
Hypoxia Impedes Vasculogenesis
of In Vitro Engineered Bone
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To ensure the survival of engineered bone after implantation, we combined human endothelial colony forming
cells (ECFCs) and multipotent stromal cells (MSCs) as a proof of concept in a co-culture model to create in vitro
prevascularized bone constructs. We hypothesized that a hypoxic stimulus will contribute to prevascularization
of engineered bone. Bone marrow-derived MSCs and ECFCs from human adult peripheral blood were allowed
to form co-culture pellets containing ECFCs and MSCs (1:4) or MSCs only in controls. After culture under
normoxia or hypoxia (5%), pellets were harvested and processed for immunohistochemistry of CD31, a-smooth
muscle actin, and osteocalcin. Expression of vascular endothelial growth factor and SDF-1a was analyzed by
PCR to elucidate their involvement in hypoxic stimulation of prevascularization. The normoxic condition in co-
cultures of MSCs and ECFCs supported the formation and maintenance of prevascular structures, including
organized CD31-positive cells embraced by differentiated mural cells. These structures failed to form in hypoxic
conditions, thereby rejecting the hypothesis that hypoxia stimulates prevasculogenesis in three-dimensional
engineered bone constructs. Further, the formation of prevascular structures was paralleled by increased SDF-1a
expression. It is suggested that actual oxygen levels were below 5% in the hypoxic co-cultures, which prevented
prevascular structure formation. In conclusion, our normoxic co-culture model containing cells from clinically
relevant sources sustained simultaneous endothelial, smooth muscle, and osteogenic differentiation.

Introduction

Engineered bone is considered a future option to fill
osseous defects, as other bone replacements, such as

autologous or allogeneic bone, are unavailable, insufficient,
or associated with complications.1–4 The size of engineered
bone is currently confined by a maximum diffusion distance
of nutrients and oxygen from the tissue surface or blood
vessel toward the consuming cells.5–8 In vitro pre-
vascularized constructs have been previously created, a
strategy already shown to accelerate functional anastomosis
after in vivo implantation.9 Organized functional networks
have been obtained in vivo by combining an endothelial cell
source, for example, cord blood and peripheral blood-de-
rived endothelial progenitor cells (EPCs) or human umbilical
vein endothelial cells (HUVECs), with a mural cell source, for
example, multipotent stromal cells (MSCs) or smooth muscle
cells, in matrigel plugs.6,10–12 Previous studies focusing on
prevascularized bone tissue engineering13–17 have included
several osteogenic cell sources, among which the primary
osteoblasts15,16 and the more proliferative MSCs11,18 were
most commonly used.

Several co-cultures contained EPCs, a term that has been
collectively used in literature for several cell types, all ex-
pressing endothelial markers but with varying characteris-
tics. Endothelial colony forming cells (ECFCs), formerly
called ‘‘late EPC,’’ are an attractive EPC population that can
be obtained from human adult blood. This population is the
only EPC type known to form functional vascular networks
de novo in contrast to circulating angiogenic cells, formerly
called ‘‘early EPCs,’’ which are thought to stimulate angio-
genesis in a paracrine manner.14,19 Although endothelial cells
and EPCs exhibited comparable angiogenic properties in
monoculture,20 EPCs (derived from the CD34 + /CD133 +
fraction from umbilical cord blood) were shown to be less
hindered by the presence of osteoblasts than HUVECs in a
sprouting assay.21 In addition to this advantage, sufficient
endothelial progenitors can be obtained from expanded
isolates of adult peripheral blood, and they represent a
clinically relevant cell source.14

The majority of co-culture studies has focused on the
formation of prevascular structures rather than on osteogenic
differentiation. Since the osteogenic tissue development is
equally relevant, we assessed whether the formation of a
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prevascular structure would simultaneously allow osteo-
genic differentiation in human co-cultures.

