Gene Therapy (2021) 28:729-739
https://doi.org/10.1038/541434-020-0182-4

ARTICLE

Check for
updates

Limited potential of AAV-mediated gene therapy in transducing
human mesenchymal stem cells for bone repair applications

Sofia Bougioukli®' - Morgan Chateau? - Heidy Morales? - Venus Vakhshori' - Osamu Sugiyama’ - Daniel Oakes’ -
Donald Longjohn' - Paula Cannon? - Jay R. Lieberman’

Received: 20 January 2020 / Revised: 1 July 2020 / Accepted: 22 July 2020 / Published online: 17 August 2020
© The Author(s), under exclusive licence to Springer Nature Limited 2020, corrected publication 2024

Abstract

Adeno-associated viral vectors (AAV) are unique in their ability to transduce a variety of both dividing and nondividing
cells, with significantly lower risk of random genomic integration and with no known pathogenicity in humans, but their role
in ex vivo regional gene therapy for bone repair has not been definitively established. The goal of this study was to test the
ability of AAV vectors carrying the cDNA for BMP-2 to transduce human mesenchymal stem cells (MSCs), produce BMP-
2, and induce osteogenesis in vitro as compared with lentiviral gene therapy with a two-step transcriptional amplification
system lentiviral vector (LV-TSTA). To this end, we created two AAV vectors (serotypes 2 and 6) expressing the target
transgene; eGFP or BMP-2. Transduction of human MSCs isolated from bone marrow (BMSCs) or adipose tissue (ASCs)
with AAV2-eGFP and AAV6-eGFP led to low transduction efficiency (BMSCs: 3.57% and 8.82%, respectively, ASCs: 6.17
and 20.2%, respectively) and mean fluorescence intensity as seen with FACS analysis 7 days following transduction, even at
MOIs as high as 10°. In contrast, strong eGFP expression was detectable in all of the cell types post transduction with LV-
TSTA-eGFP. Transduction with BMP-2 producing vectors led to minimal BMP-2 production in AAV-transduced cells 2 and
7 days following transduction. In addition, transduction of ASCs and BMSCs with AAV2-BMP-2 and AAV6-BMP-2 did
not enhance their osteogenic potential as seen with an alizarin red assay. In contrast, the LV-TSTA-BMP-2-transduced cells
were characterized by an abundant BMP-2 production and induction of the osteogenic phenotype in vitro (p <0.001 vs.
AAV?2 and 6). Our results demonstrate that the AAV2 and AAV6 vectors cannot induce a significant transgene expression in
human BMSCs and ASCs, even at MOIs as high as 10°. The LV-TSTA vector is significantly superior in transducing human
MSCs; thus this vector would be preferable when developing an ex vivo regional gene therapy strategy for clinical use in
orthopedic surgery applications.

Introduction a challenging clinical problem and can result in substantial
morbidity, health care costs, and socioeconomic burden
The treatment of fracture nonunions and other significant [1, 2]. Despite the advances made in multiple aspects of
bone defects in various orthopedic surgery settings remains  orthopedic clinical care including but not limited to surgical
technique, implant material science, and new biologics,
there is no consistently satisfactory solution for managing
these challenging bone healing problems [2—4]. Bone repair
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adapted for the management of challenging bone repair
scenarios too.

Gene transfer can be achieved either with in vivo or
ex vivo strategies. In in vivo gene therapy the vector is
delivered directly to the tissues of the host, either locally by
injection or implantation at the region of interest, or sys-
temically via intravenous administration. The potential
advantage of this strategy is that it is less invasive, not as
technically challenging, and possibly less expensive, as it
allows for gene delivery in a single procedure. The major
disadvantage in a biologically challenging bone repair
scenario is that there may be an insufficient number of host
cells available for transduction at the injury site [12, 13]. In
addition, the overall transduction efficiency may be low
which will further limit protein production [12]. Ex vivo
gene therapy involves target cell harvesting, possible cul-
ture-expansion, and cell transduction outside of the host
before surgical implantation at a specific anatomic site. It is
considered more efficient as it allows for the delivery of
both osteogenic cells and osteoinductive factors, and safer
since it does not involve direct inoculation of viruses
[5, 14]. Moreover the transduced cells can be tested prior to
delivery to ensure viability and appropriate levels of trans-
gene expression, thus allowing for standardization of the
approach, more consistent performance, reproducibility, and
quality. The major disadvantages include the additional step
of tissue culture expansion and its associated cost. Due to its
advantages, our laboratory has been pursuing the develop-
ment of ex vivo regional gene therapy to address difficult
bone repair scenarios.

