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INTRODUCTION

Gene therapy is still a novel form of molecular
medicine that will have a major impact on human
health in the future. The emerging and sophisticat-
ed DNA technology has reached new heights
since the completion of the Human Genome
Project (HGP). The comprehensive knowledge of
the entire set of human genes and their chromo-
somal organisation has particularly entered the
diagnostic laboratory, which enables scientists
and clinicians to screen for inborn genetic errors
and allow genetic counseling of the affected fam-
ilies. The scope and definition of gene therapy has
changed and expanded in the past few years. In
addition to the possibility of correcting inherited
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genetic disorders like cystic fibrosis, hemophilia
and several others entities, gene therapy approach-
es are being used also to combat acquired diseas-
es like cancer, AIDS, chronic vascular ischemia,
osteoarthritis, diabetes, Parkinson’s and Alzheim-
er’s disease.

Nevertheless, gene therapy has entered a very
painful adolescence. Although the possible success
of this therapy was demonstrated in 22 children
suffering from different types’ of severe combined
immunodeficiency (SCID), three of the children in
a French trial developed leukemia and one child
died thereafter. It was discussed later that the ap-
plication of retroviruses to fix broken or incom-
plete genes may increase the risk of cancer. This
might be due to the fact that retroviruses tend to
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insert in active genes, perhaps because the con-
densed chromatin opens up in these chromosomal
regions. This is also true for the genetic engineer-
ing of stem cells, because the genetic material in-
serts closely to those genes which are involved in
cell proliferation. On the other hand, there are also
stories of complete success like in those patients
with chronic granulomatous disease (CGD),
where the NADPH oxidase activity was almost
completely restored after the infusion of genetical-
ly altered blood stem cells. But at present, germ
line gene therapy is not being contemplated due to
the complex technical and ethical issues. Instead,
the scientific community is rather interested in pur-
suing somatic cell gene therapy, which is exclusive-
ly for the benefit of one individual and cannot be
passed on to the succeeding generation. The min-
imal requirement for gene therapy is sustained pro-
duction of the therapeutic gene product without
any harmful side effect.

However, efficient use of stem cells in genetic
therapy still require intelligent strategies for mod-
ulating gene expression and efficient protocols for
delivering foreign genes in stem cells.

Modulation of gene expression in stem cells is
necessary to precisely control their differentiation
into various lineages, maintenance of their undif-
ferentiated state for later transplantation, control-
ling their proliferation and regulating the secretion
of various cytokines and growth factors. Tradi-
tionally gene expression modulation has been done
through the use of DNA technology which ulti-
mately causes permanent alteration in the genet-
ic makeup of the cells.

Here we review the different methods of gene
expression modulation and gene delivery in adult
stem cells (Figure). Even with all the latest tech-
niques and means of genetic manipulation, it is still
difficult to transfect them at high efficiency and
maintain their undifferentiated phenotype at the
same time. One more important consideration dur-
ing gene delivery in stem cells is the safety aspect
of the delivery system.

GENE EXPRESSION MODULATION

Conventionally, the gene expression pattern in
stem cells is modulated by using recombinant

Figure. Different methods of producing genetically engineered stem cells. The stem cells are ideally obtained from
the patients to be treated. They include viral gene transfer, electroporation, nucleofection, and gene transfer using li-
posomes and nucleosomes. The means of transfection are either stable or transient. After returning the modified stem
cells to the patient systemically, they home to the relevant niche, where they produce the missing protein or substitute
the defect cell type
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DNA. But due to overwhelming safety concerns
about the use of such genetically modified stem
cells in human gene therapy it is essential to look
for safer options for controlling expression pat-
terns in stem cells. Apart from the risk of becom-
ing malignant these stem cells also have a tenden-
cy of behaving in unpredictable manner upon
transplantation in host system.

Some obvious alternatives for recombinant
DNA technology would be direct delivery of pro-
teins, RNA and synthetic molecules like peptide
nucleic acid (PNA) into the cell. These molecules
have the advantage of being short lived in the cy-
tosol and since they are not able to integrate in the
host genome they don’t alter the genetic makeup
of the host.

The most interesting candidates among intrac-
ellular proteins that can modify gene expression
patterns would be transcription factors. These
molecules have a profound affect on the transcrip-
tion machinery of a cell and hence incorporation
of these in stem cells would stimulate the cells to
express a defined set of genes (Urnov and Rebar,
2002).

Use of antisense KNA could also block expres-
sion of certain genes in stem cells. These small
RNA molecules are complimentary to the se-
quence of a particular mRNA and could therefore
form double stranded RNA complex with the
mRNA to inhibit its translation by the ribosome.

