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Synopsis

for refractory brain tumour.

-

The present study is an exploration of a novel strategy to target a therapeutic gene to brain tumour tissues. In
the present study, we evaluated the feasibility of using hMSCs (human mesenchymal stem cells) to deliver PEDF
(pigment epithelium-derived factor), a potent inhibitor of tumour angiogenesis, in a model of intracranial gliomas. To
assess its potential of tracking gliomas, MSCs (mesenchymal stem cells) were injected into the cerebral hemisphere
and it showed that MSCs infiltrated into the vessel beds and scattered throughout the tumour. In vitro migration
assay showed that the VEGF (vascular endothelial growth factor) enhanced MSC migration. In contrast, the migratory
activity of MSCs was significantly inhibited with the presence of PEDF. Systematic delivery of AAV (adeno-associated
virus)-PEDF to established glioma xenografts resulted in increased apoptosis of gliomas. In addition, MSC-PEDF
treatment prolonged the survival of mice bearing U87 gliomas. Taken together, these data validate that MSCs—
PEDF can migrate and deliver PEDF to target glioma cells, which may be a novel and promising therapeutic approach
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INTRODUCTION

Angiogenesis is critical to sustaining the growth of tumour once
it reaches a diameter of 1-2 mm [1]. Solid tumours depend on
angiogenesis for growth and metastasis in a hostile environment
[2]. Several anti-angiogenic drugs have therefore been developed
to target tumour neovascularization. Glioma is a highly malig-
nant brain tumour, which displays extensive neovascularization.
Although many advances have recently been made in the con-
ventional treatment of gliomas by surgery, radiotherapy com-
bined with chemotherapy, this disease still has a very poor pro-
gnosis [3,4]. One major problem in the treatment of gliomas is
their extreme invasiveness, which makes complete surgical re-
moval unlikely and the gliomas relatively resistant to radiation
and chemotherapy. Anti-angiogenic trails have been explored in
malignant gliomas. Systemic administration of angiogenic in-
hibitors by viral-vector-mediated gene delivery and encapsulated
producer cells has been investigated. Although these approaches

of delivery could be promising, there are serious disadvantages,
including short half-life of the systemically administered inhib-
itors, host immune response to viral vectors and inefficient intra-
tumoral spread of viral vectors and encapsulated cells [5].

MSCs (mesenchymal stem cells), which reside within the
stromal compartment of the bone marrow, have the capacity to
differentiate into cells of connective tissue lineages and cells that
are not a part of their normal repertoire [6,7]. Recently, it has been
found that MSCs have the capacity of migrating towards gliomas
after intracranial implantation or systemic delivery, which has
made these cells an attractive therapeutic tool in gene therapy for
gliomas [8,9].

PEDF (pigment epithelial-derived factor) is a 50-kDa secreted
glycoprotein, which was initially identified as a neurotrophic
factor. It was later discovered that PEDF has potent anti-
angiogenic activity, far greater than any other known endogen-
ously produced inhibitors of angiogenesis, including angiostatin,
endostatin and thrombospondin-1 [10]. It has been reported that it
activates the Fas/FasL death pathway and subsequently induces

Abbreviations used: AAV, adeno-associated virus; DAB, diaminobenzidine; DMEM, Dulbecco’s modified Eagle’s medium; EGFR enhanced green fluorescent protein; FBS, fetal bovine
serum; hMSC, human mesenchymal stem cell; MSC, mesenchymal stem cell; MVD, microvessel density; PEDF, pigment epithelium-derived factor; TUNEL, terminal deoxynucleotidy!

transferase-mediated dUTP nick-end labelling; VEGF, vascular endothelial growth factor
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endothelial cell death, and also regulates the balance between
pro-angiogenic and anti-angiogenic factors [11]. Previously, we
demonstrated that PEDF plays an important role in angiogen-
esis and tumorigenesis of gliomas [12]. The aim of the present
study was to investigate the tumour-targeting capacity of PEDF
gene-modified MSCs in the glioma model.

