C,
followed by 40 times of 95°C for 5 sec and 60°C for 10 sec on
a CFX Connect system (Bio-Rad Laboratories, Inc.). B-actin
was used as the internal reference gene. Quantification was
performed using the 242 method (33). The sequences of the
sense and antisense primers were as follows: 3-actin forward,
5'-CATTGCTGACAGGATGCAGAAGG-3' and reverse,
5"TGCTGGAAGGTGGACAGTGAGG-3'; IL-17A forward,
5'-CAGACTACCTCAACCGTTCCAC-3' and reverse, 5'-TC
CAGCTTTCCCTCCGCATTGA-3"; TGF-B1 forward, 5'-TG
ATACGCCTGAGTGGCTGTCT-3' and reverse, 5'-CAC
AAGAGCAGTGAGCGCTGAA-3"; IL-6 forward, 5'-TAC
CACTTCACAAGTCGGAGGC-3' and reverse, 5'-CTG
CAAGTGCATCATCGTTGTTC-3"; retinoic acid-related
orphan receptor yt (ROR-yT) forward, 5'-GTG GAGTTT
GCCAAGCGGCTTT-3" and reverse, 5'-CCTGCA CATTCT
GACTAGGACG-3; collagen-lal (Col-1al) forward, 5'-CC
TCAGGGTATTGCTGGACAAC-3' and reverse, 5'-CAG
AAGGACCTTGTTTGCCAGG-3'; collagen-1a2 (Col-1a.2)
forward, 5'-TTCTGTGGGTCCTGCTGGGAAA-3' and
reverse, S"TTGTCACCTCGGATGCCTTGAG-3"; a smooth
muscle actin (a-SMA) forward, 5'-TGCTGACAGAGGCAC
CACTGAA-3' and reverse, 5'-CAGTTGTACGTCCAGAGG
CATAG-3"; Fn-1 forward, 5'-CCCTATCTCTGATACCGT
TGTCC-3' and reverse, 5S'“TGCCGCAACTACTGTGATTC
GG-3'; IFN-y forward, 5'-CAGCAACAGCAAGGCGAA
AAAGG-3' and reverse, 5S'-TTTCCGCTTCCTGAGGCT
GGAT-3";IL-4forward,5-ATCATCGGCATTTTGAACGAG
GTC-3' and reverse, 5'-ACCTTGGAAGCCCTACAGAC
GA-3.

Statistical analysis. All experimental procedures were
performed in triplicate. All analyses were performed using
GraphPad Prism software (version 8.0; GraphPad Software,
Inc.) Data are presented as the mean + SEM. Comparisons
were performed using one-way ANOVA followed by Turkey's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

UC-MSC treatment ameliorates bleomycin-induced skin
fibrosis. Compared with the control group, bleomycin adminis-
tration led to visible skin redness and ulcers (Fig. 1B). However,
a marked improvement in the skin lesions was observed after
UC-MSC infusion (Fig. 1B). Furthermore, skin thickness
was also significantly increased in bleomycin-induced mice
compared with the control group (Fig. 1D). Reductions of skin
thickness in the SSc group treated with UC-MSCs and in the
control group were observed compared with those in the SSc
mice (Control vs. SSc group, P<0.005; SSc vs. MSCs treated,
P<0.005), which was also associated with a marked decrease
in collagen deposition in skin, as demonstrated by Masson
trichrome staining (Fig. 1C). Taken together, these data indi-
cated that UC-MSC treatment induced an anti-fibrotic effect
on a bleomycin-induced model of SSc.

UC-MSC treatment reduces bleomycin-induced collagen
synthesis in skin. The effect of UC-MSC infusion on collagen
synthesis was subsequently evaluated. Col-1al, Col-1a2,
fibronectin-1 and a-SMA are important genes associated
with collagen synthesis (34-37). Bleomycin caused a signifi-
cantly higher expression of Col-1a2 (P<0.050) and a marked
increase in Col-lal expression (P>0.050) at a transcrip-
tional level in skin compared with that in the control group
(Fig. 2A). a-SMA (P<0.050) and fibronectin-1 (P<0.005) gene
expression levels also increased by 2.5-fold and 3.5-fold in
skin of bleomycin-treated mice compared with the control
group, respectively. Notably, UC-MSC treatment inhibited
bleomycin-induced Col-lal (P<0.050), Col-1a2 (P<0.050),
a-SMA (P<0.050) and fibronectin-1 (P<0.050) gene expres-
sion levels, which were comparable to the expression levels in
the control group. In addition, there was a statistically signifi-
cant difference in hydroxyproline content between control and
bleomycin-challenged mice (P<0.005). UC-MSC injection led
to a significant decrease in hydroxyproline content after bleo-
mycin treatment (P<0.050). These data suggested that UC-MSC
infusion could effectively ameliorate bleomycin-induced skin
fibrosis by regulating collagen synthesis at transcriptional and
protein levels.

