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The development of an ex vivo regional gene therapy clinical pathway using adipose-derived stem
cells (ASCs) may require cryopreservation for cell culture, storage, and transport prior to clinical use.
ASCs isolated from five donors were transduced with a lentiviral vector containing BMP-2. Three
groups were assessed: transduction without cell freezing (group 1), freezing of cells for 3 weeks
followed by transduction (group 2), and cell transduction prior to freezing (group 3). Nontransduced
cells were used as a control. The cluster of differentiation (CD) marker profiles, cell number, BMP-2
production, and osteogenic potential were measured. The CD marker profile (CD44, CD73, CD90, and
CD105) was unchanged after cryopreservation. Cell number was equivalent among cryopreservation
protocols in transduced and nontransduced cells. There was a trend toward decreased BMP-2 pro-
duction in group 3 compared to groups 1 and 2. Osteogenic potential based on Alizarin red concen-
tration was higher in group 2 compared to group 3, with no difference compared to group 1. Freezing
ASCs prior to transduction with a lentiviral vector containing BMP-2 has no detrimental effect on
cell number, BMP-2 production, osteogenic potential, or immunophenotype. Transduction prior to
freezing, however, may limit the BMP-2 production and potential osteogenic differentiation of the ASCs.
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INTRODUCTION
GENE THERAPY IS A potent therapeutic approach
that has shown success in treating a variety of
conditions, including sickle-cell disease, macular
degeneration, leukodystrophy, Wiskott–Aldrich
syndrome, and lymphoid malignancies.1–5 The au-
thors’ goal is to develop an ex vivo regional gene
therapy strategy to enhance bone repair in hu-
mans. This strategy has been successful in pre-
clinical animal models of bone repair.6,7 Regional
gene therapy has the potential to revolutionize the
treatment of large bone defects in humans by pro-
viding a new, potent source of osteoinductive sig-
nals. In this approach, human mesenchymal stem
cells (MSCs)—multipotent cells that are able to
differentiate into adipose, cartilage, muscle, ten-
don, or bone—are transduced with a lentiviral

vector containing the BMP-2 gene and implanted
into a bony defect.8–10 MSCs may be harvested and
isolated from several sources, including bone-
marrow aspirates, adipose tissue, or umbilical cord
blood.8–10

Compared to other cell sources, adipose-derived
stem cells (ASCs) are a readily available source of
MSCs, since they are harvested with minimally
invasive techniques and little patient morbidity,
and are able to be expanded rapidly in tissue cul-
ture.9,11 The use of ASCs has been studied for a
variety of clinical therapies, including breast re-
construction, cardiac repair, and bone regenera-
tion.12–15 Similar to other stem-cell populations,
ASCs may be modified to express specific genes of
interest, and therefore may be utilized in regional
gene therapy applications in a clinical setting.
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However, the clinical use of autologous ASCs that
have been transduced with a lentiviral vector as
part of an ex vivo gene therapy approach for tissue
engineering presents logistical challenges. One
potential strategy would be for the lipoaspirate to
be harvested, processed, expanded in tissue cul-
ture, and then transduced in the same facility
where implantation will occur. Since most clini-
cians lack the appropriate facilities to perform cell
culture and viral transduction, this strategy will
require the use of a central facility to manage
these activities. An option would be to ship the
harvested lipoaspirate to a facility that would
expand the ASCs in tissue culture, transduce the
cells, and immediately return the transduced
ASCs to the surgeon for reimplantation. Although
this may be a reasonable strategy, there could be a
significant number of cases where the patient
might not be ready for a second-stage bone-
grafting procedure, secondary to wound-healing
issues, changes in health status, or scheduling
conflicts. In this case, the cell transduction would
have to be delayed. A limitation of this strategy is
the finite amount of time ASCs may be maintained
in culture prior to cell senescence and growth ar-
rest.16 Therefore, ASCs may have to be stored at
some point during the cell expansion and trans-
duction process.

One method to store cells and preserve their vi-
ability is via cryopreservation. The lipoaspirate
may be harvested and shipped to a facility for
processing and cell expansion. In order to have the
cells ready at the appropriate time for use in a
patient, the expanded cells could be frozen either
before or after transduction. When the patient is
ready for the implantation procedure, the cells
could be thawed and shipped to the clinician for
use. Under proper storage conditions, cryopre-
served ASCs can retain their viability and differ-
entiation potential.17–20 However, there are no
reports in the literature about cryopreservation of
ASCs in the setting of regional gene therapy,
wherein cells are transduced with a gene of interest
prior to or after freezing.

