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Genetically modified human placenta-derived mesenchymal
stem cells with FGF-2 and PDGF-BB enhance neovascularization
in a model of hindlimb ischemia
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Abstract. Ischemic diseases represent a challenging worldwide
health burden. The current study investigated the therapeutic
potential of genetically modified human placenta-derived
mesenchymal stem cells (hPDMSCs) with basic fibroblast
growth factor (FGF2) and platelet-derived growth factor-BB
(PDGF-BB) genes in hindlimb ischemia. Mesenchymal stem
cells obtained from human term placenta were transfected
ex vivo with adenoviral bicistronic vectors carrying the FGF2
and PDGF-BB genes (Ad-F-P). Unilateral hindlimb ischemia
was surgically induced by excision of the right femoral artery
in New Zealand White rabbits. Ad-F-P genetically modified
hPDMSCs, Ad-null (control vector)-modified hPDMSC:s,
unmodified hPDMSCs or media were intramuscularly
implanted into the ischemic limbs 7 days subsequent to the
induction of ischemia. Four weeks after cell therapy, angio-
graphic analysis revealed significantly increased collateral
vessel formation in the Ad-F-P-hPDMSC group compared
with the control group. Histological examination revealed
markedly increased capillary and arteriole density in the
Ad-F-P-hPDMSC group. The xenografted hPDMSCs survived
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in the ischemic tissue for at least 4 weeks subsequent to cell
therapy. The current study demonstrated that the combination
of hPDMSC therapy with FGF2 and PDGF-BB gene therapy
effectively induced collateral vessel formation and angiogen-
esis, suggesting a novel strategy for therapeutic angiogenesis.

Introduction

Ischemic diseases remain a challenging problem of clinical
relevance, despite advances in relevant medical intervention. A
number of patients with cardiovascular or peripheral ischemia
are not suitable candidates for conventional revasculariza-
tion procedures. For those with no alternative, therapeutic
angiogenesis has been indicated to be a promising treatment
strategy. Several successful experimental and clinical trials of
pro-angiogenic therapy have been conducted, with genes such
as hypoxia-inducible factor (1), nerve growth factor (2) and
placental growth factor (3). Since the natural process of angio-
genesis is complex and multi-factorial, single factor-based
therapy often fails to promote the formation of mature and stable
vasculature, and may even have detrimental effects. Sustained
expression of vascular endothelial growth factor (VEGF) has
been demonstrated to lead to extensive edema and destroy the
normal organ architecture (4). Therefore, the combination of
different pro-angiogenic factors, including VEGF and fibro-
blast growth factor (FGF) (5), granulocyte-colony stimulating
factor and hepatocyte growth factor (6), and VEGF and mono-
cyte chemoattractant protein 1 (7) has also been investigated.

Basic FGF (FGF2) is a powerful mitogen in a variety of
cell types, including endothelial and smooth muscle cells (8),
and has been used as a stimulator of angiogenesis and arte-
riogenesis (9). Platelet-derived growth factor (PDGF) has
the ability to recruit smooth muscle cells and participate in
arteriogenesis (10). Blood vessel formation not only requires
endothelial cells, but also pericytes and smooth muscle
cells (11). The synergistic pro-angiogenic effect of FGF2 and
PDGF-BB in the revascularization process have previously
been reported (12,13), and when simultaneously administered
into ischemic tissues, the two factors can promote mature and
stable vessel formation.
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Cell therapy is another promising therapeutic approach
to ischemic tissue regeneration and repair (14,15). The use
of mesenchymal stem cells (MSCs) in angiogenic stem cell
transplantation has been widely exploited, due to characteris-
tics such as easy isolation and expansion. MSCs can undergo
multipotent differentiation in vivo and in vitro, can home
to and incorporate into sites of neovascularization, secrete
angiogenic factors and promote neovacularization through
paracrine mechanisms (16,17). Due to its unique feature of
little or low immunogenicity, MSCs can be administered
without the requirement of human leukocyte antigen (HLA)
matching (18). MSCs, isolated from bone marrow and adipose
tissue and expanded in vitro, have already been used for thera-
peutic angiogenesis (16,19). However, the paucity of these cells
is hampering their application. Along with easy accessibility
and abundant MSCs, the placenta has proven to be an attrac-
tive cell source for cell therapy (20-22). Additionally, MSCs
isolated from the placenta have similar biological character-
istics to those from the bone marrow (23). Previous studies
have indicated that hPDMSCs can be used for the treatment of
ischemic diseases (24-27).

