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Co-culture of ASCs/EPCs and dermal ")
extracellular matrix hydrogel enhances the ™
repair of full-thickness skin wound by
promoting angiogenesis
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Abstract

Background: The repair of large-scale full-thickness skin defects represents a challenging obstacle in skin t[ssue
engineering. To address the most important problem in skin defect repair, namely insufficient blood supply | this
study aimed to find a method that could promote the formation of vascularized skin tissue.

Method: The phenotypes of ASCs and EPCs were identified respectively, and ASCs/EPCs were co-culturefl in vitro
to detect the expression of dermal and angiogenic genes. Furthermore, the co-culture system combined with
dermal extracellular matrix hydrogel was used to repair the full-scale skin defects in rats.

Result: The co-culture of ASCS/EPCs could increase skin- and angiogenesis-related gene expression in vitjo. The
results of in vivo animal experiments demonstrated that the ASCs/EPCs group could significantly accelerate the
repair of skin defects by promoting the regeneration of vascularized skin.

Conclusion:lt is feasible to replace traditional single-seed cells with the ASC/EPC co-culture system for vagcularized
skin regeneration. This system could ultimately enable clinicians to better repair the full-thickness skin defects and
avoid donor site morbidity.
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Introduction which limits the repair of large-scale full-thickness skin
The repair of large-scale full-thickness skin defects rep-defects. Previous studies have confirmed that angiogen-
resents a challenging problem in skin tissue engineeringesis is an important factor affecting the process of skin
[1, 2]. At present, skin tissue engineering technology hasformation in the body, and capillaries are involved in the
made great progress, but there are still some obstacleqrocess of skin regeneratiors]. At the site of new skin
such as obvious scarring of new skin, large amount offormation, fibroblasts were found near vascular endothe-
tissue shrinkage, slow skinization speed, and difficulty inlial cells, suggesting that angiogenesis and skin regener-
constructing full-thickness skin tissue3f5]. The main ation are interdependent®]. Meanwhile, in the process
reason is that the implanted tissue-engineered skin lackof skin formation, restricted angiogenesis will lead to
angiogenesis and is unable to obtain sufficient nutrition, poor skin healing, increased scar tissue, and delayed
wound healing. In the repair of small-scale skin defects,
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fibroblasts and related bioactive factors for skin repair Materials and method
and provides nutritional support for the repair Preparation and culture of ASCs and EPCs
process 8]. However, in the case of large-scale skinAnimal procedures were conducted in accordance with
defects, severe damage to the surrounding vasculathe protocol approved by IACUC of China Medical
system will affect the recruitment of nearby fibro- University. Sprague-Dawley (SD) rats, 4 weeks old, were
blasts and the transportation of nutrients, resulting in euthanized by CQ. The subcutaneous white adipose tis-
the limitation of the regeneration process of skin tis- sue of the inguinal region was harvested, washed with
sues and failure to complete the repair of large-scalephosphate-buffered saline (PBS), and minced by sterile
skin defects 9]. Therefore, in the process of repairing surgical scissors. The minced tissue was digested with
skin defects, it is essential to achieve vascularized ski@.1% collagenase type | (Gibco) at 37 °C for 1 h and then
regeneration. centrifuged at 1000 rpm for 5min. The upper layer of

