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Abstract

‘Ex vivo’ gene therapy using viral vectors to overexpress BMP-2 is shown to heal critical-sized
bone defects in experimental animals. To increase its safety, we constructed a dual-expression
lentiviral vector to overexpress BMP-2 or luciferase and an HSV1-tk analog, Atk (LV-Atk-T2A-
BMP-2/Luc). We hypothesized that administering ganciclovir (GCV) will eliminate the transduced
cells at the site of implantation. The vector-induced expression of BMP-2 and luciferase in a
mouse stromal cell line (W-20-17 cells) and mouse bone marrow cells (MBMCs) was reduced by
50% compared with the single-gene vector. W-20-17 cells were more sensitive to GCV compared
with MBMCs (90-95% cell death at 12 days with GCV at 1 pg mI~1 in MBMCs vs 90-95% cell
death at 5 days by 0.1 pg mI~1 of GCV in W-20-17 cells). Implantation of LV-Atk-T2A-BMP-2
transduced MBMCs healed a 2 mm femoral defect at 4 weeks. Early GCV treatment (days 0-14)
postoperatively blocked bone formation confirming a biologic response. Delayed GCV treatment
starting at day 14 for 2 or 4 weeks reduced the luciferase signal from LV-Atk-T2A-Luc-transduced
MBMCs, but the signal was not completely eliminated. These data suggest that this suicide gene
strategy has potential for clinical use in the future, but will need to be optimized for increased
efficiency.
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INTRODUCTION

Enhanced bone regeneration is often required in clinical scenarios involving massive bone

loss. Current treatments (for example, autologous bone grafting or recombinant BMP-2)
S S 14, .,

have limitations in terms of availability, cost and local adverse effects.”™ “Ex vivo’gene
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therapy has been successfully used to heal critical-sized defects in rodent models.s‘7
Previously, we have used BMP-2-producing bone marrow cells created via adenoviral or
lentiviral gene transfer to heal critical-sized femoral defects in rats. > As gene therapy for
bone repair would be used to treat non-lethal conditions, any increased morbidity or
mortality would not be acceptable. Insertional mutagenesis and emergence of replication
competent viral particles remain areas of concern with respect to lentiviral vectors; therefore,
the safety of this approach needs careful evaluation before it can be used clinically.

Herpes simplex virus thymidine kinase (HSV-tk) is an enzyme that phosphorylates a number
of antiviral prodrugs such as ganciclovir (GCV) to toxic metabolites that can kill virally
infected cells. Clinically, GCV is frequently used for the treatment of CMV infections in
immune-compromised hosts such as HIVV/AIDS and organ transplant patients.lz‘14 Viral
thymidine kinases differ significantly from the host counterpart enzymes, hence the relative
specificity of the antiviral drugs for the viral-infected cells.™ This property of virus-specific
enzymes has been utilized to minimize host side effects and develop ‘suicide’ gene
approaches primarily for the treatment of malignancies in many organs including the brain,
thyroid, lung, stomach, prostate and breast."®*° In order to potentially enhance the safety of
‘ex vivo’ gene therapy, we developed a suicide gene therapy approach using a dual-gene
expression lentiviral vector encoding either BMP-2 or luciferase and a truncated form of the
tk called delta tk (Atk) to eliminate the implanted transduced cells by GCV administration.
The Atk is known to retain the functional properties of the enzyme without causing sterility
in transgenic males,21 and its smaller size is advantageous in the construction of a bicistronic
vector. Our hope was that the dual-gene expression vector encoding BMP-2 and Atk would
produce sufficient BMP-2 to heal a critical-sized bone defect. We constructed a luciferase
vector as well to document the transduced cell response to GCV administration. We
determined the effects of GCV administration on the bone quality using L\-BMP-2-
transduced cells to heal a 2-mm critical-sized femoral defect. The effects of early GCV
administration on /n vivo bone formation was assessed in the hind-limb muscle pouch and in
2-mm femoral defect models by implantation of the dual-vector-transduced cells
overexpressing Atk and BMP-2. Finally, we examined the /n vivo efficacy of delayed GCV
administration for 2 and 4 weeks in eliminating the dual-transduced cells overexpressing Atk
and Luc after implantation in the mouse femoral defect model.

Expression of BMP-2 and thymidine kinase by LV-Atk-T2A-BMP-2-transduced cells

As shown in Figure 1, we constructed a new lentiviral vector that has the ability to
concomitantly yet independently produce BMP-2 or luciferase and the Atk suicide gene (LV-
Atk-T2A-BMP-2/Luc). Both the W-20-17 cells, a mouse bone marrow stromal cell line and
mouse bone marrow cells (MBMCs) that were transduced with LV-Atk-T2A-BMP-2
produced almost half the amount of BMP-2 (56% and 45%, respectively) made by the LV-
BMP-2-transduced cells under the same culture conditions. The W-20-17 cells were highly
proliferative and reached confluence in 3-4 days. A total of 1 x 108 W-20-17 cells
transduced with LV-BMP-2 produced 465 + 28 ug BMP-2 in 24 h, whereas LV-Atk-T2A-
BMP-2 cells made 261 + 4.5 pg giving a ratio of 56%, £< 0.05. BMP-2 production by 1 x

Gene Ther. Author manuscript; available in PMC 2016 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alaee et al.

