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Long-Term Tracking of Segmental Bone Healing Mediated
by Genetically Engineered Adipose-Derived Stem Cells:
Focuses on Bone Remodeling and Potential Side Effects
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We previously showed that transplantation of adipose-derived stem cells (ASCs) engineered with hybrid bacu-
lovirus (BV) persistently expressing bone morphogenetic protein 2 (BMP2)/vascular endothelial growth factor
(VEGEF) into segmental defects in New Zealand White (NZW) rabbits led to successful defect reunion. By using
microcomputed tomography and histology, here we further demonstrated that transplanting the hybrid BV-
engineered ASCs into the massive defects (10 mm in length) at the femoral diaphysis of NZW rabbits resulted in
trabecular bone formation in the interior via endochondral ossification and bone remodeling at 3 months post-
transplantation. The progression of bone remodeling gave rise to the resorption of trabecular bone and conspicuous
reconstruction of medullary cavity and cortical bone with lamellar structure at 8§ months post-transplantation,
hence conferring mechanical properties that were comparable to those of nonoperated femora. Importantly, X-ray,
positron emission tomography/computed tomography scans, and histopathology revealed no signs of heterotopic
bone formation and tumor formation. These data altogether attested that the genetically engineered ASCs and
prolonged BMP2/VEGF expression not only healed and remodeled the stringent segmental defects, but also
revitalized the defects into living bone tissues that structurally and biomechanically resembled intact bones
without appreciable side effects, making it one step closer to translate this technology to the clinical setting.

Introduction shapes the bone tissues by removing, replacing, and re-
organizing cells and matrix." However, management of
large segmental defects in the long bone following trauma
or tumor resection still poses a tremendous challenge for

orthopedic surgeons,” partly because the injury impairs

I I UMAN LONG BONES consist of two forms of bone tissue;
cortical bone constitutes the outer wall to provide the
major mechanical support and contains blood vessels, while

cancellous bone consists of trabecular plates and bars that
are found in the highly vascularized interior." An adult long
bone has a shaft (diaphysis) with two expanded ends and a
large inner medullary cavity filled with bone marrow, fat
tissue, and blood vessels. In the diaphysis, almost the entire
thickness of bone tissue is cortical and only a small amount
of trabecular bone lines the inner surface of cortical bone
and faces the medullary cavity.? In general, healing of bone
fractures involves (1) initial inflammation, (2) subsequent
production of bone callus with poorly organized matrix for
bony union, and (3) ensuing remodeling process that re-

blood supply and results in ischemia, osteonecrosis, bone
loss, and ultimately nonunion.’

Facing these challenges, bone morphogenetic protein 2
(BMP2) was exploited to expedite and ameliorate the bone
healing* and allogeneic bone graft impregnated with recom-
binant BMP2 (Infuse® Bone Graft/LT-Cage®; Medtronic)
has been approved by the Food and Drug Administration
for spinal fusion. However, the graft may not suffice to
completely heal massive segmental defects in long
bones. Other than BMP2, poor vascularization leads to
suboptimal bone repair and vascular endothelial growth

This study tracks the long-term healing, remodeling, heterotopic bone formation and tumorigenesis during the segmental bone repair
medlated by genetically engineered adipose-derived stem cells, and demonstrates the efficacy and safety of the therapy.
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factor (VEGF) enhances angiogenesis, osteogenesis, and
ossification.” The osteoinductive and angiogenic effects of
both growth factors have prompted the combined use of
BMP2/VEGEF in recent years to synergistically promote the
healing of cranial,6 ulnar,’ tibial,8 and femoral® bone de-
fects.

Cell therapy in conjunction with gene therapy to contin-
uously supply growth factor(s) has evolved to ameliorate
bone repair. © Among the cell sources, bone-marrow-
derived mesenchymal stem cells (BMSCs) have drawn ini-
tial attention as they can heal large segmental defects'' and
can be 8genetically modified to augment in vivo bone for-
mation.>'? Recently, adipose-derived stem cells (ASCs)
also gained popularity for tissue regeneration because ASCs
are easy to isolate in large quantities through liposuction and
resemble BMSCs with respect to growth, morphology, and
ability to commit to osteogenic differentiation.'® These at-
tributes inspired the use of ASCs to repair calvarial'*'> and
femoral'® bone defects.

