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The role of transduced bone marrow cells overexpressing
BMP-2 in healing critical-sized defects in a mouse femur
M Pensak1, S Hong2, A Dukas1, B Tinsley1, H Drissi1, A Tang3, M Cote1, O Sugiyama3, A Lichtler4, D Rowe4 and JR Lieberman3

The role that transduced mouse bone marrow stromal cells (mBMSCs) engineered to overexpress human bone morphogenetic
protein 2 (BMP-2) play in healing critical-sized skeletal defects is largely unknown. We evaluated the interaction between host
osteoprogenitor cells and donor mBMSCs transduced with either a lentiviral (LV) vector-expressing red fluorescent protein (RFP)
with or without BMP-2 that were implanted into a critical-sized femoral defect. Radiographs taken at the time of killing were
evaluated using a five-point scaled scoring system. Frozen histologic sections were analyzed to assess both the transduced cells’
role in bone repair and the local osteoprogenitor response. There was complete radiographic bridging in 94% of group I (LV-RFPch-
BMP-2-cmyc) and 100% of group III (recombinant human BMP-2) specimens. Radiographs demonstrated a lack of healing in group
II (LV-RFPch). Mouse BMSCs transduced with an LV-RFPch-BMP-2 vector were able to induce host cells to differentiate down an
osteoblastic lineage and heal a critical-sized defect. However, the donor cells appeared to be functioning as a delivery vehicle of
BMP-2 rather than actually differentiating into osteoblasts capable of participating in bone repair as evidenced by a lack of
colocalization of the transduced cells to the sites of skeletal repair where the host progenitor cells were found.
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INTRODUCTION
The optimal treatment of large bone defects associated with
trauma, revision total joint arthroplasty and spinal fusion still has
not been identified.1–3 There is interest in developing regional
gene therapy as a potential treatment option because the
sustained release of growth factors may enhance bone repair.
Both in vivo and ex vivo strategies have been demonstrated to be
successful in healing critical-sized defects in animal studies.4–11

There is a concern that in a biologically stringent environment
there may not be a sufficient number of host cells present at the
bone repair site to lead to an adequate biological response with
an in vivo therapy. Therefore, we have focused on regional gene
therapy with an ex vivo strategy using a lentiviral (LV) vector
containing the complementary DNA (cDNA) for bone morpho-
genetic protein 2 (BMP-2). We have been developing gene therapy
with a LV vector9,12 because a prolonged duration of transgene
expression is probably necessary to heal the large defects for which
gene therapy will be initially used in clinical situations.
One of the critical questions that needs to be answered in an

ex vivo strategy is what is the role of the transduced cells? Do the
transduced bone marrow cells just serve as a delivery vehicle for
the growth factor or do they actively participate in bone repair?
This information could influence the cell type selected for use in
an ex vivo strategy. There are a number of candidate cellular
delivery vehicles (mesenchymal stem cells from bone marrow,
muscle, adipose-derived stem cells and fibroblasts) and all have
been successfully used in various preclinical animal models in
ex vivo regimens.5,6,12–17 The role of these cells in the bone repair
process has not been definitively established.

The purpose of this study was to determine if transduced
mouse bone marrow stromal cells (mBMSCs) simply served as a
protein delivery vehicle within a critical-sized mouse femoral
defect or actively participated in bone repair. We also compared
the progenitor cell response with treatment with recombinant
human BMP-2 (rhBMP-2) on a collagen sponge versus BMP-
expressing bone marrow cells transduced with a LV vector. We
hypothesized that donor mBMSCs engineered to express BMP-2
could lead to osteoinduction of host mesenchymal cells and that
the donor cells themselves would participate in the bone repair
process. By tagging the cells with a unique fluorescent reporter
gene, we were able to assess their role in the bone repair process.
In addition, by using novel fluorescent reporter mice, we
visualized, quantified and compared the osteoprogenitor cell
response with BMP expressed by transduced cells and rhBMP-2
protein.

RESULTS
Radiographic assessment of defect healing
Plain radiographic analysis demonstrated that there was complete
bridging in 15/16 defects in group I (LV-red fluorescent protein
monomeric Cherry (RFPch)-BMP-2) and all the defects in group III
(rhBMP-2). None of the specimens in group II (LV-RFPch)
demonstrated healing at any time point.
The bone defects in groups I and III that healed had done so by

the 14-day time point. The average healing score for group I (LV-
RFPch-BMP-2) from 14 days onward, the typical time for bridging
to occur, was 4.77 ± 0.46. Fifteen of 16 (94%) specimens at or
beyond the 14-day time point had average healing scores of
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5 ± 0.00. The average radiographic healing scores for group III
(rhBMP-2) from 14 days and beyond was 5.0 ± 0.00. All 16 of these
defects had complete healing (100%). Analysis of the group II
(LV-RFPch) specimens revealed an average healing score of
1.39 ± 0.70 across a similar time frame. None of the 16 (0%)
specimens at or beyond 14 days had average healing scores of 4
or better. Analysis of variance revealed significant differences
among the radiographic scores at 56 days with groups I and III
outperforming group II (Po0.01). Post hoc testing demonstrated
that both the group I (Po0.01) and group III (Po0.01) treatment
regimens significantly outperformed group II at all time points
from 14 days onward (Figure 1). A weighted kappa value of 0.97
was achieved among the three radiographic reviewers confirming
high interobserver reliability.

