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Because muscle contains osteoprogenitor cells and has a pro-
pensity to form bone, we have explored its utility in healing
large osseous defects. Healing is achieved by the insertion of
muscle fragments transduced with adenovirus encoding
BMP-2 (Ad.BMP-2). However, it is not known whether the
genetically modified muscle contributes osteoprogenitor cells
to healing defects or merely serves as a local source of BMP-
2. This question is part of the larger debate on the fate of
progenitor cells introduced into sites of tissue damage to
promote regeneration. To address this issue, we harvested
fragments of muscle from rats constitutively expressing
GFP, transduced them with Ad.BMP-2, and implanted
them into femoral defects in wild-type rats under various
conditions. GFP+ cells persisted within defects for the entire
8 weeks of the experiments. In the absence of bone forma-
tion, these cells presented as fibroblasts. When bone was
formed, GFP+ cells were present as osteoblasts and osteocytes
and also among the lining cells of new blood vessels. The
genetically modified muscle thus contributed progenitor cells
as well as BMP-2 to the healing defect, a property of great
significance in light of the extensive damage to soft tissue
and consequent loss of endogenous progenitors in problem-
atic fractures.
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INTRODUCTION
Large segmental defects in bone do not heal well and remain a press-
ing clinical problem.1 Much research addresses this matter through
approaches based on mechanobiology, tissue engineering, regenera-
tive medicine, and gene therapy.2–6

Attention has been drawn to the remarkable osteogenic properties
of skeletal muscle, as manifest in the genetic disease fibrodysplasia
ossificans progressiva (FOP),7 and the high incidence of hetero-
topic ossification after blast injuries and surgical replacement of
the hip and elbow.8 FOP results from an activating mutation in
the activin receptor A type I, a bone morphogenetic protein
(BMP) type I receptor.9 This suggests that human muscle forms
bone very effectively in the presence of a sustained BMP signal.
Based on this information, we have explored the possibility to
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heal critical-sized defects in rat femora by the implantation of mus-
cle discs transduced with a recombinant adenovirus carrying BMP-2
cDNA (Ad.BMP-2). Results so far have been promising in this
model.10,11

Healing of defects in this fashion occurs via endochondral ossifica-
tion,11 but little else is known about the biology of healing. A pressing
question, of general importance to the field of regenerative medicine,
is whether the implanted cells heal indirectly by acting as transient
local sources of paracrine factors or whether progenitor cells within
the implant remain at the defect site and form new tissue directly.
Although the field of tissue engineering was predicated on the latter
assumption, recent evidence suggests that regeneration is largely a
result of host cells acting under the paracrine influence of introduced
cells that quickly disappear. The present study was designed primarily
to address this question.

This matter is not merely academic. Problematic fractures, including
segmental defects, are often associated with substantial injury to
surrounding soft tissue, which reduces the population of local progen-
itor cells available for bone healing. Under these circumstances, an
implant providing both persisting osteogenic cells and sustained oste-
ogenic signals would be highly advantageous.

At the time this study was initiated, the only genetically modified rats
available for this type of research expressed GFP in all cells.12 These
were thus used to explore the fate of donor muscle cells after implan-
tation into critical-sized defects in host femora.
RESULTS
Transduction of Muscle Discs

The study design is outlined in Figure 1. Skeletal muscle was har-
vested from rats and punched into discs 4 mm in diameter and
an Society of Gene and Cell Therapy.
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Figure 1. Experimental Design

Muscle discs were recovered from GFP+ rats, transduced with Ad.BMP-2, and inserted into surgically created critical-sized defects (CSDs) in the femora of wild-type rats.

Other discs from the same batch weremaintained in culture, and BMP-2 secretion wasmeasured for up to 4weeks. Healing of defects in rats wasmonitored by weekly X-ray.