Although hypoxia is considered a potent stimulator of
angiogenesis, that is, blood vessel growth from pre-existing
ones, through hypoxia inducible factor (HIF)-1a, consider-
ably less consensus exists regarding the role of hypoxia in
vasculogenesis. Vasculogenesis, de novo formation of a vas-
cular network, is reported to be independent of oxygen
tensions in embryogenesis;22 however, postnatal vasculo-
genesis was shown to be driven by local ischemia.23 Si-
multaneously, hypoxia is considered a strong inducer of
progenitor cell recruitment and migration to create new
vasculature.23–25

Therefore, we hypothesized that (i) hypoxia improves the
development of prevascular networks in a three-dimensional
osteogenic co-culture model, and that (ii) network formation
is compatible with the osteogenic differentiation of the
MSCs. The co-culture model consisted of adult human
ECFCs and MSCs from peripheral blood and bone marrow
of several donors, respectively.

Materials and Methods

MSC isolation and culture

Bone marrow aspirates were obtained from the iliac crests
of patients undergoing a total hip replacement procedure
after informed consent with approval of the local medical
ethical committee (46 and 55 year old female donors and 48
and 72 year old male donors). The mononuclear cell fraction
was isolated by centrifugation on Ficoll-paque and plated in
a growth medium containing a-MEM (Gibco, 22561) sup-
plemented with 0.2 mM L-ascorbic acid 2-phosphate (Sigma),
10% heat-inactivated fetal bovine serum (Biowhittaker), 100
units/mL penicillin with 100 mg/mL streptomycin (Gibco),
and 1 ng/mL rhB-FGF (also: FGF-2; R&D Systems). Cells
were passaged at subconfluence and seeded into the co-
cultures at passages 3–5.

Multilineage potential of the passaged MSCs (n = 4) was
confirmed by differentiation into the adipogenic, osteogenic,
and chondrogenic lineages as previously described.26 Fur-
ther, the MSCs were FACS-analyzed for the presence of es-
tablished MSC markers and the absence of endothelial
and hematopoietic markers.27 Expression of CD73 (AD2,
PE-conjugated; BD Pharmagen), CD90 (5 E10, Alexa647-
conjugated; Biolegend), CD105 (MEM229, FITC-conjugated;
Abcam), and W8B2 (PE-conjugated; Biolegend) was con-
firmed as well as the absence of CD31 (LCI-4, FITC-
conjugated; Serotec), CD34 (581, FITC-conjugated; BD
Pharmagen), and CD45 (HI30, PECy7-conjugated; BD Phar-
magen). IgG-matched controls were purchased from Life
Science. They were negative for CD31, CD34, and CD45, and
showed > 90% positivity for CD73, CD90, and CD105
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertonline.com/tea).

ECFC isolation and culture

Adult peripheral blood (100 mL) was collected from vol-
unteers and diluted 1:1 with PBS/2 mM EDTA. Mononuclear
cells were isolated with Ficoll Paque PLUS (GE Healthcare)
density gradient centrifugation and plated in endothelial
growth medium (EGM) consisting of EGM-2 with 10% FCS

and penicillin/streptomycin (Invitrogen) at a density of 50–
150 * 106 cells/well in 12-well plates coated with 50mg/mL
rat tail collagen I (BD Biosciences). EGM was refreshed daily
for 7 days and thrice a thereafter. Outgrowth of ECFC
colonies was generally observed between 2 and 4 weeks.
Colonies of ECFCs were trypsinized and replated in colla-
gen-coated culture flasks and expanded in EGM until use.
ECFC characterization was performed using flow cytome-
try by showing positivity for progenitor (CD34) and endo-
thelial (VEGFR2, CD31, and CD144) markers, and absence
of CD133, monocytic (CD14), and pan-leukocyte (CD45)
markers (Supplementary Fig. S2A). In addition, ECFCs
formed confluent cobblestone monolayers on collagen-
coated plates and formed tube-like networks when plated on
matrigel (Supplementary Fig. S2B, C). Generally, ECFCs of
passage 3–6 were used for the co-culture experiments.