Frozen histologic analysis
Bone defect healing. We noted two distinct healing responses in
the defects. Mice treated with either rhBMP-2 or cells transduced
to express BMP-2 (groups I and III) healed the defects through the
production of anterior and posterior bony bridges that spanned
the critical defect by 14 days. All but one mice in group I formed
complete bony bridges at 14 days (15/16) and beyond (one 21-
day specimen did not completely bridge). Bridges formed in all
specimens (16/16) in rhBMP-2-treated defects (group III). The
mode of BMP administration (gene therapy or recombinant
protein on a collagen sponge) did not appear to alter the gross
healing response. However, the rhBMP-2 in treatment group III
elicited a more robust osteoprogenitor response than the
transduced cells. In stark contrast, the mice exposed to the RFPch
treatment alone (group II) failed to mount any significant healing
response and no bony bridge developed (Figure 2).

RFPch expression. In the group I mice, RFPch-positive cells were
seen in the defect mainly at the first three time points (7, 14 and
21 days) but the signal was very weak (Figure 2). There did not
appear to be any discernible change in the spatial pattern of these
cells across the first three time points. In contrast, the mice in
group II had a very strong and obvious presence of RFPch-positive
cells at the 7- and 14-day time points in the defect (Figures 2 and 3).
The cells did appear to be closer to one another and more
confined to the region of the defect at 14 days compared with
7 days. By 21 days, the RFPch cells were barely visible in the
defect. As expected, we did not see any appreciable RFPch signal
in the defect in group III mice (Figure 2).

Histologic evaluation of host and donor cell interactions. Group I
mice had a limited presence of GFPemd-positive osteoprogenitor
cells in the defect at all time points (Figure 2). In contrast, the mice
in group III had a fairly strong presence of GFPemd-positive cells in
the defects mainly at 14- and 21-day time points (Figure 2). This
may suggest that the BMP released by the cells had a weaker
osteoinductive effect than the recombinant protein but the
defects still healed in both groups.
In groups I and III, a strong association of the osteoprogenitor

cells with the mineralizing anterior and posterior bony bridges
could be seen at 14 days and 21 days (Figure 2). These findings
suggest that the host cells were recruited to the vicinity of the
defect by the potent osteoinductivity of BMP. There was a less
robust response in group I versus group III (Figure 2).
By 56 days, the bony bridges had markedly thinned out and a

very faint population of Col2.3GFPemd activity could be detected
along the inner margin of the bone bridge. No newly mineralized
bone could be detected at this final time point.

Average Radiographic Healing Scores+

Time (days) Group I 
(LV-RFPch-BMP-2)

Group II 
(LV-RFPch)

Group III
(rhBMP-2) P value

7 0.42+/-0.32 0.67+/-0.27 0.50+/-0.33 0.53

14 4.91+/-0.17 0.67+/-0.47 5.00+/-0.67 0.00**

21 4.17+/-1.67 1.67+/-1.12 5.00+/-0.00 0.01**

28 5.00+/-0.00 2.17+/-0.79 5.00+/-0.00 0.00**

56 5.00+/-0.00 1.08+/-0.42 5.00+/-0.00 0.00**

Figure 1. Representative X-rays of (a) group I, (b) group II and (c) group III mouse defects at 56 days showing complete bridging of specimens
in groups I and III in contradistinction to group II, which failed to bridge the defect. Statistically significant higher radiographic healing scores
were noted in groups I and III at all times points from 14 days and onward compared with group II. +Radiographic scores are given as the
mean± s.d. **Statistically significant differences between groups I and III compared with group II.
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The group II mice had no visible Col2.3GFPemd activity in the
defect at all time points (Figures 2 and 3). However, in the region
of the external fixator both Col2.3GFPemd-positive cells and newly
mineralized bone could be seen by 14 days, which may have
resulted from periosteal reaction (Figure 2).

