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Structural allografts used for critical bone defects have 
limited osteogenic properties for biointegration. Although 
ex vivo tissue-engineered constructs expressing bone mor-
phogenetic protein-2 (BMP2) have demonstrated efficacy 
in critical defect models, similar success has not been 
achieved with off-the-shelf acellular approaches, includ-
ing allografts coated with freeze-dried single-stranded 
adeno-associated virus (ssAAV-BMP2). To see whether the 
self-complementary AAV serotype 2.5 vector (scAAV2.5-
BMP2) could overcome this, we performed side-by-side 
comparisons in vitro and in the murine femoral allograft 
model. Although ssAAV-BMP2 was unable to induce BMP2 
expression and differentiation of C3H10T1/2 cells in cul-
ture, scAAV2.5-BMP2 transduction led to dose-dependent 
BMP2 expression and alkaline phosphatase activity, and dis-
played a 25-fold increased transduction efficiency in vivo. 
After 6 weeks, the ssAAV-BMP2 coating failed to demon-
strate any significant effects. However, all allografts coated 
with 1010 scAAV2.5-BMP2 formed a new cortical shell that 
was indistinguishable to that formed by live autografts. 
Additionally, coated allografts experienced reduced 
resorption resulting in a threefold increase in graft bone 
volume versus autograft. This led to biomechanical superi-
ority versus both allografts and autografts, and equivalent 
torsional rigidity to unfractured femur. Collectively, these 
results demonstrate that scAAV2.5-BMP2 coating over-
comes the major limitations of structural allografts, which 
can be used to heal critical defects of any size.
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Introduction
Due to their broad availability and extensive clinical experience, 
massive allografts are still widely used during reconstructive 

surgery of critical defects in long bones, despite the fact that their 
limited osteogenic and remodeling potential is directly associated 
with the 25–35% failure rate within 3-years due to nonunion and 
fracture.1,2 Although many massive allografts survive the early 
healing period, their failure rate at 10 years is known to be ~60%.3,4 
These late-stage failures are the result of accumulated microcracks 
that cannot be repaired by the necrotic bone. Despite these poor 
clinical outcomes, cortical allografts remain the most popular bio-
material used for limb sparing reconstructive surgery due to their 
biocompatibility and biomechanical properties that have yet to 
be matched by synthetic biomaterials.5 Thus, a molecular therapy 
adjuvant to facilitate “revitalization” of the allograft via host revas-
cularization, new bone formation, and remodeling of the necrotic 
bone is warranted to significantly improve this standard of care.

Toward the goal of developing revitalizing structural 
allografts, we explored a novel combination gene therapy-tissue 
engineering approach that introduces angiogenic, osteoclasto-
genic, and osteogenic signals on the cortical surface via immobi-
lized recombinant adeno-associated virus (rAAV).6,7 This method 
is an evolution of the gene-activated matrix naked DNA coating 
approach,8 whose efficacy is limited by a low-transduction effi-
ciency. With respect to biodistribution, transduction efficiency, 
and kinetics of transient gene expression, the rAAV-coated 
allograft has several empirical advantages that are ideal for seg-
mental defect healing. Following transplantation, the rAAV must 
be rehydrated before it is released from the allograft. This delay 
allows for hematoma formation, which traps the vector within 
the wound, as evidence by the absence of reporter gene expres-
sion and PCR detectable genomes in other tissues.9,10 This local 
high concentration of rAAV leads to transduction of <1% of the 
inflammatory and mesenchymal stem cells (MSC) adjacent to the 
allograft, which peaks after 1 week, coinciding with initiation of 
the healing phase of fracture repair, and terminating from cell 
turnover at 3–4 weeks.6,7,9 Initially, we aimed to stimulate vas-
cular ingrowth and conversion of necrotic bone to live bone via 
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osteoclastic remodeling,6 however, this led to inferior biome-
chanics due to extensive graft resorption. Next, we turned our 
attention to an osteogenic approach whose goal is to recapitulate 
the new bone collar that forms around live cortical autografts, 
and spans the entire length of the defect.11 The obvious transgene 
for this is bone morphogenetic protein-2 (BMP2), based on the 
remarkable clinical success of the recombinant human protein 
(rhBMP2) in spinal fusion and fracture healing,12,13 and its dem-
onstrated efficacy in various preclinical models of gene therapy 
for bone healing.14,15 However, our initial evaluation of rAAV2.0-
BMP2 failed to demonstrate significant effects in vitro and in vivo. 
This was not due to low-transduction efficiency as determined by 
β-galactosidase and luciferase assays with reporter constructs.6,7,9 
Moreover, the lack of efficacy with the BMP2 vector could be 
overcome by a constitutively active BMP receptor (caAlk2) trans-
gene.7,16 Thus, we reasoned that the BMP2 transgene expression 
from single-stranded AAV (ssAAV) vectors is not robust enough 
to overcome negative regulation by the host BMP antagonists 
noggin17 and chordin.18 Remarkably, this finding led to the dis-
covery that the human homologue of caAlk2 is the autosomal 
dominant mutation that causes inherited and sporadic fibrodys-
plasia ossificans progressiva,19 which halted clinical translation of 
rAAV-caAlk2-coated allografts.

