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Abstract
We report the novel use of a tuneable, non-integrating viral gene delivery system to bone that can be combined with clinically
approved biomaterials in an ’off-the-shelf’ manner. Speciﬁcally, a doxycycline inducible Tet-on adenoviral vector (AdTetBMP-2) in
combination with mesenchymal stromal cells (MSCs), ﬁbrin and a biphasic calcium phosphate ceramic (MBCP®) was used to repair
large bone defects in nude rats. Bone morphogenetic protein-2 (BMP-2) transgene expression could be effectively tuned by
modiﬁcation of the doxycycline concentration. The effect of adenoviral BMP-2 gene delivery upon bone healing was investigated
in vivo in 4 mm critically sized, internally ﬁxated, femoral defects. MSCs were transduced either by direct application of
AdTetBMP-2 or by pre-coating MBCP granules with the virus. Radiological assessment scores post-mortem were signiﬁcantly
improved upon delivery of AdTetBMP-2. In AdTetBMP-2 groups, histological analysis revealed signiﬁcantly more newly formed bone
at the defect site compared with controls. Newly formed bone was vascularized and fully integrated with nascent tissue and
implanted biomaterial. Improvement in healing outcome was achieved using both methods of vector delivery (direct application
vs. pre-coating MCBP). Adenoviral delivery of BMP-2 enhanced bone regeneration achieved by the transplantation of MSCs, ﬁbrin
and MBCP in vivo. Importantly, our in vitro and in vivo data suggest that this can be achieved with relatively low (ng/ml) levels of
the growth factor. Our model and novel gene delivery system may provide a powerful standardized tool for the optimization of
growth factor delivery and release for the healing of large bone defects. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction
Bone defects and non-union fractures resulting from
trauma, tumour resection or other skeletal abnormalities
represent a major clinical problem in orthopaedic
medicine. Clinical interventions for large bone defects
and non-union fractures include autologous or allogeneic
bone grafting, but limitations in supply result in
difﬁculties for the repair of large or multiple defects – a
problem that is exacerbated by our aging population.
Moreover, a good clinical outcome is not always achieved
and allogeneic tissue transplantation is associated
with risks of disease transmission and immunological
complications (Burchardt, 1987; Goel et al., 2005).
Although routinely used in dental practice, xenograft bone
substitutes are less favoured for large bone defect repair in
orthopaedics due to volume requirements and the
association with post-surgical complications. Ceramic
biomaterials offer a synthetic alternative to bone graft,
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exhibiting potent osteoinductive properties in vivo
(Barradas et al., 2011). Micro-macroporous biphasic
calcium phosphate (MBCP®) hydroxyapatite ceramic has
been studied extensively in animal models of bone repair
(Goyenvalle et al., 2010; Jegoux et al., 2005; Le Nihouannen
et al., 2008; Saffarzadeh et al., 2009) and more recently has
demonstrated safety and clinical efﬁcacy in the treatment of
tooth extractions (Weiss et al., 2007) and benign bone
tumours and lesions (Reppenhagen et al., 2012).
Mesenchymal stromal cells (MSCs) have been
extensively studied as a cell-source for bone regeneration
and are thought to contribute to healing by direct
cellular
differentiation,
paracrine
activity
and
immunomodulation. In vitro expanded MSCs have
demonstrated therapeutic efﬁcacy when used for the
treatment of osteogenesis imperfecta (Horwitz et al.,
2002), bone defects (Marcacci et al., 2007) and non-union
fractures in man (Quarto et al., 2001). However, complete
functional regeneration of large bone defects or nonunion fractures has not been achieved using MSCs or
biomaterials alone. Cell-based therapies, biomaterial
implantation and drug/gene therapy used alone or in
combination are considered to be the future of biological
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bone repair strategies (Homma et al., 2013; Kon et al.,
2012).
Bone morphogenetic protein-2 (BMP-2) is a potent
regulator of bone repair, critical in the fracture healing
process, where it exerts complementary effects upon both
osteogenesis and angiogenesis (Ruschke et al., 2012). The
morphogen
upregulates
osteogenic-related
gene
expression in osteoblasts and mesenchymal progenitors,
acting principally via Smad and p38 mitogen-activated
protein kinase signalling pathways (Luu et al., 2007;
Nishimura et al., 1998). Moreover, BMP-2 also appears
to be involved with osteoprogenitor cell recruitment from
the periosteum during bone healing (Wang et al., 2011).
With respect to angiogenesis, BMP-2 may stimulate vascular
endothelial growth factor expression in osteoblasts
(Deckers et al., 2002) and the chemotaxis of endothelial
progenitor cells (Raida et al., 2006). Given its crucial role
in osteogenesis, BMP-2 has been used for almost two
decades to induce heterotopic ossiﬁcation in vivo
(Kusumoto et al., 1998; Vogelin et al., 2005; Yoshida et al.,
1998). Since then, many groups have explored the
regenerative potential of the growth factor to repair bone
in various animal models of large segmental bone defects,
long bone fractures, calvarial defects and in spinal fusion
(Axelrad and Einhorn, 2009). BMP-2 has been used
clinically for spinal fusion (Carreon et al., 2009; Hodges
et al., 2012; Katayama et al., 2009; Slosar et al., 2007) and
in patients following dental implant extraction (Fiorellini
et al., 2005). However, adverse effects, attributed to using
high quantities and uncontrolled release of the growth
factor, have also been reported (Carragee et al., 2011;
Lubelski et al., 2013; Mesﬁn et al., 2013).
Growth factor delivery to bone may be achieved using
both non-viral and viral gene delivery systems (Evans,
2012). Such approaches offer potential advantages over
application of recombinant protein, including posttranslational modiﬁcation and the localized, sustained and
controllable nature of transgene expression. Delivery of
BMP-2 via adenoviral vectors has been shown to promote
bone healing in both rabbit (Baltzer et al., 2000) and rat
(Betz et al., 2006) segmental femoral defect models. Teton and Tet-off control systems allow for tuneable control
of transgene expression, which is attractive for the delivery
of growth factors in a clinical setting. Promising results have
recently been reported following combined MSC
transplantation with retroviral delivery of stromal cell
derived factor (SDF-1) under a Tet-off control system in a
tibial intramedullary transplantation lethally irradiated
mouse model (Herberg et al., 2015).
In the case of large bone defects, tissue engineering
aims to initiate bone healing by providing a mechanically
stable environment, vasculature, inorganic mineral and a
source of osteoprogenitor cells or osteoblasts to generate
bone matrix and initiate tissue repair. Here, we report a
combinatorial tissue engineering approach to repair
critically sized defects in nude rats. We hypothesized that
bone defect healing could be enhanced by doxycycline
inducible adenoviral delivery of BMP-2. Two viral delivery
methods were investigated (i) direct application and (ii)
Copyright © 2016 John Wiley & Sons, Ltd.