Baculovirus (BV) is an insect virus in nature but effec-
tively transduces various mammalian cells without appre-
ciable signs of cytotoxicity and viral replication,'”'® hence
sparking growing interests to exploit BV vector for diverse
applications, including gene therapy, cancer therapy, and
tissue engineering.'®~2! Critically, BV transduces BMSCs
and ASCs at efficiencies exceeding 95%%* 2 and transiently
expresses transgenes due to the nonreplication nature,
thereby rendering BV a promising vector for gene delivery
into BMSCs and ASCs. In light of these properties, we
constructed recombinant BV vectors encoding human bmp2
(Bac-CB) and vegf (Bac-CV) genes.”’” The New Zealand
White (NZW) rabbit BMSCs were separately transduced
with Bac-CB and Bac-CV, mixed, loaded to polymeric
scaffolds, and transiently expressed functional BMP2 and
VEGF. Transplantation of the BV-engineered BMSCs/
scaffold constructs into massive (10 mm in length) femoral
defects in NZW rabbits promoted the angiogenesis and
segmental bone healing.?’

Despite the promise of ASCs, ASCs were recently un-
raveled to be inferior to BMSCs in their capabil-
ity of in vitro osteogenesis®® and in vivo bone healing.?*~*°
To repair large, segmental bone defects using ASCs, we
hypothesized that sustained BMP2/VEGF expression was
necessary. However, BV vectors naturally mediate transient
expression due to the nonreplication nature, which may
restrict its applications to scenarios requiring long-term
expression. Thus, we developed a dual-BV vector system?>
in which one BV expressed the FLP recombinase (BacFLP)
while the other BV harbored the Frt sequences—flanking
human BMP2 (Bac-FCBW) or VEGF (Bac-FCVW) ex-
pression cassette.”> Cotransduction of ASCs with BacFLP/
Bac-FCBW or BacFLP/Bac-FCVW gave rise to FLP/Frt-
mediated gene cassette excision off the BV genome, for-
mation of episomal DNA minicircle, and hence prolonged
transgene (BMP2 and VEGF) expression in vitro.? Allo-
transplantation of ASCs transduced with the dual-hybrid BV
vectors expressing BMP2/VEGF into the massive segmental
defects at the mid-diaphysis of femora in NZW rabbits ac-
celerated the healing and improved the bone quality and
angiogenesis, as judged by the formation of bone callus on
the surface, and increase of bone volume and mechanical
strength.”> However, the biomechanical properties of the
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regenerated bone were still inferior when compared with the
intact femora.

In this study, we further monitored the bone healing to 8
months post-transplantation by microcomputed tomography
(1CT) to gain insights into the interior of the grafts. We also
examined the remodeling process and explored whether the
grafts developed into functional living bones with improved
biomechanical properties. For this novel hybrid BV system,
examining the biological safety issue is crucial for future
applications. Therefore, whether the hybrid-BV-engineered
grafts triggered heterotopic ossification and tumorigenesis
was also examined by X-ray and positron emission tomog-
raphy/computed tomography (PET/CT), respectively.

Materials and Methods
BV vectors, cells, and construct preparation

To compare the bone healing mediated by transient and
prolonged BMP2/VEGEF expression, we used two sets of BV
vectors. Bac-CB*' and Bac-CV?’ were constructed to tran-
siently express human BMP2 and VEGF, respectively, un-
der the control of CMV-IE promoter (Supplementary Fig.
S1; Supplementary Data are available online at www
Jliebertpub.com/tea). BacFLP expressed FLP** while hybrid
vectors Bac-FCBW?® and Bac-FCVW? accommodated the
Frt-flanking human bmp2 and vegfI65 expression cassettes,
respectively (Supplementary Fig. S1). All BV vectors were
constructed previously and were titered by end-point dilu-
tion method.

ASCs were harvested subcutaneously from the inguinal
fat pads surrounding epididymis of NZW rabbits (3—4
months old) and cells of passage 3 through 5 were used for
experiments as described previously.”> Transduction with
Bac-CB or Bac-CV at a multiplicity of infection (MOI) of
100 was performed in T-75 flasks for 4 h using NaHCO3-
free Dulbecco’s modified Eagle’s medium (DMEM) as the
surrounding solution.?® In parallel, ASCs cultured in T-75
flasks were transduced with BacFLP (MOI 100) first for 4h
and then transduced with Bac-FCBW or Bac-FCVW (MOI
100) for another 4h.* For mock transduction, virus-free,
fresh TNM-FH medium (Invitrogen) was mixed with
NaHCOs-free DMEM at a volumetric ratio of 1:4 and added
to the cells, and cells were gently shaken on a rocking plate
at room temperature for 4h. Following transduction, the
virus mixture was removed and the cells were cultured
in complete medium containing 3mM sodium butyrate
(Sigma). After 12h of incubation, the medium was replaced
by normal complete medium (without osteogenic supple-
ments and butyrate) and the ASCs were trypsinized at 1 day
post-transduction.

