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Preface

In just a few decades, electroporation has moved from being an interesting idea to being offered to
patients as part of treatment strategies. This development has involved physicists, biochemists,
biologists, eventually medical doctors, as well as engineers and technicians. And what’s more, this
development is likely to continue at rapid speed. Electroporation is a platform technology; pulse
characteristics may be changed to perform various functions. Tumor ablation by strong electric
fields (so-called irreversible electroporation, IRE) may be used in the treatment of cancer. Reversible
electroporation (RE) works at lower field strengths and enables transient opening of cell membranes
which allows for diffusion of otherwise nonpermeating drugs. The obvious use of this technology
is to greatly enhance the efficacy of chemotherapy (Electro Chemotherapy). Indeed, the technologies
may overlap as tumor treatment may be a result of both processes.

A major avenue ahead will be the use of gene electrotransfer, where therapeutic genes may be
transferred to all kinds of different tissues by local injection and application of electric pulses. This
methodology is far safer than other delivery methods, and the transfection may be directed at a small
area and have either local or systemic effects. We are only beginning to see the contours of what
this technology may bring to patients suffering from a variety of diseases.

IRE and electrochemotherapy are now being offered to patients suffering from a variety of cancer
histologies, treating tumors in different organs, and gene therapy is offered in clinical trials.

This book is the first book published on electroporation-based technologies seen from the medical
doctors’ perspective. What'’s the scientific background for this technology? The terminology? How
do you proceed? What equipment do you use? What is the experience gained?

In editing this book, we have sought to create the clinicians’ guide to electroporation-based
technologies.

In addition to the authors contributing to this book, we would like to acknowledge the particular
efforts of Daphne Wong and Susanne Husted Nielsen for invaluable assistance in the editing
process.

Los Angeles, CA, USA Stephen T. Kee
Herlev, Denmark Julie Gehl
Los Angeles, CA, USA Edward W. Lee
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Chapter 1
Introduction to Electroporation

Edward W. Lee, Julie Gehl, and Stephen T. Kee

Abstract Electroporation refers to the ability of electric fields to cause the formation of reversible
or irreversible pores in the membranes of cells. Reversible electroporation (RE) is now in widespread
use as a method of delivering chemicals and large molecules to cells, both as a research tool and
a clinical technique. Recently, irreversible electroporation (IRE) has garnered interest as a stand-
alone ablation device that may have a role in the treatment of various cancers. This book attempts
to illustrate the current state of the art of electroporation and authors a number of areas of growing
interest currently being studied.

Keywords Electroporation e Reversible electroporation e Irreversible electroporation e
Electrochemotherapy o Gene delivery « Ablation

Electroporation

Electroporation is an innovative minimally invasive technique that uses microsecond length electric
pulses to alter the permeability of cell membranes forming nanoscale defects or pores [1, 2]. The use
of electrical fields at certain parameters temporarily permeabilize the membrane, allowing the
cells to return to its natural state afterwards, a process known as reversible electroporation (RE) [2].
The RE technology platform allows us to rethink drug and gene delivery, thereby altering the sensitivity
of certain cancers to chemotherapy and gene therapy.

Stronger electric fields can cause the cell membrane to permanently permeabilize, leading to cell
death, in a process called irreversible electroporation (IRE) [2]. The delivery of this energy can be
used to kill cancer cells and spare adjacent tissues from damage.

History of Electroporation

Electroporation has lately garnered enthusiasm in the fields of biotechnology and medicine. This
technique has been observed as early as the 1750s; however, the recent 30 years has seen increased
research leading to implementation for medical purposes [2]. The first theoretical experiments using

E.W. Lee (IX)

Division of Interventional Radiology, Department of Radiology, David Geffen School of Medicine at UCLA,
10833 Le Conte Avenue, B2-168, Los Angeles, CA 90095-1721, USA
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electroporation on the lipid bilayer were conducted in 1970’s [3-5]. As a result of these studies,
Neumann et al. authored the first publication on electroporation in 1982 on gene transfer into
murine cells [6]. Shortly afterwards, pulse electroporators were developed, and the phenomenon of
electroporation for the delivery of molecules into cells became widespread [7-9]. In 1993, investi-
gations by Belehradek et al. reported the first use of electroporation to increase the uptake of
chemotherapeutic agents in tumors [10]. Since then, numerous studies and publications have been
made on the various clinical practices of electroporation, which includes the induction of drugs and
genes into cells and electrochemotherapy for the treatment of cancer [11-15]. These various appli-
cations of “reversible” electroporation require cells to survive postprocedure, and therefore the
occurrences of IRE, in which the cell dies, had been considered undesirable.

In more recent years, IRE has emerged as an important medical technique in a field that has
previously been dominated by RE [2]. Since 1961, IRE has been used in the food industry for ster-
ilization purposes [16] and in 1987, the electrical injury of a cell by a nonthermal mechanism was
investigated [17, 18]. The most recent research conducted by Lee et al. has have demonstrated the
potential of using IRE for tumor ablation [19].

Reversible Electroporation Vs. Irreversible Electroporation

Electroporation energy is delivered using square wave direct current (DC) pulse generators. It is
possible to independently change the pulse amplitude, length, number of pulses delivered, and the
frequency of delivery. It has been shown that with increasing amplitude, the area of the cell mem-
brane that is permeabilised is increased. For electrotransfer of drugs or genes, a degree of permea-
bilisation sufficient to allow diffusion of molecules is the goal. Following the treatment the cells
recover. For permanent destruction of tumor cells using electroporation alone, a massive permeation
of the cell membrane is desired, in order to allow long-term loss of membrane integrity and thus ion
homeostasis. This can be achieved by altering the DC pulses delivered.

In both RE and IRE, the delivery of an electric field across a cell alters its transmembrane poten-
tial. Therefore, the lipid bilayer structure is disrupted, and small, transient nanopores are created to
allow the transportation of micro and macromolecules into and out of the cell [19]. The mechanism
by which the electric field permeabilizes the cell membrane is similar for the two methods; however,
in RE, the pores are formed on the membrane during electroporation, and are resealed after the
procedure [12]. This temporary pore opening allows the cell to survive after the application of the
electric field; however, this requires that the electrical parameters are much lower than in IRE [12].
The goal of RE is to expose the cell to the external electric field, which allows genes, drugs, dyes,
and proteins that normally do not penetrate the membrane, to enter the cell [12]. As a result, RE has
been used for a variety of clinical and medicinal applications, such as the introduction of drugs into
cells, electrochemotherapy, gene delivery to tissue, and transdermal delivery of drugs and genes
[2, 20]. RE is also being used to treat cancer cells by permeabilizing the cell and allowing chemo-
therapeutic agents to enter the cell at greater, more effective concentrations to kill the target cell — in
a process called electrochemotherapy [1].

On the other hand, the phenomenon termed as “irreversible” electroporation uses the electric
field to directly destroy the cell — without the intervention of drugs [2]. While electrical pulses are
delivered at only hundreds of voltages in RE, IRE requires a sufficiently high voltage of at least
1,000 V and up to 3,000 V to exceed the threshold required for creating permanent pores in the cell [1].
High voltages are generated and applied through electrodes inserted under ultrasound guidance [1].
IRE uses the applied electric field to induce cell death by creating pores that are unable to reseal
after the procedure, therefore destroying the cell’s ability to maintain homeostasis [19]. While RE
requires the supplemental use of drugs to kill tumor cells, IRE uses the electrical field to create cell
death through the mechanism of apoptosis.
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Reversible Electroporation

Silve et al. demonstrated that reversible cell electropermeabilization increases the cellular uptake of
bleomycin, a nonpermeant anticancer drug possessing high cytotoxicity. Sersa et al. validated these
claims by asserting that bleomycin and cisplatin, along with electric pulses delivered to treat tumors,
plays a crucial role in the local control of cancers. The author claims that the treatment is easy to
perform, and is effective for the treatment of skin melanoma, breast cancer, and other tumor skin
metastases. The capability of RE being used for electrochemotherapy has also been confirmed by
the research of Matthiessen et al., whose study concluded that electrochemotherapy for larger
malignant tumors has promise as a palliative treatment and may be a good alternative or supplement
to surgery. However, for this study, the author claims that further investigation is needed in order to
make more evident guidelines for such treatment. Besides having a direct cytotoxic effect on tumor
cells, electrochemotherapy also has a vascular disrupting effect.

As shown by the many reported cases in the research of Sersa et al., electrochemotherapy can be
beneficially used in the treatment of bleeding metastases.

Another development has also been made in the application of drugs and genes to brain tissue in
humans using RE, as demonstrated by Agerholm-Larsen et al. Because of the blood brain barrier,
the access of agents from the blood into brain tissue is restricted. This could theoretically be
overcomed by the use of RE. This technique is a new and developing field of research and drug and
gene electrotransfer in the brain has promising outlooks for clinical applications. The concept of
gene electrotransfer to the lung is also new to RE; however, Dean et al.’s research has developed an
effective treatment for several pulmonary diseases in their study. Research by several different par-
ties and institutions has also shown strides in gene electrotransfer to muscle tissue and skin, as well
as tumors, as described by Heller et al.

Irreversible Electroporation

Preclinical IRE studies have shown promising results. Lee et al. [19] recently published a study on
radiologic—pathologic correlation of IRE-induced cell death. US-guided IRE of normal liver was
performed on Yorkshire pigs, imaged with US, MR, and CT, and evaluated with immunohistochemi-
cal analysis. Neal et al. [21] orthotopically implanted human breast cancer tumors in the mammary
fat pad of Nu/Nu mice and treated with IRE. Tumor regression was observed in five out of seven of
the MDA-MB231 human mammary tumors four weeks after treatment, with continued growth in
controls measured by calipers, bioluminescent imaging of tagged cancer cells from the tumor, and
histological examination [21]. Onik et al. [22] also recently studied IRE ablation in the normal pros-
tate of dogs using transrectal ultrasound guidance. Rubinsky et al. [23] studied IRE of prostate adeno-
carcinoma cells in vitro to determine the number, length, and field strength of the IRE pulses required
to produce complete human cancer cell ablation. Ellis et al. [24] studied the safety of IRE in normal
canine brain tissue. Ultrasonography, MR imaging, and histological analyzes were used. Charpentier
et al. [25] demonstrated IRE of normal pancreas in swine showing evidence of irreversible ablation
by gross appearance and triphenyltetrazolium chloride (TTC) staining [25]. These studies all demon-
strated IRE to be a fast, safe, and potent ablative method, causing complete tissue death with full
preservation of periablative zone structures, including blood vessels, bile ducts, and neighboring
nonablated tissues [19]. Lastly, IRE can now be delivered in real time, unlike RFA and cryoablation.
Lee et al. [26] demonstrated this with observation and measurements of the treated area acquired
during real-time monitoring. Ablation with IRE allows the visualization of IRE effects with real-time
ultrasound, making it possible to adjust protocol parameters in real time to achieve desired results.
Thermal ablation modalities create hyperechoic microbubbles from the thermally injured tissue in
US images, hindering the possibility of real-time monitoring [27, 28]. Lee et al. [19, 26] showed that
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IRE creates a spherical hypoechoic area of ablation during and immediately after IRE, with no
lesion-obscuring gas, lasting up to 24 h after which the area becomes hyperechogenic. They postulate
that the initial hypoechogenicity is likely caused by increased intra/extracellular water as a result of
the disruption of cellular homeostasis [19, 26]. Granot et al. [29] recently described using 3D electrical
impedance tomography (EIT) for real time monitoring of IRE [29].

Conclusion and Perspectives

Electroporation is a platform technology that has unlimited potential for innovation. RE using elec-
trotransfer can be used to allow for the transfer of any molecule or any gene to any tissue, and is
already in widespread clinical use for delivery of chemotherapy, with a wide therapeutic window,
currently mostly for skin cancers; however, developments will shortly see this treatment being used
for other cancers including brain cancer.

IRE with the application of very intense electric pulses is being used clinically in the USA,
Australia, and Europe for ablation purposes at this time. Early developments have focused on liver
and kidney cancers with research into treatments in the pancreas and lung underway. The equipment
used and the techniques being applied are still in development and there is considerable excitement
in the Oncology community that this technique will become the dominant tumor ablation method
in the near future.
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Chapter 2
Electroporation and Cellular Physiology

Hanne Gissel, Raphael C. Lee, and Julie Gehl

Abstract Structural integrity of the cellular membrane is of critical importance for cellular viabil-
ity. The membrane acts as a regulatory barrier for transport into and out of the cell and thereby
enables the cell to build up chemical and electrical gradients important for cellular function. A large
part of the metabolic energy required for cell function, used in the form of ATP catalysis, is invested
in maintaining the transmembrane concentration gradients. If the membrane becomes hyperperme-
able due to structural breakdown, the amount of ATP required to maintain normal osmotic balance
and prevent fluid and electrolyte shifts would exceed the capability of cellular ATP generation.
Thus, the cell faces metabolic energy exhaustion which may lead to cellular calcium (Ca?*) over-
load, Ca**-mediated enzymatic breakdown, and increased superoxide generation. This may lead to
further breakdown of the cellular membrane and a further influx of Ca?*, thus activating a vicious
cycle. Most cells are very apt at repairing membranes, which makes it possible for the cell to regain
control. Therefore, in many cases cell survival becomes dependent on the balance between degrada-
tive mechanisms (activated by Ca** and reactive oxidative species (ROS)) and the membrane repair
mechanisms and thus on the metabolic demand on the cell. Depending on the electrical pulses
used, cell membranes may reseal spontaneously or become permeabilized indefinitely. It is therefore
important to exercise care when pulses are chosen for a given application. When cell survival and
tissue recovery is important, it is possible to assist resealing and recovery from electroporation
through the use of, for example, surfactants, antioxidants, and stimulation of the Na*, K* pump.

Keywords Cell membrane « ATP « Calcium « Permeabilization « Resealing

Introduction

In order to appreciate the many opportunities offered by electroporation (EP) in the treatment of
patients and to efficiently use this platform technology in the clinic, it is necessary to understand
how electroporation affects cellular physiology. Over the past few years, a large amount of time and
effort has been put to understand how permeabilization of the membrane affects cellular function
and viability. To set the stage for the following chapters, basic cellular physiology in regards to
membrane permeabilization and the consequences thereof will be covered.
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The Cellular Membrane and Membrane Integrity: A Prerequisite for Cell
Survival

The cellular membrane constitutes the barrier that separates the cell interior from the exterior, both
chemically and electrically. In essence, the cellular membrane plays the crucial role as the gatekeeper,
acting as a regulatory barrier for transport into and out of the cell. The membrane consists of a lipid
bilayer permeable to water, O,, and CO,,. It is also relatively permeable to hydrophobic molecules
but only permeable to polar compounds (e.g., amino acids, DNA, RNA, carbohydrates, proteins,
and ions) to a very small degree. These substances are moved across the membrane by endocytosis
(macromolecules) or by the aid of proteins embedded in the membrane. Transport occurs as facili-
tated diffusion through pores and channels or by active transport. The presence of ion channels in
the membrane allows for controlled permeability to specific ions, for example, Na*, K*, Ca*,
and CI~. This, in combination with ion pumps and exchangers, enables the cells to build up chemical
and electrical gradients important for cellular function. A large part of the energy required to sustain
cellular function is expended in maintaining the large differences in electrolyte ion concentration
across the cell membrane due to the action of ATP-dependent membrane transport enzymes, the
Ca?- and Na*, K*-ATPases. In skeletal muscle, the cost of maintaining the Na* and K* gradients
accounts for 4-10% of the total energy turnover both at rest and during activity, whereas the pumping
of Ca?* accounts for 5% at rest and up to 50% during contractile activity [1]. Electroporation (also
known as electropermeabilization) permeabilizes the cellular membrane, thus allowing an
uncontrolled diffusion of ions and molecules to occur. This, in turn, vastly increases the work of
maintaining the transmembrane concentration gradients by an amount that scales with the
increase in membrane permeability. A summary of how cells may respond to electroporation is
presented in Fig. 2.1.

Fig. 2.1 Effects of permeabilization on the cell. (a) The cell under normal conditions. Note the gradients for Na*,
K*, and Ca?* across the membrane as well as the high content of ATP. (b) The permeabilized cell. Increases in mem-
brane permeability lead to the influx of Ca?* and Na* and the loss of K* and ATP. (¢) The resealed cell. Resealing of
the membrane allows the cell to recover ion gradients by utilizing ion pumps (the Ca**- and Na*, K*-ATPases).
(d) The damaged cell. If the permeabilized membranes do not reseal or reseal too slowly, cellular Ca** overload will
occur, leading to further membrane damage and mitochondrial Ca®* overload. Depending on the circumstances, the
cell dies by either necrosis or apoptosis
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The Cell Under Normal Conditions

The healthy cell is characterized by chemical gradients for Na* and K* across the cell membrane,
giving rise to the membrane potential important for many cell functions. The Ca** signaling system
controls the majority of cellular reactions. It is therefore necessary that the concentration of free
Ca? in the cytoplasm is under strict control. Thus, Ca?* signaling occurs within tightly regulated
temporal and spatial domains. Due to a very low permeability for Ca?* and constant clearance of
Ca? from the cytoplasm by ATPases, the concentration of free intracellular Ca?* can be kept very
low (around 0.1 uM), in striking contrast to the concentration of free Ca*" outside the cell (around
1.3 mM). Finally, a steep gradient for ATP is maintained across the membrane, with high levels of
ATP being kept inside the cell, readily available to sustain energy-dependent cellular processes.

The Permeabilized Cell

Electroporation greatly increases the permeability of the cellular membrane, leading to the loss of
ionic homeostasis and the disturbance of normal cell function. In particular, it will lead to a rundown
of the Na* and K* gradients and, accordingly, depolarization of the membrane potential [2].
Electroporation will also lead to a large influx of Ca?* due to the very large gradient for Ca** across
the membrane [3]. The loss of cell membrane integrity quickly drains the cell’s energy resources
due to high energy expenditure as the cell attempts to maintain the normal transmembrane ion gra-
dients, using the Ca?*- and Na*, K*-ATPases [1], and due to direct loss of ATP out of the cell. Finally,
following cell membrane damage, the production of reactive oxygen species (ROS) increases by
many orders of magnitude [4], leading to membrane injury as well as protein denaturation.

The influx of Ca** combined with a loss of ATP poses a potential threat to cell viability. Ca®*
functions as an important signaling molecule; thus, if control of Ca** is lost, pathological signals
can be activated, leading to necrotic or apoptotic cell death. Control of Ca* is dependent on
availability of ATP, since the very low concentration of Ca®* in the cytoplasm is maintained by the
pumping of Ca** into Ca** storage in the sarcoplasmic or endoplasmic reticulum (SR or ER) or out
across the membrane by ATPases. Even though a large amount of Ca?* can be stored in internal
storage compartments (ER/SR and mitochondria), the storage capacity of these organelles can be
exceeded, resulting in an increase of intracellular free Ca®*.

Thus, the fate of the permeabilized cell depends on the degree and duration of the permeabilization,
all of which depends partly or in full on the pulses used for EP. If resealing occurs before control
of Ca?* is lost, the cell recovers (C in Fig. 2.1); on the other hand, if control of Ca?* is lost, the cell
dies (D in Fig. 2.1).

The Resealed Cell

Whereas pore formation occurs in the microsecond time frame, membrane resealing has a much
longer timeframe. Resealing of transient pores happens over a range of minutes, depending on the
electrical parameters used and the temperature [5—7]. Once the membrane is resealed, it is the status
of Ca** and ATP that determines whether cellular homeostasis can be recovered.

Assuming sufficient availability of ATP, the Na* and K* gradients and the membrane potential
are recovered by the action of the Na*, K*-ATPase, and intracellular free Ca®* is recovered by the
action of the Ca?*-ATPases in the SR/ER and cellular membranes [1, 8].

Although the membrane is resealed, it might still be slightly perturbed. Eventually, however, the
membrane is believed to recover completely.
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The Damaged Cell

In some cases, cells are permeabilized indefinitely, and the ensuing Ca** overload and ROS production
leads to a secondary breakdown of the membrane. This activates a vicious cycle of continued influx
of Ca*, production of ROS, and the depletion of ATP eventually leading to the destruction of the cell.
Cell death may either occur by apoptosis (a controlled process requiring ATP) or by necrosis [9].

Cell Damage

Having a permeabilized membrane is perilous to the cell, as it may lead to the loss of osmotic
balance and the influx of fluids and ions, as well as the loss of proteins, enzymes, coenzymes, and
ribonucleic acids. The cells may also leak metabolites which are vital for the reconstitution of ATP,
thus further depleting net content of intracellular high-energy phosphates. Most cells are very apt at
membrane repair, with resealing being an effective emergency response among different species and
cell types [10]. Thus, in many cases, cell survival becomes dependent on the balance between
degradative mechanisms (activated by Ca?* and ROS) and the membrane repair mechanisms. If the
repair mechanisms overcome the damage before metabolic depletion occurs, the cell may regain
control and survive the insult; however, if the degradative mechanisms take over, the cell dies.

Ca?* is the main agent involved in cell damage. Since the permeability of the membrane can
increase 1,000-fold with electroporation, the ATP demand may increase to the same degree and
exceed ATP synthesis rates. This leads to an accumulation of Ca?*, which will become available in
cellular environments normally protected from excess Ca®* [8]. The increase in ATP synthesis also
leads to an increase in the production of superoxide, which may also cause damage to the cell.

Apart from producing ATP, the mitochondria play a central role in the cellular Ca** signaling by
shaping and buffering cellular Ca®* signals [11]. Mitochondria have a finite capacity for Ca*.
However, in the presence of inorganic phosphate, calcium phosphate precipitation occurs within the
mitochondria. This facilitates a total accumulation of Ca?* approaching 1 M, while maintaining a
low concentration of free Ca?* within the mitochondria [12]. This allows the mitochondria to form
a significant cellular Ca?* buffer, more so than the ER or SR [13].

A small uptake of Ca?* by the mitochondria has a positive effect on oxidative phosphorylation.
However, larger uptakes of Ca* may result in mitochondrial Ca** overload, which serves as the
primary stimulus for the opening of the permeability transition pore (PTP) [13]. Although multiple
destructive processes are activated by Ca*', lethal outcomes are determined largely by Ca?*-induced
mitochondrial permeability transition leading to cell death by apoptosis or necrosis [8].

The threshold for when cells survive electroporation will vary with the kind and state of tissue
used, as well as the type of application (in vitro, ex vivo, and in vivo).

Death by Apoptosis and Necrosis

Irreversibly injured cells invariably undergo morphological changes that are recognized as cell
death. Previously, two major types of cell death were recognized: necrosis and apoptosis. However,
it is now clear that this is a simplified view, and probably a number of different pathways exist that
lead to cell death — pathways that differ in their morphology, mechanisms, and roles in disease and
physiology.

Apoptosis is a controlled reaction which requires ATP and turns the cell into encapsulated apoptotic
bodies that are easily removed by macrophages without leaving a trace. Necrosis, on the other hand,
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may be the result of several pathways leading to cell lysis and release of cellular components,
triggering inflammatory reactions. Apoptosis and pathways leading to necrosis are interrelated;
without ATP, cells committed to apoptosis die by necrosis [8]. Death following electroporation
most likely follows a necrotic pathway due to the large expenditure of ATP in the attempt to recover
cellular ion homeostasis.

To Seal or Not to Seal: A Question of Survival

Whether the cell survives permeabilization depends on the degree of permeabilization and resealing
of the membrane.

It has been shown in rat skeletal muscle that transmembrane potentials above 340 mV result in
the formation of transient electropores in the cell membrane. These pores reseal spontaneously in a
matter of minutes, and resealing time does not depend on the field strength used. Above a certain
threshold (540 mV) stable pores start to form [7]. The thresholds for transient and stable pore
formation are very likely to be dependent on membrane composition. Resealing of stable pores
possibly depends on membrane repair mechanisms where vesicles are transported to the membrane,
thus lowering the membrane tension and allowing resealing of the defect. The existence of the
cytoskeleton increases membrane tension. Activation of calpain (a Ca?*-dependent protease) is nec-
essary for membrane repair [14, 15]. Calpain degrades cytoskeletal components, thereby lowering
membrane tension and clearing the way for the vesicles. CaMK (a Ca*-dependent protein kinase)
likewise seems to be involved in wound-induced exocytosis [16]. And finally, PKC (protein kinase C)
has been shown to have a potentiating effect on wound healing in the short term by stimulating gene
expression via CREB (cAMP response element-binding protein) [17] and by increasing the vesicle
pool [18].

As shown in Fig. 2.2, permeabilization and resealing can be investigated using nonpermeating
tracers. Under normal conditions, the tracer drug does not enter the cell, but as the membrane
becomes permeabilized, the tracer drug gains access to the interior of the cell. When the membrane
reseals, the tracer drug is caught inside and does not disappear as the remaining tracer drug is cleared
from the extracellular space. If resealing does not occur, the tracer drug will not be retained.
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Fig. 2.2 Uptake of tracer drug in permeabilized cells. An impermeable tracer drug is added, and at first, there is no
uptake into the intact cell (a). Permeabilization allows uptake of the tracer drug into the cell (b). When the membrane is
resealed, the tracer drug is caught inside the cell and does not wash out as the extracellular tracer drug is removed (c)
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Using this technique, resealing following electroporation was shown in isolated rat skeletal
muscle (Fig. 2.3). The radioactive tracer *Ca was added with increasing delay from electroporation.
43Ca is taken up both in the resting control and in the permeabilized muscle. The uptake is larger in
the permeabilized muscle; thus, the electroporation-induced uptake can be calculated by subtracting
the uptake in the resting control from the uptake in the permeabilized muscle. The immediate uptake
of ¥*Ca is very large, but the uptake decreases exponentially, and after 10 min, the uptake is reduced
to less than 20%. After 60 min, the membrane is completely resealed.

Permeabilization and resealing can also be studied in vivo. Figure 2.4 shows the uptake of the
tracer >'Cr-EDTA into mouse fibialis cranialis (TC) muscle in vivo [19]. >'Cr-EDTA-administered
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Fig. 2.3 Uptake of radioactive **Ca in isolated rat muscle following electroporation using 8-100 ps pulses of 250 V/cm
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Fig. 2.4 Uptake of radioactive >'Cr-EDTA into mouse TC muscle. (a) Effect of increasing field strength, using 8

pulses of 20 ms duration. (b) Effect of pulse duration, using 8 pulses at 200 V/cm. (c) Effect of number of pulses,
using 20-ms pulses at 200 V/cm. Reproduced with permission from the authors from [19]
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L.V. is normally not taken up by the muscle and is quickly cleared from plasma. However, as shown
in Fig. 2.4, if the muscle cells are permeabilized, >'Cr-EDTA gains access to the cell interior, and
subsequent resealing traps the >'Cr-EDTA in the cells. If the membrane does not reseal, >'Cr-EDTA
is lost.

SICr-EDTA uptake increases with increasing field strength up to 300 V/cm, possibly due to
permeabilization of an increasing fraction of cells in the muscle. Above 300 V/cm, >!Cr-EDTA shows
a plateau which can be explained by a further increase in the fraction of permeabilized cells combined
with a fraction of cells not resealing. At 600 V/cm, a large fraction of the cells do not reseal, resulting
in a smaller uptake of >'Cr-EDTA. Panels b and c in Fig. 2.4 show that increasing pulse duration or
number of pulses increases permeabilization but has no apparent detrimental effect on resealing.

In situations where cell recovery is desired, resealing of the membrane is of primary concern.
Several strategies can be employed as given below:

1. One strategy is to directly assist the resealing. A group of triblock copolymers have proven to be
effective for this purpose. Poloxamer 188 (P188) has been used widely in medical applications
since 1957, mainly as an emulsifier and antisludge agent in blood [20]. Due to its already-
established safety record, P188 has been the focus of most investigations. P188 is a biocompatible
polymer consisting of two hydrophilic side chains attached to a hydrophobic center core. It has
been shown to be capable of sealing stable defects in cell membranes after various types of
trauma [21, 22], significantly inhibiting apoptosis and preventing necrosis [23].

2. A second strategy could be the use of antioxidants. Electroporation is associated with ROS pro-
duction [4], and since ROS contributes to the damage process, antioxidant treatment could reduce
tissue damage. This was indeed shown in CHO (Chinese hamster ovary) cells, where cell survival
after electroporation was markedly increased by the presence of antioxidants [4].

3. Finally, stimulation of the Na*,K* pump (e.g., by B, agonists) has been shown to improve mem-
brane potential and force recovery following electroporation of skeletal muscle [2]. Since many
B, agonists have been used for years in asthma treatment, safety of this type of drug has been
proven. Thus, treatment with 3, agonists may prove to be a safe strategy for faster recovery of
tissue function.

In reality, a combination of these three strategies may prove beneficial in increasing cell survival
and tissue function after electroporation.

How Different Pulses Affect the Tissue

Recently, a comprehensive study was undertaken to investigate the manner in which different pulses
affect membrane permeability and cell physiology [3]. Figure 2.5 shows Na* and K* content in
mouse TC muscle exposed to EP. Three different pulsing regimes were used. The first consisted of
eight short high voltage pulses (100 ps, 1,000 V/cm) (8 HV), the second consisted of one short high
voltage pulse and one long low voltage pulse (100 ps, 1,000 V/cm *400 ms, 100 V/cm) (HV + LV),
and the third consisted of eight low voltage pulses (20 ms, 200 V/cm) (8 LV) [3]. As can be seen in
Fig. 2.5, the 8 HV pulses resulted in a high degree of permeabilization, allowing a rather large flux
of Na* and K*. In contrast, HV + LV pulses only caused a mild perturbance in muscle Na* and K*
content, allowing the cell to return to normal values after 1 week. Eight LV pulses resulted in
slightly larger disturbances in Na* and K* contents than HV + LV, in the presence of DNA. Note
that the presence of DNA results in larger changes in ion content.

From these studies, it is clear that careful consideration should be given when choosing the
electroporation pulses, as amplitude, duration, and the number of pulses have large effects on
permeabilization and resealing, and thus on the recovery from electroporation.
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Fig. 2.5 Na* (a) and K* (b) content in mouse TC muscle exposed to electroporation (8 HV or HV + LV), DNA
injection (DNA alone), or a combination of electroporation and DNA injection (HV + LV + DNA and 8 LV + DNA).
For each treatment, muscles were isolated with increasing delay from electroporation (5 min to 1 week) and total
muscle Na* and K* content was determined. Reproduced with permission from the authors from [3]

Conclusion

Increasing the permeability of the membrane is perilous for a cell. This may prove to be an advantage
when electroporation is used for ablation. In most other cases, however, cell survival is essential.
In these situations, it is important to choose the right pulse combination, giving rise to as little tissue
damage as possible, while still efficiently introducing the drug of choice into the cell. Finally, certain
actions can be taken to minimize the detrimental effects of permeabilization, such as ensuring an
adequate ATP level in the cells of the target tissue (to maintain cellular functions and sustain repair
processes) and actively assisting recovery from electroporation.
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Chapter 3
The Cell in the Electric Field

Tadej Kotnik, Gorazd Pucihar, and Damijan Miklav¢i¢

Abstract An exposure of a cell to an external electric field results in the induced transmembrane
voltage (AW ) that superimposes to the resting voltage. This can have a range of effects, from modifi-
cation of the activity of voltage-gated channels to membrane electroporation, and accurate knowledge
of spatial distribution and time course of AW is important for the understanding of these effects. In
this chapter, we present the analytical, numerical, and experimental methods of determination of AW ,
and combine them with the monitoring of electroporation-induced transmembrane molecular transport
(TMT) in Chinese Hamster Ovary (CHO) cells. Potentiometric measurements are performed using di-
8-ANEPPS, and TMT is monitored using propidium iodide. In isolated cells, we combine analytical
derivation (for spherical cells) and numerical computation of AW _ (for irregularly shaped cells) with
potentiometric measurements to show that the latter are accurate and reliable. Monitoring of TMT in
these same cells shows that it is confined to the regions with the highest |A‘Pm|. We then review other
parameters influencing electroporation of isolated cells, and proceed, through the intermediate case of
dense suspensions, to cells in direct contact with each other. We use the scrape-loading test to show
that the CHO cells in a monolayer are interconnected, and then study A¥ and TMT in a cluster of
four such cells. With low pulse amplitudes, the cluster behaves as one big cell, with A¥  continuous
along its outer boundary, reflecting the interconnections. With interconnections inhibited, the cells
start to behave as individual entities, with A¥  continuous along the plasma membrane of each cell.
With the cluster exposed to porating (higher amplitude) pulses, TMT occurs in the membrane regions
for which computations predict the highest |A‘Ifm| if the cells are modeled as insulated, suggesting
that the interconnections are blocked by supraphysiological A¥ , either directly by voltage gating or
indirectly through changes in ionic concentrations caused by electroporation.

Keywords Induced transmembrane voltage * Potentiometric dyes ¢ Electroporation ¢ Molecular
transport

Introduction

The spatial distribution of the voltage on the plasma membrane of biological cells has a number of theo-
retical and experimental implications, such as the activation of voltage-gated membrane channels,
cardiac cell stimulation, and plasma membrane electroporation [1-7]. In studies of these phenomena,
cells are usually exposed to an external electric field, which induces a voltage across the cell membrane,
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termed the induced transmembrane voltage and denoted by A¥,[8, 9]. Unlike the resting transmem-
brane voltage, which is always present and constant everywhere on the plasma membrane, A¥_ only
lasts for the duration of the exposure and varies with the position on the membrane. Consequently, it is
often important to accurately determine not only its amplitude, but also its spatial distribution.

Many studies imply that plasma membrane electroporation and the resulting molecular flow across
the membrane occur in the regions of the membrane exposed to a sufficiently high A¥  [10-14].
Although formation and stabilization of each pore in the membrane is a stochastic process, on the scale
of cells and tissues, the effects of membrane electroporation only become detectable at AW exceeding
a certain “critical” value, AW _. (typically several hundred mV), which treats electroporation as a
deterministic process. Thus, for efficient applications of electroporation and understanding of the
phenomenon, accurate determination of the distribution of A¥  on the cell membrane is important.

Isolated Cells

Spherical Cells in a Homogeneous Field

In exposures of cells to a direct current (DC) homogeneous electric field, A¥ | is determined by solv-
ing Laplace’s equation. Although biological cells are not perfect spheres, in theoretical treatments
they are usually considered as such — a spherical interior (the cytoplasm) surrounded by a concentric
spherical shell of uniform thickness (the membrane). For certain types of cells, and particularly for
cells in suspensions, this is a reasonable assumption. In the first approximation, the plasma mem-
brane can also be treated as nonconductive. Under these assumptions, the solution of Laplace’s equa-
tion leads to the formula for AW often referred to as the (steady-state) Schwan’s equation [15],

AY =1.5ERcos0, 3.1)

where E is the electric field in the region where the cell is situated, R is the cell radius, and @is the angle
measured from the center of the cell with respect to the direction of the field. Thus, A'¥_is proportional
to the applied electric field and the cell radius. Furthermore, it has extremal values at the points
where the field is perpendicular to the membrane, that is, at =0° and 0=180° (the “poles” of the cell),
and in between these poles it varies proportionally to the cosine of 6, as shown in Fig. 3.1b.

AY ,as givenby (3.1) is typically established several microseconds after the onset of the electric field.
With exposures to a DC field lasting hundreds of microseconds or more, this formula can safely be
applied to yield the maximal, steady-state value of the induced transmembrane voltage. To describe the
transient behavior during the initial microseconds, one uses the first-order Schwan’s equation [8]:

Ay, =15 ERcosf(1-¢"™), (3.2)

where 7 _is the time constant of the membrane charging and is expressed as:
Re
T = n ) (3.3)

0,0
2d ———+Ro,
o, +20,

with 6, o and o, as the conductivities of the cytoplasm, cell membrane, and extracellular
medium, g the dielectric permittivity of the membrane, d the membrane thickness, and R again
the cell radius.
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Fig. 3.1 AY_ and electroporation of three spherical CHO cells. (a) Changes in fluorescence of di-8-ANEPPS pro-
portional to AW caused by a nonporating, 100 V/cm, 50 ms electric pulse. (b) Spatial distribution of A¥  as mea-
sured on the cell #3 in (a) along the path shown by the arrow (solid), and as predicted by the steady-state Schwan’s
equation (dashed). (c) Electroporation obtained on the same cells with an exposure to a 650-V/cm, 7504750 us
bipolar pulse, as visualized by inflow of propidium iodide through the porated membrane regions 100 ms after the
exposure. The detected areas of poration imply A¥ ~540 mV. The bar in (a) and (¢) corresponds to 10 pm

Equations (3.2) and (3.3) are applicable to exposures to sine (alternating current, AC) electric
fields with frequencies below 1 MHz and to rectangular electric pulses longer than 1 ps. To deter-
mine the time course of AY _induced by even higher field frequencies or even shorter pulses, the
second-order extension of Schwan’s equation must be used, in which dielectric permittivities of the
cytoplasm and the cell exterior also have to be taken into account [16—18].

An alternative to the analytical derivation of AW are the experimental techniques. These include the
measurements of A¥ with microelectrodes and with potentiometric fluorescent dyes. The invasive
nature of microelectrodes, their low spatial resolution and physical presence, which distorts the electric
field, are considerable shortcomings of this approach. In contrast, measurements by means of potentio-
metric dyes are noninvasive, offer higher spatial resolution, and moreover do not distort the field and
thus AW . As a consequence, during the last decade the potentiometric dyes, such as di-8-ANEPPS
[19-22] have become the preferred tool in experimental studies and measurements of A .

In Fig. 3.1, the measurements of AW on spherical CHO cells are compared to the analytical
solution given by (3.1), and a correlation between AW and the location of the electroporated mem-
brane regions through which molecular flow occurs is demonstrated. Figure 3.1a, b shows that the
measured AW correlates well with the theoretical predictions, with the highest values of A¥  found
in the membrane regions facing the electrodes (the “poles”). Figure 3.1c shows that the molecular
flow through the membrane, and thus membrane electroporation, is confined to these same regions,
that is, the areas for which AY >AY .

Nonspherical Geometrically Regular Cells

When suspended, many cells have a shape close to spherical, but for some cell types this is clearly
not the case. Among the few generalizations of the cell shape that still allow for analytical derivation
of A¥_, the most useful are cylinders (e.g., for muscle cells and axons of nerve cells), oblate spher-
oids (e.g., erythrocytes), and prolate spheroids (e.g., bacilli). To obtain the analogs of Schwan’s
equation for such cells, one solves Laplace’s equation in a suitable coordinate system [23-25]. For
a circular cylinder with the axis perpendicular to the field, this yields

AY  =2ERcos6. (3.4)
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For an oblate spheroid with the axis of rotational symmetry aligned with the field, we get

R; - R’ R, cosO

AY, =E « s
sz R 2 -2 > 2 .
(7ﬁ)arcctg (7W)Rl \/R1 sin“ 0+ R, cos” 0
and for a prolate spheroid with the axis of rotational symmetry aligned with the field, we get
R*—R? R 0
AY 1% , COS 6

=FE - X
R - (\/RfiRz )1n(R.+J11:37R§) \/Rf sin’ 0+ R; cos” 0

where R, and R, are the radii of the spheroid in the directions parallel and perpendicular to the field,
respectively.

A description of a cell is geometrically realistic if the thickness of its membrane is uniform.
This is the case if the membrane represents the space between two concentric spheres, but not with
two confocal spheroids or ellipsoids. As a result, the thickness of the membrane modeled in sphe-
roidal or ellipsoidal coordinates is necessarily nonuniform. By solving Laplace’s equation in these
coordinates, we thus obtain the spatial distribution of the electric potential in a nonrealistic setting.
However, under the assumption that the membrane conductivity is zero, the induced transmem-
brane voltage obtained in this manner is still realistic. Namely, the shielding of the cytoplasm is
then complete, and hence the electric potential everywhere inside the cytoplasm is constant.
Therefore, the geometry of the inner surface of the membrane does not affect the potential distribu-
tion outside the cell, which is the same as if the cell were a homogeneous nonconductive body of
the same shape. A more rigorous discussion of the validity of this approach can be found in Kotnik
and Miklav¢ic [24].

For nonspherical cells, it is generally more revealing to express A¥  as a function of the arc
length along the membrane than as a function of the angle 6 (for a sphere, the two quantities are
directly proportional). For uniformity, the normalized version of the arc length is used, increasing
from O to 1 equidistantly along the arc of the membrane.

Irregularly Shaped Cells

Cells in tissues have markedly irregular shapes, deviating considerably from the regular shapes
described above. For many such cases, an analytical solution for A¥_ cannot be derived. In practice,
there are two approaches for obtaining accurate estimates of AW on irregularly shaped cells:
experimental determination and numerical computation. Experimentally, A¥ can be measured by
means of a potentiometric fluorescent dye, as already presented above (see Fig. 3.1). The numerical
approach, on the other hand, requires the construction of a model of the cell and subsequent com-
putation of the electric potential inside and outside the cell.

The simplest approach in numerical modeling of an irregularly shaped cell is to compose it from
several simple geometrical objects, such as hemispheres and cylinders [26-28]. However, this can
only yield a rough approximation of the actual situation, and can thus lead to considerable error.
A more realistic three-dimensional model of an irregularly shaped cell can be constructed from a
sequence of cross sections of the cell under consideration, as shown in Fig. 3.2 and explained in
more detail in Pucihar et al. [29, 30].

