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Abstract 
Cells of the stromal vascular fraction (SVF) of human adipose tissue have the capacity to generate osteogenic grafts with intrinsic vasculogenic 
properties. However, cultured adipose-derived stromal cells (ASCs), even after minimal monolayer expansion, lose osteogenic capacity in vivo. 
Communication between endothelial and stromal/mesenchymal cell lineages has been suggested to improve bone formation and vascular-
ization by engineered tissues. Here, we investigated the specific role of a subpopulation of SVF cells positive for T-cadherin (T-cad), a putative 
endothelial marker. We found that maintenance during monolayer expansion of a T-cad-positive cell population, composed of endothelial lin-
eage cells (ECs), is mandatory to preserve the osteogenic capacity of SVF cells in vivo and strongly supports their vasculogenic properties. 
Depletion of T-cad-positive cells from the SVF totally impaired bone formation in vivo and strongly reduced vascularization by SVF cells in asso-
ciation with decreased VEGF and Adiponectin expression. The osteogenic potential of T-cad-depleted SVF cells was fully rescued by co-culture 
with ECs from a human umbilical vein (HUVECs), constitutively expressing T-cad. Ectopic expression of T-cad in ASCs stimulated mineralization 
in vitro but failed to rescue osteogenic potential in vivo, indicating that the endothelial nature of the T-cad-positive cells is the key factor for in-
duction of osteogenesis in engineered grafts based on SVF cells. This study demonstrates that crosstalk between stromal and T-cad expressing 
endothelial cells within adipose tissue critically regulates osteogenesis, with VEGF and adiponectin as associated molecular mediators.
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Graphical Abstract 

Significance Statement
The crosstalk between endothelial cell and stromal cells is critical in osteogenesis. In this study we demonstrate that a cell subpopulation 
from the stromal vascular fraction of human adipose tissue, namely T-cadherin-positive cells with endothelial cell identity, supports a better 
performance both in terms of osteogenic and angiogenic differentiation as compared to expanded adipose stromal cells which mostly lack 
this population. This project not only has a scientific impact by evaluating the role of this T-cadherin positive population on bone formation 
and vasculogenesis but could also lead to an innovative clinical approach with cell therapy for bone tissue regeneration.
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Introduction
In the field of bone tissue regeneration, a large number of 
studies have examined the osteogenic potential of human 
mesenchymal stromal cells from various sources, possibly 
combined with 3-dimensional (3D) matrices or biomater-
ials as cell carriers. However, vascularization remains one of 
the main hurdles in the reconstruction of large bone defects.1 
Insufficient vascularization after implantation of tissue-
engineered constructs with stromal cells leads to nutrient limi-
tation, resulting in cell death within the constructs.2,3 Several 
strategies for improving vascularization and engraftment of 
tissue-engineered constructs have been proposed.4 The freshly 
isolated stromal vascular fraction (SVF) of human adipose 
tissue contains not only mesenchymal/stromal progenitors 
but also cells with vasculogenic phenotype.5 Freshly isolated 
SVF cells can generate bone and functional blood vessels in 
vivo if suitably induced by 3D culture under perfusion flow6 
or osteo-inductive triggers.7

Following culture expansion, adipose-derived stromal cells 
(ASCs) are a promising cell source for bone reconstruction 
and regeneration.8-10 Even if ASCs were recently documented 
as inferior in the ability to induce bone formation in vivo in 
comparison to bone marrow-derived mesenchymal stromal 
cells (BMSCs),11 many in vitro and in vivo models suggest 
that the use of ASCs, provided suitable priming in culture, 
can improve bone healing through direct differentiation into 
osteoblasts as well as paracrine effects that facilitate migra-
tion and differentiation of resident precursors.12-15 Indeed, it is 
well described that the secretomes of SVF cells16,17 and of ex-
panded ASCs18,19 are rich in growth factors, angiogenic cyto-
kines, adipokines, and neurotrophic factors involved in bone 
homeostatic processes.20-22 Bone formation and engraftment 
of tissue-engineered constructs can be improved by supple-
mentation with ECs, their progenitors, or endothelial growth 
factors, especially in the context of critically sized grafts.23-28 
Moreover, it was recently shown that endothelial cells play a 
crucial role through the paracrine effect in bone formation.29 
There is evidence that the processes of angiogenesis and 
osteogenesis strongly depend on a tight interaction between 
bone-forming cells and endothelial/vascular cells.30-32

In vitro studies have shown that cells of endothelial/mesen-
chymal lineages present within the SVF isolated from adipose 
tissue contribute to the formation of a vascular network or-
ganized as tube-like structures and to osteogenesis.33,34 In vivo, 
implantation of tissue-engineered constructs seeded with SVF 
cells leads to the formation of a bone/osteoid tissue exhibiting 
numerous vessels,35,36 although the underlying mechanism re-
mains largely unknown. Importantly, however, SVF cells lose 
their osteogenic capacity even after minimal monolayer ex-
pansion.6 One hypothesis concerning the loss of osteogenic 
potential is that culture and expansion of stromal/stem cells 
in vitro induces phenotypic alterations that diminish their 
osteogenic capacity in vivo.6,37 An alternative hypothesis is 
that a reduction in the proportion of endothelial progenitor 
cells after monolayer expansion of SVF cells can negatively 
affect the osteogenic differentiation potential of ASCs. In the 
context of bone-tissue engineering, the relevance of paracrine 
communication between osteogenic and endothelial cell lin-
eages has long been recognized.26 However, interactions be-
tween endothelial and stromal compartments have not been 
studied in SVF cells.

Cadherins are a superfamily of integral transmembrane pro-
teins that mediate calcium-dependent cell-cell adhesion. Bone 

forming cells express multiple cadherins such as N-cadherin38 
and cadherin-11.39 It was already shown that upregulation 
of N-cadherin and cadherin-11 parallels osteogenic cell dif-
ferentiation of mesenchymal precursors.40,41 Another member 
of this superfamily, T-cadherin (T-cad/CDH13), is a cell sur-
face protein, with 2 described isoforms.42 It is expressed in the 
aorta, carotid, iliac, renal arteries, capillaries, and the heart 
and is present on endothelial cells (ECs), pericytes, vascular 
smooth muscle cells, and cardiomyocytes. T-cad is a recog-
nized regulator of EC function.43,44 In vitro expression of 
T-cad on ECs is upregulated during proliferation and oxida-
tive or endoplasmic reticulum stress.45,46 In vivo expression 
of T-cad on ECs increases in human atherosclerotic lesions45 
and experimental restenosis.47 Together, these observations 
strongly suggest the involvement of T-cad in vascular function 
and remodeling. Clinical evidence supports an association 
between T-cad and hypoadiponectinemia, with an increased 
risk of various metabolic diseases,48,49 while a study in lean 
and obese mouse models suggests also a role for T-cad in adi-
pose tissue health.50 T-cadherin plays an essential role in the 
binding of adiponectin to ECs and its functional effects in the 
vessel.51 However, no direct study of T-cad in human adipose 
tissue, and more specifically in the SVF multicellular popula-
tion, is available.