The development of transcapsidated,20 self-complementary 
AAV (scAAV),21 vectors offers another approach to markedly 
increase BMP2 transduction of MSC in the hematoma of healing 
allografts, and overcome inhibition of host antagonists through 
its superior transduction efficiency versus first generation rAAV. 
The hypothesis being that the 2.5 AAV pseudotype has a greater 
tropism for receptors on the surface of MSC to increase infection 
frequency, and that the double-stranded genome of scAAV vec-
tors overcomes the need for second-strand synthesis following 
rAAV infection such that MSC with low proliferation rates are 
readily transduced. To test this, here we performed side-by-side 
comparisons of ssAAV2.0 versus ssAAV2.5 versus scAAV2.0 ver-
sus scAAV2.5 using a green fluorescent protein (GFP) reporter to 
demonstrate the synergistic effects of these vector modifications 
on MSC transduction in vitro and in vivo. We also evaluated the 
efficacy of ssAAV-BMP2 versus scAAV2.5-BMP2 in vitro and in 
vivo to see whether the improvement in vector transduction effi-
ciency is sufficient to achieve BMP2 expression levels that induce 
osteoblastic differentiation and revitalization of femoral allografts 
in mice.

Results
Both 2.5 AAV transcapsidation and self-
complementary genome modifications to the ssAAV2.0 
vector synergistically increase rAAV transduction 
efficiency of mesenchymal progenitor cells
To test whether 2.5 AAV transcapsidation and/or the double-
stranded genome modifications significantly increase rAAV 
transduction efficiency of MSC in vitro and in vivo, we completed 
a comprehensive study comparing the transduction efficiencies 
of ssAAV2.0 versus ssAAV2.5 versus scAAV2.0 versus scAAV2.5 
using a GFP reporter (Figure 1). For the in-vitro experiments, we 
utilized the murine MSC cell line C3H10T1/2 cells, which were 
infected at various multiplicities of infection, and transduction 

efficiency was calculated as the ratio of GFP+ cells to total cells 
after 24, 48, and 72 hours of culture (Figure  1a–g). The results 
demonstrated the predicted dose- and time-dependent increased 
transduction efficiencies in which the ssAAV2.0 vector induced 
few GFP+ cells, with maximum transduction of only 2.6% at 48 
hours to allow for second-strand synthesis, and a subsequent 
decrease at 72 hours due to vector loss and dilution in the rapidly 
dividing C3H10T1/2 cells. Remarkably, both vector modification 
significantly increased transduction efficiency to C3H10T1/2 cells, 
as the peak transduction efficiency of ssAAV2.5 and scAAV2.0 
vectors at 48 hours were 47.6% (18-fold increase) and 31% (12-
fold increase), respectively. Interestingly, the 2.5AAV pseudotype 
had greater effects versus the double-stranded genome, suggesting 
that cell surface receptor binding is a greater challenge versus sec-
ond-strand synthesis in vitro. Moreover, the combination of these 
modifications was synergistic resulting in 93% transfection at 24 
hours (36-fold-increase), which did not significantly decrease 
over time, suggesting that the cells were superinfected, and thus 
not diluted over the 72-hour study period.

To see whether these vector modifications also result in 
increased transduction efficiencies in vivo, we transplanted devital-
ized femoral allografts coated with the four different rAAV-eGFP 
vectors in to mice and evaluated the number and phenotypes of 
GFP+ cells adjacent to the allograft at 1 week after the implantation 
(Figure 1h–q). Consistent with the in-vitro transduction assay, we 
found a 25-fold increase in transduction efficiency of scAAV2.5 
versus ssAAV2.0. However, here, we observed greater effects in 
transduction efficiency from the double-stranded genome (3.7%) 
versus the 2.5 transcapsidation modification (0.9%), suggesting 
that second-strand synthesis is more challenging versus cell sur-
face binding in vivo. We also scrutinized the phenotype (morphol-
ogy and location within the tissue) of the GFP+ cells adjacent to 
the allograft in order to gain insight into the target cells that are 
transduced by the different vectors. Although the high autoflu-
orescent background of bone tissue does not permit multicolor 
fluorescent immunohistochemistry to confirm the identity of the 
GFP+ cells, histomorphometry of the high power images clearly 
demonstrated AAV2.5 tropism for the spindle-shaped mesenchy-
mal cells embedded in dense extracellular matrix that was forming 
the fibrotic tissue around the allograft (Figure 1p,q). As the goal 
of revitalizing allograft gene therapy is to transduce these cells 
with osteogenic signals to stimulate their differentiation toward 
bone rather than fibrotic scar tissue, these results are viewed to 
be very positive pending evaluation of the transgene (i.e., BMP2) 
expression level to confirm that it is sufficient to achieve signifi-
cant efficacy.

scAAV2.5-BMP2 transduces and stimulates 
differentiation of C3H10T1/2 cells in vitro
The murine MSC cell line C3H10T1/2 is efficiently transduced by 
native and freeze-dried rAAV2.0,9 and the induction of alkaline 
phosphatase in these cells is a standard assay to evaluate osteo-
genic factors.22 Thus, we performed similar in-vitro C3H10T1/2 
cell transduction experiments to that described above, to dem-
onstrate quantitative differences in BMP2 production and func-
tion between ssAAV2.0-BMP2 and scAAV2.5-BMP2. Figure 2a 
demonstrates the dose-dependent effects of scAAV2.5-BMP2 
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transduction on BMP2 protein secretion at 72 hours, whereas no 
significant BMP2 expression was detected with the ssAAV2.0-
BMP2 vector, even at a multiplicity of infection >104. Consistent 
with this finding, ssAAV2.0-BMP2 failed to induce C3H10T1/2 