MATERIALS AND METHODS

Cell lines and animals

The human malignant glioma cell line U87 and human fibroblasts
were obtained from the Shanghai Institute of Cell Biology of
the Chinese Academy of Sciences. The cells were cultured in the
DMEM (Dulbecco’s modified Eagle’s medium) containing 10 %
FBS (fetal bovine serum), 100 units/ml penicillin and 100 pg/ml
streptomycin at 37 °C in humidified atmosphere containing 5 %
CO,. Male BALB/c-nu/nu mice (4-6 weeks old; Slac Laboratory
Animal) were kept in the animal facilities at Fudan University and
maintained under specific pathogen-free conditions. All animal
procedures were conducted according to the guidelines approved
by the China Association of Laboratory Animal Care.

Culture and identification of MSCs
MSCs were isolated and cultured as we routinely used and have
previously described [13,14].

Phenotypical analysis of hMSCs (human mesenchymal stem
cells) (a gift from the Department of Neurosurgery, Huashan Hos-
pital, Fudan University, Shanghai, People’s Republic of China)
was performed by flow cytometry using FACSCalibur (Becton
Dickinson). Briefly, the cells were washed twice with DPBS
(Dulbecco’s PBS) containing 0.1 % BSA and then were labelled
with phycoerythrin-labelled anti-human CD44, CD105, CD166,
CD34, CD45 or CD11b/c monoclonal antibodies (Pharmingen).
As an isotype-matched control, human IgG1l- (R&D Systems)
labelled cells were analysed. Samples were then fixed with 1%
PFA (paraformaldehyde) before analysis with a FACStar II cell
sorter (Becton Dickinson). Flow cytometric gates for MSCs were
established based on forward and side scatter.

Infection of hMSCs with AAV (adeno-associated
virus)-PEDF

The full-length cDNA of PEDF was cloned by RT-PCR (re-
verse transcriptase-PCR) as described previously [12]. The PCR
products were then inserted between the Ncol and Pacl sites of
the AAV-2 expression vector to construct the AAV-PEDF. The in-
tegrity of the cDNA constructs was confirmed by DNA sequence
analysis. AAV particles were generated using a three-plasmid
and helper virus-free packaging system. AAV-2 vector encoding
EGFP (enhanced green fluorescent protein) and LacZ (AAV-—
LacZ) were a generously provided by Dr. J.H. Zhu (Department
of Neurosurgery, Huashan Hospital, Fudan University, Shanghai,
People’s Republic of China). MSCs or U87 cells were plated in a
6-cm plastic dish. After 24 h of cultivation, the cells were trans-

fected with either AAV-PEDF or AAV-EGFP supernatant at an
input multiplicity of infection of 500 in DMEM supplemented
with 2% FBS, with normal saline as the non-infection control.
The next day, the medium was replaced with the fresh medium
containing 10 % FBS. Supernatants were collected after culture
for 6, 12, 24, 48, 72 h and stored at — 80°C for further analysis.

Western blot assay

The supernatant was concentrated by super filter and mixed with
an equal volume of SDS sample buffer. The identical amounts
(25 png) of protein were electro-blotted on to nitrocellulose mem-
branes, and membranes were incubated with mouse anti-(human
PEDF) monoclonal antibody (R&D Systems). After three washes
with Tris-buffered saline with Tween, the membranes were incub-
ated with HRP (horseradish peroxidase)-conjugated anti-mouse
IgG (1:5000, Sigma). Immunoreactive bands were detected by
an ECL® (enhanced chemiluminescence) Western blot analysis
system (GE Healthcare).

Apoptosis analysis

Immunohistochemistry was used to detect apoptosis in MSC—
PEDF-treated gliomas. MSC or MSC-PEDF was intravenously
injected in mice with U87MG gliomas. After 15 days, the treated
brains were harvested and stained for TUNEL (terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labelling). Ap-
optosis of tumours was assessed by in situ TUNEL analysis.
Briefly, slides were incubated in 3 % H,O, for 10 min at room
temperature (25°C) and then with 0.02% protease/PBS for
30 min at 37°C. After incubation with reaction buffer containing
terminal deoxyribonucleotidyl transferase according to the man-
ufacturer’s protocol (Roche Molecular Biochemicals), the slides
were stained with ABC reagent. Then, the slides were incub-
ated with 3,3-DAB (diaminobenzidine)/H, O, solutions and rest-
ained with 4 % Methyl Green after complete washing.