pre-coated MBCP granules (Table 1). In both in vitro
and in vivo studies, virus control groups were included,
whereby the vector was delivered in the absence of
doxycycline, thus transgene expression was not induced.
Human MSCs were used as an osteoprogenitor cell source.
MBCP provides an osteoconductive surface, mechanical
strength and stiffness in addition to promoting structural
integrity within the defect. Here we used ﬁbrin to provide
a physiologically relevant cell carrier in order to retain
cells, MBCP granules and the vector within the defect site
and promote integration with nascent tissue.

Methods
Adenoviral vector
The Tet-on adenoviral shuttle vector was constructed by
cloning the tetracycline response element (TREtight) and a
polyadenylation signal into the adenoviral shuttle vector
pDC312 (Microbix, Toronto, Canada). The cDNA coding
for human BMP-2 was subcloned into the SmaI site of the
‘Tet-on’ shuttle vector. Subsequently, an expression cassette
carrying the human cytomegalovirus immediate early
promoter, the cDNA for the reverse transactivator (rtTA2SM2) (Gossen et al., 1995) and a polyadenylation signal
was directionally cloned into the BglII and the Klenow
enzyme ﬁlled-HindIII site downstream of the BMP-2 Teton vector. Plasmid DNA vector integrity was veriﬁed by
DNA sequencing. Recombinant adenoviral vectors were
obtained by site-speciﬁc Cre recombination between the
loxP site of the shuttle vector and the loxP site of the
backbone vector pBHG10loxΔE1,E3Cre (Microbix) using
the calcium phosphate precipitation method on 293 cells
(Graham and van der Eb, 1973). Plaques were isolated,
puriﬁed and expanded on 293 cells (Microbix). Adenoviral
vectors were puriﬁed by double caesium chloride gradient
centrifugation and subsequent desalting with PD-10
Column Sephadex G-25 M (GE Healthcare, Munich,
Germany). Titres were determined by endpoint dilution
assay to obtain a biological titre (pfu/ml) (Anton et al.,
2012).

MSC isolation and in vitro expansion
Vertebral body bone marrow aspirate was obtained from a
22-year-old male with informed consent and full ethical

Table 1. Control and experimental group allocation
Groups
Control
1
2
3
4
Experimental
5
6

Name

Vector delivery

Doxycycline

Control
Ad control
Pre-C Ad control
Doxycycline control

Direct
Pre-coated ceramic
-

625 mg/kg feed

Ad + Dox
Pre-C Ad + Dox

Direct
Pre-coated ceramic

625 mg/kg feed
625 mg/kg feed
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approval (KEK Bern 126/03). Mononuclear cells were
isolated using a standard density centrifugation method.
Brieﬂy, bone marrow aspirate was diluted 1:3 in
phosphate-buffered saline (PBS; Sigma, St Louis, MO,
USA), ﬁltered through a 70 μm cell strainer, layered on
to Histopaque-1077™ (Sigma, 10771) and centrifuged at
800 g for 20 min at room temperature without braking.
The interphase, containing the mononuclear cell fraction,
was collected and washed twice in culture medium:
alpha-MEM (Gibco, Zug, Switzerland), 10% fetal calf
serum (Gibco) and 0.05% penicillin and streptomycin
(Gibco) and a cell count performed using a Scepter™ 2.0
Automated Cell Counter (Millipore, Darmstadt,
Germany). Mononuclear cells were cultured at a density
of 50 000 cells/cm2 in culture media supplemented with
5 ng/ml basic ﬁbroblast growth factor (Fitzgerald, North
Acton, MA, USA) at 37°C and 5% CO2. MSCs were
cultured in the presence of ﬁbroblast growth factor, as this
is known to be a potent mitogen and maintains
mulitpotency (Bianchi et al., 2003; Martin et al., 1997;
Solchaga et al., 2005). A media change was performed
after 4 days to remove non-adherent cells with
subsequent media changes three times a week. MSCs
were stored in liquid nitrogen and used at passage 2 for
subsequent in vitro and in vivo experiments.

