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The utilisation of nonviral gene delivery methods has been increasing
steadily, however, a drawback has been the relative low efficiency of gene
transfer with naked DNA compared with viral delivery methods. In vivo elec-
troporation, which has previously been used clinically to deliver chemothera-
peutic agents, also enhances the delivery of plasmid DNA and has been used
to deliver plasmids to several tissue types, particularly muscle and tumour.
Recently, a large number of preclinical studies for a variety of therapeutic
modalities have demonstrated the potential of electrically mediated gene
transfer. Although clinical trials using gene transfer with in vivo electropora-
tion have not as yet been realised, the tremendous growth of this technology
suggests that the first trials will soon be initiated.
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1. Introduction

The utilisation of nonviral gene delivery methods has been increasing steadily, par-
tially due to the potential decrease in adverse effects. One of the major drawbacks of
this method has been the relative low efficiency of gene transfer with DNA plasmid
compared with viral delivery methods. Electroporation (EP) has been used histori-
cally to deliver genes in vitro for the purpose of transfection and has been an impor-
tant tool for molecular biology. More recently this technique has been successfully
applied to iz vive systems for the delivery of small therapeutic molecules. These
studies provided the foundation for the utilisation of EP for the effective delivery of
plasmid DNA iz vivo for the purposes of vaccination or gene delivery.

In vivo EP significantly enhances the delivery of molecules and has been used suc-
cessfully to deliver chemotherapeutic agents in preclinical and clinical studies [1],
and more recently in preclinical studies to deliver plasmid DNA to a variety of tis-
sues. During the past few years, many excellent reviews have been written focusing
on diverse aspects of electroporation including the theory of EP and the delivery of
plasmids encoding for reporter or therapeutic proteins [2-6].

Titomirov et al. first demonstrated the delivery of plasmid DNA 7% vivo using new-
born mouse skin in 1991 (7). This was later followed by the measurement and confir-
mation of expression in skin and other tissues. Subsequent studies in rodents and
larger animals have demonstrated delivery into muscle, liver, brain, testes as well as
other organs. In addition, delivery for therapeutic purposes has been demonstrated in
tumour tissue such as melanoma, squamous cell carcinoma and hepatocellular carci-
noma. Delivery of genes by EP into muscle and skin has also been shown to be useful
for vaccination purposes most likely due to the enhancement of expression.

The versatility of EP has been established through its effective delivery into muscle
[5): an organ that because of its size and accessibility has become an attractive target
for nonviral gene transfer studies. The application of intramuscular delivery of genes
through EP has been particularly important for vaccination purposes because of the
ability of muscle to provide relatively long-term expression of protein as well as
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appropriate presentation of the expressed protein to the
immune system. Muscle has also been demonstrated to be an
excellent depot for gene-based protein replacement applica-
tions. It has also been shown that tumour tissue is a target for
the delivery of therapeutic genes through EP [4] based on the
previously demonstrated ability to effectively deliver anticancer
drugs by this method.

Other gene delivery applications of 7z vivo EP have been
directed to skin and other organs including the liver. Much of
the previous work on the delivery of DNA, including that
with therapeutic potential, has recently been reviewed [41. A
wealth of excellent studies describing delivery of plasmid
DNA to a variety of tissues is available in the literature. How-
ever, this review is limited in scope to those studies describing
in vivo electrically mediated delivery of DNA with a demon-
strated therapeutic response and potential for use in treating
or preventing disease in humans. Most studies involving ther-
apeutic gene delivery are directed to eventual progression to
clinical trials; therefore, a demonstration of therapeutic value
is of fundamental importance.

2. Cancer therapeutics

Intratumour 77 vivo electroporation of plasmid DNA delivery
using reporter genes has been demonstrated in many experi-
mental tumour models [4,5]. Following these studies, plasmid
delivery with the assessment of therapeutic response has been
performed (Table 1). Cutaneous tumours such as melanoma or
squamous cell carcinoma lend themselves to electrically medi-
ated delivery. With one significant exception [8], nonsurface
tumour models have also been assessed subcutaneously.
Although the body site may be anomalous, the antitumour
effects observed encourage future orthotopic studies once
appropriate electrodes or techniques have been established.

In these initial therapeutic studies, delivery of plasmids
encoding well characterised potential antitumour proteins
resulted in both tumour growth inhibition and tumour
regression. Theoretically, toxins should kill the tumour cells
directly. Massive death of tumour tissue is observed in a
colon adenocarcinoma model after delivery of a plasmid
encoding diphtheria toxin A [9]. In other models, tumour
growth inhibition with increased survival is observed in
response to electrically mediated delivery of plasmids
encoding diphtheria toxin A [10] and herpes simplex virus
thymidine kinase (HSV-TK) (10,11]. The direct induction of
apoptosis [12-14] or the inhibition of tumour angiogenesis
(15-17) also induces tumour growth inhibition. A direct
antitumour effect is also induced by interfering with cell
signal transduction [18]. Interestingly, growth hormone releas-
ing hormone (GHRH) gene transfer reduced the growth rate
of lung carcinomas significantly in males, but not
significantly in females [19].

The augmentation of host antitumour immunity by the
localised or systemic expression of cytokines appears to be the
most successful therapeutic approach in affecting growth of all

types of tumours. Several T helper cell type 1 (T1) cytokines
including IL-2 [20-22) and -12 [21,23-25], and IL-12/IL-18 [25], as
well as granulocyte macrophage colony stimulating factor
[2022] induce significant tumour growth inhibition, increase
survival time and inhibit metastases. Complete tumour
regression followed by long-term antitumour immunity,
which is the ultimate goal of cancer therapeutics, has been
demonstrated in response to plasmids encoding IL-12 [26-29],
IFN-a 30,31, and to DNA containing CpG motifs (321. In
general, when localised tumour expression is induced, the
severe systemic side effects associated with cytokines are not
observed. In spite of the minimal systemic expression, effects
against additional untreated tumours have been reported after
intratumour delivery of IL-12 [27] or IL-12 and -18 (33]. These
encouraging results indicate that host immunity against
metastatic disease can be stimulated after localised therapy.

Combined therapies may also induce complete tumour
regression followed by long-term antitumour immunity.
Two studies in mouse melanomas (34,351 monitored the
effects of cytokine plasmid delivery combined with electro-
chemotherapy; that is, the delivery of the chemotherapeutic
agent bleomycin with electric pulses (36,37]. In each study, the
combined therapies were more effective than either thera-
peutic agent alone. In theory, the delivery of the chemother-
apeutic agent results in complete regression of the primary
tumour, whereas the addition of cytokine expression induces
an antitumour immune response. A second set of studies
combined delivery of a plasmid encoding IL-12 with recom-
binant Bacillus Calmette—Guerin protein [38]. The combina-
tion acted synergistically to induce tumour regression in a
bladder cancer model.

In general, direct intratumour plasmid delivery is more
effective in inducing a direct antitumour effect than the intra-
muscular delivery, which results in systemic transgene expres-
sion. However, serum expression of cytokines may be
advantageous for the prevention of metastases when the
expressed protein can be kept below toxic levels. In a model
with established melanoma tumours, expression of IL-12 [26]
or IFN-a [30] following intramuscular delivery does not effect
tumour growth. However, in a squamous cell carcinoma
model, these cytokines significantly reduced tumour growth
(39.40]. In subcutaneous lymphoma, colon adenocarcinoma
and melanoma with significantly smaller tumours, 1L-12
induced tumour regression and increased survival time [41].

Transgenes other than cytokines have also been tested
using intramuscular delivery of plasmid DNA. Delivery of
plasmids encoding tyrosinase-related protein-2 and gp100
(the marker for melanoma cells) increases survival of mice
bearing B16 lung metastases [42], whereas endostatin expres-
sion reduces the number of lung metastases [15]. In a human
breast tumour model in nude mice, tumour growth is
inhibited by intramuscular electrotransfer of plasmids
encoding plasminogen domains, which inhibit endothelial
cell proliferation [43]. These plasmids also acted as vaccines,
preventing lung metastases after injection of B16 melanoma

256 Expert Opin. Drug Deliv. (2005) 2(2)



Table 1. Antitumour effects following electrically mediated intratumour delivery of therapeutic plasmid DNA.

Heller, Ugen & Heller

Experimental model*

Therapeutic gene/cDNA

Most significant antitumour observation Ref.