Page 3

108 transduced MBMCs was on average 5.4 x 1076 times lower than W-20-17 cells. The
ratio of BMP-2 made by LV-BMP-2-transduced MBMCs relative to LV-Atk-T2A-BMP-2
cells was about 45% (2.51 + 0.2 vs 1.3 + 0.01 ng BMP-2, P< 0.05) (Figure 2).

After 5 days of treatment with different doses of GCV ranging from 0.001 to 100 pg mi~1,
W-20-17 cells transduced with LV-Atk-T2A-BMP-2 were killed entirely by GCV at 0.1, 1,
10 and 100 pg ml~1, and only 8% survived at 0.01 pg ml~1. Significant GCV toxicity to non-
transduced W-20-17 cells started at 10 pg mI~1 where 25% of the cells did not survive after
5 days. Treatment with GCV at 100 ug ml~1 was lethal to 90% of non-transduced W-20-17
cells (Figure 3a). Higher doses and longer duration of GCV treatment were required for cell
killing in MBMCs. After 12 days of treatment with GCV at doses ranging from 0.01 to 1000
ug mi~L, LV-Atk-T2A-BMP-2-transduced MBMCs were entirely killed by 10, 100 and 1000
pg mi~1 of GCV, and 95% were killed by 1 pg mi~1 of GCV. At 0.01 and 0.1 ug ml~1 of
GCV, 70% and 25% of the transduced MBMCs survived, respectively. Non-transduced
MBMCs treated with 10 ug ml~1 of GCV showed a 50% cell death, and higher doses were
lethal to the vast majority of the non-transduced cells (Figure 3b).

We also performed similar /n vitro experiments to measure the BMP-2 expression and to
evaluate the cell killing of the GCV treatment in a human bone marrow mesenchymal stem
cell line, CET cells. We found an approximate 50% reduction in the transgene expression in
the CET cells transduced with the dual-gene expression vector compared with the single-
gene expression vector (Figure 4a). Similar to the MBMCs, after 12 days of treatment with
GCYV at doses ranging from 0.01 to 1000 pg mlI=1, LV-Atk-T2A-BMP-2-transduced CET
cells were entirely killed by 10, 100 and 1000 pg mI~1 of GCV, and 85% were killed by 1 pg
ml~1 of GCV. At 0.01 and 0.1 ug mI~1 of GCV, 100% and 85% of the transduced CET cells
survived, respectively (Figure 4b). Overall, the CET cells were slightly less responsive to the
GCV treatment than the MBMCs.

Similar results were obtained when using LV-Atk-T2A-Luc-transduced cells instead of LV-
Atk-T2A-BMP-2-transduced cells in the gene expression and the cell viability assays (data
not shown).

The effect of GCV treatment on bone formation induced by LV-BMP-2-transduced cells

To evaluate the effects of GCV treatment on the quality of bone formation, we placed 2 x
108 LV-BMP-2-transduced MBMSCs in the 2-mm defects in six mice and treated three mice
with GCV from days 14 to 28 (group IA) and three controls with Phosphate Buffered Saline
(PBS) from days 14 to 28 (group IB). We performed x-rays at day 14 and 28. All the defects
were healed in both groups (Figure 5).

In vivo inhibition of bone formation by early GCV administration from days 0 to 14

To demonstrate the efficacy of the LV-Atk-T2A-BMP-2-transduced cells to induce
osteogenesis and retain the ability to respond to GCV in vivo, 2 x 108 MBMCs were
transduced with LV-Atk-T2A-BMP-2 and were implanted in the hamstring muscle pouch in
the hindlimb of syngeneic recipient mice. The experimental group (group I1A) received
GCV treatment from days 0 to 14, and the control group (group 11B) received PBS injections
for the same time period. On the X-rays, new bone formation was detectable as early as 2
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weeks postoperatively in group 1B (Figure 6). In contrast, very scant amounts of bone were
seen in group 1A at 2 and 4 weeks postoperatively. Quantitative measurement of bone
volume in the muscle pouch using p-CT demonstrated that, at 4 weeks after the procedure,
the average bone volume in group 11B was 8.5 times larger than group 1A (0.98 + 0.2 mm3
vs 0.11 + 0.04 mm3, P< 0.05) (Figure 6).