Very few RFPch-positive cells were present in the vicinity of the
bone bridges and they did not appear to be colocalizing with the
host green cells in group I mice (Figure 2). These findings suggest
that the donor cells induced the host cells’ development into an
osteoblastic lineage but did not directly participate in skeletal

7d

14d

21d

Group III Group I 

28d

Group II 

Figure 2. Representative 2mm defects (magnification x10) at 7, 14, 21 and 28 days post-op from Col2.3GFPemd transgenic mice treated with
either mBMSCs expressing RFPch-BMP-2 (a, d, g, j), RFPch (b, e, h, k) or an absorbable collagen sponge loaded with 5mcg of rhBMP-2 (c, f, i, l).
The RFPch signal in the group II mice was much stronger at the first two time points compared with group I. In addition, the donor cells
appeared to condense and coalesce within the defect over the course of the first 2 weeks. The RFPch signal was very weak by 21 and 28 days
in group II. No healing of the defects was appreciated in the group II specimens. In both of the BMP-2 treatment arms, the defects were
bridged by 14 days. A very small amount of red donor cells expressing RFPch-BMP-2 can be seen within the region of the defects in the group
I specimens at all time points, though they were most visible at 7 and 14 days. As expected, no red signal is appreciated in the group III
specimens as there were no transduced cells implanted into these defects. Green color represents host Col2.3GFPemd-positive
osteoprogenitor cells and blue represents newly mineralized bone stained with tetracycline. Notably, no significant colocalization of red
and green cells are appreciated in the group I specimens.

7d

14d

Group II Group I 

Figure 3. Defect region (magnification x25) at 7 and 14 days post-op from Col2.3GFPemd transgenic mice treated with mBMSCs expressing
RFPch-BMP-2 (a, c) or RFPch (b, d). In the group I specimens, the donor cells had a very weak expression of the RFPch protein at both time
points though the signal was clearly more visible at 7 days. In contrast, the group II specimens displayed a very strong RFPch signal at both
early time points with the cells coalescing and condensing into the region of the defect from 7 days to 14 days. Green color represents host
Col2.3GFPemd-positive osteoprogenitor cells and blue represents newly mineralized bone stained with tetracycline.
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repair. As expected, no colocalization of red and green cells could
be detected in the defect or bony bridges in the group III mice
(Figure 2).
The group II defects were devoid of osteoprogenitor cells and

failed to form bony bridges supporting the notion that the RFPch
donor mBMSCs did not possess the osteoinductive capacity to
recruit host osteoprogenitor cells (Figures 2 and 3). Histomorpho-
metric parameters that were designed to detect for colocalization
of red and green cells within the defect did not reveal any
significant results across time points.

Histomorphometric quantitation of osteoprogenitor cell
recruitment in the bone defect
In the group I mice, we found no significant temporal differences
in any of the histomorphometric parameters in the region of the
bone defect. In the group II mice, we detected a significant
temporal difference in the RFPch+cell/total volume (TV) para-
meter. Mirroring our histologic observations, the parameters were
significantly larger at 7 and 14 days compared with all other time
points (Table 1). In addition, the percentage of RFPch-positive cells
associated with the bone surfaces (RFPch+cell/bone surface)
peaked at 14 days and was significantly larger compared with
all other time points (7 days, P= 0.034; 21 days, P= 0.010; 28 days,
Po0.01 and 56 days, Po0.01) (Table 1). The GFPemd+cell/TV
parameter, which quantifies the ratio of GFPemd-positive cells as a
percentage of the defect volume was nearly 5x–7x smaller in
group I than that seen in our positive control, group III, at 14 and
21 days (Table 1). This suggests that in this model rhBMP was

more efficacious at recruiting osteoprogenitor cells when delivered
on a collagen sponge compared with cell-based delivery.
Comparison across treatment groups at a given time point

revealed significant differences among some of the cellular
parameters. At 7 days, we noted a larger RFPch+cell/TV parameter
in group II compared with group I (Po0.01) and III (Po0.01)
(Table 1) suggesting that the LV-RFPch vector induced a stronger
expression of RFPch than the LV-RFPch-BMP-2 vector. At 28 days,
there were differences in the GFPemd+cell/TV parameter among
the treatment groups (P= 0.0275). Post hoc testing revealed that
the difference between groups II and III was significant in favor of
group III (Table 1). In addition, newly mineralized bone and
Col2.3GFPemd cells were found to colocalize along the bone
surfaces in greater quantities in group III compared with both
groups I (Po0.01) and II (Po0.01). This was expressed via the
LabelGFPemd+cell/bone surface parameter (Table 1).

