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ARTICLE INFO ABSTRACT

Keywords: As a novel cellular therapy, the anti-inflammatory and immunomodulatory virtues of mesenchymal stem cells
Mesenchymal Stem cell (MSCs) make them promising candidates for systemic sclerosis (SSc) treatment. However, the clinical efficacy of
Inje“abl_e this stratagem is limited because of the short persistence time, poor survival, and engraftment of MSCs after
Is_f}}(fi_;egaeling injection in vivo. Herein, we develop a novel MSCs-laden injectable self-healing hydrogel for SSc treatment. The

hydrogel is prepared using N, O-carboxymethyl chitosan (CS-CM) and 4-armed benzaldehyde-terminated poly-
ethylene glycol (PEG-BA) as the main components, imparting with self-healing capacity via the reversible Schiff-
base connection between the amino and benzaldehyde groups. We demonstrate that the hydrogel laden with
MSCs not only promoted the proliferation of MSCs and increased the cellular half-life in vivo, but also improve
their immune-modulating functions. The tube formation assay indicates that the MSCs could significantly pro-
mote angiopoiesis. Moreover, the MSCs-laden hydrogel could inhibit fibrosis by modulating the synthesis of
collagen and ameliorate disease progression in SSc disease model mice after subcutaneous injection of bleo-
mycin. All these results highlight this novel MSCs-laden hydrogel and its distinctive functions in treatment of
chronic SSc, indicating the additional potential to be used widely in the clinic.

Systemic sclerosis

1. Introduction

Systemic sclerosis (scleroderma, SSc), a considered incurable
immune-mediated rheumatic disease, is characterized by complex in-
terplays between vasculopathy, inflammation, immunological abnor-
malities and progressive fibrosis [1,2]. The traditional therapies are
combinations of immunosuppressants, such as mycophenolate mofetil
or cyclophosphamide, these immunosuppressants can be supplemented
by targeted biological and antifibrotic therapies, even hematopoietic
stem cell transplantation are used for the treatment of refractory SSc, no
therapy has so far been able to slow or modify the natural progression of
this disease [3-9]. Multipotent mesenchymal stem cells (MSCs) therapy
with demonstrated remarkable improvement has gradually emerged as a
promising therapeutic candidate [10-14]. MSCs are multipotent cells
that can be expanded from various adult and perinatal tissues. In addi-
tion, it has been suggested that MSCs have a minimal risk of initiating an
allogeneic immune response when injected in vivo [11,15]. Moreover,
MSCs display profound immunosuppressive effects on various immune
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cells and inherent trophic activity, anti-inflammatory properties and
immunomodulatory characteristics, especially by secreting a large panel
of bioactive molecules to address the most important key points of the
refractory SSc [13,16-20]. MSCs and MSCs-derived extracellular vesi-
cles therapy have shown efficacy in several animal models of SSc
including HOCl-induced and bleomycin-induced SSc model [21-23].
However, the clinical application of MSCs therapy is still challenged,
because their suboptimal encapsulation and injection approaches lead to
poor survival, retention time and engraftment [24,25]. Therefore, novel
MSCs therapy with high survival, increased retention, and curative po-
tentials are need to be improved for treatment of SSc.

