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Abstract

Background/Aims: Impaired diabetes wound healing can often lead to serious complications
and remains a major health concern due to the lack of effective therapeutic approaches.
Compromised angiogenesis, disrupted growth factor and cytokine activity are all attributable
to diabetic wound healing impairment. The skin-derived precursors (SKPs) have been shown
to differentiate into vascular and nerve cells, both of which are crucial components for wound
repair. Given their easy accessibility and multipotency, the SKPs were proposed as an ideal
therapeutic candidate for diabetic wound healing. Since the efficacy of cell therapy is limited
by poor cell survival, collagen sponge was employed for better SKPs delivery. Methods: SKPs
were isolated and transplanted directly to the wound areas of diabetic mice in the absence
and presence of collagen sponge. The effects of SKPs and/or collagen sponge on diabetic
wound healing were examined histologically as well as immunostaining of isolectin and
o-SMA. Mechanisms via which the SKPs facilitate wound healing were then investigated
by transplanting SKPs that have been pre-labelled with a fluorescence dye, Dil. Expression
patterns of Dil and an SKP marker, nestin, was also examined. Results and Conclusion:
Accelerated wound healing and enhanced local capillary regeneration could be observed 14
days after skin ablation from both SKPs and collagen sponge co-transplanted and collagen
sponge only groups. Subsequent analyses further revealed superior pro-angiogenic effects
from the SKP and collagen sponge co-delivered group, which are mainly attributable to in vivo
transdifferentation and paracrine signalling of the SKPs.
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Introduction

Diabetes is a heterogeneous metabolic disorder characterised by sustained
hyperglycaemiaasaresultofinsufficientinsulin secretion. Epithelialisation defectis prevalent
in diabetic patients, with impaired cutaneous wound healing being one of the most common
diabetic complications that often leads to diabetic ulcers, epithelial erosion, chronic lesions,
and in some cases, lower extremities amputation. Wound healing is a complex remodelling
process composed of multiple stages including coagulation, inflammation, granulation
and angiogenesis [1]. Several cytokines and growth factors are involved in mediating each
stage, although this paracrine regulation is often compromised in diabetes. Progenitor cell
mobilisation is also impaired in diabetes, due to reduced local neoangiogenesis and blood
flow at the wound area. In addition, long-term poor glycaemic control, chronic peripheral
vasculopathy, neuropathy and increased susceptibility to infection have all been proposed
to exacerbate skin tissue damage, mainly by attenuating cell migration, proliferation and
extracellular matrix deposition [2]. Anti-microbial therapy and surgical debridement are
some commonly used therapeutic interventions against diabetic lesion and infections [3].
Other approaches such as advanced moist wound therapy, negative pressure wound therapy,
hyperbaric oxygen therapy as well as skin transplantation have also been assessed for its
efficacy against diabetic wounds, but the clinical outcomes are less than satisfactory [1, 3, 4].

In the past decade, the potential of stem cell-based therapy in tissue regeneration has
been extensively investigated [5-9]. The skin-derived precursors (SKPs) are multi-lineage
precursor cells derived from human and rodent dermis. They could be maintained as self-
renewing spheres in vitro and differentiate into functional cells of neural and mesodermal
origins [10-12]. Owing to its multipotency and easy accessibility, SKPs have been considered
an ideal candidate for cell therapy. Indeed, protective impact of the SKPs in spinal cord
injury was initially reported since they were able to promote neuron regeneration and
remyelination axon by differentiating into functional myelinating Schwann cells [13, 14]. In
addition, directed generation of islet-like insulin-producing cells from SKPs was observed in
vitro [15, 16], and differentiation of the SKPs into cells that resembled native chondrocytes
and osteocytes morphologically and functionally was also demonstrated which facilitated
bone reconstruction in vivo [17].

More recently, the SKPs have been proposed to promote skin regenerating during
wound healing [18]. The follicular dermal papillae, one niche of the endogenous SKPs, have
long been known to play a part in skin turnover and wound healing [19]. Earlier studies
have already shown that transplantation of nestin* hair follicular stem cells could facilitate
functional restoration of the nerves [13] and formation of capillary networks [20], both
processes are required in complete skin wound healing. Considering that the SKPs 1)
exhibit multi-lineage property towards neurons and smooth muscle cells, and 2) express
nestin, a neural precursor marker, it has been suggested that the SKPs were, at least in part,
facilitative in nerve regeneration and angiogenesis following tissue injury. A later study using
SKPs isolated from adult foreskin demonstrated TGF-1/TGF-B3-induced differentiation
into smooth muscle cells, which functionally resemble vascular smooth muscle cells. More
importantly, these SKPs-derived vascular smooth muscle cells could form contractile
capillaries in vivo that were able to integrate with the native capillary vasculature [21]. Given
the importance of capillary regeneration in wound healing and the detrimental impact of
diabetes on microcirculation, we sought to investigate the therapeutic potential of SKPs
transplantation in diabetic wound healing.

