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Abstract

Background: A stroke caused by angiostenosis always has a poor prognosis. Bone marrow stromal cells (BMSC) are
widely applied in vascular regeneration. Recently, thrombospondin-4 (TSP4) was reported to promote the regenera-
tion of blood vessels and enhance the function of endothelial cells in angiogenesis. In this work, we observed the
therapeutic effect of TSP4-overexpressing BMSCs on angiogenesis post-stroke.

Methods: We subcloned the tsp4 gene into a lentivirus expression vector system and harvested the tsp4 lentivirus
using 293FT cells. Primary BMSCs were then successfully infected by the tsp4 virus, and overexpression of GFP-fused
TSP4 was confirmed by both western blot and immunofluorescence. In vitro, TSP4-overexpressing BMSCs and wild-
type BMSCs were co-cultured with human umbilical vein endothelial cells (HUVECs). The expression level of TSP4,
vascular endothelial growth factor (VEGF) and transforming growth factor-f3 (TGF-B) in the supernatant were detected
by enzyme-linked immunosorbent assay (ELISA). Wound healing, tube formation and an arterial ring test were per-
formed to estimate the ability of TSP4-overexpressing BMSCs to promote the angiogenesis of endothelial cells. Using
a rat permanent middle cerebral artery occlusion (MCAQ) model, the effect of TSP4-overexpressing BMSCs on the
regeneration of blood vessels was systematically tested by the neurological function score, immunohistochemistry
and immunofluorescence staining assays.

Results: Our results demonstrated that TSP4-overexpressing BMSCs largely increased the expression of VEGF, angi-
opoietin-1 (Ang-1), matrix metalloprotein 9 (MMP9), matrix metalloprotein 2 (MMP2) and p-Cdc42/Rac1 in endothe-
lial cells. TSP4-BMSC treatment notably up-regulated the TGF-3/Smad2/3 signalling pathway in HUVECs. In vivo, the
TSP4-BMSC infusion improved the neurological function score of MCAQ rats and expanded the expression of the von
Willebrand factor (VWF), Ang-1, MMP2 and MMP9 proteins in cerebral ischemic penumbra.

Conclusions: Our data illustrate that TSP4-BMSCs can promote the proliferation and migration of endothelial cells
and tube formation. We found that TSP4-BMSC infusion can promote the recovery of neural function post-stroke. The
tsp4 gene-modified BMSCs provides a better therapeutic effect than that of wild-type BMSCs.
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Background

Stroke is a common disease in modern society, especially
in the middle-aged and elderly populations, and is one of
the three most fatal diseases in humans along with heart
disease and malignant tumours. In recent years, the inci-
dence rate of stroke has been increasing, with a tendency
of affecting youth [1]. Ischemic stroke is a common type
of stroke that is characterized by high disability and high
mortality. Ischemic stroke accounts for approximately
70% of strokes in China [2, 3], while the proportion in
Europe and the United States is as high as 85%. Statistical
results show that three-quarters of the ischemic stroke
patients are lost from the labour force, and two-fifths of
the patients have a severe disability [4, 5]. Therefore, it is
of great research significance and social value to prevent
and treat ischemic stroke. Ischemic stroke prevention
and treatment reduce the incidence of ischemic stroke
and promote the recovery of nerve function in stroke
patients.

The main pathological mechanism of ischemic stroke
is the stenosis and occlusion of an intracranial artery,
resulting in ischemic and hypoxic necrosis of neurons
in the corresponding brain tissues. Therefore, how to
improve blood circulation after cerebral ischemia is an
active research area in the treatment of ischemic stroke.
With the advancement of stem cell therapy, a variety of
stem cell lines have been used in recent studies of cere-
bral ischemia [6, 7]. Bone marrow stromal cells (BMSCs)
are a group of cells with the characteristics of self-
renewal, high proliferation ability and multilineage dif-
ferentiation. BMSCs transplantation, especially through
intra-arterial delivery, can effectively improve neuro-
logical function intra-arterial, promote synaptogenesis,
endogenous cell proliferation, axon regeneration, allevi-
ate neuron/axon injury, promote the proliferation of oli-
godendrocyte progenitor cells (opcs) and the formation
of myelin sheath, and alleviate white matter injury in rats
with focal cerebral ischemia [8, 9]. At present, phase I
and II clinical trials of autologous BMSC transplantation
for ischemic stroke approved by the FDA in the United
States have been completed and demonstrate the feasi-
bility of autologous BMSC transplantation for cerebral
ischemia via an intravenous route [10]. Although BMSCs
are widely reported to functionally elevate blood circula-
tion in post-stoke treatment, the clinical application of
BMSCs remains restricted due to insufficient angiogen-
esis promoting factor secretion from the limited number
of BMSCs [7, 10].