In this study, we proposed a novel MSCs-laden injectable self-healing
hydrogel for SSc treatment, as schemed in Fig. 1. Hydrogels are three-
dimensional (3D) cross-linked network structural substances charac-
terized by bio-inspiration, bio-functionality, and biomimicry, resulting
in variable physicochemical performances [26-31]. Due to their
high-water contents and regulatory mechanical capacities, cell-laden
hydrogels as biomimetic tissues are considered as promising
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minimally invasive injection carrier through percutaneous needles
[32-38]. Among these hydrogels, polyethylene glycol, chitosan and
their derivatives are favorable owing to their low price,
non-immunogenicity, easy synthesis, bioactivity, good degradability in
vivo and inherent biocompatibility [39-44]. However, their low solu-
bility in most solvents and restricted chemical modification methods
hinder their further application as injectable hydrogels [45]. Therefore,
novel biomedical hydrogels with suitable controllability in gelation
time, mechanical strength and self-healing capacity by modifying the
functional groups and modulating the concentrations of gelling com-
ponents and their mass ratios to enhance the clinical efficacy of MSCs
therapies is still highly anticipated. In addition, although hydrogel
materials have been widely used in many aspects of biomedical areas
[46-49], to the best of our knowledge, research on the treatment of SSc
with this versatile hydrogel laded with MSCs has never been reported.
Herein, we developed the desired MSCs-laden injectable self-healing
hydrogel by using N, O-carboxymethyl chitosan (CS-CM) and 4-armed
benzaldehyde-terminated polyethylene glycol (PEG-BA) as main com-
ponents. CS-CM was synthesized by carboxymethylation of chitosan
(CS), and meanwhile, PEG-BA was prepared by condensation of 4-arm-
amino-terminated PEG with 4-formylbenzoic acid (4-BA). The 3D
hydrogel network was constructed and endowed with self-healing ca-
pacity via the reversible Schiff-base connection between the amino and
benzaldehyde groups. Self-healing hydrogels are a kind of smart
hydrogel that can be injected without gel fragmentation and maintain
integrity at the target site due to the ability to heal damage automati-
cally, avoiding the risk of skin structure damaging from premature
polymerization. Furthermore, bare MSCs may be due to the degradable
formulation which may lose their physical integrity more quickly once
exposed to proteases. Therefore, formation of MSCs-laden hydrogel
could promote cell viability and survival. We revealed that the MSCs-
laden hydrogel not only promoted MSCs proliferation and increased
the cellular half-life in vivo, but also improved their immune modulating
functions. These features make the MSCs-laden hydrogel valuable in
chronic SSc treatment and promising for various disease treatments.
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2. Materials and methods
2.1. Materials

Chitosan (2 x 10° Da), sodium periodate, monochloroacetic acid and
ethylene glycol were purchased from Sigma-Aldrich. PEG-BA (Mw
6000) was purchased from Ponsure Biotechnology. Cell counting kit-8
(CCK8) assay kit was obtained from KeyGEN BioTECH Co., Ltd (Nanj-
ing, China). Calcein-AM/PI Double Stain Kit was obtained from Yeasen
Biotechnology Co., Ltd (Shanghai, China). FITC-conjugated anti-human
CD14, CD19, CD45, CD34, PE-conjugated anti-human CD73, CD105,
CD90, HLA-DR antibodies were obtained from BD Biosciences (San Jose,
CA). All of the antibodies including a-SMA, vimentin, PLIN1, COL1 were
purchased from Cell Signaling Technology.

2.2. Synthesis and characterization of PEG-BA and CS-CM

Synthesis of CS-CM was based on a previously reported procedure
with some modification [50]. 10 mL of isopropyl alcohol was employed
to suspend 1 g CS and stirred at RT. Afterwards, 5 mL of sodium hy-
droxide solution (10 mol/L) was dropwise added into the above solution
and stirred for 30 m. 10 mL of monochloroacetic acid was added into
five equal portions. The solution was stirred for 3 h. Hydrochloric acid
solution (10%) was employed to adjust pH of the reaction mixture to
about 7.4. The CS-CM was washed with methanol and alcohol. A freeze
drier was used to get the dry product.

The hydrogels were obtained by mixing the PEG-BA and CS-CM so-
lutions. Briefly, an 8% (w/v) PEG-BA solution was prepared by dis-
solving product in cell culture medium. A 3% (w/v) CS-CM solution was
prepared by using cell culture medium as solvent too. Subsequently, the
dynamic frequency sweep rheological test was processed on a Discovery
HR-2 rheometer. After CS-CM and PEG-BA solutions were mixed on the
parallel plate, G’ and G” were collected.

