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ABSTRACT

More than a decade has passed since the first experiments using adenovirus-transduced cells expressing bone morphogenetic protein 2 were
performed for the synthesis of bone. Since this time, the field of bone gene therapy has tackled many issues surrounding safety and efficacy of
this type of strategy. We present studies examining the parameters of the timing of bone healing, and remodeling when heterotopic
ossification (HO) is used for bone fracture repair using an adenovirus gene therapy approach. We use a rat fibula defect, which surprisingly
does not heal even when a simple fracture is introduced. In this model, the bone quickly resorbs most likely due to the non-weight bearing
nature of this bone in rodents. Using our gene therapy system robust HO can be introduced at the targeted location of the defect resulting in
bone repair. The HO and resultant bone healing appeared to be dose dependent, based on the number of AdBMP2-transduced cells delivered.
Interestingly, the HO undergoes substantial remodeling, and assumes the size and shape of the missing segment of bone. However, in some
instances we observed some additional bone associated with the repair, signifying that perhaps the forces on the newly forming bone are
inadequate to dictate shape. In all cases, the HO appeared to fuse into the adjacent long bone. The data collectively indicates that the use of
BMP2 gene therapy strategies may vary depending on the location and nature of the defect. Therefore, additional parameters should be
considered when implementing such strategies. J. Cell. Biochem. 112: 1563-1571, 2011. © 2011 Wiley-Liss, Inc.
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S uccessful bone repair of non-unions remains a complex
challenge in orthopedics today. Segmental bone loss resulting
from trauma, cancer progression and various bone diseases are
treated with bone grafting procedures that occur approximately
500,000 times annually in the United States [Laurencin et al., 2006].
Around 11% of the non-fatal injuries in the United States involve
long bone fractures [Vyrostek et al., 2004] and on average non-
union rates occur in about 10% of these cases, varying with the
intervention treatment and type of long bone involved [Giannoudis
and Atkins, 2007; Tzioupis and Giannoudis, 2007]. All of these
factors contribute to a significant toll on the patients, through
lengthy recovery times, changes in quality of life, and enormous
expense associated with the course of treatment.

Bone distraction osteogenesis, free vascularized bone transfer,
limb shortening, and autologous bone grafts are common methods
used to manage post-traumatic segmental bone defects in any of the
long bone segments. Specific conditions like mechanical instability,
axial deviation, bone defect size, and presence of infection must be
addressed with the treatment being customized to each specific case.
Distraction osteogenesis, with either the lengthening or bone
transport technique, uses the Ilizarov apparatus to stabilize the limb
and treat very large defects, up to 30 cm. However, this procedure is
plagued with long treatment duration and numerous complications
including delayed union at the docking site and devascularization of
the transport segment [DeCoster et al., 1999]. The complication rate
(major and minor) associated with the Ilizarov technique has been
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reported to reach as high as 87% [Motsitsi, 2008]. Vascularized bone
transplantation can be performed with iliac crest, fibula, or rib but it
has significant drawbacks involving donor site morbidity and
increased fracture risk [DeCoster et al., 2004]. Limb shortening is
restricted to bone defects less than 3cm and has the shortest
treatment time, but it is also associated with excessive soft tissue
swelling and loss of limb function [Watson et al., 1995].

Today the gold standard of care for segmental bone loss has
become autologous bone graft, but it is limited by graft material
availability. Therapies are also plagued with a plethora of
complications and drawbacks. Infection, implant failure, dysfunc-
tional limb, unplanned additional surgical procedure, high cost, and
prolonged treatment time are only a few of the shortcomings
associated with these treatments [Finkemeier, 2002; DeCoster et al.,
2004; Sen and Miclau, 2007]. A 30% failure rate is associated with
the surgical treatments for segmental bone defects [Sorger et al.,
2001].

Bone graft materials are selected based on their osteogenic,
osteoinductive, and osteoconductive qualities that would produce
the best healing and mechanical stability for each individual case.
Osteoinduction refers to the ability of the material to stimulate the
host precursor cells to form new bone through their differentiation
into chondroblasts or osteoblasts. The osteoinductive capacity of a
graft depends on the amount and type of growth factors and
cytokines present.

