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INTRODUCTION

 

Gene therapy holds great promise for the treatment of many diseases (e.g., cancer,
AIDS, cystic fibrosis, adenosine deaminase deficiency, cardiovascular diseases, Gaucher
disease, 

 

α

 

1-antitrypsin deficiency, rheumatoid arthritis, and several others) (1,2).
Advances in genomics and molecular biology have revealed that almost all diseases
have a genetic component. In some cases, such as cystic fibrosis or hemophilia,

 

PH1873_C013.fm  Page 333  Thursday, June 30, 2005  10:38 AM

© 2006 by Taylor & Francis Group, LLC



 

334

 

Pharmaceutical Biotechnology

 

mutations in a single gene can result in the disease (3–5). In other cases, such as
hypertension or high cholesterol, certain genetic variations may interact with envi-
ronmental stimuli to cause the disease (6–8) or pathological conditions associated
with aging frequently result in the loss of gene activity in specific types of cells. 

The main targets of gene therapy are to repair or replace mutated genes, regulate
gene expression and signal transduction, manipulate the immune system or target
malignant and other cells for destruction (1). There are several factors involved in
effective gene transfer to somatic cells in patients: (a) the type of vehicle used for
gene delivery that will determine efficacy of delivery; (b) interaction of gene vehicle;
(c) targeting to the specific area; (d) entrance to the target cell; (e) release from the
cytoplasmic compartment, transport to the nucleus; (f) type and potency of regulatory
elements; (g) expression (transcription) of the transgene and translation into protein.

Compared to conventional small molecule drug therapies with a transient effect
on their molecular targets, gene therapy usually requires an efficient transfer by delivery
system to target cells resulting in a permanent change to the genetic constitution. The
application of gene delivery technology to a growing roster of clinical indications is
predicated on significant advances in both genomics and gene delivery systems. 

There is a wide variety of vectors used to deliver DNA or oligonucleotides

 

 

 

into
mammalian cells, either 

 

in vitro

 

 or 

 

in vivo

 

. The most common

 

 

 

vector systems are
based on viral [retroviruses (9, 10), adeno-associated

 

 

 

virus (AAV) (11), adenovirus
(12, 13), herpes simplex virus

 

 

 

(HSV) (14)] and nonviral [cationic liposomes (15, 16),
polymers and receptor-mediated

 

 

 

polylysine-DNA] complexes (17). Other viral vec-
tors that are currently under development are

 

 

 

based on lentiviruses (18), human
cytomegalovirus (CMV) (19),

 

 

 

Epstein-Barr virus (EBV) (20), poxviruses (21), neg-
ative-strand

 

 

 

RNA viruses (influenza virus), alphaviruses and herpesvirus

 

 

 

saimiri (22).
Also a hybrid adenoviral/retroviral vector has successfully

 

 

 

been used for 

 

in vivo 

 

gene
transduction (23). A simplified schematic representation of basic human gene therapy
methods is described in Figure 13.1.

The choice of the appropriate delivery system for successful gene therapy
requires understanding of the drawbacks and advantages of each delivery system
(Table 13.1 for comparison of viral vectors and Table 13.2 for comparison of nonviral
methods for gene therapy), such as limitations in the total length of the DNA that
can be introduced, including the plasmid size and control elements. Understanding
of the pathophysiology of the disease and the cell targets (IV, IP, intratumoral, SC
injection) is required. The type of control elements required for the tissue-specific
expression of the construct, the presence of viral or other origins of replication as
well as of the cDNA encoding the viral replication initiator protein for an episomal
replication of the transgene and sequences that prompt integration is also important
for successful gene transfer. While no single vector developed to date is optimal for
all clinical indications, the growing number of viral and synthetic vectors will enable
gene therapy to be used in treating a wide variety of significant diseases. 

Current gene therapy programs apply gene delivery technology across a broader
spectrum of disease conditions (2). Since 1989, when the first human gene therapy
study was performed, enormous research efforts have followed (3). Although much
effort has been directed in the last decade

 

 

 

toward improvement of protocols in human
gene therapy, the therapeutic

 

 

 

applications of gene transfer technology still remain
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mostly

 

 

 

theoretical. The weakest point of gene therapy development programs

 

 

 

is vector
design, followed by gene regulation and

 

 

 

avoidance of immune responses. Basic
research is cautiously progressing

 

 

 

to address these pressing issues. The characteristics
of the most developed gene delivery systems are discussed in the following section.

 

FIGURE 13.1

 

Schematic representation of human gene therapy.

 

TABLE 13.1
Comparison of Different Viral Vectors for Gene Therapy

 

Vector Advantages Disadvantages

 

Retrovirus Integration into host DNA 
All viral genes removed 
Relatively safe 

Insertional mutagenesis 
Requires cell division 
Relatively low titer

Adenovirus Higher titer 
Efficient in nondividing cells

Toxicity 
Immunological response

Adeno-associated

 

 

 

virus All viral genes removed Limited size of foreign DNA 
Labor-intensive production
Status of genome not fully elucidated

Lentivirus Provide long-term and stable gene
expression

Infect nondividing cells

Similar retrovirus

Delivery vectors A : Viral
 B : Synthetic

�erapeutic gene

�erapeutic gene

Electroporation

Patient
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TABLE 13.2
Methods of Nonviral Gene Transfer

 

Method
Size of 
DNA  Target Cells

Transfection
Efficiency Transfection Cellular Toxicity Gene Expression Preparation Application

 

Naked DNA No limit Especially
myocytes

10–30% of cells
at injection site

Extra chromosomal Lymphocytic 
infiltration

Until death of cell Easy and cheap

 

In vivo

 

Microinjection No limit Mitosis/resting Stable <0.1–1% Integration possible 30% survival 200–400 injections/hr

 

In vitro

 

Electroporation 150 Kb Mitosis/resting Stable <0.1–1% 1–2 copies 20–60% survival Easy

 

In vitro

 

Particle
bombardment

10,000
copies

Mitosis/resting Stable <0.1–1%,
transient <20%

Persistent and 
integration?

85–95% survival 2–12 month Easy

 

In vitro

 

 and

 

in vivo

 

Lipofection No limit Mitosis/resting Stable <0.1–1%,
transient 80%

Integration possible Membrane
toxic

Easy

 

In vitro

 

 and

 

in vivo

 

Ligand mediated >48 Kb Mitosis/resting Up to 50% Extra chromosomal High High, Transient Labor 
intensive

 

In vitro

 

 and

 

in vivo

 

Calcium phosphate
precipitation

No limit Mitosis/resting Stable <0.1% Often multiple
copies

High High, Transient Labor intensive and 
time consuming

 

In vitro

 

 and

 

in vivo
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GENE DELIVERY SYSTEMS

V

 

IRAL

 

 V

 

ECTORS

 

Viral vectors are the first used vectors for gene therapy research. It has been known
that many viruses have the capability of efficiently transferring their nucleic acid
genomes to mammalian cells in order to initiate their first step in life cycle. Viral
vectors take advantage of the ability of the virus to enter cells and deliver genetic
material to the nucleus. Most viral vectors are engineered in such a way that they
can enter the cells but they do not have the ability to replicate in the cell. To
successfully develop viral vectors, the important consideration includes introducing
therapeutic genes into their genomes while concurrently removing the native viral
genes that code for harmful viral proteins. To develop viral vectors first viral DNA
is removed and is replaced with a therapeutic gene and the recombinant virus is thus
produced and functions purely as a delivery system for the therapeutic genes to the
nucleus of the target cell without causing cellular damage or subsequent virus prop-
agation (24). Depending on the therapeutic aim of a particular gene therapy, transient
or permanent expression may be desirable. There are several different classes of viral
vectors including retrovirus, adenovirus, adeno-associated virus, lentiviruses, herpes
simplex, and alpha(

 

α

 

)-viruses used for gene therapy. The characteristics

 

 

 

and applica-
tions of these vectors are discussed below. 

 

Retroviruses

 

The retroviruses are enveloped viruses, roughly spherical, about 120 nm in diameter.
They contain a diploid RNA genome of 7 to 11 kb that is converted into a DNA
intermediate by the reverse transcriptase upon entry into the cytoplasm of a cell (25,
26). The DNA is then transported to the nucleus, where it integrates randomly into
the genome (25). Retroviruses can only accommodate less than 9 kb of foreign
genetic information. The use of retroviruses for gene transfer requires a two-com-
ponent approach as described in Figure 13.2. The first involves the replacement of
the genetic material encoding the gag, pol, and env proteins with the DNA to be
transferred. This DNA is expressed under the control of the promoter elements in
the 5LTR. The second component involves the introduction of this DNA into a
retroviral packaging cell line to produce virus able to infect the appropriate host
species. This cell line contains a replication-defective helper retrovirus that will
provide the gag, pol, and env proteins and an encapsidation signal for efficient viral
packaging (27, 28). 

Before the 

 

in vivo

 

 gene therapy with retroviruses becomes a successful reality
a number of problems must be overcome. The major limitation of retroviruses has
been poor gene expression 

 

in vivo

 

, which has been overcome through the use of
tissue-specific promoters. Use of internal ribosome entry sites from picornaviruses
in retroviral vectors has provided stable expression of multiple gene enhancers.
Another drawback of retroviruses for their exploitation in gene therapy has been the
low viral titers obtained, too low to achieve therapeutic levels of gene expression;
methods for the efficient concentration from large volumes of supernatant and
purification of amphotropic retrovirus particles have been developed in several
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laboratories. For example, Bowles et al. (1996) have used concentration and further
purification of virus particles by sucrose banding ultracentrifugation; animal studies
have shown that viral transduction increased proportionally with titer of the retro-
virus. In addition, retroviruses transfer the gene of interest permanently into the
genome of the target cell, which could result in chronic overexpression of the inserted
gene or can lead to insertional mutagenesis. Moreover, retroviruses can infect pro-
liferating cells only. This may decrease their usefulness for gene transfer into stem
cells, which are largely noncycling. To overcome limitations of host cell tropism,
retrovirus vectors have been pseudotyped with envelope proteins from other viruses
such as the G glycoprotein from vesicular stomatitis virus (VSV) (30). VSV G
pseudotyped retroviruses are less labile and can be concentrated to high titers and
also show a much broader host range than the wild-type retrovirus. Another important
feature of retroviruses is that although they

 

 

 

do not elicit immune responses in the
host, they are susceptible

 

 

 

to rapid degradation by the complement. This is also a
major

 

 

 

limitation for

 

 in vivo 

 

retroviral-mediated gene transfer. 