After 8 weeks, femora were harvested and examined for bone bridging and the presence of GFP+ donor cells within wild-type recipient defects.
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2–3 mm thick. These were transduced with Ad.BMP-2 at doses
ranging from 109 to 2.5 � 1010 viral particles (vp)/4 discs leading to
the secretion of 8.04 ± 0.86 to 138.19 ± 2.0 ng BMP-2/48 hr/4 discs
at day 3 after transduction. At the time of implantation (i.e., day 5),
discs produced from 87 ± 6.28 to 336.11 ± 188.41 ng BMP-2/48
hr/implant. Production of BMP-2 persisted for at least 28 days
in vitro (Figure S1A).

RT-PCR revealed strong, increased expression of transcripts encod-
ing alkaline phosphatase and osteocalcin, with more modest in-
creases in runx2 and osteopontin (Figure 2A) in disc cultures
4 weeks after transduction. Col1A1 levels were not significantly
altered by BMP-2 overexpression. Transcripts encoding human
BMP-2 were also highly elevated, while the rat isoform was down-
regulated (Figure 2B).
Bone Healing Using Genetically Modified Muscle

Healing was monitored by weekly X-ray and assessed as complete
bridging when there was osseous callus filling the entire defect, partial
bridging when callus was present but failed to fill the defect, or no
bridging when there was no evident callus response after 8 weeks (Fig-
ure 3A). Complete bridging was observed uniformly in rats receiving
11 mg recombinant human (rh) BMP-2, which is a well-established
positive control for this model.

In a first series of experiments, Ad.BMP-2-transduced muscle discs
derived from GFP+ rats were implanted into femoral defects in
wild-type recipients. Of 28 defects treated in this fashion, only 2
achieved radiologic bridging. Eight animals mounted a partial
bridging response and the rest did not form new bone (data not
shown).
Molecular Therapy Vol. 26 No 1 January 2018 209

http://www.moleculartherapy.org


Figure 2. In Vitro Expression of Bone-Related

Transcripts and BMP-2 by Muscle Disc Cultures

(A) mRNA expression of bone-related genes. RT-PCR

was used to measure the relative expression of the bone-

related marker genes ALP, Runx2, col1A1, osteocalcin,

and osteopontin in muscle discs transduced with

Ad.BMP-2 (n = 8). (B) mRNA expression of human and rat

BMP-2 transcripts (n = 8). mRNA expression levels were

normalized to those of the internal standard GAPDH,

and they are reported as relative values (DDCT) to those

obtained from the cultures of untransduced muscle

discs. Asterisks indicate statistically significant difference

(p < 0.05) from controls. Representative results are shown

as box and whisker plots, with median as the horizontal

bar, interquartile range calculated using Tukey hinges as

the box, and the lowest and highest values represented as

whiskers.
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GFP is a foreign protein to wild-type animals. Because our previous
work suggests that bone healing in this model is highly sensitive to
activation of the immune system,10,11 additional experiments were
conducted to determine whether immune responses influenced heal-
ing. In one experiment to address this possibility, transduced muscle
from GFP+ rats was transplanted into wild-type recipients that were
immunosuppressed with a combination of FK506 and SEW2871.10

All 7 wild-type animals receiving transduced, GFP+ muscle with
immunosuppression bridged their defects (Table S1).

To examine further the possible influence of the immune system,
muscle discs from GFP+ rats were transduced with Ad.BMP-2 and
implanted into GFP+ recipients in the absence of immunosuppression
(Table S1). Partial bridging occurred in 3 of 4 GFP+ rats receiving
transduced GFP+ muscle grafts. The fourth animal was euthanized
because of implant pin loosening.

Comparison of the amount of BMP-2 produced by discs in relation to
whether or not they bridged revealed that, below a threshold of about
15 ng BMP-2/48 hr/4 discs, no bone was formed (Figure S1B). Once
BMP-2 expression exceeded approximately 25 ng BMP-2/48 hr/4
discs, new bone was formed, although this did not always lead to
radiologic bridging of defects (Figure S1B). This suggests that factors
other than BMP-2 production help determine whether bridging oc-
curs or not.