The goal of the present work is (1) to investigate the pres-
ence of T-cad-positive cells as endothelial component within 
SVF from human adipose tissue and (2) to examine their 
impact on the osteogenic and vasculogenic potential of SVF 
cells and ASCs both in vitro during 2D monolayer culture 
and in vivo following 3D scaffold culture and implantation. 
Our findings support that T-cad expressing cells present in 
the SVF fraction of human adipose tissue play a critical role 
in the bone and vascular potential of this stromal fraction. A 
better understanding of cell interactions between stromal and 
endothelial compartments in SVF is an important step toward 
developing tissue-engineering strategies that reliably support 
bone and vasculature formation.

Materials and Methods
Cell Isolation
Subcutaneous adipose tissue in the form of lipoaspirates or ex-
cision fat was obtained from 20 healthy donors during routine 
liposuctions, after informed consent from the patient and fol-
lowing protocol approval by the ethical committee of the local 
Government (Permit number 78/07 of the Ethikkommission 
beider Basel, Kanton Basel-Stadt, Basel, Switzerland). All the 
methods were conducted in accordance with the relevant 
guidelines and regulations. The tissue was digested in 0.075% 
collagenase type 2 (#LS004176, Worthington) for 45 minutes 
at 37°C on an orbital shaker. The suspension was centrifuged 
at 300 g for 10 minutes, and the resulting stromal vascular 
fraction (SVF) pellet was rinsed once with phosphate-buffered 
saline (PBS, #10010023 Gibco), suspended in alpha-minimal 
essential medium (α-MEM, #12571063, Gibco) and filtered 
through a 100 μm strainer (#352360, BD Falcon). Nucleated 
cells were counted after staining with 0.01% Crystal Violet 
(#V5265, Sigma) in PBS.

Cell Culture
For cell expansion, freshly isolated SVF cells were plated at a 
density of 1 × 105 cells/cm2. When confluency was achieved, 
one part of the cells were either detached with 0.05% 
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trypsin/0.01% EDTA (#25300054, Gibco) and re-plated at 
a density of 1 × 105 cells/cm2 (ASCs). The other part of the 
cells was further cultured without passaging for 28 days 
(Unpass cells). Cells were cultured in complete medium (CM), 
consisting of alpha-minimal essential medium (α-MEM, 
#12571063, Gibco) supplemented with 10% fetal bovine 
serum (FBS, #16000044, Gibco), 1% HEPES (#15630080, 
Gibco), 1% sodium pyruvate (#11360070, Gibco), and 1% 
penicillin-streptomycin-glutamine (PSG, #10378016, Gibco) 
solution, supplemented with 5  ng/mL fibroblast growth 
factor-2 (FGF-2, #233-FB,R&D systems) and filtered through 
a 100 µm strainer (#352360, BD Falcon). Human umbilical 
vein endothelial cells (HUVECs) (#C-12200, PromoCell) were 
cultured on 2% gelatin-coated plates directly after thawing, 
within CM medium also supplemented with 5 ng/mL FGF-2. 
Cells were cultured at 37°C in a 5% CO2 with a 95% air-
humidified incubator.

Western Blot
Cells were rinsed with PBS and lysed in lysis buffer (RIPA, 
# 89900, Thermo Fischer Scientific) containing 25 mM Tris-
HCl (pH 7.4), 150  mM NaCl, 1% NP-40, 1  mM EDTA, 
5% glycerol, with the inclusion of phosphatase inhibitor 
cocktail and protease inhibitor cocktail (#78440, Thermo 
Fischer Scientific). Protein concentrations were determined 
using the BCA Protein Assay Kit (#23225, Thermo Fischer 
Scientific). Crude cell protein lysates (10 μg/lane) were sub-
jected to standard SDS-polyacrylamide gel electrophoresis 
under reducing conditions and electro-blotted onto nitrocel-
lulose. Membranes were immuno-probed using primary anti-
bodies against T-cad at 1:100 (#SAB1408557, Sigma), with 
β-actin at 1:500 (#ab8229) and GAPDH at 1:2500 (#ab9485, 
Abcam) as the internal protein loading control. Secondary 
HRP-conjugated anti-species-specific IgGs (used at 1:2000) 
were from Southern Biotechnology (#4090-05, BioReba). 
Immunoreactive proteins were detected using Pierce ECL 
Western blotting substrate (#32106, Thermo Fischer Scientific) 
with signal capture using the Bio-Rad Molecular Imager Gel 
Doc XR+ system (Bio-Rad). Signal intensities were quanti-
fied using Image J software, and to correct for variations in 
sample loading T-cad values were normalized with respect to 
their corresponding β-actin and GAPDH values.

Immunofluorescence Staining
After 28 days of culture, Unpass cells were fixed with 1% PFA 
for 1 hour and washed twice with PBS. For human native adi-
pose tissue, samples were fixed overnight with 1% PFA and 
washed twice with PBS, embedded in paraffin wax, and sec-
tioned (7 μm). Antibodies against T-cad at 1:100 (#ABT121, 
Sigma), vWF at 1:500 (#M0616, Dako), CD31 at 1:250 
(#MA5-13188, Invitrogen), and Laminin at 1:250 (#33-530, 
Invitrogen) were used as primary antibodies. Fluorescent-
conjugated secondary antibodies chicken anti-rabbit Alexa 
488 (#A-21441, Thermo Fischer Scientific) and goat anti-
mouse Alexa 546 (#A-11030, Thermo Fischer Scientific) were 
both used at 1:500. Images were acquired with a Nikon A1R 
confocal microscope.

Cell Sorting
Cells (3-5 × 106 cells) were suspended in 1000 μL of 0.5% BSA 
in PBS (fluorescence-activated cell sorting; FACS buffer). For 
sorting experiments, freshly isolated SVF cells or Unpass cells 
were stained for 30 minutes at 4°C with antibodies specific 

for T-cad at 1:100 (#ABT121, Sigma) or an isotype control 
at 1:100 (#269A-1, Sigma), and a secondary antibody conju-
gated with chicken anti-rabbit Alexa 488 at 1:250 (#A-21441, 
Thermo Fischer Scientific), in 0.5% BSA in PBS. The T-cad-
positive cell population was then sorted out with a FACS-
Vantage SE cell sorter (Becton, Dickinson and Company). The 
gating strategy is shown in Supplementary Fig. 1.

Real-time PCR
Total RNA was extracted from cells for each condition with 
the RNeasy Mini kit protocol (Qiagen). All RNAs were 
treated by Deoxyribonuclease I (DNAse I; Invitrogen), and 
total RNA was reverse-transcribed into cDNA with the 
Omniscript Reverse Transcription kit (Qiagen) at 37°C for 60 
minutes. Quantitative real-time PCR assays were performed 
with ABIPrism 77000 Sequence Detection System (Perkin 
Elmer/Applied Biosystem, Rotkreuz) and utilizing Taqman 
Universal PCR Master Mix (Applied Biosystems). The cyc-
ling parameters were the following: 50°C for 2 minutes, fol-
lowed by 95°C for 10 minutes and 40 cycles of denaturation 
at 95°C for 15 seconds and annealing/extension at 60°C for 1 
minute. Reactions were performed in triplicate for each tem-
plate and specific gene expression was evaluated using the 
2ΔΔCT method. Gene expression levels were normalized to 
the GAPDH mRNA as previously described.52 Primers and 
probes for GAPDH (Hs02758991_g1), T-cad (Hs01004530_
m1), vWF (Hs01109446_m1), CD31 (Hs00169777_m1), 
KDR (Hs00911700_m1), CD105 (Hs00923996_m1), 
CD106 (Hs01003372_m1), CD146 (Hs00174838_m1), 
ALP (Hs01029144_m1), COL1 (Hs00164004_m1), 
Runx2 (Hs00231692_m1), OPN (Hs00959010_m1), 
OPG (Hs00171068_m1), OCN (Hs01587814_g1), CD90 
(Hs00264235_s1), and ACTA2 (Hs00426835_g1) were all 
provided by Assays-on-Demand Gene Expression Products 
(Applied Biosystems).