ASCs transduced with Bac-CB or Bac-CV were mixed at
a number ratio of 4:1, loaded to concentric cylindrical poly
(L-lactide-co-glycolide) (PLGA) scaffolds (outer diame-
ter=7 mm, inner diameter=2 mm, height=5 mm; total cell
number = 1.5x 10°), and designated as the S group. The cells
transduced with BacFLP/Bac-FCBW and BacFLP/Bac-
FCVW were mixed at a ratio of 4:1, loaded to PLGA
scaffolds, and designated as the L group. Likewise, mock-
transduced ASCs were loaded to PLGA scaffolds and des-
ignated as the Mock group. The ASCs/scaffold implants
were placed in 5% CO, at 37°C for 2 h for cell adhesion and
cultured overnight prior to transplantation.
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Animal surgical procedures

All animal experiments were performed in compliance
with the Guide for the Care and Use of Laboratory Animals
(National Science Council, Taiwan) and approved by the
National Tsing Hua University Institutional Animal Care
and Use Committee. For animal surgery, 5-month-old NZW
rabbits (weighing =3-4kg) purchased from Animal Health
Research Institute were randomly grouped and anesthetized
by intramuscular injection of Zoletil 50 (25 mg/kg body
weight) and 2% Rompun® (0.15 mL/kg body weight). A 10-
mm section at the mid-shaft of the left femur was osteoto-
mized using an oscillating saw and the defect was filled with
two identical ASCs/scaffold implants (i.e., 3 X 108 cells/an-
imal) from the Mock, S, or L group. Following the 0.9%
saline rinse, the osteotomized site was stabilized with a
stainless plate (DC-Plate; Synthes) and then the deep muscle
layer and skin were closed.

Radiography, PET/CT, and uCT

The X-ray images were taken with the animals in supine
position and with the right limb abducted and externally
rotated. All X-ray images were captured at a distance of
100 cm from the animal.

For oncogenic metabolic analysis, normal (n=2) and L
group (n=7) animals were subjected to PET/CT scan at 8
months before sacrifice using '®F-labeled fluorodeox-
yglucose ("*F-FDG) as the radiotracer, a glucose analogue
widely used in PET imaging to detect unknown primary
tumors in clinical oncology studies.’® Briefly, the rabbits
were fasted for >2 h before the procedure, anesthetized with
3% isoflurane, and received 3 mCi of FDG intravenously
over 2min. After a 45-min equilibration period during
which the rabbits were at rest, the animals were positioned
in the PET/CT scanner (Biograph 40 mCT; Siemens). The
CT images were acquired with tube voltage of 120 KeV,
pitch of 1.5, tube current of 20mA, and exposure time of
500 ms. The axial scanning range was set as 50 cm with the
abdomen at the center field of view and the CT images were
reconstructed with the matrix size of 512x512x226 and
voxel size of 0.1875x0.1875x0.6mm>. The PET images
were then acquired in list mode for 10 min and reconstructed
with high-definition 3D ordered subset expectation maxi-
mization algorithm (2 iterations, 21 subsets, filter 3 mm, and
zoom 1.3). Reconstructed attenuation corrected images were
viewed in the transaxial, coronal, and sagittal planes. The
PET and corresponding CT images were displayed in
PMOD software workstation for alignment and were re-
trieved from dorsum to abdomen at an interval of 2cm to
provide coronal views for comparison.

At 3 and 8 months, the rabbits were first anesthetized by
intramuscular injection of Zoletil 50/Rompun and then
sacrificed by injecting intravenously an overdose of 2% li-
docaine HCl. The femora were explanted, fixed in 4%
phosphate-buffered formalin solution, and scanned with a
HCT imaging system (Bioscan). The helical pCT data were
acquired using a high-resolution frame as setup in the sys-
tem, with tube voltage of 55KeV, pitch of 1.0, and 180
projections. The axial scanning range was set as 3 cm with
the bone defect at the center field of view. The nCT images
with the matrix size of 280x280x300 and an isotropic
voxel size of 0.1 mm were reconstructed. The 3D-surface-
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rendering images were generated using Avizo software
(Visualization Science Group) with the segmentation
threshold determined from pilot scans on several specimens.
The pCT images were visualized using PMOD software
package in three axes to provide middle image slices of the
graft site precisely and were also analyzed using PMOD
software in each volume of interest (VOI) to calculate the
bone volume and bone density (averaged Hounsfield units
[HUs] in the cylindrical VOI) within the defect.

