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Abstract

Orthopedic surgery often requires bone grafts to correct large defects resulting from congenital
defects, surgery or trauma. Great improvements have been made in tissue engineering of bone
grafts. However, these grafts lack the vascularized component that is critical for their survival and
function. From a clinical perspective, it would be ideal to engineer vascularized bone grafts
starting from one single cell harvest obtained from the patient. To this end, we explored the
potential of human adipose derived mesenchymal stem cells (hASC) as a single cell source for
osteogenic and endothelial differentiation and the assembly of bone and vascular compartments
within the same scaffold. hASC were encapsulated in fibrin hydrogel as a angioinductive material
for vascular formation, combined with a porous silk fibroin sponge to support osteogenesis, and
subjected to sequential application of growth factors. Three strategies were evaluated by changing
spatio-temporal cues: 1) induction of osteogenesis prior to vasculogenesis, 2) induction of
vasculogenesis prior to osteogenesis, or 3) simultaneous induction of osteogenesis and
vasculogenesis. By 5 weeks of culture, bone-like tissue development was evidenced by the
deposition of bone matrix proteins, alkaline phosphatase activity and calcium deposition, along
with the formation of vascular networks evidenced by endothelial cell surface markers, such as
CD31 and von Willebrand factor, and morphometric analysis. Most robust development of the two
tissue compartments was achieved by sequential induction of osteogenesis followed by the
induction of vasculogenesis. Taken together, the collected data strongly support the utility of
hASC as a single cell source for the formation of vascularized bone tissue.

Corresponding author: Gordana Vunjak-Novakovic, 622 West 168th Street, Vanderbilt Clinic, 12th floor, room VVC12-234, New
York, NY 10032 USA, Phone: +1 212-305-2304, Fax: +1 212-305-4692, gv2131@columbia.edu.
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1. Introduction

Bone vascularization has been a major hurdle for engineering viable and functional bone
grafts. Several approaches have been proposed to reach this goal. The co-operation of
endothelial cells (either EPCs - endothelial progenitor cells or HUVECSs - human umbilical
cord endothelial cells) and osteoblasts / osteo-progenitors have been the most studied
(Usami et al. 2009; Tsigkou et al. 2010; Unger et al. 2010; Koob et al. 2011). Previous work
of our own group (Correia, Grayson et al. 2011), where HUVECs and hMSCs (human bone
marrow mesenchymal stem cells) were co-cultured in decellularized bone scaffolds has
demonstrated that vascular development was increased when vasculogenesis is induced prior
to osteogenesis, and that the addition of fresh hMSCs (human bone marrow mesenchymal
stem cells) at the osteogenic induction stage improved both tissue outcomes. The in vitro
developed networks successfully anastomosed with the host vessels when implanted sub-
cutaneously in nude mice. In an alternate in vivo approach, Tsigkou et al. 2010 used a mouse
model to develop a two-stage protocol for generating vascularized bone grafts using
HUVECs and hMSC. Endothelial cells formed networks throughout the bone scaffold 4-7
days after implantation, which anastomosed with nude mice vasculature after 11 days.
Vasculature was mature upon 4 weeks, at which time evidence of mineral deposition was
also revealed (Tsigkou et al. 2010). Koob and co-workers 2011, also developed a
completely in vivo approach, where HUVECs formed complex three-dimensional networks
of perfused human neovessels in critical-sized calvarial defects in SCID mice. However, this
neovasculature did not seem to improve MSC-triggered bone regeneration (Koob et al.
2011).

All these approaches combined osteogenic and vasculogenic cells from different sources,
which limits their clinical utility. An ideal tissue engineering solution would use a complete
autologous procedure (minimizing host rejection), and one single cell source (reducing
therapy complexity and patient discomfort caused by multiple biopsy procedures) for the
development of both independent structures — bone and vasculature.

In the present study, we propose the use of human adipose derived stem cells (hASC) as
single cell source to generate both the bone tissue matrix and the associated vascular
network. Adipose tissue represents an attractive cell source for tissue engineering for several
reasons. These cells can be used in an autologous fashion, as tissue is harvested from the
patient at a dedicated or non-dedicated liposuction surgery. Adipose tissue can be obtained
repeatedly in large quantities under local anesthesia and with a minimum of patient
discomfort. Additionally, the simple enzyme-based isolation procedure results in very high
cell yield, ~404 000 cells/mL of lipoaspirate (Aust et al. 2004). Moreover, hASC are fairly
well characterized, including their intrinsic potential to differentiate into osteogenic lineages
—and thereby develop bone tissue (Gimble,Guilak 2003; Malafaya et al. 2005; Frohlich et
al. 2010) — and endothelial lineages, to form capillaries (Miranville et al. 2004; Planat-
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Benard et al. 2004; Rehman et al. 2004; Cao et al. 2005; Mitchell et al. 2006; Fischer €t al.
2009; Scherberich et al. 2010).

