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Abstract

The combined radiation-wound injury is a refractory wound with decreased number
or dysfunction of repairing cells and growth factors. This remains a challenge in
clinical practice. The object of this study is to evaluate the therapeutic efficacy
of a combination of human vascular endothelial growth factor 165 (hVEGF165)

and human beta-defensin 3 (hBD3) in the treatment of such wounds. A plasmid-
carrying hVEGF165 gene and hBD3 gene was used to transfect rat bone-marrow-
derived mesenchymal stem cells (BMSCs). The supernatant from the modified BMSCs
significantly promoted the proliferation and cell migration of human endothelial cells
and it also inhibited the growth of bacteria and fungus, demonstrating the successful
expression of the transfected genes. The hVEGF165/hBD3-modified BMSCs were then
injected into the sites of combined radiation-wound injury on rats. It demonstrated that
wound-healing time was shortened significantly in the treated rats. The granulation
tissue formation/maturation, skin appendage regeneration and collagen deposition
were also improved significantly. Strong expression of hVEGF165 and hBD3 was
detected in the wound surface at early stage of the healing. The results indicate
that topical transplantation of hVEGF165/hBD3-modified BMSCs promoted wound
healing, and this gene therapy strategy presents a promising approach in the treatment
of refractory wounds such as the combined radiation-wound injury.

Introduction

With the increasing use of nuclear power in our life, the con-
cerns about the ionising radiation damage to the human body
are also growing. Ionising radiation damage could result from
nuclear power plant accidents, radiation therapy for malig-
nancy, prolonged fluoroscopy, inhalation of excess radionu-
clides and nuclear explosions. The damage is harder to heal
than normal wounds and remains a challenge in clinical prac-
tice (1–3). There is a coordinated healing process following
a normal wound; this involves an interacting network of mul-
tiple cells, cytokines and extracellular matrix. During nor-
mal wound healing, many cytokines and growth factors are
produced through para- or autocrine. These factors mediate
and regulate a cascade reaction to promote wound healing.

Key Messages

• the combined radiation-wound injury is harder to heal
than normal wounds due to decreased number or dys-
function of repairing cells and reduction in growth fac-
tors, collagen synthesis, and inflammatory cells

• a gene therapy strategy with locally injection of human
vascular endothelial growth factor 165 (hVEGF165) and
human beta-defensin 3 (hBD3) modified bone marrow-
derived mesenchymal stem cells (BMSCs) presents a
promising approach in the treatment

In combined radiation-wound injury, the wound surface is
refractory to healing, due to decreased number or dysfunction
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of repairing cells and reduction in growth factors, collagen
synthesis and inflammatory cells (4).

During wound healing, bone-marrow-derived mesenchy-
mal stem cells (BMSCs) migrate to the wound or inflam-
matory site, contributing to tissue regeneration and recon-
struction. They stimulate progenitor cells to proliferate and
differentiate, secrete growth factors and remodel tissues.
Furthermore, BMSCs exert special immunoregulatory and
anti-inflammatory actions on wound closure (5–8). Vascu-
lar endothelial growth factor (VEGF) acts as a mitogen
of endothelial cells, a chemotactic mediator and a vascular
permeability inducer. It plays multiple roles in the wound-
healing cascade, angiogenesis, endothelial formation and col-
lagen deposition. VEGF165 is the most active isoform of
VEGF. As angiogenesis is critical to wound healing, the
use of VEGF alone or in combination with other factors
has become the focus in wound therapy of wound (9–13).
Persistent topical infection is one of the causes for refrac-
tory wound surface. It has been demonstrated that infection
is closely associated with wound-healing impairment when
the number of microorganisms is greater than 106/g tis-
sue (14). Human beta-defensin 3 (hBD3) plays an important
role in preventing and treating human infectious diseases.
It exhibits antibacterial activity for gram-positive bacteria
even at very low doses. Meanwhile, hBD3 does not cause
haemolysis or tissue damage, and its antibacterial activity is
insensitive to ionic concentration (15,16). Studies also pro-
vided evidence that hBD3 immunomodulates T-lymphocytes
and immature dendritic cells. It plays an important role in
both congenital and acquired immunity (17,18). In addition,
recombinant hBD3 was demonstrated to have the same
antibacterial and biological properties as the natural
hBD3 (19).

We hypothesise that there may be combined therapeutic
efficacy of hVEGF and hBD3 in the treatment of combined
radiation-wound injury. So we constructed a recombinant
eukaryotic expression plasmid, which expresses hVEGF165

and hBD3 simultaneously. The plasmid was transfected into
rat BMSCs, which were then injected subcutaneously into the
site of combined radiation-wound injury on rats. The results
demonstrated that this ex vivo gene therapy strategy signifi-
cantly promoted wound healing.