Thrombospondin-4 (TSP4) is a member of the
thrombospondin (TSP) family, which is a multifunc-
tional matrix glycoprotein with a molecular weight of
550 kD. TSP4 is secreted mainly from the myocardium
and smooth muscle and can be combined with many
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types of glycoproteins. Matrix proteins can be bound to
regulate cell-cell-matrix interactions and participate
in biological processes, such as platelet adhesion and
aggregation, thrombosis, smooth muscle proliferation
and migration [11-13]. In vivo and in vitro experiments
have shown that TSP4 can promote neovasculariza-
tion and enhance the angiogenesis-promoting function
of endothelial cells [14], and its expression is closely
related to transforming growth factor-p (TGE-P) [15].
Therefore, in this study, we designed experiments to
evaluate whether the overexpression of TSP4 in BMSCs
can promote angiogenesis and further improve the
clinical efficacy of BMSC transplantation in the treat-
ment of ischemic stroke.

Materials and methods

BMSC culture and identification

Male Sprague—Dawley (SD) rats (Guangdong Medical
Laboratory Animal Center, Foshan, Guangdong, China)
weighing 50-60 g were sacrificed by cervical disloca-
tion. The tibias and femurs were removed and washed
with phosphate buffer saline (PBS) 3 times, and the
bone marrow was extracted by syringe needles. The
freshly isolated cells were cultured with Dulbecco’s
modified Eagle’s medium (DMEM)/F12 cell culture
medium (Life Technologies, USA) supplemented with
10% foetal bovine serum (FBS) and 100 U/ml gentamy-
cin. Twenty-four hours later, the culture medium was
replaced.

At passage 3, digested BMSCs were incubated with flu-
orescence-conjugated antibodies, including CD90-PerCP,
CD34-PE, CD45-Alexa (Santa Cruz, USA) and PBS
(negative control), in a black chamber at 4 °C for 30 min.
Then, the cells were washed with PBS and fixed in 4%
paraformaldehyde, and flow cytometry using the Cell-
quest system (Becton, Dickinson and Company, USA)
was performed to analyse purity. Flow cytometry analysis
is described in detail in Additional file 1.

Construction of the PLV-Easy-gfp-tsp4 plasmid

The PCR conditions were 2 min of pre-denaturation at
94 °C; 30 reaction cycles of 10 s denaturation at 94 °C,
30 s annealing at 57 °C and 3 min extension at 72 °C;
followed by 5 min of final extension at 72 °C. The PCR
primer sequences were as follows: forward: 5-CGGGAT
CCATGCCGGCCCCAC-3' reverse: 5'-CCGCTCGAG
ATTATCCAAGCGGTC-3'. The plasmid was digested
with the BamHI and Xhol enzymes to confirm that the
plasmid was the correct size. Sequencing analysis of the
plasmid was completed by Bioengineering (Shanghai)
Co., Ltd.
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PLV-Easy-gfp-tsp4 lentivirus preparation and BMSC
infection
The 293FT cells were co-transfected with the recom-
binant lentiviral vector and two auxiliary packaging
plasmids (psPAX2 and pMD.2G), followed by cell cul-
ture for 48 h and 72 h. Then, the supernatant was col-
lected from the cells and filtered through a 0.45 pm
membrane. Finally, the recombinant lentiviral vector
(PLV-Easy-gfp-tsp4) containing tsp4 and the green fluo-
rescent protein reporter gene (gfp) was obtained.
BMSCs were gently washed twice with PBS before
infection, and the harvested lentivirus, 8 mg/ml poly-
brene and DMEM/F-12 were added in an appropri-
ate ratio. The medium (DMEM/F-12+ 10% FBS+ 1%o
GM) was replaced after 6 h. The infection efficiency
was observed on the third day. BMSCs infected by
lentivirus were split (0.25% trypsin/1 mM EDTA) and
further enriched by passage cultures. Flow cytometry
(Becton—Dickinson, USA) was performed to identify
CD44, CD90, CD45 and CD34 surface markers on the
cultured cells. Flow cytometry analysis is described in
detail in Additional file 1.

Cellular immunofluorescence staining

BMSCs and TSP4-BMSCs were plated into 24-well
plates (4 x 10° cells per well) and were cultured in
an incubator overnight. The cells were fixed with 4%
paraformaldehyde for 20 min and washed twice with
PBS. The cells were stained with Phalloidin (1:500)
for 60 min and DAPI (1:1000) for 10 min in the dark.
Then, the cells were photographed using a fluores-
cence inverted microscope (Axio Observer 3, Carl
Zeiss AG).