In vitro study
MBCP granules comprising 60% hydroxyapatite and 40%
calcium phosphate, pore size between 300 and 600 μm,
were used in the study (Biomatlntle, Vigneux de
Bretagne, France). MSCs were transduced in three
dimensions as previously described (Neumann et al.,
2013) with Ad-tetBMP-2 in combination with MBCP and
ﬁbrin to determine transgene expression in vitro. In both
in vitro and in vivo studies, virus control groups were
included, whereby the vector was delivered in the
absence of doxycycline, thus transgene expression was
not induced. Groups were as follows: Group 1 Control:
cells + ﬁbrin + granules; Group 2 Ad control: cells +
ﬁbrin + granules + virus; Group 3 Pre-C Ad control: cells
+ ﬁbrin + granules pre-coated with virus; Group 4
Doxycycline control: cells + ﬁbrin + granules +
doxycycline; Group 5 Ad + Dox: cells + ﬁbrin + granules
+ virus + doxycycline; Group 6 Pre-C Ad + Dox: cells +
ﬁbrin + granules pre-coated with virus + doxycycline.
Each construct contained 0.5 × 106 MSCs ±100 mg
MBCP granules. Tet-on AdBMP-2 was used at 10 pfu/cell
in serum-free high glucose DMEM media (Gibco).
100 mg granules were pre-wet with 50 μl DMEM media
± virus. Fibrinogen and thrombin (Baxter, Vienna,
Austria) were used at ﬁnal concentrations of 16 mg/ml
and 2 U/ml, respectively. For each construct, 0.5 × 106
MSCs were resuspended in 75 μl ﬁbrinogen and mixed
with the granules. Finally, a 75 μl volume of thrombin
was applied to each construct to initiate polymerization.
Constructs were incubated at 37°C for 30 min to ensure
homogeneous polymerization prior to incubation with
Copyright © 2016 John Wiley & Sons, Ltd.
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culture media [DMEM high glucose 4.5 g/l, 1% Insulin
transferrin selenium (ITS) (Corning, New York, NY,
USA), 50 μg/ml ascorbate-2-phosphate (Sigma) and
100 μM ɛ-aminocaproic acid (Sigma)]. Cell supernatant
was collected at day 2 as a baseline control for BMP-2.
Subsequent media changes, performed every 3 days, were
supplemented with 0.5 or 1 g/ml doxycycline (Sigma).
Cell culture supernatant was collected and media changes
performed on days 2, 4, 7, 10, 13 and 16 of the
experiment. Supernatant from each group was collected
and stored at –20°C prior to BMP-2 enzyme-linked
immunosorbent assay (ELISA). Cell survival at day 7
was determined by CellTiter-Blue® according to the
manufacturer’s instructions (Promega, Madison, WI,
USA).
Bmp-2 Elisa
Secreted BMP-2 was quantiﬁed from the cell supernatant
of cells transduced in three dimensions using a BMP-2
ELISA (DY355, R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. All steps
were performed at room temperature. Brieﬂy, the BMP-2
monoclonal antibody was diluted to 1 μg/ml in PBS and
incubated with the plate overnight. After washing three
times with 0.05% PBS-Tween, plates were blocked with
1% bovine serum albumin in PBS for 2 h. Supernatant
was diluted in 1% bovine serum albumin in PBS, added
to the wells together with BMP-2 standards and incubated
for 2 h. After repeated washing in PBS-Tween, a detection
antibody cocktail was applied for 2 h followed by
streptavidin HRP provided in the kit for 20 min. Samples
were incubated with substrate solution for 20 min in the
dark prior to the addition of the stop solution. Optical
density was measured using a microplate reader (Victor3
Micro Plate Reader, Perkin Elmer, Germany) at 450 nm.
Readings at 540 and 570 nm were subtracted from
readings at 450 nm to correct for optical imperfections
in the plate.
In vivo study design
The in vivo study was performed using 34 female, 22–24week-old (mean body weight 233 ± 21 g) speciﬁc
pathogen-free Charles River Rowett Nude rats within an
AAALAC International accredited facility. Animals were
group housed in Individual ventilated cages (IVC) cages
in a biosafety level 2 facility before and for the duration
of the study. SPF status of the animals was conﬁrmed
before surgical intervention and at euthanasia (Rat PCR
Rodent Infectious Agent panels; Charles River, Sulzfeld,
Germany). Animals were randomly assigned to
experimental and control groups, which are deﬁned in
Table 1. Animals were checked for general health by
qualiﬁed veterinarians throughout the study. All animals
received standard feed prior to surgery ad libitum
(Provimi-Kliba, extrudat 3436). After surgery, animals in
groups 1–3 received standard feed and animals in groups
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4–6 received feed containing doxycycline (Provimi-Kliba,
feed-number: 3432.PM.PM.V20 + 1% saccharose and
chocolate aroma + doxycycline at 625 mg/kg feed).
Those involved in the surgery, postoperative care,
radiological, computed tomography and histological
analysis were blind with regards to individual group
allocation for the duration of the study.

Surgery and implantation of constructs
A critically sized bone defect model in rats was used as
previously described (Poser et al., 2014). All groups
received MCBP granules, MSCs and ﬁbrin. AdTetBMP-2
was administered either by pre-coating the granules the
day before surgery or by direct application on the day of
surgery. MBCP granules were pre-wet the day before
surgery with PBS with/without virus (10 pfu/cell).
PBS ± virus were applied to granules for 30 min, then
removed and discarded. On the day of surgery, passage 2
MSCs were trypsinized and resuspended in ﬁbrinogen. For
groups 3 and 4, AdTetBMP-2 was mixed into the thrombin
approximately 2 h before implantation. Immediately before
implantation, MSCs in ﬁbrinogen were combined with the
granules and thrombin and implanted into the defect site
(Figure 1). In order to suitably ﬁt the 4 mm defect, construct
size was modiﬁed from the in vitro experiment and thus
comprised: 30 mg MBCP granules, 1.5 × 105 MSCs, 30 μl
ﬁbrinogen and 30 μl thrombin ± virus.
Surgery was performed under a laminar ﬂow hood.
Anaesthesia
was
induced
with
isoﬂurane
Baxter®/Baxter AG/55999 at 3% and maintained
thereafter at 1.5–1.8% in oxygen at 0.6–1 l/min. Animals
received 0.1 mg/kg buprenorphine (Temgesic®, Reckitt
Benckiser, Wallisellen, Switzerland) subcutaneously prior
to surgery. Animals were placed in ventral recumbency
and the left femur aseptically prepared. A curved skin
incision was made from the base of the tail to the stiﬂe.
The subcutaneous fascia lata was sharply incised and the
M. quadriceps and M. biceps femoris separated bluntly to
expose the lateral aspect of the femur, avoiding
manipulation of the sciatic nerve. A PEEK plate
(RIS.602.100, RatFix plate 8 hole, Risystem AG, Davos,
Switzerland) was ﬁxed to the dorsolateral surface of the
femur using six self-cutting locking titanium screws
(RIS.402.120, RatFix shoulder screw 0.70 × 5.70 mm)
with the centre of the plate at the distal level of the lateral

