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Abstract

Cell therapy has shown its power to promote diabetic chronic wound healing. However, problems of scar formation and loss of
appendages have not yet been solved. Our study aims to explore the potential of using embryonic skin cells (ESkCs) to repair
diabetic wounds. Circular wound was created on the back of the diabetic mice, and ESKCs stained with CM-DIL were transplanted
into the wound. Wound area was recorded at the day 4, 7, 11, and 14 after transplantation. The tissue samples were obtained at
week 1, 2, and 3, and the tissue sections were stained by transforming growth factor g1 (TGF-p1), TGF-B3, vascular endothelial
growth factor (VEGF), and CD31. The new skin formed on the wound of the diabetic mice with ESKC treatment at week 1 but not on
the wounds of the non-treatment group. The histological scores of diabetic group with ESKC treatment were significantly better
than the non-treatment group (P < 0.05). The fluorescence examination of CM-DIL and CD31 staining indicated that the ESkCs
participated in the tissue regeneration, hair follicles formation, and angiogenesis. The expression of TGF-$1 and VEGF in ESkC-
treated groups was noticeable in week 1 but disappeared in week 2. TGF-3 was not expressed at week 1 but expressed markedly
around hair follicles in week 2 in ESKC-treated groups. Our study demonstrated that ESkCs are capable of developing new skin
with appendage restoration to repair the diabetic wounds.
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Cell therapy brings the hope to improve the treatment of
diabetic coetaneous wounds.” The embryonic stem cells
(ESCs) have been applied to enhance diabetic wound heal-
ing.® ESCs decreased the time of wound closure by promot-
ing the expression of the growth factors of vascular
endothelial growth factor (VEGF) and epidermal growth
factor (EGF).° However, the ESCs may develop into a tera-
toma in vivo.” Several lineage-restricted stem cells, including
bone marrow-derived mesenchymal stromal cells (BMSCs)
and adipose tissue-derived stromal cells (ATSC), are cap-
able of restoring the wound healing rate via different dia-
betic models.® Systemically or locally utilized BMSCs can
promote healing of full-skin wounds in diabetic rats.”
BMSCs increased the collagen level and the expression

Introduction

The healing of a wound needs a well-orchestrated combin-
ation of biological events of cell migration, proliferation,
and extracellular matrix (ECM) deposition." However, dia-
betic wounds do not heal at normal stages.” About 15% of
the 150 million people with diabetes worldwide suffer from
foot ulcerations, which often become nonhealing chronic
wounds.” The healing impairment is caused by lack of
normal cellular or molecular signals involved in the steps
of wound closure process, such as angiogenesis, granulation
tissue formation, and epithelialization." Over the past dec-
ades, little improvement has been made in reducing the
morbidity and disability from chronic wounds.?> The most
effective treatment for chronic wounds only achieves a 50%

healing rate, which is often temporary.*
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of growth factors such as transforming growth factor f3
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(TGE-B) and keratinocyte growth factor (KGF), which are
critical to tissue repair.” ATSCs accelerate the healing of
ischemic wounds in diabetic nude mice via a paracrine
mechanism by the secretion of VEGF, EGEF, hepatocyte
growth factor (HGF), and basic fibroblast growth factor
(FGF-2)."%" Though these stem cells are effective in the
healing of cutaneous wounds, the results are not optimal
due to scar formation and the absence of normal
appendages.*'?

