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Bone defect healing is highly dependent on the simultaneous stimulation of osteogenesis and vascularization. In
bone regenerative strategies, combined seeding of multipotent stromal cells (MSCs) and endothelial progenitor
cells (EPCs) proves their mutual stimulatory effects. Here, we investigated whether stromal-cell-derived factor1a (SDF-1a) stimulates vascularization by EPCs and whether SDF-1a could replace seeded cells in ectopic
bone formation. Late EPCs of goat origin were characterized for their endothelial phenotype and showed to be
responsive to SDF-1a in in vitro migration assays. Subsequently, subcutaneous implantation of Matrigel plugs
that contained both EPCs and SDF-1a showed more tubule formation than constructs containing either EPCs or
SDF-1a. Addition of either EPCs or SDF-1a to MSC-based constructs showed even more elaborate vascular
networks after 1 week in vivo, with SDF-1a/MSC-laden groups showing more prominent interconnected
networks than EPC/MSC-laden groups. The presence of abundant mouse-specific CD31/PECAM expression in
these constructs confirmed ingrowth of murine vessels and discriminated between angiogenesis and vessel
networks formed by seeded goat cells. Importantly, implantation of EPC/MSC or SDF-1a/MSC constructs
resulted in indistinguishable ectopic bone formation. In both groups, bone onset was apparent at week 3 of
implantation. Taken together, we demonstrated that SDF-1a stimulated the migration of EPCs in vitro and
vascularization in vivo. Further, SDF-1a addition was as effective as EPCs in inducing the formation of
vascularized ectopic bone based on MSC-seeded constructs, suggesting a cell-replacement role for SDF-1a.
These results hold promise for the design of larger centimeter-scale, cell-free vascular bone grafts.

Introduction

A

poor vascular network in and around larger bone
grafts often impairs the healing of bone [1,2]. Inappropriate vascularity leads to compromised survival of
recruited and/or seeded cells in the grafts, as nutrient and
oxygen supply is limited [3]. In addition, inadequate vascularity may have indirect negative effects on other risk factors
that play a role during bone healing, such as the production,
release, and/or effectivity of growth factors that are produced
during fracture [2]. Therefore, the past years studies have
focused on tissue-engineered grafts that promote vascularization [4–6]. One of the strategies investigated includes the
seeding of constructs with endothelial progenitor cells
(EPCs) [6]. It has been proven that the use of endothelial cells
(ECs) or their progenitors (EPCs) improves vascularization
by inducing the formation of blood vessel networks that
connect to the host circulation [7]. Moreover, when ECs are

1
2

combined with multipotent stromal cells (MSCs), communication between both cell types positively influences osteogenic differentiation in vitro [7–11] as well as bone
formation in vivo [5–8]. To this end, an optimal ratio of both
cell types leads to higher efficiency in the formation of tubular structures [7,9,12,13] and mineralization [7,9,10] in
vitro, when compared with single-cell-type cultures. When
implanted in vivo, ectopic implantations show that combined
constructs contain higher density of vasculature than the
seeding of MSCs alone [9,12,14] and that bone formation is
positively affected by the addition of ECs or EPCs [8–10]. At
orthotopic locations, some studies claim that there is no
beneficial effect on total vessel formation after implantation
[6,15], while other results show significantly higher early
vascularization using EPCs in combination with MSCs [5,6].
In addition, the stimulating effect on bone formation using
combinations of MSCs and ECs or EPCs varies between
studies [5,6,15].
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Another strategy to improve vascularization of implants is
the inclusion of growth factors that promote angiogenesis,
such as vascular endothelial growth factor [16–19] and C-XC motif ligand 12/stromal cell-derived factor-1a (CXCL12/
SDF-1a) [20–22]. SDF-1a is known to be active as a potent
cell-homing factor [23–25] through binding to its CXCR4
receptor [26] and has been proven to induce tubule formation by ECs in vitro [20,21] as well as angiogenesis in tissueengineered grafts in vivo [20,23,27]. However, its role in the
formation of vascularized bone has not been investigated yet,
contrary to the use of growth factors that promote osteogenesis in bone grafts [18,28–30]. Moreover, studies that
investigate replacement of cell seeding by growth factors in
order to optimize the use of cell-free applications that promote vascularized bone formation are lacking, while it is
highly desirable to overcome the disadvantages of cell isolation and extensive cell culture [31]. Therefore, we investigated the use of EPCs and MSCs and the chemokine SDF-1a,
in combination or as single applications, in ectopic hybrid
constructs to induce vessel formation and subsequent bone
formation. We hypothesized that SDF-1a stimulates vessel
formation by seeded EPCs in ectopic bone grafts and hereby
may affect the onset of bone formation and as a result bone
volume. In addition, based on previous experiments [7] we
investigated whether SDF-1a can effectively replace EPCs in
MSC-based bone-forming constructs.