In the present study, hPDMSCs were isolated and expanded
in vitro, and transfected with adenoviral bicistronic vectors
carrying the FGF2 and PDGF-BB genes. It was hypothesized
that this strategy of a combination of gene therapy and stem
cell therapy may more effectively enhance neovascularization
compared with previously tested angiogenic factors.

Materials and methods

Harvest, culture and isolation of hPDMSCs. A term gesta-
tion placenta from a healthy donor mother was obtained with
informed consent from the West China Second Hospital
(Chengdu, China). Placental tissues were harvested and
washed several times with low-glucose Dulbecco's modified
Eagle's medium (DMEM; Gibco Life Technologies, Carlsbad,
CA, USA) under sterile conditions. It was then minced into a
coarse slurry with scissors in a Petri dish, followed by enzy-
matic digestion with 1 mg/ml collagenase (Sigma-Aldrich,
St. Louis, MO, USA) for ~2 h at 37°C. The homogenate was
centrifuged at 188 x g for 3 min. The predispositions were
suspended and cultured in the T75 flasks with low-glucose
DMEM supplemented with 20% fetal bovine serum (Gibco
Life Technologies). Cell cultures were maintained in a humidi-
fied 5% CO, atmosphere at 37°C. Cells were identified by their
typical fibroblast-like morphology under an AxioVert 200
inverted phase microscope (Zeiss, Thornwood, NY, USA).
Under daily observation, the initial medium was changed
~6 days after plating, and nonadherent cells were removed.
Thereafter, media were changed every 3 days. Cells were
passaged at 80-90% confluence with 0.25% trypsin (Gibco
Life Technologies).

Immunophenotyping of hPDMSCs. To detect the immunophe-
notype of hPDMSCs, flow cytometric analyses were performed.
Aliquots of cells were incubated with the following anti-
bodies: Monoclonal anti-human CD29 (cat. no. MA1-82635;
Thermo Fisher Scientific, Inc., Waltham, MA, USA); mono-
clonal anti-human CD90 (cat. no. MA1-24985; Thermo
Fisher Scientific, Inc.); monoclonal anti-human CD105
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(cat. no. MS-1290-P; Thermo Fisher Scientific, Inc.); mono-
clonal anti-human CD31 (cat. no. ab9498-500; Abcam,
Cambridge, MA, USA), followed by fluorescein isothio-
cyanate- and phycoerythrin-conjugated secondary anti-mouse
IgG antibodies (cat. nos. 11-4011 and 12-4010; eBioscience,
Inc., San Diego, CA, USA). Isotype-identical antibodies were
used as controls. Labeled cells were acquired by flow cytom-
etry using a BD FACSCalibur cell analyzer and Cellquest
software 6.0 (BD Biosciences, San Jose, CA, USA).

Adenoviral bicistronic vector construction and transfection of
hPDMSCs. hPDMSC:s at passages 5-8 were used in the current
experiments. Adenoviral bicistronic vectors were constructed
containing human FGF2 and PDGF-BB genes, in which those
two genes were separated by a cis-acting region designated
internal ribosome entry site element. Therefore, the vectors
could secrete both FGF2 and PDGF-BB. Ad-null vectors were
constructed without the FGF-2 and PDGF-BB genes. The cells
were cultured at a density of 2x10° cells/75 cm? tissue culture
flask and incubated with Ad-F-P or Ad-null at a multiplicity of
infection of 1,500 with the addition of Lipofectamine® 2000
(Invitrogen Life Technologies, Carlsbad, CA, USA) when
cells were at 70-80% confluence. Following transduction for
4 h, cells were incubated for another 48 h prior to the in vitro
experiment and cell transplantation.