Enzyme-linked immunosorbent assay

Human umbilical vein endothelial cells (HUVECsS,
ATCC® CRL-1730) were co-incubated with BMSCs
and TSP4-BMSCs, and the medium was collected after
48 h (including HUVECs only). According to the manu-
facturer’s instructions (ELISA KIT Manual of Beijing
Sizheng Bai Biotechnology Co., Ltd.), various solu-
tions were prepared. Three groups of samples (HUVEC,
BMSC+ HUVEC, TSP4-BMSC+HUVEC) and differ-
ent concentration standards were added to the corre-
sponding wells. VEGF, TGF-$ and TSP4 biotinylated
antibodies and the corresponding enzymes were added
for 60 and 90 min, respectively, and the reaction wells
were washed 4 times. Developers were added for
10-20 min at 37 °C in the dark. After stopping the reac-
tion, the optical density at 450 nm was detected using
an enzyme labelling apparatus.
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Arterial ring experiment

The thoracic cavity of adult rats was exposed using
surgical tools. The thoracic aorta was dissected and
cut into slices of approximately 1 mm and embedded
in 48-well plates coated with Matrigel. Three groups
cell culture supernatant was added in each well, and
duplicate wells were set for each group. After labelling,
the cells were cultured in a cell culture incubator, and
an image was taken using an inverted phase contrast
microscope (Axio Observer 3, Carl Zeiss AG) at 72 h.

Tube formation assay

BD Matrigel matrix was plated in a pre-cooled 48-well
chamber, and the chamber was transferred for solidifi-
cation at 37 °C, 5% CO, for 1 h. HUVECs were trypsi-
nized and seeded (5 x 10* cells per well) with 10 pg/
ml recombinant FN (Sigma, USA). The chambers were
then incubated at 37 °C for 2 days. The supernatant of
TSP4-BMSCs and BMSCs and control medium were
added to HUVECs for 48 h. Tube formation was pho-
tographed using a phase-contrast microscope, and the
number of branch points were counted to verify the
extent of angiogenesis in each group.

The establishment of a middle cerebral artery occlusion
model and experimental group

The present investigation conforms to the National
Institutes of Health Guide for the Care and Use of Lab-
oratory Animals (NIH Publications No. 80-23), revised
in 1996. Male SD rats (n=60) weighing 240-260 g and
supplied by the Guangdong Medical Laboratory Ani-
mal Centre (Guangdong, China) were anesthetized
with 10% (w/v) chloral hydrate (3.0 ml/kg, i.p.), and a
permanent middle cerebral artery occlusion (MCAO)
model was established according to the method
described by Longa and colleagues [16].Video clip of
the disease model and disease amilioration rat model
has been enclosed in the Additional file 2. Additional
file 3 is the video clip of control animal. Briefly, the
middle cerebral artery of SD rats was obstructed with a
4-0 surgical nylon suture (length of 20-22 mm, deter-
mined by body weight) coated with polylysine, which
was inserted into the internal carotid artery from the
external carotid artery. A 5-point scale neurological
deficit score as reported by Yilmaz and colleagues [17]
was used to evaluate the MCAO model. Only animals
with a score of 2 (circling to the right) were selected for
group division.

A total of 60 MCAO rats were included in this
study, and the rats were randomly divided into: 1)
MCAO group (n=20), 2) BMSC group (n=20), and
3) TSP4-BMSC group (n=20). One millilitre of PBS,
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BMSC or TSP4-BMSC suspension solution (2 x 10°
cells/ml) was injected into MCAO rats via the caudal
vein at 3 h after model establishment. A sham-oper-
ated group (n=20) was also established to exclude
the influence of the operation process on the thera-
peutic effect.

Immunohistochemistry and immunofluorescence staining

On day 28 after the operation, the rats in the MCAO,
BMSC and TSP4-BMSC groups were sacrificed for his-
tological studies. Rat brains (n=6) were fixed with 4%
paraformaldehyde, embedded in paraffin and cut into a
series of 5-um thick sections. For morphological analy-
sis of vessels, samples were rinsed with PBS (Sigma,
USA) containing 0.01% Tween-20 and immersed in 3%
H,0,/methanol for 15 min to inhibit endogenous per-
oxidase activity. Subsequently, brain sections were incu-
bated with 10% normal goat serum for 20 min at room
temperature and then incubated with primary anti-
bodies against vWF (1:200) and Ang-1 (1:500) at 4 °C
overnight. Following an incubation with secondary anti-
body, sections were developed with a DAB kit and then
stained with haematoxylin as a counterstain. After the
transparent treatment, an image was obtained using an
inverted phase contrast microscope (Axio Observer 3,
Carl Zeiss AG). von Willebrand factor (vWF) and Angi-
opoietin-1 (Ang-1) expression were quantified using
Image-Pro Plus software in the ischemic boundary zone
(IBZ). To identify the expression of matrix metallopro-
tein 2 (MMP2) and matrix metalloprotein 9 (MMP9) in
the IBZ, the slices were incubated with rabbit primary
antibodies against MMP2 (1:50) and MMP9 (1:200) at
4 °C overnight.