The application of endothelial progenitor cells (EPCs) the undigested fat and fibrous connective tissue was
is a potential method to achieve vascularizatiod(]. removed, and the cell pellet in the lower layer was resus-
EPCs are precursor cells of vascular endothelial cellpended and filtered through a 7@m filter. After an-
and have the ability to proliferate, migrate, and differ- other centrifugation for 5min, the cell pellet was
entiate into cells arranged along the lumen of the blood resuspended in the culture medium consisting of low-
vesselsI1]. Previous studies have found that EPCs par-glucose Dulbeccs modified Eagle medium (DMEM)
ticipate in the process of skin formation and repair, and (Hyclone), 10% fetal bovine serum (FBS) (Gibco), and
vascular endothelial cells enhance the activity of pre-1% penicillin/streptomycin. The cell suspension was
fibroblasts and play an important role in the process of seeded into a 25-cfflask and cultured at 37 °C with 5%
skin regeneration 12, 13]. Adipose-derived stem cells CO, in a humidity atmosphere. The medium was chan-
(ASCs) are extracted from adipose tissue and have higlged 24 h after inoculation, and then replaced every3®
proliferation and growth characteristics and multi- days, and the cells were passaged after 80% confluence.
differentiation potential [L4]. Compared with other The ASCs at passage 3 were collected for the following
tissue-derived stem cells, ASCs have the unique advanexperiments.
tages of extensive tissue sources, easy availability, lessAfter sacrifice with CQ, the bone marrow in the fe-
damage to the donor, and high safety. As a type of seedhurs of 4-week-old SD rats was blown out and beaten
cell for skin tissue engineering, ASCs have been provervenly. Following the centrifugation with Histopaque-
to promote skin tissue regenerationlp]. As confirmed 1083 (Sigma), the cell pellets were collected and resus-
in previous studies, ASCs can accelerate the recruitpended in a mononuclear cell separation solution. Then,
ment of EPCs, enhance their angiogenesis capabilityCD34+ cells were separated and harvested by the immu-
and promote the formation of new blood vessels. Be-nomagnetic bead method. After resuspension in EGM
sides, ASCs can secrete a variety of biologically activenedium (Lonza, Cologne, Germany), the cells were
factors such as vascular endothelial growth factorseeded into the flasks and cultured at 37 °C with 5% £O
(VEGF) and epidermal growth factor (EGF), which arein a humidity atmosphere. The culture medium was re-
beneficial to enhance the viability of endothelial cells to placed 24 h to remove nonadherent cells. After culture
promote angiogenesis. Therefore, co-culture of ASCs/and passage, EPCs at passage 3 were used for the further
EPCs may promote the formation of vascularized skinexperiments [L§].
through cell-cell interaction [L6, 17].

To study the effect of co-culture of ASCs and EPCs onFlow cytometry analysis and immunofluorescence
the construction of vascularized skin tissue, the pheno-staining
type of ASCs and EPCs was first identified, and then itl x 1P ASCs and EPCs at passage 3 were harvested,
was determined whether the co-culture of ASCs andwashed with 10% FBS/PBS, and centrifuged at 1000 rpm
EPCs could promote the differentiation of skin and vas-for 5 min to collect cell pellets.
cular endothelial cells in vitro. Furthermore, the ASC/
EPC co-culture system combined with dermal ECM gel Identification of ASC surface markers
material was used to repair severe skin defects in ratskFITC-labeled antibody was added to the cell suspension,
and analyzed by gross, histology, and immunofluoresincubated, centrifuged, washed, and resuspended the
cence assays. The results indicated that the co-culture o€ells. Then, flow cytometry was used to detect the sur-
ASCs and EPCs could enhance skin regeneration anface markers including CD73, CD90, CD45, and CD34.
angiogenesis and significantly promote the repair ofMoreover, the immunofluorescence staining was per-
large-scale skin defects. It is feasible to use the ASC/EP@®rmed to observe the cell surface marker CD90 of
co-culture system to replace traditional single-seed cellsASCs. The samples were fixed and processed with 0.3%
for skin tissue engineering. TritonX-100. After blocking with goat serum at room
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temperature, a fluorescent-labeled primary antibody wasmg/l FITC-UEA-1 and incubated for 1 h, then observed

added, then incubated, washed, and finally counter-under a laser confocal microscope. Dil-acLDL and

stained with DAPI. FITC-UEA-1 double staining-positive cells are consid-
ered to be differentiated EPC49].

Identification of EPC surface markers

EPCs were added with FITC-labeled primary antibodiesPreparation of dermal extracellular matrix hydrogel

followed by incubation, centrifugation, and washing. Dermal extracellular matrix (dECM) was prepared as

Then, the surface markers including CD133, CD11b,previously described. In brief, full-thickness skin was ob-

CD34, and CD31 were detected by flow cytometry. Intained within 1h following the slaughtering of the

addition, EPC slides were processed with rabbit anti-rathealthy pigs (average age-8months and weight 110

VEGF primary antibody and incubated overnight at 4 °C.120kg) at a local slaughterhouse located in Shenyang,

Then, the fluorescent secondary antibody was added an€hina. The epidermis, subcutaneous fat, and connective

incubated at 37 °C for 1 h. Finally, DAPI was used fortissue were removed by mechanical layering to separate

nuclear staining. the dermis. The dermis was treated with the following
solutions under constant agitation on an orbital shaker
Identification of multipluripotent differentiation at 300 RPM: 0.25% trypsin at 4 °C for 6 h, three washes
capacities of ASCs and EPCs with deionized water for 15 min, 70% ethanol for 10h,
Chondrogenic induction and differentiation of ASCs 3% H0O, for 15 min, three washes with deionized water

