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Biomaterial scaffolds functionalized to stimulate endogenous repair mechanisms via the
incorporation of osteogenic cues offer a potential alternative to bone grafting for the treatment of
large bone defects. We first quantified the ability of a self-complementary adeno-associated viral
vector encoding bone morphogenetic protein 2 (scAAV2.5-BMP2) to enhance human stem cell
osteogenic differentiation in vitro. In two-dimensional culture, scAAV2.5-BMP2-transduced
human mesenchymal stem cells (hMSCs) displayed significant increases in BMP2 production and
alkaline phosphatase activity compared with controls. hMSCs and human amniotic-fluid-derived
stem cells (hAFS cells) seeded on scAAV2.5-BMP2-coated three-dimensional porous polymer
Poly(ε-caprolactone) (PCL) scaffolds also displayed significant increases in BMP2 production
compared with controls during 12 weeks of culture, although only hMSC-seeded scaffolds
displayed significantly increased mineral formation. PCL scaffolds coated with scAAV2.5-BMP2
were implanted into critically sized immunocompromised rat femoral defects, both with or without
pre-seeding of hMSCs, representing ex vivo and in vivo gene therapy treatments, respectively.
After 12 weeks, defects treated with acellular scAAV2.5-BMP2-coated scaffolds displayed
increased bony bridging and had significantly higher bone ingrowth and mechanical properties
compared with controls, whereas defects treated with scAAV2.5-BMP2 scaffolds pre-seeded with
hMSCs failed to display significant differences relative to controls. When pooled, defect treatment
with scAAV2.5-BMP2-coated scaffolds, both with or without inclusion of pre-seeded hMSCs, led
to significant increases in defect mineral formation at all time points and increased mechanical
properties compared with controls. This study thus presents a novel acellular bone-graft-free
endogenous repair therapy for orthotopic tissue-engineered bone regeneration.
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Introduction
Large bone defects and fracture nonunions present a significant clinical challenge affecting
large numbers of patients and resulting in high costs (Werntz et al. 1996). In such defects,
healing may be limited by a variety of factors such as soft tissue damage, loss of vascularity,
distraction of fracture fragments, soft-tissue interposition, malnutrition, infection, instability,
periosteal stripping, and systemic diseases such as diabetes and rheumatoid arthritis (Tseng
et al. 2008; Kalfas 2001). Lack of healing creates a need for surgical intervention, with over
500,000 bone-grafting operations performed annually in the United States for patients with
nonunions or large defects (Bucholz 2002).

Autografts are the current gold standard for treatment of large bone defects (Tseng et al.
2008); however, the use of autografts is associated with numerous limitations including
limited graft availability, donor site morbidity as high as 10%–30%, the potential for injury
to nerves and blood vessels during harvesting, and the risk of possible infection (Younger
and Chapman 1989). Therefore, devitalized cadaveric allograft bone is often used because of
its more ready availability; however, this material displays limited integration with host
bone resulting in as many as 1/3 of these grafts failing within 2–3 years after implantation
(Berrey et al. 1990).

Schwarz and colleagues have recently developed a novel method for increasing allograft
integration with host bone in a murine large-bone-defect model through gene therapy
treatment; this treatment consists of coating allografts with an adeno-associated viral vector
(AAV) encoding factors that promote allograft repair (Ito et al. 2005; Koefoed et al. 2005;
Awad et al. 2007). In particular, Yazici et al. (2011) have recently reported enhancement of
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allograft healing after coating the allograft with self-complementary AAV (scAAV)
delivering the gene encoding bone morphogenetic protein 2 (BMP2), a potent osteogenic
protein that promotes migration, proliferation, and osteogenic differentiation of stem cells
(Wozney and Rosen 1998; Chen et al. 2004). Recombinant human BMP2 (rhBMP2) has
been used to increase the healing of critically sized defects in rabbit, sheep, dog, and rat
models (Yasko et al. 1992; Lee et al. 1994; Oest et al. 2007; Ohura et al. 1999; Kolambkar
et al. 2010), and success in clinical trials has led the US Food and Drug Administration
(FDA) to approve application of rhBMP2 on absorbable collagen sponges for single-level
interbody fusions of the lumbar spine (InFuse—Medtronic; Einhorn 2003). However,
concern is growing over delivering osteogenic signaling cues through bolus delivery of large
doses of recombinant protein, because of side effects such as inflammation and ectopic bone
formation, which are associated with the large doses of delivered protein needed for
improved repair (Cahill et al. 2009).

Delivery of BMP2 signals through gene therapy vectors presents an alternative to bolus
delivery of large quantities of recombinant protein. The adeno-associated virus possesses
many qualities that make it an attractive viral vector choice. These include the absence of
host inflammatory or cell-mediated immune responses and its abilities to transduce a broad
range of cells including musculoskeletal cells, to infect dividing and non-dividing cells, and
to deliver long-term gene expression in cell types that have relatively long lifetimes, such as
osteocytes or muscle cells, thus providing enhanced opportunities for endogenous repair
(Schwarz 2000).