Statistical analysis

Statistical calculations were performed with Statistical
Product and Service Solutions (SPSS) (version 17.0, Chi-
cago, IL, USA) by one-way analysis of variance followed
by a least significant difference test for multiple compari-
sons. Data were expressed as the mean & standard devia-
tion (SD). Differences were considered to be statistically
significant at p <0.05.

Results

BMSC morphology and characterization

Thy-1 (CD90) is a BMSC marker [18]; CD45 and CD34
are hematopoietic cell markers [19]. Cultured cells at pas-
sage 3 were used to determine the purity of BMSCs by
flow cytometry. Additional file 1: Figure Sla shows that
2.74% and 3.55% of the cultured cells expressed CD45
and CD34, respectively, whereas the CD90 positive rate
was as high as 99.76%. This result showed that high-
purity BMSCs could be obtained in our study.
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Construction of the PLV-Easy-gfp-tsp4 plasmid

and expression of the TSP4 target protein in BMSCs

Figure 1a demonstrates a map of the recombinant PLV-
Easy-gfp-tsp4 lentiviral plasmid. Distinct bands were
observed at 7256 bp and 1720 bp after agarose gel elec-
trophoresis of PCR products from the transfected recom-
binant PLV-Easy-gfp-tsp4 lentiviral plasmid-positive
clones. The band size agreed with the expected results.
The sequencing results agreed with the given tsp4 gene
sequence, suggesting that the recombinant PLV-Easy-
gfp-tsp4 lentiviral plasmid was successfully constructed
(Fig. 1b). The transfection efficiency of the gfp-positive
cells was detected 48 h after the 293FT cells were trans-
fected with the recombinant PLV-Easy-gfp-tsp4 plasmid.
The percentage of gfp-positive cells was 94.73% £ 0.0126,
indicating that the transfection was successful (Fig. 1c).
The infection efficiency of the gfp-positive cells was
detected at 72 h after the BMSCs were infected with the
recombinant lentivirus vector. The percentage of gfp-pos-
itive cells was 76.95% £ 0.0278, indicating that the infec-
tion was successful (Fig. 1d). The western blot results
showed that the expression of TSP4 in TSP4-BMSCs
was significantly higher than that of normal BMSCs
(**»<0.01) (Fig. le, f). Fluorescent staining indicated
that TSP4 protein was expressed in TSP4-BMSCs and
was mainly present in the cytoplasm (Fig. 1g). The ELISA
results showed that the TSP4 protein could be secreted
extracellularly by TSP4-BMSCs, and the secretion of
TSP4 in TSP4-BMSCs was significantly more than that
of normal BMSCs (**»<0.01) (Fig. 1h). The above results
indicated that fsp4 gene fragments were inserted into
BMSCs, and the TSP4 protein could be overexpressed
both inside and outside of the cells.

TSP4-BMSCs promoted the proliferation and migration

of HUVECs

To clarify whether TSP4-BMSCs promote the prolifera-
tion and migration of endothelial cells, we performed a
wound healing assay by incubating HUVECs with differ-
ent conditioned media (CM). As shown in Fig. 2d, e, the
wound healing assay showed that HUVECs incubated in
the CM of the TSP4-BMSC group exhibited significantly
higher cell migration than the cells incubated with the
CM of control and BMSCs at 24 h and 48 h (**p<0.01,
*»<0.05). This result demonstrated that treatment with
TSP4-BMSCs improved the proliferation and migration
of endothelial cells in vitro.

