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Introduction
Gene therapy has become an important potential treatment modality for a variety of
disorders and has shown great promise for treating genetic deficiencies and mutations, as
well as for providing secreted therapeutic proteins and immune modulators. Gene therapy
has also become important in preventing disease by use of DNA vaccines. Furthermore, in
production animals, gene therapy has been used to enhance reproductive efficiency and
production gains.

A variety of means for introducing genes into mammalian cells have been used that can be
broadly categorized as viral, chemical, and physical methods. There is a general consensus
that viral vectors are the most efficient means of gene transfection, but significant safety
concerns, such as the potential to illicit an immune response and/or cause cellular
transformation limit virus use in a variety of settings. Chemical methods can be effective in
vitro, but their use in vivo needs further improvement because their transfection efficiency is
generally lower than for viral and physical methods in most of cases. Physical transfection
avoids many of the undesirable effects of chemical and viral methods, can be used
repetitively, is relatively simple and cost-effective, and has essential no limitation on the
coding length of the gene to be introduced. Of the physical methods of gene transfection,
electroporation (EP) is the most commonly used method in a variety of animal and human
trials.

Historically, gene therapy in large animals (defined as species of animals other than rats,
mice, and small rodents) has been pursued using viral and non-viral vectors carrying genes
to be transfected into host cells. Since in vivo EP has emerged as one of the few powerful
non-viral vector delivery methods for efficiently and effectively delivering plasmid DNA
and nucleic acids in vivo, this review will be limited to EP-based gene therapy. For the
purpose of this review, in vivo EP refers to reversible EP for the purpose of gene delivery,
not irreversible EP where the therapeutic intent is ablation of cells using EP technique alone.
Several recent reviews examining the use of irreversible (1-7) and reversible (8-11) EP are
published elsewhere. The focuses of this review are novel aspects of EP as applied to large
animals, improvement of EP delivery technique, and development of EP-based vaccines.
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The mechanism for EP-mediated DNA entry into cells is incompletely
understood

During EP, a series of square-wave electric pulses are used to drive naked DNA into cells. A
stable, non-dividing population of muscle cells is transfected when long-term expression of
a gene is desired, for example in supplementing clotting factors to treat hemophilia (though
immunogenicity often neutralizes the circulated clotting factor).(12,13) Alternatively, a
tumor’s population of neoplastic cells, stromal cells, and attending inflammatory cells are
transfected in tumor gene therapy, for example introducing interleukin 12 to trigger anti-
tumor immunity.(14) Regardless of the target cells transfected, EP exposes tissue to a brief
electric field which induces temporary and reversible breakdown of cell membranes and
formation of pores. The electric field also takes advantage of the tendency of negatively-
charged nucleic acid to migrate toward the positive pole in an electric field (an
electrophoretic effect).

Within the cell membrane, pores form within 10 ns (15) and initially are less than 10 nm in
diameter. (16,17) While the duration of pore formation may be short, reconstitution of the
cell membrane may be prolonged by decreasing temperature. However with longer duration
electric field application, pore number increases and pores begin to coalesce. When large
enough pores form, the damage becomes irreversible and cells die (irreversible EP).
Fortunately, the size of pores normally is not a limiting factor, both small oligonucleotides
and nucleotides larger than 150 kb, which is larger than the pores, have been shown to
readily enter the cell during EP. This fact suggests that the mechanism of gene transfer into
cells may simply be based on diffusion;(18) or, as other researchers have suggested, that
electric-pulse-induced membrane instability causes membrane bound vesicles containing
DNA to form which are carried into the cell by endocytosis.(19) Despite numerous theories,
the mechanism of nucleic acid entry into cells remains open to conjecture.(20) All models
explaining nucleotide migration through the cell membrane must be based on several
physical postulates including: the existence of long-lived electropores,(21-23) a preliminary
binding step at the cell surface due to membrane plasmid DNA interaction and then DNA
diffusion through electropores,(22) electrophoretic forces generated by the external field
which push the plasmid DNA through the membrane,(24,25) and adsorption by sphingosine/
DNA interactions with insertion and passage of DNA through a hydrophilic percolated
porous zone.(26) [Scott: this sentence is more or less repeat of ref 24 and 25 but it may not
fit to the continuous process that you intend to develop. Please either remove the highlighted
portion and merge the ref into the place of ref 22 or rewrite it] Interactions have been
observed between DNA and model lipid bilayers which suggest that other mechanisms,
including endocytosis, may also play a role membrane-DNA interaction. In fact, DNA-
induced endocytosis has been observed in a number of studies, in the absence of any electric
field.(27,28)