femoral crest. 4 mm defects were created in the centre of
the plate by two osteotomies using a Gigly hand saw
(RIS.590.110, Gigly wire saw 0.44 mm) and jig
(RIS.302.104, RatFix drill and saw guide 4 mm at
23 mm). Defects were ﬁlled according to group allocation,
with the surgeon blinded. Fascia and skin were closed in a
continuous pattern with # 5-0 Vicryl rapide (Ethicon,
Diagem, Belgium). Animals received 3 ml warmed Ringer’s
solution and 0.1 mg/kg buprenorphine (Temgesic®)
subcutaneously after surgery. Postoperative analgesia was
administered for 7 days in the animals’ drinking water
(Dafalgan® Sirup 3%, Bristol-Myers Squibb SA, Cham,
Switzerland) at 7 ml/100 ml water. Weight was recorded
at surgery and weekly thereafter. Animals were euthanized
after 12 weeks by carbon dioxide.
Radiographs
Lateral radiographs were taken postoperatively, at 6 weeks
and at 12 weeks post-mortem (Trauma Diagnost, Philips
Medical Systems, Hamburg, Germany). Radiographs were
scored independently by two blinded assessors using a
grading system that considered both the granularity and
the abundance of radiodense material with the defect site
and the degree of bridging (Figure S1). The combined
radiograph score presented is the mean of both assessors’
scores.
Micro-computed tomography
Animals were scanned post-mortem at 12 weeks
(VivaCT40, Scanco Medical, Bruttisellen Switzerland). In
addition, three animals from group 1 were scanned under
anaesthesia immediately postoperatively and after
6 weeks. One thousand projections per scan were
acquired at 70 kV, 114 μA and 200 ms integration time.
Slices were reconstructed across an image matrix size of
2048 × 2048 voxels, with a nominal voxel size of
19 μm. A region of interest (ROI) for image analysis was
deﬁned using a postoperative scan (reference scan). The
reference scan was ﬁrst re-oriented to align the femur in
the z-axis. A cylindrical ROI, diameter 7.5 mm and centred
on the bone axis, was deﬁned by interpolations between
two circular contours at both osteotomy sites. The ﬁrst
and last 10 slices were deleted from the ROI to exclude
surrounding bone from the analysis. The same ROI was

Figure 1. Photographs of (A) mesenchymal stromal cell ﬁbrin–MCBP® construct directly after polymerization and of the animal surgery (B) after plate ﬁxation and (C) following
implantation of the construct.
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applied to all scans by aligning them to the reference scan.
Scans were Gaussian-ﬁltered (sigma = 1, support = 2)
and calciﬁed material (including MBCP granules and
calciﬁed tissue) segmented (threshold = 370 mgHA/
cm3). The volume of calciﬁed material within the defect
was computed from the number of segmented voxels
within the ROI.
Histology
After euthanasia, femurs with attached plates and the
surrounding soft tissue were excised and ﬁxed in 70%
ethanol for 4 weeks. Samples were dehydrated in a series
of graded alcohols to xylene prior to embedding in methyl
methacrylate
(Sigma).
Serial
cross-sections
of
approximately 250 μm were taken using a saw microtome
(Leica SP 1600 saw microtome, Leica AG Wetzler,
Germany). Sections were glued on to opaque Plexiglas
slides, ground and polished to a thickness of
approximately 100 m (Exakt Micro Grinding System,
Exakt Apparatebau, Norderstedt, Germany). Sections
were treated with 1% formic acid and stained with 15%
Giemsa solution (Fluka Buchs, Switzerland), rinsed and
further stained with a 1% eosin solution (Sigma) for
histological analysis. Images were taken using a Zeiss
Axioplan 2 ﬂuorescence microscope. The images presented
show the best defect healing observed for each group. The
amount of newly formed bone within the defect site was
quantiﬁed using Adobe Photoshop CS5 image analysis
software. Brieﬂy, a ROI of 3 × 4.5 mm was created between
the two most internally ﬁxed screws, which deﬁned the
defect area. Thresholding parameters were used to create
a mask of newly formed bone, which excluded the granules
and other soft tissues (Figure S2). By calibrating to the scale
of the image, the percentage area of the defect occupied by
bone could be automatically quantiﬁed.
Bending stiffness
In order to determine bending stiffness, the microcomputed tomography scan was cropped to include only
the volume between the inner screws of the ﬁxation plate.
This was then converted into a micro-ﬁnite element
model with a conversion from grey scale to elastic
modulus as described by Homminga et al. (2001). A
wedge displacement of 1.5° in the plane of the screws
was applied to both ends of this model. This loading
created a bending moment and potentially also an axial
loading (compression or tension) if the bone was not
perfectly aligned and balanced in the centre of the image.
To calculate the bending moment, the average axial load
was subtracted from each end, the remainder was then
multiplied by the distance from the centre of bending
and integrated across the surface. Due to the small angle,
the radius of the bend was very large, the alignment of
the bone within the image had only a small effect
(0.05%) on the bending radius, a theoretical radius
passing through the model centre was used for each
Copyright © 2016 John Wiley & Sons, Ltd.
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image. This allowed us to calculate the bending stiffness
EI (Young’s modulus x moment of inertia).

Statistics
Both in vitro and in vivo data were non-normally
distributed, as determined by the D’Agostino-Pearson test
for normality and variances not equal for all outputs as
determined by Levene’s test. CellTiter-blue® and BMP-2
ELISA data are presented as means ± standard error of
the mean. Data from individual animals are presented as
scatterplots for each group for radiograph score, microcomputed tomography and histological bone formation,
with error bars representing the interquartile range of
the group. A statistical analysis was performed using
GraphPad Prism 6. A single outlier in group 5 (Ad +
Dox) was identiﬁed following micro-ﬁnite element
analysis and thus excluded from the analysis of bending
stiffness. Differences between groups were tested for
statistical signiﬁcance using Mann–Whitney tests between
two groups and Kruskal–Wallis one-way analysis of
variance test between more than three groups.