Histology

Histological examination confirmed that defects that failed to bridge
were filled with fibrous connective tissue (Figures 3B–3D). Under
conditions of partial bridging, areas of new bone were interspersed
with fibrous tissue. Occasional areas of cartilage were noted. Bridged
defects showed restoration of cortices with the formation of marrow
elements (Figure 3B). None of the samples showed evidence of a se-
vere inflammatory response.
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Microcomputed Tomography and Dual-Energy X-Ray

Absorptiometry

Microcomputed tomography (mCT) images (Figure 4) confirmed the
restoration of osseous continuity, with cortication, both in defects
bridged with rhBMP-2 and defects bridged with genetically modified
muscle. Axial images of defects completely bridged using genetically
modified muscle were closer in appearance to those of native bone
than images of defects bridged with rhBMP-2. In the latter cases,
new bone formation expanded outside the defect area, surrounding
the fixation plate.

Quantitative analysis of the mCT data confirmed that the bone volume
and total volume were closer to normal for defects bridged with mus-
cle grafts than those bridged with rhBMP-2 (Figure 5A). The polar
moment of inertia was also closer to normal values (Figure 5B).

Dual-energy X-ray absorptiometry (DXA) analysis showed that bone
formed with genetically modified muscle had lower bone mineral
content than intact femora (Figure 5C).

Fate of Implanted Muscle Cells

Immunohistochemistry was used to identify GFP+ cells within wild-
type recipient rats. Isotype control antibody showed no cross-reac-
tivity. The range of healing responses noted above (Figure 3) allowed
the examination of defects with various degrees of bridging (Figures 6,
7, and 8).

In defects that failed to form new bone, GFP+ cells were identified as
fibroblastic cells within a non-mineralized connective tissue matrix
(Figure 6). In partially bridged defects (Figure 7) and fully bridged de-
fects (Figure 8), the newly formed bone contained a mixture of donor
and host cells. Some partially bridged defects also contained areas of
cartilage (Figure 7), the chondrocytes being of both host and donor
origin. Chondrogenesis of endogenous progenitors may have been



Figure 3. Radiologic and Histologic Analyses of Bone Healing

(A) After 8 weeks, femora underwent their final X-rays and rats were euthanized. (B–D) Defects that failed to bridge, underwent partial bridging, or progressed to complete

bridging were sectioned and stained with H&E (B and C) or SOFG (D). The boxed areas of the images in (B) are shown at higher magnification in (C) and (D). N, new bone;

M, muscle; F, fibrous tissue; T, trabecular bone; BM, bone marrow. Asterisks show site of pinholes.
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favored by the unstable mechanical conditions of these non-unions.
Areas of apparent endochondral ossification were also visible. GFP+

cells were also noted lining the internal surfaces of newly formed
blood vessels (Figure 7).

Host and donor cells from six different areas within the newly formed
bone from two samples per group were counted; 64.1% ± 21.9% of
cells within the new bone of partially bridged defects were of donor
origin, whereas 76.2% ± 8% of cells within the new bone of completely
bridged defects were of donor origin.

DISCUSSION
The primary goal of this investigation was to determine whether new
bone formed within critical-sized defects after the implantation
of genetically modified muscle discs expressing BMP-2 is of host or
donor cell origin. This issue is pertinent to the wider discussion of
whether exogenously supplied progenitor cells contribute to tissue
regeneration by forming new tissue via differentiation and incorpora-
tion or whether they serve as a transient source of paracrine factors
and then disappear. The latter interpretation is increasingly favored.
Our data, however, confirm that the donor cells present in fragments
of skeletal muscle persist in the host defect site, and they do so regard-
less of whether or not they form bone.