In a suitable numerical software package, such as COMSOL Multiphysics, the distribution of the
electric potential ¥ in such a model of the cell and its vicinity is then easily computed and the
induced transmembrane voltage is determined as the difference between electric potentials on both
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Fig. 3.2 Finite-elements model of a CHO cell attached to a cover glass. The interior of the rectangular block represents
the extracellular medium, and the gray-shaded faces are the electrodes generating the electric field

a

Fig. 3.3 AY _ and electroporation of the CHO cell shown in Fig. 3.2. (a) Changes in fluorescence of di-8-ANEPPS
proportional to A¥ caused by a nonporating, 100 V/cm, 50 ms electric pulse. (b) Spatial distribution of A¥  as
measured on a cell in (a) along the path shown by the arrow (solid), and as computed on a model shown in (a)
(dashed). (c) Electroporation obtained on the same cell with an exposure to a 1,000 V/cm, 200 ps unipolar pulse, as
visualized by inflow of propidium iodide through the porated membrane regions 100 ms after the exposure. The
detected areas of poration imply A¥ .~650 mV. The bar in (a) and (¢) corresponds to 10 pm

sides of the membrane. In analogy to Fig. 3.1, Fig. 3.3a, b demonstrate close correlation between the
measured and the numerically computed AW , while Fig. 3.3¢ shows that also in irregular cells elec-
troporation occurs in the membrane regions with the highest absolute value of A¥ . These regions
are generally located in the areas of the membrane closest to (i.e., facing) the electrodes. This is most
obvious in cells with pronounced protrusions, where electroporation occurs at their very tips [31].

The results shown in Figs. 3.1 and 3.3 confirm the finding that electroporation is limited to the
membrane regions in which the absolute value of AW exceeds a certain critical level, AY >AY .
With nonspherical shapes, the maximal A¥_ attained also depends on the orientation of the cell with respect
to the field. Therefore, by exposing the cells to several different orientations of the field, the efficiency
of electroporation can be increased significantly, which is also confirmed by experiments [28].

Parameters Influencing Electroporation of Isolated Cells

Pulse Parameters

Electroporation of isolated cells and dilute suspensions in vitro is influenced by both the parameters
of the electric pulse(s) and the experimental conditions. Investigations of the role of the amplitude,
number, and duration of unipolar rectangular pulses have been the subject of several comprehensive
studies [32-36]. These studies show that electroporation only becomes detectable above a certain
pulse amplitude, A¥ .. With further increases in pulse amplitude, the percentage of porated cells
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increases, while the percentage of cells surviving the treatment decreases. The average amount of
molecules introduced into a cell reaches a peak at some intermediate pulse amplitude. It has also
been shown that both poration and cell survival as functions of pulse amplitude vary significantly
between various types of cells [37]. Some of the observed differences can be attributed to differ-
ences in cell size, but several studies imply that the differences in membrane composition and
structure can also play an important role [38, 39].

Experiments show that increasing the number and/or duration of the pulses yields detectable
electroporation at a lower minimal pulse amplitude, and that the average amount of molecules intro-
duced into a cell generally increases with an increase of the number of pulses applied [32, 34].
Several studies have demonstrated that for macromolecules such as DNA, electrophoresis plays an
important role in the transmembrane transport, and sufficiently long pulse duration is crucial for
adequate uptake [33, 34, 40]. Typically, pulse durations for the uptake of smaller molecules are in
the range of hundreds of microseconds, while for macromolecules, pulses lasting from several mil-
liseconds to several tens of milliseconds are usually required. Combinations of shorter (electropo-
rating) and longer (electrophoretic) pulses have also been shown to improve the efficiency of gene
electrotransfer [41, 42].

At least two studies have focused on a comparison of the efficiency of unipolar and bipolar rect-
angular pulses in vitro, demonstrating that with bipolar pulses, detectable electroporation is obtained
with lower pulse amplitudes, while substantial cell death occurs at similar amplitudes as when uni-
polar pulses of the same duration are applied [43, 44]. Moreover, contamination of the medium
through electrolytical release of metal ions from the electrodes is also lower with bipolar than with
unipolar pulses [45].

Unlike the role of the amplitude, number, duration, and polarity of pulses, a hypothetical role of
pulse dynamics, or the “pulse shape,” has been a subject of relatively few studies. Two reports by
the same authors have claimed an improved efficiency of electroporation and gene electrotransfer
when a sine wave was superimposed to a rectangular pulse [46, 47]. In another study, rectangular,
sine, and triangular waves of the same amplitude were compared, obtaining the most efficient trans-
fection for rectangular, less for sine, and the least for triangular waves [48]. This is in agreement
with a later systematic study showing that among the parameters describing the pulse shape, by far
the most important for the efficiency of electroporation is the time during which the pulse amplitude
exceeds a certain critical value [49]. In another study, it was shown that the efficiency of electropo-
ration is roughly the same for pulse repetition frequencies ranging from 1 Hz (i.e., one pulse per
second) up to several kHz, provided that the same total number of pulses is delivered [50].

Experimental Conditions

Electroporation and cell death caused by exposure to high voltage electric pulses also depend on the
composition of the extracellular medium. Since electroporation results in substantial exchange of
ions between the medium and the cytosol, care must be taken to avoid possible detrimental effects.
In particular, in electroporation media, potassium ions are often used instead of the sodium ions of
the typical culture media [14, 34, 51]. Also, the calcium ions typically present in culture media
should be avoided, as electroporation provides them with a pathway for entering cytosol, leading to
supraphysiological intracellular concentrations of Ca?* that can result in cytotoxic effects [52]
(as described in Chap. 2).

The electrical conductivity of the extracellular medium also plays a role in electroporation. In
media with a conductivity several orders of magnitude below the physiological levels, Schwan’s
equation as given by (3.1) or (3.2) must be modified by lowering the multiplication factor 1.5
accordingly, as explained in detail in Kotnik et al. [9] and confirmed experimentally in Pucihar et al.
[51]. Due to this, in a low-conductivity medium, A¥  induced by a pulse of a given amplitude is
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lower than in a physiological medium, and somewhat higher pulse amplitudes must, in general, be
applied to obtain the same extent of poration. The decrease in medium conductivity also leads to a
lower heating of the cell suspension during the exposure to electroporating pulses [51].

Among the other experimental conditions that influence electroporation are the osmotic pressure
and the temperature of the suspension. It was reported that osmotic pressure is not an important
factor in transmembrane transport of small molecules, but use of a hypoosmolar buffer during pulsa-
tion allows for more efficient uptake of large proteins [53]. With respect to the temperature, post-
porational incubation at 37°C results in a faster membrane recovery and thus in a higher fraction of
cells surviving the treatment. It was also observed that in vitro, the highest uptake of DNA is
obtained by incubating the cells before poration at 4°C and after poration at 37°C [54].

Dense Suspensions and Monolayers

In natural situations the cells are rarely isolated, and when sufficiently close to each other, the
mutual distortion of the field caused by their proximity cannot be overlooked. Often, the cells are
also in direct contact, forming two-dimensional (monolayers attached to the bottom of a dish) or
three-dimensional (tissues) structures, and they can even be interconnected.

In dilute cell suspensions, the distance between the cells is much larger than the cell sizes them-
selves, and the local field outside each cell is practically unaffected by the presence of other cells.
Thus, for cells representing less than 1% of the suspension volume (for a spherical cell with a radius
of 10 pum, this means up to two million cells/mL), the deviation of the induced transmembrane volt-
age, AY , from the prediction given by (3.1) is negligible. However, for larger volume fractions
occupied by the cells, the distortion of the local field around each cell by the adjacent cells becomes
more pronounced. As the volume fraction occupied by the cells increases beyond 10% and
approaches 50%, the spatial distribution of AW starts to deviate significantly from that given by
(3.1), as the factor 1.5 gradually decreases towards 1, and the distribution also starts to diverge from
the ideal cosine shape, as shown in detail in Susil et al. [55], Pavlin et al. [56], and Pucihar et al.
[57]. Due to the lower AY , the efficiency of electroporation with the same pulse parameters is typi-
cally lower in dense suspensions than in dilute ones [57].

For even larger volume fractions, the cells come into direct contact, and the electrical properties
of the suspension start to resemble that of a tissue, but only to a certain extent. Namely, cells can form
specific structures, such as layers, and moreover in tissues they can also be directly electrically
coupled, for example, through gap junctions. The amplitude and the spatial distribution of A¥ on
these cells can differ considerably from AW observed on single isolated cells. This is because dense
cell packing shields the cells electrically to some extent, and intercellular pathways can connect
adjacent cells electrically. Due to the nature of the tissue structure, it is difficult to observe these
effects experimentally in individual tissue cells. As a more feasible alternative, we can study clusters
of cells growing in monolayers, which present a simple model for examining the behavior of cells in
tissues. As in tissues, cells in clusters also have complex geometrical shapes, are densely packed, and
are often connected with intercellular pathways. Thus, the only significant deviation is their two-
dimensional arrangement, as opposed to typically three-dimensional cellular structures of tissues.

Intracellular pathways, also termed gap junctions, are small protein channels that allow for the
exchange of ions between neighboring cells. The opened or closed state of the gap junctions renders
the cells electrically connected or electrically insulated, respectively, and in this manner it can affect
AY and electroporation considerably.

Figure 3.4 shows that CHO cells form gap junctions allowing for exchange of ions and smaller
molecules between the cells, and that these gap junctions are inhibited (blocked) effectively using
oleamide. Figures 3.5 and 3.6 show a numerical model and an experiment performed on a cluster
of four such cells attached to a cover glass.
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a b c d

Fig. 3.4 Scrape loading test with 1 mM Lucifer Yellow performed on CHO cells. (a) Phase contrast image of the
cells scraped with a needle (black vertical in the middle). (b) Fluorescence of the cells 5 min later. The dye entered
the damaged cells and quickly diffused into the neigboring, undamaged cells. (¢) Same as (a), but with the cells
preincubated for 45 min with 200 uM oleamide, a gap junction inhibitor. (d) Fluorescence 5 min later. The dye only
entered the cells directly damaged by scraping
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Fig. 3.5 Finite-elements model of a cluster of CHO cells forming a monolayer cluster attached to a cover glass. By

changing the electrical conductivity of the membrane regions forming contacts between the cells, cells in clusters can
be modeled as either electrically interconnected or electrically insulated

Ppipcieiiaion  dadetion

nommaized arc length

Fig. 3.6 AY_and electroporation of a cluster of the four attached CHO cells shown in Fig. 3.5. (a) Changes in fluo-
rescence of di-8-ANEPPS proportional to A¥ caused by a nonporating, 75 V/cm, 50 ms electric pulse. (b) Spatial
distribution of A as measured on the cluster in (a) along its outer boundary as shown by the arrow (solid), and
numerically computed A¥  for electrically interconnected (dashed black) and electrically insulated cells (dashed
gray). The arrows show the discontinuities of AW  along the outer cluster boundary with insulated cells. (c)
Electroporation obtained on the same cluster with an exposure to a 1,000 V/cm, 750+ 750 ps bipolar pulse, as visual-
ized by inflow of propidium iodide through the porated membrane regions 500 ms after the exposure. The bar in (a)
and (c) corresponds to 20 pm

With nonelectroporating pulses (lower amplitude, longer duration) and without inhibition of the
gap junctions, A¥ induced on the membranes of the cells was continuous when traced along the
outer boundary of the cluster (Fig. 3.6b, solid curve). This correlates well with the numerically
computed A¥  for the case of electrically interconnected cells (Fig. 3.6b, dashed black). In other
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words, the cluster behaved as if it was one big cell, reflecting the interconnections of the cells by
gap junctions.

Applying the same pulse parameters, but with the gap junctions inhibited, the cells started behaving
as individual entities (i.e., as electrically insulated), so that A¥  was continuous along the plasma
membrane of each individual cell, yet discontinuous when traced along the outer boundary of the
cluster (Fig. 3.6b, dashed gray, with discontinuities marked by arrows).

When the cluster was exposed to electroporating pulses (higher amplitude, shorter duration),
however, the molecular transport occurred in the membrane regions for which numerical computa-
tions predicted the highest AW if the cells were modeled as insulated. The results were unaffected
by the presence or absence of oleamide, suggesting that with A¥'_substantially above the physiological
levels, the gap junctions can also be blocked by another mechanism, perhaps directly by voltage
gating, or indirectly as a consequence of changes in ionic concentrations caused by electroporation.
The ongoing investigations should cast additional light on these observations.

Within clusters of cells, in a similar fashion to isolated nonspherical cells, the efficiency of
electroporation depends on the orientation of the field with respect to the cells. If a single pulse is
used for electroporation, the appropriate field orientation with respect to the cell should be chosen
for optimal effects. For applications in which the aim is to achieve electroporation, but the size of
the porated area is unimportant, it is advisable to orient the field along the larger dimension of
the cell, for example, so that the longest protrusions face the electrodes. For such an orientation,
a moderate external field will induce AW >A'Y . only at the very ends of these protrusions. In
contrast, if the aim is to maximize the size of the porated area, the field should generally be oriented
perpendicularly to the larger dimension of the cell (see e.g., Fig. 3.3). With several pulses applied,
an improved efficiency can be obtained by changing the field orientation between consecutive pulses.
As this approach renders a higher electroporated area of the membranes, it allows the use of a
somewhat lower pulse amplitude, resulting in reduced loss of cell viability [58, 59].

In addition to the variability of cell shapes, a recent study suggests that also A¥ . can vary
considerably even between cells of the same type [60]. As a consequence, numerical modeling can
be useful for analyzing the spatial distribution of A¥ on the membranes of the cells under consid-
eration when planning an efficient electroporation protocol, but the location and size of the porated
membrane regions can only be estimated [30].
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Chapter 4
Understanding Electric Fields for Clinical Use

Faisal Mahmood

Abstract For physicians or researchers from the biological sciences, it is usually not necessary to
deal with the in-depth scientific theory of the electric field in order to handle procedures involving
electrotransfer. On the other hand, it is very often of utmost importance to know the basic concept,
from a pragmatic point of view, to understand simple electric field distributions. In this chapter, we
initially address the basic physics and definitions of electrostatics in order to prepare the reader for
the practical topics that follow. The electric field strength and the electric vector field are explained
in connection with tissue characteristics, especially heterogeneity and anisotropy. The role of the
pulse generator and the electrode geometry is addressed in relation to electric field distributions and
electric field strength. The reader is provided with electric field visualization methods, which are
important for both comprehension and interpretation of otherwise complicated data. Finally, critical
steps for ensuring the intended delivery of the appropriate electric field for treatment procedures are
proposed. It is stressed that numerical derivation of the electric field is the only reasonable way of
handling individual nonstandardized electrotransfer procedures.

Keywords Electrostatics « Electric field « Electric potential « Electrode geometry  Tissue hetero-
geneity » Treatment planning « Electric field plot

Introduction

Understanding the nature of the electric field is important for any physician or researcher who wants
to make use of electroporation on a preclinical or clinical basis. In fact, the clinician’s level of com-
prehension of this technology should match that of the established treatment technologies, such as
external beam radiation therapy in cancer irradiation.

The aim of this chapter is to:

1. Provide the reader with the tools to understand the basic physics of the electric field.
2. Discuss and clarify some issues concerning nomenclature and physical concepts.
3. Give an overview of factors that affect the electric field.
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4. Give examples of the visualization of electric field distribution of common electrode
configurations.

5. Describe the necessary steps in treatment planning of clinical electroporation to ensure optimized
delivery of the electric field to the target volume.

Basic Concept and Definitions

Coulomb’s Law

Electrical force emerges from the presence of charge, and acts between charges only. It is one of the
four fundamental interactions known to physics, and the most precisely determined. Here, we shall
only consider charges that do not move; we then speak of an electrostatic force, described by
Coulomb’s law. It states that between two charges at rest, there is a force F directly proportional to
the product of the charges and inversely proportional to the square of the distance between them.
The mathematical equivalence is:

@ 2

’

F=K-

where K is a proportionality factor which is usually written as 1/47e  and has a value of 9.0 x 10°
and the unit Vm/C. q, and q, are two point charges, 1 is the distance between the charges, and “r-hat”
is a unit vector parallel to the line connecting the charges. (The concept of vectors is described in
Section “E: A Vector”).

The Principle of Superposition

When there are more than two charges present, which is always the case in macroscopic systems, we
supplement Coulomb’s law with one other fact of nature: “The principle of superposition”. It states
that the force on any charge is the sum of the Coulomb forces from each of the other charges.

The combination of Coulomb’s law and the principle of superposition is all there is to electrostat-
ics, which is electromagnetics in its most simple form. We can, in theory, solve any problem of static
charge distributions (electrode configurations) by applying these two principles.

The Electric Field

The concept of the electric field is merely a matter of definition: If we divide the electric force
by charge, we get F/q, which we call the electric field E. We understand this new quantity, the
electric field, which is introduced for practical reasons, as a force per charge “exerted” at a point
with no charge. The unit of the electric field is thus N/C (Newton per charge), or more conve-
niently, V/m (volt per meter). When we speak of for example, 100 V/m, it is a measure of the
strength, or intensity, of the electric field at a particular point. As a result, we call it the electric
field strength or the electric field intensity.

E=F/q (Unitis Newton /charge
[N/ C]or volt / meter [V / m]).
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The Electrostatic Approximation

The electric field is generally a function of space and time, i.e., E = E(x,y,z,f). However, if the
response of the system, where the electric field is to be determined, is governed by a time constant
that is much smaller than the duration of the exposure to the electric field, we can assume steady
state, that is, E = E(x,y,z). This condition is satisfied in polarization of the cell membrane, where
the time constant is about 1 ps [1], which is much smaller than the typical voltage pulse duration
in clinical applications of electroporation (0.1-10 ms). Moreover, as the electromotive force of the
pulse generator ensures a constant potential difference across the electrodes, electrostatic conditions
can be assumed (net amount of charge on the electrodes is kept constant).

The Maxwell Equations

In many research papers in this field, the authors derive expressions for various quantities from the
basic equations of electrostatics; that is, the Maxwell equations in electrostatic condition. These
equations are the mathematical formulations of the physics just described, and we bring them here
only for the sake of completeness. For a thorough discussion of these equations, please refer to a
text book on the electromagnetic theory (e.g., [2]):

v.E=FP
E0
VXxE=0

The Electric Potential

The electric potential, also denoted as voltage, is yet another quantity that is invented for conve-
nience. It emerges from the second Maxwell equation of electrostatics, and relates to the electric
field as:

-Vo=E
The electric potential ¢ has the unit energy per charge (volt); that is, it represents the work
(energy) required to bring charges together. For example, an electrode with the potential 100 V car-

ries charges each having the energy of 100 J. From the definition of the potential, it follows that the
electric field scales linearly with the potential.

Calculation of the Electric Field

To state the laws of electrostatics (the Maxwell equations of electrostatics) is one thing, to use them
easily and with a certain amount of ingenuity is another. The calculation of the electric field is
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simple, but only in theory. Therefore, we shall not try to provide the reader with examples of the
calculation of various electrode geometries, as it will require introduction to many more concepts
from electromagnetics, which is not the aim of this chapter. Medical doctors should not concern
themselves with how the electric field is calculated; rather, they should be able to interpret the
numbers of a calculation and to a certain extent be able to point out parameters that could alter the
electric field from one clinical situation to another. In the remainder of this chapter, we shall there-
fore give attention to concrete issues of the electric field from a practical point of view.

E, a Vector

In the previous section, we denoted the electric field by a boldface letter, E. Here, we will explain
what is the difference between E and E, and why this has clinical relevance.

The “electric field” is often referred to by stating a number (e.g., 100 V/m), that is, as a scalar
quantity. Mostly, this “short cut” does not lead to confusion or error, but in some situations one must
be more precise to avoid misunderstandings.

The electric field can be specified at every point in space; therefore we call it a field. A field is
any physical quantity that takes on different values at different points in space. Temperature is an
example of a field which can be fully described by measuring the internal thermal energy of each
point; that is, a single number can be assigned to every point in space. This is known as a scalar
field. In contrast, the electric field is made up of vectors; one at each point in space. So in addition
to a number, the electric field also has a direction at every point in space. This is known as a vector
field E. The size of each vector is denoted as |E| or E and defines the electric field strength. The
electric field strength (size of the vector) is, in most cases, the adequate information for the
researcher or physician. The difference is illustrated in Fig. 4.1 showing one point in space depicted
with its temperature and its electric vector, respectively.

In clinical situations, however, the orientation of the electric vectors is not always insignificant.
The reason is that most biological tissue is anisotropic (e.g., muscle and skin), making it sensitive
to the direction of the electric vectors. In Fig. 4.2, two different hypothetical tissue samples are
illustrated along with the applied electric field, which for illustrative purposes is perfectly uniform.

z z

Fig. 4.1 An arbitrary point in space described by its temperature and electric field vector. (a) The temperature is
described by only a number, T ; hence temperature is a scalar field. (b) The electrostatic force is described by the
electric field vector E; hence electric field is a vector field
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Fig. 4.2 (a) Artistic representation of anisotropic tissue exposed to a uniform electric field. The elongated elliptic
shapes represent the cells composing the bulk tissue. In this case, the direction of the electric field vector affects the
electric field induced in the cell membranes, as the projection of the electric vector onto the membrane surface tangent
is dependent on the orientation of E. (b) Uniform electric field in isotropic tissue composed of spherical cells. The
direction of the electric field vector is in this situation not affecting the net induced electric field in the cell mem-
branes

A glance at the equation for transmembrane potential (see Chap. 3) reveals that the induced effect
on a cell is proportional to the form factor, f (equals 1.5 for a spherical cell), and to the projection
of the electric vectors onto the tangents of the cell surface, at every surface point, E-cos@. Therefore,
the electric field “sees” different geometries from different directions in situation (a), but not in
situation (b).

Interpretation of “V/m”

When characterizing the electric field of an electrode system, a common practice is to designate it
by the nominal electric field strength. For instance, if we have a plate electrode with an inter-plate
distance of 1 cm and voltage difference of 100 V between the plates, we assign to it the voltage-to-
meter ratio of 10,000 V/m or 100 V/cm. In most cases, this is indeed a good approximation to the
actual electric field strength between the plates, which can be calculated exactly as the ratio: voltage
difference to inter-plate distance (valid for plate electrodes where plate dimensions (not thickness)
are much larger than the distance between the plates (Fig. 4.3al)).

If we, instead, consider an electrode unit with two pins or needles and an inter-electrode dis-
tance of 1 cm and voltage difference of 100 V between the pins (Fig. 4.3b1), we can still choose
to designate the voltage-to-meter ratio of 100 V/cm to the electrode system. In this case, however,
we have no idea what the actual electric field strength distribution looks like in the region
between the pins, much less where “100 V/cm” is. If we, in this case, estimate the electric field
strength by this fraction, we will make a big error. The main message here is: “V/m” is a unit,
not a formula!

For some electrode systems, it is not even obvious what is meant by the fraction “V/m”. If we
consider the electrode in Fig. 4.3c1, we will need to define the symmetry plan and voltage encoding
of the electrode arrangement before making an attempt to employ the “V/m” characteristic. “V/m”
in this case is not self-explanatory.

In order to reduce the possibility of misinterpretation and drawing false conclusions regarding
the electric field strength, it is recommended to instead state the nominal voltage of the electrodes,
and provide precise and concise geometry data. Having said that, it should be mentioned that the
fraction “V/m” can be quite handy in studies where the same electrode is used in different voltage
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Fig. 4.3 Four types of representation of the electric fields generated by three simple electrode configurations. (al,
bl) field line plots; (a2, b2, c2) contour plots; (a3, b3, c3) slice plots; (a4, b4, c4) visualization of the electric field
by 3D iso-surface plots. The graphical refinement increases downwards, whereas electrode arrangement becomes
more complex from left to right. Usually, more than one type of data illustration is needed to complement the under-
standing of a given electric field distribution. The contour plots, slice plots, and iso-surface plots are generated by
COMSOL Multiphysics ver. 3.5a (COMSOL AB, Stockholm, Sweden)

conditions. Here, it is possible to use “V/m” as comparison of the different voltages used, to make
a relative statement about the electric field strength. This is possible due to the linear relation
between the voltage amplitude and the electric field strength. In general, there is no such linearity
between the electric field strength and the geometry of the electrode system.
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Electric Field Parameters

The electric field can be affected by a large number of factors; therefore, the determination of it is
subject to great uncertainty. Figure 4.4 gives an overview of the most critical/significant factors
influencing the electropermeabilization yield. The ones that are highlighted are those responsible
for altering the electric field and consequently affecting the level of induced permeability of the cell
membrane.

Pulse Generator

The most well-controlled and well-understood way of influencing the electric field strength is by
adjusting the applied voltage. According to the mathematical relations of electrostatics (see Section
“Basic Concept and Definitions”), a change in the applied voltage will always result in a linear
response of the electric field strength; that is, a doubling in the voltage amplitude yields a doubling
in the electric field strength. In general,

E’=EU’/U,

where E' is the new electric field strength expressed as the old electric field strength, E, multi-
plied by the ratio of the new and the old applied voltage. Other adjustment options of the applied
voltage pulses, such as frequency and shape, are not relevant in the discussion of the static electric
field distribution; they are, however, nontrivially linked to the biological response of the cells
(e.g., [3-7]).

1. amplitude
1 duration

frequency
Pulse generator repetition

2. electrode geometry

3. cell radius/form
ﬁ density
permitivity
Electrode conductivity
configuration mobility
bulk size
heterogeneity

Tissue/agent 4. agent concentration
molecule size
polarity

Fig. 4.4 Overview of the parameters affecting the effectiveness of electrotransfer. The parameters can be divided into
four categories: / pulse generator, 2 electrode geometry, 3 tissue properties, and 4 agent properties. Boldface letters
indicate factors that modify the procedure through alteration of the electric field. Besides pulse amplitude (voltage)
and electrode geometry, various properties of the medium (tissue) can be mentioned as directly accountable for
changes to the electric field
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Electrode Geometry

From Section “Basic Concept and Definitions”, it follows that charge distributions are intrinsically
linked to the electric field distribution; thus, the size and shape of the electrodes are directly respon-
sible for the electric field strength. However, the relations between geometry and electric field
distribution are usually quite complicated to determine.

Even so, the laws of electromagnetics hold one simple consequence that one can benefit from
when designing or redesigning an electrode configuration: Any given electrode geometry can be
rescaled simply by multiplying all dimensions of the electrode configuration, including the voltage
amplitude, by a factor corresponding to the required new size, and the electric field distribution can
be preserved accordingly. In contrast, if an electrode system is developed from applying different
scaling factors to the geometry of an existing design, the electric field of the new electrode system
will have a new (relative) distribution.

As far as inter-electrode distances are concerned, we can very easily deduce the result in the case
of a plate electrode. The analytical solution for the electric field between two infinite parallel plate
electrodes is E = U/d, where U is the applied voltage and d is the distance between the electrodes.
This, of course, means that the electric field strength is linked to the inter-electrode distance as

E’'=Ed/d’,

where the marks indicate the new electric field strength and inter-plate distance, respectively. The
result holds for most real-life plate electrodes when considering central regions of the electrode,
that is, not too close to the “edges”. For pin electrodes, we know that the electric field strength is
inversely proportional to the distance (r) from the center of the electrode. For any interesting or
clinically relevant configurations of pin electrodes, that is, with more than one pin, the principle
of superposition must be applied to express the resulting electric field of all pins in any given
point in space as a function of the distance to the pins. The analytical solution can be found in the
literature [8].

Thickness and length of the pins of a pin electrode configuration is also related to the electric
field distribution. Again, these relations are quite complicated and difficult to state as generalized
formulas. Nevertheless, we mention it here to point out that every geometrical change results in
changes to the electric field.

In the next section, we will give examples of numerical solutions to the electric field distributions
of common electrode geometries. The use of commercial computer packages is by far the preferred
way of handling electric field distributions, due to the speed and simultaneous simulation of multiple
physical conditions. The reader should note, however, that handling simulation software still
requires knowledge of the physics, as the outcome of the simulation is dependent on the input rela-
tions. The finite element method (FEM) is the mathematical approach employed by popular com-
mercial packages like COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden).

The Tissue

The heterogeneity and morphology of the tissue involved can have tremendous impact on the elec-
tric field in the target region (the local electric field).

On a microscopic scale, the electric field is very difficult to determine due to tissue heterogeneity.
For example, local changes in cellularity causes perturbation of the local electric field, resulting in
either a reduction or increase of the local field strength [3]. Cell shape, size and density affect the
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induced transmembrane electric field, and the relationship is often described by an approximated
mathematical expression (see Chap. 3, Equation 3.1). The mobility of cells has also been investi-
gated but has shown little relevance in clinical electroporation protocols, due to the relatively short
duration of the electric field pulses compared to the rotational (and also translational) movement of
the cells [6].

From a macroscopic perspective, the size of the bulk target volume and electrical resistance of
the tissue types involved are important parameters. For example, if the electric conductivity of the
target volume (e.g., a tumor) is higher than the conductivity of the surrounding tissue (both enclosed
by the electrode system), we get a reduction of the electric field strength in the target volume, com-
pared to a situation with equal conductivities, and vice versa [9]. Skin is a good example of a bio-
logical system that comprises of many different conductivities. The total voltage drop across the
individual layers of the skin is simply distributed proportionally to the resistances of the layers, and
the electric field strength can then be obtained after division by the layer thicknesses. Figure 4.5
shows the electric field distribution in a skin fold resulting from the use of a plate electrode. The
potential drop across the very resistive outmost layer, the stratum corneum, is much greater than
across the rest of the skin fold, even though the stratum corneum is much thinner. This results in
very high electric field intensities in the stratum corneum, as compared to the remainder of the skin

a ) DNA-tissue
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Fig. 4.5 (a) A simplistic model for numerical calculation of the electric field inside a skin fold containing a plasmid
volume for the gene electrotransfer procedure (see Chap. 17). Plate electrodes are not modeled geometrically; instead
the surface of the skin is defined by an electric potential (i.e., a boundary condition). (b) Central cross sections show-
ing slice plots (see Section “Electric Field Distributions of Clinical Electrodes”) of the electric field distribution in
the fold. The difference in electric field distribution is clear when comparing the low and high conductivity conditions
of stratum corneum, underlining the necessity of awareness when anisotropic tissue is involved (the conductivity of
the stratum corneum is initially low and increases due to strong electric fields)
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fold. In reality, the electric properties of skin exhibit highly nonlinear dynamics in response to the
applied electric field [10]. Nevertheless, in this simplistic approach, the impact on the electric field
is evident from the comparison of heterogeneous and homogeneous conditions.

For any specific tissue type, the bulk electric field generated in it is the primary parameter of
concern. In treatment situations, there are many types of tissues involved, and the geometry of the
tissue will often require the use of numerical computer calculations to allow for a good estimate of
the electric field distributions. The calculations, however, rely on input values such as conductivities
and thicknesses of various tissue types — something that is associated with large degrees of uncer-
tainty [11]. Moreover, since biological tissue displays characteristics of both a conductor and an
isolator, it must be ascribed to both an ability to be polarized (permittivity) and an ability to trans-
port free charges (conductivity). Although sparse, data on the electric properties of tissue do exist,
and one should implement as much valid information into the numerical model as possible. Even
better is to sweep through different possible values of the electric parameters, to evaluate the range
and sensitivity of the calculation results.

Electric Field Distributions of Clinical Electrodes

The aim of this section is to provide interested physicians and researchers with a qualitative under-
standing of the electric field distributions. This can be used to select appropriate electrodes for
intended applications, but primarily it is to give some notion about the electric fields generated in
the laboratories or treatment rooms from common electrode devices, through illustrations of the
electric field distributions. In order to emphasize different features of the electric field distributions,
different plotting techniques will be presented using simple geometries.

It is crucial to bear in mind the limitation of the calculations when viewing the graphics. As
described previously in this chapter, if tissue parameters are not regarded, there is a risk of making
very large errors in the assessment of the electric field. That is, a distinction must be made between
the bulk electric field and the local electric field. Only bulk electric fields are presented.

Figure 4.3 shows four different ways of visualizing the electric field of the same electrode con-
figurations. The method of field lines (Fig. 4.3al, b1), despite being the most simple from a graphi-
cal point of view, holds a lot of information: (1) the arrows give the direction of the field E; (2) the
density of lines represents strength of the field; (3) a line starts at positive charge and ends at nega-
tive charge; (4) the number of lines starting from a charge, g, is equal to g/,

The plots in Fig. 4.3a2, b2, and c2 show so-called contours of the electric field strength. Each
curve represents points of equal electric field strength. This plot type is very practical for a quick
overview of the field strength distributions. More details can be found in the slice plots (Fig. 4.3a3,
b3, and c3), which are basically very dense contour plots. The slice plot is very useful for detailed
analysis of the electric field and is the preferred 2D plot used in numerical calculations. This plot
type also reveals “edge effects,” which are basically very strong electric fields caused by sharp
edges of electrode geometries (especially evident in Fig. 4.3a3). It is important to be aware of the
edge effect, as there is a high risk of necrosis in the tissue adjacent to electrode edges (and near
pins). Color legends are normally provided with slice plots for assessment of the absolute field
strength distributions. 3D iso-surface plots are shown in Fig. 4.3a4, b4, and c4. They show the sur-
faces formed by points of equal preset electric field strengths. This visualization method is useful
for evaluating the “coverage” of a predefined treatment volume, and to for example, estimate the
degree of normal tissue involvement. The iso-surface plot does not, however, depicture the electric
field inside the surface. Most often, a combination of two or more graphical representations is nec-
essary to get all the information that is needed.
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Treatment Planning

Which factors need to be considered to ensure that the prescribed electric field is delivered exclu-
sively to the target volume? We will try to address this question in relation to the critical steps of
the procedure. It should be noted that the intention of this description is not to provide medical
guidelines for the treatment procedure (for those we would refer to Chap. 8) [12]. Rather, the idea
is to put forward important factors related to the electric field distribution, in an explanatory fashion.
The outline can serve as inspiration or as a checklist for physicians or researchers planning to imple-
ment this technology in their department/laboratory.

The following disposition is inspired by the treatment planning concept in radiation therapy,
replacing the absorbed dose distribution with the electric field distribution.

Prescription

First, the electric field strength is prescribed according to target tissue. This can be stated both in
terms of bulk electric field strength (electrode geometry and voltage amplitude) and local electric
field strength (the actual electric field strength applied to target tissue), depending on what preexist-
ing information is available in the literature, what equipment is at the disposal of the researcher, or
which protocol is to be tested.

Geometrical Error

Errors can arise in the preparation stage of a treatment and include setup errors, target volume delin-
eation errors, equipment calibration errors, calculation errors, and organ motion in the imaging scanner.
Errors in the treatment delivery situation include target motion, patient, and equipment setup.

The components of the geometrical error of the electrode system should be quantified to assess the
size of the necessary margin around the target tissue [13], for the following reasons: (1) the electric
field can cause damage to normal tissue; (2) the target tissue must be sufficiently covered by the elec-
tric field; and (3) the uncertainty of the geometry can be considered in the evaluation of the results.

Definition of Critical Tissue

It is crucial to identify the normal tissue in close proximity to the electrodes. The risk of exposing
normal tissue to the electric field should be assessed and evaluated clinically. Normal tissue (e.g.,
blood vessels) can skew the electric field distribution of the target volume, and thereby complicate
the interpretation of the outcome.

Electrode Selection

Choosing the most appropriate electrode type normally requires advanced knowledge of electric
fields and electrodes; however, clinical applicators exist with standardized numbers of electrodes
and electrode configurations (as described in Chap. 5), and clinical data have been reported from
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their applications (as described in later chapters). Application with individually designed electrodes
would normally require simulation software but generally offers a better match to a desired target
volume.

Calculation of the Electric Field

Realistic calculation of the electric field distribution is only possible using simulation software
where both electrode geometry and tissue properties have been modeled. Knowledge of the electric
field is not always needed, if the used electrode and the involved tissue compose a standardized
procedure or have been reported in the literature.

Optimization of the Electric Field

In advanced treatment planning, the electrode geometry can be improved using optimization pro-
cedures. The variables can be chosen as appropriate for the specific electropermeabilization pro-
cedure. For example, in electrochemotherapy, the following parameters can be included in the
optimization: (1) the fraction of tumor volume which is exposed to an electric field strength lower
than a predefined lower threshold value for reversible electroporation; (2) the fraction of tumor
volume which is exposed to an electric field strength higher than a predefined upper threshold
value for electroporation (beginning of irreversible electroporation); (3) the mean field strength
inside the total tumor volume; (4) the standard deviation of the electric field strength; and (5) the
amount of normal tissue exposed to an electric field strength above the lower and upper threshold
values, respectively [14].

Conclusion

The basic concept of the static electric field can be understood through Coulomb’s law and the
principle of superposition. The electric potential and electric field are definitions introduced for
convenience. The electric field is a vector; however, in practice it is the strength of the electric
field and not the direction of the electric field that is important to know. In cases of well-defined
anisotropy of the tissue, however, the directions of the electric field vector can be important. The
electric field distributions are governed by the electrode configuration and amplitude of the
applied voltage. In particular, the electric field strength changes linearly with the voltage applied
to the electrodes. For very simple electrode geometries such as the plate electrode, we can hand
calculate the bulk electric field to a good approximation. Other electrode configurations, like the
pin electrode devices, require the aid of computer calculations. The tissue permeabilization is,
in addition to the external electric field, influenced by a number of tissue parameters, including
cell size and density. Electric field distributions can be illustrated most appropriately in contour
plots or slice plot in 2D, and in iso-surface plots in 3D. To ensure correct delivery of the electric
field to the target tissue, several aspects must be considered for example: the prescription of the
correct electric field strength according to the target tissue, the calculation of the electric field
for specialized electrode devices, required geometrical margins, and the involvement of critical
normal tissue.
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Chapter 5
Generators and Applicators: Equipment
for Electroporation

Lasse G. Staal and Richard Gilbert

Abstract This chapter provides an introduction to the equipment available for treatments based
on electroporation. The purpose is to acquaint the reader with the equipment available for the
performance of electroporation-based treatments. To that end, pulse generators and applicators
are presented along with details on their use. Particular features of relevance to the clinician are
described, and manufacturers of the different types of equipment are introduced.

Keywords Pulse generator « Applicator « Electrode « Electrochemotherapy « Gene electrotransfer
« DNA vaccination e Irreversible electroporation

Electroporation System

In general, there are three clinically related elements involved with electroporation-based treat-
ments; the protocol, the pulse generator, and the pulse applicator. A therapeutic agent may also be
involved if prescribed by the protocol. Each element has a specific role to perform. Each is as
important as the others. However, it is the optimal integration of these elements that assures the best
electroporation results.

Figure 5.1 shows a cartoon of the two hardware components of an electroporation system. It does
not represent any specific manufacturer’s equipment but does indicate what is included in any elec-
troporation system. The pulse generator, as the name implies, generates and distributes the electric
pulses that are responsible for creating the electroporation effect. It is essentially a “black box” of
electronic components usually controlled by a computer. The computer provides the interface
between the user and the functions provided by the electronics. In addition, data collection and data
analysis options are also provided. The pulse applicator is responsible for transmitting the pulses
from the pulse generator to the tissue to be treated. This cartoon version shows four electrodes
shaped as needles. Other electrode shapes are available (see “Applicator options”). The number
and shape of the electrodes depend on the equipment manufacturer and the treatment application.
The hardware components may be combined with a therapeutic agent, and the treatment itself is
governed by a protocol. A brief overview of this integration, provided in the following subsections,
will help to highlight the function of the electroporation system. A more detailed description of the
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electric field-mediated therapies supported by each available electroporation system is provided in
Section “Vendor Information.”

Electroporation clinical applications are focused on various primary and metastatic tumor systems
and infectious diseases. Two generic treatment approaches exist. In protocols based on reversible
electroporation, a plasmid or a drug such as bleomycin or cisplatin may be delivered systemically or
at a local treatment site. For the local situation, a typical three step protocol would call for the injection
of the agent directly into the intercellular volume of the tissue to be treated, the insertion of the applica-
tor’s electrode unit into that same region, and the use of the pulse generator to apply an electric field
across the applicator’s electrodes to mediate the transport of the agent into the tissue. If an irreversible
electroporation (IRE) protocol is used, the first step, the administration of a therapeutic agent, is not
carried out. Instead, a very high field is applied, and the ablation action is due to the energy transfer
to the treatment volume as defined by the treatment’s target position within the electric field.

In the following, please find a more in-depth discussion of the basic elements of the electropora-
tion system, providing insight into those aspects that are deemed to be of use in the translational and
clinical settings.

Pulse Generators

With the duties of the major elements of an electroporation protocol in mind, the multiple tasks that
the electronics in the pulse generator are responsible for include: (1) the creation of the electrical
signal shape of the pulse that is applied to the applicator’s electrodes (needles, plates, or pins), (2)
the delivery of the desired energy (the amplitude of the pulse) as a function of time, and (3) the
number of times that desired electrical signal waveform (pulse) is applied. A specific combination
of pulse amplitudes, pulse durations, and pulse repetitions is called an electroporation signature.
The delivery of this electroporation signature to an applicator with a specific number and arrange-
ment of electrodes (needles, plates, or pins) and electrode polarities define the geometry of the
electric field which, in turn, determines the actual treatment volume. Some vendors permit extensive
manipulation of the pulse electrical signal wave forms and parameters while others offer precali-
brated equipment tailored to specific treatments. Details on these topics are presented in the following
subsections after a review of the safety factors connected with the use of pulse generators.