Materials and methods

RNA isolation and reverse transcription

Total RNA was isolated from cells and tissues using the stan-
dard acid phenol/guanidine isothiocyanate procedure (Roche,
Indianapolis, IN) and was reverse transcribed using the M-
MLV reverse transcription kit (Invitrogen, Carlsbad, CA).

Construction of recombinant eukaryotic expression

vectors

hVEGF165 cDNA was amplified from HL-60 cells. BspHI
and HindIII endonuclease sites were introduced to the
5′ end and 3′ end of the hVEGF165 cDNA through the
polymerase chain reaction (PCR) primer pair (forward:

5′-CGTCATGACCATGAACTTTCTGCTGT-3′; reverse: 5′-
CCCAAGCTTCACCGCCTCGGCTTGTC-3′), respectively.
PCR primer pair (forward: 5′-CATGCCATGGCAGCTATG
AGGATCCAT-3′; reverse: 5′-CCGGAATTCTCAGGGTTTT
TATTTCT-3′) was used for amplifying hBD3 cDNA from
human gum tissues. The NcoI and EcoRI sites were intro-
duced to the 5′ end and 3′ end of the hBD3 cDNA, respec-
tively. hVEGF165 and hBD3 cDNA were then cloned into
the eukaryotic expression plasmid pVIVO1-mcs (InvivoGen,
San Diego, CA) at the corresponding endonuclease sites to
generate two recombinant plasmids. The plasmid pVIVO1-
hVEGF165-hBD3 contains the hVEGF165 cNDA and the hBD3
cDNA, and the plasmid pVIVO1-hVEGF165 only includes the
hVEGF165 cDNA. All the sequences were verified.

Flow cytometry analysis of BMSCs

Rat BMSCs were isolated and cultured in accordance with the
standard methods (20).

BMSCs after three passages were trypsinised and harvested
by centrifugation at 450 g for 5 minutes. The cells were
resuspended and washed three times with phosphate-buffered
saline (PBS) containing 1% bovine serum albumin (BSA).
Monoclonal antibodies for CD34, CD44 and CD105 (Santa
Cruz Biotechnology, Santa Cruz, CA) were incubated with
the washed cells. Normal mouse IgG was used as an isotype
control. After 45 minutes of incubation on ice in the dark,
the cells were washed three times with 1% BSA/PBS,
then resuspended in 0·5 ml 1% BSA/PBS and analysed by
fluorescence-activated cell sorting (FACS).

Transfection of BMSCs

Purified BMSCs were inoculated into 75-cm2 flasks at 2 ×
106 cells/flask 1 day before transfection. Transfection was
carried out when cells reached 60% confluence, and JetPEI
transfection kit (Polyplus-transfection, NY) was used accord-
ing to the manufacturer’s instructions and Li’s methods (21).
BMSCs were divided into four groups for the transfections:
N-BMSCs, untransfected control; T-BMSCs, cells transfected
with pVIVO1-hVEGF165-hBD3; C1-BMSCs, cells transfected
with pVIVO1-hVEGF165; and C2-BMSCs, cells transfected
with pVIVO1-mcs (mock).

Western blot analysis

Twenty-four hours after transfection, the medium was changed
to non-serum medium and the culture was continued for
another 24 hours, then conditioned media (CM) of the above-
mentioned four groups were collected and correspondingly
named as N-CM, T-CM, C1-CM and C2-CM. Proteins were
concentrated from the CM using protein concentration kit
II (Applygen Technologies Inc., Beijing, China). Total pro-
tein level was quantified by bicinchoninic acid (BCA) pro-
tein quantification kit (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). The concentrated proteins (40 μg
of proteins per lane) were subjected to sodium dodecyl
sulfate-polyacrylamide gel exlectrophoresis (SDS-PAGE) and
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transferred onto a nitrocellulose membrane, which was then
incubated with a rabbit-anti-hVEGF antibody (1:500, Bey-
otime Institute of Biotechnology) and a goat-anti-hBD3 anti-
body (1:200, Santa Cruz Biotechnology), followed by incuba-
tion with the corresponding secondary antibodies. The bands
were visualised by BeyoECL Plus (Beyotime Institute of
Biotechnology).