 

FIGURE 13.2

 

Formation of retroviral vectors.

LTR LTR

LTR LTR

gag-pol-env

gag pol env

�erapeutic gene

Packaging cell

Retroviral vector carrying
therapeutic gene

gag, pol, and env were cut;
therapeutic gene was added
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The most common retroviral vector is based on the amphotropic

 

 

 

Moloney murine
leukemia virus (MLV) (31). This system is particularly suitable

 

 

 

for efficient 

 

in vitro

 

cell transduction: the amphotropic MLV has

 

 

 

a broad cell tropism, it can be produced
at relatively high

 

 

 

titers (10

 

6

 

–10

 

7

 

 iu/mL), and allows for long-term transgene expres-
sion

 

 

 

because of the viral integration in the host chromosomal DNA.
Retrovirus vectors were subjected to the first clinical trial on human gene therapy

to correct adenosine deaminase (ADA) deficiency (32). White-blood cells isolated
from patients were infected 

 

ex vivo

 

 with an MLV-based vector expressing ADA and
a neomycin marker gene. After selection with G418, neomycin-resistant cells were
isolated and reintroduced into patients. The treatment improved the physical condi-
tion of the patients and the ADA-containing provirus was stable in the blood for
several years. 

Investigators have been considering the engineering

 

 

 

of chimeric retroviruses with
specific cell tropism. This would

 

 

 

greatly facilitate the in vivo application of retroviral
vectors

 

 

 

in clinical trials. In this respect, there have been many attempts

 

 

 

to alter the
cell tropism of ecotropic retroviruses, which do

 

 

 

not infect human cells. This approach
consists of placing foreign

 

 

 

genes (CD4), single-chain antibodies, the polypeptide
erythropoietin, short peptides binding to several integrins, and human heregulin
(33–35). The retroviral systems used

 

 

 

in these studies were: avian leukosis virus,
ecotropic

 

 

 

MLV and spleen necrosis virus. The foreign genes

 

 

 

used in the early studies
to generate hybrid envelopes were:

 

 

 

In some cases, there has been a partial success
in

 

 

 

redirecting the cell tropism of ecotropic retroviruses (36), but the transduction
efficiency is far from being optimal for

 

 

 

in vivo

 

 applications. 
Retrovirus vectors have demonstrated some promising results in cancer therapy

and bone marrow transplantation. The introduction of retrovirus particles expressing
HSV-TK and administration of GCV suggested that the treatment of graft-versus-
host disease was efficient (37). The demonstration of the full correction of the
SCID-X1 phenotype in infants is a further indication of the efficacy of retrovirus
vectors (38). 

 

Adenoviruses

 

Adenoviruses are nonenveloped DNA viruses with 80 to 110 nm diameter icosahe-
dral protein shell containing double-strand DNA genome of 36 kb that encodes four
early proteins (E1 to E4) and five late proteins (L1 to L5) (39). In order to enter the
host cell the adenovirus first attaches with a high affinity to a cell surface receptor,
whose nature still remains elusive, using the head domains of the protruding viral
fibers; the fibronectin-binding integrin on the cell surface then associates with the
penton base protein on the adenovirus triggering endocytosis of the virus particle
via coated pits and coated vesicles (40, 41). The third step in adenovirus entry into
the host cell includes penetration of the adenoviral particles by acid-catalyzed rupture
of the endosomal membrane involving the penton protein and the integrins and
allowing escape to the cytoplasmic compartment; a decrease in endosome pH during
internalization expose hydrophobic domains of these adenoviral capsid proteins,
which permits these proteins to insert into the vesicle membrane in a fashion that
ultimately disrupts its integrity (42). At the final step the adenoviral particle is
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attached to the cytoplasmic side of pore complexes and the DNA is released to the
interior of pore annuli entering the nucleoplasm.

Because replication is controlled by E1, it is usually deleted in adenoviral
vectors used for gene therapy and replaced by the gene to be transferred, as shown
in Figure 13.3. The resultant recombinant adenovirus is replication incompetent.
This recombinant adenoviral DNA is then transferred into a complementing cell
line containing E1 sequences in its genome (but lacking other sequences required
for replication) to generate viral particles that are infectious but replication
defective (43).

Adenoviruses have certain advantages over retroviruses for gene therapy. They
can be produced in high titer (>10

 

13

 

viral particles per milliliter) and can transfer
genes efficiently into both replicating and nonreplicating cells (44). Adenoviruses
possess a linear double-stranded genome which can be manipulated to accommodate
up to 7.5 kb of DNA. Although early versions of adenoviruses showed toxic side
effects and strong immune responses, newer second- and third-generation vectors
with many of the viral genes deleted, have demonstrated significant improvements
(45). As the transferred genetic material is located episomally, the risks of perma-
nently altering the genetic material of the cell and of insertional mutagenesis are

 

FIGURE 13.3

 

Gene delivery with adenoviral vectors.

E1

�erapeutic gene

Adenoviral vector with E1

E1 deleted, therapeutic gene added

Replication of virus
in helper cell line

Viral particles

Infection of the
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avoided (46). For safety, replication-deficient, infectious adenoviruses are being used
in somatic gene transfer; for example, deletion in a portion of the E3 region of the
virus permits encapsidation whereas deletion of a portion of the E1A coding
sequence impairs viral replication (47, 48). 

A disadvantage of adenoviral vectors is that the viral proteins are immunogenic
and can induce nonspecific inflammation and specific cellular responses (43). Also,
episomes tend to be lost from infected cells within 2 to 4 weeks, so repeated
administration may be necessary (46). The efficacy of adenovirus delivery might be
severely hampered because most people have been exposed to natural adenoviruses
infections, even when using replication-deficient vectors. In a novel approach, the
surfaces of viral particles were coated with a multivalent copolymer based on poly-
[

 

N

 

-(2-hydroxypropyl) methacrylamide] (pHPMA) (49). To improve targeting, fibro-
blast growth factor (FGF) and vascular endothelial growth factor (VEGF) were
incorporated in the polymer, which resulted in targeting of bFGF receptor-positive
A549 cells. Targeting of endothelial human umbilical endothelial cells with polymer-
VEGF coated adenovirus was also highly efficient (49). The 

 

in vivo

 

 targeting of
polymer-bFGF ADLacZ virus in nude mice bearing intraperitoneal xenografts of
human SUIT2 cells was highly efficient. 

In addition, the polymer-coated adenovirus particles were able to shield against
antibody recognition. In another approach, the PEGylation of the adenovirus capsid
protein prolonged transgene expression after systemic delivery of E1-deleted aden-
ovirus, and allowed partial readministration with native virus (50). Adenovirus has
been explored as vector for the treatment of cystic fibrosis (51), for Duchenne
muscular dystrophy (52), to deliver tumor suppressor genes for cancer treatment
(53), for gene transfer to the brain (54) and for melanoma specific vector (55). 

Recombinant adenovirus vectors have been used for variety of applications
including, the transfer of factor IX gene in hemophilia B to dogs via vein injection
(56) and in mice for the transfer of genes into neurons and glia in the brain for the
transfer of the gene of ornithine transcarmylase in deficient mouse and human
hepatocytes (57) for the transfer of the very low density lipoprotein receptor gene
for treatment of familial hypercholesterolaemia in the mouse model (58) for the
transfer of low density lipoprotein receptor gene in normal mice and for the 

 

ex vivo

 

transduction of T cells from ADA-deficient patients (59). The adenovirus major late
promoter was linked to a human a1-antitrypsin gene for its transfer to lung epithelia
of cotton rat respiratory pathway as a model for the treatment of a1-antitrypsin
deficiency; 

 

in vitro

 

 and 

 

in vivo

 

 infections have shown production and secretion of
a1-antitrypsin by the lung cells (60). 

To overcome one of the major limitations of the clinical utility of adenoviruses
which is the low efficiency of gene transfer achieved in vivo, Arcasoy et al. (1997)
found that the presence of the polycations polybrene, protamine, DEAE-dextran,
and poly-L-lysine significantly increased the transfection efficiency in cell culture
using the lacZ gene; because the polyanion heparin did not significantly alter gene
transfer efficiency, but completely abrogated the effects of polycations it supports
the idea that the negative charges presented by membrane glycoproteins reduce the
efficiency of adenovirus-mediated gene transfer, an obstacle that can be overcome
by polycations.
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Adeno-Associated Viruses

 

Adeno-associated viruses (AAV) are parvoviruses that are not pathogenic in humans.
They are extremely small, nonenveloped icosahedral virus of 18 to 26 nm in diameter
carrying a single-stranded ~5 kb DNA genome with short, inverted terminal repeats
that are required for genome replication and packaging. Unlike adenoviruses, AAV
may integrate into the host genome and do so at preferred locations, in particular, at
one site on chromosome 19 (43). AAV has established its position as one of the most
popular gene delivery systems. This is mainly because of the long-term and efficient
transgene expression in various cell types in many tissues such as liver, muscle, retina
and the central nervous system (62). Recombinant AAV vectors used for gene transfer
contain 145 bp terminal repeat sequence and a polyadenylation site. They have had
most of the viral genome deleted and replaced with DNA encoding the therapeutic
gene. Since a few viral proteins are expressed, these viruses induce less of an immune
response than for adenoviruses. Like adenoviruses, AAV vectors do not require cell
replication for integration but high AAV titers are often difficult to obtain because
the production of infectious AAV requires the use of an adenovirus, in which case
contamination of the AAV with adenovirus is a concern (43). 

There are some disadvantages associated with the application of AAV. Gene
transfer with AAV vectors has been shown to be low. Difficulties in generating
recombinant virus on a large scale sufficient for preclinical and clinical trials and in
obtaining high-titer virus stocks after the initial transfection into producer cells is a
limiting factor for the widespread usage of AAV vectors. AAV vector particles in cell
lysates could be concentrated by sulfonated cellulose column chromatography to a
titer higher than 10

 

8

 

 cfu/mL or 5 

 

×

 

 10

 

10

 

 particles/mL (63). A method for transfecting
cells at extremely high efficiency with a rAAV vector and complementation plasmid
while simultaneously infecting those cells with replication competent adenovirus
using adenovirus-polylysine-DNA complexes has been developed (64). 

After infection of cell cultures with recombinant AAV there is a decline in the
percentage of cells expressing the transferred gene with time in culture. This decline
was associated with ongoing losses of vector genomes (65). The packaging capacity
is relatively restricted and the large-scale production inefficient. In addition, the pre-
existing immunity to human AAV vectors is comparable to adenovirus and the
integration into the host genome is random, which can lead to unexpected activation
or inhibition of endogenous gene expression. 

