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Ex-vivo regional gene therapy with bone marrow cells
(BMCs) overexpressing bone morphogenetic protein-2
(BMP-2) has demonstrated efficacy in healing critical
sized bone defects in preclinical studies. The purpose of
this preclinical study was to compare the osteoinductive
potential of a novel “same day” ex-vivo regional gene
therapy versus a traditional two-step approach, which
involves culture expansion of the donor cells before
implantation. In the “same day” strategy buffy coat cells
were harvested from the rat bone marrow, transduced
with a lentiviral vector-expressing BMP-2 for 1 hour
and implanted into a rat femoral defect in the same sit-
ting. There was no significant difference (P = 0.22) with
respect to the radiographic healing rates between the
femoral defects treated with the “same day” strategy
(13/13; 100%) versus the traditional two-step approach
(11/14; 78%). However, the femoral defects treated with
the “same day” strategy induced earlier radiographic
bone healing (P = 0.004) and higher bone volume (BV)
[micro-computed tomography (micro-CT); P < 0.001].
The “same day” strategy represents a significant advance
in the field of ex-vivo regional gene therapy because it
offers a solution to limitations associated with the cul-
ture expansion process required in the traditional ex vivo
approach. This strategy should be cost-effective when
adapted for human use.
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INTRODUCTION
Autologous bone graft is considered as the gold standard for
graft material in treating difficult bone repair scenarios because
it possesses osteogenic and osteoconductive properties.’
However, the limited availability of autogenous bone graft and
the morbidity associated with the graft harvest procedure has
required the orthopedic surgeon to identify alternative bone
graft strategies.™*

Recombinant bone morphogenetic proteins are the
most potent osteoinductive agents available today and have

demonstrated efficacy in promoting bone healing in tibial frac-
tures and spinal fusions in prospective randomized controlled
trials.”” Recombinant bone morphogenetic protein-2 is approved
by the US Food and Drug Administration for treatment of acute
open tibial shaft fractures and for fusion of lumbar spine in
patients with degenerative disk disease at one level.* However,
the high cost of recombinant bone morphogenetic proteins, the
variability of its efficacy in humans, a search for a more optimal
carrier for local delivery and recent reports of serious side effects
associated with its use are important factors limiting its clinical
utility.**?

There is still a critical need for a regimen that can be used
to heal large bone defects or enhance bone repair in a compro-
mised biological environment. Ex-vivo regional gene therapy
involves the use of genetically modified cells to deliver the pro-
tein of interest to a specific bone repair site.’*"”” Successful bone
healing requires four critical components including cells that
can respond to osteogenic signals, osteoinductive growth factors
that can drive the mesenchymal stem cells toward an osteoblas-
tic pathway (osteoinduction), matrix that provides attachment
for the cellular constituents so that they can bridge bone defects
and deposit bone (osteoconduction) and an intact vascular
supply.'®" Regional gene therapy has been proposed as a more
efficient growth factor delivery system because it provides an
osteoinductive signal of variable duration, responding cells
and the cells that overexpress the protein of interest, and these
cells can be placed on an osteoconductive matrix that facilitates
bone repair.?-*> Both viral and nonviral vectors have been used
to deliver the complementary DNA (cDNA). Nonviral vectors
are nonpathogenic but have low efficacy. Adenovirus, oncoret-
rovirus, lentivirus, and adeno-associated virus are commonly
described viral vectors that have been used in preclinical gene
therapy studies and differ from each other with respect to immu-
nogenic response, packaging capacity, ability to induce dividing
and nondividing cells, ability to insert into host chromosome
and ease of manufacturing.>>*

In a prior study from our laboratory using a traditional
two-step approach, BMP producing bone marrow cells (BMCs)
were associated with a more robust bone repair compared to a
large dose of recombinant protein in a rat critical sized femoral
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defect." We hypothesized that the enhanced bone repair was
secondary to both the overexpression of osteoinductive proteins
by the transduced mesenchymal stem cells (paracrine effect) and
the ability of these same cells to respond to the secreted protein
(autocrine effect).”* However, the conventional ex vivo gene
therapy involves harvest and culture expansion of mesenchymal
stem cells, which is time consuming and requires special tissue
culture facilities.'®?***® Although this therapy is not yet clinically
available, the cost and inconvenience associated with culture
expansion is a major impediment to the clinical adaptability of
ex vivo gene therapy. Therefore, we decided to develop a novel ex
vivo gene therapy strategy that does not require culture expan-
sion of stem cells and has the potential to be a more cost-effec-
tive and convenient way of delivering both osteogenic cells and
osteoinductive proteins to successfully treat the most difficult
bone healing scenarios.

The purpose of this study was twofold: (i) to develop a novel
“same day” strategy for ex-vivo regional gene therapy in which
the harvest and transduction of BMCs and their implantation
would be performed at same sitting to avoid culture expansion
of donor marrow cells (Figure 1) and (ii) to compare the quality
of bone repair with the “same day” versus the conventional two-
step regimen using rat BMCs (RBMCs) transduced with a len-
tiviral vector-expressing BMP-2 in a rat femoral defect model.
Transgene expression in our standard lentiviral vector was
enhanced by employing a two-step transcriptional gene amplifi-
cation system.’! The results of this study demonstrate a solution
to problems that are associated with the traditional two-step ex
vivo approach.

