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Gene therapy has emerged as a new concept of therapeutic strategies to treat diseases which 
do not respond to the conventional therapies. The principle of gene therapy is to introduce 
genetic materials into patient cells to produce therapeutic proteins in these cells. Gene 
therapy is now at the stage where a number of clinical trials have been carried out to patients 
with gene-deficiency disease or cancer. Genetic materials for gene therapy are generally com- 
posed of gene expression system and gene delivery system. For the clinical application of gene 
therapy in a way which conventional drugs are used, researches have been focused on the 
design of gene delivery system which can offer high transfection efficiency with minimal toxic- 
ity. Currently, viral delivery systems generally provide higher transfection efficiency compared 
with non-viral delivery systems while non-viral delivery systems are less toxic, less immunogenic 
and manufacturable in large scale compared with viral systems. Recently, novel strategies 
towards the design of new non-viral delivery system, combination of viral and non-viral 
delivery systems and targeted delivery system have been extensively studied. The continued 
effort in this area will lead us to develop gene medicine as '~ene as a drug'' in the near future. 
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INTRODUCTION 

Gene therapy has emerged as a new field of therapeutics 
for the treatment of variety of genetic and acquired 
diseases at molecular level. Since its first application in 
clinical trials in 1989, gene therapy has become a 
promising approach for the treatment of a number of 
diseases, which do not respond to the conventional 
therapy (Tomlinson and Rolland, 1996). 

The goal of gene therapy is to treat diseases by intro- 
ducing genetic materials into patient cells to induce the 
production of therapeutic proteins from these cells. There- 
fore, the key features that allow gene therapy include the 
effective and prolonged gene expression after administra- 
tion of genetic materials, to achieve therapeutic level of 
protein. These features depend on the elaborate design 
of genetic materials, which are generally composed of 
both a gene expression system that contains a therapeutic 
gene and a synthetic gene delivery system. 

It is critically required to develop genetic materials as a 
"gene medicine" to apply in clinics in a way which con- 
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ventional pharmaceutical products are used (Ledley, 1995; 
Mahato et al., 1999). Drastic advances in molecular biology, 
biochemistry, genetics and pharmaceutics have accele- 
rated the steps to meet the needs for developing gene 
medicine. This article will review the principles underly- 
ing gene therapy, the status of current gene therapy 
technique, clinical applications of gene therapy and the 
challenges for developing improved gene medicine in the 
future. 

PRINCIPLES OF GENE THERAPY 

Gene therapy employs the approach of 'gene addition' 
wherein a malfunctioning gene activity can be augmented 
by the induction of genetic materials containing a correct 
copy of the gene into the non-functioning somatic cell 
(Romano et al., 1999; Wadman, 1998). An ideal gene 
therapy procedure using genetic materials would fulfil the 
requirement wherein; 

i. genetic defect is being corrected but not replaced. 
ii. the delivery system do not elicit any immunogenic 

response. 
iii. the transfection of DNA is limited to the dysfunc- 

tional cells. 

For the effective gene transfer, after administration of 
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genetic materials, the genes should reach the target cells 
without degradation in the serum or at the injection site. 
The genes should then contact with the target cell, 
interact with the cellular membranes, and subsequently 
undergo internalization or cytoplasmic delivery inside the 
cells. As a last step, the genes must cross the nuclear 
membrane and be processed for efficient transcription 
and translation. However, when genetic materials are 
administered in vivo, they inevitably encounter the 
biological barriers inside the body and inside of the cells. 

Barriers to gene delivery 

Barriers in the body 
The barriers that genes encounter after administration 

are dependent on the route of administration (Kabanov, 
1999). In case of systemic administration, for example, 
particulate non-viral delivery systems are easily elimi- 
nated by reticuloendothelial system. Interactions with com- 
ponents present in the body fluids, such as serum pro- 
teins, can strongly affect the in vivo fate of genes delivered 
with non-viral vector, thus modifying its tissue distri- 
bution. In certain cases, genes cannot reach the target 
organ due to the natural biological barriers such as blood- 
brain barrier (Chung and Choiocca, 1998) or intestinal 
barrier. Degradation of vector itself by enzymatic digestion 
by nuclease can also be the barrier to impede gene transfer. 
From this point of view, it is important to develop gene 
delivery systems, which can remain stable until they 
reach the target site and then be able to release DNA 
during the interaction with target cells. 

Barriers in the cells 
The intracellular environment, where genes meet after 

reaching the target cells, are getting increasing attention 
since the transgene may be sequestered within the wrong 
compartment of the cell, thus leading to degradation instead 
of trafficking to its intracellular target (Tseng eta/., 1997). 

Genes delivered by non-viral vector generally enter 
cells through endocytic process, and then they are 
subjected to subsequent intracellular vesicular trafficking. 
Transgene digestion by lysomal compartments should be 
overcomed for the effective gene transfer. 

Components of gene medicine 
The essential components of gene medicine are as follows: 
i. Therapeutic gene that codes for a protein. Genes 

can be bacterial, viral, animal, or plant in origin. 
ii. Regulatory component to control the expression of 

therapeutic gene. 
iii. Gene delivery system 
For the successful gene therapy, the efforts to design the 

effective gene expression regulation system and gene 
delivery system (Russel, 1997) have been extensively made 
and will be discussed in this review. 