Whereas Yazici et al. (2011) have reported that scAAV-BMP2-coated allografts can heal
defects comparably to autograft treatment, allograft treatment still poses some drawbacks,
including the possibility of disease transmission (Mroz et al. 2008) and a lack of porosity
throughout the cortices, thus limiting vascular invasion. Additionally, the nonporous cortical
surfaces of allograft bone prohibit the uniform distribution of coated AAV particles (Yazici
et al. 2008). Synthetic scaffolds present an alternative structure for scAAV-BMP2 particle
delivery by providing a greater surface area and lower risk of immunogenicity or disease
transmission (Saito et al. 2005). Porous poly(ε-caprolactone) (PCL) polymer scaffolds have
been shown to be an effective scaffold for multiple bone tissue engineering applications
(Wojtowicz et al. 2010; Hutmacher 2000). These scaffolds, formed through fused deposition
modeling, feature three-dimensional porous structures of reproducible and scalable
geometry allowing cell attachment/proliferation and vascular invasion. They have
mechanical properties similar to those of trabecular bone and are biocompatible/
bioresorbable, and the PCL material has received FDA approval for use in numerous
medical devices. We have recently used these PCL scaffolds as a delivery vehicle for human
stem cells to enhance the healing of critically sized immunodeficient rat femoral defects
(Dupont et al. 2010), although cell-mediated treatment alone does not achieve functional
restoration, suggesting the need for additional osteogenic stimuli (Burastero et al. 2010; Rai
et al. 2004).

In this study, we first hypothesized that the delivery of scAAV-BMP2-coated PCL scaffolds
to segmental defect sites (in vivo gene therapy in which host cells are transduced) would
enhance endogenous repair of critically sized rat femoral defects compared with treatment
with control AAV-Luciferase (AAV-Luc)-coated scaffolds. Secondly, we hypothesized that
delivery of genetically modified stem cells programmed toward osteogenic differentiation
by pre-culture on scAAV-BMP2-coated PCL scaffolds (ex vivo gene transfer in which a
specific set of cells are transduced outside of the host) would further enhance defect healing.
These hypotheses were tested by using an in vivo critically sized rat femoral defect model,
with analysis methods including quantitative micro-computed tomography (micro-CT)
imaging and biomechanical testing.
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Materials and methods
PCL scaffold preparation/AAV coating

PCL cylindrical scaffolds (9 mm in height, 5 mm in diameter, and 85% porosity) were
punched from PCL sheets (Osteopore International, Singapore). The scaffolds featured a
honeycomb array of layers of interconnected struts oriented in a repeated lay-down pattern
of 0°/60°/120°. Scaffolds were sterilized by ethanol evaporation and then soaked in a 50 μg/
ml solution of the collagen-mimetic peptide GFOGER overnight at 4°C; the peptide has
been shown to interact with the α2β1 integrin on stem cell surfaces and can induce
osteoblast differentiation and enhance matrix mineralization (Reyes and Garcia 2003, 2004;
Reyes et al. 2007). Next, scaffolds were coated with 1.5 mg/ml type I collagen (Vitrogen
100, Cohesion Technologies, Palo Alto, Calif., USA) through lyophilization to increase cell
adhesion. Scaffolds were then placed in the wells of custom molds and coated with either
1010 particles of scAAV (McCarty et al. 2001) transcapsidated (2.5; Rabinowitz et al. 2004)
vector expressing the human BMP2 gene (scAAV2.5-BMP2) or AAV-Luc (obtained from
Vector Core Facility, University of North Carolina, Chapel Hill, N.C., USA) in 100 μl 1%
sorbitol/phosphate-buffered saline (PBS) by lyophilization. The vector was prepared by
using the helper-virus-free transfection method (Xiao et al. 1998), and the titer of DNA
resistant viral particles was determined by dot blot assay such that the purified stocks were
~1012 particles/ml.

Two dimensional in vitro cell culture and AAV transduction
Human mesenchymal stem cells (MSCs) were obtained as a gift from Dr. Darwin Prockop at
Tulane University (New Orleans, La., USA) and were originally isolated from bone marrow
aspirates as described previously (Sekiya et al. 2002). Human amniotic fluid stem cells (AFS
cells) were obtained as a gift from Dr. Anthony Atala and Dr. Shay Soker at the Wake
Forest Institute for Regenerative Medicine (Winston-Salem, N.C., USA) and were originally
isolated from human amniotic fluid as described previously (Delo et al. 2006; De Coppi et
al. 2007); hAFS cells have been shown to be a potential alternative cell source for bone
tissue engineering therapies, as they readily produce robust mineralized matrix within three-
dimensional porous polymer scaffolds, both in vitro and ectopically in vivo (Peister et al.
2008, 2009).