The skin with hair follicles of mouse embryos is formed
at E17.5."® The embryonic skin consists of three layers,
including of epidermis, dermis, and hypodermis, which
develop from different embryonic origins. The epidermis
of mouse originated from ectoderm after gastrulation.'®
The stratification of the ectoderm is induced by mesenchy-
mal cells to generate the epidermis and also contribute to
commitment of the several appendages.'*'® The cells in the
epidermis include keratinocytes (95%), melanocytes,
Langerhans cells, and Merkel cells. The dermis, which has
multiple embryonic origins,'® consists of fibroblasts, den-
dritic cells, macrophages/monocytes, neutrophils, and
lymphocytes.”” The hypodermis is composed of adipose
tissue which is molded to muscles and bones underlying
the skin.'* The growth factors, cytokines, ECM components,
and biomechanical stress in fetal regenerative healing are
tightly regulated in ECM of embryonic skin.'® In contrast to
wound repair in the adults, the tissues of the mammalian
embryos tend to heal scarlessly before the third trimester of
pregnancy.'® In addition, the embryonic epidermal cells and
dermal cells have the potential ability to form skin append-
ages in vitro.”® Therefore, we hypothesize that embryonic
skin cells (ESkCs) could form new skin with the hair fol-
licles restoration to repair diabetic wound.

Our study aims to use ESkCs to repair diabetic skin
wounds. We developed a mouse model of wound healing
to study ESKC therapy for diabetic mice. The ESkCs
extracted from the E17.5 embryos and labeled by CM-DIL
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were transplanted into the wound. The progress of wound
healing was examined at different time points. The epider-
mal regeneration, angiogenesis, and granulation tissue of
the wound were evaluated by using the histological scoring
system. For detecting the healing mechanism of ESkCs,
TGEF-B1, TGF-B3, VEGE, and CD31 in the regenerated tis-
sues were examined by immunostaining. Our study
demonstrated that ESkCs repair the diabetic wounds by
the formation of new skin with appendage restoration.

Materials and methods
Animal model

This study was approved by the local ethics committee
(Shanghai Jiao Tong University School of Medicine,
China). Eight-week-old male C57BL/6 mice were pur-
chased from SLAC National Rodent Laboratory Animal
Resources (Shanghai, China). These mice were divided
into four groups: the untreated normal control group
(Nor), the untreated diabetic control group (DB), the treated
normal group (Nor-T), and the treated diabetic group
(DB-T). Diabetes was induced by a single intraperitoneal
injection of streptozotocin (STZ; Sigma, USA; 150 mg/kg).
Animal diabetes was confirmed by plasma glucose level
>300mg/dL 1 week after STZ injection. One full-thickness
circular wound of 0.9cm in diameter was created on
the back of the mice. The dorsal skin tissues were
obtained from E17.5 mouse embryos and digested into
single cells suspension. The cells were labeled with fluores-
cent Cell Tracer CM-Dil (Invitrogen) as previously
described.”" For the Nor-T group and DB-T group, ESkCs
were transplanted into wounds with a chamber covered on
top of the wound. After planting the cells, antibiotic-gel-
tampons were sealed around the chamber to prevent infec-
tion (Figure 1). The chamber was removed at week 1 after
transplantation.
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Figure 1

lllustration of the mice model of ESkC treatment. The full-thickness wounds were created by sterile scissors on the back, and a chamber was fixed on the

wound. The embryonic skin cells were dissociated from embryos, labeled by CM-DIL, and implanted into the chamber on the wound. (A color version of this figure is

available in the online journal)
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Wound closure analyses

A digital camera was used to record images of the wound
area of the mice at days 0, 4, 7, 11, and 14 post-transplanta-
tion. The wound area was measured by Image-Pro Plus
Software (version 5.0; Media Cybernetics LP, Silver
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Figure 2 The progress of wound healing of the mice in the Nor and DB groups.
(a) Wound area on the mice of the Nor and DB groups at different time points after
transplantation. Black bar: 5mm. (b) The percentage of wound closure of the
mice of the Nor and DB groups at different time points after transplantation. n =5;
*, P <0.05. (A color version of this figure is available in the online journal)
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Spring, MD, USA). Wound healing rates were calculated
as: (original wound area—actual wound area)/original
wound area x 100%. The Nor-T group and DB-T group
were recorded at week 1, 2, and 3 after the operation
using the same camera. The wound areas included 2mm
of surrounding normal skin were obtained at 1, 2, and 3
weeks after transplantation.

