
at SciVerse ScienceDirect

Biomaterials 34 (2013) 5025e5035
Contents lists available
Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls
Osteogenic graft vascularization and bone resorption by
VEGF-expressing human mesenchymal progenitors

Uta Helmrich a, Nunzia Di Maggio b, Sinan Güven b, Elena Groppa a, Ludovic Melly a,c,
Rene D. Largo a,d, Michael Heberer a,b, Ivan Martin b, Arnaud Scherberich b, Andrea Banfi a,*

aCell and Gene Therapy, Department of Biomedicine and Department of Surgery, Basel University Hospital and Basel University, ICFS 407, Hebelstrasse 20,
4031 Basel, Switzerland
b Tissue Engineering, Department of Biomedicine and Department of Surgery, Basel University Hospital and Basel University, 4031 Basel, Switzerland
cCardiac Surgery, Department of Surgery, Basel University Hospital, 4031 Basel, Switzerland
d Plastic and Reconstructive Surgery, Department of Surgery, Basel University Hospital, 4031 Basel, Switzerland
a r t i c l e i n f o

Article history:
Received 27 February 2013
Accepted 14 March 2013
Available online 6 April 2013

Keywords:
Angiogenesis
Bone tissue engineering
Mesenchymal stem cell
Osteoclast
Silicate-substituted apatite
VEGF
* Corresponding author. Fax: þ41 61 265 3990.
E-mail address: Andrea.Banfi@usb.ch (A. Banfi).

0142-9612/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.biomaterials.2013.03.040
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Rapid vascularisation of tissue-engineered osteogenic grafts is a major obstacle in the development of
regenerative medicine approaches for bone repair. Vascular endothelial growth factor (VEGF) is the
master regulator of vascular growth. We investigated a cell-based gene therapy approach to generate
osteogenic grafts with an increased vascularization potential in an ectopic nude rat model in vivo, by
genetically modifying human bone marrow-derived stromal/stem cells (BMSC) to express rat VEGF.
BMSC were loaded onto silicate-substituted apatite granules, which are a clinically established osteo-
conductive material. Eight weeks after implantation, the vascular density of constructs seeded with
VEGF-BMSC was 3-fold greater than with control cells, consisting of physiologically structured vascular
networks with both conductance vessels and capillaries. However, VEGF specifically caused a global
reduction in bone quantity, which consisted of thin trabeculae of immature matrix. VEGF did not impair
BMSC engraftment in vivo, but strongly increased the recruitment of TRAP- and Cathepsin K-positive
osteoclasts. These data suggest that VEGF over-expression is effective to improve the vascularization of
osteogenic grafts, but also has the potential to disrupt bone homoeostasis towards excessive degradation,
posing a challenge to its clinical application in bone tissue engineering.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue engineering is a promising strategy for the repair of large
bone defects. For this purpose, bonemarrow-derivedmesenchymal
stromal/stem cells (BMSC) constitute a rich source of osteoproge-
nitors [1]. However, one of the major limiting factors towards the
clinical implementation of BMSC-based tissue-engineered osteo-
genic grafts is the need to rapidly provide a sufficient blood supply
after implantation to ensure their engraftment. In fact, the lack of
vascularization in the centre of large cell-loaded constructs
invariably leads to ischaemia followed by necrosis [2,3]. Apart from
managing the supply of nutrients and oxygen to the cells and the
removal of metabolic products, necessary for the survival, growth
and differentiation of the engrafted cells, blood vessels also allow
the recruitment of highly-specialised cells, like circulating
All rights reserved.
osteoprogenitors, haematopoietic stem cells or monocytes, which
can contribute to tissue regeneration and remodelling [4e6].

Several approaches to accelerate vascularization of tissue-
engineered bone grafts upon implantation are currently being
investigated [7]. These include surgical techniques, like flap- or
arteriovenous loop-fabrication [8e10], biomaterial-based methods,
like nano-/micro-fibre combined scaffolds or scaffold micro-
fabrication designed to facilitate vascular in-growth [10,11], as well
as the co-culture of osteogenic and vasculogenic precursor cells
inside the grafts [12e14]. Another strategy is the supply of pro-
angiogenic factors [11]. Among these, Vascular Endothelial
Growth Factor (VEGF) is the master regulator of vascular growth
both in normal and pathological angiogenesis and is therefore the
most attractive and well-characterized factor for inducing the
therapeutic growth of new blood vessels [15]. On one hand, VEGF
has a very short half-life in vivo, but on the other hand its expres-
sion needs to be sustained for approximately 4 weeks in order to
allow the stabilization and persistence of newly formed vessels
[16e18]. Therefore, the use of recombinant protein is challenging,
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since a continuous delivery of the factor is required. A stable, long-
term production directly inside the tissue is more practically ach-
ieved by gene therapy, i.e. the delivery of the genetic sequence to
allow a continuous secretion of the factor by the target cells [19].