Ex vivo regional gene therapy strategies using lentiviral-
mediated bone morphogenetic protein (BMP) delivery has
been well established in the literature for use in bone
regeneration. Multiple pertinent studies have demonstrated
the ability of lentiviral vectors to transduce different types
of rodent [15, 16] and human cells [17, 18], and lead to
sustained BMP-2 production that can last up to 12 weeks
[16]. This prolonged BMP-2 delivery has been associated
with robust bone healing in critical-sized bone defects in
animal models [19-23]. However, since there is a theore-
tical risk for insertional mutagenesis [24] and AAV is
already being used clinically we decided that it would be
worthwhile to assess its clinical potential to treat challen-
ging bone repair cases.

Adeno-associated viruses (AAVs) are small, non-envel-
oped, linear single-stranded DNA viruses. The recombinant
counterparts of these viruses are unique in their ability to
transduce a variety of both dividing and nondividing cells,
with significantly lower risk of random genomic integration
[13]. Recombinant AAV vectors have not been associated
with any cell-mediated immunity and there is no reported
pathogenicity in humans to date [25]. Due to their advan-
tages and safety profile, AAV vectors are FDA approved for
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use in the treatment of biallelic RPE65 mutation-associated
retinal dystrophy [26] and spinal muscular atrophy [27]. In
addition, AAV vectors have already been evaluated in
multiple clinical trials for different applications [28],
including but not limited to lipoprotein lipase deficiency
[29], hemophilia B [30], and Leber congenital amaurosis
[31]. With regards to bone healing, AAVs as part of an
in vivo gene therapy approach have been used successfully
for bone repair applications [32] in preclinical studies of
ectopic bone formation [25], and treatment of calvarial
defects [33] and femoral bone defects [34]. However, lim-
ited literature exists with regards to the use of AAV vectors
for ex vivo gene therapy strategies in bone regeneration.
The goal of this study was to test the ability of two types of
AAYV vectors, type 2 and 6, carrying the cDNA for BMP-2
to successfully transduce human mesenchymal stem cells
(MSCs), produce BMP-2, and enhance the osteogenic
potential of human MSCs in vitro.

Material and methods
Cell isolation and culture

Human bone marrow stem cells (BMSC) and adipose-
derived stem cells (ASCs) were used in our study, because
these two cell types are the most commonly used cellular
delivery vehicles in an ex gene therapy strategies. Human
bone marrow samples were collected from the femurs of six
healthy patients (4 male/2 female), aged 59.8 + 14 years,
undergoing primary total hip arthroplasty for hip osteoar-
thritis. Lipoaspirates were obtained from six healthy
patients (1 male/5 female), 45.8 + 11 years of age, during
liposuction procedures of the abdomen, thigh, and/or but-
tock for cosmetic purposes. The collected specimens,
namely the bone marrow from the femoral medullary canal
and the lipoaspirates, are normally discarded after the sur-
gery. All of the patient samples were de-identified; only the
patients’ sex and age were documented. Patients with sig-
nificant co-morbidities, or known history of HIV, HBV, or
HCV infection were excluded. The protocol and all perti-
nent procedures were reviewed and approved by the Insti-
tutional Review Board prior to initiating any experiments
involving human cells.

Previously published cell isolation protocols were used
to obtain the mononuclear cell fraction from bone marrow
samples [18, 23] and the stromal vascular fraction (SVF)
from lipoaspirates [18, 35]. For the bone marrow, the col-
lected specimen was transferred into sterile tubes and
diluted with equal volume of PBS. This suspension was
then layered on top of Histopaque 1077 (Sigma—Aldrich, St.
Louis, MO), and centrifuged for 30 min at 400 g to isolate
the mononuclear cell fraction. Following isolation the cells
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were washed thoroughly and resuspended in Dulbecco’s
modified Eagle medium (DMEM, Corning Mediatech, Man-
assas, VA, USA) supplemented with 10% fetal bovine serum
(FBS, Omega Scientific, Tarzana, CA, USA) as well as
antibiotic and antifungal agents (100 IU/mL penicillin, 100 1g/
mL streptomycin, and 0.25 lg/mL amphotericin B). Similarly,
the collected lipoaspirate samples were washed with an equal
volume of Dulbecco’s phosphate-buffered saline (DPBS;
Caisson Laboratories, North Logan, UT) and then digested
with 0.1% collagenase (Sigma—Aldrich, St. Louis, MO) at
37°C until the adipose layer was completely liquefied
[18, 35]. The adipose layer was subsequently filtered and
washed, then incubated with ammonium—chloride—potassium
(ACK) lysing buffer (Lonza, Allendale, NJ) to remove con-
taminating red blood cells. Following a final washing step to
eliminate the ACK buffer, the resultant SVF was resuspended
in DMEM + 10% FBS.

