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Abstract

Background: Maintaining the stability and maturation of blood vessels is of paramount importance for the vessels
to carry out their physiological function. Smooth muscle cells (SMCs), pericytes, and mesenchymal stem cells (MSCs)
are involved in the maturation process of the newly formed vessels. The aim of this study was to investigate
whether transforming growth factor beta 1 (TGF-β1) treatment could enhance pericyte-like properties of dental
pulp stem cells (DPSCs) and how TGF-β1-treated DPSCs for 7 days (T-DPSCs) stabilize the newly formed blood
vessels.

Methods: We utilized TGF-β1 to treat DPSCs for 1, 3, 5, and 7 days. Western blotting and immunofluorescence
were used to analyze the expression of SMC markers. Functional contraction assay was conducted to assess the
contractility of T-DPSCs. The effects of T-DPSC-conditioned media (T-DPSC-CM) on human umbilical vein
endothelial cell (HUVEC) proliferation and migration were examined by MTT, wound healing, and trans-well
migration assay. Most importantly, in vitro 3D co-culture spheroidal sprouting assay was used to investigate the
regulating role of vascular endothelial growth factor (VEGF)-angiopoietin (Ang)-Tie2 signaling on angiogenic
sprouting in 3D co-cultured spheroids of HUVECs and T-DPSCs. Angiopoietin 2 (Ang2) and VEGF were used to treat
the co-cultured spheroids to explore their roles in angiogenic sprouting. Inhibitors for Tie2 and VEGFR2 were used
to block Ang1/Tie2 and VFGF/VEGFR2 signaling.
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Results: Western blotting and immunofluorescence showed that the expression of SMC-specific markers (α-SMA
and SM22α) were significantly increased after treatment with TGF-β1. Contractility of T-DPSCs was greater
compared with that of DPSCs. T-DPSC-CM inhibited HUVEC migration. In vitro sprouting assay demonstrated that T-
DPSCs enclosed HUVECs, resembling pericyte-like cells. Compared to co-culture with DPSCs, a smaller number of
HUVEC sprouting was observed when co-cultured with T-DPSCs. VEGF and Ang2 co-stimulation significantly
enhanced sprouting in HUVEC and T-DPSC co-culture spheroids, whereas VEGF or Ang2 alone exerted insignificant
effects on HUVEC sprouting. Blocking Tie2 signaling reversed the sprouting inhibition by T-DPSCs, while blocking
VEGF receptor (VEGFR) signaling boosted the sprouting inhibition by T-DPSCs.

Conclusions: This study revealed that TGF-β1 can induce DPSC differentiation into functional pericyte-like cells. T-
DPSCs maintain vessel stability through Ang1/Tie2 and VEGF/VEGFR2 signaling.
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Background
Dental pulp stem cells (DPSCs), which generally reside
within the sub-odontoblast layer, pulpal vasculature, and
central pulp region, are responsible for odontoblast for-
mation and vascular cell replenishment, respectively [1,
2]. DPSCs possess all the properties of mesenchymal
stem cells (MSCs) and demonstrate the ability to differ-
entiate into various primary cell phenotypes, such as
neuronal, endothelial, and smooth muscle cells (SMCs)
when triggered by microenvironmental factors such as
signaling molecules and growth factors [2]. A previous
study investigated the angiogenic and pericyte function
of DPSCs and showed that DPSCs promote angiogenesis
by secreting vascular endothelial growth factor (VEGF)
and acting as pericyte-like cells to stabilize vessels [3].
Likewise, our recent studies showed that delayed admin-
istration of DPSCs could stabilize the preexisting vessel-
like structures formed by human umbilical vein endothe-
lial cells (HUVECs) and increase the longevity of them
[4]. Further, in vitro Matrigel assay and in vivo studies
corroborated that DPSCs often closely associate with
vessels and adopt the pericyte location and function [3,
5]. It was reported that TGF-β1/ALK5 is one of the sig-
naling pathways involved in regulating the capacity of
DPSCs to differentiate into mural cells, which express α-
smooth muscle actin (α-SMA), calponin, and platelet-
derived growth factor receptors (PDGFR) [5]. On the
other hand, the crosstalk between endothelial cells (ECs)
and DPSCs via EphrinB2/EphB4 signaling regulates an-
giogenic sprouting [6], while signaling events triggered
by nearby vascular ECs within the perivascular niche is a
prerequisite for the maintenance of stemness of DPSCs
[7].
Angiogenesis, the process of sprouting and maturation

of capillaries, is regulated by multiple factors, signaling
pathways, and cellular interactions [8, 9]. It has multiple
steps: EC activation and pericyte separation from the
endothelium, EC sprouting guided by growth factor gra-
dients, anastomosis of immature endothelial sprouts,

and maturation of vessels through recruitment of mural
cells [9]. In the maturation step, the assembled endothe-
lial cells deposit a new basement membrane and secrete
pro-maturation factors, such as platelet-derived growth
factor (PDGF), which promotes the recruitment of peri-
cytes or SMCs that closely associate with the nascent
vessels and stabilize them [8–10]. Similarly, dental stem
cells, when interact with HUVECs, recapitulate the
process of angiogenesis. DPSCs increase early vascular
network formation by promoting the migration of
HUVECs via VEGF secretion, whereas the coordinated
crosstalk between HUVECs and DPSCs plays crucial
roles in fine-tuning angiogenic sprouting and vessel
stabilization [11]. It was found that VEGF secretion is
precisely orchestrated parallel to the different stages of
the angiogenic process [11, 12]. Other MSCs, such as
bone marrow mesenchymal stem cells (BMMSCs) and
adipose stem cells (ASCs), interact with ECs similarly,
shifting their paracrine activity from being pro-
angiogenic to angiostatic and phenotypes from stem
cells to mural cells following the developmental progress
of the vessel formation [13–16].
Angiopoietin 1 (Ang1), the ligand of Tie2, can induce