cell differentiation, whereas a multiplicities of infection 104 of 
scAAV2.5-BMP2 significantly induced alkaline phosphatase 
activity to levels that were between that achieved with 50 and 
100 ng/ml of rhBMP2 (Figure  2b). Although this expression 
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Figure 1  In vitro and in vivo transduction efficiencies of single-stranded adeno-associated virus 2.0 (ssAAV2.0) versus ssAAV2.5 versus self-
complementary AAV serotype 2.0 vector (scAAV2.0) versus scAAV2.5 vectors. The in-vitro transduction efficiencies of four different recombi-
nant adeno-associated virus (rAAV)-enhanced green fluorescent protein (eGFP) vectors (ssAAV2.0, ssAAV2.5, scAAV2.0, and scAAV2.5 vectors) were 
determined by infection of C3H10T1/2 cells at the indicated multiplicities of infection (MOI), and assessing the number of GFP+ cells by fluorescent 
microscopy after (a–c) 24, 48, and 72 hours of culture. The data were graphed as the mean ± SD of six 100× fields from two different wells (three 
fields/well) (*P < 0.05 versus scAAV2.0; **P < 0.05 versus ssAAV2.5; #P < 0.05 versus 48 hours). (d–g) Representative merged micrographs of bright 
field with the green fluorescent field taken at 48 hours after rAAV vector application at MOI of 105 are shown (Bar = 100 μm). The in vivo transduc-
tion efficiencies of the four different rAAV-eGFP vectors were determined by immunohistochemistry for GFP in tissue sections of femurs that received 
allografts coated with 1010 particles of rAAV and were harvested 7 days after implantation. (h–k) Representative micrographs of the immunostained 
sections at ×25 magnification are shown with the allograft highlighted by dotted lines. (l–o) The boxed region in these sections was photographed 
at ×200 magnification (bar = 50 µm) to illustrate the mosaic pattern of the transduced (reddish-brown stained) cells, and indicate the percentage of 
GFP+ cells in the tissue adjacent to the allograft. The boxed regions (n and o) were photographed at ×400 magnification (bar = 50 µm) to illustrate 
the round hematopoietic cells (arrow heads) that were the primary targets of scAAV2.0 (p) versus the spindle-shaped mesenchymal cells (arrows), 
which are the primary targets of scAAV2.5 (q).
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pales to that achieved following MSC transduction with recom-
binant adenovirus- and lentivirus-expressing BMP2,14,23 these 
significant effects with scAAV2.5-BMP2 warranted in vivo 
evaluation.

Radiographic healing of autografts versus allografts 
versus sc-AAV2.5-BMP2-coated allografts
Femoral osteotectomies were performed on mice to replace a 
medial 4-mm segment of bone with either: live autograft (imme-
diate reimplantation of the same bone), devitalized femoral 
allograft, or allografts coated with varying doses of freeze-dried 
ssAAV2.0-BMP2 or scAAV2.5-BMP2. Longitudinal X-rays of the 
healing femurs were obtained weekly, and the grafted bones were 
harvested for micro-computed tomography (CT) and biomechan-
ical testing, or histology, on day 42. Consistent with the in vitro 
data, we failed to observe any remarkable osteogenic effects of the 
ssAAV2.0-BMP2 coating (Supplementary Figure S1), thus these 
data were not included in the comparative analysis.

The remarkable effects of the scAAV2.5-BMP2 coating on 
allograft healing were apparent from the plain X-rays beginning 
at 2-weeks after surgery, as evidenced by the large soft callus that 
formed around the allograft (Figure 3). This osteogenic response 

was dose-dependent (Table 1), in which 100% of the mice given 
1010 viral particles (n = 10) demonstrated new bone collar forma-
tion (Supplementary Figure S2). Although the early scAAV2.5-
BMP2 osteogenic response was more profound than that observed 
in the autografts, maturation of the soft callus over time in the two 
groups was similar, yielding bridging bone at 6 weeks. Micro-CT 
analysis of the healing femurs at 6 weeks confirmed the X-ray find-
ings (Figure 3). Most remarkable was the new bone collar around 
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Figure 3 R adiographic healing of murine femoral autografts, allografts, 
and self-complementary AAV serotype 2.5 vector (scAAV2.5)-bone 
morphogenetic protein-2 (BMP2)-coated allografts. (a–l) Longitudinal 
plane X-rays were obtained of the grafted femurs, and representative 
radiographs from an individual mouse taken at the indicated time after 
surgery from each group (n = 5) are shown. Note the remarkable amount 
of callus formed around the scAAV2.5-BMP2-coated allograft by week 2 
(arrowheads in f), which remodels to form a new bone collar similar to 
that of autograft at week 4–6 (arrows in g,i,j,l). Representative 3D recon-
structed micro-computed tomography (CT) images of the grafted femurs 
at 6 weeks are shown with (m–o) surface and (p–r) medial slice views to 
illustrate the indistinguishable new bone collar that completely surrounds 
(m,p) autografts and (o,r) scAAV2.5-BMP2-coated allografts, versus the 
lack of new bone formation around the medial segment of unremod-
eled allografts (arrows in n,q). Also of note is the extensive remodeling 
of autograft at this time, which is evident from the very thin cortical 
bone that is discontiguous with the host cortical bone, versus the largely 
unremodeled scAAV2.5-BMP2-coated allograft that is osteointegrated at 
both proximal and distal graft-host junctions (p versus r).
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Figure 2  In-vitro transduction and osteoblastic differentiation of 
C3H10T1/5 cells infected with single-stranded adeno-associated 
virus 2.0 (ssAAV2.0)-bone morphogenetic protein-2 (BMP2) ver-
sus self-complementary AAV serotype 2.5 vector (scAAV2.5)-BMP2. 
(a) C3H10T1/5 cells were infected with the indicated titer of ssAAV2.0-
BMP2 or scAAV2.5-BMP2, and the BMP2 protein levels in the culture 
supernatants were determine by enzyme-linked immunosorbent assay 
(ELISA) after 72 hours (*P < 0.05; #P < 0.01 versus ssAAV2.0-BMP2 at 
the same dose). (b) The cellular alkaline phosphatase (AP) activity in 
untreated (control), recombinant human BMP2 (rhBMP2) treated, 
ssAAV2.0-BMP2, or scAAV2.5-BMP2 transfected C3H10T1/5 was deter-
mined after 7 days of culture (*P < 0.05; #P < 0.001 versus control).