Both the isolated mononuclear cells and the SVF cells
were counted with an automated cell counter (BioRad,
Hercules, CA) using trypan blue and then plated for culture
expansion at a concentration of 40 x 10° cells and 2-3 x 10°
cells per 10 cm plate, respectively. The cells were main-
tained in a 5% CO2 humidified atmosphere, at 37 °C. The
culture medium was replaced every 3—4 days, with all non-
adherent cells and contaminating red blood cells being
removed. When >90% confluent the adherent cells were
further passaged at a density of 0.8-1.0 x 10° cells per 10
cm plate. Both cell types were expanded until they reached
passage 3.

Viral vector construction and transduction

Two different AAV serotypes were used in this study; type
2 and 6 (Fig. 1). AAV6 (pRC6) and AAV?2 (pRC2) capsid

plasmids, pHelper plasmid, and AAV2 inverted terminal
repeats (ITR) plasmid containing the GFP transgene, were
purchased through AAV helper-free packaging system (Cell
BioLabs, San Diego, CA). Vectors were prepared according
to the procedure detailed for production of AAV9 [36]. In
brief, 9 x 10° 293T AAV cells (CellBioLabs, San Diego,
CA) were seeded in a 15-cm diameter dish 1 day before
calcium chloride transfection. Transfected cells were then
incubated for 16 h prior to PBS wash and media change.
Seventy-two hours after cell transfection, the media were
discarded and the cells were harvested by gentle scraping.
Cell pellets were freeze thawed —80 °C/37 °C, lysed, and
treated with bezonase. Vector was then purified by iodix-
anol density gradient ultra-centrifugation at 59 Krpm for
70 min. The vector was harvested from the 40% iodixanol
layer and then buffer exchanged to p-sorbitol PBS (PBS
with 5% p-sorbitol and 350 mM NaCl). Vector was further
concentrated using Amicon Ultra-50 centrifugal filter tubes
(Millipore, Burlington, MA, USA). All vectors were kept at
—80 °C until time of use. As previously described [36],
AAV titers were determined by a 96-well plate Q-PCR and
verified by 293 transduction. To ensure continuity between
serotypes/preparations, we performed titers for all AAV
preparations on the same 96-well plate in triplicate along
with a commercial AAV-GFP preparation used as an
internal reference standard. The Q-PCR is designed to
amplify only one of ITR regions. We verified these mole-
cular ITR-based titers via 293T transduction with our pre-
parations and used the same commercial preparation
included as an internal control to provide a transduction
reference standard. For the creation of the AAV-BMP-2
vector, in the AAV plasmid with a CMV promoter carrying
the transgene for eGFP, the eGFP cDNA was replaced with
BMP-2 in the pAAV backbone plasmid to create two new

Fig. 1 Structure of the vectors
used in the study to express
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AAV vectors: AAV2-CMV-BMP-2 and AAV6-CMV-
BMP-2. The AAV-BMP-2 vectors were generated in
house using the same methodology as in the eGFP vector
preparation. Finally, for the GFP transduction with an MOI
of 10° core-acquired AAV2-CMV-GFP and AAV6-CMV-
BMP-2 vectors were used (Vigene Biosciences, Rockville,
MD), due to the inability of our lab to obtain such high
MOIs with in-house viral vector production. The AAV-GFP
preparations from the vector core were again compared with
the in house preparations to ensure similar titers and
transduction efficiency.