Next, we evaluated the effects of early GCV treatment on the transduced MBMCs implanted
in the 2-mm femoral defect model. We implanted 2 x 106 MBMCs transduced with LV-Atk-
T2A-BMP-2 in the 2-mm femoral defect, and GCV (group I11A) or PBS (group 111B) was
administered from days 0 to 14. This resulted in the healing of all the defects at 4 weeks
postoperatively in group I11B, but in group 1A (GCV treated animals) none of the defects
healed. There was only scattered bone formation that failed to bridge the gap (Figure 6). p-
CT analysis at 4 weeks demonstrated that the new bone volume in group I11B was three
times larger, on average, than group I1A animals (3.06 + 0.4 mm?3 vs 1.03 + 0.1 mm3, P<
0.05) (Figure 6).

In vivo killing effect on the transduced cells by delayed GCV administration

We evaluated the effects of delayed GCV administration on transduced cell viability for 2
and 4 weeks starting on day 14 postoperatively in two separate studies. 5 x 108 LV-Atk-T2A-
Luc-transduced MBMCs were implanted in the 2-mm femoral defect. In the experimental
group (group IVA), GCV was administered for 2 weeks from days 14 to 28, and in the
control group (group IVB) PBS injections were given for the same period of time. Before
starting GCV treatment, there was no significant difference in Luc expression (total flux,
photon/s) detected in the femoral defects between the treatment and control groups.
Treatment with GCV for 2 weeks from days 14 to 28 (group I\VVA) was associated with a
significant decrease of 62% in the luciferase expression at 4 weeks compared with the
baseline at 2 weeks (9.93E + 05 + 1.22E + 05 photon/s at 2 weeks vs 3.82E + 05 + 4.29E

+ 04 photon/s at 4 weeks, < 0.05). In contrast, the control animals did not show a
significant decrease in the luciferase expression in the 2-week period from days 14 to 28. At
4 weeks after the surgery, GCV treatment resulted in a 56% decrease in the signal intensity
in group I\VA compared with group 1VB animals (3.82E + 05 £ 4.29E + 04 photon/s vs
8.60E + 05 £ 2.27E + 05 photon/s, P= 0.08), but the difference was not statistically
significant (Table 1).

In a subsequent experiment, the treatment with GCV (group VA) or PBS (group VB) was
given for 4 weeks from days 14 to 42. We hypothesized that two more weeks of GCV
treatment may result in improved cell killing effect and a further decline in the luciferase
signal levels. Comparison of the luciferase signal levels at 2, 4 and 6 weeks revealed no
significant differences between group VA and group VB (Figure 7, Table 1). Similar to the
previous experiment, there was a tendency towards decreased luciferase expression over
time from 2 to 6 weeks. We observed a significant decline in luciferase expression in group
VA at 4 and 6 weeks compared with 2 weeks (70.8% and 78.8% decrease at 4 and 6 weeks,
respectively, P< 0.05 ANOVA), whereas in group VB the decline in luciferase expression at
4 and 6 weeks compared with 2 weeks did not reach statistical significance (52.9% and
69.6% decrease at 4 and 6 weeks, respectively, P> 0.05 ANOVA) (Figure 7, Table 1).
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DISCUSSION

We have demonstrated successful use of a dual-gene expression lentiviral vector system
overexpressing BMP-2 and Atk in an ex vivo gene therapy strategy for bone repair. We used
a self-cleaving 2A peptide sequence (T2A) to achieve adequate expression of both target
genes in the transduced cells. We observed healing of a critical-sized bone defect in mouse
femurs using mouse bone marrow cells transduced with the dual-expression vector that
overexpressed BMP-2. We also demonstrated /n vitroand in vivo cell toxicity upon
administration of GCV in W-20-17 and MBMCs. Early administration of GCV from days 0
to 14 after implantation of transduced cells in the mouse defect was effective in blocking
bone formation, indicating the presence of Atk-mediated cell toxicity. The effect of late
administration of GCV starting from day 14 for 2 and 4 weeks was evaluated by /in vivo
quantitation of luciferase expression by the transduced cells. We noted a decline in luciferase
expression by 2 and 4 weeks of treatment compared with baseline, but total eradication of
the transduced cells was not achieved.