Herein, we hypothesize that a sequential application of osteogenic and endothelial growth
factors to hASC cultured on biomaterial scaffolds, with different timing of addition of fresh
cells can support the development of bone-like tissue containing an integrated vascular
network. The experiments were performed by culturing hASC in porous silk fibroin
scaffolds designed for bone tissue development in combination with fibrin-encapsulated
hASC, to provide an environment conducive to the formation of capillary-like networks.

2. Materials and Methods

2.1 Preparation of silk fibroin scaffolds

Silk fibroin from silkworm (Bombix mori) cocoons was extracted with 0.02 M sodium
carbonate (Na,CO3) solution, rinsed in distilled water, dissolved in a 9.3 M lithium bromide
(LiBr) solution and dialyzed for 48h against distilled water in benzoylated dialysis tubing
(Sigma D7884). Dissolved silk fibroin was centrifuged for 20 min at 9000 rpm (4°C). The
resulting solution was determined by weighing the remaining solid after drying, yielding a
6-wt % aqueous silk fibroin solution. HFIP-derived silk fibroin scaffolds were prepared as
previously described (Kim et al. 2005). Silk fibroin aqueous solution was lyophilized and
further dissolved with HFIP (hexafluoro-2-propanol), resulting in a 17-wt % HFIP-derived
silk fibroin solution. 4 g of granular NaCl, particle size 400-600 pm, were added to 2 mL of
silk fibroin in HFIP. The containers were covered overnight to reduce evaporation of HFIP
and to provide sufficient time for homogeneous distribution of the solution. Subsequently
the solvent was evaporated at RT for 3 days. The matrices were then treated in 90% (v/v)
methanol for 30 min, to induce the formation of the -sheet structure, followed by
immersion in water for 2 days to remove the NaCl. The porous silk scaffolds were then
freeze-dried.

2.2 Isolation, characterization and expansion of hASC

hASC were isolated according to previously described methods (Mclintosh et al. 2006) from
liposuction aspirates of subcutaneous adipose tissue, at the Pennington Biomedical Research
Center under protocols approved by the Institutional Review Board with informed patient
consent. hASC were expanded to the third passage in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (GIBCO 11965) supplemented with 10% fetal bovine serum
(FBS) (GIBCO 26140), penicillin—streptomycin (1%) (GIBCO 15140) and 1 ng/mL basic
fibroblast growth factor (bFGF) (Peprotech 100-18B). Passage 0 (P0) cells were examined
for surface marker expression using flow cytometry. The presence of specific antigens such
as CD29, CD105, CD45, CD34, CD44, CD73 and CD90 were analyzed, and reproducibility
of cells was confirmed from various donors (McIntosh et al. 2006; Mitchell et al. 2006).
hASC were confirmed for their differentiation capacity into the adipogenic and osteogenic
lineages in monolayer cultures following induction with adipogenic and osteogenic
inductive medium for up to 14 days and histochemical analysis of neutral lipid (Oil Red O)
or mineralization (Alizarin Red) staining as published (Yu et al. 2010).
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2.3 Cell encapsulation and scaffold seeding

