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ABSTRACT

Tissue engineering strategies based on implanting cellularized biomaterials are promising therapeutic ap-
proaches for the reconstruction of large tissue defects. A major hurdle for the reliable establishment of
such therapeutic approaches is the lack of rapid blood perfusion of the tissue construct to provide oxygen
and nutrients. Numerous sources ofmesenchymal stemcells (MSCs) displaying angiogenic potential have
been characterized in the past years, including the adult dental pulp. Establishment of efficient strategies
for improving angiogenesis in tissue constructs is nevertheless still an important challenge. Hypoxia was
proposed as a priming treatment owing to its capacity to enhance the angiogenic potential of stem cells
through vascular endothelial growth factor (VEGF) release. The present study aimed to characterize ad-
ditionalkeyfactors regulatingtheangiogeniccapacityof suchMSCs,namely,dentalpulpstemcellsderived
from deciduous teeth (SHED). We identified fibroblast growth factor-2 (FGF-2) as a potent inducer of the
release of VEGF and hepatocyte growth factor (HGF) by SHED. We found that FGF-2 limited hypoxia-
induced downregulation of HGF release. Using three-dimensional culture models of angiogenesis, we
demonstratedthatVEGFandHGFwerebothresponsible for thehighangiogenicpotentialofSHEDthrough
direct targetingof endothelial cells. In addition, FGF-2 treatment increased the fractionof Stro-1+/CD146+
progenitor cells.We then applied in vitro FGF-2 priming to SHEDbefore encapsulation in hydrogels and in
vivo subcutaneous implantation. Our results showed that FGF-2 priming ismore efficient than hypoxia at
increasingSHED-inducedvascularizationcomparedwithnonprimedcontrols.Altogether, thesedatadem-
onstrate that FGF-2priming enhances theangiogenic potential of SHED through the secretionof bothHGF
and VEGF. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:392–404

SIGNIFICANCE

The results from the present study show that fibroblast growth factor-2 (FGF-2) priming is more ef-
ficient thanhypoxia at increasingdental pulp stemcells derived fromdeciduous teeth (SHED)-induced
vascularization compared with nonprimed controls. Together, these data demonstrate that FGF-2
priming enhances the angiogenic potential of SHED through the secretion of both hepatocyte growth
factor and vascular endothelial growth factor.

INTRODUCTION

The delivery of tissue constructs seededwith adult
stem cells into injured and ischemic tissues has
been emerging as a potential therapeutic option

for tissue repair and regeneration. The success of
this regenerative strategy is directly conditioned
by the establishment of a fully functional vascular
networkwithin the tissue-engineered constructs.
The blood supply must be quickly established
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Montrouge, France; bAssistance
Publique des Hôpitaux de Paris
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ClaudeKellershohn,Paris,France;
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Cité, Paris, France; iINSERM
U1148, Laboratory of Vascular
Translational Science, Université
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Ph.D., Collège de France, Center for
Interdisciplinary Research in
Biology, 11 Place Marcelin
Berthelot, Paris 75005, France.
Telephone: 331-4427-1429; E-Mail:
laurent.muller@college-de-france.fr

Received July 22, 2015; accepted
for publication October 7, 2015;
published Online First on January
21, 2016.

©AlphaMed Press
1066-5099/2016/$20.00/0

http://dx.doi.org/
10.5966/sctm.2015-0166

STEM CELLS TRANSLATIONAL MEDICINE 2016;5:392–404 www.StemCellsTM.com ©AlphaMed Press 2016

TISSUE ENGINEERING AND REGENERATIVE MEDICINE

mailto:catherine.chaussain@parisdescartes.fr
mailto:catherine.chaussain@parisdescartes.fr
mailto:laurent.muller@college-de-france.fr
http://dx.doi.org/10.5966/sctm.2015-0166
http://dx.doi.org/10.5966/sctm.2015-0166


to provide oxygen and nutrients and to prevent necrosis. Iden-
tifying stem or progenitor cell populations able to both partici-
pate in tissue regeneration and promote angiogenesis is
therefore essential for developing such novel tissue regenera-
tion strategies [1]. Dental pulp mesenchymal stem cells (DPSCs)
have been described as a potential alternative for tissue engi-
neering, because of their extended potential for proliferation
and differentiation and their paracrine properties [2–6]. We
have recently shown that implantation of a tissue construct
composed of rat DPSCs seeded in a three-dimensional (3D) col-
lagen hydrogel into the emptied pulp chamber of a rat molar
was capable of generating a vascularized pulp-like tissue [7].
Creating a functional vasculature represents one of the most
fundamental challenges in tissue engineering. Therefore, under-
standing themechanisms that regulate angiogenesis in this con-
text is critical. Bone marrow-derived stem cells (BMSCs) and
adipose-derived stem cells (ASCs) have been shown to induce
vessel formation [8–11]. Likewise, DPSCs display strong proan-
giogenic properties [12–14] that remain to be fully understood.
DPSCs are more efficient at vessel formation than other mesen-
chymal stem cells from the tooth organ or BMSCs [15, 16], fur-
ther supporting their clinical interest. DPSCs have been involved
in the promotion of angiogenesis through either secretion of
proangiogenic factors or differentiation into endothelial cells
(ECs) [12–14, 17]. Several lines of evidence, however, support
that their paracrine effect is the main mechanism involved:
(a) the long treatments (3–4 weeks) described for cell differen-
tiation in vitro arenot compatiblewith the requirement for rapid
angiogenesis [18]; (b) conflicting results have been reported
concerning differentiation into ECs in vivo [12, 19, 20]; and (c)
low rates of cell insertion in the endothelium have been ob-
served in vivo [21].

The tissue remodeling that accompanies successful tissue en-
gineering therapy is regulated by growth factors, cytokines, com-
ponents of the extracellular matrix, and/or oxygen tension,
which target ECs [22, 23]. The grafting environment is poor
in oxygen, and hypoxia is a major stimulus for angiogenesis
through the induction of vasodilatation, proliferation, and mi-
gration of ECs. Activation of the hypoxia inducible factor (HIF)
pathway triggers transcription of a wide panel of genes, in-
cluding angiogenic factors such as vascular endothelial growth
factor (VEGF) and extracellular matrix (ECM) components
[24–26]. Recent works have identified VEGF as the major fac-
tor responsible for the proangiogenic paracrine effect of
DPSCs [13, 15, 16, 27]. Hypoxia priming of stem cells has thus
been used as a method to increase their angiogenic potential
[28–30]. Such treatment, however, only consists of exposing
cells in vitro to the same stimulus as the postimplantation en-
vironment. Although it allows for earlier triggering of angio-
genic properties, it might not be appropriate for increasing
the extent of vessel growth. Other strategies thus need to
be developed to increase the angiogenic potential of stem
cells through signaling pathways distinct from, and synergistic
with, the HIF pathway.