Safety Aspects

Safety aspects for pulse generators can be classified in terms of equipment issues and operator issues.
The equipment safety issues for pulse generators are deemed to be satisfied when the equipment has
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received the appropriate market clearance from a relevant regulatory agency (e.g., FDA or CE
Mark). Please note that it does not follow automatically that a pulse generator approved for use in
the United States, an FDA-approved device, can automatically be used in the European Union, i.e.,
equipment with a CE Mark. Pulse generators not cleared for marketing may qualify for a clinical
evaluation/investigational device exemption (IDE) status. A status as an IDE device will permit the
pulse generator use in a clinical evaluation setting, since this exemption is based on the manufac-
turer following normal good manufacturing practices.

Safety practices are governed by the design of the pulse generator and the degree of the clinician’s
involvement in the protocol. If, for example, the “approved for clinical application” electroporation
protocol does not allow any variations in pulse amplitude, duration, or replication, then most of the
safety characteristics should be built into the generator equipment itself. This safety strategy would
also include shape restraints on the input terminal plugs that accept the wire connections from the
approved applicator(s) (electrode connectors). Under this scenario, the clinician would simply plug
the applicator into the pulse generator the only way it can be attached and then follow the prescribed
protocol. To provide additional safety against inadvertent activation, some pulse generators
have foot-pad-based switches that instigate the execution of the protocol. Manufacturers also pro-
vide internal test sequences that the pulse generator executes before delivering the preprogrammed
pulse wave form to the applicator terminal.

The increase in degrees of freedom an operator has with an electroporation pulse generator dra-
matically increases the implications of an operator error from a safety perspective. For most clinical
protocol development situations, researchers want almost total control of the parameters of the
electroporation signature. Pulse generators are available that allow the operator to select the number
of pulses to be applied within a specified unit of time, the amplitude of all, or perhaps, each of these
pulses, and the number of times this pulse application sequence is to be applied. The pulse generator
may also allow the operator to assign which electrode pairs in the applicator receive the pulses as
well as the polarities of the electrodes receiving these pulses. Under these conditions there may be
safety constraints associated with each of the components of the electroporation signature that the
operator may wish to alter, including the time between pulse applications.

Besides the built-in safety of the manufactured equipment, there are common safety expectations
of pulse generators involved in both the single-specific and multiple-variations protocol applications.
The pulse generator should have a series of interlocks that do not allow pulse generation if the
applicator is not plugged in or the applicator’s electrodes do not have proper contact with the target
tissue. In addition, the nature of how the high-voltage pulses are generated requires that the genera-
tor’s electronics be well grounded by means of a three-plug power cord and enclosed in a shielded
case. The case will also be difficult to dismantle. It is not advisable to work with any equipment that
does not have these safety features.

Pulse Types and Parameters

The vocabulary associated with electroporation is the result of the convolution of principles and
practices found in physics, electrochemistry, biomedical engineering, and medical science. Thus,
words and phrases in the electroporation vocabulary may take on multiple meanings. Pulse types
represent one example of this mixed vocabulary in practice. Figure 5.2 illustrates three electropora-
tion pulse types.

A pulse is typically envisioned as a signal that has a magnitude that is different from zero for a
small period of time. A pulse signal may be a current or a voltage. For most electroporation pulse
generators, the signal is a voltage and the magnitude of that voltage always starts out and returns to
0 volts (V). Electroporation pulse duration is not defined for a specific fixed short period of time.
A square wave pulse, for instance (Fig. 5.2a), can rise very quickly to 1,000 V, remain at 1,000 V,
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and then return to O V. If this entire process took 10 ps, the pulse would be labeled a 10-ps square wave
pulse. During almost all of the time the pulse exists, it provides a 1,000-V signal. Thus, the square
wave pulse is characterized by the pulse’s total amplitude and total time, for which the examples
provided are 1,000 V, 10 ps and 1,000 V, 10 ms.

An additional pulse used in electroporation is an exponential decay pulse (Fig. 5.2b). This expo-
nential decay pulse has the same very fast rise time as the square wave, but the signal’s voltage value
begins to immediately decay. This exponential decay is characterized by the time constant of the
signal. For convenience, the time constant is defined as the time value required for the wave to decay
to approximately one-third of its maximum value. Thus, the characterization of the exponential
electroporation pulse requires the maximum voltage amplitude and the time constant value.

Other wave forms are possible. If the signal begins at 0 V, rises to a positive maximum value and
then falls to a negative maximum value before it returns to 0 V, the signal is known as a bipolar pulse
(Fig. 5.2¢). The bipolar electroporation pulse is characterized by the positive and negative maximum
voltage values and the duty cycle of the pulse. The duty cycle of a bipolar pulse can be defined in
one of two ways: Either as the time the pulse has a positive voltage divided by the time the pulse has
a negative value or as the time the pulse has a positive voltage divided by the total time.

Classic electroporation practices were driven by whatever type of pulse could be produced by the
generator. Today, square wave pulses tend to be the preferred choice. However, as the generators
become more sophisticated, more complicated waveforms are possible. These individualized or
mix-mode waves combine elements of square, exponential, and sine wave signals to produce an
electroporation pulse for a specific application. Electroporation practitioners should expect that new
electroporation pulse generators will provide some flexibility in the type of electroporation pulse
the equipment can create.
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Electroporation Pulse Regimes

In the current state-of-the-art use of electroporation for clinical application, electric field strength
and pulse duration time are used to identify electroporation operating regimes. These characterization
values are not specific to any particular treatment protocol but serve the function of a general clas-
sification tool. Current clinical treatment protocols are grouped as either high field, short duration
pulse protocols or low field, long duration pulse protocols. For example, when a drug such as cisplatin
or bleomycin is used, a pulse that is pus long with a field strength (see Chap. 4) of at least 800 V/cm
might be used. By contrast, if a plasmid is used the pulse might have a low field strength (between
100 and 600 V/cm) and much longer pulse (ms) duration. In addition, there are protocols that
combine high field pulses and low field pulses to take advantage of the electroporative effect of the
high fields and the electrophoretic contribution of the low field (as described in Chap. 6).

This pulse regime classification practice becomes important if one is developing a variety of
electroporation protocols. Not all electroporation pulse generator manufacturers offer generators
that can produce pulses in both of the operating regimes. However, some of the newer pulse genera-
tors do provide the option of mixing high and low-voltage pulses. Specific details on various manu-
facturers’ equipment are provided in Section “Vendor Information.”

User Interface Considerations

Electroporation pulse generator interfaces are categorized by the degrees of freedom the manufac-
turer provides. One category of interfaces are typically PC-based and provide the user with various
options to select pulse parameters, while the other interface category exemplifies a simplified operation
strategy by automatically matching pulse parameters to the chosen applicator with its corresponding
predetermined treatment protocol. Some manufacturers provide instrument interfaces that enable
the physician to operate applicators containing many electrodes. Such interfaces assign pulses to
the individual electrode pairs of an applicator. This feature may be either built into the pulse gen-
erator itself, or are provided as a plug in stand-alone unit. All manufacturers of clinical pulse
generators provide software-based logs that record the basic details (the time, date, and electroporation
signature) associated with each patient’s electroporation session.

Electroporation Applicators

Successful electroporation requires the compatible combination of an effective protocol that may or
may not include a therapeutic agent, a reliable pulse generator, and an appropriate applicator.
The physical issues with the hardware combination of generator and applicator are usually straight-
forward, with the equipment footprint in the clinic and the ease of use being the important issues.
However, the selection of the pulse generator and the appropriate applicator to represent this hard-
ware combination does present some challenges. This section addresses the design, function, and
selection options associated with the applicator.

The types of applicators a clinician has to direct attention toward depends on the goal of the
electroporation effort, and there are two extremes with respect to electroporation efforts. One
extreme is when the aim is to employ electroporation to treat a specific target disease, using an
established protocol. In this case, there may be a “turn-key” approach available for that task and
there are vendors that can supply that “turn-key” solution. The other extreme is when there is a
desire to use electroporation on a target disease but there are no protocols and only initial research
results to indicate that the impact of a given therapeutic agent will be magnified by an electroporative
approach. Obviously, situations closer to the second rather than the first extreme demand much
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more attention and knowledge of applicators and applicator options. This section presents the
applicator options, followed by a discussion about situations close to the first extreme, and then
addresses potential applicator issues arising when the project is closer to the second extreme.

Applicator Options

A typical applicator design is shown in Fig. 5.3. The applicator comprises a power cord that is con-
nected to the pulse generator, a handle, and an electrode unit. The use of a disposable, detachable
electrode unit is meant to bring down treatment costs, and several vendors have adopted this design
principle — see Section “Vendor Information” for further details.

It is convenient to identify electroporation applicators as either penetrating or nonpenetrating. The
classic nonpenetrating applicator geometry consists of two thin rectangular stainless-steel pads or
plates. The plates are tightened against the sides of the tissue to be treated, and the electric field is
imposed from the right plate to the left plate and then imposed from the left plate to the right plate, or
vice versa. To promote field uniformity in the entire tissue volume, the applicator is removed, rotated
90°, retightened against the tissue, and then the electric field application procedure is repeated.

A refinement in this plate electrode applicator design removes the treatment volume uncertainty
by eliminating this physical electrode plate rotation step. These refined applicators have multiple
plate electrode pairs (Fig. 5.4a) and the field is rotated within the treatment volume by the pulse
generator electronically switching to different single plate pairs. In an alternative protocol, two
separate groups of multiple plates are connected together to act as single plate pairs. New nonpen-
etrating applicator designs replace the squeezing electrode plate strategy with an applicator that has
an array of beveled nubs (Fig. 5.4b). As with the rectangular pad applicators, the electroporation
pulse is directed to the nub pairs by the pulse generator. The mechanical distinction between the
nonpenetrating nub applicator and plate applicator designs is that the former makes contact with the
top of the treatment area while the latter makes contact with the sides of the treatment volume.

Connector to generator
Applicator input port

Applicator
Electrode

ol
PRicetpe

Protective cover
for electrode unit

Fig. 5.3 Components of an applicator. The connection to a pulse generator may be keyed — meaning that the applicator
may only be used with specific pulse generators, and the electrode(s) unit is detachable from the applicator handle.
The number and shape of the covered detachable electrodes vary with treatment applications
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Adequate electrode to tissue contact pressure in the nub applicator is accomplished by the physician
pressing the applicator down on the tissue.

The electrodes of the penetrating applicator are designed to accept the electroporative pulse from
the pulse generator and create the desired electric field the same way this task is accomplished with
nonpenetrating electrode applicators. The penetrating electrode is usually a needle type construction
with a tip designed to penetrate tissue. Penetrating applicators can consist of a single pair of electrodes
or a large array of electrodes with pairs of these needle-shaped electrodes accepting the electric
pulse from the pulse generator as dictated by a predetermined sequence that may be programmed
into the computer memory of the pulse generator.

There are three mechanisms for acquiring electroporation applicators. Applicators can be built,
leased, or purchased. The first option is the typical choice for in vitro experiments and animal studies.
The second option might be the choice for the clinical trial phase of the project, while the third
option is the preferred option by most equipment manufacturers, since their complete package usually
includes the applicator, the pulse generator, and, when possible, a specific drug or plasmid.

Applicator Considerations for Established Electroporation Protocols

Although the option to obtain a turn-key system for use with an established protocol may be a physician’s
choice for the treatment of a specific cancer or infectious disease, there are still some application
and applicator considerations that may influence the selection of a turn-key system or service
provider. The first consideration is whether a turn-key system or a turn-key service is what is
desired. The first option implies equipment ownership with a fixed and usually negotiable one-time
investment cost that may or may not include maintenance of or initial training on that system.
The second option typically shifts equipment performance and liability issues to the service provider



52 L.G. Staal and R. Gilbert

but may include additional reoccurring fees connected to license agreement clauses that impose
long-term time and/or system utility constraints.

In either turn-key option mentioned above, there are applicator considerations common to both.
Initial factors deal with the applicator mode of use as well as questions about its source and supply.
From the mode-of-use perspective, the applicator will most likely be designed for one-time use but
if not, what are the number of times and criteria for reuse? From the source and supply point of
view, does the pulse generator manufacturer also supply the applicator? If not, who does? Are there
any and/or separate license requirements associated with the applicator? If the turn-key system
includes multiple protocols, are there different applicators for separate protocols or different electrode
units or both? If so, when these applicators are in storage, are they easy to identify? When the
applicator is being attached to the system, is there a plug-in interlock (hardware or software) provi-
sion that prevents incorrect applicator attachment to the pulse generator?

Applicator Considerations for Translational Electroporation Protocols

The development or translation of electroporation-based treatment protocols into clinical applications
imposes a completely different and more stringent initial set of complications associated with the
selection of the appropriate applicator. The clinician on this research pathway does have additional
degrees of freedom with respect to the applicator portion of the project; however, the ultimate objec-
tive for the applicator is the same as the applicator used in turn-key scenarios. The applicator has to
be compatible with a clinically acceptable pulse generator and it must be manufactured in quantities
and conditions that are appropriate for clinical use.

A review of the original clinical protocol literature published in the 1990s may lead to the tempting
conclusion that the applicator selection is not critical. In most of those publications, the emphasis was
on the successful field-mediating effect to improve the antitumor performance characteristics of the
drug and, as such, the applicators used in those clinical trials accomplished that task and were simply
identified with minimal comment. The total reality of the situation then and now is that the applicator
has a major impact on the success of such electric field-mediated drug delivery protocols.

For instance, for protocols that use an agent combined with an electric field, the desired tissue
response is the results of the therapeutic agent’s presence inside of — not proximal to — the cells to
be treated. The agent is transferred from the tissue’s intercellular to intracellular environment
because of the porating impact the electric field exerts on the membranes of the tissue. Thus, the
desired treatment effect requires that the cells be exposed to a sufficient amount of agent shortly
before, during, or shortly after the cell’s exposure to the minimally required field strength. If the
electrode shapes and geometric arrangement in the applicator electrode unit or the applicator’s posi-
tion in the tissue do not provide the minimally required field strength in the entire tissue volume,
some tissue cells will not be treated. This is a particular issue in the treatment of tumors, where
coverage of the entire tumor volume is critical and where great care should be taken to ensure that
especially the deeper margins are treated.

The brief summary discussion of the previous paragraph suggests the crux of the applicator
selection task for the translational research-focused clinician developing protocols. The proper
electric field intensity, strength, and — if needed — an adequate dose of the therapeutic agent must
be in near proximity of the tumor for the agent to be transported into the tumor cells. The applied
electric field geometry and field strength are dependent on the geometry of the applicator’s electrodes.
The applicator electrode geometry is dependent on the objectives of the task, and the task changes
as the investigator moves the work from its initial in vitro experimental stage through the animal
studies and into the phase I, protocol safety evaluation, stage. Sometimes the animal and initial
clinical trial stages may use the same applicator electrode design and arrangement, but if in vitro
studies are required, the optimal applicator electrode geometry for that task seldom reaches the
clinic due to the different size and insertion depth requirements.
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Despite what now may seem to be a daunting challenge, there are some rules of thumb that
significantly simplify applicator electrode design or selection activities. As suggested above, the
guiding principle is to remember that cells within the target tissue that are not exposed to the appro-
priate electric field strength will not respond as intended. In addition to field strength, the field
gradients are also important aspects to consider. When the electric field gradients translate into a
large fraction of the voltage drop in confined regions of the tissue volume, the cells in the remaining
tissue treatment volume may be exposed to field strengths below the required minimum for electropo-
ration. Regions of high field gradients are always present near sharp edges on applicator electrodes.
Fortunately, the sophistication of current modeling software allows an applicator designer to create
three-dimensional computer views of the expected electric field strength and gradient profile for most
electrode shapes and arrangements. In order to avoid regions of tissue that experience either submini-
mal or excessive field strength, the use of such software is recommended for any reader involved in
the application development portion of a translational protocol effort. For more information on field
strength, see Chap. 4.

This entire discussion of applicator design and selection is based on one assumption and does
come with a few closing cautions. The assumption is that the investigator that needs the applicator
needs it as a component of a system and/or protocol that will ultimately be used in an environment
characterized by a large number of patents. The cautions deal with issues of material selection and
patent infringement.

With respect to the physical electrode itself, when it comes to electroporation, not all electrodes
are the same. Electroporation involves the application of voltages across electrodes that will always
support electrochemical reactions at the electrode/tissue interface. Imprudent selection of electrode
materials results in ions from the electrode material entering the cell cytoplasm as a result of elec-
trochemical oxidation and reduction half-reactions. Introduction of metallic ions into an in vitro
investigation could immediately contaminate the cells and complicate the experimental results.

A severe complication related to potential patent infringement is when the researcher does not
realize that a patent is being infringed upon. This is particularly the case if an applicator is included
in the final electroporation treatment protocol as a part of a device commercialization effort.
A simple electrode system for an electroporation experiment is easy to fabricate. However, over the
last 2 decades there has been a considerable amount of applicator development work conducted in
the university and corporate research environments. As a result, a large number of applicator elec-
trode geometry and electroporation method patents already exist. In most cases, applicator electrode
geometry and arrangements that have been described in the electroporation research literature are
already patent protected, and any transfer or modification of such applicators to support a commer-
cial endeavor is likely to be a patent infringement. On the bright side, the wealth of information that
is available from the patent literature is an important source of inspiration for aspiring applicator
designers.

Vendor Information

While the concept of electroporation has been known since the 1960s, electroporation as a treatment
modality is still early in its life cycle. As a result, there is a limited number of vendors that sell
equipment that may be used in the clinic.

The goals of this section are as follows:

1. To inform the reader about the core focus areas of the different vendors, enabling the reader to
determine which equipment may be the most appropriate for the considered treatment.

2. To inform the reader about the core features differentiating one system from another.

3. To provide the reader with an overview of the clinical experience obtained with the equipment of
the different vendors.
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In the following section, vendors that are providing commercially available equipment or equipment
that either has been or is planned to be used in a clinical setting will be introduced in alphabetical
order. It is outside the scope of this production to give directions regarding the construction of
electroporation equipment. Please also note that the section will not review equipment that is only
suitable for animal studies.

Angiodynamics: www.angiodynamics.com

Angiodynamics is the manufacturer of the Nanoknife™ system, which is built for treatments based
on IRE (Fig. 5.5). The system is commercially available for use by physicians and has obtained
market clearances in the EU, the US, Australia, and Canada for soft tissue indications.

The Nanoknife™ system is not meant to be used in combination with chemotherapy or other
therapeutic substances. Instead, it is based on the concept of IRE. As explained in Chap. 19, IRE
exploits the application of fields with very high field strengths to permanently permeabilize cell
membranes. In order to provide increased field homogeneity and ensure best possible conformance
with tumor geometry, the system provides the option of using up to six applicators that are placed
either in or around the tumor. The aim is to treat lesions with a volume of up to 70 cm?.

The Nanoknife™ pulse generator provides the user with a number of standard treatment proto-
cols based on predefined target area configurations, but also features a software interface enabling
the user to create electroporation signatures by varying pulse lengths, numbers and amplitudes,
applicator geometries, and electrode placement patterns.

Fig. 5.5 Parameters,
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Nanoknife™ applicators are fully disposable and exclusively applicable with the Nanoknife™
pulse generator. They differ from other applicators for electroporation by being longer and thicker,
enabling percutaneous insertion, and targeting of deep-seated tumors. A further difference is the
option of varying the length of the electrically active area between 0 and 40 mm. This feature
increases customization options and enables the user to treat small as well as larger tumors with the
same type of probe.

The applicators are configured to be inserted individually or in pairs to conform to the geometry
of a given lesion. As a result, the Nanoknife™ system provides the user with a high degree of
freedom in tailoring the field to the tumor profile.

In use, the NanoKnife™ system allows the physician to create a patient profile and determine
the appropriate placement and number of applicators according to the size and position of a given
lesion. The physician also determines the appropriate protocol/pulse parameters to use, and plugs
the applicators into the generator. After placement of the applicators at the site of treatment (ultra-
sound and/or CT may be used), the generator is activated and delivers a test pulse to determine
whether treatment conditions are fulfilled. If the test is successful, the generator charges and, when
triggered by the user, delivers the desired number of pulses to the treatment site. Immediately after
delivery, the pulse train delivered to the patient may be read out and analyzed by means of the soft-
ware interface. Treatment parameters are also stored automatically under the patient profile.

Current clinical experience involving the Nanoknife™ includes percutaneous and laparoscopic
treatments of prostate, liver, lung, kidney, bone, pancreas, and lymph node [1]. A clinical trial
targeting early-stage hepatocellular carcinoma was launched in February 2010.

Nanoknife™ features:

* Variable active electrode length.

* Two probe styles: single electrode applicator and bipolar applicator (two electrodes built together
to form an electrode pair).

e Variable number of applicators — up to six.

* Variable applicator patterns possible.

* Automatic storage of treatment parameters, with real-time dosimetry, informing the user of the
voltage and current levels delivered in a given treatment.

Cytopulse

Cytopulse was aquired by Cellectis and subsequently BTX (btxonline.com) September 2010.
The paragraph below describes the products as there were at the time of acquisition.

Cytopulse was the manufacturer of the Demarvax™ and Easy Vax™ systems which are built for
intradermal vaccine delivery (Fig. 5.6). Both systems were available under license for clinical evalu-
ation purposes. The system is configured to provide delivery of DNA vaccines to the dermis.

DNA vaccination, as explained in Chap. 18, is a method for creating an immune system response
by transfecting e.g. skin cells with a plasmid encoding a disease-specific antigen. The rationale
behind targeting the dermis for DNA vaccination is the abundance antigen-presenting cells found in
the skin. Furthermore, targeting of the skin reduces the discomfort experienced by the patient. For
further information about electrotransfer to skin, please refer to chapter 17.

The Dermavax™ pulse generator software in built on Pulse Agile® waveform protocols. In a
pulse agile® protocol, high-voltage short pulses and low-voltage long pulses are combined to
enhance uptake of therapeutic substances. The goal is to permeabilize the target cells using high-
voltage pulses, and subsequently drive the DNA vaccine into the cells using the electrophoretic
forces of the longer-duration low-voltage pulses. The system automatically calibrates pulse parameters
based on the configuration of the applicator selected.
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Fig. 5.6 Parameters,
Dermavax/Easy Vax 2009
edition: Number of applicator
outputs: 1, Pulse amplitude:
50-1,000 V/20-140 V, Pulse
length: 50 ps—10 ms, Pulse
interval: 200 ps—1,000 ms

The Easy Vax™ pulse generator is a handheld, battery-powered device that is configured to be
portable. It is built on Pulse Agile® waveform protocols, but voltage levels are adapted to the con-
siderably lower output of current battery technology. Calibration is fully automatic, with a smart-
chip in the applicator communicating directly with the pulse generator to set parameters.

Applicators for the Dermavax™ system are exclusively applicable with the Dermavax™ pulse
generator and are based on parallel needle arrays, with a selection of variable needle lengths, thick-
nesses, and numbers to cover applications in the dermis as well as deeper-lying tissue regions. The
applicator comprises a reusable handle and a disposable single-use electrode unit featuring two
parallel rows with either four or six needles in each row. The electrode unit features an electrode ID
number that is used in the calibration of the Dermavax™ pulse generator.

The Easy Vax™ disposable electrode units are adapted to the lower voltage output from the Easy
vax™ generator. This means that electrode needles are smaller and that the spacing between elec-
trode rows is reduced. The electrode needles are dry-coated with the DNA vaccine, simplifying
usage by eliminating the need for separate injections of therapeutic substances prior to pulsing.

In use of the Dermavax™, the physician selects an appropriate electrode unit for the planned
indication. The electrode ID is entered into the Dermavax™ waveform generator, and the electrode
unit is mounted in the handle. After connecting the handle and the pulse generator and injecting
the intended therapeutic substance, the physician may place the electrodes in the target tissue region
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and trigger pulse delivery. After activation of pulse delivery to the tissue, pulse parameters are
automatically stored in a digitized format on a USB key. If treating larger lesions, multiple overlapping
electrode placements may be needed.

The Easy Vax™ pulse generator is automatically calibrated through insertion of an electrode unit
with a smart-chip containing pulse parameter settings. The physician places the electrode unit against
the skin of the patient and deploys the needles. Pulsing is triggered, and the needles are retracted
to protect against needle-stick injuries. Data may be accessed through a mini USB connection.

Plans for obtaining clinical experience with the Dermavax™ include a phase I/II prostate cancer
trial to investigate the safety of a xenogenic DNA vaccine delivered by the Dermavax™ intradermal
electroporation system.

Furthermore, Cytopulse planned (as of October 2009) a colorectal cancer study to evaluate the
delivery of a DNA vaccine which expresses Carcinoembryonic Antigen (tetwgCEA) and an HIV
study to assess the safety and feasibility of administering plasmid DNA carrying multiple HI'V-1
genes together with dermal electroporation.

The Easy Vax™ gystem has been approved for phase I testing for safety and tolerability.

Dermavax™ features:

e Pulse Agile® waveform protocols.

* Electrode units for intradermal and intratumoral applications.

* Automatic, digitized storage of pulse parameters for quality control.
* Touch-screen user interface.

Easy Vax™ features:

 Pulse Agile® waveform protocols.
¢ Fully handheld and portable, with rechargeable battery.
¢ Electrode units with dry-coated vaccines and smart-ship calibration of pulse generator.

Ichor: www.ichorms.com

Ichor is the manufacturer of the TriGrid™ system (Fig. 5.7). Devices are available for either intra-
muscular or intradermal DNA delivery. TriGrid™ is available under the license for clinical evaluation
purposes.

Fig. 5.7 Parameters, TriGrid
2009 edition: Number of
applicator outputs: 1, Pulse
amplitude: 250 V/cm, Pulse
length: 40 ms, Pulse train
duration: 400 ms
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The Ichor pipeline is built for the delivery of plasmid DNA to muscle or skin tissue and has three
focus areas:

1. Therapeutic cancer vaccines — where targeted antigens are used to enhance immune system
responses, potentially along with immunostimulatory genes to increase the efficiency of the
treatment.

2. Infectious diseases — where plasmid antigens delivered intramuscularly or intradermally may
induce a rapid and durable antibody response to pathogens such as anthrax bacterium, HIV, and
hepatitis B virus.

3. Therapeutic proteins — where a durable protein expression may be accomplished through the
intramuscular delivery of plasmid DNA.

For further information about electrotransfer to tumors and muscle, please refer to Chaps. 14 and 16.

The TriGrid™ system is configured for maximum ease of use. Consequently, the pulse generator
interface offers no pulse parameter customization options. The calibration of pulse parameters is
based on the desired application as defined in collaboration with Ichor, and is done prior to first use
of the device.

The TriGrid™ applicator is exclusively applicable with the TriGrid™ pulse generator. The
TriGrid™ applicator differs from most other electroporation applicators by featuring a disposable
cartridge with an integrated, centrally located injection needle in addition to the four electrode
needles. The needle is connected to a DNA reservoir in the form of a syringe. According to Ichor,
the arrangement of electrodes and central injection needle combined with the automated, user inde-
pendent injection improves DNA placement accuracy and consistency of the procedure, and enables
a full DNA administration procedure to be executed with a single push of a button. The applicator
furthermore comprises all necessary mechanics for automatic deployment of electrode needles and
injection needle.

In use, the TriGrid™ applicator is connected by the physician to the pulse generator and inserts
a disposable cartridge in the applicator. Insertion depth is adjusted to ensure distribution of the agent
within the target tissue. Upon placement of the applicator against the target region, the physician
may initiate a treatment sequence by pushing a button on the applicator. Deployment of the elec-
trode needles and the injection needle into the target tissue is done automatically, and administration
of therapeutic agent as well as pulsing follows upon successful deployment. After pulsing, an auto-
matic stick shield deploys over the sharps to prevent needle-stick injury.

Current clinical trials involving the TriGrid™ system include a phase I melanoma trial to study
the safety and immunogenecity of a DNA vaccine encoding a melanosomal antigen [2], a phase 1
trial to study the safety and efficacy of ECT for the treatment of pancreatic cancer [3], and a phase
I HIV trial to study safety, tolerability, and immunogenicity [4].

TriGrid™ features:

» Fully integrated applicator featuring injection needle as well as electrode pins.

* Automated delivery of therapeutic molecules and electric pulses in a single step.
» Integrated DNA reservoir in the form of a syringe.

* Variable insertion depth of deployable electrodes.

* Automatic needle-stick protection.

IGEA - www.igeamedical.com

IGEA is the manufacturer of the Cliniporator™ system, which is built for electrochemotherapy and
gene electrotransfer (Fig. 5.8). The system is commercially available for use by physicians, with
market clearance for sale in the EU (CE mark).
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Fig. 5.8 Parameters,
Cliniporator 2009 edition:
Number of applicator
outputs: 1, Number of
pulses: 1-20, Pulse
amplitude: 100-1,000 V,
Pulse length: 30-5,000 ps,
Max. current: 16 A

The Cliniporator™ pulse generator is built to support both electrochemotherapy and gene
electrotransfer and provides a software interface for the selection between the two options.

In the electrochemotherapy mode, the pulse generator automatically sets parameters based on the
geometry of the applicator chosen by the user. To shorten treatment time, the electrochemotherapy
treatment mode furthermore includes the option of pulsing at 5 kHz, as opposed to the normal 1 Hz
pulse frequency.

In the gene electrotransfer mode, the user has considerably more freedom to create electropora-
tion signatures by varying pulse length, number, and amplitudes. Typically, high-voltage pulses are
used for permeabilization of cells, with subsequent low-voltage pulses to promote electrophoresis.
The high-voltage pulse parameters are similar to those of the electrochemotherapy mode (us range),
whereas the low-voltage pulses are characterized by being longer (ms range) and of considerably
reduced amplitude. For further information about electrochemotherapy and gene electrotransfer,
please refer to Chaps. 8, 9, and 13.

IGEA has focused on the treatment of skin tumor lesions, and provides a selection of applicators
suited for cutaneous and subcutaneous applications. These are exclusively applicable with the
Cliniporator™ pulse generator and include plate electrode units for superficial or protruding lesions
with a diameter of less than 8 mm. Furthermore, needle electrodes with parallel array and hexagonal
configurations are provided for deeper-lying tissues and/or larger tissue regions. Each applicator is
built as a reusable handle that is connected to a disposable electrode unit featuring the electrode
needles or plates.
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When using the Cliniporator™ system, the physician creates a patient profile and selects an
appropriate applicator and electrode unit in accordance with the standard operating procedure that
has been developed in the ESOPE trial [5]. The electrode code sequence is entered into the pulse
generator and the applicator cable is inserted in the pulse generator. As mentioned above, parame-
ters are automatically set if the physician has chosen to work in the electrochemotherapy mode,
whereas the gene electrotransfer mode enables customization of pulse parameters. Upon successful
test sequence, injection of the intended therapeutic substance, and placement of the electrodes at the
treatment site, the physician may load and charge the pulse generator. When triggered by the user,
the generator delivers the desired pulse train to the target tissue, and treatment parameters may be
read out and analyzed by means of the software interface. Treatment parameters are also stored
automatically under the patient profile. If treating larger lesions, multiple overlapping electrode
placements may be needed.

Current clinical experience includes treatment of cutaneous and subcutaneous tumors such as
breast cancer, colon cancer, squamous cell carcinoma of the skin, squamous cell carcinoma of cervix,
and Kaposi and leiomyosarcoma [6]. In addition, a clinical trial targeting chest wall recurrences of
breast cancer was launched in August 2008 [7].

Cliniporator™ features:

* Two different modes of operation — electrochemotherapy and gene electrotransfer.

» Three different applicator types (plate, parallel array (4 x 4 electrodes), hexagon).

* 5 kHz pulsing for faster treatment and reduced discomfort.

* Automatic storage of treatment parameters, with real-time dosimetry, informing the user of the
voltage and current levels obtained in a given treatment.

* Foot-pedal based activation.

Inovio — www.inovio.com

Inovio is the manufacturer of three systems for DNA vaccination and other DNA-based therapeutics
(Fig. 5.9). The Medpulser® system is built for intramuscular vaccine delivery. The Elgen® system
and the CELLECTRA® system are built for both intramuscular and intradermal DNA vaccine
delivery. All three systems are available under the license for clinical evaluation purposes.

The Inovio pipeline is built around the delivery of DNA plasmid-based vaccines to skin and
muscle tissue. The company is focusing on two specific treatment areas:

1. Therapeutic Cancer Vaccines — where targeted antigens are used to enhance immune system
responses, potentially along with immunostimulatory genes to increase the efficiency of the
treatment.

2. Infectious Diseases — where plasmid antigens delivered intramuscularly may induce a rapid and
durable antibody response to pathogens such as HIV, hepatitis C virus, human papilloma virus,
and influenza virus.

The three Inovio pulse generators offered are all optimized for DNA vaccination applications.
This is reflected in the voltage levels (in the 40-250 V/cm range) and in the pulse lengths (10-60 ms).
The Inovio pulse generators offer different user interfaces and levels of treatment customization:

* The Medpulser® pulse generator is remote-controlled, and treatment parameters are automatically
set when the physician inserts the chosen applicator in the pulse generator.

» The Elgen® pulse generator features a flash-card-based computer interface enabling the user to
customize treatment parameters including pulse and injection parameters, and to store patient
and electroporation data following treatment.


http://www.inovio.com

5 Generators and Applicators: Equipment for Electroporation 61

Fig. 5.9 Parameters,
Medpulser/Elgen/Cellectra
2009 editions: Number of
applicator outputs: 1, Pulse
amplitude: 50-250/50—
250/40-200 V, Pulse length:
60/10-60/52

e The CELLECTRA® pulse generator provides the option of customizing depth of insertion, volt-
age levels, timing between injection and pulsing, pulse duration, and injection volume. Treatment
parameters are stored, and may be downloaded and analyzed after treatment. The battery-oper-
ated pulse generator is built for field assignments, and is encased in a water-resistant, shock-
proof carrier.

Inovio offers a number of different needle applicators that are exclusively applicable with the
respective Inovio pulse generators:

e The Medpulser® system features an applicator comprising a four-needle array with variable
insertion depth. The array comes in different sizes, with each applicator having a unique built-in
electronic identifier that automatically calibrates pulse generator parameters to conform to the
applicator geometry.

e The Elgen® system features an applicator comprising a two-needle array with built-in syringes.
The needles serve as delivery channels for the DNA vaccine, ensuring colocalization of the vac-
cine and the needles. The applicator furthermore serves as a device controller, and features a push
button that is used to activate the pulse controller.

* The CELLECTRA® system features two applicators, one for intradermal and one for intramus-
cular applications. The intramuscular applicator also facilitates colocalization of the vaccine
within the volume enclosed by the needle array. Both applicators feature push buttons that are
used to activate the pulse controller.
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In use, the Medpulser® applicator is connected to the Medpulser® pulse generator to set treatment
parameters. Following injection of the DNA vaccine and insertion of the applicator needles in the
target tissue, a pulse sequence may be initiated with a remote control.

The Elgen® applicator likewise features an electronic identifier that communicates with the pulse
generator when connected. The applicator comprises built-in syringes containing the DNA vaccine
to be administered, and the applicator is furthermore configured to deploy the electrode needles into
the target tissue upon device activation. Following insertion, the vaccine is automatically dispensed,
and pulsing follows.

In use, the CELLECTRA® applicator is connected to the CELLECTRA® pulse generator and
pulse parameters are set. Following injection of the DNA vaccine and insertion of the applicator
needles in the target tissue, a pulse sequence may be initiated by pushing the button on the
applicator.

Current clinical trials involving the Inovio electroporation systems include a phase I trial on
metastatic melanoma [8] and a phase I trial on Human Papilloma Virus [9]. In addition, a phase
I trial is planned on HIV-1 [10]. Furthermore, several ECT trials targeting cutaneous and subcutane-
ous cancers have been carried out with the MedPulser equipment [11-15].

Medpulser® features:

* Remote-controlled operation.
* Applicators with variable needle length for intramuscular delivery.
* Automatic setting of pulse parameters based on applicator geometry.

Elgen® features:

* Push-button activated, fully automated deployment, injection, and pulsing.
* Applicators for intramuscular and intradermal delivery.
* Integrated DNA reservoir in the form of twin syringes.

CELLECTRAZ® features:

e Automatic, continuous measurements of tissue resistance.
* Applicators for intramuscular and intradermal delivery with push-button activation.
* Enhanced portability through enclosed, chargeable battery and water-resistant, shock-proof casing.

Sonion — www.sonion.com

Sonion is the manufacturer of the Ellisphere system which is built for the treatment of deeper-lying
tissue regions (Fig. 5.10). The system is scheduled for its first clinical evaluation in 2011.

The Ellisphere system is configured to enable the less-invasive application of electroporation to
deeper-lying tissues. To enable access to such deeper-lying tissues, the Ellisphere disposable appli-
cator differs from other applicators by featuring electrode needles that may be deployed from a thin
introducer shaft to cover a larger treatment region. Thus, it is possible to treat lesions with diameters
up to 30 mm with a single insertion of an applicator with a 5-mm shaft.

The applicator is primarily intended for use in the brain, but other indications in deeper-lying
organs are considered. It is mounted on a stereotactic head frame by means of a reusable guide
system that is built to stabilize the applicator during insertion and to provide control of insertion
depth. For further information about electrochemotherapy in the brain, please refer to Chap. 11.

When using the Ellisphere system, the physician prepares the patient, programs the pulse
generator with the desired pulse parameters, and injects the intended therapeutic substance. The
guide system and the applicator are mounted on the head frame, the applicator is inserted to
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Fig. 5.10 Ellisphere 2009
edition

the desired position and the electrode needles are deployed (proper positioning may be verified
by e.g., intraoperative CT). Activation of pulsing and postoperative data handling depends on the
pulse generator chosen.

A clinical trial is being prepared to test safety and efficacy of electrochemotherapy, primarily
against brain metastases.

Ellisphere features:

* Introducer with deployable electrodes enabling the treatment of large lesions through a small
incision.
e Multicompatible pulse controller.

Perspectives

While electroporation is still a young and evolving field of medicine, it is evident from the above
that a lot of efforts have been invested in advancing this promising treatment modality.

In the field of electrochemotherapy, standard operating procedures are now available to help
practitioners new to the field prepare for the treatment of patients. Standardized equipment is com-
mercially available to doctors in the EU, and the first study on the pharmacoeconomics and cost
efficiency [16] has been published to show that electrochemotherapy is a cost-efficient alternative
to conventional treatments of a number of cancers.

In the field of gene electrotransfer, several companies and a substantial number of research insti-
tutions are currently in the process of validating the potential of DNA vaccination as a means to
prevent and alleviate a number of debilitating and life-threatening diseases. As it is apparent from
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the vendor section, a number of different approaches to gene electrotransfer are currently being
tested, with dry-coated electrodes and integrated syringes offering colocalization of drug and field,
emerging as alternatives to the traditional approach of separating the injection of the therapeutic
agent from the electroporation procedure.

In the field of IRE, equipment is now commercially available in the US, the EU, and other
countries. While IRE is the most recent addition to the armamentarium of the physician, a number
of trials have been initiated to validate this treatment.

In terms of future device development on the equipment side, the next stages of pulse generator
development will likely result in:

* More advanced interface options, with enhanced simulation environments that may eventually
feature image fusion to enable the correlation of pre- and postoperative imaging with field
properties. Thus, physicians may experience better treatment planning as well as the option of
altering treatment parameters in real-time to reflect changing tissue conditions.

* More advanced pulse modulation options, with new pulse patterns and sequences emerging as a
result of better understanding of tissue responses to field application.

» Better real-time surveillance of tissue conditions during treatment, potentially enabling the pulse
generator itself to adapt voltage levels and durations to tissue conditions in the microenvironment
encountered between individual electrode pairs.

Regarding the development of applicators, we see the coming period offering:

* More specialized applicators, enabling access to tissue regions currently outside the reach of
treatments.

* Further integration of applicators and drugs, with integrated drug delivery systems and new
coating technologies enhancing uptake and treatment precision.

* Further integration with other fields of medicine, with sonoporation, photoporation, and plasma-
based treatments serving as further enhancements. The potential of electroporation as a supple-
mentary treatment will also require validation, with the preoperative treatment of tumor margins
following resection being the likely first target.

When looking at the electroporation industry as a whole — and taking into consideration the
likely proliferation of new technologies and treatment modalities — we note that the absence of
industry standards may eventually become a hindrance. History shows that industries grow beyond
the constraints imposed by the capabilities of individual companies when standards emerge, to the
benefit of the entire industry. At the present stage, a number of different approaches are being vali-
dated and some will eventually emerge as more successful. We entertain the (perhaps naive) hope
that increasing convergence will result from this validation, enabling crossovers between equipment
made by different vendors and increasing the freedom of the individual physician to tailor treat-
ments to the patient without undue equipment constraints.