However, one problem of stem cell-based therapies is poor survival of the precursor
cells following transplantation as a result of local ischaemia, inflammation and hypoxia [7,
22, 23]. In order to improve cell viability and survival, natural and synthetic biomaterial
scaffolds have been employed for stem cell culture and delivery [24, 25]. Collagen sponge
is composed of the extracellular matrix protein, collagen, and provides mechanical support
as well as biological function after implantation [26-28]. Indeed, collagen sponge has been
shown to promote mesenchymal stem cell differentiation and epithelial cell proliferation
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[28]. Collagen-based scaffolds have been used clinically for decades in tissue engineering,
such as bone, cartilage, and ligament [29, 30]. Cutaneous wound dressing was also developed
using collagen sponge as a result of its coagulant and pro-proliferative properties [31-33].
Given the beneficial impact of collagen sponge in wound closure and stem cell delivery, SKPs
were co-transplanted with a collagen sponge scaffold and the therapeutic potential of the
collagen sponge-delivered SKPs on post-injury skin regeneration and wound site vascular
reformation was evaluated in diabetic mice.

Materials and Methods

Materials

Collagen sponge was given courtesy of ZH-BIO (Yantai, China). All cell culture reagents were obtained
from Gibco (Beijing, China). Collagenase V, DAPI, streptozocin, MTT and Masson trichrome staining kit were
purchased from Sigma-Aldrich (Dorset, UK). Dil was obtained from Molecular Probes (Shanghai, China).
Mayer’s haematoxylin was purchased from AbCam (Hangzhou, China) and eosin Y was from Solarbio (Beijing,
China). Anti-Nestin and anti-a-SMA antibodies were purchased from Santa Cruz Biotechnology (Shanghai,
China). Rabbit anti-human vWF antibody was obtained from Dako (Shanghai, China). Alexa 486-conjugated
isolectin-B4 and FITC-conjugated secondary antibody were from Invitrogen (Beijing, China). All animals
were purchased from the Laboratory Animal Centre of the Academy of Military Medical Sciences (Beijing,
China). Procedures performed in the present study were in compliance with the regulations of the Tianjin
Committee of Use and Care of Laboratory Animals and the overall project protocol was approved by the
Animal Ethics Committee of the Nankai University.

Animals

Male C57BL/6] mice (3-4 weeks old, 12-14g body weight) were put on a high fat diet (55% calories
from fat) for 5 weeks. At week 6, 1% streptozocin (STZ, 85 mg/kg body weight) were administrated twice
with two days in between. Fasting plasma glucose levels were measured on day 7 and 14 after the initial
injection of STZ. Mice with fasting plasma glucose levels over 16.7 mmol/L were considered diabetic.

Skin excision wound surgery

Animals were anesthetised by intraperitoneal (i.p.) injections of 4% chloral hydrate solution (350 mg/
kg body weight). The dorsum of each mouse was shaved and sterilised before a full-thickness skin wound
(8 mm in diameter) was created using a biopsy punch to ensure standardised wounds. Wound closure was
monitored with a digital camera. Photographs were taken immediately after the surgery (day 0) and on day
7 and 14 afterwards with a ruler photographed underneath each wounds. The areas of open wounds were
calculated using Image-pro plus 6.0 (IPP) software. Open wound size was defined as non-epithelialised area
and measured using a vernier caliper.

Isolation of SKPs

To obtain SKPs, C57BL/6] mice (male, 3-4 weeks old) was shaved, the dorsal skin was cut and washed
with sterilised PBS before being macerated and digested with 1mg/mL Dispase at 4°C overnight. The dermis
was then digested with 0.5 mg/mL collagenase in DMEM/F12 for 1 hour at 37°C. Cell suspension was passed
through a 40 um cell strainer before washed with DMEM twice. Cell pellet was resuspended in DMEM/F12
media supplemented with 20% foetal bovine serum (FBS), penicillin (100 unit/mL), streptomycin (100 pg/
mL), non-essential amino acid (0.1 mmol/L) and L-glutamine (2 mmol/L) and plated in a 100 mm plate to
be maintained under standard culturing condition (37°C, 95% air/5% CO,).