Therefore, here we tested the hypothesis that sustained
expression of VEGF by genetically modified human BMSC could
generate osteogenic grafts with an increased pro-angiogenic po-
tential and efficient bone formation in vivo.
2. Materials and methods

2.1. BMSC isolation and culture

Human primary BMSC were isolated from bone marrow aspirates. The aspirates
were obtained from the iliac crest of healthy donors during routine orthopaedic
surgical procedures according to established protocols, after informed consent by
the patients and following protocol approval by the local ethical committee (EKBB,
Ref. 78/07). Cells were isolated and cultured as described [20]. Briefly, after centri-
fugation, the pellet was washed in PBS (Invitrogen, Grand Island, NY, USA), resus-
pended in a-MEM medium (Invitrogen) containing 10% bovine serum (HyClone,
South Logan, UT, USA) and 5 ng/ml FGF-2 (BD Biosciences, Basel, Switzerland) and
plated at a density of 105 nucleated cells/cm2. BMSCwere cultured in 5% CO2 at 37 �C.
When 80e90% confluence was reached, cells were re-plated in a new dish at a
density of 3000 cells/cm2.
2.2. MSC genetic modification

Primary human BMSC were transduced according to a high-efficiency protocol
we recently developed [21]. Briefly, starting on day 6 after plating, cells were
transduced twice a day for a total of 4 rounds with bicistronic retroviral vectors
carrying either the gene for rat VEGF164 (rVEGF) linked to a truncated version of the
rat CD8a by an internal ribosomal entry site, or truncated CD8a alone as a control
[22]. For this purpose, BMSC were cultured in 60-mm dishes, incubated with
retroviral vector supernatants supplemented with 8 mg/ml polybrene (Sigmae
Aldrich, St. Louis, MO, USA) for 5 min at 37 �C. The dishes were then centrifuged at
1100 g for 30 min at room temperature and supernatants were replaced with fresh
medium. All experiments were performed with freshly prepared viral supernatants.
2.3. Flow cytometry and cell-sorting

For phenotypic characterization of BMSC (n ¼ 3 independent donors), cells were
incubated for 20 min on ice, in PBS with 5% BSA. The antibodies used were: CD90-
FITC, CD73-PE, CD31-FITC, CD34-APC, CD45-FITC, IgG1-FITC, IgG1-PE, IgG-APC (all
from Becton, Dickinson and Company, Franklin Lakes, NJ), CD105-FITC (Serotec Ltd.
Oxford, UK), VEGFR2-FITC (R&D Systems). All the antibodies were used at a dilution
of 1:50, except CD105-FITC, which was used at 1:20. CD8a expression was assessed
by staining with a FITC-conjugated anti-rat CD8a antibody (clone OX-8; BD Phar-
mingen, San José, CA, USA), using previously optimized staining conditions [22], i.e.
2 mg of antibody/106 cells in 200 ml of PBS with 5% BSA. Data were acquired with a
FACSCalibur flow cytometer (BD Biosciences) and analysed by using FlowJo software
(Tree Star, Ashland, OR, USA). Cell sorting was performed with an Influx cell sorter
(BD Biosciences) after staining for CD8a according to the same protocol.
2.4. Enzyme-linked immunosorbent assay (ELISA)

VEGF production was quantified in cell culture supernatants using a Quantikine
rat VEGF ELISA kit (R&D Systems Europe, Abingdon, UK). One millilitre of fresh
medium was incubated on MSCs cultured in 60-mm dishes in duplicate (n ¼ 2) for
4 h, filtered, and frozen. Results were normalized by the number of cells in each dish
and the time of incubation.
2.5. In vivo implantation of osteogenic constructs

Osteogenic constructs were generated as previously described [23]. Briefly,
60 mm3 of 1e2 mm silicate-substituted apatite granules (Actifuse�; Apatech-
Baxter, Elstree, UK) where mixed with 5 � 105 BMSC embedded in a fibrin gel
(Tisseel�; Baxter, Vienna, Austria), with a final concentration of 20 mg Fibrinogen/
ml and 6 IU of Thrombin/ml. The resulting constructs were implanted subcuta-
neously in nude rats (RNu/Nu, Charles-River, Sulzfeld, Germany) as previously
described [24]. Six constructs were implanted for each condition (n ¼ 6), gener-
ated with cells from 3 independent donors (2 replicates/donor). After 8 weeks,
animals were sacrificed by inhalation of CO2 and constructs were explanted. An-
imals were treated in agreement with Swiss legislation and according to a protocol
approved by the Veterinary Office of Canton Basel-Stadt (permission #2167).
2.6. Histological processing

Explanted constructs were washed with PBS and fixed for 4 h with freshly
prepared 1% paraformaldehyde (SigmaeAldrich) in PBS. Subsequently, the sam-
ples were decalcified according to an established protocol [25]. Briefly, granules
were transferred into a PBS-based solution containing 7% w/v EDTA (Sigmae
Aldrich) and 10% w/v sucrose (SigmaeAldrich) and incubated at 37 �C on an orbital
shaker. The solution was renewed daily for 5e21 days, until the samples were fully
decalcified, as estimated by the degree of sample stiffness. Finally, the samples
were embedded in OCT compound (Sakura Finetek, Torrance, CA, USA), frozen in
freezing isopentane (Sigma) and 10 mm-thick sections were obtained with a
cryotome.