In this context, our study aimed to characterize cytokines se-
creted by DPSCs derived from deciduous teeth (SHED) that
might explain their high proangiogenic potential and at identi-
fying stimuli able to enhance such angiogenic properties for tis-
sue engineering applications based on cell priming. We have
demonstrated that hepatocyte growth factor (HGF) is a major
regulator of DPSC-induced capillary formation, together with

VEGF, and identified fibroblast growth factor-2 (FGF-2) as a po-
tent activator of the secretion of both HGF and VEGF. We then
assessed the effect of priming murine DPSCs and human SHED
with either FGF-2 or hypoxia before subcutaneous implantation
in mice and demonstrated that FGF-2 priming had a higher im-
pact on angiogenesis within implanted engineered tissue con-
structs than did hypoxia.

MATERIALS AND METHODS

Human Tooth Collection

Teeth were obtained from the Dental Department of Hôpitaux
Universitaires Paris Nord Val de Seine, AP-HP, France. For cell cul-
ture, deciduous teeth were collected after trauma or after exfo-
liation from3healthy young children (3–7 years of age). For tooth
section preparation, permanent thirdmolarswere obtained from
young adults (18–25 years of age) after extraction according to
an orthodontic treatment plan. All teeth were collected with in-
formed and oral consent from the patients and parents according
to the ethical guidelines set by the French law and with a dedi-
cated authorization for our team (no. DC-2009-927, Cellule
Bioéthique DGRI/A5, Paris, France).

Cell Culture

Culture of humanpulp stem cells fromexfoliated deciduous teeth
(SHED) was established as previously reported [31]. In brief, after
decontaminationwith povidone-iodine solution (Betadine;Méda
Pharma, Paris, France, http://www.meda.fr), the teeth were sec-
tioned longitudinally, and theexposedpulp tissueswere collected
and enzymatically digested with type I collagenase (3 mg/ml;
Worthington Biochem, Freehold, NJ, http://www.worthington-
biochem.com) and dispase (2U/ml; Roche,Mannheim, Germany,
http://www.roche.com). The cellswere then cultured inmodified
Eagle’s medium-a (a-MEM; Invitrogen, Grand Island, NY, http://
www.thermofisher.com), supplemented with 20% fetal bovine
serum (FBS; Invitrogen) and 1% penicillin/streptomycin (Invitro-
gen), at 37°Cwith 5%CO2. Themediumwas refreshed after 3 days
and then twice each week. The cells were detached by trypsiniza-
tion at 70% confluence (0.25% trypsin EDTA solution; Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) and either
frozen at 280°C or replated at a density of 104 cells per cm2 in
Dulbecco’s modified Eagle’s medium 1 g/l D-glucose (DMEM;
Invitrogen) supplemented with 10% FBS (Invitrogen) and 1%
penicillin/streptomycin (Invitrogen), at 37°C with 5% CO2, with
the medium refreshed twice each week. For all experiments,
SHED were used between passages 2 and 4.

Human ECs from the umbilical vein were prepared as previ-
ously described [32]. They were cultivated on type I collagen in
endothelial cell growth medium 2 (ECGM2; PromoCell, Heidel-
berg, Germany, http://www.promocell.com). The experiments
were performed before passage 5. Adult normal human dermal
fibroblasts were purchased from PromoCell and grown in fibro-
blast growth medium 2 (PromoCell).

Multicolony-derived murine pulp stem cells (mDPSCs) were
obtained using a protocol adapted fromGronthos et al. [33] from
theuppermolarsof 4-daypostnatal littermate Swissmice (Janvier
Laboratories, Le Genest St. Isle, France, http://www.janvier-lab.
com). The pulp tissue was digested in a solution of 3 mg/ml col-
lagenase type I (Worthington Biochem) and 2 U/ml dispase
(Roche) at 37°C for 30 minutes. Dissociated cells were plated
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on0.1%gelatin-coated dishes ina-MEM(Gibco,Grand Island, NY,
http://www.thermofisher.com) supplemented with 20% FBS and
100mg/ml streptomycin, 2.5ng/ml FGF-2, and10ng/ml bonemor-
phogenetic protein 2 and maintained at 37°C under a 5% CO2 at-
mosphere. On reaching 70%–80% confluence, the cells were
plated at 104 cells per cm2. The number of cells necessary for
the in vivo experiments was obtained after 2 passages. SHED an-
giogenic potential and viabilitywere also exploredbyquantitative
reverse transcription-polymerase chain reaction and Western
blot (supplemental online data).

SHED Phenotype by Flow Cytometry

The expression of CD31, CD29, CD45, CD73, CD90, CD106, CD117,
CD146, and STRO-1 was analyzed by polychromatic flow cytome-
try (LSRII; Becton Dickinson, Franklin Lakes, NJ, http://www.bd.
com) with fluorochrome-conjugated monoclonal antibodies
(BioLegend, San Diego, CA, http://www.biolegend.com; BD Bio-
sciences, Franklin Lakes, NJ, http://www.bd.com; and eBio-
science, San Diego, CA, http://www.ebioscience.com). Cells at
passage 2 were detached by 4% lidocaine. BD CompBeads parti-
cles (BD Biosciences) were used to calculate the compensation of
fluorescence spillover. SHED were used after 24 hours of hypoxic
priming (1%O2), 72hours of FGF-2 treatment (10ng/ml), 72hours
of FGF-2 treatment (10 ng/ml), including the last 24 hours in a
hypoxic (1% O2) or normoxic condition. Experiments were per-
formed on 3 unrelated donors.