Orthotopic C6 rat glioma

B16 mouse melanoma

CT26 mouse colon adenocarcinoma
C6 rat glioma

MH134 mouse hepatocellular carcinoma
B16 mouse melanoma

CT26 mouse colon adenocarcinoma
Renca mouse renal cell carcinoma

B16 mouse melanoma

T.Tn human oesophageal tumour cells

MH134 mouse hepatocellular carcinoma

MH134 mouse hepatocellular carcinoma
PC-3 human prostate cancer

SCCVII mouse squamous cell carcinoma
B16 mouse melanoma
B16 mouse melanoma
B16 mouse melanoma

BJMC3879 mouse mammary carcinoma
Renca mouse renal cell carcinoma

SCCVII mouse squamous cell carcinoma
B16 mouse melanoma

TMEA.7R1 mouse hepatoma

A549, MDA-MB-453, Detroit 562
carcinonas, primary stomach cancer

CT26 mouse colon adenocarcinoma

CT26 mouse colon adenocarcinoma

CT26 mouse colon adenocarcinoma

Lewis lung adenocarcinoma

Monocyte chemoattractant protein-1
Dominant-negative Stat3

Diphtheria toxin A fragment or HSV-TK
Diphtheria toxin A fragment

IL-12

IL-2 or-12
IL-12

IL-12 or IL-12/IL-18
GM-CSF or IL-2
TRAIL/Apo2 ligand

Tie2 vascular endothelial receptor
Wild-type p53
IL-12

IL-12
IFN-o
CpG motif DNA

HSV-TK
Endostatin
IFN-ou

IL-12

IL-2/GM-CSF
Antisense Plk1/Bcl-2

IL-12/IL-18

Angiostatin/endostatin
II-12/HSV-TK

GHRH

Macrophage and lymphocyte infiltration
Significant tumour regression
Significant tumour growth inhibition
Massive death in tumour tissue

Significant tumour growth inhibition,
significant inhibition of lung metastases

Significant tumour growth inhibition

Significant tumour growth inhibition

Significant tumour growth inhibition,
significant increase survival

Significant tumour growth inhibition,
significant increase survival

Significant tumour growth inhibition,
significant inhibition of lung metastases

Significant tumour growth inhibition
Significant tumour growth inhibition

40% Long-term tumour regression,
50% long-term antitumour immunity

47% Long-term tumour regression,
70% long-term antitumour immunity

70% Long-term tumour regression,
50% long-term antitumour immunity

83% Long-term tumour regression,
70% long-term antitumour immunity

Significant tumour growth inhibition
Significant tumour growth inhibition

20% Long-term tumour regression,
significant increase survival

80% Long-term tumour regression,
100% long-term antitumour immunity

Marked tumour growth inhibition

Significant tumour regression

Significant tumour growth inhibition,

significant suppression contralateral tumours

Significant tumour growth inhibition

91% Long-term tumour regression,
75% long-term antitumour immunity

[8]
[18]
[10]
[9]
[23]

[21]
[24]

[25]

[20]

[12]

[17]
[13]

[28]

[20]

[30]

[32]

[11]
[15]
[31]

[27]

[22]

[14]

[33]

[16]
[29]

Significant tumour growth inhibition in males [19]

*Tumours were generated by subcutaneous injection unless otherwise noted.
Apo: Apolipoprotein; GHRH: Growth hormone releasing hormone; GM-CSF: Granulocyte macrophage colony stimulating factor; HSV-TK: Herpes simplex virus
thymidine kinase; TRAIL: Tumour necrosis factor-related apoptosis-inducing ligand treatment.

cells. Interestingly, repeated intramuscular delivery of plasmids
coding for Her-2/neu oncogene domains halts mammary
tumour progression in mice transgenic for the rat Her-2/neu
oncogene [44]. One study investigated electrically mediated
gene transfer as a palliative for symptoms related to cancer

cancer-associated cachexia and weight loss.

and cancer therapy, rather than as a direct therapeutic
agent. After intramuscular delivery of a plasmid encoding
GHRH, companion dogs with naturally occurring tumours
[45] were able to maintain their weights, thus ameliorating

Expert Opin. Drug Deliv. (2005) 2(2)
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In vitro data do not necessarily predict the therapeutic
potential of a transgene. For example, transfection with tissue
inhibitor of metalloproteinase 4 (TIMP-4) before injection
of tumour cells results in inhibited tumour growth in a
human breast cancer cell model in nude mice [46]. However,
in the same model, the systemic expression resulting from
intramuscular electroporation of a plasmid encoding

TIMP-4

Conversely, in a Wilms tumour model, also in nude mice,

surprisingly ~ stimulates tumourigenesis  [47].
intramuscular delivery of TIMP-4 significantly slows tumour
growth [48]. These results also indicate that therapeutic
proteins do not act equally in all experimental models. This
emphasises the importance of preclinical research.

Thus far, IL-12 is the transgene most successful in inducing
a medley of antitumour effects. Although the effect of the
IL-12 plasmid has been demonstrated in several models, the
absolute response has varied from simple slowing of tumour
growth to high percentages of complete long-term regression
accompanied by long-term antitumour immunity. Several
variables may play a role in these observed differences. For
example, each tumour model employed may differ in its
response to the antiangiogenic factors of IL-12, as well as to
the immune response induced. The size of the tumour at the
initiation of treatment can be a large contributing factor. The
plasmid dosage, purification method and the specifics of plas-
mid construction may influence transgene expression. The
electroporation parameters and electrode used are also impor-
tant variables, although as long as adequate expression is
achieved, therapeutic results have been observed after delivery
with both short, high voltage pulses and long, low voltage
pulses. Finally, the number and timing of treatments has been
optimised for particular models in several studies.

The clinical applicability of these remarkable experimen-
tal results has not been demonstrated so far. In particular,
IL-12 has demonstrated a recurring and dramatic antitu-
mour effect in several cancer types including melanoma,
squamous cell carcinoma and colon adenocarcinomas, with-
out inducing the traumatic side effects observed in systemic
recombinant protein therapy [49,50].

3. Protein replacement therapies

An important area of development for gene transfer applica-
tions is the treatment of protein deficiencies. Current thera-
pies typically utilise injections of recombinant proteins. In
addition to the need for frequent administrations, these
therapies are typically expensive. A gene transfer approach has
the potential to minimise the number of required administra-
tions as well as reduce the cost. In order to reach this poten-
tial, it is critical to demonstrate that a gene-based approach
can safely achieve expression of the delivered transgene to
obtain therapeutic levels of the protein of interest and to
maintain those levels with a reduced number of administra-
tions. There have been several studies that have utilised 77 vivo
electroporation to facilitate gene delivery to not only obtain

the desired levels, but also to maintain those levels for signifi-
cant periods of time. The vast majority of these studies have
used intramuscular delivery.

A focus of many studies has been the delivery of a plasmid
encoding for erythropoietin (EPO): a 30.4 kDa glycosolated
protein. Recombinant EPO is currently used to treat many
acquired and inherited disorders. However, due to the cost
and frequency of injections, a gene transfer approach would
be advantageous for most of these treatment protocols. To
obtain necessary expression levels and to increase the length of
expression, 7z vivo EP following intramuscular injection has
been used. It was demonstrated in mice that this delivery
approach could result in haematocrit levels being significantly
elevated by day 7 and maintained for as long as 6 months
(51,521. This was accompanied by a 100-fold increase in serum
levels of EPO following the delivery of plasmid with EP when
compared with plasmid injection alone, and clinically effec-
tive quantities of circulating EPO were observed from day 7
to > 6 months [51]. EPO levels in the muscle were 10-times
higher than serum concentrations, thus demonstrating that
the muscle acted as a reservoir [521. When comparing a single
intramuscular plasmid delivery with EP with daily subcutane-
ous injections of recombinant EPO (5 days) in rats, the daily
injections resulted in highly elevated levels for the first couple
of days and then quickly dropped to control levels, whereas
the EP gene approach resulted in maintained levels of serum
EPO 53]. Although the effect is not as long-lived, delivery to
the skin using EP can also enhance expression and result in
increased levels of serum EPO and a corresponding increase of
haematocrit levels [54].

A greater assessment of EP-mediated delivery is to evalu-
ate its potential in clinically relevant models. Two models
for severe anaemia are a mouse model for B-thalassemia and
nephrectomised rats as a model for chronic renal failure. In
the B-thalassemia mice, haematocrit levels more than dou-
bled within 2 weeks in mice that received intramuscular
injection of plasmid encoding EPO followed by EP. This
high level was maintained for 2 months followed by a grad-
ual decrease, although at 4 months these levels were still
above background levels [55]. Interestingly, EPO levels began
to drop after 2 weeks, but this did not affect the increased
haematocrit. A second treatment at 8 months restored the
high haematocrit levels seen in the first 2 months. Similar
results were noted in the nephrectomised rats. Haematocrit
levels were significantly increased following the intramuscu-
lar injection of plasmid encoding EPO followed by EP [s6].
Both of these studies demonstrated that the level of haemat-
ocrit increase was directly related to the plasmid dose.
Another study demonstrated that the levels of EPO could be
regulated by utilising an inducible plasmid [57. A recent
study demonstrated another method of
expression levels.

Haemophilia B is a disorder that results from a deficiency
of blood clotting factor IX (FIX). As with EPO, therapy con-
sists of injections of recombinant forms of FIX. Protein

regulating
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replacement therapy could also be accomplished using a gene
transfer approach. Two studies evaluated the delivery of a
plasmid encoding for human FIX delivered intramuscularly
with EP. Both studies showed increased serum levels of FIX
[58,59]. Peak expression was seen at 7 days followed by a rapid
drop. The drop may have been due to antibodies against the
human FIX protein. When delivered to severe combined
immunodeficient or nude mice, serum FIX levels were main-
tained for > 8 weeks [58]. Another interesting aspect was that
serum levels were found to be higher when the delivery was
performed in the mouse tibialis compared with the gastro-
cnemius muscle [59). Interestingly, increased serum levels
could also be obtained when the procedure was performed in
dogs; however, there was not a muscle-dependent difference
in muscle [59]. Another area for which this delivery approach
may be useful is the treatment of Type I diabetes. The EP
enhanced intramuscular delivery of a plasmid encoding for a
furin-cleavable proinsulin resulted in prolonged survival of
mice with severe diabetes. Delivery resulted in increased lev-
els of insulin and maintenance of body weight (601. In a non-
obese diabetic mouse model, combined gene transfer of pre-
proinsulin and mutant B7-1 altered the autoimmune
anti-insulin response [61].