Different AAV serotypes have shown remarkably different expression patterns
because of differences in cell entry and intracellular activities (66, 67). Application
of the dimerizer-inducible transcriptional regulatory system for AAV has allowed
pharmacological regulation of heterologous gene expression 

 

in vivo

 

 (68). 
AAV normally contains a single-stranded copy of its genome. Transduction with

AAV can be enhanced in the presence of adenovirus gene products through the
formation of double-stranded, nonintegrated AAV genomes. AAV has been reported
to have advantages over other viruses for gene transfer to hematopoietic stem cells
due to their high titers and relative lack of dependence on cell cycle for target cell
integration. A robust CMV/LacZ reporter gene expression in primary human
CD34

 

+

 

CD2

 

-

 

 progenitor cells induced to undergo T-cell differentiation was obtained
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without toxicity or alteration in the pattern of T-cell differentiation. Seventy percent
to 80% of the cells isolated from either adult bone marrow or umbilical cord blood
were efficiently transduced with AAV, however, the expression was transient without
integration; this limits the potential use of AAV in gene therapy strategies for diseases
such as AIDS (69). 

Gene transduction by AAV vectors in cell culture can be stimulated over 100-
fold by treatment of the target cells with agents that affect DNA metabolism, such
as irradiation or topoisomerase inhibitors (70), great improvements in transduction
efficiency can also be achieved 

 

in vivo

 

: previous g-irradiation increased the trans-
duction rate in mouse liver by up to 900-fold, and the topoisomerase inhibitor
etoposide increased transduction by about 20-fold after direct liver injection or after
systemic delivery via tail vein injection; up to 3% of hepatocytes could be transduced
after a single systemic vector injection (71). This is a significant advantage compared
to stealth liposomes which, although concentrating in the liver, spleen and tumors,
can transduce Kupffer cells but not hepatocytes after systemic delivery.

In another study, AAV-mediated delivery of the lacZ gene by direct injection to
brain tumors which were induced from human glioma cells in nude mice showed
that 30% to 40% of the cells along the needle track expressed b-galactosidase;
subsequent delivery of the HSV-tk/IL-2 genes to these tumors with AAV and admin-
istration of GCV to the animals for 6 days resulted in a 35-fold reduction in the
mean volume of tumors compared with controls by a significant contribution from
the bystander effect (72). 

 

Other Viruses

 

Lentiviruses

 

Although lentiviruses belong to retroviral class, gene therapy vectors derived from
lentiviruses offer many potentially unique advantages over more conventional ret-
roviral gene delivery systems. Many of the lentivirus vectors used in gene therapy
are based on the human immunodeficiency virus (HIV) (73). An advantage of HIV
vectors has been the broad range of tissues and cell types they can transduce, a
property granted because lentiviral vectors are pseudotyped with vesicular stomatitis
virus G glycoprotein. Human lentiviral (HIV)-based vectors can transduce nondi-
viding cells

 

 in vitro

 

 and deliver genes 

 

in vivo

 

; expression of transgenes in the brain
has been detected for more than 6 months. HIV vectors have been also used to
introduce genes directly into liver and muscle; 3% to 4% of the total liver tissue
was transduced by a single injection of 1-3 

 

×

 

 10

 

7 

 

infectious units (IU) of recombinant
HIV with no inflammation or recruitment of lymphocytes at the site of injection.
Whereas expression of green fluorescent protein (GFP), used as a surrogate for
therapeutic protein, was observed for more than 22 weeks in the liver and for more
than 8 weeks in the muscle using lentiviral vectors, little or no GFP could be detected
in liver or muscle transduced with the Moloney murine leukemia virus (Mo-MLV),
a prototypic retroviral vector (74). 

The development of a stable noninfectious HIV-1 packaging cell line capable
of generating high-titer HIV-1 vectors is another important step towards use of HIV
vectors in gene therapy (75). HIV-mediated gene transfer was used to transfer the
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GFP gene under control of CMV to retinal cells by injection into the subretinal
space of eyes in rats; the GFP gene was efficiently expressed in both photoreceptor
cells and retinal pigment epithelium; predominant expression in photoreceptor cells
was achieved using the rhodopsin promoter. The transduction efficiency was high
and photoreceptor cells in 

 

>

 

80% of the area of whole retina were expressing GFP
(76). Intron-containing constructs have been successfully introduced into recent
versions of lentivirus vectors (77). 

Recently, a series of lentivirus vectors were developed for transduction of hepa-
tocytes 

 

in vivo

 

 (78). Various promoters, such as the human CMV, the human phos-
phoglycerate kinase (PGK) and the mouse albumin promoter, were introduced into
the HIV-1–based vector. These vectors showed enhanced nuclear translocation in
hepatocytes and improved transgene expression. Interestingly, targeted expression
to the liver could be accomplished by the use of the albumin promoter. Therapeutic
levels of human factor IX were achieved after a single injection. 

However, the use of lentiviral-based vectors in the clinic raises specific safety
and ethical issues. Concerns include the possible generation of replication competent
lentiviruses during vector production, mobilization of the vector by endogenous
retroviruses in the genomes of patients, insertional mutagenesis leading to cancer,
germline alteration resulting in transgenerational effects and dissemination of new
viruses from gene therapy patients (79). One approach to address safety issues has
been to develop lentivirus vectors incapable of replication in human cells. Gene
transfer into hematopoietic stem cells using lentiviral vector (80) have been developed
that are able to deliver and express genes in nondividing cells 

 

in vitro

 

 and 

 

in vivo.

 

Herpes Simplex Viruses

 

Herpes simplex virus (HSV-1) has a capacity of inserting up to 30 kb of exogenous
DNA, which is a clear advantage over the adenovirus (up to 7.5 kb of exogenous
DNA). High-titer viral stocks can be prepared from HSV-1. HSV-1 also displays a
wide range of host cells and can infect nonreplicating cells such as neuron cells
in which the vectors can be maintained indefinitely in a latent state. However,
infection with HSV-1 is cytotoxic to cells because of residual viral proteins produced
by the virus. Strategies to circumvent this drawback led to the development of viral
vectors with a very large capacity for insertion (almost as large as the size of the
virus), which depend on defective helper virus for replication and packaging into
infectious virions (see below). A mini viral vector can combine the advantage of
cloning the gene in bacterial plasmids, the high efficiency of virus-mediated gene
transfer, and the possibility to transfer large genomic DNA fragments including far
upstream, downstream and intronic regulatory elements.

Two types of viral vectors have been used for gene transfer to cancer cells:
replication-incompetent vectors expressing a gene product that leads to the destruc-
tion of the tumor or replication-competent vectors that are inherently cytotoxic to
the tumor cells. In order to combine the two modes of action Miyatake et al. used
a defective HSV vector that consisted of a defective particle, containing tandem
repeats of the HSV-tk gene, and a replication-competent, non-neurovirulent HSV
mutant as a helper virus. When glioma GL261 cells were infected with the tk-
defective vector/helper virus the HSV-TK activity was significantly higher than that
in helper virus-infected cells which contained a single copy of HSV-tk; subcutaneous
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injection of these cells to C57BL/6 mice inducing gliomas led to a significant
decrease in tumor size after GCV treatment.

Epstein Barr Viruses
Epstein Barr virus (EBV) is an episomaly-replicating virus in synchrony with the
cell cycle. EBV infects human cells causing mononucleosis; the presence of the
unique latent origin of replication (oriP) in EBV allows for episomal replication of
the virus in human cells without entering the lytic cycle. The presence of oriP and
of the replication initiator protein EBNA1 cDNA on a vector allows episomal
replication in human cells; in addition, plasmids containing only oriP can replicate
episomally into cell lines expressing EBNA-1 (82). Infection of tumor-derived fibro-
blast and epithelial cell lines in culture and local injection of human liver tumors in
nude mice was used to demonstrate 95% to 99% efficiency of infection and transfer
of the reporter b-galactosidase gene.

NONVIRAL VECTORS

An alternative to the use of viral vectors for gene delivery is to deliver genetic
material in the form of bacterial plasmid DNA. In the simplest form, naked plasmid
DNA can be injected into skeletal muscle leading to transfection of muscle fibers
close to the site of delivery (83). Though the transfection efficiency by nonviral
vectors is relatively lower than that by viral vectors, synthetic nonviral vectors are
designed to overcome many of the problems associated with viral vectors, such as
risk of generating the infectious form or inducing tumorigenic mutations, risk of
immune reaction, limitation to the size of genes incorporated, and difficulty for the
production to scale up (84, 85). 

The advantages of nonviral carriers over their viral counterparts are: (1) they
are easy to prepare and to scale-up; (2) they are generally safer in vivo; (3) they do
not elicit a specific immune response and can therefore be administered repeatedly;
(4) nonviral vectors allow for the delivery of large DNA fragments and are also
particularly suitable to deliver oligonucleotides to mammalian cells, which is an
excellent feature for the application of antisense strategies to downregulate the
expression of certain genes; and (5) they are better for delivering cytokine genes
because they are less immunogenic than viral vectors (84, 86, 87). 

Nonviral vector systems are usually either composed of a plasmid based expression
cassette alone (“naked” DNA), or are prepared with a synthetic amphipathic DNA-
complexing agent (84, 88). Gene delivery systems based on nonviral vectors mainly
comprise cationic liposomes, DNA-polymer–protein complexes, and mechanic admin-
istration of naked DNA. An idealized/optimized multifunctional nonviral gene delivery
system is depicted in Figure 13.4. 

Several major barriers need to be overcome for the development of nonviral gene
delivery systems into true therapeutic products for use in humans. These barriers fall
into three classes: manufacturing, formulation, and stability (extracellular barriers
and intracellular barriers) (85). Cationic lipids and cationic polymers self-assemble
with DNA to form small particles that are suitable for cellular uptake. At the thera-
peutic doses positively charged particles readily aggregate as their concentration
increases, and are quickly precipitated above their critical flocculation concentration.
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To circumvent this problem, hydrophilic polymers like polyethylene glycol (PEG)
have been used to create PEGylated particles to provide steric stabilization. The
ability to prepare well-defined particles and uniform morphology at high concentra-
tion is essential to the development of a pharmaceutical product. In addition storage
stability is important for all gene delivery systems. Lyophilization is a feasible method
of preparing nonviral gene delivery systems for storage. Lyophilization of lipoplexes
(89) and polyplexes (90, 91) in the presence of lyoprotectants, such as trehalose and
sugars, appears to provide for long-term storage. In addition to formulation and
stability issues, the ability to scale-up of the nonviral vectors needs to be addressed. 