The equivalent volume of CS-CM solution stained with trypan blue
and PEG-BA solution dyed with rhodamine B were filled into a dual
syringe system. The precursor solutions in syringes passed through the
26-gauge needle easily without blocking, followed by the instantaneous
formation of hydrogels. Subsequently, two pieces of flower-shaped
hydrogels stained by rhodamine B and methylene blue, were cut into

Fig. 1. Schematic demonstrating the fabrication of
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equal two parts, respectively. After 20 min at 25 °C, the total 4 pieces of
alternate colors were combined into two integral blended flower-shaped
pieces. Self-healing was confirmed by the capacity of the healed flower-
shaped hydrogel to hold its structure when suspended under gravity.

2.3. Clinical-grade MSCs and condition medium collection

From the separation, culture and identification processes were con-
formed with the quality standards. MSCs with an initial density of 1 x
10* cells/cm? were cultured in 75 cm? cell culture flasks at 37 °C con-
taining 5% CO3 in DMEM/F12 with 10% FBS for 48 h. Condition me-
dium was harvested and centrifuged at 1500 rpm for 5 min and used for
experiments.

2.4. Prepare of MSCs laden hydrogel and in vivo residence time

Cell viability of MSCs was assessed after incubation in hydrogel ex-
tracts with different concentrations (0, 5,10, 20 mg/mL) for 1 and 3
days. After incubation, Cell Counting Kit-8 was used according to the
manufacture’s instruction. For cell encapsulation, cell suspensions of
MSCs were mixed with PEG-BA (8 wt%) and CS-CM (2 wt%) solutions.
Then, 1 mL of the mixture was pipetted into a 24-well culture plate.
Samples were imaged using a confocal microscope every day for three
days.

IVIS was applied to investigate the hydrogel enhance retention of
MSCs in tissue. an in vivo experiment was carried out after subcutane-
ously injection of luciferase-labeled MSCs in BALB/c mice. The IVIS and
luminescent signal analysis was performed as described [51].

2.5. Wound healing assays and in vitro tube formation experiment

HUVECs were used in wound healing experiment and tube formation
assay. After scratching the cell monolayer with a pipette, HUVECs were
cultured with the supernatant from MSCs or the cell culture medium,
and representative images were taken after incubation for 24 and 48 h
for tube formation experiment, 1 x 10* HUVECs were seeded in 48-well
plate with adding 100 pL of growth factor-reduced Matrigel (BD
Bioscience). Following incubation with condition medium and culture
medium, confocal microscope was applied to take images.

2.6. QRT-PCR and RNA sequencing

Total RNA from cultured cells in cell culture plate, hydrogel, and
mouse skin samples were extracted using Trizol reagent (Vazyme
Biotech, China). QRT-PCR was performed using a FastStart Universal
SYBR Green Master (Vazyme Biotech, China) in a StepOne (Thermo
Fisher). The primer sequences for qRT-PCR were listed in Supplemen-
tary Table 1.RNA-seq analysis was conducted by Novogene Co., LTD
(Beijing, China).

2.7. Invivo degradation and toxicity behavior of the hydrogel

BALB/c mice were employed to evaluate the in vivo degradation and
toxicity property of the hydrogel. 0.4 mL of the hydrogels were
administered by dorsal subcutaneous injection. Three mice from each
group were sacrificed at 5min,1d, 3d, 5d respectively. The injection sites
were opened with a surgical scissors to observe the state of hydrogels. In
order to determine whether hydrogel had potential toxicity, the
hydrogels were subcutaneously injected into the dorsal side of mice for
21 days. Important organ samples including heart, liver, spleen, lung
and kidney were sent for histopathological examination for toxicity
evaluation.

2.8. Animals and treatment

All animal care and handing procedures were conformed with the
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ethics (ethics number 2020AE01039). To induce skin fibrosis, mice were
conditioned by subcutaneous injections with 1 mg/mL bleomycin
(Aladdin, Shanghai, China) in saline at a dose of 100 pL in each mouse
every day for 4 consecutive weeks. One group of the mice were received
with 100 pL PBS solution. The other three groups mice were treated with
hydrogel, MSCs and MSCs-loaded hydrogel (Hy-MSCs) at a dose of 5 x
10° cells or hydrogel by subcutaneous injections. BALB/c mice were
used as control group. Mice were sacrificed at day 10 to collect skins for
subsequent experiments.