In Vitro 3D Culture on Scaffolds in a Bioreactor
Hydroxyapatite scaffolds (Engipore, Finceramica-Faenza) 
in the form of porous cylinders (8  mm diameter, 4  mm 
height) were placed into chambers of a previously developed 
perfusion-based bioreactor system.53 This device includes a 
perfusion chamber allocating the 3D porous scaffold that is 
perfused by culture media introduced inside the bioreactor. 
A pump connected to the bioreactor generates fluid flow in 
alternate directions directly through the scaffold allowing to 
generate defined flow velocities and homogeneous cell seeding 
through the scaffold. Cells (1 × 106) were suspended in 2 mL 
of CM supplemented with 10 nM dexamethasone (#D4902, 
Sigma), 0.1  mM ascorbic acid (#A1300000, Sigma), and 
FGF-2 (5  ng/ml), named DAF medium, and the scaffolds 
were perfused in alternate directions at a flow rate of 1 mL/
minute through the scaffold pores for 1 week, as previously 
described.37

Quantification of Growth Factors in Bioreactor 
Supernatant
To determine the amount of growth factors in bioreactor 
supernatant before implantation, culture medium after the 
1 week culture period was analyzed using VEGF ELISA kit 
(#DY293B, R&D Systems), IGF-1 ELISA kit (#DY291, R&D 
Systems), Adiponectin ELISA kit (#DY1065, R&D Systems), 
and Thrombospondin ELISA kit (#ab193716, Abcam). The 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab021#supplementary-data
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concentration of growth factors was normalized to the total 
amount of protein measured by the BCA quantification kit.

Assessment of In Vivo Bone Formation
In vivo, ectopic bone formation was assayed as previously 
described.37 Briefly, after 1 week of 3D culture within a 
perfusion-based bioreactor, cellularized Engipore scaffolds 
were implanted in subcutaneous pouches created in the 
dorsum or the cervical region of 4-6-week-old CD1 nu/nu 
female nude mice (Charles River) for 12 weeks. Four con-
structs, based on 2 different human donors were implanted 
per mouse. Animals were treated in accordance with the Swiss 
Federal guidelines for animal welfare, after approval by the 
Veterinary Office of the Canton of Basel-Stadt (Cantonal per-
mission BS1797). After 12 weeks, the constructs were har-
vested, fixed overnight in 4% formalin, completely decalcified 
with EDTA-based solution at 37°C, and paraffin-embedded. 
Sections (7 μm) were sliced along the length of the construct 
and stained with Masson’s trichrome, observed microscop-
ically to detect the formation of bone tissue for qualitative 
analysis, and then subjected to quantitative analysis of bone 
tissue by computerized bone histomorphometry as previously 
described.52 Briefly, bright field images of sections at different 
depths of each construct were acquired and used to measure 
the area covered with bone tissue.

Assessment of In Vivo Vascularization
In vivo, ectopic vascularization was assayed as follows. After 
1 week of 3D culture within the perfusion-based bioreactor, 
cellularized Engipore scaffolds were implanted subcutaneously 
in nude mice (Charles River). The scaffolds were harvested 
after 12 weeks, fixed overnight in 4% formalin, completely 
decalcified with EDTA-based solution at 37°C, and paraffin-
embedded. Sections (7 μm) were sliced along the length of the 
scaffold. Epitope retrieval treatment was performed after re-
hydration, and samples were stained with CD31 antibody spe-
cific for human epitope at 1:250 (#ab32457, Abcam) or vWF 
antibody at 1:2000 (#M0616, Dako). Fluorescent-conjugated 
secondary antibodies chicken anti-rabbit Alexa 488 (#A-
21441, Thermo Fischer Scientific) and goat anti-mouse Alexa 
546 (#A-11030, Thermo Fischer Scientific) were used at 1:500. 
Stained sections were examined microscopically to quantify 
the blood vessels of human or mouse origins: fluorescent field 
images of sections of each construct were acquired and used to 
count CD31- or vWF-positive blood vessels.

In Situ Hybridization
To detect repetitive human-specific ALU sequences, chromo-
genic in situ hybridization was performed on paraffin 
sections of the in vivo constructs as described previously.52 
To improve the binding of the probe, one base of the 
 sequence was changed from 59-cgaggcgggtggatcatgaggt- 
39, and reverse 59-ttttttgagacggagtctcgc-39 to re-
spectively 59-cgaggcgggtgcatcatgaggt- 39, and reverse 
59-ttttttgagacggagtctcgc-39.

Microtomography
Eight-week in vivo implants were fixed in formalin and stored 
in PBS. Micro-computed tomography (micro-CT) data were ac-
quired from the implants using a phoenix nanotom m scanner 
(General Electric) with 0.5-mm aluminum filtered x-rays (ap-
plied voltage 70  kV; current 260 mA). Transmission images 

were acquired during a 360° scan rotation with an incremental 
rotation step size of 0.25°. Reconstruction was performed 
using a modified Feldkamp algorithm at an isotropic voxel size 
of 25 µm. Threshold-based segmentation and 3D measurement 
analyses (bone mineral density and volume) were performed 
using ImageJ software54 with the BoneJ55 and 3D Shape56 exten-
sions. For quantification of bone mineral density and volume, 
all data were normalized to the size of each construct. Three-
dimensional rendering of the structures was performed using 
VGStudio MAX 2.2 software (Volume Graphics).

Lentiviral Transduction
T-cadherin was stably overexpressed in ASCs (ASCs (T-cad+)) 
and human umbilical vein ECs (HUVECs (T-cad+)) using 
pLVX-puro vector carrying full length human T-cad cDNA.43 
Cells transduced with an empty pLVX-puro vector served as 
controls. ASCs (at passage 2-3) and HUVECs (at passage 2) 
were transduced, puromycin-selected (1 µg/mL), and used up 
to passage 3-5. The expression of T-cad protein was moni-
tored by immunoblotting.

Co-culture with HUVECs
Co-cultures contained a mixture (2:3) of HUVECs and either 
SVF cells, Unpass cells, or expanded ASCs (at P2-P3). The 
co-culture ratio (2:3) was determined according to the per-
centage of T-cad-positive cells measured in the SVF after 
flow cytometry analysis. Cells were maintained in osteogenic 
medium (CM supplemented with 10  nM dexamethasone 
(#D4902, Sigma), 0.1 mM ascorbic acid (#A1300000, Sigma) 
and 10  mM β-Glycerophosphate (#G9422, Sigma)) for 2D 
monolayer culture or in DAF medium for 3D scaffold culture 
in the perfused bioreactor system. In 2D, cells were seeded 
at a concentration of 1 × 104 cells/cm2, and in the perfusion-
based bioreactor, cells were seeded 1 × 106 cells within 2 mL 
of culture medium.