Tie2 phosphorylation in ECs and is responsible for blood
vessel stabilization [17, 18]. Activation of Ang1/Tie2 sig-
naling can maintain the quiescent EC phenotype and
strengthen the interactions between pericytes/SMCs and
ECs [18, 19]. In addition, ECs via Ang1/Tie2 activation
recruit peripheral cells and vascular SMCs to stabilize
and maturate the newly formed blood vessels [20].
Angiopoietin 2 (Ang2) has an opposing function and
competes for the same Tie2 receptor with Ang1 by de-
stabilizing blood vessels [21, 22]. Since DPSCs interact-
ing with HUVECs recapitulate the process of
angiogenesis, we hypothesized that similar signaling
pathways may regulate this process, in particular, activa-
tion of Ang1/Tie2 signaling may stabilize blood vessels
within 3-dimensional (3D) co-cultured HUVECs and
DPSCs.
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Transforming growth factor beta 1 (TGF-β1) protein
is the most effective soluble growth factor regularly uti-
lized for inducing stem cell differentiation into SMCs [5,
16, 23]. TGF-β1/Smad signaling pathway is critical for
differentiation of mesenchymal stem cell/progenitors
into SMCs [24]. Similarly, dental stem cells have been
successfully induced into functional SMCs for vascular
engineering by TGF-β1 treatment and this course could
be regulated through the ALK5 signaling pathway [5,
24]. Therefore, in order to explore the relevant signaling
pathways between pericyte-like DPSCs and ECs, T-
DPSCs were utilized in this study to mimic the pericyte
function.
In this study, a well-established in vitro 3D co-culture

collagen gel model was employed to mimic multiple
stages of angiogenesis [25]. We aimed to investigate (1)
the dynamic expression of growth factors in the process
of DPSC differentiation into functional pericyte-like
cells, (2) whether T-DPSCs function like pericytes stabil-
izing the newly formed blood vessels, and (3) whether
VEGF-Ang-Tie2 signaling is involved in the crosstalk be-
tween pericyte-like DPSCs and ECs.

Methods
Cell culture
DPSCs were purchased from Lonza (Basel, Switzerland)
and cultured in α-modified Eagle’s medium (α-MEM)
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% (v/v) fetal bovine serum (FBS)
(Thermo Fisher Scientific) and 1% (v/v) P/S (penicillin/
streptomycin) (Sigma-Aldrich, St. Louis, MO, USA). The
stemness of the obtained cells was characterized by flow
cytometry and the multiple differentiation capacity.
HUVECs were purchased from Lonza (Basel,

Switzerland) and cultured in a fully supplemented endo-
thelial growth medium (EGM-2, Lonza, Walkersville,
MD, USA). Human brain vascular pericytes (HBVPs)
and SMCs were purchased from ScienCell (ScienCell,
Carlsbad, CA, USA) and cultured in a pericyte medium
(PM, ScienCell) and a smooth muscle cell medium
(SMCM, ScienCell), respectively. All cells were cultured
in an incubator under 5% CO2 at 37 °C.

Flow cytometry
For flow cytometry, 5×105 DPSCs were collected and re-
suspended in 100 μL PBS. Primary antibody was added
and incubated for 60 min at 4°C in the dark. The anti-
bodies were as follows: mouse anti-human fluorescein
isothiocyanate (FITC)-labeled monoclonal anti-CD90
(#561254), mouse anti-human FITC-labeled monoclonal
anti-CD73 (#555595), mouse anti-human phyeoerythrin
(PE)-labeled monoclonal anti-CD45 (#560975), and
mouse anti-human PE-labeled monoclonal antiCD34
(#560941). FITC-labeled mouse immunoglobulin G

(IgG) (#554679) and PE-labeled mouse IgG (#555574)
were used as negative control antibodies. The antibodies
were all purchased from BD Biosciences (San Jose, CA,
USA). Data of 20,000 stained cells were collected and
analyzed using a FACSCalibur instrument and FACS
Calibur software (BD Biosciences).

Osteogenic differentiation
For osteogenic differentiation, DPSCs were seeded into a
6-well plate at 2×103 cells/cm2 and cultured in an osteo-
genic induction medium which consisted of 10% FBS
(Thermo Fisher Scientific), 10 mM β-glycerolphosphate
(Sigma-Aldrich), 10 nM dexamethasone (Sigma-Al-
drich), and 50 mg/L L-ascorbic acid (Sigma-Aldrich).
The medium was replaced every 3 days. After 21 days of
induction, cells were fixed with 4% paraformaldehyde
(PFA) for 30 min and stained with 2% Alizarin red
(Sigma-Aldrich) for 10 min. Then, the cells were washed
three times with distilled water and taken pictures by
the microscope (Nikon, Tokyo, Japan).

Neurogenic differentiation
For neurogenic differentiation, DPSCs at passages 3–5
were seeded into a 6-well plate at 1×104 cells/cm2 and
cultured in a neurogenic induction medium for 7 days.
The induction medium contained DMEM/F12: neuroba-
sal [1:1] supplemented with 0.5% [v/v] N2, 1% [v/v] B27,
100 μM cyclic adenosine monophosphate (cAMP), 20
ng/mL basic fibroblast growth factor (bFGF), and 1%
penicillin/streptomycin. The reagents were all purchased
from Thermo Fisher Scientific. The induction medium
was replaced every 3 days. Then, the immunofluores-
cence analysis was performed as below immunofluores-
cence method.