Cell proliferation assay

Cell proliferation assay was performed with human endothe-
lial cell EA.hy926 in RPMI-1640 medium containing 10%
foetal bovine serum. EA.hy926 cells were inoculated into 96-
well plates (4 × 103 cells/well, 100 μl/well). After 24 hours
of conventional culture, the medium was replaced with one
of the four above-mentioned CMs (six wells per group per
day) and cell proliferation was monitored using CCK-8 kit
(Dojindo, Kumamoto, Kyushu, Japan) for 5 days. In brief,
each well was added with 10 μl of CCK-8 solution, followed
by 3-hour incubation. The optical density was measured at
450 nm and day 0 was set as the baseline. To confirm whether
the secreted hVEGF165 can stimulate cell proliferation, an
anti-hVEGF165 neutralising antibody group (T-CM/Ab) was
set. For this group, the hVEGF165 neutralising antibody (final
concentration 10 μg/ml; Abcam, Cambridge, UK) was added
in the T-CM to inhibit hVEGF165.

Wound-healing assay

EA.hy926 cells were inoculated into 12-well plates. On 95%
confluence, a cross was scribed on the bottom of each well
by a 1 ml sterile pipette to scratch the monolayer cells, fol-
lowed by two washes with PBS to remove suspending cells.
Each well was then added with 1 ml of the above-mentioned
CM. An anti-hVEGF165 neutralising antibody group was also
set as mentioned earlier to determine the migration-promoting
effect of hVEGF165. At 0, 4, 8, 12 and 18 hours after scratch-
ing, a fixed field on each side of the cross was photographed
under microscope (eight fields per time point per group). The
healing ratio (HR) was determined by image analysis software
TScratch-win (ETH Zurich, Zurich, Switzerland) (22). HR =
(A0 − At)/A0× 100% (A0, initial scratch area; At , residual
wound surface at a specified time point). All analyses were
carried out in a blind manner at least thrice by investigators
not involved in this study.

Kleihauer–Betke method

Twentyfold CM concentrates were prepared by lyophili-
sation and resolvation. Round sterile filter paper pieces
were immersed into the CM concentrates, and then placed
onto Luria–Bertoni and Sabouraud agar plates containing
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus, Bacillus subtilis and Candida albicans. After 10- to
12-hour incubation at 37/30◦C, the plates were photographed.
The size of the bacteriostasis ring around the filter paper
piece was analysed to indicate the intensity of antibacterial
activity.

Experimental animals and wound model

Three-month-old Sprague-Dawley (SD) rats, weighing 180–
220 g, were obtained from the centre of experimental animal in
our university (qualified certification number: CQA 0101015#
and 0103017#, Chongqing, China). The experimental protocol
used in this study was approved by the Animal Care Commit-
tee of our university and was in agreement with the ‘Guide
for the Care and Use of Laboratory Animals’ published by
the National Institutes of Health.

Rats were placed into a specially designed Plexiglass
box and irradiated by 60Co γ-ray (6 Gy/whole body).
Within 30 minutes of irradiation, the rats were anesthetised
by intraperitoneal injection with sodium pentobarbital
(40 mg/kg), and the hair on the rats’ back was shaved. A
round full-thickness skin defect (18 mm in diameter) was
made in the back of each rat using a homemade puncher
(approximately 2% of whole body skin area) (23). The rats
were then randomised into four groups (13 rats/group) as
follows: group T, the rats received T-BMSCs; group C,
the rats received C1-BMSCs; group N, the rats received
N-BMSCs; and group S, the rats received PBS instead of
BMSCs. Each rat was injected with 1 ml of BMSCs or PBS. A
total of 1 × 107 cells were injected subcutaneously around the
wound, and four injection sites were selected for each wound.

Assessing wound healing in vivo

To monitor the wound-healing process, the treated rats were
raised separately. A digital camera was used to record the
images of residual wound surface area on day 3, 7, 13 and 20
after preparation of the wound under the same photographic
conditions. Meanwhile, the average healing time was calcu-
lated for each group. The data were analysed by investigators
who were blind to the groups. A wound was considered healed
when the scar was shed off and the wound was completely re-
epithelialised, even if the surface was not completely covered
with hair. The ratio of residual area to the original area was
analysed using image analysis software. Pathologic study of
the wound was carried out in 10 rats per group. One rat was
euthanised on day 1 after preparation of the wound, and three
rats were euthanised on days 7, 13 and 20 after preparation
of the wound. The tissue specimens of the wound surface
were collected and each specimen was separated into three
fractions. The specimens were fixed in formalin, embedded in
paraffin, sliced and stained with haematoxylin–eosin.