This study assessed the cell viability, BMP-2
production, and osteogenic potential of ASCs that
are transduced with a BMP-2-containing lentiviral
vector in cells that are frozen before or after
transduction in order to determine the optimal
clinical protocol for cell cryopreservation prior to
regional gene therapy. It was hypothesized that
cryopreservation of ASCs before or after trans-
duction would result in equivalent cell viability,
protein production, and osteogenic potential com-
pared to non-frozen cells.

METHODS
Cell harvest

Human adipose tissue was obtained as a coded,
de-identified specimen from elective suction-
assisted lipectomy (liposuction) procedures from the
abdomen, buttock, or thigh. Cells from five donors
were used (female patients aged 30, 31, 32, 38, and
42 years old). During this procedure, a tumescent
solution with saline, lidocaine, and epinephrine was
infused into the adipose tissue to minimize bleeding
and postoperative pain.21 The raw lipoaspirate
samples were then processed according to an es-
tablished protocol.22 Briefly, the lipoaspirates were
washed with an equal volume of Dulbecco’s
phosphate-buffered saline (DPBS; Caisson Labora-
tories, North Logan, UT) to remove debris, red blood
cells, and remaining tumescent components. The
washed adipose fraction was then digested with
sterile type 1A 0.1% collagenase (Sigma–Aldrich, St.
Louis, MO) at 37�C until the adipose layer no longer
contained solid pieces of fat. The cells were then
further processed and filtered, followed by incuba-
tion with ammonium-chloride-potassium (ACK)
lysing buffer (Lonza, Allendale, NJ) to remove red
blood cells. After further washing with DPBS to
eliminate the ACK lysis buffer, the resultant cell
pellet composed of the stromal vascular fraction was
re-suspended in Dulbecco’s modified Eagle’s me-
dium (DMEM) +10% fetal bovine serum (FBS)
supplemented with antibiotic and antifungal agents
(100 IU/mL penicillin, 100 lg/mL streptomycin, and
0.25lg/mL amphotericin B) and plated at 5 · 106

cells per 10 cm plate.

Cell culture
The cells were counted using a TC20� automated

cell counter (BioRad, Hercules, CA), and plated as
described above in a humidified atmosphere and
5% CO2 at 37�C. The culture medium was changed
every 3–4 days, and nonadherent cells were re-
moved. When confluent, the adherent cells were
passaged at a density of 0.8–1.0 · 106 cells per
plate.

Transduction
Cells were transduced at passage 3 with a two-

step transcriptional amplification (TSTA) system,
as described in previously published protocols.6,23,24

Transduction was performed at passage 3 to avoid
cell senescence and loss of osteogenic potential at
higher passages.25 The TSTA system uses the
GAL4-VP16 transactivator cDNA and the trans-
gene expression vector encoding the G5 promoter
and the BMP-2 cDNA under the control of the
GAL4 responsive promoter. All lentiviral vectors
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were generated by transfecting 293T cells (Ameri-
can Type Culture Collection, Manassas, VA). The
titers of these vectors were determined by quanti-
fying the amount of p24 protein contents in vector
solution by enzyme-linked immunosorbent assay
(ELISA; Quantikine; R&D Systems, Minneapolis,
MN). Passage 3 cells were plated into a 10 cm dish
for ELISA at a concentration of 1 · 106 cells per
5 mL media for ELISA or on a 24-well plate for
Alizarin red staining at a concentration of 1 · 105

cells per 0.5 mL DMEM +10% FBS with 8 lg/mL
polybrene for Alizarin red staining. The cells were
co-transduced overnight with LV-GAL4-VP16 at a
multiplicity of infection (MOI) of 5, and LV-G5-
BMP-2 or LV-G5-GFP at a MOI of 25 at 37�C and
5% CO2. These MOIs were chosen to minimize cell
toxicity while maximizing BMP-2 and green fluo-
rescent protein (GFP) expression.