Chondrogenic differentiation
For chondrogenic differentiation, 4×105 DPSCs were
placed into a 15-mL polypropylene tube and centrifuged
for 4 min at 250×g. The cell pellets were resuspended in
the chondrogenic induction medium (Cyagen Biosci-
ences, Guangzhou, China). The induction medium was
replaced every 3 days. After 28 days of induction, pellets
were formalin fixed and paraffin embedded. Thin sec-
tions were stained with Alcian blue (Cyagen Biosciences)
to visualize proteoglycans in the extracellular matrix.

Adipogenic differentiation
For adipogenic differentiation, DPSCs were seeded at a
density of 2×104 cells/cm2 in a 6-well plate until the cell
reached 100% confluence. Then, the medium was chan-
ged to adipogenic induction medium (Cyagen Biosci-
ences) for 3 days and subsequently maintained in
adipogenic maintenance medium (Cyagen Biosciences)
for 24 h. After 28 days of induction, cells were fixed with
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4% PFA for 30 min and stained with Oil red O solution
(Sigma-Aldrich) for 30 min to visualize lipid vacuoles.

RT-qPCR
Real-time quantitative PCR polymerase chain reaction
(RT-qPCR) was performed as described previously [12].
The primers used in this study are listed in Table 1. The
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal control, and the relative expres-
sion of interested genes was measured by the 2−ΔΔCt

method.

Western blotting
Western blotting was performed to analyze the protein
expression as previously described [6]. Briefly, equal
amounts of the protein extracts were loaded and sepa-
rated by SDS-PAGE and transferred to PVDF mem-
branes. Then, the PVDF membranes were blocked in 5%
milk at room temperature for 1 h and incubated with
the following primary antibodies (dilution 1:1000) over-
night at 4 °C: anti-SM22α (#ab14106), anti-Ang1
(#ab183701), anti-VEGF-A (#ab46154), and anti-Tie2
(#ab24859), which were purchased from Abcam com-
pany (Abcam, Cambridge, UK); anti-α-SMA (#19245S),
anti-p-VEGFR2 (Tyr1175) (#2478S), anti-VEGFR2
(#2479S), anti-p-Smad2 (Ser465/467) (#3108T), anti-p-
Smad3 (#Ser423/425) (#9520T), anti-Smad2/3 (#8685T),
VE-Cadherin (#2500S), and anti-GAPDH (#2118S)
which were purchased from Cell Signaling Technology
(CST, MA, USA); and anti-p-Tie2 (Tyr992) (#AF2424)
which was purchased from Affinity Biosciences (Cincin-
nati, OH, USA). After washing three times, the mem-
branes were incubated with a secondary antibody and
then visualized by using Pierce ECL western blotting
substrate (Thermo Fisher Scientific). Quantification was
performed with ImageJ software (Bethesda, MD, USA)

Immunofluorescence
Cells were fixed with 4% (w/v) cold PFA for 15 min and
washed with PBS for three times. Then, cells were
permeabilized using 0.3% (v/v) Triton X-100 in PBS with
5% FBS for 1 h. Primary antibodies against α-SMA
(#19245S, CST), SM22α (#ab14106, Abcam), and beta III
Tubulin (Tuj1) (#ab78078, Abcam) were used. Alexa
Fluor 488-conjugated goat anti-mouse antibody and

Alexa Fluor 647®-conjugated goat anti-rabbit antibody
were used as the secondary antibody and nuclei were
stained with DAPI (Thermo Fisher Scientific). Images
were captured by a fluorescence microscope (Nikon).

Functional contraction assay
The contraction assay was performed as previously de-
scribed [26]. Briefly, DPSCs and T-DPSCs were col-
lected, and the cell suspension was prepared at the
density of 2×105 cells/mL. The collagen mix was pre-
pared on ice using Collagen type I (Thermo Fisher Sci-
entific), Medium 199 (Thermo Fisher Scientific), and
NaOH (1 M) in an 8:1:1 ratio. The collagen solution (0.6
mL) and cell suspension (1.2 mL) were mixed thor-
oughly by pipette and 0.5 mL of the mixture was imme-
diately transferred to a well of 24-well plate. For
polymerization, gels were incubated at 37°C for 30 min
and then 100 μL α-MEM was added to each well. After
48 h, the diameter of the gel was measured with ImageJ
software (Bethesda).

Conditioned media (CM)
DPSCs were treated with TGF-β1 (10 ng/mL) for 7 days.
Then, the untreated DPSCs and T-DPSCs were cultured
until 80% confluence in α-MEM. Then, the medium was
changed to a serum-free medium. After 48 h, condi-
tioned media were collected, centrifuged at 1000 rpm,
and filtered with a 0.2-μm filter to remove cell debris.

MTT assay
To determine the effect of CM from T-DPSC (T-DPSC-
CM) on proliferation of endothelial cells, HUVECs were
seeded on a 96-well plate at a density of 3000 cells per
well. After 24 h, the mixtures of DPSC-CM or T-DPSC-
CM with EGM2 (1:1) were added to the corresponding
wells. Cell numbers were determined by MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Molecular Probe, OR, USA) at different time points of
0, 24, 48, and 72 h. Briefly, the medium was replaced
with a 100-μL fresh medium and 10 μL 12 mM MTT
solution was added to each well. After incubation for 4 h
at 37 °C, the medium was removed leaving only 25 μL in
the well. Then, 50 μL DMSO was added to each well
and mixed thoroughly. After incubation for 10 min at 37
°C, the absorbance of each well at 540 nm was measured
with a SpectraMax®M2microplate reader (Molecular De-
vices, CA, USA).