Co-culturing of SKPs and collagen sponge

The collagen sponge was first prepared for scanned electron microscopy (SEM) according to standard
procedure [34]. After characterisation, the material was cut into discs (8 mm in diameter) and sterilised
with Co60 (20K). The collagen sponge discs were then placed into designated wells of a 48-well tissue
culture plate and maintained in 300 pl SKP culture media per disc at 37°C overnight. For SKP seeding,
approximately 1 x 10° SKPs in 20-30 pl media were seeded to each disc and maintained for 4 hours at 37°C.
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300 pl culture media was added into each well afterwards and the plate was kept under standard culture
condition for further experimental use.

To assess the viability of SKPs after co-culturing, MTT assay was carried out as previously detailed
[7]. Briefly, 25 pl MTT solution (5 mg/mL) was added into each sample well. After 4 hours at 37°C, the MTT
solution was aspirated off. Each collagen sponge was cut into quarters followed by addition of 300 ul DMSO
to wash out the SKPs. 50 pl of the cell suspension of each sample was then transferred to a 96-well plate and
the optical density (OD) value was measured using a spectrophotometer at a wavelength of 490 nm.

Transplantation of SKPs with collagen sponge

Isolated SKPs were maintained in culture at 37°C and labelled with fluorescent dye, Dil (3 pg / mL), for
8 min. Excessive dye was rinsed off with sterilised PBS. The SKPs were counted and seeded onto collagen
sponge discs as detailed above and transplanted directly to the wound area immediately after skin ablation.

Histomorphological and immunofluorescence analysis

Animals were sacrificed on day 7 and 14 following initial skin wound. The excision areas (~1 cm?)
were obtained, fixed in 4% paraformaldehyde, paraffin embedded and consecutive sections of 6 pm were
cut onto microscope slides. Haematoxylin & eosin (H&E) staining was employed to examine epithelial
thickness. For immunofluorescence staining, the sections were dewaxed, rehydrated and permeabilised
with 0.1% (v/v) Triton x-100 in TBS followed by antigen retrieval using Tris-EDTA. The sections were
then incubated at 4°C overnight with FITC-conjugated antibodies against a-SMA (1/100 dilution), nestin
(1/100 dilution), von Willebrand factor (vWF; 1/200 dilution) and isolectin (1/70 dilution). DAPI was used
for nuclei counterstaining. The immunofluorescence was examined under a con-focal microscope (Leica,
Germany) and quantified using Image ] software (Wayne Rasband, National Institute of Health, USA).

Statistical analysis

Numerical data are expressed as means #* standard deviation of multiple independent sets of
experiments. Differences between two groups were analysed by Student’s t-test. One-way ANOVA was
used for multiple comparisons or Tamhane’s T3 test, as appropriate. Values of p<0.05 were considered
statistically significant.

Results

Effect of collagen sponge co-culturing on in vitro SKPs proliferation

To evaluate the potential benefit of collagen sponge on in vivo SKPs delivery, cell viability
test was initially employed to assess the effect of collagen sponge on SKPs proliferation and
survival in vitro. Thus, the SKPs were cultured in the presence and absence of collagen sponge
for 5 days. MTT assays were carried out on Day 1, 3 and 5 for the SKPs-collagen co-cultured
group and the parallel SKPs-only group. The collagen discs were also harvested at the end
of Day 1, 3 and 5 for electron microscopy. As shown in Fig. 1a, fibroblast-like SKPs could be
observed within the collagen sponge scaffold. Average cell density visibly increased as the
culturing period extended. Consistently, results from MTT assays also showed elevated SKPs
proliferation from the SKPs-collagen co-cultured group (162 + 12% and 178 + 11% on Day
1 and 3 respectively, data shown as percentage over Day 1, p < 0.01 vs Day 1) and the SKPs-
only control group (146 * 11% and 169 * 6% at Day 1 and 3 respectively, data shown as
percentage over Day 1, p < 0.01 vs Day 1; Fig. 1b).