Cryopreservation protocol
Each of the five adipose samples was processed,

and the stromal vascular fraction was then plated
and expanded in culture as described above. These
ASCs of each donor were divided into three groups.
Group 1 consisted of fresh ASCs that were trans-
duced at passage 3. Group 2 consisted of fresh ASCs
that were frozen at passage 1 for 3 weeks at -196�C
in liquid nitrogen, followed by thawing in a 37�C
water bath, and culture-expanded until passage 3.
Cells were subsequently transduced at passage 3 as
described above. Group 3 consisted of ASCs that
were transduced at passage 3. After 2 days, these
cells were frozen for 3 weeks at -196�C in liquid
nitrogen, followed by thawing. Each of the donors
also had one sample of cells that was not trans-
duced and treated either with or without cryo-
preservation to determine the effects of freezing on
cell viability. Cryopreservation of ASCs was per-
formed by placing cells into a cryovial at a concen-
tration of 1 · 106 cells in 1 mL of a commercially
available serum-free medium containing 10% di-
methyl sulfoxide (DMSO; Bambanker; Wako Che-
micals, Richmond, VA). The vials were then stored
at -80�C overnight in a Cool Cell LX freezing con-
tainer (Biocision, San Rafael, CA). The next day,
they were transferred to liquid nitrogen (-196�C).
After 3 weeks of freezing in liquid nitrogen, the cells
were thawed in the cryovial using a 37�C water
bath.

Immunophenotypic characterization
Nontransduced ASCs from three different do-

nors had their cell surface markers analyzed prior
to and after cryopreservation of nontransduced
cells by fluorescence-activated cell sorting (FACS)

to evaluate for the cell marker profile of MSCs as
defined by the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cel-
lular Therapy.26 Passage 3 cells were prepared for
FACS analysis following a standard BD Stemflow
protocol. Briefly, after trypsinization, the cells
were washed and resuspended in BD Pharmingen
Stain Buffer (BD Biosciences, Franklin Lakes,
NJ) at a concentration of 5 · 106 cells/mL. A 100 lL
aliquot of the cell suspension was transferred to a
separate tube and stained with cluster of differ-
entiation marker (CD)73, CD90, CD105, CD44,
and human MSC negative cocktail (CD34, CD11b,
CD19, CCD45, and HLA-DR) antibodies. These
CD markers were selected due to their important
role in the characterization of MSCs, as defined
by the Mesenchymal and Tissue Stem Cell Com-
mittee of the International Society for Cellular
Therapy.26 After staining, the cells were incu-
bated on ice in the dark for 30 min. Unstained and
single-color control samples were also prepared.
Cells were then washed and re-suspended in
200 lL of BD Pharmingen Stain Buffer. Sample
analysis was performed using a BD LSR II flow
cytometer (BD Biosciences), and data analysis
was performed with FlowJo (FlowJo LLC, Ash-
land, OR).

Quantification of cell number
and BMP-2 production

For the fresh ASCs (group 1) and post-
cryopreservation transduced ASCs (group 2), pas-
sage 3 cells were plated at 1 · 106 cells per dish 1 day
before transduction (time point 1), and cell number
was measured 1 week after transduction (time
point 2). For the ASCs transduced prior to cryo-
preservation (group 3), fresh cells were harvested,
expanded in culture to passage 3, transduced, and
then frozen. After cryopreservation, the cells were
thawed in a cryovial, plated, and cell number was
quantified 1 day (time point 1) and 1 week (time
point 2) after thawing.

To quantify BMP-2 production, cells were wa-
shed to remove any free lentiviral particles after
the end of the overnight transduction period, then
fresh media was applied, and cells were cultured
for an additional 24 h. After this incubation period,
the medium of the transduced cells was harvested
and analyzed using ELISA for BMP-2 quantifica-
tion at two time points for each of the three groups.
Each sample was run in triplicate, and the resul-
tant values were averaged. Additionally, cell
number was quantified with the TC20� automated
cell counter. BMP-2 production was reported as
nanograms per dish.
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Osteogenic differentiation
Cells were cultured in osteogenic media to induce

osteogenic differentiation, with nontransduced
cells serving as a control. Cells (1 · 105) were cul-
tured with DMEM +10% FBS, antibiotics/antifun-
gals, 0.1 lM dexamethasone, 50 lg/ml L-ascorbic
acid, and 10 mM b-glycerophosphate on a 12-well
plate. Three samples per cell donor were used. Os-
teogenic differentiation was assessed at 7 days post
transduction by Alizarin red S staining of extra-
cellular calcium deposits. The cells were fixed with
10% formaldehyde for 10 min, washed with PBS,
and stained with Alizarin red S solution for 30 min.
Following staining, qualitative analysis was com-
pleted by imaging each well with a Revolve R4 mi-
croscope (Echo Laboratories, San Diego, CA).
Quantification of Alizarin red S concentration was
subsequently performed using a previously de-
scribed protocol.27 Briefly, stained cells were incu-
bated with 800 lL of 10% acetic acid at room
temperature for 30 min, followed by heating to 85�C
for 10 min and cooling on ice for 5 min. The mixture
was then centrifuged, and the supernatant was
mixed with 200 lL of ammonium hydroxide, and
aliquots were transferred to a 96-well plate and
read at 405 nm by a plate reader.