It is generally accepted that when the cell membrane is not permeabilized, electric field lines
or vectors follow the outer profile of the cell, and DNA flows in the direction of the field
around the cell to the anode. When the membrane is permeabilized, electric field lines enter
the cell membrane and DNA is trapped in the region of the cell membrane opposite the
cathode where it is effectively pushed up against the membrane by electrophoretic force.(20)
Interaction with the permeabilized membrane prevents DNA from flowing around the cell.
Thus, Favard, et al., conclude that electrotransfection is a multistep process where
negatively charged DNA migrates by electrophoresis towards the cell plasma membrane on
the cathode side where it accumulates.(20) When electric fields exceed a certain threshold,
the plasma membrane is permeabilized allowing accumulated plasmid DNA to enter. This
translocation of plasmid DNA from the plasma membrane to the cytosol and subsequent
passage to the nuclear envelope takes minutes to hours. Intracellular movement also occurs
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by an as yet undetermined mechanism which may involve simple diffusion, endocytosis, or
electrophoretic movement. Upon entering the nucleus, gene transcription from plasmid
DNA can take place.(20)

Progress in achieving high-level and long-term gene expression
In most cases, the DNA that enters the nucleus is transiently transcribed and rarely
integrated into the host cell genome. Although this means that the frequency of genome
disruption is lower than techniques involving integration of the gene in the host genome,(29)
the optimal conditions for long-term levels of transgene expression without adverse side
effects, remains a primary objective for researchers.(30) Despite the fact that transient
expression of the transgene remains one of the major shortcomings of nonviral DNA
delivery, this shortcoming can partially be alleviated by using post-mitotic, stable cells, such
as myocytes. EP-mediated gene therapy in continually dividing cells often yields declining
transgene expression, probably due to degradation, since extrachromosomal DNA is known
to persist in post-mitotic tissues. Several recent studies, however, have shown that the
integrase from bacteriophage ϕC31 confers genomic integration of plasmid DNA and long-
term expression in mammalian cells in a variety of contexts. Used together, EP-mediated
transfection and ϕC31 integrase could be a powerful combination for long-term, nonviral
gene therapy.(31,32)

Electron Avalanche Transfection and Electrosonoporation
Improvements in EP methods, equipment, and protocols are inevitable and there have been
numerous alterations in EP technique and attempts to understand the mechanisms underlying
EP in recent years. An interesting recent example of a technique based on EP that has been
used for gene therapy in rabbit eyes, is electron avalanche transfection (EAT). In EAT, an
electric field with high voltage amplitude is produced from microelectrodes adjacent to
plasma bubbles or blebs (between the retina and choroid in this study). This forms a
transient vapor cavity in the plasma space which is ionized, allowing conductance from the
electrode through the vapor cavity to the tissue. At the same time, the cavitation bubble
generates a propagating acoustic wave that exposes the tissue to mechanical stress
synchronized with an electric field. In initial studies on chorioallantoic membrane, electron
avalanche transfection was >10,000-fold more efficient and produced less tissue damage
than conventional EP. Efficient plasmid DNA transfer to the rabbit retina after subretinal
DNA injection and trans-scleral EAT was also demonstrated in this study.
Electroretinograms and histology showed no evidence of damage from the procedure.(33)

EAT differs from conventional EP by using microelectrodes instead of large electrodes; by
relying on ionization of the vapor cavity to deliver the electric field and mechanical stress;
and by using short, biphasic electric pulses. Since arc production is considered detrimental
in conventional EP, EAT delivers the electrical charge via an ionized vapor cavity which
prevents arc generation, allowing use of much higher electric fields. Furthermore, short,
biphasic pulses cause little or no muscle movement which is desirable for precision and
patient comfort. Increased EP efficiency under the tensile stress created during EAT may
occur because of increased lipid bilayer instability and resulting increased susceptibility to
permeabilization.(33)

Another modification of EP, electrosonoporation (ES) is similar to EAT in that EP is
combined with a physical method of inducing pore formation through interaction with
cavitation bubbles. Sonoporation (SP) uses ultrasound to temporarily permeabilize cell
membranes allowing uptake of compounds from the extracellular environment; since
membrane alteration is transient, the compound is left trapped inside the cell after ultrasound
exposure. Ultrasound produces microscopic cavitation bubbles within the extracellular
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milieu; the cavitation bubbles implode producing a shockwave while on or near the surface
of a cell membrane; and the tiny shockwave produces pores in the cell membrane allowing
compounds to diffuse into the cell.(34) Steps in ES include preparation of a DNA-
microbubble preparation, injection, and tissue ultrasound exposure.(34)