Biomechanical testing

After pCT analyses, all femora were subjected to bio-
mechanical testing. The proximal and distal ends of the
femur specimens were embedded in polymethylmeth-
acrylate blocks and mounted on a combined axial motion
and torsional-testing jig that was attached to a material
testing instrument (ElectroForce® 3510; Bose). The distal
end of the specimen was rotated laterally at a constant de-
formation rate of 1.0°/s until bone failure occurred. The
applied load and angular displacement curves were used to
compute the energy to failure, maximum torque to failure,
and torsional stiffness.

Histochemical staining

After biomechanical testing, all femora were refixed in
neutral-buffered formalin, cut into small pieces, decalcified
in 0.5M EDTA (pH 8.0) for 7-10 days, paraffin-embedded,
and sectioned (5-pum thickness). Serial sections closest to the
defect center were harvested, floated in water bath at 40°C,
placed on organosilane-coated silanized microscope slides,
and baked at 37°C overnight. The sections were depar-
affined in xylene and rehydrated in serial ethanol baths for
hematoxylin and eosin (H&E) staining. To examine the
bone turnover, the sections were deparaffined, rehydrated,
and stained with alkaline phosphatase (ALP) and tartrate-
resistant acid phosphatase (TRAP) following the manufac-
turer’s instructions (Cat. No. MK300; Takara). To identify
cartilage formation, the deparaffined sections were rehydrated
and stained with 3% Alcian blue (in glacial acetic acid) for
30 min, followed by dehydration with 100% ethanol.

Besides H&E staining of femoral sections, the heart,
liver, spleen, lung, and kidney were removed from all L
group animals at 8 months. Each organ was randomly dis-
sected into three parts in 1-cm thickness, fixed in neutral-
buffered formalin, and one section (5 pum in thickness) was
picked from 100 consecutive sections for H&E staining.

Statistical analysis

All quantitative data were analyzed using Student’s 7-test
and are expressed in average values. p <0.05 was considered
significant.

Results

Healing of segmental femoral defects
as monitored by uCT

For animal experiments, three groups of constructs
(Mock, S, and L groups, see Supplementary Table S1)
consisting of cylindrical PLGA scaffolds and NZW rabbit
ASCs were fabricated as described.”> ASCs in the L group
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were transduced with BacFLP/Bac-FCBW or BacFLP/Bac-
FCVW for long-term expression (Supplementary Fig. S1)
and mixed and seeded to the scaffold, while ASCs in the S
group were transduced with Bac-CB or Bac-CV for short-
term expression and mixed and seeded to the scaffold. The
Mock group encompassed the mock-transduced ASCs. The
cell/scaffold constructs were allotransplanted into the seg-
mental bone defects (10 mm in length) at the mid-diaphysis
of left femora of NZW rabbits (12 animals for the Mock
group, 14 animals for the S group, and 14 animals for the L
group). Serum samples were taken from some animals at
different time points for the measurement of BMP2 and
VEGF. Half of the animals were sacrificed at 3 months post-
transplantation (3M), and the other half of the animals were
sacrificed at 8 months post-transplantation (8M).

ELISA analyses showed that the Mock group imparted no
enforced BMP2/VEGF expression while the S group me-
diated transient BMP2/VEGF expression that culminated at
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3 days post-transplantation (dpt) and ceased after 7-14 days
(Supplementary Fig. S2). In contrast, the L. group conferred
significantly higher and sustained BMP2 levels in the serum,
which peaked (= 5.7 ng/mL) at 7 dpt and remained >3.1 ng/
mL for 28 days until returning to baseline levels at 56 dpt.
The VEGEF levels in the L group were also higher and more
persistent than in the S group, peaking at 7 dpt (= 69.9 pg/mL)
and remaining higher than background levels for 14 days
(Supplementary Fig. S2).

To evaluate the bone healing, the femora harvested from
the animals sacrificed at 3M and 8M (n=6 for the Mock
group, n=7 for the S group, and n="7 for the L group for
both time points) were first subjected to pCT. The 3D-
surface-rendering pPCT images (Fig. 1A) revealed that,
without BMP2/VEGF overexpression, all animals in the
Mock group failed to form apparent bone callus to bridge
the gaps at 3M and 8M. The transient BMP2/VEGF ex-
pression in the S group slightly improved the bone repair,