Localised protein replacement is another potential applica-
tion. The enhanced intramuscular delivery of EP mediated
delivery may make it suitable for possible therapies for Duch-
enne muscular dystrophy. Studies have evaluated the delivery
of plasmids encoding for dystropin, utropin or microdystro-
pin to mouse models of muscular dystrophy [62-66]. Long-term
expression was achieved. There was an observed difference in
longevity and levels of expression between immunocompetent
and immunodeficient mice, thus demonstrating that control
of the immune response will be a critical component of this
approach. Molnar eral., also demonstrated that levels of
expression were directly related to the size of plasmid. Expres-
sion levels were reduced when full-length dystropin was deliv-
ered compared with microdystropin or a reporter gene.
Utilising a different electrode and pulsing conditions,
Murakami ez al. delivered full-length dystropin to 56% of
muscle fibres.

4. Vaccines

Delivery of DNA plasmids as vaccines has been demon-
strated to elicit moderate to potent immunity in small ani-
mals such as rodents (i.e., rats and mice), but has proven to
be less effective in primates. Several potential mechanisms for
this inefficiency have been proposed, including inefficient
presentation of antigen through typical Tyl and Ty2
immune mechanisms. This problem has been somewhat
obviated through the use of codelivered cytokines and
costimulatory molecules that function as adjuvants and can
be administered as either proteins or DNA expression plas-
mids [67-69]. Another potential mechanism for the diminished
efficacy of DNA vaccines is the inefficient uptake of the

Heller, Ugen & Heller

DNA plasmids by the cells 77 sizu. One delivery method uti-
lised to address this problem has been 7z vivo EP. The goals of
EP mediated vaccine delivery studies have been to signifi-
cantly enhance either or both arms of the immune system
(i.e., humoral and cellular) in order to more efficiently
mediate protection against the particular infectious agent.
Specifically, 77 vivo EP has been utilised to enhance immune
responses including the development of antibody levels that
correlate with protection.

Invivo EP has been performed using DNA plasmids
expressing antigens from a number of viral pathogens includ-
ing, importantly, the hepatitis B virus (Table 2). Specifically,
the in vivo EP delivery of a weakly immunogenic hepatitis B
surface Ag (HBsAg) DNA vaccine was significantly increased
in mice as measured by a greater magnitude of antihepatitis B
antibodies [70]. It was also shown that in mice and pigs
immune responses against the HBsAg were enhanced after
delivery of a DNA plasmid expressing this antigen plus EP
(71-74]. Finally, enhancement of the effectiveness of EP aug-
mented cutaneous DNA vaccination against hepatitis B was
demonstrated when adjuvanted by a gold particle [75).

Enhancement of humoral- and cell-mediated immune
responses against the hepatitis C virus E2 glycoprotein with
in vivo EP in mice, rats and rabbits was demonstrated (7).
Other viral targets used in DNA vaccine efficacy studies with
in vivo EP include bovine herpesvirus [71,74], influenza [77-79]
and Japanese encephalitis (80). The specific vaccine targets
expressed a glycoprotein for bovine herpesvirus, neura-
minidase or haemagglutinin for influenza and envelope
protein for Japanese encephalitis virus.

The development of a successful vaccine against the ret-
rovirus HIV is of paramount importance for the ultimate
control of the devastating AIDS pandemic. A number of
different vaccine approaches have been utilised against HIV,
including recombinant proteins, live attenuated viral vec-
tors and recently DNA vaccines that express relevant and
immunogenic proteins from the virus. In fact, the world’s
first human clinical trials using DNA vaccines were con-
ducted with plasmids expressing HIV-1 antigen [s1.82].
Although the vaccines appeared to be safe, cellular immune
responses were low with no significant humoral immunity
being induced. Low immune responses were also noted
experimentally in studies with these vaccines in non-human
primates. Recently, in vivo EP has been utilised in various
animal models. Widera ez a/. demonstrated in mice that the
immunogenicity of a gag HIV-1 DNA vaccine was
increased significantly in mice as measured by increases in
antibody titres, a substantial reduction in the dose of the
DNA vaccine to elicit an immune response and an increase
in HIV-1 gag-specific CD8* T cells [701. This was accompa-
nied by the demonstration of significantly higher expres-
sion levels with the EP procedure. Similarly, specific
antibody responses were significantly enhanced against
HIV gag and env DNA vaccines in guinea-pigs and rabbits
by in vivo EP [70]. Importantly, Otten ez al. demonstrated
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Table 2. DNA vaccine delivery for infectious diseases by in vivo electropration.

Experimental model Plasmid encoded gene/cDNA Most significant therapeutic observation Ref.

Mice Hepatitis B surface antigen* Increased humoral immune response [70]

Guinea-pigs, rabbits HIV gag and envelope proteins* Increased humoral and CD8* T-cell immune
responses

BALB/c mice Influenza A haemagglutinin* Protection against sublethal challenge (771

BALB/c mice Influenza A subtype neuraminidases* Protection against lethal challenge within (78]
subtype

Mice, rats, rabbits Hepatitis C virus E2 glycoprotein* Increased humoral and cell-mediated immune  [76]
responses

BALB/c mice Haemagglutinin gene of influenza virus A*  Increased humoral and cell-mediated immune  (79]

B6D2 or BALB/c mice

Mycobacterium tuberculosis 85b antigen*

responses

Increased humoral and cell-mediated immune  [84]

responses

Pigs Hepatitis B surface antigen; glycoprotein D  Increased humoral and cell-mediated immune  [71,72,74]
of bovine herpesvirus* responses

Pigs Hepatitis B surface antigen* with protein Protective antibody levels (73]
boost

Mice Hepatitis B surface antigen* with gold Increased percentage of responding animals;  [75]
particles shortened time to maximum antibody

response
C3H/HeN mice Japanese encephalitis envelope protein* Protection against lethal virus challenge (80]

Sheep

Rhesus macaques HIV gag and envelope proteins*

Two Haemonchus contortus antigens*

Increased humoral responses; vaccine-specific  [85]
immune memory

Increased humoral and cell-mediated immune  [83]
responses

*Muscle delivery. fIntradermal delivery.

that in vivo EP enhanced antibody, T}; cell responses and
cytotoxic T-cell responses against plasmids, which express
HIV gag and env [83].

In addition, 7z vivo EP has been shown to enhance
immune responses against antigens from other infectious
agents besides viruses when expressed from DNA vaccines.
Specifically, Tollefsen ez al. have demonstrated improved cel-
lular and humoral immune responses against Mycobacterium
tuberculosis antigens after intramuscular DNA immunisation
combined with intramuscular EP [s4). Similarly, Scheerlinck
and colleagues demonstrated an enhancement of immune
responses to antigens of the ruminant parasite Haemonchus
contortus when the specific DNA expression plasmids were
delivered with 7 vivo EP [s5].

In summary, in vivo EP has been effectively utilised as a
method to enhance immune responses against antigens
expressed by DNA plasmid based vaccines. Several poten-
tial mechanisms have been put forth for the immune
enhancing effects of EP. The major ones are the enhance-
ment of uptake of the DNA plasmid vaccines as well as
increased expression of the antigens within the plasmid. In
addition, it has been hypothesised that EP generates a local
inflammatory response, which stimulates the recruitment
of lymphocytes, with the resultant enhancement of
immune responses.

5. Growth factors

As growth factors may be short-lived, multiple injections of
recombinant protein may be necessary to maintain therapeu-
tic levels. Gene transfer enhanced by muscle EP may result in
long-lived systemic expression, thus avoiding the necessity of
repeated injections. In cases where systemic expression is not
desirable due to toxicity, EP may possibly be performed
directly on the target tissue. Plasmids may be engineered for
localised expression. In some instances, decreased growth fac-
tor expression may be desirable. In these cases, the delivered
constructs may be designed to interfere with or cleave specific
mRNAs, thus decreasing protein levels, or to bind the
protein directly to block signal transduction.

Electrically mediated gene transfer of several growth factors
has been tested as a therapeutic agent in a wide variety of clini-
cal applications (Table 3). A variety of kidney disorders in exper-
imental models have been ameliorated by interference with
platelet derived growth factor (86] or transforming growth fac-
tor-B (TGF-P) expression [87,88], or by expression of hepatocyte
growth factor (HGF) (89-921. Wound healing in diabetic mice is
enhanced by the delivery of plasmids encoding keratinocyte
growth factor (93] or TGF-B [94]. After optic nerve injury, apop-
tosis in retinal ganglion cells is decreased by the delivery of
brain-derived neurotrophic factor [95]. Muscle regeneration has
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Table 3. Electrically mediated delivery of therapeutic plasmid DNA encoding hormones and growth factors.