SKPs and collagen sponge transplantation accelerates cutaneous wound healing in T2D

mice

Multiple studies have reported impaired cutaneous wound healing in diabetic animals
[1, 3, 35, 36]. To investigate the impact of SKPs and collagen sponge on wound healing in
diabetes, T2D mice were subjected to dorsal skin ablation and treated with co-transplantation
of SKPs and collagen sponge (SKPs + collagen) or collagen sponge without SKPs (collagen
only). Mice from the control group were administered with saline and the healing processes
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Fig. 1. Co-culture of the SKPs with collagen sponge scaffold. (a) Transmission electron micrograph of colla-
gen sponge scaffolds and SKPs in culture after Day 1, 3 and 5. Scale bar = 50 pm. (b) MTT assay of SKPs that
were maintained in culture in the presence (closed circle) and absence (open circle) of collagen sponge at
Day 1, 3 and 5. Significant increase in cell growth is shown in both groups in comparison to SKPs harvested
on Day 1. Images are representative of 6 independent experiments. Results are means of 3 independent
experiments and data are shown as mean * standard errors. **p<0.01 compared to Day 1 of SKPs + collagen
group; ##p < 0.01 compared to Day 1 of the SKPs only control group.

were monitored over a 14-day period. Areas of skin wounds were photographed and
measured on Day 0, 7 and 14. Representative images are shown in Fig. 2a. Mice treated with
either collagen only or SKPs-collagen exhibited significantly reduced residual wound areas
compared to the control group on Day 7 (SKPs + collagen: 51 + 14% over Day 0, p<0.01 vs
control; Collagen only: 54 *+ 18% over Day 0, p < 0.05 vs control) and Day 14 (SKPs + collagen:
12 + 4% over Day 0, p < 0.05 vs control; Collagen only: 10 + 4% over Day 0, p < 0.05 vs control;
Fig. 2b).

In addition, wound closure irrespective to areas of initial wounds was also evaluated. As
shown in Fig. 2c, both SKPs + collagen and collagen only groups had markedly better wound
closure at Day 7 (SKPs + collagen: 49 * 14% wound contraction, p < 0.01 vs control; Collagen
only: 39 + 12% wound contraction, p < 0.05 vs control). However, towards the end of the 14-
day observation period, fibrin crusts were invariably formed in mice from all 3 groups. In the
SKPs + collagen and collagen only groups, the crusts had resolved before Day 14 (Fig. 2a),
demonstrative of accelerated wound healing compared to the controls.

KARGER

1729



Cellular Physiology Cell Physiol Biochem 2015;37:1725-1737

DOI: 10.1159/000438537 © 2015 The Author(s). Published by S. Karger AG, Basel

and Biochemistry Published online: November 09, 2015 |www.karger.com/cpb

Ke et al.: Skin-Derived Precursors Promote Angiogenesis in Diabetic Wound Healing

b 100% 4
-
5]
a g
‘ SKPs+collagen ” Collagen H Control o
- ]
o >
=]
2 50% -
o 1
@
] 5
o
"‘:__‘ =@=Skps+collagen
g —O—Collagen
< —4—Control
0% r
0 7 14
~ Days
>
] C
(=] 100% 7 mSkps+collagen L
Collagen L *‘
= = Control
= T
L .
o T
o *
- T 50% - [
> 8
(=] o
G
g 25% -
H
0% +— T S—
7 days 14 days

Fig. 2. Effect of collagen sponge-delivered SKPs or collagen sponge only treatment on cutaneous wound
closure in T2D mice. (a) Representative microscopic images of cutaneous wounds following treatment of
collagen sponge-delivered SKPs or collagen sponge only. Photographs were taken immediately after skin
abrasion (Day 0), on Day 7 and Day 14. (b) Changes of wound area, expressed as percentage over wound
area at Day 0. (c) Rate of wound contraction. Images are representative of 6 independent experiments. Mice
with skin abrasion but no treatment at the wound area were considered as controls. Results are means of
6 independent experiments and data are shown as mean # standard errors. *p<0.05, **p<0.01 compared to
control group; ##p<0.01 compared to Day 7 of respective groups.