The nonviral gene delivery systems must show low toxicity, escape the immune
system, minimize interactions with plasma proteins, extracellular matrices, and
nontargeted cell surfaces and not aggregate. Efforts to prepare nonviral gene delivery
systems that have ideal characteristics are ongoing. One limitation of nonviral gene
delivery systems is their toxicity. Recent studies are involved in preparing carriers
that have lower toxicity. For example, recent evidence shows that low molecular
weight preparations of polycations such as chitosan (92), polyethyleneimine (PEI)
(93) and β-cyclodextrins-containing polymers (94) are significantly less toxic than
high molecular weight polycation both in cultured cells and in animals. Additionally,
the molecular architecture of the nonviral delivery system can modulate the toxicity,
and these data suggest that the toxicity should be controllable. 

The stabilization of nonviral gene delivery particles is necessary to extended
circulation time that is required to target particular cell. Strong positive charge on
the particles facilitates nonspecific interactions to the extracellular matrix, cell sur-
faces, and plasma proteins (all negatively charged), whereas strong negative charge
can cause scavenging by phagocytosis via the macrophage polyanion receptor. Steric
stabilization can be achieved by using hydrophilic polymer on the surface of

FIGURE 13.4 An optimized/ideal multifunctional nonviral gene delivery system.
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lipoplexes or polyplexes, thereby decreasing interactions. For example, the PEGy-
lation of polyplexes (95), covalent grafting of PEG (96) or HPMA (poly [N-(2-
hydroxy-propyl) methacrylamide]) (97), after particle formation can all increase
stability against aggregation and reduce nonself-interactions. Steric stabilization of
these systems can be accomplished without alteration of polyplex morphology or,
obviously, disruption of the polyplex. For further stabilization, the polymer strands
are crosslinked in preformed polyplexes (95). These crosslinked particles do not
show sufficient gene expression. Stabilization of lipoplexes and polyplexes should
target to specific cell by using surface receptors and ligand-containing nonviral gene
delivery systems. These ligands can be small molecules (e.g., folate, galactose, etc.)
or peptides and proteins (e.g., transferrin and antibodies). Numerous systems have
been investigated. For example, transferrin is a common ligand used to target tumor
cells (96) and galactose-containing ligands have been used to target hepatocytes (95). 

In most cases nonviral vectors enter cells either by charge-mediated interactions
with proteoglycans on cell membranes or by receptor-mediated endocytosis by
ligand–receptor binding interactions. Both methods result in uptake into vesicular
compartments that ultimately deliver their contents to lysosomes and escape from
the lysosomes, trafficking to the nucleus, nuclear entry and vector dissociation that
are required for gene delivery. Dissociation of the lipid or polycation from the DNA
may occur upon vesicle escape or any time thereafter. Currently, the optimal release
rate remains unknown (98). The proposed mechanism for the transfer of
lipoplexes/genosomes to the nucleus is schematically shown in Figure 13.5. Other
methods of assisting plasmid transport to the nucleus include the use of nuclear
localization signal peptides. Nuclear localizing signals (NLS) are present on his-
tones, transcription factors, nuclear enzymes, and a number of other nuclear proteins;
nascent chains of DNA-binding polypeptides could bind to the supercoiled plasmid
in the cytoplasm mediating its translocation to the nucleus. Recent evidence also
suggests that particular targeting ligands (e.g., fibroblast growth factor) (99) can

FIGURE 13.5 Proposed mechanism for transfer of lipoplexes/genosomes to the nucleus.
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influence the trafficking of polyplex-mediated delivery to cell nuclei. Much more
work on intracellular trafficking and nuclear entry need to be done to obtain efficient
nonviral gene delivery in vivo.

Direct Injection of Naked DNA

The simplest nonviral gene transfer system in use for gene therapy is the injection
of naked plasmid DNA (pDNA) into local tissues or the systemic circulation (88,
100). Naked DNA systems are composed of a bacterial plasmid that contains the
cDNA of a reporter or therapeutic gene under the transcriptional control of various
regulatory elements (101, 102). In recent years, work in several laboratories has
shown that naked plasmid DNA (pDNA) can be delivered efficiently to cells in vivo
either via electroporation, or by intravascular delivery, and has great prospects for
basic research and gene therapy (101). Efficient transfection levels have also been
obtained on direct application of naked DNA to the liver (103, 104), solid tumours
(105), the epidermis (106), and hair follicles (106).

One of the obstacles with these systems is, in systemic circulation, that naked
DNA is degraded rapidly by nucleases and cleared by the mononuclear-phagocyte
system. However, naked DNA injection (into mice) can induce efficient gene transfer
in internal organs (101). Since physical pressure (e.g., hydrodynamic or hydrostatic)
is probably the major driving force in delivering DNA into cells, it might be possible
to treat human cancer patients using simple intramuscular injections of naked pDNA
expressing a cytokine gene, delivered on an infrequent basis (107, 108). 

The major problem associated with plasmid based gene delivery to skeletal
muscle is the relatively low efficiency of transfection. Recent developments have
demonstrated improved delivery associated with the application of an electrical field
to the muscle after injection of the plasmid DNA (109). It is clear that the application
of naked DNA close to the site of pathology and away from degradative elements
such as plasma is thus a viable strategy for gene delivery. However, this method is
ineffective if DNA dosing to anatomically inaccessible sites (e.g., solid tumors in
organs) is desired. 

It has been reported that the plasmid vector is unable to translocate to the nucleus
unless complexed in the cytoplasm with nuclear proteins possessing NLS. NLS are
short karyophilic peptides on proteins that bind to specific transporter molecules in
the cytoplasm, mediating their passage through the pore complexes to the nucleus.
Examples of these peptides will be given later in this section. DNA can also be
presented to cells in culture as a complex with polycations such as polylysine, or
basic proteins such as protamine, total histones or specific histone fractions (110),
cationized albumin, and others. These molecules increase the transfection effi-
ciency. In addition histone H1 is identified as transfection-enhancing protein in cell
culture (111).

Thee future prospects for naked DNA gene therapy include clinical trials for
genetic diseases (e.g., Duchenne muscular dystrophy, ischemia, hemophilia), which
would be initiated in the next few years, and tail vein injections in rodents, which
will become a widely used technique for rapidly testing expression vectors/gene
therapy approaches (101).
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Liposomes

Liposomes are well characterized and widely used as gene delivery systems because
of their potential advantages such as the transient expression of delivered genes and
avoidance of chromosomal integration (112–117). Among others, cationic lipids and
liposomes are the most extensively investigated nonviral vectors (118–120). Cationic
liposomes react spontaneously with the negatively charged DNA molecules (self-
assembling system), forming complexes with DNA molecules participating in the
reaction (121). These complexes have become a popular method for delivering
therapeutic genes and are being tested in preclinical and clinical trials. Cationic
lipoplexes are easy to produce, they are made up of nontoxic and nonimmunogenic
precursors, and they have the potential to deliver large polynucleotides into somatic
cells. In addition, these reagents are easily manipulated in the laboratory to incor-
porate novel biological functions, or to produce new formulations that can be
screened for in vivo gene transfer activity (122–126). The cationic lipid component
is amphipathic and can vary in its chemical structure. An example of cationic lipids
are dioctadecylamidoglicylspermin (DOGS or “transfectam”) (127) or “lipofectin”
(128, 129). One of the first cationic lipids used, dioleoxypropyl trimethylammonium
chloride (DOTMA) (129) whose polar head group has the quaternary amine moiety.
Thus, vesicles formed by DOTMA carry a positive charge on their surface. Each
cationic lipid can have single or multiple cationic charges and the overall positive
charge must be preserved. In other words cationic lipids may have monocationic
head groups, such as DOTMA, dimyristooxypropyl dimethyl hydroxyethyl ammo-
nium bromide (DMRI) (130), dioleoyloxy-3-(trimethylammonio)propane (DOTAP)
(130, 131), DC-Chol or polycationic head groups (DOSPA and DOGS) (130, 131).
It is shown that two processes are involved in the complex formation. A fast exo-
thermic process is attributed to the electrostatic binding of DNA to the liposome
surface (132). A subsequent slower endothermic reaction is likely to be caused by
the fusion of the two components and their rearrangement into a new structure.
During this process, the homogenous and physically stable suspensions are often
formed (133). 

Successful gene delivery by use of cationic liposomes requires the following
conditions (134): (1) condensation of DNA into the complex and its protection from
degradation by intracellular nucleases; (2) adhesion of DNA–lipid complex onto
the cellular surface; (3) complex internalization; (4) fusion of an internalized DNA–
cationic liposome complex with the endosome membrane; (5) escape of DNA from
the endosome; (6) entry of DNA into the nucleus followed by gene expression. 

Entry of the DNA liposomes into the cell may occur by endocytosis with subse-
quent destruction of an endosome within the cell (135, 136) and direct fusion with
cellular membrane (129). It was shown (137) that the major parts of the complexes
are internalized by endocytosis and only 2% of cells are transfected through direct
complex-membrane fusion. The positive charge on the particle surface ensures their
binding to the negatively charged cellular membranes. Adhesion of the complex,
containing the positively charged cationic liposomes onto the negatively charged outer
membrane of the cell occurs through electrostatic interactions. Removal of the neg-
atively charged glycoprotein from the cellular membrane diminishes the transfection
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efficiency, whereas the treatment of cells with poly-L-lysine (PLL) prior to transfec-
tion enhances it. PLL probably helps the formation of a protective layer, consisting
of positively charged polypeptide residues on the negatively charged cellular surface,
or to the enhanced adhesion of the complex (136). To facilitate endocytosis, the
incorporation of proteins such as anti–MNS-antibodies, transferrin and Senday virus
into liposomes may be accomplished, which will allow for plasmid DNA penetration
from the endosome into the cytoplasm, thereby avoiding degradation. In addition,
incorporation of only small amounts of anionic lipid into liposomes leads to DNA
association with the inner surface of the liposomal membrane, which protects DNA
from enzymatic degradation (135, 136). 

It was believed that the main factors affecting transfection efficiency were the
structure of the cationic lipid, the type of helper lipid used and their susceptibility
to disruption by serum proteins. For gene transfer in vivo, apart from DOTMA-based
liposomes, other complexes (in equimolar ratios) are also used––such as dioctade-
cylamidoglicylspermidin (DLS)/DOPE (137), DOPE/DOTMA (1:1), DOPE/DOTAP
(1:1) (138, 139), dimethyloctadecylammonium bromide (DDAB), and DOTAP with
cholesterol (1:1) (mol/mol) (139).