DISEASES FOR GENE THERAPY 

Gene therapy was applied for the treatment of genetic, 
especially monogenic, disorders at the first time. In the 
recent years, as a result of dramatic advancement and 
closer cooperation among various disciplines such as 
molecular biology, biochemistry, genetics, etc., the scope 
of gene therapy has been expanded and now it is no 
more restricted to the genetic disorders (Anderson, 1998; 
Karin, 2000). Rather it is now getting extended to the treat- 
ment of acquired diseases such as cancer, AIDS, Alzheimer's 
disease, cardiovascular diseases, neuronal injury, rheu- 
matoid arthritis and other infectious diseases. Table I 
summarizes the candidate diseases in gene therapy. 

CLINICAL TRIALS 

The inception of this new concept of therapy has been 
advanced to the stage of clinical trials in humans. The first 
clinical trial in the gene therapy was for the treatment of 
adenosine deaminase (ADA) deficiency (Kantoff et al., 
1986). At present, there are more than 300 clinical trials, 
involving about 3500 patients, being conducted through- 
out the world (Human gene therapy protocols, 2000). 
The results of these clinical studies, in particular the ones 
attempting to correct the defective genes, have not been 
satisfactory yet; only a handful of patients have benefited 
from this technology. Therefore, the efficacy of gene therapy 
has not been clinically proven yet. The safety and ethical 
issues about manipulating human genes are still of general 
concern and are gaining more significance after the publi- 
cation of the reports on the loss of human lives during 
clinical trials with gene therapy (Verma and Somia, 1997; 
Walsh 2000). Even it was claimed that the clinical trials 
with gene therapy should be stopped unless the risks to 
the patients or general public have been duly addressed 
and alleviated (Anderson, 2000; Walsh, 2000). On the other 
hand, there are evidences proving that the concern about 
that gene therapy may modify human germline cells or the 
zygote is unnecessary (Russell, 1997; Wadman, 1998). 

With all of this murky perspective, there is no doubt 
about the strong potential of gene therapy as a novel 
therapeutic strategy for treating diseases, which do not 
respond to the conventional therapy. This situation demands 
more careful, systematic and scientific approach in gene 
therapy. It underscores the need for improvement in 
many research areas, including vector designing, gene 
expression and understanding the disease mechanism to 
ensure the accurate diagnosis of diseases. 

APPROACHES FOR GENE THERAPY 

Several different approaches have been performed for 
gene therapy, depending on the gene-administration 
methods. 
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Table I. Diseases for applying gene therapy strategies 

Disease Defect Target cells (strategy) References 
Genetic 
Severe combined 
immunodeficiency 
Heamophilia 

Familial 
hypercholesterolaemia 
Cystic fibrosis 

Haemoglobulinpathies:thala- 
ssaemias/sickle~cell anaemia 
c~l-antitrypsin deficiency: 
Inherited enphysema 

Acquired 
Cancer 

Neurological diseases 

Cardiovascular 
Infectious diseases 

Liver cirrhosis 
Autoimmune disease 

Adenosine deaminase 4 
(ADA) 
Factor VIII (A type) or 
Factor IX (B type) deficiency 
Deficiency of LDL receptor 

Bone marrow cells or 
T-lymphocytes 
Liver, muscle, fibroblasts or bone 
marrow cells 
liver 

Faulty transport of salt in lungAirspaces in the lung 
epithelium, Loss of CFTR gene 

c~ or [3 globulin gene Bone-marrow cells, macrophages 

c~l-antitrypsin Lung or liver cells 

Many causes 

Parkinson's, Alzheimers, 
Spinal-cord injury 
Restinosis, arteriosclerosis 
AIDS, hepatitis B, 
tuberculosis 
Fibrogenesis 
Lupus, diabetes 

Many cell types 
Ex) DNA vaccination 
Immunomodulation 

-Cytokine genes (TNF, IL, 
IFN-y, GM-CSF) 

Dendritic cells/Prostate cancer 
Direct injection into the brain, 
neurons, glial cells, Schwann cells 
Vascular endothelial cells, Arteries 
T cells, macrophages, liver 

Muscle cells/hepatocyte growth factor 
MHC, 132-microglobulin 

Cavazzana-Calvo et al., 2000 
Buckley, 2000 
Habeck, 2000 
Thompson, 2000 
Ponder, 1999 

Simakajornboon and 
1998 
Ferrari et al., 1999 

Davis, 

Geddes and Beckles, 1995 

Nanni et al., 1999 
Altenschmidt et al., 2000 
Albini eta/., 2000 
Guy et al., 2000 
Chang et al., 2000 
Gong et al., 1998 
Zou et al., 1999 
Latchman, 2000 
Alexander et al., 1999 
Zoulim and Trepo, 1999 
Morris et al., 2000 
Fujimo and Kaneda, 1999 
Varley et al., 1998 

In vitro approach 
The in vitro transfection methods for cultured cells use 

appropriate reporter genes such as CAT, [3-galactosidases, 
luciferase, green fluorescence protein and alkaline phos- 
phatase, complexed with delivery systems, to evaluate 
the transfection efficiency of target genes. These methods 
have been used most frequently and have been an impor- 
tant model for the research to improve the transfection 
efficiency by the cells. However, the in vitro results are 
not always sufficient for the prediction of in vivo behavior 
after administration of gene medicine to patients. 

F_x-vivo approach 
This technique is also known as the cell-based approach. 