Cells were seeded on tissue culture plates and grown in an incubator at 37°C/5% CO2 in
culture medium consisting of α-Minimum Essential Medium supplemented with 16.7% fetal
bovine serum (Atlanta Biologicals, Lawrenceville, Ga., USA), 100 units/ml penicillin/100
μg/ml streptomycin/2 mM L-glutamine (Invitrogen, Carlsbad, Calif., USA). Cells were
washed with PBS (Mediatech, Manassas, Va., USA) and then trypsinized, centrifuged, and
resuspended; 20,000 hMSCs (passage 4) or hAFS cells (passage 19) were seeded onto 24-
well plates and allowed to adhere for 24 h. A 1-ml droplet of culture medium was then
added to one group of cells, whereas culture medium supplemented with the osteogenic
supplements 10 mM β-glycerol phosphate and 50 μg/ml ascorbic acid 2-phosphate was
added to the second group, culture medium/osteogenic supplements and AAV-Luc viral
particles were added to the third group, and culture medium/osteogenic supplements and
scAAV2.5-BMP2 viral particles were added to the fourth group (n=5 per group). For viral
transduction, 0.5*109 scAAV2.5-BMP2 or control AAV-Luc particles were added per well
in 10 μl medium and gently agitated for AAV distribution, producing an initial estimated
multiplicity of infection (MOI: ratio of number of viral particles to number of cells) of
2.5*104. After 10 min, 1 ml medium was added per well, and plates were cultured at 37°C/
5% CO2 in an incubator. Media supernates were collected, and media were changed at days
2, 6, 9, 13, and 16. Supernate BMP2 levels were assessed by using an enzyme-linked
immunosorbent assay (ELISA; BMP2-Quantikine kit, R&D Systems).
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Cell lysates were collected at day 16 and used to determine DNA content by a PicoGreen
DNA Assay (Quant-iT PicoGreen dsDNA Quantification Kit, Molecular Probes, Eugene,
Ore., USA). The same lysates were used in an alkaline phosphatase (ALP) activity assay to
assess osteogenic differentiation. The ALP substrate working solution was made by mixing
equal parts of 20 mM p-nitrophenyl phosphate, 1.5 M 2-amino-2-methyl-1-propanol (pH
10.25), and 10 mM MgCl2. The experimental samples were mixed with the freshly made
substrate working solution and incubated for 1 h at 37°C. The reaction was stopped by
adding 1 N NaOH, and the absorbance was measured at 405 nm on a plate reader
(PowerWave XS, Biotek, Vt., USA). All samples were run in triplicate and compared with
p-nitrophenol standards.

To assess viral particle dose on transduction efficiency, hMSCs (passage 4) were cultured on
6-well plates at a density of 2000 cells/cm2 (total cells=19,200/well) in culture medium.
After 24 h, either 5*108 (1× dose) or 109 (2× dose) AAV-LacZ (reporter gene that encodes
for β-galactosidase) viral particles in 100 μl PBS were added to the cells in either 3 ml
culture medium (High transduction volume) or in 500 μl culture medium followed by
addition of 2.5 ml medium after 3 h (low transduction volume; n=3 per dose per
transduction volume). After 3 or 6 days, cells were fixed in 0.2% glutaraldehyde and stained
with X-Gal for 10 h followed by counterstaining with Nuclear Fast Red for 60 s. X-Gal-
positive cells were counted, and total cell numbers were calculated by 4,6-diamidino-2-
phenylindole (DAPI) staining of cell nuclei and fluorescence microscopy image analysis by
using ImageJ software (NIH). hMSCs were also cultured in wells of an additional 6-well
plate, and after 24 h, cells were fixed in 0.2% glutaraldehyde and stained with 5 ng/ml
DAPI, followed by the counting of cell nuclei in order to quantify the initial number of cells
present at the time of infection (n=3) to quantify the transduction efficiency.

Three-dimensional in vitro cell culture and AAV transduction
Three-dimensional in vitro study—One million hMSCs or hAFS cells in 100 μl culture
medium were seeded on PCL scaffolds previously coated with 1010 lyophilized AAV
particles for an initial MOI of 104. Each scaffold was located in one well of a 12-well tissue
culture plate and was held with its long axis upright by a custom polymer/stainless steel
stand. After a 75-min incubation, 5 ml culture medium supplemented with osteogenic
supplements (10 mM β-glycerol phosphate and 50 μg/ml ascorbic acid 2-phosphate) was
added to each well, covering each scaffold in its entirety. After 3 days of static culture, 12-
well plates containing scaffolds were placed on a rocker plate (The Belly Button, Stovall
Life Science, Greensboro, N.C., USA) to create dynamic culture conditions and were
incubated for 12 weeks. Media supernates were collected, and media were changed every 3
days for 11 weeks (n=5 per cell type per AAV gene). Supernate BMP2 levels were assessed
by using an ELISA assay.

Segmental defect study—Three million hMSCs were seeded on PCL scaffolds
previously coated with 1010 lyophilized scAAV2.5-BMP2 or AAV-Luc particles at an initial
MOI of 0.333*104. Cells were seeded on scaffolds in 100 μl culture medium, and after 75
min, 4 ml culture medium was added to each well of the 12-well plates in which the
scaffolds were held. Scaffolds were then cultured statically for 2 days prior to in vivo
implantation.