Hindlimb ischemia model and cell delivery. All animal
interventions were performed in accordance with guidelines
of the Sichuan University Institutional Animal Care and Use
Committee (Chengdu, China). Male New Zealand White rabbits
(4-5 months old and 2.5-3.0 kg in weight; Animal Experimental
Center of the West China Hospital, Sichuan, China) were used
to produce a hindlimb ischemia model. Briefly, the rabbits
were anesthetized with 3% pentobarbital sodium (30 mg/kg;
Animal Experimental Center of West China Hospital), the
femoral artery of the right hindlimb was exposed and freed
from the inguinal ligament to the point where it bifurcates
into the popliteal and saphenous arteries. All branches were
ligated prior to excision of the whole femoral artery. A total
of 20,000 U/kg penicillin (Shiyao Pharmaceutical Group Co.,
Ltd., Shijiazhuang, China) were administered intramuscularly
for 3 days subsequent to surgery. Seven days after unilateral
femoral artery excision, one of the following was injected into
the right ischemic adductor muscles (n=5 in each group): 5x10°
Ad-F-P-hPDMSCs, 5x10° Ad-null-hPDMSCs, 5x10° hPDMSCs
or low-glucose DMEM medium. After the initiation of cell
therapy, observations of edema, inflammation, and limb and toe
necrosis in the ischemic hindlimbs were performed daily.

Angiographic assessment. Four weeks subsequent to treat-
ment, the animals were subjected to angiography. Briefly, under
anesthetization, a catheter was inserted into the left femoral
artery and advanced into the aorta. Serial filming of the
right hindlimb was performed with a Philip-FD-201000 mA
angiography machine (Philips, Amsterdam, Netherlands).
Quantitative angiographic analysis was performed with previ-
ously described methods (28). Briefly, a composite of grids
was placed over the ischemic area. The number of grid inter-
sections that were crossed by opacified vessels was counted.
The angiographic score in each film was calculated as the ratio
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Figure 1. Morphology and immunophenotype of hPDMSCs. (A) hPDMSCs
adhered to plastic and exhibited spindle-like morphology. (B) Typical MSC
markers on hPDMSCs were evaluated by flow cytometry. APDMSCs were
positive for CD29, CD90 and CD105, and negative for CD31. hPDMSCs,
human placenta-derived MSCs; MSC, mesenchymal stem cell.

of grid intersections crossed by opacified vessels divided by
the total number of grid intersections in this area.

Immunohistochemical studies. Following angiography,
the animals were sacrificed by air embolism, and the right
adductor muscle tissues were harvested immediately and fixed
in 4% paraformaldehyde or preserved at -80°C. The dissected
adductor muscles were embedded in paraffin and sectioned at
5 pm. Hematoxylin and eosin (HE) staining was performed.
To evaluate the density of capillaries and arterioles following
cell therapy, sections were stained with mouse monoclonal
anti-rabbit CD31 (1:100; cat.no.ab9498-500; Abcam) and mouse
monoclonal anti-rabbit o. smooth muscle actin (aSMA) (1:100;
cat. no. ab18147-250; Abcam). Identification of the survival of
xenografted hPDMSCs was performed with mouse monoclonal
primary antibody anti-human surface of intact mitochondria
protein (1:800; cat. no. MABI1273; EMD Millipore, Billerica,
MA, USA). Biotinylated polyclonal goat anti-mouse IgG was
used as the secondary antibody (cat. no. PV-6002; ZSGB-BIO
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Figure 2. Angiographic assessment of collateral vessel formation.
(A) Angiography was performed 28 days after cell therapy. More collateral
vessels were visualized in the Ad-F-P-hPDMSC group. (B) Quantification
of angiographic score. Genetically-modified hPDMSCs robustly enhanced
collateral vessel formation. "P<0.05 vs. control group. hPDMSC, human
placenta-derived mesenchymal stem cell; AD-F-P, adenoviral bicistronic
vector containing FGF2 and PDGF-BB; Ad-null, control vector; ctrl, control
without PDMSCs.