@

a Rat bone marrow harvest

b Ficoll separation and preparation of
SD-RBMCs (0.5 hour)

C Short-duration viral transduction of
SD-RBMCs (1 hour)

!

d Post-transduction processing
of SD-RBMCs (1 hour)

e Implantation of transduced SD-RBMCs
into the femoral defect

|

f Healed femoral defect at 8 weeks

Figure 1 Steps involved in the “same day” ex vivo gene therapy. (a)
Harvest of bone marrow from the rat femur; (b) Ficoll separation and prep-
aration of rat “same day” bone marrow cells (SD-RBMCs) for viral trans-
duction (time required 0.5 hour); (c) Short-duration viral transduction of
SD-RBMC:s (time required 1 hour); (d) Post-transduction preparation of
SD-RBMC:s (time required 1 hour); (e) Placement of transduced SD-RBMCs
on a collagen-ceramic matrix and implantation into the femoral defect; (f)
Healed femoral defect at 8 weeks after cell implantation. SD-RBMCs, “same
day” rat bone marrow cells.
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RESULTS

Transduced cultured RBMCs and transduced

“same day” cells produce a consistent and similar
amount of BMP-2 in vitro

In order to get enhanced BMP-2 production, the standard lenti-
viral vector was modified using a two-step transcriptional ampli-
fication (TSTA) system (Figure 2). The efficacy of the newly
constructed LV-TSTA-BMP-2 vector was tested in the cultured
RBMCs by measuring the BMP-2 production in tissue culture
following transduction. The in vitro BMP-2 production in RBMCs
transduced with the LV-TSTA-BMP-2 vector (725.4ng/day/
mg cell protein) was more than tenfold higher when compared
to that in the RBMCs transduced with standard lentiviral vector
(LV-RhMLV-BMP-2; 64 ng/day/mg cell protein) for an multiplicity
of infection (MOI) of 25.

Aliquots were taken from the “same day” and the cultured
BMCs that were implanted into the rat femoral defect. These
cells were maintained in culture for a period of 4 weeks and
the conditioned media was used to measure the in vitro BMP-2
production at weekly interval for 4 weeks. There was a sus-
tained BMP-2 production by the transduced “same day” cells
(SD-RBMCs + LV-TSTA-BMP-2) and the transduced cultured
BMCs (C-RBMCs + LV-TSTA-BMP-2) over the 4-week time
period of in vitro measurement (Supplementary Table S2).
Furthermore, there were no significant differences (P > 0.05)
with respect to the in vitro BMP-2 production at any time point
between the transduced “same day” cells and the transduced cul-
tured BMCs. The nontransduced rat cultured BMCs (C-RBMCs)

a Standard lentiviral vector

cppt
Chimeric | .Y m RhMLV Chimeric
LTR promoter BMP-2 SIN LTR

TSTA lentiviral vector

b

i. Transactivator
(LV-MLV-GAL4-VP16)

Chimeric |V |cppt RhMLV GAL-VP16 Chimeric
LTR promoter SIN LTR
ii. GAL4-VP responsive
BMP-2 expression vector
——————t
RRE || cppt
Chimeric |V PP G5 BMP-2 || Chimeric
LTR promoter SINLTR

G5 promoter: 5x GAL4 binding site + Minimal TATA box
LTR: long terminal repeat y: packaging signal
RRE: Rev-responsible element cppt: central polyprine tract

Figure 2 Structure of lentiviral two-step transcription amplification
(TSTA) vector system. (a) The Top panel depicts the original lentivi-
ral vector used in our laboratory which encodes bone morphogenetic
protein-2 (BMP-2) complementary DNA (cDNA) downstream of RhMLV
promoter. (b) The bottom panel shows the construct of the two-step
transcriptional activation system (TSTA) that consists of two different len-
tiviral vectors namely the transactivator vector and the transgene expres-
sion vector. The cells are transduced with both vectors simultaneously.
The GAL4-VP16 activates the G5 promoter in the transgene expression
vector to amplify the expression of BMP-2. Both constructs contain the
Rev-responsive element (RRE) and the central polyprine tract (cPPT),
which enhance the efficiency of gene expression. LTR, long-terminal
repeat; SIN, self-inactivating.
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and nontransduced “same day” RBMCs (SD-RBMCs) did not
produce any significant amount of in vitro BMP-2.

Comparison of the quality of bone repair

with a “same day” strategy versus a traditional
two-step ex vivo strategy

Femoral defects treated with transduced “same day” cells
demonstrate earlier radiographic healing when compared
to the femoral defects treated with transduced cultured
BMCs. Radiographic healing was defined as osseous continu-
ity across the femoral defect."* There was a very good agreement
(kappa statistic, k = 0.88) among the three independent observ-
ers with respect to the evaluation of radiographic healing. At 8
weeks, all of the 13 femoral defects in group I (SD-RBMCs + LV-
TSTA-BMP-2) animals demonstrated new bone formation that
bridged across the femoral defects (complete radiographic heal-
ing) (Figure 3). Two animals in group I demonstrated new bone
formation that extended into the surrounding muscles of the
thigh (heterotopic new bone) at 4 weeks (Supplementary Figure
S1). The radiographs at 8 weeks in these two animals did not dem-
onstrate any further increase in the amount of this heterotopic
bone. In group II (C-RBMCs + LV-TSTA-BMP-2) animals, 11
out of 14 defects demonstrated complete radiographic healing at
8 weeks. The radiographic healing rates in group I defects (13/16;
81%; P = 0.004) were significantly higher at 4 weeks when com-
pared to the group II defects (8/17; 47%; Table 1). However, at 8
weeks the radiographic healing rates in group I (13/13; 100 per-

SD-RBMCs + LV-TSTA-BMP-2

C-RBMCs

Carrier alone

Figure 3 Plain radiographs. (a) Representative radiographic images of
healed femoral defect in animals treated with transduced “same day”
cells (SD-RBMCs + LV-TSTA-BMP-2). Double white arrows depict bridg-
ing bone across femoral defect and restoration of cortex. (b) Femoral
defects treated with transduced cultured bone marrow cells (C-RBMCs +
LV-TSTA-BMP-2) demonstrate bridging new bone formation (double
white arrows) across the femoral defect 8 weeks after the cell implan-
tation. The defects treated with (c) nontransduced “same day” cells
(SD-RBMCs), (d) nontransduced cultured bone marrow cells (C-RBMCs)
or (e) carrier alone demonstrated some periosteal new bone formation
(red arrows) but none of these defects demonstrated complete radio-
graphic healing. The composite carrier (compression resistant matrix)
was used to deliver the cells in the femoral defect (yellow asterisk in d).
BMP-2, bone morphogenetic protein-2; LV, lentiviral; SD-RBMCs, “same
day” rat bone marrow cells; TSTA, two-step transcription amplification.
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cent) were not statistically different (P = 0.22) when compared to
the group II defects (11/14; 79%). In the control groups [group III
(C-RBMCs), group IV (SD-RBMC), and group V (carrier alone])
there was some new bone formation present but none of the de-
fects (0 out of 15) had healed at 8 weeks.