Ultrasound offers good penetration through soft tissue, minimal damage to cells/tissues, and
does not damage DNA; however, it is limited by breakdown of cell cytoskeleton which
among other perturbations, alters DNA trafficking within cells.(35)

Combining EP with SP has been used in multiple studies for gene transfer and has been
found to be effective.(36,37) When used to transfect the luciferase reporter gene into
muscle, ES was found to be twofold more effective than EP alone.(37)

Regardless of how EP is performed, a persistent, high-level of gene expression is unlikely.
This is particularly true for secreted proteins because of their immunogenicity. Our results
suggest that the secreted alkaline phosphatase (SEAP) reporter gene maintains long-term
expression at a level of 5 ng/mL in blood, but expression is shut down rapidly after
exceeding this level following intramuscular delivery of SEAP gene via EP (Figure 1).
[Scott: please look at the legend]. This observation is most likely due to development of an
immune response, since a titer of anti-SEAP antibody was detected in the animals
expressing a high level of SEAP. Other mechanisms such as death of the cells with high
reporter gene expression may also contribute.

EP formulations and novel concepts in setting EP parameters
Although EP is the determining factor that dictates gene transduction in vivo, the carrier
solution in which genes are delivered by EP can affect the efficacy and damaging effects of
EP. Physiologic saline is most commonly used, and when combined with EP, expression of
luciferase is enhanced by 10,000 fold over direct injection in muscle.(38) In tumors,
expression after EP of luciferase gene in saline was increased 1200 fold.(39) Alternatively,
concentrated DNA formulation in phosphate-buffered saline (10 mg plasmid DNA per mL)
yielded high levels of expression in skeletal muscle.(40) Salt concentrations influence
transfection efficiency by altering the ionic atmosphere, ionic strength, and conductivity of
the DNA formulation. Lee, et al., demonstrated a general trend toward increasing efficiency
of luciferase reporter gene expression with decreasing vehicle cationic strength. However,
overall transfection efficiency was diminished by tissue damage because of hypo-osmotic
stress and electrical injury induced by low conductivity. Ultimately these authors found that
the optimal saline concentration was 71 mM for EP in skeletal muscle.(41)

Ionic strength is not the only consideration when formulating a medium for EP of nucleic
acids; a variety of polymers and adjuvants (in the case of vaccines) have also been added to
EP formulations. Addition of a variety of polymers to DNA formulations have been shown
to increase efficacy and decrease toxicity of EP. Poly-L-glutamate, polyacrylic acid, poly-L-
aspartate, dextran sulfate, pectin, poloxamer 188, polyvinylpyrrolidone, and cationic
liposomal formulations have been examined and found effective.(13,42-49) Addition of
15-50 kDa poly-L-glutamate is one example of the increased efficacy, without toxic effect,
that may be provided by adding polymers to the DNA formulation; 6 mg/ml of ploy-L-
glutamate has consistently improved EP efficiency by 4-12 fold.(42,46) In the case of poly-
L-glutamate, these effects are thought to be a result of its ability to decrease DNA clearance
and increase DNA stability in muscle.(42,46) Poloxamer 188 provides an example of a
polymer which has been added to decrease EP damage.(47) Perhaps most promising, are the
cationic liposomal formulations that have been shown to increase transfection in a variety of
mouse tumor systems.(49) Addition of adjuvants to the formulation can increase vaccine
efficacy and will be discussed in the vaccine application section of this review.
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The actual EP parameters and conditions are as important as or more important than the
nucleic acid formulation for effective electrotransfection. Aside from the desirability of
having adaptive constant-current EP discussed previously,(50) longer duration electric
pulses with lower voltage have been shown to give the same EP effect as high voltage
shorter duration pulses. Specifically, a pulse of 100 V/cm lasting 100 ms yields expression
equivalent to 25 V/cm for 160 ms.(51) Thus, to minimize tissue injury, lower voltages can
be used to decrease heat build-up and resultant necrosis. In other studies, Satukauskas, et al.,
have shown that a train of long identical pulses, or combinations of pore-creating high-
voltage, short-duration electric pulses and electrophoretic low-voltage, long-duration electric
pulses are necessary for efficient gene transfection.(52,53) More recently, Andre’, et al.,
demonstrated high level gene expression in muscle by delivering a single 800 V/cm, 100
microsecond pulse, followed by four 80 V/cm, 100 millisecond pulses.(54,55) Furthermore,
when these investigators examined the effect of fast versus slow injection of transfection
medium, they demonstrated that very fast injection of transfection medium into tissue (20 ul/
2 sec) increases gene expression by 500-fold compared to the classic slow injection (20 ul/
25 sec) technique.(56)