2.9. H&E, masson staining and immunofluorescence

After skins isolation and fixation in paraformaldehyde, the tissues
were embedded in paraffin for H&E and Masson staining. The skin tis-
sues were cut for 7 pm for immunohistochemistry. The antibodies were
used as follows: a-SMA, COL1, and PLIN1.

2.10. Statistical analysis

Statistical analysis was performed by GraphPad Prism software. All
data were presented as average + s.d. Student’s t-test was used for
comparison between groups.

3. Results and discussion

CS-CM was normally synthesized by covalently modifying CS with
acetic acid, whereas PEG-BA was formed by the condensation of amino-
terminated PEG with 4-BA (Figure S1). The hydrogel was prepared by
mixing of CS-CM and PEG-BA solution. The mechanical capacities of
hydrogel are directly related to their microscopic structures [52].
Scanning electron microscopy (SEM) revealed that hydrogels had a
highly interconnected porous structure. (Fig. 2A).

Meanwhile, the mechanical strength of the hydrogel under different
ratios of two components was studied by the dynamic frequency sweep
rheological test. Hydrogels were formed with uniform concentration of
PEG-BA (4 wt%) and three different concentrations of CS-CM (1.5 wt%,
1 wt%, 0.5 wt%), the molar ratios of - NH, and -CHO are 1.5:1, 1:1 and
0.5:1, and As Fig. 2B showed, the hydrogels provided the frequency-
independent gelation characteristics, and the storage modulus G far
surpassed the loss modulus G~ at a shear frequency ranging from 0.1 to
100 rad/s, indicating that the hydrogel behaved as an elastic solid.
Moreover, the value of G and G can be regulated by changing the ratio
of gelling elements. As expected, higher storage modulus G value was
observed at high concentration of CS-CM.

Appropriate injectable property of hydrogel is necessary for their
biomedical application. To evaluate the injectability of the hydrogel, CS-
CM solution stained with trypan blue and PEG-BA solution dyed with
rhodamine B were filled into a dual syringe system at an equivalent
volume. The precursor solutions in syringes easily passed through the
26-gauge needle without blocking, and then forms hydrogels immedi-
ately (Fig. 2C). Further, the hydrogel can be moulded into any shape,
providing a broad application scope in clinical practice.

The self-healing property was evaluated by a macroscopic test of two
pre-gelled flower-shaped hydrogels with blue (trypan blue) and red
(rhodamine B) colors. As Fig. 2D showed the cut hydrogel blocks could
be recombined into the cmmplete flower-shaped hydrogel without any
external stimulation, and the self-healing hydrogel had enough me-
chanical strength to be lifted.

Appropriate degradation properties of hydrogels are necessary for
their biomedical application. To investigate the degradation feature, the
hydrogels were subcutaneously injected into the dorsal side of mice,
three mice from each group were sacrificed at 5 min, 1 d, 3 d, 5
d respectively. It was found that the amount of hydrogel decreased
gradually in 5 days as a result of the existence of lipase, protease, and
hyaluronidase in the mouse body (Figure S2). In order to determine
whether hydrogel had potential toxicity, the hydrogels were
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Fig. 2. Characterization of the hydrogel. (A) SEM analysis of the hydrogel structure. The scale bar is 10 pm. (B) Rheological properties of the hydrogel at room
temperature (RT). (C) Injectable capability of the hydrogel. (D) Self-healing properties of the hydrogel at RT.

subcutaneously injected into the dorsal side of mice for 21 days.
Important organ samples including heart, liver, spleen, lung and kidney
were sent for histopathological examination, which revealed no signif-
icant pathological changes (Figure S3). Therefore, the hydrogel with
adjustable mechanical capability, good injectability, self-healing,
degradation and non-toxicity property will be valuable in the regula-
tion of the translation fates of stem cell in MSCs therapies.