In Vitro Adipogenic, Osteogenic, and Chondrogenic 
Differentiation Assay
Before differentiation, cells were plated at 1  ×  104/cm2. 
Adipogenic, osteogenic, and chondrogenic lineage differen-
tiation was performed by culture in specific media over 21 
days. Adipogenic differentiation medium was composed of 
CM supplemented with 400  nM insulin (#I9278, Sigma), 
100 nM dexamethasone (#D4902, Sigma), 50 µM indometh-
acin (#I7378, Sigma) and 500 µM IBMX (#I5879, Sigma). 
Osteogenic differentiation medium was composed of CM 
supplemented with 10 nM dexamethasone (#D4902, Sigma), 
0.1  mM ascorbic acid (#A1300000, Sigma), and 10  mM 
β-Glycerophosphate (#G9422, Sigma). Chondrogenic differ-
entiation medium consisted of CM without FBS supplemented 
with 0.1  mM ascorbic acid (#A1300000, Sigma), 100  nM 
dexamethasone (#D4902, Sigma), and 10 nM TGF-β3 (#243-
B3/CF, R&D Systems): here cells were first cultured as pellets 
and then incubated as previously described.57 Biochemical 
stainings with Alizarin red, Oil-red-O, and Safranin-O were 
used to respectively assess the osteogenic, adipogenic, and 
chondrogenic differentiation of the cells, as previously de-
scribed.58-60 The analysis of GAG content was studied as de-
scribed previously.52

Statistical analysis
Results are expressed as mean ± SD. Before statistical testing, 
the Shapiro-Wilk test was performed on all data sets to assess 
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normal distribution. When data did not satisfy the normality 
test, they were analyzed with the nonparametric Kruskal-
Wallis test for multiple comparisons and Dunn’s post-hoc 
test or with Mann-Whitney test for single comparison. Data 
sets that passed the normality test were analyzed with 1-way 
ANOVA with Bonferroni’s or Dunnet’s post-test for multiple 
comparisons or with a t-test for a single comparison. Results 
were considered to be statistically significant at P values < 
.05 (∗/P < .05, ∗∗/P < .01, ∗∗∗/P < .001, and ∗∗∗∗P < .0001). 
The data were processed with GraphPad Prism 5 Software 
(GraphPad, San Diego, CA).

Results
T-cadherin Is Expressed by the Endothelial Lineage 
Fraction of SVF, Unpass Cells, ASCs, and Native 
Adipose Tissue
Expression of T-cad protein was assessed by immunoblotting 
in freshly isolated SVF cells, in ASCs at different passages 
(from P0 to P4), and in ASCs cultured without passaging for 
4 weeks (Unpass). The strong expression of both isoforms of 
T-cad (105 and 130 kDa) was initially evident in SVF cells and 
decreased with passaging, whereas expression in Unpass cells 
was maintained (Fig. 1A). Analysis of T-cad expression with 
normalization to the expression of internal loading control 
protein (β-actin at 42 kDa and GAPDH at 36 kDa), revealed 
that already at the first expansion (passage) on tissue culture 
plastic (P0), T-cad protein expression was significantly lower 
in ASCs than in freshly isolated SVF or Unpass cells (Fig. 1B). 
Immunofluorescence staining of T-cad in native human adi-
pose tissue identified a specific subset of cells that expressed 
T-cad at the level of blood vessels and capillaries (Fig. 1C-E), 
co-localized with the endothelial markers vWF (Fig. 1C) and 
CD31 (Fig. 1E), and were in contact with the basement mem-
brane marker Laminin (Fig. 1D). In Unpass cells, T-cad was 
expressed only in vascular-like structures containing ECs (Fig. 
1F-H) and in endothelial tip-like cells (white circle). Moreover, 
concerning ASCs from P0 to P4, the proportion of cells ex-
pressing T-cad was extremely low, and no structure also posi-
tive for the endothelial marker was visible (data not shown). 
To establish that T-cad-positive cells in human adipose tissue 
are ECs, we sorted T-cad-positive cells from SVF and Unpass 
cells (Supplementary Fig. 1A and B, respectively) and analyzed 
the relative gene expression of endothelial and mesenchymal 
markers on the T-cad-depleted populations. SVF and Unpass 
cells depleted of T-cad-positive cells (Fig. 1I) exhibited a par-
allel, strong depletion of the endothelial markers vWF, CD31, 
and vascular endothelial growth factor receptor 2 (aka. KDR) 
(Fig. 1J-L), whereas expression of the mesenchymal markers 
CD105, CD73, and CD90 was unchanged (Fig. 1M-O). The 
evolution showing a higher percentage of ASC expressing the 
immunophenotypical subsets (CD105, CD73, and CD90) 
during expansion in vitro (data not shown) was in accordance 
with a recently published study.61 These findings indicate that 
expression of T-cad is associated with ECs and is preserved 
under culture conditions enabling EC maintenance.

Bone Formation Potential by SVF and Unpass Cells 
Is Abolished After Depletion of T-cad-positive Cells
We have previously shown that SVF and Unpass cells can 
form ectopic bone tissue in vivo after 8 weeks if cultured 
within a ceramic scaffold for 5 days in a perfusion bioreactor 
system before implantation.37 The specific contribution of 

T-cad-positive cells to osteogenicity of SVF and Unpass cells 
was investigated through depletion experiments (Fig. 2). SVF 
cells (Fig. 2A) and Unpass cells (Fig. 2C) reproducibly gener-
ated bone tissue in vivo (60 and 40% of all implants formed 
bone, respectively, Fig. 2E). In contrast, after depletion of 
T-cad-positive cells by FACS, neither SVF cells nor Unpass 
cells produced ectopic bone in vivo (Fig. 2B,D, and E), sug-
gesting that the presence of the T-cad-positive cell population 
is crucial for bone formation by SVF and Unpass cells. Bone 
formation capacities under the different experimental condi-
tions paralleled the amount of human, donor-derived blood 
vessels in the explanted osteogenic grafts (Fig. 2F), while the 
total blood vessel density (ie, both human and mouse blood 
vessels) remained constant (Fig. 2G). This suggests that the 
formation of a critical density of human blood vessels in the 
graft, and not the overall vascular density, is important to 
support bone formation by adipose tissue-derived stromal 
cells. As reported previously,34 we found a direct contribution 
of human ALU-positive cells in bone formation by SVF cells 
(Fig. 2H,L, and P) and Unpass cells (Fig. 2J,N, and R), here in-
dicated by black arrows. Under depletion conditions, human 
cells were also present in the fibrous tissue and at the border 
of blood vessels lumen (black arrows) formed after 8 weeks 
in vivo for the SVF (Fig. 2I,M, and Q), and Unpass condition 
(Fig. 2K,O, and S).