Donor cells may have survived in the host because their micro-niches
within muscle were not destroyed during preparation of the geneti-
cally modified tissue for implantation.13 Many regenerative medicine
protocols, in contrast, enzymatically digest donor tissue to liberate
progenitor cells, a process that destroys these niches. The behavior
of the isolated cells may be further altered by serial expansion
in vitro. For use in tissue regeneration, such cells are frequently deliv-
ered as suspensions or seeded onto manufactured scaffolds. Under
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Figure 4. Imaging of Defects by Microcomputed

Tomography

After 8 weeks, animals were euthanized, and the operated

and contra-lateral femora were recovered and imaged as

described in the Materials and Methods.
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these circumstances, the transplanted cells may lack the survival sig-
nals of their native environments.13

In the absence of a sufficient osteogenic stimulus, the implanted cells
persisted as fibroblasts within a fibrous connective tissue. When bone
was formed, the donor cells appeared to contribute to several different
cell types, including osteocytes, osteoblasts, chondrocytes, and endo-
thelial cells lining new blood vessels. As noted in the Introduction, the
ability of the implanted tissue to provide progenitor cells that differ-
entiate into cells of the repair tissue is a considerable advantage when
healing defects where local progenitors have been damaged through
injury or, in the case of tumor resection, irradiation.

The representation of donor cells in newly formed bone varied
between approximately 60% and 75%. Because samples were exam-
ined by immunohistochemistry after 8 weeks, we do not know
whether the initial representation of donor cells was higher, with pro-
gressive replacement by host cells as the newly formed woven bone
was remodeled. It has been known for a long time that skeletal muscle
contains osteoprogenitor cells,14 but the identity of the progenitor
cells within skeletal muscle that formed new tissue in the present
experiment was not investigated here; candidates include satellite
cells,15 mesenchymal stem cells,16 muscle-derived stem cells,17 and
endothelial lining cells from blood vessels within muscle.18

Our data are also relevant to a discussion of the fate of chondrocytes
during endochondral ossification, the mechanism through which the
appendicular skeleton develops,19 fractures heal,20 heteropic ossifica-
tion develops in FOP,7 and genetically modified muscle forms bone in
rat femora.11 The received view, that hypertrophic chondrocytes un-
dergo apoptosis and are replaced by osteoblast progenitors from the
circulation,21 has been challenged.22–24 Recent data suggest that there
212 Molecular Therapy Vol. 26 No 1 January 2018
are circumstances where hypertrophic chondro-
cytes survive and differentiate into osteoblasts,
some of which, in due course, become osteo-
cytes.23,24 Our data strongly support this
postulate.

Although not the primary focus of this study,
our data again draw attention to the sensitivity
of bone healing to immune activation. Histori-
cally, we have noted this when injecting
Ad.BMP-2 directly into mice,25 rats,26 and
sheep27,28 and also when developing the geneti-
cally modified muscle technology described
here. For instance, muscle transfers of this
kind were only partially successful in Sprague-
Dawley rats, which are not syngeneic, but fully successfully in Fischer
rats, which are.11 In a previous study, we immunosuppressed recip-
ient rats with FK506 and SEW2871 to allow xenografting of sheep
muscle.10 Under these conditions, bone healing was enhanced beyond
that expected from improved xenografting alone. Likewise, in the
present study, bone bridging following the implantation of GFP+

muscle into wild-type rats in the presence of FK506 and SEW2871
was superior to that occurring when GFP+ muscle was transplanted
into GFP+ hosts in their absence.

We originally suspected that GFP+ donor cells were being rejected
by wild-type recipient rats to whom GFP is a foreign antigen. But
immunohistochemistry showed that GFP+ cells endured in non-im-
munosuppressed, wild-type animals. The cells persisted as fibro-
blasts, suggesting a role for immunosuppression in promoting
osteogenesis rather than enabling tissue grafting. However, further
analysis is complicated by the leaky nature of the first-generation
adenovirus vectors used in this study. Despite deletions in the E1
and E3 regions of the genome, a low level of viral proteins is still
produced by transduced cells, generating a cell-mediated immune
response.29 Because only a fraction of the muscle disc cells is trans-
duced by adenovirus, there is a population of non-transduced GFP+

cells that could remain in the defect under conditions of immuno-
reactivity to adenoviral antigens. The deleterious effects of immune
activation are also suggested by the work of Reinke et al.,30 who
reported that bone healing is inhibited by CD8+ memory T cells.
Osteogenic responses to BMP-2 may also benefit from the interac-
tion of FK506 with its binding protein 12 (FKBP12), which am-
plifies intra-cellular signal transduction via the BMP receptor.31,32

These additional factors help explain why healing was not only
predicated on the amount of BMP-2 that was produced by the im-
planted muscle discs.