MSC/ECFC co-culture

The ratio of ECFCs over MSCs was determined to be op-
timal for our in vitro co-cultures when 20% ECFCs were in-
cluded (Supplementary Fig. S3A). Comparable percentages
of ECFCs (20%–40%) have also resulted in optimal in vivo
vessel performance.18 After expansion, cells were centrifuged
to form co-culture pellets containing either ECFCs and MSCs
(1:4) or MSCs only in controls. The pellets were maintained
in osteogenic medium under either normoxic or hypoxic
(2%–5% oxygen) conditions. The osteogenic differentiation
medium (ODM) consisted of a-MEM supplemented with
10% heat-inactivated fetal bovine serum, 0.2 mM L-ascorbic
acid 2-phosphate, 100 units/mL penicillin with 100mg/mL
streptomycin, 10 mM b-glycerophosphate, and 10 nM dexa-
methasone (Sigma; D8893). Further, the formation of pre-
vascular structures and osteogenesis was studied in ODM,
EGM, or in 1:1 mixtures of ODM and EGM (Supplementary
Fig. S4). In addition, formation of prevascular structures was
evaluated in pellets containing combinations of MSCs (n = 4)
and EPCs (n = 4) from different donors. The pellets were
harvested between 1 day and 4 weeks of culture.

Histology

Pellets were fixed in formalin and subsequently encapsu-
lated in 4% alginate gel, dehydrated (graded ethanol),
cleared in xylene, and embedded in paraffin for sectioning
(5mm). To detect mineralization, von Kossa staining was
performed on the sections. In short, sections were depar-
affinized and rehydrated before a 1-h incubation period in
5% silver nitrate (Fisher Scientific) under a light bulb. Un-
reacted silver was removed by submersion in 5% sodium
thiosulphate (A17629; Alta Aesar). Cell nuclei were then
counterstained with hematoxylin (Merck). The stained sec-
tions were examined by using a light microscope (Olympus
BX51).

Immunohistochemistry

Immunohistochemical detection of the endothelial marker
CD31, the mural cell marker a-smooth muscle actin (a-SMA),
and osteogenic differentiation markers osteopontin and os-
teocalcin was performed on the sections. After depar-
affinization and rehydration, sections were blocked in 0.3%
H2O2 solution and also with 5% BSA in PBS for 30 min.
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CD31-antigens were retrieved by boiling the sections in
10 mM citrate buffer (pH 6.0) for 15 min. These sections were
incubated with the primary antibody for CD31 (1:20,
monoclonal mouse, M0823; Dako) overnight at 4�C. Next,
sections were incubated at room temperature with biotiny-
lated secondary antibody (1:200, sheep anti-mouse,
RPN1001v1; GE Healthcare). Finally, a simultaneous incu-
bation of a-SMA (1:300, Cy3-conjugated, monoclonal mouse,
C6198; Sigma) and Alexa Fluor 488-conjugated streptavidin
(1:500, S32354; Invitrogen) was performed for 1 h at room
temperature. Cell nuclei were stained with DAPI (1:100,000;
Sigma).

For osteopontin and osteocalcin localization, antigen re-
trieval was performed by incubation with 1 mg/mL pronase
(Sigma) and 10 mg/mL hyaluronidase (Sigma) for half an
hour each. Next, sections were incubated with the primary
antibodies for osteopontin (1:100, MPIIIB101, Developmental
Studies Hybridoma Bank) and for osteocalcin (1:50, mono-
clonal mouse, OCG4; Alexis Biochemicals) at 4�C overnight.
Then, the sections for osteopontin were incubated for an
hour with the biotinylated goat anti-mouse antibody (1:200;
GE Healthcare), before a 1-h incubation with horseradish
peroxidase–conjugated streptavidin (1:500; Beckman Coul-
ter). After the overnight primary antibody incubation, os-
teocalcin sections were incubated with GAM-HRP (1:200,
goat anti-mouse, P0447; Dako) at room temperature for an
hour. Both osteocalcin and osteopontin were detected by a
10-min conversion of 3,3’-diaminobenzidine solution (D5637;
Sigma). Nuclei were counterstained with hematoxylin.

Isotype-matched controls were performed with mouse
IgG1 monoclonal antibody (X0931; Dako) at concentrations
comparable to those used for the stainings.