Wound healing assay
HUVECs were seeded on a 6-well plate and cultured
until 80% confluence. A constant diameter strip was
made using 200-μL pipette tip across the center of the
well. After scratching, the cells were washed with PBS to
remove cell debris. Then, 2 mL DPSC-CM or T-DPSC-

Table 1 RT-qPCR primer sequences

Primers Sequences References

GAPDH Forward: TGCACCACCAACTGCTTAGC
Reverse: GGCATGGACTGTGGTCATGAG

NM_001256799

α-SMA Forward: CCGACCGAATGCAGAAGGA
Reverse: ACAGAGTATTTGCGCTCCGAA

NM_001141945

SM22α Forward: AGTGCAGTCCAAAATCGAGAAG
Reverse: CTTGCTCAGAATCACGCCAT

NM_001001522
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CM was added to each well and cultured for 24 h. Pho-
tographs were taken at 0 h and 24 h under a microscope
(Nikon). Six randomly selected fields of the wound were
marked, and the width of the wound was measured with
ImageJ software (Bethesda).

Trans-well migration assay
HUVECs were collected and suspended in serum-free
medium and plated in the top chamber (24-well insert;
pore size, 8 mm; Corning, NY, USA) at a density of 1 ×
104 cells/0.2 mL. Next, 600 μL of DPSC-CM or T-
DPSC-CM was added to the lower compartment of the
corresponding wells. After 24 h, cells that did not mi-
grate through pores on the upper surface of the mem-
brane were removed by a cotton swab. Cells that
migrated through the pores were fixed with 4% PFA for
15 min and stained with 0.1% (w/v) crystal violet (Sigma)
for 15 min. Five randomly selected fields of each well
were selected under the inverted microscope (Nikon)
and cell number was counted by ImageJ (Bethesda).

In vitro 3D sprouting assay
In order to investigate the function of T-DPSCs in endo-
thelial sprouting, the 3D spheroid sprouting assay was
performed as described previously [25]. Briefly, HUVECs
and DPSCs or T-DPSCs were mixed 1:1 at a density of
4×104 cells/mL in α-MEM containing 20% Methocel
(Sigma). Twenty-five-microliter cell suspension drops
were pipetted on non-adherent plastic plates. Subse-
quently, plates were turned upside-down and incubated
for 24 h at 37 °C. The spheroids were collected and cen-
trifuged at 200g for 5 min and resuspended in Methocel
supplemented with 20% FBS. The collagen mix was pre-
pared on ice using Collagen type I (Thermo Fisher Sci-
entific), Medium 199, and NaOH (1 M) in an 8:1:1 ratio.
The collagen solution was mixed with the spheroid solu-
tion in a 1:1 ratio and the 1-mL mixture was transferred
to a 24-well plate. For polymerization, gels were incu-
bated at 37 °C for 30 min. The assay was stopped after
24 h of incubation at 37 °C by adding 1 mL 4% PFA per
well. Images of ten spheroids per gel were taken using a
microscope (Nikon) and cumulative sprouting length
was measured with ImageJ software (Bethesda).

HUVEC and T-DPSC co-culture
HUVECs and T-DPSCs were collected and suspended in
EGM2 and α-MEM medium, respectively. 4×105

HUVECs and 4×105 T-DPSCs were co-cultured in 6-
well plates with or without Ang2. After 24 h, cells were
lysed for western blot analysis.

Growth factors and inhibitors
Recombinant human VEGF165 (Peprotech, Cranbury,
USA) was reconstituted in PBS containing 0.1% BSA and

the working concentration is 20 ng/mL. Recombinant
human Ang1 and Ang2 (R&D system, MN, USA) were
reconstituted in 0.9% NaCl containing 0.1% BSA and
used at a concentration of 200 ng/mL and 1000 ng/mL,
respectively. Tie2 kinase inhibitor (Cayman Chemical,
MI, USA) was reconstituted in DMSO and used at a
concentration of 5 μM. The inhibitor of VEGFR2,
semaxinib (Med Chem Express, NJ, USA), was used at a
concentration of 5 μM.

Statistical analysis
All experiments were performed at least 3 times inde-
pendently and all data were presented as mean ± stand-
ard deviation (SD). Student’s t test was performed
between two groups and one-way ANOVA with a
Tukey’s post hoc test was utilized in multiple compari-
sons for statistical analysis. p < 0.05 was considered sta-
tistically significant.

Results
Characterization of DPSCs
The obtained DPSCs were isolated from a wisdom tooth
of an 18-year-old female. Through flow cytometry as-
sessment, it was confirmed that the isolated DPSCs were
positive for mesenchymal markers CD90 and CD73
while negative for hematopoietic markers CD45 and
CD34 (Fig. 1a). Furthermore, DPSCs demonstrated mul-
tipotent differentiation capacity into osteogenic, neuro-
genic, chondrogenic, and adipogenic lineages (Fig. 1b–e).

TGF-β1 induced DPSC differentiation into functional SMCs
To verify the role of TGF-β1 in driving DPSC differenti-
ation into functional SMCs, DPSCs were treated with
TGF-β1 for different time points. As shown in Fig. 2, the
expression of SMC-specific markers (α-SMA and
SM22α) in DPSCs were significantly increased both at
mRNA (Fig. 2a, b) and protein levels (Fig. 2c–e) after
treatment with TGF-β1. Immunofluorescence corrobo-
rated the upregulated expression of α-SMA and SM22α
in TGF-β1-treated DPSCs at 7 days. Consistent with the
western blot results, the fluorescence intensity of α-SMA
(Fig. 2f) and SM22α (Fig. 2g) was significantly higher in
T-DPSCs than that in DPSCs.
To investigate the contractile function of T-DPSCs,

the contraction assay was performed. After 48 h, the
diameter of the gel was measured, and the results re-
vealed that the contractility of T-DPSCs was much
stronger than that in DPSCs (Fig. 3a, b). To explore
whether T-DPSCs affect the angiogenic sprouting of ECs
in the 3D spheroids, co-culture spheroids of HUVECs
with DPSCs or T-DPSCs were embedded in collagen gel.
Fluorescent images showed that HUVECs were enclosed
by T-DPSCs, which resembled pericyte-like cells (Fig.
3c). The EC sprouting was quantitated after 24 h and
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the results showed that T-DPSCs significantly inhibited
EC sprouting in the 3D spheroidal co-culture model
(Fig. 3d, e). Based on the above results, it could be con-
cluded that TGF-β1 can induce DPSC differentiation
into functional SMCs.