Immunohistochemical staining and Sirius red staining

For immunohistochemical staining, paraffin-embedded sec-
tions (4-μm thick) were dewaxed and rehydrated. For the
detection of hVEGF165 expression, the sections were then
blocked with 5% BSA and incubated with an anti-hVEGF
antibody (1:500) at 4◦C for 12 hours, followed by incubat-
ing with an horseradish peroxidase (HRP)-conjugated goat-
anti-rabbit IgG secondary antibody at 37◦C for 30 minutes.
For the detection of hBD3 expression, an anti-hBD3 anti-
body (1:200) was used as the primary antibody and an
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HRP-conjugated rabbit-anti-goat IgG antibody was used as
the secondary antibody. For the detection of laminin in wound
area, the sections were blocked with normal goat serum after
rehydration, incubated with an anti-laminin antibody (Zhong-
shan Goldenbridge, Beijing, China) at 4◦C overnight, and
then incubated with an HRP-conjugated goat-anti-rabbit IgG
antibody for detecting. The 3,3′-diaminobenzidine (DAB) sub-
strate was used for colorimetric detection.

Sirius red staining was performed as described (24). In
brief, paraffin-embedded tissue sections were dehydrated and
stained with Sirius red solution for 1 hour. Collagen fib-
ril thickness and alignment were observed under polarising
microscopy. The greyscale value of collagen fibril was deter-
mined using Image-Pro Plus software in a blind manner.

Statistical analysis

The data were processed by SPSS13.0. Group differences were
analysed with the general linear model. Homoscedasticity was
tested by Levene’s test. Differences among multiple groups
were analysed by Tukey’s Honestly Significant Difference
(HSD test and Dunnett’s T3 test. All data are provided as
mean ± SD. P < 0·05 was considered statistically significant.
All statistical graphs were plotted using GraphPad Prism
software (GraphPad Software, San Diego, CA).

Results

Expression of hVEGF165/hBD3 in BMSCs

BMSCs are positive for CD44 and CD105 and negative for
CD34. We determined the purity of isolated rat BMSCs by
flow cytometry; 96·36% of the cells were CD44+/CD34- and
94·57% of the cells were CD105+/CD34-, demonstrating high
purity of the rat BMSCs. The recombinant plasmids pVIVO1-
hVEGF165-hBD3 and pVIVO1-hVEGF165 were transfected
into rat BMSCs, and the expression of hVEGF165 and hBD3
in BMSCs was analysed by RT-PCR (Figure 1A). The band of
hVEGF165 was found in BMSCs transfected with mock (group
C2) and the untransfected BMSCs (group N), but there was
higher hVEGF165 expression level in pVIVO1-hVEGF165-
hBD3 (group T) and pVIVO1-hVEGF165 (group C1) trans-
fected BMSCs, suggesting successful expression of the trans-
fected hVEGF165 gene in the cells. And, as expected, the
expression of hBD3 was detected only in group T. The expres-
sion of the transfected genes was also confirmed by Western
blot analysis of the CM from the four groups (Figure 1B).
A band of 23-kDa hVEGF165 protein was detected in all four
groups, and a higher expression level of hVEGF165 was found
in groups T and C1. There was more than twice as much
VEGF protein in T-CM as that in N-CM and C2-CM. The
expression of the 5-kDa hBD3 protein was detected only in
group T. The results were consistent with those of RT-PCR
analysis, indicating that hVEGF165 and hBD3 proteins were
expressed successfully in the transfected BMSCs.

Functional characterisation of hVEGF165/hBD3 proteins

To evaluate the efficacy of hVEGF165 on cell proliferation,
we performed a cell proliferation assay. According to the cell
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Figure 1 The expression of exogenous hVEGF165/hBD3 in BMSCs.
(A) RT-PCR analysis of transfected genes. Upper panel: PCR fragments
of hVEGF165; lower panel: PCR fragments of hBD3 (204 bp) and GAPDH
(516 bp) as the internal control. N, N-BMSCs; C1, C1-BMSCs; C2, C2-
BMSCs; T, T-BMSCs. (B) Western blot analysis of proteins secreted
by BMSCs. Conditioned media (CM) collected from cultured BMSCs
was blotted (N-CM, untransfected BMSCs; C1-CM, pVIVO1-hVEGF165-
transfected BMSCs; C2-CM, pVIVO1-mcs-mock-transfected BMSCs;
T-CM, pVIVO1-hVEGF165-hBD3-transfected BMSCs). The expected 23-
kDa hVEGF165 and 5-kDa hBD3 proteins were detected. β-Actin was used
as a loading control. Densitometric quantification of proteins comparing
with the β-actin was shown in the lower panel.

