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Abstract

Objective: Wound healing without fibrosis remains a clinical challenge and a new strategy to promote the optimal wound healing is needed.
Mesenchymal stem cells (MSCs) can completely regenerate tissue injury due to the robust MSCs ability in controlling inflammation niche
leading to granulation tissue formation, particularly through a release of various growth factors including transforming growth factor-f
(TGF-p). In response to TGF- stimulation, fibroblasts differentiate into myofibroblast, marked by alpha-smooth muscle actin (a-SMA) that
leads to wound healing acceleration. On the other hand, sustained activation of TGF- in wound areas may contribute to fibrosis-associated
scar formation. The aim of this study was to evaluate the a-SMA expression of myofibroblast induced by MSC-released TGF-f during
wound healing process. Materials and Methods: Twenty-four full-thickness excisional rat wound models were randomly divided into four
groups: sham (Sh), Control (C), and MSCs treatment groups; topically treated by the MSCs at doses 2x10° cells (T1) and 1x10° cells (T2),
respectively. While the control group was treated with NaCl. TGF-f level was determined using ELISA assay, a-SMA expression of
myofibroblast was analyzed by immunofluorescence staining, and wound size measurement was calculated using a standard caliper.
Results: This study showed a significant increase in TGF-f levels in all treatment groups on days 3 and 6. This finding was consistent with a
significant increase of a-SMA expression of myofibroblast at day 6 and wound closure percentage, indicating that MSCs might promote an
increase of wound closure. Conclusion: MSCs regulated the release of TGF-p to induce a-SMA expression of myofibroblast for accelerating
an optimal wound healing.
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Introduction . . .
MSCs are known as multipotent stromal progenitor cells isolated

from the umbilical cord (UC), cord blood, placenta, bone marrow,
mobilized peripheral blood, adipose tissue, and dental pulp.
However, the umbilical-derived MSCs (UC-MSCs) show a more
robust gene expression profile of stemness than the other sources of
derived MSCsl®7). Moreover, in-vitro studies showed that the
growth of UC-MSCs and their capacity to differentiate into multiple
tissue-forming cell lineages, such as chondrocytes, osteoblasts,
adipocytes, tenocytes, and myocytes are not age-related changes!®.
MSCs express various surface markers such as CD105, CD90, and
CD?73, and do not express CD11b, CD14, CD19 or CD79a, CD45,
CD34, or Human Leukocyte Antigen (HLA) class I1°,
In numerous studies, UC-MSCs have been shown to promote tissue
regeneration by multilineage differentiation and immumodulatory
capability, such as increasing IL-101'% and modulating regulatory T
cell (T-reg) to control inflammatory cells!'’-1?], despite under
hypoxia tissue injuries!’¥. The immunosuppressive properties of
MSCs in controlling the excessive inflammation in injury sites can
trigger the shift of inflammation phase to the proliferation leading to
granulation tissue formation(!413],

An open wound healing is a highly organized physiological
process to restore the integrity of the skin involving a complex
interplay between various populations of cells particularly
surrounding cutaneous and immune celll'. Under certain
conditions such as diabetes and old patients, the wound healing is
susceptible to interruption or failure which can lead nonhealing
wounds!?. On the other hand, the existence of mesenchymal
stromal cells (MSCs) under normal skin and their crucial role in
controlling the inflammation niche at the site of injuries,
indicated that the exogenous MSCs administration may provide a
promising breakthrough in reaching the optimal wound
healing®#. Under controlled inflammation, the release of
platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), and transforming growth factor-f (TGF-§) may promote a
granulation tissue formation characterized by an active fibroblast
known as myofibroblast expressing alpha-smooth muscle actin
(0a-SMA). The TGF- may induce myofibroblast to produce an
excessive extracellular matrix (ECM) that potentially causes a
scar formation!!,

