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Abstract

Human mesenchymal stem cells(hMSCs) are multipotent stem cells that can differentiate into several mesenchymal

lineage cells. In this study, we established an efficient method for gene delivery into these cells. Non-viral transfection
reagents that were commercially available yielded 5% efficiency. In contrast, aretroviral vector yielded more than 46%
transduction, which was further increased to 90% by repetitive infection. Retroviral transduction did not alter the
multipotency of hMSCs. Thus, the cells retained the potential to differentiate into adipogenic, chondrogenic, or

osteogenic lineages.

The conditions established in this study will contribute to development of trans-differentiation methods of hMSCs
into non-mesodermal lineage cells and thereby facilitate their possible use as vehicles for autologous transplantation in

both cell and gene therapy for various diseases.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are non-hematopoietic cells
in bone marrow and referred to as plastic-adherent cells, colony
forming-unit fibroblasts, and bone marrow stromal cells. MSCs
have potentials to differentiate into mesodermal lineage cells
such as osteocytes, chondrocytes, adipocytes, and myocytes
(Pittenger et al., 1999; Makino et al., 1999). Recently, MSCs
have attracted a lot of attention because of their ability to differ-
entiate into non-mesodermal lineage cells and their possible use
as vehicles for autologous transplantation in both cell and gene
therapy for various diseases.

MSCs are easily isolated from the bone marrow using their
plastic-adherent properties. |solated M SCs are capable of extend-
ed proliferation in culture. Previous studies have shown that
severa factors may be required for the growth of MSCs and the
maintenance of their multipotentiality. Daily feeding or growth
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factors increased growth kinetics of MSCs (Bruder et al., 1997)
although the effects of growth factors vary between species and
experimental conditions. Kuznesov and coworkers (1997) show-
ed that PDGF and TFG-[3 but not bFGF and EGF stimulated
colony formation of human mesenchymal stem cells (hMSCs)
whereas Gronthos and Simmons (1995) demonstrated that PDGF
or EGF but not bFGF and TGF-[3 stimulated colony formation of
hMSCs. In contrast, other groups showed that addition of bFGF
increased growth kinetics of hMSCs (Muraglia et al., 2000).
Taken together, factors that increase self-renewal and preserve
the multipotential of hMSCs may differ in various experimental
conditions.

It has been suggested that mesenchymal stem cells can be
utilized as vehicles for beneficial genes due to their high migra-
tion potential to the injury (Chen et al., 2001, 2003) or tumor
sites (Studeny et al., 2003). However, their use in clinical studies
has been hampered by low gene transfer efficiencies. Efficient
gene transfer into stem cells is a prerequisite for various gene
therapeutic strategies. Therefore, in vitro expansion of h(MSCsin
a more immature state and efficient gene transfer into expanded
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cells are the most important requirement for gene and cell
therapy using these cells.

In this study, we report that retroviral transduction is highly
effective in delivering genesinto hM SCs.

MATERIALS AND METHODS

Isolation and culture of h(M SCs

Bone marrows were obtained from the iliac crests of six
normal individuals ranging in age from 10 to 15 years old and
undergoing bone marrow harvests for the future allogenic trans-
plantation. Informed consent was obtained from all donors and
approximately 5 milliliters of bone marrow aspirates were taken
from the donors. Aspirates were layered over 5ml of HISTOPA-
QUE-1077 (Sigma, St. Louis, MO). After centrifugation at 400
x g for 30 min, the mono-nucleated cell layer was obtained from
the interface and suspended in Hank’s balanced salt solution
(HBSS; GibcoBRL, Grand Island NY). The cells were cen-
trifuged again at 1,500 x g for 15min and resuspended in DMEM
supplemented with 10% FBS, 100 1U/ml penicillin and 100 pg/ml
streptomycin. The cells were plated at a density of 1~2x 107
nucleated cells per 100 mm dish and incubated at 37°C in
humidified atmosphere containing 95% air and 5% CO,. The
non-adherent cell population was removed after 4 hours by
changing the medium and the adherent cells were continuously
grown for 1~ 2 weeks. After the culture reached to 80~ 90%
confluence, the cells were harvested with 0.25% trypsin and 1
mM EDTA for 2min at 37°C and transferred to fresh plates with
1: 20 dilution, which was counted as the first passage. The
remaining cells were slowly frozen and stored in liquid nitrogen.