growth curves, T-CM and C1-CM significantly promoted cell
proliferation from days 1 to 4 compared with C2-CM and N-
CM (P < 0·05; Figure 2A). To further confirm the efficacy of
hVEGF165 in T-CM, we added an anti-hVEGF165 neutralis-
ing antibody in T-CM (T-CM/Ab) to block hVEGF165 in the
medium. As a result, cell proliferation was significantly sup-
pressed after addition of the neutralising antibody (P < 0·05).
It demonstrates that hVEGF165 in T-CM stimulated cell prolif-
eration. No significant differences were found between T-CM
and C1-CM and among T-CM/Ab, C2-CM and N-CM. We
then carried out a monolayer cell-scratching assay to assess
the efficacy of different CM on wound healing. At 4, 8, 12
and 18 hours after scratching, the HR of T-CM- and C1-CM-
treated cells were significantly higher than that of C2-CM-,
N-CM- and T-CM/Ab-treated cells (P < 0·05, Figure 2B). At
18 hours after scratching, the cells in T-CM and C1-CM cov-
ered almost the whole wound surface, while only half of the
wound surface was covered by the cells in C2-CM and N-CM.
Cells in T-CM/Ab covered about 80% of the wound surface
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A B

Figure 2 Function of BMSCs expressing exogenous hVEGF165/hBD3. (A) Proliferation-promoting effect of different CMs. The cell growth curves
revealed that T-CM and C1-CM significantly promoted cell proliferation from days 1 to 4, compared with C2-CM, N-CM and T-CM/Ab. The addition
of anti-hVEGF165 neutralising antibody to T-CM inhibited cell growth significantly. (B) In vitro wound-healing assay on monolayer of cells. The
HR was significantly higher for cells treated with T-CM and C1-CM at 4, 8, 12 and 18 hours. The anti-hVEGF165 neutralising antibody (T-CM/Ab)
significantly inhibited T-CM-stimulated wound healing, but still did not abolish the effect of T-CM on wound healing. The HR was significantly higher
for T-CM/Ab-treated cells than C2-CM- and N-CM-treated cells at 4, 8, 12 and 18 hours. No significant differences were found between T-CM and
C1-CM and between C2-CM and N-CM. P < 0·05 T-CM or C1-CM versus C2-CM, P < 0·05 T-CM or C1-CM versus N-CM, P < 0·05 T-CM or

C1-CM versus T-CM/Ab, P < 0·05 T-CM/Ab versus C2-CM, P < 0·05 T-CM/Ab versus N-CM.

area, the HR was still significantly higher than that of C2-
CM- and N-CM-treated cells (P < 0·05). The results indicate
that T-CM and C1-CM significantly accelerated wound heal-
ing, and the anti-hVEGF165 neutralising antibody significantly
inhibited this effect, but still did not abolish the efficacy of
T-CM on wound healing. The overexpressed hVEGF165 in the
media has the activity of accelerating wound healing.

To test whether exogenously expressed hBD3 possesses
antibacterial and antifungal activities, we performed a Klei-
hauer–Betke assay. Two gram-negative bacteria (E. coli and
P. aeruginosa), two gram-positive bacteria (S. aureus and B.
subtilis), and one common pathogenic fungus (C. albicans)
were chosen for the test. There were clear bacteriostasis rings
around the filter paper disks containing T-CM concentrates,
indicating antibacterial and antifungal activity of T-CM. The
other three concentrated CM did not show any antimicrobial
activity (Figure 3). The results suggest the successful expres-
sion of hBD3 in T-BMSCs and that hBD3 protein secreted by
T-BMSCs is biologically active.

Transplantation of hVEGF165/hBD3-modified BMSCs

accelerated wound healing

The rat model for combined radiation-wound injury was pre-
pared by whole-body ionising irradiation (6Gy) plus excision
of 2% full-thickness skin of the whole-body skin surface area.
The simple skin excisional wound without radiation has a reg-
ular healing time of 17–18 days in rats (23). In our combined
radiation-wound injury rat model, the average healing time
was 24–25 days in the BMSC-treated group (group N) and
27–28 days in the PBS-treated group (group S), while in the
T-BMSC-treated group (group T) and the C1-BMSC-treated
group (group C), the average healing times were shortened
to 20 days and 22–23 days, respectively. The wound was
almost invisible in group T on day 20 after transplantation,
while it was still clear in other three groups, especially in
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Figure 3 Antimicrobial effect of secreted hBD3 in vitro. Microorganisms
on plates were treated with four concentrated CM in filter paper disks.
The bacteriostasis ring around the filter paper disk was only found in T-
CM-treated plates. EC, Escherichia coli; PA, Pseudomonas aeruginosa;
SA, Staphylococcus aureus; BS, Bacillus subtilis; CA, Candida albicans.