Growth factor Experimental model Most significant observation Ref.
PDGFR-IgG chimaera Anti-Thy1 treated Sprague-Dawley rats* Decreased experimental glomerulonephritis [86]

GDNF SOD1 mice* Delayed deterioration of motor performance [104]
Cardiotropin-1 pmn mice* Delayed deterioration of motor performance, [105]

increased survival

BDNF Wistar rats* Decreased apoptosis in retinal ganglion cells after [95]
optic nerve injury
NT-3 OF1 mice Partially prevented cisplatin-induced neuropathy [102]
SCF SI mutant mice$ Rescued defective spermatogenesis [103]
HGF C57BI/6) mice* Decreased apoptotic hepatocytes and ALT activity [100]
after CCl, intoxication
5/6 nephroctomised Sprague-Dawley Increased body weight, reduced histological [89]
rats* changes
Cardiomyopathic TO-2 hamsters* Increased myocardial function and capillary density  [99]
Sprague-Dawley rats* 1 Suppressed cyclosporin nephrotoxicity [90,91]
Diabetic rat* Regression of advanced diabetic nephropathy [92]
C57BI/6 mice* Reduced bleomycin-induced pulmonary fibrosis; [101]
increased survival
bFGF Japanese white rabbits* Increased development collateral vessels in [98]
ischaemic limbs
IGF-1 BALB/c mice* Increased number and diameter of regenerating [96]
muscle fibres and compound muscle action
potential after injury
Diabetic ICR mice* Increased angiogenesis and arterial flow to limb [971
KGF Diabetic mice* Accelerated wound closure [93]
TGF-BR-IgG chimaera ICR mice* Suppressed cyclosporin nephrotoxicity (871
anti-TGF-B DNAzyme Anti-Thy1 treated Sprague-Dawley rats* Decreased experimental glomerulonephritis [88]
TGF-B1 Type Il diabetic mice# Accelerated wound healing [94]

Delivery to: *muscle; *vitreous; Stestes; Tkidney; *excisional wound.

ALT: Alanine aminotransferase; BDNF: Brain-derived neurotrophic factor; bFGF: Basic fibroblast growth factor; CCl,: Carbon tetrachloride; GDNF: Glial cell line-derived
neurotrophic factor; HGF: Hepatocyte growth factor; IGF: Insulin-like growth factor; KGF: Keratinocyte growth factor; NT: Neurotrophin; PDGFR: Platelet-derived
growth factor receptor; pnm: Progressive motor neuronopathy; SCF: Stem cell factor; TGF-B: Transforming growth factor-g; TGF-BR: Transforming growth factor-8

receptor.

been observed after the delivery of a plasmid encoding insu-
lin-like growth factor-1 (IGF-1) 196]. Localised expression of
IGF-1 also increased angiogenesis in an ischaemic limb
model [97], as did basic fibroblast growth factor (98). HGF
gene transfer also increases heart function and capillary
density in a cardiomyopathy model [99].

Growth factors may also be used to reduce the adverse
effects associated with therapeutic agents. Delivery of several
plasmids encoding growth factors decrease toxicities associ-
ated with carbon tetrachloride (CCly) intoxication [100] or
with the clinical use of cyclosporin A [90,91,87], bleomycin [101]
or cisplatin [102].

Electrically mediated testicular delivery of a plasmid encod-
ing stem cell factor has been used in direct tissue-specific gene
replacement in a mutant mouse model to successfully restore
Sertoli cell function [103. An indirect approach has been
tested in motor neuron disease models. Muscle gene transfer

of glial cell line-derived neurotrophic factor (GDNF) ham-
pered the decrease of GDNF observed during the progression
of muscle pathology in SOD1 mutant mice [104]. Deteriora-
tion of motor neurons was delayed. However, no significant
effect on survival was observed. In the progressive motor neu-
ronopathy (pmn) mouse model, intramuscular delivery of a
plasmid encoding cardiotropin-1 resulted in increased survival
and muscle function [105].

6. Additional electroporation facilitated
therapies

In vivo EP has been utilised to enhance the delivery of plas-
mid DNA in a variety of tissues including muscle, skin, liver
and tumour [4,5]. The ability to use this delivery tool in muldi-
ple tissue systems makes it applicable to a variety of potential
therapeutic applications. Dependent on the specific tissue
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chosen for delivery, a transgene could be delivered for either a
localised or systemic effect.

An interesting application of EP-assisted plasmid DNA
delivery has been the enhancement of DNA vaccines. As
summarised in Section 4 both cellular and humoral responses
were obtained against antigens from a variety of infectious
agents. The induction of monoclonal antibodies against a
specific antigen can have significant therapeutic potential
beyond the prevention of infections including potential effi-
cacy against cancer and autoimmune diseases. In addition to
inducing production of antibodies in response to an antigen,
it may also be advantageous to deliver a plasmid encoding for
the antibody and directly increase the serum levels of the
desired antibody. Intramuscular delivery of plasmids encod-
ing heavy chain, light chain or both resulted in serum levels
of the desired monoclonal antibody. Antibody levels were sig-
nificantly higher when the plasmids were delivered with EP
(106,107. Using an inducible Tet promoter allowed control
over antibody production, but overall levels were low. Higher
levels may be achieved by further optimising the delivery
parameters [107]. Tjelle ez al achieved sustained serum levels
of antibody following EP-mediated intramuscular delivery in
both mice and sheep [106].

Rheumatoid arthritis (RA) is a chronic inflammatory dis-
ease. IL-1, TNF-o and matrix metalloproteinases are involved
in the detrimental effects noted in RA. Damage is seen in car-
tilage and joints. Studies have evaluated using plasmids
encoding for either IL-1 receptor antagonist (IL-1Ra) or
TIMP-4 using intramuscular delivery with ER. TIMP-4 ther-
apy abolished the development of RA (108] and IL-1Ra inhib-
ited the onset of collagen-induced arthritis [109]. Delivery of
pro-opiomelanocortin by intramuscular delivery and EP
reduced the pain associated with arthritis [110. A similar
approach was used to suppress neuropathic pain in rats [111].

Cardiovascular disease is a major worldwide healthcare
issue. In this area conditions such as viral myocarditis and
atherosclerosis have been targeted for gene therapy regimens.
Gene therapy approaches are being evaluated for their effec-
tiveness in treating or preventing these diseases. /n vivo EP
has been used to deliver calcitonin gene-related peptide [112]
or platelet-activating factor acetylhydrolase [113] to limit the
progression of atherosclerosis. Both studies delivered the
plasmids intramuscularly followed by EP. In both cases, this
approach inhibited thickening of the aorta. To reduce the
effect of viral myocarditis, either IL-1Ra or viral IL-10 was
delivered intramuscularly with EP. There was a significant
improvement in survival and overall effectiveness in treating
viral myocarditis [114].

The utility of EP was also demonstrated for potentially
delivering agents for the treatment of stroke. A plasmid
encoding protein disulfide isomerase was delivered directly to
the hippocampus. Subsequent expression of this protein
reduced the number of ischaemia-induced apoptotic cells in
the treated area [115]. /z vivo EP has also been used to intra-
muscularly deliver a plasmid encoding a dominant negative

inhibitor of monocyte/macrophage chemoattractant pro-
tein-1 and demonstrated that this approach could inhibit pro-
gression of pulmonary hypertension [116]. Direct delivery to
the lungs was performed delivering a plasmid encoding the
betal subunit of the Na*,K*-ATPase. When delivered with EP
there was an increase in alveolar fluid clearance [117]. EP has
also been used to deliver agents for treatment of autoimmune
diseases such as lupus. Intramuscular delivery of a plasmid
encoding IFN-R/Fc reduced disease manifestations when
administered in both predisease and advanced disease stage in
a mouse model of lupus [118].

Recently, a plasmid encoding for the muscarinic M5 (M)
receptor was delivered using EP directly to the bladder in a
rat model. The investigators found that overexpression of M
resulted in enhanced smooth muscle contractility in the blad-
der and may be useful as a treatment for reduced bladder
function [119]. Delivery of a plasmid encoding matrix metal-
loprotease-3 into rabbit conjunctiva with EP was examined
in combination with trabeculectomy for glaucoma filtering
surgery. This combination resulted in reduced levels of
intraocular pressure and longer survival of filtering bleb [120].

7. Expert opinion and conclusions

EP is a physical method that has been widely used for the
in vitro transfection of cells. Because of its physical nature, it
was evident that EP could be applied to virtually any cell or
accessible tissue. In the early 1990s the delivery of molecules
to cells within tissues in vivo by EP was demonstrated. / vivo
EP effectively delivered chemotherapeutic agents to a variety
of different tumours in experimental models and in humans
(1. The large number of studies that demonstrated that EP
could be safely and effectively applied 77 vivo to deliver small
molecules in both animal and human studies provided the
foundation for the use of EP to deliver plasmid DNA in vivo.

The use of EP for the 77 vivo delivery of plasmid DNA
has seen tremendous growth in the past few years. The pub-
lished studies demonstrate that therapeutic plasmid DNA
delivery can potentially achieve the same success as drug
delivery (4,5. With electrically mediated gene therapy, both
localised and systemic effects can be elicited. Gene therapy is
applicable to many diseases including metabolic diseases and
cancers. The translation of EP gene delivery to clinical
applications may not necessarily utilise the same EP proto-
cols as seen with drug delivery and will require additional
pharmacological and toxicological studies. However, it is
encouraging that as iz vivo EP has been successfully trans-
lated into the clinic for drug delivery, electric fields can be
applied safely.