In this technique, the gene medicine is given to cells, 
which are already taken outside from the body of patient. 
The gene-engineered cells are transferred back to the 
patient (Ledley, t996). It is based on tissue transplantation 
technique and can be applied to any type of tissues or 
cells which are transplantable (Nakanishi, 1995). The bio- 
logical barriers encountered within the body as discussed 
above can be avoided by this approach. 

Ex-vivo method has been extensively and successfully 
employed to transfect keratinocytes, endothelial cells, fibro- 

blasts, bone-marrow cells, peripheral blood cells and hepato- 
cytes (Martin and Murray, 2000 and Puls and Minchin, 
1999), because these cells can be easily removed and 
returned. This technique can also be used for cancer cell 
treatment and cancer vaccine development (Simons and 
Mikha, 1998; Leitner and Ying, 2000). 

This approach is more patient-specific in majority of 
the cases since it involves the autologus transplantation of 
cells. However, allogenic tissue cells may be transplanted 
as well by applying genes in appropriate delivery systems 
such as microcapsule (Hughes et al., 1994). The transfec- 
tion result can also be variable by the interference of types 
and confluency of cells and transfection procedure. The 
cost and the labor for the surgery and cell culture remain 
as an another disadvantage of the ex vivo approach. 

In situ approach 
Genes are given to the target tissues through direct 

injection or perfusion with catheters in this technique. 
Examples are the infusion of adenoviral vectors into the 
trachea and bronchi of patients with cystic fibrosis, the 
injection of a vector carrying the gene for a cytokine or 
a toxin, or the injection of a vector carrying the gene directly 
into the muscle of a patient with muscular dystrophy. This 
approach is more practical compared with ex vivo approach. 
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In vivo Approach 

In vivo approach, genes are injected directly into the 
blood stream of patients. In vivo transfection can be applied 
to a large variety of types of cells and tissues (Herweiger 
et al., 1995). However, the possibility that the genes are 
also introduced into reproductive cells can not be ex- 
cluded and may cause some ethical problems (Wadman, 
1998). The transfection efficiency by in vivo approach is 
influenced by many parameters inside the body where 
numerous biological barriers hinder the access of the 
delivered gene to the cells (Bally et al., 1999). Further- 
more, the gene expression is generally transient. However, 
Further improvement of delivery systems will accelerate 
the development of effective in vivo gene transfer technique. 

GENE DELIVERY SYSTEM 

that can meet all the requirements for an ideal delivery 
system. However, researches ongoing worldwide are pro- 
mising the achievement of this goal in the near future. 

The currently available gene delivery systems may be 
classified as; 

i. virus based systems 
ii. non-virus based systems. 

a. physical mechanisms 
b. chemical mechanisms. 

Each of viral and nonviral gene delivery systems delivers 
genes to the target cell and directs the uptake of the 
genes into the nucleus by its unique mechanism. The 
general advantages and disadvantage of viral and nonviral 
gene delivery systems are summarized in Table III. 

Genes can be transferred by physical methods such as 
microinjection, particle bombardment and electropora- 
tion (Feltquate et al., 1997; Harimoto et al., 1998). The 
transfection of DNA may also be carried out using naked 
DNA or by attaching it with a gene delivery system, which 
is also known as vector. The effectiveness of any gene 
therapy method primarily depends on the characteristics - 
of gene delivery system, which determines the selectivity - 
and effectiveness of gene transfer to the target cell (Nabel, _ 
1999). Therefore, most of the research in gene therapy to _ 
date has been focused on the design of effective vector _ 
(Li and Hung, 2000; Peng and Vile, 1999; Hart, 2000). _ 
The goal of development of gene delivery system is to - 
increase the gene transfer efficiency by controlling the - 
physicochemical, pharmacokinetic and pharmacodynamic - 
characteristics of gene medicine. Ideal gene delivery - 
system should fulfill the requirements summarized in - 
Table II. Currently, there is no one perfect delivery system - 

Types of Gene Delivery Systems 

Naked DNA In ject ion 
Naked DNA injection is the most convenient and cost- 

Table II. Requirements for an ideal vector 

Non-toxic 
Non-immunogenic even after repeated administration 
High transfection efficiency 
Injectable 
Regulatable 
Site-specific targeting ~ossible 
Reliable and longer duration of gene expression 
Ease of production on a large scale 
High capacity in DNA insertion size 
Ability to remove/replace defective genes 
Reproducible 
Stable 
Cost-effective 

Table III. General advantages and disadvantages of viral vectors for gene delivery. 

Gene delivery Types Advantages Disadvantages 
system 

Viral 

Nonviral 

Adenovirus, adenoassociated virus, Higher transfection efficiency Restriction in the size and structure of 
retrovirus, Herpes simplex virus, gene to be inserted 
.etc triggers immune response 

lack of target specificity 
Problems in safety, toxicity and large 
scale production 
Chances of permanent integration in to 
the host cell genome. 
Risk of tumorigenesis 

Cationic lipid, liposome, emulsion,Easier manipulation and large scaleLower transfection efficiency 
polymer, endo-somal lysis peptides, produciton Shorter gene expression 
etc Flexibility in the DNA insertion size Unstability by serum components in vivo 

More specific Targeting 
Safety, non-immunogenecity 
Non-pathogenecity 
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effective method of gene transfection (Wolff et al., 1990). 
Naked DNA gives virtually no transfection in vitro, but 
efficient uptake has been observed after intramuscular 
and intravascular injections, although the mechanism is 
unknown (Liu et al., 1999). Therefore, the interest in this 
technique has been developed for raising antiviral immune 
response by intramuscular injection of the plasmid enco- 
ding the viral antigens. Naked DNA itself may not pro- 
voke any immune response but the presence of CpG motifs 
in the expression cassette may trigger the release of cyto- 
kines in the recipient leading to broader immune system 
stimulation (Kreigh, 1999). This phenomenon has been 
exploited for the application of naked DNA injection in 
DNA vaccination (Leitner et al., 2000). 