group S (Figure 4A). At days 7, 13 and 20 after cell trans-
plantation, group S had the most residual wound surface area
and the residual wound surface area in group N was signif-
icantly lower than that in group S (P < 0·05; Figure 4B),
suggesting that the transfection of untransfected BMSCs alone
promoted wound healing. At days 13 and 20 after cell trans-
plantation, the residual wound surface area in group C was
significantly lower than that of groups N and S (P < 0·05),
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Figure 4 hVEGF165/hBD3 promotes wound healing in vivo. (A) Representative pictures of wound healing on day 20 after BMSC injection. The wound
was almost invisible in group T, whereas it was still visible in the other three groups, especially in group S (PBS control). (B) Comparison of residual
wound area between different groups (n = 6). At day 7 and thereafter, group S had the most residual wound area and group T had the least residual
wound area. The order of the four groups was S > N > C > S. p< 0·05 versus group S, P< 0·05 versus group N, P < 0·05 versus group C.

revealing that the overexpression of hVEGF165 in BMSCs
further accelerated wound healing. At days 7, 13 and 20
after cell transplantation, the residual wound surface area in
group T was significantly lower than that of the other groups
(P < 0·05), demonstrating that exogenous hVEGF165/hBD3
proteins accelerated wound healing from very early days.
The fact that scar shedding and re-epithelialisation occurred
earlier in group T than in group C indicates that hBD3
affected wound healing, possibly because of its antimicrobial
activity.

Haematoxylin–eosin staining of wound tissues demon-
strated well-organised granulation tissues in group T
(Figure 5). The epithelial cells proliferated 7 days after injury,
and multi-layer granulation tissues were observed in the centre
of the wound surface. There were many microvessels in the
granulation tissues of groups T and C, while no angiogenesis
was observed in groups N and S at the same time. Blood con-
gestion and haemorrhage were apparent in group S, mild in
groups C and N, and rare in group T. On day 13 after injury
and treatment, granulation tissues in group T were largely
replaced by fibroblasts and newlyformed red-stained collagen
fibres. Moreover, the wound surface was virtually covered
by epithelia. The epithelial layer was significantly thicker in
group T than in group N. As for group S, the formation of
granulation tissues was still in progress. Twenty days after
injury and treatment, the wound surface of group T was com-
pletely covered by new epithelial tissues with regenerated skin
appendages, but less skin appendages were found in groups
C and N and no skin appendages appeared in group S. The

granulation tissue in group T was more matured than that in
the other three groups.

Transplantation of hVEGF165/hBD3-modified BMSCs

facilitated angiogenesis, epithelialisation and collagen

deposition and maturation in wound healing

One of the important functions of VEGF is the stimulation
of angiogenesis during wound healing. Angiogenesis is a pro-
cess that includes several key steps, including vasodilatation,
basement membrane degradation, endothelial cell migration
and proliferation, capillary formation and networking (ves-
sel circuit formation) and new basement membrane forma-
tion (12,25). Laminin is a marker of the formation of vascular
basement membrane. At the early stage of wound healing (the
first 7 days after injury), the expression of laminin in the gran-
ulation tissue of the wound surface was significantly strong
and widespread in groups T and C, but it was limited in groups
N and S (Figure 6A, upper panels). On day 20 after injury,
the laminin expression was still very strong and widespread
in the granulation tissue of groups T and C, indicating the
formation of large vessels. Laminin expression was strong
within limited areas of the wound surface in groups N and
S (Figure 6A, lower panels). The difference was significant
between groups T and C and groups N and S (Figure 6B). The
immunohistochemical staining of the day 7 sections indicates
that the hVEGF165 expression level in groups T and C was
significantly higher than that in groups N and S (Figure 7A,
upper panels, and B, left), and the hBD3 expression level in
group T was significantly higher than that in the other three
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Figure 5 Histological studies on haematoxylin–eosin-stained radiation-wound tissues. The amplified local areas are shown in the dashed boxes.
The comparable image of each group includes the wound edge and frontier of migrated epithelial cells. Upper panels: on day 7 after injury, blood
congestion and haemorrhage were apparent in group S, mild in groups C and N and invisible in group T. Meanwhile, actively proliferating epithelial cells
formed a multilayer structure (white triangle) and migrated to the centre of the nude wound. Angiogenesis in granulation tissues (black triangles) was
clear in group T, mild in groups C and N and invisible in group S. Lower panels: on day 20 after injury and treatment, the wound was re-epithelialised
completely with regenerated skin appendages (white arrows) in group T, but the re-epithelialisation and regeneration of skin appendages were less
in groups C and N and invisible in group S. The lines indicate the interface of the wound and unaffected skin. W, wound site. Bars = 1 mm.
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Figure 6 Laminin expression in vascular basement membrane of granulation tissue of wound surface. (A) Upper panels: on day 7 after injury, laminin
expression (black arrows) was strong and widespread in granulation tissue of groups T and C. Laminin expression was positive but within limited
areas in groups N and S. Lower panels: on day 20 after injury, laminin expression was still strong and widespread in groups T and C, suggesting
the formation of large vessels. Laminin expression was strong but in limited areas in groups N and S. Bars = 200 μm. (B) Images were analysed for
quantifying the laminin expression in granulation tissue.