FIG. 1. Bone regeneration
and remodeling as evaluated
by microcomputed tomog-
raphy (LCT) imaging. (A)
Three-dimensional surface
rendering images. (B)
Transverses of LCT scans in
x, y, and z axes. (C) Mean
bone volume. (D) Mean
bone density. The cell/scaf-
fold constructs were allo-
transplanted into the
segmental bone defects
(10mm in length) at the
mid-diaphysis of femora of
New Zealand White (NZW)
rabbits (12 animals for the
Mock group, 14 animals for
the S group, and 14 animals
for the L group). Half of the
animals (six for the Mock
group, seven for the S
group, and seven for the L.
group) were sacrificed at
3M. The other half of the
animals were sacrificed at
8M. That is, n=6, 7, and 7
for the Mock, S, and L
groups (at both 3M and 8M),
respectively. All femora
were explanted and scanned
with a pCT imaging system.
The bone volume and bone
density were calculated
from the pCT data. The
mean bone density repre-
sents the averaged Houns-
field units (HUs) in the
cylindrical volume of inter-
ests (VOIs) of the re-
generated bone. Color
images available online at
www.liebertpub.com/tea
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resulting in callus formation and defect union in one rabbit
at 3M and 8M (data not shown). However, the remaining
animals only produced sparse bones in the gaps at 3M, and
still failed to unite the defects at 8M (Fig. 1A). Strikingly,
all animals in the L group led to callus formation and bone
reunion at 3M (n=7), and exhibited signs of remodeling at
8M (n=7) as judged from the reshaping of callus (Fig. 1A).

The interior of the defect was elucidated by transverse
pCT images in x, y, and z directions (Fig. 1B). The repre-
sentative images of the Mock group confirmed that bone
formation barely occurred inside the defect at 3M. At 8M
trabecular bones developed within the defect but also
wrapped the bony front, which could impede subsequent
bone union. In the S group, the ingrowth of bony fronts was
observed at 3M but bone formation in the interior remained
scarce. At 8M, the bony fronts still failed to bridge the
defect although some trabecular bones were observed. For
all animals in the L group, the callus had connected both
ends of the diaphyseal defect and trabecular network filled
the interior at 3M. At 8M, bone collar was evidently formed
and the interior trabecular network was resorbed and re-
placed by medullary cavity. The remaining trabeculae pri-
marily lined the cortical bone on the periphery.

Based on the pCT data, the L group resulted in signifi-
cantly higher bone volume (Fig. 1C) and bone density (Fig.
1D) than the Mock and S groups either at 3M or 8M
(Supplementary Tables S2 and S3), again attesting the su-
perior bone regeneration of the L group. Of note, the bone
volume of the L group decreased from=0.575+0.127 cm®
(256% £57% of total defect volume) at 3M to=0.292+
0.063 cm® (129% +28% of total defect volume) at 8M, due
to the resorption of trabecular bones and the reshaping of
callus. The bone volume and bone density of the L group at
8M approached those of the nonoperated femoral bone
(Supplementary Tables S2 and S3).

Bone reconstruction and remodeling
as confirmed by histology

Natural diaphysis is composed of cortical bone, which
surrounds a central medullary cavity containing bone mar-
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row and adipose tissue. To evaluate the bone reconstruction,
the femora harvested from the animals as shown in Figure 1
were sectioned and subjected to H&E staining. The H&E
staining of the mid-diaphysis sections (Fig. 2) revealed that
the middle of the Mock and S group grafts was mainly
occupied by fibrous tissues at 3M and 8M, although some
tiny bone islands were dispersed around the fibrous tissues
in the S group. In sharp contrast, the L group was already
filled with trabecular bone in the center of the defect at 3M
(n=17), which was replaced by the fat-rich medullary cavity
at 8M (n="7). Further, cortical bone with lamellar structures
and blood vessels was clearly observed at 8M, indicating
superior bone healing, remodeling, and vasculature recon-
struction.

Bone remodeling necessitates orchestrated activities of
osteoblasts (for bone formation) and osteoclasts (for bone
resorption). To confirm the progression of bone remodeling,
the center of regenerated bones at 3M and 8M was evaluated
by histochemical staining (Fig. 3A) for ALP (an enzyme
secreted by osteoblasts upon mineralization®?) and TRAP
(an enzyme marker for osteoclasts). The histomorphometric
analyses of the staining data are shown in Supplementary
Table S4. The barely detectable TRAP (arrows) and ALP
(arrowheads) signals in the Mock group at 3M and 8M in-
dicated very low osteoblast and osteoclast activities and a
lack of bone turnover (Supplementary Table S4). In the S
group, the ALP activity was negligible and only sparse
TRAP signals were detected from 3M (n=7) to 8M (n=7),
indicating that short-term BMP2/VEGF expression was
unable to trigger effective mineralization and bone resorp-
tion. In the L group, abundant TRAP and ALP signals were
observed at 3M (n=7), suggesting active bone resorption
and mineralization (i.e., bone remodeling). At 8M (n=7) the
ALP signals disappeared and only some TRAP signals re-
mained detectable, indicating the waning of bone turnover
activities.