The hydrogel was subsequently encapsulated with MSCs as a cell
therapy for SSc treatment. First, clinical-grade MSCs were isolated from
human umbilical cord, and their quality such as morphology, pheno-
type, and differentiation potential were evaluated. MSCs are plastic-
adherent and able to differentiate into the osteogenic and adipogenic
properties (Figure S4A, B). They are distinguished from other types of
cell by expressing cell-surface markers CD73, CD105 and CD90, as well
as positive for mesenchymal markers (vimentin and o-SMA)
(Figure S4D), but lack the expression of CD34, CD19, HLA-DR, CD45 and
CD14 (Figure S4C).

It is well known that cytocompatibility is the basic requirement for
hydrogel as cell carriers. Therefore, cell viability of MSCs was assessed
after incubation in hydrogel extracts with different concentrations (0,
5,10, 20 mg/mL) for 1 and 3 days. As Figure S5 A , Bshowed , there was
no remarkable difference between the treatment and the control group
in cell viability. The fluorescent results of live cells (Figure S4 C) are also
consistent with the quantitative viability. These results suggested that
the cytotoxicity of developed hydrogel to MSCs was negligible, thus
confirming the remarkable cytocompatibility of CS-CM/PEG-BA
hydrogel for using as stem cell carrier.

Moreover, hydrogels should support cell growth and network for-
mation. We developed an in vitro MSCs cell morphology and prolifera-
tion model. MSCs suspension incorporated with CS-CM/PEG-BA
hydrogels at three different concentrations of CS-CM (1.5 wt%, 1 wt%,
0.5 wt%) for three days were compared with control group cultured in
tissue culture flask. As shown in Fig. 3A, MSCs exhibited continuous
proliferation during the three-day culture period. In contrast, the control
group showed growth inhibition when the cells covered the flask.
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Moreover, MSCs continued to proliferate and avoided the growth inhi-
bition during 3D culture in hydrogels. Notably, the cells grown in the
hydrogels with uniform 4 wt% PEG-BA and different concentrations of
CS-CM (1.5 wt%, 1 wt%, 0.5 wt%) maintained viability. In the 1.5% CS-
CM group, we noticed that most MSCs were still round and oval, even
after culturing for three days as shown in Fig. 3A. However, cells in the
1% and 0.5% CS-CM groups began to exhibit a long shuttle-shaped
spread morphology, which continued for three days. The 1% CS-CM
group was particularly noteworthy because the shorter gelation time
and cells rapid proliferation rate, indicating that MSCs in this group
were able to evenly disperse and form highly interconnected cellular
networks compared to 0.5% CS-CM group (Fig. 3B). Given these obvious
advantages, 1% CS-CM was selected in our study.

In addition, MSCs secret multifunctional molecules via paracrine
mechanisms to exert their immunomodulatory capacities. The secre-
tome is a multifaceted group of cytokines, chemokines and growth
factors, such as cyclooxygenase 2 (COX-2), hepatocyte growth factor
(HGF), tumor necrosis factor-stimulated gene 6 protein (TSG-6), fibro-
blast growth factor 2 (FGF-2), prostaglandin E synthase 2 (PGE-2), heme
oxygenase (HMOX), C-C motif chemokine 2 (CCL-2) and transforming
growth factor-p (TGF-B), many of which depend on the target cells and
the microenvironment surrounding the cells [13,17,53]. We investi-
gated the immunomodulatory function of MSCs in hydrogel by
qRT-PCR. Analysis of the secretome of infused MSCs in the inflamed
tissue microenvironment showed that it contained various cytokines,
including TGS-6 and CCL-2. The elevation of TGS-6 and CCL-2 were the
most remarkable among the selected factors examined, while the mRNA
expression of TGS-6 and PGE2 of MSCs in hydrogels were about 4.5-fold
and 2.2-fold higher than that of MSCs in tissue culture, respectively
(Fig. 3C). COX-2 is a crucial enzyme for the synthesis of PGE-2, and
PGE-2 is an important anti-inflammatory mediator secreted by MSCs.
Compared with MSCs in tissue culture, the mRNA levels of the COX-2
and PGE-2 in hydrogel increased by about 2.2-fold and 2-fold, respec-
tively. MSCs produce a series of growth factors such as HGF and FGF-2.
Especially in the presence of inflammatory cytokines, the expression