Therefore, a better understanding of TGF- and o-SMA The TGF-B has been identified as the main activator of fibroblast

expression following MSCs treatment during wounds healing and therefore, once the dermal fibroblasts of an open wound tissue

process is needed.
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exposed by TGF-, those cells proliferate and migrate from a wound
margin into the provisional matrix at sites of injury. The activated
fibroblast can trigger contractile myofibroblast formation
characterized by a-SMA expression[!®l, These indicate TGF-B has a
crucial role in promoting the wound healing acceleration by
stimulating myofibroblast to strengthen a repaired wound in addition,
producing ECM to support granulation tissue formation. However, a
sustained release of TGF-f can induce persistent myofibroblast in
wound areas to produce excessively ECM contributing to fibrosis
formation at the end of wound healing!'”). Moreover, our previous
study found that MSCs administration can accelerate wound healing
in an incisional rat wound model('®), however those studies have not
yet investigated the role of TGF-f and a-SMA expression to wound
healing. Therefore, evaluating the threshold of TGF-f and o-SMA
expression following MSCs administration during wound healing
process is crucial to be explored. The aim of this study was to
evaluate the expression of a-SMA in myofibroblast induced by MSC-
released TGF-B during wound healing process in a full-thickness
excisional rat wound model.

Materials and Methods
MSCs isolation, culture and characterization

Rat MSCs were isolated from a 19-day pregnant female rat. Briefly,
donor rats were anesthetized, and the abdomens were dissected out.
Under sterile conditions, the umbilical cord (UC) was collected and
washed in phosphate-buffered saline (PBS). The UC artery and vein
were removed, then the UC was cut into lengths of 2—5 mm using a
sterile scalpel. The sections were then distributed evenly in T25 flasks
using Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% PBS, 100 IU/ml
penicillin/streptomycin (GIBCO, Invitrogen), then incubated at 37 °C
with 5% COz. The medium was renewed every 3 days, and the cells
were passaged after reaching 80% confluence. UC-MSCs at passages
4-6 were employed for the following experiments.

MSCs surface antigens were analyzed by flow cytometry method at
the fourth passage according to company protocols. Briefly, the cells
were incubated in the dark with allophycocyanin (APC) mouse anti-
human CD73, fluorescein isothiocyanate (FITC) mouse anti-human
CD90, perCP-Cy5.5.1 mouse anti-human CD105 and phycoerythrin
(PE) mouse anti-human Lin negative
(CD45/CD34/CD11b/CD19/HLA-DR) antibodies. The analysis was
performed using BD Stemflow™ (BD Biosciences, San Jose, CA,
USA). MSCs were stained with a specific antibody for 30 minutes at
4 °C, examined with a BD Accuri C6 Plus flow cytometer (BD
Biosciences, San Jose, CA, USA) and analyzed with BD Accuri C6
Plus software (BD Biosciences, San Jose, CA, USA).

In-vitro osteogenic differentiation assay

The MSCs were cultured at a density of 1.5 x 10* cells/well. Cells
were grown in a 24 well plate with standard medium containing
DMEM (Sigma-Aldrich, Louis St, MO), supplemented with 10% FBS
(Gibco™ Invitrogen, NY, USA) and 1% penicillin (100
U/mL)/streptomycin (100 pg/mL) (Gibco™ Invitrogen, NY, USA) at
37 °C, 5% COz and > 95% humidity. After 95% confluent, standard
medium was aspirated and replaced with osteogenic differentiation
medium containing Human MesenCult™ Osteogenic Differentiation
Basal Medium (Stem Cell Technologies, Singapore), augmented with
20% Human MesenCult™ Osteogenic Differentiation 5X Supplement
(Stem Cell Technologies, Singapore) and 1% L-Glutamine (Gibco™
Invitrogen, NY, USA). The differentiation medium was renewed
every 3 days. After bone matrix formation occurred, osteogenic
differentiation was visualized by staining with 1 ml of 2% alizarin red
solution.

Full-Thickness Skin Wound Model and MSCs administration
Twenty-four male of the Wistar rats weighing 200 g were caged at
24 £ 2 °C and 60% relative humidity, with 12:12-hour light-dark
cycle. To establish the animal model of a full-thickness skin wound,
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the rats were anesthetized by isofluorane inhalation, and then the
dorsal skin was shaved and cleaned with tincture of iodine. One full-
thickness circular 6 mm biopsy punch excision was done for each rat.
The animals were randomly divided into four groups (n=6) T1 and
T2 as treatment groups treated by topically MSCs at doses of 1x10°
and 2x10° cells respectively, while the sham group was not treated
and the control group was treated with NaCl.