Application of EP in large animals, including humans
Until now, in vivo EP has been primarily conducted in murine models, but attempts and
applications to large animals have gained momentum in recent years. Most applications in
large animals use muscle as the target tissue. As alluded to previously, skeletal muscle is an
ideal tissue for EP-mediated gene transfer. Muscle fibers are long-lived post-mitotic cells,
and muscle is well vascularized, allowing efficient transport of gene products into the
systemic circulation. Access to numerous muscle groups is also relatively easy in most
species. Furthermore, gene expression in muscle after EP-mediated gene transfer has been
reported to be as long as 9-19 months.(39,57,58) Thus, skeletal muscle-targeted EP has been
used for introduction of numerous genes to supplement production of critical secretory
molecules in deficient hosts or augment levels of gene product already present.

Perhaps the largest amount of work using EP-mediated gene therapy in large animals has
been conducted optimizing EP parameters in pigs. Bureau, et al. demonstrated efficient EP-
mediated transduction of growth hormone releasing hormone (GHRH) gene using electric
pulses of low field intensity. They also found that internal needle electrodes give a 25-fold
increase in expression levels compared with caliper electrodes in skeletal muscle in swine,
and demonstrated that by optimizing the EP method, favorable physiological changes, such
as enhanced weight gain and improved body composition, could be obtained at extremely
low plasmid doses in a large mammal. Furthermore, they found that the degree of
permeabilization of the muscle cells is dependent on the electric field intensity, length of
pulses, shape and type of electrodes.(59) Somiari, et al. found that cell size was also an
important parameter in determining degree of permeabilization.(60) Use of needle electrodes
in large mammals, such as pigs or humans, is necessary because of the increased resistance
of the skin, the thickness of the subcutaneous fat tissue, and the concern for tissue damage if
the intensity of the electric field were to be proportionally increased using caliper or plate-
type external electrodes.(40) Brown, et al. further optimized muscle EP-mediated gene
transfer by determining that using constant current pulses, between 0.4 and 0.6 A applied 80
seconds after injection of 0.5 mg plasmid DNA expressing secreted embryonic alkaline
phosphatase reporter gene in a total volume of 2 mL produced the highest level of
expression in semimembranosis muscle in pigs. Increased injection volumes and increasing
lag time between injection and EP did not improve transfection efficiency.(61)

Numerous other studies have applied EP-mediated gene transfer in pigs with excellent
results. The bulk of applications thus far have been directed at regulating fat and muscle
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mass. Draghia-Akli, et al. note that EP-mediated gene transfer is particularly appropriate for
modulating the intrinsic properties and mass of muscle and fat. Treatment conditions such as
cachexia associated with chronic diseases, autoimmune diseases (e.g., myasthenia gravis),
stimulation or suppression of appetite, and in vivo manipulation of glucose metabolism and
fat deposition in patients with diabetes are some of the applications of EP-mediated gene
therapy in muscle. Basic studies of muscle-specific transcription factors and their impact on
development, also benefit from use of EP-mediated gene therapy. Additionally, it has
recently been suggested that administration of the gene for leptin, a hormone predominantly
produced by adipocytes and, functionally, a key regulator of body weight, may ameliorate
obesity from a variety of causes.(62)

Young pigs that underwent muscle EP with GHRH plasmid had significantly greater weight
gain, significantly increased lean body mass, and decreased fat mass when compared with
controls. Additionally, pigs undergoing EP with GHRH plasmid were leaner at end of study
than controls, and had a proportional increase in all internal organs and higher bone density.
(40) Similarly, pregnant sows treated with GHRH gene intramuscular EP had offspring with
optimal health and growth characteristics and significantly reduced morbidity and mortality.
Treated pigs also expressed GHRH for at least one year, and beneficial effects on offspring
occurred for three consecutive pregnancies.(63)

A study of GHRH gene intramuscular EP in thirty-two Holstein heifers yielded cows with
improved immune function, health status, significantly increased body weights at 100 days
of milk production, and improved body condition scores.(64)

Myogenic plasmid containing GHRH has also been delivered by muscle EP in severely
debilitated dogs with naturally occurring tumors, and yielded significantly increased
concentrations of IGF-1 and increased muscle mass.(65) Similar to the previously
mentioned work by Andre’, et al., work in dogs demonstrated that a combination of 1 high
voltage pulse (600 V/cm, 100 μs), followed by 4 low voltage pulses (80 V/cm, 100 ms, 1
Hz) yielded the same transfection efficiency as the standard trains of low voltage pulses, and
was able to yield detectable systemic expression of human interleukin-12. Only mild and
transitory local side effects, without clinically detectable systemic side effects, were seen,
indicating that electrotransfection is a feasible, effective, and safe method for muscle
targeted gene therapy in dogs, which could have potential for clinical applications in small
animal veterinary practice.(66)