TSP4-BMSCs contributed to angiogenesis and capillary
formation of HUVECs

To investigate the potential roles of TSP4-BMSCs in
angiogenesis in vitro, we performed arterial ring and tube
formation assays by incubating HUVECs with different
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Fig. 1 Construction of the PLV-Easy-GFP-TSP4 plasmid and expression of the TSP4 target protein. a Schematic illustration of the structure of
PLV-Easy-GFP-TSP4. b Sall and Hindlll double digestion of two recombinant plasmids into 7256 and 1720 bp fragments. The positions of the 7000
and 2000 bp size markers are indicated to the left of the panel. ¢ The plasmids psPAX2, pMD.2G and PLV-Easy-GFP-TSP4 were transfected into 293T
cells (green) in the appropriate proportions. The positive rate of transfection was 94.73% =+ 0.0126. d The PLV-Easy-GFP-TSP4 lentivirus infected
BMSCs (green). The positive rate of infection was 76.95% =+ 0.0278. e Fluorescent staining of PLV-Easy-GFP-TSP4-BMSCs and BMSCs (nucleus in
blue, cytoskeleton in red, and TSP4 protein in green). f The TSP4 content in the supernatant of BMSCs was detected by ELISA. Data are expressed as
the mean £ SD. **p < 0.01. g Western blot to determine the expression of TSP4 secreted by BMSCs in the two groups (BMSCs and TSP4-BMSCs). h

a
Plv-Easy-GFP-TSP4:
CMV
: Pl\'—FAasy—GFP.»THBS4
g Phaloidin

BMSC
TSP4-BMSC
Western blot results of TSP4 and quantitative analysis. Data are expressed as the mean £ SD. **p < 0.01

Plv-Easy-GFP-TSP4

~—
7000 St e S 7256bp

—_— i

43KDa

Relative expression of TSP4

Concentration of TSP-4(ng/ml)

CM. HUVECs incubated with the CM of the TSP4-
BMSC group showed significantly more endothelial tube
formation and neovascularization than those incubated
with the CM of the control and BMSC groups at 48 h
(**»<0.01, *»<0.05) (Fig. 2f-i). These data indicated that
TSP4-BMSCs can directly advance the angiogenic capa-
bility of endothelial cells.

TSP4-BMSCs enhanced the expression of angiogenic
factors in HUVECs

In the current study, treatment with TSP4-BMSCs
increased the expression of TSP4 in HUVECs compared
to the control and BMSC groups at 48 h (*»<0.01). We
further examined the protein expression of angiogenic
factors VEGF, Ang-1, MMP9, and MMP2 in HUVECs

after incubation with CM derived from TSP4-BMSCs or
BMSCs alone. These angiogenic factors in HUVECs were
significantly enhanced in the presence of CM (**p<0.01,
*»<0.05). As shown in Fig. 3a, b, quantitative analysis
indicated that the expression of phosphorylated Cdc42/
Racl in the TSP4-BMSC group was significantly higher
than that of the control and BMSC groups (*»p<0.01,
*»<0.05). The increased expression of these angiogenic
factors results from the promotion of endothelial cell
angiogenesis by incubation with TSP4-BMSCs.

TSP4-BMSCs activated the TGF-B/Smad2/3 signalling
pathway in HUVECs

To further study the intracellular mechanism of TSP4-
BMSC’s role in angiogenesis, we investigated the
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Fig. 2 Effect of TSP4-BMSCs on HUVEC angiogenesis. a—c VEGF, TGF3 and TSP4 level in the supernatant of HUVECs incubated with BMSCs was
detected by ELISA. Data are expressed as the mean = SD. **p <0.01. d, e Effect of TSP4-BMSCs on the proliferation and migration of HUVECs at 24 h
and 48 h by wound healing test. Data are expressed as the mean = SD. **p < 0.01, *p < 0.05. f, g Effect of TSP4-BMSCs on HUVEC tube formation at
48 h. Data are expressed as the mean=£SD. **p <0.01. h, i The effect of TSP4-BMSCs on angiogenesis was examined by arterial ring experiment. Data
are expressed as the mean £ SD. **p < 0.01

activation of TGF-B/Smad2/3 signalling pathway pro- in cells incubated with the CM of BMSCs and con-
teins in HUVECs by western blot assay. As shown in  trol (**»<0.01). HUVEC angiogenesis in the CM of
Fig. 3c, d, the expression of phosphorylated Smad2/3  the TSP4-BMSC group was effectively inhibited in the
in the TSP4-BMSC group increased significantly after  presence of SIS3 (a Smad2/3 inhibitor) and significantly
48 h of treatment (**p <0.01). Similarly, HUVECs incu-  lower than that of cells in CM of the TSP4-BMSC group
bated with the CM of the TSP4-BMSC group showed (**p<0.01). This result may be attributed to the coun-
significantly higher expression of TGF-B than that teracting effect of SIS3 on the activation of the Smad2/3
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Fig. 3 HUVECs incubation with BMSCs induced angiogenic factor expression and activated the TGF3/Smad2/3 signalling pathway. a Western blot
assay to determine the expression of HUVEC-derived TSP4, VEGF, Ang-1, MMP9, MMP2 and p-cdc42/RacT after incubation with BMSCs for the three
groups (HUVEC, BMSC 4+ HUVEC and TSP4-BMSC + HUVEC). b Representative western blot results of TSP4, VEGF, Ang-1, MMP9, MMP2 and p-cdc42/