Other promising RNA candidate in modulation
of gene expression is siRNA. These small 21–25 bp
long molecules are generated by the cleavage of
long double stranded RNA by the dicer enzyme.
They are then incorporated into a RNA-induced
silencing complex which degrades homologous
mRNA molecules in the cell.

Both antisense RNA and siRNA have short
half life inside the cytosol. In this respect the syn-
thetic RNA analogs are more effective in modu-
lating gene expression. For example peptide nucle-
ic acids (PNA) are synthetic molecules which have
a flexible pseudo-peptide polymer backbone in
place of the natural phosphate-sugar backbone.
This chimeric structure confers them resistance
from intracellular RNAses and proteinases. Since
they have nucleobases attached to the pseudo-pep-
tide backbone, they can hybridize with high affin-
ity and specificity to complementary sequences of
RNA. This backbone also enables the PNA to be
covalently linked to the protein transduction do-
mains facilitating their direct entry into the cells
(Mann et al., 2004).

Delivery of proteins, RNA and PNA is a diffi-
cult task and requires efficient means of delivery
into stem cells.

Gene delivery methods in stem cells can be
characterized in many ways like stable versus
transient, viral versus non viral and biological
means versus physical and chemical means.

VIRAL GENE DELIVERY SYSTEMS
Genetically modified viruses have always been

the favorites for delivering genes in stem cells be-
cause of their natural ability to insert their genet-
ic material into the host genetic material and also
to take over the replication, transcription and
translation processes of the host for its own surviv-
al.

Lentiviruses
These viruses have been derived from human

immunodeficiency vims (HIV-I) by removing the
genes necessary for viral replication. This ensures
that virus doesn’t cause any disease when trans-
fected. Although they are devoid of these genes,
they can still integrate with the host chromosomes
highly efficiently and lead to stable expression of
the delivered gene. Using these viruses is really
advantageous because of their ability to infect
many different cell types and low cytotoxicity.

Under various promoters reporter genes like
GFP have been expressed for long periods in both
human stem cells and mouse stem cells without
considerable loss in activity (Kosaka et al., 2004).

Adenoviruses
These viruses have also been routinely used for

gene delivery in adult stem cells. They have many
advantages and disadvantages too. The most im-
portant advantage which makes this highly used is
that these viruses can be amplified at high titers.
They are easy to handle due to their stability in
various storing conditions. Like lentiviruses they
can also infect wide range of cells in dividing and
nondividing state (Benihoud et al., 1999). Adeno-
virus type 5 (Ad5) has been successfully used in
delivering genes in human and mouse stem cells
(Smith-Arica et al„ 2003). The disadvantage about
adenoviruses is that they are not able to integrate
into host cell genetic material and hence the ex-
pression of transfected gene is transient not pro-
longed. Many therapies or experiments do not
need stable gene expression, in these cases use of
adenoviruses is a good option since there gene ex-
pression gets reduced after some time. They are
also known to elicit strong immune response upon
transfer in host (Bradfute and Goodell, 2003).

Adeno-associated viruses

They are similar to adenoviruses in being able
to infect wide range of dividing and nondividing
cells but they also have the ability to integrate into
the host genome. An important feature of these
viruses is that they only integrate at a specific site
in human chromosome 19; hence they are not pre-
ferred in cases where there is a need of wide
spread mutations. Also they have a very limited
capacity for foreign inserts due to their bulky ge-
nome (Wu and Ataai, 2000).
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NON VIRAL GENE DELIVERY SYSTEMS

Physical methods

Electroporation
The cell membrane can be permeabilized by

brief, high voltage electric pulses. These pulses cre-
ate transient pores in the membrane by overcom-
ing its capacitance. Once the membrane is perme-
abilized various molecules can be delivered into the
cell with high efficiency. Most of the small un-
charged molecules enter such a cell by simple dif-
fusion process but, large charged molecules like
DNA and RNA move into the cell through a pro-
cess driven by their electrophoretic gradient. The
amplitude of the pulse governs the total area that
would be permeabilized on the cell surface and the
duration of the pulse determines the extent of per-
meabilization (Gabriel and Teissie, 1997). After
entry into the cell, DNA is further processed by
the cellular machinery in an ATP dependent man-
ner.

The permeabilized state of the cell depends on
the strength of the pulses. Strong pulses can lead
to irreversible permeabilization, hence causing ir-
reparable damage to the cell and ultimately cell
death. For this reason electroporation is probably
the harshest of gene delivery methods. There is
also strong evidence that electroporation induced
damage is more serious in vitro than in vivo due to
the positive cell-cell interactions and smaller ex-
tracellular volume in tissues.

The effectiveness of this method depends on
many crucial factors like the size of the cell and
temperature during the application of pulse (Rols
and Teissie, 1990).