T-DPSC-CM inhibited EC migration
To investigate whether T-DPSCs inhibit EC sprouting
through Ang1/Tie2 and VEGF/VEGFR2 signaling, the
expression and secretion of Ang1 and VEGF in T-
DPSCs was analyzed. First, we verified that DPSCs
expressed Ang1, which was much lower than that in
HBVPs and SMCs (Fig. 4a, b). After treatment with
TGF-β1 for 5 days and 7 days, Ang1 expression was sig-
nificantly increased in T-DPSCs (Fig. 4c, d). The peak of
VEGF expression was at 3 days after treatment with
TGF-β1, and then the expression was downregulated
gradually at 5 days and 7 days (Fig. 4c, e). Since both
Ang1 and VEGF are secreted proteins, in order to play
their roles, it is essential for them to be secreted from
the cells to activate their corresponding receptors.
Therefore, an ELISA assay was performed to detect the

level of Ang1 and VEGF in DPSC-CM and T-DPSC-
CM. The ELISA results showed that Ang1 concentration
in T-DPSC-CM significantly increased at days 3, 5, and
7 (Fig. 4f). However, the VEGF level in T-DPSC-CM in-
creased at 1 day and 3 days and then decreased gradually
and reached the same level as that in DPSC-CM at 7
days (Fig. 4g). In order to investigate whether TGF-β1
through the downstream signaling Smad2 and Smad3 to
trigger target gene transcription, such as α-SMA,
SM22α, Ang1, and VEGF, the phosphorylation of Smad2
and Smad3 was assessed in DPSCs after treatment with
TGF-β1 at different time points. Western blot results
showed that the expression of p-Smad2 and p-Smad3
was significantly increased at 30 and 60 min after treat-
ment with TGF-β1 (Fig. 4h–j).
To assess the effect of T-DPSC-CM on EC prolifera-

tion, an MTT assay was performed. The results indi-
cated that T-DPSC-CM did not affect EC proliferation
(Fig. 5a). The trans-well migration assay showed that a
significantly lower number of ECs migrated to the bot-
tom compartment in T-DPSC-CM than that in DPSC-
CM (Fig. 5b, c). The results of the wound healing assay

Fig. 1 Characterization of DPSCs. a Specific marker analysis of DPSCs by flow cytometry. b Alizarin red staining after osteogenic induction for 21
days. c Immunofluorescence staining after neurogenic induction for 7 days (green: Tuj1, blue: DAPI). d Alcian blue staining after chondrogenic
induction for 28 days. e Oil red O staining after adipogenic induction for 28 days
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demonstrated that the cells migrated into the scratch
area significantly slower under T-DPSC-CM than that in
DPSC-CM (Fig. 5d, e).
As Ang1 concentration was significantly increased in

T-DPSC-CM, we interrogated whether Ang1 in T-
DPSC-CM could activate its receptor Tie2 and the
downstream signaling. ECs were treated with T-DPSC-
CM or Ang1 for different time points. Western blot re-
sults showed that the expression of p-Tie2 significantly
increased after treatment with T-DPSC-CM or Ang1, as

well as VE-Cadherin (Fig. 6a, b, c). Taken together,
TGF-β1 treatment induced DPSC secretion of Ang1 into
CM, which in turn inhibited EC migration through acti-
vation of Tie2 and its downstream signaling.

T-DPSCs enhanced vascular stability through Ang1/Tie2
and VEGF/VEGFR2 signaling
To further investigate whether T-DPSCs maintain vessel
stability through Ang1/Tie2 and VEGF/VEGFR2 signal-
ing, in vitro 3D sprouting assay was performed. Co-

Fig. 2 TGF-β1 induced the expression of α-SMA and SM22α in DPSCs. a, b RT-qPCR analysis of the relative mRNA expression of α-SMA and
SM22α in DPSCs after treatment with TGF-β1 (10 ng/mL) for 1, 3, 5, and 7 days. c–e Western blot analysis of the expression of α-SMA and SM22α
in DPSCs after treatment with TGF-β1 (10 ng/mL) for 1, 3, 5, and 7 days. f, g Representative immunofluorescence images of α-SMA (red) and
SM22α (red) in DPSCs treated with TGF-β1 for 7 days. Scale bar represents 10 μm. Data are mean ± standard error for n = 3 replicates, *p < 0.05,
***p <0.001, ****p <0.0001
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culture spheroids of HUVECs and DPSCs, HUVECs and
T-DPSCs, and HUVECs, DPSCs, and Ang1 were embed-
ded in collagen gel and sprouting length was measured
after 24 h. The sprouting assay showed that both T-
DPSCs and exogenous Ang1 significantly inhibited EC
sprouting in a 3D spheroidal co-culture model (Fig. 7a,
b). In order to analyze the synergistic effects of VEGF
and Ang2 on EC sprouting, the HUVEC and T-DPSC
co-cultured spheroids were co-stimulated with VEGF
and Ang2. The results showed that neither VEGF nor
Ang2 alone can reverse the sprouting inhibition by T-
DPSCs in co-culture spheroids, whereas co-stimulation
with VEGF and Ang2 can significantly induce EC
sprouting (Fig. 7c, d). When HUVECs were pretreated
with a Tie2 inhibitor or VEGFR2 inhibitor, the Tie2