A two-step transcriptional amplification lentiviral vector
system (LV-TSTA) encoding BMP-2 or eGFP was used to
compare the efficacy of AAV versus lentivirally mediated
gene therapy in vitro. The LV-TSTA system [37] involves
co-transduction with two different lentiviral vectors; the
transactivator vector GAL4-VP16 (LV-RhMLV-GAL4-
VP16) and the transgene expression vector encoding BMP-
2 or eGFP (Lenti-G5-BMP-2 or LV-G5-eGFP). As pre-
viously described [17, 18, 23], viral vectors were generated
using transfection of 293T cells (American Type Culture
Collection, Manassas, VA), with their titers quantified by
p24 ELISA assays (ELISA, Quantikine, R&D Systems,
Minneapolis, MN, USA).

Passage 3 human MSCs were transduced overnight with
either AAV2 or 6 in serum-free media, or LV-TSTA in
media containing FBS and 8pug/ml polybrene. Non-
transduced MSCs were used as negative control.
293T cells were used as a positive control. Transduction
with BMP-2-carrying AAV vectors was used to evaluate the
cells’ in vitro osteogenic potential. Transduction with
AAV?2/6-eGFP was performed to assess transduction effi-
ciency. The AAV vectors for BMP-2 and eGFP experiments
were identical except for the inserted target gene. All
experiments were done in parallel with the LV-TSTA vector
for comparison. MOIs of 10° and 10° were used for trans-
duction with the eGFP-expressing AAV vectors. The MOI
of 10° was selected based on a prior study, which reported
transduction efficiencies up to 99% and duration of gene
expression up to 56 days following AAV2-eGFP trans-
duction of ASCs [38]. However, since the MOI of 10° was
found to be associated with low transgene expression in our
study a tenfold higher MOI was also tested (MOI = 10°).
MOI of 10° was used for AAV2-BMP-2 and AAV6-BMP-
2. Transduction with the LV-TSTA vectors (LV-TSTA-
eGFP or LV-TSTA-BMP-2) was done at an MOI of 5 for
the LV-RhMLV-GAL4-VP16 and MOI of 25 for the LV-
G5-BMP-2 or eGFP vector, based on prior in vitro
experiments (MOI of 5/25) [17, 39]. Following transduction
the cells were washed thoroughly to eradicate any cell
debris and extracellular viral particles.
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In vitro eGFP expression

Three samples per tissue type (bone marrow or adipose
tissue) were used for this aspect of the study. MSCs were
cultured in 10 cm plates until they reached passage 3 and
then transduced with either the AAV-eGFP (serotype 2 or
6) or the LV-TSTA-eGFP vectors. 293T cells transduced
with the aforementioned vectors were used as a positive
control. Two different MOIs were tested for the AAV
vectors; MOI of 10° and 10°. An MOI of 5/25 was used for
the LV-TSTA-eGFP vector. Transduced cells were washed
24 h following transduction to remove any extracellular
viruses and then plated again for one more day. Each plate
was imaged to detect eGFP positive cells using a Revolve
R4 inverted microscope (Echo, San Diego, CA). Half of
these cells were then trypsinized and resuspended in PBS to
determine transduction efficiency and mean fluorescence
intensity (MFI) with fluorescence-activated cell sorting
(FACS). Non-transduced target cells were used as control.
The rest of the cells were kept in culture for an additional
week, then imaged and further analyzed with FACS. FACS
analysis was done using a BD LSR II flow cytometer (BD
Biosciences). FACS data were analyzed using Flowjo
software (FlowJo LLC).

In vitro BMP-2 production

BMSCs and ASCs from four different patients (two per cell
type) were plated at a concentration of 10° cells per well and
transduced overnight with the BMP-2 expressing vectors
(AAV2-BMP-2, AAV6-BMP-2, or LV-TSTA-BMP-2).
Each sample was run in triplicate. Only the highest MOI
(106) was tested for the AAV vectors. The culture medium
was collected at 2 days and 1 week post transduction to
evaluate BMP-2 levels in vitro. A commercially available
enzyme-linked immunosorbent assay (ELISA) kit (Quanti-
kine, R&D Systems, Minneapolis, MN, USA) was used to
quantify BMP-2 production over a 24 h period. All results
were standardized by cell number and reported as nano-
grams of BMP-2 per 1 x 10° cells per 24 h.