In vitro cell migration assay

The cell migration assay was performed using double-chamber
culture dishes (Transwell; Costar). MSCs labelled with EGFP
(10°) were placed in the upper chamber with 8 mm pores, and
U87 cells, 50 ng/ml VEGF (vascular endothelial growth factor;
Chemicon) and 50 ng/ml PEDF (Chemicon) were placed in the
lower chamber. The Transwell was placed at 37°C, 5 % CO, for
48 h, and then the upper side of the filter was washed and scraped
with a rubber policeman. Results of cell migration assays are
expressed by counting the green MSCs in four random hpf (high-
power fields) in each well using a fluorescence microscope (TE-
2000, Nikon). Experiments were repeated three times separately.

Intracranial xenografting of human glioma cells

Mice were anaesthetized with 0.2 ml of saline containing
25 mg/ml ketamine hydrochloride and 2.5 mg/ml xylazine. The
animals were moved to a Kopf stereotactic head frame (David
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Kopf Instruments). With the aid of an operating microscope,
a 2-mm burr hole was made approximately 2 mm lateral to the
midline and 1.5 mm posterior to the lambdoid suture. A 10 1, 26-
gauge Hamilton Gastight 1701 syringe needle (Sigma-Aldrich)
was inserted to a depth of 4 mm. Over a period of 4 min, 5 ul
of the 5x10°/ml U87 cell suspension was injected in the stri-
atum using a multiport Microinfusion Syringe Pump (Harvard
Apparatus Inc.).

Treatment of glioma model

For tumour targeting experiments, 24 mice that received glioma
cell implants were randomly assigned to the PBS group (n = 8),
the MSC group (n=28) or the PEDF-engineered MSC group
(n=38). After 7 days, when the tumours were well established,
108 cells in 200 p1 of DMEM of PBS, MSC or MSC—PEDF were
injected into the tail vein of xenograft-bearing nude mice every
2 days for the duration of the experiment.

Immunohistochemical staining

Murine brains were removed and frozen in solid CO,, sectioned
using a cryostat, mounted on slides and allowed to air dry. Sec-
tions are fixed with 0.05 % glutaraldehyde, stained as the standard
protocol and counterstained with Neutral Red before mounting.
For other stains, brain sections are fixed in acetone and stained
using primary antibodies for CD34 (1:200 dilution; DAKO). Sec-
ondary staining was then performed with goat anti-mouse IgG an-
tibody conjugated with rhodamine isothiocyanate (1:800 dilution;
Upstate Biotechnology). Slides were counterstained with DAPI
(4,6-diamidino-2-phenylindole) before the final mounting. MVD
(microvessel density) was assessed according to the method of
Weidner et al. [15].

Statistical analysis

Statistical analysis for the cell proliferation assays and the migra-
tion assay was performed by Student’s ¢-test. Survival was meas-
ured from the day of U87 cell injection to the day of death. Sur-
vival data were analysed using the log rank test. A P-value < 0.05
was considered statistically significant. The analysis was carried
out using SPSS 13.0.

RESULTS

Characterization of hMSCs

We analysed the surface antigens on hMSCs by flow cytometry.
Although hMSCs do not have a specific antigen profile, we identi-
fied that cultured hMSCs are positive for the mesenchymal mark-
ers CD44, CD105 and CD166. MSCs are negative for typical
haematopoietic antigens CD45, CD34 and CD11b, indicating no
contamination with haematopoietic cells from the bone marrow
(results not shown).
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Figure 1 Migration pattern of MSCs and fibroblast in vitro
Compared with the PBS, U87cells and VEGF led to a distinct increase
of MSCs migration. The PEDF, however, showed an inhibitory effect on
MSCs. Compared with fibroblasts, MSCs possess greater migratory
capacity than fibroblasts under the stimulation of VEGF or cultured U887
cells (*P <0.05 compared with the PBS group, Student’s t test). The
values are means+S.E.M for three independent experiments.