Image analysis

The freeware program AngioQuant (v1.33)28 was used to
calculate total lengths and number of junctions of the pre-
vascular structures in CD31-stained sections. Before running
the program, the images were modified in Adobe Photoshop
CS3 Extended (version 10.0.1) to quench the blue hematox-
ylin staining that otherwise would interfere with structure
detection by AngioQuant (all images are converted to
grayscale). All images were processed with identical settings,
including smoothening, segmentation with automatic
thresholding, and pruning of structures below 10 pixels. The
results were analyzed in Excel (Microscoft Office 2003) and
normalized to the total area in each cross-section.

Blocking SDF-1a/CXCR4 signaling

To inhibit stromal-derived factor-1a or SDF-1a binding to
CXCR4, the receptor antagonist AMD3100 (also known as
Plerixafor, A5602; Sigma) was added to the medium before
centrifuging the co-cultures into pellets. The co-cultures were
maintained in ODM with AMD3100 thereafter and at every
medium change, fresh AMD3100 was added. AMD3100 was
used at concentrations of 0.1, 1, and 10 mg/mL, and control
cultures received ODM without AMD3100. All cultures were
harvested, fixed after 9 days, and processed for histology.
Structure formation was analyzed on CD31-stained sections
by AngioQuant. At least three sections of three cultures of
identical conditions were included, and results were repro-
ducible for another donor combination.

RT-PCR

Five identical pellets (quintuplicate) were pooled and ho-
mogenized in TriZol Reagent (Cat. No. 15596-018; Invitrogen
Life Science Technologies), and RNA was extracted accord-
ing to the manufacturer’s protocol and quantified by spec-
trophotometry (ND-1000; Nanodrop technologies). To
remove any genomic DNA contamination, isolated RNA was
treated with TURBO DNase (Ambion) at 37�C for 30 min,
followed by a denaturing step at 75�C for 10 min. Next,
cDNA was synthesized from 500 ng total RNA (iScript
cDNA synthesis kit; Bio-Rad) and diluted 10-fold in RNAse-
free water.

Specific primers for platelet/endothelial cell adhesion
molecule (PECAM1 or CD31), vascular endothelial growth
factor A (VEGF-A), chemokine (C-X-C motif) ligand 12
(CXCL12 or SDF-1a), and HIF-1a were designed in primer3
online freeware (http://frodo.wi.mit.edu/primer3/) and are
shown in Table 1, as well as primers for several house-
keeping genes (GAPDH, B2M, HPRT, PPIA, 18S, and P0).
Primers were designed to work at an annealing temperature
of 60�C, in cases where primers functioned sub-optimally,
the optimal annealing temperature was empirically estab-
lished by setting a temperature gradient on the thermocycler.

The real-time PCR analysis was performed with iQ� Sybr
Green Supermix (Cat. No. 170-8885; Bio-Rad), conducted
according to the instructions of the manufacturer. The final
reaction volume was set at 15mL. Triplicate samples were
processed in MyIQ PCR system (Bio-Rad) and analyzed by
using MyiQ System Software, Version 1.0.410 (Bio-Rad La-
boratories Inc.). Data were analyzed by using the efficiency
corrected Delta-Delta-Ct method.29 The values of the genes
of interest were normalized by using the geometric average
of the values of the most stable housekeeping genes (P0,
HPRT, and PPIA), selected by using the geNorm applet
(http://medgen.ugent.be/*jvdesomp/genorm/).30 Expres-
sion values were subsequently calculated across biological
replicates by using an experiment-mean centered ap-
proach,31 corresponding p-values were calculated by using
one-way analysis of variance (ANOVA) and Tukey’s post-hoc
test.

Statistical analyses

Significant differences of the means were detected by
ANOVA with subsequent posthoc Tukey HSD analysis,
where p < 0.05 was considered significant. The significance of
the difference of the means (n = 5–8) between normoxic and
hypoxic groups of the AngioQuant data was determined by
Student’s t-tests. All calculations were carried out in SPSS
15.0. All graphs represent means with their standard devia-
tions.

Results

Prevascular structures do not develop under
hypoxic conditions

Control cultures, solely consisting of MSCs, did not de-
velop any CD31-positive cell or structure within 22 days (Fig.
1D, inset). In co-culture pellets maintained under ambient
oxygen tension (normoxia), organization of endothelial cells
into prevascular structures did occur at 12 and 22 days of
culture (Fig. 1A, C). However, when the co-cultures were
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kept under hypoxia, the CD31-positive cells remained dif-
fusely scattered as single cells throughout the pellets at 12
and 22 days of culture (Fig. 1B, D).