The increased use of EP plasmid DNA delivery is related to
its versatility. Plasmids have been delivered to a wide range of
targets including internal and surface tissues. In addition to
target versatility, EP delivery also allows control over expres-
sion profiles [121]. Careful selection of electrical parameters,
electrode configuration and tissue site can result in high or low
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expression levels of long or short duration. Choosing the
appropriate EP parameters to achieve the right expression pro-
file can mean the difference between success or failure of a par-
ticular therapeutic application. Short-term or low-level
expression may be an advantage, particularly for plasmids
encoding potentially toxic molecules such as immune modula-
tors. In addition, it has recently been reported that by using a
particular intramuscular EP delivery protocol, integration of
the plasmid DNA into genomic DNA was observed [122]. The
versatility of this delivery approach is a major advantage. How-
ever, when evaluating a new application for EP delivery, several
variables should be considered to achieve the appropriate
expression profile for a particular application.

Electrically mediated delivery of plasmid DNA is actually a
two-step process. This concept has been evaluated in several
studies, which have indicated that electroporative plasmid
delivery does involve two distinct components [123,124]. The
concept of using an EP pulse to permeabilise the membrane
followed by an electrophorectic pulse to move the plasmid
through the membrane was first tested 7 vitro and reported in
1992 (125]. This concept has also been demonstrated in plas-
mid DNA delivery to muscle 7z vivo [126]. When applied in
combination similar expression levels can be achieved as with a
single pulse type. The advantage is that each component can
utilise milder EP pulsing parameters. This may lessen any real
or perceived discomfort from the pulsing protocol and may
facilitate translation of this delivery approach into the clinic.

As the use of EP delivery has grown, investigators often com-
pare new delivery conditions with previously published results.
In these comparisons, it is critical to evaluate all EP parameters.
In addition to voltage (field strength), the discussions should
include differences in additional electrical parameters such as
pulse width, number and frequency (pulses/second), as well as
electrode configuration/instrumentation and targeted tissue.
Electrode configuration is very important: particularly compar-
isons of plate- and needle-type electrodes [127]. Currently, a

Heller, Ugen & Heller

number of types of equipment and electrodes for performing
in vivo EP are available from several sources [128]. As the use of
EP for gene transfer protocols continues to grow, so will the
importance of utilising the appropriate electrode configuration.
For example, one promising application for this delivery
approach is the treatment of cancer. However, subcutaneous
implants have primarily been used for iz vivo EP delivery in the
experimental models of cancer investigated so far. Orthotopic
studies have been rare. For future advancement, it will be
important to develop electrodes for effective delivery to internal
tumours. Another advance that may facilitate the translation of
this technology, particularly for the delivery of DNA vaccines,
is needleless injections. Recent studies have shown the utility of
combining jet injection with EP for delivery to both muscle
and skin (73,129]. Several studies have evaluated the mechanisms
and theories involved in the use of in vivo EP for the delivery of
plasmid DNA [2.4,5].

It is evident from the growing number of studies utilising
EP-mediated delivery of plasmid DNA that this approach is a
useful tool for nonviral gene transfer. Although the concept of
in vivo EP is relatively recent, a great deal of work on a large
number of potential applications has been performed. The first
in vivo EP studies describing the delivery of plasmids encoding
for proteins with therapeutic potential were not reported until
1999. During the last few years, there has been a tremendous
increase in the number of studies evaluating the therapeutic
potential of this delivery approach and developing potential
clinical protocols. Based on the accumulated positive results, it
would appear that the first clinical application would be for
the treatment of solid tumours. Another strong candidate for a
clinical application of this approach is the delivery of DNA
vaccines. Preclinical studies in both of these areas strongly sug-
gest that 7z vivo EP will be useful in the implementation of
successful gene therapy protocols. However, the true potential
of this approach cannot be fully evaluated until clinical studies
are actually initiated.

Bibliography 3.
Papers of special note have been highlighted as
either of interest (*) or of considerable interest
(**) to readers.
4.

1.

GOTHELF A, MIR LM, GEHL J:
Electrochemotherapy: results of cancer
treatment using enhanced delivery of

bleomycin by electroporation. Cancer Treat.

Rev. (2003) 29(5):371-387.

SOMIARI S, GLASSPOOL-MALONE J,
DRABICK JJ et al.: Theory and in vivo
application of electroporative gene delivery.
Molecular Therapy. (2000) 2(3):178-187.
Good background for understanding EP
mediated delivery.

GEHL J: Electroporation: theory and
methods, perspectives for drug delivery,
gene therapy and research. Acta Physiol.
Scand. (2003) 177(4):437-447.
HELLER R: Delivery of plasmid DNA
using in vivo electroporation. Preclinica.
(2003) 1:198-208.

Extensive review and history of in vivo EP

for plasmid DNA delivery.

ANDRE E, MIR LM: DNA electrotransfer:

its principles and an updated review of its
therapeutic applications. Gene Ther. (2004)
11(Suppl. 1):533-S42.

Extensive review of in vivo EP, including

discussion of mechanisms.

DEAN DA: Electroporation of the
vasculature and the lung. DNA Cell Biol.
(2003) 22(12):797-806.

TITOMIROV AV, SUKHAREYV S,
KISTANOVA E: In vivo electroporation
and stable transformation of skin cells of
newborn mice by plasmid DNA. Biochim.
Biophys. Acta. (1991) 1088(1):131-134.
First demonstration of 7z vivo EP of

plasmid DNA.

NISHI T, YOSHIZATO K,
YAMASHIRO S ¢z al.: High-efficiency
in vivo gene transfer using intraarterial
plasmid DNA injection following in vive

electroporation. Cancer Res. (1996)
56(5):1050-1055.

Expert Opin. Drug Deliv. (2005) 2(2)

263



Electroporation for targeted gene transfer

9.  YOSHIZATO K, NISHI T, GOTO T
et al.: Gene delivery with optimized
electroporation parameters shows potential
for treatment of gliomas. /nz. J. Oncol.

(2000) 16(5):899-905.

10. GOTO T, NISHI T, TAMURA T et al.:
Highly efficient electro-gene therapy of
solid tumor by using an expression plasmid
for the herpes simplex virus thymidine
kinase gene. Proc. Natl. Acad. Sci. USA.
(2000) 97(1):354-359.

11. SHIBATA MA, MORIMOTO J,
OTSUKI Y: Suppression of murine
mammary carcinoma growth and metastasis
by HSVtk/GCV gene therapy using in vivo
electroporation. Cancer Gene Ther. (2002)
9(1):16-27.

12.  YAMASHITA'Y, SHIMADA M,
TANAKA S ez al.: Electroporation-
mediated tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)/Apo2L
gene therapy for hepatocellular carcinoma.
Hum. Gene Ther. (2002) 13(2):275-286.

13.  MIKATA K, UEMURA H, OHUCHI H
et al.: Inhibition of growth of human
prostate cancer xenograft by transfection of
p53 gene: gene transfer by electroporation.

Mol. Cancer Ther. (2002) 1(4):247-252.
14. ELEZR, PIIPER A, KRONENBERGER B

et al.: Tumor regression by combination
antisense therapy against Plk1 and Bcl-2.
Oncogene (2003) 22(1):69-80.

15. CICHON T, JAMROZY L,
GLOGOWSKA J, MISSOL-KOLKA E,
SZALA S: Electrotransfer of gene encoding
endostatin into normal and neoplastic
mouse tissues: Inhibition of primary tumor
growth and metastatic spread. Cancer Gene

Ther. (2002) 9(9):771-777.
16. UESATO M, GUNJIY, TOMONAGA T

et al.: Synergistic antitumor effect of
antiangiogenic factor genes on colon 26
produced by low-voltage electroporation.

Cancer Gene Ther. (2004) 11(9):625-632.

17. TANAKA S, SUGIMACHIK,
YAMASHITA YY ez al.: Tie2 vascular
endothelial receptor expression and
function in hepatocellular carcinoma.

Hepatology (2002) 35(4):861-867.

18. NIU G, HELLERR,
CATLETT-FALCONE R ¢t al.: Gene
therapy with dominant-negative Stat3
suppresses growth of the murine melanoma
B16 tumor in vivo. Cancer Res. (1999)
59(20):5059-5063.

e First demonstration of therapeutic
application using i vivo electroporation

delivery of plasmid DNA.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

KHAN AS, ANSCOMBE IV,
CUMMINGS KK et al.: Effects of plasmid-
mediated growth hormone-releasing oo

hormone supplementation on LL-2

adenocarcinoma in mice. Mol. Ther. (2003) 29.

8(3):459-4606.

MATSUBARA H, GUNJI'Y, MAEDA T
et al.: Electroporation-mediated transfer of
cytokine genes into human esophageal
tumors produces anti-tumor effects in mice.

Anti-Cancer Res. (2001) 21(4A):2501-2503. i
LOHR E LO DY, ZAHAROFF DA et al.:

Effective tumor therapy with plasmid- 30.

encoded cytokines combined with in vive
electroporation. Cancer Res. (2001)
61(8):3281-3284.

CHI CH, WANG YS, LAT YS, CHI KH:
Anti-tumor effect of in vivo IL-2 and

GM-CSF electrogene therapy in murine

hepatoma model. Anti-Cancer Res. (2003) 31.