Histomorphometric quantitation of osteoprogenitor cell
recruitment in the healing bone
The area within the perimeter of the anterior and posterior bone
bridges was analyzed to determine if and how the host and donor
cells were interacting to effect skeletal repair. There were no
differences among any of the cell-based histomorphometric
parameters in the group I mice across time points (Table 2).
However, with respect to the anterior bone bridge, the bone
volume (BV)/TV value at 28 days was significantly greater than at
7 days and the 56-day value was significantly greater than all
other time points (Table 2). The group III mice had significantly
larger GFPemd+cell/bone surface values at 14 days compared
with 7 days (P= 0.022 anterior, P= 0.033 posterior) in both the

Table 1. Defect parameters measured at 7,14, 21, 28 and 56 days

Time point (days) Group I:
LV-RFPch-BMP-2

Group II:
LV-RFPch

Group III:
RhBMP-2

RFPch+ cell/TV defect
7 0.31± 0.43‡ 1.07± 0.12† 0.1± 0.21‡
14 0.77± 1.14 1.48± 0.55† 0.26± 0.51
21 0.46± 0.75 0.12± 0.05 0± 0
28 0.24± 0.23 0.2± 0.32 0.41± 0.8
56 0.03± 0.04 0.07± 0.09 0± 0

RFPch+ cell/bone surface defect
7 15.13± 16.66 5.41± 2.79 5.56± 11.11
14 14.29± 17.6 16.53± 9.26* 4.98± 9.9
21 9.62± 16.99 3.39± 2.7 0± 0
28 4.78± 5.53 1.37± 1.45 6.41± 12.27
56 0± 0 0.15± 0.29 0± 0

GFPemd+cell/TV defect
7 0.07± 0.09 009± 0.19 0.04± 0.05
14 0.44± 0.47 0.19± 0.17 2.28± 2.22
21 0.37± 0.52 0.2± 0.14 2.93± 4.21
28 0.36± 0.31 0.12± 0.08§ 1.07± 0.65‡
56 0.06± 0.05 0.38± 0.3 0.09± 0.1

LabelGFPemd+cell/bone surface defect
7 0.66± 0.74 1.33± 2.67 0.15± 0.31
14 4.02± 3.96 2.02± 2.8 2.63± 3.72
21 4.51± 6.59 2.31± 2.83 11.46± 11.9
28 2.33± 1.57§ 0.33± 0.26§ 10.53± 2.79
56 0.67± 0.79 5.55± 7.19 0.67± 0.77

Abbreviations: BMP-2, bone morphogenetic protein-2; LV, lentiviral;
RhBMP-2, recombinant human BMP-2; RFPch, red fluorescent protein
monomeric Cherry; TV, total volume. Data expressed as mean± s.d.
*Po0.05 compared with all other time points in the same group.
†Po0.05 compared with days 21, 28, and 56. ‡Po0.05 compared with
LV-RFPch. §Po0.05 compared with RhBMP-2.

Table 2. Bone bridge parameters measured at 7, 14, 21, 28 and
56 days

Time point (days) Group I: LV-RFPch-BMP-2 Group III: RhBMP-2

GFPemd+cell/bone surface anterior bone bridge
7 0.12± 0.25 0± 0
14 24.97± 20.34 29.82± 17.65†
21 13.4± 10.5 19.55± 15.38
28 21.02± 16.02 25± 4.49
56 23.16± 9.58 12.23± 9.38

GFPemd+cell/bone surface posterior bone bridge
7 4.09± 7.15 2.17± 4.13
14 23.78± 20.65 26.84± 12.12†
21 14.44± 9.16 15± 11.23
28 14.35± 12.91 21.68± 13.26
56 16.1± 6.2 7.91± 5.96

BV/TV anterior bone bridge
7 1.13± 1.36 0.6± 0.72*
14 16.68± 6.53 23.07± 7.78
21 12.34± 5.81 18.6± 5.62
28 17.59± 9.11† 19.83± 5.09
56 40.07± 8.43* 31.2± 10.02

BV/TV posterior bone bridge
7 0.65± 0.33 0.24± 0.12
14 16.56± 9.19 16.62± 6.95
21 20.07± 22.73 11.18± 4.95
28 9.47± 11.01 12.91± 14.65
56 32.47± 18.34 28.64± 10.22†

Abbreviations: BMP-2, bone morphogenetic protein-2; BV, bone volume;
GFP, green fluorescent protein; LV, lentiviral; RhBMP-2, recombinant human
BMP-2; RFPch, red fluorescent protein monomeric Cherry; TV, total volume.
Data expressed as mean± s.d. *Po0.05 compared with all other time
points in the same group. †Po0.05 compared with day 7.
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anterior and posterior bridges (Table 2). In group III, all time points
that had a bony bridge form (14 days and beyond) showed
significantly larger BV/TV values compared with the day 7 value
with respect to the anterior bone bridge only. In the posterior
bone bridge, the BV/TV value at 56 days was significantly greater
than the 7-day time point only (Table 2).