Materials and Methods
Cell culture
Cells of goat origin were obtained from previous experiments [7] and used in view of future translation toward
implantations in the goat model [31,32]. To this end, MSCs
were isolated from the iliac crest bone marrow of adult
Dutch milk goats as previously described [32]. In short, the
bone marrow aspirate was plated in alpha-minimum essential medium (a-MEM) supplemented with 10% (v/v) fetal
calf serum, 100 U/mL penicillin, 100 mg/mL streptomycin,
and 0.2 mM L-ascorbic acid-2-phosphate (AsAP) and multipotency was tested using established protocols [33]. Passage 2–4 cells were used for all experiments.
EPCs were isolated from peripheral blood samples from
adult Dutch milk goats as previously described [7]. Briefly,
MNCs were isolated by Ficoll density gradient centrifugation and cells were plated in fibronectin-coated flasks in
complete EBM-2 medium (Lonza) with 20% (v/v) fetal calf
serum. Passage 10–13 cells were used in all experiments.

Characterization of late EPCs
To analyze the uptake of DiI-labeled, acetylated lowdensity lipoprotein (LDL) complex and isolectin B4 by
cultured EPCs, cells were cultured on cover slips until
confluent and subsequently incubated for 1 h with fluorescein-labeled isolectin B4 (Vector Laboratories) followed by
2-h incubation with DiI-labeled, acetylated LDL complex
(Molecular Probes, Invitrogen) at 37C. Thereafter, the cells
were washed with PBS and mounted in Vectashield including DAPI (Vector Laboratories). Cells were analyzed
for double positivity.
For the analysis of CD31/PECAM-1 expression on ECs,
trypsinized cells were kept in suspension overnight, washed
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with PBS, and incubated with mouse anti-ovine CD31
(100 mg/mL; Serotec) for 1 h at 4C and subsequently with
Alexa Fluor 488 goat anti-mouse IgG (20 mg/mL in PBS;
Invitrogen) at 4C for 45 min. Cells were analyzed by FACS
(FACS Calibur; Becton Dickinson) and CELLQuest software (Becton Dickinson).
To assess network formation by cultured EPCs, angiogenesis assays were performed [In Vitro Angiogenesis Assay
Kit (Chemicon)], according to manufacturer’s instructions.
About 104 EPCs were seeded on top of Matrigel discs and
incubated in complete EBM-2 medium and 20% (v/v) fetal
calf serum for 22 h and then imaged.

In vitro transwell migration assay
To evaluate the responsiveness of goat EPCs to rhSDF-1a
(R&D Systems), transwell migration assays were performed
(24 wells, 8-mm pore; Corning Costar). Upper wells were
seeded with 105 EPCs. Lower chambers were supplemented
with 500-mL medium containing 0, 10, 50, or 100 ng/mL
SDF-1a. Experiments were carried out in duplicate for 18 h,
whereafter the migrated cells on the bottom side of the
membranes were counted in four randomly chosen fields.
Experiments were repeated twice.

Preparation of in vivo implants
To evaluate the effect of single applications or combinations of rhSDF-1a, EPCs, and/or MSCs on vessel formation (week 1) and bone formation (week 6), 200 mL of
growth-factor-reduced Matrigel (BD Biosciences) constructs was prepared for subcutaneous implantation in nude
mice (n = 23). Plugs consisted of (1) SDF-1a, (2) EPCs, (3)
SDF-1a/EPCs, (4) EPCs/MSCs, and (5) SDF-1a/MSCs.
Groups 2 and 4 contained a total of 2.5 · 105 cells per
construct; group 3 and 5 contained 1.25 · 105 cells. Matrigel
plugs were supplemented with 1 mg/mL rhSDF-1a where
indicated. In addition, all constructs contained 20% (w/v) of
BCP particles (0.5–1 mm Ø, BCP-1150; Xpand).