Rac1 and quantitative analysis at 48 h after co-incubation. Data are expressed as the mean £ SD. **p <0.01, *p < 0.05. ¢ Representative western
blot results for p-Smad2/3 and TGF{3 in HUVECs incubated with BMSCs in the four groups (HUVEC, BMSC + HUVEC, TSP4-BMSC + HUVEC and
TSP4-BMSC +HUVEC + SIS3); d quantitative analysis is presented. Data are expressed as the mean £ SD. **p <0.01, *p < 0.05

signalling pathway and expression of TGF-f. The above
results demonstrated that TSP4-overexpressing BMSCs
can obviously activate the TGF-/Smad2/3 signalling
pathway.

Permanent MCAO model establishment and TSP4-BMSC
treatment improves neurological function

In the present study, we successfully established a per-
manent MCAO model. Our drop-out rate was 8% due
to the exclusion of unstandardized experimental ani-
mals, while our animal survival rate was approximately
85%. After operation, the contralateral limb movement
of rats was disadvantageous, sensation on the affected
side was decreased, and Horner’s syndrome appeared on
the face (Fig. 4c). Horner’s syndrome is a combination
of symptoms that arises when a group of nerves known
as the sympathetic trunk is damaged. TTC staining

was performed on rat cerebral slices after operation. A
decrease of dehydrogenase activity in ischemic tissues
on the operation side were white (Fig. 4b), indicating that
the model was successfully produced.

The Garcia JH test is graded on a scale of 0-18, with
a higher score indicating minor sensory motor deficits.
The TSP4-BMSC group had a significantly improved
functional outcome compared with the MCAO group
from 1 to 28 days (**» <0.01). The neurological functional
scores in the TSP4-BMSC group continued to increase
from 7 to 28 days compared with the BMSC group after
operation (*»<0.01, *»<0.05), and the BMSC showed a
better response to neurological injury than the MCAO
group from 7 to 28 days (**»<0.01). The results illustrated
that TSP4-BMSCs can improve neurological functional
recovery compared with BMSCs and the MCAO model
after ischemic stroke.
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TSP4-BMSCs increased angiogenesis in the IBZ
Angiogenesis is defined as the sprouting of new vessels
from pre-existing vessels and results in new capillary net-
works. Our immunohistochemistry results indicated that
the treatment of BMSCs alone significantly increased the
density of vWF* endothelial cells in the IBZ compared
with the MCAO group (**»<0.01). Moreover, the vVWF™
cell density was significantly higher in rats treated with
TSP4-BMSCs than in those treated with BMSCs alone
(**p<0.01) (Fig. 4e, f). Ang-1 plays a primary role in facil-
itating angiogenesis. In Fig. 4g, h, the expression of Ang-1
in TSP4-BMSCs was higher than that in the BMSC group
(**»<0.01), and both the TSP4-BMSC and BMSC groups
had dramatically improved Ang-1 expression compared
with the MCAO group (**»<0.01). These results illus-
trated that TSP4-BMSC treatment significantly increased
angiogenesis post-stroke.

TSP4-BMSCs enhanced MMP2 and MMP9 expression

in the IBZ

MMP2 and MMP9 are thought to be important factors
in angiogenesis because they preferentially degrade base-
ment membrane components, such as type IV collagen
[20]. As shown in Fig. 5, the expression of MMP2 and
MMPY (green) was detected by immunofluorescence
assay in the IBZ of the brain on day 28 after stroke. A
quantitative analysis showed that MMP2 and MMP9
expression in the BMSC group increased markedly
compared with that in the MCAO group (*»<0.01).
Furthermore, TSP4-BMSCs dramatically enhanced the
expression of MMP2 and MMP9 compared to the BMSC
group (**p<0.01). The results verified that TSP4-BMSC
treatment significantly increased the secretion of MMP2
and MMP9 post-stroke.
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Phenotype identification of BMSCs and TSP4-BMSCs. a BMSCs from passage 3 were incubated with fluorescence-conjugated antibodies, including
CD90-PerCP, CD45-Alexa, CD34-PE and PBS. The positive expression of CD90 was 99.76%, and the negative identification of CD45 and CD34 was
2.74 and 3.55%, respectively. b TSP4-BMSCs were incubated with fluorescence-conjugated antibodies, including CD90-PerCP, CD45-Alexa, CD34-PE
and PBS. The positive expression of CD90 was 99.56%, and the negative identification of CD45 and CD34 was 4.97 and 5.97%, respectively