SKPs and collagen sponge transplantation enhances reepithelialisation

Reepithelialisation has long been considered a major event in successful wound healing.
To assess the impact of SKPs and collagen sponge on wound closure, dorsal skin surrounding
the wound area was collected from diabetic mice. Epidermal reconstitution was examined
by H&E and Masson trichrome staining. Fig. 3a demonstrates that one week after SKPs and
collagen co-transplantation, the epithelia were significantly thicker than those treated with
collagen sponge only. The wound gaps were completely closed in both SKPs + collagen and
collagen only groups, but incomplete wound closure was shown from the control group. By
day 14, complete closure of the wound gap could be observed from all 3 groups, which is
mainly attributable to keratinocyte migration, fibroblast proliferation and matrix formation.
However, no formation of granulation tissue was yet detectable (Fig. 3b). Furthermore, cell
infiltration, presumably as a result of keratinocyte migration, keratinocyte proliferation and
fibroblast activation, could be observed (Fig. 3 c&d). A substantial amount of cells could
be observed within the wound gap of the SKPs + collagen group (207 + 53%, p < 0.01 vs
control; p < 0.01 vs collagen only), indicating enhanced fibroblast and keratinocyte activities.
A moderate amount of cells was also recorded from the collagen only group (154 * 35%, p <
0.01 vs control), suggesting a beneficial role of collagen sponge in wound closure.

Since collagen formation also represents a crucial stage of wound healing, Masson
trichrom staining was employed for wound gap examination. One week after treatment,
collagen deposition was present in both SKPs + collagen and collagen only groups. Thicker
epidermises were shown from SKPs + collagen and collagen only groups compared to the
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Fig. 3. Effect on epithelial formation of cutaneous wound after treatment with collagen sponge-delivered
SKPs or collagen sponge only in T2D mice. (a) Representative images of H&E staining of epidermises 7
days following treatment with collagen sponge-delivered SKPs (SKPs + col) and collagen sponge only (Col-
lagen). (b) Representative images of H&E staining of epidermises 14 days following treatment with collagen
sponge-delivered SKPs (SKPs + col) and collagen sponge (Collagen) only. (c) Representative images showing
the base of epidermises obtained from the SKPs + collagen sponge, collagen sponge only and control groups.
Scale bar=50 pm. (d) Estimated average cell density of epidermises obtained from the SKPs + collagen, col-
lagen sponge only and control groups. Mice with skin abrasion but no treatment at the wounded area were
considered as controls. Images are representative of 6 independent experiments. Data are shown as mean
+ standard errors. ** p < 0.01 compared to control group; ## p < 0.01 compared to collagen sponge only

group.

control group, implicating an over-supply of matrix fibres that are necessary for wound gap
closure (Fig. 4a). By Day 14, the levels of collagen deposition were comparable between SKPs
+ collagen and collagen only groups. Increased average cell density was observed within
the wound gaps of SKPs + collagen-treated animals (shown as orange-coloured staining in
Fig. 4b), suggesting the occurrence of tissue remodelling which in turn demonstrates the
presence of a more advanced wound healing stage of the SKPs + collagen/collagen only-
treated animals.

SKPs and collagen sponge transplantation facilitates local capillary regeneration

Ithas been reported that SKPs could differentiate into vascular endothelial cells [20] and
vascular smooth muscle cells [21], and thereby enhance neoangiogenesis in wound healing.
Collagen sponge has also been developed as wound dressing for cutaneous skin injury by
promoting tissue regeneration and wound closure [32, 33]. To elucidate the ways in which
SKPs and collagen sponge co-transplantation facilitates wound healing, collagen sponge
scaffold with and without SKPs were applied to skin wounds of diabetic mice for 2 weeks.
Average capillary density was estimated by immunefluorescence staining for isolectin, which
is commonly known as an endothelial marker (Fig. 5a&c). Substantial increase in capillary
density was recorded from the SKPs + collagen group, showing a 222 + 74% elevation over
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Fig. 4. Effect on collagen deposition and matrix formation of cutaneous wound after treatment with col-
lagen sponge-delivered SKPs or collagen sponge only in T2D mice. (a) Representative images of Masson’s
trichrom staining of epidermises 7 days following treatment with collagen sponge-delivered SKPs (SKPs +
col) and collagen sponge only (Collagen) group. (b). Representative images of Masson’s trichrom staining
of epidermises 14 days following treatment with collagen sponge-delivered SKPs (SKPs + col) and collagen
sponge only (Collagen) group. Mice with skin abrasion but no treatment at the wounded area were consid-
ered as controls.

the control group (p < 0.05). The collagen only group also exhibited a moderate increase
in capillary formation, although it was not statistically significant (157 * 54%, p > 0.1 vs
control). Similar results were also obtained from a-smooth muscle actin (a-SMA) staining,
which is often used to identify fibroblasts and vascular smooth muscle cells. For the purpose
of the present study however, a-SMA was mainly used as one of the vascular markers. As
shown in Fig. 5b, fluorescence signals that correspond to a-SMA were shown as circular
shapes, demonstrating formation of neo-vessels. The SKPs + collagen group exhibited
increased average blood vessel density in wound areas compared to controls (163 * 45%,
p < 0.05; Fig. 5d).