Tropism of hMSCs towards glioma cells

The migratory capacity of hMSCs towards glioma cells was eval-
uated in vitro. At 48 h later, most of the EGFP-labelled hMSCs
aggregated around the U87 clones of glioma cells, whereas hu-
man fibroblast cells merely plated at any other place (results not
shown). To further quantitatively evaluate the migratory pattern
of hMSCs towards glioma cells, EGFP-labelled hMSCs were
cultured in the upper chamber and the target cells were plated
in the lower chamber. After co-culturing for 48 h, we counted
EGFP-labelled MSCs that had migrated to the lower chamber. It
showed that saline did not have any effect on the migration of
either MSCs or fibroblast cells in vitro. In contrast, VEGF sig-
nificantly stimulated migration of MSCs. Migratory activity was
significantly inhibited with the presence of PEDF (P < 0.05, Fig-
ure 1). The data indicated that angiogenic factors present in the
U87 media were capable of attracting or inhibiting the migration
of hMSCs towards the U87 cells.

To further evaluate the migration of hMSCs in vivo, intra-
cranial xenografts of human glioma were established in the right
caudate nucleus and subsequently LacZ-labelled hMSCs were in-
jected intravenously 7 days later. The animals were killed 7 days
after injection, the brain sections were analysed by microscopy.
It showed that LacZ-labelled MSCs infiltrated into the bed and
scattered throughout the tumour 7 days after injection (Figure 2).
These results confirmed the capacity of hMSCs to migrate to-
wards glioma after intracranial transplantation.

AAV-PEDF successfully transferred the PEDF gene
into hMSCs

The success of AAV-mediated gene transfer mainly depends on
its ability to infect target cells and express the recombinant gene.
Therefore we first tested whether recombinant AAV-PEDF virus
is capable of infecting hMSCs, which then can express PEDF
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Figure 2

Photomicrographs of LacZ-labelled MSCs injected intravenously after transplantation

The sections were co-stained with X-Gal (5-bromo-4-chloroindol-3-yl B-D-galactopyranoside) (allowing the LacZ-expressing
MSCs to stain blue) and with Neutral Red (allowing the elongated glioblastoma cells to stain dark red. X-Gal staining
showed a large number of LacZ-labelled MSCs aggregated in the tumour bed (right-hand panel, x40). The blue MSCs
infiltrated into the bed and scattered throughout the tumour 7 days after injection.

Lysate Medium
® & & &
¥ & © &
F & ¥

PEDF ' .

Figure 3 Western blot analysis of AAV-PEDF-transduced hMSCs,
conditional medium from hMSC-PEDF cells infected for 24 h
Immunoblot analysis of the lysates shows MSC-PEDF protein (46 kDa)
expression in AAV-PEDF-transduced MSCs. Except for the intracellular
expression, hMSC-PEDF can also be secreted as a soluble protein
by the infected cells into the culture medium. g-Actin was used as a
loading control.

protein in vitro. hMSCs were infected with AAV-PEDF, and the
supernatant of the media was prepared and subjected to West-
ern blot analysis. PEDF was found in the cells after they had
been infected for 24 h, with the expression level elevating as the
incubating duration prolonged (results not shown). As shown in
Figure 3, PEDF was detected in the supernatant from the media of
MSC-PEDF cells infected for 24 h. These results show that AAV—
PEDF is stably expressed in infected hMSCs, and MSC-PEDF
secretes some PEDF to the medium.

MSC-PEDF cells prolong the survival of tumour-
bearing mice

PEDF was selected as a therapeutic gene because of the anti-
tumour effect of PEDF on brain tumour [16]. In order to assess the
feasibility of PEDF delivery by MSCs to glioma in vivo, we used
mice bearing intracranial glioma xenografts. After tumour growth
for 7 days, PBS, MSC (10° cells) or MSC—PEDF (10° cells) were
injected through the tail vein. The mice were monitored until
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Figure 4 Therapeutic effect of MSC-PEDF against intracranical
U87MG glioma

To assess the therapeutic effect of MSC-PEDF for intracranical US7MG
glioma, mice were intravenously injected with MSC-PEDF 7 days after
intracranial implantation of tumour cells, and intravenous injection of
MSC or PBS as control groups. Intravenous injection of MSC-PEDF has
more benefits on the survival of tumour-bearing mice than PBS and
MSC-LacZ-treated groups (P < 0.01).

death, and the survival times were compared with the treatment
groups by using the log-rank test (Figure 4).