Results
Doxycycline inducible BMP-2 expression by MSCs in vitro
MSC viability in the presence or absence of adenovirus
with/without doxycycline was ﬁrstly investigated
in vitro. CellTiter-blue® revealed that MSCs proliferated
within the constructs in all groups (Figure 2A). The mean
ﬂuorescence intensity of CellTiter-blue® was signiﬁcantly
higher at day 7 compared with day 0 in controls
(p = 0.0043) and in all virus groups (Ad: 0.032, Ad +
Dox: p = 0.032, Pre-C + Dox: p < 0.0001; Kruskal Wallis)
with the exception of group 3 (Pre-C + Ad).
The amount of secreted BMP-2 was compared between
all groups by ELISA. BMP-2 was detected in the
culture media of Ad + Dox transduced MSCs at day
4 at 238 ± 41.7 pg/ml 2 days after doxycycline
supplementation had commenced (Figure 2B).
Conversely transgene expression was not detectable in
the Pre-C + Dox group until day 7 (254 ± 178 pg/ml
Figure 2B). In both Ad + Dox and Pre-C + Dox groups
BMP-2 increased during 16 days of culture with levels
remaining consistency lower when the virus had been
pre-coated on to the granules compared with direct
application. BMP-2 was detected at signiﬁcantly higher
levels at day 7 in the Ad + Dox group (1212 ± 172 pg/
ml) compared with the Pre-C + Dox group
(254 ± 178 pg/ml Kruskal-Wallis p = 0.0007). BMP-2
detected in virus groups treated with 0.5 ng/ml
doxycycline was consistently lower compared with groups
treated with 1 ng/ml doxycycline and was statistically
signiﬁcant at day 4 (p = 0.0007 Kruskal-Wallis Figure 2
B). Importantly no secreted BMP-2 was detected in either
doxycycline-free or un-transduced controls. Together
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Figure 2. (A) Viability of transduced/untransduced mesenchymal stromal cells (MSCs) encapsulated within ﬁbrin gels as determined by CellTiter-Blue® at day 7. (B)
Quantitation of BMP-2 from the secretome of MSCs transduced directly or by pre-coating MBCP® with adenovirus over 16 days. Media was supplemented with doxycycline
(0.5 vs. 1 ng/ml) from day 2 onwards. Data presented are means ± standard error of the mean, *p < 0.05, **p < 0.005

Surgeries were performed successfully without major
complication. Two animals were euthanized early due to
screw failure and were therefore excluded from the study.
The majority of animals gained weight postoperatively,
were healthy and exhibited normal behaviour, as
observed by qualiﬁed veterinarians. There was some
variation in weight gain and ﬁnal weights between
animals, but no signiﬁcant differences between groups
(mean weight at euthanasia group 1: 248 ± 14 g, group
2: 243 ± 25 g, group 3: 250 ± 13 g, group 4:
255 ± 15 g, group 5: 243 ± 14 g, group 6: 243 ± 28 g).

radiographic scoring system was fair (Kappa statistic
0.262). Signiﬁcantly higher radiograph scores were
observed in Ad + Dox and Pre-C Ad + Dox groups
compared with virus control groups without
doxycycline administration (4.29 ± 1.27 vs.
2.86 ± 0.78, Mann Whitney, p = 0.0033, Figure 3M).
When assessing the two viral delivery groups
separately, radiological assessment scores of the defect
site at 12 weeks were higher when the vector was applied
directly (Ad + Dox: 4.50 ± 1.30) compared with the
respective virus control group without doxycycline (Ad
control: 2.92 ± 1.15). Similarly, signiﬁcantly higher
radiograph scores were seen when MBCP granules
were pre-coated with the virus (Pre-C Ad + Dox:
4.08 ± 1.32) compared with the respective virus control
group without doxycycline (Pre-C Ad: 2.80 ± 0.27,
Kruskal-Wallis, p = 0.0325, Figure 3N). No difference in
radiological score was apparent when comparing direct vs.
pre-coated ceramic granules as methods of vector delivery.

Radiology

Micro-computed tomography

Radiographs taken directly postoperatively and after
12 weeks showed improved defect healing in
AdTetBMP-2 groups compared with all control groups
(Figure 3A–L). Inter-assessor agreement on the

Postoperative computed tomography showed that MBCP
granules remained in place within the defect site
following surgery and for the study duration (Figure 4A,
B). The total mineralized tissue volume was measured

these data demonstrate that in vitro transgene expression
is (i) delayed and more gradual by pre-coating the
granules with virus and (ii) tuneable via modulation of
doxycycline concentration

In vivo study results

Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 3. Radiographs taken (A,C,E,G,I,K) postoperatively and (B,D,F,H,J,L) 12 weeks after surgery. (M, N) Radiograph scoring at 12 weeks determined by two blinded,
independent assessors (see Figure S1 for scoring details). Box plots present scores from each animal with the interquartile range, *p < 0.05, **p < 0.005. (M) Combined data
from both virus groups (Ad and Pre-C + Dox) compared against the two corresponding (-)doxycycline controls. (N) Data presented for each of the six groups. Groups: Control
(n = 5); Ad: AdTetBMP-2 control (n = 6); Pre-C Ad: MBCP® pre-coated with AdTetBMP-2 (n = 5); Dox: doxycycline control (n = 4); Ad + Dox: AdTetBMP-2 + doxycycline (n = 6);
Pre-C Ad + Dox: MBCP pre-coated with AdTetBMP-2 + doxycycline (n = 6).

above 370 mgHA/cm3. Considering all groups, animals
exhibiting the best defect repair were in the Ad + Dox
and Pre-C Ad + Dox groups (Figure 4E, F).
Three-dimensional reconstructions showed extensive
integration of granules and newly formed bone with
native bone in these animals (Figure 4B–F). There was a
trend towards increased mineralized tissue volume
within the defect site in virus groups compared with (-)
doxycycline controls, although this was not statistically
signiﬁcant (Figure 4G). As it was not possible to reliably
discriminate (in terms of segmentation) between
implanted ceramic and callus, differences between groups
in terms of remodelled ceramic would not be reﬂected in
the computed tomography data. No signiﬁcant difference
Copyright © 2016 John Wiley & Sons, Ltd.