3D Migration and Tube Formation Assay

Three-dimensional fibrin gel assay was performed as previously
described [34]. In brief, ECs were seeded either on Cytodex beads
(GEHealthcare, Knoxville, TN, http://www.gehealthcare.com) for
24 hours before embedding in a 2.5-mg/ml fibrin gel or directly in
the gel at 106 cells perml. Normal dermal human fibroblasts (Pro-
moCell) or SHED were plated on top of the gel and incubated in
ECGM2 depleted for VEGF (ECGM2-DV). In some experiments,
Cytodex beadswere cultivated in SHED-conditionedmediumpre-
pared in ECGM2-DV. After 5–6 days, the hydrogels were fixed
with 4% paraformaldehyde. Actin and nuclei were stained with
Phalloidin-Alexa Fluor 488 and 49,6-diamidino-2-phenylindole
(DAPI), respectively (Invitrogen). Images were acquired with a
Nikon Eclipse Ti/Roper spinning disc (Nikon, Tokyo, Japan,
http://www.nikon.com). Capillary formation was analyzed using
ImageJ (NIH, Bethesda, MD, http://www.imagej.nih.gov/ij).

Immunocytochemistry

Fibrinmatriceswere fixedwithparaformaldehyde, permeabilized
with 0.2% Triton-X-100, and saturated with 10% normal goat se-
rum. They were then incubated with primary antibodies directed
against CD31 (Dako, Les Ulis, France, http://www.dako-france.
sas),b-catenin coupled to Alexa Fluor 647 (Cell Signaling Technol-
ogy, Danvers, MA, http://www.cellsignal.com) or podocalyxin
(R&D Systems, Minneapolis, MN, http://www.rndsystems.
com). They were then incubated with secondary antibodies tar-
geting mouse IgG coupled to Alexa Fluor 555 or goat IgG coupled
toAlexa Fluor 488 (Invitrogen).Nucleiwere stainedwithDAPI. Im-
ages were acquired using a Leica DMI6000-SP5 confocal micro-
scope (Leica Microsystems, Concord, ON, Canada, http://www.
leica-microsystems.com), and image analysis was performed us-
ing Imaris software (BitPlane, Zurich, Switzerland, http://www.
bitplane.com).

Antibody Array and Enzyme-Linked
Immunosorbent Assay

Culture supernatants were removed at each time point of cul-
ture, centrifuged, and stored at280°C. The sampleswere either
directly used for detection of angiogenic cytokines using anti-
body arrays (R&D Systems) or diluted (1/20) to be analyzed by
enzyme-linked immunosorbent assay (ELISA) using the Quantikine
ELISA Kit (R&D Systems) directed against human (h)VEGF and
hHGF. Antibody arrays were treated as described by the provider.

Human Tooth Slice Preparation

One-millimeter-thick tooth slices were prepared from caries-
free human third molars, as previously described [14, 35]. After
disinfection with 70% ethanol, the teeth were transversely sec-
tioned at the cervical region using a diamond saw blade under
cooling with sterile phosphate-buffered saline (PBS; Invitrogen)
to obtain 1-mm-thick dentin slices. The pulp tissue was com-
pletely removed, and the tooth slices were immersed in
0.05% sodium hypochlorite for 10 seconds and then washed
with sterile PBS.

Tissue Construct Preparation for In Vivo Implantation

Tooth slices (one slice per well) were placed into 24-well cell
culture-suspension plates (Cellstar; Greiner Bio-One, Basel, Swit-
zerland, http://www.greinerbioone.com). The empty pulp cham-
ber space was filled with 200 ml of polymerizing type I collagen
gel-prepared solution (rat tail tendons obtained as previously de-
scribed [36], 1 mg/ml final) containing either mDPSCs or human
SHED in serum-free DMEMsuspension at 1.106 cells permilliliter.

Surgical Procedure

Tissue constructs were implanted subcutaneously in each side of
the mouse back to assess the angiogenesis capacity of the pulp
cells (Agreement CEE A34.CC.003.11). In a first step, the tissue
constructs seeded with mDPSCs and primed or not with 24 hours
of hypoxia were implanted in Swiss mice (n = 12; Janvier Labora-
tories). For all experiments, a hypoxic-primed tissue construct
was placed on one side of the mouse and the control tissue con-
struct (normoxic conditions) was placed on the opposite side,
each mouse being its own control. Weekly monitoring was per-
formedusingecho-Doppler andcompleted at4weeksbypositron
emission tomography/computed tomography PET/CT andmicro-
CT analysis, as described below.

In a second step, tissue constructs seeded with human
SHED were tested in the same conditions in severe combined
immunodeficiency (SCID) mice (n = 12; Harlan, Gannat, France),
with an additional group pretreated for 24 hours with FGF-2
(10 ng/ml). Micro-CT analysis was performed 4 weeks after im-
plantation, followed by immunohistochemistry analysis after
animal sacrifice.

Ultrasound Power Doppler Analysis

Ultrasound imaging was performed using an ultrasound Biomi-
croscope (VEVO770; Visualsonics, Toronto, ON, Canada, http://
visualsonics.com) using either a 40 MHz or 55 MHz central fre-
quency probe (RMV-704 or RMV-708, respectively). Vasculariza-
tion was assessed using either the power Doppler mode or
pulsed wave Doppler mode. Tridimensional acquisitions were
recordedusing an integrated 3D stepmotor. Datawere analyzed
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and reconstructed in three dimensions using the VEVO770 soft-
ware. The parameter analyzed was the vascular volume fraction
(in percentages).

PET/CT

The distribution of the glucose analog 18F-fluorodeoxyglucose
(18F-FDG) and a cyclic peptide 18F-K5 targeting avb1 and avb3

integrins was analyzed in implanted tissue constructs (n = 9).
18F-K5 was produced and purified by PETNET (Siemens Labora-
tory, Malvern, PA, http://www.usa.healthcare.siemens.com), as
previously described [37]. The average isolated yield of 18F-
RGD-K5 was 26.9%6 10.3% (decay corrected; n = 15) with an av-
erage specific activity of 9.76 5.7 Ci/mmol.

PET/CT Data Acquisition

Micewere anesthetized (isoflurane/oxygen, 2.5% for induction at
0.8–1.5 l/minute and 1.5% at 400–800ml/minute thereafter). Eight to
10MBqof18F-FDG(n=3)or18F-K5(n=6)were injected inthe jugular
vein. The mice were kept in standby for 1 hour after injection, and
a 20-minute static PET acquisition was performed. The mice were
imagedusingan Inveonmicro-PET/CT scanner (SiemensHealthcare,
Erlangen, Germany, http://www.siemens.com). CT imaging was
performed before PET acquisition for anatomical localization.