Assessment of in vitro cell viability/DNA analysis
Viability of cells in the three-dimensional in vitro experiment was assessed at 12 weeks after
seeding stem cells on scaffolds. One scaffold per group was cut in half longitudinally and
then stained with Live/Dead stain (Molecular Probes). Scaffold images were obtained by
using an Axio Observer inverted microscope (Carl Zeiss, Thornwood, NY). Images were
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viewed at locations around the periphery, top, bottom, and central cut scaffold faces.
Scaffolds chosen for viability assessment displayed the average mineral volume per group at
the 12-week time point, as assessed by micro-CT scanning (discussed below).

The remaining four scaffolds per group were used to quantify DNA levels by using a
PicoGreen Assay (QuantiT PicoGreen dsDNA Quantification Kit, Molecular Probes)
following the manufacturer’s protocol. Fluorescence was measured by using a fluorescence
plate reader (PerkinElmer HTS 7000) at an excitation of 485 nm and emission of 535 nm.
All samples were run in triplicate. Cell lysates from 24-well plates in the two-dimensional
AAV-Luc/scAAV2.5-BMP2 study were collected after 16 days, and DNAwas extracted into
PBS by freeze-thaw cycles and repeated vortexing of sample tubes. DNA levels were
measured by the PicoGreen assay (n=5/group).

Segmental defect surgical technique
All surgical techniques were approved by the Georgia Institute of Technology Institute
Animal Care and Use Committee (protocol A08066). Female immunocompromised athymic
nude rats (Charles River Labs, Wilmington, Mass., USA), age 13 weeks, were anesthetized
by using isoflurane. Bilateral full-thickness diaphyseal segmental defects, critically sized at
8 mm, were created and stabilized by using custom internal fixation plates, as described
previously (Oest et al. 2007; Rai et al. 2007). These defects are particularly challenging in
comparison with those employed by other groups, which have used rat femoral defects of 5-
mm lengths or less in both immunocompetent (Yasko et al. 1992; Lee et al. 1994; Betz et al.
2006) and immunocompromised (Jager et al. 2007) rats. Defects were press-fit with one of
four constructs as shown in Table 1. Constructs included PCL scaffold coated with
scAAV2.5-BMP2 or AAV-Luc as a control (in vivo gene therapy: a variety of local host
cells could be transduced) or PCL scaffold coated with scAAV2.5-BMP2 or AAV-Luc pre-
seeded with three million hMSCs (ex vivo gene therapy: specifically selected cells are
transduced, here hMSCs). Rats were given subcutaneous injections of 0.03 mg/kg
buprenorphine every 8 h for the first 48 h post-surgery, and 0.01 mg/kg buprenorphine every
8 h for the following 24 h for pain relief.

Radiograph/micro-CT imaging
Three-dimensional in vitro study—In vitro mineral formation on three-dimensional
scaffolds was measured by micro-CT scans at 3, 6, 9, and 12 weeks after stem cell seeding.
Cell/scaffold constructs were sealed in custom sterile containers and scanned by micro-CT
(Viva-CT 40, Scanco Medical, Bassersdorf, Switzerland). A 38.5-micron voxel resolution,
55-kVP voltage, and 109-μA current were used together with a Gaussian filter (sigma=1.2,
support=1) to suppress noise, and a density threshold corresponding to 180.52 mg
hydroxyapatite/cm3 was used to discriminate newly formed mineral from polymer scaffolds.

Segmental defect study—Qualitative bone growth into defect sites was assessed by
two-dimensional in vivo digital X-rays (Faxitron MX-20 Digital, Faxitron X-ray, Wheeling,
Ill., USA) taken at 4, 8, and 12 weeks post-surgery after rats were anesthetized with
isoflurane. Mineral formation in segmental defects was measured by micro-CT scans
performed in vivo at 4, 8, and 12 weeks post-surgery and in post mortem scans. After
application of isoflurane anesthesia, the sedated rats were positioned in a custom scanning
chamber to isolate the defects in the center of the scanning region. In vivo scan parameters
were similar to three-dimensional in vitro scan parameters; however, a density threshold
corresponding to 272 mg hydroxyapatite/cm3 was used to discriminate bone from soft
tissues and polymer. A cylindrical volume of interest (VOI) of 4 1/3 mm in length centered
at the middle of the defect region was chosen to ensure measurement of new in vivo mineral
formation and to avoid the measurement of native cortical bone ends. Post mortem scans

Dupont et al. Page 6

Cell Tissue Res. Author manuscript; available in PMC 2012 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were performed on extracted femurs from the same animals with a higher density threshold
corresponding to 385 mg hydroxyapatite/cm3 to account for denser and more mature bone
than in the earlier in vivo scans. Sample sizes are shown in Table 1.

Biomechanical testing
Biomechanical torsional tests were performed on explanted femurs taken from rats
sacrificed at 12 weeks post-surgery, as described previously (Oest et al. 2007; Rai et al.
2007). Briefly, samples were potted in Wood’s metal (Alfa Aesar, Ward Hill, Mass., USA)
and tested in torsion to failure at 3°/s on an ELF 3200 testing system (Bose EnduraTEC,
Minnetonka, Minn., USA). Sample sizes are shown in Table 1.