In concluding this chapter, we find substantial reasons for excitement. A number of important
breakthroughs have been made in the last decade, and judging from the rapidly increasing pace of
development, more will follow in the near future. But already today, we have safe, reliable equip-
ment and well-tested protocols that are helping us treat patients who would otherwise have few or
no alternatives.
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Chapter 6
Cell Electropermeabilization and Cellular Uptake
of Small Molecules: The Electrochemotherapy Concept

Aude Silve and Lluis M. Mir

Abstract The cell membrane is an impassable barrier for small hydrophilic molecules, termed
nonpermeant, that are too hydrophilic for diffusing through the plasma membrane, and moreover
are not recognized and internalized by a transporter, channel, or receptor system. Reversible cell
electropermeabilization allows the cellular uptake of these nonpermeant small molecules. Studies
demonstrating that bleomycin is a nonpermeant anticancer drug possessing a very high intrinsic cyto-
toxicity (the toxicity displayed when the drug has no biological barrier separating it from its target)
have lead to the development of the electrochemotherapy concept. Indeed, cell electropermeabiliza-
tion can increase bleomycin toxicity several thousand-fold in vitro and about thousand-fold in vivo.
At the dosages used, bleomycin selectively kills the dividing cells by a mitotic cell death process. The
physico-chemical bases reported in this chapter give light to the interesting aspects of the electro-
chemotherapy revealed and/or confirmed by the clinical trials, in particular, its efficacy and safety.

Keywords Electrochemotherapy ¢ Bleomycin ¢ Cisplatin * Electroporation ¢ Electropermeabilization
* Nonpermeant molecules * Low-permeant molecules ¢ Intrinsic activity e Vascular lock
* Molecular transport across membranes ¢ Mitotic cell death ¢ Cell death * Antitumor treatment
* Electropermeabilization monitoring ® Drug vectorization * Targeting

Introduction

In pharmacology, most of the current drugs are molecules that act on receptors or on molecules
located at the cell surface. However, in the specific case of anticancer pharmacology, the classical
cytotoxic drugs have their targets located inside cells.

The control of transport across the plasma membrane is of the highest importance in cell physiol-
ogy and homeostasis. On the one hand, internalization of metabolites necessary for cell function
(e.g., sugars, amino acids, cofactors, ions) is mediated and precisely controlled by membrane trans-
porters or channels. On the other hand, there is no mechanism for a controlled crossing of the cell
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membrane in the case of macromolecules and small xenobiotic molecules like most of the anticancer
cytotoxic drugs. Using this knowledge, important factors to consider are:

— Only plasma membrane crossing, either at the cell surface or in structures like the caveolae,
results in direct access to the cell cytosol and the nucleosol; that is, to the “true” inside of the cell
where replication, transcription, and transduction take place.

— Endocytosis, in most forms, gives access to the vesicles of the cell via the generation of endo-
somes, and therefore, the endocytosed molecules do not directly reach the cytosol even though
they are inside the cell.

— The nuclear envelope is not a physical barrier for the small molecules that already reached the
cytosol, because such molecules are able to freely cross the nuclear pores (up to a molecular
weight of about 30,000 Da).

As will be detailed in Section “Penetration of Small Molecules into the Cell Interior,” the small
xenobiotic molecules fall into three categories: (1) the first category comprises “foreign” molecules
that easily enter the cells and reach the cytosol because they take the place of physiological mole-
cules on membrane transporters that mediate the uptake of their substrates into the cell interior (e.g.,
the anticancer drugs melphalan and methothrexate); (2) the second category includes most of the
xenobiotic active molecules: these molecules are lipophilic or amphiphilic (possessing both hydro-
philic and lipophilic properties) compounds that also easily enter the cells because the plasma
membrane is not a barrier (these molecules, like actinomycin D and many other anticancer drugs,
diffuse through the lipid bilayer and accumulate inside the cells); (3) the last category corresponds
to a very small group of xenobiotic molecules, termed nonpermeant molecules, that do not easily
enter the cells (this concept will be described in detail in Section “Penetration of small molecules
into the cell interior”). If a nonpermeant molecule, which rarely reaches the cell interior (e.g., bleo-
mycin), is physiologically (i.e., therapeutically) active, it is because the presence of very few of
these molecules inside the cell is sufficient to provoke the physiological effect at the cell level. This
means that such molecules possess a very high intrinsic activity (an activity fully revealed when the
molecules can really reach the cell interior). The molecules belonging to this last category are those
that fully benefit from their combination with membrane-permeabilizing procedures.

In this chapter, we will review the physico-chemical properties of the small molecules to show
why some of them can become much more efficient through their combination with membrane-
permeabilizing procedures, in particular with electric pulses able to transiently and reversibly
permeabilize the cells. The concept of electrochemotherapy will thus be defined and the basics of
this treatment reviewed. Subsequently, procedures for the detection, follow-up, and quantification
of cell electropermeabilization, in vitro and in vivo, will be described in order to give the basis for
a rational use of small molecules in combination with reversible electropermeabilization. Finally,
the differences existing between in vitro and in vivo situations, in terms of the uptake of small mol-
ecules by cells or tissues exposed to permeabilizing electric pulses, will be discussed to understand
how effects detected in vitro can be easily translated for use in an in vivo situation.

Penetration of Small Molecules into the Cell Interior

Whereas it is obvious that very large molecules may not freely cross the plasma membrane of
the cell, the plasma membrane is also an effective barrier for certain small molecules. Indeed, the
ease with which molecules enter a cell depends both on their physico-chemical properties and their
biological characteristics. For example, molecules are taken up actively by cells when they partici-
pate in cell metabolism and are essential elements of cell life (e.g., amino acids, glucose).
The penetration of all these categories of molecules through the plasma membrane is modified by
cell electropermeabilization [1]. The purpose of the following paragraphs is to review how the
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normal mechanisms of transport across the cell membrane can be affected by the exposure of cells
to electric pulses reversibly permeabilizing the cell membrane.

Hydrophobic and Amphiphilic Molecules (With and Without
Electropermeabilization)

The plasma membrane is not an impassable barrier for hydrophobic and amphiphilic molecules, at least
provided the size (and thus the molecular weight) of these molecules does not exceed certain limits [1].
It is difficult to give a value for these limits, as many parameters influence them, such as the three-
dimensional conformation of the molecules, the number and position of the polar groups in the mol-
ecule, and the substances (e.g., DMSO, ethanol) in which these molecules, which can be poorly soluble
in water, are dissolved before their dilution in physiological (water-based) media. Most of the classical
molecules of the chemotherapy armamentarium (thus not considering, e.g., the new classes of antibod-
ies against specific receptors at the tumor cells surface) are molecules falling in this physico-chemical
category. Therefore, the activity of these molecules (e.g., Actinomycin D, Adriamycin, Doxorubicin)
is based on their capacity to enter and eventually accumulate in the cells. As a matter of fact, these
molecules can indeed accumulate inside cells up to a point in which their internal concentration is
higher than their external concentration, because they often have an elevated affinity for their corre-
sponding intracellular targets, for example, DNA, tubulin protein (either free or assembled in microtu-
bules), etc. Often, the intrinsic cytotoxicity of these molecules (i.e., the actual cytotoxic potential of one
of these molecules inside the cell) is low; the molecules are in fact therapeutically active because they
accumulate in very large numbers inside the cell — a process facilitated by the ability of these molecules
to easily enter the cell. The transport mechanism involved is simple passive diffusion through the
plasma membrane, which implies that the molecule is able to enter the membrane (in other words to
“dissolve” in the plasma membrane, transiently staying inside it). This transport mechanism is clearly
permitted by the physico-chemical properties of both the molecules and the cell membrane.

As expected from the consequences of the physico-chemical properties of hydrophobic and
amphiphilic molecules on their potential activity, cell electropermeabilization does not greatly
modify their activity profile. In very early studies, it was shown that the cytotoxicity of molecules
like Actinomycin D or N-methyl-9-hydroxy-ellipticium [1, 2] can be increased in vitro by a maxi-
mum of 2—4-fold (under optimal electropermeabilization conditions and for very short durations of
cell exposure to these drugs). This can be attributed to a corresponding increase in the amount of
internalized molecules, as the same factor of sensitization to Actinomycin D as was seen in sensitive
cells was also found in a partially resistant cell line derived from the sensitive cells. This is in
agreement with the fact that resistance to Actinomycin D is mainly due to a multidrug resistance
mechanism based on the activity of pumps that expel the drug from the cell interior. Obviously, the
difference in drug efficacy between the electropermeabilized cells and the control cells will rapidly
decrease with an increase in the duration of the contact between the cells and the drugs, as drugs
can continuously enter the nonpermeabilized cells. This is why, in several other reports, no effect of
cell electropermeabilization was found in the case of drugs such as Adriamycin, Doxorubicin, or
Paclitaxel (see also Table 6.1).

Table 6.1 Increase of drug cytotoxicity by electroporation

Drugs tested Potentiation
Bleomycin (nonpermeant molecule) 100-5,000-fold
Cisplatin (low-permeant molecule) 3-80-fold
Carboplatin (low-permeant molecule) 10-13-fold
Methotrexate, Melphalan, Mithramycin, Actinomycin D, Adriamycin, Cyclophosphamide, None

Mitomycin C, Doxorubicin, 5-fluorouracil, Vinblastine, Vincristine, Paclitaxel, Taxotere
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Small Hydrophilic Molecules (With and Without Electropermeabilization)

Two sorts of molecules must be considered here: those that mimic physiological molecules, and
those that do not show any structural similarity with the substrates of permeases (that allow for
facilitated transport) or of membrane-bound active transporters (often ATPases).

Small molecules of the first category enter cells because they are able to occupy the binding site
of physiological molecules on the transporters (e.g., anticancer drugs such as melphalan or metho-
threxate, which are internalized by leucine transporters or reduced folate transporters, respec-
tively). Even in such cases, it is possible to detect an effect of cell electropermeabilization. For
example, transport, and thus cytotoxicity, of melphalan is regulated by the external concentration
of leucine. Indeed, as melphalan is conveyed by the leucine transporters, the presence of high
leucine concentrations outside the cell reduces the capability of melphalan transport, whereas the
absence of leucine will exacerbate melphalan toxicity. Under a given set of electropermeabilization
conditions and concentration of external leucine, it was found that the toxicity of melphalan on
electropermeabilized cells (EC, = 3.5 x 10~ M) was similar to the toxicity on nonelectroperme-
abilized cells (EC,, = (5.5 £ 1.0) x 10~ M). The toxicity on the nonelectropermeabilized cells
increased nearly twofold in the absence of external leucine and decreased to an equal extent in the
presence of 1.8 mM leucine (in contrast to 0.3 mM in the usual electroporation medium) [2].
Conversely, the toxicity on the electropermeabilized cells was not dependent on the external leucine
concentration; a finding that corresponds with the fact that the diffusion across the membrane
(permitted by cell electropermeabilization) is not a saturable transport mechanism. Even though
the toxicities were similar with or without electric pulses at a concentration of 0.3 mM external
leucine, the differences in the toxicity dependency on the concentration of external leucine reveal
the change in uptake mechanism [2].

The second type of small hydrophilic molecules are those that cannot penetrate the cells in the
absence of any type of cell permeabilization treatment or chemical modification of the molecular
structure altering their hydrophilic characteristics, for instance, bleomycin. Bleomycin is a natural
substance produced by Streptomyces verticillis [3]. It has antibiotic and cytotoxic properties and is
an anticancer drug that has been used to treat patients since the middle of the 1970s. This molecule
is not considered particularly active. However, since it is almost devoid of side effects (except for
lung fibrosis after the administration of a cumulated dose of 300 mg/m?, and some skin reactions),
bleomycin is still used for specific cancer treatments or in combination with other drugs. Bleomycin
is hydrophilic and does not diffuse through the plasma membrane [4]. It tightly binds to specific
(still unidentified) membrane molecules [5]; however, these surface molecules do not mediate the
direct transfer of the drug through the plasma membrane in the way that leucine transporters can do
with melphalan [6]. Instead, Bleomycin uptake is linked to the number of binding sites at the cell
surface and the endocytosis rate, which corresponds to the flux of molecules of bleomycin conveyed
by the binding sites [7]. Since the cytotoxic effects of bleomycin are due to the generation of dou-
ble-strand DNA breaks (DSBs) (one DSB per molecule of bleomycin on the average), the number
of molecules entering the cell per unit of time must be large enough to compensate for the capability
of the cell to repair the DSBs during the same time period. This is the reason why many cell types
can withstand very large external concentrations of bleomycin. At the same time, there is a lot of
bleomycin entering the cell by pinocytosis, which is not responsible for bleomycin toxicity, as these
molecules will remain in the endosomal compartments [4, 7]. In certain ways, the mechanism of
internalization of the bleomycin molecules responsible for their cytotoxicity shares some features
with those of vegetal and fungal toxins, in particular ricin, for which the internalization by receptor-
mediated endocytosis is well documented [8—10]. Chain B in the entire ricin binds to any galactose
residue exposed at the cell surface, that is, about 1-2 x 107 binding sites per cell [8], whereas the
catalytic chain A of ricin binds to the mannose specific receptor present at the surface of certain
cells (1.5-2.0 x 10° sites per cell), for example, macrophages and the Kupffer cells of the liver.
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The ricin molecules internalized through this specific receptor are the most cytotoxic [8]. Since
bleomycin can specifically bind a specific membrane protein, its uptake mechanism appears to
resemble the second ricin uptake pathway.

In a more general way (i.e., including large molecules like some proteins and nucleic acids), what
we call nonpermeant molecules are those molecules that are devoid of any cellular internalization
mechanism. This means molecules that are either too hydrophilic or too large for diffusing through
the plasma membrane, and that moreover are not recognized and transported by a transporter or
receptor system. In the cases in which those molecules have a pharmacological interest because of
their intracellular targets or intracellular mode of action (essentially, small molecules like cancer
drugs or large molecules like DNA or proteins), it is desirable to develop appropriate techniques
aimed at their penetration into the cytosol. This is also true for some other, low-permeant molecules
(oligonucleotides and certain cytotoxic drugs like the cisplatinum derivatives) which have only a
very limited cellular internalization capability, due to a slow and limited diffusion across the plasma
membrane or to a low-efficiency transporter- or receptor-mediated mechanism of translocation
across the membrane.

Large Hydrophilic Molecules (With and Without Electropermeabilization)

Even though large hydrophilic molecules are outside the strict scope of this chapter, it is interesting
to discuss their case. Nucleic acids and proteins may fall in this category, and techniques such as
those presented in this book (e.g., electrochemotherapy) can be extended to these large molecules.
Indeed, electric-pulse-mediated gene transfer is also gaining momentum. From preclinical studies
(published 10 years ago) showing its efficacy, particularly for the transfer of plasmids to skeletal
muscle [11-13], and from ulterior studies describing the mechanisms of gene electrotransfer
[14, 15], this approach is now under clinical trials [16]. The first of such trials was recently
published and shows that this approach can be applied on humans [17]. It is important to mention
that these molecules do not easily enter the cells even after optimal membrane permeabilization.
In the case of proteins, very large external concentrations are necessary, as the larger the molecule
the lower its diffusion rate through the permeabilized membrane. In the case of plasmid molecules,
with an extremely high molecular weight (a plasmid of 6-kbp has an approximate molecular weight
of 6 x 648 kDa/kbp = 3,700 kDa), the permeabilization of the cell membrane is insufficient in
several tissues: the DNA must additionally be pushed towards the cell membrane [18]. Long electric
pulses or combinations of short high-voltage pulses and of long low-voltage pulses are necessary,
as the long pulses introduce an electrophoretic component that effectively pushes the nucleic acids
(which are highly charged molecules that move easily under the electric fields) [12, 15]. Therefore,
the issues for these molecules is not only the absence and presence of electropermeabilization, but
also the type of electric pulses used holds great significance.

Electrochemotherapy

Electrochemotherapy Concept

The concept of electrochemotherapy was based on the analysis by Dr. Mir and colleagues of the
behavior of bleomycin on cells exposed to permeabilizing electric pulses. Bleomycin behavior is a
classic example of the nonpermeant category of hydrophilic molecules described above (Fig. 6.1).
The concept was later extended by Prof. Sersa and colleagues to cisplatin, a typical low-permeant
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Fig. 6.1 The electrochemotherapy concept. (a) Permeabilization of the cell membrane by application of electric
pulses. (b) Penetration of bleomycin into an electropermeabilized.cell

molecule (part of its uptake occurs by diffusion while part of it is mediated by other mechanisms
yet to be fully elucidated; therefore, membrane crossing is also a limiting step in cisplatin efficacy).
Bleomycin holds great interest for therapeutic use because it possesses a very high intrinsic cyto-
toxicity: 500 molecules in the cell cytosol entering at the time of cell electropermeabilization are
sufficient to kill the cell through the generation of DSBs. Because the nonpermeant molecules can
only enter the cell when the membrane is permeable (i.e., for a few minutes only: after delivery of
the electric pulses and before resealing of the membrane), there is no time for extensive accumula-
tion of drug inside the cell to occur. Thus, the therapeutic nonpermeant molecules must be very
active when they are in the cell cytosol, which, as mentioned, is the case with bleomycin.

The concept of electrochemotherapy can also be extended to molecules other than the classical
anticancer drugs, and even to large molecules. An example was provided by the Pokeweed Antiviral
Protein (PAP) [2]. This molecule is a member of the vegetal and fungal cytotoxic proteins. Like
some of the other members of this family of proteins, PAP kills the cells by the catalytic inactivation
of one of the ribosomal RNAsS, resulting in total arrest of protein synthesis. A single molecule in the
cytosol is able to kill the cell. Contrary to the other members of this family of proteins, PAP does
not possess any cell-binding domain, and therefore the catalytic chain is a nonpermeant natural
substance with a very high intrinsic toxicity. Interestingly, it was possible to show that cell electrop-
ermeabilization results in an increase of PAP cytotoxicity of 200,000 times [2]. This result proved
(1) that a huge increase in the cytotoxicity of nonpermeant molecules can be achieved by cell elec-
tropermeabilization (the basic concept of electrochemotherapy) and (2) that cell electropermeabili-
zation gives direct access to the cell cytosol, where the target of PAP was strictly located. These data
show potential perspectives for the future development of this new pharmacological approach.

Electrochemotherapy Definition

Electrochemotherapy is the local potentiation, by means of permeabilizing electric pulses, of the
antitumor activity of a nonpermeant anticancer drug possessing a high intrinsic cytotoxicity (e.g.,
bleomycin) or of a low-permeant anticancer drug (e.g., cisplatin) already possessing a good level of
cytotoxicity on the unpermeabilized cells. The electric pulses are locally delivered to the tumors.
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Vectorization and Targeting

In the previous section, we emphasized that the action of a drug on its targets (i.e., the tumor cells)
can be ameliorated by either the vectorization of the molecule or the specific targeting of the tissues
of interest. Actually, in electrochemotherapy, the electric fields do both:

e Vectorization: The electric field has a real role in facilitating drug uptake and thus in increasing
drug efficiency, because, in the volume affected by the electric pulses, the consequences on the
cells of the electric field application is the permeabilization of the cell membrane.

* Targeting: Because the electric field is locally delivered, targeting is achieved by the electric
field distribution in the body. This implies the ability to correctly choose the electrode geometry
and the applied voltage-to-distance ratio (V/cm) as these parameters must fit the tumor geometry
(size and shape).

Cancer Agents in Electrochemotherapy

Several research groups have examined the potential increase of the toxicity of anticancer drugs by
means of cell electropermeabilization with very coherent results, in spite of differences in the
cell types used, conditions of electroporation, duration of the incubations, etc. [2, 19] (Table 6.1).
As expected, delivery of electric pulses does not improve the cytotoxic activity of molecules that
are already permeant.

Basis of Electrochemotherapy Efficacy

The principal basis of electrochemotherapy efficacy is the combined, complementary, and synergistic
use of permeabilizing electric pulses and nonpermeant (bleomycin) or low-permeant cytotoxic
drugs (cisplatin). The combined effects of these physical and chemical agents are completed by the
biological mechanisms listed below.

Type of Cell Death

It is very important to highlight that cell death is not caused by the electric pulses when reversible
electroporation parameters are used. Cells reseal, and thus, after some time, they can restore their
internal ionic levels (as described in Chap. 2). Therefore, the necrosis associated with the loss
of homeostasis is not the main mechanism of cell death. Acting directly on the DNA molecule
(whatever the type of genes expressed), cisplatin and bleomycin induce the formation of DNA
adducts or DNA single- and double-strand breaks, respectively. When bleomycin is administered
intravenously at a classical therapeutic dose (15,000 IU/m?2), as in the case of electrochemotherapy,
the bleomycin concentration in the interstitial fluids of the tissues is very low due to bleomycin
dilution in the whole body. Still, as mentioned earlier, the low number of DSBs caused by bleomycin
even at very low concentrations are toxic [20]. Moreover, with a small number of these breaks, the
cell will still be metabolically active but unable to divide, as, at the next mitosis, the chromosomes
will be fragmented and the formation of the daughter cells completely impaired, resulting in cell
death. This mitotic cell death pathway is very important, as it introduces an intrinsic targeting in
electrochemotherapy that under these conditions results in the selective and efficient killing of the
dividing tumor cells, while the nondividing normal cells also exposed to the electric pulses (and thus
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permeabilized as well) will survive. Such a mechanism may explain the very good cosmetic effects
often reported after the treatment of superficial lesions [21]. It also allows for the preventive treat-
ment of the tissues located just around tumors that frequently show local recurrences.

Induction of Vascular Lock

The delivery of permeabilizing electric pulses to tissues provokes an arrest of the blood flow in the
tissue. If a drug is injected intratumorally, this vascular lock phenomenon prevents the washing of
the drug from the tumor by the blood flow. In the case of the low-permeant cisplatin, this retention
effect could be very important, as cisplatin will enter the cells not only during the time the cells are
permeabilized but also after the cells are resealed. If bleomycin is injected intravenously, the effect
of the vascular lock makes it essential that injection precede the delivery of electric pulses. The
vascular lock can also contribute to the electrochemotherapy efficacy due to the long-term reduction
in blood flow greatly reducing glucose and oxygen supply to the tumor.

The vascular lock is a general reaction of the tissues. In the case of normal tissues like skeletal
muscle, the blood stops flowing for less than 2 min and the mechanism is partly based on a histamine-
dependent reaction [22]. In this case, the duration of the blood flow interruption is insufficient to
generate hypoxia or any other deleterious consequences. In tumors, the irregular vasculature results
in a much longer duration of the blood flow interruption. Moreover, the endothelial cells in tumor
tissues are dividing cells that constantly generate new vessels. Therefore, these dividing cells are
sensitive to the drugs used in electrochemotherapy, which results in a long-term reduction of the
blood flow in the tumor, greatly contributing to the electrochemotherapy efficacy.

Host Immune Response

Since the initial preclinical experiments, it has been shown that there are differences in the response
to electrochemotherapy of tumors as a function of the animal immune system status. While
complete regression was achieved in both the cases of immunocompetent and immune-deficient
animals, a curative effect was achieved only in the former case while tumors reappeared after
some time in the latter case [23]. The addition of various types of immunomodulating molecules
has demonstrated the implication of the host immune system in cure achievement. Depletion in
T lymphocyte numbers dramatically reduced the curative rate in mice [23], while the addition of
interleukin-2 (which activates the helper and the killer T lymphocytes) [23, 24] or of Toll-like
receptor ligands (which activate the dendritic cells, i.e., the antigen-presenting cells responsible for
the recruitment and activation of T cells) [25] increased the curative rate of the treated tumors.
Moreover, these molecules also induced the achievement of systemic antitumor effects either on an
untreated secondary transplanted tumor (that mimics a large metastasis) [24, 25] or on the appear-
ance of visceral [26] or pulmonary metastases [27]. The first clinical trial combining electrochemo-
therapy and several local injections of low amounts of interleukin-2 showed an increase in the T cell
response [28]. Further clinical trials should analyse the potential of this type of combination of
electrochemotherapy and molecules regulating the activity of the host immune system.

Monitoring Cell and Tissue Electropermeabilization Using Small Molecules

Because cell electropermeabilization is one of the two principal bases of electrochemotherapy,
assessment of cell electropermeabilization in vivo has been fundamental, both for establishing that
electrochemotherapy mechanisms are actually based on cell electropermeabilization, and, later on,
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for optimizing the treatment; that is, for validating models of electric field distribution (and thus
electric-field-mediated permeabilization). This allows for the definition and validation of optimal
electrode geometry and optimal voltages to apply to the electrodes as a function of electrode
geometry and tissue characteristics. Nowadays, clinical procedures can be validated and there is
no further need to repeat the type of experiments described in the following sections, unless new
types of electrodes are designed and tested. There are basically two types of assessment methods,
based on chemical and physical approaches. Because this chapter deals with the uptake of small
molecules, only the chemical methods using small molecules are described here.

Biological Effects of Bleomycin

At low bleomycin concentrations, only the electropermeabilized cells will be killed owing to the
huge increase in drug toxicity resulting from cell electropermeabilization [29]. Thus, the toxic
effects of bleomycin can be used as a marker for cell electropermeabilization, both in vitro, ex vivo,
and in vivo [29]. However, in essence, this is only valid for dividing cells (that is, for tissues like
tumors). It is important to mention that in the presence of high concentrations of bleomycin, the
morphology of all the electropermeabilized cells changes drastically just a few minutes after pulse
delivery. One such change entails the nucleus becoming apoptotic in appearance (accordingly, bleo-
mycin has also been termed an apoptosis-mimetic drug) [30]. Therefore, histology performed on
tissues collected a few minutes after treatment with electric pulses and high doses of bleomycin can
show the areas affected by the treatment and, thus, the field distribution in the tissue, even in the
case of tissues composed of nondividing cells (e.g., the liver) [31].

Other Bleomycin-Based Methods

Because of the truly nonpermeant characteristic of the bleomycin molecule, bleomycin-based
radioactive compounds have been designed in order to analyze tissue electropermeabilization.

S’Cobalt and bleomycin form an extremely stable complex. Moreover, the ’Co-bleomycin
complex not only possesses a high specific radioactivity, but it is also nontoxic: the cells will not be
killed by the internalized ’Co-bleomycin. It is therefore a highly useful molecule for studying
electropermeabilization even though time-consuming washes may be necessary to remove the
5’Co-bleomycin that did not enter the cell [32]. It has been extensively used in vitro [4]. In vivo, its
use is limited because of the low renal clearance of the complex (resulting in slow washing of
the tissues), the need to maintain the animals for 3 days in metabolic cages, and the problem of the
radioactive waste (’Co half-life is 270 days) [29].

1811, on the contrary, has a very short half-life. !**In-bleomycin (Persson et al., personal com-
munication) has a very high specific radioactivity allowing for the use of gamma cameras to visual-
ize the electropermeabilized tissues. The use of this complex could also reduce the radioactive waste
problem.

Non-Bleomycin-Based Markers

A large number of fluorescent or radioactive small molecules have been used to detect electroper-
meabilization in tissues, such as propidium iodide [33], lucifer yellow [34], calcium-green in
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calcium-rich medium, FluxOR™ in thallium-enriched medium, (99m)Tc-DTPA [35, 36], and
SICr-EDTA [37, 38]. In vivo, >'Cr-EDTA is the most interesting molecule. *'Cr has a short half-life
(15 days) and also a very rapid renal clearance, which means that the complex is very rapidly
washed from the tissues. This greatly facilitates experimental protocols. In skeletal muscle, the dif-
ference between permeabilized and nonpermeabilized muscle cells is already detectable 1 h after
pulse and 3!'Cr-EDTA delivery. However, in this short time, the washing of complex that has not
been captured by the reversibly eletropermeabilized cells is not yet complete. Therefore, determina-
tion of the amount of 'Cr-EDTA internalized into the electropermeabilized cells requires measure-
ment of the radioactivity still present in a control tissue, for example, the contralateral muscle [38].
After 24 h, washing is complete, and there is no remaining radioactivity in the control tissue, and
thus, uptake corresponds to the net radioactivity in the pulsed tissues. It is important to remember
that in the case of an excessive (irreversible) electropermeabilization, uptake decreases as the
radioactive molecules that entered the cells will leak. The quantitative >'Cr-EDTA test for evaluation
of the in vivo electropermeabilization level has allowed researchers (1) to determine the reversible
and irreversible electroporation thresholds in various tissues, (2) to show differences in the
voltage-to-distance ratios to apply when using either internal or external electrodes, (3) to show
differences between pulses of different durations, when pulses are applied to a given tissue using
given electrode type and geometry, (4) to show similarities between the same tissue in different
species, and (5) to show differences between different tissues [37—40].

Differences Between In Vitro and In Vivo Situations

After having shown the principles of transport of small molecules into cells, as well as the changes
caused by cell membrane electropermeabilization and the tests to determine cell permeabilization
in vitro and in vivo, we will next discuss the differences that exist between in vitro and in vivo situ-
ations. Indeed, the points that are described below may largely interfere with the expected potential
results from the working hypothesis, particularly when moving from bench experiments in vitro to
preclinical trials in vivo.

Tissue Heterogeneity

The first thing to consider is that in vitro, the cells exposed to electric pulses usually come from cell
cultures, thus consisting of a single cell type. In vivo, even in the case of a homogeneous tissue
(e.g., a liver lobe), the cell composition is much more complex, as many cell types associate to form a
tissue. Tissues will mainly contain a single tissue-specific cell type (e.g., the muscle fibers in skeletal
muscle), even though some tissues contain various specific cell types (e.g., the hepatocytes and
Kupfer cells in the liver). Aside from the cells conferring the specificity to the tissue, most tissues
contain endothelial vascular cells, smooth muscle fibers, blood cells, nerve cells (or at least the part
of the axons located in the tissue), fibroblasts, and also, as shown a few years ago, stem cells. As
the different cells in a tissue have different shapes and different sizes, their electropermeabilization
thresholds can differ greatly. Therefore, an overall analysis of the permeabilization level of a tissue
is not precise enough. It is necessary to analyze which cell types have been electroporated and thus
electromanipulated (particularly in the case of the use of electroporation to transfer genes into
specific cells in the tissue, in order to ensure that the transfected cells are indeed the targeted ones).
In the case of electrochemotherapy, this is not a real problem since, in addition to the permeabi-
lization of the tumor cells, the electropermeabilization of the endothelial cells leads to antiangiogenic
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effects (see section “Induction of vascular lock™) that can contribute to electrochemotherapy
efficacy. Moreover, the nerves will not be affected, because the axon diameter is much smaller than
the cell diameter (thus, the transmembrane potential induced is not sufficient to affect the membrane
structure), and even if some amount of cytotoxic agent could enter the axon and be transported
to the cell nucleus, nerves are absolutely postmitotic cells and would not be killed by low amounts
of drug.

Geometrical Considerations

Another significant difference between in vitro and in vivo situations lies with simple geometrical
considerations. In vitro, usually 1-2 x 10° cells are treated in a volume of 50-200 pl, meaning that
less than 1-2% of the volume is occupied by the cells, and that 98-99% of the volume is just
medium. Thus, under the usual conditions, permeabilization of one cell may have no influence on
the permeabilization of the neighboring cells. Cell permeabilization can be considered as indepen-
dent events [41], except in extremely dense cell suspensions [42].

On the contrary, in vivo, at least 10%, and up to 80%, of the volume is occupied by cells. In such
cases, the permeabilization of one cell introduces changes in the local conductivity of the tissue and,
thus, in the electric field distribution. As a consequence, permeabilization of neighboring cells are
interdependent events. This is the reason why models for electric field distribution and cell permea-
bilization in tissues are necessary.

The geometrical and structural differences also have direct consequences on the ways in which
drugs, permeabilization markers, or any other molecule of interest can be brought in contact with
cells. In vitro, contact is very easy as there is a lot of medium surrounding the cells. Thus, molecules
are introduced into the medium, and subsequently there are no other obstacles for them to pass in
order to enter the cells once electropermeabilization is achieved. On the contrary, in vivo, or even
ex vivo (tissues or pieces of tissues), there are other cells and membranes surrounding the cells
(e.g., fascia in muscles). As an obvious consequence, the distribution of permeabilization markers
or drugs around the cells is difficult and heterogeneous.

Direct injection in the tissue is possible (meaning that a relatively homogeneous distribution of
the injected substance is achievable) only if tissue is enclosed by a membrane (e.g., muscle), or if,
in large animals, the volume of interest is artificially limited by injections of vasoconstricting mol-
ecules (e.g., lidocaine). Otherwise, a uniform distribution is almost unachievable. Molecules must
be injected in a large volume of liquid compared to the tissue volume even though this procedure
can be painful in some tissues. Intravascular (intravenous or intraarterial) injections are possible
(meaning that some efficacy can be achieved) only if the molecule of interest can be largely diluted
and still have biological effects (like bleomycin).

Drug Access and Washing

Drug access and washing is very different between in vitro and in vivo situations. In particular, it is
very important to consider the timing of when to inject the drugs or permeabilization markers
in vivo for treatments in combination with permeabilizing electric pulses, as well as how the
drugs or the markers are washed from the tissues after treatment. Indeed, among the differences
between in vitro and in vivo situations, it is necessary to highlight the vascular lock phenomenon.
While in vitro markers can be added before or after pulse delivery (up to a certain extent, depending
on the temperature and on the permeabilization level achieved), in vivo markers can only be injected
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before pulse delivery, at least if the marker is injected intravenously. Of course, local injections can
also be performed after pulse delivery, as cells remain permeable for several minutes in vivo.
However, better uptake is generally obtained when markers are injected before pulse delivery.

For bleomycin, experiments in mice have shown that, if injected intravenously, the drug must be
administered 3 or 4 min before pulse delivery; in rats, 4 min before; while in humans, it is necessary
to wait 8 min before applying pulses to the nodule(s) to be treated. In humans, pulses can be
delivered for at least 20 min (that is, up to 28 min after the bolus injection) with maximal efficacy,
but pulses can also be delivered for some more minutes with excellent antitumor effects [43].
The reader should note that in all cases, bleomycin must be rapidly injected to reach the highest
possible levels first in the blood plasma and then in the tissues. In humans, the bolus injection must
be performed in 30—45 s. The times provided above correspond to the delay necessary to reach the
intratissue peak concentration after the bolus injection.

Conclusion and Perspectives

The permeabilization of cells, either in vitro or in vivo, opens the way to use potentially interesting
drugs acting specifically on intracellular targets. Several physical and chemical means for cell per-
meabilization have been used in vitro. Not all of these methods can be easily used in vivo, in particular
the chemical ones. The cell electroporation technique, also termed cell electropermeabilization, that
uses electric pulses of 100 ps duration and field amplitudes in the range of a few hundred V/cm,
is nowadays clinically used routinely in electrochemotherapy, as effectively displayed in this book,
in particular in Chaps. 8 and 9.

Moreover, the concept of electrochemotherapy with anticancer drugs is extending. New promising
therapies based on specific modifications of gene expression may employ relatively small nonper-
meant molecules (natural or modified oligonucleotides, in antisense or antigene strategies), or even
large nonpermeant molecules like coding DNAs or RNAs which may benefit from cell electroper-
meabilization to facilitate entry into the cells, as already described in Section “Penetration of Small
Molecules into the Cell Interior” of this chapter. This nonviral procedure, termed nucleic acid elec-
trotransfer (or DNA electrotransfer, gene electrotransfer, or electrogenetherapy) is very useful, as it
extends the concept of electrochemotherapy, not only to other molecules but also to treatment of
diseases other than benign or malign tumors.
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Chapter 7
Vascular-Disrupting Action of Electrochemotherapy:
Mode of Action and Therapeutic Implications

Gregor Sersa and Maja Cemazar

Abstract Besides having a direct cytotoxic effect on tumor cells, electrochemotherapy also has
a vascular-disrupting effect. Application of electric pulses to the tumor induces transitory, but
profound, reduction in tumor perfusion and oxygenation of tumors. When bleomycin or cisplatin
are present at the time of tissue electroporation, endothelial cells in tumor blood vessels are also
affected, leading to their apoptotic death. As a consequence, blood flow in the treated tumor is
reduced, leading to extensive tumor cell necrosis and regression. Therefore, electrochemotherapy
can be beneficially used in the treatment of bleeding metastases, as demonstrated in several reported
cases. A model of vascular changes after application of electric pulses to the tumor and a model of
vascular changes after electrochemotherapy are proposed.

Keywords Electrochemotherapy ¢ Vascular-disrupting effect ¢ Electroporation ¢ Bleomycin
* Cisplatin

Introduction

A functioning vascular supply is essential for solid tumor growth and metastasis. It is known that in
the absence of angiogenesis, tumors are not able to develop beyond a few millimeters and therefore
remain dormant. The angiogenic switch enables neovascularization of tumors and consequently
rapid tumor growth, metastasis, and tumor progression [1]. The newly developed vessels have
specific physiological and biological features that distinguish them from normal vessels. These dif-
ferences include a relative lack of vascular smooth muscle cells, abnormal and chaotic branching
patterns, and the absence of innervation. Endothelial cells in neovascularized tumors differ from
those in normal tissue; they have distinct molecular markers, and their proliferation is much faster.
Therefore, tumor vasculature, due to its physiological and molecular specificity, is a specific target
for tumor treatment [2].

There are two concepts of vascular-targeted agents as cancer therapeutics that act on tumor
blood vessels; those inhibiting the formation of new blood vessels (antiangiogenic agents), and
those that act on the established blood vessels (vascular-disrupting agents). Antiangiogenic agents
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are considered cytostatic in nature, in contrast to vascular-disrupting agents, which are thought to
be cytotoxic. The antiangiogenic agents exert their effect within days and require chronic dosing,
oral or intravenous, whereas vascular-disrupting agents are effective within minutes and require
acute dosing, mostly intravenously [3].

Both categories of vascular-targeted therapies are clinically available, the prominent antiangio-
genic agent being bevacizumab (avastin), whilst combretastatin A4-P is the major vascular-disrupting
agent. Although they are distinguished by their mode of action, there is some overlap between the
two groups, with agents classified according to their primary site of action [4-6].

Electrochemotherapy

Electrochemotherapy consists of chemotherapy followed by local application of electric pulses to
the tumor to increase drug delivery into cells. Drug uptake can be increased by electroporation only
for those drugs whose transport through the plasma membrane is normally impeded [7]. Among
many drugs which have been tested so far, only bleomycin and cisplatin have transitioned from
preclinical testing to clinical trials. In vitro studies demonstrated a several-fold increase in their
cytotoxicity after electroporation of cells. In vivo, electroporation of tumors after local or systemic
administration of either of the drugs, that is, electrochemotherapy, proved to be an effective antitu-
mor treatment. In preclinical studies on several tumor models, electrochemotherapy with either
bleomycin or cisplatin was assessed in detail, and parameters for effective local tumor control were
determined [8, 9]. Several clinical studies were performed demonstrating that electrochemotherapy
is effective in local tumor control of cutaneous and subcutaneous tumor nodules of different
histology. So far, predominantly melanoma skin metastases have been treated, with ~70%
long-lasting complete responses of the treated nodules [10-12].

Besides membrane electroporation, which facilitates drug transport and its accumulation in the
cell, other mechanisms that are involved in antitumor effectiveness of electrochemotherapy have
been described [8, 9].

Modifying Effect of Electric Pulses on Tumor Blood Flow

The application of electric pulses to tissues induces a transient but reversible reduction in blood
flow. Several studies have investigated changes in blood volume, perfusion, and oxygenation in
tumors and normal tissue after application of electric pulses. The first study, using albumin-
(Gd-DTPA) contrast-enhanced magnetic resonance imaging (MRI), has demonstrated that 30 min
after application of electric pulses to SA-1 tumors, tumor blood volume is reduced from 20% in
untreated tumors to 0% in electroporated tumors [13]. A pharmacological study with ¥RbCl extraction
technique in the same tumor model was also done, exploring time dependence of the perfusion
changes. A significant reduction of tumor perfusion (~30% of control) was observed within 1 h fol-
lowing the application of electric pulses to the tumors. Thereafter, tumor blood flow slowly recovered,
almost reaching the pretreatment level within 24 h. No change in perfusion was induced in untreated
contralateral normal leg muscle. A similar pattern of blood flow reduction was induced when a
second set of electric pulses was applied to the tumor following a 24-h interval. The degree of tumor
blood flow reduction was dependent upon the number of electric pulses applied; a smaller effect
was observed if less than eight pulses were applied. Furthermore, the degree of blood flow reduction
was also dependent on the amplitude of electric pulses applied; electric pulses with an amplitude
higher than 600 V induced reduction in tumor blood flow [14]. In subsequent studies, it was demon-
strated that the results obtained with the **RbCl extraction technique correlated with the Patent
Blue staining technique, which is a much more simple method for measuring tissue perfusion [15].
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The changes in tumor perfusion were shown to correlate with changes in tumor oxygenation,
as measured by the electron paramagnetic resonance (EPR) technique. The maximal reduction in
partial oxygen pressure (pO,) level was observed 2 h after application of electric pulses to the tumor
(~40% of control), with recovery to the pretreatment level within 10 h after application [16]. This
study also demonstrated that changes in the tumor blood flow are instantaneous, occurring during
the application of electric pulses, as demonstrated by laser Doppler flowmetry [17].

In vitro studies have shown that application of electric pulses to a monolayer of endothelial cells
results in a profound disruption of microfilament and microtubule cytoskeletal networks, loss of
contractility, and loss of cadherin-formed cell-to-cell junctions in the vascular endothelial lining
immediately after electroporation, which recovered within 60 min after electroporation, without any
significant loss of cell viability. The cytoskeletal effects of electroporation were paralleled by a
rapid increase in endothelial monolayer permeability, giving an indication of putative mechanisms
responsible for the observed increase in permeability and cessation of blood flow in vivo [18].