1420� www.moleculartherapy.org  vol. 19 no. 8 aug. 2011    

© The American Society of Gene & Cell Therapy
AAV2.5-BMP2-coated Revitalizing Femoral Allografts

the scAAV2.5-BMP2-coated allografts, which morphologically 
was indistinguishable from autografts. However, in contrast to 
autografts, which undergo extensive remodeling, scAAV2.5-
BMP2-coated allografts are not resorbed at 6 weeks, and appear to 
be fully osteointegrated into the host femur.

To more carefully assess the effects of the scAAV2.5-BMP2 
coating on bone parameters, we determined the callus volume 
(BVCallus), graft volume (BVGraft), and polar moment of inertia 
(PMI) from the 6-week micro-CT data (Table  1). Figure  4 is 
presented to illustrate the remarkable dose-dependent effects of 
scAAV2.5-BMP2 on new bone formation and allograft resorption. 
Most notable from the 3D reconstructed images is the BVCallus of 
the 1010 scAAV2.5-BMP2 group, which was fourfold greater than 
the allograft controls and significantly greater versus the 107 and 
108 scAAV2.5-BMP2 groups (P < 0.05). The 3D images also dem-
onstrate that allograft resorption only occurs on cortical surfaces 
that are covered by new bone. This explains why the BVGraft of the 
1010 sc-AAV2.5-BMP2 group was significantly lower than 107 and 
108 scAAV2.5-BMP2 groups (P < 0.05). However, this increased 
resorption was significantly less than that of autograft, which dis-
played a BVGraft that was threefold less than the 1010 scAAV2.5-
BMP2 group.

As the primary outcome measure of allograft healing is tor-
sional biomechanics, which is largely dependent on the PMI of 
long bones,24 and the graft-host union ratio,25 the scAAV2.5-
BMP2 effects on these parameters are most noteworthy. From the 
cross-sectional micro-CT images and corresponding PMI val-
ues, it is clear that the BMP2 transgene product does not merely 
induce heterotopic bone formation randomly. Rather, the new 
bone that forms around the scAAV2.5-BMP2-coated allografts 
has a highly ordered structure designed to maximize its biome-
chanical function, identical to that of autograft. As a result, the 
1010 scAAV2.5-BMP2 group had a significantly higher PMIAverage 
compared to all the other groups tested (P < 0.001). Moreover, the 
scAAV2.5-BMP2 induced the formation of a new bone collar that 
was osteointegrated with the coated allografts, as demonstrated 
by the boney connections identified by the union ratio analysis 
(Figure  5). At the highest dose, the scAAV2.5-BMP2 coating 
achieved a 10% union ratio in all of the samples tested, which is 
consistent with the observed bridging new bone collar in all the 

samples. While a regression analysis of the union ratio data dem-
onstrate a significant dose-dependent trend (union ratio = 0.0239 
× log(titer) − 0.1113; P < 0.015), the distribution of the data at the 
lower doses demonstrated more of an “all or none” response. This 
was also consistent with the proportion of new bone collar forma-
tion (107 = 1, 108 = 2, 109 = 1). Thus, it is likely that multiple factors 
synergize with the BMP2 transgene product to achieve effective 
bone healing in our murine allograft model, which is consistent 
with the clinical experience with rhBMP2.12,13

Torsional biomechanics of scAAV2.5-BMP2-coated 
allografts
To determine whether the significant new bone formation 
induced by the scAAV2.5-BMP2 coating translated into increased 
biomechanical strength of the allograft, grafted femurs as well as 
the unoperated contralateral femurs were torsion tested to fail-
ure. Consistent with our previous results,24 allografts only achieve 
~30% of the maximum torque, and 10% of the torsional rigidity, of 
unfractured femur after 6 weeks of healing (Table 1). At the lower 
doses (107, 108, 109), the scAAV2.5-BMP2 coating did not signifi-
cantly improve these poor biomechanics. However, the high-dose 
coating not only achieved superior biomechanics versus allograft, 
it achieved significantly greater maximum torque (P < 0.05) and 
torsional rigidity (P < 0.001) versus live autograft. Moreover, the 
1010 scAAV2.5-BMP2 coating achieved a torsional rigidity that was 
equivalent to that of the unoperated femurs. This latter finding is 
most remarkable, as we are unaware of any reports demonstrating 
that normal biomechanics of a critical defect can be achieved via 
healing of an acellular tissue engineered construct.