One of the most promising growth factors currently being tested is
bone morphogenetic protein 2 (BMP2), which can induce both
orthotopic and de novo bone formation at targeted locations.
Recombinant human rhBMP-2 and rhBMP-7 are approved for
clinical application and are commercially available, although
neither has been determined to be efficacious in long bone repair
by the FDA. One problem associated with the use of the recombinant
proteins, beyond the expense and extremely high amount that must
be delivered for any effect, is their extremely short half lives in vivo
at approximately 24 h [Winn et al., 2000; Jeon et al., 2007]. Further,
because of their short retention at the target site additional carrier
materials must be implanted as well, thus increasing the risk of
infection and making placement of the material difficult [Hollinger
et al., 1998; Haidar et al., 2009].

Many have attempted to deliver the BMP2 through gene therapy
means in order to overcome delivery of protein that has limited
efficacy. These approaches employ either retroviral-transduced cells
or the direct use of adenovirus with both methods having serious
limitations. The delivery of retroviral-transduced cells, which carry
1-2 copies of the BMP2 gene, provide low levels of the protein
locally and allow for these genetically modified cells expressing
BMP2 to be incorporated into the bone which increases the overall
risk of unwanted long-term adverse reactions [Moutsatsos et al.,
2001]. Researchers have also attempted to introduce non-integrat-
ing vectors, such as adenovirus or adeno-associated virus [Lieber-
man et al., 1998; Gafni et al., 2004], directly into the animal which
has a large number of associated problems, including poor
transduction efficiencies [Olmsted et al., 2001] and diffusion of
the free virus expressing BMP2 to other tissues such as the liver and
lungs [Baltzer et al., 2000; Gelse et al., 2001]. The injection of the
free virus results in limited to no efficacy along with undetectable

amounts of protein being expressed at the desired site, as well as
significant risk to other tissues such as the liver.

To circumvent these problems we have employed a cell-based
gene therapy approach, which eliminates the use of free virus in the
organism and ensures reliable, efficient transduction, and/or
expression of the BMP2 at the target site. Further, the BMP2
transgene cannot integrate into the chromosome, and with the use of
a first generation vector the transduced cells are rapidly cleared by
the immune system [Fouletier-Dilling et al., 2007]. Again, because
the cells are transduced ex vivo, with a replication defective
adenovirus, the resultant cells are not considered to be infectious or
contain any infectious material, thus there is minimal risk associated
with the use of this gene therapy system. Additionally, this system
provides a sufficient local concentration of the BMP2 at the target
site but the transgene does not integrate into the chromosome, so
there is no long-term risk associated with chronic BMP2 expression,
or other gene disruption from the insertion. Finally, in our previous
studies of heterotopic ossification (HO), we have determined that the
cells do not incorporate into the final bone structures and are only
acting to deliver the BMP2. This importantly avoids potential long-
term adverse reactions arising from the inclusion of the foreign
materials in the skeletal bone.

In the studies presented here, we are harnessing the bone
induction capability of recombinant adenoviral-transduced cells to
safely and efficaciously deliver BMP2. This cell-based gene therapy
system provides sufficient BMP2 protein in vivo at a specific
targeted location to induce rapid repair of a critical size defect
introduced into the rat fibula. This circumvents the need for
releasing carriers and supraphysiological concentrations of BMP2.
Furthermore, the rat fibula model is somewhat unique in that it is
fused at the ends to the adjacent tibia, thus creating a non-weight
bearing environment. We have noted that even a simple fracture
introduced into the fibula does not heal, but rather undergoes
extensive resorption leaving an approximate 10 mm size defect.
Thus, repair of this bone would represent an extremely challenging
environment. In the studies presented here, we demonstrate the
parameters required by this system for bone healing and find that
complete healing occurred by 6 weeks in 100% of the animals.
Further, we followed the animals for an additional 6 weeks beyond
this point to confirm that the fibula was stable and no additional
changes resulted post-healing.

CELL CULTURE
A human fibroblast cell line (MRC5) was acquired from the
American Type Culture Collection (Manassas, VA) and propagated
in Dulbecco’s modified Eagle’s medium (DMEM). The medium was
supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan,
UT), penicillin (100 U/ml), streptomycin (100 pg/ml), amphotericin
B (0.25 pg/ml; Invitrogen Life Technologies, Gaithersburg, MD), and
tetracycline (3 mg/L; Sigma, St. Louis, MO). MRC5 cells are not
capable of inducing bone formation before transduction.