In vitro differentiation of cultured hMSCs

To determine the potential for h(MSCs to differentiate into the
chondrogenic, osteogenic and adipogenic lineages, the cells were
grown in DMEM supplemented with 10 ng/ml bFGF, 10% FBS,
100 1U/ml penicillin and 100 ug/ml streptomycin to the 8" pas-
sage. Differentiation to adipogenic, chondrogenic, and osteogenic
lineages was induced according to the procedures described by
Pittenger and co-workers (Pittenger et al., 1999). After 2~3
weeks of culture, the differentiated cells were fixed with 3%
formaldehyde. Adipocytes were detected by staining the lipid
droplets in the cell using 0.3% Oil red-O staining for 10 min.
Osteocytes were detected by calcium phosphate deposits after
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von Kossa staining. Briefly, cells were fixed with ethanol and
stained with 5% silver nitrate for 1 hour. After rinsing with
distilled water, the cells were incubated in 5% sodium thiosulfate
for 2min to allow precipitation of insoluble black silver granules
around calcium phosphate. Staining for alkaline phosphatase was
performed for 1 hour at 25°C using 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium akaline phosphatase substrate
(BCIP/NBT; Sigma, St. Louis, MO) as recommended by the
manufacturer. During reaction, culture dishes were protected
from drying and direct light. The cells were rinsed with deionized
water, and air-dried prior. Chondrocytes were detected by alcian
blue staining. Briefly, the pellets were embedded in paraffin, cut
into 5 um sections. The sections were fixed with 3% formal-
dehyde and stained with 0.5% alcian blue 8GX (Sigma, St. Louis,
MO) in 3% acetic acid (pH 2.5) solution for 15 min and then
counter-stained with 0.1% nuclear fast red solution (Sigma, St.
Louis, MO) for 5min.

Cdll transfection and retroviral transduction

A commercially available plasmid pCMV -3-gal (Stratagene,
West Cedar Creek, TX) was amplified using a CsCl gradient
centrifuge and used for transfection. Human MSCs were seeded
24 h before transfection so that they could reach 80% confluence
on the day of transfection. All experiments were done in tripli-
cate. LipofectAMINE (Invitrogen Corp., Carlsbad, CA) and
FUuGENE 6 (Roche Diagnostics Corp., Indianapolis, IN) were
used for transfection according to the manufacturers instruc-
tions. Calcium phosphate, DEAE-dextran and polybrene were
used as previously described (Sambrook and Russell, 2001). A
retroviral vector encoding [3-galactosidase was prepared by
transfecting a lacZ expressing retroviral plasmid, pMSCV -puro/
lacZ (Clontech, Palo Alto, CA) into a packaging cell line, PA317.
The virus was obtained from the medium, diluted with growth
medium containing polybrene (Sigma, St. Louis, MO) to a final
concentration of 8 ug/ml, and added to hMSCs (MOI =100) that
were plated at approximately 3,000 cells'cm? and maintained in
growth medium overnight. After 6 hours, the medium was replac-
ed with fresh growth medium containing bFGF (20 ng/ml). For
repetitive transduction, the cells were subject to the same pro-
cedure twice as described above on the 2 and 3" day. Two days
after the final transduction, the cells were fixed with 4% para-
formaldehyde and stained with X-gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside; USB Corp., Cleveland, OH) for
10 hours at 37°C.
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Fig. 1. Isolation and culture of hMSCs in vitro. Mononucleated cells were isolated from bone marrow aspirates by Ficoll-Hypaque gradient
fractionation and plated in 100-mm dishes at 1~ 2 % 10 cells per dish with DMEM supplemented 10% FBS, 100 IU/ml penicillin, and 100
ug/ml streptomycin. The non-adherent cell population was removed after 4 hours and the adherent layer washed once with fresh media; the
cells were then continuously cultured for 1~ 2 weeks. Photomicrographs are representative of hMSCs cultures at 1, 2, 3, and 7 days after

plating.