Histologic properties of revitalizing  
scAAV2.5-BMP2-coated allografts
The remarkable radiographic evidence of new bone formation and 
allograft remodeling observed at 6 weeks strongly suggests that 
the scAAV2.5-BMP2 coating induces significant osteoblastic and 
osteoclastic activity. To investigate this, we performed histomor-
phometry on orange G/alcian blue (OG/AB) and tartrate-resistant 
acid phosphatase stained sections of autografts, allografts, and 
1010 scAAV2.5-BMP2-coated allografts (Figure  6 and Table  2). 
The results confirmed that this dose of vector induces a new 

Table 1 C omparison of radiographic and biomechanical properties of autografts, allografts, and scAAV2.5-BMP2-coated allografts at 6 weeks 
of healing

 Autograft Allograft

scAAV2.5-BMP2-coated allograft (particles/graft)
Contralateral 

femur107 108 109 1010

Callus volume (mm3) 1.45 ± 0.62 1.05 ± 0.24 1.15 ± 0.75 1.17 ± 0.35 2.67 ± 0.73 3.94 ± 1.71*** ND

Graft volume (mm3) 1.15 ± 0.36* 3.92 ± 1.20 4.04 ± 0.65 4.85 ± 0.59 3.93 ± 0.58 3.13 ± 0.30† ND

PMI maximum (mm4) 1.38 ± 0.15 1.54 ± 0.18 1.91 ± 0.75 1.50 ± 0.34 2.13 ± 0.64 3.22 ± 0.91 ND

PMI minimum (mm4) 0.87 ± 0.20* 0.37 ± 0.15 0.28 ± 0.07 0.38 ± 0.08 0.78 ± 0.26 1.21 ± 0.42 ND

PMI average (mm4) 1.09 ± 0.18 0.73 ± 0.20 0.81 ± 0.28 0.85 ± 0.16 1.30 ± 0.37 2.59 ± 0.51†† ND

Union ratio 0.23 ± 0.11‡ 0.12 ± 0.07 0.07 ± 0.06 0.09 ± 0.06 0.08 ± 0.05 0.15 ± 0.01 ND

Torsional rigidity (Nmm2) 416.1 ± 119.0* 131.4 ± 35.6 103.9 ± 75.7 409.9 ± 405.1 1,324.0 ± 595.8 1,437.2 ± 150.5*,** 1,332.9 ± 81.88*,**

Maximum torque (Nmm) 13.81 ± 2.11* 6.53 ± 1.84 5.37 ± 1.91 7.65 ± 3.14 16.7 ± 6.51 17.31 ± 2.02*,** 24.83 ± 1.98*,**

Abbreviations: BMP2, bone morphogenetic protein-2; ND, no data; PMI, polar moment of inertia; scAAV2.5, self-complementary AAV serotype 2.5 vector.
Values are mean ± SD (n = 5) for each group. *P < 0.05 versus allograft; **P < 0.05 versus autograft; ***P < 0.05 versus autograft, allograft, 107 and 108; †P < 0.05 versus 
autograft, 107 and 108; ††P < 0.001 versus autograft, allograft, 107, 108, and 109; ‡P < 0.05 compared to allograft, 107, 108, and 109.
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Figure 4 D ose-dependent effects of self-complementary AAV serotype 2.5 vector (scAAV2.5)-bone morphogenetic protein-2 (BMP2) coating 
on new bone formation, allograft resorption and the polar moment of inertia of grafted femurs at 6 weeks. Micro-computed tomography (CT) 
scans were obtained of the femurs grafted with scAAV2.5-BMP2, and representative examples of the radiographic data generated from the (a) 107, 
(b) 108, (c) 109, and (d) 1010 particles per allograft groups (n = 5) are shown. For each example, an image of the total bone volume (top left), graft 
volume (top center), new bone volume (top right), 2D cross-sections at 1 mm intervals (middle), and a graphic illustration of the polar moment of 
inertia (PMI) over the length of the allograft (bottom), are shown. Of note are the moth-eaten resorption surfaces of the allografts, which correspond 
to regions that are covered by new bone.

0.00

107

scAAV2.5-BMP2 particles/allograft

U
ni

on
 r

at
io

108 109 1010

107 108 109 1010

0.05

0.10

0.15

0.20ba

Figure 5 U nion ratio analysis of self-complementary AAV serotype 2.5 vector (scAAV2.5)-bone morphogenetic protein-2 (BMP2)-coated allografts 
at 6 weeks. The micro-computed tomography (CT) data described in Figure 3 was analyzed to determine the graft-host union ratio. (a) A 3D recon-
structed image of the allograft at each dose of scAAV2.5-BMP2 tested with the median union ratio is shown. The surface voxels of the graft that are 
immediately adjacent to host bone are red whereas the other voxels are blue. (b) A linear regression between union ratio and number of scAAV2.5-BMP2 
particles coated on the allografts demonstrates the significant dose–response observed (union ratio = 0.0239 × log(titer) − 0.1113; P < 0.015).
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bone collar, which accounts for the significant increase in bone 
(P < 0.05) that is equivalent to that observed in live autografts. It 
also confirmed the robust osteoclastic responses along the entire 
length of the allograft, which accounts for the significant decrease 
in allograft bone versus the uncoated controls (P < 0.05).

There are two additional noteworthy observations from the 
histology analysis. The first is the absence of alcian blue stained 
cartilage in any of the sections, which indicates that the scAAV2.5-
BMP2 coating mediates its osteogenic effect through enhanced 
bone formation and remodeling rather than exaggerated and 
persistent endochondral ossification. The other, is the remark-
able revitalization of the allograft as evidenced by the live bone 
marrow within and around the necrotic cortical bone. This phe-
nomena, which also occurs in ssAAV-caAlk2-coated allografts,7 
cannot be readily explained by a direct effect of the transgene, as 

the vector coated on the periosteal surface does not have access 
to the medullary cavity of the allograft. Thus, this finding fur-
ther supports our conclusion that revitalization of rAAV-coated 
allografts is achieved via transient gene expression that trig-
gers a reparative/regenerative response to promote osteogenesis 
and inhibition of fibrosis, which is followed by a perpetual host 
remodeling response that converts necrotic tissue into live bone 
and marrow elements.