W20-17, a murine stromal cell line, was obtained as a gift from
Genetic Institute (Cambridge, MA) and was propagated as described
by Thies et al. [1992]. The W20-17 cells were briefly grown in
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supplemented DMEM and cultured at a subconfluent density in
order to maintain the phenotype. All cell types were grown at 37°C
and 5% CO, in humidified air.

ADENOVIRUS TRANSDUCTION

A replication-defective E1- to E3-deleted human adenovirus type 35
fiber protein (Ad5F35) were constructed to contain cDNAs for BMP2
in the E1 region of the virus [Olmsted-Davis et al., 2002] or did not
contain any transgene in this region, AdEmpty. The resultant
purified viruses, AdBMP2, and AdEmpty cassette, had viral particle
(VP)-to-plaque-forming unit (PFU) ratios of 1:77 and 1:111,
respectively, and all viruses were confirmed to be negative for
replication-competent adenovirus [Olmsted-Davis et al., 2002]. Cells
were transduced as previously described with AABMP2 or AdEmpty
cassette at a viral concentration of 2,500 VP/cell [Olmsted-Davis
et al., 2002; Fouletier-Dilling et al., 2007]. MRC5 cells were
transduced with either AdEmpty or AdBMP2 in DMEM supple-
mented with 2% FBS at a concentration of 2,500 VP/cell.
Adenovirus was allowed to incubate overnight at 37°C, humidified
atmosphere, 5% CO,.

QUANTIFICATION OF BMP2

BMP2 protein was measured in culture supernatant taken from cells
72 h after transduction with AdBMP2 and culture supernatant was
collected and assayed for BMP2 protein using a Quantikine BMP2
immunoassay ELISA kit (DBP200; R&D Systems, Minneapolis, MN).
BMP2 protein activity was quantified in culture supernatant
collected from cells after transduction with AABMP2 or AdEmpty
cassette or no virus, and a portion incubated with W20-17 bone
marrow stromal cells, which rapidly increases alkaline phosphatase
expression. Alkaline phosphatase activity is readily quantified
[Blum et al., 2001]. Briefly, W20-17 cells were plated in 24-well
plates at subconfluent densities (5 x 10* cells/cm?) and 24 h later the
media was replaced with 200l of fresh media and 200 pl of
conditioned culture media from various cells doses. W20-17 cells
were then assayed for alkaline phosphatase activity 72 h after the
addition of conditioned culture supernatant using a chemilumines-
cence procedure [Olmsted et al., 2001]. Cellular alkaline phosphatase
was extracted by washing the cells with PBS and cells were lysed
with three cycles of freeze thaw in 100 wl/cm?® of 25mM Tris-
HCI, pH 8.0, and Triton X-100. For detection of alkaline phosphatase
2ul of CSPD® ready-to-use with Sapphire II enhancer (Tropix,
Bedford, MA) in an eppendorf tube, vortexed, and incubated at room
temperature for 30s. The light output from each sample was
integrated for 10 s after a 2-s delay by a Glomax 20/20 luminometer
(Promega, Madison, WI). Alkaline phosphatase detection signal was
recorded in relative luminescence units (RLU).

CRITICAL SIZE DEFECT MODEL

The critical size defect was introduced into the rat fibula. Adult
homozygous Athymic RNU Nude rats weighing (200-300 g) were
administered buprenorphine at 0.5 mg/kg by subcutaneous injection
into the right thigh 1h prior to surgery. The rats underwent general
anesthesia through the use of an animal vaporizer that dispensed
isoflurane at 2-4% initial induction and 1-29% throughout the
surgery. Each animal was shaved, disinfected with Hibiclens and

isolated to a sterile surgical field that included a surgical drape that
allowed only the left hind limb to be exposed. A lateral incision in
the skin of about 2 cm was performed on the lower leg, along with a
smaller incision into the gastrocnemius muscle. This muscle was
retracted in order to expose the fibula and an osteotomy was
performed to create a 2-4 mm segmental defect on the diaphysis of
the fibula. Cells were then introduced into the defect void by
placement into a sutured muscle pocket. Animals (n=8) were
euthanized and tissues isolated at various time points as indicated in
the text. All animal studies were performed in accordance with the
standards of Baylor College of Medicine, Department of Compara-
tive Medicine, after review and approval of the protocol by the
Institutional Animal Care and Use Committee (IACUC).