Femoral defects treated with the transduced “same day”
cells demonstrate a biomechanical equivalence to the
unoperated control femurs. In order to assess the mean energy
to failure (ETF), maximum torque, and torsional stiffness of the
bone formed in the defects, torsional biomechanical testing was
performed on healed femurs at 8 weeks following surgery. There
were no significant differences (P > 0.05) with respect to the ETF,
maximum torque, and torsional stiffness in the group I defects
(SD-RBMCs + LV-TSTA-BMP-2) when compared to the group
IT (C-RBMCs + LV-TSTA-BMP-2) defects (Table 2).

The mean ETE maximum torque, and torsional stiffness in
unoperated age-matched controls were 3.01 + 0.61 Nm deg, 0.6 +
0.08 Nm, 0.07 + 0.01 Nm/deg, respectively. The ETF in group I
defects at 8 weeks was 73% of the intact control femora (P > 0.05)
whereas the ETF in group II defects was 60% of the intact control
femora (P < 0.05). In group I defects, the peak torque at 8 weeks
was 80% of the untreated controls (P > 0.05) where as the peak
torque in group II defects reached 67% of the intact controls (P <
0.05) at the end of 8 weeks. There were no significant differences
with respect to torsional stiffness in the unoperated controls when
compared to either the group I or the group II defects. None of the
femoral defects in group III (SD-RBMCs), group IV (C-RBMCs),
or group V (carrier alone) healed, and consequently biomechani-
cal testing was not performed in these specimens.

Femoral defects treated with the transduced “same day”
cells demonstrate significantly increased bone formation
on micro-CT when compared to the femoral defects treated
with transduced cultured BMCs. The volumetric assessment
of the total new bone formed in the region of the femoral defect
was performed by the micro-computed tomography (micro-CT)
scans of the harvested femoral specimens. The healed femoral
defects in group I (SD-RBMCs + LV-TSTA-BMP-2) and group
II (C-RBMCs + LV-TSTA-BMP-2) demonstrated osseous conti-
nuity and reconstitution of the cortices in the region of femoral

Table 1 Radiographic results

Number of healed Number of healed
femoral defects femoral defects

Groups at 4 weeks at 8 weeks
Group I: SD-RBMCs + 13/16* 13/13**
LV-TSTA-BMP-2

Group II: C-RBMCs + 8/17 11/14
LV-TSTA-BMP-2

Group IIT: SD-RBMCs alone 0/5 0/5
Group IV: C-RBMC:s alone 0/5 0/5
Group V: carrier alone 0/5 0/5

Abbreviations: BMP-2, bone morphogenetic protein-2; C-RBMCs, cultured rat
bone marrow cells; LV, lentiviral; SD-RBMCs, “same day” rat bone marrow cells;
TSTA, two-step transcription amplification.

*P =0.004 versus group II; **P = 0.2 versus group II.
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Table 2 Torsional biomechanical testing

“Same Day” Ex-vivo Lentiviral Gene Therapy

Total number Torsional stiffness Energy to failure
Groups of defects tested Peak torque (Nm) (Nm/deg) (Nm deg)
Group I: SD-RBMCs + LV-TSTA-BMP-2 7 0.48 +0.20* 0.07 + 0.02* 2.20 £0.99*
Group II: C-RBMCs + LV-TSTA-BMP-2 6 0.40 £ 0.16 0.06 + 0.02 1.80 £ 0.96
Group III: SD-RBMC:s alone 0 — — —
Group IV: C-RBMC:s alone 0 — — —
Group V: carrier alone 0 — — —
Unoperated control femurs 8 0.60 £ 0.08** 0.07 £0.01 3.01 £0.61**

Abbreviations: BMP-2, bone morphogenetic protein-2; C-RBMCs, cultured rat bone marrow cells; LV, lentiviral; SD-RBMCs, “same day” rat bone marrow cells;

TSTA, two-step transcription amplification.
*P > 0.05 versus group Il and unoperated control; **P < 0.05 versus group II.

defect (Figure 4). There were no significant differences (P > 0.05)
with respect to the bone volume fraction (bone volume/total
volume; BV/TV) in the healed group I (38 + 11.1%) and group
IT defects (39 + 8.4%) (Supplementary Table S3). However, the
BV in group I defects (93 + 6.5 mm?) was significantly high-
er (P < 0.001) when compared to the BV in group II defects
(64.1 + 15.5 mm?®). None of the animals demonstrated a continu-
ous cortex across the femoral defect in groups III, IV, and V and
there was less new bone formation in the region of femoral defect
compared when compared to groups I and II.

Histologic and histomorphometric analysis
Histologic analyses of the femoral defects in group I animals
(SD-RBMCs + LV-TSTA-BMP-2) demonstrated a new bony
cortex that bridged across the proximal and distal ends of the
femoral defect in two out of three animals sacrificed at 4 weeks.
None of the three femoral defects examined histologically at
4 weeks in group II (C-RBMCs + LV-TSTA-BMP-2) animals
were healed and they had variable amount of new bone forma-
tion at the proximal or distal end of the femoral defect. At 8
weeks, a continuous bony cortex was present between the proxi-
mal and distal end of the femoral defects in group I and group
IT animals (Figure 5). At either end of the femoral defect, tra-
becular new bone was present between the original host cortex
and the new bony cortex. Furthermore, there was reconstitution
of the femoral canal in the region of femoral defect. The femurs
that did not show complete radiographic healing in group II
animals (3 out of 14) demonstrated a variable amount of new
bone formation in the femoral defect. In contrast, the femoral
defects in group III (SD-RBMCs), group IV (C-RBMCs), and
group V (carrier alone) animals demonstrated new bone forma-
tion at the proximal and distal ends of the femoral defect but
there was no continuous bony cortex across the femoral defect
(Figure 5). Furthermore, the medullary canal in the proximal
and distal end of the femoral defect was obliterated by the
fibrous tissue and the trabecular bone.