Nucleofection
This is one of the most highly efficient non vi-

ral methods of gene transfer. It is based on the pre-
viously knovm method of electroporation but it is
a lot more efficient than that. The most advanta-
geous feature of this technique is that DNA can be
transferred directly into the nucleus increasing its
likelihood of getting integrated in the host genome
and hence even cells that are difficult to transfect
can be stably transfected (Aluigi et al., 2005; Ze-
mecke et al, 2003).

Biomolecules based methods

Protein transduction domains (PTD)
These are short peptides that are capable of

entering into the cell without the requirement of
endocytotic pathway and protein channels. The
actual mechanism of their entry into the cell is
not well understood but it occurs even at low tem-
perature (Heng and Tong, 2005; Derossi et al.,
1996.)

The two most commonly use naturally occur-
ring PTDs are the TAT transactivator domain of
human immunodeficiency virus and the homeodo-
main of Antennapedia transcription factor. Apart
from these naturally occurring PTDs there are a
number of artificial peptides that have the ability
spontaneously crossing the cell memebrane (Joliot
and Prochiantz, 2004).

Since these are peptides they can be covalent-
ly linked to the pseudo-peptide backbone ofPNA
and deliver them into the cell.

Liposomes
Liposomes have been used in delivering genes,

drugs, reporter proteins and other molecules into
the cell since a long time. Liposomes resemble the
cell membrane in the fact that they are also dou-
ble membrane compartments surrounding aqueous
environment but they are much simpler than the
cell. When lipid molecules are agitated with water
they spontaneously form spherical structures
called liposomes surrounding an aqueous centre.
Many hydrophilic molecules can beincorporated
in them during their formation. For example when
lipids with positively charged head group are
mixed with a solution of recombinant DNA they
can form lipoplexes in which negatively charged
DNA is complexed with the positive head groups
of lipid molecules. These complexes can then enter
the cell through the endocytotic pathway and de-
liver the DNA into lysosomal compartment. The
DNA molecules then escape this compartment
with the help of dioleoylethanolamine (DOPE) and
gain entry into the nucleus where they can be
transcribed (Tranchant et al, 2004).

Despite their simplicity liposomes suffer from
low efficiency of transfection because they are not
always able to enter the cells by the endocytotic
pathway. And if they are able to enter the cell
then later in the pathway the DNA may not be
able to escape from the endosome and hence be
degraded by the efficient nucleases there.

Immunoliposomes
These are liposomes with antibodies inserted in

their membrane. These antibodies are against the
surface molecules of the target cell. Apart from
providing specificity to gene delivery, these anti-
bodies also provide a protective covering to the li-
posomes and hence prevent degradation by the
RNAses and proteinases (Bendas, 2001).

STEM CELLS AS GENE VEHICLES
The in-vivo application of viral particles or non-

viral nucleic acids still implies the risk of an uncon-
trolled integration of genetic information into un-
selected tissues, which bears an unpredictable risk
of the disruption of genes, promoter or enhancer
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organization. There are currently two ways to
control this high-potential risks: (a) the use of the
phage integrase system and (b) the transfection of
stem cells as vehicles for genes (Ginsburg and Ca-
los, 2005). Such an approach can be used for the
treatment of a variety of degenerative disorders,
but also as an anti-cancer therapy.

IMPLICATIONS IN MEDICINE
Stem cells have the ability to differentiate into

cells, tissues and organs and due to their potent
homing mechanisms they have the ability to deliv-
er genes or proteins to sites of interest. Transfect-
ed stem cells can be used as a mechanism to trans-
port selectively genes to areas of defects, thereby
releasing the product of the transfection only
where it is needed. Diseases, where genetically
engineered stem cells might play a role in future
are diseases where a protein or an entire enzyme
is missing or not functioning or where certain fac-
tors are needed for improved function in that area.
There have been phase I and II studies been con-
ducted already in order to treat cancer, neurode-
generative disorders like Parkinson’s disease or
Alzheimer’s disease, ischemic disease of the brain
and the heart and infectious diseases. Especially
Alzheimer’s disease and spinal cord injury have
been studied for the used of genetically engineered
stem cells. The Aizheimer’s is a disease where neu-
rons in the central nervous system undergo wide-
spread degeneration. Especially cholinergic neu-
rons in the basal forebrain degenerate. Although
the direct injection of nerve growth factor in the
ventricles led to disappointing results the delivery
of nerve growth factor to the brain using stem
cells seems a more promising approach. There has
been data showing a beneficial effect of transfect-
ed stem cells in injured axons in experimental spi-
nal cord models. In some instances partial function
was recovered through this combined stem cell
gene therapy (Grill etal., 1997).

These data indicate that genetically engineered
stem cells as a form of combined stem cell and
gene therapy are a promising field for the relieve
of diseases in the future.
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