RADIOGRAPHIC ANALYSIS OF THE NEW BONE

Hind limbs were harvested and radiographically analyzed using an
XPERT model faxitron (Kubtec, Fairfield, CT) in biplanar projec-
tions. Samples were set at an exposure time of 15 s and acceleration
voltage of 30kV. Bone healing was evaluated with radiographs at
the termination of each study.

Qualitative radiographic analyses were performed using micro-
computed tomography (MicroCT) system (eXplore Locus SP: GE
Healthcare, London, ON, Canada) at 14 p.m resolution. Bone density
was determined with a density calibration phantom. Three-
dimensional reconstructions and cross-sections of the hind limb
were generated to identify the defect void and new bone.

HISTOLOGICAL ANALYSIS OF THE NEW BONE

Animals (n=8) were euthanized at weekly intervals starting at
2 weeks and ending at 12 weeks. Hind limbs were isolated; formalin
fixed, and decalcified paraffin embedded. Serial sections (5 wm)
were prepared that encompassed the critical defect site. Hematox-
ylin and eosin staining was performed on every fifth slide to locate
the newly forming endochondral bone. All sections were analyzed
by light microscopy.

MODEL OF CRITICAL SIZE DEFECT

Varying sizes of bone were removed from the rat fibula starting with
a simple fracture (1 mm), and systematically increasing in 1 mm
increments to a maximum of 10 mm. The rat fibula was selected over
other potential bones because unlike in humans, in rodents this bone
is uniquely fused to the adjacent tibia. Therefore, a critical defect can
readily be introduced without need for additional fixation. After
2 weeks bone healing was radiologically evaluated using micro-
computational tomography (uCT). Surprisingly, in all cases 1, 2, 5,
and 10 mm defects (Fig. 1A-D, respectively) we observed a similar
size defect of approximately 10 mm or the maximum size introduced
into the bone, and the bone ends appeared to be pointed, suggesting
that the bone was undergoing significant resorption. Rotation of the
wCT images indicated that the bone ends were healed with no
apparent sign of an open bone marrow cavity. This indicates that in
all cases the bone was not only unable to repair, but that it no longer
could maintain normal bone remodeling and had initiated
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Fig. 1. Representative three-dimensional reconstructions of rat fibulas through microcomputational analysis. Varying sizes of defects (1-10 mm) were surgically introduced
into rat fibulas and 2 weeks later analyzed for the presence of bone repair. The results depicted show an approximately 10 mm defect independent of the original defect size

(A) 1 mm, (B) 2mm, (C) 5mm, and (D) 10 mm.

resorption. These results imply that any defect introduced into this
model is a significant challenge for bone repair.

DOSE RESPONSE TO ADBMP2-TRANSDUCED CELLS

We next defined the dose of AdBMP2-transduced cells required
to provide optimal healing of the bone defect. Fibroblasts were
transduced with AdBMP2 at 2,500 vp/cell [Gugala et al., 2003] and
BMP2 protein as well as activity was quantified 72 h later. Total
BMP2 protein within the culture supernatant was approximately
18.6 ng per 1 x 10° cells (Fig. 2A). Cells transduced with AdEmpty,
as well as untransduced cells, did not produce BMP2. Interestingly, a
standard dose of recombinant BMP2 protein used to induce bone
formation in a rat critical size defect was approximately 12 g
[Endo et al., 2006). Since 5 x 10° BMP2-producing cells is adequate
to heal the bone completely (Fig. 3A), and we have determined
that the transduced cells are present at a maximum of 5 days
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[Fouletier-Dilling et al., 2007]. This means that a maximum of 93 ng
is sufficient to completely heal the bone in this model. This is
130 times less than the amount of protein used in other rat defect
studies with recombinant BMP2 suggesting that the prolonged local
generation of BMP2 is critical to success due to the short half
life of the protein [Endo et al., 2006].