Wound closure measurement

The wound measurement was taken at days 3 and 6. Wound areas
were determined using a standard caliper. The percentage of wound
closure was calculated using: 42=4¢ » 1009, , where Ao is the original
wound area after creating a wound and A, is the area of a wound at

the time of measurement at days 3 and 6.
Immunofluorescence

The expression of a-SMA in wound tissue was evaluated using the
immunofluorescence technique with a-SMA-positive markers. The
wound tissues of each animal on day 6 were fixed in 10%
formaldehyde, embedded with  paraffin, sectioned, and
deparaffinized. We incubated the tissues with the anti-a-SMA as a
primary antibody (LSBio, Seattle, USA) and the Alexa fluor 488
secondary antibodies (Abcam, Oregon, USA) according to the
manufacturer’s protocol and then observed the tissues under the
fluorescence microscope.

ELISA

TGF-p analysis using an ELISA kit was performed according to the
manufacturer’s instructions at room temperature. Briefly, according
to the manufacturer’s instructions (Fine Test, Wuhan, China), the
colorimetric absorbance as the TGF-B concentration (pg/ml) was
analyzed at a 450 nm wavelength using a microplate reader on days 3
and 6 of the experiment.

Statistical Analysis

Data are presented as the means =+ standard deviation. All
calculations were carried out using IBM SPSS 22.0 (IBM Corp.,
Armonk, NY, USA). The statistical significance of the differences
between the groups was assessed using one way-ANOVA and
continued with Fisher’s least significant difference (LSD) posthoc
analysis. The differences between independent variables were
analyzed using two way-ANOVA and continued with Duncan
posthoc analysis. The correlation between a-SMA expression and
wound closure percentage was done using one-tailed Pearson's test. P
values: *, p <0.05 and **, p <0.001.

Result

Characteristics of MSCs based on cell morphology, differentiation
capacity and immunophenotypic profile.

MSCs isolated and cultured from the umbilical cord were analyzed
based on their plastic adherent capability under standard culture
condition after 4 to 5 passages. In this study, we found the cells that
showed typical monolayers of spindle-shaped fibroblast-like cells,
with the capability to adhere to the plastic flask (Figure la). To
confirm the in vitro differentiation potential of MSCs, we used
osteogenic differentiation media to demonstrate that these MSCs can
differentiate into osteogenic cells, characterized by the deposition of
calcium. We found a red color at osteogenic differentiation assay as
calcium deposition indicating the MSCs differentiate to osteogenic
(Figure 1b). To characterize MSCs, we evaluated cell morphology
and the expression of surface markers as indicated by the
International Society for Stem Cell Therapy; the expression of CD73,
CD10s5, CD90 and negative for Lin-
(CD45/CD34/CD11b/CD19/HLA-DR)P!. We found a high level of
CD90 (99.9%), CD105 (95.9%), CD73 (99.2%) and lacked the
expression of Lin (2.0%) as negative detection of hematopoietic
lineage markers (Figure 1c).
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Figure 1. Characterization of isolated MSCs. (a) Morphological MSCs. After the fourth passage, the cells appeared as homogeneous, spindle-shaped,
fibroblast-like cells (200 % magnification). (b) In vitro osteogenic differentiation assay. MSCs differentiate into osteogenic lineages indicating as red
color in most MSC populations, following Alizarin Red staining (200 magnification). (c) Graphs displayed the phenotype of MSCs: CD90 (99.9%),

CD105 (95.9%), CD73 (99.2%), and Lin (2.0%).

administration using ELISA via the ophthalmic vein on day 3 and

MSCs regulate the release of TGF-[ to activate myofibroblast dav 6
ay 6.