inhibitor reversed the sprouting inhibition by T-DPSCs
(Fig. 7e, f). Conversely, the VEGFR2 inhibitor boosted
the sprouting inhibition by T-DPSCs through blocking
VEGF/VEGFR2 signaling activation (Fig. 7e, f).
In order to explore the role of exogenous Ang2 on the

expression of p-Tie2 and Tie2 in HUVEC/T-DPSC co-
culture. The expression of p-Tie2 and Tie2 were de-
tected by western blots in HUVEC/T-DPSC co-culture
with or without high concentration of Ang2 (1000 ng/
mL). The results showed Ang2 significantly suppressed
Tie2 phosphorylation and had no effect on Tie2 ex-
pression (Fig. 8a–c). In addition, the efficiency of the
Tie2 inhibitor and VEGFR2 inhibitor was confirmed
by western blots. The expression of p-Tie2 (Fig. 8d,
e) and p-VEGFR2 (Fig. 8f, g) significantly decreased

Fig. 3 T-DPSCs exhibited similar functional properties as SMCs. a Contraction assay of the contractility of T-DPSCs in collagen gel. 1, 2, and 3 are
three replicates. b The gel diameter was measured and analyzed using ImageJ software after T-DPSC seeding in the gels for 48 h. c Confocal
laser microscopy images showed the location of HUVECs and T-DPSCs in sprouting structures. HUVECs and T-DPSCs were labeled with green and
red cell tracker dyes, respectively. Scale bar represents 100 μm. d, e T-DPSCs significantly inhibited the sprouting of HUVECs in a 3D spheroid
model. Data are mean ± standard error for n = 3 replicates, **p <0.01, ****p <0.0001
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after treatment with the Tie2 inhibitor or VEGFR2 in-
hibitor under the stimulation of T-DPSC-CM or
VEGF.

Discussion
Angiogenesis is a multi-step process that generates func-
tional blood vessels, during which endothelial cells pro-
liferate, migrate, and assemble to construct the interior
surface of the vessels, and perivascular cells (SMCs and

pericytes) are recruited to cover the exterior surface
[27]. Initially, Ang2 disassociates the stabilized endothe-
lial interactions with adjacent ECs and pericytes, and
then, VEGF promotes EC proliferation, migration, and
sprouting [28, 29]. In the later stage, PDGF released by
ECs activates and recruits pericytes to the nascent ves-
sels, while Ang1, which is released from pericytes, acts
as a pro-maturation factor to promote EC and pericyte
interactions and vessel maturation [10]. Through direct

Fig. 4 TGF-β1 regulated Ang1 and VEGF expression and secretion in DPSCs. a, b Western blot analysis of the expression of Ang1 in DPSCs,
HBVPs, and SMCs. c–e Western blot analysis of the expression of Ang1 and VEGF in DPSCs treated with TGF-β1 (10 ng/mL) for 1, 3, 5, and 7 days.
f, g ELISA analysis of the level of Ang1 and VEGF in conditioned media from DPSCs and T-DPSCs at 1, 3, 5, and 7 days. h–j Western blot analysis
of the expression of p-Smad2 and p-Smad3 in DPSCs treated with TGF-β1 (10 ng/mL) at 15, 30, and 60 min. Data are mean ± standard error for n
= 3 replicates, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
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interaction with ECs, perivascular cells play a key role in
maintaining the stability of mature blood vessels, which
is of paramount importance for the vessels to carry out
their physiological function [8].
TGF-β1 mediates several biological activities, such as

tissue homeostasis [30], cell self-renewal and quiescence
[31, 32], and cell differentiation [33]. In our previous
study, we demonstrated that TGF-β1 induced human ex-
foliated deciduous teeth (SHED) differentiation into
SMCs [5]. Furthermore, it has been demonstrated that
TGF-β1 treatment induced DPSC differentiation into
bladder SMCs [34]. DPSCs and SHED, which are derived
from the pulp of teeth, possess the properties of MSCs

and demonstrate the ability to differentiate into various
primary cell phenotypes, such as neuronal, endothelial,
and SMCs [5, 35]. Both DPSCs and SHED have been in-
vestigated for their angiogenic potentials in tissue
vascularization, vasculature engineering, and treatment
of ischemic diseases [6, 36, 37]. However, a relatively
small volume of pulp tissue available within the exfoli-
ated deciduous compared to that within the wisdom
teeth makes it much difficult to isolate sufficient cells
[38]. Therefore, in this project, DPSCs were utilized in-
stead of SHED.
In the current study, we examined whether TGF-β1

treatment could switch DPSC phenotype into SMC-like

Fig. 5 Conditioned media from T-DPSCs inhibited HUVEC migration. a HUVEC proliferation in DPSC-CM and T-DPSC-CM was determined by MTT
assay. b, c Trans-well migration assay was performed to evaluate the effect of DPSC-CM and T-DPSC-CM on HUVEC migration ability. d, e HUVEC
migration was determined by wound healing assay under DPSC-CM and T-DPSC-CM for 24 h. Data are mean ± standard error for n = 3
replicates, ****p <0.0001
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cells, by which the newly formed vessels by HUVECs
could be stabilized. Therefore, we first verified that
TGF-β1 can drive DPSC differentiation into functional
SMCs, as shown by high expression of α-SMA and
SM22α, which are the most widely recognized markers
of SMCs [39, 40]. Additionally, in vitro contraction assay
that utilized the well-established collagen gel model was
performed to assess the contractility of SMCs [26]. It
was found that T-DPSCs have greater contractibility
than DPSCs, indicating that T-DPSCs are functionally
closer to SMCs.
In mammalians, five main ligands (VEGF-A, VEGF-B,