Silk scaffolds were cut into 2mm thick, 4mm diameter cylinders, sterilized in 70% (v/v)
ethanol overnight, washed in PBS and incubated in culture media prior to seeding, as in our
previous studies (Correia, Bhumiratana et al. 2011). Expanded hASC were suspended at
20x10° cells/mL and seeded into silk scaffolds according to a well-established procedure
(Frohlich et al. 2010; Grayson et al. 2010; Bhumiratana et al. 2011): 20 pL aliquot of cell
suspension was pipetted to the top of blot-dried scaffods, pipetted up and down to ensure
even distribution of cells. After 15 minutes in the incubator, scaffolds were rotated 180°, and
10 pL of cell-free medium was added to prevent drying. This process was repeated four
times to allow uniform cell distribution, after which, constructs were incubated overnight to
allow cell attachment (Fig.1). hASC attached to silk fibroin scaffolds were intended for bone
formation. At day 1, fibrinogen (Sigma F8630) was prepared at a concentration of 5 mg/mL
and thrombin (Sigma T6200-1KU) was used at 10 Units/mL. Fibrin has been extensively
used to create vascularized tissue constructs (bone, adipose tissue, skin, cardiovascular
tissue) due to its excellent pro-angiogenic properties (Tian,George 2011). Moreover, in a
skin regeneration context, fibrin has proven to control ASC differentiation toward vascular
cell types (Natesan et al. 2011). In our study, expanded hASC intended to form vasculature
networks within the engineered bone tissue, were encapsulated in fibrin at a density of
20x10° cells/mL. Thrombin was added to cross-link the gel, giving a final fibrin
concentration of 4 mg/mL. Before cross-linking occurred, 20 pl of cell/gel suspension was
pipetted into blot-dried scaffolds to allow uniform cell seeding throughout the scaffolds.
Before the gels became cross-linked fully, they were aspirated under a light vacuum so that
they coated the walls of the scaffolds but did not fill the pore spaces. This step was
performed on groups 1 to 5 at day 1, and on groups 6 and 7 only after 3 weeks of osteogenic
culture (Fig.1).

2.4 In vitro cultivation

Seven experimental groups of cell-biomaterial constructs were established as follows (Fig.
1), and the constructs were cultured for 5 weeks.

Group 1 served as osteogenic control, with constructs cultured in osteogenic medium (OM),
which consisted of low glucose DMEM, 10% FBS, 1% Pen-Strep supplemented with
osteogenic factors (all purchased from Sigma-Aldrich): 100 nM dexamethasone, 10 mM
sodium-B-glycerophosphate, 10 mM HEPES and 50 ug/mL ascorbic acid-2-phosphate,

Group 2 served as vasculogenic control, where endothelial growth media-2 was used
(EGM-2; Lonza CC-3162) to induce endothelial differentiation of hASCs as in prior studies
(Heydarkhan-Hagvall et al. 2008). This endothelial cell basal medium contains, among other
important growth factors, VEGF (Vascular endothelial growth factor) and FGF-b (basic
fibroblast growth factor), known to stimulate endothelial differentiation, vasculogenesis and
angiogenesis. Five further groups were chosen for growing vascularized bone constructs.

In Group 3, both osteogenic and vasculogenic supplements were provided simultaneously
throughout the total period of culture by using cocktail medium composed by EGM and OM
at 1:1 ratio (cocktail group).
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Further, two sequential approaches were established: a) induction of vasculogenesis prior to
osteogenesis (groups 4 and 5), and b) the reverse: induction of osteogenesis prior to
vasculogenesis (groups 6 and 7). In both approaches, 2—week differentiation periods were
chosen for vasculogenic induction, and 3 weeks for osteogenic differentiation. These time
frames were based on prior studies: hASC cultured for 2 weeks in endothelial cell growth
medium-2 (EGM-2) have demonstrated network formation of branched tube-like structures
positive for CD31, CD144, and von Willebrand factor (Heydarkhan-Hagvall et al. 2008).
With respect to bone-like tissue development, previous studies of our group have
demonstrated osteogenic differentiation of hASCs and secretion of mineralized bone matrix
as early as 2 weeks after osteogenic induction in this silk scaffold system (Correia,
Bhumiratana et al. 2011), although 3 weeks was allowed for increased tissue development.

In Group 4, constructs were cultured in EGM for 2 weeks to induce endothelial
differentiation, and in cocktail medium for the remaining 3 weeks (EGM |cocktail) for
maintenance and augmentation of endothelial phenotype, while simultaneously inducing
osteogenesis. In Group 5, the constructs were cultured exactly as in Group 4 except that
fresh hASC were added into scaffold pore spaces at the 2-week time point, intended to
respond more promptly to osteogenic cues. This is indicated as EGM |cocktail+ASC.

In Group 6 and Group 7, we ‘reversed’ the process and induced osteogenic differentiation
first. hASC were seeded into the scaffolds and cultured in osteogenic media for 3 weeks.
Subsequently, hASC in fibrin were added to the constructs and cultured either in EGM
media (Group 6 - OM|EGM), or in cocktail medium (Group 7 - OM|cocktail).