ORIGENE, Beijing, China), followed by streptavidin-biotin
horseradish peroxidase complex, and colorimetric detection
was performed with diaminobenzidine (Fuzhou Maixin
Biotechnology Development Co., Ltd., Fuzhou, China)
supplemented with 0.03% hydrogen peroxide. Slides were
counter-stained with hematoxylin solution, dehydrated and
mounted. The capillary and arteriole densities were evaluated
under a LEICA DM 2500 microscope (Leica Microsystems
GmbH, Wetzlar, Germany).

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. Statistical analysis was conducted with SPSS 13.0
software (SPSS, Inc, Chicago, IL, USA). Comparisons between
groups were conducted by analysis of variance. P<0.05 was
considered to indicate a statistically significant difference.

Results

hPDMSCs have the typical characteristics of MSCs. Isolated
cells were cultured on plastic in low-glucose DMEM selected
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Figure 3. Assessment of mature arterioles. (A) Ischemic muscle sections were
stained with antibody against aSMA to evaluate arteriole maturation. More
aSMA + mural cell-covered arterioles were observed in Ad-F-P-hPDMSCs
group. Scale bar, 50 ym. (B) Quantification of mature arterioles in ischemic
muscles. Genetically-modified hPDMSCs significantly increased mature
artery formation. "P<0.05 vs. control. aSMA, o smooth muscle actin;
hPDMSC, human placenta-derived mesenchymal stem cell; AD-F-P, adeno-
viral bicistronic vector containing FGF2 and PDGF-BB; Ad-null, control
vector; ctrl, control without PDMSCs.

for MSCs outgrowth. Roughly 6 days subsequent to seeding,
adherent cells in small colonies with a spindle-like phenotype
were visualized. The cells presented a large expansive poten-
tial following subculture. The spindle-like morphology, as
displayed in Fig. 1A, was maintained throughout the culture
period. Immunophenotype examination was performed to
further identify the hPDMSCs. hPDMSCs expressed CD29,
CD90 and CDI105, and were negative for CD31 (Fig. 1B).

Ad-F-P-hPDMSCs promote collateral vessel formation. To
test whether genetically modified hPDMSCs were able to
enhance collateral vessel formation in a model of ischemia,
angiography was performed at 28 days subsequent to cell
therapy. Greater collateral vessel formation was observed in
the hindlimbs of Ad-F-P-hPDMSC-treated rabbits compared
with those of other groups (Fig. 2A). Quantitative analysis of
collateral vessels demonstrated that the angiographic score
in the Ad-F-P-hPDMSC group was significantly higher than
that of the control group (Fig. 2B). hPDMSCs alone did not
significantly induce collateral vessel formation, although the
average angiographic score was higher in the hPDMSC group
compared with that of the control group. These results suggest
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Figure 4. Assessment of capillary density. (A) Ischemic muscle sections
were stained with an antibody against CD31 to evaluate capillary density. A
greater density of capillaries was observed in the Ad-F-P-hPDMSC group.
Scale bar, 50 ym. (B) Quantification of capillary density in ischemic muscles.
“P<0.05 vs. control. hPDMSC, human placenta-derived mesenchymal stem
cell; AD-F-P, adenoviral bicistronic vector containing FGF2 and PDGF-BB;
Ad-null, control vector; ctrl, control without PDMSCs.

that the delivery of genetically-modified hPDMSCs with
FGF2 and PDGF-BB has a greater ability to induce robust
arteriogenesis compared with hPDMSCs alone.