VEGF-C, VEGF-D, and placenta-derived growth factor
(PIGF)) and three receptors (VEGFR1, VEGFR2, and
VEGFR3) have been found in the VEGF family [41].
VEGF-A, VEGF-B, and PIGF stimulate the growth of
blood vessels through VEGFR1 and VEGFR2, while

VEGF-C and VEGF-D regulate lymphatic angiogenesis
through VEGFR3 [42]. VEGF-A, also often referred to as
VEGF, is the best characterized and mostly utilized in
VEGF/VEGFR2 signaling studies [43]. VEGF165 is the
main isoform of VEGF-A and found to be expressed in
many cell types [44]. VEGF exerts its biological role by
interacting with cell surface receptors, such as VEGFR1
and VEGFR2, which are expressed on vascular endothe-
lial cells [45]. In particular, VEGFR2 has been identified
as the main receptor which is responsible for the regula-
tion of the pro-angiogenic effects of VEGF-A [41, 46].
Therefore, VEGF-165 was utilized in this study to induce
angiogenic sprouting.
In vitro 3D spheroidal sprouting assay has been used

to assess interactions between ECs and various other
cells, including MSCs, SMCs, pericytes, and tumor cells
[47–50]. Using this model, the synergistic effect of VEGF

Fig. 6 Conditioned media from T-DPSCs activated Tie2 signaling. a–c Western blot analysis of the expression of p-Tie2 and VE-Cadherin in
HUVECs after treatment with T-DPSC-CM or Ang1 at different time points. Data are mean ± standard error for n = 3 replicates, *p <0.05, **p <0.01
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Fig. 7 T-DPSCs inhibited HUVEC sprouting through Ang1/Tie2 and VEGF/VEGFR2 signaling. a T-DPSCs and exogenous Ang1 inhibited endothelial
sprouting. Representative images of in vitro sprouting assay using HUVECs + DPSCs, HUVECs + T-DPSCs, and HUVECs + DPSCs + Ang1 co-culture
spheroids, respectively. b Quantification of cumulative length of sprouting assay using ImageJ software. c, d Sprouting assay of HUVEC and T-
DPSC co-culture spheroids stimulated with VEGF (20 ng/mL) and Ang2 (1000 ng/mL). Representative images (c) and quantification of cumulative
length of sprouting (d). e, f HUVECs were pretreated with the Tie2 inhibitor (5 μM) or VEGFR2 inhibitor (5μM) for 12 h before co-cultured with T-
DPSCs to form spheroids. Sprouting images (e) and quantification of cumulative length (f). Data are mean ± standard error for n = 3 replicates, *p
<0.05, ***p <0.001, ****p <0.0001
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and Ang2 in EC and SMC co-culture spheroids was
demonstrated and the role of Tie2 in EC and pericyte
co-culture spheroids was explored [47, 48]. Similarly, to
assess the ability of T-DPSCs in stabilizing the HUVECs
generated vessels, the in vitro 3D spheroidal sprouting
assay was performed. The results showed that T-DPSCs
significantly inhibited the EC sprouting compared to
DPSCs. Confocal microscope images showed that T-
DPSCs enclosed ECs in the sprouting structure, which
suggested the T-DPSC function as pericyte-like cells in
the process of angiogenesis sprouting.
Ang1, a pro-maturation factor, is responsible for blood

vessel maturation through strengthening the interactions
between perivascular cells and ECs [18]. It was well-
known that Ang1/Tie2 signaling is the key contributor

for maintaining the stability of the existing blood vessels
[51]. Our results showed that TGF-β1 treatment acti-
vated the downstream signaling Smad2 and Smad3 via
phosphorylation. The activated Smad2 and Smad3 asso-
ciated with Smad4 are then translocated into the nucleus
to trigger the target genes transcription, such as α-SMA,
SM22α, Ang1, and VEGF [5, 52]. We assumed that T-
DPSCs inhibited the endothelial sprouting in the 3D
spheroidal co-culture model through Ang1/Tie2 signal-
ing. In order to confirm our hypothesis, we first evalu-
ated the dynamic changes of Ang1 and VEGF expression
in DPSCs by western blot and ELISA after treatment
with TGF-β1 from day 1 to 7. Both total and secreted
Ang1 expression were significantly increased at day 5
after treatment with TGF-β1. The western blot results

Fig. 8 The expression of p-Tie2 and p-VEGFR2 in HUVECs. a–c Western blot analysis of the expression of p-Tie2 and Tie2 in HUVEC/T-DPSC co-
culture with or without high concentration Ang2 (1000 ng/mL) for 24 h. d, e HUVECs were pretreated with the Tie2 inhibitor (5 μM) for 12h, then
treated with T-DPSC-CM or Ang1 for 30 min. Western blot analysis of the expression of p-Tie2 in HUVECs. f, g HUVECs were pretreated with the
VEGFR2 inhibitor (5 μM) for 12h, then treated with VEGF for 2, 5, and 10 min. Western blot analysis of the expression of p-VEGFR2 in HUVECs.
Data are mean ± standard error for n = 3 replicates, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001
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demonstrated that the peak of VEGF expression was at
day 3 and then downregulated at days 5 and 7. The se-
creted VEGF assessed by ELISA had a similar trend,
which was highest at day 3, and decreased at days 5 and
7. Consistently, it was reported that mesenchymal stem
cells (MSCs), such as ASCs, following their differenti-
ation into smooth muscle cells downregulated VEGF ex-
pression while upregulating α-SMA, SM22α expression
[15, 16].
To further disclose the functional role of T-DPSCs,