M. Nie et al.

-®- Control
5 M M
== 1.5% CS-(
) -
% == 1% CS-CM -
9 %1 = 05% cs-om -
S~ T
) T ol
-g '
S 4
-g T
- 3
= -r/_l_
= 2 d
2 -

3

- 0

Days cultured in vitro

Bioactive Materials 17 (2022) 369-378

Css

S ok

\:q s

<

& 4

=

8

Y 34

S
skk skk

é‘z_ ok

& *

~

s ] 4. .................. N -

=

S

20' T 1 T T
151348288
~ O Rk
O X O «ynu O )
) L‘.&&Ebg

Fig. 3. Hydrogel facilitated MSCs cellular morphology, proliferation and immunomodulatory function in vitro. (A) Fluorescent images showed the MSCs proliferation
during three days culture in tissue culture or in hydrogel. The scale bar is 200 pm. (B) Cells proliferated within the hydrogel and compared with the cells in tissue
culture flask. (C) Gene expression of cytokines produced by MSCs in hydrogel which was normalized to that of MSCs on tissue culture. *P < 0.05, **P < 0.01.

level of fibrosis factor FGF-2 was significantly decreased, while the
angiogenic HGF was increased about 1.5-fold. As shown in Fig. 3C, after
treating encapsulated MSCs, the expression of FGF-2 was reduced, while
the levels of CCL-2, HGF, TSG-6, PGE-2 and COX-2 increased, indicating
an enhanced immunomodulatory and angiogenesis function of MSCs
therapy.

To investigate whether hydrogel enhance retention of MSCs in tissue,
an in vivo experiment was carried out after subcutaneously injection of
luciferase-labeled MSCs in BALB/c mice to recapitulate the survival of
MSCs in the presence of a functional immune system. IVIS was applied to
image the fluorescent intensity of the recipient animals at 0, 2, 5, 7 and
10 days (Fig. 4A). MSCs-laden hydrogels led to a longer in vivo retention
time of MSCs compared to the bare MSCs group at the end of 10 days
(Fig. 4B and C). Moreover, the cell area was also significantly higher in
MSCs-laden hydrogel group compared to that of the bare MSCs group at
the radiant efficiency above 2 x 107 (Fig. 4D). The shorter in vivo resi-
dence time of bare MSCs may be due to the degradable formulation
which may lose their physical integrity more quickly once exposed to
proteases. Taken together, these results proved that the formation of
MSCs-laden hydrogel promoted cell viability and survival, leading to the

increment of immunomodulatory function and therapeutic effects in
vivo.

SSc disease is characterized by a widespread vasculopathy of skin
and internal organs. To investigate whether the cytokines and growth
factors produced by MSCs can promote cell migration and angiogenesis,
we first performed wound healing experiments using human umbilical
vein endothelial cells (HUVECs). After incubated HUVECs with the
culture supernatant from MSCs (MSCs group) or the cell culture medium
(NC group), the migratory ability of HUVECs cultured with the super-
natant from MSCs was increased compared to that cultured in the me-
dium as the wound healing assay showed (Fig. 5A and B). Consistently,
tube formation assay, showed that no tubular structures were formed
when the HUVECs cultured in cell culture flask (Control group) as shown
in Fig. 5C. The HUVECs cultured with MSCs supernatant developed
more tubular structures than cultured in medium (NC group). We
noticed that the total tube numbers and lengths in the MSCs group were
more and longer than that those of the NC group in Fig. 5D. These results
indicated that MSCs can produce cytokines and growth factors that
promote angiogenesis. And, moreover, we showed that MSCs played a
crucial role in modulating HUVECs migration and angiogenesis in vitro.
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relatively to day 0. **P < 0.01.