These results were reproducible for pellets consisting of
MSCs and ECFCs derived from different donors (including
co-cultures containing cord blood-derived ECFCs, of which
representative images are shown in Supplementary Fig. S3B).
Strikingly, of all donor-combinations that had been assessed
(4 MSC donors and 3 ECFC from peripheral blood and 1
from cord blood), a few did not show formation of a pre-
vascular structure. The latter co-cultures contained MSCs
from one particular donor.

The effect of hypoxia was also reflected in the quantitative
assessment of the formation of structures. The total length of
all structures and the total number of structure junctions per
mm2 were significantly elevated (2.4-fold and 6.2-fold, re-
spectively) in the normoxic sections (Fig. 1K, L).

Double staining of CD31 and a-SMA, indicative for mural
cells, revealed that a-SMA-positive cells were lining the
CD31-positive prevascular structures in the co-cultures (Fig.
1E–I). Additionally, the a-SMA expressing cells contained
the elongated nuclear shapes characteristic for smooth
muscle cells (Fig. 1J, K, arrowheads).

Osteogenic markers are expressed in normoxic
and hypoxic conditions

The osteogenic marker osteopontin is expressed in both
normoxic and hypoxic co-cultures by day 22 (Fig. 2A, B).
Overall, more cells produced osteopontin in the normoxic
compared with hypoxic cultures at an early time point. Si-
milarly, osteocalcin was expressed in co-cultures from both
conditions at day 22 (not shown). In contrast, matrix min-
eralization of co-cultures appeared earlier under hypoxia
when compared with normoxia. By day 22, both normoxic
and hypoxic co-cultures had deposited mineralized spots
and formed mineralized nodules (Fig. 2C, D).

Formation of prevascular structures and osteogenesis
exclusively co-occur in osteogenic conditions

The medium composition was varied to determine which
minimal requirements in growth factors would optimally
support both the formation of prevascular structures and
osteogenic differentiation under normoxic conditions. Co-
culture pellets were maintained in EGM, ODM or in a 1:1
mixture of both. Control pellets were cultured in ODM only.
Staining of CD31-positive cells at day 7 revealed that pre-
vascular structures were able to assemble in all three media
tested (Fig. 3A–D), whereas the control culture was negative
for CD31 (MSCs only). In addition, mineralization of the
cultures was assessed at day 28 to show their osteogenic
potential (Fig. 3E–H). Only when cultured in ODM, the
control and co-culture had deposited calcium phosphates
into the extracellular matrix. Therefore, ODM was the only
medium that supported both vasculogenesis and osteogen-
esis under normoxia.

Involvement of SDF-1 signaling
in in vitro vasculogenesis

The expression levels of several genes were evaluated on
day 7 in both control cultures (MSC only) and co-cultures. In
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contrast to our hypothesis that hypoxia stimulates pre-
vascularization, expression of HIF-1a, CD31, and SDF-1a was
increased when the co-cultures were exposed to normoxic
conditions rather than to hypoxic conditions at day 7 (Fig.
4A). However, VEGF gene expression was elevated in con-
trol cultures under hypoxia at day 7, whereas in co-cultures,

VEGF expression levels were not affected by hypoxia. In
contrast, the levels of VEGF protein were reduced in the
hypoxic co-cultures compared with normoxic co-cultures
and control cultures, as determined by an ELISA in the
culture medium at both day 3 and 7 (Quantikine kit DVE00
from R&D Systems, Fig. 4B, n = 1). SDF-1a protein release