2.7. Analysis of angiogenesis

To visualize blood vessels, immunofluorescence staining was performed with
the following primary antibodies and dilutions: mouse-anti-rat CD31 (Clone TLD-
3A12, 1:100; AbD Serotec, Düsseldorf, Germany), rabbit-anti-NG2 (1:200, Milli-
pore, Zug, Switzerland) and mouse anti-Smooth Muscle Actin (Clone 1A4, 1:400;
MPBiomedicals, Basel, Switzerland). Fluorophore-conjugated secondary antibodies
(Invitrogen) were used at a concentration of 1:200.

The amount of blood vessels was quantified from CD31-stained sections.
Three representative fluorescence images per sample (n ¼ 6 samples/group) were
acquired with an Olympus BX61 microscope (Olympus, Münster, Germany).
Vessel length density (VLD) was measured with Cell

ˇ

P software (Olympus) by
tracing the total length of vessels in the fields and by normalizing it to the area of
the fields.

2.8. Analysis of bone formation

Bone tissue was detected by staining sections with haematoxylin and eosin
(H&E) and microscopic observation both under transmitted and fluorescent light as
previously described [26,27]. In addition, the presence of mature bone matrix was
examined with Masson trichrome staining (Réactifs RAL, Martillac, France), per-
formed according tomanufacturer’s instructions. Sections were also immunostained
using antibodies against Type I Collagen (1:10,000 dilution; Quartett Immuno-
diagnostika und Biotechnologie GmbH, Berlin, Germany) or Osteocalcin (1:200
dilution; Millipore, Temecula, CA, USA), followed by incubation with biotinylated
goat anti-mouse and goat anti-rabbit secondary antibodies (both 1:200 dilution;
Dako, Glostrup, Denmark) and ABC-alkaline phosphatase complex kit (Dako), Fast
Red staining (Dako) and counterstaining with haematoxylin.

2.9. Assessment of cell engraftment

Human-specific Alu repeat DNA sequences were detected by in situ hybridiza-
tion, according to a protocol adapted from a previously described procedure [28].
Briefly, a digoxigenin-labelled probe for the Alu sequence was prepared by PCR from
50 ng of human genomic DNA by incorporating a digoxigenin-labelled nucleotide
(DIG-dUTP, Roche, Basel, Switzerland) in the reaction. The following primers were
used: forward 50-cgaggcgggtggatcatgaggt-30 , reverse 50-ttttttgagacggagtctcgc-30 .
After an initial denaturation step at 94 �C for 5min, the reactionwas carried out with
40 cycles consisting of a denaturation step at 95 �C for 15 s, an annealing step at
65 �C for 30 s and an elongation step at 72 �C for 30 s. The PCR product was purified
using the QIAquick PCR Purification Kit (Quiagen, Hombrechtikon, Switzerland)
according to the manufacturer’s protocol. To perform in situ hybridization sections
were first treated with 0.5 mg/ml Pepsin in 0.01 N HCl for 10 min at 37 �C and
incubated in 0.1 M TEAC (SigmaeAldrich) for 10 min at room temperature. Subse-
quently they were incubated for 30 min at 42 �C in pre-hybridization buffer con-
taining 4� SSC, 50% deionized formamide, 1� Denhardt’s solution, 5% dextrane
sulphate and 0.2 mM bovine DNA. At the end of pre-hybridization, slides were
incubated with fresh buffer containing 0.2 ng/ml digoxigenin-labelled probe.
Following a denaturation step at 95 �C for 3 min and immediate cooling at 4 �C for 3
min, hybridization was carried out for 16 h at 42 �C in a wet chamber. Slides were
thenwashed twice for 5 min in 2� SSC at room temperature and twice for 10 min at
42 �C in 0.1� SSC. Finally, the hybridized probe was detected by immunohisto-
chemistry using anti-digoxigenin alkaline phosphatase-conjugated Fab fragments
(Roche) and NBT/BCIP (Roche) as substrate. The sections were counterstained with
nuclear fast red (Sigma).

The presence of endothelial structures of human origin, derived from the
implanted human BMSC, was determined by staining with a biotin-conjugated
specific anti-human CD34 antibody (QBEND/10; 1:50 dilution; Abcam Plc, Cam-
bridge, UK). After incubation with ABC-alkaline phosphatase complex (Dako), spe-
cific staining was revealed by using Fast Red (Dako). Sections were counterstained
with haematoxylin.

2.10. Osteoclast detection

In order to detect osteoclasts, sections were stained for tartrate-resistant acid
phosphatase (TRAP) activity using the leucocyte acid phosphatase kit (Sigmae
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Aldrich), according to manufacturer’s instructions. Briefly, after rinsing with water,
the slides were stained with 0.3 mg/ml Fast Red Violet LB dissolved in TRAP buffer
(0.1 M sodium acetate, 0.1 M acetic acid, 1 mg/ml naphthol AS-MX phosphate, pH 5.0)
for 1 h at 37 �C. After TRAP staining, nuclear counterstaining was performed with
haematoxylin for 1min at room temperature. TRAP-positive cells were quantified on
5 representativefields per construct in 2 constructs/condition (n¼10/condition). The
percentage area occupied by TRAP-positive cells was determined using the ImageJ
software (NIH, Bethesda, MD, USA) and normalized to the total area in each field.