To explore the molecular mechanism of MSCs promoting angiogen-
esis of HUVECs, we performed RNA sequencing (RNA-seq) analysis to
profile the transcriptome of HUVECs cultured with MSCs supernatant
(MSCs group) in the flask covered by matrigel and normal medium (NC
group). Compared with the NC group, there were 594 genes differen-
tially expressed (p<0.001), of which 245 were increased and 349 were
reduced (Figure S6). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis indicated that the up-regulated genes in the MSCs
treated group were enriched for functional annotations relating to IL-17
signaling pathway, cytokine-cytokine receptor interaction, rheumatoid
arthritis, KAK-STAT signaling pathway and AGE-RAGE pathway.
Whereas, KEGG analysis of top 5 down-regulated terms in MSCs group
compared with NC group was related to signaling pathways regulating
pluripotency of stem cells, TGF-p signal pathway, regulation of actin
cytoskeleton, vascular smooth muscle contraction and NOD-like recep-
tor signal pathways (Fig. 5E and F). Moreover, KEGG pathway analysis
showed that the up-regulated genes in the MSCs treated group were
enriched for functional annotations, involving the induced release of
certain chemokines, cytokines, matrix metalloproteinases (MMPs),
response to specific binding receptors on the target cell surface, and
regulation of cell growth and angiogenesis. Furthermore, subsequent
enrichment analysis revealed that the down-regulated genes in the MSCs
group were associated with the pluripotency maintenance, the forma-
tion of tissues and organs, and the immune response. The expression of
the marker genes in the five up-regulated and down-regulated pathways
in HUVECs were shown in Fig. 5G. The network of KEGG pathways
illustrating the interactions between the groups of genes was shown in
Figure S7.

The ability of MSCs-laden hydrogel to promote cell proliferation,
retention time in vivo, cell migration, and vascularization in vitro in-
dicates an improving clinical function. A murine skin fibrosis model by
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daily bleomycin injections were used in this study and were treated with
PBS, hydrogel, MSCs, and MSCs-laden hydrogel (Hy-MSCs), respec-
tively, as shown with the diagram in Fig. 6A. Body weight is important to
evaluate the therapeutic efficacy. Compared to the control, bleomycin-
induced SSc mice exhibited a weight loss at day 28, the body weight
in Hy-MSCs and Hy-MSCs treated groups were significantly increased at
day 40 (Fig. 6B). In addition, skin thickness was evaluated, which could
reliably predict fibrotic changes in skin. It was found that significantly
reduced skin thickness could be observed in MSCs and Hy-MSCs treated
groups (Fig. 6C), indicating that the bleomycin-induced SSc mice model
was successfully established and MSCs and Hy-MSCs treatment could
reduce the skin thickness.Furthermore, histological sections were
examined. Compared with the control group, bleomycin administration
led to remarkable collagen deposition as shown by Masson trichrome
staining. A significant improvement in skin lesions was observed after
injection of MSCs and Hy-MSCs, which was related to the marked
decrease in collagen deposition, as showed in Fig. 6D.