Statistical analysis
Statistical analysis was performed with IBM

SPSS Statistics for Windows v22 (IBM Corp., Ar-
monk, NY), with a significance level set at 0.05.
Wilcoxon signed-rank tests were used to compare
BMP-2 production and cell number between time
points. A related-samples Friedman’s two-way
analysis of variance test was performed to compare
cell number, BMP-2 production, and Alizarin red
concentration between the cryopreservation proto-
cols. Comparisons with significant values then un-
derwent Dunn’s pairwise post hoc comparisons tests
with a Bonferroni correction. Additionally, Wilcox-
on signed-rank tests were used to compare im-
munophenotypes between fresh and thawed cells.

RESULTS
Immunophenotypic characterization

Using flow cytometry, the percentage of cells
positive for MSC markers (CD73, CD90, CD105,
and CD44),26 and hematopoietic stem-cell (HSC)
markers (CD34, CD11b, CD19, CCD45, and HLA-
DR) was determined before and after freezing. The
ASCs expressed CD44, CD73, CD90, and CD105
with minimal expression of HSC markers. There
was no significant difference in the percentage of
cells positive for these markers before or after
cryopreservation (Table 1).

BMP-2 production
Both fresh and cryopreserved ASCs were suc-

cessfully transduced with a lentiviral lector encod-
ing BMP-2. At time point 1, mean BMP-2 production
in group 1 was 87.0 – 15.2 ng per well, 119.9 –
50.0 ng per well in group 2, and 89.1 – 26.7 ng per
well in group 3 ( p = 0.247). At time point 2, mean
BMP-2 production in group 1 was 579.8 – 604.0 ng
per well, 564.5 – 592.6 ng per well in group 2, and
213.1 – 107.9 ng per well in group 3 ( p = 0.074;
Fig. 1). BMP-2 production increased from time
point 1 to time point 2 in both groups 1 ( p = 0.043)
and 3 ( p = 0.043). In group 2, there was no signifi-
cant change in BMP-2 production between the two
time points ( p = 0.138; Fig. 1).

Cell number
There was no difference in cell number at any

time point for transduced cells in the three cryo-

Table 1. Percentage of cells positive for each CD marker
tested before and after cryopreservation of cells, as determined
by flow cytometry

Pre freeze (n = 3)
Post freeze (n = 3)

CD marker Mean Mean p-Value

CD44 98.27 97.37 0.285
CD73 98.40 96.27 0.109
CD90 81.00 93.67 0.102
CD105 58.33 48.17 0.285
HSC 0.70 0.68 1.000

CD, cluster of differentiation.

Figure 1. BMP-2 production for transduced cells. p-Values shown are
those that are statistically significant at <0.05 after pairwise post hoc
comparisons.
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preservation groups. Cell number was not affected
whether cells were fresh, frozen before transduc-
tion, or frozen after transduction at either time
point 1 ( p = 0.053) or time point 2 ( p = 0.247; Fig. 2).
The change in cell number between time points was
not statistically significant.

In nontransduced cells, the number of cells in-
creased at time point 2 compared to time point 1 for
both fresh nontransduced ( p = 0.043) and frozen
nontransduced ( p = 0.005) cells. Cell number was
equivalent when comparing fresh and frozen cells,
showing no detriment to cell viability with freezing
at either time point 1 ( p = 0.819) or time point 2
( p = 0.368; Fig. 3).

Osteogenic differentiation
Osteogenic differentiation potential, as mea-

sured at time point 2 by spectrophotometric ab-
sorbance of Alizarin red staining of extracellular
calcium deposits, was significantly lower in group 3
cells compared to group 2 cells (Fig. 4). Qualita-
tively, there was a substantial difference in Ali-
zarin red staining, with robust staining in
transduced cells in groups 1 and 2, but minimal
staining in group 3 (Fig. 5). Nontransduced cells
had minimal Alizarin red staining, with no differ-
ence between fresh nontransduced and frozen
nontransduced cells (Figs. 4 and 5).