PET/CT Data Analysis

PET/CT images were analyzed by drawing volumes of interest (VOI;
approximately 4 mm3) on the implanted tissue construct area visual-
ized on consecutive sections. For comparison, all values of radioactivity
concentrations were normalized by the injected dose and expressed
as a percentage of the injected dose per volumeof tissue (% ID×cm–3)
and as the mean standardized uptake value inside each VOI (ratio of
tissue radioactivity concentration at one time point, over injected
activity per body weight extrapolated to the same time point).

Micro-X-Ray-CT Analysis

For angiogenesis exploration of the in-tissue constructs, themice
were anesthetized, and an intracardiac (left ventricle) injection of
a contrast agent (barium chloride) was performed before scan-
ning using an x-raymicro-CT device (Quantum FX Caliper; Life Sci-
ences, Perkin Elmer, Waltham, MA, http://www.perkinelmer.
com) hosted by the IDV Platform (EA2496; IDV Solutions, Mon-
trouge, France, http://www.idvsolutions.com). The x-ray source
was set at 90 kV and 160 mA. Tridimensional images were ac-
quired with an isotropic voxel size of 20 mm. Full 3D high-
resolution raw data were obtained by rotating both the x-ray
source and the flat panel detector 360° around the sample (scan-
ning time, 3 minutes). Tridimensional renderings were subse-
quently extracted from Digital Imaging and Communications in
Medicine data frames using the open-source OsiriX imaging soft-
ware, version 3.7.1 (distributed under LGPL license; Dr A. Rosset,
Geneva, Switzerland). Quantification of the vascular density in-
side each tissue construct was realized using CTan Analyzer soft-
ware, release 1.13.5.1 (SkyScan [now Bruker microCT], Kontich,
Belgium, http://www.bruker-microct.com). A global VOI was
drawn by interpolating two-dimensional regions of interest on
consecutive sections to isolate tissue constructs. The obtained in-
terpolated VOI included only 3D collagenmatrices and the invad-
ing vessels into which the lumens were counter-contrasted using
barium chloride. The brightness of each voxel inside the VOI was

summed and distributed along a histogram. The VOI was finally seg-
mented interactively to select barium chloride-contrasted vessels
according to the threshold (a brighter range of brightness) and to
eliminate background noise (a darker range of brightness). The vas-
cular volume fraction (percentage) was the analyzed parameter.

Immunohistochemistry

Four weeks after in vivo implantation, the tissue constructs were
surgically removed and fixed overnight at 4°C in 4% paraformal-
dehyde and then progressively demineralized in 4.13% (pH 7.3)
EDTA (n = 8 per group). The tissues were embedded in paraffin
and 7-mm sections prepared. Endogenous peroxidases were
blocked by incubating the sectionswith 3%H2O2 at room temper-
ature (RT) for 10 minutes. Sections were treated with 0.1% Pro-
naseE (Sigma-Aldrich) during 10 minutes at 35°C and further
incubatedfor90minutesatRT in5%bovineserumalbumin/PBS.Rab-
bit polyclonal antibodies for von Willebrand factor (1/800; ab6994;
Abcam,Cambridge,U.K.,http://wwww.abcam.com),a-smoothmus-
cle actin (1/100; ab5694; Abcam), dentin sialoprotein (1/100;
LF153; a kind gift from Larry Fisher, NIH), and calcitonin gene-
retrieved peptide (1/2000; C8198; Sigma-Aldrich) were used.
The sections were treated in a moist chamber overnight at
4°C and further incubated for 90 minutes with a polyclonal
swine anti-rabbit immunoglobulin/horse radish peroxidase con-
jugate (1/1,000; Dako) as a substrate. Peroxidase visualization
was obtained over 3–6 minutes in a dark chamber using 3.39-
diaminobenzidine tetrahydrochloride (Fast Dab; Sigma-Aldrich).
The sections were counterstained with eosin and hematoxylin.
Controls were performed by omitting the primary antibody to ex-
clude nonspecific binding. Slices were chosen to be spaced through-
out tissue constructs to count the vessels in full, lengthwise (n = 8
slices per tissue construct per antibody). Each slice was observed
by microscope (Leica Microsystems Wetzlar GmbH, Wetzlar, Ger-
many, http://www.leica-microsystems.com) (310), the reconstruc-
tion of each field was made using Microsoft Image Composite
Editor software (Microsoft, Redmond, WA, http://www.research.
microsoft.com), and quantification of vessel number per mm2 and
area ofmatrix vascularizationwas doneusing ImageJ software (NIH).

Statistical Analysis

Numerical variables are expressed as the mean 6 SEM, unless
otherwise indicated. The statistic analyses were performed using
XLStat, version 7.5.3, software (Addinsoft, New York, NY, http://
www.xlstat.com). The normality of the distribution was tested
with the Shapiro-Wilk test, and the homogeneity of variance
was tested with the Fisher F test. When the distribution of the
data for each group respected the normality law and the variance
of the groups was homogeneous, the t test for paired measures
was used. When the distribution of at least one of the groups did
not follow the normality law, comparisons between groups were
performed with the nonparametric Kruskal-Wallis test, followed
by two-by-two comparisons performed with the Mann-Whitney
U test. The critical p value for statistical significance was p, .05.