2.5 Live/Dead assay

LIVE/DEAD Viability/Citotoxicity kit (Molecular Probes) was used to evaluate cell
viability at the end of culture. Live cells (indicated by calcein AM) and dead cells (indicated
by ethidium homodimer-1) were observed and imaged through a confocal microscope.
Optical surfaces were taken from the surface up until 160 um deep, in 10 pm intervals. All
images are presented as vertical projections.

2.6 Biochemical characterization

Constructs were harvested, washed in PBS, cut in half and weighed. For DNA assay,
samples were added to 1 mL of digestion buffer (10 mM Tris, 1 mM EDTA, 0.1% Triton
X-100, 0.1 mg/mL proteinase K) and incubated overnight at 56°C. After centrifugation at
3000g for 10 minutes, the supernatants were removed, diluted and pippeted in duplicate into
a 96-well plate and a 1:1 ratio of picogreen solution (Quant-iT™ PicoGreen ® dsDNA Kit,
Invitrogen) was added. Sample fluorescence was measured with fluorescent plate reader at
excitation ~480 nm, emission ~520 nm. Lambda DNA was used to prepare the standard
curve.

For calcium quantification, samples were incubated in 1 mL TCA 5% (trichloroacetic acid
5% v/v) and calcium was extracted by disintegrating the construct using steel balls and
MinibeadBeater™. The supernatant were transferred in duplicate into 96-well plate and
calcium binding reagent was added at 1:10 ratio (StanbioTotal Calcium Liquicolor®).

J Tissue Eng Regen Med. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Correia et al.

Page 6

Sample optical density was measured using a microplate reader set to 575 nm. Calcium
standard was used to prepare the standard curve.

Alkaline Phosphatase (AP) activity was determined by adding cell lysis solution to one-half
of each scaffold, and these were disintegrated using steel balls and MinibeadBeater™. After
centrifugation, 50 pL of supernatant was incubated with 50 uL pNPP (p-nitrophenyl-
phosphate) substrate solution, at 37°C for 20 min. The reaction was stopped with 50 pL of
stop solution and absorbance of was read at 405 nm. p-Nitrophenol at known concentrations
was used to prepare the standard curve. All solutions were components of SensoLyte®
pNPP Alkaline Phosphatase Complete Kit (Cell Biolabs, CBA-302).

2.7 Histology and Immunohistochemistry

Samples were fixed in 10% formalin for 1 day, dehydrated in graded ethanol washes,
embedded in paraffin, sectioned to 5 pm and mounted on glass slides. Sections were
deparaffinized with CitriSolv and rehydrated with a graded series of ethanol washes. For
immunohistochemistry, sections were blocked with normal horse serum (NHS), stained
sequentially with primary antibody (rabbit anti-human CD31 monoclonal antibody,
Millipore 04-1074; rabbit anti-human von Willebrand factor (VWF), Sigma-Aldrich F3520;
rabbit anti-human Osteopontin (OPN) polyclonal antibody, Chemicon ab1870; rabbit anti-
bone sialoprotein (BSP) polyclonal antibody, Millipore ab1854; NHS for negative control),
secondary antibody (Vectastain Universal Elite ABC Kit, PK-6200 Vector Laboratories) and
developed with biotin-avidin system (DAB substrate kit SK-4100 Vector Laboratories).

2.8 Real-Time RT-PCR

For RNA extraction, samples were added to 800 pL of Trizol (Invitrogen 15596-026) and
disintegrated by using steel balls and MinibeadBeater™. Suspensions were centrifuged at
12,000 g for 10 min at 4°C to remove tissue debris and extracted with chloroform (Sigma
C2432). Colorless aqueous phase, containing RNA was removed and mixed with equal
volume of isopropanol (Sigma 19516). Suspensions were again centrifuged at 12,000 g for 8
min at 4°C, supernatant discarded, and RNA pellet washed with 75% ethanol. Samples were
centrifuged at 7,500 g for 5 min at 4°C, supernatant removed, pellet air-dried, and dissolved
with DEPC-water (Applied Biosystems AM 9920). RNA was quantified using Nanodrop®
ND 1000. Approximately 1 pg of RNA was reverse-transcribed with random hexamers
using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems 4368814).
CD31, von Willebrand factor (vWF) and the housekeeping gene glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) expression were quantified using the 7500 Fast Real-
Time PCR System (Applied Biosystems). Primer sequences, probe, amplicon size and gene
expression assay ID are described on table 1. All TagMan® Gene Expression Assay were
purchased from Applied Biosystems. The expression data of each gene were normalized to
GAPDH and relative gene expression was determined according to the 2-2ACt method
(Livak,Schmittgen 2001) and presented as average values for each group (n=3 + standard
deviation).
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2.9 Statistical analysis

Data are presented as mean + standard deviation (n=3). Statistical significance was
determined using analysis of variance (ANOVA) followed by Tukey’s HSD (honestly
significant difference) test using Prism software (Prism 4.0c, GraphPad Software Inc.). p<
0.05 were considered statistically significant.