UC-MSC treatment reduces local inflammation instead
of systemically affecting cytokine production in serum. To
understand the potential systematic effect of UC-MSC treat-
ment-induced fibrosis remission in bleomycin-induced SSc,
the levels of inflammatory cytokines were assessed in serum
samples. IL-17A (P>0.999) and IFN-y (P>0.999) levels in sera
were not significantly increased in SSc group mice compared
with the control, whilst TNF-a production was enhanced by
6-fold compared with the control group (P<0.050) (Fig. 3A).
UC-MSC-treatment significantly reduced TNF-a (P<0.050)
production but had no significant effect on IL-17A levels
(P>0.050). A slight but not significant decrease in IFN-y and
IL-12 levels was detected in UC-MSC-treated mice compared
with the SSc group. By contrast, the level of anti-inflammatory
cytokine IL-10 was enhanced in the UC-MSC-treated group
compared with that in SSc mice, although no statistically
significant difference was observed. These data indicate
that the systemic reduction in cytokine levels only partially
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contributed to the therapeutic benefit of UC-MSC treatment
on bleomycin-induced SSc in mice. Subsequently, it was deter-
mined whether gene expression levels of cytokines implicated
in skin fibrosis formation were affected in the impaired skin.
As shown in Fig. 3B, IL-17A (P<0.050), TGF-B1 (P<0.050),
ROR-yT (P<0.050) and IL-6 (P<0.050) gene expression
levels were significantly enhanced after bleomycin treatment
compared with the control group. Furthermore, UC-MSC
administration caused a significant reduction in the expression
levels of these genes in skin samples from SSc mice (IL-17A,
P<0.050; TGF-p1, P<0.050; ROR-T, P<0.050; IL-6, P<0.050).
Taken together, these data suggested that UC-MSCs exerted
their anti-fibrotic effects on bleomycin-induced SSc primarily
by decreasing the level of local inflammation in skin lesions.
Systemic levels of inflammatory cytokines in serum were
affected to a lesser extent.

UC-MSC treatment exerts anti-fibrotic effects by affecting
Thl7 cell activation in skin. Considering the implication of
T cell activation in SSc progression (38), the current study
examined T cell subsets in spleen using flow cytometry. MSC
infusion did not restore T cell activation in the spleen, where
a significant decrease in the overall CD4* T cell percentage
was observed in splenocytes from bleomycin-treated mice
compared with the control group (Control vs. SSc group,

P<0.005; control vs. MSCs treated, P<0.005; Fig. S1A).
Furthermore, there was no significant difference between
SSc groups treated and untreated with UC-MSCs (Fig. S1A).
No significant difference was also found in the proportion
of Thl and Th2 cell populations among the three groups
(Figs. S1B and S2). The percentage of Th17 cells was signifi-
cantly lower in SSc group splenocytes compared with the
control (P<0.005) and UC-MSC treatment groups (P<0.010;
Figs. S1B and S2).

Excluding the impact of UC-MSC treatment on T cell
activation in spleen, we next tested whether dysregulation of
T cell immune existed in the impaired skin after bleomycin
challenge. T cells were visualized by immunofluorescence
staining. As shown in Fig. 4A, CD3* staining was increased
in skin from SSc mice, indicating that bleomycin was able to
induce T cell infiltration in skin. However, the abundance of
CD3* T cells was markedly decreased after UC-MSC treat-
ment. Gene expression levels of IL-17A, ROR-yT, IFN-vy,
IL-4 in skin were next measured by RT-qPCR. As shown
in Fig. 3B, bleomycin did not affect the level of IFN-y and
IL-4 gene expression compared with the control, but there
was also no significant difference observed between SSc
and UC-MSC-treated mice, suggesting that Thl and Th2
cell activation was not involved in bleomycin-induced skin
fibrosis in mice. However, gene expression levels of IL-17A
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Figure 4. UC-MSC treatment inhibits Th17 cell activation in skin.
(A) Immunofluorescent staining for CD3 in skin (blue, DAPI; green, CD3;
magnification, x40). (B) IL-17A staining in skin (red, IL-17A; magnifica-
tion, x40). UC-MSC, umbilical cord-mesenchymal stem cell; SSc, systemic
sclerosis.

(P<0.050) and ROR-yT (P<0.050) were significantly enhanced
after bleomycin treatment compared with the control group.
Furthermore, UC-MSC treatment significantly reduced the
RNA expression of IL-17A (P<0.050) and ROR-yT (P<0.050)
in skin (Fig. 3B), indicating that Th17 cell activation might
be blocked by UC-MSC treatment. This hypothesis was
further confirmed by reduced IL-17A levels in skin from mice
receiving UC-MSC infusion compared with the SSc group,
as demonstrated by immunofluorescence staining (Fig. 4B).
These data demonstrated that UC-MSC treatment displayed
an anti-fibrotic effect by regulating Th17 cell activation in the
impaired skin.