Fluorescence-activated cell sorting analysis and in vitro BMP-2
enzyme-linked immunosorbent assay
After its development, the efficacy of the LV-RFPch-BMP-2-cmyc
viral vector was qualitatively assessed using fluorescence-
activated cell sorting analysis to analyze the RFP monomeric
cherry expression in cells. The expression was detected in 47.4% of
the transduced cells at day 2 and 57.9% of the cells 6 days after
transduction with LV-RFPch-BMP-2-cmyc at multiplicity of infec-
tion (m.o.i) of 25 (see Figure 4).
In vitro BMP-2 production by mBMSCs transduced with

LV-RFPch-BMP-2-cmyc was measured using enzyme-linked
immunosorbent assay. At m.o.i of 50, the 1 × 105 cells transduced
with LV-RFPch-BMP-2-cmyc produced 0.39 ± 0.05 ng of BMP-2 in a
24-h period. The m.o.i of 50 was chosen to maximize our BMP-2
production as m.o.i’s of 75 and 100 were too toxic to the cells.
Non-transduced and LV-RFPch transduced cells were used as
negative controls and produced significantly less BMP-2
(0.04 ± 0.02 ng and 0.02 ± 0.02 ng, respectively; see Figure 5).

DISCUSSION
In this study, we demonstrated that BMP-2 loaded on a collagen
sponge or delivered by mBMSCs transduced with a LV vector
induces healing of a critical-sized femoral defect in a mouse by
14 days after implantation. Skeletal repair appeared to be
accomplished via induction of the host Col2.3GFPemd progenitor
cells in both groups. We did not observe any significant
colocalization of the host and donor cells in group I mice
suggesting that the transduced cells were delivery vehicles of
BMP-2. The transduced donor cells appeared to recruit host

osteoprogenitor cells in a paracrine manner, causing them to
migrate into and around the bone defect, but did not seem
to induce the transduced cells themselves into functional
osteoblasts.
Both treatment groups I and II had RFPch-positive cells that

were mainly seen in the defect at 7 and 14 days. However, the
RFPch signal and cell population was considerably more robust in
group II mice compared with group I at these two early time
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points. This discrepancy in RFPch expression may have also
translated into weaker than usual BMP-2 expression in the LV-
RFPch-BMP-2 treatment group perhaps blunting both the para-
crine and autocrine signaling potential of the donor cells in that
treatment group. We speculate that this was directly attributable
to our vector construct, which used a single promoter to drive the
translation of two separate protein products. However, the defects
still healed suggesting that the progenitor response is influenced
by the quantity, kinetics and duration of BMP release.
The progenitor cell response to the rhBMP-2 was more robust

than that seen with the transduced bone marrow cells yet the
defects healed in both groups. This finding may be related to the
kinetics of BMP release with the collagen sponge compared with
transduced cells. There is a fairly rapid release of BMP from the
collagen sponge over the first day, which is associated with an
early osteoprogenitor response.18 The transduced cells probably
released the BMP at a steadier rate producing a sufficient
osteoprogenitor response to heal the defect. In a prior study, we
noted that rat bone marrow cells transduced with a LV vector
containing the cDNA for BMP-2 produced better quality bone in
the defect than cells transduced with a BMP-2 containing
adenoviral vector although the adenoviral vector produced
approximately three times as much BMP.12 We hypothesized that
the longer duration of BMP production associated with the LV
vector was responsible for the better quality of the bone
repair.12,19,20

The role of the transduced cells in the bone repair process may
influence the cellular delivery vehicle that is chosen in an ex vivo
strategy. When treating large bone defects it may be important to
select a specific cell type (bone marrow, muscle, adipose-derived
stem cells, fibroblasts) that is associated with a significant amount
of BMP production and a vector that produces the protein for a
prolonged period of time. Lee et al.14 used a Y-chromosome-
specific technique of fluorescent in situ hybridization to track male
muscle-derived cells transduced with an adenovirus-BMP-2 vector
and implanted them into a female SCID mouse calvarial defect.
Y-chromosome bearing cells were detected on the newly formed
bone surfaces and stained positive for osteocalcin suggesting that
they differentiated down an osteogenic lineage. However,
calvarial defects heal by intramembranous ossification. The
femoral defect healing noted with BMP-producing cells placed
in a defect stabilized with an external fixator includes a
combination of endochondral ossification and intramembranous
ossification.
Utilizing an ex vivo gene approach, Gamradt et al.21 transduced

rat bone marrow cells with an adenoviral-BMP-2-myc vector and
implanted them in a SCID mouse radial defect. The investigators
found that the cells were able to participate in bone repair by
differentiation into osteocyte-like cells. Peak BMP-2 production
took place between 7 and 14 days, which was similar to the profile
of RFPch expression seen in both of the gene therapy treatment
groups in our study. Gazit et al.22 implanted mesenchymal stem
cells engineered to express rhBMP-2 and the lac-Z gene into a
SCID mouse radial defect. The engrafted cells developed into
osteoblasts and expressed both rhBMP and beta-gal while
significantly enhancing bone repair at 4 and 8 weeks after
implantation. However, in both of these studies the defects were