RESULTS

SHED Have High Angiogenic Potential That Is Further
Increased by Hypoxia

We first analyzed SHED’ ability to promote the generation of an
extended capillary network using amodel that recapitulates tight
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Figure 1. Formation of a three-dimensional network of endothelial capillaries induced by SHED: Positive impact of hypoxia. (A): Adherens
junction and lumen formation by polarized endothelial cells (ECs). ECswere stained for CD31 (red),b-catenin (purple), and podocalyxin (green),
and their nucleiwere stained by 49,6-diamidino-2-phenylindole (blue). Z-stackwas acquiredwith confocalmicroscope andmaximumprojection
of the stack is shown (top). Right: Theoverlay image. Lumen formation is illustrated in theorthogonal viewof the stack along thewhite arrowaxis
(bottom: threefold enlargement). (B, C): ECswere seededonCytodexbeads andembedded in2.5-mg/ml fibrin gel. Theyweremaintained5days
in endothelial cell growthmedium2 (ECGM2) depleted for VEGF, either alone or in coculturewith increasing amounts of NHDFor SHED (10,000,
40,000 or 100,000 cells per well). Actin was stained using phalloidin-Alexa Fluor 488. Projections of z-stack are shown. (D): Capillary formation
was quantitated in the six coculture conditions (ppp, p, .001). ECs embedded in fibrin gels topped with SHED were cultivated in ECGM2 sup-
plementedornotwith5ng/mlVEGF. (E):SHEDwereexposed tohypoxia for either24or72hoursbefore seedingon topof thegel orat the timeof
embedding in the gel for 24or 72hours. Capillary lengthwasmeasured after 5days in culture (D, E). Abbreviations: NHDF, normal humandermal
fibroblast; Post, at the time of embedding in the gel for 24 or 72 hours; Pre, hypoxia for either 24 or 72 hours before seeding on top of the gel;
SHED, dental pulp stem cells derived from deciduous teeth; VEGF, vascular endothelial growth factor.
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control of ECM remodeling, proliferation, migration, and tubular
morphogenesis. HumanECs fromumbilical veinswere, therefore,
seeded in 3D coculture angiogenesis assays in vitro and cultured
using conditioned medium from SHED (Fig. 1A). ECs could orga-
nize into an extended 3D network of capillaries, showing that
SHED can sustain angiogenesis. Confocal microscopy analysis

confirmed that these structures were proper capillaries. Recruit-
ment of b-catenin at cell-cell contacts labeled for CD31 demon-
strated the formation of mature adherens junctions (Fig. 1A).
In addition, orthogonal reconstruction of capillaries further
demonstrated lumen formation (Fig. 1A, bottom). Finally,
the apical marker podocalyxin was distributed at the luminal

Figure 2. SHED secrete high amounts of VEGF and FGF-2. (A): Overnight secretionmedia fromNHDF or SHED cultivated in normoxia or hypoxia
in ECGM2 were collected and incubated with antibody arrays. Cytokines secreted at similar levels in the three conditions are squared in gray.
Cytokines upregulated in SHED in normoxia and hypoxia are squared in white. Cytokines whose pattern of secretion was not consistent with
modulation of capillary growth are squared in black. Bottom: Quantification of the spots. Similar cytokine profiles were obtained using two
independent donors for SHED. (B–E): Enzyme-linked immunosorbent assay analyses were performed for detection of HGF or VEGF in overnight
medium collected after 3 days in culture. Cells were cultivated in DMEM or ECGM2 depleted for VEGF (B, C). In order to identify the factors
inducing VEGF and HGF, SHED were maintained in DMEM or ECGM2 depleted for VEGF, EGF, and FGF-2 and supplemented with the indicated
doses of EGF or FGF-2 (D, E). Mean 6 SD. p, p , .05; ppp, p , .001. Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; ECGM2,
endothelial cell growth medium 2; EGF, epidermal growth factor; FGF-2, fibroblast growth factor-2; HGF, hepatocyte growth factor; IGFBP,
insulin-like growth factor binding protein; NHDF, normal human dermal fibroblast; PAI-1, plasminogen activator inhibitor-1; PEDF, pigment
epithelium-derived factor; PTX-3, pentraxin-3; SHED, dental pulp stem cells derived from deciduous teeth; TIMP-1, tissue inhibitor of metal-
loproteinase-1; TSP-1, thrombospondin-1; uPA, urokinase plasminogen activator; VEGF, vascular endothelial growth factor.
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side of EC, indicating the proper luminal/abluminal polarization
of ECs (Fig. 1A).

In order to measure the angiogenic potential of SHED, we
used an in vitro capillary assay already described using dermal fi-
broblasts as feeder cells and VEGF as inducer of angiogenesis
[34, 38]. When ECs seeded on Cytodex beads embedded in fi-
brin hydrogels were maintained in ECGM2 depleted for VEGF
(ECGM2-DV), ECs could migrate into the gel as isolated cells
but couldnotorganize into lumenized capillaries (Fig. 1B, left). Co-
culture with fibroblasts in the absence of VEGF resulted in inhibi-
tion of single cell migration and promoted limited formation of
capillaries only at the highest fibroblast/EC ratio. In contrast,
SHED could trigger an endothelial angiogenic program that re-
sulted in extended capillary formation (Fig. 1B, 1C). The addition
of 5 ng/ml VEGF to SHED further increased capillary formation.
Because 5 ng/ml VEGF is the optimal dose for promoting capillary
formation [39], these data suggest that SHED release additional
cytokines, promoting angiogenesis (Fig. 1D). We then investi-
gated the effect of hypoxia either by preconditioning cells (SHED
or fibroblasts) using 1%O2before 3D coculturewas initiated or by
exposing them to hypoxia only during capillary growth. In both
settings, hypoxia increased the angiogenic potential of SHED,
but treatment of fibroblastswas either not as efficient as a precon-
ditioning or required longer exposures (72 hours) for translating

into increasedangiogenesis (Fig. 1E). Twenty-fourhours of precon-
ditioningof SHEDbyhypoxia increased capillary formation, but 72
hours did not (Fig. 1E). Hypoxia-induced expression of VEGF fol-
loweda similar pattern, as previously described [40], althoughHIF
stabilization and cell viability were maintained over 72 hours
(supplemental online Fig. 1). Thus, our data show that SHED pos-
sess a high angiogenic potential, which can be further enhanced
by hypoxia.