There were no significant differences (P > 0.05) with respect
to the bone area to tissue area fraction (BA/TA) in the group I
defects (0.15 + 0.02) when compared to the group II defects
(0.13 £0.03; Figure 6). Furthermore, there were no significant dif-
ferences (P > 0.05) with respect to the total bone area and the tis-
sue area in group I defects when compared to the group II defects.
The BA/TA in group III (0.04 + 0.02), group IV (0.04 + 0.03) and
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SD-RBMCs + C-RBMCs+ SD-RBMCs C-RBMCs Carrier
LV-TSTA-BMP-2 LV-TSTA-BMP-2 alone

Figure 4 Micro-computed tomography (micro-CT) images.
Representative micro-CT images obtained in the (a) longitudinal plane
(blue color) and (b) axial planes (red color) of femur specimens from
each study group at 8 weeks. (c—e) The delineation of quantified cal-
lus bone volume (enclosed within green color contour in e) from the
native host bone and the scaffold material (gray scale material in d). The
healed femora in the group | (f-h; RBMCs + LV-TSTA-BMP-2) and the
group Il (i—k; C-RBMCs + LV-TSTA-BMP-2) demonstrate abundant new
bone bridging the femoral defect. There is formation of new cortices
(red arrows in g, h, j, and k) and reconstitution of the medullary canal
across the femoral defect. The carrier scaffold (yellow arrows in k and
q) used to deliver the cells has higher radiodensity and is easily distin-
guished from the original cortex and the new bone formed in the defect.
There is some periosteal new bone formed at the host defect interface
and under the polyethylene plate (yellow asterisk) in the defects treated
with the nontransduced “same day” cells (SD-RBMCs; I-n), nontrans-
duced cultured bone marrow cells (C-RBMCs; o—q), or carrier alone (r-t)
but none of these defects demonstrated any bridging new bone forma-
tion (longitudinal images I-p, r, and s). BMP-2, bone morphogenetic
protein-2; LV, lentiviral; SD-RBMCs, “same day” rat bone marrow cells;
TSTA, two-step transcription amplification.

group V (0.04 + 0.01) femoral defects were significantly smaller
than group I (P < 0.01 versus groups III or IV or V) or group II
femoral defects (P < 0.01 versus groups IIT or IV or V).

DISCUSSION

The results of this study demonstrate the clinical potential of a
novel “same day” ex-vivo regional gene therapy approach to pro-
mote bone repair, which may make gene therapy cost-effective
when adapted for human use. The “same day” strategy eliminates
the cost and inconvenience associated with the traditional two-
step ex vivo approach, which limited the clinical potential of gene
therapy as a therapeutic regimen to treat nonlethal bone repair
problems. In this study, the processed RBMCs (“same day” cells)
were harvested, transduced, and implanted in <3 hours into a
critical sized femoral defect that healed completely at 8 weeks. The
defects treated with the transduced “same day” cells demonstrated

963



“Same Day” Ex-vivo Lentiviral Gene Therapy

© The American Society of Gene & Cell Therapy

Carrier alone

Figure 5 Histologic analysis of study groups at 8 weeks. Representative
longitudinal and transverse histologic sections stained with Mason
trichrome were obtained in the longitudinal (blue color, p) and axial
plane (red color, p) of the femur. The original host cortex is labeled with
yellow asterisk in the longitudinal sections. The position of the polyethyl-
ene plate (construct shown in p) is labeled (§) in the transverse sections
for the orientation purpose. Within each panel there are three images: a
longitudinal section (x1), followed by a transverse section through the
middle of the defect (x1) and lastly a higher magpnification image (x10)
of the inset. The healed femora in group | (a-c; SD-RBMCs + LV-TSTA-
BMP-2) and group Il (d—f; C-RBMCs + LV-TSTA-BMP-2) animals demon-
strate abundant new bone formation at the host defect interface (red
arrow in a and d) and across the defect (red arrows in b and e). There
is reconstitution of the new cortices and the medullary canal in the
region of the defect in groups | and Il signifying complete healing. In
contrast to the healed defects in groups | and Il, the defects in group IlI
(SD-RBMCs; g-i), group IV (C-RBMCs; j-I), and group V (carrier alone;
m-o0) demonstrated obliteration of the medullary canal at the host
defect interface (black arrow heads in g, j, and m). There was fibrous
tissue mixed with the composite carrier (yellow arrows in h, k, and n)
and some new bone in the center of the defects in groups Ill, IV, and V
(control groups). BMP-2, bone morphogenetic protein-2; LV, lentiviral;
SD-RBMCs, “same day” rat bone marrow cells; TSTA, two-step transcrip-
tion amplification.

earlier radiographic healing (P = 0.004) and significantly increased
BV (micro-CT; P < 0.001) compared to the defects treated with
cultured BMCs. Furthermore, at 8 weeks the peak torque and
the ETF in the femoral defects treated with the transduced “same
day” cells were 80 and 73%, respectively of the untreated con-
trols (P > 0.05) whereas the peak torques and the ETF in defects
treated with transduced cultured BMCs were 67 and 60%, respec-
tively of the untreated controls (P < 0.05). The superior quality
of bone repair seen with the “same day” strategy could be related
to higher BMP-2 production by the “same day” cells in vivo. It is
also possible that the hematopoietic fraction in the “same day”
cells (bufty coat cells) provides a favorable milieu similar to a frac-
ture hematoma and leads to better bone repair. The hematopoietic
fraction in the “same day” cells contain platelets, monocytes and
macrophages which are also present in the fracture hematoma and
have been shown to be a source of osteoinductive and angiogenic
factors during fracture repair.*