UC-MSCs survive in the impaired skin. Since Thl7 cell
activation was observed in the impaired skin in the present
study, subsequent experiments were designed to test whether
UC-MSCs could regulate Th17 cell activation. To do so,
UC-MSCs were labeled with PKH67 before intravenous
injection. PKH67-labeled UC-MSCs were observed in the
skin lesion from mice receiving UC-MSC infusion (Fig. 5),
indicating that transplanted UC-MSs had survived in the skin
and prevented Th17 cell activation. Taken together, these data
indicated that UC-MSC treatment alleviated disease severity
of bleomycin-induced SSc in mice by regulating Th17 cell
activation in the impaired skin.

SSc+UC-MSC

Control

DAPI

PKH67

SSc
- -
Figure 5. UC-MSCs in localized lesions of the skin. Immunofluorescence
staining with DAPI (blue) and PKH67 (green) in skin. White arrows indi-

cate representative MSCs staining. Magnification, x40. UC-MSC, umbilical
cord-mesenchymal stem cell; SSc, systemic sclerosis.

Discussion

MSCs have been reported to exert potent immunosuppressive
effects by inhibiting immune cell proliferation and function,
and promoting regulatory cell generation, eventually affecting
the innate and adaptive immune responses (39). Currently,
there is a rising interest in MSC infusion or transplantation
therapy for autoimmune diseases, primarily focusing on
systemic lupus erythematosus, rheumatoid arthritis and
multiple sclerosis using various rodent models (40). In 1999,
Yamamoto et al (32) initially reported the subcutaneous
injection of bleomycin to the back of BALB/c mice, which
successfully induced skin sclerosis and led to histopathological
changes similar to SSc. Scholars continuously optimized
methods including mouse species, bleomycin dose and the
injection cycle (41-43). Bleomycin-induced skin fibrosis model
is now accepted as a safe and classical murine model of
human skin and lung fibrosis in SSc (41,42). The present study
demonstrated that obvious skin and lung fibrosis occurred
after continuous bleomycin administration, which is consistent
with other publications (32,43).

MSCs are isolated from bone marrow, human umbilical
cord and adipose tissue. However, UC-MSCs are considered
to be superior in terms of collection procedure, proliferation
ability and immunogenicity (44). A previous study has shown
comparable efficiency between allo-/xenogeneic BM-MSCs
and syngeneic transplantation in reducing fibrotic lesions
in mice (29). It has been reported that BM-derived MSCs
induce cellular and humoral responses in vivo (45), and
MHC mismatch could reduce the efficacy of transplanta-
tion (46). In fact, numerous previous publications have
reported efficiency and safety of xenogeneic transplantation
of human MSCs in several mouse models (47-51). Based on
these previous findings, the present study aimed to investi-
gate the efficacy and antigen compatibility of UC-MSCs in
bleomycin-induced SSc murine model. UC-MSC treatment
efficiently improved the skin thickness and reduced the
collagen and extracellular matrix accumulation. During the
experiments, all UC-MSC-treated mice survived and none of
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them had systemic/local adverse events, indicating the safety
of heterologous MSC infusion, which might be due to the low
immunogenicity of UC-MSCs.

The present study aimed to determine whether UC-MSCs
exerted the therapeutic effect via systemic or local
mechanisms in the bleomycin-induced SSc murine model.
Among the cytokines measured in sera, only the TNF-a level
was enhanced by bleomycin administration and significantly
decreased after UC-MSC treatment. Previous studies have
shown that fibroblast hyperplasia is the key component of
fibrosis formation (52,53). Cytokines such as TGF-p1, IL-6
can promote collagen synthesis of fibroblasts (1). TGF-31
as a paracrine or autocrine cytokine modulates target cells
to produce collagen (54). The anti-TGF-p1 antibody was
previously shown to cause a significant remission of skin
sclerosis in the SSc mouse model (55). In normal fibroblasts,
IL-4 can stimulate the production of chemotaxis, TGF-f,
connective tissue growth factor (CTGF) and collagen,
promoting hyperplasia and fibrosis (56). IL-4 and its
mRNA expression levels were also significantly increased
in sclerotic skin and cultured fibroblasts isolated from
patients with SSc (57,58). IFN-vy, a major cytokine secreted
by Thl cells, plays a negative regulatory role in fibroblast
activation by inhibiting the expression of collagen gene
family and eliminating TGF-B-induced responses (59,60).
In the present study, there was no change in IL-4 and IFN-y
gene expression levels in skin between the three study
groups. This could be due to time-dependent changes of
cytokines in the skin tissues and differences between the
patterns occurring in human and animal studies. It has been
reported that IL-4 levels are elevated in the early phase of
clinical SSc (57). Meanwhile, in a study using mouse models,
Okamoto et al (61) found that IL-17, rather than IL-4 or IFN-y,
contributed to bleomycin-induced skin fibrosis. In the current
study, increased gene expression levels of IL-17A, TGF-f1
and IL-6, were detected in the skin of bleomycin-treated mice
compared with those in the PBS-controlled group, in addition
to a significant decrease after MSCs treatment. These findings
demonstrated that increased levels of cytokines in the local
lesions, reduced after UC-MSC infusion, played a more
important role in bleomycin-induced SSc compared with the
role of the circulating cytokines.