Cationic liposomes are usually formed from a variety of cationic lipids that are
incorporated with a neutral lipid such as DOPE (dioleoylphosphatidyl-ethanolamine)
(excluding DOGS-based liposomes which cannot be used this way) to facilitate
membrane fusion. In many cases, the equimolar mixture of a cationic lipid and
DOPE ensures the optimally efficient transfection (130). However, it has been shown
in some studies that inclusion of DOPE into the complex essentially lowers the
transfection efficiency (131–139). The commercially available liposomes such as
Lipofectamine™ and Lipofectin® (Invitrogen Corporation, Carlsbad, CA) have been
developed as DNA delivery vehicles using DOTAP (N-1(-(2,3-dioleoyloxy)propyl)-
N,N,N-trimethylammoniumethyl sulphate) with DOPE, and DOTAP with DOTMA
(N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethylammonium chloride), respectively
(140–142). Usage of neutral lipids such as cholesterol and its derivatives allows one
to attain higher transfection levels in vivo (131, 133, 143). Reliably higher expression
in many organs was observed upon application of cholesterol-containing liposomes
(143) as compared to other liposomes. DOPE-containing liposomes, as well as
various galactosylated cholesterol derivatives, exhibit low toxicity and high trans-
fection efficiency in human hepatoma cells, Hep G2. The efficiency enhancement
is caused apparently by affinity to the asyaloglycoprotein receptor, specific for
parenchymal liver cells (144). Taking into account an important role of cholesterol
in efficient gene transfer, a series of oligocations containing one, two, or three
cholesteryl moieties (143), provide a possibility to vary hydrophobicity/hydrophi-
licity ratio inside the same group of transfection agents, which could be important
to provide targeted delivery of therapeutic genes. They represent a new group of
transfection mediators with high transfection efficiency (145). In a recent study
liposomes formed by O,O-ditetradecanoyl-N-(-trimethylammonioacetyl) diethano-
lamine chloride (DC-6-14) and DOPE or cholesterol as helper lipid, exhibit high
transfection efficiency with regard to disseminated peritoneal tumour cells. They are
more efficient than commercial cationic liposomes such as “lipofectin,” “lipofectACE,”
and “lipofectamine” (146).
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The major disadvantage of cationic liposomes as a gene delivery system is their
much lower transfection efficiency compared to viral vector systems. The limitations
of cationic liposome usage for transfection purposes (as a gene therapy tool) are
closely connected to a short lifetime of the complexes, as well as to their inactivation
by serum proteins and toxicity of cationic lipids in high concentrations. Another
drawback of cationic lipid-mediated gene transfer is the lipoplexes colloidal insta-
bility, which leads to the formation of large aggregates. This creates difficulties for
in vivo studies and clinical trials, which require homogenous lipoplexes with size
compatible with in vivo delivery. It has been found that addition of high sucrose and
trehalose concentrations in freeze dried products of DOTAP/DNA lipoplex-enhanced
transfection efficiency and physical characteristics of the complex. Although many
cell culture studies have been documented, systemic delivery of genes with cationic
lipids in vivo has been very limited (135–140). After systemic application, lipoplexes
were rapidly cleared from the bloodstream due to aggregation of the complexes and
the highest expression levels are observed in first-pass organs, particularly the lungs.
Therefore, all clinical protocols use subcutaneous, intradermal, intratumoral and
intracranial injection as well as intranasal, intrapleural, or aerosol administration but
not IV delivery because of the toxicity of the cationic lipids and DOPE (147).
Liposomes formulated from DOPE and cationic lipids based on diacyltrimethylam-
monium propane (dioleoyl-, dimyristoyl-, dipalmitoyl-, disteroyl-trimethylammo-
nium propane or DOTAP, DMTAP, DPTAP, DSTAP, respectively) or DDAB were
highly toxic when incubated in vitro with phagocytic cells (macrophages and U937
cells), but not toward nonphagocytic T lymphocytes; the rank order of toxicity was
DOPE/DDAB > DOPE/DOTAP > DOPE/DMTAP > DOPE/DPTAP >
DOPE/DSTAP (145–148).

Another factor to be considered before IV injections are undertaken is that nega-
tively charged serum proteins can interact and cause inactivation of cationic liposomes.
Condensing agents used for plasmid delivery including polylysine, transferrin-polyl-
ysine, a fifth-generation poly(amidoamine) (PAMAM) dendrimer, poly(ethylene-
imine), and several cationic lipids (DOTAP, DC-Chol/DOPE, DOGS/DOPE, and
DOTMA/DOPE) were found to activate the complement system to varying extents.
Strong complement activation was seen with long-chain polylysines, the dendrimer,
poly(ethyleneimine), and DOGS; complement activation was considerably reduced by
modifying the surface of preformed DNA complexes with polyethyleneglycol (148). 

The interaction of plasmid DNA with protamine sulfate followed by the addition
of DOTAP cationic liposomes offered a better protection of plasmid DNA against
enzymatic digestion and gave consistently higher gene expression in mice via tail
vein injection compared with DOTAP/DNA complexes, gene expression was
detected in the lung as early as 1 hour after injection, peaked at 6 hour and declined
thereafter. Intraportal injection of protamine/DOTAP/DNA led to about a 100-fold
decrease in gene expression in the lung as compared with IV injection; endothelial
cells were the primary locus of lacZ transgene expression (147). Protamine sulfate
enhanced plasmid delivery into several different types of cells in vitro using the
monovalent cationic liposomal formulations (DC-Chol and lipofectin); this effect
was less pronounced with the multivalent cationic liposome formulation, lipo-
fectamine (149).
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Spermine has been found to enhance the transfection efficiency of DNA-cationic
liposome complexes in cell culture and in animal studies; this biogenic polyamine
at high concentrations caused liposome fusion most likely promoted by the simul-
taneous interaction of one molecule of spermine (four positively charged amino
groups) with the polar head groups of two or more molecules of lipids. At low
concentrations (0.03–0.1 mM) it promoted anchorage of the liposome–DNA com-
plex to the surface of cells and enhanced significantly transfection efficiency.

A number of factors for DOTAP-cholesterol/DNA complex preparation includ-
ing the DNA/liposome ratio, mild sonication, heating, and extrusion were found to
be crucial for improved systemic delivery; maximal gene expression was obtained
when a homogeneous population of DNA/liposome complexes (200–450 nm) was
used. Cryoelectron microscopy showed that the DNA was condensed on the interior
of liposomes between two lipid bilayers in these formulations, a factor that was
thought to be responsible for the high transfection efficiency in vivo and for the
broad tissue distribution (150).

Steric stabilization of liposomes generally increases biocompatibility, reduces
immune response, increases in vivo stability and delays clearance by the retic-
ulo–endothelial system. However, toxicity remains a major barrier to the use of
cationic lipids in clinical trials (135). Cationic lipids increase the transfection effi-
ciency by destabilizing the biological membranes including plasma, endosomal, and
lysosomal membranes; indeed, incubation of isolated lysosomes with low concen-
trations of DOTAP caused a striking increase in free activity of b-galactosidase, and
even a release of the enzyme into the medium demonstrating that lysosomal mem-
brane is deeply destabilized by the lipid. The mechanism of destabilization was
thought to involve an interaction between cationic liposomes and anionic lipids of
the lysosomal membrane, allowing a fusion between the lipid bilayers; the process
was less pronounced at pH 5.0 than at pH 7.4 and anionic amphipathic lipids were
able to prevent partially this membrane destabilization (151). In contrast to DOTAP
and DMRIE (100% charged at pH 7.4), DC-Chol was only about 50% charged as
monitored by a pH-sensitive fluorophore; this difference decreases the charge on the
external surfaces of the liposomes and promotes dissociation of DC-Chol from the
plasmid DNA and an increase in release of the DNA-lipid complex into the cytosol
from the endosomes (152). Encapsulation of oligonucleotides into liposomes
increased their therapeutic index, avoided degradation in human serum and reduced
toxicity to cells (153–155). In addition, conjugation to a fusogenic peptide enhanced
the biological activity of antisense oligonucleotides (156). It has been found that
complexes of oligonucleotides with DOTAP liposomes entered the cell using an
endocytic pathway, oligonucleotides redistributed from cytoplasmic regions into the
nucleus and the process was independent of acidification of the endosomal vesicles.
The nuclear uptake of oligonucleotides depended on charge of the particle, and
negative charges on the cell membrane are required for efficient fusion with cationic
liposome-oligonucleotide complexes to promote entry to the cell (157). Transfection
by the use of anionic or neutral liposomes is not very efficient. Anionic and neutral
liposmes are transfection efficient when applied in vitro and much less efficient in
vivo. In recent studies, transfection was conducted based on the use of amphiphilic
phospholipid vesicles in the presence of high concentration of bivalent metal ions
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(Ca, Mg) (158). Phosphate groups of DNA within the neutral liposome are bridged
with phosphoryl groups of phospholipids by divalent metal ions. Such complexes
form a network consisting of nucleic acid and liposomes, bridged by metal (II) ions.
The structure of the complexes was investigated by electron microscopic and the
results showed that DNA is enwrapped into cylindrical phospholipid bilayers (159–
160), allowing it to retain stability in transfection conditions in vivo. Neutral phos-
pholipids are not subject to the major drawback of cationic liposomes which form
complex with the DNA too tightly and prevent DNA release and its nuclear uptake.
The addition of anionic liposomes to the DNA–lipid complex is known to lead to
the rapid destabilization of a membrane and to DNA release (160). 

Polymers

Polymer-based systems (e.g., lactic or glycolic acid, polyanhydride or polyethylene
vinyl coacetate and collagen) provide several potential advantages for the therapeutic
delivery of DNA including: (a) DNA can be delivered to target tissues in sustained,
controlled, predictable manner; (b) DNA is effectively protected before being
released; (c) site-specific delivery is possible with simple implantation or direct
injection; and (d) repeated injection is not necessary. For polymer-based gene deliv-
ery system, three different mechanisms are reported: (1) cationic polymers execute
their effect by both condensing large genes into smaller structures as well as masking
the negative DNA charges to necessitate transfecting to most types of cells; (2)
neutrally-charged polymers such as PVA (polyvinyl alcohol), which cannot condense
DNA, are considered to protect DNA from extracellular nuclease degradation there-
fore to retain their integrity and biological function at the site of action; (3) polymeric
nanoparticles or microparticles based on PLGA (polylactic-coglycolic acid), gelatin,
alginate, chitosan, etc., which absorb or encapsulate genes, are regarded as important
matrices for sustained release of gene materials.