A tumor is a heterogeneous tissue consisting of tumor stromal cells and a capillary network.
When a tumor mass is exposed to an electric field that is used for electrochemotherapy, all cells
in the tissue are exposed [19, 20]. In a mathematical model, it was validated that endothelial cells in
the lining of small tumor blood vessels are exposed to an electric field that can increase their perme-
ability. The model predicted that endothelial cells lining the tumor blood vessels are exposed to a
~40% higher electric field than the surrounding tumor cells. This indicates that tumor endothelial
cells are a valid target for electroporation [17].

A histological study of tumors exposed to electric pulse application examined blood vessel
changes. Changes in endothelial cell shape were observed 1 h after application of electric pulses.
Endothelial cells turned spherical in shape and became swollen, and the lumen of blood vessels was
narrowed (Fig. 7.1) [17].

Fig. 7.1 Morphological changes in tumor blood vessels after electroporation. Swollen endothelial cells (a, b) and
narrowed lumens (¢, d). Tumor tissue specimens were formalin-fixed and paraffin-embedded. Two consecutive 5 pm
thick sections were cut from each paraffin block and stained with hematoxylin eosin or immunohistochemically using
anti-CD31 antibody to visualize blood vessels
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Fig. 7.2 Model of vascular changes in tumor blood vessels exposed to high intensity electric pulses as used in
electrochemotherapy. EP electroporation

The observed effects of tumor blood flow modification after application of electric pulses were
also observed in normal muscle tissue in mice. Similar effects on leg perfusion, measured by Patent
Blue, were observed in mice, with a wide variety of electric pulse amplitudes and pulse durations
(10-20,000 ps and 0.1-1.6 kV/cm) [21].

Based on all the gathered information on vascular effects of electric pulses in the tumor, a model
of the sequence of changes is proposed (Fig. 7.2):

1. Disruption of cytoskeletal networks causing endothelial cells to turn spherical in shape.

2. Increased leakage of plasma into the interstitial space.

3. Increased interstitial fluid pressure and vascular resistance leading to a narrowed vascular lumen
and reduced blood flow.

4. Restoration of tumor blood flow within 24—48 h due to the effect on endothelial cells and vascular
permeability being reversible.

The studies indicate that vascular reactions induced by application of electric pulses to the tissue
are important for the kinetics of drug delivery used in electrochemotherapy or plasmid delivery in
gene electrotransfer. The vascular lock causes drug entrapment by temporary cessation of tissue
perfusion induced by electric pulses, leading to a prolonged exposure of the tissue to the previously
injected drug, plasmid DNA, or other nucleic acid molecules, as demonstrated in the case of
electrochemotherapy with cisplatin [8, 21, 22].

Modifying Effect of Electrochemotherapy on Tumor Blood Flow

Modifying effects of electrochemotherapy on tumor blood flow, measured by tumor perfusion and
oxygenation as well as histological changes, were studied and compared to vascular changes
observed after application of electric pulses without the accompanying injection of a drug [17].
Studies on electrochemotherapy with bleomycin as well as with cisplatin have demonstrated that
changes, within 2 h in tumor perfusion and oxygenation, are identical to those observed after the
application of electric pulses alone. Immediately after treatment, tumor perfusion was maximally
reduced. Approximately 30 min later, the tumors started to reperfuse in both groups; in the tumors
treated by electrochemotherapy, the reperfusion leveled after ~1 h and stayed at 20% up to 48 h after
the treatment, whereas the tumors treated with application of electric pulses alone continued to
reperfuse. The changes in tumor perfusion were demonstrated to be similar when using electro-
chemotherapy with either bleomycin or cisplatin. The degree of changes was demonstrated to be
dependent on the drug dosage used in electrochemotherapy. For example, a lower bleomycin dose
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(1 mg/kg) resulted in less reduction of tumor perfusion than a higher dose (4 mg/kg). The low dose
also resulted in gradual reperfusion of the tumors, which was in all cases significantly delayed
compared to perfusion changes after application of electric pulses alone, whereas the higher dose
of bleomycin resulted in complete shutdown of tumor perfusion and a high percentage of tumor
cures (70%) [15-17].

The changes in perfusion following electrochemotherapy correlated with tumor oxygenation.
EPR oxymetry demonstrated that electrochemotherapy induced an instantaneous reduction in pO,
levels to ~25% of the pretreatment level, which is a more profound effect than the one caused by
application of electric pulses alone. Tumor oxygenation subsequently correlated with changes
observed after application of electric pulses for up to 2 h post-treatment; however, the recovery of
tumor oxygenation was much slower, returning to the pretreatment level with a delay as long as 2
days [16, 17]. Short- and long-term perfusion changes were confirmed by power Doppler ultra-
sonography of tumors, as well as by determination of the hypoxic area in the tumors by staining of
cells with pimonidazole, a marker of tumor hypoxia [17, 23]. Furthermore, it was demonstrated that
electroporation of human endothelial HMEC-1 cells, even after short-term drug exposure, signifi-
cantly enhanced the cytotoxicity of bleomycin and cisplatin [24].

All these data indicate that in vivo electrochemotherapy, especially with bleomycin, may directly
damage the vascular endothelium, accounting for its vascular-disrupting effect. Detailed histologi-
cal analyses of tumors after electrochemotherapy demonstrated that the same morphological
changes in endothelial cells occurred as after application of electric pulses to the tumors; endothelial
cells turned spherical in shape and became swollen, and the lumen of blood vessels was narrowed.
However, apoptotic morphological characteristics were found in some vessels 8 h after electro-
chemotherapy. Furthermore, blood vessels were stacked with erythrocytes and extravasation of
erythrocytes was also observed. Apoptotic endothelial cells were not observed in the control group
or in tumors treated with either electric pulses or bleomycin alone (Fig. 7.3) [17].

Based on all the gathered information on vascular effects of electrochemotherapy with bleomy-
cin or cisplatin, a model of the sequence of changes is proposed (Fig. 7.4), which shares details with
the model proposed for the application of electric pulses and includes further changes due to the
presence of the chemotherapeutic drug:

1. Disruption of cytoskeletal networks causing endothelial cells to turn spherical in shape.

2. Increased leakage of plasma into the interstitial space.

3. Increased interstitial fluid pressure and vascular resistance leading to a narrowed vascular lumen
and reduced blood flow.

4. Apoptosis of endothelial cells due to the presence of an increased amount of the chemothera-
peutic drug.

5. No or significantly delayed vascular reperfusion, depending on the degree of vascular disruption.

Clinical Application

As hemorrhaging cutaneous metastases are a common clinical problem, some reports on successful
treatment with electrochemotherapy have already been described. Gehl et al. described two cases of
successful management of bleeding melanoma skin metastases [25, 26]. The first case established
the effectiveness of electrochemotherapy in the treatment of nine bleeding, ulcerated nodules on the
chest wall, with immediate cessation of bleeding after administration of electric pulses and com-
plete regression of all nodules [25]. The second case demonstrated a palliative effect of electro-
chemotherapy in dealing with eight metastases on the head and scalp, with complete regression of
all but one of the metastases (87%) [26]. An even bigger skin metastasis (3.5 x 3 cm in diameter)
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Fig. 7.3 Morphological changes in tumor blood vessels after electrochemotherapy with bleomycin. Swollen
endothelial cells turned spherical in shape (a), increased vascular resistance to tumor blood flow (b), and apoptotic
endothelial cells (¢, d). Tumor tissue specimens were formalin-fixed and paraffin-embedded. Two consecutive 5 pm
thick sections were cut from each paraffin block and stained with hematoxylin eosin or immunohistochemically using
ant-caspase 3 antibody to visualize apoptotic cells
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Fig. 7.4 Model of vascular-disrupting action of electrochemotherapy. EP electroporation; ECT electrochemotherapy

was treated by electrochemotherapy at our Institute of Oncology Ljubljana [27]. The bleeding
metastasis was located on the leg and amputation of the leg was initially considered as a definitive
cure. However, electrochemotherapy with bleomycin given intravenously was performed, and
immediately after delivery of the electric pulses, the bleeding stopped and did not recur. The lesion
developed a crust and decreased in size in a matter of weeks. At the end of the 3-week observation
period, the lesion was in partial response (Fig. 7.5).

These reports show that electrochemotherapy represents a novel approach in the palliation of
bleeding metastases. Surgery can be suitable for management of small bleeding lesions, but with
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Fig. 7.5 Response of bleeding melanoma metastasis to electrochemotherapy with bleomycin. During the following
week, a crust formed and fell off within 3 weeks. ECT electrochemotherapy

larger or multiple lesions, amputation is the only possible surgical approach [28]. Furthermore, no
studies have been performed so far to establish the palliative effect of radiotherapy on bleeding
melanoma nodules. On the other hand, in a study by Fraker et al., an isolated limb perfusion with
melphalan and tumor necrosis factor-alpha proved to be an effective palliative treatment of advanced
bleeding melanoma. Symptomatic improvement was achieved in 5 of 6 patients with bleeding or
ulcerated nodules [29]. In addition, several other studies report on the limb-sparing effect of isolated
limb perfusion. Noorda et al. reported on a series of 21 patients with recurrent or persistent melanoma
who underwent repeated isolated limb perfusion with tumor necrosis factor alpha and melphalan,
with a median follow-up of 18 months and 95% limb salvage rate [30]. In a study by Grunhagen
et al., limb salvage was achieved in 36 out of 37 patients, one patient undergoing amputation due to
treatment toxicity [31]. However, according to Sasso et al., intra-arterial embolization is a treatment
of choice in the management of bleeding melanoma [32].

Conclusion

A comparison between isolated limb perfusion for bleeding metastases and electrochemotherapy
points to the many advantages of the latter. Patients are often in overall poor physical condition
and electrochemotherapy offers an excellent alternative due to its once-only treatment strategy,
high probability of immediate relief, as well as the modest degree of patient discomfort expe-
rienced. Currently, its main clinical application remains restricted to palliative treatment of
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cutaneous and subcutaneous tumor nodules refractory to conventional treatment. However,
electrochemotherapy should also be considered as a treatment modality in patients with refractory
bleeding tumor nodules.
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Chapter 8

Electrochemotherapy of Small Tumors; The Experience
from the ESOPE (European Standard Operating
Procedures for Electrochemotherapy) Group

Gregor Sersa, Julie Gehl, Jean-Remy Garbay, Declan M. Soden, Gerald C. O’Sullivan,
Louise W. Matthiessen, Marko Snoj, and Lluis M. Mir

Abstract Electrochemotherapy, utilizing bleomycin and cisplatin as chemotherapeutic drugs along
with electric pulses locally delivered to the treated tumors, plays an important role in the local
control of cancers. The treatment is easy to perform, on an outpatient basis, for the treatment of
skin melanoma, breast cancer, or other tumor skin metastases. An objective response rate of 80%
or more is reported on the treated nodules, mostly with a long-lasting response. The treatment
procedure is fully described in the published European Standard Operating Procedures for elec-
trochemotherapy study. Currently, electrochemotherapy is used as a treatment that improves the
quality of life for patients with progressive disease. Furthermore, it is ideally suited to the treatment
of tumors refractory to conventional treatments like radiotherapy or surgery, or those that cannot be
surgically excised due to their number and location. In addition, it can be effectively employed as
a cytoreductive treatment before surgical resection in an organ-sparing procedure as well as in the
treatment of bleeding skin metastases.

Keywords Electrochemotherapy ¢ Electroporation ¢ Bleomycin ¢ Cisplatin * Cutaneous tumors
* Melanoma

Introduction

A multimodal approach is usually employed in the treatment of cancer. However, local tumor control
is a critically important part of the treatment of malignant solid tumors as it relieves symptoms,
forestalls complications, facilitates responsiveness to systemic therapies, and is often curative.
Despite the advances made in cancer treatment, many tumors at the time of presentation are untreat-
able with standard treatment approaches, local or systemic. This situation is often due to the resis-
tance of tumor cells to chemotherapy and radiation therapy, the anatomical location of the cancer that
can preclude complex excision or ablation by radiotherapy, and the presence of concurrent illnesses
which either limit the application or adversely alter the risk and benefit of a standard treatment.
Locally recurrent disease, particularly after optimal treatment of for example, malignant mela-
noma, head and neck carcinoma, or breast cancer, is difficult to manage. The patients are often faced
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with obviously progressing painful, bleeding, and malodorous tumors. These patients have a poor
quality of life, while their valuable remaining time may not benefit from often questionably suitable
invasive treatment approaches. Therefore, the ideal treatment for cancer should be minimally inva-
sive, targeted, and effective against a diversity of tumor types and anatomical locations. Ultimately,
it should be minimally intrusive, improve the patient’s quality of life, and increase life expectancy
through local control or cure.

Electrochemotherapy

Electrochemotherapy is an anticancer therapeutic approach that enhances the effectiveness of a
chemotherapeutic drug due to increased uptake of the drug by applying electric pulses to tumor
tissue. Short intense electric pulses cause transient and reversible permeabilization of the cell mem-
branes, therefore increasing intracellular access of otherwise nonpermeant or poorly permeant drugs
[1, 2], as is also described in Chap. 6. Various chemotherapeutic drugs have been tested, but bleo-
mycin and cisplatin were found to be the most suitable for clinical use in electrochemotherapy based
on numerous in vitro and in vivo studies [3, 4]. Extensive in vivo studies were performed on differ-
ent animal tumor types, either transplantable or spontaneous. High antitumor effectiveness of elec-
trochemotherapy was demonstrated on fibrosarcomas, melanomas, and carcinomas in mice, rats,
and rabbits; good clinical results were also obtained in veterinary oncology on cats, dogs, and horses
[5, 6]. The mechanisms involved in electrochemotherapy are multiple. The basic mechanism is
membrane electroporation which facilitates drug transport into the cells in tumors. A 2—4-fold
increase in DNA binding of cisplatin was demonstrated after tumor electroporation compared to
drug administration alone [7, 8]. In the case of bleomycin, a more than 300-fold increase in the
cytotoxic effect may be achieved, and one internalized bleomycin molecule may cause 10-15 DNA
strand breaks [9, 10]. Additional mechanisms of electrochemotherapy include drug entrapment in
the tumor tissue after application of electric pulses to the tumors due to the vascular lock that is
induced by the electric pulses (see Chap. 7) [11-13]. Furthermore, electrochemotherapy also has a
supplementary vascular-disrupting effect of electrochemotherapy that is due to the electroporative
effect of electric pulses on endothelial cells and their apoptosis after drug exposure [11, 14]. An
immune response is also involved, as massive destruction of tumor cells may release tumor antigens
systemically, which in turn can elicit an immune response that can contribute to the overall treat-
ment response of electrochemotherapy [15-17].

Clinical Studies of Electrochemotherapy

A number of clinical trials have been performed on electrochemotherapy applied to different types
of tumors. The first clinical trial was published in 1991 in head and neck cancer patients, which
demonstrated encouraging results [18]. Thereafter, several clinical studies reported excellent results
on electrochemotherapy with bleomycin or cisplatin, predominantly on melanoma [19-27], basal
cell carcinoma [21-24, 28, 29], head and neck squamous carcinoma [18, 30-34], and mammary
carcinoma metastases [21, 22, 24, 32]. Several case reports on electrochemotherapy treatment effec-
tiveness in skin metastases of hypernephroma [35], ovarian cancer [36], Kaposi’s sarcoma [23],
urogenital carcinoma [37], and Merkel cell cancer [38] were also reported.

The history of electrochemotherapy can be divided into the periods before and after the
European Standard Operating Procedures on electrochemotherapy (ESOPE) study published in
2006 [39], which represents a landmark in the translation of electrochemotherapy into a broader
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clinical application. Before the ESOPE study, various studies involving electrochemotherapy
utilized a variety of protocols with different doses of chemotherapy, pulse parameters, and pulse
generators in conjunction with different electrode types [40]. In an attempt to rectify this, the
ESOPE study was launched with the aim of standardizing the technique involved in the clinical
application of electrochemotherapy by the preparation of Standard Operating Procedures (SOP),
based on the experience of leading European cancer centers on electrochemotherapy (Institute
Gustave Roussy, Villejuif; Institute of Oncology, Ljubljana; Cork Cancer Research Center, Cork;
and Herlev Hospital, Copenhagen). This was made possible by the existence of the electric pulse
generator Cliniporator™ (IGEA, Carpi, Italy) which had been developed in a preceding European
project. Based on the prepared SOP, the treatment response after electrochemotherapy was inves-
tigated according to the tumor type, drug used, route of administration, and type of electrodes.

Before the ESOPE study, reports of 247 patients undergoing clinical trials had been published;
655 nodules from 202 patients were treated by electrochemotherapy with bleomycin and 354 nod-
ules from 45 patients by electrochemotherapy with cisplatin. Objective responses (ORs) of various
histological types of tumor nodules were reported in 80% of cases. The majority of cases treated
were skin metastases of melanoma, where 45 and 77% complete responses (CRs) were obtained
when bleomycin was administered intratumorally or systemically, respectively. Correspondingly, 67
and 48% CRs were obtained when cisplatin was administered intratumorally or systemically,
respectively. The treatment responses in the studies have been reviewed earlier [9, 40].

The ESOPE study was a 2-year-long, prospective, non-randomized, multi-institutional study on
41 patients evaluable for response to treatment, and 61 evaluable for toxicity [41]. Treatment
response after different electrochemotherapy regimes was evaluated, with variables including the
drug used (bleomycin or cisplatin) and administration route (intratumoral or intravenous (i.v.)). The
type of electrodes (plate, needle) was evaluated in the treatment of melanoma or nonmelanoma
nodules. After electrochemotherapy, an OR was obtained in 145 of the treated nodules (84.8%),
with 11.1% being partial responses and 73.7% CRs after a single treatment. Only in a very small
number of cases was a negative response observed, with either no response in 10.5% or progressive
disease in 4.7% of cases.

The study showed no statistical difference in local tumor control at 150 days after the treatment
(median follow-up was 133 days and range 60-380 days) between bleomycin given i.v. (88% OR)
or intratumorally (73% OR), or cisplatin given intratumorally (75% OR). In some previous studies
[23], an intratumoral dose of bleomycin five times higher than the one used in the ESOPE study was
administered. As the intratumoral dose of bleomycin used in the ESOPE study was equally as effi-
cient as in the previous studies, it seems that the lower dose is effective and may lead to better
normal tissue tolerance and a lower total injected dose.

No statistical difference in the response of melanoma versus nonmelanoma nodules was
observed, although there was a trend toward a higher OR for the nonmelanoma nodules (90%)
compared to the melanoma nodules (80%), supported by a higher level of CRs (83.6 versus
66.3%).

The importance of the results of the ESOPE study is in demonstrating that, with an appropriate
protocol for treatment of cutaneous metastases of different tumor types, a success rate in excess of
80% can be achieved, which is comparable to the success rate that was reported in the studies before
the ESOPE study [42].

Owing to the results of the ESOPE study, this treatment approach has been adopted by several
new cancer centers throughout Europe. Since the ESOPE study, electrochemotherapy is being used
for the treatment of cutaneous and subcutaneous tumor nodules of different histology in a number
of cancer centers. Some of the centers have already reported their experience with electrochemo-
therapy. Most of the studies have obtained results similar to the ones of the ESOPE study, predomi-
nantly on melanoma nodules [43, 44] but also on breast carcinoma metastases [45, 46], metastatic
basal cell carcinoma [47], Kaposis’s sarcoma [48], and head and neck cancer [49].
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The melanoma studies demonstrated that even tumor nodules greater than 3 cm in diameter can
be successfully treated by electrochemotherapy by use of repeated electrochemotherapy sessions (as
described in Chap. 9).

The quality of life of the treated patients was followed in two studies [41, 43]. In the first, the
ESOPE study [41], it was demonstrated that side effects of electrochemotherapy were minor and
acceptable, as reported by the patients. In fact, 93% reported that they would be willing to accept
another treatment if indicated. In the second study by Campana et al. [43], a more in-depth evalua-
tion of patients’ quality of life was done through a survey assessing wound healing and bleeding,
esthetic impairment, daily activities, social relations, pain, treatment satisfaction, and acceptance of
retreatment. Most patients reported a benefit in local-disease-related complaints and in activity of
daily living (ADL).

All these studies have proved that electrochemotherapy is safe and effective in a palliative setting
in all tumors treated, and useful in preserving patients’ quality of life.

Summary of Treatment Advantages and Clinical Uses

Electrochemotherapy is used for the treatment of cutaneous and subcutaneous tumor nodules of
different malignancies. The treatment advantages and clinical uses for electrochemotherapy can be
summarized as follows:

* Easy and effective treatment of tumors of any histology in the cutaneous and subcutaneous tis-
sue. Single nodules of sizes up to 7-8 cm in diameter can be treated in multiple electrochemo-
therapy sessions, and smaller nodules less than 3 cm in diameter in a single session. Multiple
nodules can also be treated, 30 or more in a single session, with the possibility to retreat the
remaining, previously untreated nodules in further session(s). In some cases, long-term remis-
sions up to several years can be obtained (Fig. 8.1) [50].

» This treatment improves the quality of life of patients with progressive disease. Electroche-
motherapy is currently used in a palliative intent, providing benefit to patients treated on an
outpatient basis [41, 43].

* Electrochemotherapy may be used as the treatment of choice for tumors refractory to conven-
tional treatments like radiotherapy or surgery when they cannot be surgically excised due to their
number or location [41, 51]. Furthermore, electrochemotherapy can be performed on patients
using local anesthesia.

Fig. 8.1 Course of treatment for a patient with malignant melanoma metastases treated with i.v. bleomycin and type
III (hexagonal) electrodes under general anesthesia. One of the eight treated metastases is shown. Before treatment,
the metastasis was ulcerated and caused hemorrhage, pain, and discomfort. One month after treatment, the lesion was
covered by a crust. Needle marks in normal tissue are visible around the crust, since both the tumor and a margin of
normal tissue were covered. The normal tissue was largely unaffected, whereas the tumor area became necrotic,
indicating a therapeutic window. Six months after treatment, the treated nodule was in CR. The crust fell off after 10
weeks, revealing normal skin that had healed underneath the nodule (from Gehl, Ugeskrift for laeger, 2005, with
permission)
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* In some cases, the benefit of electrochemotherapy has been demonstrated as a cytoreductive
treatment before surgical resection in an organ-sparing treatment attempt. It has been used in
such a setting before sphincter-sparing resection of anal melanoma [52, 53], digital chondrosar-
coma [54], rescuing the finger from amputation, or to reduce the extent of surgery in a case of
Kaposi’s sarcoma of the penis [48].

* Bleeding skin melanoma metastases present a problem that is common but difficult to manage.
Electrochemotherapy provides an effective way of treating them; the vascular-disrupting action
of electrochemotherapy immediately stops bleeding and provides good antitumor effectiveness
and symptom relief [19, 55].

How to Treat the Patients: SOP

Electric Pulse Generator

In Chap. 5, various pulse generators are discussed. The Cliniporator™ is the generator that has been
used in most studies to date and was also used in the ESOPE study. Therefore, the published SOP
is adjusted to use of the Cliniporator™. The generator produces square wave electric pulses of vari-
able amplitude with two options for electric pulse frequency (1 or 5,000 Hz). In addition, it is pos-
sible to verify and document the treatment parameters, since the amplitude and electric current
delivered are displayed on the screen after each set of pulses and can be stored in the electronic
memory of the machine.

Drugs and Dosage

It is required that, when the electric pulses are applied, the drugs are present in a pharmacological
peak at the tumor site. There are several options for drug injection, depending on the clinical situa-
tion. Bleomycin can be delivered intratumorally or systemically, whereas cisplatin must be injected
intratumorally to achieve the best results. When bleomycin is delivered systemically, previous data
indicate an optimal treatment time window of pulses to be delivered between 8 and 28 min after the
bolus injection of the drug, likely corresponding to the pharmacokinetic half-life of bleomycin
[9, 39]. Pulses may be delivered after this time; however, the effect of later pulse delivery on efficacy
is not yet quantified. For intratumoral application, however, the pulses need to be delivered between
1 and 10 min after the drug injection. The standard dose for i.v. bleomycin injection is 15,000 IU/
m?, while for intratumoral injection, the dose of bleomycin is approximately 500 IU/cm?® and of
cisplatin is approximately 1 mg/cm?, depending on the tumor volume (i.e., smaller tumors should
be treated with a higher dose due to risk of wash-out to systemic circulation) [39]. Please note that
bleomycin is dosed in international units (IU), units (U), or mg, respectively, depending on national
preference [9].

Anesthesia

The decision to administer electrochemotherapy under general or local anesthesia is dependent
upon a number of factors, that is, the site, size, and number of lesions to be treated, as well as the
general medical condition of the patient. Large tumors on sensitive locations as well as multiple
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Fig. 8.2 When treating in
local anesthesia, a rectangular
infiltration of local anesthetic
(Lidocaine, 2%, with
epinephrine, 0.5%) should be
laid around the area to be
treated, by injection along

4 lines, so that the nodule is
“fenced in” by local
anesthetic. It should be
ensured that an even amount
of anesthetic is injected along
all four sides of the rectangle,
so that pain transmission is
completely blocked

Lidocaine
\

nodules are treated under general anesthesia. When smaller, discrete nodules are involved, for
example, chest wall or limb metastases from breast adenocarcinoma or melanoma, the treatment can
be carried out using local anesthesia (Fig. 8.2) [39].

Electrodes and Electric Pulse Application

Electric pulses can be applied by means of different types of electrodes (see Chap. 5). In the
ESOPE study, three kinds of electrode devices were used. Type I devices consist of plate electrodes
with different gap distances between them (4, 6, or 8 mm). Small superficial tumor nodules are
treated using these. For treatment of thicker and/or deeper-seated tumor nodules, needle electrodes
are more suitable. Type II devices consist of needle electrodes with a 4 mm gap between them and
are used for the treatment of small nodules, typically in combination with local anesthesia, as the
applied voltage is smaller than for the larger type III device. Type III devices consist of needle
electrodes distributed in a hexagonal array and are aimed for the treatment of bigger tumor nodules
(>1 cm in diameter). General anesthesia or good loco-regional anesthesia is recommended when
this type of electrode is used. The application of a train of 8§ electric pulses can be performed using
1 or 5,000 Hz repetition frequency. While both have the same antitumor effectiveness, as was



8 Electrochemotherapy of Small Tumors; The Experience from the ESOPE Group 99

demonstrated in the clinical study [41], the higher repetition frequency enables quicker delivery of
pulses and also induces only a single muscle contraction — an effect associated with the delivery
of each train of electric pulses [56].

When the tumors are bigger than the size of the electrodes, the entire tumor can be efficiently
treated by moving and placing electrodes adjacently for each consecutive electric pulse application.
Safety margins can and should be included in the procedure. In comparison to thermal ablation
methods and other tissue-destructive methods of ablation, the benefit of electrochemotherapy is that
application to the margins is greatly facilitated due to the fact that healthy tissue is less responsive
to electrochemotherapy than tumor, thus facilitating a more rapid response with wider margins.
Needle electrodes need to be inserted all the way through to the bottom margin of the treated tumor
in order to provide adequate electric field distribution throughout the tumor [42, 57].

Selection of the Drug, Its Delivery Route, and Electrodes

Selection of the drug used in electrochemotherapy is based on the number and size of the nodules
to be treated. For large or multiple tumor nodules, bleomycin injected i.v. is most appropriate. The
choice of electrodes is dependent on the shape and location of the nodules. Smaller nodules in
numbers up to 7 can be treated by intratumoral injection of bleomycin or cisplatin. The choice of
electrodes is again dependent on the shape and location of the nodules, but predominantly Type
I and II devices can be used.

The SOP describes all the treatment parameters in detail, thus giving the yet inexperienced physi-
cian in electrochemotherapy detailed guidelines for treatment [39]. The treatment procedure can be
mastered in a couple of electrochemotherapy sessions; assistance in training can be sought also in
cancer centers that are performing electrochemotherapy. When treating the patient, one should keep
in mind that sufficient drug concentration and proper electric field distribution for coverage of the
whole tumor mass are required [57] in order to ensure a high efficacy of the treatment.

Treatment Response

After electrochemotherapy, the patients can be discharged from the hospital within a few hours. No
specific care of the treated nodules is required. In a few weeks [2, 3], a superficial scab forms on
the nodule, which falls off after 4-12 weeks, with a longer healing time after treatment of larger
nodules or previously irradiated areas. Once the scab falls off, the treatment effectiveness is visible.
If the treated nodule is not completely eradicated, retreatment can be performed, usually with
equally effective responsiveness (no drug resistance has been observed). De-pigmentation or scar-
ring may occur, depending on the depth of infiltration of the cancerous lesion [36].

Conclusion

Electrochemotherapy is a feasible and safe method for the palliative treatment of metastatic mela-
noma and other tumors. Immediate clinical benefit is provided for patients with multiple localized
cutaneous and subcutaneous metastases that are unsuitable for surgery or radiotherapy. Due to the
low incidence of complications, electrochemotherapy can be repeated several times in order to
maintain local control of the disease.
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Chapter 9
Electrochemotherapy for Larger Malignant Tumors

Louise W. Matthiessen, Tobian Muir, and Julie Gehl

Abstract Cutaneous metastases can present themselves in many ways and adversely affect self-
esteem and body image. Management and palliative treatment of cutaneous metastases remain as
clinically challenging problems. Electrochemotherapy as a palliative treatment for smaller metas-
tases (size < 3 cm) is well investigated, whereas experience with electrochemotherapy for larger
metastases (size >3 cm) mostly relies on case reports and small clinical studies.

The present chapter focuses on the knowledge obtained from case reports, clinical studies, and authors’
experience. Tumor depth and the ability to cover the whole area, evaluation and benefit for the patient,
repeated treatment, and penetration of the skin are some of the challenges that will be discussed.

In conclusion, electrochemotherapy for larger malignant tumors seems promising as a palliative
treatment and could be a good supplement to surgery, but further investigation is needed in order to
make evident indications and guidelines for such treatment.

Keywords Electrochemotherapy o Clinical « Metastases » Large tumors « Bleomycin

Introduction

Electrochemotherapy for small (less than 3 cm in diameter) cutaneous and subcutaneous metastases
from different cancers is a proven, efficient, and well-documented palliative treatment, as described in
Chap. 8. The efficacy and safety of electrochemotherapy in larger cutaneous metastases are much less
well-documented. In the present chapter, we aim to shed light on this issue based on our own experi-
ence from an ongoing study with electrochemotherapy for chest wall recurrence of breast cancer as
well as from case reports on other tumor types in various locations such as the limbs and trunk.

Cutaneous Metastases from Primary Cancer

Cutaneous metastases from solid primary tumors are uncommon, accounting for 0.7-9.0% with
melanoma and breast cancer being the most common origin. The presence of a cutaneous metastasis
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is usually a grave prognostic sign [1]. Metastases to the skin are spread by either haematogenous
spread, lymphatic spread, or direct extension from a primary tumor.

Cutaneous metastases can present themselves in many ways, from the fibrotic metastatic process
characterized by diffuse morphea-like indurations of the skin, to multiple nodules or papules, or the
ulcerated or fungating wounds that are associated with odor, exudate, and bleeding. They may
adversely affect self-esteem and body image, thereby causing the patients to isolate themselves at a
time when social support is needed. Treatment of these metastases is often a challenge for both the
patient and the clinical caretakers. The main focus should be on controlling infection and odor,
managing exudate, minimizing bleeding, protecting surrounding skin, reducing pain, and optimiz-
ing the emotional welfare of the patient.

Many non-traditional treatment approaches have been tried, for example, hyperthermia and cryo-
therapy; however, if surgery and radiotherapy are not options, there is no approach that has become
standard treatment for cutaneous metastases in the oncological setting. In the ESOPE study
(described in Chap. 8), good results were obtained when treating small cutaneous and subcutaneous
metastases smaller than 3 cm with electrochemotherapy, with a complete response (CR) rate of 73%
and a PR rate of 11% after a single treatment [2]. Treatment of larger cutaneous metastases with
electrochemotherapy has mostly been reported in case studies and has not yet been subject to a
systematic clinical investigation. Tumor depth and the ability to cover the tumor area, evaluation
and benefit for the patient, retreatment, and penetration of the skin are problems that need to be
addressed when applying electrochemotherapy for large nodules.

Clinical Studies of Electrochemotherapy for Larger Cutaneous Metastases

Previous Studies

One of the first reports on treatment of larger cutaneous metastases came from Domenge et al. [3].
Seven patients with either head and neck cancer or breast carcinoma were treated. The lesion sizes
ranged from 1.0 x 1.0 to 8.0 x 20.0 cm, and cutaneous infiltration with permeation was seen in
some of the lesions. All lesions were treated with plate electrodes, and partial, but no complete,
responses were observed. Pulses could safely be delivered more than 100 times in a single treat-
ment, and retreatment was administrated safely up to three times. Since 1996, there have been
reports of successful treatment of large head and neck skin metastases [4], breast cancer recurrence
[5], Kaposi Sarcoma [6], malignant melanoma [7], and Merkel Cell tumor [8].

Larkin et al. [9] treated cutaneous metastases from different primary tumors in 30 patients with
electrochemotherapy. Metastases larger than 3 cm were found to be less likely to respond than
smaller ones, having an objective response (OR) rate of 38% (8 of 21) compared to a total OR rate
of 82%.

Campana et al. [10] treated 208 cutaneous metastases from different primary tumors in 52
patients in a nonrandomized clinical phase II trial. Of the 208 nodules, 55 were larger than 3 cm
(up to 5.7 cm in diameter) and 1 was a confluent mass of small metastases. The researchers noticed
an inverse correlation between CR and the maximum diameter of the target lesion. The response
rates were 28% for lesions larger than 3 cm and 66% for those smaller than 1.5 cm. The larger
nodules presented more problems with penetration of the skin and had lower response rates than
seen in the treatment of smaller nodules.

Quaglino et al. [11] likewise observed the inverse correlation between response rate and size of
the metastases. Although all treated nodules were below 3 cm in diameter, tumors less than 1 cm?
had an OR rate of 99% in contrast to those larger than 1 cm? (83%). The differences in response rate
were even higher when CR rates were compared: 72% in metastases smaller than 1 cm? versus 28%
in metastases larger than 1 cm?.
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Experience from Ongoing Studies

In ongoing (as of 2009) trials at the Department of Oncology, Copenhagen University Hospital,
Herlev, Denmark, we have experience with treating larger cutaneous metastases from different pri-
mary tumors.

With tumors larger than 10 cm in diameter, it can be difficult to treat the whole area in one ses-
sion, and also, depending on the depth of the tumor, it can be difficult to reach the bottom of the
tumor during the first treatment round (Fig. 9.1).

Ulcerated metastases have responded well to electrochemotherapy (Fig. 9.2). Although it was not
possible to cover the whole of the metastasis areas, most patients obtained good symptomatic relief
with less odor and exudate after one treatment. This can be due to both the easy penetration of the
needles in the ulcerated area and the immediate antivascular effect of electrochemotherapy, which
stops the exudate and bleeding [12—14].

Some issues pertaining to electrochemotherapy of larger cutaneous metastases are presented in
the following sections.

Repeated Treatments

Retreatment may be performed in order to sequentially reduce the tumor mass from the top down.
When the metastases are deep, it is not possible to reach the inner portion of the tumor tissue, and
therefore only partial responses (PRs) have been obtained. The part of the tumor that is not reached
in the first treatment may progress between treatments. In order to avoid extensive progression,
plans for retreatment must be made on an individual basis.

Fig. 9.1 This figure illus-
trates how the inner portion
of a large tumor can be diffi-
cult to reach with needle
electrodes during the first
treatment round. If tumor
mass is reduced in the first
treatment, deeper parts of the
tumor can be reached when
treatment is repeated




106 L.W. Matthiessen et al.

Fig. 9.2 Sixty-four-year-old patient with bilateral receptor-negative, HER2-negative breast cancer recurrence on the
chest wall. Previously treated with radiotherapy 2 Gy x 24 in both sides and reirradiated with 3 Gy x 10 on the left
side, systemic treatment with CEF, Taxotere, Gemcitabine, Vinorelbine, and Xeloda, but despite that continuous
progression of the cutaneous lesions. The patient was treated two times with electrochemotherapy in general anesthe-
sia. (a, b) PET-CT scan of lesions before treatment (a) and 1 month after second treatment (b) with electrochemo-
therapy. The PET-SUYV values decrease from average 10.7 to an average of 2.9 indicating less tumor activity. CT scan
shows volume reduction of the tumors from 287.58 to 0.47 cm?. (¢) Before treatment, (d) after treatment, (e, f)
close-up before and after treatment; demarcation between healthy skin (with needle marks) and necrotic tumor tissue
is clearly seen, which shows the sparing of healthy tissue
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Necrotic Tissue

Necrosis is often observed after treatment of large metastases with electrochemotherapy and can be
the cause of malicious odor, probably due to anaerobic bacterial colonization. Patients should be
affiliated to local caretaker units that are used to manage malignant wounds and debridement as well
as cleansing, according to the patients needs. If necessary, surgical debridement can be performed.
In our experience, this has been applied successfully in cases where retreatment could be provided
in an operating theater. Prior to retreatment, the necrotic tissue having arisen from the previous
treatment is surgically debrided to allow for better wound management and more effective treatment
of residual tumor tissue.

Skin Penetration

Previously irradiated or tumor-invaded skin that is fibrotic can be difficult to penetrate with com-
mercially available needle electrodes, both in our own and others’ experience [10]. It is necessary
to penetrate the skin in order to obtain a sufficient electric field strength that will reach the deepest
part of the tumor or at least as deep as possible. We have attempted to use one application followed
by another in the exact same spot in order to overcome the skin barrier, but have only had moderate
success. Combination with surgery can also be attempted. It should be kept in mind that electro-
chemotherapy to areas where the skin is not yet ulcerated will accelerate ulceration and necrosis of
the skin [3], which can make it easier to retreat the area but will not necessarily give the patient
symptomatic relief.

Vital Structures

Cutaneous and subcutaneous tumors can be located close to vital structures such as large vessels
and nerves and even surround these structures. Experience with electrochemotherapy close to such
structures is sparse. Ultrasound guidance can help to avoid perforation of vital structures, but treat-
ment to metastases surrounding these structures cannot be recommended with needle electrodes.
Use of plate electrodes can carefully be attempted.

Combination with Other Treatment Modalities

For selected patients with large tumors having a narrow pedunculated base, we have opted to
surgically resect the tumor with a narrow margin to allow primary closure of the defect. The
wound is then treated with a safety margin with electrochemotherapy and closed with sutures
thereafter. This approach needs further investigation and follow-up but has the potential of suc-
cessfully getting rid of tumor volume and concentrating the electrochemotherapy treatment to the
tumor base.

As in the primary management of large volume disease, it is clear that in patients with large
metastases, a combination approach of electrochemotherapy, surgery, chemotherapy, and other
modalities such as isolated limb infusion and perfusion will increase the likelihood of tumor
control.

The intriguing possibility of the use of electrochemotherapy to induce tumor necrosis with a
lower recurrence rate brings about the potential possibility of reducing tumor volume, which can
then be followed by surgery or chemotherapy in a neo-adjuvant type model.
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Pain Management

Pain after treatment is normally not described as a problem and can be controlled with mild pain-
killers. In our experience, some patients developed neuralgia-like pain sensations after treatment,
which has been difficult to control. Expertise in pain management has been necessary in such
cases. The pain could be due to irritated nerve ends, and further investigation is needed to clarify
this matter.

Guidelines

Before Treatment

Treatment of patients with cutaneous or subcutaneous metastases from primary tumors is pallia-
tive and an understanding of the palliative goals in the care of such patients is essential in
developing a treatment plan aimed toward decreasing the effect that these lesions have on the
patient’s quality of life. Some patients are desperate and will push for treatment, and it is the
physician’s job to assess if the patient will benefit from the treatment and exclude those patients
who will not.

Some patients are in antineoplastic treatment when the need for electrochemotherapy arises. The
antineoplastic treatment can either continue or be paused while receiving electrochemotherapy,
depending on toxicity and interference with anesthesia, as well as expected degree of neutropenia
in light of the infection risk.

Treatment

ESOPE Guidelines

The ESOPE guidelines, although developed for use in treatment of small nodules, can also be used
for treating larger cutaneous or subcutaneous metastases. For details on the ESOPE guidelines,
please refer to Chap. 8. Specifics pertaining to the treatment of larger tumors will be discussed in
the following sections.

Chemotherapy

When treating larger metastases that may be a confluent mass or without sharp demarcation, it is
preferable to use intravenous (i.v.) injection in order to obtain sufficiently high drug concentrations
in the whole tumor. Bleomycin is therefore the drug of choice, since cisplatin can only be adminis-
tered intratumorally, and the dosage used is in accordance with the ESOPE guidelines.

Bleomycin has low myelotoxicity but can induce lung fibrosis. Lung fibrosis occurs sporadically
at doses between 100,000 and 450,000 International Units [one unit (1 U) contains 0.56—0.66 mg
of bleomycin and is equivalent to 1,000 international units (1000 IU)] [15].

Single-breath carbon monoxide diffusing capacity test (DLCO) can be performed if the
patient has a history of lung disease or if retreatment is expected. According to guidelines for
testicular cancer and Hodgkin’s disease, treatment with bleomycin should be discontinued if a
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linear fall in DLCO of more than 25% compared to the baseline value before bleomycin
treatment or other signs that indicate pulmonary toxicity are observed [16, 17]. Bleomycin dose
should be reduced in patients with reduced renal function and the cumulative dose should be
adjusted to age [15].