When the third generation of ASCs reached a conflu- for 15 min, 1% Triton X-100 in 0.26% EDTA/0.69% Tris
ence rate of 8890%, the cells were cultured in a chon- for 22 h with a fresh change at the 6th hour, another
drogenic differentiation medium for 3weeks. After three washes with deionized water, 0.1% peracetic acid/
induction of differentiation, the cells were stained with 4% ethanol for 2h, two washes with PBS, and three

toluidine blue, with blue as a positive result. washes with deionized water at the end.
Subsequently, dECM were frozen and lyophilized for
Osteogenic differentiation of ASCs 24 h to prepare the hydrogel. After grinding and sieving

After the third-generation ASCs reached 8@0% conflu- through a 40-mesh screen, the powdered ECM was then
ence, they are cultured with an osteogenic differentiationenzymatically digested in a solution of 1 mg/ml pepsin
medium for 3weeks. Then the cells were stained with(Sigma) in 0.01 M hydrochloric acid under a constant
alizarin red and observed under a microscope, and thestirring for 48 h at room temperature. Then, the acidic

cell matrix was stained red as a positive result. digest solution with a concentration of 10 mg/ml was
prepared for subsequent experiments. Prior to the gel-
Adipogenic induction and differentiation of ASCs ation, neutralization was performed by the addition of

The third-generation ASCs that reached 100% conflu-one tenth the digest volume of 0.1 M sodium hydroxide
ence were cultured in adipogenic differentiation medium and one ninth the volume of 10x PBS on ice, and the
A for 3days and then replaced with adipogenic differen-neutralized solution obtained was the pre-gel. The pre-
tiation medium B. Medium A and medium B were used gel was placed at 37 °C for 30 min for gelation to occur.

alternately 3 to 5 times. Finally, the sample was stained

with Oil Red O and observed under a microscope. ThelLive/dead staining

positive result was the formation of red-stained lipid In the live/dead cell staining, calcein AM is capable of per-

droplets in the cytoplasm of ASCs. meating the membrane of viable cells, where it is cleaved
by intracellular esterase and produces a green fluores-
In vitro angiogenesis capability of EPCs cence. Ethidium bromide homodimer-1 is able to enter

In a 96-well plate, per well was coated with p0 Matri-  cells with damaged membranes and bind to fragmented

gel, and EPC cell suspension at a concentration of 2 xnucleic acids, thereby producing red fluorescence in dead

104/ml was inoculated into each well and incubated cells. On the 3rd and 7th day, the cells were gently rinsed

37 °C for 12 h. Observed under an inverted microscopewith sterile PBS and incubated with a Live/Dead Assay Kit

the positive result is the formation of a tube-like for 20 min in an incubator. The sections were immediately

structure. transferred and imaged with an inverted fluorescence
microscope with a confocal imaging system.

Phagocytic function of EPCs

The second-generation EPCs with a confluence of 80%CCK-8 assay to detect the proliferation activity of ASCs

were processed with 4g/ml DilacLDL and incubated at cultured with dECM

37°C for 4 h. After washes with PBS and fixation with After being digested with trypsin, 2nd-generation ASC

the paraformaldehyde, the sample was treated with 10suspension was prepared in LG-DMEM medium
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containing 10% FBS, and the cell density was adjusted tenanufacturefs instructions. Reverse transcription of
2x10¥ml. one hundred microliters of cell suspension total RNA into cDNA was performed by RT-PCR (Invi-
per well was inoculated and cultured for 24 h in a 96- trogen) using the reverse transcription first chain synthe-
well culture plate. After aspirating the original medium, sis system. PCR amplification with specific primers was
the cells were treated with a medium containing 1% FBSemployed to analyze the expression of epidermal cell
for another 24 h. Then, it was grouped according to the marker genes including keratin (CK5, CK19), Col I, Col
type of medium added, the experimental group is dECM I, vascular endothelial growth factor (VEGF), and von
(cells inoculated in dECM material and cultured in L- Willebrand factor (VWF). Following the manufacturér
DMEM containing 10% FBS), and the control group is instructions, real-time PCR was performed using the
L-DMEM (cells inoculated and cultured in L-DMEM SYBR GREEN PCR Master Mix on ABI PRISM 7500 se-
containing 10% FBS), with 3 repeated well per groupquence detection system. PCR conditions were 94°C 1
After culturing for 24 h, 100ul of L-DMEM containing min, 95°C 30s, 58°C 40s, and 72°C 1min 30s with a
10% CCK-8 solution was added to each well and incu-total of 40 cycles. At last, all reactions were repeated
bated for 4h at 37 °C. Afterwards, the absorbancé) ( three times and normalized to GAPDH. Comparative
value at 450 nm was detected to evaluate the prolifera-CT was calculated to evaluate the relative difference of
tion activity of ASCs in each group. PCR results of each group.