SHED Release High Amounts of HGF and VEGF Under
Control of FGF-2 and Hypoxia

In order to identify the cytokines responsible for SHED angiogenic
potential,we incubatedmediumfromeither fibroblasts,asacontrol,
or SHEDwith antibody arrays targeting 55 angiogenesis-related fac-
torsovernight (Fig. 2A). Fivecytokineswereexpressedat similarhigh
levels by both cell types and not regulated by hypoxia (Fig. 2A, gray
squares): plasminogen activator inhibitor-1 (PAI-1), tissue inhibitor
ofmetalloproteinase-1 (TIMP-1), pigment epithelium-derived factor
(PEDF), pentraxin-3, and thrombospondin-1 (TSP-1). Three addi-
tional factors were upregulated in SHED medium only (Fig. 2A):
VEGF,HGF, andurokinaseplasminogenactivator (uPA). Hypoxia fur-
ther increasedVEGF secretion, although it did not affect secretionof
HGF and completely inhibited that of uPA. HGF and VEGF are both
potent stimulators of angiogenesis [22, 41]. Considering the limited

Figure 3. Capillary formation induced by SHED according to culture conditions. Endothelial cells (ECs) seeded on Cytodex beads were embed-
ded in fibrin gels that were topped with fibroblasts and cultivated in ECGM2 depleted for VEGF or containing 5 ng/ml VEGF for 5 days (A); cul-
tivated in fibroblast-conditioned medium containing no VEGF or 5 ng/ml VEGF (B) (in both cases, media were supplemented with increasing
amounts ofHGF [1.5 or 10ng/ml]); toppedwith SHEDand cultivated inDMEMor in ECGM2depleted for VEGF, EGF, and FGF-2, and supplemented
with the indicated doses of EGF or FGF-2 (C); or toppedwith SHED and cultivated in ECGM2-DV containing the following inhibitors of the HGF or
VEGF pathway: anti-HGF or control IgG, crizotininb, PF04217903, soluble VEGF receptor 1, or sunitinib (D). Capillary length per bead was mea-
sured from spinning disc acquisitions using ImageJ. Mean6 SD. p, p, .05; pp, p, .01; ppp, p, .001. Abbreviations: aHGF, anti-hepatocyte
growth factor; Ct, control; Ct Ig, control IgG; CZ, crizotininb; ECGM2, endothelial cell growthmedium 2; ECGM2-DV, ECGM2 depleted for VEGF;
EGF, epidermal growth factor; FGF, fibroblast growth factor-2; HGF, hepatocyte growth factor; PF, PF04217903; SHED, dental pulp stem cells
derived from deciduous teeth; SR1, soluble VEGF receptor 1; SU, sunitinib; VEGF, vascular endothelial growth factor.
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sensitivity of antibody arrays, we further quantified their secretion
using ELISA. Fivefold higher amounts of HGFwere detected in SHED
secretionmediumcomparedwith fibroblasts.Althoughhypoxiadra-
matically inhibited HGF secretion by SHED in DMEM, it only slightly
decreased it in ECGM2 (Fig. 2B). VEGF levelswere 10-fold higher
in SHED than in fibroblast medium in normoxia (Fig. 2C). Quite
unexpectedly, VEGF release was not increased further by hypoxia
in ECGM2-DV media, but it was when SHED were cultivated in
serum-containing DMEM and when fibroblasts were cultivated
in both media (Fig. 2C). We thus investigated the factors present
in ECGM2-DV that could be responsible for the high HGF and VEGF
secretion by SHED. Depleting epidermal growth factor (EGF) and
FGF-2 suppressed VEGF secretion and inhibited HGF secretion by
more than 50%. Adding back FGF-2 resulted in a dose-dependent
increase in the secretion of both VEGF andHGF (Fig. 2D, 2E). In con-
trast, EGF had no effect, thereby demonstrating that FGF-2 was in-
strumental in promoting VEGF secretion by SHED. Hypoxia-induced
nuclear translocationofHIFwasobservedusing immunofluorescence,
suggesting the involvement of theHIF pathway in the upregulation of
VEGF. In contrast, FGF-2-induced release of VEGF did not
occur through stimulation of the HIF pathway in normoxia
(supplemental online Fig. 1).

HGF and VEGF Are Both Responsible for the High
Angiogenic Potential of SHED

In order to assess whether HGF and VEGF were sufficient for pro-
moting the high angiogenic potential of SHED, we incubated ECs
seeded on Cytodex beads and cocultured them with fibroblasts
in the absence or presence of VEGF and increasing concentra-
tions of HGF (1–25 ng/ml). We used a low concentration of VEGF
(5 ng/ml), which is the optimal dose in this assay [39]. Although
HGF alone had no effect on capillary formation, itwas responsible
for a dose-dependent increase in capillary formation in the pres-
ence of VEGF (Fig. 3A). Similar results were obtained using condi-
tioned media from fibroblasts (Fig. 3B), demonstrating that ECs
are the actual targets of HGF in this model.

We then confirmed that increased capillary formation was
mediated by stimulation of SHED by FGF-2 (Fig. 3C), through ac-
tivation of HGF and VEGF pathways, using specific inhibitors (Fig.
3D). Cytokine traps (anti-HGF and soluble VEGF-R1) or inhibitors
of receptor tyrosine kinase (crizotinib and PF04217903 for cMet;
sunitinib for VEGF-R2) both affected SHED-induced capillary for-
mation.Although inhibitionof theHGFpathwaywasonly partially
efficient, VEGF inhibition totally abolished capillary formation.
These results thus confirmed that VEGF is required for capillary
formation and that HGF acts as a coinducer to further enhance
the VEGF-mediated effect.

In order to determine whether hypoxic or FGF-2 priming, or
the combination of both, had an effect on SHED differentiation,
the expression of a series of cell surface markers associated
with the mesenchymal stem cell (MSC) phenotype was investi-
gated using flow cytometry. When cultured in normoxic condi-
tions, SHED were positive for CD29, CD44, CD73, CD90, CD106,
and CD117 and negative for CD31, CD34, and CD45 (data not
shown), as expected for mesenchymal stromal cells. A small
fraction of SHED (5%) was positive for Stro-1 and CD146
when cultured in normoxic conditions (Fig. 4). The fraction of
Stro-1+/CD146+ progenitor cells was greatly increased after
72 hours of FGF-2 priming (10 ng/ml), 24 hours hypoxic priming
(1% O2), and 72 hours of FGF-2 priming, including the last

24 hours in hypoxia (Fig. 4). In contrast, the expression of all other
markers was not affected (data not shown).

In Vivo Vascularization of Tissue Engineering Constructs
Seeded With Dental Pulp Stem Cells and Primed With
Hypoxia or FGF-2

The effect of FGF-2 and hypoxia priming on vascularization was
investigated in vivo using a model of subcutaneous implantation
of pulp cells encapsulated in a 3D collagen matrix enclosed in a
tooth slice, both to hold the tissue construct and to mimic the
physiological environment of the dental pulp. Because FGF-2 is
necessary for generating the high amount of mouse DPSCs
(mDPSCs) required for tissue construct preparation, these cells
were primed with hypoxia only. We nevertheless controlled that
expressionofbothHGFandVEGFwas increasedby theadditionof
FGF-2 to mDPSCs (supplemental online Fig. 2).