not stabilized with fixation devices, therefore, the healing cascade
is different than with the more rigid stabilization obtained with an
external fixator. As the radial defect model does not include bone
fixation, it does not simulate the clinical scenario where gene
therapy will be utilized.
The findings of this study have important implications for the

development of gene therapy strategies for use in patients. It
appears that the quantity of BMP produced by various types of
candidate human cell delivery vehicles (that is, bone marrow-
derived stem cells, adipose-derived stem cells and muscle-derived
stem cells) influences the quality of the bone repair in critical-sized
bone defect models. We have developed an ex vivo strategy
because it allows us to select the cells that are transduced with the
LV vector. This may be advantageous when treating large bone
defects compared with an in vivo strategy, which requires a donor
cell population to respond to local growth factor delivery. It
should be noted that Schwarz et al. circumvented many of the
shortcomings associated with in vivo gene therapy by coating
structural allografts with rAAV expressing the constitutively active
BMP type 1 receptor Alk2 (caAlk2), VEGF and RANKL.23,24 This
novel strategy uses allograft bone to deliver growth factors and
serve as a scaffold for bone repair. This construct induced
formation of a bony mineralized callus and the recruitment of
angiogenic cells and facilitated osteoclasts to remodel allografts
when implanted into mouse femoral defects.23,24 Interestingly, the
results of this study support our findings using an ex vivo strategy
that an exogenous growth factor needs to be delivered over time
to induce optimal bone healing.
There are some limitations to this study. First, we cannot

definitively state the donor cells did not participate at all in the
bone repair process. However, it appears that the critical element
to promote bone repair is the production of BMP. This finding may
influence the selection of cell type when developing an ex vivo
strategy. Second, the healing was quite prominent by 14 days in
the two BMP-2 treatment groups. It is possible that there may
have been a time point in between days 0 and 14 in which the
RFPch signal peaked in group I. Once the bone healing occurs it
may be more difficult to detect the transduced cells in the defect.
Regardless, the histologic analysis strongly suggests that most of
the cellular interactions between the host and donor cells in this
model happens in the first 2 weeks after implantation with a less
robust response taking place for an additional 2 weeks out until
the 4-week mark. Finally, we evaluated a critical-sized defect that
was stabilized by an external fixator. In this model, the bone
defect is healed by 14–21 days. The role of the transduced cells in
the healing process may be influenced by the rigidity of the
fixation used.
In summary, mBMSCs transduced with an LV-RFPch-BMP-2

vector in an ex vivo manner were able to induce host
osteoprogenitor cells to differentiate down an osteoblastic lineage
and induce bony bridging of a critical-sized mouse femoral defect.
However, the donor cells appeared to be functioning more as a
BMP delivery vehicle than actually differentiating into osteoblasts
capable of participating in the bone repair process. Healing of the
bone defect occurred with treatment with both BMP-producing
transduced bone marrow cells and with rhBMP-2. Given that the
early osteoprogenitor response to rhBMP-2 was more robust but

Structure of LV-RFPch-BMP-2-cmyc vector 

RhMLV
promoter

Chimeric
LTR

Chimeric
LTR

cppt RFPch T2A BMP2cmycRRE

LTR: long terminal repeat
RRE: Rev-responsible element cppt: central polyprine tract

Ψ

Ψ: packaging signal

Figure 6. Structure of the dual gene expression LV vector to overexpress RFP monomeric cherry and c-myc epitope-tagged BMP-2 genes.
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the defects healed in both groups both the kinetics and duration
of BMP release at the bone repair site need to be optimized to
maximize the bone repair.

MATERIALS AND METHODS
Construction of LV vectors
A plasmid of a bicistronic LV vector (pLV-RFPch-BMP-2-cmyc) was
constructed for gene expression of an RFPch coding sequence25,26 and a
cmyc epitope-tagged BMP-2 gene (BMP-2-cmyc) (see Figure 6). The RFPch
and BMP-2-cmyc cDNAs were connected by T2A sequence during overlap
extension PCR procedure.27 In the first PCR, RFPch-T2A was amplified by
PCR using Phusion High-Fidelity DNA Polymerase (New England Biolabs,
Ipswich, MA, USA) using RFPch-forward primer including BamHI site
(5′-CGCGGATCCGCCACCATGGTGAGCAAG-3′), T2A-reverse primer (5′-AGGG
CCGGGATTCTCCTCCACGTCA-3′) and pCDH-EF1a-RFPch-T2A-Puro plasmid as
a template. T2A-BMP-2-myc was amplified using BMP-2-myc-forward
primer including T2A sequence at 5′ end (5′-GAGGGCAGAGGAA
GTCTTCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTATGGTGGCCGGG
ACCCGCTG-3′), BMP-2-myc-reverse primer including SalI site (5′-CCGGTCG
ACCTAGCGACACCCACAACCCT-3′) and pACCMVpL-pASBMP-2Myc plasmid21