Discussion formation of new blood vessels, which increases oxygen,
The present evidence indicates that angiogenesis is  glucose, nutrients and neural stem cells (NSCs) migra-
very important for the recovery of neurological func- tion to the IBZ [21]. BMSCs are a candidate for ischemic
tion post-stroke because angiogenesis results in the stroke treatment in terms of their multi-potentiality
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[11]. Several studies have shown that BMSCs can sig-
nificantly enhance endogenous angiogenesis, as well as
express neuronal and endothelial phenotypes in the IBZ
after stroke [12, 14]. However, many problems remain
unresolved. In practical applications, the survival rate
of BMSCs after transplantation and the rate of angio-
genesis is reduced due to changes in the microenviron-
ment, such as oxidative stress and hypoxia, which greatly
limits the therapeutic effect of stem cell transplanta-
tion. Therefore, improving the efficiency of angiogenesis
in BMSC treatment is key for transplantation of stem
cells after ischemic stroke. Data show that modification
of BMSCs with neuroprotective factor or neurotrophic
factor coding gene can improve the therapeutic effect
[22, 23]. Thrombospondins are a family of extracellular,
multidomain, oligomeric and calcium-binding glycopro-
teins that regulate various cell interactions [24]. Throm-
bospondins are conserved proteins with regions of high
sequence identity but distinct temporal expression, cel-
lular distribution and functional capabilities, which are
enabled by interaction with a large number of proteins
and proteoglycans. Recent studies have observed the
presence and critical roles of TSP4 in the heart, blood
vessels, and vascularized tissues [25, 26], which are
related to angiogenesis.

Our results showed that TSP4-overexpressing BMSCs
could maintain the stem cell phenotype and produce
TSP4 target protein both intracellularly and extracellu-
larly. In co-culture with HUVEC:, the expression of TSP4
increased not only in HUVECs but also in the co-culture
supernatant. The mechanisms underlying vascular dis-
eases have mostly focused on the cells involved. Previous
work has shown that TSP4 may contribute to ECM struc-
ture and function [27]. The ECM is clearly an important
regulator of vascular pathologies, but it has only recently
become appreciated as a target for pharmacotherapy
[28]. Therefore, tsp4 gene-modified BMSCs not only pro-
mote the expression of TSP4 in endothelial cells but more
importantly in the ECM.

Angiogenesis is critical for recovering neurological
functional post-stroke [29]. Blood vessel formation allows
blood flow in the ischemic penumbra, which may protect
the ischemic brain from injury. Angiogenesis is a process
by which new blood vessels are formed from pre-exist-
ing vascular structures, which leads to the reestablish-
ment of the blood supply to the brain after ischemia [30].
Increased angiogenesis is an effective method to improve
the prognosis of patients with stroke [31]. At present,
angiogenesis in vitro may be expressed as a tubular struc-
ture of endothelial cells, and the total length of the struc-
ture may be evaluated [32]. To further observe the effect
of TSP4-BMSCs on the angiogenesis of endothelial cells,
we performed a series of wound healing, tube formation,
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and arterial ring experiments, and the results showed
that TSP4-BMSCs could significantly promote the migra-
tion, proliferation and angiogenesis of endothelial cells
and tube formation compared with only BMSC treat-
ment. Both VEGF and TGEF-f are central to the processes
of angiogenesis, tissue inflammation, and fibrosis. VEGF
is a pleiotropic angiogenic growth factor that stimulates
the proliferation of vascular endothelial cells [33]. In
addition, VEGF plays critical roles in neovascular remod-
elling in ischemic stroke [34]. TGF-B may play a modu-
latory role in angiogenesis, inflammation, and tissue
remodelling after ischemic insult [35]. The ELISA results
showed that in addition to an increase in TSP4 expres-
sion, the expression of VEGF and TGF-f was significantly
increased in the supernatant of co-cultured endothelial
cells and TSP4-BMSCs.