After the initial inflammatory phase, the TGF-f rapidly o . .
upregulated and secreted by keratinocytes and macrophages for We found that there was a significant increase of TGF-§ level in
starting a granulation tissue formation['?]. The biologically active treatment groups (T1 gnd T2) at day 6 (333.2 + 12.90 pg/mL; 364.5
TGF- in conjunction with the extradomain-A (ED-A)-containing + 7.2 pg/mL, respectively, p < 0.001) compared to control groups
fibronectin is one key regulator of myofibroblast differentiation, (Figure 2(b)).. In this study, we also found a mgnlﬁcanF nerease of

TGF-p level in all treatment groups (T1 and T2) starting in day 3

thus the TGF-B level is associated with wound contraction ;
acceleration[?”]. Therefore, to determine the role of MSCs in (309.9 £ 7.21 pg/mL and 315.7 + 7.2 pg/mL, respectively, p <
0.001, Figure 2a)

regulating TGF-B levels in full-thickness skin wound model,
we assessed the concentration of TGF-B following MSCs
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Figure 2. MSCs increase the TGF-p concentration. TGF-J3 levels were quantified by ELISA assay at day 3 and day 6 after MSC treatment. Bars
represent the mean £ SD. ** p<0.001. (a) There are a significant increase of TGF-f level at day 3, in which the higher dose of MSCs showed a higher
level of TGF- than the low dose of MSCs (315.7 + 7.02 pg/mL. (b) A significant increase of TGF-f level at day 6 and the higher dose of MSCs showed
a higher level of TGF-f than the low dose of MSCs (364.5 + 7.2 pg/mL)
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a-SMA expression correlates with wound closure

During wound healing, the activated fibroblasts cell as the one
essential component cells of neo-formed connective tissue is
modulated and turned into myofibroblast phenotype that
characterized by the neo-expression of 0-SMAP!. Generally,
about one week after wounding, the granulation tissue gradually
started to be formed that marked by the myofibroblast-expressed
a-SMA. To determine the role of MSCs in regulating the
myofibroblast activity in wound healing, we assessed the
expression of 0-SMA using an immunofluorescence staining
method. As shown in Figure 3, there was a significant increase of
a-SMA expression at days 6 after MSCs administration in which
the high-dose of MSCs resulted in a higher increase of a-SMA
than the low-dose of MSCs (15,87 = 1,32 % and 11,12 + 1,37 %,
respectively, p <0.001).

The a-SMA-positive cells appeared as spindle-shaped cell bodies
with multiple cytoplasmic processes. Because a-SMA containing
contractile apparatus to produce a strong contractile force, the de
novo expression of a-SMA and incorporation into stress fibers in
myofibroblast plays a central role in wound contraction. To find
the correlation between a-SMA with wound closure acceleration,
we initially measured the wound closure areas using a standard
caliper and calculated the percentage of those wound closure. We
found the significant increase of the wound closure percentage at
day 6 after MSCs treatments compared to control groups, in
which the highest wound closure percentage at high-dose of
MSCs (44.31 £ 3.32%, p < 0.05, Figure 4c). With regard to
wound healing, the increase of a-SMA was correlated with the
wound closure percentage at day 6 (r=0.702, p<0.001, Figure 4d).

Discussion

Throughout a wound healing process, cellular interactions
between keratinocytes with fibroblasts in the mid- and late phases
of wound healing are crucial in inducing complete wound
healing!??l. These processes are initiated by a release of various
growth factors, including TGF-f, to induce myofibroblast for
synthesizing ECM leading to accelerated granulation tissue
formation!?)]. A previous study reported that myofibroblast
phenotype expressing o-SMA is governed by cell-matrix
interactions such as fibronectin deposition and TGF-f
stimulation. [ A successful wound closure needs an effective
wound contraction initiated by migrating fibroblast cells under
TGF-B stimulation into a provisional matrix and  then
differentiating into myofibroblast for accelerating wound
healing®]. To evaluate the role of MSCs in regulating TGF-B and
a-SMA expression during wound healing process, the rat full-
thickness skin excisional wound was used as the animal model as
in a previous study('®l,

In this study, we found a significant increase of TGF-f levels in
all treatment groups at day 3 (Figure 2a). Non-elevation of the
TGF-p level in control group suggested that the wound groups
without MSCs treatment were under inflammation condition.
Several pro-inflammatory cytokines such as released by immune
cells under inflammation phase might inhibit TGF-f to activate
myofibroblast for producing ECM that contribute to non-optimal
of wound healing[®¥. These supported by a previous study that
reported the endogenous inhibitors of TGF-f such as IL-1 and
TNF as proinflammatory cytokines might inhibit myofibroblast
differentiation during early stage of wound healing!'8],
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Therefore, the consequence of those findings, the myofibroblast
differentiation occurred during late of wound healing process(®*l,
Under controlled inflammation, MSCs gradually accelerate the
shift of inflammation phase to proliferation, thus promoting a
release of TGF-B to modulate and differentiate fibroblasts into
myofibroblast leading to wound healing acceleration!!?,
Nevertheless, other study also reported that several growth factors
such as PDGF might act as a strong mitogen to activate and
differentiate fibroblasts into myofibroblast!?6-281,