23(1A):315-321.

YAMASHITA'Y, SHIMADA M,
HASEGAWA H et al.: Electroporation-
mediated interleukin-12 gene therapy for

hepatocellular carcinoma in the mice 32.

model. Cancer Res. (2001)
61(3):1005-1012.

TAMURA T, NISHI T, GOTO T et al.:

Intratumoral delivery of interleukin 12 33.

expression plasmids with iz vive
electroporation is effective for colon and
renal cancer. Hum. Gene Ther. (2001)
12(10):1265-1276.

KISHIDA T, ASADA H, SATOH E ez al.: 34.

In vivo electroporation-mediated transfer of
interleukin-12 and interleukin-18 genes
induces significant antitumor effects against
melanoma in mice. Gene Ther. (2001)

8(16):1234-1240.

LUCAS ML, HELLER L, COPPOLA D,
HELLER R: IL-12 plasmid delivery by

in vivo electroporation for the successful 35.

treatment of established subcutaneous
B16.F10 melanoma. Mol. Ther. (2002)
5(6):668-675.

LUCAS ML, HELLER R: IL-12 gene
therapy using an electrically mediated

nonviral approach reduces metastatic

growth of melanoma. DNA Cell Biol. 36.

(2003) 22(12):755-763.
Excellent demonstration of high cure rate
of existing tumours and protection from

formation of new tumours in a difficult

melanoma model. 37.

LI S, ZHANG X, XIA X: Regression of
tumor growth and induction of long-term

antitumor memory by interleukin 12

electro-gene therapy. J Natl. Cancer Inst.
(2002) 94(10):762-768.
Demonstration of utility of IL-12 plasmid

against squamous cell carcinoma.

GOTO T, NISHI T, KOBAYASHI O et /.
Combination electro-gene therapy using
herpes virus thymidine kinase and
interleukin-12 expression plasmids is highly
efficient against murine carcinomas iz vivo.
Mol. Ther. (2004) 10(5):929-937.
Demonstration of induction of tumour

regression in a colon carcinoma model.

HELLER LC, INGRAM SE LUCAS ML,
GILBERT RA, HELLER R: Effect of
electrically mediated intratumor and
intramuscular delivery of a plasmid
encoding IFN alpha on visible B16 mouse
melanomas. Technol. Cancer Res. Treat.
(2002) 1(3):205-209.

LIS, XIA X, ZHANG X, SUEN J:
Regression of tumors by IFN-a
electroporation gene therapy and analysis of
the responsible genes by cDNA array. Gene
Ther. (2002) 9(6):390-397.

HELLER L, COPPOLA D: Electrically
mediated delivery of vector plasmid DNA
elicits an antitumor effect. Gene Ther.

(2002) 9(19):1321-1325.

TAMURA T, NISHI T, GOTO T et al.:
Combination of IL-12 and IL-18 of electro-
gene therapy synergistically inhibits tumor
growth. Anti-Cancer Res. (2003)
23(2B):1173-1179.

HELLER L, POTTINGER C,
JAROSZESKI MJ, GILBERT R,

HELLER R: z vivo electroporation of
plasmids encoding GM-CSF or interleukin-
2 into existing B16 melanomas combined
with electrochemotherapy induces longterm
antitumour immunity. Melanoma Res.

(2000) 10(6):577-583.
KISHIDA T, ASADA H, ITOKAWA Y

et al.: Electrochemo-gene therapy of cancer:
intratumoral delivery of interleukin-12 gene
and bleomycin synergistically induced
therapeutic immunity and suppressed
subcutaneous and metastatic melanomas in

mice. Mol Ther. (2003) 8(5):738-745.

JAROSZESKI M], GILBERT R,
HELLER R: Electrochemotherapy: an
emerging drug delivery method for the
treatment of cancer. Adv. Drug Deliv. Rev.
(1997) 26(2-3):185-197.

MIR LM, GLASS LE SERSA G et al.:
Effective treatment of cutaneous and
subcutaneous malignant tumours by
electrochemotherapy. Br. J. Cancer. (1998)
77(12):2336-2342.

264

Expert Opin. Drug Deliv. (2005) 2(2)



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

LEE CE CHANG SY, HSIEH DS, YU DS:
Treatment of bladder carcinomas using
recombinant BCG DNA vaccines and
electroporative gene immunotherapy.

Cancer Gene Ther. (2004) 11(3):194-207.
HANNA E, ZHANG X, WOODLIS J

et al.: Intramuscular electroporation
delivery of IL-12 gene for treatment of
squamous cell carcinoma located at distant
site. Cancer Gene Ther. (2001)
8(3):151-157.

LIS, ZHANG X, XIA X et al.:
Intramuscular electroporation delivery of
IFN-alpha gene therapy for inhibition of
tumor growth located at a distant site. Gene

Ther. (2001) 8(5):400-407.
LEE SC, WU CJ, WU PY et al.: Inhibition

of established subcutaneous and metastatic
murine tumors by intramuscular
electroporation of the interleukin-12 gene.

J. Biomed. Sci. (2003) 10(1):73-86.

MENDIRATTA SK, THAI G,

ESLAHI NK et al.: Therapeutic tumor
immunity induced by polyimmunization
with melanoma antigens gp100 and TRP-2.
Cancer Res. (2001) 61(3):859-863.

MARTEL-RENOIR D,
TROCHON-JOSEPH W, GALAUP A

et al.: Coelectrotransfer to skeletal muscle of
three plasmids coding for antiangiogenic
factors and regulatory factors of the
tetracycline-inducible system: tightly
regulated expression, inhibition of
transplanted tumor growth, and
antimetastatic effect. Mol Ther. (2003)
8(3):425-433.

QUAGLINO E, IEZZI M, MASTINI C
et al.: Electroporated DNA vaccine clears
away multifocal mammary carcinomas in
her-2/neu transgenic mice. Cancer Res.

(2004) 64(8):2858-2864.

DRAGHIA-AKLI R, HAHN KA,
KING GK, CUMMINGS KK,
CARPENTER RH: Effects of plasmid-
mediated growth hormone-releasing
hormone in severely debilitated dogs with
cancer. Molecular Therapy. (2002)
6(6):830-830.

Interesting palliative application for the

treatment of cancer in large animals.

WANG M, LIU YE, GREENE ] et al.:
Inhibition of tumor growth and metastasis
of human breast cancer cells transfected
with tissue inhibitor of metalloproteinase 4.

Oncogene (1997) 14(23):2767-2774.
JIANG YE WANG MS, CELIKER MY

et al.: Stimulation of mammary

tumorigenesis by systemic tissue inhibitor of

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

matrix metalloproteinase 4 gene delivery.

Cancer Res. (2001) 61(6):2365-2370.

CELIKER MY, WANG M,
ATSIDAFTOS E et al.: Inhibition of
Wilms’ tumor growth by intramuscular
administration of tissue inhibitor of
metalloproteinases-4 plasmid DNA.
Oncogene (2001) 20(32):4337-4343.

RAKHMILEVICH AL, TIMMINS ]G,
JANSSEN K et al.: Gene gun-mediated
IL-12 gene therapy induces antitumor
effects in the absence of toxicity: a direct
comparison with systemic IL-12 protein
therapy. J Immunother. (1999)
22(2):135-144.

MAZZOLINI G, PRIETO J, MELERO I:
Gene therapy of cancer with interleukin-12.

Curr. Pharm. Des. (2003) 9(24):1981-1991.

RIZZUTO G, CAPPELLETTI M,
MAIONE D et 4l.: Efficient and regulated
erythropoietin production by naked DNA
injection and muscle electroporation. Proc.
Natl. Acad. Sci. USA (1999)
96(11):6417-6422.

First demonstration of the use of i vivo
EP of plasmid DNA for protein

replacement therapy.

KREISS B, BETTAN M, CROUZET ],
SCHERMAN D: Erythropoietin secretion
and physiological effect in mouse after
intramuscular plasmid DNA electrotransfer.

J. Gene Med. (1999) 1(4):245-250.

MARUYAMA H, SUGAWA M,
MORIGUCHIY ez al.: Continuous
erythropoietin delivery by muscle-targeted
gene transfer using 7 vivo electroporation.

Hum. Gene Ther. (2000) 11(3):429-437.

MARUYAMA H, ATAKA K,

HIGUCHI N ez al.: Skin-targeted gene
transfer using iz vivo electroporation. Gene
Ther. (2001) 8(23):1808-1812.

PAYEN E, BETTAN M,
ROUYER-FESSARD P, BEUZARD Y,
SCHERMAN D: Improvement of mouse
beta-thalassemia by electrotransfer of
erythropoietin cDNA. Exp. Hematol.
(2001) 29(3):295-300.

RIZZUTO G, CAPPELLETTI M,
MENNUNI C et al.: Gene electrotransfer
results in a high-level transduction of rat
skeletal muscle and corrects anaemia of
renal failure. Hum. Gene Ther. (2000)
11(13):1891-1900.

TERADA'Y, TANAKA H, OKADO T
et al.: Ligand-regulatable erythropoietin

production by plasmid injection and iz vive

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Heller, Ugen & Heller

electroporation. Kidney Int. (2002)
62(6):1966-1976.