The major drawback of naked DNA injection comes 
from the short duration of gene expression in most tissues. 
Moreover, this strategy is unsuitable for targeted trans- 
fection of genes. A better understanding of the underlying 
mechanism of DNA cellular uptake in vivo may help in 
further improving the uptake efficiency. 

Virus-based systems 
Viral infection involves the processes for targeting 

viruses to specific cells in the body and trafficking the 
viral DNA into the nucleus. The ability of viruses to enter 
the cells via specific cell surface receptors and transfer 
their genetic materials to cellular site for transcription and 
translation, has led to their extensive use as gene delivery 
systems (Stone et al., 2000; Tanaka et al., 1998). The virus- 
based systems have emerged as the most efficient mean 
to transfect genes into cells (Datwyler eta/., 1999; Wu 
and Attai, 2000). A number of reports have been published 
where enhanced efficiency for in vivo gene transfer has 
been accomplished by the virus-based systems (Mochizuki 
eta/., 1998). However, there is a concern related to the 
introduction of exogenous DNA into the host genome 
(Feuerbach et al., 1996). Furthermore, the use of viral 
vectors may cause immunogenicity, the size of DNA which 
can be inserted is limited and the large scale production 
can not be easily performed. To eliminate the unnece- 
ssary function of viruses for the purpose of gene therapy, 
sometimes the viral particles containing the therapeutic 
genes are genetically manipulated only to maintain the 
favorable infective ability 

Several types of viruses have been utilized for the gene 
delivery. The most commonly used virus based systems 
include retroviruses, adenoviruses and adeno-associated 
viruses (Carter, 1999). 

a) Retroviruses 
Retrovirus contains RNA genome complexed with 

reverse transcriptase, which can converts RNA genome to 
the DNA form after it enters the host cells. Retroviral 
vectors are made by replacing viral genes with foregin 
DNA sequences, which can then be packaged into new 
recombinant infectious particles. Retroviral vectors have 

been widely used for both exwivo as well as in vivo gene 
transfection procedures. These have also been used in 
human clinical trials to transduce a number types of tumor 
cells (Grossman et al., 1992) since the first gene transfer 
experiment in humans using Maloney murine leukemia 
virus (Anderson et al., 1990). 

Retroviral vectors have the ability to carry even large 
DNA segments (8 kb) and integrate with the host genome, 
thus, ensuring long term expression of the transgene. How- 
ever, for integration of transgene with the host genome, 
they require the cell to be in a cell cycle (Wu et al., 2000) 
and thus, they cannot transfect genes to nondividing cells 
including muscles, brain, lung and liver tissues. Moreover, 
due to their stable integration with the host cell genome, 
they may result in the over-expression of the transgene 
thus causing toxicity and potential oncogenicity. 

b) Adenoviruses 
Adenoviruses are non-enveloped icosahedron viruses 

with 36 kb double stranded DNA genome. To date, adeno- 
viral vectors have been one of the greatest promising 
vector since they have provided unique high efficiency in 
delivering genes to a various organs. From their superior 
characteristics, they are often considered in clinical trials 
for gene therapy (Mehrara eta/., 1999). 

Gene-deleted, replication-defective adenoviruses have 
the capacity for up to 7.5 kb exogenous gene insertion 
(Searle and Mautner, 1998). Recent advancement in the 
field of adenovirus vector brought the development of 
second generation 'gutless' adenoviruses, a more advanced 
vector system which has a capacity to carry up to 35 kb 
of the transgene (Wang and Huang, 2000). 

Unlike retroviruses, adenoviruses efficiently transfect the 
transgene to both the dividing as well quiescent cells with 
high degree of expression (Searle et a/., 1998). Further- 
more, the possibility of random insertional mutagesis and 
the permanent alteration of the host cell genome is rare. 
Adenoviral vectors are also non-oncogenic in human beings 
(Lee et al., 1996). The major limitation to their use, however, 
is their immunogenic nature as a result of which the neutra- 
lizing antibodies are generated against them (Chirmule, 
1999). The other limitation is that the induced gene expre- 
ssion is generally transient. 

c) Adeno-associated viruses (AAV) 
This is a defective member of parvo-virus family. It is a 

single stranded DNA virus and non-pathogenic to the 
human beings. The applications of AAV as gene transfer 
vector have drastically increased in the recent past. The 
vectors designed from AAV are capable of transducing 
the genome containing therapeutic genes to a variety 
types of host cell by various mechanisms (Hirata and 
Russell, 2000). They can provide sustained transgene 
expression and have been used in various gene therapy 
trials (Monahan and Samulski, 2000). 

The transfection efficiency by AAV is hardly influenced 
by the stage of cell cycle and thus they can transduce 



6 C.-K. Kim, Kh. H. Haider and S.-J. Lim 

genes to both dividing as well non-dividing cells. AAV 
possess the ability for site-specific integration into the 
host cell genome. AAV-derived vectors are non-toxic to 
the host cells and do not induce host immune response. 
However, their major limitations include the restriction in 
the insertion size of extraneous DNA (4.5 kb) and the 
difficulties in manufacturing process. 