Data analysis
Data were analyzed by using GraphPad Prism 5 software (GraphPad Software, La Jolla,
Calif., USA). Analyses comparing three or more groups were analyzed by using an analysis
of variance (ANOVA) with Tukey post hoc analyses for pairwise comparisons.
Comparisons of two groups were analyzed by using unpaired t-tests. Whenever required, the
raw data was transformed by using a natural logarithmic transformation to make the data
normal and the variance independent of the mean (Kutner et al. 2005) prior to statistical
analysis. If after transformation, the data comparing three or more groups was still not
normal or the variance not independent of the mean, data sets were analyzed by using the
Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison test. For the
comparisons of in vitro BMP2 release over time, a repeated measures ANOVA was
performed with Bonferroni post tests. For the in vivo segmental defect study comparing
treatment with the scAAV2.5-BMP2 scaffold with or without hMSCs and AAV-Luc
scaffold with or without hMSCs, no significant differences were found between the two
scAAV2.5-BMP2 groups or two AAV-Luc groups so they were each pooled to increase
sample size. If after natural logarithmic transformation the pooled data variance was still not
independent of the mean, Welch’s correction for unequal variances was used in the unpaired
t-test. Data are presented as mean±standard error of mean (SEM). A P-value of <0.05 was
considered statistically significant.

Results
Two-dimensional in vitro AAV-LacZ transduction efficiency

Results of the two-dimensional in vitro viral dose study revealed the presence of blue β-
galactosidase-expressing cells in all wells at both 3 and 6 days post-transduction (Fig. 1a, b),
signifying successful transduction of hMSCs by AAV-LacZ. Transduction efficiency was
determined as the ratio of blue cells to total cells; the latter were counted in fluorescence
microscopy images (after cells had been treated with a DAPI nuclear stain) by using the
software program ImageJ (Fig. 1c).

Transduction efficiency increased with viral dose and with lower medium volumes
containing the viral particles, possibly because of better colocalization of the viral particles
with the hMSCs (Fig. 2). Transduction efficiency also increased from day 3 to day 6,
possibly because of a peak or jump in AAV transgene expression. The only significant
differences in transduction efficiency were observed between the low transduction medium
volume/2× AAV dose group at day 6 and the high transduction medium volume/1× AAV
dose group at both days 3 and 6, perhaps attributable to the extremely small samples sizes
(n=3). The average initial number of cells calculated in wells at 24 h after seeding was
24,321 per well, giving initial transduction multiplicity of infections of approximately 2*104

and 4*104.
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Two-dimensional in vitro scAAV2.5-BMP2 stem cell transduction/osteogenic differentiation
Media samples taken from wells containing hMSCs transduced with scAAV2.5-BMP2
displayed significantly higher BMP2 concentrations than those from wells containing
hMSCs or hAFS cells transduced with AAV-Luc (control) throughout the duration of the
16-day study (Fig. 3a). By day 6, medium from scAAV2.5-BMP2-transduced hMSCs
displayed peak BMP2 concentration, which was also significantly higher than that of
scAAV2.5-BMP2-transduced hAFS cells, and this continued throughout the rest of the
study. scAAV2.5-BMP2 transduction of hAFS cells failed to cause an increase in BMP2
concentration in media samples during the 16-day experiment.

After 16 days, ALP expression in cell lysates was measured in order to assess osteogenic
differentiation of stem cells. An endpoint of 16 days was chosen based upon preliminary
studies showing a peak in transient ALP expression from scAAV2.5-BMP2-transduced cells
at that time point (data not shown). ALP activity in hMSCs transduced with scAAV2.5-
BMP2 was significantly higher than in hMSCs and hAFS cells cultured in non-osteogenic
medium (Fig. 3b). When ALP levels were normalized by DNA content, scAAV2.5-BMP2-
transduced hMSC levels were significantly higher than that in all other groups (Fig. 3d).
scAAV2.5-BMP2 transduction of hAFS cells failed to cause an increase in ALP activity in
cell lysates during the 16-day experiment. Cells cultured in osteogenic medium in the
absence of scAAV2.5-BMP2 failed to experience any significant increases in ALP activity,
most likely because of the lack of dexamethasone, a potent stimulator of stem cell
osteogenic differentiation, in the medium. hAFS cell DNA levels were significantly higher
than hMSC DNA levels in all media condition groups, suggesting increased cell
proliferation of hAFS cells compared with hMSCs (Fig. 3c). Of particular importance was a
significantly reduced DNA content in scAAV2.5-BMP2-transduced hMSCs compared with
all other groups, suggesting reduced stem cell proliferation attributable to increased
osteogenic differentiation.

Three-dimensional in vitro scAAV2.5-BMP2 stem cell transduction/osteogenic
differentiation

BMP2 concentrations in media samples from wells containing hMSCs seeded on
scAAV2.5-BMP2-coated scaffolds displayed an expression pattern similar to that in the
two-dimensional experiment, with a peak at 1 week after transduction (Fig. 4). Interestingly,
BMP2 concentrations from wells containing hAFS cells seeded on scAAV2.5-BMP2-coated
scaffolds significantly increased above levels in all other groups but not until 7 weeks after
transduction, and the BMP2 peak was nearly twice as high (7788.74 versus 4811.82 pg/ml)
and lasted for three times as long (days 44–65 versus days 4–11) in hAFS cells compared
with hMSCs.