BETTAN M, EMMANUEL E

DARTEIL R ¢t al.: High-level protein
secretion into blood circulation after electric
pulse-mediated gene transfer into skeletal

muscle. Mol. Ther. (2000) 2(3):204-210.

FEWELL ]G, MACLAUGHLIN E
MEHTAV et al.: Gene therapy for the
treatment of hemophilia B using PINC-
formulated plasmid delivered to muscle
with electroporation. Mol. Ther. (2001)
3(4):574-583.

MARTINENGHI S,

CUSELLA DE ANGELIS G, BIRESSI §
et al.: Human insulin production and
amelioration of diabetes in mice by
electrotransfer-enhanced plasmid DNA

gene transfer to the skeletal muscle. Gene

Ther. (2002) 9(21):1429-1437.
PRUD’HOMME GJ, CHANGYY, LI X:

Immunoinhibitory DNA vaccine protects
against autoimmune diabetes through
c¢DNA encoding a selective CTLA-4
(CD152) ligand. Hum. Gene Ther. (2002)
13(3):395-406.

FERRER A, FOSTER H, WELLS KE,
DICKSON G, WELLS DJ: Long-term
expression of full-length human dystrophin
in transgenic mdx mice expressing internally
deleted human dystrophins. Gene Ther.
(2004) 11(11):884-893.

MOLNAR M], GILBERT R, LU Y ¢t al.:
Factors influencing the efficacy, longevity,
and safety of electroporation-assisted
plasmid-based gene transfer into mouse

muscles. Mol. Ther. (2004) 10(3):447-455.

VILQUIN JT, KENNEL PE,
PATURNEAU-JOUAS M et al.:
Electrotransfer of naked DNA in the
skeletal muscles of animal models of
muscular dystrophies. Gene Ther. (2001)
8(14):1097-1107.

WELLS KE, FLETCHER S, MANN (],
WILTON SD, WELLS DJ: Enhanced

in vivo delivery of antisense oligonucleotides
to restore dystrophin expression in adult
mdx mouse muscle. FEBS Lezz. (2003)
552(2-3):145-149.

MURAKAMI T, NISHI T, KIMURA E

et al.: Full-length dystrophin cDNA transfer
into skeletal muscle of adult mdx mice by
electroporation. Muscle Nerve. (2003)
27(2):237-241.

KIM JJ, YANG JS, MANSON KH,
WEINER DB: Modulation of antigen-

specific cellular immune responses to DNA

Expert Opin. Drug Deliv. (2005) 2(2)

265



Electroporation for targeted gene transfer

vaccination in rhesus macaques through the DNAs with electroporation. Vaccine (2000) 88. ISAKA'Y, NAKAMURA H, MIZUI M
use of IL-2, IFN-y, or IL-4 gene adjuvants. 18(25):2779-2788. et al.: DNAzyme for TGF- suppressed
Vaccine (2001) 19(17-19):2496-2505. 78.  CHEN Z, KADOWAKI S, HAGIWARA Y extracellular matrix accumulation in

68. KIM]JJ, YANG JS, NOTTINGHAM LK et al.: Cross-protection against a lethal experimental glomerulonephridis. Kidney
et al.: Protection from immunodeficiency influenza virus infection by DNA vaccine to Int. (2004) 66(2):586-590.
virus challenges in rhesus macaques by neuraminidase. Vaccine (2000) 89. TANAKA T, ICHIMARU N,
multicomponent DNA immunization. 18(28):3214-3222. TAKAHARA S ez al.: In vivo gene transfer
Virology. (2001) 285(2):204-217. 79. BACHY M, BOUDET E, BUREAU M of hepatocyte growth factor to skeletal

69. SINJI, KIM J, CHATTERGOON M et al.: Electric pulses increase the muscle prevents changes in rat kidneys after
et al.: Engineering of DNA vaccines using immunogenicity of an influenza DNA 5/6 nephrectomy. Am. J. Transplant. (2002)
molecular adjuvant plasmids. Dev. Biol. vaccine injected intramuscularly in the 2(9):828-836.

(Basel). (2000) 104:187-198. mouse. Vaccine (2001) 90. YAZAWA K, ISAKA'Y, TAKAHARA S

70. WIDERA G, AUSTIN M, RABUSSAY D 19(13-14):1688-1693. et al.: Direct transfer of hepatocyte growth
et al.: Increased DNA vaccine delivery and 80. WU CJ, LEE SC, HUANG HW, factor gene into kidney suppresses
immunogenicity by electroporation iz vivo. TAO MH: In vivo electroporation of cyclosporin A nephrotoxicity in rats.

J- Immunol. (2000) 164(9):4635-4640. skeletal muscles increases the efficacy of Nephrol. Dial. Transplant. (2004)

ee  Excellent study exploring intramuscular Japanese encephalitis virus DNA vaccine. 19(4):812-816.

EP of plasmid DNA encoding vaccines. Vaccine (2004) 22(11-12):1457-1464. 91. MIZUI M, ISAKA Y, TAKABATAKE Y

71. BABIUK S, BACA-ESTRADA ME, 81. CALAROTAS, BRATT G, et al.: Electroporation-mediated HGF gene
FOLDVARI M et al.: Electroporation NORDLUND S ¢t al.: Cellular cytotoxic transfer ameliorated cyclosporine
improves the efficacy of DNA vaccines in response induced by DNA vaccination in nephrotoxicity. Kidney Int. (2004)
large animals. Vaccine (2002) HIV-1-infected patients. Lancet (1998) 65(6):2041-2053.
20(27-28):3399-3408. 351(9112):1320-1325. 92. CRUZADO JM, LLOBERAS N,

72. BABIUK LA, PONTAROLLO R, 82. MACGREGOR RR, BOYER JD, TORRAS ] e al.: Regression of advanced
BABIUK S, LOEHR B, UGEN KE et al.: First human trial of a diabetic nephropathy by hepatocyte growth
LITTLE-VAN DEN HURK SV: Induction DNA-based vaccine for treatment of human factor gene therapy in rats. Diabetes. (2004)
of immune responses by DNA vaccines in immunodeficiency virus Type 1 infection: 53(4):1119-1127.
large animals. Vaccine (2003) safety and host response. /. Infect. Dis. 93. MARTI G, FERGUSON M, WANG ]
21(7-8):649-658. (1998) 178(1):92-100. et al.: Electroporative transfection with

73. BABIUK S, BACA-ESTRADA ME, 83. OTTEN G, SCHAEFER M, DOE B et L. KGF-1 DNA improves wound healing in 2
FOLDVARI M et al.: Needle-free topical Enhancement of DNA vaccine potency in diabetic mouse model. Gene Ther. (2004).
electroporation improves gene expression rhesus macaques by electroporation. Vaccine 94.  LEE PY, CHESNOY S, HUANG L:
from plasmids administered in porcine skin. (2004) 22(19):2489-2493. Electroporatic delivery of TGF-B1 gene
Mol. Ther. (2003) 8(6):992-998. 84. TOLLEFSEN S, TJELLE T, works synergistically with electric therapy to

74. BABIUK S, BACA-ESTRADA ME, SCHNEIDER J et al.: Improved cellular enhance diabetic wound healing in db/db
FOLDVARI M ez al.: Increased gene and humoral immune responses against mice. /. Invest. Dermatol. (2004)
expression and inflammatory cell Mycobacterium tuberculosis antigens after 123(4):791-798.
infiltration caused by electroporation are intramuscular DNA immunisation 95. MO XE YOKOYAMA A, OSHITARI T
both important for improving the efficacy combined with muscle electroporation. et al.: Rescue of axotomized retinal ganglion
of DNA vaccines. /. Biotechnol. (2004) Vaccine (2002) 20(27-28):3370-3378. cells by BDNF gene electroporation in adult
110(1):1-10. 85. SCHEERLINCK JPY, KARLIS J, rats. Investigative Ophthalmology Visual

75. ZHANG L, WIDERA G, RABUSSAY D: TJELLE TE et al.: In vivo clectroporation Science. (2002) 43(7):2401-2405.
Enhancement of the effectiveness of improves immune responses to DNA 96. TAKAHASHI T, ISHIDA K, ITOH K
electroporation-augmented cutaneous DNA vaccination in sheep. Vaccine. (2004) et al.: IGF-1 gene transfer by electroporation
vaccination by a particulate adjuvant. 22(13-14):1820-1825. promotes regeneration in a muscle injury
Bioelectrochemistry (2004) 63(1-2):369-373. 86. NAKAMURA H, ISAKA Y, TSUJIE M model. Gene Ther. (2003) 10(8):612-620.

76. ZUCCHELLI S, CAPONE S, FATTORIE et al.: Electroporation-mediated PDGF 97. RABINOVSKY ED, DRAGHIA-AKLI R:
et al.: Enhancing B- and T-cell immune receptor-IgG chimera gene transfer Insulin-like growth factor I plasmid therapy
response to a hepatitis C virus E2 DNA ameliorates experimental promotes in vivo angiogenesis. Mol. Ther.
vaccine by intramuscular electrical gene glomerulonephritis. Kidney Int. (2001) (2004) 9(1):46-55.
transfer. /. Virol. (2000) 59(6):2134-2145. 98. NISHIKAGE S, KOYAMA H, MIYATA T
74(24):11598-11607. 87. XIN J, HOMMA T, MATSUSAKA T et al.: In vivo electroporation enhances

77. KADOWAKI S, CHEN Z, ASANUMA H et al.: Suppression of cyclosporine A plasmid-based gene transfer of basic
et al.: Protection against influenza virus nephrotoxicity i vivo by transforming fibroblast growth factor for the treatment of
infection in mice immunized by growth factor B receptor-immunoglobulin ischemic limb. /. Surg. Res. (2004)
administration of hemagglutinin-expressing G chimeric protein. Transplantation (2004) 120(1):37-46.