In vivo gene therapy involves direct injection of viral vector
into the desired anatomic site and is one of the options that can
provide prolonged delivery of BMPs. In vivo gene therapy is easy
to use but presence of lower transduction efficiency, lack of control
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P> 0.05 vs. C-RBMC + LV-TSTA-BMP-2
*P < 0.01 vs. C-RBMC, SD-RBMC, and carrier alone

Figure 6 Histomorphometric analysis (bone area/tissue area). The
bone area/tissue area (BA/TA) in defects treated with transduced “same
day” cells that overexpress BMP-2 (SD-RBMCs + LV-TSTA-BMP-2) was
significantly higher (P < 0.01) than the defects treated with the non-
transduced “same day” cells (SD-RBMCs) or defects treated with carrier
alone. The defects treated with the transduced cultured bone marrow
cells that overexpress BMP-2 (C-RBMCs + LV-TSTA-BMP-2) were signifi-
cantly higher (P < 0.01) than the defects treated with nontransduced
bone marrow cells (C-RBMCs) or treated with carrier alone. Furthermore,
there was no significant difference (P> 0.05) between the defects treated
with transduced “same day” cells and defects treated with transduced
cultured bone marrow cells with respect to BA/TA. BMP-2, bone mor-
phogenetic protein-2; LV, lentiviral; SD-RBMCs, “same day” rat bone
marrow cells; TSTA, two-step transcription amplification.

over the target cell population and potential risks associated with
direct viral inoculation make this strategy less attractive.'s In addi-
tion, this therapy may not be effective in clinical situations where
there is a compromised biological environment such as a large
bone defect and devascularized soft tissue. There may be an insuf-
ficient number of responding cells at the bone defect site. Ex-vivo
regional gene therapy provides delivery of osteoprogenitor cells
and sustained delivery of transgene product and has a potential to
be used clinically in the future for healing large bone defects in a
compromised host environment. One of the potential limitations
of the adoption of ex-vivo regional gene therapy for clinical use
is the cost, time, and inconvenience associated with the culture
expansion of stem cells. This is the major reason that we developed
“same day” gene therapy even though we had success with the tra-
ditional “two stage” approach in preclinical models.'****3* The
other concerns associated with in vitro expansion of the bone
marrow stem cells include alteration in the morphology as well as
biological characteristics of the cultured cells and a potential risk
of infection.>~”

It has been proposed that strategies that can eliminate or
minimize the culture expansion will make ex vivo gene therapy
more clinically adaptable. In a preclinical study using a rat critical
sized femoral defect model, Betz et al. and Evans et al. recently
demonstrated that treatment of femoral defects with syngeneic
muscle or adipose tissue grafts that were transduced with a BMP-
2-expressing cDNA or adenoviral vector for 24 hours consis-
tently healed femoral bone defects in rats. The femoral defects
that were treated with nontransduced muscle or adipose tissue
grafts did not heal.®*% The strategy proposed in these studies
minimizes the harvest of cells from the tissue and obviates the
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need to expand the cells in culture for weeks. However, when
translated to clinical use this strategy will require two separate
surgical procedures performed at least 24 hours apart. One pro-
cedure will involve harvest of the graft and the second one will
allow for the implantation of the genetically modified graft to the
desired anatomic site. This technique shows clinical promise but
it is more technically difficult to harvest adipose or muscle tis-
sue grafts from a patient when compared to a bone marrow har-
vest, which is very simple to perform. The critical element of the
“same day” strategy is that cell harvest and genetic manipulation
of the donor cells occurs in one sitting so that the transduced
cells will be implanted into the bone defect as a single composite
procedure on the same day within 3 hours of the cell harvest. In
addition, optimization of the viral transduction process will lead
to a further reduction in the overall transduction time and could
make this strategy applicable for not only complex but simple
bone graft procedures.

Vector selection is a critical component in the development
of regional ex vivo gene therapy. We have used both lentiviral and
adenoviral vectors in a preclinical model to evaluate bone repair.
There has been a significant interest in using nonviral vectors to
avoid concerns regarding insertional mutagenesis and the immu-
nogenic response to viral particles.** However, in preclinical
studies in our laboratory (J.R. Lieberman unpublished results)
using liposomes we were unable to produce sufficient BMP to heal
a critical bone defect.

Although, we and others have demonstrated that gene therapy
with an adenoviral vector can heal segmental defects in animal
models, there is concern using this strategy in humans because of
the immunogenic response to adenoviral proteins and a limited
healing potential because of the short duration of protein expres-
sion.'*-1¢233 This hypothesis was supported by a prior study using
the same femoral defect model. We noted better quality of bone
repair induced by BMP-2-producing RBMCs using a lentiviral
vector compared with the BMCs transduced with an adenoviral
vector containing the BMP-2 cDNA.*

Our hypothesis was that a successful “same day” gene therapy
strategy requires a vector with high transduction efficiency and
stronger transgene expression so that sufficient protein produc-
tion can be induced in the donor BMC:s following a short duration
of transduction. We used a lentiviral vector in this study because
these vectors have the ability to induce several months of protein
production, which will be necessary to successfully heal the large
bone defects in which regional gene therapy will be most appro-
priate.?**"** Moreover lentiviral vectors insert into the host chro-
mosome, have high packaging capacity and transduction is not
limited by cell division.” In order to attain enhanced transgene
expression, we designed a lentiviral vector in our laboratory using
the two-step amplification system (TSTA). TSTA-based vector
systems have been successfully used in transgenic mice to enhance
the expression of reporter genes, which are driven by weak pro-
moters.* Iyer et al. demonstrated a six- to sevenfold increase in the
protein activity in prostate cancer cells transduced with a TSTA-
based lentiviral vector in the presence of androgens.*! The lentivi-
ral TSTA system used in our study induced more than a tenfold
increase in BMP-2 production compared to the standard lentiviral
vector which is in accordance with the study by Iyer et al.*!
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There are safety concerns related to the use of lentiviral vec-
tors in humans. These include the replication competence of
viral vectors, insertional mutagenesis, and immune response to
viral proteins.** Introduction of self-inactivating HIV-1-based
vectors, deletion of the promoter/enhancer domain within the
long-terminal repeat, and elimination of accessory genes from
the packaging construct are important modifications that have
been incorporated into the vector systems to improve their safety
profile but further studies are necessary.*’ In addition, the safety
profile of our regional gene therapy related to the biodistribution
of the virus to other anatomic sites and potential for prolonged
gene expression with excessive new bone formation needs to be
established before this strategy can be adapted to treat bone heal-
ing problems in humans.