Endochondral ossification, which commences from car-
tilage formation and is followed by chondrocyte hypertro-
phy and ossification, is a primary pathway for femur growth.
Whether the bone healing proceeded via this pathway was
examined by staining the mid-graft slices with Alcian blue

FIG. 2. Bone remodeling
as confirmed by hematoxylin
and eosin (H&E) staining.
The mid-shaft of femora
harvested at 3M and 8M as in
Figure 1 were formalin-fixed,
decalcified, paraffin-embed-
ded, and sectioned (5-pum
thickness) for H&E staining.
n=06, 7, and 7 for the Mock,
S, and L groups (at both 3M
and 8M), respectively. Color
images available online at
www.liebertpub.com/tea
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FIG. 3. Bone remodeling and bone formation pathway as confirmed by histochemical staining. (A) Tartrate-resistant acid
phosphatase (TRAP)/alkaline phosphatase (ALP) staining. (B) Alcian blue staining. The mid-shaft of femora harvested at
3M and 8M as in Figure 1 were sectioned and stained for TRAP and ALP. In parallel, the slices were stained with Alcian
blue to identify cartilage formation. Arrows indicate TRAP signals while arrowheads indicate ALP signals. n=6, 7, and 7
for the Mock, S, and L groups (at both 3M and 8M), respectively. Color images available online at www.liebertpub.com/tea

to indentify cartilage formation and subsequent histomor-
phometric analysis. Figure 3B and Supplementary Table S4
reveal only slight signs of cartilage formation in the Mock
and S groups at 3M and 8M, which was consistent with the
poor bone formation in these two groups. Conversely, car-
tilage formation was evident in the L group at 3M but dis-
appeared at 8M, indicating active bone formation at 3M via
the endochondral ossification, which ceased at M.

Biomechanical properties of regenerated bones

Whether the regenerated bones were biomechanically
durable was evaluated by measuring the maximum torque
(Fig. 4A), stiffness (Fig. 4B), and energy to failure (Fig. 4C)
of the regenerated bones and nonoperated bones (as con-
trols, n=8). Consistent with the pCT data (Fig. 1), the L
group (n=7) gave statistically higher (p <0.05) maximum
torque and stiffness than the S (n=7) and Mock (n=6)
groups at 3M and 8M. Notably, the energy to failure,
maximum torque, and stiffness of the L group at 8M were
statistically comparable to those of the nonoperated femora
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(p>0.05), demonstrating that the healing and remodeling
processes through 8 months conferred the L group femora
sufficient biomechanical strength.

Absence of heterotopic bone formation
and tumor formation

It was documented that supraphysiologic and sustained
BMP2 expression would create a niche for adventitious
heterotopic bone formation.***> The representative X-ray
radiographs (Fig. 5) attested that none of the Mock, S, and L
group animals developed heterotopic bones, either at 3M or 8M.

To assess whether the BV-engineered ASCs gave rise to
tumor formation, the normal rabbit (Fig. 6A, n=2) and all L
group (Fig. 6B, n="7) animals at 8M were subjected to PET/
CT scan. Representative coronal sections of CT (Fig. 6a)
and PET (Fig. 6b) images were aligned side by side at the
same levels, and the maximum intensity projections of both
modalities were demonstrated for overview purpose (Fig.
6¢, d). The rainbow-color scale for PET scan represents the
amount of radiotracer uptake per tissue and no definite
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FIG. 4. Biomechanical properties of the femora harvested at 3M and 8M. (A) Maximum torque to failure. (B) Torsional
stiffness. (C) Energy to failure. The femora harvested at 3M and 8M as in Figure 1 were subjected to biomechanical testing.
The nonoperated femora taken from the contralateral limb served as the controls (n=28). n=6, 7, and 7 for the Mock, S, and

L groups (at both 3M and 8M), respectively.
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Mock

FIG. 5. Heterotopic bone formation as detected by X-ray
radiography. n=6, 7, and 7 for the Mock, S, and L groups
(at both 3M and 8M), respectively.

abnormal increased radiotracer lesion was found in all ani-
mals. Although substantial physiological radiotracer uptake
in the brain, salivary tissue, muscles, heart, stomach, liver,
skeleton, kidney, and urinary bladder makes it difficult to
differentiate normal and abnormal uptake, the PET and CT
coregistration images revealed no detectable solid mass le-
sion in the solid organs, such as brain, liver, lung, and
skeletons. Therefore, PET and CT scans collectively showed
no abnormality in the whole-body survey, indicating the
absence of tumor formation at gross levels. The PET/CT
scans of other six rabbits in the L group similarly con-
firmed the absence of tumor formation (Supplementary
Figs. S3-S8).