Osteogenic differentiation potential

Osteogenic differentiation profiles of transduced BMSCs
and ASCs were assessed 7 days after exposure to BMP-2,
using alizarin red staining and quantification with spectro-
photometry as previously described [18, 40]. Non-
transduced cells were used as control. Cells were seeded
in duplicate for each experiment. In brief, BMSCs and
ASCs were cultured in ostegenic media containing
DMEM + 10% FBS, antibiotics/antimycotics, 0.1 uM of
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dexamethasone, 50 pg/mL of L-ascorbic acid, and 10 mM of
B-glycerophosphate to induce osteogenic differentiation.
Seven days after transduction the medium was aspirated and
cells were carefully washed using DPBS. A solution of 10%
formaldehyde was added to the plate to fix the cells for 10
min, followed by a wash with distilled water. The cellular
monolayer was then stained with 2% Alizarin red S solution
for 30 min to detect extracellular calcium deposits. Stained
MSCs were imaged using an EVOS XL inverted micro-
scope (AMG, Mill Creek, WA) and then stored at —20 °C
for further processing with dye extraction and quantification
of alizarin red. A colorimetric assay was performed to
accurately quantify the amount of alizarin red in each well.
The stained cell monolayer in each well was incubated at
the room temperature with 10% acetic acid (800 uL) for 30
min with gentle shaking, then transferred to 1.5mL
eppendorf tubes, heated at 85 °C for 10 min, followed by a
5-min cooling on ice. The resultant cell slurry was cen-
trifuged for 15 min at 20,000 g. The supernatant was mixed
with ammonium hydroxide (200 uL) into a new 1.5mL
eppendorf tube. Aliquots (150 L) were transferred to a 96-
well plate (triplicates) and absorbance was read at 405 nm
by a plate reader (Model 680, BioRad, Hercules, CA, USA).

Statistical analysis

Statistical analysis was performed using the IBM SPSS
Statistics 22.0 software, with the significance level set at
0.05 for all comparisons. Data for all performed experi-
ments are reported as mean and standard deviation. Equality
of variances was also confirmed before performing any
further analysis. After assessing the data for normality using

Shapiro-Wilk test, one-way ANOVA, and post hoc analysis
with Tukey’s range test were selected for comparisons in
GFP expression and BMP-2 production between vectors
and cell types. One-way ANOVA was also used to compare
extracellular calcium deposits between groups.

Results
In vitro eGFP expression

We evaluated the ability of two different AAV vector ser-
otypes to transduce 293T cells, BMSCs, and ASCs, using
GFP reporter genomes. Both AAV2-eGFP and AAV6-
eGFP were able to transduce all cell types, although at
different success rates. In general, in BMSCs and ASCs,
GFP signal was noted as early as 48 h post transduction,
with levels of expression peaking at 5-7 days post trans-
duction, and then steadily decreasing to minimal, if any,
GFP expression past day 11 (Supplementary Fig. 1).
Therefore, comparisons with regards to transduction effi-
ciency are presented for the 7-day time point.

Transduced 293T cells showed strong eGFP expression
1 week post transduction as seen with fluorescent micro-
scopy and FACS analysis (97.6% and 99%, respectively).
In contrast, transduction with AAV2 and 6 even at a high
MOI of 10° in human MSCs was associated with minimal
eGFP expression at the same time point (BMSCs: 3.57%
and 8.82%, respectively, ASCs: 6.17% and 20.2%,
respectively). Strong eGFP expression was detectable in all
of the cell types following transduction with the lentiviral
system LV-TSTA-eGFP (Fig. 2). Moreover, the MFI

2 days 7 days

2 days

293T cells

7 days 2 days 7 days

Non

AAV2
(MOI=10¢)

AAV6
(MOI=10)

LV-TSTA
(MOI=5/25)

Fig. 2 eGFP expression in BMSCs, ASCs, and 293T cells 2 days
and 1 week following transduction with AAV2-eGFP, AAV6-
eGFP, or LV-TSTA-eGFP. Non-transduced cells were used as con-
trol. AAV-eGFP showed strong eGFP expression in 293T cells,

whereas few GFP+ cells were noted in BMSC and ASC cultures. LV-
TSTA-GFP consistently transduced the majority of cells for all of the
studied cell types.
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associated with AAV transduction in BMSCs and ASCs
was significantly lower compared with LV-TSTA-BMP
transduction (p <0.001) (Table 1, Fig. 3).