Figure 5. Quantitative mCT and DXA Data

(A) Bone volume and total volume of intact femora and defect sites healed with BMP-2 or genetically modified muscle discs were determined from mCT data (n = 11 animals).

(B) Polar moment of inertia of intact femora and defect sites bridged with BMP-2 or genetically modified muscle discs calculated from mCT data (n = 11 animals). *p < 0.05

compared to the intact femur group; yp < 0.05 compared to the genetically modified muscle group. (C) Bone mineral content (g) of intact femora and defect sites bridged or

partially bridged using genetically modified muscle discs (n = 11). *p < 0.05 compared to the intact femur group; #p < 0.05 compared to the partial bridging group.

Representative results are shown as box and whisker plots, with median as the horizontal bar, interquartile range calculated using Tukey hinges as the box, and the lowest

and highest values represented as whiskers.
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The technology described here holds promise as a means of repairing
osseous defects in which the pool of endogenous osteoprogenitor cells
is depleted. Suitably adapted, the method could permit point-of-care
delivery in which autologous muscle would be harvested, genetically
modified, and implanted intra-operatively into osseous defects. An
expedited approach such as this would greatly facilitate clinical appli-
cation.33 In previous work, we have noted that genetically modified fat
has a certain ability to heal experimental osseous lesions in the
manner described here for muscle.10,11 Use of adipose tissue would
further facilitate clinical translation. Regardless of the donor tissue
of choice, the protocol will need optimizing and evaluating in a large
animal model before progressing to human trials.

MATERIALS AND METHODS
Animals

F344-Tg(UBC-EGFP)F455Rrrc rats (Rattus norvegicus, RRC strain
307) were acquired from the Rat Resource and Research Center
(RRRC, University of Missouri, MO) and bred at the institutional an-
imal care facility. Male (wild-type) Fischer F344 rats were purchased
from Charles River Laboratory (Wilmington, MA). All animals were
housed in a central animal care facility with 12-hr light cycles and
were given chow and water ad libitum. Animal care and experimental
protocols were followed in accordance with NIH guidelines and
approved by the Beth Israel Deaconess Medical Center Institutional
Animal Care and Use Committee.

Preparation of Genetically Modified EGFP Muscle Discs

Skeletal muscle was harvested aseptically from biceps, vastus lateralis,
soleus, and gastrocnemius muscles of 20-week-old EGFP rats and
punched into discs of 4-mm diameter and 2- to 3-mm depth. These
were transduced with a first-generation adenovirus (DE1, DE3), sero-
type 5, carrying the human BMP-2 cDNA (Ad.BMP-2)34 at doses
ranging from 109 to 2.5 � 1010 vp/4 discs. Briefly, discs were trans-
ferred to wells of a 48-well plate, and 100 mL virus suspension was
added in low-glucose (1 g/dL) DMEM (LG-DMEM, Mediatech,
Manassas, VA) supplemented with 0.1% fetal bovine serum (FBS;
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Figure 6. Immunohistochemical Analysis of Defects

Where No Bridging Occurred

Sections were stained with anti-GFP antibody (top and left

bottom panels). As confirmed in the top panel, this defect

did not bridge. Examination under higher power (left bot-

tom panel) revealed GFP+ fibroblastic cells within a fibrous

connective tissue. Isotype control antibody failed to stain

any cells (right bottom panel). Asterisks show sites of

pinholes.
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HyClone, Logan, UT) and centrifuged at 2,000� g for 30 min (37�C).
Discs were then incubated at 37�C/5% CO2 for 210 min before the
removal of virus-containing media and the addition of complete me-
dia, consisting of LG-DMEM supplemented with 10% FBS and
50 mg/mL ascorbic acid-2-phosphate (Sigma-Aldrich, St. Louis,
MO). BMP-2 production was quantified in 72-hr muscle superna-
tants using the human BMP-2 DuoSet ELISA kit (R&D Systems,
Minneapolis, MN). Discs were either implanted into critical-sized
defects 96 hr after transduction or maintained in culture for 4 weeks.
Cultures were supplemented with 10 mM glycerophosphate (Sigma-
Aldrich) after 10 days of osteogenic culture. Supernatants were
collected regularly for quantification of BMP-2 secretion.