Cationic Polymer-Based Gene Delivery Systems
Under a variety of conditions, plasmid DNA undergoes a dramatic compaction in
the presence of condensing agents such as multivalent cations and cationic polymers.
Naked DNA coils, typically with a hydrodynamic size of hundreds of nanometers,
after condensation it may become only tens of nanometer in size. Contrary to proteins
which show a unique tertiary structure, DNA coils do not condense into unique
compact structure. Cationic polymers execute their gene carrier function by their
condensation effect on gene materials and, furthermore, their protection effect on
DNA from nuclease digestion. Currently, the most widely used cationic polymers
in research include linear or branched PEI (poly (ethyleneimine) (161–165), poly-
peptides such as PLL (poly-L-lysine) (166–169), PLA (poly-L-arginine) (170). 

Poly (ethylenimine) (PEI) has been demonstrated as an efficient gene delivery
vehicle both in vitro and in vivo (161–163). Linear (22 kDa) and branched PEI
formulations of varying molecular weights (0.6–800 kDa) have been reported. While
polyplexes from higher molecular weight branched PEIs (70–800 kDa) were found
to be more efficient in vitro but on intravenous administration the smaller and linear
PEIs seem in general to be more efficient (171). However, questions as to the
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mechanism of PEI-mediated transfection remain largely unanswered. Recently, it
was discovered that PEI–DNA complexes enter cell nuclei intact during the trans-
fection process. This finding brings to light the question of what effect the polyca-
tionic polymer has on cells after nuclear entry. Polycations (such as PEI) act to
spontaneously bind with and condense plasmid DNA in the test tube, so it is not
unwarranted to predict that PEI in cell nuclei might also interact with host DNA
(161–163). Such an alteration of the nuclear environment has the potential to alter
host transcriptional processes and thereby affect the well-being of the cell (or
organism) as a whole. The charge ratio is usually defined as the molar ratio of
positive charges on the polymers to the negative charge of the DNA phosphate group,
for PEI (where protonated amine groups depend on pH) the charge ratio could be
defined as the molar N/P ratio of PEI nitrogen to DNA phosphates (172). Poly-
(ethylenimine) (PEI) is a highly branched cationic polymer with a ratio of 1:2:1 of
primary:secondary:tertiary amines. The high-density amine groups give PEI several
advantages over other cationic carriers, such as to help the formation of tighter and
smaller complexes with negative DNA through charge interactions to act as proton
sponge to facilitate the release of DNA from the endosomes and to aid the delivered
plasmid to enter the nucleus (173). The polycation has terminal amines that are
ionizable at pH 6.9 and internal amines that are ionizable at pH 3.9 and because of
this organization can generate a change in vesicle pH which leads to vesicle swelling
and, eventually, release from endosome entrapment. PEI polyplexes have been used
to achieve gene expression in experimental animals by direct application to various
anatomical sites such as rat kidneys by intrarterial injection (174), mouse brains
(175,176) and mouse tumors (177, 178) by direct injection and rabbit lungs by
intratracheal administration (179, 180). Overall the gene expression seen with linear
PEI is superior to that seen with cationic liposomes both on intravenous (181) and
intratracheal administration. 

PEI with molecular weight 25kDa has been successfully shown to mediate
intracellular DNA delivery and transgene expression in terminally differentiated
neurons, when transgene expression was investigated in rat spinal cord through
repeated intrathecal administration of plasmid DNA complexed with 25 kDa PEI
into the lumbar subarachnoid space, with a single injection, DNA/PEI complexes
could provide transgene expression in the spinal cord 40-fold higher than naked
plasmid DNA (182). It has been shown that linear 22 kDa PEI gives better lung
delivery than branched 25 kDa PEI or liposomes but gene expression is mainly
restricted to alveolar cells, such as pneumocytes (183). 

Poly-L-Iysine (PLL) and poly-L-arginine (PLA) are synthetic poly-cations that
consist of repeating lysine and arginine residues, respectively, thus possess a biode-
gradable nature (166–169). The biodegradable nature is an important factor for in
vivo use. PLL has been extensively studied for gene and oligonucleotide delivery
due to several advantages: (a) easily available and cost effective; (b) presence of
side substituents for the ligand or drug incorporation. Encapsulation of DNA–PLL
complex in controlled release drug delivery devices such as PLGA microspheres,
nanoparticles have been reported earlier as an alternative for improving gene delivery.
But due to drawbacks such as low plasmid DNA incorporation and formation of
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acidic byproducts during the polymer degradation and release of DNA have ham-
pered the development of these encouraging strategies (184). PLL or PLA can be
synthesized in various sizes ranging from 15 to over 1000 residues in length. The
binding of the DNA to PLL or PLA occurs between the positive charge of the amino
groups and the negative charge of the phosphate groups on the DNA. This contributes
to complete charge neutralization on the DNA molecule. Although poly-L-lysine
polyplexes prevent the degradation of DNA by serum nucleases (185) in a similar
manner to liposomes (186, 187); on intravenous injection, these polyplexes, are
bound by plasma proteins and rapidly cleared from the plasma (188), again like
cationic liposomes (189). Polyplex opsonization by plasma proteins may be sup-
pressed by coating the polyplexes with a hydrophilic polymer such as hydroxypropyl
methacrylic acid, and the cellular uptake of the polyplexes may once again be
promoted by the conjugation of targeting ligands such as transferrin (190) or fibro-
blast growth factor (191) to the surface of the coated polyplexes. In fact PLL has
very low transfection ability when applied alone without any modification, one of
the most common modification is coating with PEG which not only increases the
half-life of these vectors but also the transfection efficiency. 

In addition the efficiency of synthetic vectors like PLL can be improved using
artificial nucleic-acid carriers incorporating functional elements that mimic viruses.
For example, the adenovirus hexon protein enhances the nuclear delivery and increases
the transgene expression of polyethyleneimine–pDNA vectors (192). Furthermore,
artificial viral envelopes that mimic the lipid composition of retroviruses can be used
to encapsulate condensed pDNA. Nonviral vectors have also been designed to mimic
the receptor-mediated cell entry of adenoviruses; early attempts to deliver genes by
nonviral receptor-mediated endocytosis had failed to mediate gene transfer effec-
tively, mainly owing to a lack of cellular endosome escape. The inclusion of viral
fusogenic peptides or endosomolytic agents in nonviral vectors has enhanced the
gene delivery capacity of these systems. The adenovirus penton protein has also
been used in this way in vitro. In addition, formulations that combine the merits of
viral and nonviral systems have been developed, such as a virus–cationic-lipo-
some–DNA complex (193), “haemagglutinating virus of Japan” liposomes (194),
and cationic-lipid–DNA mixed with the G glycoprotein from the “vesicular stoma-
titis virus” envelope (195). 

It has been shown that poly-(2-(dimethylamino) ethyl methacrylate)
(pDMAEMA) as well as other copolymers are able to introduce DNA into cells
(196). Freeze drying was shown to be an excellent method to preserve the size and
transfection potential of pDMAEMA/plasmid complexes (polyplexes), even after
aging at 40˚C (197). In another study, it was demonstrated that the DNA topology
affected pDMAEMA-mediated transfection: the circular forms of DNA (supercoiled
and open circular) had a higher transfection activity than the linear forms (198).
Dextran, a branched polymer consisting of repeating units of glucose, is a commonly
used biopolymer in drug delivery systems to enhance the circulation time of drug.
Its branched structure might not only provide better shielding effect than those linear
polymers, such as PEG, to minimize the charge interactions with serum proteins but
also allow the conjugation of multiple ligands on each dextran molecule to increase
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the valance of the modified vector. The conjugation of dextran onto PEI has been
shown to improve the stability of the DNA–polymer complex in the presence of
serum (199). Nevertheless it is unclear how dextran molecular weight and the degree
of dextran grafting affect the stability of DNA–polymer complexes. 

Poly-(3-hydroxybutanoic acid) (PHB), belongs to the large family of poly-
(hydroxyalkanoates) (PHAs), high molecular weight natural polymers produced by
various microorganisms and stored in cell cytoplasm (200). Low molecular weight
PHB, also present in bacteria and are primarily involved in transport of ions and
DNA across inner bacterial membrane (201). PHB could be developed as a valuable
biocompatible material with possible applications in gene delivery after cytotoxic,
safety, and efficacy evaluations. 

Another cationic polymer, poly-{-(4-aminobutyl)-L-glycolic) acid} (PLAGA)
has been shown to condense DNA efficiently and also to be less cytotoxic than PLL.
PLAGA is biodegradable, not toxic to the cells, and enhances transfection in cultured
cells (202). 

Neutrally Charged Polymer-Based Gene Delivery System
Intrinsic drawbacks with cationic carriers, such as solubility, cytotoxicity, and low
transfection efficiency, have limited their use in vivo. These vectors sometimes attract
serum proteins and blood cells when entering the circulation, resulting in dynamic
changes in their physicochemical properties. Therefore recent studies have focused
on the development of neutrally charged gene delivery systems. In this category,
PVP (polyvinylpyrolidone) and PVA (polyvinyl alcohol) are the representative
reagents. When used for gene delivery, their basic function is considered to be a
protective effect for the DNA from degradation by nuclease. Because of their neu-
trally charged structure, the transfection efficiency of this group of polymers is
always relatively low. But they could be very useful and an important composition
for gene delivery when combined with other cationic polymers.

These stabilizers are added to the formulation in order to stabilize the emulsion
formed during particle preparation. These stabilizers, however, can also influence
the properties of the particles formed. The type and concentration of the stabilizer
selected may affect the particle size. Being present at the boundary layer between
the water phase and the organic phase during particle formation, the stabilizer can
also be incorporated on the particle surface, modifying particle properties such as
particle zeta potential and mucoadhesion (203). Other polymers have also been
evaluated as stabilizers in earlier studies such as cellulosic derivatives methylcellu-
lose (MC), hydroxyethylcellulose (HEC), hydroxypropylcellulose (HPC), and
hydroxypropylmethylcellulose (HPMC), as well as gelatin type A and B, carbomer
and poloxamer (203). 