BMP-2 production in vitro

Transduction with BMP-2 producing AAV vectors at 10°
viral genomes/cell led to minimal BMP-2 production in
both BMSCs and ASCs 2 and 7 days following transduc-
tion. In contrast, LV-TSTA-BMP-2 induced a robust
in vitro BMP-2 production by both human MSC cell types,
with protein levels being 100-600 times higher compared
with AAV transductions (Table 2). No differences with
regards to BMP-2 production were noted between AAV2
and 6 (p>0.05) or between AAV-transduced cells and
negative control (non-transduced cells).

Table 1 FACS analysis 1 week following transduction with eGFP.

Transduction efficiency MFI

ASC BMSC 293T ASC BMSC 293T
AAV2 62%  3.6% 97.6% 470 507 5444
AAV6 202% 8.8% 99% 805 621 7022
LV-TSTA 735% 85% 91.4% 30,014 71,860 95,336

ASC adipose-derived stem cells, BMSC bone marrow stem cells, MFI
mean fluorescent intensity.

Non-transduced

AAV2-GFP

In vitro osteogenic differentiation potential

Transduction of ASCs and BMSCs with AAV2-BMP-2 or
AAV6-BMP-2 did not enhance the cells in vitro osteogenic
differentiation potential as seen with the alizarin red staining
(Fig. 4). AAV-BMP-2-transduced cells demonstrated levels
of calcium deposits similar to that of non-transduced cells
(Fig. 5). In contrast, the LV-TSTA-BMP-2-transduced
MSCs were characterized by induction of the osteogenic
phenotype in vitro as noted in both qualitative alizarin red
stained wells and quantitative colorimetric assay data (p <
0.001 vs. AAV2 and 6) (Figs. 4,5). As expected, no calci-
fied extracellular matrix was seen in non-transduced cell
cultures.

Discussion

The potential of ex vivo gene therapy to revolutionize the
treatment of fracture nonunions and bone loss in trauma,
revision joint replacement surgery, and spinal fusion using
different viral vectors and target genes has been demon-
strated [5, 14, 41]. However, before regional gene therapy
can be adapted for clinical use it is crucial to assess the
osteoinductive capacity of the most promising viral vector
candidates and choose the vector that demonstrates the
optimal clinical and safety profiles.

AAV6-GFP LV-TSTA-GFP
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Fig. 3 FACS analysis of one representative sample for each cell type, namely BMSCs, ASCs, and 293T cells following transduction with
AAV2, AAV6, and LV-TSTA-BMP-2 encoding eGFP 7 days post transduction. Non-transduced cells are used as control.
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In this project we aimed to examine the clinical potential
of AAV vectors in ex vivo gene therapy for bone repair
using human BMSCs and ASCs. AAV vectors were
selected because they are already being used to treat
patients. An ex vivo gene therapy approach was chosen due
to its ability to deliver both cells with osteogenic capacity
and an osteoinductive growth factor to the anatomic site of
interest. The transgene expression associated with AAV
vectors was compared with our established LV-TSTA
vector, which has been previously shown to induce bone
formation in rodent critical-sized femoral defects
[17, 20, 23]. Our hypothesis was that AAV vectors
encoding BMP-2 would be able to successfully transduce
human MSCs leading to BMP-2 production and an increase
in the transduced cells’ osteogenic differentiation capacity
in vitro, thus offering an alternative strategy that would
facilitate the transition from the lab to the clinic.

To this end, we created two AAV vectors (serotypes 2
and 6) expressing the target transgene. Transduction of
human MSCs isolated from adipose tissue or bone marrow
with AAV-eGFP led to only low GFP expression following

Table 2 BMP-2 production 2 and 7 days following transduction.

BMSCs ASCs

Day 2 Day 7 Day 2 Day 7
Non-transduced 0.1 0.3 0.3 0.3
AAV2 0.9 1.1 0.5 0.8
AAV6 0.3 0.5 0.2 0.7
LV-TSTA 99.6 325.5 146.7 545.3

Results given as ng of BMP-2/10%cells/24 h.

ASC adipose-derived stem cells, BMSC bone marrow stem cells.