A variety of viral vector strategies (retroviral, adenoviral, lentiviral and AAV) using BMP-2
cDNA are available to promote bone repair.22 Each has certain advantage and disadvantages.
The delivery of BMP-2 by means of integrating retroviral and lentiviral vectors provides
sustained but low levels of the protein locally that may enhance healing. However, the
integration of the viral vectors in the genome of the cells and incorporation of the cells in the
bone may increase the overall risk of unwanted long-term adverse reactions.”> Therefore,
there is interest in developing non-integrating vectors, such as adenovirus or adeno-
associated virus. However, these vectors have their own limitations and may be associated
with poor transduction efficiencies, immune reactions to adenovirus and diffusion of the free
virus expressing BMP-2 to other tissues such as the liver and Iungs.24v25

Optimal tissue engineering approaches may require expression of more than one gene of
interest. Insertion of internal ribosomal entry site (IRES) between genes of interest is a
commonly used technology to construct bicistronic or multicistronic vectors. -28 However,
the efficacy of this strategy has been shown to be limited by the large size of the IRES
sequence and marked decrease in expression of the transgene downstream of the IRES.29
Unpublished preliminary data from our laboratory established that constructing a dual-gene
expression vector to overexpress luciferase and BMP-2 resulted in decreased BMP-2
production and subsequent non-union (data not shown). This limitation was reported to be
overcome by viral ‘self-cleaving’ 2A peptides of 18-22 amino-acid Iength.go'31 The first 2A
peptide was described in foot and mouth disease virus, a member of picornavirus family by
Ryan eta/.32 The mechanism of self-cleaving is thought to involve ribosomal skip in the
synthesis of a glycyl-prolyl peptide bond of the 2A sequence resulting in separation of 2A
and its immediate downstream peptide.33 Four different 2A peptides have been widely used
in biomedical research: foot and mouth disease virus 2A (F2A); equine rhinitis A virus 2A
(E2A); porcine teschovirus-1 2A (P2A) and Thoseaasigna virus 2 A (T2A). The former three
viruses belong to the picornavirus family, and the latter is an insect virus. P2A and T2A
showed the highest cleavage efficiency, consistently more than 50% in human, zebrafish and
mouse cell lines. > We demonstrated that the 2A peptide can be successfully utilized to
construct LV-based dual-gene expression vectors to overexpress BMP-2 or luciferase and

Gene Ther. Author manuscript; available in PMC 2016 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alaee et al.

Page 6

Atk. Our in vitro results showed that this system reduces gene expression by almost 50%
compared with a single-gene vector, but the BMP-2 production was still sufficient to heal a
critical-sized defect. The luciferase expression was also sufficient to be detected in the
femoral defect, but an increased number of cells was used to attain a sustained and
detectable signal. To our knowledge, this is the first report demonstrating the use of
bicistronic vectors to promote bone repair. As a result of the ribosomal skip of the glycyl-
prolyl bond, the cleaved-off peptide downstream of 2A sequence has an extra proline at its
N—terminus.34 We demonstrated that the cleaved-off BMP-2 was functionally active by
means of ELISA and documentation of bone healing in the mouse femoral defect and
muscle pouch models.

Suicide gene therapy has mainly been used to develop novel treatment regimens to treat
malignancies alone or in combination with other modaIities.m‘20 The two most frequently
used enzyme/pro-drugs are HSV-tk/GCV and cytosine deaminase/5-flourocytosine (CD/5-
FC).35 HSV-tk/GCV system has also been used to enhance the safety of allogeneic bone
marrow transplantation and prevention of the graft versus host disease (GVHD).36'37
Typically, the target cells are transduced with a vector containing the enzyme sequence, and
the pro-drug is administered systemically. The pro-drug is subsequently turned into a toxic
metabolite that can exert direct and indirect (bystander) cytotoxic effects. Bystander
cytotoxicity refers to the cell killing effect of the toxic metabolites on the adjacent non-
transduced cells. In the HSV-tk/GCV system, the establishment of gap junctions is critical
for bystander cell killing effect on non-transduced tumor ceIIs.?’S'39 In fact, overexpression
of connexin in low gap junction HT-29 colorectal tumor cell line resulted in enhanced
cytotoxicity of HSV-tk/GCV suicide gene therapy.40 The CD/5-FC bystander effect is less
reliant on gap junctions, as the toxic metabolite (5-FU) can freely cross the plasma
membrane.*" 42 Synergistic cytotoxicity exists with using 5-FC and GCV in double suicide
gene therapy. Typically, this is achieved by using CD/TK fusion genes under various tissue
specific promoters.

We observed a much higher sensitivity to GCV in W-20-17 cells compared with MBMCs,
which could be related to a number of factors including higher transduction efficiency, the
levels of tk expression, the rate of cell multiplication, different cell sensitivity to GCV and
different density of gap junctions between the two cell lines. Although the W-20-17 cells
were more sensitive to the Atk/GCV system, we used the mouse bone marrow cells for the /n
vivo studies because this would more closely simulate the clinical application of gene
therapy in humans. Our results suggest that the responsiveness to the GCV is influenced by
the cell type, and further investigation of the optimal cell type to be used for ex vivo gene
therapy is necessary.