Immunological staining

For immunohistochemical staining, tissue sections treated
with 3% HyO, for 10 min to inactivate endogenous perox-
idases. Slides were then washed with PBS (pH 7.2-7.6)
twice. Nonspecific binding sites were blocked with 5%
BSA in Tris-buffered saline (TBS) for 20 min. Sections were
incubated with primary antibodies TGF-p1 (Abcam, 1:200),
TGF-B3 (Abcam, 1:200), VEGF (Abcam 1:200), or CD31 (BD,
1:500) at 4°C overnight. After washing, the slides were incu-
bated with HRP-conjugated secondary antibody for 20 min
at room temperature. The specific antibody interaction was
visualized by incubation with 3,39-diaminobenzidine-H,O,
solution, and then the slides were counterstained with
hematoxylin for 1 min. The slides stained with CD31 anti-
body were incubated by FITC-conjugated secondary anti-
body for 20min at room temperature and stained
with DAPI. The images were photographed by Nikon
microscope.

Histological evaluation

The evaluation was performed as described previously.”
Briefly, all slides were examined by three pathologists with-
out knowledge of the previous treatment, using masked
slides under the microscope at 40-200 magnifications. The
parameters measured were epidermal and dermal regener-
ation, granulation tissue thickness, and angiogenesis.

Week 3
R

e

Figure 3 The progress of wound healing of the mice of the DB and DB-T groups. Wound area on the mice of the DB and DB-T groups at week 1 and 3 after
transplantation. Black bar: 5 mm. (A color version of this figure is available in the online journal)
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Figure 4 The ESkCs in the regenerated skin tissue. The sections of regener-
ated skin tissue from treated and non-treated normal mice were observed under
bright field and fluorescence. ESkC-derived cells showed red fluorescence.

(A color version of this figure is available in the online journal)

The margins of the wound in each of the sections, as well as
normal control tissues, were used as comparisons for scor-
ing (Supplementary Table 1). Concerning angiogenesis,
only mature vessels containing erythrocytes were counted.
To differentiate well formed from poorly formed capillaries,
the following parameters were considered: presence or
absence of edema, congestion, hemorrhage, thrombosis,
and intravascular or intervascular fibrin formation.

Statistical analysis

Data were expressed as mean =+ standard deviation. A two-
way analysis of variance was used to determine the statis-
tical significance between groups, and a value of P <0.05
was considered statistically significant.

Results

Transplantation of ESkCs-enhanced wound closure
and the formation of skin appendages in diabetic mice

At day 4, 7, and 11 after transplantation, the wound closure
rate of the Nor group was significantly higher than that
of the DB group (day 4:0.65+0.06 vs. 0.23£0.06; day 7:
0.83+£0.05 vs. 04940.07; day 11: 0.96+0.017 vs.
0.89£0.04, Nor group vs. DB group, P <0.05) (Figure 2).
On day 14, all the wounds in the Nor group had completely
healed, but wounds in the DB group had not closed com-
pletely (1 vs. 0.96 £ 0.01, Nor group vs. DB group, P < 0.05).
This confirmed that diabetes caused the delay of wound
healing. With ESkC transplantation, new skin covered the
wound in DB-T group at week 1 (Figure 3). A small split
was present between the regenerative skin and the host
skin. At this time point, the wounds from DB group were
covered by crusta. At week 3, the hair appeared on the
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Figure 5 The wound area and histology of the wounds at week 1 after trans-
plantation. The wounds from mice of DB-T group (g and h) and Nor-T (c and d)
showed the coverage of the regenerative skin and the histology showed the
formation of regenerative skin. Crusta covered on the wounds of both group DB
(e and f) and Nor (a and b). The wounds from the mice of DB group showed a slim
epidermis and granulation tissue (f). Black bar: 1000 um. (A color version of this
figure is available in the online journal)

regenerative skin of the DB-T group. The wounds of DB
group were closed completely at week 3 with the formation
of scar and shrinkage of surrounding tissues (Figure 3). The
hair was observed in the regenerative skin of both ESkC-
treated groups but not in the two untreated groups
(Figure 3). The sections of regenerative skin tissue showed
ESkC-derived cells, which labeled by CM-DIL and dis-
played the red fluorescence, participated in skin regener-
ation (Figure 4). These cells with red fluorescence were
found in the hair papilla and spread over the dermal.
Taken together, ESkC transplantation accelerated the dia-
betic wounds closure with the formation of functional skin.