T cell activation is known to promote SSc progres-
sion (38). In the present study, a reduced percentage of
CD4* T cells among splenocytes was observed in SSc mice.
This observation was consistent with Hideaki Ishikawa's
study in a bleomycin-induced murine model, which found that
the number of CD4* T cells was significantly decreased in
both the thymus and spleen (42). The decrease in CD4"T cells
was possibly due to the cytotoxic effect of bleomycin. CD4* T
cells are particularly susceptible to the effects of bleomycin,
which may be associated with the induction of autoimmunity
in the bleomycin-induced model (42). The percentages of Thl
and Th2 cells in spleen were not significantly different among
the three groups. It remains unclear whether Th2 cell-based
immune responses play an important role in fibrosis (62-64).
The controversial results regarding Th1 and Th2 cells reported
in previous studies, as well as the insignificances observed in
the present study, may be due to the differences in animal
models, the tissue source of T cell subset and detection

methods. In recent years, important functions of Th17 cells,
predominantly secreting IL-17A, IL-17F and IL-22, were
found to play a role in the pathogenesis of numerous autoim-
mune inflammatory diseases, including rheumatoid arthritis,
systemic lupus erythematosus and Sjogren's syndrome (65).
TGF-f, IL-6 and ROR-yt have been reported to be involved
in Th17 cell development (66). Furthermore, Th17 cells
are associated with the onset of SSc and their numbers are
significantly increased in peripheral blood, damaged skin and
lung tissue of patients with SSc (10,11,67). IL-17A levels are
also higher in the early and active phases of SSc (68,69). In
addition, previous experimental studies have examined the
significance of Th17 cell abnormalities in the pathological
changes of SSc. IL-17A was shown to be involved in lung
and skin fibrosis in a bleomycin-induced animal model of
SSc (61). IL-17A can promote the secretion of TGF-f3, CTGF
and collagen synthesis in SSc fibroblasts (70). In addition,
the lack of IL-17A can reduce the skin thickness of TSK-1
mice (61).

In addition to detecting increased total CD3* T cell levels
in local lesions, the present study also identified Th17 cell
differentiation and activation, confirmed by the increased
IL-17 and ROR-vyt gene expression and IL-17A production.
Furthermore, PKH67-1abeled MSCs were observed in the deep
layer of dermis. Previous studies revealed that MSCs can exert
an immunoregulatory role via homing and paracrine or direct
cell-to-cell contact inhibition to regulate the abundance of
T cell subsets, especially Th17 cells (71,72). Therefore, it may
be hypothesized that the treatment effect of UC-MSCs on SSc
may be achieved by modulating the activation of Th17 cells in
the local skin lesions.

The present study had certain limitations. Firstly,
autologous MSCs were not used. Isolation and in vitro
culture of mouse MSCs is more challenging compared with
that of human MSCs due to low yields of cell harvesting,
hematopoietic cell contamination, and the lack of specific
mouse MSC markers (73). Secondly, due to a limited budget
and laboratory conditions, the mechanisms observed in the
current study could not be verified further. Regarding the
suppressive effect on T cells by MSCs, it has been reported
that the mechanisms could be attributed to cell-cell
contact, secretion of soluble factors and regulatory T-cell
generation (74). Moreover, MSCs could also reduce B cell
activation and proliferation (75) and actively interact with
macrophages, exerting both anti- and pro-inflammatory
effects (76,77). In addition to the immune modulation
indicted in the current study, it has previously been
reported that the antifibrotic mechanisms of MSCs could be
associated with the inhibition of oxidative stress and matrix
remodeling, and the inhibition of TGF-p in the present
study could further mediate adipocyte-myofibroblasts
transition (78). These mechanisms could be investigated
further in the future.

Taken together, the present study showed that human
UC-MSC infusion was able to significantly alleviate skin
fibrosis and collagen synthesis in a bleomycin-induced SSc
mouse model. UC-MSC treatment exerted an anti-fibrotic role
by alleviating local inflammation and Th17 cell activation
in the impaired skin, while the systemic inhibitory effect on
cytokines played a less important role.
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