Early GCV treatment blocked the bone formation very effectively, which indicates a
biological response to cytotoxic effects of the Atk/GCV system in both the hind limb and
defect models. This toxic effect may be secondary to the direct toxicity or the bystander
effect on either the transduced cells or the progenitor cells that are normally recruited to the
defect site in response to the BMP-2. We confirmed that treatment with GCV does not
negatively affect bone formation when the transduced cells do not overexpress the thymidine
kinase gene.
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A weakness of our study is that we used the LV-Atk-T2A-Luc-transduced cells in the
experiments assessing the response to the delayed GCV treatment. We did not use the LV-
Atk-T2A-BMP-2-transduced cells to study the efficacy of delayed GCV treatment because
this is not technically feasible, as the bone is already healed before the treatment has started.
Therefore, we used the LV-Atk-T2A-Luc-transduced cells as a surrogate marker to evaluate
the effects of delayed GCV treatment.

Previously, we had demonstrated stable gene expression up to 12 weeks in LV-Luc-
transduced rat bone marrow cells implanted in SCID mouse hind limb muscle pouch and
radial defect models™* and at least 8 weeks in LV-Luc-transduced rat bone marrow cells
implanted in femoral defects of syngeneic rats.™ In this study, we observed a trend of
decreased luciferase signal intensity associated with delayed GCV treatment for 2 and 4
weeks. The controls did not show any significant signal changes over the course of the
treatment, although a trend for decreased signal was also observed. A head to head
comparison of signal intensity at 4 and 6 weeks after surgery between the GCV-treated and
control groups showed a trend towards a decreased signal in response to treatment, but the
difference did not reach a statistical significance after 2 or 4 weeks of GCV treatment. Taken
together, we showed that GCV treatment was associated with diminished luciferase
expression, but the signal was not completely eradicated. In addition, 4 weeks of treatment
with GCV was not effective in further reducing the signal intensity. However, early GCV
treatment was accompanied by very strong inhibition of bone formation. The reasons for the
more consistent response observed in early GCV administration compared with late
administration are not clear but may be secondary to the differences in the biological
environment and tissue availability of GCV.

When using suicide gene therapy techniques in the treatment of cancers, tumor shrinkage or
slowing the growth of tumor has been observed, but total eradication of the tumor cells has
been challenging.45‘47 Although we did not completely eliminate the transduced cells with
this suicide strategy, a reduction in the cell number after bone repair has been completed
should enhance the safety of ex vivo gene therapy.

In summary, we present evidence, for the first time, of the successful use of a 2A peptide-
based bicistronic lentiviral vector overexpressing Atk and BMP-2 in promoting bone repair.
We also demonstrated cytotoxic effects of early and late GCV treatment in a mouse defect
model. Clinically, the suicide approach should be used after the process of bone healing is
completed. Further experiments are needed to optimize suicide gene therapy to ensure the
safety of ex vivo gene therapy for bone repair. These may include increasing connexin
expression in the bone marrow cells to enhance the bystander cell toxicity or using a TK/CD
fusion construct for double suicide gene therapy.40143

MATERIALS AND METHODS

Vector construction

In brief, the Atk-T2A-BMP-2 and Atk-T2A-Luc cDNA were created by overlap PCR and
were cloned into a commercially available T vector system, pCRII-TOPO (Invitrogen,
Carlsbad, CA, USA) for sequencing (Figure 8). After confirmation of no point mutations or
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frame shifts in the PCR amplicons, Atk-T2A-BMP-2 or Atk-T2A-Luc cDNA were isolated
from pCRII-TOPO and inserted into lentiviral backbone plasmid (Figure 9).

Plasmids of dual-gene expression lentiviral vectors containing Atk, a truncated form of the
herpes thymidine kinase gene,ﬂ*“8 and BMP-2 or luciferase genes were constructed (pLV-
Atk-BMP-2 or pLV-Atk-Luc). The Atk was connected to the BMP-2 or Luc cDNA by a self-
cleaving T2A sequence for post-translational splicing. A two-step overlap extension PCR
technique was used to construct this sequence. In the first step of the PCR, Atk-T2A was
amplified by AccuPrime Pfx DNA polymerase (Invitrogen, Carlsbad, CA, USA) using Atk
forward primer (5’-CGC GGA TCC AAG CTT ATG CCC ACG CTA CT-3'), which
contained a BamHl| restriction site and Atk reverse primer, which included the
complementary T2A sequence (5"-AGG GCC GGG ATT CTC CTC CAC GTC ACC GCA
TGT TAG AAG ACT TCC TCT GCC CTC GTT AGC CTC CCC CAT CTC CC-3). The
stop codon of the Atk sequence was eliminated in the reverse primer to avoid termination of
translation. Col2.3-Atk-ClaPa plasmid48 was used as PCR template. T2A-BMP-2 was
amplified using BMP-2 forward primer, which included the T2A sequence at its 5" end (5’-
GAG GGC AGA GGA AGT CTT CTA ACA TGC GGT GAC GTG GAG GAG AAT CCC
GGC CCT ATG GTG GCC GGG ACC CGC TG-3") and BMP-2 reverse primer including
Xhol restriction site (5’-CCG CTCGAG CTA GCG ACA CCC ACA ACC CT-3'). The
pGEM-T—E-BMP-29 was used as a PCR template. These PCR products were run on an
agarose gel and purified by the QIAEX Il Gel Extraction Kit (Qiagen, Valencia, CA, USA).