Depletion of T-cad-positive Cells from SVF and 
Unpass Cells Alters Secretion of Growth Factor 
and Expression of Endothelial and Bone Markers 
During 3D Bioreactor Culture
To identify possible mechanisms underlying the differential 
effect of the presence or absence of T-cad-positive cells on 
the in vivo osteogenic potential of SVF and Unpass cells, cul-
ture supernatants and cellular composition/phenotype were 
analyzed at the end of the in vitro bioreactor culture period 
(before implantation). In supernatants, only VEGF levels 
(Fig. 3A) followed the same trend as in vivo bone forma-
tion capacities, while this was not consistently the case for 
several other proteins known to regulate bone formation, 
including Adiponectin (Fig. 3B),62 Thrombospondin (Fig. 
3C),63 IGF-1 (Fig. 3D),64 BMP-4 (Fig. 3E), and BMP-2 (Fig. 
3F). Amounts of Adiponectin and IGF-1 correlated with bone 
formation capacity of SVF but not that of Unpass cells, sug-
gesting that some relevant cell population is lost during the 
transition from SVF to Unpass condition. At the cellular level, 
gene expression of vWF paralleled that of T-cad (Fig. 3G,H) 
and correlated with bone formation in vivo, thus indicating 
an endothelial-dependent contribution to the osteogenic po-
tential of SVF and Unpass cells. Concerning the osteoblastic 
markers tested, gene expression of OPG, OPN, and Runx2 
(Fig. 3K-M) but not ALP (Fig. 3I), or COL1 (Fig. 3J) correl-
ated with T-cad gene expression.

Co-culture with HUVECs Rescues In Vivo 
Osteogenic and Vasculogenic Potential of T-cad-
depleted SVF and Unpass Cells
To determine whether the pro-osteogenic role of the T-cad-
positive cell population is directly linked to their endothelial 
nature, we performed rescue experiments using an exogenous 
source of ECs (HUVECs). The co-culture of HUVECs with 
T-cad-depleted SVF cells during in vitro bioreactor culture re-
stored the capacity for bone formation in vivo (Fig. 4A-F). 
Human implanted cells again contributed to both bone and 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab021#supplementary-data
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Figure 1. In vitro characterization and analysis of gene expression markers of the Tcadherin population in native human adipose tissue and Unpass cells. 
(A) Representative Western Blot of SVF, ASCs passed until passage 4 (P0, P1, P2, P3, and P4) and Unpass cells for T-cadherin, β-actin, and GAPDH. 
(B) Quantification of T-cad protein amount relative to β-actin and GAPDH protein amount (mean ± SD) in Western Blot assay. ∗ shows the significant 
representation with the SVF condition and ° shows the significant representation with the Unpass condition. (C-E) Immunofluorescence on native 
human adipose tissue co-stained (C) for T-cad and vWF, (D) for T-cad and Laminin, and (E) for T-cad and CD31. (F-G) Immunofluorescence on Unpass cells 
co-stained (F) for T-cad and vWF, (G) for T-cad and Laminin, and (H) for T-cad and CD31. DAPI staining in blue shows the nuclei and the yellow/orange 
color indicates colocalization of T-cad with either vWF, Lam or CD31. (IO) Relative gene expression (mean±SD) of (I) T-cad, (J) vWF, (K) CD31, (L) KDR, 
(M) CD105, (N) CD73, and (O) CD90 of SVF, SVF depleted of T-cad cells, Unpass cells and Unpass cells depleted of T-cad cells. Scale bar in micrographs 
= 100 μm. n = 7 values per group for Western Blot quantification, and n = 7 values per group for qPCR analysis. Abbreviation: SVF, Stromal Vascular 
Fraction; ASCs, Adipose Stromal Cells; T-cad, T-cadherin; vWF, von Willebrand Factor; Lam, Laminin; KDR, kinase insert domain receptor. ∗/°P < .05, 
∗∗/°°P < .01, ∗∗∗/°°°P < .001, ∗∗∗∗P < .0001.
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blood vessel formation (Fig. 4G-I). The rescue was almost total 
for bone formation (Fig. 4J), but only partial for blood vessel 
formation (Fig. 4K). Total blood vessel densities were com-
parable under the different conditions (Fig. 4L). The above 
in vivo findings were recapitulated in rescue experiments 
performed on depleted Unpass cells: co-culture of HUVECs 
with T-cad-depleted Unpass cells restored bone formation to-
tally and vessel formation only partially, and did not impact 

total blood vessel density (Supplementary Figure 2). Taken 
together, these experiments demonstrate that human ECs are 
indispensable for bone formation in vivo by adipose tissue-
derived stromal cells.

The analysis of supernatants collected at the end of in 
vitro culture in the perfusion bioreactor (Fig. 5) showed 
that the levels of VEGF (Fig. 5A) and Adiponectin (Fig. 5B) 
from HUVECs/T-cad-depleted SVF cells co-cultures was 

Figure 2. Depletion of T-cad-positive cells from SVF and Unpass cells impairs in vivo bone formation and vascularization. 12 weeks after in vivo 
implantation of Engipore samples seeded with SVF, SVF depleted of Tcad- positive cells, Unpass cells, and Unpass cells depleted of T-cad-positive cells 
were analysed for (A-D) Masson’s Trichrome staining, (E) bone formation, (F) amount of the blood vessels of human origin (G) total amount of blood 
vessels, (H-K) autofluorescence in FITC channel, (L-S) human ALU staining. White arrows in (A) and (C) indicate bone tissue. Black arrows in (P-S) 
indicate ALU-positive cells. Scale bar in micrographs = 100 μm. Data in histograms are given as (mean ± SD). n = 8 values per group for bone formation 
quantification, n = 24 values per group for total blood vessel quantification, and n = 12 values per group for human blood vessel quantification. 
Abbreviation: Masson’s T, Masson’s Trichrome. ∗∗P < .01, ∗∗∗P < .001.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab021#supplementary-data
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fully restored to that secreted by native SVF cells. Co-culture 
only partially restored levels of IGF-1 (Fig. 5C) to the na-
tive condition and was without effect on Thrombospondin 
(Fig. 5D). Co-culture of HUVECs with T-cad-depleted Unpass 
cells fully rescued secretion of VEGF and Thrombospondin 

and partially of Adiponectin during in vitro bioreactor cul-
ture (Supplementary Fig. 3). In the absence of a control with 
HUVECs only, however, we could not discriminate the spe-
cific contribution of HUVECs or SVF cells to this increased 
protein expression and only considered the total resulting 

Figure 3. Depletion of T-cad-positive cells from SVF and Unpass cells alters secretion of growth factor and expression of endothelial and bone markers 
during 3D bioreactor culture. One week after pre-implantation bioreactor culture of Engipore samples seeded with SVF, SVF depleted of T-cad-positive 
cells, Unpass cells and Unpass cells depleted of T-cad-positive cells, perfusion supernatants were collected and analysed for release of growth 
factors (A) VEGF, (B) Adiponectin, (C) Thrombospondin, (D) IGF-1, (E) BMP-4 and (F) BMP-2, and resident cells analysed for relative gene expression of 
endothelial markers (G) T-cad and (H) vWF and bone markers (I) ALP, (J) Col1, (K) Runx2, (L) OPN, and (M) OPG. Data are given as (mean ± SD). n = 12 
values per group for supernatant analysis, and n = 6 values per group for qPCR analysis. Abbreviations: VEGF, vascular endothelial growth factor; IGF, 
insulin-like growth factor; BMP, bone morphogenetic protein; T-cad, T-cadherin; vWF, von Willebrand factor; ALP, alkaline phosphatase; COL1, collagen 
type 1A1; Runx2, runt-related transcription factor 2; OPN, osteopontin; OPG, osteoprotegerin. ∗P < .05, ∗∗P < .01, ∗∗∗P < .001.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab021#supplementary-data
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expression level. Interestingly, and distinct from the SVF 
setting (Fig. 5C,D), depletion of Unpass cells did not im-
pact IGF secretion and decreased thrombospondin secretion 
(Supplementary Fig. 3C,D). In both co-culture settings, the 

presence of HUVECs did not significantly increase T-cad 
gene expression levels (Fig. 5E and Supplementary Fig. 3E). 
Cellular vWF gene expression at the end of the bioreactor 
culture period was dramatically elevated in the HUVEC 