Animals and implantation
Twenty-three female nude mice (Hsd-cpb:NMRI-nu;
Harlan) were anesthetized with 2.0%–2.5% isoflurane, after
which the implants were placed in five separate subcutaneous pockets, using a randomized design. The animals
were postoperatively treated with the analgesic buprenorphine (0.05 mg/kg, sc; Temgesic, Schering-Plough/Merck)
and housed together at the Central Laboratory Animal Institute, Utrecht University. Six mice received fluorochrome
labels at week 3 (Calcein green, 3 mg/mL s.c.; Sigma), week
4 (Oxytetracyclin, 2 mg/L s.c.; Calbiochem), and week 5
(Xylenol Orange, 20 mg/mL s.c.; Sigma) to determine the
onset of bone formation. Experiments were conducted with
the permission of the local Ethical Committee for Animal
Experimentation and in compliance with the Institutional
Guidelines on the use of laboratory animals.

Explantation and embedding
One of the mice died unexpectedly during the operation.
After 1 week (n = 16) and 6 weeks (n = 6), constructs were
retrieved and fixed overnight in 4% (v/v) formalin and
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processed for 5-mm-thick paraffin sections through alcohol
dehydration series. In addition, half of all week-6 samples
were processed for polymethylmethacrylate (MMA; Sigma)
embedding and sectioned to analyze bone formation and
fluorochrome deposition.

Evaluation of the formation of vessel networks
Vessel network formation in the constructs after 1 week of
implantation was evaluated using Goldner’s trichrome staining on rehydrated sections and was based on established
protocol [34]. Samples were blinded and formed network
structures were scored by two observers as follows: Grade 1,
single cells and/or the presence of microluminal structures;
Grade 2, luminal-vessel-like structures of which some were
erythrocyte perfused; or Grade 3, interconnected networks,
some perfused with erythrocytes. Three randomly chosen
fields per construct were analyzed for the mean length of
formed tubule complexes, referred to as an average of the
actual total lengths of formed tubule complexes within several views. In addition, the number of formed junctions was
quantified. For both parameters, Angioquant [35] was used.

Immunohistochemistry of CD31/PECAM-1
Vessels formed in the constructs were stained for mousespecific CD31/PECAM-1 expression. Antigen retrieval was
performed on rehydrated sections by incubation in 0.1 M sodium citrate solution (pH = 6.0) for 20 min at 95C. Sections
were then blocked in 3% (v/v) H2O2 in PBS for 15 min and 5%
(w/v) BSA for 1 h at room temperature. Primary rabbit antiCD31 (LifeSpan Biosciences) was incubated at 2 mg/mL
overnight at 4C. A secondary goat anti-rabbit biotinylated
antibody (0.6 mg/mL; DakoCytomation) and streptavidin-peroxidase (1.4 mg/mL; DakoCytomation) were incubated each
for 30 min at room temperature. The staining was developed
with diaminobenzidine and Mayer’s hematoxylin was used for
counterstaining. Negative controls were treated similarly, except for exclusion of the primary antibody. As a positive
control for antibody specificity, mouse skin was included.

Histomorphometry and fluorochrome analysis
Of the MMA-embedded samples, 10-mm sections were
cut (Leica) and evaluated for the deposition of the different
fluorochromes that were incorporated into the newly formed
bone. Visualization of the fluorochromes was performed
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using a light/fluorescence microscope (E600; Nikon),
equipped with a quadruple filter block (XF57, dichroic
mirror 400, 485, 558, and 640 nm; Omega Optics). Three
sections per construct were scored for the presence of the
three different fluorochromes. All of the week-6 constructs
were evaluated. Thereafter, the sections were stained by
basic fuchsin/methylene blue to evaluate bone formation
using a light microscope. Bone and scaffold were pseudocolored and histomorphometry was performed using a custom macro of the KS400 software (version 3; Zeiss) to
determine the scaffold outline available for bone apposition
and the contact length of bone and scaffold. Bone area %
was calculated as [bone area/(total area – BCP scaffold
area)] · 100%. Bone contact % was calculated as (bone-toscaffold contact length/scaffold outline) · 100%.