In the second step of PCR, purified Atk-T2A and T2A-BMP-2 served as templates. Atk
forward primer and BMP-2 reverse primer were used to create the full-length Atk-BMP-2
linked by T2A. 3’ adenosine overhang was added to the final PCR amplicon and cloned into
the T-vector system pCR I1-TOPO (Invitrogen). No point mutation or frame shifts were
found in the amplified Atk-T2A-BMP-2 by sequencing analysis (QuickLane DNA
sequencing service, Agencourt Bioscience-Beckman Coulter Genomics, Danvers, MA,
USA). Atk-T2A-BMP-2 was isolated from the T-vector and inserted downstream of the
RhMLYV promoter in the lentiviral backbone plasmid after removing EGFP gene from
SIN18-RhMLV-E plasmid.”49

Atk-T2A-Luc cDNA was created in the same way. Luc forward primer including T2A
sequence (5’-GAG GGC AGA GGA AGT CTT CTA ACA TGC GGT GAC GTG GAG
GAG AAT CCC GGC CCT ATG GAA GAC GCC AAA AAC AT -3) and Luc reverse
primer (5’- CCG CTC GAG TTA CAC GGC GAT CTT TCC GC -3’) were used instead of
the BMP-2 primers.

Viral transduction

MBMCs were collected from the femurs and tibias of 8-week-old male BL/6 mice and
maintained in culture for 4-5 days. Overnight transduction of W-20-17 (a mouse bone
marrow stromal cell line), MBMCs and CET Human Bone Marrow Mesenchymal Stem
Cells (Thermo Scientific, Waltham, MA, USA) with dual- and single-gene expression
vectors was carried out at a multiplicity of infection of 25 as previously described. 4450
Transgene expression. fresh media was added 24 h after the transduction, and the assessment
of BMP-2 production (by ELISA) or luciferase expression (by luciferase assay) was carried
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out 24 h after the addition of the fresh media. BMP-2 ELISA: transduced W-20-17, CET
cells or MBMCs were incubated in fresh media for another 24 h after transduction. The
culture media of transduced cells were collected for analysis of /n vitro BMP-2 production.
The BMP-2 amount during a 24-h period was quantified by using the ELISA kit
(Quantikine, R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions. The BMP-2 production was standardized by cell number and reported as
nanogram BMP-2/day by 1 x 108 cells. Luciferase assay. the luciferase activity in the
transduced cells was evalutated by using a commercial luciferase assay system (Promega,
Madison, WI, USA) on the following day of transduction completion. 1 x 108 viral-
transduced W-20-17, CET cells or MBMCs were used for the assay. The cells were treated
with 900 pg ml~1 of the manufacturer’s cell culture lysis reagent (Promega). The treated
cells and reagent were collected using a cell scraper and centrifuged at 12 000 g for 15 s,
then the supernatant/cell lysate was used for the assay. Luminescence was measured by
using the Synergy HT Microplate Reader (BioTek, Winooski, VT, USA).

Cell viability assay

After overnight transduction, transduced cells were split onto a 96-well assay plate (Coster
flat bottom black plate, Corning Life Science, Lowell, MA, USA) (2 x 103 W-20-17, or 5 x
103 MBM(Cs. W-20-17 cells were cultured for 5 days, and MBMCs and CET cells were
cultured for 12 days in 100 pl of media containing serial concentrations of GCV (0.001,
0.01, 0.1, 1, 10, 100 or 1000 pug ml~1). The culture media was replaced every 3 days. To
evaluate cell survival rate, living cell number was quantified by using the CellTiter-Glo
Luminescent Cell Viability Assay kit (Promega, San Luis Obispo, CA, USA) using a
Synergy HT Microplate Reader (BioTek). Cell survival rate was expressed as the ratio of
ATP activity of surviving cells to the ATP activity of the cells cultured without GCV.