Mineral formation in hMSC-seeded/scAAV2.5-BMP2-coated scaffolds was significantly
higher than in hMSC-seeded/AAV-Luc coated scaffolds and hAFS cell-seeded/scAAV2.5-
BMP2-coated scaffolds beginning at week 6 and continuing through weeks 9 and 12 (Fig.
5a–e). The lack of significant differences at week 3 suggests a delay in osteogenic
differentiation, or at least in resulting mineral formation, after BMP2 expression, which
peaked at day 7. Whereas BMP2 expression in hAFS cell-seeded/scAAV2.5-BMP2-coated
scaffolds significantly increased after 7 weeks, no resulting increase in mineral formation
occurred by week 12 of the study.

Live cells were observed throughout scaffolds from each group at week 12 (Fig. 5f). Such
cells were found along the outer periphery of the cylindrical scaffolds, along the surface of a
longitudinally cut cross section, and on both the top and bottom surfaces of the scaffolds. As
in the two-dimensional in vitro study, DNA content of scaffolds seeded with hMSCs
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transduced with scAAV2.5-BMP2 was significantly lower than scaffolds seeded with
hMSCs transduced with AAV-Luc (Fig. 6), again probably attributable to increased stem
cell differentiation resulting in reduced stem cell proliferation.

Critically sized nude rat femoral defect study
By 12 weeks post-surgery, bony bridging occurred in 5/10 defects treated with scAAV2.5-
BMP2-coated scaffolds alone, 3/10 defects treated with scAAV2.5-BMP2-coated scaffolds
seeded with hMSCs pre-implantation, 1/6 defects treated with AAV-Luc-coated scaffolds
alone, and 0/8 defects treated with AAV-Luc-coated scaffolds seeded with hMSCs pre-
implantation. Notably, mineral formation was restricted to the immediate vicinity of the
segmental defect site, suggesting that BMP2 delivery via scAAV2.5-BMP2-coated polymer
scaffolds avoided the ectopic bone formation that can be associated with bolus delivery of
large doses of recombinant BMP2. Representative defect mineral formation in each group is
shown in Fig. 7, both in radiographic images from weeks 4 and 12 and in corresponding
week 12 micro-CT images.

Quantitative comparison of micro-CT-measured mineral volumes revealed significantly
higher mineral formation in the scAAV2.5-BMP2-coated scaffold treatment group
compared with the AAV-Luc-coated scaffold treatment group and the hMSC pre-seeded
AAV-Luc scaffold treatment groups at week 8 in vivo and in post mortem scans (Fig. 8a, b).
A significant difference in mineral volume existed between the scAAV2.5-BMP2 scaffold
treatment group and the hMSC pre-seeded AAV-Luc scaffold group at week 12.
Biomechanical torsional testing revealed significantly higher maximum torque and torsional
stiffness in the scAAV2.5-BMP2 scaffold treatment group compared with the hMSC pre-
seeded AAV-Luc scaffold treatment group (Fig. 8c, d).

Comparison of pooled scAAV2.5-BMP2 therapies with pooled AAV-Luc therapies showed
significant differences in both in vivo and post mortem mineral volumes (Fig. 9a, b) and in
maximum torque and torsional stiffness (Fig. 9c, d).

Discussion
This study presents evidence that synthetic polymer scaffolds can be functionalized for
applications in the repair of critically sized bone defects through lyophilization of scAAV
encoding the gene for human BMP2. Traditional AAV has inefficient transgene expression
because of the need for replication of the single-stranded DNA genome prior to transgene
expression; however, the modified scAAV features self-complementary DNA strands,
increasing the efficiency of transgene expression in MSCs (Yazici et al. 2011; Kim et al.
2007). The in vitro BMP2 release kinetics have shown that transduced marrow-derived stem
cells exhibit peak BMP2 release after 1 week in both two-dimensional and three-
dimensional culture, whereas amniotic-fluid-derived cells exhibit a delay of nearly 2 months
before achieving significant BMP2 expression in three-dimensional culture. The hMSC peak
release profile might be advantageous for bone healing as it may coincide with the end of
the inflammatory phase of the long-bone-injury response, during which a variety of signals
are present, and the initiation of the reparative phase of healing (Yazici et al. 2008).
Furthermore, the extended BMP2 expression continues through at least 5 weeks for both
stem cell types in three-dimensional culture.