After sacrifice of the animals at 8M, the heart, liver,
spleen, lung, and kidney were removed from the normal
(n=2) and L group animals (n=7) and sectioned for H&E
staining. The representative histopathological images dem-
onstrated neither signs of malignant transformation nor
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distinguishable morphological differences between the
normal and L group animals (Fig. 6C), attesting the absence
of tumor formation in the L group animals at microscopic
levels.

Discussion

Bone remodeling is a critical process that reshapes the
bone tissues by removing, replacing, and reorganizing cells
and matrix. Although a wealth of literature has reported the
bone healing by genetically modified stem cells** " and
combined use of BMP2/VEGF to orchestrate bone healing
has been demonstrated in recent years,(’_9 none of these
studies has tracked the bone remodeling and evaluated po-
tential side effects in a long term. Given the successful
union of massive segmental bone defects mediated by hy-
brid BV-engineered ASCs/scaffold constructs, this study
sought to monitor the bone remodeling and to assess the
safety issues in a longer term. We attested that ASCs alone
without ectopic BMP2/VEGF expression (Mock group) led
to nonunion (Fig. 1) and the defect was still filled with
fibrous tissues even at 8M (Fig. 2). Consequently, the Mock
group was remarkably inferior to other groups in biome-
chanical properties. These data confirmed that ASCs alone
were unable to heal such stringent bone defects and agreed
with the poor bone regeneration by transplanting ASCs into
large segmental bone defects.*!

With transient BMP2/VEGF expression in vivo that cul-
minated at 3dpt (serum BMP2=1.5ng/mL and VEGF=
34.4pg/mL) and declined to baseline levels after day 14
(Supplementary Fig. S2), the S group slightly improved the
bone formation, but still failed to unite the defect and was
filled with fibrous tissues within the defect at 8M, despite
vague signs of bone turnover at 3M (Supplementary Figs.
S1-S3). As a result, the mechanical properties remained
subpar when compared with the nonoperated femora (Fig.
4). Therefore, transient BMP2/VEGF expression mediated
by ASCs was insufficient to heal such massive segmental
defects even at 8M. This finding is contradictory to previous
report that short-term BMP2 expression is sufficient to heal
bone defect,** probably attributable to the disparity in the
defect size, defect type, and cell source.

Strikingly, the L group mediated more robust and pro-
longed BMP2/VEGF expression (Supplementary Fig. S2)
and concurrently led to bone reunion, trabecular bone for-
mation via endochondral ossification in the interior, and
bone remodeling at 3M, which proceeded with time and
ultimately resulted in the resorption of trabecular bone
(Figs. 1-3). The progression of remodeling gave rise to
conspicuous reconstruction of medullary cavity and cortical
bone with lamellar structure and vascularity at 8M (Figs. 1
and 2), and concomitantly ameliorated the mechanical
properties that were comparable to those of contralateral,
nonoperated femora (Fig. 4). It is known that a large di-
aphyseal defect that has been allografted can only be com-
pletely repaired if a cortex-to-cortex union is achieved and
subsequent remodeling process progresses. However, vas-
cularization and remodeling of cortical bone occur at a very
slow rate.** The hybrid-BV-engineered ASCs/scaffold
constructs not only healed and remodeled the massive seg-
mental defects, but also revitalized the defects into living
bone tissues with satisfactory strength in a manner
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Heart

Normal

FIG. 6. Tumor formation as assessed by positron emission tomography/computed tomography (PET/CT) scans and histopa-
thology. (A) PET/CT scan of a normal (nonoperated) rabbit. (B) Representative PET/CT scan of a rabbit in the L group at 8M.
(C) H&E staining of sections from different tissues of the normal (n=2) and the L group animal (n="7). The subpanels in (A, B)
are as follows: (a) CT coronal images, (b) PET coronal images, (¢) projection of coronal CT images, and (d) projection of coronal
PET images. The PET scan was performed using '8F-labeled fluorodeoxyglucose ('®F-FDG) as radiotracer and each PET image
slice was retrieved from dorsum to abdomen at an interval of 2cm and aligned with the corresponding CT image. The whole-
body PET and CT slices were projected onto 2D planar images. Color images available online at www.liebertpub.com/tea

mimicking the natural healing process, thus representing a
remarkable advance in bone engineering.