Animal studies

All animal studies were performed after approval by the Animal Care Committee in our
institution. MBMCs were collected from the femurs and tibias of 8-week-old male BL/6
mice and maintained in culture for 1 week. Table 2 demonstrates the animal groups utilized
in this study. A total of 2 x 106 LV-BMP-2 or LV-Atk-T2A-BMP-2-transduced MBMCs
were mounted on a piece of collagen sponge and transplanted in the surgically created hind
limb muscle pouch or 2-mm femoral defects of 14-week-old male BL/6 mice. In brief, the
mice were anesthetized with 1.5-2% isoflurane using a nose cone, and the left leg was
shaved and sterile prepped. For creation of the hind limb muscle pouch, a small incision was
made on the lateral side of the thigh, and a pouch was made by a 5-mm muscle splitting
incision over the hamstring muscle. The 2-mm femoral defect surgery included a lateral
incision over the iliotibial band followed by circumferential exposure of the femur and
application of an external fixator device, which was secured by thin steel wires. The 2-mm
defect was created using a fine 0.5 mm oscillating saw. The desired number of cells was then
placed in the muscle pouch/defect, and the muscle and skin were closed in separate layers.
Adequate pain relief was given by buprenorphine until 48 h postoperatively. The
experimental group received GCV (100 mg kg1 per day i.p.) and the control group received
PBS injection (7= 3 mice per group). The animals with defects that were treated with LV-
BMP-2-transduced cells received GCV or PBS from days 14 to 28 to evaluate the effects of
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GCV on the quality of bone formation. X-rays were taken on days 14 and 28 to conform
bone healing. The treatment and control groups that had LV-Atk-T2A-BMP-2-transduced
MBMCs received GCV or PBS from days 0 to 14, respectively. Both plain radiography and
U-CT were used to evaluate bone formation in these groups. A total of 5 x 106 LV-Atk-T2A-
Luc-transduced MBMCs were transplanted in the mouse femoral defects for the assessment
of delayed administration of GCV. The experimental group was treated with GCV, and the
control group animals received PBS from days 14 to 28 (n7= 8 mice per group). Treatment
with GCV or PBS was carried out to day 42 in five mice per group to evaluate the effect of
longer duration of the treatment. /n vivo bioluminescent imaging by a Xenogen-1VIS CCCD
optical system (Xenogen IVIS, Alameda, CA, USA) was done to detect /n vivo luciferase
expression 12 min after i.p. injection of luciferin (15 mg kg™2) (Table 2).

Statistical analysis

Data were expressed as mean + s.e.m., and student #test was used for comparison of means
between two variables and one-way ANOVA was used for comparison of means between
three or more variables with significance at £< 0.05.
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Figure 1.
Structure of the constructed bicistronic lentiviral vector used to overexpress Atk and BMP-2/

Luc. LTR, long terminal repeat, ¥, packaging signal, RRE, Rev-responsive element, cppt,
central polypurine tract.
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Figure 2.
Comparison of BMP-2 production by (a) W-20-17 and (b) MBMCs transduced with LV-

BMP-2 and LV-Atk-T2A-BMP-2. The W-20-17 cells were highly proliferative and reached
confluence in 3—4 days. A total of 1 x 10° cells transduced with LV-BMP-2 made 465 + 28
pug BMP-2 in 24 h, whereas LV-Atk-T2A-BMP-2 cells only made 261 + 4.5 pg giving a ratio
of 56%. BMP-2 production by 1 x 10° transduced MBMCs was on average 5.4 x 1076 times
lower than W-20-17 cells. The ratio of BMP-2 made by LV-BMP-2-transduced MBMCs
relative to LV-Atk-T2A-BMP-2 cells was about 46% (2.51 = 0.2 vs 1.3 £ 0.01 ng BMP-2).
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Non-transduced cells were used as negative control. Data expressed as mean + s.e., n=
triplicate experiment, *P < 0.05 compared with LV-Atk-T2A-BMP-2 cells.
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Figure 3.
Cell viability assay comparing /n vitro cytotoxicity of GCV on the (a) W-20-17 and (b)

MBMCs transduced with LV-Atk-T2A-BMP-2. The W-20-17 cells were more sensitive to
the GCV cell killing effect, as they were mostly killed at 5 days with relatively lower GCV
concentrations compared with MBMCs that had to be treated for 12 days in culture. Near
total eradication of transduced cells started to occur at GCV dose of 1 pg ml~1, which was
almost 100 times higher than the minimum required dose for the near total elimination of the
transduced W-20-17 cells. Non-transduced cells were used as controls, and both cell types
showed significant cytotoxic response to GCV at 100 pg mi=1.
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(a) Comparison of BMP-2 production by CET cells transduced with LV-BMP-2 and LV-Atk-
T2A-BMP-2. There was a 50% decline in gene expression in the cells transduced with the
dual-expression vector compared with the single-gene expression vector, *~ < 0.05
compared with LV-Atk-T2A-BMP-2 cells. (b) Cell viability assay comparing /n vitro
cytotoxicity of GCV on the CET cells transduced with LV-Atk-T2A-BMP-2. The cells were
less responsive than the MBMC:s to the toxic effects of the GCV at 12 days of culture.
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IA GCV 14-28 IB PBS 14528

=4

Figureb.
Comparison of defect healing under the effect of GCV administration for 2 weeks from days

14 to 28 in group IA (GCV treated) vs group 1B (control PBS treated). A total of 2 x 108
MBMCs transduced with LV-BMP-2 were placed in the defects. GCV treatment did not
cause any significant delay in bone healing, as all the defects in both groups were healed at 4
weeks.