The ease of harvest and the fact that bone marrow contains
mesenchymal stem cells make autologous bone marrow an attrac-
tive cell-based therapy to enhance bone healing without any fear
of immune rejection. Connolly et al. have demonstrated that per-
cutaneous administration of autologous bone marrow aspirate
can stimulate healing of tibial nonunions but multiple injections
over time were necessary.* Hernigou et al. used percutaneous
autologous bone marrow injection to heal 53 of 60 tibial non-
unions. All the seven nonunions that failed to heal had signifi-
cantly lower number and concentration of progenitors compared
to the nonunions that healed.” In a preclinical study from our
laboratory, Cuomo et al. found a wide variability in the concentra-
tion of mesenchymal stem cells among the young healthy donors.
Furthermore, the number of mesenchymal cells in the aspirated
bone marrow can be increased approximately sevenfold via stem
cell concentration. However, the healing rate of critical sized fem-
oral defects in nude rats that were treated with human bone mar-
row was very low (2 out of 34 animals) and it was concluded that
a higher number of stem cells or a stronger osteoinductive signal
was required to heal the defects.* The aforementioned studies
suggest the importance of delivering an adequate osteogenic sig-
nal at the bone repair site to produce effective bone healing. By
transducing the cells with a vector-containing cDNA for BMP-2,
we are enhancing the biologic potential of the cells and delivering
the protein to the specific anatomic site.

Two femoral defects treated with transduced “same day” cells
demonstrated heterotopic ossification surrounding the healed
femoral defects. The number of cells and the amount of in vitro
BMP-2 production by the transduced cells that were implanted in
these two animals were not significantly different from the trans-
duced “same day” cells used for other animals in this experimental
group. This exuberant callus may be secondary to the leaking of
cells from the carrier into the adjacent muscle or due to excessive
soft tissue trauma at the time of the procedure. Alternatively, this
finding could be a reflection of the enhanced migratory capabili-
ties of the processed marrow used in the “same day” strategy that
includes hematopoietic cells in addition to the mesenchymal stem
cells. In the culture expanded BMCs, the hematopoietic cell frac-
tion is eliminated over serial passages because of its inability to
adhere to the culture plates. Although the lentiviral vector con-
taining the cDNA was used successfully in both the “same day”
and traditional two-step approach, there is a concern that consti-
tutive expression of BMP-2 may lead to excessive bone formation

965



“Same Day” Ex-vivo Lentiviral Gene Therapy

with the vector. Therefore, we are interested in limiting BMP
production after the bone healing has occurred. Multiple drug-
dependent regulatable systems (e.g., tet-on and tet-off inducible
gene expression system) have been developed for fine regula-
tion of gene expression but these systems have limitations, which
include basal leakiness, pleiotropic effects of the inducer, toxicity
of inducing agents, and low levels of expression.”” Suicide gene
therapy using HSV-Tk system is another potential option for ter-
mination of constitutive transgene expression. We have designed
a bicistronic lentiviral vector that has the ability to constitutively
express the therapeutic transgene and also has an inducible sui-
cide gene system that can be activated by ganciclovir. Therefore,
the cells carrying the viral vector can be killed by administration
of ganciclovir once the therapeutic response has been achieved.
This strategy needs to be evaluated in appropriate animal models.

A limitation of this study is that we do not know the ultimate
fate and contribution of the transduced donor hematopoietic cells
to the bone repair in the “same day” strategy. Nor do we know
the duration of survival of the transduced donor cells following
implantation. A prior study from our laboratory has demonstrated
that the transduced cells do get incorporated into the new bone
formed at the site of bone repair.* In addition, we have noted that
lentiviral gene expression persists for at least 2 months in vivo.”!

In conclusion, we have demonstrated that a novel “same day”
ex-vivo regional gene therapy strategy using transduced BMCs can
effectively heal a critical sized femoral defect in an animal model
without the requirement to expand these cells in tissue culture. The
“same day” regional gene therapy has the potential to be a convenient,
cost-effective, and clinically adaptable treatment option for promot-
ing bone repair in challenging clinical scenarios characterized by
large bone defects and a compromised host environment.

MATERIALS AND METHODS

Isolation and culture expansion of RBMCs (C-RBMCs) for the traditional
two-step ex vivo strategy. Bone marrow was harvested from the femurs
and tibias of 8-10-week-old male Lewis rats (Charles River Laboratories,
Wilmington, MA) under sterile conditions according to a previously
published protocol.”* The RBMCs were cultured in Iscove’s modified
Dulbecoco’s media (GIBCO Invitrogen, Grand Island, NY) supplemented
with 15% fetal bovine serum (Omega Scientific, Tarzana, CA), penicillin
100 U/ml and streptomycin 100 pug/ml. The RBMCs were maintained in
a humidified atmosphere and 5% CO, at 37°C. The culture medium was
replaced every 3-4 days, and all nonadherent cells were then removed.
When confluent, the adherent BMCs were trypsinized and passaged
approximately at a 1:3 split. We used passage 3 cells for viral transduction.

Isolation and processing of rat bone marrow for the “same day” ex vivo
strategy (SD-RBMCs). Bone marrow was harvested from the femurs and
tibias of 8-10-week-old male Lewis rats as described above. Bone marrow
was centrifuged for 5 minutes and resuspended with phosphate-buffered
saline (PBS; GIBCO, Invitrogen). The cell suspension was layered over the
Histopaque-1083 solution (Sigma-Aldrich, St Louis, MO) and centrifuged
at 400g for 30 minutes at 4 °C. Buffy coat cells (SD-RBMCs) at the interface
were collected and washed twice in PBS.