Surgical Procedure

Wild-type rats were 15 weeks of age at the time of surgery. A 5-mm,
critical-sized, mid-femoral defect was created in the right hind limb of
each rat. Under sterile conditions, a 4-cm incision was made on the
posterolateral thigh. The lateral intermuscular septum with respect
to the femur was dissected to expose the diaphysis of the femur.
Care was taken to preserve the periosteum and the surrounding
soft tissues. Using a polyacetal plate35 (Special Designs, La Vernia,
TX) as a guide, four holes were drilled along the mid-diaphysis using
a 0.79-mm drill bit. The plate was then secured carefully to the femur
using four hand-driven 0.9-mm threaded K-wires (MicroAire
Surgical Instruments, Charlottesville, Virginia), which allowed the
construct to act as a locked plate. A 5-mm osteotomy was placed pre-
cisely equidistant from each of the inner wires using a 0.22-mm Gigli
wire saw (RISystem AG, Davos Platz, Switzerland) and a precision
saw guide. After completion of the osteotomy, the site was irrigated
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with saline, and 4 discs of genetically modified
EGFP muscle were press-fit in the 5-mm gap.
Positive controls received 11 mg rhBMP-2 (Med-
tronic, Dublin, Ireland) soaked in a collagen type
I sponge (Integra LifeSciences, Plainsboro, NJ).
A soft tissue pouch was created using the adja-
cent muscles to ensure the muscle graft and
collagen sponge would stay in place. The wound
was closed in layers with 4-0 Vicryl sutures and
the incision site closed using 9-mm wound clips.

Certain rats received a daily subcutaneous injec-
tion of immunosuppressive cocktail, consisting
of 1.0 mg/kg FK506 and 0.5 mg/kg SEW2871
(Cayman Chemical, Ann Arbor, MI),10 starting the day before
implantation and continuing for 8 weeks. In the first series of experi-
ments, 28 wild-type rats received grafts from syngeneic GFP+ donors
but did not receive immunosuppression. In a second series, GFP+

muscle grafts were implanted into 4 GFP+ recipients, and 7 wild-type
rats received GFP+ grafts along with the immunosuppressive cocktail.

Radiographic Evaluation

Serial, weekly radiography using a digital dental X-ray unit was per-
formed under general anesthesia to evaluate bone regeneration in the
defects. Rats were ventrally positioned and the X-ray sensor was
placed under the defect area of each femur. Complete, partial, or no
bridging of the defects was determined by inspection of the resulting
radiographs by two independent, blinded observers.

mCT

The architecture of newly formed bone in the rat defects was exam-
ined with a desktop micro-tomographic imaging system (mCT40,
Scanco Medical AG, Bassersdorf, Switzerland) equipped with a
10-mm focal spot microfocus X-ray tube. Femoral defects were
scanned using a 20-mm isotropic voxel size, at 55 keV energy,
200-ms integration time, with approximately 500 mCT slices per
specimen. The slices were converted to DICOM format using the
mCT40 software and then imported for analysis using AnalyzePro
(AnalyzeDirect, Overland Park, KS) software. Bone structure was
segmented by automated thresholding, separating the bone from
the surrounding tissue, and common bone morphometric indices
were calculated using the Bone Microarchitecture Analysis module
in the AnalyzePro software. Evaluation of only a 4-mm (200 slices)



Figure 7. Immunohistochemical Analysis of Defects Where Partial Bridging Occurred

(A–F) As confirmed in (A), although some new bone was formed in the defect, bridging was incomplete. In addition to new bone, the defect contained cartilage, fibrous tissue,

and areas that appeared to be undergoing endochondral ossification (B, stained with SOFG). Chondrocytes within the cartilage were GFP�, whereas cells in areas un-

dergoing endochondral ossification and cells within fibrous tissue contained both GFP+ and GFP� cells (C–E). Both GFP+ cells (example indicated by red arrowhead) and