Several other viral vectors are also currently being eva- 
luated for their potential as carriers for genes. One such 
example is herpes simplex virus which may be modified 
to accommodate expression cassette as large as 25 kb and 
has the ability to transfect large variety of cells. Lentiviral 
(HIV-based) vectors have an important character of being 
able to integrate genes into non-dividing cells, but safety 
concerns associated with the use of these agents remain 
an area of intense research (Miyoshi eta/.,  1997). 

Non-viral physical systems 
Several different physical systems are under investi- 

gation for gene transfection to overcome the limitations 
of viral and non-viral chemical systems (Rols et al., 1998). 
A recent report has been published in which glass needle- 
mediated microinjection technique has been adopted for 
the transfer of transgenes into primary human blood stem/ 
progenitor cells (Davis et al., 2000). The physical methods 
are gaining attention of researchers due to their simplicity 
in use, safety and non-toxicity. These physical methods 
make the DNA to pass through the biological barriers and 
directly enter the cells, thus avoiding the enzymatic 
degradation. 

a) Electroporation 
The principle of electroporation is that electrical impulses 

induce an area of transient membrane breakdown through 
which DNA enters the cytoplasm. The application of elec- 
trical impulses to induce cell fusion and intracellular pro- 
tein and drug delivery has been in practice for many 
years (Rols eta/., 1998). More recently the use of electro- 
poration for in vivo gene transfection is under investiga- 
tion (Jaroszeski eta/., 1999; Rols et al., 1998). The technique 
has been reported to exert high site specificity and negli- 
gible effects on the cell viability reflecting non-cytotoxocity. 

b) Bioballistic particle mediated gene delivery 
Bioballistic particle-mediated gene delivery systems, 

often referred to as 'needle free injection', has been devel- 
oped as an alternative for the 'Naked DNA injection' into 
muscles for genetic vaccination (Fynan et al., 1993). The 
delivery of bioballistic particles is accelerated by devices 
such as Intraject which liquid under high pressure to acce- 
lerate the particle delivery (Lin et al., 2000). Gene Gun 
uses high-pressure helium stream to deliver these particles. 
The working mechanism of these devices is that they acce- 
lerate DNA-coated gold particles of up to 1 pm dimension 
that penetrate the cell membrane to deliver DNA into the 
cytoplasm (Linet al., 2000). Gene gun technique is feasible 
for both in vivo and in vitro gene transfection (Williamson 
and Johnston, 1991) and hence it has been widely used 
in cancer gene therapy and gene vaccination (Hasan et 
al., 1999; Mathei et al., 1997). It has been reported that 
single gene gun injection of 1 ug DNA may result in signifi- 
cant levels of gene expression (Yang and Sun, 1995). 

Non-viral chemical systems 
The safety concerns associated with the use of viral 

vectors have made the non-viral vectors as an attractive 
alternative during the last decade (Feigner, 1997; Luo and 
Saltzman, 2000; Maurer et al., 1999; Rolland, 1998). How- 
ever, most of non-viral vectors give low transfection effici- 
ency compared with viral vectors (Li et al., 2000, Table 
III). Efforts to improve the efficiency of non-viral gene 
delivery systems are focused on the understanding of 
biological factors that affect the functioning and the fate 
of transgene in vivo (Bally et al., 1999). 

The non-viral chemical vectors are generally complex 
synthetic chemical materials (Garnett, 1999; De Smedt et 
a/., 2000). Due to the fact that an exceedingly large number 
of terms have been used in this research area, the com- 
mittee on nomenclature of synthetic gene delivery systems 
was established to simplify, harmonizeand integrate the 
system for the description of these terms (Feigner et al., 
1997). The recommendations of the committee are 
shown in Table IV. 

Lipoplexes and polyplexes share similarity in that DNA 

Table IV. Terminology for synthetic gene delivery system. 

Terminology Meanings Terminology in Practice 
recommended 

Lipofection Nucleic acid delivery Cationic lipid mediated transfection, 
mediated by cationic lipids. Cationic liposome-mediated trans-fection, Liposome mediated transfection, 

............................................................................................................... C~o!ect!o.nL.A, mp.h!!ect!.o,n., L!.p,!d-.med!a.!ed t r_.ansf, ect!.o.n__ ............................ 

Polyfection Nucleic acid delivery Transfection of DNA mediated through condensation of DNA using poly- 
mediated by condensation of [ysine, PEI, dendrimers, polycationic peptides etc. 

................................ D N~_~.~_~ngca!i_~176 ........................................................................................................................... 

Lipoplex Cationic lipid-nucleic acid complex. Cytosomes, Amphisomes, Liposomes, Nucleolipid particles, Cationinc lipid- 
DNA complex, Lipid-DNA complex, etc. 