The BMP2 expressed by transduced hMSCs leads to increases in both two-dimensional and
three-dimensional osteogenic outcomes, as assessed by increased ALP levels per DNA and
increased mineral volumes per scaffold, respectively. The increased osteogenic
differentiation also likely results in reduced cell numbers as determined by DNA analysis,
because differentiated cells are less proliferative. No increase in mineral volume has been

Dupont et al. Page 9

Cell Tissue Res. Author manuscript; available in PMC 2012 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



found in scAAV2.5-BMP2-transduced hAFS cell three-dimensional constructs after 12
weeks. The fetal-derived hAFS cells might be more developmentally primitive than the
adult-derived hMSCs, and transduction efficiency differences between the two cell types
(possibly attributable to differences in AAV receptor numbers or activities) might have been
responsible for the observed differences in BMP2 secretion kinetics between the two cell
sources. After 12 weeks in three-dimensional culture, the AAV-Luc-transduced hAFS cells
promote greater mineralizaton than the scAAV2.5-BMP2-expressing hAFS cells, suggesting
that BMP2 transduction might be counterproductive for the promotion of mineral formation
by these cells, or that the cells might not have responded to the scAAV2.5-BMP2 within the
duration of the 12-week study.

The in vivo results have revealed that a AAV coating of PCL porous polymer scaffolds by
lyophilization can serve as a successful vehicle for delivering genes to large bone defects in
order to enhance endogenous repair. This study has shown that the direct delivery of
scAAV2.5-BMP2-coated scaffolds to defect sites (in vivo gene therapy) leads to more defect
bridging than does the delivery of scAAV2.5-BMP2-coated scaffolds pre-seeded with
hMSCs before implantation (ex vivo gene therapy). Segmental defects treated by in vivo
delivery of scAAV2.5-BMP2-coated scaffolds display significantly higher mineral volumes,
maximum torque, and torsional stiffness at in vivo week 8, in vivo week 12, and post
mortem, compared with defects treated with AAV-Luc-coated scaffolds pre-seeded with
hMSCs. Defects treated with scAAV2.5-BMP2-coated scaffolds also display significantly
higher mineral volumes at in vivo week 8 and post mortem compared with defects treated
with AAV-Luc-coated scaffolds, although no significant differences have been seen in
mineral volumes or biomechanical properties at in vivo week 12, possibly in part because of
the smaller sample size of the group (n=6), compared with AAV-Luc-coated scaffold pre-
seeded with hMSCs (n=8). When in vivo and ex vivo gene therapy data are pooled, defect
treatment by scAAV2.5-BMP2 leads to significantly higher in vivo and post mortem mineral
formation at all time points and to enhanced biomechanical properties compared with
defects treated by AAV-Luc.

The results of the in vivo study have refuted our initial hypothesis that the addition of stem
cells while treating defects with scaffolds providing osteogenic signals would enhance bone
repair. The lack of stem-cell-mediated repair might be attributable to a variety of factors.
One primary factor might be the variability in scAAV2.5-BMP2 transduction and BMP2
expression in the different cell types, as the implanted hMSCs would have taken up the
virus, which otherwise would have been available to transduce potentially more robust
endogenous cells. Additionally, the hMSCs might have experienced limited viability after
delivery, thus decreasing secreted BMP2 levels. For therapies incorporating stem cells, a key
element in maintaining cell viability is the rapid development of a vascular network
throughout the scaffold to provide cells with oxygen and nutrients crucial to their survival
(Meijer et al. 2007). Co-delivery of angiogenic cues such as provided by vascular
endothelial growth factor (VEGF) could enhance this development. Direct injection of an
AAV vector delivering the genes for both BMP7 and VEGF increases angiopoiesis and bone
regeneration in a rabbit hindlimb ischemia model over delivery of AAV encoding either
gene alone (Zhang et al. 2010), and i.v. injection of MSCs transduced with rAAV-BMP6
and rAAV-VEGF enhances the healing of tibial defects in nude mice (Kumar et al. 2010).
Coating scaffolds with the genes encoding both BMP2 and VEGF could lead to a similar
enhancement of segmental defect repair by scaffolds pre-seeded with hMSCs by promoting
prolonged cell viability, thus extending the potential duration for BMP2 release.

Other possible explanations for the differences in defect repair between acellular scaffolds
and scaffolds pre-seeded with hMSCs include differences in the amount of time that cells
are directly exposed to the scAAV2.5-BMP2 vector, loss of AAV particles from scaffolds
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into the surrounding media in culture prior to implantation, or migration of hMSCs from
defect sites. Furthermore, stem cells transduced with AAV prior to implantation might have
experienced an increased immune response upon delivery compared with acellular scaffolds;
whereas nude rats are T-cell-deficient, their immune systems still have other lymphocytes,
such as natural killer cells and B cells that might have responded to the implanted
xenogeneic human cells. However, delivered human stem cells are unlikely to have elicited
a strong immune response, as multiple groups have reported that MSCs are possibly
immune-privileged (Arinzeh et al. 2003; Le Blanc and Ringden 2006; Zhang et al. 2007).
The delivered human stem cells might also have deterred the endogenous cell response,
either from host osteoprogenitors or osteogenic cells. During the normal bone repair process,
host stem cells would occupy the injury site and differentiate into bone-forming cells, but in
this study, the defects are occupied by the delivered cells, possibly limiting the endogenous
cellular response. Finally, transduction of host cells by AAV delivered on acellular scaffolds
might have occurred at a later time point when the initial inflammatory stage of bone repair
is subsiding and a more hospitable immune environment is present. Combined, these results
suggest that, compared with the delivery of scaffolds pre-seeded with stem cells, defect
therapy by acellular scAAV2.5-BMP2-coated PCL scaffolds presents a simpler and more
effective treatment that stimulates an enhanced healing response of host endogenous cell
populations.