In other applications of muscle EP in dogs, Fewell et al. were able to produce measurable
levels of factor IX in treatment of hemophilia B and described a method for producing high
transfection efficiency with high levels of systemic factor IX following a single
administration;(12,13) Draghia-Akli, et al. were able to demonstrate effects of GHRH in
young, healthy Beagles;(67) and Tone, et al. were able to demonstrate long-term gene
expression in muscle EP in dogs.(58)

Electrotransfer of plasmid DNA into skeletal muscle has been successfully achieved in
many different experimental animals including mice, rats and rabbits,(38,68) cattle,(64,69)
goats,(69) sheep,(70) pigs,(71,72) dogs,(13,65) and monkeys.(73) As in the dog studies
previously mentioned, it has been shown that a better transfection efficiency can be achieved
using combination of one high voltage electric pulse followed by different numbers of low
voltage electric pulses.(53) It has been hypothesized that the high voltage pulse first causes
permeabilization of cell membrane, followed by electrophoresis of DNA across destabilized
cell membrane during the low voltage pulses.(53,59,74) Large animal models and
production use of EP-mediated gene therapy is therefore growing significantly; EP-mediated
gene therapy in humans is not far behind.
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Hellor’s group is now on the cusp of exciting developments in human gene therapy heralded
by the completion of the first clinical phase 1 trial of EP-mediated gene therapy.(14) Daud,
et al., reported safe and effective EP-mediated transfection of human melanoma patients
with the gene for interleukin-12. Patients had regression of melanoma skin lesions and
distant metastases, and the authors stated that, when compared to other forms of gene
delivery, EP produced a greater magnitude of clinical benefit in metastatic melanoma.(14)
Additionally, a phase 1 clinical trial using the gene for interleukin-2 for the treatment of
melanoma is also underway with promising preliminary results.(75)

Application of EP for DNA vaccines
Vaccines (biological agents capable of triggering specific immunity against infectious
diseases or cancer) can be delivered in a variety of ways, including EP. They can be
categorized as inactivated/killed, attenuated/live, toxoid, component, and gene-based (DNA,
RNA, oligonucleotides) vaccines that can be administered for a variety of purposes. These
purposes were historically limited to infectious disease prevention, but now include tumor
vaccine development and use in a variety of immune-mediated degenerative diseases. Of the
different types of vaccine and their different targets, perhaps use of genetic vaccines as
applied to both tumor vaccines and vaccination for infectious diseases shows the most
promise when combined with EP.

Gene vaccines evolved from revolutions in molecular engineering and gene delivery, and
their usage has become commonplace over the last few years. Gene vaccines use DNA to
express immunogen and induce an immune response. Various gene delivery approaches are
available to administer gene vaccines which, similar to other gene therapies, can be
categorized as viral and non-viral. As stated previously, the use of viral vectors can be very
effective in transfecting cells and inducing an immune response, but is limited by safety
issues. Injection of naked DNA vaccine is safe, and in muscle yields long-term gene
expression, but very little antigen response is produced.(76) DNA injection followed by EP
is much more effective, and induces a similar level of immune response as protein
immunization. (77) Despite some early experimental successes, developing safe and
effective DNA vaccines requires optimization of several variables before widespread EP-
mediated gene vaccine administration becomes commonplace. Ultimately, the simplicity and
effectiveness of genetic vaccination using EP may allow widespread use of gene vaccination
in large animals and humans in the near future.

Optimization of gene construction can markedly enhance transfection efficiency and the
resulting immune response. To be an effective vector, plasmid DNA should contain a strong
viral promoter and a strong polyadenylation transcription termination signal. Additionally,
most vaccination vectors also contain an intron to increase expression. When the whole
antigen is toxic or immunosuppressive, epitopes from the antigen may be utilized and can be
expressed as mini-genes, which are inserted into unrelated but highly immunogenic
sequences that successfully induce both cellular and humoral responses.