Figure 4. Impaired in vivo bone formation and vascularization capacities of T-cad-positive cell depleted SVF are rescued by co-culture with HUVECs. 
Twelve weeks after in vivo implantation, Engipore samples seeded with SVF, SVF depleted of Tcad-positive cells, and SVF depleted of T-cad-positive 
cells in co-culture with HUVECs were analysed for (A-C) Masson’s Trichrome staining, (D-F) autofluorescence in FITC channel, (G-I) human ALU 
immunostaining, (J) bone formation, (K) amount of blood vessels of human origin, (L) total amount of blood vessels. Scale bar in micrographs = 100 μm. 
Data in histograms are given as (mean ± SD). n = 7 values per group for bone formation quantification, n = 24 values per group for total blood vessel 
quantification, and n = 12 values per group for human blood vessel quantification. Abbreviation: Masson’s T, Masson’s Trichrome. ∗P < .05, ∗∗∗P < .001.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab021#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab021#supplementary-data
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co-culture settings, achieving levels approximately 200- and 
70-fold greater than that in the native SVF and Unpass cells, 
respectively (Fig. 5F and Supplementary Fig. 3F). These data 
suggest that ECs and endothelial-derived angiogenic modula-
tors contribute to the potentiation of angiogenesis by adipose 
tissue-derived stromal cells.

Upregulation of T-cad on Co-cultured HUVECs 
Positively Affects Osteogenic and Vasculogenic 
Potential of T-cad-depleted SVFs and Unpass Cells 
In Vivo
To investigate the role of T-cad expression on ECs and the 
potential interaction between T-cad-positive cells and stromal 
cells from adipose tissue, we overexpressed T-cad in HUVECs 
(HUVECs T-cad+) by lentiviral transduction (Supplementary 
Fig. 4). T-cad gene expression in HUVECs (T-cad+) was 

increased by 60-fold as compared control HUVECs 
(Supplementary Fig. 4A). Control HUVECs and HUVECs 
(T-cad+) exhibited the same relative gene expression profile 
for the endothelial markers vWF (Supplementary Fig. 4B), 
KDR (Supplementary Fig. 4C), and CD105 (Supplementary 
Fig. 4D), but did not express the mesenchymal marker CD90 
(Supplementary Fig. 4E).

To investigate whether T-cad protein expression or the 
endothelial identity of cells present in the human adipose 
tissue population is critical for bone formation in vivo, 
we performed rescue experiments through co-culture of 
HUVECs (T-cad+) or control HUVECs with T-cad-depleted 
SVF and Unpass cells (Fig. 6). As depicted in the photomicro-
graphs (Fig. 6A-D), in vivo bone formation capacities of 
SVF cells or Unpass cells that had been depleted of T-cad-
positive cells were restored by co-culture with HUVECs 

Figure 5. Co-culture of SVF depleted of T-cad-positive cells with HUVECs normalizes growth factor secretion and expression of endothelial and bone 
markers. One week after pre-implantation bioreactor culture of Engipore samples seeded with SVF, SVF depleted of T-cad-positive cells, and SVF 
depleted of T-cad-positive cells in co-culture with HUVECs, perfusion supernatants were collected and analysed for released growth factors (A) VEGF, 
(B) Adiponectin, (C) IGF-1, and (D), Thrombospondin, and resident cells were analysed for relative gene expression of endothelial markers (E) T-cad, and 
(F) vWF. Data in histograms are given as (mean ± SD). n = 12 values per group for supernatant analysis, and n = 6 values per group for qPCR analysis. 
Abbreviations: VEGF, vascular endothelial growth factor; IGF, insulin-like growth factor; BMP, bone morphogenetic protein; T-cad, T-cadherin; vWF, von 
Willebrand factor. ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, ∗∗∗∗P < .0001.
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Figure 6. In vivo assessment and quantification of bone formation and vascularization after the rescue of T-cad depletion in SVF and Unpass cells by 
co-culture with control HUVECs or HUVECs overexpressing T-cad. Twelve weeks after in vivo implantation, Engipore samples were seeded with (A, 
C, E, G, I, K, M, O, Q, and S) SVF depleted of T-cad-positive cells in co-culture with control HUVECs or HUVECs (T-cad+) and (B, D, F, H, L, N, P, R, 
and T) Unpass cells depleted of T-cad-positive cells in co-culture with control HUVECs or HUVECs (T-cad+). (A, B) Masson’s Trichrome staining, (C, D) 
autofluorescence in FITC, (E, F) human ALU immunostaining, (G, H) bone formation, (I, J) amount of blood vessels of human origin and (K, L) total 
amount of blood vessels were analysed. (M-T) Perfusion supernatants collected after 1 week of pre-implantation bioreactor culture of Engipore samples 
seeded with (M, O, Q, T) SVF depleted of T-cad-positive cells in co-culture with control HUVECs or HUVECs (T-cad+) and (N, P, R, and T) Unpass cells 
depleted of T-cad-positive cells in co-culture with control HUVECs or HUVECs (T-cad+). Secreted growth factors (M, N) VEGF, (O, P) Adiponectin, (Q, 
R) IGF-1 and (S, T) Thrombospondin were analysed. Scale bar in micrographs = 100 μm. Data in histograms are given as (mean ± SD). n = 7 values per 
group for bone formation quantification, n = 24 values per group for total blood vessel quantification, n = 12 values per group for human blood vessel 
quantification, and n = 12 values per group for supernatant analysis. ∗P < .05, ∗∗∗∗P < .0001.
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(T-cad+). Moreover, as revealed by ALU staining, human 
implanted cells again contributed to bone formation (Fig. 
6E,F). HUVECs (T-cad+) and control HUVECs comparably 
rescued the in vivo osteogenic (Fig. 6G,H) and vasculogenic 
(Fig. 6K,L) capacities of the depleted SVF and Unpass cells, 
while not affecting the total blood vessel density (Fig. 6I,J). 
Analysis of supernatants following bioreactor co-culture in-
dicated that control and T-cad-overexpressing HUVECs 
could differently affect secretome content (Fig. 6M-T). VEGF 
secretion was significantly greater for SVF and Unpass cells 
co-cultured with HUVECs (T-cad+) (vs control HUVECs, 
Fig. 6M,N). IGF-1 secretion was significantly greater for SVF 
(but not Unpass cells) co-cultured with HUVECs (T-cad+) (vs 
control HUVECs, Fig. 6Q,R). HUVECs (T-cad+) and control 
HUVECs comparably affected the secretion of Adiponectin 
(Fig. 6O,P) and Thrombospondin (Fig. 6S,T). Cellular gene 
expression analysis at the end of the bioreactor culture period 
(Fig. 7) confirmed the overexpression of T-cad (Fig. 7A,B) in 
co-cultures containing HUVECs (T-cad+). Moreover, vWF 
gene expression in the co-cultures was not affected by the level 
of T-cad expression on HUVECs (Fig. 7C,D). Gene expression 
levels of the osteoblastic markers ALP, COL1, Runx2, OPG, 
and OPN were higher in co-cultures containing HUVECs 
(T-cad+) (Fig. 7E-N). Overall, these data demonstrate that 
while the elevation of T-cad expression on ECs might impact 
osteogenic outcome through enhancing osteoblastic gene ex-
pression in stromal cells, it is the presence of an EC popula-
tion per se in adipose tissue-derived stromal/stem cells that is 
essential for in vivo bone formation.