Ad-F-P-hPDMSCs increase mature artery formation. FGF2
and PDGF have been demonstrated to establish stable and
mature vessels associated with recruitment of mural cells (12).
To further determine whether Ad-F-P-hPDMSCs are able to
promote mature arteriole formation, muscle sections were
stained with antibodies against aSMA. The arteriole density
was higher in the Ad-F-P-hPDMSC group compared with that
of other groups (Fig. 3A). An increase in aSM A-covered vessels
was observed in the Ad-F-P-hPDMSC group. However, there
was no significant difference between the Ad-null-hPDMSC,
hPDMSC and control groups in the arteriole density (Fig. 3B).
These results suggest that Ad-F-P-hPDMSCs promote arte-
riole maturation in ischemic areas.

Ad-F-P-hPDMSCs increase capillary formation. To further
evaluate the impact of genetically modified hPDMSCs on
the formation of capillaries in the ischemic area, histological
examination of ischemic adductor muscle was performed.
Capillary density in the Ad-F-P-hPDMSC group was higher
than in other groups (Fig. 4). However, no significant difference
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Figure 5. hPDMSC survival in the ischemic tissue. Immunohistochemical staining with an antibody against human-specific surface of intact mitochondria
protein indicated that xenografted hPDMSCs survived in the ischemic tissue for at least four weeks. Scale bar, 50 ym; magnification x3. hPDMSC, human
placenta-derived mesenchymal stem cell. AD-F-P, adenoviral bicistronic vector containing FGF2 and PDGF-BB; ctrl, control without PDMSCs.

was detected between the Ad-null-hPDMSC, hPDMSC and
control groups.

Xenografted hPDMSCs survive in ischemic areas. H&E
staining was performed to detect the pathological changes in
the ischemic muscles. No muscular atrophy or hemangioma
was detected in any of the groups. In the Ad-F-P-hPDMSC
group, numerous large cells aggregated in the intermuscular
area. To evaluate whether the cells were transplanted ex vivo,
sections were immunostained with a specific antibody against
human mitochondria. The results indicated that several cells
were positive for a human-specific marker (Fig. 5). These
results suggest that the xenotransplanted hPDMSCs existed
for at least 4 weeks in the ischemic muscle.

Discussion

In the present study, MSCs from human term placenta
(hPDMSCs) that had a spindle-like, plastic-adherent pheno-
type, were isolated. Flow cytometry suggested that hPDMSCs
expressed CD29, CD90 and CDI105, but not CD31. The
hPDMSCs were genetically modified with adenoviral bicis-
tronic vectors that carried the FGF2 and PDGF-BB genes
simultaneously. Local delivery of the genetically modified
hPDMSC:s into the adductor muscles of the ischemic hindlimb
significantly enhanced collateral formation and increased the
capillary and arteriole density. Therefore, a combination of
FGF2 and PDGF-BB gene therapy with hPDMSC therapy is
able to enhance neovascularization, which requires angiogen-
esis and arteriogenesis.

hPDMSCs were genetically modified to overexpress
FGF2 and PDGF-BB in the ischemic muscle tissue. A greater
level of capillary and arteriole formation was observed in
the Ad-F-P-hPDMSC group. FGF2 is a powerful stimulator
of angiogenesis and arteriogenesis. As the most pluripotent
form of PDGF (28), PDGF-BB is an effective stimulator of
gsmooth muscle cell proliferation and migration, and partici-
pates in the process of arteriogenesis. The synergistic effects
of FGF2 and PDGF-BB in the revascularization process
have previously been reported in different animal models of

angiogenesis (12,13). Reciprocal interplay between receptor
signaling systems contributes to their pro-angiogenic syner-
gism. FGF2 upregulates PDGFR expression in endothelial
cells; PDGF-BB induces the release of FGF2 and activation
of FGFR-1, and upregulates FGFR-1 expression in vascular
smooth muscle cells (12,29,30).

In addition, compared with other factors, the combination
of FGF2 and PDGF-BB achieves the strongest pro-angiogenic
effect (11). The protein infusion and gene delivery of FGF2
and PDGF-BB have already been used to enhance thera-
peutic neovascularization, and can promote angiogenesis and
arteriogenesis. However, compared with previously used
combinatorial factors, a bicistronic vector carrying FGF2 and
PDGF-BB genes together was constructed in the present study,
which simplified therapeutic procedures.