Optimization of EP parameters can also improve the outcome of genetic vaccine. As noted
previously, to select optimal parameters for EP-mediated DNA delivery in vivo, specific
needs for different tissues, vaccine formulations, and DNA dosages must be considered
simultaneously. Also noted previously, muscle is the most commonly targeted tissue for EP-
mediated gene delivery because of, among other reasons, the large quantity of tissue and its
rich blood supply which allows systemic circulation of secreted proteins. For vaccination,
EP-induced muscle cell damage may be beneficial because of the release of a variety of
cytokines which may help initiate immune response by attracting antigen presenting cells
(APCs) to the injection site.(70) Muscle selection is also important; aside from accessibility,
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muscle should be chosen based on EP efficiency difference in different muscles. For
example, in mice the anterior tibialis muscle has been demonstrated to have the highest
expression of muscles tested for secreted alkaline phosphatase.(50) Unfortunately, even
when all the aforementioned factors are optimized, intramuscular administration of gene
vaccine may produce a less than optimal immune response in some circumstances.(50)

Skin is a more traditional target tissue for vaccination because it is readily accessible and has
a large population of unique antigen presenting cells. Keratinocytes are primarily
responsible for transgene expression after intradermal (ID) administration.(78) Expression
of immunogen by keratinocytes can induce an immune response through interaction with
bone marrow-derived dermal Langerhan’s cells and dermal dendritic cells.(79) Similar to
the findings of enhanced intramuscular expression of genes when delivered by EP in muscle,
100 to 1000-fold higher gene expression was induced after ID delivery of plasmid DNA
when introduced by EP. Specifically, higher levels of prostate-specific antigen (PSA)-
stimulated CD8+ T cells were induced after intradermal EP delivery of low-dose PSA DNA
vaccine in a mouse model.(80) Thus, skin continues to be a common target of EP-mediated
vaccine use now and in the future.

Conversely, there is some evidence that in certain settings, IM EP does produce better
immunization than ID EP of gene vaccines.(68) The low levels of EP-mediated, gene
vaccine-induced immunity in muscle alluded to before, may be a result of the lack of
cytokines released by professional APCs. When expressed immunogen is secreted and taken
up by large numbers of professional APCs, the APCs present antigen and cross-prime large
numbers of cells.(81) In contrast, ID administration exposes a much smaller number of
APCs to transfected cells and development of immunity.

As is the case for traditional vaccines, addition of adjuvant can significantly increase the
magnitude and duration of vaccine-induced immune response in gene vaccines.
Lipopolysaccharide (LPS), a component of gram negative bacterial cell walls and potent
endotoxin, has been used to augment immune responses through toll-like receptor 4 (TLR4).
(82) Because granulocyte macrophage-colony stimulating factor (GM-CSF) has a potent
effect on DC differentiation and maturation, and also on expression of MHC and co-
stimulatory molecules, it has been utilized as immune adjuvant for vaccine against numerous
infectious diseases and cancer.(83-87) Oligonucleotides are also being investigated as
adjuvant with promising initial results.(88-92) Incorporating adjuvant into the gene construct
has been demonstrated in an elegant example of enhanced anti-tumor vaccine efficacy using
dendritic cells electrotransfected with mRNA containing the gene for tumor associated
antigens (TAA) linked to mRNA encoding ubiquitin. The resulting ubiquitinated TAA
product was effectively targeted to the proteasome, enhancing degradation of TAA which
resulted in more efficient priming of TAA-specific CD8+ T-cells.(86,93)

EP has also been used in the development of “cell vaccines”. For example, dendritic cells
have been EP transfected with the gene for tumor-associated antigens ex vivo and
reintroduced to patients to enhance their anti-tumor immune response. EP transfection of
DCs with mRNA results in higher protein expression in DCs than DNA, and carries no risk
of integration into host genome. RNA instability can be minimized by modifying the mRNA
with a 3’-poly(A) tail and a 5’ 7-methylguanosine cap. A number of studies have been
reported using this approach to various antigens such as melanoma, carcinoembryonic
antigen,(84) human telomerase reverse transcriptase, and HER-2/neu antigen.(94,95) Using
this approach for infectious disease vaccines has been much less common; nevertheless one
recent publication reported improvement in hepatitis C prevention using mRNA-transfected
DC-mediated vaccine.(96)
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Although active research using EP-mediated gene vaccines has grown exponentially over
the past few years, most of the research to date has been in small animals. In general, studies
in large animals have demonstrated less efficacy than in small animals, but the number of
studies using large animals pales in comparison to those in mice. Effective EP-mediated
gene vaccination in primates has been demonstrated however; Zhao and Xu looked at
numerous combinations of EP parameters for vaccination against hepatitis B virus (HBV)
and found a great variation in efficiency depending on the EP parameters selected.(97)
These authors also provided another example of using immune-modulating fusion genes
(interleukin-2 and gamma interferon) as an adjuvant enhancing immune responses in EP-
mediated gene vaccination.(97) Thus EP-mediated gene vaccination shows great promise for
achieving high gene expression, efficient humoral and cellular responses, and specific
protection against antigens, including in more clinically relevant species such as the Rhesus
macaques used in this study. Furthermore, EP-mediated gene vaccination has proven safe,
stable, easy to manipulate, and relatively inexpensive.