Discussion
Although the osteoconductive and biomechanical properties of 
cortical allografts make them valuable for limb sparing surgery 
for segmental defects, their lack of osteoinductive and osteogenic 
potential has led to poor long-term clinical results.3,4,26 Given these 
issues, and the remarkable improvements in modern prosthetics, 

Central region
of bone graft

Peripheral region
of bone graft

500 µm

500 µm

500 µm

500 µm

Figure 6  Histologic features of autograft, allograft and self-complementary AAV serotype 2.5 vector (scAAV2.5)-bone morphogenetic pro-
tein-2 (BMP2)-coated allograft healing at 6 weeks. Representative (n = 5) photomicrographs of (a–c) AB/OG and (d–l) TRAP stained histology 
from (a,d,g,j) autografted, (b,e,h,k) allografted, and (c,f,i,l) 1010 scAAV2.5-BMP2-coated allografted femurs at 6 weeks after surgery are presented 
at (a–f) ×25 and (g–l) ×200 magnification. The specimens are oriented with the proximal femur on the left, and the medial side on the top. The 
grafted region of the femur is indicated by (a–c) arrows, and presented at higher power to show the residual bone graft (highlighted tissue in d–f), 
to illustrate the changes to the 4-mm segment (bar in d–f), due to remodeling and telescoping over time. Remarkable aspects of scAAV2.5-BMP2-
coated allograft healing include: (i) the new bone collar that completely surrounds the allograft (arrowheads in c), (ii) the extensive bone marrow 
tissue (bm) between the new bone collar and the allograft (highlighted regions in c), (iii) the extensively resorbed allograft (highlighted regions in f), 
and (iv) the large number of TRAP+ (red) osteoclasts lining most of the cortical surface of the (f,i,l) allograft. Another similarity between autograft and 
scAAV2.5-BMP2-coated allograft healing was the bony union at the graft-host bone junctions (arrows in j and l), whereas the ends of the uncoated 
allografts were not united to host bone and lined with (k) osteoclasts (a–c,g–l: Bar = 500 μm).
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one might think that amputation is now a superior procedure to 
limb salvage for patients who present with leg-threatening inju-
ries. However, outcome studies have consistently demonstrated 
that postoperative pain, length of hospital stay, return to work 
rates, and sickness impact profile scores are similar for both pro-
cedures.27,28 Moreover, there are no significant differences in long-
term functional outcomes, in that both forms of management are 
associated with high rates of self-reported disability (40–50%), 
which continues to worsen over time. Thus, the quest for a prac-
tical off-the-shelf tissue engineering solution for these patients 
remains a high priority.

Although addition of BMP to cancellous allograft bone has 
proven to be remarkably successful for cavitary bone defects,29 
fracture healing,30 and spinal fusion31,32 the same is not true for 
large segmental defects that require exogenous BMP activity for 
at least 1 week.33 As a result, stem cell34–36 and gene therapy8,15,37–39 
approaches have been proposed as persistent osteogenic adju-
vants for massive bone defects. However, a major challenge for 
this tissue engineering approach is the generation of an off-the-
shelf construct that fulfills the biomechanical demands of post-
operative ambulation and long-term efficacy (>90% union). To 
this end, we proposed revitalizing rAAV-coated allografts based 
on: (i) >50 years of clinical experience with massive allografts, (ii) 
the broad availability of allografts, (iii) the ease of rAAV-coating, 
freeze-drying, and packaging, (iv) the remarkable stability of the 
construct (estimated >6-month self-life), and (v) its practical use 
that does not require significant changes from current standard 
practice. Interestingly, based on this rationale and the feasibility 
of the rAAV-coating approach, investigators have subsequently 
demonstrated its utility for soft tissue allografts40 and stents,41 and 
the subject has been reviewed.42,43

Given its feasibility, the remaining issues for revitalizing struc-
tural allografts toward clinical translation are their safety and effi-
cacy. In terms of safety, there are three independent factors that 
must be considered for scAAV2.5-BMP2-coated allografts: the 
human tissue, BMP2, and the viral vector. Because allografts are 
not sterilized before implantation, because it significantly decreases 
biological and biomechanical properties, their use has the inher-
ent concerns of infectious disease transmission.44 As such, rigorous 

screening and processing protocols have been developed to mini-
mize this risk. However, it is of interest that the use of aseptic 
allografts opens the opportunity for rAAV coating, which is not the 
case for synthetic implants that must be terminally sterilized before 
clinical use.

It has long been recognized that rhBMP2 efficacy is only 
achieved at supraphysiological (5–20 mg) doses.12,13 More recently, 
several severe adverse events associated with excessive heterotopic 
ossification have been reported, which has lead to a contraindi-
cation in the cervical spine.45 Thus, our findings that efficacy 
via rAAV gene transfer is achieved at physiologic BMP2 lev-
els (Figure  2a), and persists for only 3–4 weeks,9,40 significantly 
reduces safety concerns regarding heterotopic ossification versus 
rhBMP2 therapy.