DISCUSSION

ASCs are multipotent MSCs that retain the
ability to differentiate into cartilage, muscle, adi-

pose, and bone, making these cells prime targets
for tissue engineering using regional gene thera-
py.9 Human adipose tissue is readily available and
easily obtained from liposuction procedures.26 An
ex vivo regional gene therapy strategy may require
expansion of cells in culture followed by transduc-

Figure 2. Cell number for transduced cells.
Figure 3. Cell number for nontransduced cells with and without cryo-
preservation. p-Values shown are those that are statistically significant at
<0.05 after pairwise post hoc comparisons.

Figure 4. Alizarin red quantification for transduced cells and non-
transduced cells.
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tion of cultured cells with a vector carrying the
gene of interest prior to reimplantation of the
transduced cells at the appropriate anatomic site.
This process may take days to weeks and cannot be
performed at most hospitals due to the lack of
highly specialized Good Manufacturing Practice
(GMP) facilities. Since cell expansion and trans-
duction will be performed at a central facility,
cryopreservation allows flexibility in the timing of
implantation procedures for when patients are
medically optimized, by preserving cells and thus
delaying the senescence and growth arrest seen for
late-passage stem cells.28,29 As such, cryopreser-
vation of cells may be a critical step in developing ex
vivo regional gene therapy as a clinical product.

This study demonstrates that cell number and
BMP-2 production are equivalent for fresh and
cryopreserved human ASCs, when cryopreserva-
tion occurs before transduction, but that there is
a trend toward decreased BMP-2 production
and significantly diminished differentiation into
osteogenic precursors in cells transduced prior to
freezing. The transduced ASCs retain their im-
munophenotypic characteristics after 3 weeks of

cryopreservation in liquid nitrogen. The ability to
produce BMP-2 in cells that were transduced after
cryopreservation (group 2) was comparable to
fresh transduced cells (group 1). However, BMP-2
production was lower in cells transduced prior to
cryopreservation (group 3), but there was high
variability in BMP-2 production between donors,
and this difference was not statistically signifi-
cant. The results in nontransduced cells show no
difference in cell number with cryopreservation
compared to non-frozen cells, suggesting that
freezing alone is not a detriment to cell viability.
However, transduction with a lentiviral vector
containing BMP-2 followed by cryopreservation
results in limited osteogenic potential, as deter-
mined by Alizarin red staining for extracellular
calcium deposits. Osteogenic potential in cells
transduced after cryopreservation was compara-
ble to fresh cells. These results suggest that in the
clinical adaptation of regional gene therapy, cells
can be transduced after cryopreservation for
storage and transport purposes without signifi-
cantly impacting BMP-2 production, cell viability,
or osteogenic potential. Cryopreservation after

Figure 5. Representative light micrographs depicting calcium deposits detected by Alizarin red staining in the three cryopreservation protocols. Transduced
cells in groups 1 (fresh transduced) and 2 (cryopreserved, then transduced) show increased extracellular calcium deposition compared to group 3 (transduced,
then cryopreserved). Nontransduced fresh and nontransduced frozen cells show no extracellular calcium deposition.
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transduction diminishes osteogenic potential and
may decrease BMP-2 production and may not be
ideal for maximizing clinical benefit, but this will
need to be further assessed in clinically relevant
animal models.

Long-term cryopreservation is essential in reli-
ably storing cells for clinical use. Simply freezing
cells or tissue does not maintain long-term viability
due to ice-crystal formation, osmotic imbalance,
and membrane damage.30,31 Several studies have
measured the effects of a number of variables in the
cryopreservation of stem-cell populations, includ-
ing rate of cooling, storage duration, and temper-
ature in various stem-cell populations.32–34 Since
rapid cooling (40�C/min) has a deleterious effect
on cell membrane integrity, most protocols suggest
cooling at a rate of approximately 1–10�C/min.32,35–37

Cells may be maintained at -80�C or -196�C. How-
ever, the majority of study protocols use liquid ni-
trogen storage.30,33,38–40 Gonda et al. showed that
storage at -196�C for 6 months does not affect the
biological characteristics of ASCs.39 Cryopreserva-
tion of stem-cell populations is used to preserve cells
for clinical applications as well. Detry et al. showed
that after freezing peripheral blood stem cells for
3 days to 11 years at -80�C, followed by autologous
transplantation, there was no difference in neutro-
phil or platelet recovery.33 Lisenko et al. showed
comparable results, with controlled rate freezing at
-152�C for >5 years leading to successful hemato-
poietic recovery.34