Innovative applications of EP gene therapy
Investigations into treatment of type I diabetes mellitus (T1D) have also used muscle-
targeted gene via EP delivery. T1D is due to a loss of immune tolerance to islet antigen and
thus, there is intense interest in developing therapies that can re-establish tolerance.
Tolerance is maintained by complex mechanisms that include inhibitory molecules and
several types of regulatory T cells (Treg). A major historical question is whether gene
therapy can be employed to generate Treg cells. Recent studies indicate that gene transfer of
immunoregulatory molecules can prevent T1D and other autoimmune diseases. In studies by
Prud’homme, et al., in vivo EP-mediated gene transfer was thought to have the potential to
be used to perform DNA vaccination against islet cell antigens. When combined with
appropriate immune ligands, this would result in the generation of Treg cells and protection
against T1D. In vivo, EP can also be applied for non-immune therapy of diabetes. It can be
used to deliver protein drugs such as glucagon-like peptide 1 (GLP-1), leptin, or
transforming growth factor beta (TGF-beta). These act in T1D or type II diabetes (T2D) by
restoring glucose homeostasis, promoting islet cell survival and growth or improving wound
healing and other complications of T1D.(98)

Bone marrow cells, splenocyte and T cells generally are difficult to achieve a high level of
gene delivery in regardless of gene delivery methods employed. Studies by Tervo, et al.
found that both EP and nucleofection resulted in high-level transgene expression (up to 60%
transgene-positive T cells) from both small and large green fluorescent protein reporter
constructs in activated rabbit T cells with moderate cytotoxicity. Both non-viral gene
delivery methods were vastly superior to retroviral, lentiviral, or adenoviral transduction
approaches. These studies also established conventional EP as an efficient and inexpensive
procedure to render primary rabbit T cells accessible to rapid functional ex vivo analyses.
Furthermore, the viability of electroporated rabbit T cells was remarkably high (47±7%);
compared to analogous studies conducted in primary T cells from rats and mice.(99)

In an interesting study combining in vitro EP and surgically transplanted transfection
product, hepatocytes were isolated from a surgically resected liver wedge, electroporated
with an insulin expression plasmid ex vivo and reimplanted intraparenchymally under
ultrasonic guidance into the liver in each of 10 streptozotocin-induced diabetic Yorkshire
pigs. Based on positive results, authors concluded that autologous hepatocytes could be
efficiently, simply and safely modified by EP of a plasmid DNA to express, process and
secrete insulin. This strategy achieved significant and sustained therapeutic efficacy, and
may have broader future applications for the treatment of other acquired and inherited
diseases for which systemic reconstitution of a specific protein deficiency is desirable.
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Combining autologous hepatocytes with ex vivo gene transfer has several advantages. Using
this technique, hepatocytes are likely to be of higher quality and can be used fresh (instead
of preserved). This also allows use of high voltage EP for transfecting primary somatic cells
which otherwise might cause tissue necrosis in vivo. Using autologous cells also overcome
the problem of donor scarcity and avoid the need for chronic immunosuppressive therapy.
(100)

Another ex vivo example of physical gene transfer has been described by Nakamura, et al.,
who vaccinated liver allografts with DNA before transplantation to provide protective
immunity against infection and malignancy.(101) Although they used a gene gun, EP would
have been another viable option for vaccination.

Small double strand RNAs, involved in gene silencing or RNA interference, or closely
related micro RNAs derived from endogenous hairpin precursors can bind to RNA-induced
silencing complexes and either degrade messenger RNA, block translation, or otherwise
suppress gene expression. EP may help overcome the fact that routine therapy or studies
with siRNAs is complicated by the fact that these highly charged molecules do not easily
enter cells.(102)

In nonhuman primates, gene targeting can produce animal models for translational studies of
human diseases. Gene targeting in fibroblasts followed by somatic cell nuclear transfer
(SCNT) has been successful in numerous large animal species, including primates. In rhesus
macaques gene targeting in a primary culture of adult rhesus macaque fibroblasts was
accomplished by culture of adult male fibroblasts transfected by EP of S-phase synchronized
cells with a construct containing a SV40 enhancer with human telomerase reverse
transcriptase to overcome senescence and allow long term in vitro manipulations.(103) It is
thought that these cell lines can be used for the production of null mutant rhesus macaque
models of human genetic disease using SCNT technology.(104) Null mutant sheep, goats,
pigs and cattle have been produced using an alternative approach: gene targeting in somatic
cells followed by nuclear transfer to enucleated oocytes (SCNT; reproductive cloning)
whose gene targeting efficiency could also potentially be improved using EP.(105-114)