RESULTS

I solation of hM SCs from bone marrow

Nucleate cells were isolated from the bone marrow by a
Ficoll-Hypague density gradient centrifugation and plated on to
plastic dishesin DMEM supplemented with 10% FBS. The non-
adherent cells were removed and the adherent cells were continu-
ously grown for 1~ 2 weeks. Colony forming capacity of hMSCs
was detectable between 2™ and 3" day. The colonies consisted of
a homogeneous population of small spindle-shaped cells were
very pronounced in a week and the size of colonies increased
over time by 14 days in culture (Fig. 1). Daily inspection of the
cultures indicated that each colony resulted from the proliferation
of asingle cell (Fig. 1). Usualy 1 x 107 nucleated cells yielded
10~ 20 colonies composed of 100~ 1,000 cells per colony. The
cells were trypsinized and transferred to fresh plastic plates,
where the cells exhibited a fibroblastic morphology and seemed
to be homogeneous in appearance. The fibroblastic morphology
was maintained through continuous passage of the cells. During

the process, the culture reached to 90% confluent between 7 and
10 days after plating.

Multipotency of hM SCs

To determine the multipotency of in vitro expanded hM SCs,
the cells of the 8" passage were used for induction into meso-
dermal lineages according to the previously described methods
(Pittenger et al., 1999). Expression of specific phenotypes was
analyzed by histochemical methods. After induction for 1~2
weeks, prominent cytoplasmic lipid droplets appeared (Fig. 2A).
Multiple treatments resulted in more than 60% of the cells to
adopt the adipocyte fate and the lipid vacuoles continued to in-
crease over the period, coalesced, and eventually filled the entire
cell body. To promote chondrogenic differentiation, hlM SCs were
gently centrifuged and allowed to form a pelleted micromass.
The cells were incubated in DMEM supplemented with TGF-31
for 3 weeks. The cell pellet developed a multi-layered matrix-
rich morphology. The stained sections showed the homogeneous
matrix and lacunae with mature chondrocytes. The matrix re-
flects the presence of extracellular substance, suggesting cartilage
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Fig. 2. Differentiation of expanded hMSCs into mesenchymal lineage cells in vitro. hMSCs from the 8" passage were induced to differentiate into
mesenchymal lineage cells as described in the ‘Material and Methods'. (A) Adipogenesis was visualized with staining of lipid vacuoles with
oil-red O. (B) Chondrogenesis was demonstrated with increased proteoglycan rich extracellular matrix by alcian blue staining. (C) Osteogenic
differentiation of hMSCs was demonstrated by the increased alkaline phosphatase activity and (D) the accumulation of minerals stained by

von Kossa method.

formation. The polyaniline alcian blue characteristics of chon-
droitin sulfate were used to verify the presence of cartilage-
specific matrix, which was clearly shown as blue (Fig. 2B).
Osteogenic differentiation of hMSCs over a period of 21 days
was demonstrated by the increase in alkaline phosphatase (Fig.
2C). The cells were fixed and incubated in the presence of BCIP/
NBT alkaline substrate. More than 60% cells were akaline pho-
sphatase positive and developed insoluble purple precipitates.
Commitment to Osteocytes was also verified by the method of
von Kossa (Fig. 2D). Calcium minerals were accumulated in the
form of crystalline hydroxyapatite and stained with silver.