In addition, the identity of detected osteoclasts was confirmed by Cathepsin K
immunostainingon serial slides, as described [29]. Briefly, the stainingwasperformed
using a polyclonal anti-Cathepsin K antibody (1:1000, BioVision, Mountain View, CA,
USA) over-night at 4 �C and a biotinylated goat anti-rabbit secondaryantibody (1:200,
Dako, Glostrup, Denmark) for 45 min at room temperature, followed by incubation
with ABC-alkaline phosphatase complex (Vector Laboratories, Burlingame, CA, USA)
and counterstaining with haematoxylin for 1 min at room temperature.
2.11. Statistics

Data were analysed with Prism 4.0a software (GraphPad, La Jolla, CA, USA) and
results were presented as means � standard error. The significance of differences
was evaluated by analysis of variance (ANOVA) followed by the Bonferroni test.
P < 0.05 was considered statistically significant.
3. Results

3.1. Generation of VEGF-expressing BMSC

Human BMSC were transduced to express rat VEGF linked to a
truncated form of CD8a as a FACS-detectable cell surface marker
(VEGF-BMSC). Rat VEGF was used in order to avoid an antibody
response against the secreted factor after in vivo implantation in
nude rats. Naïve BMSC and BMSC transduced with a retroviral
vector expressing only the truncated CD8a marker (CD8-BMSC)
were used as controls. Flow cytometry analysis showed that
transduction efficiencies of >90% were routinely achieved by the
first confluence, confirming our previous results [21]. At the first
passage, the genetically modified BMSC were FACS-purified to
Fig. 1. In vivo angiogenesis by expanded VEGF-expressing BMSC. AeC, Immunofluorescence
(SMA, blue) in sections of pellets made with fibrin and silicate-substituted apatite granules
subcutaneous implantation in nude rats. Scale bar ¼ 50 mm for all panels. White arrowheads
angiogenesis. VLD ¼ vessel length density, expressed as millimetres of vessel length per squ
CD8 cells. (For interpretation of the references to colour in this figure legend, the reader is
eliminate non-transduced cells and to yield pure CD8-positive cell
populations (data not shown).

At the moment of transduction (p0) naïve BMSC were homoge-
neously positive for expression of CD105, CD73 and CD90 (Table S1),
which were previously described to identify mesenchymal pro-
genitors in heterogeneous mesenchymal populations [30,31]. The
presence of mature haematopoietic cells (CD45þ) and endothelial
cells (CD31þ/CD34þ or VGFR2þ) was extremely infrequent. In or-
der to verify whether VEGF expression during in vitro culture before
implantation could expand the few endothelial cells present, we
analysed also p2 populations. We found that not only endothelial
cells were not expanded, but essentially disappeared from all con-
ditions (CD31þ/CD34þ: Naïve ¼ 0.0 � 0.0%, CD8 ¼ 0.0 � 0.0%,
VEGF¼ 0.0� 0.0%; VEGFR2þ: Naïve¼ 0.0� 0.0%, CD8¼ 0.0� 0.0%,
VEGF ¼ 0.1 � 0.1%).

3.2. Graft vascularization by extensively expanded VEGF-BMSC

For clinical applications, significant in vitro expansion of BMSC is
required after isolation in order to obtain the large cell number
necessary to generate osteogenic grafts of critical size. Therefore,
we first investigated whether VEGF-expressing BMSC exhibited a
stable potential to improve graft vascularization despite extensive
expansion. In vivo bone formation and vascularization potential by
genetically modified BMSC were investigated in an established
model of osteogenic graft ectopic implantation in nude rats, in or-
der to avoid confounding factors represented by ischaemia and an
osteogenic environment. Implanted constructs were prepared by
embedding silicate-substituted apatite granules within a fibrin gel
containing cells, using commercially available materials widely
accepted in the clinic for a variety of applications, including bone
repair.

Production of VEGF protein by VEGF-BMSC was confirmed by
ELISA (68.0 � 18.7 ng/106cells/day of rat VEGF), whereas naïve and
staining for endothelium (CD31, green), pericytes (NG2, red) and smooth muscle cells
seeded with naïve BMSC (A), control CD8-BMSC (B) or VEGF-BMSC (C) 8 weeks after
indicate smooth muscle-covered arterioles. D, Quantification of the amount of induced
are millimetre of tissue area (mm/mm2); ***¼p < 0.0001 compared to both naïve and
referred to the web version of this article.)
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control CD8-BMSC did not secrete appreciable amounts (0.7 � 0.3
and 0.5 � 0.3 ng/106cells/day, respectively).