in mineralized tissue volume was seen between the two
viral delivery methods (Figure 4H).
Histology
No adverse tissue reaction or ectopic ossiﬁcation in the
surrounding tissue of the defect site was seen
histologically in any of the animals post-mortem
(Figure 5A–F). Defect sites in control groups contained
mostly ﬁbrous tissue and a small amount of new bone
(Figure 5A–D), whereas defects were mostly ﬁlled with
new bone and a comparatively small amount of ﬁbrous
tissue in treatment groups (Figure 5E, F). MBCP granules
integrated with both nascent and newly formed
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Figure 4. Micro-computed tomography three-dimensional reconstructions and quantitation of total tissue volume > 370 mgHA/cm within the defect site. Ad controls (A)
postoperative and (B) 12 weeks after surgery. (C) Pre-C Ad control, (D) doxycycline control, (E) Ad + Dox, (F) Pre-C Ad + Dox 12 weeks after surgery. (G, H) Box and whisker
plots of total tissue volume in all groups at 12 weeks postoperative. Box plots present scores from each animal with the interquartile range. (G) Combined data from both virus
groups (Ad and Pre-C + Dox) compared against the two corresponding (-)doxycycline control groups. (H) Data presented for each of the six groups. Groups: control (n = 5); Ad:
AdTetBMP-2 control (n = 6); Pre-C Ad: MBCP® pre-coated with AdTetBMP-2 (n = 5); Dox: doxycycline control (n = 4); Ad + Dox: AdTetBMP-2 + doxycycline (n = 6); Pre-C Ad +
Dox: MBCP pre-coated with AdTetBMP-2 + doxycycline (n = 6).

vascularized bone within the defect site in all groups,
which was more evident in animals where defect ﬁlling
was highest (Figure 5E, F). The histology presented in
Figure 6 shows the most superior healing of the defect site
from an AdTetBMP-2 treated rat (Ad + Dox, group 5).
Newly formed bone was vascularized with osteoblasts on
the endosteal surface and osteocytes occupying lacunae
were clearly visible (Figure 6A). The presence of
cartilaginous tissue and hypertrophic chondrocytes in
animals demonstrating the highest levels of defect healing
suggested that bone formation had occurred via
endochondral ossiﬁcation (Figure 6B). Bone marrow
compartments were observed within the defect sites of
Copyright © 2016 John Wiley & Sons, Ltd.

four of 20 control animals and eight of 12 treatment
(Ad/Pre-C Ad + Dox) animals (Figure 6C). The total area
of newly formed bone within the defect site was semiquantiﬁed using thresholding and masking tools with
Adobe Photoshop CS5 (Figure S2). Semi-quantitative
analysis of de novo bone formation revealed that the
percentage of bone within the defect site was signiﬁcantly
greater in Ad + Dox and Pre-C Ad + Dox groups compared
with virus controls without doxycycline administration
(29.09 ± 8.32% vs. 22.04 ± 4.69%, p = 0.0267, MannWhitney, Figure 5G). There was no signiﬁcant difference
between individual groups and when comparing the two
vector delivery approaches (Figure 5H).
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Figure 5. Histological analysis of the defect area and quantitation of de novo bone formation. Giesma eosin stained sections from (A) control and (B) Ad control, (C) Pre-C
control, (D) doxycycline control, (E) Ad + Dox, (F) Pre-C Ad + Dox. Asterisks indicate bone marrow compartments within the defect site. (G, H) Box and whisker plots of de novo
bone formation for each animal as a percentage of the total defect site area at 12 weeks, semi-quantiﬁed from Giemsa eosin-stained sections. (G) Combined data from both virus
groups (Ad + Dox and Pre-C Ad + Dox) compared with the two corresponding virus (-doxycycline controls. (H) Data presented for each of the six groups. Groups: control (n = 5);
Ad: AdTetBMP-2 control (n = 6); Pre-C Ad: MBCP® pre-coated with AdTetBMP-2 (n = 5); Dox: doxycycline control (n = 4); Ad + Dox: AdTetBMP-2 + doxycycline (n = 6); Pre-C Ad
+ Dox: MBCP pre-coated with AdTetBMP-2 + doxycycline (n = 6).

Bending stiffness

Discussion

Bending stiffness EI, determined by micro-ﬁnite element
analysis of micro-computed tomography images, was
greater, although not signiﬁcantly so, following delivery
of AdTetBMP-2 + doxycycline compared with (-)
doxycycline controls (224 ± 136.9 vs. 148.5 ± 48.2
Nmm2, Figure 7A). No signiﬁcant difference in bending
stiffness was apparent between the direct vs. virus precoating vector delivery approach (Figure 7B).

In this study, we investigated whether the healing of large
femoral bone defects could be improved by inducible
adenoviral delivery of BMP-2 using a biomaterial-mediated
gene delivery approach. This was carried out by combining
human MSCs, ﬁbrin, a porous ceramic (MBCP) together with
a doxycycline inducible Tet-on adenoviral vector encoding
the BMP-2 transgene. Two viral delivery methods were tested
(i) direct application and (ii) pre-coated MBCP granules.

Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 6. Histology of the most superior healing of the defect site from an AdTetBMP-2 treated rat (Ad + Dox, group 5). (A) Direct integration of the MBCP® granules with new
bone. Blood vessels (open black arrow heads), osteoblasts (see inset: black arrow head) and osteocytes in lacunae can be identiﬁed (see inset: white arrow head). (B) The
presence of cartilaginous tissue and hypertrophic chondrocytes (see inset: white arrow heads) suggests bone formation via an endochondral route. (C) Extensive vascularization
(open black arrow heads) and bone marrow compartments were observed in the defect sites of AdTetBMP-2 + doxycycline treated animals.