We also found a significant increase of TGF-B level in all
treatment groups at day 6 (Figure 2b) that indicated a consistent
release of TGF-f over the wound matrix could enhance the
myofibroblast activity to generate an optimal tension within the
wound, leading to wound contraction acceleration. The normal
wound healing processes occur in the mid- and late phase of
wound healing, in which gradually shifting the niche away from
the inflammation phase to synthesis-driven granulation tissues
leading to the remodelling phasel®). The increase of TGF-f in the
early phase of wound healing and constantly increase during the
mid-phase at all treatment groups indicated that MSCs
administration could accelerate the transition of the inflammation
phase to the proliferation for initiating granulation tissues
formation. myofibroblast, the main cells depositing granulation
tissue in wound areas expressed the a-SMA for initiating wound
closure, in addition, producing ECM[],

This study was consistent with our other findings in which we also
found a significant increase of a-SMA expression on all treatment
groups at day 6 (Figure 3). The a-SMA expression following MSCs
administration indicated a strong induction of contractile properties
of the myofibroblast that align parallel to mechanical tension in
granulation tissues. MSCs stimulating a release of TGF-f} to induce
the o-SMA expression of myofibroblast®’l. There are tight,
controlled mutual interactions of the epithelial-mesenchymal layers
to control the formation of skin architecture and appendages that are
crucial in the wound closurel®!) . However, the fibroblast is a major
stromal cell in the connective tissue that may release several
cytokines to modulate parenchymal cells and synthesize ECM to
accelerate the optimal wound closurel3?, These findings were in line
with the enhancement of wound percentage on all treatment groups
at day 6 (Figure 4a and c), indicating that MSCs might accelerate
the wound closure of full-thickness skin excisional wound.
Furthermore, we assumed that the prolonged release of TGF-f that
may continuously activate myofibroblast to produce ECM
following MSCs treatment is not occured under controlled
inflammation[®®]. Therefore, the possibility of MSCs to induce scar
formation in wound healing can be controlled.

The limit of this study is that we did not analyze the decrease of
TGF-f level in late stage of wound healing, thus the effect of MSCs
in controlling fibrosis formation remains unclear. We also did not
analyze the PDGF as one of growth factor that involved in
fibroblast activation. Hence, we have unclear observation regarding
the role of PDGF in activating fibroblasts post-MSCs administration
during wound healing process.

Conclusion

MSCs regulate the release of TGF-f level to induce o-SMA
expression of the myofibroblast during wound healing. The
enhanced TGF-B at day 6, in line with the expression of a-SMA
indicated that there was optimally myofibroblast activity to
accelerate wound closure. Thus, MSCs administration may be
considered as the one of biological agents to accelerate optimal
wound healing.
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Figure 3. MSCs enhance the percentage of a-SMA expression. A significant increase of a-SMA expression was observed at day 6 following MSC administration
in which there was a higher expression of a-SMA at the high-dose of MSCs (d) than low-dose (c) compared to control (b). Sham group (a) showed lack a-SMA
expression. (e) The a-SMA expression was analyzed using immunofluorescence. Bars represented the mean + SD. ** p < 0.001.
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Figure 4. Differences in wound size of dorsal full-thickness skin wound of rat model following MSCs treatment. (a) The wound size were analyzed using the
standard caliper. (b) A trend of the enhancement of the wound closure percentage at day 3 in all treament in which the highest wound closure percentage at high-
dose of MSCs (15.35 £ 5.08, p > 0.05). (c) A significant increase of the wound closure percentage at day 6 in all treament in which the highest wound closure
percentage at high-dose of MSCs (44.31 + 3.32%, p < 0.05). (d) A significant positive corelation between a-SMA expression and wound closure percentage at
day 6 (r=0.513, p < 0.001).
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