GFP� cells (example indicated by black arrowhead) were present in the newly formed bone (D and E). Certain blood vessels were lined with GFP+ cells (insert, C, red

arrowhead). (A) and (C)–(E) were stained with anti-GFP antibody. Isotype controls were negative for GFP staining (F). N, new bone; F, fibrous tissue; EO, endochondral

ossification.
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central region of the defects was used to exclude any pre-existing
intact cortical bone. Total volume of the callus size of the defect
(TV, mm3), bone volume (BV, mm3), BV/TV fraction, and polar
moment of inertia (mm4) were calculated from mCT images. Images
were thresholded using an adaptive-iterative algorithm, and
morphometric variables were computed from the binarized images
using direct, 3D techniques that do not rely on any prior assump-
tions about the underlying structure.
DXA

DXAmeasurements (bonemineral content [BMC], g) of the defect area
were obtained with PIXImus2 apparatus (GE-Lunar, Madison, WI,
USA). Briefly, each femoral defect was placed on a lucite block during
scanning to simulate soft tissue. The scans were acquired using small
animal high-resolution mode. All specimens were evaluated at 8 weeks
in the area corresponding to the region of the critical-sized bone defect.
Histology

Femora were fixed in 10% neutral-buffered formalin solution for
72 hr. All samples were decalcified with EDTA 10% solution (pH.
7.4), with constant gentle agitation at room temperature for
30 days. The EDTA solution was replaced by freshly prepared solu-
tion every 5 days. The endpoint of decalcification was tested by radio-
graphic methods as decalcification proceeded. Fixed and decalcified
specimens were dehydrated in a series of graded ethanol and then
embedded in paraffin; 5-mm sections were cut using an automatic
microtome (HM 355S, Thermo Scientific, Kalamazoo, MI) and
mounted onto positively charged slides (Superfrost Plus Microscope
Slides, Fisher Scientific, Pittsburgh, PA).

H&E and safranin O/fast green (SOFG) staining were performed
according to standard protocols on paraffin-embedded sections.
Briefly, 5-mmparaffin-embedded sections were deparaffinized and re-
hydrated through a series of xylenes and graded alcohols, followed by
staining with hematoxylin for 3 min (Richard-Allan Scientific, Kala-
mazoo, MI). Slides were then submersed for 45 s in eosin Y (Richard-
Allan Scientific, Kalamazoo, MI), then quickly dehydrated in graded
ethyl alcohol series, cleared with xylene, and mounted with xylene-
based mounting medium (Richard-Allan Scientific, Kalamazoo, MI).

SOFG staining was performed by staining in Weigert’s iron hematox-
ylin for 10 min (ElectronMicroscopy Sciences, Hatfield, PA), followed
by 0.4% aqueous fast green (Sigma-Aldrich, St. Louis, MO) for 4 min
and 0.125% safranin O (Electron Microscopy Sciences, Hatfield, PA)
for 5 min, then quickly dehydrated in graded ethyl alcohol series,
cleared with xylene, and mounted with xylene-based mounting me-
dium. Bright-field images were acquired using an automated inverted
microscope (Olympus IX83microscope, Waltham,MA). Images were
stitched at 4�magnificationusing the cellSenseOlympus imaging soft-
ware, and the data were exported as virtual slide image (vsi) file format.
Immunohistochemistry