Though the defined mechanism of BMSC treatment
for stroke remains ambiguous, most experimental results
have suggested that the therapeutic effects probably
relate to the paracrine function of BMSCs, allowing the
secretion of different types of trophic factors and result-
ing in synaptogenesis, neurogenesis and angiogenesis
[36, 37]. Previous evidence indicated that intravenously
injected BMSCs are located in peripheral organs (lungs,
spleen, and liver) rather than the brain of the MCAO
model [38]; thus, the amelioration of neurological func-
tion by BMSCs is related to their paracrine function
instead of their engraftment into the infarction zone.
Simultaneously, our western blot results showed that
TSP4-BMSCs could promote the expression of angio-
genic factors, such as VEGF, Ang-1, MMP9, and MMP2,
in endothelial cells. Previous data showed that the VEGF/
VEGER?2 signalling pathway and EPC contributed to
angiogenesis after injury [39]. Ang-1 binds to its specific
receptor Tie-2 and recruits mural cells to wrap around
endothelial cells, thereby ensuring the eventual matura-
tion and stabilization of new blood vessels [40]. MMP-9
can promote the release of VEGF [41], which might
enhance the proliferation of vascular epithelial cells and
inhibit their apoptosis after injury [42]. MMP2, a mem-
ber of the MMP family, can recognize various extracel-
lular matrix components as substrates [43] to enhance
aberrant tumour angiogenesis and metastasis [44].
Current preclinical evidence further highlighted that
decreasing MMP-2 activity by specific inhibitors led to
attenuated angiogenesis and tumour progression [45].
The above results further explain that TSP4-BMSCs may
promote the expression of angiogenic factors in endothe-
lial cells and the extracellular space. Therefore, the TSP4
gene modification effect may be due to promoting the
paracrine effect of BMSCs. In addition, the application of
lentiviral infection cell therapy has proven to be safe in
human experiments, so this method has certain practical
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significance for the treatment of patients with ischemic
stroke [46]. It has been reported that the optimal dose of
BMSC transplantation for ischemic stroke is from 1 x 10°
to 107 [47]. Based on previous experience [48], we have
chosen TSP4-BMSC transplantation dose of 2 x 10°.

In summary, the application of BMSCs as a TSP4 gene
therapy platform can not only improve the sustained
secretion of TSP4, achieve local stable therapeutic con-
centration, enhance the effect of local angiogenesis but
also ameliorate the microenvironment after ischemia
by promoting angiogenesis and providing the optimal
space for the proliferation and differentiation of BMSCs.
TSP4 can also magnify the paracrine effect of BMSCs,
reduce the apoptosis of BMSCs, improve the homing
and survival rate of BMSCs after transplantation, and
effectively exert a synergistic effect of TSP4 and BMSCs
in angiogenesis. However, crucial problems still need
to been solved, such as the engraft time window, the
quantity of TSP4-BMSCs to transplant and transplanta-
tion approaches. Our experimental evidence indicated
that TSP4 is an effective promoter of angiogenesis in
BMSCs. However, whether TSP4 can be expressed sta-
bly in regenerating BMSCs is unclear. Some possible side
effects must be considered when this strategy is applied.
A series of clinical trials on BMSC in the treatment of
ischemic stroke have been carried out, which proves the
safety and efficacy of cellular therapy. However, patients
should also pay close attention to the recovery of the
nervous system and other basic signs to avoid adverse
events [49—51]. Because accelerating plaque angiogenesis
can lead to the expansion and rupture of a plaque, the
potential risk of an angiogenesis-borne disease exists and
includes tumour formation and metastasis, the aggrava-
tion of diabetic retinopathy, etc. Thus, we will investigate
the combination of BMSCs and TSP4 in angiogenesis and
homeostasis in future research.

Conclusion

In summary, our present study firstly demonstrates that
TSP4-overexpressing BMSCs can improve angiogenesis
in IBZ and improves neurological function post-stroke.
The therapeutic effects are associated with the parac-
rine function of TSP4-BMSC and activation of TGF-p/
Smad2/3 signalling pathway.

Additional files

Additional file 1. Phenotype identification of BMSCs and TSP4-BMSCs.
(@) BMSCs from passage 3 were incubated with fluorescence-conjugated
antibodies, including CD90-PerCP, CD45-Alexa, CD34-PE and PBS. The
positive expression of CD90 was 99.76%, and the negative identification
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of CD45 and CD34 was 2.74 and 3.55%, respectively. (b) TSP4-BMSCs were
incubated with fluorescence-conjugated antibodies, including CD90-
PerCP, CD45-Alexa, CD34-PE and PBS. The positive expression of CD90 was
99.56%, and the negative identification of CD45 and CD34 was 4.97 and
5.97%, respectively.

Additional file 2. One video clip of the focal cerebral ischemia rat model
is presented to confirm the establishment of disease model.

Additional file 3. One video clip of the control rat model is presented to
compare the behaviour between the disease rat model and normal rat.
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