Further, BMP2 protein activity, as determined by the elevation in
the BMP2 responsive protein alkaline phosphatase [Blum et al.,
2001], showed that this BMP2 being made is active (Fig. 2B). At no
time did we observe either BMP2 activity or protein in culture
supernatant isolated from the AdEmpty cassette cells or cells alone.
Various numbers of the AdBMP2-transduced cells were next
injected simultaneously with the introduction of a 3 mm bone defect
in the fibula. The cells were injected into the void region, and
surrounding muscle tissues of the rats (n=>5), and potential bone
formation allowed to progress for 2 weeks. Representative images of
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Fig. 2. Quantification of BMP2 protein and activity from adenovirus-transduced cells. A: BMP2 activity in culture supernatant collected 72 h after transduction with
AdBMP2- or AdEmpty cassette-transduced cells (2,500 vp/cell) was quantified using an ELISA. BMP2 protein is represented as total protein produced by 5 x 10° cells. Error bars
represent means + SD for n =5. A Student's t-test was applied to demonstrate significance. B: Alkaline phosphatase activity in W20-17 cells after addition of conditioned
media from AdBMP2- or AdEmpty cassette-transduced cells (2,500 vp/cell). To demonstrate endogenous levels of alkaline phosphatase we included the cells alone. Alkaline
phosphatase activity is depicted as the average relative chemiluminescence units (RLU), where n = 3. Error bars represent means + SD for n = 3. A Student's t-test was applied to

demonstrate significance.
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Fig. 3. Resultant bone formation from the introduction of adenovirus-transduced cells into the defect site. A: Representative three-dimensional surface renderings obtained
from microcomputational analysis of the resultant bone repair 2 weeks after introduction of critical size defect in the rat fibula and delivery of varying numbers of AdBMP2-
transduced cells; (a) 5 x 10* cells, (b) 5 x 10° (c) 5 x 10%, (d) 5 x 10”. B: Quantification of the bone repair using microcomputational analysis. Bone volume of the newly

forming bone as depicted in (A), was calculated for each cell dose (n =5 per group). The means and standard deviations for each group were calculated and compared using a

one-way analysis of variance.

the resulting new bone are shown in Figure 3. As seen in
Figure 3A, the new bone formation varied drastically with cell
numbers. At no time did we observe bone formation or healing in the
samples receiving 5 x 10 cells, suggesting that there is a threshold
amount of BMP2 required for inducing bone formation. Alter-
natively, there was no statistical difference between the two highest
cell numbers or doses (Fig. 3B), indicating that there is a maximum
bone formation response that can be achieved with this system.
No bone formation was observed in with the 5 x 10* cell dose,
whereas there is a significant 10-fold change in bone volume
between the 5 x 10° and 5 x 10 cell doses. There was a significant
difference between the highest doses 5 x 10° and 5 x 107 suggesting
that this may be a maximum response to BMP2. For that reason, we
used this dose for all subsequent experiments.

BONE HEALING OF THE FIBULA DEFECT

We next determined the ability of the therapy to heal the critical size
defect over 12 weeks. Figure 4 shows there is substantial bone
formation at 2 weeks using this dose of cells, which appears to
quickly resorb and by 4 weeks the new bone more closely resembles

the fibula that it is replacing. However, as seen in the cross-sectional
WCT (Fig. 4F) new bone appears to be immature in nature. Although
it spans the defect and is contiguous with the skeletal bone, it has not
remodeled to have contiguous cortices, which suggests that this may
not be well integrated at this stage. Alternatively, by 6-12 weeks a
cortical bone structure begins to appear in the newly formed bone
(Fig. 4H-J), suggesting that the bone is being remodeled and most
likely fused. Bone healing and remodeling appears to be complete by
6 weeks (Fig. 4H) with little additional remodeling occurring at
weeks 9-12. Interestingly, there appears to be additional bone
attached to the skeletal bone (Fig. 4C-E), or actual residual HO that
has not been resorbed. Additionally, some samples appeared to have
a small amount of residual HO which was not attached to the fibula,
but remained in the muscle between fibers.

We next looked at the bone architecture by analyzing cross-
sectional cuts through the bone. The architecture appeared to change
dramatically over the course of bone healing. Changes in bone
architecture are a component of bone remodeling and aid in
determining if the new bone has truly fused to the skeletal bone.
Fusion at the defect site is a critical parameter in this system, because
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Fig. 4. Microcomputational analysis of bone healing over time. Representative three-dimensional surface renderings (A-E) or two-dimensional reconstructions (F-J) of bone
healing over time; (A,F) 2 weeks; (B,G) 4 weeks; (C,H) 6 weeks; (D,I) 9 weeks; and (E,J) 12 weeks after introduction of the AdBMP2-transduced cells in the fibula defect; n =9 per

group.