Statistical analysis
Statistical analysis was performed with SPSS 20.0 software.
A Mann–Whitney U test was used to compare the number of
migrated cells in the transwell assays. The evaluation of the
formation of vessel networks (Fig. 4) was subjected to a Chisquare test and Bonferroni corrections were applied to calculate statistical differences between the groups. The mean
length of formed tubule complexes, the number of junctions,
and bone area and contact percentages were tested by a randomized one-way ANOVA with Bonferroni correction.
P < 0.05 was considered statistically significant.

Results
In vitro stimulation of goat EPC migration by SDF-1a
Isolated goat EPCs were characterized for their endothelial
phenotype by selected markers. Cells were double positive
for the uptake of DiI-labeled, acetylated LDL complex and
isolectin B4 (Fig. 1A). In addition, the late endothelial marker
CD31/PECAM1 was expressed at this passage on the cells, as
shown by FACS analysis (Fig. 1B). When the cells were
seeded on Matrigel for the angiogenesis assay, they formed
interconnected networks (Fig. 1C), indicating their tubuleforming phenotype. Since SDF-1a is a known chemoattractant for various cell types, we assessed its function in the
in vitro stimulation of goat EPC migration. Seeded EPCs
appeared highly responsive to rhSDF-1a, showing a significant 2- to 2.5-fold increase in migration capacity at increasing
concentrations of the chemokine (Fig. 2).

FIG. 1. Characterization of goat late endothelial progenitor cells (EPCs). Isolated goat late EPCs were characterized by
the uptake of DiI-labeled, acetylated low-density lipoprotein (LDL) complex (red) and isolectin B4 (green) (A). The
presence of the selected endothelial marker CD31/PECAM was shown by FACS analysis in green (B) against the negative
control in purple. The isolated cells showed their endothelial phenotype by the formation of tubules in a 2D angiogenesis
assay (C). Color images available online at www.liebertpub.com/scd
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FIG. 2. In vitro transwell migration assay. Significantly
(*P < 0.05) higher numbers of EPCs migrated toward
rhSDF-1a at 10, 50, or 100 ng/mL when compared with
negative controls. Migration is expressed as mean – SD.

In vivo vessel network formation
After 1 week of implantation, Grade 1 structures were
observed in constructs containing SDF-1a (Fig. 3A) or
seeded EPCs (Fig. 3B). When combining seeded EPCs with
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SDF-1a, both Grade 1 and Grade 2 structures were observed
(Fig. 3C), of which perfusion of Grade 2 luminal-vessellike structures with erythrocytes was observed. Grade 2
morphologies were found in a slightly higher percentage of
SDF-1a/EPC constructs than in constructs of either type
alone (Fig. 4), showing the beneficial effect of SDF-1a on
EPCs. In EPC/MSC constructs we found predominantly the
formation of Grade 2 structures (Figs. 3D and 4), some of
which were erythrocyte perfused, demonstrating their connection to the host circulation. In addition, 36% of the EPC/
MSC constructs showed elaborate interconnected network
(Grade 3) structures. Of great interest are the combined
SDF-1a/MSC constructs, where the majority, namely, 69%,
of the constructs showed abundant Grade 3 structures (Figs.
3E and 4). Also, similar to SDF-1a/EPC and EPC/MSC
constructs, perfusion of the interconnected networks could
be observed by the presence of erythrocytes. In addition, the
expression of the mouse-specific endothelial CD31/PECAM
marker in the combination groups confirmed the contribution of the host cells and SDF-1a to angiogenesis. Vessel
network formation by the seeded goat cells could be concluded from vessels that were negative for CD31/PECAM