3. Results and discussion

Cell viability and proliferation

The DNA content of constructs (Fig. 2A) revealed that cells within constructs cultured in
EGM for the total 5 weeks proliferated significantly more than any other group, even
osteogenic control group (p<0.05). This result is coherent with studies performed by Suga
and colleagues, where ASC cultured with EGM-2 proliferated 10° times more in 2 weeks
than those cultured with DMEM (Suga et al. 2007). It is interesting to notice that, in a study
performed by our group, where HUVECs and hMSC (bone marrow derived) were used to
develop a vascularized bone model, the opposite outcomes were obtained: these co-cultured
cells proliferated better in OM rather than EGM media (Correia, Grayson et al. 2011). The
mixture of OM and EGM to 1:1 ratio (group 3 - cocktail) resulted in significantly lower cell
proliferation (p<0.05) than EGM alone. DNA contents obtained in group 6 - OM|EGM and
group 7 - OM|cocktail support this proliferative effect of EGM, once cells cultured with
EGM after osteoinduction (OM for 3 weeks) proliferated 1.84x more than the corresponding
constructs cultured in cocktail medium. Clearly, growth factors present in EGM enhance
proliferation, and their effects are diminished after dilution to 1:1 ratio with osteogenic
media. Accordingly, group 4 - EGM|cocktail show less DNA content than constructs of
group 2 (EGM alone), showing that replacement of EGM by cocktail media at week 3,
resulted in less cell proliferation. Unexpectedly, the addition of fresh cells after 3 weeks of
culture, when culture medium was switched from EGM to cocktail, did not increase DNA
contents (group 5 - EGM|cocktail+ASC, Fig. 2A). Live/Dead imaging (Fig. 2B) show
considerable cell viability in all experimental groups, with some cell debris in group 7.

Vascular development

Endothelial cell markers - CD31 adhesion molecule and von Willebrand factor (vWF) - were
used to identify and characterize specific endothelial cell types and evaluate vascular
development in cultured tissues.

Both gene (Fig. 3) and protein expression (Fig. 4) of endothelial cell markers were assessed.
CD31 relative gene expression (Fig. 3A) in groups 1 through 4 - OM, EGM, cocktail and
EGM |cocktail respectively, was comparable to that observed at day 1 (horizontal line). In
contrast, statistically significant increases in CD31 gene expression was shown by group 5 -
EGM|cocktail+ASC (p<0.01), group 6 — OM|EGM (p<0.05) and group 7 — OM |cocktail
(p<0.01), relatively to day 1. The addition of fresh hASCs in all these groups at later stages
of culture appears crucial for enhanced endothelial cell differentiation.

After 5 weeks of culture, group 5 - EGM |cocktail+ASC expressed significantly higher
CD31 (p<0.01) than groups 1 through 4. CD31 protein expression (Fig. 4) correlates with
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the expression profile of the CD31 gene, with the groups 1 through 4 showing weak staining
and groups 5 and 6 showing strong protein expression. Additionally, we observe that culture
conditions at group 6 — OM|EGM promoted the development of elongated and
circumferential structures, corresponding to vascular lumen (indicated by arrow). In
contrast, protein staining in group 7 — OM|cocktail, was relatively weak, although CD31
gene expression was relatively high. Though, it is not uncommon for protein and mMRNA
levels to differ (Ghazalpour et al. 2011). vVWF protein secretion was consistent with CD31
protein expression, with very weak staining in group 7, and good staining in groups 5 and 6.
Again, elongated structures were stained for VWF at group 6 — OM|EGM.

Groups 1 through 5 had comparable vVWF gene expression (GE), which was upregulated
relatively to day 1, although not significantly different. The same was not observed for
groups 6 and 7, where VWF GE was downregulated relative to day 1. No significant
differences were obtained between groups. Regarding VWF protein detection by
immunohistochemistry (Fig.4), positive staining was obtained for groups 2 (EGM control),
3, 5 and 6. Among these, more elongated stained structures are observed in group 6, what is
not observed in other experimental groups.