Unsolved concerns pertaining to EP
One concern in EP-mediated gene transfer in vivo is the amount of tissue damage produced
secondary to heat generated. Draghia-Akli, et al. and others have suggested that constant
current EP (instead of constant voltage) may reduce tissue damage and contribute to overall
success.(43,64,71) Unfortunately, exclusively focusing on using lowered voltage pulses in
order to decrease cell death through necrosis/oncosis, may not prevent death through cell
apoptosis which has been shown to take place even with low voltage EP.(115) Although
most of the adverse effects of EP have been characterized in muscle, mild damage has also
been reported with ID EP, but this damage was resolved within one week of EP.(79)
Additional means of decreasing tissue damage include addition of polymers to the injected
DNA formulation, alterations in ionic strength and composition, and augmentation of EP
with other transfection techniques such as sonoporation.

Pain is another concern in cases of in vivo EP – especially if the technique is to be applied
clinically to non-anesthetized patients. In humans, patients describe muscle contractions as
being surprising, sometimes unpleasant, but not painful.(116) Pain from EP is proportional
to the absolute applied voltage,(117) and one way of lowering the total voltage is by
decreasing the gap between electrodes to 0.4 cm.(116) During EP of cutaneous masses,
muscle contractions can also be palliated by elevating or tenting the skin to be
electroporated well above the underlying musculature.(118) In certain settings, ex vivo EP
may be practical, which would allow for the EP procedure to be conducted on cells
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harvested from the patient for EP, and subsequently reintroduced in situ, completely
eliminating the chance of EP-induced pain.(100)

Vascular effects of EP have also been a concern for many investigators, but recent studies
suggest that changes in afferent and efferent vessels during EP may be beneficial,
particularly when applied to tumor gene therapy. High voltage pulses cause a brief reflex
constriction of afferent arterioles in normal tissue, and in tumor tissue (which have more
fragile and tortuous blood vessels) long-term hypoperfusion can occur after EP.(119) These
vascular effects may be beneficial in electrochemotherapy because higher concentrations of
drug may remain trapped in the tumor due to lack of “wash out” at the time of EP. Similarly,
in gene therapy, transient hypoperfusion has been shown to enhance gene expression.
(120-122)

One of the advantages of using EP and other non-viral vectors is that they are not hampered
by vector immunogenicity if properly designed (by removal of CpG islands and residual
bacterial sequences). If not properly designed, CpG-mediated nonspecific inflammatory
effects (e.g. mediated through binding to TLR-9) can injure tissues and/or confuse the
interpretation of immunological studies. Additionally, many viral promoters are turned off
by inflammatory cytokines.(123-125) Another approach to minimize immunogenicity is to
delete most vector elements producing “minicircles” containing the expression cassette.
(126) Furthermore, if the gene being transfected is to be secreted, signal peptide sequences
may also play an important role in functional expression. For example, studies involving
nonhuman primates that received an erythropoietin encoding plasmid showed that changing
the transgene leader sequence and optimizing the gene codon usage yielded higher levels of
circulating transgene product and a more significant biological effect than the wild-type
gene.(73) Thus, by altering the plasmid or transfected DNA design and sequence, one can
minimize the dose necessary to attain physiological levels of the target hormone, enzyme, or
peptide, and manipulate the expression of the newly produced transgene product.

Conclusion
In summary, in vivo EP-mediated gene therapy is gaining ground as one of the most
important means for non-viral gene therapy. Further understanding of the mechanisms of
target cell DNA entry, intracellular DNA transport, and nuclear processing will allow further
optimization of the technique through optimization of gene formulations and electrical pulse
parameters. Furthermore, the ability to augment EP with tension forces (in EAT and ES),
use it in an ex vivo setting, and incorporate integrase enzyme to allow genomic integration
of transfected genes may broaden the appeal of this technique. At this point, there appear to
be few limitations, and potential uses continue to grow as these limitations are overcome.
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Figure 1.
(A) (Left panel). SEAP expression decline sharply in serum on day 20 after the treatment
when a high level SEAP protein was expressed after intramuscular administration a large
dose (100 /μg) of SEAP-encoding DNA with electric pulses (n=5) under an electric field of
350V/cm. (B) (Right panel). Persistent level of SEAP expression (ng/mL serum) for 7 weeks
when a low level of SEAP protein was expressed after intramuscular administration of a low
dose (10 /μg) SEAP-encoding DNA under a low electric field (250 V/cm). Each curve
represents the SEAP activity from an individual mouse.
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