The survival of mice injected with MSC-PEDF (36.13+
10.52 days, P =0.009) was significantly longer compared with
those injected with PBS or unmodified MSCs (20.8711.96,
18.1243.95 days, respectively), but there was no difference
between PBS and MSC group survival (P > 0.05).

MSC-PEDF-induced apoptosis and inhibited
angiogenesis in tumour tissue

With the observation of prolonged survival after MSC-PEDF
treatment, it is important to clarify if PEDF indeed acts on
glioma tissue and causes histological change. To address this, we
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Figure 5
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Immunohistochemical detection of apoptosis in MSC-PEDF-treated gliomas

Immunohistochemistry was used to detect apoptosis in MSC-PEDF-treated gliomas. MSC or MSC-PEDF was intraven-
ously injected in mice with US7MG gliomas. After 15 days, the treated brains were harvested and stained for TUNEL.
MSC-PEDF-treated tumours were stained with TUNEL, demonstrating cellular apoptosis in tumour mass (C, E), whereas
tumour-bearing brain sections from animals treated with MSC show negligible TUNEL staining of the tumour (D, F). (A) and
(B) were stained with Neutral Red; (C) and (D) stained with TUNEL (slides were developed with DAB and counterstained
with Methyl Green); (E) and (F) are shown at higher magnifications than in (C) and (D), respectively. Scale bar, 120 um.

measured the apoptosis of glioma tissue using TUNEL staining.
As shown in Figure 5, MSC-PEDF tumours demonstrated cellu-
lar apoptosis in tumour mass (C and E), whereas tumour-bearing
brain sections from animals treated with MSC show negligible
TUNEL staining of the tumour (D and F). TUNEL fragmen-
ted DNA can be detected within apoptotic glioma cell nuclei.
Furthermore, apoptosis is localized in the glioma tissues, which
suggests that the growth inhibition of glioma with MSC-PEDF
treatment may be at least partially caused by increased apoptosis.

To further determine whether the increase in apoptosis
of PEDF-treated glioma tissue was associated with its anti-
angiogenic effect, we measured the MVD of glioma tissues in
three groups. As shown in Figure 6, intensive CD34 immunore-
active microvessels were observed in glioma tissue from mice
treated by PBS or MSCs, but only moderate CD34 staining was
present in tumour tissue from mice-treated with MSC-PEDF.
MVD of tumour tissues from MSC-PEDF-treated mice exhib-
ited a marked reduction (30.5+7.1) than from MSCs or PBS-
treated mice, (65.31+4.9, 51.81+4.8, respectively) (P < 0.05). The
anti-tumour activity of MSC-PEDF may be bound up with de-
struction of the tumour vascular network. These data suggest
that MSC-PEDF treatment decreased angiogenesis, which may
explain in part the increased apoptosis.

DISCUSSION

Initial results from our group showed the anti-angiogenic and
therapeutic properties of PEDF to gliomas [17]. However, lack
of the effective vector delivering the therapeutic gene PEDF

may constitute the obstacle for glioma gene therapy. In the
present study, we demonstrated the prolonged survival and anti-
angiogenic effects mediated by intravenous administration of the
PEDF gene-modified MSCs in the glioma model and MSC—
PEDF did affect tumour MVD and promote apoptosis of glioma-
bearing mice.

Gliomas are highly aggressive tumours and are characterized
by marked angiogenesis and extensive invasion into the normal
brain parenchyma [18]. Anti-angiogenesis has been proposed as
a therapeutic strategy for cancer treatment since the 1970s, but it
has been limited by the unavailability of angiogenic inhibitors and
inefficient administration modes. In the past two decades, sev-
eral angiogenic inhibitors, such as angiostatin, thrombospondin
and PEDF, have been found and characterized. Many studies
have shown that the tumour vasculature can be a selective tar-
get without affecting the existing vessels [19,20].Anti-angiogenic
therapy of gliomas and of brain metastases have previously shown
that the systemic anti-angiogenic inhibition causes decreased tu-
mour vascularity as well as a marked increase in tumour cell
apoptosis in intracranial tumours [21,22].