SKPs ameliorate cutaneous wound by in vivo differentiation and paracrine signalling

To investigate in vivo SKPs differentiation, SKPs that were used to treat skin wound were
pre-labelled with a red fluorescence dye, Dil. Two weeks after SKPs and collagen sponge co-
transplantation, immunostaining results revealed overlap of Dil* cells and the expressions
of vWF and a-SMA, especially at the base of epidermises where keratinocyte migration,
fibroblast proliferation and granulation occurs (Fig. 6a). Positive signals of vVWF were also
found adjacent to Dil* cells, demonstrating likely differentiation of the SKPs into vascular
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Fig. 5. Collagen sponge-delivered SKPs, but not collagen sponge only, treatment promoted local revascu-
larisation at wound area in T2D mice. (a&b) Immunohistochemistry staining of a-SMA (a) or isolectin (b)
reveals increased blood vessel and capillary density, respectively, of wound areas obtained from SKPs + col-
lagen, collagen sponge only and control mice. (c&d) Average fluorescence density of FITC within the wound
area was quantified for isolectin (c) or a-SMA (d) and plotted against each treatment group. Images are
representative of 6 independent experiments. Scale bar = 50 um. Data are shown as mean * standard errors.

endothelial and/or smooth muscle cells, both of which are responsible for increased local
angiogenesis.

In addition, co-localisation between nestin, a neural stem cell marker, and a-SMA,
isolectin and vWF was also examined. As shown in Fig. 6b, some co-expression of nestin and
a-SMA could be observed. Expressions of isolectin and vWF were also detectable adjacent
to nestin* cells, implicating peripheral axon regeneration parallel to vascular reformation.

Discussion

Wound healing impairment affects over 50% of diabetic individuals at some point
in their lives, often leads to persistent infection, ulceration and sometimes, more serious
complications. As the prevalence of diabetes rises worldwide, non-invasive approaches that
could promote wound healing are in urgent need. In recent years, regenerative properties
of stem cell transplantation have been reported in multiple organ injuries [7-9, 22, 37]. In
particular, protective effects of the SKPs have already been demonstrated against cerebral
ischaemia, suggesting a beneficial role of the SKPs in ischaemic injuries [38]. Studies also
reported in vivo differentiation of the SKPs into vascular smooth muscle cells, endothelial
cells and neurons, all of which are essential components in wound healing and regeneration
[20, 21]. Given the easy accessibility of the SKPs, it has been considered as an ideal candidate
for cell therapy against cutaneous wounds [10-12, 20, 39]. However, one major drawback
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Fig. 6. SKPs promote local angiogenesis via paracrine signalling and direct transdifferentiation into neu-

ral and vascular components. (a) Co-expression of Dil* cells with a-SMA, isolectin and vWF at the base of
epidermises surrounding wound gap. Overlapping of a-SMA/Dil and vWF and Dil could be observed, dem-
onstrating transdifferentiation of Dil* SKPs into fibroblasts, endothelial or vascular smooth muscle cells.
Isolectin expression was located adjacent to Dil* cells, suggesting paracrine signalling. (b) Double staining
of nestin with a-SMA, isolectin and vWE. Expressions of isolectin and vWF were found to be adjacent to
nestin. Some co-localisation could be observed between a-SMA and nestin, indicating neurotrophic effect
of the SKPs. Nuclei were stained with DAPI and shown in blue. Images are representative of 6 independent
experiments. Scale bar = 50 pm.

of cell therapy is poor cell survival due to hostile conditions such as hypoxia, ischaemia and
local inflammation at the sites of injury [7]. For better post-transplantation SKPs survival,
collagen sponge, a natural material that was developed as wound dressing decades ago, was
employed in this study as a scaffold for SKPs delivery. Efficacy of SKPs and collagen sponge
co-delivery on diabetic wound repair was subsequently examined.