for a template. These PCR products were run on an agarose gel and
purified by QIAEX II Gel Extraction Kit (QIAGEN, Valencia, CA, USA).
In the second PCR step, purified amplicons of RFPch-T2A and T2A-BMP-2-
cmyc served as template DNAs. The RFPch-forward primer and the
BMP-2-cmyc-reverse primer were used to create the full-length RFPch-
BMP-2-cmyc linked by T2A.
The final PCR amplicon was cloned into a commercial T-vector: pGEM-T

Easy Vector (Promega, Madison, WI, USA) after 3′ A overhang addition. No
mutation and no frame shift were confirmed in amplified RFPch-BMP-2-
cmyc by sequencing analysis (DNA sequencing service, Genewiz, South
Plainfield, NJ, USA). RFPch-BMP-2-cmyc cDNA fragment was isolated by
BamHI and SalI restriction enzymes from the T-vector. The pLV-RFPch-
BMP-2-cmyc plasmid was created by replacement of GFPemd gene with
RFPch-BMP-2-cmyc in the LV backbone plasmid SIN18-RhMLV-E plasmid.28,29

A plasmid of a control vector was also created for single gene expression
of RFP (without BMP-2-cmyc). RFPch cDNA was amplified by PCR using the
RFPch-forward primer and an RFP-reverse primer containing SalI site
(5′-TTGGTCGACCTACTTGTACAGCTCGTCCAT-3′). The PCR amplicon was
cloned into pGEM-T Easy Vector, then transferred to the LV backbone
plasmid (pLV-RFPch).

Cell culture and transduction with LV vector
mBMSCs were obtained from the femurs and tibias of 8-week-old male
BL/6 mice. Whole bone marrow contents were suspended with Iscove’s
modified Dulbecco’s media (Life Technologies, Grand Island, NY, USA)
supplemented 15% fetal bovine serum (Omega Scientific, Tarzana, CA,
USA), penicillin (100 Uml–1) and streptomycin (100mgml–1), and plated on
a 10-cm dish. The adherent mBMSCs were cultured for 4–5 days before first
passage and non-adherent cells were removed by changing media.
Adherent mBMSCs were plated 1× 105 cells per six-well plate or 1 × 106

cells per 10-cm dish on the day before viral transduction.
The mBMSCs were transduced with the LV vector at m.o.i of 50 overnight

(18–20 h). Transduction was carried out in 5-ml media containing 0.8 μgml–1

polybrene (Sigma, St Louis, MO, USA). The media including the viral vector
was replaced with 10ml of fresh media after transduction.

In vitro BMP-2 quantification
LV transduced mBMSCs (1 × 105 cells) were incubated for another 24 h
from the end of transduction. The culture media of transduced cells was
collected for analysis of in vitro BMP-2 production. The BMP-2 amount
during a 24-h period was quantified by enzyme-linked immunosorbent
assay kit (Quantikine, R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions. The enzyme-linked immunosorbent assay
result showed the BMP-2 amount (ng BMP-2 per day), which was produced
by 1 × 105 cells (Figure 5).

Flow cytometric analysis of RFPch expression
The RFP expression was evaluated in pLV-RFPch-BMP-2-cmyc-transduced
mBMSCs at 7 days after transduction. The transduced cells (1 × 106) were
harvested by trypsinization and analyzed via a BD LSR II flow cytometer
(BD Biosciences, San Jose, CA, USA). The percentage of RFPch-positive cells

and the mean fluorescent intensity of RFPch expression were analyzed by
FACSDiva version 6.1.1 software (BD Biosciences). The visualized RFPch
expression of the cells was also detected under a fluorescence microscope
(Figure 4).

Animal studies
All animal studies were performed after approval by the Animal Care
Committee at our institution. Critical sized mid-diaphyseal femoral defects
(2mm) were created in 4- to 5-month-old male BL/6 lineage-specific
transgenic mice expressing Col2.3GFPemerald (GFPemd) and stabilized
with an external fixator according to a previously published technique.30

There were three study groups: group I, 3 million mBMSCs transduced
with LV-RFPch-BMP-2-cmyc, group II (negative control group), 3 million
(mBMSCs) transduced with LV-RFPch and group III, 5 mcg rhBMP-2 loaded
on absorbable collagen sponge (Medtronic, Minneapolis, MN, USA)).
Mice were killed and analyzed at 7,14, 21, 28 and 56 days. There were

four mice per time point. One day before killing, a weight-based dose of
demeclocycline (50 mg kg–1, concentration 12.5 mgml–1) was injected
intraperitoneally to demonstrate the areas of the new bone formation.