Polyplex Cationic polymer-DNA complex. Molecular conjugates of DNA with polylysine, PEI, dendrimers, poly-cationic 
peptides, etc. 
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is incorporated into a complex as a result of the forma- 
tion of ion pairs between cationic groups of lipids or poly- 
cation and anionic groups of the DNA but they show 
their own advantages and disadvantages in gene delivery. 

a) Lipid-based systems 
One of the most promising non-viral approaches involves 

the use of cationic lipids, which are capable of forming 
complex with plasmid DNA. Such lipids vary in their struc- 
ture (Fig. 1), however, lipids for gene delivery are invari- 
ably composed of a hydrophobic lipid anchor group linked 
to a positively charged head group through a spacer residue 
(Lee and Huang, 1997). Although many cationic lipid- 
based gene delivery systems are being investigated, no 
definite structure-activity relationship has been established 
so far, especially with regard to in vivo behavior of the 
lipid molecules. The lipid-based gene delivery has been 
mediated through liposomes, microspheres, nanparticles 
and emulsion based systems (Esposito et al., 1999; Hara 
et a/., 1997). 

i) Liposomes 
Liposomes are small vesicles of bipolar phospholipids 

with an aqueous interior. They are efficient carriers of 
drugs, peptides and proteins. Therefore, they have been 
extensively studied for decades for the controlled and 
site-specific drug targeting (Mastrobatistta et al., 1999; 
Montaldo et al., 1999; Lee eta/., 1999; Kim et al., 2000). 
In the recent past, researchers have shown tremendous 
interest to exploit advancements in the liposome techno- 
logy for gene transfection (Barron et al., 1999; Shangguan 
et al., 2000). 

Cationic liposomes are frequently used for in vitro as 
well as in vivo gene transfer due to their ability to interact 
with the negatively charged DNA and cell membrane 
(Ross et al., 1998; Vitiello et al., 1998). In this technique, 
plasmid DNA is mixed with cationic liposomes to form 

liposome-DNA complex due to electrostatic interaction. 
The complex is capable of interacting with the target cells 
due to residual charge of the complex (Eastman et al., 1997). 
The mechanism by which liposomes and DNA interact is 
mainly dependent on the charge, lipid structure and 
composition of liposomes. It has now become clear that 
there is extensive lipid arrangements during the complex 
formation between DNA and liposomes (Sternberg et al., 
1998; Zuidam and Barenholz, 1999). Two fundamentally 
different models have been proposed for cationic lipid- 
DNA complexes, an 'external' model in which DNA is 
adsorbed on to the surface of the cationic liposomes and 
an 'internal' model in which DNA is surrounded by or 
'coated' by a lipid envelop (Sternberg et al., 1994). Both 
these models rely on electrostatic interaction between 
the complexing moieties. 

The cellular uptake, intracellular trafficking and cytoto- 
xicity are the special considerations of liposome-mediated 
gene transfer technology (Sakurai et al., 2000). The DNA 
transfected via liposomes does not integrate in the chromo- 
some, rather it remains as episome and transiently expresses 
its information. Hence, Gene administration for transfec- 
tion needs to be repeated for long term expression. Despite 
the fact that many cationic lipids in liposomal form show 
good gene transfection efficiency, one of the problems 
associated with such a system is the lack of physical stabi- 
lity of liposome/DNA complexes. Furthermore, conventional 
methods of liposorne preparation suffer from lower en- 
capsulation efficiency Rapid degradation of liposomes 
also have limited their effective application in vivo to the 
direct injection into tumor or tumor feeding capillaries 
(Caplen et al., 1995). 

In order to improve liposome-mediated gene transfer, 
liposome constitution and its surface characteristics have 
been modified to enhance cell-liposome interaction and 

@ 
Plasmld DNA DNA condensate (e.g. poly-L-lyslne) DNAIpoly-L-lyalnecomplex ~ 

DeJlvery system LIgand or Antibody Targeted delivery system 

Fig. 1. The structure of representative cationic lipids developed for the application in gene delivery. Abbreviations: DOTMA, 
N-(2,3-dioleyloxypropyl)-N,N,N-trimethyllammonium chloride; DOTAP, 1,2-dioleyloxypropyI-N,NN-l?imethylammonium chloride; CTAB, 
cetyltrimethyl-ammonium bromide; DMRIE, 1,2-dimyristyloxypropyl-3-dimethylhydroxy-ammonium bromide; DDAB, dimethyl-dio- 
ctadecylammonium bromide; DOSPA, 2,3-dioleyloxy-N-2-(Sperminecarboxamido)ethyI-N,N-dimethyl-l-propanammonium; DOGS, dio- 
ctadecylamidoglycylspermine, DC-chol, 3-[3-[N-(N,N-dimethylaminoethane) carba-moyl] choleterol. 
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intracellular trafficking of liposome-DNA complex to the 
nucleus. Such modifications include the development of 
pH-sensitive liposomes (Kim et al., 1994), fusogenic liposomes 
(Noguchi et al., 1998; Watabe et al., 1999), stealth [iposomes 
(Kim et al., 1999; Mok et al., 1999; Ross and Hui, 1999), 
thermosensitJve liposomes (Dass et al., 1997) and immuno- 
liposomes (Bendas et al., 1999). 

ii) Emulsions 
Recently, researchers paid attention to the application 

of emulsions as a gene delivery system to overcome the 
instability of liposomal gene delivery systems after complex 
formation with DNA or interaction with serum proteins 
(Felgner et al., 1994; Yi et al., 2000). Emulsions have been 
widely used as an another colloidal drug delivery systems 
(Benita and Levy, 1993; Gao et al., 1998; Park et al., 1999). 
The oil-in water emulsions are made of oil dispersed in 
an aqueous phase with a suitable surfactantJcosurfactant. 
Emulsions formulated with soybean oil as a core oil and 
DOTAP as a surfactant resulted in the formation of stable 
Emu[sion/DNA complexes with significantly enhanced stabi- 
lity in serum (Kim et al., 2000). They also offered another 
advantages, including the formation of stable emulsion/ 
DNA complex and the protection from DNAse digestion. 
The transfection efficiency was also 1.5-3 fold improved 
compared with cationic liposomes (Liu et al., 1996; Hara 
et al., 1997). Cationic lipid emulsions formulated with soy- 
bean oil and DOTAP more effectively delivered DNA to 
nasal cavity mucosa compared with commercially avail- 
able liposoma[ carriers (Kim et al., 2000). 