the majority of the new bone is made de novo, as HO, and it must fuse
to the skeletal bone to complete healing. At 2 weeks the new bone is
found throughout the skeletal defect (Fig. 4F); however, it appears to
be immature bone, which has not remodeled or integrated into the
adjacent skeletal bone. This is in contrast to the adjacent skeletal bone,
which has well-defined cortices and a hollow bone marrow cavity.
Thus, although there is new bone, it does not appear to be well fused
into the skeletal bone, or healed to the point such that it is one
contiguous remodeled structure. However, by 6 weeks portions of the
new bone appear to be remodeled with defined cortical bone and the
tentative fusion site are less apparent (Fig. 4H), suggesting that the
bone is integrated and almost completely healed. By 9-12 weeks, we
observed integrated structures with the only abnormality being the
additional small amounts of bone on the outer cortex (Fig. 41,J).
We next examined the bone healing through histological analysis
to confirm the remodeling and fusion of the newly formed bone with
the skeletal bone. This requires bone remodeling to replace the
woven bone and lamellar bone junction with integrated remodeled
bone. Photomicrographs from representative samples of the healing
fibulas show substantial immature bone that completely fills and
surrounds the defect (Fig. 5). Over time however, the bone remodels

considerably and new cartilage is no longer present in the tissues
(Fig. 5B). By 6 weeks, the bone appears to be considerably more
mature, with thicker cortical area that are contiguous with the
skeletal cortical bone (Fig. 5C). Interestingly, the adjacent cortical
bone appears to have a significant gap, which may represent either
an area where the bone is vascularized, as evidenced by the pooling
of blood or alternatively, a defect introduced during healing
(Fig. 5C). However, this defect was not observed through radiograph
analysis (Fig. 4C), suggesting that it comprises a relatively small
region of the new bone. It is also of interest to note that in the serial
sections where this cortex appears uniform and contiguous, the
adjacent cortex now appears ruffled. This indicates that although it
is healing, the new shape of the bone does not exactly mimic the
original fibula. At 9 and 12 weeks, there is once more additional
bone on the exterior of the fibula. However, the interior cortex
appears uniform and similar to the normal fibula (Fig. 5D,E).

These studies are the first to introduce a cell-based gene therapy
system into a rat critical size defect model and have it lead to rapid
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Fig. 5. Representative photomicrographs of the fibula defect at various times after introduction of the AdBMP2-transduced cells. Tissues were formalin fixed decalcified,
paraffin embedded and serial sectioned (5m) through the entire fibula region. Every fifth section was hematoxylin and eosin stained, and images taken which were
representative of the defect region in particular the junction with the fibula at various times, (A) 2 weeks, (B) 4 weeks, (C) 6 weeks, (D) 9 weeks, and (E) 12 weeks. The appearance

of bone is identified with (B).

replacement and repair of the bone. HO can successfully be induced
and directed to heal a critical size defect even in bone conditions that
favor bone resorption. The HO, once touching the skeletal bone, can
prevent rapid resorption and enhance the bone formation,
remodeling, and fusion. The overall complete healing occurs
rapidly from 2 to 6 weeks with 100% healing and repair completed
by 6 weeks. Interestingly, little remodeling or additional resorption
appears to occur after this time. In many cases after the initial
resorption, there are small amounts of bone either heterotopic or
orthotopic that are associated with the structures and appear to
persist. This may be due in part to the non-weight bearing nature of
this bone.

The rat fibula was selected for this model based on the unique
fusion of this bone to the adjacent tibia. Thus, the tibia functions as
an external support and no additional fixation is required, allowing
this to be a very fast and reliable model. To our surprise, studies to
determine the critical distance that would be unable to heal on its
own showed even a simple fracture led to rapid resorption and non-
union of this bone. Interestingly, since this bone is non-weight
bearing in the rodent due to the fusion with the tibia, the rapid
resorption may be a result from the lack of forces on this bone.
Similar phenomenon has been reported in cases where HO has
become extensive enough to become weight bearing, leading to the

almost complete resorption of the normal skeletal bone. Further, it
has long been known that disuse of skeletal bone during
immobilization can lead to elevated resorption. Therefore this
model, beyond its versatility, becomes one of the most challenging
of all bone repair models for the investigation of bone healing. With
bone remodeling favoring resorption, contribution to new bone
formation is challenging and thus may be even more difficult to
obtain fusion and complete repair.