The greatest safety issues with scAAV2.5-BMP2-coated 
allografts are potential concerns about the viral vector. Although 
the major concerns are abated by the facts that rAAV is a rep-
lication defective, nonintegrating vector that is derived from a 
nonpathogenic virus,46 the potential for cellular transformation 
and vector genome mobilization cannot be entirely eliminated. 
However, the frequency of these highly improbable events are fur-
ther diminished by the lack of vector dissemination,9,10 and the 
rapid clearance of the vector from cell turnover at 3–4 weeks.6,7,9 
scAAV2.5 is a second generation AAV vector that includes devel-
opment of both a novel capsid sequence (chimeric) and unique 
vector genome structure (duplexed). With respect to capsid 
sequence, 5 amino acids from type 1 were engineered into a sero-
type 2 backbone based on predicted structure to generate a deliv-
ery reagent with enhanced transduction profile and reduced NAb 
profile compared to serotype 2.47 Self-complementary vectors rep-
resent a unique ability to deliver a double-stranded vector genome 
after viral uncoating.48 In most cases, this modification has pro-
vided more potent and dose-dependent gene delivery by circum-
venting the second-strand DNA synthesis requirement typically 
observed with traditional single-stranded vectors.49

Using these vector modifications, here we demonstrate the 
remarkable 25-fold increased transduction efficiency (Figure 1), 
and the efficacy of scAAV2.5-BMP2-coated allografts in the 
murine segmental defect model, which is highlighted by the new 
bone collar (Figures 3, 4, and 6) that is indistinguishable from live 
autografts. More importantly, the high-dose group achieved supe-
rior biomechanics compared to autografts, with equivalent tor-
sional rigidity to that of normal mouse femur (Table 1). Although, 
we did not perform studies to evaluate the long-term outcomes 
after allograft remodeling is completed, which would take >1 
year, our finding that the scAAV2.5-BMP2-coated allografts con-
tain live bone marrow (Figure 6) suggests that the they are not 
susceptible to accumulation of microcracks which leads to cata-
strophic failures of standard allografts. As this proof of efficacy is 
best generated in clinically relevant large animals, we have begun 
preparations to evaluate scAAV2.5-BMP2-coated allografts in the 
canine femoral allograft model. Since we observed 100% success 
at a surface coating concentration of 4.2 × 108 particle/mm2, and 
surface area of a 5 cm canine, or human, intercalary allograft has a 
surface area ~100 times that of the murine allografts we used here, 
we propose that a dose of 1012 scAAV2.5-BMP2 particles will be 
needed to heal a critical defect of this size.

Table 2  Histomorphometry of autografts, allografts, and scAAV2.5-
BMP2-coated allografts at 6 weeks of healing

Parameters Autograft Allograft

1010 scAAV-
BMP2-coated 

allograft

Total bone volume (mm2) 4.12 ± 0.60* 2.28 ± 0.24 5.18 ± 0.91*

New bone volume (mm2) 1.13 ± 0.21* 0.59 ± 0.20 0.95 ± 0.20

Graft bone volume (mm2) 0.37 ± 0.07* 0.78 ± 0.08 0.38 ± 0.05*

Bone marrow tissue (mm2) 2.62 ± 0.76* 0.90 ± 0.19 3.86 ± 0.89*

Osteoclast number/ 
graft surface (mm)

2.61 ± 1.59 1.67 ± 0.49 3.79 ± 1.04*

Osteoclast surface/ 
graft surface (%)

8.41 ± 5.18 7.31 ± 2.35 16.71 ± 5.22*

Abbreviations: BMP2, bone morphogenetic protein-2; scAAV2.5, self-complementary 
AAV serotype 2.5 vector.
Values are mean ± SD (n = 5) for each group. *P < 0.05 versus allograft. Note no 
significant differences between autografts and scAAV2.5-BMP2-coated allografts 
were observed.
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Materials and Methods
Preparation of rAAV. The ssAAV2.0-BMP2 and scAAV2.5-BMP2 vectors 
expressing the human BMP2 gene were obtained from the Vector Core 
Facility of the University of North Carolina, Chapel Hill, NC. The vec-
tors were prepared using the helper virus free transfection method,50 and 
the titer of DNA resistant viral particles was determined by dot blot assay 
such that the purified stocks were ~1012 particles/ml. AAV 2.5 is a chimeric 
capsid composed of 5 amino acids of type 1 engineered into the capsid 
backbone of AAV2.0 and recently described in detail by Bowles et al.47 
scAAV vectors were generated as described by McCarty et al.48

In-vitro rAAV transduction, BMP2 expression, and alkaline phosphatase 
assays. Four different AAV vectors expressing enhanced GFP (eGFP) pro-
tein were prepared for the experiment to compare the transduction effi-
ciency in MSC cells: ssAAV2.0-eGFP, ssAAV2.5-eGFP, scAAV2.0-eGFP, 
and scAAV2.5-eGFP. C3H10T1/2 cells (104/well) were seeded in 24-well 
plate and cultured in Eagle’s basal medium supplemented with 2 mmol/l 
l-glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, and 10% fetal 
calf serum. At the time of rAAV administration, cultures were washed 
with phosphate-buffered saline and were exposed to the vectors in phos-
phate-buffered saline at a multiplicity of infection of 103, 104, and 105. 
After 20-minute exposure, phosphate-buffered saline containing the viral 
vectors was replaced with the fresh serum-containing medium. Cultures 
were observed by fluorescent microscopy at 24, 48, and 72 hours after viral 
infection. Bright field images and GFP fluorescent images were taken and 
transduction efficiency was calculated by the number of GFP+ cells/the 
number of whole cells.