Co-culture of Expanded ASCs with T-cad 
Overexpressing HUVECs in 2D Monolayer 
Positively Affects Angiogenic and Osteogenic 
Profiles
We examined the effect of co-culturing expanded ASCs 
(at P2-P3) with control HUVECs or HUVECs (T-cad+) on 
angiogenic behavior, bone marker gene expression, and min-
eralization in vitro (Supplementary Fig. 5). Compared with 
monoculture ASCs and the ASCs/control HUVECs co-culture, 
T-cad gene expression in the ASCs/HUVECs (T-cad+) co-culture 
remained fully elevated during the first week of culture in 
osteogenic medium and thereafter declined (Supplementary 
Fig. 5A). The vWF gene expression in the ASCs/HUVECs 
(T-cad+) and ASCs/control HUVECs co-cultures during the 
first 2 weeks of culture was similarly elevated compared to 
ASCs monoculture, and thereafter decreased to parallel the 
low level of T-cad expression (Supplementary Fig. 5B). The 
angiogenic behavior of the cultures was assessed after 3 weeks 
by CD31 immunolabeling. Whereas monoculture ASCs were 
negative for CD31, co-cultures exhibited “islands”/areas of 
CD31-positive cells, with this being more prominent in the 
ASCs/HUVECs (T-cad+) co-culture (Supplementary Fig. 5C). 
Gene expression levels of early, mid, or late bone markers did 
not differ between co-culture and monoculture conditions at 
any of the time points examined (Supplementary Fig. 5D-H). 
Mineralization during osteogenic differentiation of the cul-
tures was examined by Alizarin red staining. Visually, it was 
apparent that the onset of mineralization occurred earliest 
(within 1 week) in the ASCs/HUVECs (T-cad+) co-culture 
condition (Supplementary Fig. 5I). Solubilization and quanti-
fication of the stain confirmed a more rapid and extensive min-
eralization in the ASCs/HUVECs (T-cad+) co-culture than in 
the ASCs monoculture and ASCs/control HUVECs co-culture 

conditions (Supplementary Fig. 5J). These data suggest that 
ECs support the development of a pseudo-angiogenic net-
work during osteogenic differentiation of ASCs.

3D Scaffold Co-culture of HUVECs and Expanded 
ASCs
We next queried whether the osteogenic potential of ex-
panded ASCs (at P2-P3) might be rescued if co-cultured for 
1 week in the 3D scaffold perfusion setting with control or 
T-cad overexpressing HUVECs. As expected, the T-cad gene 
was expressed in both co-culture sets with the greatest rela-
tive expression for ASCs/HUVECs (T-cad+) (Supplementary 
Fig. 6A). Gene expression of endothelial marker vWF was 
significantly higher in both co-culture sets as compared to 
monoculture ASCs (Supplementary Fig. 6B). Concerning the 
expression of genes for the early osteoblastic markers, only 
COL1 (Supplementary Fig. 6D) was significantly increased in 
3D ASCs/HUVECs (T-cad+) and in ASCs/control HUVECs 
co-cultures as compared to mono-culture of ASCs. However, 
for other bone markers like ALP (Supplementary Fig. 6C), 
Runx2 (Supplementary Fig. 6E), and the late marker OPN 
(Supplementary Fig. 6G), or OCN (Supplementary Fig. 6F), 
no significant differences were observed. Overall, this suggests 
that ECs expressing high levels of T-cad can directly stimulate 
the collagen type 1 gene expression of expanded ASCs.30,65

T-cad Overexpression in Expanded ASCs Increases 
Mineralization But Does Not Affect Adipogenic and 
Chondrogenic Differentiation Capacity
To assess whether ASC differentiation capacity is affected by 
the expression of T-cad, we induced it in ASCs (at P2-P3) by 
lentiviral transduction, with untransfected ASCs and mock-
transfected ASCs serving as controls (Supplementary Fig. 
7). T-cad protein and gene expression in ASCs (T-cad+) was 
confirmed by Western blot and RT-PCR (Supplementary 
Fig. 7A,B). ASCs, ASCs (Mock), and ASCs (T-cad+) showed 
similar differentiation potential into adipocytes and chon-
drocytes (Supplementary Fig. 7C-E). For osteoblastic differ-
entiation, ASCs (T-cad+) showed an increased mineralization 
potential as compared to controls (Supplementary Fig. 7E,F). 
Nevertheless, this stimulation of osteoblastic mineralization 
was not sufficient to make ASCs (T-cad+) frankly osteogenic 
in vivo (Supplementary Fig. 7H-J).

Discussion
Here, we discovered firstly that the stromal, osteoprogenitor 
component of SVF cells requires T-cad expressing ECs to be 
osteogenic, and secondly that these T-cad expressing cells can 
be found within the SVF or can be functionally substituted 
by exogenous HUVECs. We established that T-cad-positive 
cells in human adipose define a population of ECs which 
are differentially preserved depending on the in vitro culture 
conditions. The compromised in vivo bone formation cap-
acity of ASCs at P0 and P4,37 corresponds to culture condi-
tions in which the T-cad-positive cell population is strongly 
reduced as compared to more osteogenic SVF and Unpass 
cells. Evidence for the pro-osteogenic role of those T-cad-
positive cells was obtained through rescue experimentation, 
whereby the addition of HUVECs to SVF or Unpass cells 
previously depleted of T-cad-positive cells fully restored in 
vivo bone formation.
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Although research on signaling pathways has provided in-
formation on the effect of signaling molecules on cell migra-
tion, adhesion, proliferation, differentiation, and ultimately 
bone formation by ASCs, the mechanisms driving ASCs into 

the osteoblastic lineage are still not fully understood. Multiple 
signaling pathways were shown to participate in the differ-
entiation from an osteoblastic progenitor to a committed 
osteoblast including transforming growth factor-β (TGF-β)/