groups (Figure 7A, lower panels, and B, right), indicating that
hVEGF165/hBD3-modified BMSCs expressed hVEGF165 and
hBD3 proteins successfully in the wound surface.

Sirius red staining was used to reveal the quantity and qual-
ity of collagen fibres, thus helping to elucidate the role of
hVEGF165/hBD3 in collagen formation during wound heal-
ing. Following Sirius red staining, the wound surface can be

distinguished from the normal skin, which was bright red
because of the large amount of collagens (Figure 8A). The
results show that collagen fibres, mostly type I collagen, began
to deposit from day 7 after injury. On day 20 after injury,
there was more type I collagen in group T than in the other
three groups, and the collagen layer was also thicker in group
T. Besides, the collagen array and red refractive power were
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Figure 7 Immunohistochemical studies revealed hVEGF165/hBD3 expression in the granulation tissue on day 7 after injury. (A) Upper panels: the
hVEGF165 expression (black arrows) was strong in groups T and C. Lower panels: the hBD3 expression (white arrows) was strong in group T. Bars =
100 μm. (B) Images were analysed for quantifying hVEGF165/hBD3 expression in granulation tissue.

similar to the normal skin in group T but not in the other
three groups. From days 7 to 20, the collagen content of
group T was significantly higher than that of the other groups
(P < 0·05) and there were significant differences between
groups (P < 0·05), the order was group T > group C > group
N > group S (Figure 8B).

Discussion

Impaired healing process and prolonged healing time is a
tough problem of combined radiation-wound in clinical prac-
tice and a significant burden to patients. Recently, stem cell
therapy was proposed as an addition to conventional surgi-
cal therapy in the treatment of chronic radiation injuries (26).
A patient with severe radiation burns was successfully treat-
ment by local autologous BMSC administration (27). Akita
et al. (28) treated a radiation-injured patient using non-
cultured autologous-adipose-derived stem cells together with
basic fibroblast growth factor. These studies suggest pos-
sible clinical application of stem cells in radiation-wound
injuries. BMSC was also demonstrated in favour of radiation-
wound healing in a minipig model (29). Growth factors and
cytokines can promote chronic wound healing by stimulating
cell proliferation and angiogenesis in the wounds. There-
fore an ex vivo gene therapy strategy of overexpressing
growth factors and cytokines in BMSCs was proposed. It
is reasonable to expect that genes encoding growth factors
and cytokines exhibit great reparative potential to accelerate

wound closure (30). In Hao’s studies, BMSCs overexpressing
hPDGF-A and hBD2 accelerated wound healing of combined
radiation-wound injury (23). Yan et al. (31) in our institute
have demonstrated that human-platelet-derived growth factor
A-modified BMSCs promoted the healing of combined
radiation-wound injury in minipigs. To search for more genes
with better efficacies, we used a strategy that combines
wound-healing promotion and immunological improvement.
hVEGF165 is an angiogenesis stimulator and hBD3 acts as
an immune enhancer. The former can specifically induce
endothelial cell proliferation and angiogenesis, so as to pro-
mote wound healing, the latter has antibacterial and antifungal
activities and can be used to neutralise toxins. The combi-
nation of these two factors could be of benefit to wound
healing. In this study, we successfully coexpressed hVEGF165

and hBD3 in BMSCs and demonstrated that this combination
accelerated the healing of combined radiation-wound injury
and improved the quality of healing.