Genetransfer into hMSCs

Gene transfer efficiencies of five established nonviral methods
were evaluated using a plasmid DNA encoding [3-galactosidase.
The numbers of B-galactosidase positive cells were less than 5%
with LipofectAMINE, calcium phosphate, DEAE-dextran, or
polybrene as DNA carriers. Fugene 6 yielded 8.3+ 2.1% of -
galactosidase-positive cells (Fig. 3A). We also examined the

transduction efficacy of retrovirus using a retroviral vector enco-
ding B-galactosidase, pMSCV -puro/lacZ. The virus was packag-
ed in PA317 cells and harvested from the medium. The virus was
mixed with polybrene and introduced to hMSCs grown in the
presence of bFGF (MOI = 100). The B-galactosidase positive
cells were 46+ 3.6% after the single transduction (Fig. 3B). The
number of [3-galactosidase positive cells were increased to
~90% by two more transductions for the consecutive two more
days (Fig. 3C). To determine viral transduction might alter the
multipotency of hMSCs, the cells transduced with the retrovirus
were subject to differentiation processes. The cells were able to
differentiate into adipocytes, chondrocytes, and osteocytes (Fig.
3D-G). The results suggest that hMSCs are multipotent after
retroviral transduction.

DISCUSSION

Several properties of hM SCs, such as less invasive methods for
obtaining the cells, simple propagation procedures, high migra-
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Fig. 3. Comparison of gene transfer methods into hMSCs. (A). Gene transfer efficiencies were evaluated using a plasmid DNA or retrovirus
encoding [3-galactosidase. The plasmid was transfected into hM SCs according to manufactures’ recommendations or methods described in
the ‘Materials and Methods'. The virus was mixed with polybrene and introduced to hMSCs grown in the presence of bFGF (MOI = 100).
The Gene transfer efficiencies were calculated by counting the X-gal positive cells per total number of cells. Data are shown as the averages
=+ SE of three independent experiments. (B) Light microscopy of X-ga stained hMSCs after single transduction and (C) after two more
transduction for the consecutive 2 more days. (D-G) The cells transduced with the retrovirus were induced to differentiate into mesenchymal

lineage cells as described in the ‘Material and Methods'.

tion to the injury or tumor sites, make these cells attractive candi-
dates as cellular vehicles for gene or cell therapy. To develop
hM SCs as therapeutic agents, methods for efficient gene transfer
to the cells are prerequisite.

Numerous previous reports have demonstrated that hMSCs are
relatively easy to expand in vitro and then they become free of
hematopoietic precursors after two or three passages in vitro.
(Friedenstein et al., 1987; Kuznetsov et al., 1997; Bruder et al.,
1997). The rapid propagation of the hMSCs is dependent on the
presence of growth factors in the culture. The growth rate is
approximately 3 times faster in the presence of bFGF compared
to its absence (data not shown). The results are consistent with
the previous studies performed with osteogenic precursors or
marrow stromal cells, which are now presumed to be mesen-
chymal stem cells (Pitaru et al., 1993; Lennon et al., 1995;
Martin et al., 1997; Zhang et al., 2002).

We compared the strategies for gene delivery into hMSCs.
Transfection of hMSCs using non-viral methods yielded 5~ 8%
efficiency (Fig. 3). In contrast, the transduction efficiency using a
retroviral vector yields 46% efficiency in the presence of bFGF
(Fig. 3B). Multiple consecutive transductions of hMSCs yielded
about 90% efficiency (Fig. 3C). Since retroviruses only infect
proliferating cells, the presence of bFGF may facilitate transduc-
tion of retroviral vectors as well.

The hMSCs after retroviral transduction still retain the poten-

tial to differentiate into adipocytes (Fig. 3D). Differentiation into
adipocytes of hMSCs is the evidence for multipotency since
marrow stromal cells easily lose the adipogenic potentia first and
then become osteochondrogenic progenitors (Muraglia et al.,
2000).

In this study, we have described a method that efficient gene
transfer to hMSCs. The conditions established in this study will
contribute to utilize hM SCs as vehicles or therapeutic sources for
autologous transplantation in both cell and gene therapy for
various diseases.
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