Lentiviral vector construction using TSTA system. In order to obtain
enhanced BMP-2 production, a standard lentiviral vector (LV-RhMLV-
BMP-2) was modified to a TSTA system.” The TSTA system requires two
different lentiviral vectors namely the transactivator vector and the trans-
gene expression vector (Figure 2). Two plasmids namely, the TSTA-NSN

966

© The American Society of Gene & Cell Therapy

plasmid-containing GAL4-VP16 sequence and the TSTA-fl-hrl PBIL
plasmid-containing G5 promoter (five Gal4-binding site) were used to
create lentiviral vectors for the TSTA system. The transactivator vector
plasmid of the TSTA system (Lenti-RhMLV-GAL4-VP16) was created
by replacing enhanced green fluorescent protein (EGFP) in our original
lentiviral vector (Lenti-RhMLV-EGFP) with GAL4-VP16 cDNA. We then
constructed the GAL4 responsive transgene expression vector (Lenti-
G5-EGFP) by replacing the RAMLV promoter with G5 promoter in the
Lenti-RhMLV-EGFP. The GAL4-VP responsive BMP-2 expression vector
was constructed using the Lenti-G5-BMP-2 plasmid, which was created
by replacing EGFP with BMP-2 cDNA in the Lenti-G5-EGFP vector. Both
constructs contain the Rev-responsive element and the central polyprine
tract, which enhance the efficiency of gene expression.

All lentiviral vector stocks were generated by calcium phosphate-
mediated transfection of 293T cells (American Type Culture Collection,
Manassas, VA) as described previously.* The titer of TSTA lentiviral
vectors was determined by comparison of p24 protein contents between
the TSTA lentiviral vectors and LV-RhMLV-GFP vector. The p24 content
in each viral lot was quantified by enzyme-linked immunosorbent assay
(ELISA). The titer of control LV-RhMLV-GFP vector was calculated from
ratio of GFP* cells determined by flow cytometric analysis. The GFP* cells
were counted at 2 days after transduction of 293T cells. The titers of all
TSTA vector stocks were ~1-2 x 10° transducing units/ml. Optimal MOI
for cultured BMCs was determined by green fluorescent protein (GFP)
expression and cytotoxicity induced by serial MOI of transduction. When
RBMCs were transduced with LV-RhMLV-GFP vector at MOI of 1, 5, 25,
or 125, transduction at MOI of 1 demonstrated GFP expression in ~60%
of the cells by flow cytometry. Although over 90% of the cells were positive
at MOI of 5 and 25, MOI of 25 induced greater fluorescence intensity of
GFP than MOI of 5. At higher MOI (125), more than half of the cells died
secondary to the toxicity of the virus. Therefore, we used an MOI of 25 in
this study because we could obtain higher transduction efficiency without
causing viral toxicity-related cell death.

Viral transduction of cultured RBMCs. Culture expanded RBMCs
(C-RBMC:s) were plated on 10-cm culture dishes at a density of 1x10° cells
in 5-ml Iscove’s modified Dulbecoco’s media supplemented with 15% fetal
bovine serum/dish. Viral transductions were carried out in the presence
of 8-pg/ml polybrene at MOI of 25/25 for Lenti-RhMLV-GAL4-VP16/
Lenti-G5-BMP-2. The transduced cells were centrifuged (1,000 r.p.m. X 5
minutes) and washed with PBS three times before implantation to remove
the extra virus suspended in cell culture medium and minimize contami-
nation of final cell mixture with extracellular virus. The C-RBMCs were
then resuspended in 60 pl of PBS and placed on ice until implantation into
a femoral defect.

Viral transduction of “same day” cells. The “same day” RBMCs
(SD-RBMCs) were plated into a 6-well plate with 5 x 10° cells per well in
Iscove’s modified Dulbecoco’s media supplemented with 15% fetal bovine
serum. Viral transductions were carried out in the presence of 8-ug/ml
polybrene at MOI of 25/25 for Lenti-RhMLV-GAL4-VP16/Lenti-G5-
BMP-2. The cells were incubated in a humidified atmosphere and 5% CO,
at 37°C for 1 hour. The transduced cells were centrifuged (1,000 r.p.m. x 5
minutes) and washed with PBS three times before implantation to remove
the extra virus suspended in cell culture medium and minimize con-
tamination of final cell mixture with extracellular virus. The transduced
SD-RBMCs were then resuspended in 60 pl of PBS and placed on ice until
implantation into the femoral defect. The total time required for the cell
preparation using the “same day” strategy was <3 hours and this included
a viral transduction time of 1 hour (Figure 1).

ELISA for BMP-2 production. In vitro BMP-2 production in C-RBMCs
and SD-RBMCs was quantified using an ELISA kit (Quantikine; R&D
Systems, Minneapolis, MN) at weekly intervals for 4 weeks according to
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the manufacturer’s instructions. ELISA was performed on the conditioned
media that was collected from the cells cultured for 24 hours and the
BMP-2 production was reported as ng/ml.

In vivo bone formation at an orthotopic site. After appropriate approval
from the institutional animal review committee, femoral defect procedures
were performed on 14-week old, male Lewis rats according to a previously
published protocol."* Briefly, all the animals were anesthetized using inha-
lational anesthesia (2-3% isoflurane and oxygen) and hind limbs were pre-
pared for the operation under standard sterile conditions. The femur was
then approached posterolaterally with the rat in the prone position. The
periosteum was incised and elevated circumferentially. A polyethylene plate,
measuring 23 X 4 x 4mm was secured to the femur with four 0.99-mm trans-
verse-threaded Kirschner wires and two 1.0-mm surgical steel cerclage wires.
An 8-mm critical size complete defect was then created in the middle of the
femur with the use of a 1-mm side-cutting carbide burr under irrigation with
sterile saline solution. After the segmental defects were created, an 8 x 4 x
4mm compression resistant matrix (calcium-phosphate ceramic plus type 1
bovine collagen; Medtronic Sofamor Danek, Memphis, TN) was placed in
all the defects. Overlying muscle was closed with Vicryl suture securing the
carrier in place followed by skin closure. Following surgery, the animals were
placed in a recovery chamber and allowed to bear weight immediately.