BMSC derived from 2 independent donors were thus cultured
until p7 after transduction and FACS-purification, reaching a total of
30e35 population doublings. The cells were then seeded onto
constructs made of silicate-substituted apatite granules and fibrin
hydrogel, and implanted subcutaneously in nude rats for 8 weeks.
An analysis of the vascularization inside the constructs by immu-
nofluorescence staining showed that the control pellets loaded
with either naïve or CD8-expressing BMSC contained mostly large-
calibre regular vessels, covered with a-SMA-positive smooth
muscle cells, similar to arterioles, and only a few capillaries with
NG2-positive pericytes (Fig. 1AeB). Conversely, over-expression of
VEGF resulted in extensive microvascular networks, associated
with NG2-positive pericytes, and displaying the morphology of
normal stable capillaries (Fig. 1C). Among these, a few arterioles of
larger diameter covered by smooth muscle were also identified
(white arrows in Fig. 1C), demonstrating the formation of a hier-
archically structured vascular bed, with both conductance vessels
for efficient flow and microvascular networks for metabolic
Fig. 2. In vivo bone formation by expanded VEGF-expressing BMSC. Composite images of ent
(VEGF), 8 weeks after subcutaneous implantation in nude rats. After staining with haemato
light (Fluorescence). Scale bar ¼ 1 mm in all panels.
exchange. Angiogenesis was quantified by measuring vessel length
density, i.e. the total length of vessels in a given area independent of
vessel diameter [16,32]. As shown in Fig. 1D, VEGF expression by
BMSC induced a 2- to 3-fold increase in vessel length density,
compared both to naïve and CD8-BMSC (13.2� 0.8 vs. 4.5� 0.3 and
6.6� 0.8 mm/mm2, respectively; p< 0.0001 for both comparisons).

Analysis of bone tissue formation by H&E staining and
fluorescent-light microscopy revealed only fibrous tissue, but no
bone, in every constructs implanted with either control or VEGF-
expressing BMSC (Fig. 2), consistently with the expected loss of
BMSC differentiation potential after in vitro expansion for more
than 30 population doublings [33].

3.3. Graft vascularization and bone formation by minimally
expanded VEGF-BMSC

In order to determine the effects of VEGF over-expression on
bone formation by transduced osteoprogenitors, BMSC expansion
was minimized, so that their intrinsic osteogenic capacity would
not be impaired by extensive in vitro culture. As shown in Fig. 3, two
ire sections of pellets seeded with naïve BMSC (Naive), CD8-BMSC (CD8) or VEGF-BMSC
xylin and eosin, sections were viewed under transmitted (H&E), as well as fluorescent
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conditions were investigated: 1) populations implanted at the
earliest possible time, i.e. upon reaching the first confluence, which
contained <10% non-transduced cells (p1, corresponding to
10.5 � 0.5 population doublings); and 2) FACS-purification at the
first passage to eliminate the few non-transduced cells, followed by
implantation at the second passage (p2, corresponding to 13.5� 0.5
population doublings).

Graftswere explanted after 8weeks to evaluate both bloodvessel
growth and bone tissue formation. Similarly to the results obtained
with extensively expanded cells, control grafts generated with both
p1 and p2 naïve or CD8-BMSC were vascularized by sparse vessels
displaying characteristics of normal arterioles, with a regular
smooth muscle coating, and only few pericyte-covered capillaries
(Fig. 4AeD). Both p1 and p2 VEGF-expressing BMSC, on the other
hand, significantly increased the amount of pericyte-covered
microvascular networks, while preserving the presence of some
arterioles (Fig. 4EeF). As shown in Fig. 4G, a quantification of vessel
length density showed that VEGF-expressing BMSC induced a 2- to
3-fold increase in graft vascularization (p1 ¼ 13.3 � 1.1 and
p2¼13.1�1.3mm/mm2; p< 0.0001 for all comparisons) compared
to naïve (p1¼5.7� 0.7 andp2¼ 4.7� 0.6mm/mm2) andCD8-BMSC
(p1 ¼ 6.0 � 0.5 and p2 ¼ 4.5 � 0.4 mm/mm2). No difference in the
amount of vascular growth induced was observed between p1 and
p2 cells.

In order to investigate whether implanted human BMSC could
contribute directly to the formation of endothelial structures, we
took advantage of a monoclonal anti-CD34 antibody that recog-
nizes specifically human endothelial cells, but not the rat coun-
terparts (Fig. S1). Staining of human adipose tissue as positive
control specifically identified CD34þ cells both in the endothelial
and adventitial layers of blood vessels, as previously described [34].
However, no endothelial structure could be identified in any of the
BMSC-loaded constructs that was fully or partially of human origin,
suggesting that BMSC-derived endothelial cells do not account for
the increased vascularization of VEGF-expressing osteogenic
constructs.