At 4 weeks, angiogenesis within the tissue constructs was stud-
ied using several complementary dynamic imaging approaches.
PowerDoppler ultrasoundanalysis indicated increasedbloodperfu-
sion in thehypoxic-primedtissueconstructs comparedwith thecon-
trol side (no priming; Fig. 5A; supplemental onlineMovie 1). PET/CT
was then used to gain insight into the cellular metabolism and an-
giogenesis within the constructs, using two biologically active mol-
ecules. The first was FDG, which indicates metabolic activity by
virtue of local glucose uptake. The second, 18F-RGD-K5, targets
the RGD sequence of avb3 and avb1 integrins, which are overex-
pressed on activated ECs during angiogenesis. Significantly higher
FDG activity and RGD-K5 binding sites were detected within the
hypoxic-primedtissueconstructs comparedwith that in thecontrols
(p, .05; Fig. 5B). At the same time point, CT scan acquisitions con-
firmed the presence of more blood vessels in the tissue constructs
that contained hypoxia-primed mDPSCs (Fig. 5C; supplemental
online Movie 2). The blood vessels and vascular area were further

Figure 4. Characterization of dental pulp stemcells derived fromde-
ciduous teeth phenotype by flow cytometry after FGF-2 or hypoxic
priming. Expression of Stro-1+ and CD146+ subpopulations was ex-
plored after 72 hours of FGF-2 treatment (10 ng/ml), 24 hours of
hypoxic priming (1% O2), 72 hours of FGF-2 treatment, including
the last 24 hours under hypoxic (1% O2) or normoxic conditions.
Stro-1+/CD146+ cell fraction increasedwhen cells were primedwith
hypoxia and/or FGF-2, without affecting the expression of the order
markers. Abbreviation: FGF-2, fibroblast growth factor-2.
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quantifiedusingvonWillebrandfactorora-smoothmusclecell actin
(a-SMA) immunohistochemistry (Fig. 6A, 6B; supplemental online
Fig. 3). A significant increase in both parameters (35 and 32, re-
spectively) was observed in tissue constructs seeded with 24-hour
hypoxia-primed mDPSCs compared with controls.

In order to distinguish the effect of FGF-2 priming from that of
hypoxia, human SHEDwere expandedwithout FGF-2 and implanted
inSCIDmiceaftereitherFGF-2orhypoxicpriming.Micro-CTanalyses
showed that both FGF-2 and hypoxia priming significantly increased
angiogenesis at 4 weeks after implantation (33, p, 1026; Fig. 7A;
supplemental online Movie 3). In SCID mice implanted with human
SHED, quantification of a-SMA-positive blood vessels and total
blood vessel area nonetheless confirmed the dynamic imaging
observations and also revealed a significant increase in both param-
eterswhen the tissue constructswere primedwith FGF-2 compared
with hypoxia priming (Fig. 7B). Thus, our in vivo data indicate that
FGF-2 priming is amore efficient stimulus of angiogenesis than hyp-
oxia priming in tissue constructs seeded with DPSCs derived from
deciduous teeth (SHED).

Furthermore, a sensitive innervation, which is important for
the functionality of a reconstructed tissue,was observed in all the
conditions using calcitonin gene-relatedpeptide (CGRP) immuno-
labeling and was mainly localized around the neovessels (Fig. 6C;
supplemental online Fig. 4).

DISCUSSION

Rapid vascularization is a cornerstone in the clinical outcomes of
MSC-based therapies [1]. It is thus of major importance to de-
velop strategies aimed at both accelerating the development of
new vessels and increasing the extent of blood perfusion in the
tissue construct. For this purpose, we assessed in vitro priming
of MSCs with FGF-2, based on our finding that this growth factor
is a major inducer of both VEGF and HGF.

Wehave demonstrated that VEGF andHGFwere upregulated
in SHED culture supernatants and were responsible for their
proangiogenic properties.We further showed that FGF-2 upregu-
latedbothVEGFandHGF,butonlyVEGFexpressionwas increased

Figure 5. Vascular network and vessel visualization at 30 days in tissue constructs seededwithmouse dental pulpmesenchymal stem cells and
with or without hypoxic priming. (A): Ultrasound acquisition. Higher blood flow (shown as red/yellow) was registered using power Doppler
ultrasound imaging in the hypoxic-primed tissue constructs compared with the controls (supplemental online Movie 1). p, p , .05. (B):
PET/CT acquisition. FDG activity (yellow) was recorded by PET associated with CT-scan acquisition and reconstructed to isolate the tissue con-
struct (green circle) in both 24-hour hypoxic primed tissue constructs and nonprimed ones. A histogram represents the average of the data
brought back to the region of interest (ROI) in both sides (0.35 6 0.0007 to the 24-hour hypoxic primed and 0.099 6 0.055 to the control;
p, p, .05). K5 activity (yellow) was recorded by PET associated with CT scan acquisition and reconstructed to isolate the implant (green circle)
inboth24-hourhypoxic primed tissue constructs andnonprimedones. Ahistogramrepresents theaverageof thedatabroughtback to theROI in
both sides (0.0726 0.05 to the 24-hour hypoxic primed and 0.0396 0.009 to the control; p, p, .05). The same observations were done to the
FDG and RGD-K5, which was more binding in the 24-hour hypoxic-primed side of the mice compared with the control side (p, p , .05). (C):
Visualization by CT scan of the vascular tree. After ultrasound and PET/CT acquisition, the mice were injected with an intravascular contrast
agent to reveal the vascular tree near and inside the tissue constructs. Several reconstructions in different orientations (longitudinal and
cross-sections) were performed to assess the vessels’ penetration inside the matrices. Reconstructed micro-CT data vessels (red) inside and
near the tissue constructs were performed showing the vessels penetrating thematrices in the groupwith 24-hour hypoxic priming, in contrast
to the control group (supplemental onlineMovie3).p,p, .05.Abbreviations: CT, computed tomography; FDG, 18F-fluorodeoxyglucose;metab.,
metabolism; PET, positron emission tomography; SUV, standard uptake value; VOI, volume of interest.
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by hypoxia. HGF secretion by BMSCs and ASCs has been previ-
ously reported [42, 43]. In the case of ASCs, both regulation of
HGFsecretionby culture conditionsand impactonvascularization
were reported [44–46]. In the present study,we showed thatHGF
could not induce capillary formation on its own but potentiated
the VEGF effects, as previously suggested [47, 48]. Secretion of
PAI-1, TIMP-1, PEDF, pentraxin-3, and TSP-1 at equivalent levels
to fibroblasts has also recently been described when comparing
DPSCs anddental follicle precursor cells [15]. Interestingly, four of
these cytokines, including TIMP-1 [49, 50], PEDF [51], pentraxin-3
[52, 53], and TSP-1 [24, 54], have already been described as anti-
angiogenic, and PAI-1 is known to modulate angiogenesis in a
context-dependent manner [55]. It might be hypothesized that