Non-transduced AAV2-BMP

BMSC

ASC

Fig. 4 In vitro osteogenic potential of P3 BMSCs and ASCs
transduced with AAV2-BMP, AAV6-BMP, or LV-TSTA-BMP, as
seen with alizarin red staining following culture in osteogenic
medium for 7 days. Minimal alizarin red staining in AAV2 and 6

--- |

transduction, even at MOIs as high as 10°. Moreover,
AAV2 and AAV6 produced significantly less BMP-2
compared with the lentiviral vector. Finally AAV-BMP-2
did not enhance the osteogenic potential of the MSCs
in vitro, consistent with the levels of BMP-2 production
being barely detectable. In contrast, transduction with LV-
TSTA-BMP-2 led to high levels of BMP-2 expression and a
robust osteogenic response from both BMSCs and ASCs.

Recombinant AAV vectors lack the Rep and Cap
sequences that are responsible for viral replication, thus
losing the ability to integrate into the host cell genome.
Twelve primate serotypes have been described, with AAV?2
being the most commonly used. Overall, AAV vectors have
considerable promise to overcome limitations of other gene
delivery vehicles due to their reported ability to transduce a
wide variety of dividing and nondividing cells, and their
lack of immunogenicity and pathogenicity [42—44]. More-
over, approval of the first-gene therapy product Glybera, an
AAYV vector for the treatment of lipoprotein lipase defi-
ciency, by the European Medicines Agency was a ground-
breaking step in gene therapy development, though it has
since be withdrawn from market due to the increased cost
[45]. Recently two AAV-mediated gene therapy products
have been FDA approved; Luxtera for use in the treatment
of biallelic RPE65 mutation-associated retinal dystrophy
[30] and Zolgensma for spinal muscular atrophy [31].

The use of AAV vectors has been described in animal
studies for bone regeneration as part of an in vivo gene
therapy approach [32]. AAV2-BMP-4 and AAV6-BMP-4
successfully induced ectopic bone formation as demon-
strated by plain radiographs and histologic analysis either
implanted directly into a rat hindlimb model [46] or deliv-
ered on a gelfoam carrier into a mouse muscle pouch [33],
respectively. In vivo gene delivery using AAV vectors

AAV6-BMP

LV-TSTA-BMP

transduced MSCs, with abundant extracellular deposition of calcium in
LV-TSTA transduced cells. Non-transduced cells were used as a
control; no alizarin red staining was noted in non-transduced cells
cultures in osteogenic media.
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Fig. 5 Alizarin red quantification using spectrophotometry. The
LV-TSTA-BMP-2-transduced cells had a higher mineralization
potential compared with AAV-BMP-2-transduced cells (p <0.001 vs.
AAV2 and 6). Non-transduced BMSCs and ASCs show no extra-
cellular calcium deposition. Non non-transduced cells.

carrying the transgene for BMP-2 or BMP-6 has also been
associated with osteogenesis in ectopic models of bone
formation in immunocompetent or nude rats [47, 48]. In a
different approach, namely allograft revitalization, implan-
tation of murine bone allografts loaded with AAV vectors
encoding for vascular endothelial growth factor and/or
receptor activator of nuclear factor-kappa B ligand
(RANKL) in mouse critical-sized femoral defects was
associated with angiogenesis, new bone formation and
allograft resorption [34]. Similar results were seen with
AAV vectors carrying the cDNA for BMP-2 [49] or activin
receptor-like kinase-2 [50]. However, none of these models
are as rigorous as a critical-sized femoral defect in a rat or
larger animal models.

Ex vivo gene therapy studies evaluating the efficacy of
AAV vectors for bone healing have demonstrated mixed
outcomes [51]. Both Ito et al. and Ju et al. transduced cells
with rAAV-TGFbetal-IRES-eGFP [52] or AAV-Luciferase
[53], respectively and noted poor transduction efficiency. In
an in vitro study using human BMSCs and 293T cells,
Stender et al. demonstrated that AAV2-eGFP vectors were
able to transduce MSCs with transduction efficiencies ran-
ging from 1 to 65% 4 days following transduction
depending on the MOI. However, when comparing MFIs
between AAV2-eGFP-transduced 293T cells and hBMSCs,
293T cells were associated with a significantly higher eGFP
expression (~200-fold for 293T cells versus fourfold for
hBMSCs upon increasing the viral dose 10,000-fold) [54].
In other studies, comparison of various viral vectors in rat,
rabbit and human MSCs showed that different serotypes of
AAV vectors were the least effective in accomplishing gene
delivery [55, 56]. Finally, AAV2-mediated gene delivery in
fibroblasts has been associated with ~30-fold lower levels of
AAV?2 DNA replication when compared with 293T or HeLa
cells [57, 58].