Overall, the cultivation system comprised of hASC adhered to silk scaffold surface, and
encapsulated in fibrin hydrogel, was not sufficient to support the formation of robust tube
like structures in the vasculogenic control group (group 2 — EGM), as no lumens were
detected despite positive staining for CD31 and VWF. Previous work developed by
Heydarkhan-Hagvall and colleagues demonstrated formation, by hASC, of branched tube-
like structures positive for these endothelial markers as early as 2 weeks cultured in same
endothelial media (Heydarkhan-Hagvall et al. 2008). Similar observations were reported for
cultures in endothelial growth media supplemented with known concentrations of VEGF and
IGF (0.5 and 20 ng/mL, respectively) (Miranville et al. 2004), in methylcellulose medium
(Planat-Benard et al. 2004) and EGM-2MV medium (Rehman et al. 2004).

In the current study, we observed that sequential nourishment of growth factors was most
beneficial to vascular development, specifically when osteogenesis was induced before
vasculogenesis, consisting of the addition of hASC with EGM media at the 3 week time
point. Elongated structures were identified positive for both CD31 and VWF, in association
with what appeared to be small lumen in histological sections (Fig.4, black arrow). It is
known that osteoblasts secrete not only VEGF and IGF but also BMPs, which induce
endothelial migration, filopodia and tube formation (via activation of the transcription factor
Id1 through SMADs or ERK signaling) (Valdimarsdottir et al. 2002; Suzuki et al. 2008).
The osteogenic differentiation of hASC at a first stage may lead to the secretion of these
growth factors (GF) as the BMPs have been detected at the mRNA level in previous studies
(Halvorsen et al. 2001). Furthermore, hASC added to the system after 3 weeks are
immediately in close proximity to the GF-secreting osteogenic induced cells. Consequently,
these paracrine relationships, in combination with GF provided by endothelial growth
media, may be playing a synergistic effect in stimulating the freshly delivered hASC into the
endothelial lineage. Given the concurrent outcomes evaluated, we propose that culturing
conditions provided in group 6 — OM|EGM are the most promising for vascular
development in this synergistic approach to engineer vascularized bone.

J Tissue Eng Regen Med. Author manuscript; available in PMC 2015 August 01.
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Bone tissue development

Bone tissue markers were assessed in order to evaluate bone-like tissue development in the
proposed vascularized bone tissue culture. Bone Sialoprotein 11 (BSP) and Osteopontin were
detected in cultured grafts through immunolocalization on histological slides (Fig. 4). As
expected, the EGM group was the least stained, as this group was not supplemented with
osteogenic growth factors. The group that showed the strongest osteogenesis was the
cocktail group. It seems that the simultaneous presence of osteogenic and vasculogenic
growth factors over 5 weeks of culture improved bone protein deposition. We hypothesized
that hASC cultured in endothelial media, triggered by angiogenic cues for 2 weeks, would
commit to the endothelial cell lineage, and consequently be less able to respond to
osteogenic cues provided at the second induction stage. The addition of fresh hASC at this
time-point would potentially respond to the osteogenic growth factors present in cocktail
media and develop bone tissue, but differences in staining intensity were not that evident:
groups 4 and 5 - EGM|cocktail and EGM|cocktail+ASC respectively, demonstrated
comparable bone protein deposition. From groups 6 — OM|EGM and 7 — OM|cocktail, that
were subjected to osteogenic cues before vasculogenic induction, superior staining of bone
proteins was observed in group 6.

Alkaline phosphatase (AP) activity was quantified as an early marker of osteogenic
differentiation (Beck et al. 2000) (Fig. 5). Constructs cultured in OM exhibited a typical
progression of osteogenic differentiation, as AP activity peaked at 3 weeks of osteogenic
induction, and decreased by the end culture in all groups. Lower AP activity was detected in
groups 6 and 7 (OM|EGM and OM |cocktail) as endothelial factors were provided at the last
two weeks of culture. AP activity of cells cultured in EGM media the complete experimental
period (EGM group) decreased throughout the 5-week culture period, while constructs
cultured in cocktail media after endothelial media (groups 4 and 5), showed characteristic
increases in AP activity, suggesting that osteogenesis still occur in these groups, but with
delay. Constructs cultured during total 5 weeks in cocktail media demonstrated a decrease of
AP activity after the first 2 weeks, increasing by the end of the culture period.