Defect healing might be further increased by using a higher dose of viral particles. Yazici et
al. (2011) have reported that the delivery of 1010 scAAV-BMP2 particles coated onto 4-mm
murine allografts to murine femoral defects results in functional defect healing superior to
autograft treatment, whereas lower particle doses fail to provide an efficacious repair
response. A greater number of particles might be necessary for functional repair of larger 8-
mm rat femoral defects. Increasing AAV particle dose contributes to in vitro increases in
transduction efficiency, as shown in Fig. 2. Coating scaffolds with a higher number of viral
particles would likely increase the number of cells transduced and lead to increased BMP2
production. Increased BMP2 expression could in turn lead to more robust mineral formation,
more bridged defects, and the full restoration of femoral biomechanical function.

In conclusion, this study presents evidence of a novel acellular bone-graft-free tissue-
engineering therapy for stimulating endogenous repair mechanisms, with the potential for
off-the-shelf clinical application. In this treatment method, biodegradable porous polymer
scaffolds of variable sizes could be coated by thermostable lyophilized scAAV2.5-BMP2
and then frozen until needed for clinical implantation into large-bone-defect sites.
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Fig. 1.
Two-dimensional in vitro transduction of human mesenchymal stem cells (hMSCs) by
adeno-associated viral vector (AAV)-LacZ (reporter gene that encodes for β-galactosidase).
a, b Expression of β-galactosidase (blue) in hMSC at 3 or 6 days, respectively, after viral
transduction (arrows transduced cells). c DAPI (4,6-diamidino-2-phenylindole)-stained cell
nuclei used to estimate total cell number
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Fig. 2.
Effects of viral dose and transduction medium volume on AAV-LacZ transduction
efficiency
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Fig. 3.
Two-dimensional in vitro evidence of scAAV2.5-BMP2 (bone morphogenetic protein 2)
transduction of hMSCs resulting in an increase in osteogenic differentiation. a BMP2
concentrations in harvested media samples from wells containing stem cells in osteogenic
medium after day-0 transduction with scAAV2.5-BMP2 or AAV-Luc. b Alkaline
phosphatase (ALP) activity measured in cell lysates collected 16 days after transduction by
AAV-Luc or scAAV2.5-BMP2. c DNA levels measured from cell lysates. d ALP activity
normalized by DNA level per well. *,+P<0.05
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Fig. 4.
Three-dimensional in vitro evidence of scAAV2.5-BMP2 transduction of hMSCs and hAFS
cells. BMP2 concentrations in harvested media samples from wells containing stem cells
seeded on PCL scaffolds previously coated by scAAV2.5-BMP2 or AAV-Luc
lyophilization. *,+,BP<0.05
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Fig. 5.
Evaluation of osteogenic differentiation of stem cells seeded on three-dimensional PCL
scaffolds previously coated with lyophilized AAV. a Quantitative comparison of mineral
volumes within PCL scaffolds. *,+P<0.05. b–e Representative micro-CT images of mineral
formation within scaffolds. f Live/Dead microscopy images of scaffolds showing live green
cells along the circumferential periphery of scaffolds (red dead cells). Images are shown at
×4 magnification
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Fig. 6.
DNA per scaffold after 12 weeks in vitro culture. *P<0.05
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Fig. 7.
Qualitative mineral formation at the defect site after in vivo delivery of AAV-coated PCL
scaffolds with or without pre-seeding of hMSCs. Radiographic (a–h) and in vivo micro-CT
(i–l) images from defects that had the representative mineral formation per group, together
with the bony bridging rate for each treatment group
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Fig. 8.
Quantitative structural and functional results from in vivo delivery of AAV-coated scaffolds
with or without pre-seeding of hMSCs. a In vivo mineral volume within defect sites as
obtained by micro-CT. b Post mortem mineral volume within defect sites as obtained by
micro-CT. c, d Biomechanical properties of femurs tested to failure in torsion. *P<0.05
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Fig. 9.
Quantitative comparison of structural and functional results from in vivo delivery of pooled
scAAV2.5-BMP2 treatments or AAV-Luc treatments. a, b In vivo and post mortem mineral
formation within defect sites. c, d Biomechanical properties of femurs tested to failure in
torsion. *P<0.05
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Table 1

Segmental defect study; groups and analyses performed

Treatment groups Analysis methods and sample sizes

X-ray Micro-CT Mechanical test

scAAV2.5-BMP2-coated PCL scaffold 10 10 10

scAAV2.5-BMP2-coated PCL scaffold+3 million hMSCs 10 10 10

AAV-Luc-coated PCL scaffold 6 6 6

AAV-Luc-coated PCL scaffold+3 million hMSCs 8 8 8
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