For BMP2 transduction experiments, cultures were infected with 
varying concentrations of either ssAAV2.0-BMP2 or scAAV2.5-BMP2 
viral particles, the supernatants were collected at 72 hours, total protein 
concentration was determined by optical density at 450 nm, and the BMP2 
concentration was determined by BMP2 Immunoassay Kit (Quantikine; 
R&D Systems, Minneapolis, MN) and reported as pg/ml. To assess 
BMP2-induced C3H10T1/2 cell differentiation, 5 × 104 cells were plated 
in 24-well plates and treated with: media alone; rBMP2 (R&D Systems); 
ssAAV2-BMP2; or scAAV2.5-BMP2. The cells were harvested on day 7 
and assayed for alkaline phosphatase activity enzymatically as we have 
previously described.22

Murine femoral allograft surgery. All segmental femoral graft surgeries 
were performed on 8-week-old-C57BL/6 female mice following protocols 
that were approved by the University of Rochester Committee for Animal 
Resources. Approximately 4-mm long femoral diaphyseal allografts were 
aseptically harvested and stored at −80 °C for >2 days before use as previ-
ously described.6

For in vivo transduction efficiency experiment, femoral allografts 
were coated with 1010 particles of the four different types of rAAV vectors 
(ssAAV2.0-eGFP, ssAAV2.5-eGFP, scAAV2.0-eGFP, and scAAV2.5-
eGFP) in 10 μl of a 1% sorbitol-phosphate-buffered saline solution onto 
the cortical surface of the allografts. The allografts were then frozen at 
−80 °C, lyophilized and stored at −80 °C until they were transplanted. 
Femoral allograft surgeries were performed under general anesthesia and 
stabilized with an intramedullary pin as we have previously described.6 
Mice were euthanized 1 week after surgery and grafted femurs were 
harvested, fixed, decalcified, and processed for paraffin-embedded 
histology as we have previously described.6 Immunohistochemistry for 
GFP was performed using a commercially available antibody (goat anti-
GFP antibody ab6673; Abcam, Cambridge, MA), on paraffin-embedded 
sections pretreated with peroxidase 1 blocking reagent and background 
sniper, and visualized with anti-goat HRP-polymer Detection Kit and 
Romulin AEC Chromogen (Biocare Medical, Concord, CA) per the 
manufacturer’s suggested protocol.

For rAAV-BMP2 efficacy studies, coating was performed using an aliquot 
of the ssAAV2.0-BMP2 or scAAV2.5-BMP2 stock solution containing 107, 

108, 109, or 1010 particles as described above. Femoral allograft surgeries were 
performed under general anesthesia and stabilized with an intramedullary 
pin as we have previously described.6 Mice were euthanized 6 weeks after 
surgery and both the grafted femurs and unoperated contralateral femurs 
were harvested. Separate groups of femurs (n = 5) were generated for micro-
CT and subsequent biomechanical testing, or demineralized histology.

Micro-CT. Micro-CT imaging was performed at high resolution (10.5 µm) 
on the VivaCT40 micro-CT scanner (Scanco Medical, Basserdorf, 
Switzerland) at 55 kVp, 145 µA, 300-ms integration time. Bone volume 
measurements and cross-sectional organization of grafted femurs was per-
formed as previously described using Scanco Medical µCT 40 Evaluation 
Program.24 First, the total bone volume (BVTotal) between the graft-host 
interfaces was quantified. Graft bone volume (BVGraft) was calculated by 
manually segmenting the graft from the surrounding mineralized callus. 
The difference between BVTotal and BVGraft was computed to determine 
mineralized callus volume (BVCallus). The cross-sectional PMI were com-
puted for each slice throughout the grafted region. The average, minimum, 
and maximum PMI (PMIAverage, PMIMin, and PMIMax) were determined for 
each specimen as previously described.24 The union ratio was calculated 
from micro-CT images using custom software, written in MATLAB (The 
Mathworks, Natick, MA) as described previously.25

Biomechanical testing. After micro-CT imaging, the ends of the femurs 
were cemented into 6.35 mm3 aluminum square tube holders using PMMA 
in a custom-made jig to ensure axial alignment and to maintain a gage 
length of 6.3 ± 0.9 mm, as we have previously described.24 An EnduraTec 
TestBench System (200 Nmm torque cell; Bose, Minnetonka, MN) was 
used to test the samples in torsion at a rate of 1°/second until failure. The 
ultimate torque (TUlt) and torsional rigidity (TR) was determined by plot-
ting the torque data against the rotational deformation (normalized by 
gage length and expressed as rad/mm).

Histology and histomorphometry. The grafted femurs were harvested, 
fixed in 10% neutral-buffered formalin, decalcified 0.5 mol/l EDTA for 
21 days, and 3 µm paraffin-embedded sections were prepared and stained 
with orange G/alcian blue (OG/AB), or for tartrate-resistant acid phos-
phatase activity and counterstained with hematoxylin as we have described 
previously.7 Histomorphometry to quantify total bone volume (mm2), new 
bone volume (mm2), graft bone volume (mm2), bone marrow tissue (mm2), 
osteoclast number/graft surface (mm), and osteoclast surface/graft surface 
(%) was performed as we have previously described.6

Statistical analysis. All values are presented as mean ± SD. Statistical 
significance was determined using a two-sided t-test for two group com-
parison or one-way analysis of variance with Bonferroni post-hoc tests for 
multiple group comparisons, where P < 0.05 was considered to be signifi-
cant. To evaluate trends, linear regression analysis was performed using 
Graphpad Prism Version 4 (Graphpad Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL
Figure  S1.  Lack of osteogenic effects observed with ssAAV2.0-BMP2 
coated femoral allografts.
Figure  S2.  Dose-dependent osteogenic effects of scAAV2.5-BMP2 
coated femoral allografts.
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