b) Polymers 
Polymers, which have been utilized for gene delivery, 

include polyethyleneimine, polylysine, polyornithine, poly- 
amidoamine dendrimers, poly(2-demethylamino)ethyl meta- 
crylate and poly (N-alkyl-4-vinylpyridinium) (Esposito et 
al., 1999; Pouton and Seymour, 1998; Laurent et al., 
1999; Cherng et al., 1999; Lira et al., 2000a). Polymers 
have a potential as a gene delivery system since they pro- 
vide flexibility in the precise control of physico-chemical 
properties of gene delivery system. The size, charge and 
solubility of the complexes formed by DNA and trans- 
fecting polycations are strongly dependent on the charge 
ratio of the polymers and DNA (Kabanov and Kabanov, 
1998). 

To improve the stability of polyplexes in aqueous dis- 
persion and prevent their interactions with serum proteins, 
cationic block and graft copolymers have been deve- 
loped. They include polycations conjugated with non- 
ionic homopolymers, such as poly(ethylene oxide), dextran 
and poly(N-(2-hydroxypropyl)metacrylamide), for example 
such as PEO-block-polyspermine, PEO-block-polylysine 
and PEO-graft-polyethyleneimine (Wolfert et al., 1996; 
Vinogradov et al., 1998). In some systems, polycations are 
grafted with amphililic Pluronic block copolymers. This 
type of polymers exhibit the improved ability to incorpo- 
rate into cell membranes because of the amphilicity 

compared with PEO types. Mixing of the conjugate of 
Pluronic P123-polyethylenemine with free Pluronic P123 
has been shown to exhibit high transfection efficiency by 
forming stable complex with DNA (Kabanov et al., 1998). 

Efforts to develop biodegradable polymers led to the 
synthesis of biodegradable poly-cationic polymers such as 
Poly(alpha-(4-aminobutyl)-L-glycolic acid) (PAGA) for gene 
delivery (Maheshwari et al., 2000). PAGA/DNA complexes 
showed about two fold higher transfection efficiency com- 
pared with polylysine/DNA complexes (Lira et a/., 2000b). 
As an another approach to develop more advanced poly- 
meric delivery system, polylysine cationic polymer was 
modified as (N-Ac-poly(L-histidine)-graft-poly(L-lysine) to 
provide pH-sensitivity (Benns et al., 2000). 

Ch imer i c  de l ivery  system 
A new concept of vectors has been established to over- 

come the limitations of currently available vectors. Several 
groups are now working on the development of chimeric 
viral vector systems that combine the favorable attributes 
of two different viral vectors. These chimeric vectors might 
allow the researchers to achieve a ideal gene delivery 
system (Reynold et al., 1999). 

For example, gene delivery system in which Sendal virus 
was combined with liposomes was safe for repeated use 
due to much less immunogenicity and toxicity compared 
with the other viral or lipid vectors (Kaneda et al., 1999). 
To overcome the immunogenicity problem, gutless virus 
vectors were engineered (Dranoff, 1997). To improve the 
targeting ability to specific cells, retroviruses were incor- 
porated in liposomes (Nielsen and Maneval, 1998). Many 
groups have reported the design of chimeric viruses in 
which AAV is carried by herpes simplex virus (Costantini 
et al., 1999). Natsume and coworkers (2000) have recently 
reported that the conjugation of adenoviruses with lipo- 
somes reduces the antigenicity of the adenoviral vectors. 
Use of polymers together with cationic liposomes was 
also reported to enhance the transfection efficiency. The 
transfection efficiency of genes trasferred by electorpora- 
tion was further enhanced by aurintricarboxylic acid 
(Glasspool-Malone et al., 2000). Coating of cationic non- 
viral vector with protective, anionic poly(ethyleneglycol) 
copolymers decreased the undesirable interaction with 
serum proteins in vivo (Finsinger et al., 2000). Formulation 
of adenovirus in poly-lactic-glycolic acid microspheres 
significantly improved the gene transfer while decreasing 
the immunogenecity frin adenoviruses (Matthews et al., 
1999). 

Targeted derive D , 
In the field of gene therapy, the researchers have finally 

reached to a stage where they are striving for a break- 
through to design a vector which can site specifically target 
the required gene (Benns and Kim, 2000). The basic aim of 
gene targeting is to transfect gene to the diseased tissue 
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or cells without being detrimental to the healthy tissues 
(Peng, 1999). This strategy gains importance in cancer 
gene therapy where we are looking for cytotoxic gene 
products (Cristiano and Roth, 1996; Vile et al., 2000). Further- 
more, this will help in reducing the required amount of 
vector and improve the efficiency of procedure. For est- 
ablishing targeting strategies, vectors are designed by modi- 
fication with ligands or antibodies (as described in Fig. 2), 
which can be specifically recognized by receptors or anti- 
gens relatively overexpressed in some cells or some organs 
(Nielsen and Maneval., 1998; Bendas et al., 1999; Lim et 
al., 2000a). 