Bone tissue was identified by analysis of H&E-stained sections
with both transmitted light and fluorescence microscopy. In fact,
the packed, parallel arrangement of collagen fibres present in bone
lamellae specifically induces strong autofluorescence [27]. All
Fig. 3. Experimental design to investigate angiogenesis and bone formation by mini-
mally expanded VEGF-expressing BMSC. BMSC were isolated and transduced (p0) with
a bicistronic retroviral vector co-expressing rat VEGF164 (rVEGF164) and a truncated
version of rat CD8a (tr.rCD8a). Implantation was performed either immediately after
transduction, when cells reached the first confluence (p1), or after FACS-purification to
eliminate the few non-transduced cells, one passage later (p2). LTR ¼ retroviral Long
Terminal Repeats; j ¼ packaging signal; IRES ¼ Internal Ribosomal Entry Sequence.
constructs seeded with minimally expanded naïve or CD8-BMSC
displayed abundant formation of bone tissue, both with p1 and
p2 cells (Fig. 5AeD and GeJ). This tissue was characterized by
osteocyte lacunae, embedded in a very dense lamellar matrix,
typical of the structure of mature bone (Fig. 5MeN). However,
constructs seeded with VEGF-BMSC contained a severely
reduced amount of bone compared to naïve or CD8-BMSC (Fig. 5Ee
F and KeL). In addition, the bone tissue formed by VEGF-BMSC was
characterized by thin layers of osteoid with a less organized
lamellar structure, suggesting a less mature matrix (Fig. 5OeP).
Masson trichrome staining confirmed that the bone matrix in
control conditions was mature, as evidenced by the high content in
elastic fibres (red stain in Fig. 6AeD), whereas VEGF-BMSC con-
structs contained only immature bone tissue (green stain in
Fig. 6EeF). Despite the differences in the relative amounts, the
tissue generated by all conditions displayed positive expression of
the bone matrix proteins Type I collagen and Osteocalcin (Fig. S2).
Taken together, these results (Figs. 5, 6 and Fig. S2) unequivocally
show that the induced tissue was not due to dystrophic calcifica-
tion, but displays features of physiological bone tissue.
3.4. Stable engraftment of implanted BMSC

In order to determine whether the reduced bone formation
observed with VEGF-expressing BMSC might be due to an impaired
survival of the implanted osteoprogenitors, human BMSC were
identified in histological sections by in situ hybridization with a
probe for human-specific Alu repeat sequences in nuclear DNA.
Constructs seeded with naïve and CD8-BMSC showed a homoge-
neous mixture of positive and negative cells within the bone tissue
and the surrounding soft tissue, indicating the contribution of both
the implanted BMSC and host-derived osteoprogenitors to bone
formation (Fig. 7AeD). Human cells were similarly present in the
constructs loaded with VEGF-expressing BMSC, both within the
limited amount of bone tissue and in the surrounding soft tissue
(Fig. 7EeF).
3.5. Osteoclast recruitment

The amount of bone tissue depends on the balance between
deposition by osteoblasts and resorption by osteoclasts [35].
Therefore, in order to evaluate the bone-resorbing activity in the
constructs, the amount of osteoclasts in the different conditions
was quantified by staining for tartrate-resistant acid phosphatase
(TRAP). In naïve and CD8-BMSC grafts, very few TRAP-positive cells
were detected in contact or in close proximity to the bone matrix
(Fig. 8AeD). However, constructs containing VEGF-expressing
BMSC showed a highly increased density of TRAP-positive cells
surrounding the thin bone lamellae (Fig. 8EeF). Quantification of
the surface area occupied by TRAP-positive cells (Fig. 8G) showed
that VEGF-expressing BMSC induced a 3- to 6-fold increase in os-
teoclasts (p1 ¼ 2.0 � 0.4% and p2 ¼ 1.5 � 0.2%; p < 0.0001 for all
comparisons) compared to naïve (p1 ¼ 0.4 � 0.1% and
p2 ¼ 0.5 � 0.1%) and CD8-BMSC (p1 ¼ 0.3 � 0.1% and
p2 ¼ 0.4 � 0.1%). No significant difference was observed between
p1 and p2 cells.

The identity of TRAP-positive cells was confirmed by immuno-
staining for Cathepsin K, a matrix-degrading protein specifically
expressed by osteoclasts [29]. As shown in Fig. 9, Cathepsin K-
positive cells were almost absent in constructs containing naïve
BMSC, whereas they could be found in greatly increased numbers
in constructs seeded with VEGF-BMSC, especially in close associa-
tion with the newly formed ossicles or their remnants.



Fig. 4. In vivo angiogenesis by minimally expanded VEGF-expressing BMSC. AeF, Immunofluorescence staining for endothelium (CD31, green), pericytes (NG2, red) and smooth
muscle cells (SMA, blue) in sections of pellets seeded with naïve BMSC (AeB), CD8-BMSC (CeD) or VEGF-BMSC (EeF), expanded for either 1 (p1) or 2 passages (p2), 8 weeks after
subcutaneous implantation in nude rats. Scale bar ¼ 50 mm in all panels. G, Quantification of the amount of induced angiogenesis. VLD ¼ vessel length density, expressed as
millimetres of vessel length per square millimetre of tissue area (mm/mm2); ***¼p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4. Discussion

In this study we found that sustained over-expression of VEGF
by genetically modified human BMSC was effective to improve
vascularization of tissue-engineered bone grafts, leading to a 2- to 3-
fold increase in vessel density compared to naïve cells and the
generation of normal,mature andphysiologically organized vascular
networks. However, our data indicate that this approach also has the
potential to substantially increase osteoclast recruitment and bone
resorption, which led to a net decrease in the bone tissue mass.