Skin regeneration is improved in diabetic mice with
transplantation of ESkCs

We evaluated wound healing with histological score system
(Supplementary Table 1). The histological results of epider-
mis and dermis regeneration, granulation tissue thickness,
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Figure 6 Histological analyses of wound healing. (a) Analysis of histological score of epidermal regeneration. n=9; *, P < 0.05. (b) Analysis of histological score of
granulation tissue. n=9; *, P < 0.05. (c) Analysis of histological score of angiogenesis. n=9; *, P <0.05

and newly formed capillary vessels are shown in Figure 5.
The histological scores of epidermis regeneration (Figure
6(a)) of the DB-T group was significantly improved than
the DB group at week 1 and 2 (P < 0.05). The histological
scores of granulation tissue thickness (Figure 6(b)) of the
DB-T group was significantly greater than that of the DB
group at week 1 (P <0.05). In addition, the histological
scores of angiogenesis (Figure 6(c)) parameters of the DB-
T group was significantly higher than the DB group at week
1and 2 (P <0.05). At week 1, new capillaries were observed
in the healing wound in the DB-T group and Nor-T group
as shown by CD 31 immunofluorescence staining (Figure 7).
Some capillaries also showed red fluorescence (Figure 7),
suggesting that ESkCs can differentiate into endothelial
cells and participate in neovascularization during wound
healing.

ESkCs modified the microenvironment of wound
healing tissue

The expression and secretion of TGF-B1 and TGF-B3 during
the wound healing was examined by immunohistochemis-
try. A strong TGF-B1 staining was detected in DB-T group
and Nor-T group in the tissue at week 1 (Figure 8(a) and
(c)). TGF-B1 positive staining was located in the area of
regenerative skin tissue of both treatment groups. At
week 2, TGF-B1 expression was decreased and almost dis-
appeared in the dermal and epidermal of the both treated
groups (Figure 8(b) and (d)). On the sections of regenerative
tissues from week 1, no positive TGF-B3 staining was
observed in DB-T group and Nor-T group (Figure 8(e)

and (g)). However, a strong expression of TGF-B3 was
found on the tissue sections of week 2 in both treated
groups, especially on the tissues around the hair follicle
structures and epidermis (Figure 8(f) and (h)).

VEGF is an important angiogenic cytokine to promote
neovascularization in wound healing. A weak expression
of VEGF was observed in both of DB-T group and Nor-T
group at week 1 after transplantation (Figure 8(i) and (k)).
At week 2, VEGF expressed strongly in the epidermal and
hair follicles of the sections from the both treated groups
(Figure 8(j) and (l)). Thus, VEGF expression is increasing
during the wound healing process in ESkC-treated mice.

Discussion

Diabetic skin wound is a serious medical problem which
demands for more effective treatment methods. In this
study, we explored the potential to use ESKkC to repair dia-
betic wound. The ESkC transplantation accelerated the
wound closure and formed new skin with regeneration of
hair follicles. The fluorescence examined demonstrated that
the ESkCs participates in skin formation and can differen-
tiate into endothelial cells. TGF-f1, TGF-B3, and VEGF were
expressed in the repaired skin at different time points.
These data support the potential of using ESkC for treat-
ment of diabetic wounds.