Targeted delivery can be applied for both viral as well 
non-viral vectors (Condreay et al., 1999; Ogris eta/., 1998). 
Ligands including asialoorosomucoid, transferrin, folic 
acid, epidermal growth factor and fibroblast growth factor 
(Kim and Jeong, 1997; Nielsen and Maneval, 1998; 
Kawakami et al., 2000) and antibodies such as antibodies 
against Her2/NEU and epidermal growth factor receptor 
has been applied for targeted gene delivery. 

Route of Administration 
Genes can be administered by systemic, organ or tissue 

specific or localized delivery. The targetability, transfection 
efficiency and transfection results are dependent on the 
route of administration even same type of genetic delivery 
system is used (Lin et al., 2000; Yukai et al., 2000). 

Although naked DNA has little or no activity in the cell 
culture, it shows exceptionally high transfection activity 
after intramuscular injection (Wolff et al., 1990). With hydro- 
philic polymer, intramuscular injection of the complexes 
of plasmid DNA have given better overall performance 
although the level of expression after intratumoral injec- 
tion is generally much lower. Subcutaneous administra- 
tion of DNA may result in the retention of genetic material 
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Fig. 2. General structure of a targeted delivery system 

at or near the site of injection. This is more evident for 
larger molecular particulate systems. Intravenous admini- 
stration exposes the delivery complex to the intricate bio- 
logical environment and thus various factors reduce the 
access and binding of the vector-DNA complex in the 
extravascular site (Hofland et al., 1997). Larger particles 
(>200 nm) and those bearing net positive charge are 
rapidly eliminated from the circulation. Positive charge 
certainly results in excessive plasma protein binding, increased 
non-specific binding and enhanced phagocytosis. 

Regional administration of vector-DNA complex may 
help to circumvent various problems associated with other 
routes of administration (Pouton and Seymour, 1998). Intra- 
muscular, intravenous, subcutaneous, intratracheal or intra- 
tumoral administration provide a means to target cells 
within these sites. Regional delivery of formulated vector 
and plasmid complex may increase transgene expression 
in these tissues or organs. One typical example of regional 
administration is the successful expression of CFTR gene 
in cystic fibrosis after intratracheal administration of DNA- 
lipid complex. Regional gene delivery to lung has been 
attractive to many researchers due to the capability of 
immediate access by inhalation (Curiel et al., 1996). 

REGULATION SYSTEM 

Majority of the first generation of vectors were devoid 
of any regulatory mechanism since the genes which codes 
for proteins with larger therapeutic indices were chosen 
for gene therapy (Clackson, 2000). The fact that most 
diseases are heterogeneous and dynamic whereas most 
proteins are with low therapeutic indices increased the 
need for a regulatable vector, which can control the gene 
expression to maintain the required therapeutic serum 
concentration of gene expression product (Varley and 
Munford, 1998). Regulation of gene expression will pro- 
vide the physicians a means to tailor the gene product to 
avoid the situations wherein sub or supra levels of the 
gene expression product may pose threat to the patients 
safety. 

Recent reports have been published where researchers 
are concentrating on this aspect of gene therapy, referred 
to as a physiologically responsive gene therapy (PRGT) ( 
Varley et al., 1998). Some typical examples of PRGT under 
study include glucose-responsive PRGT, hypoxia-related 
PRGT, drug-related PRGT and cytokine-related PRGT 
(Mitanchez et al., 1997; Mohammadi et al., 1998). A further 
step in this direction will be the new technology for light- 
induced site- directed gene transfection using photosensi- 
tizing compounds (Hogset et al., 2000). 

EXPRESSION SYSTEM 

Plasmid-based gene expression systems, with suitable 
promoter/enhancer, intron, cDNA and other regulatory 
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elements, should also be developed in parallel to further 
enhance the overall gene expression from the complexes 
between plasmid DNA and delivery system. An impor- 
tant area for the future research will be the development 
of strong promoter/enhancer system for the transgenes 
that can induce higher level of transcripted message and 
translated proteins once the DNA gains access to the 
nucleus. 

CONCLUSION AND FUTURE DEVELOPMENTS 

Considerable progress has been made during the last 
few years in designing more effective gene medicine in 
terms of transfection efficiency, targetability and safety. How- 
ever, still the major limiting factor in current gene therapy 
results from the unsatisfactory efficiency of current gene 
delivery systems. Continuous efforts should be made to 
improve the delivery systems to deliver genes more accu- 
rately and efficiently to the target sites. It is also imper- 
ative to develop vectors that are safe for repeated admini- 
strations since in most cases, the transgene expression is 
transient. Thorough understanding of the mechanism of 
gene transfer and the factors affecting the transfection 
efficiency will help the rational design of effective gene 
delivery systems. Merging of some of the advantages of 
viral vectors with those of non-viral vectors may be nece- 
ssary to generate a safe and efficient delivery system. 

The efforts for the development of regulatory elements 
that can modulate the promoter activity more accurately 
and of tissue-specific enhancer-promoter elements should 
also be pursued, together with the approaches for design- 
ing effective delivery systems. A better understanding of 
gene trascription process is also required. 

Taken together, extensive and collaborated research in 
this area will lead us to develop gene medicine as "gene 
as a drug" in the near future. It will allow us to extend the 
scope of diseases which can get clinical benefit from gene 
therapy. 
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