Oxygen exposure is a potential risk factor for the development of bleomycin-induced lung dam-
age [18]; it is therefore recommended that the patient should not be exposed to oxygen concentra-
tions in the inspired air (FiO,) higher than 25-30% [19]. Delivery of bleomycin should not be given
during induction of anesthesia as the high oxygen concentrations used for the intubation procedure
may increase the risk of inducing lung damage.

Electrodes and Pulse Delivery

Commercially available electrode devices come as either plate or needle electrodes. If not com-
pletely superficial, a tumor should be treated with needle electrodes in order to ensure penetration
of the tumor tissue and as deep reaching a treatment as possible. Ultrasound guidance can be used
if the treatment is to take place close to vital structures. More than one electrode type can be used
for the same treatment in order to provide the best coverage with as little damage to healthy tissue
as possible.

Multiple applications can safely be applied in one treatment session [3], and our own experience
is that more than 100 applications of pulse delivery can easily be used. The main limitation on the
number of pulses that can be applied is a 20-min window for treatment [20]. This is based on experi-
ence from a single study [3]. In this study, it was found that nodules treated sooner than 8 min or
later than 28 min after bleomycin administration had a lower response rate. The study was very
small and has not been repeated. However, since a certain time for tissue distribution of bleomycin
is to be expected, the 8 min dogma has stuck. In addition, the elimination of bleomycin happens in
two phases, of which one takes approximately 24—30 min [15]. Therefore, a 28-min time limit is
assumed to be reasonable, but further exploration may prove that a longer window for treatment
exists.

Anesthesia

Depending on the size, location, and shape of the tumor, anesthesia can be given as local or general
anesthesia. Local anesthesia is preferable for the patient if the tumor is well demarcated and super-
ficial. When multiple applications are needed in order to cover the tumor metastases, demarcation
is vague, or the tumor is close to structures where treatment will be painful (e.g., bone), it is prefer-
able to have the patient fully anesthetized (Fig. 9.3). This allows for many applications of electric
pulses, and as pulses may be applied quickly, the window of 20 min may be sufficient to treat a large
volume.

Dressing

After treatment, the wound should be covered if ulcerated. Nonadherent dressings should be applied
for the primary contact layer, since this will allow for atraumatic dressing removal. Dressings that
absorb exudate can be placed on top of that. Depending on the wound, different dressing choices
can be made (see next section).
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Fig. 9.3 Example of treat-
ment with electrochemother-
apy in general anesthesia to a
patient with chest wall recur-
rence of breast cancer.
Bleomycin is given intrave-
nously before the electric
pulses are applied. Electric
pulses are administered using
a square wave electroporator
(a). Eight pulses at a fre-
quency of 5 kHz are used for
each application and the nee-
dle electrode is placed multi-
ple times until the entire
tumor is covered (b)

After Treatment

Management of the Treated Area

A patient being treated for large volume ulcerated cancer lesions requires specialized care. The
patient should be affiliated to a caretaking unit that can manage wounds. Necrotic tissue should be
removed using autolytic and/or gentle mechanical methods or sharp debridement by a trained clini-
cian [21].

Dressings should be changed depending on the exudation and odor; normally every second day, but
more often if wounds are malodorous and highly exudative. Nonadherent contact layers can be used
to prevent adherence and bleeding when removing it. Topical metronidazole, charcoal dressings, and
silver-based dressings can be used to prevent odor and colonization of anaerobic bacteria. Concealing
and collecting dressings can be placed on top in order to avoid drainage on clothing or bedding.

If anaerobic colonization arises locally, there can be problems with loathsome odor. In that case,
topical cleansing, debridement, and treatment with a local antibacterial agent (e.g., metronidazole
gel) can be performed. Systemic antibacterial treatment should be reserved for systemic infections.

Pain should be controlled with either local or systemic painkillers. Topical application of lido-
caine, benzocaine, or opioids can help improve pain control [21].
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Evaluation

Electrochemotherapy is evaluated by measuring the longest and the second longest diameter of the
lesion. The response is evaluated using the RECIST criteria [22] and documented with photography;
however, large cutaneous metastases are frequently a confluent mass of tumor tissue with varying
depth and chronic ulceration/fungation making the conventional evaluation methods difficult to
apply. Therefore, new methods for evaluation of electrochemotherapy given to larger tumors are to
be investigated. In our unit, we are currently investigating combined positron emission tomography
(PET) and computed tomography (CT) scans as a tool for documentation of response in such tumors
and as a tool to help determine the optimal time for retreatment (Fig. 9.2a, b).

Patient Satisfaction

In order for electrochemotherapy to be justifiable as a palliative treatment, the patient should experi-
ence rapid relief from symptoms and also be satisfied with the treatment.

In a study by Campana et al. [10], 36 of 52 patients completed questionnaires for evaluation of
perception. Overall, 34 of the 36 patients were satisfied, 1 uncertain, and 1 dissatisfied, and in the
ESOPE study [2], 93% of patients reported that they would opt for another treatment should this be
indicated. When treating larger nodules, the same CR rate cannot be expected as in the ESOPE
study and the study from Campana et al., but patients may still benefit due to a reduction in bleed-
ing, oozing, and progression. Further studies are needed to elucidate this issue.

Retreatment

If only a PR is obtained or new lesions arise, retreatment can be safely administrated. Responses
have been observed in metastases that did not respond when treated the first time [9], and deeper
parts of the metastases can usually be reached in a second session.

There are reports of retreatment safely administrated up to 6 times [6] but the recommended
cumulative dose of bleomycin should not be exceeded, and DLCO may be performed in order to
ensure that bleomycin-induced toxicity is not developing.

The optimal time for retreatment is not known, but bleomycin should not be administrated i.v.
more than once a week [20], and the patient should be systemically fit for another treatment session
under general anesthesia before retreatment is provided. On the other hand, the time period between
treatment sessions should not be too long if only a PR is obtained in the first session, because
regrowth of the metastases may occur.

Summary of Treatment for Larger Cutaneous Metastases

Electrochemotherapy for cutaneous metastases larger than 3 cm is not as well investigated as elec-
trochemotherapy for metastases smaller than 3 cm. However, some points in the treatment of large
metastases evidently differ from the treatment of small metastases:

* Multiple applications are often necessary in order to treat as large a volume as possible. General
anesthesia is preferred because it allows the physician to carry out the treatment undisturbed by
the patient and therefore to work faster. Furthermore, local anesthesia can be difficult to obtain
in a larger area.
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* Lv. injection of bleomycin will be the choice of chemotherapy administration in most cases, as
it will ensure better distribution of the drug in the metastases to be treated. Also, if a large tumor
volume needs to be treated, the amount of bleomycin needed for local injection may sum up to
what equates to an i.v. dose of bleomycin, anyway.

» Before treatment, it is important to consider what can be achieved. The goal is palliation, and the
benefit for the patient should always be weighed against the costs to the patient, especially in
case of thick fibrotic skin that is hard to penetrate, where there is a risk of inducing morbidity to
the patient due to subsequent ulceration and necrosis.

» There are cases where electrochemotherapy is not the treatment of choice, for example, deep
tumors close to or surrounding vital structures, or if there is no palliative need. Other treatment
opportunities must be considered in these cases.

* A multidisciplinary caretaker team should be available for the patient, when larger cutaneous
metastases are treated with electrochemotherapy, for the purpose of managing wound dressings
as well as for cleansing, surgical debridement, and infection and pain management.

* Surgical debridement of necrotic tumor can be considered prior to further treatment in order to
increase wound control and target retreatment to residual tumor tissue.

» Retreatment is often necessary and can be safely administered if the recommended cumulative
dose of bleomycin is not exceeded and there are no signs of bleomycin-induced lung toxicity.
The optimal time for retreatment is not defined but can be decided on an individual basis.

Conclusion

Electrochemotherapy for larger cutaneous metastases can offer symptomatic relief for patients in
the palliative setting; however, the benefit should always be weighed against any disproportionate
burdens to the patient.

The high CR rates seen in the treatment of smaller cutaneous and subcutaneous metastases can-
not be expected when treating larger metastases, but the clinician should not hesitate to use electro-
chemotherapy for larger cutaneous metastases if it will improve the quality of life for patients with
a malignant wound. Electrochemotherapy that achieves only a PR may still alleviate symptoms and
improve the well-being of the patient. In particular, patients may benefit from decreased secretion
or hemorrhage from the cancerous wound.

Further investigation is needed to address some of the problems associated with electrochemo-
therapy for larger metastases: (1) How to reach the inner portion of metastases with varying depth
and close proximity of vital structures; (2) penetration of fibrotic, thick skin; and (3) the role of
surgical tumor debulking prior to electrochemotherapy as well as the potential of post-
electrochemotherapy application of further surgery or chemotherapy if a significant reduction in
tumor volume can be achieved.
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Chapter 10
Cell Electroporation in Bone Tissue
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and Ruggero Cadossi

Abstract Electroporation in the cell membrane occurs following exposure to a high-intensity
electric field. Electroporation can be used to introduce large molecules into the cell or to induce
cell apoptosis by the application of the electric field alone, provided that the cell damage is such
that it cannot be recovered. Electroporation use in clinical practice is standardized in association
with drugs, electrochemotherapy, for the treatment of cutaneous and subcutaneous tumor nodules.
Effective tumor ablation requires complete membrane electroporation of all malignant cells to allow
drug diffusion into the cytoplasm. We investigated the impact of the presence of bone trabeculae
on electric field effect and whether the mineralized component of the bone prevented the use of
electroporation to eradicate tumor cells in bone tissue. We evaluated the possibility of efficiently
performing electroporation of osteoblasts and osteocytes, as well as of cells interspersed among
bone trabeculae. On healthy rabbits, the effect of electroporation on the distal femoral epiphysis, an
area of high osteogenetic activity, was investigated by histological and functional analysis. In bone
tissue, complete cell ablation by electroporation was achieved when the absorbed energy dose in
the tissue exceeded 3,500 J/Kg. This threshold value was reached with all electric fields tested by
increasing the number of pulses delivered. The results of the preclinical investigation set the ratio-
nale for the use of electrochemotherapy in patients with bone metastases. Preliminary experience
with the use of electrochemotherapy for bone metastases in patients will be discussed.

Keywords Electroporation « Electrochemotherapy « Bone « Osteoblasts « Bone metastasis

Introduction

Primary bone tumors are rare (less than 1% of all malignant tumors with 2,400 new cases in Europe
per year) and are mostly found in young men. However, bone metastases are a frequent complica-
tion of many primary cancers including breast, prostate, lung, kidney, and thyroid. In Europe, the
number of new cases of bone metastases per year is about 1,100,000.

Bone cancers greatly impacts patients’ quality of life due to associated symptoms such as pain,
pathological fractures, spinal cord compression, hypercalcemia, and reduction of movement and
performance status.

Standard treatment of bone metastases includes radiotherapy and rarely surgery. Surgical exci-
sion is generally reserved for smaller or more accessible lesions. Radiofrequency thermal ablation
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(RFA) has also been used; however, there are concerns that heat dissipation is associated to
connective and vascular structure degeneration [1, 2]. Furthermore, when RFA is applied to bone
tissue, it leaves the trabecular structure brittle and not mechanically competent. Cryosurgery is
particularly time consuming, requires multiple probes, and has a number of side effects. Furthermore,
all therapies have to be weighed against the need to obtain radical margins that cannot always be
achieved because of the presence of structures (vessels, nerves) that must be preserved. This is
particularly relevant for vertebral body metastasis, especially when the posterior lamina is involved,
due to its proximity to the spinal cord.

Electrochemotherapy has proven effective in the treatment of metastases from solid tumors
located in the skin or subcutaneous tissue. The ESOPE trial (see Chap. 8) demonstrated that elec-
trochemotherapy can obtain 74% complete response and 85% objective response of treated tumor
nodules [3, 4]. Since the publication of the Operating Standard Procedures, the electrochemotherapy
technology has been disseminated and is already successfully used in more than 60 hospitals in the
EU for cutaneous and subcutaneous tumor nodule treatment. Furthermore, long-term histological
results show that after nodule complete response to electrochemotherapy, no tumor cells are locally
detected [5].

On the basis of the high efficacy of electrochemotherapy [6—11], clinicians and researchers are
developing strategies to extend the use of electrochemotherapy to the treatment of visceral and
deep-seated tumors. Electroporation combined with methotrexate has been employed with success
in tumor-bearing mice with implanted osteosarcoma cells [12]. Electrochemotherapy for bone
metastasis ablation is certainly appealing because of its efficiency and lack of structural damage to
the tissue. For example, electrical pulses applied to meninges covering the spinal cord did not cause
structure denaturation at the transmission electron microscopy analysis (Fig. 10.1).

Electrochemotherapy efficacy requires that all cells in the target volume are exposed to an elec-
tric field strength sufficient to cause pore formation [13]. The presence of bone trabeculae may have
an impact on the electric field distribution and prevent the use of electrochemotherapy to eradicate

Fig. 10.1 Transmission
electron microscopy image of
electroporated spinal cord
meninges, no collagen dena-
turation or structural damage
are observed
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tumor cells inside and among trabeculae. To the best of the authors’ knowledge, the possibility of
safely and effectively electroporating bone tissue has never been studied in depth. In rabbits, we
have investigated the possibility of effectively electroporating osteoblasts and osteocytes as well as
cells interspersed among bone trabeculae.

Employing an in vivo animal model of healthy rabbit, the effects of electroporation on femoral
distal epiphysis, an area of high osteogenetic activity, were investigated by histological and func-
tional analysis. Healthy animals were used to assess the effect of electroporation on bone tissue in
a model representative of the heterogeneities of human bone tissue. In small animals with bone
tumors, the tumor tissue will usually dominate to the extent that treating such an area will similar
to treating a deep-seated soft tissue tumor. For the purpose of this initial study, electroporation was
therefore performed on healthy bone tissue.

We attempted to:

* Develop a reproducible technique to introduce electrodes into the target bone tissue.

* Identify the electroporation protocols (voltage applied and numbers of pulses) sufficient to ablate
all bone cells in the target area.

» Investigate biological activity in the electroporation area 30 days after complete cell ablation.

¢ Test the mechanical competence of mineralized bone trabeculae after electroporation.

If analyses were to show that the bone tissue was able to withstand and eventually recover fol-
lowing the electroporation procedures used in this study, with parameters aimed at inducing irre-
versible electroporation (see Chaps. 19-21), it would be reasonable to assume that parameters for
reversible electroporation could safely be used in applications to bone tissue in patients. Thus, the
information gathered during this preclinical study would set the basis to extend electrochemother-
apy to the treatment of bone metastasis in clinical settings.

Electric Pulse Delivery to Bone Tissue

According to a protocol approved by the Institutional Review Board and strictly following Italian
Laws on animal experiments, adult male rabbits were used. The distal femur condyles were exposed,
and using a plexiglass guide, four holes were drilled across the bone to allow the insertion of four
stainless steel electrodes (0.7 mm diameter) separated by 4 mm. After electric pulse delivery, the
electrodes were cut flush to the cortical bone surface and left in place until sacrifice, to allow exact
identification of the treated area (Fig. 10.2a, b).

Animals were sacrificed either 7 or 30 days after electroporation by pharmacological euthanasia.
The femoral condyles were recovered and sectioned. Half of each sample was embedded in polym-
ethylmethacrylate, microradiographed, and evaluated under fluorescent light, methylmethacrylate
embedded sections were further processed and stained with toluidine blue and fast green for histo-
logical analysis; the other half was decalcified and stained with haematoxylin and eosin (H&E) for
histological analysis (Fig. 10.2b—d).

A custom tissue electroporation device derived from the Cliniporator™ (see Chap. 5) was
employed. Electric pulses were delivered between two electrodes at a time in the six possible com-
binations: four sides and two diagonals (Fig. 10.3a).

Square-wave 100-us pulses at 4 Hz were applied (Fig. 10.3b). The voltage applied is expressed
in V/mm, and the actual electric field applied to the electrodes was adjusted for the electrode separa-
tion. For example, the electric field applied between electrodes was 700 V/4 mm and 1,000 V/5.7
mm (square diagonal). This yielded a nominal electric field of 1,750 V/cm. In addition to 1,750,
1,300 and 1,000 V/cm were also used. In the different electroporation protocols tested, the number
of pulses varied from a minimum of 50 up to 240 pulses per electrode couple.
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Fig. 10.2 (a) Electrode insertion and connection to the pulse generator; (b) microradiograph of the distal epiphysis
of the femur with the four electrodes left inside; bone structure is maintained; (c) histology (H&E staining) of the
bone tissue after electrode insertion; cartilage and bone tissue appear normal; (d) toluidine blue staining of the trabe-
culae showing the osteoblast aligned on the surface
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Fig. 10.3 (a) Combinations among the electrodes during pulse delivery; (b) shape of electric pulses; fop: voltage
applied, bottom: measure of the electrical current flowing between two electrodes

Effect of Electroporation on Osteoblast Activity

Osteoblasts are located on the trabeculae surface and are responsible for new bone deposition. Their
activity can be monitored by means of tetracycline that is incorporated within the new bone
(osteoid) matrix, fluoresces when exposed to UV light microscopy, and stains yellow in new bone.
Oxytetracycline 30 mg/kg was injected i.m. on the second and third day after surgery in animals
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sacrificed on day 7, and the 27th and 28th day after surgery in animals sacrificed on day 30. To
investigate bone fluorescence and, indirectly, the metabolic activity of osteoblasts, the lateral
condyles were processed undecalcified and embedded in polymethylmethacrylate. Seven days after
electroporation, tetracycline incorporation between the four electrodes was completely absent at
electric field values applied (1,000, 1,300, and 1,750 V/cm) when at least 240, 180, and 80 pulses
were delivered to all couples of the four electrodes, respectively (Figs. 10.4 and 10.5).

The same analysis was performed in animals sacrificed 30 days after electroporation and with
tetracycline injected 2 and 3 days before sacrifice. A strong vital reaction was present in the area
around/between the electrodes, with intense fluorescence and osteoblast activity on the trabeculae
surface with new bone formation, suggestive that the bony cells ablated by electroporation recov-
ered by 30 days (Fig. 10.6).

Histology of Electroporated Bone and Cartilage

Polymethylmethacrylate-embedded femur blocks were further cut to 5-pum thick sections before
toluidine blue and fast green staining, and the presence of osteoblasts on trabeculae surface was
investigated.

Ablation area
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Fig. 10.4 Area ablated using 1,750 V/cm using increasing number of pulses

Fig. 10.5 Bone fluorescence following the delivery of 120 pulses at 1,300 V/cm (a) or 1,000 V/cm (b)
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Fig. 10.6 (a, b) Strong fluorescence of bone tissue around/between the electrodes 30 days after electroporation with
120 pulses at 1,750 V/cm. (¢, d) Toluidine blue staining shows the presence of osteoblasts and new bone apposition

Medial femoral condyles at sacrifice were decalcified, and 4-pum sections were stained routinely
with H&E. The same electroporation protocols that prevented bone labeling by tetracycline effec-
tively ablated cells from trabeculae surface and removed bone marrow cells. The few apoptotic
osteoblasts identified on the trabeculae surface showed irregular shape and vacuoli in the cytoplasm
and stained positive to Bcl-2 like osteocytes (Fig. 10.7). Transmission electron microscopy investi-
gation showed the presence of chromatin disaggregates in osteocytes present in the lacunae
(Fig. 10.8) consistent with osteocytes cell death induced by the application of electric pulses.
Cartilage extracellular matrix did not stain, while chondrocytes nuclei appeared picnotic (Fig. 10.9).
The application of appropriate combination of electric pulses (pulse amplitude and number) causes
complete ablation of the cellular component in the bone tissue regardless of the presence of mineral-
ized matrix and extracellular matrix (i.e., cartilage).

Effect of Electroporation on Bone Trabeculae Microhardness

Mechanical competence of electroporated bone tissue was investigated by microhardness (Vickers
Hardness, HV) using a Leitz-Durimet equipped with a Vickers indenter on polymethylmethacrylate-
embedded specimens’ sections. Imprints were performed under a load of 25 g for each specimen,
and the length of the diagonals of the imprint was measured by a screw micrometric eye-piece at a
magnification of 40x. The microhardness number was calculated by the formula HV = 1854.4*L/d?
where L is the load in grams and d is the mean length of the diagonals of the imprint measured in
microns, and it is expressed in kg/mm?.

Microhardness data is a viable means of estimating the Young’s modulus of specimens [14].

Trabeculae microhardness, the value of which reflects bone tissue Young’s modulus, indicator
of the mechanical competence of the bone, was unchanged both 7 and 30 days after treatment
compared to control nonelectroporated bone (Fig. 10.10).
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Fig. 10.7 Seven days after electroporation (1,750 V/cm and 120 pulses). (a) Toluidine blue staining of ablated bone
tissue; the insert shows the absence of the osteoblasts on the trabeculae surface and picnotic osteocytes. (b) Few
osteoblasts present on the trabeculae surface show large vacuoli in the cytoplasm. (c) Positive staining to Bcl-2 of
cells present in the ablated area

Osteocytes

Non electroporated bone Electroporated bone

Fig. 10.8 Transmission electron microscopy images of osteocytes in control bone (a) and in the electroporation area
(b) 7 days after 1,750 V/cm and 120 pulses. Magnification x 7,000
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Fig. 10.9 Cartilage in the
electroporated area; extracel-
lular matrix does not stain,
and chondrocytes appear pic-
notic with small nuclei and
unstained cytoplasm

Fig. 10.10 Microhardness of Microhardness
bone trabeculae 7 and 30 80
days after electroporation,
and in control nonelectropo- 60 -
rated bone
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Combined Effect of Electric Field Amplitude and Number of Pulses:
Absorbed Dose in Bone Tissue

Several pulse protocols were effective in ablating all bone cells within the area covered by the elec-
trodes. Our experiments clearly show that complete tissue ablation can be obtained with decreasing
values of electric field provided that the number of pulses delivered is increased. These findings show
the importance of the amount of energy delivered to the tissues; a similar observation has been made by
Ibey et al. for ultra short pulses demonstrating that the key parameter is the absorbed dose (AD) [15].
To calculate the AD in our conditions, the electric field distribution in the bone tissue was simu-
lated using the COMSOL Multiphysics software (COMSOL Inc., Burlington, MA, US), based on a
finite element method. This method solves partial differential equations by dividing the model into
small elements, where the quantity to be determined is approximated with a function or is assumed
to be constant throughout the element. In this study, we modeled the local electric field by means
of 2D numerical models. Four stainless steel electrodes were modeled in a target bone region: four
stainless steel electrodes (0.7 mm diameter) were used and 4 mm-square-positioned. In order to
quantify and compare different electrical conditions and applied voltages, we visualized the regions
around/between electrodes in the treated tissue exposed to the local electric field exceeding the
value E, by keeping this value constant for all conditions, so that the electric field distribution could
be directly compared. Model geometries were meshed by triangular finite elements. The final mesh
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models were obtained by refining the mesh until the discrepancies between two consecutive meshes
were negligible.

For calculations, conductivity values of 4.032 x10°¢ [S/m] and 0.02 [S/m] were used for electrodes
and bone, respectively [15]. The minimum electric field threshold E, was settled at 900 V/cm, as
this is reported as the highest irreversible electroporation threshold for tissues [16].

The AD (J/kg) was calculated using the following formula:

E2
AD=oc—r,
P

where o is the material conductivity, E is the local electric field, p is the material density, and 7 is
the total duration of the applied pulses.

Our calculations show that for all electric fields used, complete tissue ablation around/between
the electrodes could be obtained only when the AD value exceeded 3,500 J/kg.

Clearly, the maps of the electric field and AD are not the same. Figure 10.11 shows the electric
field gradient at 1,000 and 1,750 V. However, when different numbers of pulses were applied to the
tissue (240 and 80 pulses, respectively), the same AD gradient was calculated in the tissue, and both
pulse protocols effectively ablated all cells in rabbit femurs.

Clinical Relevance

The above results show that different pulse protocols can be used to permeabilize bone tissue. This
information is of great importance when treating bone malignancies: tissue inhomogeneities, local
necrosis, and areas with high local conductivity (low tissue impedance) may prevent the applica-
tions of sufficiently intense electric fields to achieve electroporation with a limited number of pulses
(i.e., 8 square wave pulses of 100 ps duration with a nominal electric field of 1,000 V/cm: ESOPE
protocol standard electroporation conditions). An attractive way to overcome this limitation is to
apply an electric field of lower amplitude and increase the number of pulses with the intent to
deliver an ESOPE-equivalent pulse protocol based on AD values.

This finding is of fundamental importance as bone metastases are neither visible nor readily
accessible: the target volume to be treated needs to be identified and electrodes applied using medi-
cal imaging techniques (e.g., CT, MRI). An accurate preoperative study of the tumor geometry is
required to define electrode position and achieve complete electroporation of tumor cells, including
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Fig. 10.11 (a) Electric field gradient around/between the electrodes when 1,000 or 1,750 V/cm are applied. The blue
corresponds to 400 V/cm value. (b) AD around/between the electrodes when either 1,000 V/cm, 240 pulses or 1,750
V/cem, 80 pulses are applied. The blue color corresponds to 3,500 J/Kg value
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enough surrounding healthy tissue as safety margins. The interventional access route, the maximum
voltage and current that can be sustained during treatment, and number of electrodes to be used have
to be taken into account. Nevertheless, early clinical experiences show that in deep-seated large
tumors, electrical characteristics of the tissue (impedance) may differ significantly between different
parts of the nodule and between tumor and healthy tissue. As a consequence, under some conditions,
the ESOPE electroporation protocol, that is currently recognized as the gold standard in electro-
chemotherapy treatments, may not be delivered because of limitations in the maximum amount of
current the device can supply, thus requiring a reduction in the applied voltage (Fig. 10.12).
Currently, a phase I-II clinical trial has been approved by Istituto Ortopedico Rizzoli (Bologna,
Italy) ethical committee, and patients are actively being recruited [17]. Main inclusion criteria are no
local treatment of target lesion in the 3 months before electrochemotherapy and maximum tumor
volume of 100 cm?. Pathological fracture is a contraindication. Two treatment groups are considered.
Group 1 enrolls patients with resectable tumors (1 electrochemotherapy application), and group 2
includes unresectable tumors (2 electrochemotherapy applications with a 4-week interval).
Electrochemotherapy feasibility, safety, and efficacy will be evaluated after resection at 4 weeks with
histological review of the surgical specimen in group 1. Electrochemotherapy response in group 2
will be carried out with MRI/CT evaluation 4 and 8 weeks after the first and second application. Pain

D e ——

Fig. 10.12 (a) MRI image of a carcinoma metastasis in the femur (within the red circle). (b) Numerical calculations
showing the electrode position able to cover the whole tumor and the safety margins. (¢) In the operating theater,
electrodes are inserted percutaneously according to the preoperative treatment plan. (d) Electric field distribution was
recalculated based on the actual voltage applied. Between some electrodes, the electrical current would exceed 50 A,
and the standard ESOPE pulse protocol could not be delivered. In this case the whole tumor volume was still covered
by a minimum electric field of 300 V/cm (blue) that is considered the effective threshold to achieve electroporation.
Nevertheless, if fewer electrodes were energized, the result would be an incomplete tumor electroporation and
treatment unless an ESOPE-equivalent pulse protocol would be applied
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relief will be evaluated with VAS score and EORTC QLQ-C30 questionnaire. Patients are discharged
the day after treatment. As of May 2010, two patients have been enrolled in treatment group 2.
Figure 10.13 shows an example of how the electrodes can be placed properly in the proximal femur
to treat a metastasis. No complications were reported, and fast patient recovery was assessed.

Evaluation with MRI before and at 4 weeks after electrochemotherapy (Fig. 10.14) showed
promising results. More patients will be enrolled in our study and longer follow-up is needed. Once
efficacy of electrochemotherapy treatment for bone metastasis will be demonstrated, its use could
be extended to treat spine, sacrum, or pelvic metastases under appropriate intraoperative guidance,
reducing tumor volume, providing effective palliation of symptoms, and improving the quality of
life of metastatic patients.

Conclusions

To an extent, the structure and inhomogeneity of bone tissue could interfere with and limit the use
of electroporation technology for bone cell ablation. The effectiveness of the electric field in induc-
ing cell membrane permeabilization in bone has never before been investigated in vivo. We have

b

Fig. 10.13 Fifty-eight-year-old female with right intratrochanteric breast cancer metastasis. (a) MRI showing bone
metastasis at the proximal femur. (b) X-ray image after insertion of 9 needle electrodes. (¢) Electrodes connected to
the pulse generator during treatment
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Fig. 10.14 Fifty-eight-year-old female with left intratrochanteric breast cancer metastasis. (a) Preoperative MRI
imaging of target lesion. (b) Four weeks after electrochemotherapy treatment of breast cancer metastasis, MRI shows
shrinking of the metastasis with a thin osteosclerotic border at the periphery. Normal bone (cortex and cancellous
bone) shows no alteration of signal or discontinuity related to side effect of the procedure

tested several electroporation protocols by using different combinations of electric field strength and
number of pulses delivered. The distance from the electrode surface at which cell ablation was
observed increased with the number of pulses and electric field amplitude until all cells were ablated
in the area around/between the electrodes. Finally, we have been able to identify the AD threshold
of 3,500 J/Kg, above which cell damage becomes irreversible and leads to cell death in the area
around/between the electrodes. The structural integrity of the bone and of the extracellular matrix
and its mechanical competence were maintained with all electroporation protocols used.

The effect of electroporation is generally so rapid that on the second day after treatment, osteo-
blasts stop depositing bone as demonstrated by the lack of fluorescence upon addition of tetracy-
cline. However, the effect of electroporation is not necessarily consequent to cell lysis as
hypothesized by other authors. The histological fields observed at day 7 show the presence of pic-
notic osteocytes within bone trabeculae and the almost complete absence of osteoblasts: the few
cells observed on the surface of the trabeculae have an irregular shape with large vacuoli in the
cytoplasm. Positive staining to Bcl-2 indicates that cells are undergoing apoptosis.

Recovery from the electroporation-induced damage is already observed 30 days after
treatment.

The reparative activity of osteoblasts is not present immediately around the electrodes, the area
that experienced the highest AD values, where a significant temperature increase and associated
thermal effect may occur.
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Altogether the findings demonstrate that cell membrane electroporation can be induced in bone
tissue and provide the preclinical information necessary to extend the use of electrochemotherapy
to the treatment of metastases in the bone tissue.

The identification of a threshold AD value that has to be overcome to achieve complete effective
electroporation-induced ablation in the bone environment, and the relationship between potential
applied, number of pulses, and tissue AD lays the foundation for the development equivalent elec-
troporation protocols for effective bone electroporation. However, the identification of a specific
threshold AD value for reversible electroporation, to be used in electrochemotherapy clinical prac-
tice, will need to be further addressed to develop ESOPE-equivalent pulse protocols. These ESOPE-
equivalent protocols will allow complete and effective electroporation of the target lesions even
when tissue electrical characteristics may prevent the application of the standard ESOPE protocol
and guarantee the delivery of an effective electrochemotherapy treatment.
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Chapter 11
Drug and Gene Electrotransfer to the Brain

Birgit Agerholm-Larsen, Mette Linnert, Helle K. Iversen, and Julie Gehl

Abstract Applying drugs and genes to brain tissue using electroporation is a new and upcoming
field of research. Because of the blood brain barrier (BBB), the access of agents from the blood
into brain tissue is restricted. This could theoretically be overcome by the use of electroporation.
In the early 1990s, the first pre-clinical experiments using electrochemotherapy in brain tissue
were conducted in rats with inoculated brain tumours; however, the technique has not yet been
further explored and applied in humans. This chapter will focus on the pre-clinical experience
with drug and gene electrotransfer in the brain, the clinical experience with use of bleomycin in
the brain, and the following clinical perspectives. Further discussion of central issues, such as
safety and the BBB, will also be discussed.

Keywords Brain ¢ Tumour e Bleomycin  Blood brain barrier « Electrode ¢ Pre-clinical
« Electrochemotherapy « Gene electrotransfer

Introduction

This chapter will address the pre-clinical experience with drug and gene electrotransfer in the brain
and the following clinical perspectives.

Primary and Secondary Brain Cancer

In the US, around 170,000 cancer patients each year will suffer from brain metastases [1]. We have
estimated that in the European Union 72,000 patients per year will develop primary brain cancer
and 240,000 patients per year will develop brain metastases. Patients with lung cancer, breast
cancer and malignant melanoma are at most risk for developing metastases to the brain. Clinical-,
imaging- and autopsy series have shown that about half of brain metastases will be solitary and
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half will be multiple [1]. The most common symptoms of brain metastases are headaches, altered
mental status and focal weakness, but seizures and gait ataxia are also observed [1]. The prognosis
is dependent on factors such as performance status, control of primary cancer, age, number of
metastases and presence of midline shift and post-WBRT response. WBRT, short for whole-brain
radiotherapy, is the treatment of choice for patients with multiple brain metastases. Unfortunately,
WBRT is a palliative treatment, and the median survival time is 4—6 months. About half of the
patients experience an improvement in their neurological symptoms after WBRT [1]. Selected
patients can be treated with surgery and stereotaxic radiotherapy. Still, the majority of patients do
not achieve local control and frequently succumb to the progressive brain disease [1]. Therefore,
there is a desperate need for new treatments that can provide better results.

Brain Diseases

Diseases of the brain cause considerable morbidity, at great cost for the individual patient and for
society as a whole [2]. Gene therapy is one of the avenues being investigated for brain diseases, and
one of the most investigated disease targets has been Parkinson’s disease [3]. The first clinical
results of gene therapy with viral vectors show promising results [4]. However, it would be an
advantage to perform non-viral gene therapy from a patient safety, treatment cost and an environ-
mental point of view. Since treatment of, e.g. Parkinson’s disease involves transfer to a defined
target region (the substantia nigra), it would be a valid goal for the use of gene electrotransfer.

There is no clinical experience with the electrotransfer of drugs or genes to the brain yet, thus,
the following paragraphs will summarize the pre-clinical experience in this area.

Electrochemotherapy to Treat Brain Tumours: In Vivo

Electrochemotherapy is dealt with in detail in other chapters (Chaps. 6, 8 and 9). In essence, the
cytotoxicity of the anti-cancer drug, bleomycin, may be augmented more than 300 times by enabling
the permeability of the membrane by application of electric pulses [5-7].

Pre-Clinical Studies on Electrochemotherapy in the Brain

In 1993, the first reported pre-clinical experiments were made by using the principles of electrop-
ermeabilization to achieve improved uptake of bleomycin into brain tumours in vivo. The experi-
ments were performed in Fischer 344 rats inoculated with tumour cells and treated with
electrochemotherapy. The end point was survival time to observation of symptoms of severe tumour
growth (e.g. the rats moving in circles, hemiparesis or drowsiness), and consequently termination
after appearance of symptoms. This association study indicated that rats treated with electrochemo-
therapy (bleomycin) had a better mean survival time (days + SD) of 10.3 + 4.7 (n = 17, p = 0.015)
than untreated 6.3 + 3.2 (n = 13, p = 0.005) [8].

Electrochemotherapy has also been given to Fischer 344 rats inoculated with brain tumour cells,
with the end point to look for pathological necrotic tissue in the target area suggesting successful
elimination of target cells in the treated area [9]. We have experience with the treatment of brain
tissue and inoculated brain tumours in Fisher 344 rats with electroporation, bleomycin and electro-
chemotherapy. In initial studies, nine out of ten rats treated with an eight-electrode device had
severely affected and necrotic brain tissue in the target areas. Post-treatment rats showed no obvious
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adverse behavioural effects. Some of the rats were monitored in vivo by magnetic resonance
imaging (MRI) to confirm presence of tumour and treatment [9].

Bleomycin and the Blood Brain Barrier

The blood brain barrier (BBB) is made of non-fenestrated endothelial cells, which makes it highly
impermeable, allowing only the passage of small, hydrophobic and uncharged molecules such as
water. The BBB is disrupted to different degrees by pathological processes, such as in instances of
stroke, a malignant brain tumour, infection, or trauma. After cranial irradiation (WBRT), the BBB
is damaged for weeks to months [10].

Bleomycin has been used in the treatment of human brain tumours for several years, but with lim-
ited effectiveness. If bleomycin is to be given intravenously, it is essential that the drug passes the BBB
and leaves the vascular system, in order to obtain an effect in the target area of the brain. Bleomycin,
at its best, is inadequately effective, and at worst is not capable of passing the BBB under normal
circumstances, because it is a large, hydrophilic and charged molecule. Electroporation may cause an
increased BBB permeabilization. An improved mean survival time was reported for intravenously
administered bleomycin and electroporation in rats [8], suggesting that the BBB can be altered to
allow penetration of bleomycin through the simultaneous process of electroporation. The observations
from intra-cranially administered bleomycin and electroporation in rats [9] suggest that for bleomycin
to be effective, it is necessary to use additional methods to alter the BBB. Intra-cranially administered
bleomycin had no effect on target brain tissue unless electroporation was also performed.

Particular Considerations for Electrodes Used in the Brain

Previous chapters have dealt in detail with questions on electric field distribution and electrode
design (Chaps. 4 and 5). What needs to be mentioned here is that the anatomical constraints associ-
ated with electrotransfer in the brain present some additional challenges to electrode versatility.

It is desirable that the electrode may be inserted with minimal damage to healthy tissues. This
includes making insertion through a burr hole if possible, and using a relatively small calibre for
insertion through normal tissue between the brain surface and the target region (Fig. 11.1).

Burr hole

—m —— e Skull

Brain tissue

An electrode device

Fig. 11.1 Experimental setup for electroporation in a rat brain. (a) Sedated rat with a burr hole in the skull for intra-
cranial injection of tumour cells, drugs and genes, and for insertion of an electrode device for electroporation in soft
tissue. (b) Stereotaxic equipment for precise and accurate intra-cranial placement of needles and electrodes in an
electroporation setup. The stereotaxic equipment is supplemented by a carousel with three working positions for
needles or electrodes useful for electroporation with drug or genes
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For example, when treating skin metastatic lesions, treatment failures can easily be handled by
re-treatment. Since electrotransfer to the brain is an invasive procedure, one-time-only treatment is
the goal, and therefore optimal field distribution for the intended procedure is crucial. Additionally,
field distribution should be adequate with a high level of predictability. Accurate positioning of the
electrode device is possible by mounting on stereotaxic frames, as those used in neurosurgery, and
the equipment will have to be put in neurosurgical units.

Gene Electrotransfer in the Brain

In Vivo Pre-Clinical Studies

Pre-clinical studies have shown that the electroporation technology can be used for gene transfer
in vivo [3, 9—15] [17]. The results are obtained at many different conditions depending on the
choice of electrode device (invasive or non-invasive, electrode configuration etc.), injection of the
gene, pulse generator features, voltage amplitude, and the frequency, number and duration of
applied pulses. Results also vary with the choice of species (mice, rats, chickens or hamsters) and
the state of the animal (newborn or adults). It is also dependent on the procedures used to evaluate
transfection efficiency (fluorescence imaging, protein expression, immunohistochemical staining).
As expected within a new scientific field, data is still limited.

In gene electrotransfer studies so far, there have mainly been reports of the green fluorescent
protein (GFP) reporter gene transfected into brain tissue by electrotransfer [3, 9—12, 14, 15] [17].
The results were qualitative and, in a few cases, also quantitative based on the expression of GFP
measured by fluorescent imaging. The positive results demonstrating expression of GFP signals that
the involved cells have been transiently permeabilized, and that the plasmid with the GFP gene has
gained access to the cell cytosol and further to the cell nucleus to be expressed. Alterations in the
cell membrane must only have been temporary in order to achieve expression of the protein GFP
(see Chap. 2).

The gene electrotransfer results were achieved by injection of 0.5-40 pg DNA and using 1-5
pulses at 100-1,000 V/cm for 2-50 ms at 1-10 Hz, and by using invasive as well as non-invasive
electrodes. All these heterogeneous parameters suggest that gene electrotransfer can be achieved
under several different conditions. From a clinical point of view, the invasive technology may be the
most relevant, as treatment of a specific region of the brain will not be achievable with external
electrodes. Promising reports have also been shown using genes other than GFP, where gene expres-
sion from the gene of interest is obtained [18, 19]. It is also possible to see a “dose-response” rela-
tionship between applied voltage and the efficiency of GFP transfected into brain cells [9].

Which Brain Cells Were Susceptible to Gene Electrotransfer?

The different cell types in the brain may have slightly different thresholds for transient permeabiliza-
tion due to cell size, shape, and basic resting membrane potential. So far the aim of most studies is
fulfilled simply by successful gene electrotransfer, but further studies may show evidence of cell type
sensitivity and specificity when variable electroporation parameters are used. Meningeal cells and
oligodendrocytes [11], neurons and microglia [11], neuronal cells (17), cells in the suprachiasmatic
nucleus [12], ependymal cells (in ventricles), putative neural stem or progenitor cells and neuroblasts
[9] have all been listed as brain cell types suitable for gene electrotransfer in animal models.
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Transgene Expression over Time

The brain tissue is known for its many cells that, once differentiated, principally survive the entire
lifetime of the organism. It is also known for its low mitotic activity. Compared to other body cell
types like skin and muscle, the brain has the potential for long-term expression of transfected genes
beyond weeks, months or even a few years. However, the anti-pathogenic systems may have to be
circumvented to avoid elimination of the gene and immediate degradation of the gene product.
Among the reports using invasive electrodes for gene electrotransfer, gene expression was shown to
last up until 45 days from electrotransfer [12].