FIG. 3. Evaluation of vessel
network formation after 1
week of implantation. Goldner’s-trichrome-stained sections showed the presence of
single cells and/or the formation of microluminal structures
(m) in stromal-cell-derived
factor-1a (SDF-1a) constructs
(A) or constructs containing
seeded late EPCs (B) after 1
week of implantation. SDF1a/EPC containing constructs
(C) showed more luminalvessel-like structures (v). EPC/
multipotent stromal cell (MSC)
constructs (D) showed predominantly luminal-vessel-like
structures, as well as elaborate
interconnected networks (n).
When combining SDF-1a with
MSCs (E), mainly elaborate
interconnected networks were
observed (n). M, Matrigel; bcp,
biphasic calcium phosphate;
m, microluminal structures; v,
luminal-vessel-like structures;
n, elaborate interconnected
networks. Scale bars represent
100 mm. Color images available online at www.liebertpub
.com/scd
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bination constructs (groups 3, 4, and 5), the mean length of
the formed tubule complexes was significantly lower in
SDF-1a/EPC constructs when compared with SDF-1a/MSC
groups (Fig. 6A), suggesting different effects of SDF-1a on
vascularization induced by EPCs and MSCs. The number of
formed junctions was significantly higher in both MSCbased constructs (groups 4 and 5) when compared with
SDF-1a/EPCs (group 3; Fig. 6B). In addition, no significant
differences were found in the mean length of the formed
tubule complexes (Fig. 6A) or in the number of formed
junctions (Fig. 6B) when EPC/MSC constructs (group 4)
were compared with SDF-1a/MSC constructs (group 5),
suggesting that SDF-1a efficiently replaces EPC seeding
in MSC-based constructs to stimulate early blood vessel
formation.

Bone formation and the onset of bone formation

FIG. 4. Scoring of vessel network formation in the implanted constructs after 1 week of implantation. Scoring of
the morphology of vessel network formation was done on
Goldner’s-trichrome-stained sections and could be subdivided
as follows: Grade 1, single cells and/or the presence of microluminal structures; Grade 2, luminal-vessel-like structures;
or Grade 3, elaborate interconnected networks. + / - indicates
inclusion of SDF-1a, EPCs, or MSCs in the hybrid constructs.
EPC/MSC and SDF-1a/MSC groups showed significantly
(*P < 0.05) different vessel network formation efficiency than
SDF-1a, EPC, and SDF-1a/EPC groups. Color images available online at www.liebertpub.com/scd

(Fig. 5A–C), as all vessels in the host mouse skin were
positive for CD31/PECAM (Fig. 5D). Both phenotypes were
observed in SDF-1a/EPC, EPC/MSC, and SDF-1a/MSC
groups.

Quantification of formed vessel networks
To evaluate the characteristics of the formed networks in all
constructs, the mean length of the formed tubule complexes
and the number of formed junctions in the five different
groups were quantified. More Grade 2 luminal-vessel-like
structures were observed in SDF-1a/EPC constructs when
compared with either type alone, but no significant differences were found in the mean length of the formed tubule
complexes or the number of formed junctions between SDF1a/EPC groups and constructs containing either factor alone
(group 3 vs. groups 1 and 2; Fig. 6A, B). As expected, both
the mean length of the formed tubule complexes as well as
the number of formed junctions in the MSC-based groups
were significantly higher than constructs containing either
EPCs or SDF-1a (groups 4 and 5 vs. groups 1 and 2; Fig.
6A, B). When comparisons were made between the com-

To investigate the possibility of SDF-1a as a replacement
for cell seeding in the bone formation process, bone onset,
bone volume percentages, and bone contact percentages
were measured. Constructs containing EPCs/MSCs or SDF1a/MSCs started to form bone at 3 weeks and this continued
at least until week 5 as all three fluorochromes were present
in all of the scored sections (Fig. 7A, B). No differences in
bone onset between the two constructs could be observed.
Bone that was formed (Fig. 7C, D) showed similar mean
bone volumes in EPC/MSC-loaded constructs when compared with SDF-1a/MSC-loaded constructs (Fig. 7E), suggesting an EPC-seeding-replacement role for SDF-1a in the
enhancement of ectopic bone formation. Also, mean bone
contact percentages between the two MSC-based groups
showed no significant differences (Fig. 7E). Groups that
contained SDF-1a, EPCs, or SDF-1a/EPCs did not show
any deposition of fluorochromes as no bone formation was
observed (data not shown). These findings strongly suggest
that the need for an osteogenic stimulus in the form of MSCs
is higher than the need for seeded EPCs to form vascularized
ectopic bone in vivo.