FIG. 1. The influence of oxygen tensions on the formation of prevascular structures in MSC/ECFC co-cultures. CD31
immunostaining of pellets at 12 days (A, B) and 22 days (C, D) consisting of MSC and ECFCs. The pellets were cultured at
either normoxia (N in A, C) or hypoxia (H in B, D). Only pellets containing ECFCs and cultured under normoxia demonstrate
formation of tubular structures. Sections were counterstained with hematoxylin. Control pellets containing MSCs only were
negative (inset in D). The total length (K) and total number of junctions (L) of the CD31-positive structures normalized to
total section area were significantly increased for the normoxic co-cultures (*p < 0.05). Localization of a-smooth muscle actin
(E) around CD31-positive structures (F), with an overlay in (H) and (I) and nuclear counterstain in (G). ( J) Elongated nuclei
(arrowheads) typical for smooth muscle cell differentiation were observed in the a-smooth muscle actin (red) cells. Scale bar
in (A) denotes scale for A–D, whereas bar in (E) represents the scale for E–J. ECFC, endothelial colony forming cell; MSC,
multipotent stromal cell. Color images available online at www.liebertonline.com/tea
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into the culture medium was not detectable with a Quanti-
kine ELISA kit (DSA00; R&D Systems).

Elevated RNA expression levels of HIF-1a and its down-
stream target SDF-1a corresponded with increased CD31
expression in the normoxic co-cultures (Fig. 4). Since these
were the cultures in which the structures had formed, the

involvement of SDF-1a signaling in in vitro vasculogenesis
was assessed. To this end, SDF-1a binding to its specific re-
ceptors CXCR4 and CXCR732,33 was blocked by addition of
AMD3100 in different concentrations (0–10 mg/mL).34–37 Al-
though the total length and size of the prevascular structures
was not significantly altered when AMD3100 was present in

FIG. 2. Osteogenic differentiation of co-cultures under normoxic (N in A, C) and hypoxic conditions (H in B, D). Expression
of osteopontin (OPN) at day 22 of culture (A, B). Von Kossa (vK) staining indicates mineral depositions in black at day 22 of
culture (C, D). Insets show extent of mineralization at day 12. Color images available online at www.liebertonline.com/tea

FIG. 3. Medium-based variation in the formation of prevascular structures (A–D, CD31, 7 days) and mineralization (E–H, von
Kossa, 28 days) of co-cultures in three different media. Control pellets, containing MSCs only, were cultured in osteogenic
differentiation medium (A, E). MSC/endothelial progenitor cell co-culture pellets were maintained in either 1:1 osteogenic/
endothelial medium (B, F); endothelial medium (C, G); or osteogenic medium (D, H). Images are representative for pellets from
three donor combinations, all cultured in normoxic conditions. Color images available online at www.liebertonline.com/tea
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the medium (Fig. 5I, J), local aggregation of CD31-positive
cells was present in several sections from the co-cultures that
were treated with AMD3100 (Fig. 5F inset, H).

Discussion

In the current study, we investigated the involvement of a
hypoxic stimulus in vasculogenesis of a tissue-engineered
bone model. In contrast to our hypothesis, the level of hyp-
oxia introduced here did not allow the formation of a pre-
vascular structure, whereas normoxic culture conditions did.
We postulate here that our normoxic condition most likely
represented a hypoxic environment for the cells. Oxygen
tensions actually sensed by the cells inside the pellets are
dependent on a declining gradient toward the tissue center,8

which is caused by cellular oxygen consumption. The hyp-
oxic conditions in the normoxic cultures may, therefore, have
caused upregulation of hypoxic markers. Oxygen tensions
experienced by the cells in the center of hypoxic cultures may
have been well below the imposed hypoxic oxygen tensions
of 2%–5%, as the maximum diffusion distance of nutrients
and oxygen in tissues was estimated to be 200 mm from the
capillaries in tissues.38,39 The size of the pellets (ranging from
0.7 to 1.5 mm) exceeded these dimensions. In turn, these low
oxygen tensions may have initiated oxygen conformance40–42

and as such suppressed cellular processes, including those
associated with vasculogenesis. The absence of vascular
structures in hypoxic co-cultures confirms the findings ob-

tained in a co-culture model of endothelial cells (HUVEC)
and fibroblasts, where hypoxia severely limited capillary
formation by a mechanism independent from VEGF signal-
ing.43 The stimulation of structure formation was attributed
to the production of an unknown factor (other than VEGF or
FGF-2) that is produced under normoxic conditions and
sensitive to hypoxia.