Figure 7. In vitro quantification of endothelial and bone markers relative gene expression after the rescue of T-cad depletion in SVF and Unpass 
cells by co-culture with control HUVECs or HUVECs overexpressing T-cad. Relative gene expression (mean ± SD) of endothelial markers (A-B) T-cad 
and (C-D) vWF and of bone markers (E-F) ALP, (G-H) COL1, (I-J) Runx2, (K-L) OPN, and (M-N) OPG in 2D cultures of SVF or Unpass cells depleted 
of T-cad-positive cells in co-culture with control HUVECs or with HUVECs (T-cad+). (E-N) n = 6 values per group for qPCR analysis. Abbreviations: 
T-cad, T-cadherin; vWF, von Willebrand factor; ALP, alkaline phosphatase; COL1, collagen type 1A1; Runx2, runt-related transcription factor 2; OPN, 
osteopontin; OPG, osteoprotegerin. ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, ∗∗∗∗P < .0001.
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bone morphogenetic proteins (BMPs), Wnt/β-Catenin, Notch, 
Hedgehog, and FGF.66-68 Here, we observed the upregulation 
of 3 factors, IGF-1, Adiponectin, and VEGF, associated with 
induced bone formation capacity of ASCs. This is consistent 
with observations that VEGF stimulates the formation of a 
newly formed network of human blood capillaries, essen-
tial during the physiological process of bone regeneration.69 
IGF-1 has been shown to synergistically promote, together 
with erythropoietin, the osteoblastic differentiation of rat 
ASCs.70,71 Concerning Adiponectin upregulation, it is well de-
scribed in the literature that Adiponectin secreted from ASCs 
could directly inhibit adipogenesis in ASCs and BMSCs and 
promote osteogenesis.62,71 This is concordant with previous 
reports on osteodifferentiated ASCs. For example, ASCs cul-
tured with osteogenic medium produce pro-angiogenic fac-
tors responsible for vessel recruitment and angiogenesis.31 
Similarly, pre-osteodifferentiated ASCs can promote human 
microvascular EC recruitment and migration and enhance 
their functionality by inducing their ability to form capillary-
like structures in vitro and in vivo, thus providing potential 
benefits in the clinical outcome (ie, promotion of angiogen-
esis/vascularization and bone formation).31

Strong crosstalk between osteoprogenitors and a functional 
vascular network triggers the processes of bone formation, 
remodeling, and healing. For this reason, EC recruitment 
and vascular organization are key in all these processes.72-74 
Therefore, osteoprogenitor/EC interactions should be pro-
moted in vitro to recapitulate physiological conditions. There 
is much evidence of advantages conveyed through the use of 
co-cultures of ASCs with other cell types for the treatment 
of bone defects. For instance, ceramic scaffolds containing 
co-cultures of ASCs and BMSCs have proven more effective 
for the treatment of calvarial defects in mice as compared to 
ceramic with ASCs alone.75 Another study on 3D-culture sys-
tems showed that the co-culture of ASCs with HUVECs in-
creases the production of angiogenesis-related genes in both 
cell types and that these effects are mediated by the activa-
tion of the Wnt/β-catenin pathway.76 A better understanding 
of cell-cell communication in adipose-derived cells is an im-
portant step toward developing tissue-engineering strategies 
that support both bone growth and vascular formation. The 
data obtained in this study suggest that enhanced vasculariza-
tion is achieved through synergistic effects between the 2 cell 
compartments (stromal and endothelial), likely by the pro-
duction of osteoblast-derived angiogenic factors. Osteogenic 
differentiation of ASCs is in turn increased by ECs, as pre-
viously described,77,78 likely involving VEGF signaling.79 
Our study consistently found that the expression level of 
osteoinductive/osteogenic markers (ALP, COL1, OPN, and 
OPG) was lowered in SVF or Unpass cells following the de-
pletion of their T-cad-positive cell population and restored to 
native levels by co-culture with HUVECs. Overexpression of 
T-cad in co-cultured HUVECs did not enhance bone forma-
tion in vivo despite the slightly stronger osteogenic commit-
ment observed in vitro. Our findings contrast with in vivo 
findings by Seebach et al.80 and by Sahar et al.,81 who used 
ceramic scaffolds seeded with endothelial progenitor cells and 
osteodifferentiated ASCs and demonstrated less bone repair in 
the presence of ECs. However, our observations are consistent 
with several other reports demonstrating improved in vitro 
vascularization and in vivo bone formation27,31,80,82 when ECs 
and osteoblasts are co-cultured. EC and osteoblast co-culture 
models have demonstrated cell-cell contact-dependent 

changes in gene expression patterns in both cell types. Those 
changes include up-regulation of VEGF receptor 2 in ECs and 
up-regulation of alkaline phosphatase in osteoblasts.83,84 It is 
also clear that ECs improve human bone marrow stromal cell 
differentiation through direct cellular contact.85 The precise 
mechanisms whereby ECs and/or progenitor ECs increase 
osteogenesis by adipose tissue-derived stromal/stem cells re-
main to be delineated.

We also observed that passaged ASCs overexpressing T-cad 
presented a higher mineralization level as compared to par-
ental or mock-transfected ASCs, by as yet unknown mech-
anisms. On the other hand, T-cad overexpression in ASCs 
was without effects on adipogenic and chondrogenic dif-
ferentiation. Chondrogenic differentiation was minimal in 
every experimental condition tested, which is concordant 
with the observation that ASCs secrete angiogenic factors 
which are detrimental to the differentiation of chondro-
cytes and can prevent cartilage regeneration.86 Regarding 
the adipogenic differentiation, pre-adipocytes directly de-
rive from the ASCs present in adipose tissue, and their gen-
eration may be inhibited by obesity-associated responses 
such as Adiponectin,87 which we found to be overexpressed 
in the presence of ECs. Upregulation of Adiponectin in the 
HUVEC containing co-cultures is in agreement with findings 
that ECs are the source of paracrine factors that influence a 
pre-adipocyte generation and are required for the formation 
of new blood vessels that control blood supply to adipose 
tissue.88 Moreover, endothelial progenitor cells are closely re-
lated to ASCs, as they are derived from them89 or from cir-
culating bone marrow-derived cells.90 In conclusion, there is 
likely also a strong crosstalk between endothelial progenitors 
and ASCs controlling the homeostasis of adipose tissue for-
mation, analogous to our observation herein for ECs and 
ASCs in bone tissue formation.

Our study supports that the presence of ECs exerts a major 
functional impact on osteogenic graft development. However, 
even though co-culture of ASCs with HUVECs almost com-
pletely rescued the bone-forming capacity of SVF and Unpass 
cells depleted of T-cad-positive cells, we cannot totally ex-
clude a contribution by other cells in the SVF population. In 
this regard, analyzing other endothelial markers (eg, CD31, 
VE-cadherin, or vWF) present in the SVF population was 
challenging due to potential cross expression of endothelial 
markers in other cell populations such as monocytes or pre-
adipocytes as already well described in the literature.91-93

The present study not only provides novel knowledge about 
the role of T-cad-positive (endothelial) cells residing in adipose 
tissue on the functionality of ASCs toward different mesen-
chymal lineages but could also find a practical application in 
tissue engineering approaches for bone regeneration and repair. 
The maintenance and the quantification of the T-cad-positive 
subpopulation of SVF or Unpassaged ASCs may be developed 
as a quality control to predict the potency of engineered osteo-
genic grafts based on adipose tissue cells. Alternatively, sup-
plementation of expanded ASCs with ECs could be pursued as 
a strategy to restore and/or increase both the angiogenic and 
osteogenic potentials of the engineered constructs.

Conclusions
Here, we demonstrated that a subpopulation of SVF 
cells, namely T-cad-positive endothelial lineage cells sup-
ports angiogenic and osteogenic differentiation of adipose 
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tissue-derived cells. The endothelial nature of the T-cad-positive 
cells is the key feature to explain this effect, rather than the ex-
pression level of T-cad marker on those cells. Further studies 
in this field will be necessary to shed more light on the precise 
mechanisms involved in this crosstalk between ASCs and ECs.
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