Additionally, cryopreservation protocols are
currently widely used in the storage of autologous
chondrocytes for the treatment of focal articular
cartilage defects.41–44 In this setting, cryopreser-
vation not only allows for reliable storage of chon-
drocytes, but also provides patients and clinicians
flexibility in scheduling implantation procedures,
as well as the possibility of creating allogeneic tis-
sue banks.41 In 2014, Mendicino et al. reviewed 66
proposals submitted to the Food and Drug Ad-
ministration for MSC-based products, of which
>80% proposed cryopreservation to store and
transport cells.42 In these protocols, cells are har-
vested, placed into a culture medium, and shipped
to a commercial laboratory, where cells are ex-
panded and frozen for storage. Once required by
the clinician, the cells are thawed and shipped for
implantation.41,42 Autologous chondrocyte im-
plantation has shown long-term success in treating
focal cartilage defects with no apparent detriment
from cryopreservation.43,44

Despite the numerous studies evaluating cryo-
preservation in various stem-cell populations, few
studies have assessed cryopreservation in cells

that have been transduced for the purpose of gene
therapy applications. Suh et al. showed that cryo-
preserved corneal endothelial cells retained their
phenotypic properties, proliferative potential, gene
expression, and ability to be transduced with
a lentiviral vector containing a GFP gene.45 The
present results were similar; the immunophenotype
of the ASCs was not affected by cryopreservation,
and the cells continued to express markers specific
for MSCs. ASCs that were cryopreserved prior to
transduction maintain their ability to proliferate,
to be transduced and produce BMP-2, and to dif-
ferentiate into osteogenic precursors. Gülen et al.
showed that dendritic cells transduced with an
adenovirus vector containing an interleukin-12
transgene may be cryopreserved with little effect
on cell viability and transgene expression.46 Li
et al. showed that cord blood myeloid progenitor
cells can be transduced with a retroviral vector
containing a neomycin resistance gene after
cryopreservation, and that transduced cells suc-
cessfully recovered gene expression after cyro-
preservation.47 The present results differ in that
ASCs transduced prior to cryopreservation had
diminished osteogenic potential and a trend to-
ward decreased BMP-2 production. The reason for
this difference may be related to the use of a dif-
ferent cell type, viral vector, and transgene.46,47

To the authors’ knowledge, this study is the first to
evaluate cryopreservation in genetically modified
ASCs that are transduced with a BMP-2 contain-
ing vector as part of a gene therapy strategy for
bone repair.

This study has several limitations. First,
while in vitro preservation of cell viability, os-
teogenic differentiation, protein production, and
immunophenotype is shown after cryopreservation
of ASCs, it is unclear if cryopreserved ASCs retain
their function in vivo. Second, cells from five donors
were tested in this study, and all five donors’ cells
were included in each of the freezing conditions to
limit variability. Despite this, there was a large
variation in the amount of BMP-2 produced be-
tween donors, leading to large standard deviations,
which limits the statistical power of comparisons
between groups and time points. Third, only one
duration, rate, and temperature for cryopreserva-
tion were tested.33,34 Given previously published
results, storage duration and temperature do not
have a significant effect on stem-cell function.
Therefore, multiple durations and temperatures
were not tested.33,34,39 Finally, DMSO was used as a
cryoprotectant in a serum-free solution. Thirumala
et al. and Yong et al. both demonstrated that post-
thaw ASC viability and osteogenic potential can be
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maintained in serum-free cryoprotectant solution in
the presence of varying concentrations of DMSO.48,49

While DMSO is a commonly used cryoprotective
agent both in vitro and clinically, increased DMSO
concentrations may lead to cardiovascular and re-
spiratory complications in humans.35,50–53

The results show that cells can be frozen in liq-
uid nitrogen for 3 weeks without any adverse ef-
fects to cell viability, protein production, osteogenic
potential, or immunophenotype. In a clinical set-
ting, this suggests that cells can be transduced
with the gene of interest—BMP-2 in the case of
bone healing—at any time after cryopreservation,
without significantly impacting protein produc-
tion, cell viability, or osteogenic potential, provided
the cells are maintained in proper storage condi-
tions. Cryopreservation eliminates time con-
straints in scheduling implantation procedures.
When treating a patient with a fracture nonunion
or large bone defect, adipose tissue may be har-
vested and then shipped to a GMP facility for cell

isolation, expansion in culture, and cryopreserva-
tion. Once the cell implantation procedure is
scheduled, the cells can be thawed and transduced
with a lentiviral vector containing BMP-2 prior to
shipment to the clinician once the implantation
procedure is scheduled. This ex vivo regional gene
therapy strategy needs to be evaluated in a clini-
cally relevant animal model to assess the os-
teoinductive potential of these transduced ASCs
after cryopreservation.
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