Study groups. A total of 48 femoral defects were divided into 1 of the 5
treatment groups (Supplementary Table S1). The femoral defects in group
I (n = 16) animals received 15 x 10° SD-RBMCs transduced with lentiviral
vector-expressing BMP-2 (LV-TSTA-BMP-2). The femoral defects in group
II animals (1 = 17) received 5 x 10° C-RBMCs transduced with LV-TSTA-
BMP-2 vector. The femoral defects in group III (1 = 5) and group IV (n = 5)
animals received nontransduced SD-RBMCs (15 x 10°) and nontransduced
C-RBMC:s (5 x 10°), respectively. The animals in group III and group IV
served as controls for group I and group II animals, respectively. The femo-
ral defects in group V (n = 5) animals received the carrier (compression
resistant matrix) alone without any cells. In addition, age-matched femora
from eight unoperated male Lewis rats were used as controls for the tor-
sional biomechanical testing. All but six animals (three each in groups I
and II) were sacrificed at 8 weeks. Three animals in group I and group II
were sacrificed at 4 weeks.

Radiographic analysis. Radiographs were performed using Faxitron
equipment (Field Emission, McMinnville, OR) at 4- and 8-weeks time
points (Supplementary Table S1). The radiographs were analyzed by three-
blinded independent observers to assess the healing response within the
bone defect using a previously established protocol.”! Kappa statistic was
calculated to asses the interobserver variability among the three observers.

Micro-CT scan. The femoral specimens were analyzed with the micro-
focus X-ray computed tomography CT scans (LCT40; Scanco Medical AG,
Bruttisellen, Switzerland) to assess the volume of new bone formed at the
defect site at 8 weeks. Serial tomographic images were acquired at 55kV
and 145 pA, collecting 1,000 projections per rotation at 300 msec integra-
tion time. Three-dimensional 16-bit grayscale images were reconstructed
using standard convolution back projection algorithms with Shepp and
Logan filtering, and rendered at a discrete density of 244,141 voxels/mm?’
(isometric16-um voxels). Native cortical bone, callus formation, and scaf-
fold material were identified on the basis of X-ray attenuation signatures,
and segmented from marrow and soft tissue into discrete volumetric com-
ponents. We measured both the cortical new bone as well as the trabecular
new bone that had formed in the femoral defect region. The innermost
pins of the surgical fixation construct (plate, pins, and cerclage wire) on
either side of the femoral defect were used as a landmark for reproducible
measurement of the region of interest.

Mechanical testing. Torsional testing of operated femora was performed
to assess the quality of new bone that had formed to heal the femoral

Molecular Therapy vol. 19 no. 5 may 2011

“Same Day” Ex-vivo Lentiviral Gene Therapy

defect according to a previously published protocol.! Unoperated femurs
of age and gender matched Lewis rats (n = 8) were used as controls. The
animals were euthanized 8 weeks after the surgery and the surrounding
soft tissue, hardware, and polyethylene plate were removed. The proximal
and distal ends of the femur specimen were embedded in polymethyl-
methacrylate blocks centering the longitudinal bone axis with the axis
of torsion. The embedded specimen was then mounted in a torsional-
testing fixture that was attached to a mechanical test machine (MTS,
Minneapolis, MN). The distal end of the specimen was rotated laterally
at a rate of 15 degrees per minute until bone failure was observed. Peak
torque, ETFE, and torsional stiffness parameters were calculated from the
torque-rotation curves.

Histology and histomorphometric analysis. A total of 35 femora were
analyzed histologically (Supplementary Table S1). After the animals were
sacrificed at the 4- or 8-week time points, the quadriceps muscle and over-
lying soft tissue was resected, and internal hardware removed. Histologic
specimens were fixed in 10% buffered formalin at 4°C for 5 days followed
by decalcification in 10% EDTA for 8 weeks at room temperature with gen-
tle mechanical stirring. The specimens were then dehydrated and embed-
ded in paraffin.

The histologic sections were performed in two planes according to
a previously established protocol (Figure 5).'** The specimen was cut
through the center of the femoral defect to generate two separate specimens
each having one half of the femoral defect at its end. Axial/transverse
histologic sections were then obtained from the side of the specimen
that had the femoral defect. After the axial sections were obtained, the
specimens were re-embedded and histologic sections were performed in a
plane that was parallel to the long axis of the femur (longitudinal section).
Using the Bioquant analysis software the new bone formed (bone area)
and the total tissue area was selected using the threshold tools. The mean
bone area/tissue area was reported. All the sections were stained with
hematoxylin and eosin and Mason’s trichrome stain. Cross-sections from
each study group were analyzed histomorphometrically using the Olympus
imaging system with the Bioquant Osteo system (Bioquant Image Analysis,
Nashville, TN) according to a previously published protocol.™*

Statistical analysis. The number of animals in the experimental and control
groups were determined with power analysis based on previous preclinical
gene therapy studies performed in our laboratory. We anticipated both the
“same day” ex vivo gene therapy and the traditional ex vivo gene therapies
to have a high percent of healing. With a set at 0.05, 14 animals in each
experimental group would give us a power of >80% to allow comparison of
statistical equivalence between the “same day” and traditional ex vivo treat-
ment groups. It was determined that five animals would be adequate for
each of the control groups as they are expected to have no healing.

The radiographic results were compared using a Fischer exact test. A
kappa statistic was calculated as a measure of interobserver reliability for
the three-blinded independent observers. The data collected during the
ELISA, biomechanical testing, micro-CT imaging, and histomorphometric
analysis was expressed as mean * SD. One-way analysis of variance
analysis with a post hoc (Newman-Keuls multiple comparison) test or
a Student’s t-test was used to compared means among different groups.
Statistical significance was reported to be present when P < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Heterotopic ossification in the “same day” gene therapy.
Table S1. Study groups.

Table S2. /n vitro BMP-2 production.

Table $3. Micro-CT analyses.
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