Polymeric Nanoparticles or Microparticles-Based
Gene Delivery System
Particulate systems (e.g., collagen, lactic or glycolic acids, polyanhydride or poly-
ethylene vinyl coacetate) have several potential advantages for the therapeutic deliv-
ery of DNA (or of drugs), such as DNA encapsulation within the polymer can protect
DNA degradation until release; injection or implantation of the polymer into the
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body can be used to target a particular cell type or organ; drug release from the
polymer and into the tissue can be designed to occur rapidly (a bolus delivery) or
over an extended period of time, thus, the delivery system can be tailored to a
particular application. The choice of polymer and its physical form determine the
DNA release characteristics.

Control over DNA delivery can be achieved by the formation of both synthetic
and natural polymers in a variety of dosage forms such as matrix, reservoir,
nano/microparticles.

Nanoparticles based on their size can be endocytosed by the cells, which would
effectively increase the cellular uptake of the entrapped DNA. The DNA entrapped
in the nanoparticles would be released slowly with the hydrolysis of the polymer
matrix; thus achieving a sustained gene expression in the target tissue. PLGA (D,L-
lactide co-glycolide) is a biocompatible and biodegradable polymer frequently
employed to formulate nanoparticles/microspheres for gene therapy systems,
although other polymers such as chitosan, gelatin and other biodegradable polymers
have also been investigated for nonviral gene therapy. Chitosan is a biodegradable
polysaccharide, which has an established toxicity profile. Due to its good biocom-
patibility and toxicity profile, it has been widely used in pharmaceutical research
and in industry as a carrier for drug delivery and as biomedical material for artificial
skin and wound healing bandage applications (204). Chitosan has also been shown
to effectively bind DNA in saline and acetic acid solution and partially protect it
from nuclease degradation (205). 

Nanoparticles (NPs) formulated from the biodegradable PLGA is able to cross
the endosomal barrier and deliver the encapsulated therapeutic agents into the cyto-
plasm. NPs are colloidal systems that typically range in diameter from 10 to 1000
nm, with the therapeutic agent either entrapped into or adsorbed or chemically
coupled onto the polymer matrix (206). The PLGA NP formulation with a therapeutic
agent entrapped into the polymer matrix provides sustained drug release. The deg-
radation products of PLGA are lactic and glycolic acids that are formed at a very
slow rate and are easily metabolized in the body via the Krebs cycle and are
eliminated. 

Nanoparticles formulated with PLGA have been shown to be rapidly uptaken
by the endothelial cells, the uptake was shown to depend on the nanoparticle con-
centration and the particles where mainly shown to localize in the cytoplasm (207).
These nanoparticles were also shown to be biocompatible with the cells with no
effect on cell viability (207). This is important due to the fact that endothelium is
an important target for gene therapy in a number of disorders including angiogenesis,
atherosclerosis, tumor growth, myocardial infarction, limb and cardiac ischemia,
restenosis (207). 

Polymers like polyalkylcyanoacrylate (PACA), polybutylcyanoacrylate (PBCA),
polyisohexylcyanoacrylate (PIHCA), and polyhexylcyanoacrylate (PHCA) have also
been used in nanoparticle formulations. Because of the negative surface potential
on the particles, a cationic polymer or cationic detergent was generally combined
with the polymers to facilitate the binding of the DNA (208). Diethylaminoethyl
(DEAE)-dextran is a polycationic derivative of dextran containing diethyl amino
groups coupled with glucose residues with ether linkage has also been used in
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conjunction with PHCA and other polymers in the formulation of positively charged
nanoparticles (209). 

Microspheres can deliver DNA in two ways: DNA can be physically entrapped
in the microspheres, or DNA can be bound through electrostatic interaction with the
positive charged surface of the particles. Microparticles in particular have a number
of advantages over other delivery forms for gene delivery including, depending on
their composition they can be delivered through different ways (oral, subcutaneous,
intramuscular), they are suitable for scale up to industrial size production. Micro-
spheres can be delivered in a minimally invasive manner (e.g., by direct injection
or by oral delivery), and matrices can be implanted at the appropriate site, for
example, for applications in tissue repair and wound healing. Targeting of gene
transfer has also been achieved by modification of gene carriers using cell targeting
ligands, such as asialoglycoproteins for hepatocytes, transferrin for some cancer
cells, insulin, or galactose. In addition, a targeted folate-expressing, cationic-lipo-
some–based transfection complex has been shown to specifically transfect folate-
receptor–expressing cells and tumors, suggesting that this is a potential therapy for
intraperitoneal cancers (210). 

Dendrimers are synthetic hyperbranched polymers which are highly soluble in
water. Although they are less efficient than the viral vectors they can be used in gene
therapy based on their safety and the lack of immunogenicity (211). The branched
structure terminating in charged groups, results in the binding of DNA. Dendrimers
with positively charged terminal groups can bind DNA forming complexes called
as dendriplexes (211). The overall positive charge on the dendriplexes is thought to
affect its interaction with the cell surface, thus these groups can be modified to
incorporate molecules for targeting (211). 

Receptor-Mediated Gene Delivery

As an extension of lipofection or polyfection, targeting ligands have been incorpo-
rated into DNA complexes to serve both aims of (a) targeting specific cell types and
(b) enhancing intracellular delivery. The receptor-mediated gene delivery provides
an opportunity to achieve cell specific delivery of DNA complexes. The struc-
ture–function relationships for many receptor ligands are known, so it is possible to
obtain receptor ligands with high binding affinities (1–10 nM). Most of the receptor
ligands are proteins and in general the receptor binding ligand domain of the protein
has been identified by site specific mutagenesis. The mechanisms and routes of
internalization of several receptor–ligand complexes in vivo have been partially
characterized, therefore, the biodistribution of the DNA complex can be predicted. 

The asialoglycoprotein receptor has been widely used because it is a part of the
surveillance system in the circulation and it removes proteins as they age by the
spontaneous loss of sialic acid (212, 213). This hepatic receptor has been widely used
(214) to deliver reporter genes to the rat liver in vivo. In a study, a ligand for the
asialoglycoprotein receptor (ASOR) was covalently linked to poly(L-lysine). After
hepatic uptake of the complex of DNA and the ASOR–poly (L-lysine) conjugate, the
reporter gene product is found in the liver (214). Other examples of receptor-mediated
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gene delivery include the transferrin receptor (215), epidermal growth factor EGF
receptor (216), polymeric immunoglobulin receptor (217), CD3-T cell receptor
(218), lectins (219, 220), folate receptor (221), malarial circumsporozoite protein
receptor (222), integrins (223), the insulin receptor (224), and the thrombomodulin
receptor (225). 

Use of fusogenic peptides from influenza virus hemagglutinin HA-2 enhanced
greatly the efficiency of transferrin-polylysine–DNA complex uptake by cells; in
this case the peptide was linked to polylysine and the complex was delivered by the
transferrin receptor-mediated endocytosis. Curiel (226) used the transferrin receptor
on the surface of mammalian cells to deliver plasmid-polylysine-transferrin com-
plexes to cells. These complexes are taken up by endosomes following receptor
binding, a method that suffers in that the endocytosed DNA is trapped in the
intracellular vesicle and is later largely destroyed by lysosomes; use of the capacity
of the adenoviruses to disrupt endosomes as part of their entry mechanism to the
cells have augmented over 1000-fold the efficiency of gene transfer. 

The obstacles of receptor-mediated gene delivery are the naturally occurring
receptor ligands (either proteins or complex carbohydrates), which are extremely
difficult to obtain in high purity and in sufficient quantity. These receptor ligands
are usually covalently crosslinked to poly-(L-lysine), thereby creating novel anti-
genic epitopes (227). Because the conformation of the binding surface is formed
by chance, binding of DNA to the conjugates is variable. The differences in poly-
dispersity of the commercially available poly-(L-lysine) is one of the major causes
of variability in the formulation of reproducible, stable formulations. The polydis-
persity of commercial poly-(L-lysine) means that the individual molecular species
of the polycation interact with DNA with individually distinct kinetics, for both
the electrostatic and the hydrophobic interactions. The extreme heterogeneity
greatly complicates both the kinetics of DNA–poly-(L-lysine) interaction and the
thermodynamic stability of the final DNA complexes. Further, poly-(L-lysine) exists
as a random coil at neutral pH, an -helix at alkaline pH and a mixture of confor-
mations at pH 7.4 (228). In addition to the molecular heterogeneity of poly (L-lysines),
they are toxic to living cells in nM concentrations, which limits their general
applicability.

Hybrid Vectors (Viral and Nonviral Components) 

As shown in Figure 13.6. hybrid vectors incorporate viral components in cationic-
amphiphile based vectors. The efficiency of synthetic vectors can be improved using
artificial nucleic-acid carriers incorporating functional elements that mimic viruses.
For example, the adenovirus hexon protein enhances the nuclear delivery and
increases the transgene expression of polyethyleneimine–pDNA complex (229).
Nonviral vectors have also been designed to mimic the cell entry of adenoviruses;
early attempts had failed to mediate gene transfer effectively, mainly owing to a lack
of cellular endosome escape. The inclusion of viral fusogenic peptides or endoso-
molytic agents in nonviral vectors has enhanced the gene delivery capacity of these
systems. The adenovirus penton protein has also been used in this way in vitro. 
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Nuclear Localization Signal Peptides
and Membrane-Modifying Agents

NLS Peptides
Translocation of exogenous DNA through the nuclear membrane is a major concern
of gene delivery technologies. Translocation of macromolecules across the nuclear
membrane is via pores that serve as size-exclusion barriers, with small molecules
entering the nucleus by passive diffusion while larger macromolecules only enter
via highly regulated active processes. Selective nuclear import of macromolecules
larger than 40 kDa is mediated by nuclear localizing signals (NLS). The NLS is
recognized by a heterodimeric protein complex of importin-α (also known as karyo-
pherins-α, Kap-α) and importin-β (Kap-β). Importin-α then interacts directly with
the cargo NLS, whereas importin-β docks the complex to the nuclear pore complex
(NPC) by specifically binding to a subset of hydrophobic phenylalanine–glycine-
rich repeats (FG repeats, standard IUPAC single-letter amino acid code), repeat
containing NPC proteins (nucleoporins, or nups) (230–231).