77(9):1433-1442.
266 Expert Opin. Drug Deliv. (2005) 2(2)



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

KOMAMURA K, TATSUMI R,
MIYAZAKI ] et al.: Treatment of dilated
cardiomyopathy with electroporation of
hepatocyte growth factor gene into skeletal
muscle. Hypertension (2004)
44(3):365-371.

XUE F, TAKAHARA T, YATA Y et al.:
Attenuated acute liver injury in mice by
naked hepatocyte growth factor gene
transfer into skeletal muscle with
electroporation. Gur (2002) 50(4):558-562.

UMEDA Y, MARUI T, MATSUNO Y
et al.: Skeletal muscle targeting i vivo
electroporation-mediated HGF gene
therapy of bleomycin-induced pulmonary
fibrosis in mice. Lab. Invest. (2004)
84(7):836-844.

PRADAT PF, KENNEL P,
NAIMI-SADAOUI S ¢t al.: Viral and non-
viral gene therapy partially prevents
experimental cisplatin-induced neuropathy.

Gene Ther. (2002) 9(19):1333-1337.

YOMOGIDA K, YAGURAY,
NISHIMUNE Y: Electroporated transgene-
rescued spermatogenesis in infertile mutant
mice with a Sertoli cell defect. Biol. Reprod.
(2002) 67(3):712-717.

YAMAMOTO M, KOBAYASHI Y, LI M
et al.: In vivo gene electroporation of glial
cell line-derived neurotrophic factor
(GDNF) into skeletal muscle of SOD1
mutant mice. Neurochem. Res. (2001)
26(11):1201-1207.

LESBORDES JC, BORDET T, HAASE G
et al.: In vivo electrotransfer of the
cardiotrophin-1 gene into skeletal muscle
slows down progression of motor neuron

degeneration in pmn mice. Hum. Mol.

Genet. (2002) 11(14):1615-1625.

TJELLE TE, CORTHAY A, LUNDE E
et al.: Monoclonal antibodies produced by
muscle after plasmid injection and
electroporation. Mol. Ther. (2004)
9(3):328-336.

Interesting approach to antibody
production with therapeutic potential

in vivo.

PEREZ N, BIGEY P, SCHERMAN D

et al.: Regulatable systemic production of
monoclonal antibodies by 7 vivo muscle

electroporation. Genet. Vaccines. Ther.

(2004) 2(1):2.

CELIKER MY, RAMAMURTHY N,
XU JW et al.: Inhibition of adjuvant-
induced arthritis by systemic tissue inhibitor
of metalloproteinases 4 gene delivery.

Arthritis Rheum. (2002) 46(12):3361-3368.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

JEONG JG, KIM JM, HO SH er al.:
Electrotransfer of human IL-1Ra into
skeletal muscles reduces the incidence of
murine collagen-induced arthritis. /. Gene

Med. (2004) 6(10):1125-1133.
CHUANG IC, JHAO CM, YANG CH

et al.: Intramuscular electroporation with
the pro-opiomelanocortin gene in rat
adjuvant arthritis. Arthritis Res. Ther. (2004)
6(1):R7-R14.

WU CM, LIN MW, CHENG JT ez al.:
Regulated, electroporation-mediated
delivery of pro-opiomelanocortin gene
suppresses chronic constriction injury-
induced neuropathic pain in rats. Gene

Ther. (2004) 11(11):933-940.
WANG W, SUN W, WANG X:

Intramuscular gene transfer of CGRP
inhibits neointimal hyperplasia after balloon
injury in the rat abdominal aorta. Am. J.
Physiol. Heart Circ. Physiol. (2004)
287(4):H1582-H1589.

HASE M, TANAKA M, YOKOTA M,
YAMADA Y: Reduction in the extent of
atherosclerosis in apolipoprotein E-deficient
mice induced by electroporation-mediated
transfer of the human plasma platelet-
activating factor acetylhydrolase gene into
skeletal muscle. Prostaglandins Other Lipid
Mediat. (2002) 70(1-2):107-118.

NAKANO A, MATSUMORI A,
KAWAMOTO S ez al.: Cytokine gene
therapy for myocarditis by in vive
electroporation. Hum. Gene Ther. (2001)
12(10):1289-1297.

TANAKA S, UEHARA T, NOMURA Y:
Up-regulation of protein-disulfide
isomerase in response to hypoxia/brain
ischemia and its protective effect against
apoptotic cell death. /. Biol. Chem. (2000)
275(14):10388-10393.

IKEDA'Y, YONEMITSU Y, KATAOKA C
et al.: Anti-monocyte chemoattractant
protein-1 gene therapy attenuates
pulmonary hypertension in rats. Am. /.
Physiol. Heart Cire. Physiol. (2002)
283(5):H2021-H2028.

MACHADO-ARANDA D, ADIRY,
YOUNG ]JL et al.: Gene transfer of the
Na*,K*-ATPase {B}1 subunit using
electroporation increases lung liquid
clearance. Am. J. Respir. Crit. Care Med.
(2005) 171(3):204-211.
Demonstration of direct delivery to the

lungs.

LAWSON BR, PRUD’HOMME G]J,
CHANGY et al.: Treatment of murine

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Heller, Ugen & Heller

lupus with cDNA encoding IFN-yR/Fc.
J. Clin. Invest. (2000) 106(2):207-215.

OTANI M, YOSHIDA M, IWASHITA H
et al.: Electroporation-mediated muscarinic
M receptor gene transfer into rat urinary
bladder. Int. J. Urol. (2004)
11(11):1001-1008.

MAMIYA K, OHGURO H, OHGURO I
et al.: Effects of matrix metalloproteinase-3
gene transfer by electroporation in
glaucoma filter surgery. Exp. Eye Res. (2004)
79(3):405-410.

GILBERT R, JAROSZESKI MJ,
HELLER L, HELLER R: Electric field
enhanced plasmid delivery to liver
hepatocellular carcinomas. Technol. Cancer

Res. Treat. (2002) 1(5):355-364.

WANG Z, TROILO PJ, WANG X et al.:
Detection of integration of plasmid DNA
into host genomic DNA following
intramuscular injection and electroporation.

Gene Ther. (2004) 11(8):711-721.

KLENCHIN VA, SUKHAREYV §I,
SEROV SM, CHERNOMORDIK LV,
CHIZMADZHEYV Y: Electrically induced
DNA uptake by cells is a fast process
involving DNA electrophoresis. Biophys. J.
(1991) 60(4):804-811.

NEUMANN E, KAKORIN S,
TSONEVA [, NIKOLOVA B, TOMOV T:
Calcium-mediated DNA adsorption to
yeast cells and kinetics of cell
transformation by electroporation.

Biophys. . (1996) 71(2):868-877.
SUKHAREYV SI, KLENCHIN VA,
SEROV SM, CHERNOMORDIK LV,
CHIZMADZHEV Y: Electroporation and
electrophoretic DNA transfer into cells. The
effect of DNA interaction with electropores.
Biophys. J. (1992) 63(5):1320-1327.
SATKAUSKAS S, BUREAU ME PUC M
et al.: Mechanisms of 77 vivo DNA
electrotransfer: respective contributions of
cell electropermeabilization and DNA
electrophoresis. Mol. Ther. (2002)
5(2):133-140.

GILBERT RA, JAROSZESKI M]J,
HELLER R: Novel electrode designs for
electrochemotherapy. Biochim. Biophys.
Acta. (1997) 1334(1):9-14.

PUC M, COROVIC S, FLISAR K ez al.:
Techniques of signal generation required for
electropermeabilization. Survey of
electropermeabilization devices.
Bioelectrochemistry. (2004) 64(2):113-124.
Excellent review of available electrodes and

instrumentation for iz vivo EP.

Expert Opin. Drug Deliv. (2005) 2(2)

267



Electroporation for targeted gene transfer

129. HORIKI M, YAMATO E, IKEGAMI H,
OGIHARA T, MIYAZAKI J: Needleless
in vivo gene transfer into muscles by jet
injection in combination with
electroporation. /. Gene Med. (2004)
6(10):1134-1138.

Affiliation

Loree C Heller PhD, Kenneth Ugen PhD &
Richard Heller PhD*

TAuthor for correspondence

University of South Florida, Center of Molecular
Delivery, Department of Medical Microbiology
and Immunology, Center for Molecular Delivery,
College of Medicine, 12901 Bruce B Downs
Boulevard, MDC Box 10, Tampa,

FL 33612-4799, USA

Tel: +1 813 974 3065; Fax: +1 813 974 3339;
E-mail: rheller@hsc.usf.edu

268

Expert Opin. Drug Deliv. (2005) 2(2)



	1. Introduction
	2. Cancer therapeutics
	3. Protein replacement therapies
	4. Vaccines
	5. Growth factors
	6. Additional electroporation facilitated therapies
	7. Expert opinion and conclusions