Gene Ther. Author manuscript; available in PMC 2016 June 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Alaee et al.

lIA GCV 0-14 IIB PBS 0-14 125 -

Page 20

1.00 4
w 0.75
£
E 0504

0.25 4

0.00 | I

A

HIB:PBS 044 j 35+

a 3.0 4
25
20 4
15 4

2% 1.0 4
¢
S 0.5 -
' 0.0 -
A A

Figure®6.
Comparison of /n vivo BMP-2 production in GCV-treated and control animals that received

GCV or PBS injections from 0 to 14 days after surgery. A total of 2 x 106 LV-Atk-T2A-
BMP-2 transduced MBMCs were implanted in the muscle pouch or the 2-mm defects. Top
panel (group 11A and I1B) shows the X-rays obtained at 4 weeks postoperatively in the
muscle pouch model, and bottom panel (groups I11A and 111B) shows that obtained at 4
weeks postoperatively of the femoral defect models. Early GCV treatment resulted in
significant inhibition of bone formation and lack of defect healing. Arrows point to the bony
mass formed in the muscle pouch. p-CT-based new bone volumes of the final specimens at 4
weeks show significant reductions in bone formation as a result of GCV treatment. Data
expressed as mean + s.e., 7= 3 animals per group, *P < 0.05 compared with the
experimental group.
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Comparison of real-time luciferase gene expression in groups VA and VB using the CCCD
imaging, Total flux (p/s) was measured in a region of interest around the defect site. Data
expressed as mean = s.e., *£ < 0.05 compared with 2 weeks.
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T-vector (pCRII)

Sequencing

Steps involved in overlap PCR for the construction of the Atk-T2A-BMP-2/Luc. The two-
step overlap PCR technique involved amplification of Atk-T2A and T2A-BMP-2/Luc
sequences separately in the first PCR followed by creation of the Atk-T2A-BMP-2/Luc
sequence in the second PCR. The Atk-T2A-BMP-2/Luc was inserted into a T-vector system

for sequence verification.
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Figure.

Steps involved in the insertion of Atk-T2A-BMP-2/Luc sequence in the backbone of the

lentiviral vector. Atk-T2A-BMP-2/Luc was isolated from the T-vector and inserted

downstream of the RhMLV promoter in the lentiviral backbone plasmid after removing
EGFPgene from SIN18-RhMLV-E plasmid.
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Table 1

In vivo killing effect on the transduced cells by delayed GCV administration starting from day 14 for 2 and 4
weeks

Groups 2w 4w 6w
IVA, GCV day 14-28 9.93E + 05+ 1.22E + 05 3.82E + 05 + 4.29E + 04 (56%) NA
IVB, PBS day 14-28  8.48E +05+1.43E+05 8.60E + 05+ 2.27E + 05 (-3 %) NA

VA, GCV day 14-42  6.17E+ 06+ 1.46E+06 1 goE + 06 + 4.69E + 05 (70.8%)  1.31E + 06 + 4.59E + 05~ (78.8 %)
VB, PBS day 14-42  5.17E+06+1.79E +06 2.44E + 06 + 1.10E + 06 (52.9 %)  1.58E + 06 + 8.40E + 05 (69.6 %)

Abbreviations: GCV, ganciclovir; NA, not applicable.

Luciferase expression is presented as total flux (p/s) £ s.e.m. with the average decline in expression compared with the 2-week time point in
parentheses.

*
P<0.05 compared with 2w, ANOVA.
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Study Groups
Groups Typeof surgery Implanted cells No. per group  Treatment
1A 2-mm defect 2 x 109 LV-BMP-2 3 GCV, day 14-28
1B 2-mm defect 2 x 108 LV-BMP-2 3 PBS, day 14-28
A Hind limb muscle pouch 2 x 106 LV-Atk-T2A-BMP-2 3 GCV, day 0-14
1B Hind limb muscle pouch 2 x 108 LV-Atk-T2A-BMP-2 3 PBS, day 0-14
1A 2-mm defect 2 x 10° LV-Atk-T2A-BMP-2 3 GCV, day 0-14
B 2-mm defect 2 x 108 LV-Atk-T2A-BMP-2 3 PBS, day 0-14
IVA 2-mm defect 5 x 105 LV-Atk-T2A-Luc 4 GCV, day 14-28
IVB 2-mm defect 5 x 105 LV-Atk-T2A-Luc 4 PBS, day 14-28
VA 2-mm defect 5 x 109 LV-Atk-T2A-Luc 5 GCV, day 14-42
VB 2-mm defect 5 x 106 LV-Atk-T2A-Luc 5 PBS, day 14-42
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