Since most papers report visual observations of GFP after termination of the animal, one would
hope for new future long-term studies using the available in vivo fluorescent technologies.

Safety Issues

For gene electrotransfer in the brain tissue to become a successful technology, there are several
safety issues that have to be met. The use of invasive electrodes raises the risks of bleeding and
infection. When the electrodes are inserted, there is risk of damage to healthy tissue. There are also
the toxic effects of DNA to consider. As an example, when targeting dopamine-producing cells in
the substantia nigra of a Parkinson’s disease patient with gene electrotransfer, the consequences of
non-target cell damage could cause clinical deterioration.

In pre-clinical studies, photomicrographs and pathological staining for gliafilaments, neurofila-
ments and necrotic cells have revealed that the physical damage as a result of the needles and elec-
trodes is in fact relatively small and basically restricted to areas where these items have passed
through brain tissue on their way to the target area. Not surprisingly, smaller electrodes make less
damage [11]. Necrotic cells are found along the electrode traces [11], as well as astrocytes and
lymphocytes [13]. Gliafilaments are more affected by electrochemotherapy than neurofilaments, as
the effect on neurofilaments is restricted to the target area, whereas it goes beyond the target area
for the gliafilaments [9]. Behavioural observations in a single pre-clinical study showed no signs of
adverse behavioural effect after application of electroporation and inoculation of the gene [3].

Only a few of these safety issues concerning electroporation of brain tissue are relevant to virus-
mediated gene therapy, which has other major safety concerns, such as strong immune response to
vira, toxicity and limitations in restricting vira to the target area.

Clinical Perspectives on Drug and Gene Electrotransfer in Brain Tissue

Where Are We Now

The future holds a lot of challenges for electrotransfer of drugs and genes to the brain. Among these
are the electrodes. Electrodes need to be physically flexible in length, shape and selection (see
Chap. 5). For gene electrotransfer, the demands of the electrodes primarily focus on their ability to
be selective, in order to obtain gene transfer in highly restricted areas of the brain.

In the clinic, neurosurgeons have the necessary technology available to target any area for gene
electrotransfer by coordinating using stereotaxy. Only the prospect of severe and non-recoverable
brain damage made in the attempt to reach the target by the electrodes may withhold the surgeons
from using the available technology. Figure 11.2 shows a schematic view of the Ellisphere brain
electrode in action in the clinical setting.
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Fig. 11.2 Schematic drawing of methods for applying electrochemotherapy (a) and gene electrotransfer (b) to brain
tissue in the clinical setting. A more detailed description of the concept behind this electrode device can be found in
Chap. 5, Sect. 5.2, the Ellisphere system

With regard to electrochemotherapy, there are relevant data from clinical experience with bleo-
mycin directly injected into a brain tumour or cyst. Bleomycin is a drug often used for electro-
chemotherapy, and has been used in the treatment of brain tumours for selected cases for more than
30 years as single drug injections. This experience can be used to evaluate the toxicity of bleomy-
cin in brain tissue for future use of electrochemotherapy in the brain. Currently, there are two
major indications for the use of bleomycin in the brain: solid tumours, such as glioblastoma, and
cystic tumours in the form of craniopharyngiomas [14]. Unfortunately, the clinical benefit has been
limited, but that is probably due to the nature of bleomycin and the BBB. Bleomycin is a hydro-
philic and charged molecule, which poorly passes the intact plasma membrane [15]. The BBB is
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nonpermeable to many types of chemotherapy, and that is certainly true for a large molecule such
as bleomycin with characteristics as mentioned above. This is reflected by the clinical results,
because local bleomycin treatment works better on a thin-walled cyst and practically not on solid
tumours [23-26]. The clinical effect on brain tissue is also dose dependent, which is also true for
the adverse effects. In a review of the adverse effects of bleomycin used in the treatment of solid
and cystic brain tumours, there were only a few cases of serious adverse effects [14].

A future clinical trial is planned, with the purpose of investigating the efficacy and safety of
electrochemotherapy using bleomycin in the treatment of secondary brain tumours. The rationale
behind this protocol is that clinical trials have shown improvement in neurocognitive function and
survival with tumour volume reduction [27-29]. The total tumour volume is therefore an important
clinical parameter and could be diminished by electrochemotherapy.

No clinical studies have yet been performed for brain tissue gene therapy, but Parkinson’s disease
is an obvious candidate for gene therapy. It represents a disease where the dopamine production is
disturbed, and where dopamine level restoration is an acknowledged and eligible treatment of
Parkinson’s disease symptoms [3]. The target of gene therapy would be the substantia nigra, to
attain regeneration and control of the dopamine production in vivo (Fig. 11.2b). The ability to be
target specifically with gene electrotransfer may therefore make it the method of choice for gene
therapy in highly restricted and small target areas.

Treatment of brain disorders is a major challenge, and it will be highly interesting to see the
future research in the area of gene and drug electrotransfer to the brain.
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Chapter 12
Minimally Invasive Intraluminal Tumor Ablation

Patrick F. Forde, Michael G. Bourke, Slawomir Salwa, Gerald C. O’Sullivan,
and Declan M. Soden

Abstract Surgery is the standard modality for the removal of tumors, either alone or in combination
with other therapies such as radiotherapy and chemotherapy. These treatment adjuncts can be
associated with significant toxicity, may not be appropriate at the time of diagnosis, and do not
necessarily reduce the risk of metastasis. Consequently, a considerable volume of research has
focused on the identification, validation, and refinement of alternative approaches and therapies.
Here we outline a novel treatment for intraluminal tumors via an endoscopic device that delivers
an electroporating pulse, resulting in enhanced tumor-targeted therapeutic absorption. This device
has been demonstrated to be highly effective in the curative treatment of canine intraluminal tumors
and has also been demonstrated to successfully deliver DNA in a targeted manner to intraluminal
porcine tissues.

Keywords Electroporation « EndoVe « Electrochemotherapy o Gene therapy « Gastrointestinal
cancers

Background

Removal of the primary tumor mass remains a critically important element in the treatment of solid
malignant tumors, as it has the potential to significantly relieve symptoms, forestall complications,
and facilitate responsiveness to multimodal systemic therapies [1-4]. However, many cancers are
resistant to current multimodal treatment regimens, creating a need for therapeutic innovations and
discovery. The causes of this intractability may include advanced stage disease at presentation,
which limits the application or effectiveness of treatments, resistance of tumor cells to chemo-
therapy or radiation therapy, anatomical locations of the cancer which preclude either complete
excision or ablation by radiotherapy, and the presence of inter-current illnesses, which may limit
therapeutic options or adversely affect the risks and benefits of treatment [1, 5-7]. Poor quality of
life and the intrusion on their valuable remaining time resulting from invasive or toxic therapies
are a major problem for many patients with incurable tumors [8—10]. In this context, an ideal can-
cer treatment should effectively control local disease, be applicable to a diversity of tumor types
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and anatomical locations, be effective against locally recurrent disease, facilitate multimodal and
systemic therapies, be minimally intrusive, and improve patient well-being and life expectancy by
tumor control or cure.

Electroporation

Electroporation makes use of an externally applied electric field to increase the permeability of
plasma membranes, thus achieving highly efficient gene and/or drug transfer [11-15]. Through a
variety of processes, electroporation temporarily disrupts membrane stability, causing pores to form
within the membrane. With careful control of the electric field strength and the duration of the cell’s
exposure to it, these pores reseal after a short period of time [11]. Many chemotherapeutic drugs,
including bleomycin and cisplatin, are poorly permeant at the cell membrane under physiologic
conditions. Electropermeabilization therefore offers a novel means of increasing delivery of these
drugs into cancer cells, with a consequent improvement in antitumor effect [13, 15-17]. This
approach is known as electrochemotherapy. Now that the efficacy, safety, and clinical utility of
electrochemotherapy have been established for skin-based tumors, there is continued impetus to
modify and further develop the clinical potential of this technology.

Endoscopic Electroporation with the EndoVe Device

Minimally Invasive Procedures

There are many advantages to the use of minimally invasive surgical options, including reduced
pain, a frequently reduced hospital stay, a more rapid return to normal activity, and, in the case of
gastrointestinal surgery, reduced ileus [18-21]. Used appropriately, minimally invasive techniques
therefore have the potential to lead to an overall improved standard of patient care.

In the context of malignant disease, several minimally invasive techniques have been developed,
employing a range of energy-based methods for in situ tumor destruction. These include targeted
radiofrequency ablation, laser ablation, cryoablation, photodynamic therapy, high-intensity focused
ultrasound (HIFU), and techniques that allow for enhanced targeting of radiotherapy [22-31].
Oncologic surgical principles require that neoplastic tissue is excised with a margin sufficient to
ensure tumor clearance. If a minimally invasive technique employing an energy-based treatment can
destroy equivalent neoplastic tissue volumes with an equivalent margin of normal tissue, then the
outcome in terms of disease-free survival should be at least equal to that following conventional
open surgery. However, the benefits associated with the use of minimally invasive techniques set
them apart, as there is the potential to achieve similar outcomes of patient survival but with reduced
treatment-associated morbidity.

The Endoscopic Electrode: EndoVe

The ability to localize and treat internal cancerous tissue with electrochemotherapy, without dis-
rupting nontarget tissues or their physiological function, presents a number of challenges.
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Overcoming these requires both a means of delivering chemotherapeutic agents specifically to the
diseased tissue and the development of minimally invasive options to facilitate targeted pulse
delivery.

The available technology for delivery of electrochemotherapy has to date been reliant on macro-
electrodes, such as calipers and needles, thus limiting its application to surface tumors. Efficient and
safe electroporation of internal cancers, especially luminal tumors, have therefore not been possible
thus far. However, electrode modification raises the potential for endoscopic, laparoscopic, or
image-guided delivery of electric current to more deep-seated internal tumors [17]. For example,
were it possible to deliver permeabilizing electric pulses to intra-abdominal, intra-thoracic, or geni-
tourinary tumors, many lesions that have previously been deemed inoperable would be amenable to
treatment with electrochemotherapy. It is also likely that electrode modification would allow elec-
trochemotherapy to treat many, currently inoperable or incurable, primary cancers with curative
intent. In particular, cancers of the foregut and bladder, which are often either incurable at presenta-
tion or unsuitable for conventional therapies due to a lack of patient fitness, are often readily acces-
sible to endoscopes, making them ideal targets for electrochemotherapy delivered via an endoscopic
device. Electrochemotherapy could also be added to many current systemic multidrug chemother-
apy regimens to improve their efficacy. Similarly, electrochemotherapy could also be applied to
sensitize recalcitrant cancers to radiation therapy, thus allowing a more targeted tumoricidal therapy
with less collateral tissue injury. The EndoVe device has been developed to deliver electroporation
endoluminally.

The EndoVe was designed using principles common to all electroporation devices; however, it
fits on the end of a conventional endoscope, thereby allowing both direct tumor visualization and
targeting. It has a flexible end, which attaches to the endoscope but also sits apart from it, in order
to maximize luminal visualization (Fig. 12.1). The creation of a vacuum effect draws tissue into a
chamber within the EndoVe, thus bringing the tumor into contact with plate electrodes contained
within this chamber, allowing for electric field application. This chamber, which has a transparent

Fig. 12.1 EndoVe device which attaches
to the end of an endoscope
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roof that allows for tissue capture to be confirmed visually, also facilitates targeted drug delivery.
The design and size of the chamber can be altered based on tumor size and location to allow for
optimum tumor accessibility and tumor-electrode contact.

The EndoVe has already been applied to the treatment of tumors in small and large animals, and
has been approved for a phase 1 clinical trial. It also has the potential to deliver gene therapy to
nonskin-based tumors and to deliver both anticancer drugs and genes in either the adjuvant or neo-
adjuvant setting.

Preclinical Case Study

A 14-year-old Scottie terrier was brought to a local veterinary surgeon with per rectum bleed-
ing and loss of condition, including significant recent weight loss. Colonoscopy revealed a
nonobstructing, 5 cm long, circumferential rectal tumor, situated approximately 3 cm from the
anal margin (Fig. 12.2a). Histopathological analysis determined that this lesion was a moder-
ately differentiated rectal adenocarcinoma. The tumor was deemed unsuitable for surgical
resection and the dog was referred for electrochemotherapy. Bleomycin was delivered intrave-
nously. Using successive EndoVe applications, the entire lesion was treated with electrochemo-
therapy. Follow-up colonoscopy 5 weeks following treatment demonstrated significant
regression of the tumor, in association with a marked improvement in the dog’s clinical condi-
tion (Fig. 12.2b).

Conclusion

Electrochemotherapy is an effective drug delivery system, which acts by greatly enhancing the local
cytotoxicity of the chemotherapeutic drug. The advantages of this therapy are its simplicity, the
short duration of treatment sessions, with an associated reduction in anesthetic requirements,
reduced chemotherapeutic dosages, the comparatively low costs, its minimal side effects, as well as
the potential for a significantly reduced in-hospital stay, both before and after treatment. With the
development of endoscopic delivery systems, such as the EndoVe, electrochemotherapy could
increasingly be applied to a diversity of internal cancers as a minimally invasive tumor ablation
procedure.

-

Fig. 12.2 Preclinical electrochemotherapy of a rectal adenocarcinoma. (a) Before treatment. (b) Five weeks after
treatment



12 Minimally Invasive Intraluminal Tumor Ablation 141
References
1. Termuhlen PM, Kemeny MM. Surgery in the older patient. Oncology (Williston Park) 2002;16(2):183-9; discus-
sion 194-6, 199.
2. Easson AM, Asch M, Swallow CJ. Palliative general surgical procedures. Surg Oncol Clin N Am.
2001;10(1):161-84.
3. Shi Y, Zhou Y. The role of surgery in the treatment of gastric cancer. J Surg Oncol. 2010;101(8):687-92.
4. Wasserberg N, Kaufman HS. Palliation of colorectal cancer. Surg Oncol. 2007;16(4):299-310.
5. Weichselbaum RR, Dahlberg W, Little JB. Inherently radioresistant cells exist in some human tumors. Proc Natl
Acad Sci USA. 1985;82(14):4732-5.
6. Voltz E, Gronemeyer H. A new era of cancer therapy: cancer cell targeted therapies are coming of age. Int J
Biochem Cell Biol. 2008;40(1):1-8.
7. Kreeft A et al. The surgical dilemma of ‘functional inoperability’ in oral and oropharyngeal cancer: current con-
sensus on operability with regard to functional results. Clin Otolaryngol. 2009;34(2):140-6.
8. McLarnon C et al. Quality-of-life considerations in treatment of unresectable, recurrent head and neck cancer.
Expert Rev Anticancer Ther. 2010;10(3):345-52.
9. Mastracci TM et al. The impact of surgery for colorectal cancer on quality of life and functional status in the
elderly. Dis Colon Rectum. 2006;49(12):1878-84.
10. Gunnars B, Nygren P, Glimelius B. Assessment of quality of life during chemotherapy. Acta Oncol.
2001;40(2-3):175-84.
11. Tsong TY. Electroporation of cell membranes. Biophys J. 1991;60(2):297-306.
12. Somiari S et al. Theory and in vivo application of electroporative gene delivery. Mol Ther. 2000;2(3):178-87.
13. Sadadcharam M, Soden DM, O’Sullivan GC. Electrochemotherapy: an emerging cancer treatment. Int J
Hyperthermia. 2008;24(3):263-73.
14. Jaroszeski MJ et al. In vivo gene delivery by electroporation. Adv Drug Deliv Rev. 1999;35(1):131-7.
15. Heller R, Gilbert R, Jaroszeski MJ. Clinical applications of electrochemotherapy. Adv Drug Deliv Rev.
1999:;35(1):119-29.
16. Larkin JO et al. Electrochemotherapy: aspects of preclinical development and early clinical experience. Ann
Surg. 2007;245(3):469-79.
17. Soden DM et al. Successful application of targeted electrochemotherapy using novel flexible electrodes and low
dose bleomycin to solid tumours. Cancer Lett. 2006;232(2):300-10.
18. Choh MS, Madura JA, II. The role of minimally invasive treatments in surgical oncology. Surg Clin North Am.
2009;89(1):53-77, viii.
19. Greene FL et al. Minimal access cancer management. CA Cancer J Clin. 2007;57(3):130-46.
20. Greene FL. Minimal access surgery alters approach to cancer. J Surg Oncol. 2007;95(4):276-7.
21. Robinson TN, Stiegmann GV. Minimally invasive surgery. Endoscopy. 2004;36(1):48-51.
22. Kennedy JE. High-intensity focused ultrasound in the treatment of solid tumours. Nat Rev Cancer.
2005;5(4):321-7.
23. Curley SA et al. Radiofrequency ablation of hepatocellular cancer in 110 patients with cirrhosis. Ann Surg.
2000;232(3):381-91.
24. Zlotta AR et al. Percutaneous transperineal radiofrequency ablation of prostate tumour: safety, feasibility and
pathological effects on human prostate cancer. Br J Urol. 1998;81(2):265-75.
25. Posteraro AF, Dupuy DE, Mayo-Smith WW. Radiofrequency ablation of bony metastatic disease. Clin Radiol.
2004;59(9):803-11.
26. Robertson CA, Evans DH, Abrahamse H. Photodynamic therapy (PDT): a short review on cellular mechanisms
and cancer research applications for PDT. J Photochem Photobiol B. 2009;96(1):1-8.
27. Zhou XD et al. The role of cryosurgery in the treatment of hepatic cancer: a report of 113 cases. J Cancer Res
Clin Oncol. 1993;120(1-2):100-2.
28. Lezoche E, et al. Ultrasound-guided laparoscopic cryoablation of hepatic tumors: preliminary report. World J
Surg. 1998;22(8):829-35; discussion 835-6.
29. Chung DE, Te AE. High-power 532 nm laser prostatectomy: an update. Curr Opin Urol. 2010;20(1):13-9.
30. Grant DG et al. Transoral laser microsurgery for early laryngeal cancer. Expert Rev Anticancer Ther.
2010;10(3):331-8.
31. Moran MS, Haffty BG. Radiation techniques and toxicities for locally advanced breast cancer. Semin Radiat

Oncol. 2009;19(4):244-55.






Part 111
Gene Electrotransfer






Chapter 13
Electrotransfer of Plasmid DNA

Jean-Michel Escoffre, Marie-Pierre Rols, and David A. Dean

Abstract Various vectors have been developed in the field of gene transfer. However, important
unresolved problems persist such as secondary toxicity or low gene transfer efficiency of viral
as well as nonviral vectors. Therefore, an efficient and safe method of DNA delivery needs to be
found. DNA electrotransfer is a physical method that consists of the local application of electric
pulses after the introduction of DNA into the extracellular medium. Electrotransfer has proven to
be one of the most efficient and simple nonviral methods of delivery. Moreover, it may provide an
important alternative technique in the field of cell and gene therapies. The present chapter focuses
on questions related to the mechanism of DNA electrotransfer, i.e., the basic processes responsible
for membrane electropermeabilization, interaction of plasmid DNA with the plasma membrane, and
its transport through the cytoplasm and into the nucleus.

Keywords Electroporation « Plasmid DNA « Plasma membrane o Intracellular trafficking « Nuclear
envelope « DNA targeting sequence

Introduction

Gene therapy involves the delivery of therapeutic genes into the target cells in order to prevent, treat,
or cure genetic and acquired human diseases. The administration of naked plasmid DNA into target
cells and tissues can be considered as the simplest and safest method for gene delivery [1].
Historically, naked plasmid DNA has not been the choice vector for gene therapy because of the
variable and relatively low transfection efficiencies compared to those achieved with viral vectors [2].
Unfortunately, viral proteins can induce specific immune responses that can limit the ability to
readminister the viral vectors [3]. Moreover, viral vectors, like retrovirus or lentivirus, can evoke
insertional mutations during their integration into the host genome [4, 5]. As a result, these adverse
events may pose a danger for the patient. In contrast, naked plasmid DNA is composed entirely of
covalently closed circles of double-stranded DNA with no associated protein [6]. Moreover, naked
plasmid DNA is simple to manipulate and can easily be produced in large pharmaceutical grade
quantities [7]. These properties highlight why plasmid DNA is an attractive molecule for human
clinical applications. However, the current challenge consists of developing an efficient and safe
method for gene delivery.
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The controlled use of electric pulses as a safe tool to deliver therapeutic molecules to tissues and
organs has been developed over the last decade [8, 9]. This method refers to the transient increase
in the permeability of the cell membrane when exposed to electric field pulses. This process is
commonly known as electropermeabilization or electroporation [10, 11]. Nowadays, electroperme-
abilization represents one of the most widespread techniques to transfer genetic material. In vivo
gene electrotransfer is of special interest since it is the most efficient nonviral strategy for gene
delivery and also because of its low cost, ease of realization, and safety [11]. Moreover, gene delivery
is limited to the volume of tissue localized between the electrodes, where the electric field pulses
are applied. In contrast to viral vectors, this method allows the delivery of large plasmid DNA
(range from 3 to 5 kbp), which greatly expands research and clinical applications. As a result, gene
electrotransfer has now been applied to a wide variety of tissues including muscle [12, 13], skin
[14, 15], liver [16], lung [17, 18], kidney [19], eyes [20, 21], brain [22], joints [23], and tumors [24, 25].
This strategy is not only promising for the treatment of genetic and acquired diseases, but also for
the systemic secretion of therapeutic proteins [26]. Genetic vaccination and cancer gene therapy are
also additional fields of application [27, 28]. Therefore, electrogenetherapy is relevant in a variety
of research and clinical settings including cancer therapy, modulation of pathogenic immune
responses, and treatment of infectious diseases [29]. A phase I dose escalation trial of electropo-
ration of a plasmid expressing interleukin-12 (IL-12) has been carried out in patients with metastatic
melanoma. Biopsies showed plasmid dose proportional increases in IL-12 protein levels as well
as marked tumor necrosis and lymphocytic infiltrate, indicating this modality to be safe, effective,
and titratable [30].

However, the mechanisms underlying DNA electrotransfer are not completely known. The
comprehension of these mechanisms is necessary for the rational use (i.e., efficiency and safety) of
the method, in vitro and in vivo [31]. Successful electrotransfer of plasmid DNA into target cells
depends on the ways the cell membrane has been permeabilized, as well as how the DNA molecules
interact with and are transported from the plasma membrane towards the nuclear envelope. The
focus of this review is to describe the different aspects of these processes.

Membrane Electropermeabilization

Basic Aspects: Modulation of Membrane Potential Difference

The key effect of an electric field on cells is a position-dependent change in the resting transmem-
brane potential difference, AY, of their plasma membrane. If the cell membrane is modeled as a
thin spherical dielectric shell, the electrically induced potential difference, AY o which is the differ-
ence between the potential inside the cell, Y., and the potential outside the cell, Y .ata point M
on the cell surface, is given by:

AV, (=Y, —¥_ =-g)r Ecos(GM){l—e( I)}, (13.1)
where ¢ is the time after the onset of the electric pulse, g depends on the conductivities A of the
membrane, of the cytoplasm, and of the extracellular medium, 7 is the radius of the cell, E the field
strength, 6, is the angle between the normal to the membrane at the position M and the direction of
the field, and 7is the membrane charging time (Fig. 13.1a) [32]. The field-induced potential difference
adds to the resting potential A¥_ [33].
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Fig. 13.1 Physical principle of electropermeabilization. (a) The plasma membrane is the site of native transmembrane
potential difference, Ay, (blue arrow). If we consider the cell like a sphere and the plasma membrane like a dielectric
spherical shell, when we apply an electric pulse, an induced transmembrane voltage, Ay, is created (red arrow).
Being dependent on the angular parameter 6, the Ay, effect is position-dependent on the cell surface; therefore,
the side of the cell facing the anode is hyperpolarized, while the side of the cell facing the cathode is depolarized.
(b) The localization and asymmetry of electropermeabilization can be detected by propidium iodide uptake in a CHO
cell submitted to a train of 10 pulses, 5 ms, 1 Hz at 0.7 kV/cm. Propidium iodide uptake is visualized by fluorescence
microscopy. Pseudocolor image and 3D graph are obtained by Image J software

AY = AY, + AW, (13.2)

Being dependent on the angular parameter 6, the field effect is position-dependent on the cell sur-
face. Therefore, the side of the cell facing the anode is going to be hyperpolarized, while the side
of the cell facing the cathode is depolarized (Fig. 13.1b). This theoretical prediction has been experi-
mentally validated by using a voltage-sensitive fluorescent dye [34]. Therefore, the transmembrane
potential difference of a cell exposed to an electric field defines the sites (location, extend) where
molecule uptake can take place.

Scaling of Electropermeabilization

Therefore, membrane permeabilization occurs only on the part of the cell membrane where the
potential difference has been brought to its critical value [35]. This value has been evaluated to be
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on the order of 200-300 mV regardless of the cell type [36]. Field intensities, E, larger than a critical
value, E , must be applied where E_is dependent on the size of the target cells. This value ranges
from 200 V/cm in the case of large cells such as mice myotubes to 1-2 kV/cm in the case of bacteria.
Therefore, electric field values have to be adapted to each cell line. Membrane permeabilization is
controlled by the field strength (Fig. 13.2), which is the trigger of permeabilization: when E is larger
than E , it controls the area of the cell surface which is affected [37]. Membrane permeabilization
only occurs for electric field values, E, higher than the threshold value, Ep, regardless of the number
and duration of electric pulses. Increasing E above E leads to an increase in the area where permea-
bilization takes place and, in that particular area, the extent of permeabilization is determined by the
number and duration of electric pulses (Fig. 13.2). As a whole, these data led to the concept of
membrane domains, where macrodomains are regions where permeabilization can take place and in
which an area is determined by the pulse intensity according to:

Al E)
-2, (13.3)

where A is the cell surface. Within macrodomains, microdomains (defects, pores, permeant struc-
tures, etc.) exist as areas where permeabilization actually takes place and in which density depends
on the number of pulses and on the pulse duration [37]. However, the molecular characteristics of
these domains in terms of composition, structures, and dynamics remain an open question.
Theoretical models have been proposed to explain the mechanism of this reversible membrane
electropermeabilization. Nevertheless, the molecular definition of the transient permeable structures
is not yet known.

— EA

E /
Cell
+ | E=Ep

N,Tz\

Fig. 13.2 Effect of the electric field parameters on membrane permeabilization. The electric field E leads to the
induction of a transmembrane potential difference, Ay, which sur-imposes to the resting Ay, Cells are hyperpolarized
at the anode-facing side, while depolarized at the cathode side. The pink area represents the area where the resulting
potential is higher than the threshold value, so where permeabilization is present when E > E . Increasing E above
E leads to an increase in this area. At a constant E value, increasing the pulse number N or the pulse duration 7 does
not lead to any increase of that area, but leads to a increase in permeabilization efficiency as shown here by a red
color. Blue squares represent the electrodes
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Electropermeabilization, A Fast and Localized Process

The use of video microscopy allows visualization of the permeabilization phenomenon at the single
cell level. Propidium iodide uptake in the cytoplasm is a fast process that can be detected seconds
after the application of electric pulses (Fig. 13.1b). Exchange across the permeabilized membrane
is not homogeneous on the whole cell membrane. It occurs at the sides of the cells facing the
electrodes in an asymmetrical way where it is more pronounced at the anode-facing side of the cells
than at the cathode, i.e., in the hyperpolarized area than in the depolarized area [38], which is in
agreement with the above theoretical considerations.

Electropermeabilization can be described as a three-step process in respect with electric field:
(1) Before electropulsation, the plasma membrane acts as a physical barrier that prevents the free
exchange of hydrophilic molecules between the cell cytoplasm and external medium; (2) during
electropulsation, the transmembrane potential increases which induces the formation of transient
permeable structures facing the electrodes and allows the exchange of molecules; (3) after electro-
pulsation, membrane resealing occurs.

Gene Electrotransfer

Basic Aspects: Scaling of Gene Expression

Membrane permeabilization is the first step of gene electrotransfer. However, this step, although
necessary, is not sufficient to obtain gene expression. Millisecond pulses are generally required to
obtain efficient gene expression by preserving cell viability and limiting the electric field intensities
required when short pulses are used [39, 40]. Nevertheless, gene electrotransfer can be obtained
with short strong pulses [41]. The transfection efficiency obeys the following equation:

Expr = KNT** (1 —%} f(DNA) (13.4)

where K is a constant, N the number of pulses, and T is the pulse duration. The dependence on the
plasmid concentration f{DNA) is rather complex, and it is observed that high levels of plasmids are
toxic [42]. The effect of pulse duration also appears to be essential as it is a key parameter for
efficient gene expression in target cells and tissues [41].

Additionally, the polarity of the electric field has a direct effect on transfection. This dependence
of the transfection efficiency on the direction of the field might be due to the involvement of the
electrophoretic force in the translocation of the negatively charged plasmid DNA [43]. While cell
permeabilization is only slightly affected by reversing the polarity of the electric pulses or by
changing the orientation of pulses, increased transfection levels are observed where these last
effects are due to an increase in the cell membrane area where plasmid DNA interacts [44].

Gene Electrotransfer: A Multistep and Localized Process

Fluorescent plasmids allow monitoring of the interaction of DNA molecules with permeabilized
cells [45]. DNA molecules, which are negatively charged, migrate electrophoretically when sub-
jected to the electric field. Under electric fields, which are too small to permeabilize the membrane,
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the DNA simply flows around the membrane in the direction of the anode. However, beyond a
critical field value, above which cell permeabilization occurs, the DNA interacts with the plasma
membrane. This interaction only occurs at the pole of the cell opposite the cathode and demon-
strates the importance of electrophoretic forces in the initial phase of the DNA/membrane interac-
tion. When the DNA/membrane interaction occurs, one observes the formation of microdomains
whose dimensions lie between 0.1 and 0.5 um. Also seen are clusters or aggregates of DNA, which
grow during the application of the field. However, once the field is cut, the growth of these clusters
stops. DNA electrotransfer can be described as a multistep process with respect to electropulsation.
First, the negatively charged DNA migrates electrophoretically towards the plasma membrane on
the cathode side, where it accumulates. For electric field values above a certain threshold, the
plasma membrane is permeabilized, thereby allowing the accumulated plasmid DNA to be inserted
into it. This interaction, which is observed for several minutes, lasts much longer than the duration
of the electric field pulse. Translocation of the plasmid from the plasma membrane to the cytoplasm
and its subsequent passage towards the nuclear envelope takes place with kinetics ranging from
minutes to hours. When the plasmid has reached the nucleus, gene expression can take place and
can be detected for up to several weeks afterwards. Due to the good correlation between visualiza-
tion of DNA/membrane interaction and gene expression, these results are consistent with a multi-
step process of DNA electrotransfer: (1) Before electropulsation: plasma membrane acts as a
physical barrier that prevents the entrance of plasmid DNA into the target cells (Fig. 13.3a);
(2) during electropulsation, the plasma membrane is permeabilized on the cell sides facing the
electrodes. Negatively charged plasmid DNA migrates electrophoretically towards the permeabi-
lized membrane on the cathode side, where it is inserted in membrane competent sites (Fig. 13.3a).
Nevertheless, DNA/membrane interaction can be obtained on the whole cell membrane perimeter
by changing the polarity of electric pulses [44]. (3) After electropulsation, plasmid translocation
through the cytoplasm to the nucleus takes place, eventually leading to gene expression. This final
step, including plasmid DNA trafficking in the cytosol and its passage through the nuclear pore, can
limit gene expression. The challenge is to overcome these limiting steps. An alternative approach
comes from nanosecond pulsed electric fields (nPEFs). New findings indeed indicate that very
short (10-300 ns) but high (up to 300 kV/cm) pulses extend classical electropermeabilization to
include events that primarily affect intracellular structures and functions. As the pulse duration is
decreased below the plasma membrane charging time constant (see equation 13.1 [12]), plasma

Nuclei

ms/min min/hour Hour/day

Fig. 13.3 The different steps involved in DNA electrotransfer. (a) During the application of the electric field, DNA
molecules (labeled with a fluorescent marker, TOTO-1) migrate towards the electropermeabilized cell plasma
membrane where they interact with and can become inserted in the membrane. This interaction proceeds from a few ms
to a few minutes. (b) After the electric field application, transport of DNA in the cytoplasm takes place with kinetics
ranging from minutes to hours, finally leading to (¢) gene expression lasting several days to weeks
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membrane effects decrease and intracellular effects predominate [46, 47]. When used in conjugation
with classical electropermeabilization, nanopulses can increase gene expression. The idea is to
perform classical membrane permeabilization and allow plasmid DNA electrotransfer and then,
30 min later, permeabilize the nuclear envelope by using short nPEFs. Thus, it is possible to not
only electropermeabilize cells, but also electromanipulate them.

Cytoplasmic Trafficking

Once the membrane has been destabilized allowing for DNA entry, plasmids are confronted by a
number of barriers that must be overcome in order for gene expression to occur, none of which
depend on the electrical field. Studies with fluorescently labeled plasmids show that the DNA
crosses the plasma membrane, but remains near the inner surface of the membrane for a period of
time. Since cortical actin forms a meshwork beneath the plasma membrane in order to provide
structure to the cell and connections between surface proteins and intracellular networks, it is likely
that the entering DNA becomes “trapped” within this area for a brief amount of time. Similar findings
have been reported for the entry of a number of viral particles, including HIV and Semliki Forest
virus [48, 49]. How the DNA escapes this region is unclear, but the meshwork is not uniform and
areas with a larger mesh size may allow for localized diffusion of the DNA out of this region and
toward the interior.

How DNA, or any molecule for that matter, moves through the cytoplasm to the nucleus has long
been assumed to be by means of diffusion. However, a number of studies have elegantly shown that
the cytoplasm is relatively stiff and does not allow for a great deal of free diffusion of large mole-
cules. Using a combination of cell-free extracts, microinjected cells, and fluorescence recovery after
photobleaching experiments, Verkman and colleagues demonstrated that DNA fragments longer
that 2,000 bp do not diffuse to any significant degree within a biologically relevant time frame [50].
Indeed, while 1,000 bp DNA fragments diffuse relatively freely in cytoplasm, 2,000 bp fragments
show greatly reduced movement, and 6,000 bp fragments are immobile. The reason for this limited
diffusion is that the cytoplasm is not simply an aqueous environment, but rather a complex system
with visco-elastic properties which is composed of multiple cytoskeletal elements, including micro-
filaments, microtubules, and intermediate filaments. These elements are organized into a complex,
crowded latticework that is constantly remodeling itself in response to a variety of internal and
external stimuli. This lattice is a barrier to the movement of DNA toward the nucleus, which is
evident from the fact that disruption of the actin cytoskeleton using latrunculin B or cytochalasin D
resulted in greatly enhanced diffusion of large DNA fragments within the cytoplasm of microin-
jected cells [51].

If, then, DNA cannot diffuse to any extent through the cytoplasm, how does it reach the nucleus?
It has been demonstrated that, like many viruses and cellular proteins, plasmids move through the
cytoplasm along the microtubule network using dynein as a microtubule motor protein [52, 53].
Unlike many proteins that are trafficked along microtubules, DNA does not bind directly to either
dynein or the microtubules themselves. Rather, it is thought to interact with the motor proteins
through adapter proteins that bind to the DNA once it enters the cytoplasm [52, 53]. While it is
“naked” DNA that is electroporated into the cell, any plasmid or DNA fragment very quickly
becomes associated with a number of cations, peptides, and proteins that interact electrostatically
and/or sequence-specifically with the DNA. The resulting protein—-DNA complex is the form of DNA
that traffics through the cell. Although the exact nature of the protein complement that binds to the
DNA to mediate interactions with the microtubule motors to facilitate movement is unknown, several
recent studies have used a proteomics approach to begin to address this question [54, 55]. Taking an
in vitro approach to identify proteins in cytoplasmic extract, which bind to plasmids that traffic and
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enter the nuclei of either all cells or specific cell types, a number of proteins have been identified.
These include a number of proteins that bind directly, but nonspecifically, to DNA as well as a
number of general and cell-specific transcription factors that recognize unique sequences within the
plasmids. While both studies focused on the ability of these plasmids to enter the nuclei of nondi-
viding cells, all DNA that enters the nucleus must also be able to move through the cytoplasm, so it
is likely that many of the proteins identified may also play a role in cytoplasmic trafficking as well
as nuclear import. Since many proteins that bind DNA are nuclear proteins, when they bind to the
DNA, the DNA becomes partially coated with nuclear localization signals (NLSs), the small amino
acid postal code that directs proteins to the nucleus. Both studies found the small GTPase RAN and
several importin 3 family members that bind to the DNA, supporting previous studies showing that
these proteins are necessary for nuclear import of plasmids [56]. Further, coprecipitation assays of
cells that had been electroporated with these plasmids demonstrated that both proteins formed
complexes in transfected cells following electroporation. RNA interference-mediated reduction of
these proteins confirmed that importin § was indeed needed for cytoplasmic movement and nuclear
import in living cells. Taken together with several studies demonstrating that importin 3 can bind to
NLSs on proteins destined for the nucleus and at the same time bind to dynein for movement along
microtubules [52, 57-59], these findings support the model for trafficking of plasmids (Fig. 13.4).
Additionally, the speed with which plasmids move to the nucleus has not been directly measured,
but in static cells, once DNA is free in the cytoplasm, nuclear DNA can be detected within 1 h in many
cell types [60, 61]. Further, in cells electroporated with plasmid, gene expression can be detected
within several hours [61], suggesting that movement can be relatively rapid, although much slower
than the millisecond timescale needed for transport across the plasma membrane. The rates of plasmid
movement through the cytoplasm also can be increased by manipulation of the microtubule network.
In initial studies designed to look at how stretching the basement membrane of lung epithelial cells in
a cyclic manner to represent tidal breathing in the lung affected the intracellular trafficking of plasmids,
it was found that cyclic stretch increased microtubule acetylation and that cells with elevated levels

Fig. 13.4 Intracellular trafficking of plasmids. Following electropermeabilization of the plasma membrane and
translocation through the cortical actin layer, plasmids associate with a number of DNA-binding proteins present in the
cytoplasm to form DNA-protein complexes. At least some of the NLSs present on these DNA-binding proteins are
accessible to the importin machinery and are bound by importin 3 or transportin, which then interacts with the micro-
tubule motor protein dynein to move the DNA through the cytoplasm toward the nucleus. The motor—cargo complex
then falls apart, allowing the DNA to enter the nucleus in a DNA-sequence- and importin-dependent process
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of acetylated microtubules showed greater and more rapid gene expression following transfection
[62, 63]. This effect was mediated through the major tubulin deacetylase, HDACG6, whose activity was
inhibited by cyclic stretch. When the level of acetylated microtubules increased by the application of
cyclic stretch, drug inhibition of HDAC6, or siRNA-mediated silencing of HDACG6, plasmids
trafficked along microtubules to the nucleus much faster than in untreated cells, resulting in up to an
almost 30-fold increase in transfection efficiency by 24 h postelectroporation [61].

Nuclear Import

Plasmid movement through the cytoplasm toward the nuclear envelope does not guarantee that
the plasmid will be translocated across the nuclear envelope into the nucleus for gene expression.
Indeed, it has been shown that in the absence of cell division, nuclear import of plasmid DNA is a
sequence-specific process that requires binding of specific transcription factors and other proteins
to the DNA in order for nuclear translocation to occur. In most laboratory transfections, actively
dividing cells are used. Since one of the hallmarks of mitosis is nuclear envelope breakdown, any
DNA that has entered the cytoplasm prior to mitosis would gain access to the nuclear compartment
once cells enter the M phase. Indeed, it has been repeatedly shown that nonviral transfections, and
transductions by numerous viruses, are cell cycle dependent [64—68]. Although it has been shown
that mitosis-associated nuclear envelope breakdown greatly enhances nuclear localization of
plasmids and transfection efficiency, it is not required.

Numerous groups have demonstrated that plasmids can enter the nuclei through nuclear pore
complexes (NPCs) in the absence of cell division, although the efficiency of such transfection is
usually much lower than in dividing cells [69—71]. Moreover, certain DNA sequences can increase
this nuclear targeting of plasmids prior to mitosis. This nuclear import of plasmid DNA through the
NPCs is a sequence-specific process, mediated by specific eukaryotic sequence elements [69].
When delivered side-by-side, plasmids containing as little as 72 bp of the SV40 enhancer target the
nucleus of most cells within several hours, whereas an isogenic plasmid lacking this 72 bp sequence
remains cytoplasmic until cell division (or indefinitely if the cell is nondividing) [69, 72]. This
sequence, termed the SV40 DNA nuclear targeting sequence (DTS), has been shown to mediate
plasmid nuclear import in all primary cells and cell lines tested, as well as in tissues of living
animals [69, 71-77]. Apart from this SV40 sequence, several other DTSs have been identified and
shown to mediate plasmid nuclear import in either all or specific cell types [71, 78-80]. For
example, Reich and colleagues have shown that plasmids containing multiple NF-kB binding sites
had increased levels of gene transfer compared to identical plasmids lacking NF-kB binding sites,
due to more efficient transfer across the nuclear envelope [52, 81]. Further, several DTSs have been
shown to act only in specific cell types due to the fact that they bind to transcription factors
expressed only in those cells. Two such sequences are the smooth-muscle-cell-specific SMGA DTS,
whose activity is dependent on the smooth-muscle-specific transcription factors SRF and Nkx3.1
[71, 76, 78, 79], and the alveolar epithelial type II cell-specific SPC DTS, whose activity requires
several transcription factors expressed together in alveolar epithelial type II cells [80]. In all cases,
inclusion of the DTS on a plasmid greatly increases nuclear import and gene expression in cells.