Radiographic evaluation
Radiographs of the operated limbs were obtained at each time point up
until killing. Final radiographs were assessed by three observers and defect
healing was scored from 0 to 5 based on a previously published protocol.4

A score of 0 was given if there was no healing, 0–25% healing was given 1,
25–50% was 2, 50–75% was 3, 75–99% was 4 and complete healing was 5.
A weighted kappa value was calculated to determine the interobserver
reliability among the radiographic reviewers.

Non-decalcified, frozen histology
At the time of killing, the operated legs were harvested, fixators removed
and samples were assessed using a previously established non-decalcified
fluorescent histology protocol.31 Sagittal cryosections (5 μm) through the
non-decalcified bone were made using a Leica CM3050S cryostat (Leica,
Wetzlar, Germany). Cryosections were transferred onto a special tape
(Cryofilm Type2C, Section-lab, Hiroshima, Japan) and stored at − 20 °C until
imaging.

Fluorescent imaging
Frozen sections were imaged using a Zeiss Imager Z1 microscope (Carl
Zeiss, Thornwood, NY, USA) and analyzed with Axio Vision Rel.4.7 software
(Carl Zeiss). Fluorescent filters (Chroma Technology, Bellows Falls, VT, USA)
captured separate images based on the fluorescent colors of the slide
being analyzed according to a previously established protocol.31,32

Tetracycline, Col2.3GFPemd and RFPcherry were imaged with separate
fluorescent filters: (GFPemd with a green filter (cat.#51019), RFPcherry with
a red filter (cat.#31002) and tetracycline with a yellow filter (Chroma
Technology Custom HQ409sp, 425dcxr,HQ555/30, set lot C-104285)).
A differential interference contrast image was acquired at the same time
as the endogenous fluorescence imaging. A final composite image
consisting of the individual fluorescent signals and the differential
interference contrast image was obtained and converted to a JPEG file
for further analysis.

Figure 7. Outline of the region of interest for histomorphometric
evaluation of group II specimens (LV-RFPch), which failed to heal the
critical-sized defect.
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Histomorphometric analysis of the green fluorescent protein (GFP)
expression
There were two patterns of healing noted across the three treatment
groups. Accordingly, the regions of interest (ROIs) for analysis of GFP
expression and mineral label were different for group II (no bridging of
defect observed) compared with groups I and III (bridging of defect
observed). The defect was chosen as the ROI for the group II mice
(Figure 7). The defect, upper and lower bone bridges were chosen as the
regions of interest for groups I and III (Figure 8). As the bony bridges did
not appear before day 14 in BMP-treated samples (groups I and III), only
the defect ROI was analyzed at the 7-day time point. The ROIs were created
on top of the final composite JPEG image using Adobe Photoshop
software. Three volume ratios were measured as well as a novel parameter
that attempted to quantify the interaction between the host’s green cells,
donor red cells and newly mineralized bone. According to a previously
published protocol33, quantification within an ROI was done using
computer-automated bone histomorphometric techniques introduced by
Hong et al.34,35 following the standardized nomenclatures.36

Bone and GFP signals underwent separate segmentation according to
Otsu’s thresholding method.37 Otsu’s method is based on the histogram of
the gray intensities of the signal and provides a threshold that separates
grayscale pixels into black and white signal groups. The ratio of GFP-
positive cell volume or BV over the TV of the ROI represents a volume ratio.
A computer algorithm in Matlab software (Natick, MA, USA) counts the
number of white pixels in the segmented (black and white) image that is
obtained from the grayscale GFP signal channel to determine the area of
the GFP-positive cells. Measured volume ratios are (1) BV/TV; (2) Cell
(cell volume)/TV; and (3) Cell (cell volume)/BV. Cell/BV is calculated by
dividing Cell/TV by BV/TV. A surface ratio, LabelGFPemd+cellRFPch+cell/
bone surface, was calculated to see how host and donor cells interacted
with one another in areas of newly mineralized bone.

Statistical analysis
Descriptive statistics to characterize the study groups were reported using
mean and s.d. where appropriate. The weighted kappa statistic was
calculated to examine the inter-rater reliability of the radiographic grading
scheme. Comparisons between groups at study time points as well as
comparisons within each group across time points were analyzed with
one-way analysis of variance. When significant, post hoc pair wise
comparisons were conducted using the Sidak method. An alpha level of
0.05 was considered significant for all analyses. All statistical analysis was
performed using Stata 12 (StataCorp. 2011. Stata Statistical Software:
Release 12. College Station, TX, USA: StataCorp LP).
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