To further investigate the anti-fibrosis effects of MSCs treatment, we
evaluated the levels of inflammatory cytokines in impaired skin.
Compared with control group, the levels of IL1B, IL6 and TNF-a in the
skin were significantly increased in PBS and hydrogel group (Fig. 7A).
MSCs-treatment significantly reduced the levels of IL1f, IL6 and TNF-a.
The level of IL1p was reduced significantly in the Hy-MSCs treated group
compared with that of MSCs group, while a slight decrease in the level of
IL6 and TNF-a was noticed in Hy-MSCs group. These data indicated that
the levels of inflammatory cytokines only partially contributed to the
efficacy of MSCs treatment. Furthermore, the role of MSCs injection in
collagen synthesis was then evaluated. As CollA, Col3A, a-SMA and
TGF-p are important genes associated with collagen synthesis, we
analyzed the expressions of CollA, Col3A, a-SMA and TGF-p in skin by
qRT-PCR. As Fig. 7B showed, in comparison with the control group,
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Fig. 5. MSCs promoted HUVECs angiogenesis and
migration in vitro. (A) Representative images of
wound healing assay in medium (NC group) and
conditional medium (MSCs group). (B) Wound
healing assay results are quantified in the histo-
gram. (C) Fluorescent images of HUVECs cultured
in cell culture flask (Control group), cell culture
flask covered by matrigel (NC group) and cell cul-
ture flask covered by matrigel in MSCs conditional
medium (MSCs group). The scale bar is 200 pm. (D)
" Statistical analysis of total tube number and length
K SCs in each group. *P < 0.05, **P < 0.01. KEGG anal-
ysis of top 5 enriched up-regulated (E) and down-
regulated (F) terms in MSCs group compared with
NC group. (G) The expression of markers genes in
MSCs and NC groups.
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bleomycin resulted in a significantly higher transcriptional expression of
CollA, Col3A, a-SMA and TGF-f in the skin. Notably, MSCs injection
inhibited the gene expression levels of Col1A, Col3A, a-SMA and TGF-f
compared with the PBS group. Tissue remodeling parameters were also
affected by treatment, as illustrated by significant up-regulation of the
expression of Mmp1l/Timpl ratio in MSCs treated groups (Fig. 7C). As
expected, MSCs injection could significantly improve fibrosis by
reducing collagen synthesis not only at mRNA levels but also at protein
levels which were detected by Western blot and immunofluorescence
technique (Fig. 7D and E). We found that there was a difference in
collagen synthesis between MSCs and Hy-MSCs group. MSCs-loaded
hydrogel infusion offered an approach to overcome the short persis-
tence time of the stem cells, and control cell state and function.
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Therefore, Hy-MSCs injection led to a significant decrease in collagen
synthesis related factors at mRNA and protein levels compared to MSCs
group. As SSc also affected underlying fat tissue, Perilipin 1 (PLIN1), a
crucial lipid droplet protein which can be detected in adipose tissue of
the five groups were observed. We showed that MSCs treatment resumed
PLIN1 expression level to the that of the control group (Fig. 7E).
Therefore, these results showed that Hy-MSCs infusion reduced a
fibrotic effect on a bleomycin-induced SSc. Taken together, these
experimental results demonstrated that MSCs loaded hydrogel is an
ideal strategy for treating SSc and a variety of clinical diseases.
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Fig. 6. Schedule and comparative studies of therapeutic efficacy in bleomycin-induced SSc model mice. (A) Schedule of the establishment and treatment of the SSc
mouse model. (B) Body weight of Control, PBS, hydrogel, MSCs, and Hy-MSCs groups at different time-points during the induction and treatment of bleomycin-
induced SSc model mice. (C) Skin thickness from Control, PBS, hydrogel, MSCs, and Hy-MSCs groups mice after MSCs treatment. (D) Representative images of
histopathological changes of Control, PBS, hydrogel, MSCs, and Hy-MSCs groups. The scale bar is 200 pm *P < 0.05, **P < 0.01.

4. Conclusion not only significantly promote cell proliferation, retention time in vivo
but also improve their immune modulating functions, cell migration and
In summary, we developed a new injectable MSCs-laden hydrogel for vascularization in vitro. Notably, MSCs-laden hydrogel inhibited fibrosis
SSc treatment. This hydrogel system was engineered via the reversible by modulating the synthesis of collagen, anti-inflammatory and tissue
Schiff base between the benzaldehyde at PEG-BA and amino groups on remodeling and ameliorated disease progression in bleomycin induced
CS. Based on the dynamic chemistry of acylhydrazone bonds, the SSc disease model mice after subcutaneous injection. These features
hydrogel showed fascinating injectable and self-healing capacities as indicate that MSCs-laden hydrogel is efficient and versatile for SSc, and
well as attractive biocompatibility, degradation and non-toxicity prop- could be used widely in the clinic.

erty, making it a promising delivery of stem cell. MSCs in hydrogel could
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Fig. 7. Comparative studies of anti-fibrotic thera-
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