Co-culture of ASCs and EPCs in vitro Establishment of wound model

To determine the optimal ratio of EPCs and ASCs in Forty-eight male Sprague-Dawley rats (8weeks old)
skin tissue regeneration, seven groups were divided foweighing 206-250 g were anesthetized by intraperitoneal
the next experimental observation, including ASCs injection of 1% sodium pentobarbital solution (40 mg/kg
alone, EPCs alone, and EPCs to ASCs at ratios of 2:1, hody weight). Rats were randomly divided into four
1,1: 2, 1: 5, and 1:10. Cells of each group were seeded groups =10 each group) according to the construct
12-well plates at a density of 1 x fcells per well and used to repair the wound: Black, ECM+EPCs (ECM+E),
induced with the dECM medium (cells inoculated in ECM+ASCs (ECM+A), and ECM+ASCs+EPCs (ECM+
dECM material and cultured in L-DMEM containing A+E). The cells of each group were mixed with sterilized
10% FBS) or L-DMEM (cells inoculated and cultured in dECM hydrogel at a concentration of 1 x £ml to pre-
L-DMEM containing 10% FBS) for 7 days, which waspare an injectable gel scaffold for use. Each wound was
prepared detecting the expression of CK19 and vimentincovered with a mixed gel material of 2 ml hydrogel and

by immunofluorescence. cells, and bandaged after surgery. The rats were given an
intramuscular injection of anti-inflammatory and anal-
Matrigel tubule formation assay gesic drugs and were kept separately for observation to

According to cell composition, this assay was dividedavoid biting each other. To evaluate the therapeutic ef-
into 3 groups, namely ASC, EPC, ASC+EPC groupstect, the wound closure of rats was observed and re-
Prior to the assay, the Matrigel (BD Corporation, USA) corded. At 7 and 14 days after the operation, 6 rats were
was moved from- 20 to 4 °C to fully melt. Then, 5@ taken from each group. After anesthesia, the wound was
of Matrigel was added to each well of a 96-well platecovered with a sterile plastic film and the size was drawn
and placed at 37 °C for 2 h to coagulate. The cells of thewith a pencil. The drawn film was scanned into a com-
three groups were seeded to the 96-well plate containingputer, and the Image-Pro Plus 6.0 image analysis soft-
matrigel (5 duplicate wells per group), placed in a 37 °Cware was used to analyze the contour size and calculate
5% CQ incubator, and observed under a light micro- the wound closure rate according to the following for-
scope every 3h. When obvious blood vessels werenula: (original wound area wound area after treat-
formed, photographs were taken immediately to record. ment)/original wound area x 100%.

The number and relative length of each component tube

were analyzed by the Image-Pro Plus 6.0 software. Histological analysis

On the 14th day after operation, the rats in four groups
Quantitative reverse transcription-polymerase chain were anesthetized and sacrificed. The middle part of the
reaction repair area in each group was trimmed for histological

The cell grouping in gRT-PCR is the same as the tubuleanalysis. Following fixation in 4% paraformaldehyde for
formation experiment. At first, the three groups of cells 24 h, dehydrated in a graded series of ethanol, embedded
were respectively seeded and cultured on a dECMn paraffin, and cut into 4um sections. After deparaffini-
induction medium for 7 days. After that, total RNA was zation, hematoxylin and eosin (HE) staining was per-
extracted from the cells of the different groups using formed. A near-surface field of view was randomly
TRIzol Reagent (Invitrogen) according to the selected, and a low-magnification field (10 x10) was
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used to choose the area with a large number ofdemonstrates that the cell viability was good, indicating
inflammatory cells (neutrophils, eosinophils, basophils,that dECM has no cytotoxicity. Meanwhile, it was found
lymphocytes, and monocytes). Then 5 fields in the high-that dECM has thermosensitive properties. The dECM
magnification field (10 x 40) were selected to observepre-gel is liquid at low temperatures and transformed
and count the number of inflammatory cells in the field, into a gel state at 37 °C (Fida), which made it an in-
and the average value was calculated. In additionjectable scaffold material for skin defect repair.