Mineralization of engineered tissue was evaluated by calcium quantification (Fig. 6). After 5
weeks of culture, the osteogenic control group (OM) presented the highest amount of
calcium, significantly different from all other groups (p<0.001), while the vasculogenic
control presented the least. Among groups where sequential induction of both lineages were
evaluated, group 7 - OM|cocktail presented the highest amount of calcium deposition,
followed by group 6 — OM|EGM. Significant differences (p<0.05) were observed between
these groups, suggesting that osteogenic growth factors present in cocktail media are
essential to maintain bone development. Constructs from group 5 — EGM|cocktail+ASC
demonstrated 1.7x higher calcium content than group 4, suggesting that the addition of
hASC at the osteogenic induction stage improved calcification of the overall system.

Taken altogether, in accordance to collected data for bone-like tissue development in the
culturing conditions evaluated, we suggest that the combination tested in Group 6 —
OM|EGM promoted the most promising synergistic deposition of calcium and bone
proteins.
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Synergistic development of vascularized bone

The establishment of an environment suitable for the in vitro development of vascularized
bone from a single cell source presents a considerable challenge. In this study we proposed
changing spatio-temporal cues by manipulating delivery of cells to scaffolds and/or timing
of vasculogenic and osteogenic cues leading to the concomitant formation of the bone and
vascular compartments in the same scaffold. The collected experimental data are consistent
with the model presented in Fig. 7.

We postulate that hASC adhered to the silk scaffold wall, sense its stiff surface, which, in
combination with osteogenic cues, trigger cells to undergo osteogenic differentiation and
secrete mineralized matrix. At a second stage, hASC-encapsulated in fibrin hydrogel sense
the surrounding smooth environment and inherent vasculogenic properties, which in
combination with vasculogenic growth factors such as VEGF and bFGF present in
endothelial growth media, trigger undifferentiated hASC to undergo differentiation into
endothelial cells. These endothelial cells may subsequently produce osteogenic GFs,
responsible to maintain the osteogenic phenotype of differentiated bone cells. The pro-
osteogenic function of endothelial cells, as well as their capacity to recruit osteoblast
precursors, has been described (Cenni et al. 2009). Endothelial cells secrete BMPs,
including BMP-2 (Kaigler et al. 2005), that play an essential role on differentiation and
maintenance of osteogenic phenotype of cells. Moreover, several studies have shown that
BMP stimulate VEGF expression in osteoblasts (Deckers et al. 2002), and VEGF up-
regulate BMP-2 mRNA and protein expression in microvascular endothelial cells
(Bouletreau et al. 2002). In addition, PDGF (Platelet Derived Growth Factor) has been
recently reported to play a significant role on the significance in the vasculature-pericyte-
MSC-osteoblast dynamics (Caplan,Correa 2011).

The results obtained in this study are promising. However, fully developed networks within
the bone compartment were not achieved. In a similar study performed by our group, where
HUVECs and hMSC were co-cultured in order to develop a vascularized bone model, we
obtained well-developed vasculature, with visible lumen formed after in vitro culture, which
further anastomosed with host vasculature after 2 weeks of sub-cutaneous implantation in
nude mice. Vasculogenic induction with endothelial growth media was performed for 2
weeks, as in the present study, although HUVECs, a mature endothelial cell, were capable to
successfully form tube-like structures and nourish the bone tissue (Correia, Grayson et al.
2011). This reinforces the hypothesis that a distinct approach may be needed to account for
the undifferentiated state of the adipose stem cell. Actually, the fact that the opposite spatio-
temporal application of cells and differentiation cues resulted in most promising outcomes is
already an insight to guide future experiments. Moreover, our results are additive to those
obtained by Gardin and co-workers, which remains, to our knowledge, the only study that
previously explored the concurrent osteogenic and endothelial in vitro commitment of hASC
(Gardin et al. 2011). In this work, hASC loaded to a fibronectin coated hydroxyapatite
scaffold were exposed to either osteogenic induction only, vasculogenic induction only, or a
mixture of both osteogenic and vasculogenic growth factors for 21 days, in vitro. In their
hands, concurrent gene expression of both osteogenic markers osteopontin, osteonectin,
osteocalcin, collagen type | and vasculogenic markers CD31, von Willebrand Factor, VEGF
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was achieved. Our study extends the work by Gardin et al to design an engineered
vascularized bone graft. We further explored the development of both tissues by
investigating: 1) the sequential application of cells and/or osteogenic and vasculogenic
growth factors to the system; and 2) evaluation of outcomes based on tissue formation
where, besides gene expression, we also assessed the presence of bone - and endothelial -
specific proteins within the engineered graft, as well as mineralization of the tissue
construct. Therefore, we may furthermore propose our approach as an in vitro model for
studying and optimizing both spatial and temporal effects of cell and growth factor delivery.