Interestingly, VEGF over-expression caused not only an
increase in the number of vessels, but also a qualitatively different



Fig. 5. In vivo bone formation by minimally expanded VEGF-expressing BMSC. AeL, Composite images of entire sections of pellets seeded with naïve BMSC (Naïve, AeB and GeH),
CD8-BMSC (CD8, CeD and IeJ) or VEGF-BMSC (VEGF, EeF and KeL), expanded for either 1 (p1) or 2 passages (p2), 8 weeks after subcutaneous implantation in nude rats. After
staining with haematoxylin and eosin, sections were viewed under transmitted (AeF), as well as fluorescent light (GeL). Images of the same section are shown for each condition.
Scale bar ¼ 1 mm for all panels. MeP, High-magnification detail of the structure of bone matrix generated by control CD8-BMSC (MeN) or VEGF-BMSC (OeP) viewed under
transmitted (M and O) and fluorescent (N and P) light. Images are taken from the sections shown in panels C, I, E and K, respectively. Scale bar ¼ 100 mm for all panels.
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composition of the vascular supply. In fact, grafts seeded with
control cells contained mainly small arteries and veins, which
efficiently carry blood flow (conductance vessels), but whose thick
smooth muscle coating prevents metabolic exchanges with the
tissue. VEGF-BMSC, on the other hand, generated physiologically
structured vascular networks, composed of a few arterioles feeding
into a large number of pericyte-covered capillaries, whose thin
walls allow efficient exchange of respiratory gases and nutrients, as
required to sustain a high metabolic demand by growing tissue.

Controversial results have been reported on the potential of
BMSC to differentiate into endothelial cells either in vitro or in vivo
[36]. Interestingly, blood vessels of human origin could not be
found in any of the constructs. These results cannot exclude
completely the possible presence of rare BMSC-derived endothelial
cells in the implanted constructs, but certainly these appear to be
extremely rare and unlikely to have functional relevance in these
conditions. Furthermore, the absence of human-origin vasculature
in vivo is consistent with the negligible frequency of endothelial-
phenotype cells in the input BMSC populations.
The improvement in vascularization was not diminished by
extensive in vitro expansion of the transduced BMSC up to 35
population doublings, showing that genetic modification conferred
a stable angiogenic potential. As expected, these expanded BMSC
lost their osteogenic potential [33,37]. However, their sustained
capacity to induce vascularization could be useful in other appli-
cations, where effective expansion of the vascular bed is required,
but not progenitor differentiation, such as in cell-based approaches
for therapeutic angiogenesis in peripheral or coronary artery dis-
eases [38].

By minimizing cell expansion, the osteogenic differentiation
potential of BMSC was maintained, but a strong reduction in bone
formation was observed when VEGF was over-expressed. CD8-
BMSC, which underwent similar retroviral vector transduction and
FACS-purification, generated bone tissue as efficiently as naïve
BMSC, demonstrating the specificity of VEGF expression in this
effect.

A reduced amount of bone can result either from decreased bone
formation, through impairment either of BMSC engraftment or of



Fig. 6. Bone matrix maturation. Masson’s trichrome staining of sections of pellets seeded with naïve BMSC (Naive, AeB), CD8-BMSC (CD8, CeD) or VEGF-BMSC (VEGF, EeF),
expanded for either 1 (p1) or 2 passages (p2), 8 weeks after subcutaneous implantation in nude rats. Collagen fibres are stained green, while elastic fibres, characteristic of mature
bone matrix, are stained red. Scale bar ¼ 100 mm in all panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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their osteogenic differentiation potential, or from increased resorp-
tion of the newly formed bone [35]. In situ hybridization for the
human-specific Alu sequence demonstrated that VEGF-BMSC sur-
vived similarly to naïve cells and that they were found embedded in
the bone matrix in an osteocyte position in all conditions. Further-
more, we also recently showed that VEGF over-expression did not
impair the osteoblastic differentiation capacity of retrovirally-
transduced human BMSC, as evidenced by the upregulation of the
osteogenic-specific transcription factor Runx2 and calcium deposi-
tion in vitro [21]. On the other hand, here we found that VEGF over-
expression specifically caused a greatly increased density of osteo-
clasts at the surface of bone areas, as identified by their specific
positivity for Cathepsin K, which is not expressed by other myeloid
cells involved in inflammatory responses [29].Moreover, the ossicles
found in VEGF-BMSC grafts were composed of thin trabeculae of
immature matrix, suggesting that the tissue was constituted by
newly deposited osteoid that did not yet remodel into mature bone.
Fig. 7. In vivo survival of implanted BMSC. In situ hybridization for the human-specific Alu r
of pellets seeded with naïve BMSC (Naive, AeB), CD8-BMSC (CD8, CeD) or VEGF-BMSC (V
implantation in nude rats. Human nuclei are stained blue and mouse nuclei are stained red. S
the references to colour in this figure legend, the reader is referred to the web version of t
Taken together, these results suggest that VEGF over-expression
caused a reduction in the amount and maturity of bone tissue
rather through increased bone resorption than by impaired cell
engraftment or differentiation of BMSC.