Complete bone healing could be reliably achieved using a
minimal dose of 5 x 10® AdBMP2-transduced cells. This number of
cells yields approximately 93 ng of total BMP2 protein within
culture supernatant over a 5-day period. Although lesser numbers of
AdBMP2-transduced cells (5 x 10°) or BMP2 (9ng) did result in
heterotopic bone formation, it was not enough to reliably heal the
fibula defect. Smaller doses, such as 1 ng, were unable to induce HO.
Delivery of additional cells beyond 5 x 10° resulted in a similar
volume of bone, suggesting that there is an upper threshold at which
BMP2 receptors are saturated and no additional response will occur.
Further, the volume of bone obtained when 5 x 10° AdBMP2-
transduced cells were delivered to the defect was larger than
required for complete healing, and substantial resorption was
observed within the first 2-4 weeks as the fibula regained its
physiological shape.
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Interestingly, recombinant BMP2 studies in rat shows that
minimal bone formation is detected at protein levels less than 10 pg
[Vogelin et al., 2005], which is 130 times more BMP2 than we
require for complete healing (Figs. 2 and 3). This indicates that the
BMP2 protein produced by the adenovirus-transduced cells is likely
more active or potent than the purified recombinant protein. In
addition, this concentration is roughly in the range of physiological
concentrations of BMP2, revealing that this system is very unique
and perhaps should not be compared to systems employing the
recombinant protein [Sciadini and Johnson, 2000; Vogelin et al.,
2000, 2005]. The ability to generate, in vivo, biologically active
BMP2 in the physiological range similar to what would be expected
during bone fracture [Kloen et al., 2002, 2003 ; Kugimiya et al., 2005]
or reduction of blood flow [Yao et al., 2010] suggests that the BMP2
produced in vivo in the eukaryotic cells may be mimicking
physiological scenarios that lead to repair of fractures.

The kinetics of bone healing appears to be similar to fracture
callus, with a large disorganized structure within the defect area
initially formed and successive remodeling and resorption to
produce a structure similar to the original fibula. The initial new
bone was observed within 10 days of delivery, with the first
emergence of a remodeled bone with cortical appearance and inner
marrow cavity appearing at 6 weeks. However, approximately half
of the samples at 6 weeks still had one cortical bone interface that
did not appear contiguously remodeled yet (Fig. 4H), suggesting that
the bone had not completely remodeled yet. However, at 9 weeks, all
samples appeared to be well remodeled with visible contiguous
cortical bone, suggesting that at this point all defects were reliably
healed. We observed little change from 9 to 12 weeks; although
there was additional bone observed associated with the newly
formed skeletal bone. The majority of the bone remodeling and
resorption occurred within the first 4 weeks, where the callus-like
structure resorbs and begins to form bone in the shape of the original
fibula.

Histological analysis of the bone healing within the defect
supports the subsequent findings. A large amount of mature bone
and cartilage that extend away from the defect site are observed at
2 weeks (Fig. 5A). By 6 weeks and beyond, the bone was more
restricted to the defect region (Fig. 5C-E). Although substantial
immature woven bone was observed at 4 weeks, by 6 weeks
remodeled bone with defined cortical structures could be seen
(Fig. 5B,C), suggesting that substantial remodeling and maturation
was occurring between 4 and 6 weeks. Again little change occurs
histologically between 9 and 12 weeks, suggesting that the bone was
maintained and healing was complete. Interestingly, in these tissues
the cortical bone appeared to be contiguous. Since the exact shape of
the original fibula was not achieved, this may suggest that the
signals which would direct and define the exterior cortices may be
lacking in this model.

In conclusion, bone healing of a critical size defect in the rat
fibula could be rapidly achieved through injection of a cell-based
gene therapy system. This system delivered 130 times less BMP2
protein compared to studies using recombinant protein as the
osteoinductive agent and was able to induce bone within a
physiological range of BMP2 concentration. Thus, this cell-based
approach is reliable, efficacious, and importantly has additional

safety in that no free virus or infectious agents of any kind would be
delivered to patients. These studies are the first step in developing a
cell-based gene therapy which effectively harnesses the capacity of
BMP2 to generate bone at target locations and rapidly repair skeletal
bone.
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