Similarly in our study, human BMSCs and ASCs were
successfully transduced with AAV2-eGFP or AAV6-eGFP,
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but transduction was associated with low GFP expression,
even at MOIs as high as 10°. In contrast, transduction of
293T cells with the same vectors was associated with a
16-27 times higher transduction efficiency for AAV2 and
5-12 times higher transduction efficiency for AAV6. There
was also a tenfold increase in MFI for both vectors and cell
types. Transduction of human MSCs with BMP-2 produ-
cing AAV vectors at 10° viral genomes/cell led to minimal
BMP-2 production in both BMSCs and ASCs. This indi-
cates that although AAV2 and AAV6 can transduce human
MSCs, levels of transgene expression remain severely
limited. A lack of the primary cell surface receptor for
AAV, heparin sulfate proteoglycan, on the cellular surface
of MSCs might be a limiting step for AAV transduction
[59]. Uncoating of virions following cellular uptake has
been described as an important barrier to efficient AAV
transduction [60].

We noted that AAV-mediated gene expression was
transient. We observed a peak of GFP-positive cells and
MFI at 5-7 days following transduction, succeeded by a
rapid decline to near control levels after day 11. These
results are consistent with what has been reported in the
literature. In a prior study using human BMSCs transduced
with AAV2-eGFP, transgene expression peaked at 4 days
followed by significant decline in gene expression 16 days
following transduction [54]. Moreover, human ASCs
transduced with rAAV1 and rAAV2 or rAAVS5 lost gene
expression by day 4 or day 8, respectively [61]. The decline
of GFP-positive MSCs over time could be explained by the
replication deficiency of the AAV vector and the fact that
AAV does not integrate in the host cells’ chromosomes
which prohibits vertical vector transmission in dividing cell
cultures. The duration of transgene expression is a highly
clinically relevant parameter for bone repair applications.
Although in the bone repair scenarios lifelong gene
expression is not necessary, there is a concern that
2-3 weeks of protein production may not induce adequate
bone repair in biologically stringent environments. The
management of these bone defects may require at least
several months of trangene expression. Previous studies in
our laboratory have shown the superiority of lentiviral gene
therapy as compared with adenoviral gene therapy in bone
formation due to more prolonged duration (up to 12 weeks)
of target gene expression [15, 16, 62]. Therefore, it is
doubtful that the low, transient (~2 weeks) BMP-2 pro-
duction associated with AAV gene delivery will be ade-
quate to induce an appropriate biologic effect in these
patients.

Our study had a few limitations. First, only two AAV
serotypes were tested; AAV2 and AAV6. These two ser-
otypes were selected since they are the most commonly
studied and clinically relevant. However, it is possible that
other serotypes wound have resulted in different outcomes.
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Second, different promoters were used in the lentivirus and
AAYV vectors. The expression construct as designed for the
LV-TSTA viral vector is too large for efficient packaging
into rAAV. Therefore, we used a highly promiscuous CMV
promoter that has had several publications showing efficacy
in cell lines derived from the same tissue types we intended
to target. Third, a single-stranded AAV construct was
selected for use in our study instead of self-complementary
AAYV genome, since BMP-2 is too large to deliver in a self-
complementary AAV vector construct. To ensure the
functionality of our AAV-GFP delivery, transduction effi-
ciency was verified using 293 cell lines, which neared 100%
transduction rates using the single-stranded GFP vector,
thus demonstrating that our delivery construct was func-
tional and highly efficacious in control lines.

In conclusion, our study compares the AAV and LV-
TSTA viral vectors in an ex vivo gene therapy strategy,
with regards to gene expression and osteoinductive ability
when transducing human BMSCs and ASCs. Our results
demonstrate that the AAV2 and AAV6 vector cannot
induce a significant transgene expression in human BMSCs
and ASCs, even at MOIs as high as 10°. The LV-TSTA
vector is significantly superior in transducing human MSCs
and in inducing the osteogenic phenotype in vitro. Thus, the
LV-TSTA vector would be preferable when developing an
ex vivo gene therapy strategy for clinical use in bone repair
applications.
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