Bone formation and bone homoeostasis are highly connected
with angiogenesis. VEGF upregulation is crucially required in
osteochondral bone formation [39,40]. In addition, it has been
shown that sustained VEGF over-expression promotes an
increase in bone mass through direct stimulation of osteoblasts
[41]. Several studies found a positive effect of VEGF on bone
regeneration [42e44], while others did not observe any alteration
in the osteogenic capacity of rabbit BMSC over-expressing VEGF
after transduction with adeno-associated viral vectors [45]. On the
other hand, Schonmeyr et al. recently showed that VEGF can inhibit
the expression of the osteogenic trigger BMP-2 by rat BMSC in an
autocrine and paracrine manner in vitro, although in this study the
VEGF-expressing MSC did not survive in vivo and, therefore, it is
epeat sequences and counterstaining with nuclear fast red were performed on sections
EGF, EeF), expanded for either 1 (p1) or 2 passages (p2), 8 weeks after subcutaneous
cale bar ¼ 100 mm for all panels; asterisks (*) indicate bone tissue. (For interpretation of
his article.)



Fig. 8. Osteoclast activity detected by TRAP-staining. Histochemical stain for TRAP activity (red) and nuclear counterstaining with haematoxylin (blue) were performed on sections
of pellets seeded with naïve BMSC (Naive, AeB), CD8-BMSC (CD8, CeD) or VEGF-BMSC (VEGF, EeF), expanded for either 1 (p1) or 2 passages (p2), 8 weeks after subcutaneous
implantation in nude rats. Scale bar ¼ 100 mm for all panels; asterisks (*) indicate bone tissue. G, Osteoclast recruitment was quantified by measuring the percentage area occupied
by TRAPþ cells normalized to the total area of each image (TRAPþ area (%)). ***¼p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 9. Osteoclast activity detected by Cathepsin K-staining. Histochemical stain for Cathepsin K (red) and nuclear counterstaining with haematoxylin (blue) were performed on
sections of pellets seeded with naïve BMSC (Naive, AeB) or VEGF-BMSC (VEGF, CeD), expanded for either 1 (p1) or 2 passages (p2), 8 weeks after subcutaneous implantation in
nude rats. Scale bar ¼ 100 mm for all panels; asterisks (*) indicate bone tissue; black arrows indicate Cathepsin-positive osteoclasts. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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difficult to distinguish between failure of engraftment and inhibi-
tion of differentiation [46]. Furthermore, VEGF is a chemo-
attractant for the monocyte progenitors of osteoclasts in devel-
oping bone and has been shown to both support in vitro osteoclast
differentiation and increase osteoclast survival and bone resorption
[47,48]. In light of the sometime contradictory results reported in
literature, the relationship between VEGF expression, vasculariza-
tion, bone formation and bone resorption is certainly complex and
likely to be context-dependent. It should be highlighted that our
results were obtained in an established ectopic model with an
osteo-conductive material widely used in the clinics, which allows
the study of the intrinsic bone-forming capacity of the implanted
cells without the influence of an osteogenic environment. There-
fore, the data reported here show that VEGF over-expression has
the potential to impair bone formation by unbalancing bone
homoeostasis towards excessive resorption, which is clearly un-
desirable in a clinical setting. At least three parameters could be
considered in order to devise strategies to uncouple these two
functions and to preserve the positive effect on vascularization
while avoiding the negative effect on bone formation: 1) the
duration of VEGF expression; 2) its dose; and 3) the presence of an
osteogenic environment.

VEGF expression is required only for about 4 weeks in order to
generate persistent vessels [16,17] and it is possible that continued
expression beyond this time, as caused by the constitutive retroviral
promoter that was used here, is not necessary for vascularization,
but only provides a continued stimulation of osteoclast recruit-
ment. The use of inducible promoters, which can be switched off by
systemic treatment with a drug [18], could address this point.

Further, the transduced BMSC that were employed here
expressed heterogeneous levels of VEGF, as a result of the random
integration of retroviral vectors in genomic areas with different
transcriptional activities [21]. As normal angiogenesis can be
induced over a wide range of VEGF levels up to a defined threshold
dose [16], controlled expression at moderate levels might induce
effective vascularizationwhile limiting osteoclast recruitment. This
could be achieved by using BMSC populations FACS-purified to
homogeneously express specific VEGF levels, as we recently
showed [21].

Subcutaneous implantation in an ectopic environment is a well-
controlled experimental model. However, in physiological bone
homoeostasis mechanical load provides crucial stimulation of
anabolic osteoblastic activity and, in fact, lack of muscle activity
causes severe bone rarefaction and osteoporosis [49]. Therefore, it
will be interesting to test whether implantation in an orthotopic
model, where the graft is subjected to the same mechanical load as
the natural bone, the balance between bone formation and
resorption might be restored.

5. Conclusions

Our data indicate that VEGF over-expression from genetically
modified human BMSC is an effective strategy to improve the
vascularization of osteogenic grafts, but also has the potential to
impair bone tissue formation by increasing osteoclast recruitment
and bone resorption. Therefore, the equilibrium between VEGF-
triggered angiogenesis, osteogenesis and bone resorption needs
to be carefully investigated in controlled models in order to devise
rational strategies that exploit the pro-angiogenic potency of VEGF
expression for a clinical application.
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