The mouse embryo skin starts to develop from an undif-
ferentiated monolayer of epithelial cells at E14.5.* On
E17.5-18.5, signals regulate epithelial cells to penetrate
into hair germ and primary follicles are developed.** The
embryonic skin wounds could be healed without scars and
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Figure 7 Endothelial cells in the regenerated tissue. CD31 immunostaining on
the sections of regenerated tissues of the mice from Nor-T groups (a) and DB-T
groups (b) at week 1 after transplantation (blue, DAPI; red, CM-Dil; green, CD31).
Arrows refer to the cells with both red and green fluorescences, suggesting that
some ESKCs differentiated into endothelial cells. (A color version of this figure is
available in the online journal)

with restored appendages.”?° The current study used scat-
tered ESkCs to close the diabetic wound and regenerate
new skin. In addition to improve the wound closure,
ESkC treatment helps to form the scarless skin and the
hair follicles. Therefore, ESKC therapy is effective to treat
diabetic wound or other chronic wounds. Compared with
the skin substitutes and other seed cells, ESkC offers several
advantages: first, the ESKC could not develop neoplasia
such as teratoma developed from ESCs’; second, unlike
BSMC or other seed cells, ESkCs do not need extra cytokine
induction to form the new skin; and third, in addition to
close the wound, ESkCs restore the skin appendages in the
new skin.

Angiogenesis is a critical part in the wound healing pro-
cess. In this study, the quantity of angiogenesis in the ESkC-
treated group was significantly higher than that of the
non-treatment group. ESkCs may secret pro-angiogenesis
factors to stimulate pre-existing vessels to grow into
newly formed skin. In this study, the expression of VEGF
gradually increased during the first two weeks of the for-
mation of new skin in ESkC-treated normal and diabetic
mice. The diabetic wound was lack of the expression of
VEGE* The BMSC® and ADSC* could increase the
VEGEF level in diabetic wound, so that promote the diabetic
wound healing. ATSCs also promote wound healing by
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Figure 8 The expression of TGF-f1, TGF-f3, and VEGF in regenerated tissues
from ESkC-treated mice. The expression of TGF-$1 was present in tissues from
Nor-T (a) and DB-T (c) groups at week 1 after transplantation and was absent in
both groups at week 2 (b and d). TGF-f3 is expressed at low level in Nor-T (e) and
DB-T (g) groups at week 1, and the expression increased remarkably in both
groups at week 2 (f and h). The expression of VEGF in Nor-T (i) and DB-T (k)
groups was weak at week 1 and increased significantly in both groups (j and I) at
week 2. Black bar: 50 um. (A color version of this figure is available in the online
journal)

paracrine of EGF or HGE'®" Although BMSCs and
ADSCs promote wound healing, they do not participate
in new skin regeneration.’® In this study, we found that
some ESkCs differentiated into endothelial cells, thus may
directly participate in the formation of new blood vessels.

During the diabetic wound healing process, TGF-$1,
which plays an important role in cell proliferation, is
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reduced in the wounded tissue.’! Several cytokines, such as
VEGEF, EGF, PDGF, and IGF which are controlled by TGF-1,
are also reduced in diabetic wounds.**** The wound clos-
ure is adjusted by both of TGF-B1 and TGF-B3.* The distri-
bution of TGF-B1 and TGF-f3 is associated with progress of
the skin wound healing.** TGF-B3 is prevalent in nonscar-
ring healing of embryonic skin.** Knockdown of TGF-B1 or
TGF-B2 with neutralizing antibodies or application of
exogenous TGF-B3  promoted scar-free healing.*
According to our results, the expression of TGF-B1 of both
treatment groups peaked at weekl; but the expression of
TGEF-B3 was increased at week 2. This might implicate the
coordination of the two TGF-f isoforms to promote wound
healing. TGF-B1 promotes cells proliferation, which is
necessary at the early stage of the healing process, while
TGE-B3 regulates cells differentiation, which is important
for tissue remodeling and formation of appendages.** The
ESkC might maintain the balance of TGF-f isoforms to pro-
mote the formation of regenerative skin and wound closure
of diabetic mice.

To summarize, ESkC improved diabetic skin wound
repair without scars formation and induced generation of
hair follicles in diabetic mice. ESkC therapy may provide a
new approach to improve the treatment of diabetic skin
wounds and other chronic wounds.
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