Vasculogenesis is the process that is responsible for de novo
blood vessel formation, both during embryogenesis and after
birth.44,45 The formation of the initial vascular plexus during
embryology is thought to take place independently from
hypoxic gradients.22 In contrast, the subsequent organization
of capillaries is orchestrated by local tissue oxygen tensions.
The hypoxic conditions are considered to be a strong re-
cruitment and migration stimulus for EPCs or ECFCs.23–25

During hypoxic conditions, HIF-1a is stabilized, which leads
to increased SDF-1a (stromal derived factor 1a) expression.
SDF-1a was implicated as the mediator of hypoxia in terms
of endothelial cell recruitment.23–25 The mediatory pathway
was shown to act independently from the VEGF, thus sig-
naling cascade. The latter is another downstream target of
HIF-1a. Nevertheless, SDF-1a was reported to be a stronger
stimulus for vasculogenesis than VEGF in a murine model.46

Therefore, the effects of hypoxia on the formation of pre-
vascular structures was studied by monitoring changes in
HIF-1a, VEGF, and SDF-1a levels.

The expression of SDF-1a was increased in the normoxic
co-cultures that formed prevascular structures, thus

FIG. 4. The influence of co-culture and
oxygen tensions on gene and protein ex-
pression levels. (A) Gene expression of
controls and co-cultures, normalized to
P0, HPRT, and PPIA expression levels are
expressed as fold-increase relative to the
MSC only expression in normoxic (N)
conditions (n = 3). Normoxic groups are
shown in white, and hypoxic groups are
shown in gray. The co-cultures were
maintained in osteogenic medium for 7
days (*p < 0.05; **p < 0.01; ***p < 0.001; as-
terisks located above a column indicate a
significant difference compared with all
other groups). (B) VEGF protein release
into the culture medium after 3 and 7
days for MSCs or co-cultures (MSC/
ECFC, n = 1). VEGF, vascular endothelial
growth factor.
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suggesting an association of this factor with the prevascular
assembly. The involvement of SDF-1a in the vasculogenic
process was studied by addition of AMD3100 to the co-
cultures to block the SDF-1a receptors CXCR4 and CXCR7,
the latter of which was only recently identified as a receptor
for SDF-1a.47 The expression of both receptors was shown on
MSCs and increased under hypoxia (3% oxygen).48 Although
the presence of CXCR4 on vascular and hematopoietic pro-
genitors was described, the expression of CXCR7 by ECFCs
is still unknown.24,46,49 However, the extent of formation of
prevascular structures was not significantly affected by the
presence of AMD3100.

The fact that the formation of prevascular structures was
not affected by AMD3100 may either be caused by the fact
that SDF-1a is not, or only partly, involved in this process or
that the effect of the inhibitor was masked by one of the
following reasons. First, it is possible that SDF-1a is not in-
volved in the in vitro vasculogenic process in the co-culture
model. Second, AMD3100 toxicity may have affected vas-
culogenesis. Although toxic effects have been reported for
high concentrations of AMD3100, the concentrations used in
the current study were shown to support cell survival for
> 90% for G3H cells.37 Another mechanism may be associ-
ated with the actions of AMD3100 on CXCR4 and CXCR7. It
is known that AMD3100 is a receptor antagonist of CXCR4
and that it does not induce its signaling. However, the other

SDF-1a receptor, CXCR7, was recently reported to be allo-
sterically activated by AMD3100.34 Therefore, the apparent
absence of blocking of vasculogenesis that was observed in
our co-cultures, even at high concentrations of AMD3100,
might be masked by enhanced CXCR7-linked signaling
pathways.34

The transcription of the other hypoxia-inducible gene,
VEGF, was low and not affected by hypoxia in the co-
cultures. As mentioned earlier, prevascular structures were
reported to assemble preferably under normoxic conditions,
but this effect was thought to be controlled by a VEGF-
independent pathway.43 This may explain the unrelated ex-
pression of VEGF in the current study. In our co-cultures, not
only the VEGF mRNA levels but also the expression of VEGF
protein were low by day 7. In our data, even a tendency
toward decreased VEGF protein expression in hypoxic
compared with normoxic co-cultures was observed. Since
mRNA levels are not directly correlated to protein expres-
sion, the changes in mRNA levels of VEGF precede protein
production, and the two may slightly differ at the same time
point.