It should be noted that the transplantatlon itself tr1g§ered
pronounced inflammatory responses in the first week.** The
inflammation subsided rapidly thereafter and was accom-
panied by cell apoptosis at 1 week post-transplantation and
followed by complete eradication of transplanted cells after
week 4.* These observations agreed with the notion that the
transplanted stem cells often repair tissues by secreting
growth factors without significant engraftment.'? The find-

ings, together with the significantly superior healing by the
L group over the S group, underscore the importance of
prolonged BMP2/VEGF expression in the healing and re-
modeling of such a massive, rigorous bone defect. The
pivotal role of prolonged transgene expression supported the
notion that a more sustained growth factor stimulation may
be necessary to induce healing in more stringent bone repair
scenarios.>®

However, it should also be noted that BMSCs engineered
with BV vectors for short-term BMP2/VEGF expression
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successfully healed the massive segmental defects at the
femora.”” One may envisage that the transplanted cells were
committed to osteogenic differentiation soon after trans-
plantation under the influence of BMP2/VEGF, and acted in
concert with the infiltrating host cells to fine-tune local
microenvironments to promote bone formation and re-
modeling. As such, the beneficial roles of transplanted cells
cannot be ruled out. Taken these parameters into account,
the growth factor type, level, expression duration, and donor
cell source are crucial for the repair. When BMSCs are used,
transduction with BV vectors transiently expressing BMP2/
VEGEF is sufficient to heal the critical-size segmental bone
defects. Conversely, when ASCs are employed, the hybrid
BV vector mediating prolonged BMP2/VEGF expression is
essential for the complete healing of such massive bone
defects. Such high-level and prolonged BMP2 expression
did not provoke local or remote heterotopic ossification in
all seven rabbits (Fig. 5).

To date, sustained transgene expression is commonly
achieved by viral vectors, such as adeno-associated virus
(AAV), gammaretrovirus, and lentivirus.* However, the
genotoxicity pertaining to the use of these viral vectors re-
mains to be a roadblock to clinical applications. In partic-
ular, both gammaretrovirus*® and lentivirus*’*® integrate the
transgene into the chromosome and have been reported to
induce insertional transformation of hematopoietic cells and
leukemia. AAV, despite existing in the transduced cells
predominantly in the episomal form, may also integrate the
transgene into the host chromosome®’ and trigger hepto-
cellular carcinoma in mice.’® Adenovirus is commonly used
for bone engineering, yet adenovirus triggers potent immune
response. Although gutless adenovirus vectors have been
developed to reduce immune responses, the production and
purification of gutless vectors remain challenging and
costly.

In contrast to the aforementioned viral vectors, BV does
not replicate in the transduced mammalian cells and the
viral DNA is degraded over tirne,zo’5 ! which contributes to
the transient expression nature. The hybrid BV vectors
exploited the FLP/Frt-mediated recombination for circular
episome formation, thereby reducing the chance of random
integration. In fact, in vitro transduction of human BMSCs
using the hybrid BV neither integrated the transgene into the
chromosome and disrupted the karyotype of the BMSCs, nor
elicited malignant transformation in vitro.”> In this study,
we further demonstrated that implantation of the hybrid-BV-
transduced ASCs elicited no signs of tumorigenesis in vivo
by histopathology and whole-body PET/CT (Fig. 6). Mon-
itoring the tumorigenesis for a period of time longer than 8
months will further warrant the safety of the hybrid-BV-
engineered stem cells for bone regeneration.

In conclusion, the constructs comprising ASCs en-
gineered with the hybrid BV for sustained BMP2/VEGF
expression induced reunion of the massive segmental bone
defect, trabeculae formation at 3M, and triggered progres-
sive bone remodeling and reconstruction of cortical bone
and medullary cavity at 8M. Consequently, at 8M the re-
generated bone tissue at the diaphysis structurally and bio-
mechanically resembled the intact bone, without signs of
heterotopic bone formation and tumorigenesis. These data
collectively confirmed that the hybrid-BV-engineered ASCs
and prolonged BMP2/VEGF expression are pivotal to re-
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vitalize the defect into the functional, living bone without
appreciable side effects. Note, however, this hybrid vector
relies on FLP expression and gene recombination within the
cells. Excessive FLP expression within ASCs may com-
promise the cell viability; thus, optimal vector dose and
transduction time should be carefully determined.
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