Figure 7. Bending stiffness as determined by micro-ﬁnite element modelling. (A) Combined data from both virus groups (Ad + Dox and Pre-C Ad + Dox) compared with the two
corresponding virus (-)doxycycline controls. (B) Data presented for each of the six groups. Groups: control (n = 5), Ad: AdTetBMP-2 control (n = 6); Pre-C Ad: MBCP® pre-coated
with AdTetBMP-2 (n = 5); Dox: doxycycline control (n = 4); Ad + Dox: AdTetBMP-2 + doxycycline (n = 6); Pre-C Ad + Dox: MBCP pre-coated with AdTetBMP-2 + doxycycline
(n = 6).

In vitro work conﬁrmed the effectiveness of adenoviral
transduction of MSCs in three dimensions, as previously
reported by our group (Neumann et al., 2013).
Furthermore, there was no evidence of leaky BMP-2
expression in the absence of doxycycline. In our in vivo
study, the combined results of micro-computed
tomography, radiology and histology demonstrated no to
minimal healing in control groups 1–3 (no virus,
AdTetBMP-2 without doxycycline, pre-coated granules +
AdtetBMP-2 without doxycycline) and improved healing
in experimental groups 5 and 6 (AdTetBMP2 + doxycycline, pre-coated granules + AdTetBMP-2 + doxycycline). These results afﬁrm the suitability of
our large bone defect model and the reliability of the
Tet-on control system. Improved bone healing was
observed in the majority of animals that had received
either direct application of the virus or where MBCP
granules had been pre-coated and doxycycline had been
applied to induce transgene expression. Although
radiological and histological data showed signiﬁcantly
greater bone healing in virus groups, this was not the case
for micro-computed tomography. Due to similarity in
density, it was not possible to discriminate between
ceramic and callus in terms of segmenting microCopyright © 2016 John Wiley & Sons, Ltd.