the CM of T-DPSCs was used to treat ECs. We found
that T-DPSC-CM significantly inhibited EC migration,
but had no effect on EC proliferation. The elevated level
of Ang1 may be responsible for inhibiting EC migration.
It was reported that Ang1 induces trans-association of
Tie2 at endothelial cell-cell contacts. The trans-associ-
ation of Tie2 further associates with vascular endothelial
protein tyrosine phosphatase (VE-PTP) and enhances
endothelial cell-cell adhesions [53]. The enhanced adhe-
sion between ECs promotes their quiescent status, mak-
ing the cell assembling more resistant to be broken by
angiogenic factors such as VEGF [54]. On the other
hand, the secreted VEGF in T-DPSC-CM was at the
same level as that in DPSC-CM after treatment with
TGF-β1 for 7 days. As the level of Ang1 was significantly
elevated in T-DPSC-CM, the ratio of Ang1/VEGF was
much higher in T-DPSC-CM than that in DPSC-CM,
which in turn suppressed EC migration compared to
DPSC-CM. Due to the same level of VEGF in T-DPSC-
CM and DPSC-CM, this could explain why there was no
difference on proliferation of ECs in both groups.
Besides the role of Ang1 in inhibiting EC migration,

we found that Ang1 inhibited endothelial sprouting in
3D HUVEC and DPSC co-culture spheroidal model.
Ang1 could inhibit endothelial sprouting by promoting
the interactions between HUVECs and DPSCs via Ang1/
Tie2 signaling [55]. Additionally, the cumulative sprout-
ing length was significantly increased when HUVECs
were pretreated with the Tie2 inhibitor, while the cumu-
lative sprouting length was significantly decreased when
HUVECs were pretreated with VEGFR2 inhibitor. The
Tie2 inhibitor blocks Ang1 binding to its receptor Tie2,
halting the accumulation and internalization of endothe-
lial cadherin (VE-cadherin) through inhibiting the acti-
vation of Src [56]. Thus, it weakened the interactions
between ECs and T-DPSCs and further increased the EC
sprouting. On the contrary, the VEGFR2 inhibitor blocks
VEGF binding to VEGFR2, inhibiting EC proliferation
and migration through PI3K signaling and further de-
creased EC sprouting [57, 58]. These results indicated
that Ang1/Tie2 and VEGF/VEGFR2 signaling both were
involved in the angiogenesis sprouting of co-culture
HUVECs and DPSCs. Ang2, as an Ang1 antagonist,
plays an important role in Ang1-mediated vessel

maturation [59]. Ang2, which is mainly produced by
endothelial cells, destabilizes the interaction between
ECs and perivascular cells by competing with Ang1
binding to Tie2 [60]. To further explore the function of
Ang2 and the synergistic effect of Ang2 and VEGF in
the process of sprouting, we performed in vitro sprout-
ing assay co-stimulated with Ang2 and VEGF. The re-
sults showed that neither Ang2 nor VEGF individually
was able to significantly induce EC sprouting. However,
co-stimulation of HUVEC and T-DPSC co-culture
spheroids with Ang2 and VEGF drastically increased EC
sprouting. Ang2 was reported as a partial agonist/antag-
onist of Tie2 pathway that participates in the regulation
of endothelium [61]. Similarly, our results demonstrated
that a high concentration of Ang2 (1000 ng/mL) sup-
pressed Tie2 phosphorylation in HUVEC and T-DPSC
co-culture. Thus, this could explain why Ang2 and
VEGF co-stimulation reversed the sprouting inhibition
by T-DPSC. In consistent with our findings, a previous
study showed that co-stimulation of EC and SMC co-
culture spheroids with VEGF and Ang2 significantly in-
duced sprouting in collagen gels, while neither VEGF
nor Ang2 was able to induce sprouting [47]. Ang2
breaks down the binding of Ang1/Tie2 promoting peri-
vascular cell detachment from the endothelium, and
VEGF further activates EC migration to form new vessel
sprouts [59, 62]. Therefore, these findings demonstrated
that there is a facilitatory role between Ang2 and VEGF
in the process of sprouting.
In summary, we revealed that TGF-β1 treatment trig-

gered Smad2 and Smad3 phosphorylation, and the acti-
vated Smad2 and Smad3 further induced Ang1 and VEGF
gene and protein expression besides α-SMA and SM22α.
After secretion, Ang1 derived from DPSCs activated its re-
ceptor, Tie2, on the membrane surface of HUVECs. The
activated Ang1/Tie2 increased VE-Cadherin expression,
which enhances cell-cell adhesion and blood vessel stabil-
ity. The secreted VEGF from DPSCs decreased gradually
as DPSCs differentiated into pericyte-like cells, which in
turn attenuated VEGF/VEGFR2 signaling, inhibiting
HUVEC migration. Thus, these results suggest the pro-
posed molecular mechanism on how TGF-β1 regulates
the role of DPSCs in vascular stabilization via Ang1/Tie2
and VEGF/VEGFR2 signaling (Fig. 9).
The results of this study showed that TGF-β1 pro-

moted DPSC differentiation into functional pericyte-like
cells which would expand the prospect of DPSCs’ trans-
lational applications. In fact, DPSCs, as a typical MSC
type, have been investigated for osteogenesis, angiogen-
esis, neurogenesis, and immunomodulation [63, 64]. By
regulating the associated signaling pathways as shown in
this study, novel functions of DPSCs could be induced,
which may facilitate the establishment of new thera-
peutic modalities in vascular tissue engineering.
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Conclusions
The current study demonstrated that DPSCs can be dif-
ferentiated into functional SMCs by TGF-β1. Further, T-
DPSCs can maintain the stability of vessels in a 3D co-
culture spheroid model through Ang1/Tie2 and VEGF/
VEGFR2 signaling.
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