Our initial results showed that despite the lack of statistical significance, SKPs that
were co-cultured with collagen sponge exhibited greater cell viability compared to SKPs that
cultured in the absence of collagen sponge (Fig. 1). The rate of cell proliferation plateaued
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after 3 days in culture, during which time the SKPs maintained their original characteristics
with low degree of differentiation, suitable for transplantation. For in vivo experiments,
dorsal skin of diabetic mice were cut and treated with SKPs and collagen sponge (SKPs +
collagen), collagen sponge without SKPs (collagen only) or saline (control). After 14 days,
mice treated with SKPs + collagen or collagen only showed more rapid wound healing than
the control group (Fig. 2). Histological analyses further revealed better wound gap closure
and collagen deposition from both SKPs + collagen and collagen only groups (Fig. 3 a&b).
Despite no apparent differences from histological staining results, elevated average cell
densities were observed at the base of epidermises surrounding the wound areas from both
SKPs + collagen and collagen only groups (Fig. 3 c&d), correspond to increased keratinocyte
migration, proliferation as well as fibroblast activities that are crucial for early stage wound
healing. Subsequent cell quantification revealed increased average cell density from the
collagen only group compared to controls (154 + 35%, p < 0.01), consistent with its protective
property as wound dressing. Indeed, reports showed stimulatory impact of collagen sponge
in growth factor activation [27, 32, 33], which may explain the pro-proliferative effect
observed from the collagen only group. Regarding the SKPs + collagen sponge group, average
cell density was substantially higher than the collagen only group (135 * 34%, p < 0.01 vs
collagen only group), demonstrating a superior impact of SKPs transplantation in promoting
wound closure.

However, the underlying mechanisms via which the SKPs promote cutaneous wound
healing remain unknown. In order to identify the ways in which SKPs enhance wound healing,
they were pre-labelled with a red fluorescent dye, Dil, before transplantation. As shown
in Fig. 5, increased expression of a-SMA, one of the vascular markers, could be observed,
and statistical significance was only obtained from the SKPs + collagen group. Similarly,
fluorescence signals that correspond to capillary endothelial cell marker, isolectin, were
also found to be significantly elevated from the SKPs + collagen group. Since no significant
impact on local vascular regeneration was recorded from the collagen only group, it could
be concluded that the SKPs are mainly responsible for increased local vascular regeneration
observed from the SKPs + collage-treated mice. Further staining analyses revealed
overlapping between Dil* cells and a-SMA or vWF, demonstrating direct differentiation of
the Dil* SKPs into key components for neoangiogenesis. Expression of isolectin was found
to be adjacent to Dil* SKPs, suggesting a paracrine effect of the SKPs in vivo (Fig. 6a). Indeed,
SKPs could stimulate secretion of growth factors including the vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF; data not shown), which compensate
for reduced growth factor level in chronic diabetic wounds [2]. However, one limitation
concerning the use of Dil is its lipophilic property, which enables its labelling ability by
binding to the cell membrane. On the other hand, this hydrophobicity also means that Dil
could easily transfer from the pre-labelled cells to adjacent cells in vivo, especially over along
period of time, making it a less than ideal approach in such circumstances. As a result, double
staining of nestin, a neural precursor marker that is expressed by the SKPs, with a-SMA,
vWEF or isolectin was also carried out. The results revealed adjacent localisation between
nestin and a-SMA, isolectin or vWF (Fig. 6b). Furthermore, previous studies have reported
that nestin* SKPs could differentiate into Schwann cells, which are the major components of
the protective myelin sheath surrounding growing axons [13]. Given the positive impact of
Schwann cells in axonal reformation following peripheral never injury, the nestin* cells that
were detected adjacent to vascular markers may be indicative of local nerve remyelination,
which in turn implicate a neurotrophic property of the SKPs in promoting peripheral axon
elongation in addition to vascular regeneration.

Thus, SKPs delivery accelerated diabetic wound healing mainly by paracrine secretion
of pro-angiogenic and neurotrophic factors and direct transdifferentiation into vascular
and neural components. Although no apparent difference in wound closure was detectable
histologically, better local revascularisation and never regeneration were observed from
diabetic mice after SKPs and collagen sponge co-transplantation, emphasizing a superior
effect of SKPs therapy in promoting diabetic wound healing.
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