computed tomography data, thus ceramic and remodelled
ceramic replaced by callus, were not distinguishable.
Considering this and our other data, we postulate that
the micro-computed tomography data probably
underestimated the degree of remodelling and healing
in virus groups. Notably, we observed a trend of higher
bending stiffness, as determined by micro-ﬁnite element
analysis in virus groups – demonstrating that transgene
expression was effective in augmenting the biomechanical
properties of the repair tissue. Two animals in each of the
two virus groups demonstrated superior defect ﬁlling,
bridging and integration of vascularized woven bone.
Hence, we observed a range in biological response to
vector administration. It may be that this variation in
outcome was attributable to the nature of doxycycline
administration, discrete anatomical variation and
differences in individual recovery rate of the animals
postoperatively. Doxycycline was administered in the
animals’ feed and as the animals were grouped housed it
was not possible to know exactly how much doxycycline
each animal had received. Doxycycline may also be
administered via drinking water, but this has been shown
to be less reliable compared with feed and often results in
dehydration (Cawthorne et al., 2007). Furthermore, we
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wanted to limit handling of the immune-compromised
animals as much as possible to reduce infection risk. The
availability of doxycycline at the defect site is also
dependent upon the nascent vasculature, thus variation
in vascularity in and around the defect site may have also
contributed to differences in healing rate between these
animals. Overall, our data show that our vector was
effective in mediating transgene expression and that this
resulted in a subsequent improvement in bone defect
healing. Further investigation of the tuneable nature of
this vector by modulation of doxycycline dose,
administered intravenously, will be required to conﬁrm
the suitability of this vector system in a clinical setting.
Previous works have reported the successful use of
lentiviral (Hsu et al., 2007) and retroviral vectors
(Herberg et al., 2015) for gene delivery to segmental bone
defects. Here, we report the ﬁrst in vivo study of its kind
utilizing a non-integrating Tet-on inducible adenoviral
gene delivery system to bone. Our results suggest that this
viral gene transfer method may have the potential to
augment the repair of large, non-healing bone defects in
man. Our bone defect model and novel gene delivery
system may provide a powerful standardized tool for
optimizing the delivery and release of BMPs and other
growth factors in large bone defects. Speciﬁcally, the
tuneable nature of this system may allow ﬁne control over
transgene expression, which would be very useful in a
clinical setting where patient response and recovery to
intervention is variable. This may offer a novel therapy
for the treatment of large segmental bone defects
resulting from trauma or tumour resection.
In a previous study, the murine C3H10T1/2 cell line,
genetically altered to express BMP-2 under the control
of a tetracycline-regulated vector induced bone formation
in tibial segmental defects in osteopenic mice (Moutsatsos
et al., 2001). In the aforementioned study, signiﬁcant
overproduction of bone was observed using genetically
engineered cells. None of the animals in the current study
demonstrated over-production of bone. Additionally,
adenoviral gene delivery offers the beneﬁt that the virus
is non-incorporating, thus subsequent progeny will not
over-express the transgene, facilitating more controllable
growth factor expression and lessening safety concerns.
This study demonstrates proof-of-concept for an ’offthe-shelf’ biomaterial-mediated approach of viral gene
delivery to bone. Our vector was retained on MBCP
granules for approximately 24 h following coating and
upon in vivo delivery demonstrated comparable
bioactivity compared with application of the vector at
the time of implantation. Importantly, we did not see
any difference between direct application vs. granules
pre-coated with virus in terms of healing response. This
suggests that both direct and in-direct vector application
may be equally as effective in inducing repair. Other
groups have successfully demonstrated long-term
bioactivity of adenoviral vectors when incorporated with
hydroxyapatite (Hu et al., 2007) and for adeno-associated
virus when freeze-dried on to cortical bone allograft (Ito
et al., 2005) and on to hydroxyapatite, tri-calcium
Copyright © 2016 John Wiley & Sons, Ltd.
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phosphate and titanium alloy (Nasu et al., 2009). In
future work, we plan to assess longer term bioactivity of
our vector after lyophilizing to MBCP.
Osteoinductive ceramics, including hydroxyapatites
(Ripamonti, 1991; Yamasaki and Sakai, 1992) and biphasic
calcium phosphates (Yang et al., 1996; Yuan et al., 2002),
may induce ectopic ossiﬁcation intramuscularly and are
associated with intramembranous ossiﬁcation when
implanted into long bone defects (Barradas et al., 2011).
Conversely, endochondral ossiﬁcation is typically observed
with the application of BMP-2 (Paralkar et al., 1991; Reddi
and Cunningham, 1993). The use of BMP-2 favours an
endochondral ossiﬁcation route that is considered
favourable for the functional repair of long bone defects
(Bahney et al., 2014; Jukes et al., 2008; Scotti et al.,
2010). In this study, the presence of cartilaginous tissue
in the defect sites of virus-treated groups suggests that
bone formation had occurred by endochondral ossiﬁcation,
supporting the effectiveness of our viral vector to induce
transgene expression in vivo. Based upon the effectiveness
of viral transduction seen in our in vitro studies, we
postulate that AdTetDox transduced implanted human
MSCs. However, it is also possible that the virus transduced
resident cell populations in the defect site, such as
osteoprogenitors, osteoblasts (Baltzer et al., 1999) and
endothelial cells (Wang et al., 1999). Importantly, we did
not observe any ectopic ossiﬁcation in tissue surrounding
the defect, suggesting that virally transduced cells were
localized to the defect site and that an appropriate level
of BMP-2 expression had been achieved. We postulate that
the use of a ﬁbrin hydrogel carrier, which has previously
been shown to bind and retain adeno-associated virus
in vivo (Breen et al., 2009), aided retention of the vector.
One limitation of this study is that it is not clear whether
transduced MSCs promoted bone healing via a direct or
indirect mechanism. Indeed, it was recently shown in a
murine critically sized defect model that ex vivo BMP-2
expressing donor MSCs transduced with a lentivirus vector
acted as protein delivery vehicles, functioning to recruit
native osteoprogenitors (Pensak et al., 2015). BMP-2induced osteogenic differentiation has been extensively
characterized in bone marrow-derived MSCs (Luu et al.,
2007; Nishimura et al., 1998). Other skeletal progenitor
cells, such as adipose-derived MSCs, may also provide a
candidate cell source for bone repair, although osteogenic
induction appears more sensitive to the timing and dose
of BMP-2, as well as being dependent upon cell–
biomaterial interactions and would therefore require
optimization (Mehrkens et al., 2012; Overman et al.,
2013; Tirkkonen et al., 2013).
We observed low levels of BMP-2 protein secretion
in vitro (ng/ml). Although we were not able to determine
the amount of BMP-2 produced as a result of transgene
expression in vivo, protein levels would probably also be
in this range. This study suggests that low levels of the
growth factor can be effective in inducing an appropriate
physiological response. This is particularly relevant
when comparing to alternative growth factor delivery
methods. Speciﬁcally, high levels (milligram range) of
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endogenously applied BMP-2 protein in the clinic has
been associated with postoperative complications and
adverse effects, including bony overgrowth, osteolysis
and pseudarthrosis (Carragee et al., 2011; Lubelski et al.,
2013; Mesﬁn et al., 2013). Gene transfer of BMP-2 confers
several advantages over endogenous application of
recombinant protein (Evans, 2012). Importantly, with
gene transfer, the protein is subject to post-translational
modiﬁcation. Although injection of a protein is entirely
transient, adenoviral delivery has the potential to
maintain gene expression of the transgene for the lifespan
of the transduced cell, potentially circumventing the need
for repeated application. Incorporating vectors such as
lentivirus may facilitate longer lasting gene expression.
However, safety concerns, including the ability to become
replication competent, insertional mutagenesis and
potential germline alteration, continue to challenge the
clinical translation of these vectors (Matrai et al., 2010).
In this study, we used human MSCs in
immunocompromised rats to determine the effectiveness
of the viral vector with human primary cells in vivo in
the rat. Inﬂammatory processes are critical in bone
regeneration, particularly in the acute phase of fracture
healing. Levels of inﬂammatory cytokines and growth
factors increase immediately following fracture, resulting
in the recruitment of inﬂammatory cells and
osteoprogenitors to the haematoma, together with
vascular ingrowth (Cho et al., 2002; Kitaori et al., 2009;
Kolar et al., 2010; Kon et al., 2001; Pape et al., 2010).
Furthermore, the relative abundance of speciﬁc immune
cell subsets, namely B-cells and T-cells, changes during
the fracture healing process, suggesting a temporal,
co-ordinated immunoregulatory response (Konnecke
et al., 2014). Considering the signiﬁcance of the immune
response upon bone regeneration, of course our viral
gene delivery system would need to be tested further
using an immune-competent preclinical model. Moreover,
adenoviral vectors may elicit an immune response, which,
depending upon the animal model, has been shown to
reduce their effectiveness in vivo. For example, although

it appears that the innate immune response to adenovirus
is limited in rodents, a signiﬁcant immune response has
been observed in ovine (Egermann et al., 2006) and
lapine models of bone defect repair (Southwood et al.,
2004). For this reason, it has been proposed that an
ex vivo transduction approach may be more suitable in
large animal models (Evans, 2012). Ultimately, an
autologous or allogeneic approach in immunocompetent
animals would need to be performed to further
investigate the overall effectiveness of this viral vector.
Here, we describe the novel use of a Tet-on adenoviral
gene delivery system to bone. Doxycycline-induced BMP2 expression initiated bone healing via endochondral
ossiﬁcation. Effective transduction was additionally
achieved by pre-coating micro-macroporous ceramic
granules, supporting an ’off-the-shelf’ approach for
biomaterial-mediated tissue repair. Inducible gene
delivery systems, such as the one described in this
study, allow ﬁne control of transgene expression at
physiologically relevant levels, offering (i) a method to
optimize growth factor delivery and release and (ii) a
potential strategy for the repair of large bone defects.
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Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article.
Figure S1. Radiograph grading score for bone defect healing as determined by two blinded, independent assessors.
Grades for (i) defect tissue/material structure and (ii) bridging were combined to give a ﬁnal combined radiograph score.
Figure S2. Semi-quantitation of bone formation was performed by taking (A) the total defect area and applying
thresholding parameters to (B) create a mask of new callus using Adobe Photoshop CS5.
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