4. Conclusions

This study supports the hypothesis that human adipose derived stem cells may be used as a
single cell source for the formation of vascularized bone. Three culture approaches were
tested in order to differentiate both osteogenic and endothelial lineage: 1) simultaneous
construct nourishment with bone and vascular growth factors; 2) induction of vasculogenesis
before osteogenesis; and 3) induction of osteogenesis before vasculogenesis, to show that
the osteogenic induction was necessary before supplying the construct with fresh cells and
growth factors for vascularization. This last combination, in particular the osteo-induction of
hASC seeded to silk scaffold for 3 weeks, followed by addition (to the free pore spaces of
the construct) of fibrin-encapsulated hASC to which vasculogenic cues were provided for 2
weeks, resulted in the most promising outcomes towards engineered vascularized bone
grafts. Nevertheless, extensive research has yet to be performed in order to understand cell
crosstalk and underlying mechanisms associated with multilineage cell differentiation of
hASC and interactions responsible for the development of a robust functional vascularized
bone graft useful for successful therapeutic applications.
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Figure 1. Experimental design
Groups 1 & 2 are controls, where constructs were provided osteogenic supplements (OM) or

endothelial factors (EGM) for 5 weeks. Group 3 was cultured with a cocktail of both OM &
EGM (1:1) for 5 weeks. In Groups 4 & 5, vascular differentiation was induced for 2 weeks
before adding osteogenic factors in a cocktail medium (EGM|cocktail). Additional hASC
were added into the pore spaces at this point in Group 5 (EGM|cocktail+ASC). Groups 6 &
7 were seeded with hASC to silk scaffold and osteogenic differentiation was induced for 3
weeks; only at this time point, hASC in fibrin were added to the scaffold for vascular
development. Constructs were cultured in either EGM (Group 6 — OM|EGM) or cocktail

media (Group 7 — OM |cocktail) for the remaining 2 weeks.
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Figure 2. Céll proliferation and viability after 5weeks of culture
A) DNA quantification. Horizontal line indicates day 1 values. Data are shown as Ave + SD

(n=3), *p<0.001 to EGM group, #p<0.05 to all other groups; B) Live/Dead assay. Scale bar
=200 pm.
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Figure 3. Gene expression of endothelial markers after culture
A) CD31 and B) VWF gene expression relative to GAPDH. Horizontal line indicates day 1

values. Data are shown as Ave + SD (n=3), *p<0.01 to EGM|cocktail+ASC group.
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Neg. Ctrl

Figure 4. Immunohistological analysis of constructs after 5 weeks
The expression of vascular and osteogenic proteins was evaluated. CD31 and von

Willebrand Factor (VWF) were expressed in endothelial control group (EGM) as well as in
both groups where endothelial differentiation was firstly induced (EGM |cocktail &

EGM |cocktail+ASC). These proteins were also detected in the group where EGM was
supplemented after osteogenic differentiation (OM|EGM). Osteopontin (OPN) and bone
sialoprotein (BSP) were expressed in the matrix of all groups with exception to EGM group,
where these proteins were detected only at a cellular level. Scale bar = 100 um.
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Figure 6. Mineralization of tissue engineered grafts after 5 weeks
Calcium content. n=3, #p<0.001 to all other groups, *p<0.01, **p<0.001
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Endothelial cell differentiation Fibrin-encapsulated hASC

Figure 7. Model of in vitro coordination of bone and vascular tissue development
hASC (beige spindle-shape) adhered to silk scaffold wall, sense the hard surface and

osteogenic factors provided, stimulate osteogenic differentiation (green cells) and deposition
of mineralized matrix (grey). At a second stage, hASC encapsulated in fibrin hydrogel (light
blue) are triggered by smooth vasculogenic surface growth factors provided, to undergo
endothelial differentiation (red cells).
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