Formalin-fixed tissue sections (5 mm) were deparaffinized and rehy-
drated as described above, then washed twice for 5 min in PBS.
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Figure 8. Immunohistochemical Analysis of Defects

that Bridged

(A and B) Areas from two different bridged defects (A and

B) are shown. Boxed areas in the upper panels are shown

at higher magnification in the lower panels, which show

that both GFP+ (example indicated by red arrowhead) and

GFP� (example indicated by black arrowhead) cells are

present. Isoptype control staining was negative (data not

shown). Asterisks show sites of pinholes.
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Nonspecific binding was blocked in 5% rabbit serum. Slides were
incubated with rabbit polyclonal anti-GFP antibody (dilution
1:1,000, Ab290, Abcam, Cambridge, MA) overnight at 4�C. The
next day, slides were washed four times in PBS for 10 min and incu-
bated with biotinylated goat anti-rabbit IgG antibody (1:300 dilution,
BA-1000, Vector Laboratories, Burlingame, CA) for 2 hr at room
temperature, followed by detection with an avidin-biotin-based
peroxidase kit (Vectastain Elite ABC HRP Kit, Vector Laboratories,
Burlingame, CA). Nonspecific background was greatly reduced by
pre-treatment of slides with hydrogen peroxidase before incubation
with secondary antibody. The antigen-antibody complex was
observed by reaction with 3, 30-diaminobenzidine peroxidase sub-
strate (ImmPACT DAB, Vector Laboratories, Burlingame, CA) and
counterstained with hematoxylin (Vector Laboratories, Burlingame,
CA). Controls consisting of rabbit IgG polyclonal isotype (dilution
1:1,000, ab27478, Abcam, Cambridge, MA) were included for each
section. Positive controls consisted of formalin-fixed, paraffin-
embedded femora from transgenic rats expressing GFP.

Two samples from the partial bridging group and two from the com-
plete bridging group were randomly selected for counting the
numbers of host and donor cells by two blinded observers. A six-
square grid dividing the newly formed bone into areas proximal,
middle, and distal to the femoral head was added to two different his-
tological images separated by 10 mmper group. All cells inside lacunae
that stained with anti-GFP antibody were designated as donor cells,
while cells stained with hematoxylin were designated as host cells.
Numbers from both samples were averaged and SDs calculated.

Transcript Expression

Semiquantitative RT-PCR was used to measure the expression of
genes associated with osteogenesis, including ALP, Runx2, type I
216 Molecular Therapy Vol. 26 No 1 January 2018
collagen (Col1A1), osteopontin, and osteocal-
cin, and to monitor the expression of human
and rat BMP-2 transcripts. At 28 days after
Ad.BMP-2 transduction, cultures of muscle
discs were separately flash-frozen in liquid
nitrogen and pulverized in pre-chilled grinding
jars using a TissueLyser II homogenizer
(QIAGEN, Germantown, MD). The RNA frac-
tion was isolated using TRIzol Reagent (Thermo
Fisher Scientific, Waltham, MA). RNA concen-
trations were quantified from the absorbance at
260 nm. RNA (0.5–1 mg) was reverse-transcribed into cDNA using
the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific) and random primers. RT-PCR was performed with an
Mx3000PTM thermal cycler (Stratagene, Cedar Creek, TX) using
the PowerUp SYBR Green Master Mix kit (Thermo Fisher Scientific).
For SYBR Green PCR reactions, the mixture contained 1� SYBR
Green, 10 ng cDNA, and 0.5-mM concentrations of each primer.
The forward and reverse primers used are listed in Table S2. After
uracil-DNA-glycosylase (UDG) activation for 2 min at 50�C and
Dual-Lock DNA polymerase activation for 2 min at 95�C, cDNA
was amplified in 40 cycles of two steps: 95�C for 15 s and 60�C for
60 s. Melting-curve analyses were performed at the end of each ampli-
fication step. The mRNA expression levels were normalized to those
of the internal standard GAPDH, and they were reported as relative
values (DDCT) to those of non-transduced muscle discs. A relative
quantification method using PCR efficiency correction was used as
previously described.36 Primer PCR efficiency is documented in
Table S2.

Statistical Analysis

In vitro experiments were repeated at least 4 times using muscle from
different donor rats. Representative results are shown as box and
whisker plots. For in vitro quantitative results, pairwise comparisons
were performed using the Mann-Whitney U test. Data obtained dur-
ing mCT evaluation was analyzed using a one-way ANOVA with a
Bonferroni post hoc analysis; p values less than 0.05 were considered
statistically significant.
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