Stem cell therapy provides a promising alternative and adju-
vant therapy to current pro-angiogenic therapy (31). Currently,
the mechanisms of therapeutic angiogenesis with MSCs have
been demonstrated to involve two aspects as follows: MSCs
secrete a wide spectrum of angiogenic and arteriogenic
cytokines, and enhance neovascularization by a paracrine
mechanism (16). Additionally, MSCs differentiate into endo-
thelial and smooth muscle cells in the ischemic tissues, and
enhance neovascularization directly (32). hPDMSCs have been
reported to secrete a large amount of bioactive VEGF (33).
However, in the present study, no significant improvement
was observed in collateral vessel formation, which may be
attributable to the low power of hPDMSCs. In the present
study, genetically modified PDMSCs had greater efficacy than
pure hPDMSCs with regards to therapeutic angiogenesis. To
achieve a similar magnitude of therapeutic neovasculariza-
tion, cell therapy alone requires 30 times more cells than
ex vivo-transduced cells (34). It is possible that the administra-
tion of a higher density of hPDMSC:s is required to achieve
a similar effect as was created with Ad-F-P-hPDMSCs. The
combination of exogenous genes of angiogenic factors with the
MSCs may be able to achieve superior revascularization (35).

Since systemic intravenous delivery of MSCs can be
limited by the entrapment of donor cells in the lung (36,37), a
method involving local implantation of hPDMSCs was used,
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and a single therapy was indicated to be sufficient to augment
neovasculariztion. A previous study indicated that premature
cessation of VEGF administration results in regression of
acquired vessels (4). Unlike VEGF, one dose of FGF2 and
PDGF-BB can maintain functional and stable vessels (12).

MSCs have unique immunological characteristics and
persist in a xenogeneic or allogeneic environment (38). In the
present study, the xenotransplanted hPDMSCs survived in
the ischemic muscle tissues for at least 4 weeks, without the
use of immunosuppressive drugs. A previous study suggested
that immunological tolerance of xenografted amniotic
membrane-derived MSCs may be due to HLA-G expression,
and the activation of regulatory T cells (39). A previous study
confirmed that hPDMSCs have low immunogeneity (25),
therefore it is possible that this low immunogeneity and the
ability to tolerate the low oxygen concentration contribute to
the survival of APDMSC:s in ischemic tissues. These properties
suggest that hPDMSCs can act as a durable source of FGF2
and PDGF-BB secretion following implantation into ischemic
tissue, which may produce relatively long-lasting expression of
potent factors. Ex vivo transduction may preclude the exposure
of adenovirus to the host immune system, then MSC-based
cell therapy may ameliorate the adverse effect caused by
adenovirus (40). In the present experiment, Ad-F-P-hPDMSCs
was able to secrete long-lasting pro-angiogenic factors.

There are several limitations to the current study. The
fate of the MSCs was not determined in vivo, but MSCs
have previously been demonstrated to integrate into neovas-
culature directly and differentiate into endothelial cells or
smooth muscle cells (32). Although it was indicated in the
present study that the xenografted cells can survive in the
ischemic areas, the molecular mechanisms were not eluci-
dated. Further investigation is required to clarify these
remaining questions.

In conclusion, the present study demonstrated the
following: (i) Human placenta represents a promising source
of MSCs, and hPDMSCs are an alternative vector for gene
therapy; (ii) local delivery of genetically modified hPDMSCs
with the FGF2 and PDGF-BB genes into ischemic muscle
has the ability to enhance neovascularization in a hindlimb
ischemia model; and (iii) xenografted hPDMSCs survive in
ischemic tissue for a minimum of 4 weeks subsequent to the
initiation of cell therapy. The present study provides a novel
therapeutical strategy for the treatment of ischemic diseases.
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