A novel finding presented here was the dependence of the
formation of a prevascular structure on MSC characteristics.
Out of several combinations of both MSCs and EPCs isolated
from four different donors each, only combinations con-
taining MSCs from one particular donor did not show

FIG. 5. Effects of AMD3100 on formation of prevascular structures in co-cultures at 9 days in normoxic conditions. (A)
CD31 is detected in brown in co-culture sections from duplicate pellets that were maintained in 0 (A, E); 0.1 (B, F); 1 (C, G); 10
(D, H) mg AMD3100 per mL osteogenic medium. The inset in (F) is showing another section with a local aggregation of CD31-
positive cells, as also demonstrated in (H). (I, J) Total length and number of junctions of the CD31-positive structures were
quantified in AngioQuant and normalized to the section area. No significant differences among the groups were detected
(n = 3). Color images available online at www.liebertonline.com/tea

HYPOXIA IMPEDES VASCULOGENESIS OF ENGINEERED BONE 215



prevascular organization. So far, this phenomenon has not
been described. If this is reproducible in an in vivo model,
then the in vitro model may present a predictive tool that can
be used before application in clinical practice or animal ex-
periments.

Hypoxic conditions are known to predominantly inhibit
the osteogenic differentiation of MSCs,50–52 whereas en-
hancement of osteogenesis is rarely reported.53 Species and
oxygen tensions varied among these experiments, which
may have caused their different outcomes. In the current
study, MSCs were combined with ECFCs, and it was expected
that hypoxia (5% oxygen) would not hinder osteogenesis of
the MSCs. From our qualitative observations of osteogenesis,
it can be concluded that expression of osteogenic proteins
osteopontin and osteocalcin proceeded similarly in co-cultures
exposed to normoxic and hypoxic conditions. However,
mineralization was present in hypoxic co-cultures before it
occurred in normoxic cultures. The early onset of minerali-
zation and, thus, osteogenesis in our study disagrees with the
majority of previous studies. However, in our model, ECFCs
were in co-culture with the MSCs. Expression levels of HIF-1a
were elevated in our hypoxic co-cultures, accompanied by
increased VEGF protein release. It is known that VEGF
stimulates endothelial cells to form prevascular structures.
They, in turn, can stimulate osteogenesis.54,55

The ability of the cells in the in vitro co-culture model to
simultaneously form endothelial networks with mural cell
lining and osteogenic differentiation has not been demon-
strated so far. Several studies have shown that mural
cell differentiation can occur in a co-culture of endothelial
(progenitor) cells and bone (progenitor) cells in in vivo
models.6,10,11,56 In addition, recently, the feasibility of the co-
culture model from clinically relevant sources, such as the
bone marrow-derived MSCs and HUVECs, to anastomose to
a host’s vasculature was demonstrated.56 The MSCs were
separately differentiated toward the osteogenic lineage or
into pericytes and combined with HUVECs in a collagen/
fibronectin gel. However, our in vitro model shows more
efficient differentiation into three lineages in only osteogenic
medium. Moreover, the clinical application of peripheral
blood-derived endothelial progenitors is favorable compared
with the use of HUVECs. ECFCs cannot only be derived
from an autologous source; they also demonstrate more fa-
vorable proliferative potential and improved formation of
vascular structures.

Altogether, combination of MSCs and ECFCs from clini-
cally relevant human adult sources, such as the bone marrow
and peripheral blood, is a promising means to realize the
creation of large engineered bone constructs.

Conclusion

We demonstrated for the first time that a prevascular
structure including endothelial arrangement and differenti-
ated mural cells can be created among osteogenically dif-
ferentiating cells. In addition, the differentiation into these
three distinct cell types was achieved under normoxic, os-
teogenic conditions from clinically highly relevant cell
sources. The next steps toward clinical application demands
conquering the hurdle of increasing the size of pre-
vascularized constructs and controlling donor-dependent
outcomes.
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