The ability of NLS–peptides to mediate delivery of biologically active pDNA
has been tested indirectly by monitoring the reporter gene activity following direct
introduction into the cell via microinjection and/or transfection of the DNA–NLS
conjugate into the cells. Ludtke et al. (1999) showed that microinjection of a con-
struct consisting of a biotinylated 900-bp green fluorescent protein (GFP) expression
vector with streptavidin conjugated to a 39 amino acid peptide (H-CKKKSSSD-
DEATADSQHSTPPKKKRKVEDPKDFPSELLS) containing a functional SV40
large T antigen NLS resulted in a fourfold increase in GFP expression compared to

FIGURE 13.6 Viral–nonviral hybrid vectors. DNA is bound to a poly-L-lysine (PLL)–trans-
ferrin conjugate (A) to form a PLL–transferrin–DNA complex (B). Transferrin binds to
specific receptors on the surface of some cancer cells, thereby targeting gene delivery to these
cells (C).

(a) DNA

Transferrin-PLL

(b)

(c)
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that seen with constructs coupled to mutant NLS (232). In another study (233) NLS
peptide (PKKKRKVEDPYC) was conjugated to closed linear plasmid DNA. This
DNA fragment contained the minimal immuno genetically defined gene expression
(MIDGE) vector for hepatitis B surface antigen (HbsAg) required to stimulate an
antibody response to HbsAg after gene gun immunization of BALB/c mice. Com-
pared to the identical expression vector not conjugated to the NLS peptide, the
HbsAg plasmid–NLS conjugate enhanced by 15-fold, both the priming of antibody
responses to HbsAg after intramuscular injection and transfection efficiency in vitro.
The enhanced immune response observed following treatment with import-compe-
tent NLS conjugated plasmid was not, however, compared to a control import-
deficient conjugated plasmid. There are a number of potential drawbacks in the use of
NLS peptides to enhance DNA nuclear import. Firstly, the approach involves the use
of chemically synthesized proteinaceous material which triggers the host immune sur-
veillance. Even humanized NLS peptides might not be able to escape this fate as most
common conjugation chemistries necessitate the addition of non-native cysteine resi-
dues. Secondly, and even though some recent evidence has demonstrated the sequence-
specific interaction of the “classic” SV40 TAg NLS with DNA/DNA complexes, much
still remains to be learned. 

Membrane-Modifying Agents

Gene transfer was found to be also strongly enhanced by the endosome-destabilizing
activity of replication-defective adenovirus particles or rhinovirus particles which
were either added to the transfection medium (234) or directly linked to the DNA
complex (235, 236). A variety of membrane-modifying agents including pH-specific
fusogenic or lytic peptides, bacterial proteins, lipids, glycerol, or inactivated virus
particles have been evaluated for the enhancement of DNA–polycation complex-
based gene transfer. The enhancement depends on the characteristics of both the
cationic carrier for DNA and the membrane-modifying agent. Peptides derived from
viral sequences have been used, such as the N-terminus of influenza virus hemag-
glutinin HA-2, the N-terminus of rhinovirus HRV2 VP-1 protein, and other synthetic
or natural sequences such as the amphipathic peptides GALA, KALA, EGLA, JTS1,
or gramicidin S.

Investigations with influenza HA2-derived sequences showed that the transfec-
tion levels largely correlate with the capacity of peptides to disrupt liposomes of
natural lipid composition or erythrocytes in a pH-specific manner (237). Few changes
in the influenza peptide sequence (introduction of acidic residues; effect of residues
tryptophane-14 and -21 and length of amphipathic sequence; effect of the conserved
stretch of glycines) have a strong effect on membrane-disruption and polylysine-
mediated gene transfer. The following observations further confirm the hypothesis
that the peptides enhance transfection activity by endosomal release: the block of
endosomal protonation by the specific inhibitor bafilomycin reduces gene transfer
activity; influenza peptides can trigger the pH-specific endosomal release of fluo-
rescent molecules into the cytoplasm of cultured cells. 
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ELECTROPORATION

In recent years, the physical techniques of gene transfer have gained increasing
importance in gene therapy. As shown in Figure 13.7 electroporation designates the
use of short high-voltage pulses to overcome the barrier of the cell membrane (238).
Compared with other methods, electroporation has numerous advantages. It is sim-
ple, rapid, and relatively nontoxic to target cells (239). In general, electroporation
can deliver any charged molecule such as chemical compounds, peptides, or even
large proteins. Moreover, instruments for electroporation operation are commercially
available and are easy to operate. Other advantages include the minimal need for
manipulation of the transgene; the ability to transfect nondividing cells and the
nonlimitation of transgene size (240). Despite these favorable features, limitations
of electroporation include low transfection efficiency compared to virus-mediated
gene transfer and the possibility of integration of the transgene. Over the past
decades, the electroporation technology has been progressing in regards to equip-
ments and sophistication of electroporation protocols.

 Application of strong electric field pulses to cells and tissue is known to cause
some type of structural rearrangement of the cell membrane. These rearrangements
consist of temporary aqueous pathways with the electric field playing the dual role
of causing pore formation and providing a local driving force for ionic and molecular
transport through the pores.

 Electroporation is a universal bilayer membrane phenomenon (241,242). Short
(µs to ms) electric field pulses cause electroporation. For isolated cells, the necessary
single electric field pulse amplitude is the range of 103–104 V/cm, with the value
depending on cell size (243). A very general consideration is that the smaller the
cell radius, the larger the electric field needed to achieve permeabilization. The extent
of permeabilization can be controlled by pulse amplitude. For instance, the higher
the pulse amplitude, the greater the area through which diffusion can take place
(244). The degree of permeabilization can be controlled by the pulse duration, the

FIGURE 13.7 Electroporation occurs when an applied external field exceeds the capacity of
the cell membrane.
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longer the pulse the greater the perturbation of the membrane in a given area (245).
Reversible electrical breakdown (REB) then occurs and is accompanied by greatly
enhanced transport of molecules across the membrane. 

Because of the nature of electroporation, virtually any molecule can be intro-
duced into cells. For transfer of DNA, the electroporation forces are important. An
electrophoretic effect of the field causes the polyanion DNA to travel toward the
positive electrode. Fluorescence studies have shown that DNA enters the cell through
the pole facing the negative electrode, where the membrane is more destabilized and
where the field will drive the DNA towards the center of the cell (245). Membrane
resealing occurs after pore formation. Whereas pore formation happens in the micro-
second time frame, membrane resealing happens over a range of minutes with
variations depending on electrical parameters and temperature (246). 

Commercial instruments for electro cell manipulation (ECM) have been avail-
able for more than 20 years. For in vitro application as shown in Figure 13.8, ECM
systems consist of a generator providing the electric signals and a chamber in which
the cells are subject to the electric fields created by the voltage pulse from the
generator. A third optional component is a monitoring system, which measures the
electrical parameters as the pulse passes through the system. The instruments for in
vivo electroporation include a voltage generator, applicators that transform the volt-
age into an efficacious electric field and electrodes. The generator provides a voltage
output to the electrodes. This voltage between electrodes results in the generation
of an electric field in the volume between the electrodes. The voltage needs to be
selected so that in the volume between the electrodes the efficacious field strength
is achieved. New ECM systems are under development. For example, a square wave
electroporation system is designed for all mammalian in vitro and in vivo electropo-
ration applications. The generator uses the new power platform technology and an
all-new digital user interface. It has wide applications such as mammalian cell
transfections/gene therapy, mammalian cell protein/drug electroincorporation, in
vivo applications, nuclear transfer, plant bacterial and yeast applications, and bac-
terial and yeast electroporation.

FIGURE 13.8 An electrical circuit diagram for a simple electroporation device.
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 Electroporation had its inception in the 1960s with investigations into electri-
cally induced breakdown of cell membranes (247). In 1980s electroporation was
demonstrated to transfect intact cultured eukaryotic cells (248). Since then, in vitro
transfection of animal and plant cells has become a principal application of elec-
troporation. The success of in vitro transfection has led to the development of in
vivo applications. Given the advantages of electroporation, it is a potential and
promising method in the clinic setting, e.g., production of missing proteins in various
deficiency syndromes, production of cytokines in the treatment of malignant cancers,
or production of antigens such as vaccines to enhance an antitumoral host immune
response. 

 Skeletal muscle is the most widely targeted tissue for in vivo electroporation
gene delivery because it is easily accessible and able to produce secreted proteins.
Muscle fibers have a long lifespan, which allows a long-term transgene expression.
Thus, it is a good candidate as an endocrine tissue for expression of cytokines,
growth factors or coagulation factors. An example is transfecting the tibial cranial
muscle in mice with the gene encoding secreted alkaline phosphatase (SEAP).
Electroporation boosted expression levels from 10- to 100-fold higher than naked
DNA injection and produced long-term expression (249). 

 In vivo electroporation in tumor tissues is an exciting area of cancer gene
therapy. Therapeutic genes including suicide genes, immune system stimulating
cytokines, antiangiogenesis, and tumor suppressors can be used. For example, suicide
gene therapy using HSVtk/ganciclovir technology suppressed the growth and
metastasis of subcutaneously grafted mammary tumors in mice (250). Electropora-
tion of DNA encoding cytokines such as IFN-, IL-12, and IL-18 is widely used.
They have shown to reduce tumor growth and increase survival times in different
tumor models.

Pretreatment of the muscle with enzymes such as hyaluronidase enhances the
electroporation effect thus allowing a reduction in the field strength and consequently
reducing the myofiber damage associated with electroporation (251). This raises the
efficiency to the equivalent of the best that can be achieved with local delivery using
the best viral vector.

Skin electroporation for increasing transdermal drug delivery have been explored.
Drug delivery across skin offers advantages over conventional modes of administra-
tion. It avoids gastrointestinal degradation and the hepatic first-pass effect and has
potential for controlled and sustained delivery. Using electroporation, transdermal
delivery might be applicable to a broad range of drugs. Flurbiprofen, a potent non-
steroid anti-inflammatory drug, has been delivered transdermally by electroporation.
Compared with iontophoresis of same amount of transported charges, flurbiprofen
transport across skin by electroporation was much greater and more rapid (252).

Gene knockout is a commonly used method to study molecular functions of
genes. Electroporation could be a powerful alternative for gene knockout. Recently,
morpholino oligo, an efficient antisense DNA to inhibit the function of a correspond-
ing gene, has been electroporated into developing tissues and check its effects on
pattern formation (253). Electroporation is also increasingly being used for RNA
transfer. mRNA has already been shown to be delivered by elecroporation (254).
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In general, electroporation is a very promising technique both in gene therapy
and functional genomics research as a laboratory tool. The successful use of elec-
troporation is rapidly becoming clinically feasible for a wide range of gene correc-
tion, gene therapy and DNA vaccine applications. It may also useful for functional
gennomics study via direct somatic tissue transfection.
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