this set of cytokines could thus be responsible for the inhibition
of EC migration in 3D gel in the presence of fibroblasts or low
amounts of SHED (Fig. 1A, second column). Altogether, these data
demonstrated that VEGF and HGF overcome the stabilization of
ECs induced by these antiangiogenic cytokines and trigger capil-
lary growth. We thus identified HGF as a new major regulator of
SHED angiogenic effects.

Capillary formation induced by SHED was strongly increased
by hypoxia, as recently described for DPSCs [56, 57]. In addition to
such proangiogenic effects, we have demonstrated that FGF-2
and/or hypoxia priming notably enhanced the expression of
stemness markers by SHED. Such priming increased the percent-
ageof Stro-1-positive cells, a cellmembranemarker related to the

Figure 6. von Willebrand factor and CGRP staining at 30 days in tissue constructs seeded with mDPSCs with or without hypoxic priming. (A):
vWF immunostaining. Both vessel numbers and area counting are presented in these histograms showing thedifference in vascularization in the
24-hour hypoxic primed tissue constructs compared with the controls. (B): vWF-positive vessel numbers and vascular area counting. The num-
ber of vWF-positive vessels and their area were significantly increased in the 24-hour hypoxic primed tissue constructs when compared with
controls (number: 376 13 vessels/mm2 vs. 1469, ppp, p, .001; area: 3.106 1.76% vs. 0.5860.38, ppp, p, .001). (C): CGRP immunostaining.
CGRP immunohistochemistry was then performed to investigate the sensitive innervation within the matrices. Positive immunolabeling was
observed in both types of tissue constructs, especially around the neoformed vessels. Abbreviations: CGRP, calcitonin gene-related peptide;
L, loaded three-dimensional collagen matrix; mDPSCs, mouse dental pulp mesenchymal stem cells; V, vessels; vWF, von Willebrand factor.
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stemness of MSCs from numerous origins [58]. Both priming
methods and their combination also increased the percentage
of cells positive for CD146, a key cell adhesion molecule in EC ac-
tivity and angiogenesis that has emerged as an attractive candi-
date for identifying genuine MSCs [58]. We detected the
expression of the dentin-specific marker dentin sialoprotein
[59] by the cells neighboring the human tooth slices in all the

exploredgroups (supplemental online Fig. 4), indicating thatnone
of the priming procedures affected postimplantation differentia-
tion of SHED. In addition, early transient exposure to FGF-2 im-
proved differentiation of dental progenitor cells [60].

Thepositive impact of primingMSCswithhypoxia hadalready
been documented using other sources of cells [28–30]. In the pre-
sent study, primingmDPSCswithhypoxia greatly improved in vivo

Figure 7. Vascular visualization at 30 days in tissue constructs seededwith SHEDwith orwithout hypoxic or FGF-2 priming. (A):Visualization by
CT scan and density quantification of the vascular tree. SCID mice (n = 12) were injected with an intravascular contrast agent to reveal the vas-
cular tree near and inside the tissue constructs. Reconstructedmicro-CT data vessels (red) inside and near the tissue constructswere performed
showing the vessels penetrating the matrices (supplemental online Movie 3). Quantification showed a significant increase in the vascular net-
work within the tissue constructs primed by hypoxia or FGF-2 compared with controls (ppp, p, 1029 and p, 1026, respectively). (B): a-SMA
immunostaining and vessel area counting. The area of a-SMA-positive vessels was significantly increased in the 24-hour hypoxic-primed tissue
(1.13%6 0.54%), and further increased in the FGF-2 primed tissue constructs (2.73%6 0.37%) comparedwith control tissue constructs (0.40%
6 0.25%). The number of a-SMA-positive vessels was significantly increased in the FGF-2 primed tissue constructs (626 18 vessels per mm2)
compared with the 24-hour hypoxic-primed tissue (456 17 vessels per mm2), and with control tissue constructs (366 17 vessels per mm2).
p, p, .05; ppp, p, .001. Abbreviations: a-SMA, a-smooth muscle actin; CT, computed tomography; FGF-2, fibroblast growth factor-2; SCID,
severe combined immunodeficiency.
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angiogenesis in subcutaneously implanted engineered pulp con-
structs, as demonstrated using independent dynamic imaging
methods (micro-CT, K5-PET/CT acquisition, and echography). Fur-
thermore, the FDG-PET/CT-positive signal indicated that the cells
within the constructs were viable and metabolically active.

CONCLUSION

Priming SHEDwithFGF-2 increasedmoreangiogenesis in the tissue
constructs than did hypoxia priming. In both cases, the neovessels
exhibiteda-SMA labeling, indicating propermaturation of the ves-
sels within the constructs. Quite remarkably, FGF-2-primed SHED
could induce the formation of larger vessels more prone to better
perfusion of the tissue construct than vessels of smaller caliber. In
addition, theblood vesselswere surroundedbyCGRP-positive sen-
sitive fibers, which are important for the future functionality of the
implanted engineered tissue [61]. The high secretion of HGF by
SHEDmight play an important role in tissue construct innervation,
becauseHGFreleasedbyMSCswas recentlyproposed toplayama-
jor role in the recovery from experimental encephalomyelitis
through improvedneural cell developmentand remyelination [62].

The combined addition of HGF and VEGF cytokines has re-
cently been assessed in tissue engineering studies [63, 64]. Our
data suggest that priming MSC with FGF-2 before their implanta-
tion constitutes a promising approach aimed at enhancing angio-
genesis in tissue constructs via VEGF and HGF release.
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analysis, Gilles Renault (Plateforme Imagerie du Vivant Université
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