We used a eukaryotic expression plasmid as the vector to
express hVEGF165 and hBD3 in BMSCs for the following
reasons: (i) This virus-free vector does not integrate into host
chromosomes, so there is no risk of insertion mutation and
oncogenicity. (ii) The plasmid contains two transcription units
and two promoters, allowing the high-level coexpression of
two genes in vivo. (iii) The gene expression is transient after
transfection and would be expected to cease after closure of
the wound surface, so the risks caused by overlong expression
of the transfected genes could be limited. This is especially
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Figure 8 Collagen deposition in wound sites after injury. (A) Representative collagen staining of sections from different groups. Type I collagen is
shown in yellow, orange and red, type II collagen is shown in various colours and type III collagen is shown in green. The normal dermis (bright area)
was easily distinguished from the wound skin (dark area). The dashed squares in the upper panels are amplified in the corresponding lower panels.
Compared with the other three groups, there were much more type I collagen fibres in group T, and the fibres were also thicker. Bars = 100 μm.
(B) Collagen contents in wound tissue. The total collagen content was indicated by average greyscale value. From days 7 to 20, the average greyscale
value of group T was significantly higher than that of the other groups. Likewise, group C was significantly higher than groups N and S, and group N
was significantly higher than group S. P < 0·05 versus group S, P< 0·05 versus group N, P< 0·05 versus group C.

essential if the transfected genes code for growth factors. (iv)
Virus-free vectors are less immunogenic than viral vectors.

New strategies to promote wound healing are aimed at
replacing senescent inherent cells and restore normal cell
cycle (32,33). BMSCs have become an attractive candidate
in cell therapy because they can differentiate into various
cell types, suppress activation and proliferation of immune
cells and contribute to tissue repair and reconstruction via
various paracrine mechanisms (7,34). VEGF induces mes-
enchymal stem cells to differentiate into endothelial-cell-like
cells, which express kinase insert domain-containing recep-
tor (KDR), fms-related tyrosinekinase 1 (FLT-1) and von
Willebrand factor and form capillary-like structures. In vitro
studies have demonstrated that BMSCs can secrete VEGF,
basic fibroblast growth factor (bFGF),, angiogenin, procathep-
sin B, interleukin-11 (IL-11) and bone morphogenetic protein
(BMP); these factors can influence the migration, extracellu-
lar matrix invasion, proliferation and survival of endothelial
cells (35–37). The efficacy of BMSCs alone in promoting
wound healing was demonstrated in our studies. In the rat

combined-radiation injury model, the untransfected BMSCs
significantly accelerated wound healing compared with the
PBS control. This is in agreement with previous studies.
Nevertheless, we also demonstrated that the gene-modified
BMSCs promoted wound healing more efficiently than did
the untransfected BMSCs. The average healing time was
shortened from 27 to 28 days in untreated rats (group S) to
20 days in treated rats (group T), which was very close to the
normal healing time. Comparing the quality of granulation
tissue formation and collagen deposition, the groups present
the following order: hVEGF165/hBD3-modified BMSCs >

hVEGF165-modified BMSCs > untransfected BMSCs > PBS
control. This is in accordance with the order of average healing
time of the four groups. The same order was also demon-
strated by histological studies. Among the four groups, group
T exhibited the least haemorrhage and congestion, the most
cellular components and newly formed vessels in granula-
tion tissue at the early stage of wound healing, and the most
appendages of the skin and mature collagen deposition at the
late stage of wound healing. These results demonstrate that the
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ex vivo expression of hVEGF165 and hBD3 improved wound
healing.

Bacterial infection in the open wound is a severe prob-
lem at the early stage of wound healing. An antimicro-
bial agent could help resist infections and is beneficial for
wound healing. hBD3 was demonstrated to possess antimi-
crobial effect in our in vitro experiments. In the in vivo
studies, hVEGF165/hBD3-modified BMSCs exhibited bet-
ter efficacy than did hVEGF165-modified BMSCs in all
the tested items, suggesting that the double-gene-modified
BMSCs accelerated wound healing more efficiently than did
the single-gene-modified BMSCs. These results provide the
evidence that hBD3 plays certain roles in wound healing;
it possibly relates to its antimicrobial activity. The studies
demonstrate that combination of hVEGF165 and hBD3 has a
synergistic effect on promoting wound healing in such a way
that the two proteins act via different mechanisms.

In summary, we used a eukaryotic expression plasmid to
express hVEGF165 and hBD3 genes in BMSCs, which were
then transplanted into the site of the combined radiation-
wound injury. The results demonstrated that coexpression
of hVEGF165 and hBD3 in BMSCs significantly accelerated
wound healing. Our studies suggest that this gene therapy
strategy is a promising approach in the treatment of refractory
wounds.
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