Discussion
In this study, we showed the effectiveness of the chemokine SDF-1a as a stimulator of early blood vessel formation by seeded cells in ectopic constructs in vivo. More
importantly, we showed that SDF-1a could be used as a
replacement for EPC-seeding strategies in bone-forming
constructs, without affecting bone volumes or bone contact
percentages.
The effectiveness of human recombinant SDF-1a on isolated goat EPCs in terms of migration in vitro was shown,
which confirms that cells of goat origin can be stimulated by
the chemokine of human origin. In vitro migration of EPCs
using concentrations of 50 ng/mL SDF-1a or lower has been
shown before with human cells [20,21]. However, this phenomenon has not been evaluated previously for cells of goat
origin and broadens our future use of both factors in the
optimization of hybrid constructs containing cells of goat
origin and/or SDF-1a. Subsequently, when implanted in
subcutaneous pockets, constructs containing single applications of SDF-1a or EPCs showed the presence of single cells
and/or microluminal structures after 1 week of implantation,
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FIG. 5. Evaluation of the endothelial
identity of formed vessel structures. In the
three combination constructs—SDF-1a/EPC
(A), EPC/MSC (B), and SDF-1a/MSC
(C)—abundant expression of the mousespecific CD31/PECAM-1 marker was found
on the vessels. As a positive control, all
vessels in the host mouse skin (#), separated
by the dashed line, were positive for CD31/
PECAM (D). Representative negative control stainings for all combined constructs are
shown by the insets. M, Matrigel; bcp, biphasic calcium phosphate; V, vessel; *positive CD31/PECAM staining; #host mouse
skin. Scale bars represent 100 mm. Color
images available online at www.liebertpub
.com/scd

FIG. 6. Quantification of the formed vessel structures after
1 week in vivo. The mean length of formed tubule complexes
(A) was significantly different between constructs containing SDF-1a or EPCs when compared with EPC/MSC
constructs (#P < 0.05). SDF-1a/MSC constructs showed
significantly longer tubule complexes when compared
with SDF-1a, EPC, or SDF-1a/EPC constructs (*P < 0.05).
The numbers of formed junctions (B) in the constructs
were significantly higher in EPC/MSC or SDF-1a/MSC
constructs when compared with SDF-1a, EPC, or SDF1a/EPC constructs (*P < 0.05). Data are expressed as
mean – SD.

suggesting ongoing vascularization. This is in accordance to
other studies [12,14,23,36]. Hybrid constructs containing both
SDF-1a and EPCs showed a slightly higher percentage of
luminal-vessel-like structures than either type alone. This
phenomenon supports the observed in vitro stimulating effect
of SDF-1a on network formation by EPCs by others. When
discriminating between angiogenesis and the luminal-vessellike structures formed by the seeded EPCs, we found mainly
perfused vessels that were positive for the mouse-specific
CD31/PECAM-1 antibody. This points to induction of host
angiogenesis in these constructs as a result of combined cell/
chemokine therapy. In addition, throughout the constructs we
also found luminal-vessel-like structures, which were likely
formed by the goat EPCs as a result of SDF-1a stimulation,
since constructs containing only EPCs hardly showed this
phenomenon. To our knowledge, we are the first to report
these findings by using combined cell/chemokine therapy
in vivo.
The past years, several studies in the field of tissue engineering have focused on combined cell treatment to induce vascularization [6,7,14,37,38]. When we combined
EPCs and MSCs in our hybrid constructs, we observed more
luminal-vessel-like structures as well as elaborate interconnected vessel networks when compared with constructs
containing the single growth factor SDF-1a, EPCs alone, or
the combination of SDF-1a and EPCs. This is in accordance
to our previous experiments [7] and other reports [9,12,14].
In addition, the formed vessel networks had a significantly
higher mean length when compared with the single EPC or
SDF-1a constructs. The number of formed junctions was
significantly higher when compared with SDF-1a, EPC, or
SDF-1a/EPC constructs, supporting the observed interconnection of the formed vessel networks. In EPC/MSC constructs, both angiogenesis and vasculogenesis could be
observed by means of CD31/PECAM-1 staining. This is in
accordance to a study by Liu et al. [9], in which they showed
that combined seeding of EPCs and MSCs resulted in a
higher degree of host-derived neovascularization than vessel
formation by seeded cells. Others report the contrary
[14,39], although this may be explained by the different
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FIG. 7. Evaluation of bone
formation after 6 weeks of implantation. Unstained MMAembedded sections showed the
presence of the fluorochromes
calcein green (week 3; green),
oxytetracyclin (week 4; yellow), and xylenol orange (week
5; red). Bone formation started
before week 3 for both EPC/
MSC (A) and SDF-1a/MSC
(B) constructs. Basic fuchsin/
methylene blue staining revealed bone formation in pink
in EPC/MSC (C) and SDF-1a/
MSC (D) constructs, with no
significant differences between
the two groups in either bone
volume % or bone contact %
(E). bcp, biphasic calcium
phosphate; * bone. Scale bars
represent 200 mm. Color images available online at www
.liebertpub.com/scd