Masson trichrome staining was used to analyze the mor- CCK-8 assay was used to detect the proliferative cap-
phological characteristics of collagen fibers and the heal-ability of ASCs. The proliferation of ASCs in the dECM

ing of skin wounds. group was significantly higher than that in the control
group from the 2nd to the 7th day (Fig3c) (» <0.05), in-
Immunofluorescence analysis of vascularization dicating that dECM hydrogel could promote the prolif-

Tissue sections on the 14th day after surgery wereeration of ASCs.

deparaffinized with xylene, dehydrated by ethanol,

antigen retrieval, and serum blocking, and the sectionsDetermination of the optimal ratio of ASC/EPC co-culture

were added with rabbit anti-CD31 polyclonal antibody in vitro

(Abcam) to label vascular endothelial cells. Three areasio determine the optimal ratio of ASCs/EPCs in vitro

with high microvessel density marked by CD31 wereco-culture, the expression of epidermal cell markers

randomly selected in the low magnification field of view CK19 and vimentin in different ratios of the ASC/EPC

(10 x 10), and then the microvessel density in 5 fields inco-culture system was compared after culture in the

each area was counted in the high magnification field ofdECM medium and L-DMEM (Tablel). The compari-

view (10 x 20), and the average value was calculated. son results showed that the expression of CK19 and
vimentin in ASCs/EPCs co-cultured at a cell ratio of 1:1

Statistical analysis in a dECM medium were significantly higher than that

The test results were expressed as mean * standard devef other groups. With the same cell ratio, the expression

ation, and statistical analysis was performed by the SPS& CK19 and vimentin in the dECM medium was higher

21.0 software (IBM, Armonk, New York, USA)T test than that of the L-DMEM group.

was used for the comparison of the data of the two

groups, and one-way ANOVA was for the samples of ASC/EPC co-culture in vitro promotes the expression of

multiple groups. p<0.05 was considered as statisticallydermal tissue markers and angiogenesis-related genes

significant. Matrigel tubule formation assay demonstrated that the
density of tube structure in the ASC/EPC co-culture

Results group was dramatically higher than that in the ASC

Detection and characterization of ASCs and EPCs alone or EPC alone group (Figda). Moreover, the

The flow cytometry of ASCs demonstrated that ASCsamount of tubular structures increased significantly in
are positive for CD73 and CD90 and negative for CD45the ASC/EPC co-culture group compared with the
and CD34 (Fig.1la). The immunofluorescence staining single-cell groups # < 0.05) (Fig.4b). And the length of
also exhibited that CD90 was positive in ASCs (Fidp). the tubular structure formed in the co-culture group
After induced differentiation, ASCs have osteogenic, adi-was also significantly longer than that of the other two
pogenic, and chondrogenic differentiation capabilities groups ¢ < 0.05) (Fig4c).
(Fig. 1c). In order to further study whether the co-culture of
EPCs are positive for CD133 and CD34 and negativeASCs and EPCs affects the expression of epidermal cell
for CD31 and CD11b in flow cytometry (Fi®za). Mean- marker and endothelial cell marker genes, RT-PCR was
while, it was shown that VEGE immunofluorescence used to analyze the main components of dermal tissues
staining was positive (Fig2b). Moreover, the cells including epidermal cell and collagen corresponding
seeded in a 96-well plate coated with Matrigel could markers Ck5, Ck19, Col I, and Col Ill and the expression
form a “lumen-like” structure, and take up Dil-ac-LDL of endothelial cell marker genes, such as VEGF and
and lectin (Fig.2c), indicating that the target cells are vVWF. The results showed that the expression levels of

EPCs. Ck5, Ck19, Col I, and Col lll in the ASC/EPC group
(A+E group) were significantly higher than those in the

dECM hydrogel promotes ASC proliferation and has ASC group (A group) and EPC group (E group) (Fig.

thermosensitive properties 4d), suggesting that the co-culture of ASCs/EPCs could

Stem cells were inoculated and cultured with dECM as aincrease the expression of epidermal cell and collagen
scaffold, and cell viability was detected at two timemarker genes. In addition, the mRNA levels of endothe-
points, 3and 7days. The results shown in Fi@b lial cell marker genes VEGF and vVWF were dramatically
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Fig. 1 Detection and characterization of AS€Surface markers of ASCs in flow cytom8#SC immunofluorescence staining: (a) CD90, (h)
DAPI, and (c) CD90 + DAPIdentification of the multipluripotent differentiation capacities of ASCs: (d) adipogenic differentiation, (e)
chondrogenic differentiation, and (f) osteogenic differentiation
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Fig. 2 Detection and characterization of ERCSurface markers of EPCs in flow cytometry. Low expression of CD31 and CD11b and high
expression of CD133 and CDB4£PC immunofluorescence staining: (a) VEGF, (b) DAPI, and (c) VE@HdeD#Ration of the
multipluripotent differentiation capacities of EPCs: (d) Matrigel tubule formation assay, (e) Dil-ac-LDL, and (f) lectin