Stem cells have been explored as vehicles for gene therapy in
brain tumour because they migrate towards tumour cells. MSCs
can be easily isolated from the bone marrow and migrate after
local intracranial delivery to the glioma [8]. In our in vitro study,
the migratory capacity of hMSCs capacity was enhanced as com-
pared with control fibroblasts, and the tropism of hMSCs for
gliomas may be mediated in part by specific growth/inhibitory
factors. In vivo assays have further revealed that MSCs mainly
scatter throughout the glioma, and some hMSCs penetrate
the vessels surrounding the tumour. These results indicate that the
hMSC:s can specifically migrate to gliomas.
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Figure 6
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MSC-PEDF administration is associated with decreased tumour angiogenesis

Glioma vascularization was determined by staining with anti-CD34 antibody after MSC or MSC-PEDF treatment. Decreased
density of vessels was observed in tumours from MSC-PEDF-treated mice (C) (*P<0.05). In contrast, a mass of vessels
were seen in MSCs (A) and PBS groups (B). (Original magnification x200)

PEDF, a 50-kDa glycoprotein and a member of the serine pro-
tease inhibitor gene family, was initially confirmed as a potential
neurotrophic and neuroprotective factor that promotes the sur-
vival of cerebellar granule cells as well as spinal motor neurons
from damage caused by increased intraocular pressure of tran-
sient ischaemic reperfusion [23]. Recently, it has been shown
that PEDF potently inhibited endothelium cell migration in a
dose-dependent manner, placing it among the most potent nat-
ural inhibitors of angiogenesis [24]. Since PEDF selectively and
potently suppresses new vessel growth with least impact on the
pre-existing vessels, itis one of the top candidates for tumour ther-
apy. In addition, PEDF can completely block GM-CSF (granulo-
cyte/macrophage colony-stimulation factor)-stimulated cell di-
vision of microglia in rats, which is called the ‘gliastatic’ effect
[25]. These data indicated that PEDF may function as a promising
candidate for gene therapy of glioma. The mechanism of PEDF
inhibition of glioma migration in vivo is unknown. However, it
has been demonstrated that MSCs are capable of differentiating
into glial cells [9,26], including astrocytes, and it is thus pos-
sible that PEDF inhibited the migration of MSC accompanied by
impaired homing of MSCs to gliomas.

Previous results showed that MSCs localized to gliomas were
of interest because they indicated that the capacity of integra-
tion into tumour is an intrinsic property of these stem cells [8,9].
Therefore MSCs may act as very potent vehicles for the deliv-
ery of anti-angiogeneic gene when designing anti-angiogeneic
clinical trails for gliomas. Although the exact molecular mechan-
ism of PEDF is not fully illustrated yet, a number of researches
show that VEGF, MAPK (mitogen-activated protein kinase) and
PPARy (peroxisome-proliferator-activated receptor ) may be
the key mediators in the complex process of glioma angiogen-
esis. Meanwhile, PEDF can activate the Fas—caspase cascade to
induce the activation of apoptotic signalling pathway [11,27—

29]. It is worth noting that Daniel et al. [30] reported that MSCs
grafting did not affect tumour MVD and survival of glioma bear-
ing animals. Our experiments indicated a profound inhibition
of glioma cells and prolonged survival of glioma-bearing mice
treated with MSC-PEDF. Suppression of glioma growth was as-
sociated with increased apoptosis and was characterized by a low
number of blood vessels. When injected into the animal glioma
model, MSC-PEDF might be integrated into the host vessels
and thus decreased the angiogenesis, with a consequent reduced
blood supply, which was pivotal to glioma growth and metastasis.

Future studies should focus on the molecular mechanism by
which PEDF causes gliomas apoptosis and anti-angiogenesis.
The dodgy problem on the way to fully understanding the sig-
nalling pathways involved in the anti-tumour activity of PEDF
is the question of existence of a putative PEDF receptor, which
is still obscure [31]. To further verify the exact mechanism of
PEDF in the gliomas, we need to explore the Fas—caspase and
p53 pathway in the PEDF gene-modified MSCs.

Taken together, the findings of our study suggest that PEDF-
engineered MSCs act as an inhibitory molecular vehicle to pro-
mote apoptosis and attenuate angiogenesis in gliomas and thus
they may have potential as a therapeutic agent in the clinical
application of stem cell therapy against gliomas.
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