source of the used cells [40] as well as the period the cells
have been in culture.
Most importantly, combining SDF-1a with MSCs resulted in the highest degree of interconnected vessel networks when compared with all other four groups. Moreover,
the mean length of the formed tubule complexes and the
number of junctions were not significantly different from
EPC/MSC constructs. These results indicate a preference for
SDF-1a as a stimulator of vascularization in the MSC-based
constructs rather than the use of EPCs. The formed tubular
networks in SDF-1a/MSC constructs were clearly anastomosed microvessels, as shown both by the extensive CD31/
PECAM-1 positivity in the constructs as well as the perfusion of the networks with blood. These results suggest not
only induction of angiogenesis and/or recruitment of host
ECs, as confirmed by positive mouse-specific endothelial
staining, but also the possible transition of MSCs toward the
endothelial lineage as CD31/PECAM-1 negativity was also
observed in most of the elaborate vessel networks, a phenomenon also described by others [41,42]. However, the
presence of some early EPCs in the MSC fraction is also
possible, although these cells are found at low frequencies in

MSC isolates. Unfortunately, at present a goat-specific endothelial antibody is not available, thus excluding further
identification of these cells.
The additive effect of EPCs on MSCs in bone formation,
as well as in vasculogenesis, has been described previously
by us and others [7,9,12,14]. As this study focused mainly
on the possible replacement of seeded cells by SDF-1, which
was based on previous experiments by our group [7], we did
not include a group containing only MSCs. Moreover, we
have recently confirmed this knowledge in a different study
that applies various EPC subtypes and show here the additive effect of EPCs on both vessel formation and bone formation subcutaneously in vivo when compared with MSCs
alone (Eman et al., article in preparation). Here, we investigated the possible replacement of EPCs by SDF-1a in
ectopic hybrid bone constructs, and showed the induction of
comparable bone onset, bone volumes, and bone contact
percentages between EPC/MSC and SDF-1a/MSC groups,
while SDF-1a/MSC groups showed the highest degree of
interconnected vessel networks. This finding supports the
replacing role of EPCs by SDF-1a to form vascularized
ectopic bone in constructs containing osteoprogenitors in the
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form of MSCs. It would be interesting to investigate this
application in larger centimeter-scale bone replacement
constructs, where vasculogenesis is likely the limiting factor
for bone formation. Until now, there are no strong indications that SDF-1a could recruit enough cells to fully replace
MSC seeding in a mouse subcutaneous bone formation
model [43]. Further evaluation of the direct effects of SDF1a on MSC performance with respect to proliferation and
(trans)differentiation, as has been suggested by other studies
[41,42,44,45], could explain some of the results.

Conclusions
In summary, we demonstrated for the first time that SDF1a incorporated in a hybrid hydrogel-based construct is effective in stimulating seeded goat EPCs in vitro and that this
cell/chemokine therapy induces vessel formation in vivo. In
addition, SDF-1a could replace seeded EPCs resulting in
elaborate interconnected vessel networks, while not affecting bone onset, bone volumes, or bone contact percentages.
Altogether, these results hold promise for the design of cell/
chemokine-based vascular bone grafts on the larger scale.
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