The defining feature of the DTS is that it contains binding sites for a number of transcription
factors. Because transcription factors act in the nucleus, they contain NLSs that target them to
the nucleus through interactions with receptor proteins. Although transcription factors function in the
nucleus, they spend a fair amount of time in the cytoplasm, either after their translation or as part
of their normal regulation (many factors, such as NF-kB, are sequestered in the cytoplasm as a way
of controlling their access to genes in the nucleus). When plasmids carrying a DTS are delivered
into the cytoplasm by any method, some of these transcription factors can bind to the DTS, thereby
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coating a region of the plasmid with NLSs, at least some of which are oriented away from the
DNA itself. These DNA-bound NLSs can be recognized by importin 3 or transportin and trans-
ported into the nucleus through the NPC [54, 56, 69, 70, 82, §83].

Although the function of the DTS is mediated by binding of NLS-containing transcription
factors, it would seem that any eukaryotic regulatory sequence could function similarly for DNA
nuclear import. Surprisingly, this is not the case and although half a dozen or so DNA nuclear
targeting sequences have been identified, most promoters and enhancers, including the CMV
immediate-early promoter/enhancer, the Herpes TK promoter, and the RSV LTR, have no import
activity [72]. The likely explanation for this is that the transcription factors bound to these other
promoters may not present their NLSs in an orientation that is accessible to the importins, as
demonstrated by studies with GAL4 DNA-importin binding [84]. Further, while the dependence on
the DTS for plasmid nuclear import appears almost absolute in cultured cells, a number of studies
have shown that in many tissues, especially skeletal muscle, robust gene transfer and expression can
be obtained using plasmids lacking any nuclear import sequence. It is likely that when the cyto-
plasm becomes filled with large concentrations of plasmids, at least some of the plasmids can
randomly make their way to the nuclear envelope and be imported into the nucleus independent of
any DTS. Indeed, when linear DNA is brought close enough to the nuclear envelope using laser
tweezers, it is pulled in [85]. Further, it has been shown that when DTS-lacking plasmids are delivered
to the cytoplasm of a mouse myotube in vivo, no gene expression is observed until 1,000,000
plasmids are injected, suggesting that mass action could account for the nuclear localization [86].

Conclusion

All in all, in addition to its potential use in gene therapy, gene electrotransfer is, because of its
simplicity, a powerful laboratory tool to study gene expression and function in a given cell or a
tissue. The processes by which molecules translocate across the electropermeabilized membrane
are dependent on the size of the molecules. Small molecules can freely cross the permeabilized cell
membrane, but plasmid DNA transfer involves complex steps including interaction with the per-
meabilized membrane. New directions of research are needed to characterize membrane competent
sites involved in gene electrotransfer in terms of composition, structure, and dynamics. If the effects
of the electric field parameters are about to be elucidated (electric pulse strength higher than a
threshold value, millisecond pulse duration for efficient gene expression), the associated membrane
destabilization, which is a stress for the cells and may affect the cell viability, has still to be clearly
described. Moreover, it becomes evident that extracellular barriers (e.g., extracellular matrix and
exogenous nucleases) and intracellular barriers (e.g., cytoplasm crowding, endogenous nucleases,
nuclear envelope) compromise the transfection efficiency. Furthermore, studies will also be neces-
sary to understand the cascade of events triggered by electropermeabilization at the tissue level
where new constraints coming from tissue organization are present, such as the inhomogeneity of
the electric field strength and the intracellular distribution of plasmid DNA [38, 87].

Acknowledgments Many thanks for the financial support from the CNRS, the Association Francaise sur les
Myopathies, the Région Midi-Pyrénées, and NIH.

References

1. Wolff JA, Budker V. The mechanism of naked DNA uptake and expression. Adv Genet. 2005;54:3-20.

2. Wolft JA et al. Direct gene transfer into mouse muscle in vivo. Science. 1990;247:1465-8.

3. Couzin J, Kaiser J. Gene therapy. As Gelsinger case ends, gene therapy suffers another blow. Science.
2005;307(5712):1028.



4.

11.

12.

13.

14.

15.

16.
17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Electrotransfer of Plasmid DNA 155

Hacein-Bey-Abina S et al. LMO2-associated clonal T cell proliferation in two patients after gene therapy for
SCID-X1. Science. 2003;302(5644):415-19.

. Hacein-Bey-Abina S et al. Sustained correction of X-linked severe combined immunodeficiency by ex vivo

gene therapy. N Engl J Med. 2002;346(16):1185-93.

. Wells DJ. Gene therapy progress and prospects: electroporation and other physical methods. Gene Ther.

2004;11(18):1363-9.

. Bower DM, Prather KL. Engineering of bacterial strains and vectors for the production of plasmid DNA. Appl

Microbiol Biotechnol. 2009;82(5):805-13.

. Neumann E, Sowers AE, Jordan CA. Electroporation and electrofusion in cell biology. New York: Plenum; 1989.
. Weaver JC. Electroporation theory. Concepts and mechanisms. Methods Mol Biol. 1995;55:3-28.
. Teissie J, Golzio M, Rols MP. Mechanisms of cell membrane electropermeabilization: a minireview of our

present (lack of?) knowledge. Biochim Biophys Acta. 2005;1724(3):270-80.

Escoffre JM et al. Membrane perturbation by an external electric field: a mechanism to permit molecular uptake.
Eur Biophys J. 2007;36(8):973-83.

Aihara H, Miyazaki J. Gene transfer into muscle by electroporation in vivo. Nat Biotechnol.
1998;16(9):867-70.

Mir LM et al. High-efficiency gene transfer into skeletal muscle mediated by electric pulses. Proc Natl Acad Sci
USA. 1999;96:4262-7.

Titomirov AV, Sukharev S, Kistanova E. In vivo electroporation and stable transformation of skin cells of
newborn mice by plasmid DNA. Biochim Biophys Acta. 1991;1088(1):131-4.

Vandermeulen G et al. Optimisation of intradermal DNA electrotransfer for immunisation. J Control Release.
2007;124(1-2):81-7.

Heller R et al. In vivo gene elctroinjection and expression in rat liver. FEBS Lett. 1996;389:225-8.

Dean DA et al. Electroporation as a method for high-level non-viral gene transfer to the lung. Gene Ther.
2003;10(18):1608-15.

Zhou R et al. Electroporation-mediated transfer of plasmids to the lung results in reduced TLRY signaling and
inflammation. Gene Ther. 2007;14(9):775-80.

. Isaka Y et al. Electroporation-mediated HGF gene transfection protected the kidney against graft injury. Gene

Ther. 2005;12(10):815-20.

Blair-Parks K, Weston BC, Dean DA. Gene delivery to the cornea by plasmid injection and electroporation.
J Gene Med. 2002;4:92—-100.

Bloquel C et al. Plasmid electrotransfer of eye ciliary muscle: principles and therapeutic efficacy using hTNF-
alpha soluble receptor in uveitis. FASEB J. 2006;20(2):389-91.

Judkewitz B et al. Targeted single-cell electroporation of mammalian neurons in vivo. Nat Protoc.
2009;4(6):862-9.

Khoury M et al. A comparative study on intra-articular versus systemic gene electrotransfer in experimental
arthritis. J Gene Med. 2006;8(8):1027-36.

Rols MP et al. In vivo electrically mediated protein and gene transfer in murine melanoma. Nat Biotechnol.
1998;16(2):168-71.

Cemazar M et al. Control by pulse parameters of DNA electrotransfer into solid tumors in mice. Gene Ther.
2009;16(5):635-44.

Bloquel C et al. Plasmid DNA electrotransfer for intracellular and secreted proteins expression: new method-
ological developments and applications. J Gene Med. 2004;6 Suppl 1:S11-23.

Hirao LA et al. Combined effects of IL-12 and electroporation enhances the potency of DNA vaccination in
macaques. Vaccine. 2008;26(25):3112-20.

Rice J, Ottensmeier CH, Stevenson FK. DNA vaccines: precision tools for activating effective immunity against
cancer. Nat Rev Cancer. 2008;8(2):108-20.

Gehl J. Electroporation for drug and gene delivery in the clinic: doctors go electric. Methods Mol Biol.
2008;423:351-9.

Daud Al et al. Phase I trial of interleukin-12 plasmid electroporation in patients with metastatic melanoma. J Clin
Oncol. 2008;26(36):5896-903.

Escoffre JM et al. What is (still not) known of the mechanism by which electroporation mediates gene transfer
and expression in cells and tissues. Mol Biotechnol. 2009;41(3):286-95.

Bernhardt J, Pauly H. On the generation of potential differences across the membranes of ellipsoidal cells in an
alternating electrical field. Biophysik. 1973;10(3):89-98.

Kotnik T et al. Evaluation of cell membrane electropermeabilization by means of a nonpermeant cytotoxic agent.
Biotechniques. 2000;28(5):921-6.

Hibino M, Itoh H, Kinosita Jr K. Time courses of cell electroporation as revealed by submicrosecond imaging of
transmembrane potential. Biophys J. 1993;64(6):1789-800.

Kotnik T, Miklavcic D. Analytical description of transmembrane voltage induced by electric fields on spheroidal
cells. Biophys J. 2000;79(2):670-9.



156

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

J.-M. Escoffre et al.

Teissie J, Rols MP. An experimental evaluation of the critical potential difference inducing cell membrane
electropermeabilization. Biophys J. 1993;65(1):409-13.

Rols MP, Teissie J. Electropermeabilization of mammalian cells. Quantitative analysis of the phenomenon.
Biophys J. 1990;58(5):1089-98.

Bureau MF et al. Intramuscular plasmid DNA electrotransfer: biodistribution and degradation. Biochim Biophys
Acta. 2004;1676(2):138-48.

Rols MP, Teissie J. Electropermeabilization of mammalian cells to macromolecules: control by pulse duration.
Biophys J. 1998;75(3):1415-23.

Kubiniec RT, Liang H, Hui SW. Effects of pulse length and pulse strength on transfection by electroporation.
Biotechniques. 1990;8(1):16-20.

Neumann E et al. Gene transfer into mouse lyoma cells by electroporation in high electric fields. EMBO
J. 1982;1(7):841-5.

Rols MP, Coulet D, Teissie J. Highly efficient transfection of mammalian cells by electric field pulses. Application
to large volumes of cell culture by using a flow system. Eur J Biochem. 1992;206(1):115-21.

Klenchin VA et al. Electrically induced DNA uptake by cells is a fast process involving DNA electrophoresis.
Biophys J. 1991;60(4):804—11.

Faurie C et al. Effect of electric field vectoriality on electrically mediated gene delivery in mammalian cells.
Biochim Biophys Acta. 2004;1665(1-2):92-100.

Golzio M, Teissie J, Rols MP. Direct visualization at the single-cell level of electrically mediated gene delivery.
Proc Natl Acad Sci USA. 2002;99(3):1292-7.

Schoenbach KH, Beebe SJ, Buescher ES. Intracellular effect of ultrashort electrical pulses. Bioelectromagnetics.
2001;22(6):440-8.

Beebe SJ et al. Diverse effects of nanosecond pulsed electric fields on cells and tissues. DNA Cell Biol.
2003;22(12):785-96.

Gruenheid S, Finlay BB. Microbial pathogenesis and cytoskeletal function. Nature. 2003;422(6933):775-81.
Marsh M, Bron R. SFV infection in CHO cells: cell-type specific restrictions to productive virus entry at the cell
surface. J Cell Sci. 1997;110(Pt 1):95-103.

Lukacs GL et al. Size-dependent DNA mobility in cytoplasm and nucleus. J Biol Chem. 2000;275(3):1625-9.
Dauty E, Verkman AS. Actin cytoskeleton as the principal determinant of size-dependent DNA mobility in
cytoplasm: a new barrier for non-viral gene delivery. J Biol Chem. 2005;280(9):7823-8.

Mesika A et al. Enhanced intracellular mobility and nuclear accumulation of DNA plasmids associated with a
karyophilic protein. Hum Gene Ther. 2005;16(2):200-8.

Vaughan EE, Dean DA. Intracellular trafficking of plasmids during transfection is mediated by microtubules. Mol
Ther. 2006;13(2):422-8.

Miller AM et al. Identification of protein cofactors necessary for sequence-specific plasmid DNA nuclear import.
Mol Ther. 2009;17:1897-903.

Munkonge FM et al. Identification and functional characterisation of cytoplasmic determinants of plasmid DNA
nuclear import. J Biol Chem. 2009;284:26978-87.

Wilson GL et al. Nuclear import of plasmid DNA in digitonin-permeabilized cells requires both cytoplasmic
factors and specific DNA sequences. J Biol Chem. 1999;274:22025-32.

Roth DM et al. A microtubule-facilitated nuclear import pathway for cancer regulatory proteins. Traffic.
2007;8(6):673-86.

Salman H et al. Nuclear localization signal peptides induce molecular delivery along microtubules. Biophys
J. 2005;89(3):2134-45.

Perlson E et al. Vimentin-dependent spatial translocation of an activated MAP kinase in injured nerve. Neuron.
2005;45(5):715-26.

Dean DA. Improving gene delivery and expression of GFP by cyclic stretch. In: Spector DL, Goldman RD, editors.
Live cell imaging: a laboratory manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press; 2004.
p. 51-66.

Vaughan EE et al. Microtubule acetylation through HDACS6 inhibition results in increased transfection efficiency.
Mol Ther. 2008;16(11):1841-7.

Geiger RC et al. Cyclic stretch-induced reorganization of the cytoskeleton and its role in enhanced gene transfer.
Gene Ther. 2006;13(8):725-31.

Taylor W et al. Effects of cyclic stretch on gene transfer in alveolar epithelial cells. Mol Ther. 2003;7(4):542-9.
Fasbender A et al. A low rate of cell proliferation and reduced DNA uptake limit cationic lipid-mediated gene
transfer to primary cultures of ciliated human airway epithelia. Gene Ther. 1997;4:1173-80.

Brunner S et al. Cell cycle dependence of gene transfer by lipoplex, polyplex and recombinant adenovirus. Gene
Ther. 2000;7:401-7.

Brunner S et al. Overcoming the nuclear barrier: cell cycle independent nonviral gene transfer with linear poly-
ethylenimine or electroporation. Mol Ther. 2002;5(1):80-6.



67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Electrotransfer of Plasmid DNA 157

Escriou V et al. Critical assessment of the nuclear import of plasmid during cationic lipid-mediated gene transfer.
J Gene Med. 2001;3(2):179-87.

Tseng WC, Haselton FR, Giorgio TD. Mitosis enhances transgene expression of plasmid delivered by cationic
liposomes. Biochim Biophys Acta. 1999;1445(1):53-64.

Dean DA. Import of plasmid DNA into the nucleus is sequence specific. Exp Cell Res. 1997;230:293-302.
Dowty ME et al. Plasmid DNA entry into postmitotic nuclei of primary rat myotubes. Proc Natl Acad Sci USA.
1995;92:4572-6.

Vacik J et al. Cell-specific nuclear import of plasmid DNA. Gene Ther. 1999;6:1006—14.

Dean DA et al. Sequence requirements for plasmid nuclear entry. Exp Cell Res. 1999;253:713-22.

Blomberg P et al. Electroporation in combination with a plasmid vector containing SV40 enhancer elements
results in increased and persistent gene expression in mouse muscle. Biochem Biophys Res Commun.
2002;298(4):505-10.

Li S et al. Muscle-specific enhancement of gene expression by incorporation of the SV40 enhancer in the expression
plasmid. Gene Ther. 2001;8:494-7.

Young JL, Benoit JN, Dean DA. Effect of a DNA nuclear targeting sequence on gene transfer and expression of
plasmids in the intact vasculature. Gene Ther. 2003;10(17):1465-70.

Young JL, Zimmer WE, Dean DA. Smooth muscle-specific gene delivery in the vasculature based on restriction
of DNA nuclear import. Exp Biol Med. 2008;233(7):840-8.

Zhou R, Dean DA. Gene transfer of interleukin 10 to the murine cornea using electroporation. Exp Biol Med
(Maywood). 2007;232(3):362-9.

Miller AM, Dean DA. Cell-specific nuclear import of plasmid DNA in smooth muscle requires tissue-specific
transcription factors and DNA sequences. Gene Ther. 2008;15(15):1107-15.

Miller AM, Dean DA. Tissue-specific and transcription factor-mediated nuclear entry of DNA. Adv Drug Deliv
Rev. 2009;61(7-8):603-13.

DeGiulio JV, Kaufman CD, Dean DA. Alveolar epithelial cell-specific plasmid nuclear import. Gene Ther.
2010;17(4):541-9.

Mesika A et al. A regulated NFkappaB-assisted import of plasmid DNA into mammalian cell nuclei. Mol Ther.
2001;3(5 Pt 1):653-7.

Sebestyén MG et al. DNA vector chemistry: the covalent attachment of signal peptides to plasmid DNA. Nat
Biotechnol. 1998;16:80-5.

Lachish-Zalait A et al. Transportin mediates nuclear entry of DNA in vertebrate systems. Traffic.
2009;10(10):1414-28.

Chan CK et al. Mutual exclusivity of DNA binding and nuclear localization signal recognition by the yeast
transcription factor GAL4: implications for nonviral DNA delivery. Gene Ther. 1998;5(9):1204-12.

Salman H et al. Kinetics and mechanism of DNA uptake into the cell nucleus. Proc Natl Acad Sci USA.
2001;98:7247-52.

Utvik JK, Nja A, Gundersen K. DNA injection into single cells of intact mice. Hum Gene Ther.
1999;10(2):291-300.

Wasungu L et al. A 3D in vitro spheroid model as a way to study the mechanisms of electroporation. Int J Pharm.
2009;379(2):278-84.






Chapter 14
Gene Electrotransfer to Tumor

Loree C. Heller and Richard Heller

Abstract In vivo electroporation is a versatile delivery method for gene transfer which can be
applied to any accessible tissue. Delivery of plasmid DNA encoding therapeutic genes or cDNAs
with in vivo electroporation has been tested extensively in preclinical cancer models. For cancer
therapy, direct delivery to the tumor may be used to generate a direct antitumor effect or delivery to
other sites may be performed to produce cancer vaccines. Many of the preclinical therapies tested
have demonstrated therapeutic efficacy against several tumor types. Some of these therapies have
advanced to cancer clinical trials. This chapter discusses both preclinically tested therapies with
clinical potential and current cancer human trials.

Keywords Electroporation « Cancer gene therapy e Clinical trials

Introduction

Successful gene therapy is dependent on effective delivery of the desired gene or cDNA to the
appropriate tissue, attaining the desired level of expression and, most importantly, the desired clini-
cal response. The design of a therapy must take into account the advantages and disadvantages of
the specific gene transfer technique being used. Different techniques may be optimal in different
therapeutic situations. Viral delivery is the chief delivery method for long-term gene expression
such as in gene replacement. However, short-term expression may be optimal when dealing with
potentially toxic proteins such as cytokines. While both delivery methods have uses in gene ther-
apy, depending on the location, level, and expression time course necessary for the therapeutic
transgene, plasmid DNA-based gene transfer is an attractive approach because it removes the need
for a biological vector. It has inherent advantages such as improved safety, reduced immunogenic-
ity, reduced potential for integration into the genome, and reduced potential for environmental
spread. However, plasmid DNA-based gene delivery is handicapped by the lack of efficient deliv-
ery across cell membranes and low levels of expression in many tissues, even when used with
nonviral packaging [1-3]. Several physical methods of enhancing delivered DNA expression have
been tested including lipid or polymer conjugation, particle-mediated delivery, hydrodynamic
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delivery, ultrasound, and electroporation [4—6]. In vivo electroporation was initially evaluated as a
means to effectively deliver chemotherapeutic agents to tumors in animals and in humans. Clinical
trials have been performed to test this therapy on multiple tumor types including melanoma,
squamous cell carcinoma, and basal cell carcinoma [7, 8]. The discovery that electroporation could
be used effectively in vivo to deliver chemotherapeutics combined with the demonstration that
electroporation could deliver plasmid DNA to cells in vitro provided the basis for utilizing elec-
troporation to deliver plasmid DNA in vivo. The first observations of this concept were in skin,
liver, and orthotopic brain tumors [9-11]. Since then, this technique has been applied to many
other tissues and animal models including skin, kidney, liver, testes, brain, cartilage, arteries, pros-
tate, cornea, skeletal muscle, and many tumor types in rodents, guinea pigs, dogs, rabbits, and
nonhuman primates [12, 13]. This chapter will focus on delivery of plasmid DNA to tumors.
Studies that have demonstrated potential therapeutic or prophylactic responses will be discussed.

Therapeutic Approaches to Cancer

Recent advances in cancer biology have resulted in an increase in potential therapeutic targets. With
these advances, gene therapy remains a promising approach to fix aberrantly overexpressed,
mutated, or inactivated genes. However, because there are still issues with effective delivery of
genes to specific target tissues for obtaining consistent expression, gene therapy has not reached this
potential. Nevertheless, therapeutic approaches have been tested with many potential candidate
genes including tumor suppressor genes, inhibitors of critical oncogenic pathways, tumor antigens,
and secreted proteins that can inhibit the growth of cancer cells. In addition, immunotherapy has
been utilized by many investigators as a potential therapeutic approach for cancer. Stimulation of
both adaptive and innate immunity is accomplished through an intricate cascade of docking mole-
cules and cytokines and may need to be selectively and precisely targeted to be effective. Since
tumor necrosis and apoptosis releases tumor antigens, it has been hypothesized that concurrent
expression of the appropriate cytokine or chemokines in tumor tissue can trigger a more vibrant
immune response.

Preclinical Studies

The focus of this chapter will be on studies utilizing electroporation-mediated delivery of plasmid
DNA that have demonstrated therapeutic potential. The first demonstration of tumor regression
utilizing electroporation was after delivery of a plasmid DNA encoding dominant negative Stat 3 as
a means of interference with several tumor-signaling pathways [14] in a mouse melanoma model
[15]. The HIV protein VPR [16] was also used in the same model to induce tumor regression.
Delivery of antisense oligonucleotides to polo-like kinase 1 was shown to induce tumor regression
in several tumor types implanted subcutaneously in nude mice [17]. In a rat mammary adenocarci-
noma model, intratumoral delivery of an MHC gene-liposome complex with electroporation
enhanced tumor antigenicity and resulted in complete tumor regression [18].

Similarly, immunotherapy approaches have been extensively studied in a variety of tumor mod-
els [12, 19]. Intratumoral delivery of IL-12 in a mouse melanoma model resulted in long-term
complete regression and resistance to the formation of new tumors [20, 21]. In those studies, this
approach was used to block lung colonization as well as induce regression of an untreated cutane-
ous tumor. IFNa has induced long-term tumor regression as a single therapy for melanoma [22]
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or squamous cell carcinoma [23], although side effects such as cachexia may be produced.
Delivery of IL-21 in mouse rectal carcinomas [24] or IL-15 in melanomas [25] has induced long-
term tumor regression. Combinations of immune modulators have also been evaluated. Complete
regression in a subcutaneous mouse fibrosarcoma model was obtained following the intratumoral
delivery of plasmids encoding GM-CSF and B7.1 [26]. Intratumoral delivery of IL-12 and B7.1
eradicated 80% of tumors in mice bearing TRAMP or squamous cell carcinoma tumors [27].

Moreover, delivery of plasmids encoding immune modulators has been tested in combination with
electroporation-mediated delivery of chemotherapeutics (electrochemotherapy). Plasmids encoding
IL-2 or GM-CSF were originally combined with electrochemotherapy to induce long-term complete
regression in a mouse melanoma model [28]. Electrochemotherapy with bleomycin has also been
combined with plasmids encoding IL-12. Tumor eradication was demonstrated in mouse melanomas
[29] and squamous cell carcinomas and mammary tumors [30] when the IL-12 plasmid was delivered
with electroporation. In another study, electrochemotherapy was combined with the electroporation-
mediated delivery of a plasmid encoding p53 delivery to induce tumor regression in a mouse sarcoma
model [31]. When combining electrochemotherapy and plasmid DNA delivery, it is important to
evaluate the timing of when each component of the combination is delivered, particularly if both
agents are being delivered to the same site. The chemotherapeutic agent will kill the majority of the
cells at the site which could lead to a decrease or elimination of expression of the delivered gene.
Additionally, electrochemotherapy has also been combined with another immune modulator, CpG
oligodeoxynucleotides, inducing regression in both treated and distant untreated mouse fibrosarco-
mas and ovalbumin antigen-modified melanomas [32]. Complete tumor regression in a pancreatic
model was observed utilizing the combination of delivery of a plasmid encoding herpes simplex virus
thymidine kinase and gancyclovir injection [33]. This combination was also used together with a
plasmid encoding IL-12 to induce regression in a colon carcinoma model [34].

Electroporation has been used to deliver many different genes with therapeutic potential and has
been tested in several animal cancer models. A number of studies have reported the efficacy of these
approaches and illustrated the potential for human trials. These studies have included both single
and combination therapies. Immunotherapy has been the predominant approach utilized for cancer
therapy and has primarily used tumor or muscle as the target tissue. These preclinical investigations
are fair models for the protocols already being tested in the clinic. While there are many more stud-
ies being conducted to test this delivery method for potential anticancer protocols, in this chapter,
only the potential therapies that have demonstrated a clear therapeutic response were included.

All in all, the results obtained in these preclinical studies clearly demonstrated the efficacy of
utilizing electroporation for gene delivery and its potential for clinical utility. Although clinical utility
may have been demonstrated in animal studies, the potential for toxicity must be evaluated prior to
the translation of this approach to the clinic where the specific gene is to be delivered and the target
tissue must be considered. Furthermore, multiple time points should be evaluated after delivery of
relevant doses or treatments and should include hematological and histological data [35]. Additional
studies may be required to determine the distribution and persistence of the plasmid within the animal
following therapy. If the preclinical studies demonstrate effectiveness and safety, the protocol can be
submitted to the appropriate regulatory agencies for approval to initiate the clinical trial.

Clinical Trials Using In Vivo Electroporation

The first clinical trial using gene therapy delivered by in vivo electroporation (www.clinicaltrials.
gov identifier NCT00323206) was performed in patients with metastatic melanoma [36]. This was
a Phase I trial for safety and tolerability following the electroporation-mediated delivery of a plas-
mid encoding human interleukin 12 (hIL-12). Treatment was administered directly into two to four
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surface tumors. After administration of lidocaine, six 100 ps pulses at a nominal field strength of
1,300 V/cm were applied with a 6-needle array using a Medpulser DNA EPT System Generator
(Inovio Biomedical Inc., San Diego, CA). These deliveries were performed three times over eight
days. Treatment was well tolerated and only Grade 1 and Grade 2 toxicity was reported and no labo-
ratory abnormality was noted following electroporation. Each patient reported transient pain and/or
discomfort at the site of electroporation, but all stated it was tolerable. Tumor necrosis was observed
in most electroporated lesions by day 11 and IL-12 expression was detected at all electroporation
sites including at the lowest dose tested (0.1 mg/mL). In addition to the localized response, two
patients of the 19 patients with untreated lesions had a complete response in distant nontreated
metastases. A third patient who received chemotherapy with DTIC following the IL-12 gene ther-
apy also had a complete response in distant nontreated metastases. These responses have persisted
to date (>2 years in all cases). Seven patients had stable disease where tumor progression was
halted, but no shrinkage of existing tumors was seen. No new lesions at any site appeared in the
complete responders or those with stable disease.

In another trial, intramuscular delivery with electroporation of a DNA vaccine was evaluated.
The long-term goal of this delivery was to prevent tumor recurrence rather than a direct intratumor
cancer therapy [37]. The plasmid used in this study encoded a tetanus toxin domain fused to pros-
tate-specific membrane antigen (PSMA). The plasmid was delivered to patients with recurrent
prostate cancer. The apparatus used included a two-needle array which facilitated both injection and
administration of pulses.

Following injection, a train of five 20 ms pulses at 8.3 Hz was delivered with a maximum current
of 250 mA using an Elgen Twinjector device (Inovio Biomedical Inc., San Diego, CA). Five deliver-
ies were administered to patients over a 48-week period. Brief pain was observed at the delivery
site. Antibody responses to the tetanus toxin persisted up to 18 months. However, data on anti-
PSMA antibodies and possible clinical efficacy have not yet been published.

As of early 2010, four additional active and/or recruiting cancer gene therapy clinical trials are
registered in the www.clinicaltrials.gov database when “electroporation” or “electropermeabiliza-
tion” is used as a search term. The cancer trials include direct tumor delivery of a plasmid encoding
IL-2 (identifier NCT00223899) as well as delivery of DNA vaccines encoding rhesus prostate-
specific antigen (NCT00859729), a xenogeneic tyrosinase (NCT00471133), or human telomerase
reverse transcriptase (NCT00753415) for several solid tumors. These trials have been extensively
reviewed elsewhere [19].

Conclusion

Electroporation-mediated delivery of plasmid DNA has seen a great deal of growth during the past
5 years [12, 13, 38]. Published studies have documented it as an important tool for performing effec-
tive gene transfer studies. The growth is directly related to the versatility inherent in this delivery
system as it can be used to deliver plasmid DNA to a variety of tissue types and expression can be
controlled through variation of electroporation parameters. Successful translation of clinical proto-
cols utilizing electroporation is dependent on understanding the type of expression that is needed
for the specific therapeutic application being investigated. Careful selection of tissue target and
delivery parameters including electrical conditions allows an investigator to obtain the type of trans-
gene expression necessary for a particular therapeutic application. The increased use of electropora-
tion as a tool for gene therapy for cancer will be dependent on the results from clinical studies.
Several clinical trials utilizing electroporation to deliver plasmid DNA have been initiated over the
past several years, and when the results from these studies are released, additional trials will com-
mence. The published results from these two trials are very encouraging and indicate that the results
observed in the preclinical studies may translate well to clinical applications.


http://www.clinicaltrials.gov
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Chapter 15
Gene Electrotransfer to Lung

David A. Dean

Abstract Electroporation has proven to be a highly effective technique for the in vivo delivery
of genes to a number of solid tissues. In most of the reported methods, DNA is injected into the
target tissue and electrodes are placed directly on or in the tissue for application of the electric
field. While this works well for solid tissues, the lung requires a different approach. We and
others have developed safe, simple, and highly effective methods for DNA delivery to the lungs
using electroporation. These methods have been used in both small and large animal models to
transfer both reporter genes and therapeutic ones and have resulted in effective treatments for
several pulmonary diseases in these models. The current chapter will discuss these methods and
their applications.

Keywords Electroporation * Nonviral gene therapy ¢ Plasmid ¢ Lungs

Introduction

The lung is an attractive target for gene therapy. Multiple genetic, acquired, and infectious
diseases are manifested in the lung and it is quite amenable to different delivery strategies [1].
Because of this, multiple techniques for gene delivery to the lung have been developed, includ-
ing the use of adenoviruses, adeno-associated viruses, lipoplex, and polyethyleneimine [1, 2].
Further, vector administration has been achieved either by tracheal delivery to target the pul-
monary epithelium or by vascular delivery to target the pulmonary endothelium. However, all
of these approaches have limitations, including inefficiency of gene transfer, immunological
responses, inflammation, nonspecificity of cell targeting, and low levels of gene expression.
Based on the successful application of electroporation to multiple tissues in vivo, we and others
have developed electroporation methods to transfer genes to the lung, both ex vivo and
in vivo.
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Ex Vivo Gene Transfer

Several groups have demonstrated effective gene delivery to excised rodent lungs using electric
fields [3, 4]. These types of experiments using excised organs usually serve as exploratory studies
to determine whether the technique can be applied to a given organ. However, they also may have
clinical utility for organ transplantation. In one report, DNA was added to the lungs after removal
from the animals, and in the other, DNA was administered intranasally prior to lung removal and
subsequent electroporation. In the first case, immediately following removal of mouse or rat lungs
en bloc, a solution of luciferase-expressing plasmid DNA or 10 mM Tris, pH 8, 1 mM EDTA, and
140 mM NaCl was administered into the bronchi of the lungs. For mice, 200 pL. were delivered, and
for rats, 500 pL. were used. Flat, 0.7 cm diameter electrodes were placed on either side of each lobe
and an electric field of 200 V/cm was applied in a series of 8 pulses of 10 ms duration, each using
a BTX Instruments ECM830 electroporator. The lungs were maintained in growth medium for 24
h in a humidified CO, incubator and luciferase expression was then measured. Experiments using
intranasal delivery were carried out in a similar manner, but 100 pL of plasmid in water were deliv-
ered to the lungs through the nose immediately prior to lung removal and electroporation. As in the
first case, flat plate electrodes were placed on either side of the lungs for field delivery. Several field
strengths were evaluated: 20, 200, and 800 V/cm; all using 8 pulses at 2, 20, or 200 ms each. In both
studies, application of a 200 V/cm electric field gave approximately 100-fold more gene expression
at 24 h compared to DNA alone. Further, the levels of expression were substantial: over 5 ng of gene
product per gram wet weight of lung were expressed in the mouse following delivery of 20 pg of
plasmid. Levels of expression in the rat lung were less efficient, requiring 0.5 mg of DNA to pro-
duce 1 ng of gene product per gram wet weight. One possible explanation for this difference is that
the volume of plasmid delivered to the mouse lung was much higher relative to the lung itself than
in the rat, and thus greater plasmid distribution could be achieved and result in transfer to a greater
number of cells.

Transthoracic Electroporation

Based on the success of the ex vivo gene transfer, we tested whether genes could be transferred to
the lung in living animals. While placement of electrodes directly on the surface of the lungs gen-
erated a high level of gene transfer and expression, we reasoned that this was too invasive an
approach to be used routinely in animals. Thus, plasmids were suspended in saline or 10 mM Tris,
pH 8 containing 1 mM EDTA, and 140 mM NaCl and delivered via the airways to the lungs of
mice and rats. As such, several delivery methods have been used successfully by our lab and oth-
ers. Also, injection of DNA into the trachea through cartilage rings following cutdown on the neck
is a very effective way to achieve good distribution of the DNA. However, this requires an incision
which can lead to infection and poor wound closure. Intubation of mice or rats using a small gauge
catheter can be relatively easy to accomplish with practice and this method has been used success-
fully to deliver DNA into the airways. A benefit of this approach is that no incision is made, thus
allowing faster recovery of the animals. Finally, aspiration has been used recently and results in a
very good distribution of DNA within the lungs. The major benefit of this approach is that it is very
fast and simple: animals are lightly anesthetized with isoflurane or halothane, held in a position
resembling a standing human, and the tongue of the animal is pulled out of the mouth with pair of
forceps. The DNA solution (50-100 pL for mice) is then delivered into the mouth using a pipettor
such that the tip pushes down on the tongue, immobilizing it such that the animals aspirate the
solution into the lungs. If a finger is placed over the nares, faster and more robust aspiration is
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achieved. After the solution has been aspirated, the animals are returned to a supine position and
allowed to recover. This method has been used extensively for allergen administration such as
ovalbumin-sensitization in mouse models of asthma. The major benefit is that it is also very fast,
results in good distribution of DNA into all lobes of the lung, and allows the use of inhaled anes-
thetics creating faster recovery and no depression of the respiratory drive.

Once DNA has been delivered to the lungs, the animals are allowed to regain a normal breathing
pattern (usually 15-30 s) and a series of electric pulses is applied to the chest. Flat electrodes are
placed on either side of the chest, usually under the armpits of the animals (Fig. 15.1b). We have
found that disposable, conformable, and pediatric pacemaker electrodes (Medtronics) work the best.
A series of square wave electric pulses is then applied across the chest, which causes the animal to
jump slightly. Following electroporation, the animals are placed on their side and allowed to
recover. The animals recover and survive with no apparent trauma until the experiments are termi-
nated at the desired times, typically between 1 and 21 days posttreatment.

We have had no mortality due to electroporation alone (n = 30 animals). However, we have
seen up to 15% mortality due to drugs, surgery, endotracheal tube placement, or fluid delivery
(n 2 400 mice and/or rats). The greatest mortality appears to be when the interval between fluid
delivery and electroporation is decreased to less than 15 s and seems to be related more to fluid
delivery than application of the electric field. To decrease this, we have lengthened the interval

Transthoracic Bronchoscope/Surface
Electroporation Electroporation

Fig. 15.1 Cartoon of electrode placement for pulmonary electroporation. For transthoracic electroporation (a), the
DNA solution is delivered to the airways via an endotracheal tube or by aspiration. Electrodes are placed on either
side of the chest, under the armpits, and immediately following DNA administration, the electric pulses are given.
For bronchoscope-mediated delivery and electroporation (b), a bronchoscope is inserted into the airways, positioned
in the desired lobe and location, and the DNA solution is delivered through the central channel. The port for the chan-
nel on the body of the bronchoscope is attached to the electroporator and a second surface electrode is placed on one
side of the chest (same side as delivered DNA) for pulse delivery
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between DNA delivery and application of the pulses to 30 s to allow the animals to distribute the
DNA evenly within the lungs and regain a normal breathing pattern. We have also found that brief
ventilation of the mice (less than 2 min) using room air immediately following electroporation
reduced this mortality to about 5%. This is one benefit from using an endotracheal tube for deliv-
ery of DNA: it can be used for ventilation. Other labs have noted similar increases in mortality.
Pringle and colleagues found up to 75% mortality using this approach [4]. Although anecdotal, in
reports from other labs that have used these methods, we find that there is a steep learning curve
with this technique in mice for the first 10-20 animals used and it is not uncommon for up to 75%
of the animals to die. This is likely due to user training and getting used to the delivery techniques.
However, after these initial attempts, mortality decreases substantially to the levels we have
reported [3, 5].

Gene expression following transthoracic electroporation is dose-dependent. In the mouse,
administration of 10 pg of a CMV promoter-driven, luciferase-expressing plasmid gives about 2 pg
of gene product per lung, whereas administration of 40 or 100 pg yields 20 pg and 2 ng per lung,
respectively, 2 days after electroporation [3]. Gene transfer and expression is also dependent on the
field strength. These levels are very high compared to those achieved by other nonviral methods,
including Polyethylenimine or DNA-liposome complexes [4, 6, 7]. In all of our experiments, we
have used trains of 8 pulses between 10 and 20 ms duration each, based on early studies in skeletal
muscle showing that this approach works well [8—10]. We have found very little, if any, gene expres-
sion in the lung when no electric field is applied following DNA delivery and seen optimal expres-
sion at 200 V/cm [3, 5]; very little expression was seen at 50 or 100 V/cm, and although expression
was detected at 400 V/cm, the level was lower than that at 200 V/cm. Further, at 400 V/cm, tissue
damage is observed in lungs and other tissues [3, 11, 12]. Other studies have seen detectable expres-
sion in the absence of electroporation, but have shown that the electric field can increase gene
expression about 50-fold over DNA alone [4]. Similar damage is seen at higher field strengths [4].
There is also a direct relationship between pulse length and expression, with maximal expression
being seen at 10-20 ms compared to 0.01 and 0.5 ms [5].

The duration of gene expression seen following electroporation-mediated delivery depends
entirely on the cells being transfected and the promoter being used to drive transgene expression.
Although the CMV promoter drives high-level, long-term expression in skeletal muscle [13], in the
lung, it is silenced within 5 days [3, 5]. By contrast, the Ubiquitin C (UbC) promoter can be used
in the lung following delivery by liposomes or electroporation and gives high-level gene expression
for up to 6 months [4, 14, 15]. We have also found that cell-specific promoters can also be used to
direct gene expression to specific cell types with success [16].

Perhaps the greatest advantage to pulmonary electroporation is that gene delivery and expres-
sion is seen throughout multiple cell layers in the lung (Fig. 15.2). While most gene expression is
seen in the airway and alveolar epithelial cells, a significant amount of expression is seen in
endothelial cells, vascular smooth muscle, and airway smooth muscle cells, all of which lie
beneath the epithelium [3-5]. This makes electroporation the only method that can be used to
deliver genes beyond the epithelium without damage to the epithelium itself. Further, the most
exciting application of this is the ability to transfer genes to airway smooth muscle cells, a primary
target for any gene therapy approach treating bronchoconstriction associated with asthma.
However, this ability to transfect all cell types and layers in the lung should not imply that all cells
in the lung receive transgenes. Rather, gene delivery and expression is controlled by two major
factors: distribution of the delivered DNA and distribution of the applied field. We have found that
if DNA is delivered only to one lobe of the lung and the field is applied across the entire lung, gene
expression is detected only in the lung receiving the DNA. This results in nonuniform distribution
of gene expression — some areas have a high percentage of transfected cells, while other areas show
sparse expression. Further research is required to optimize these parameters to obtain uniform
high-level delivery and expression.
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Fig. 15.2 Gene expression in the lung following electroporation. Plasmids expressing GFP (a) or LacZ (b, ¢) were
delivered to the lungs through an endotracheal tube. Animals received a series of eight 10 ms long pulses of 200 V/
cm each (a, ¢) or no electric pulses (b). Gene expression was visualized 2 days later directly using either fluorescence
microscopy (green; a) or immunohistochemistry for LacZ (blue; b, ¢). Sections were counterstained with DAPI to
visualize nuclei (blue; a) or with eosin (pink; b, c)

Invasive Thoracotomy-Mediated Electroporation

Several groups have also developed methods to transfer genes to the lungs using electroporation and
more invasive approaches to apply the electric field. For instance, Schmid and colleagues routinely
perform a thoracotomy to expose the lungs for electroporation. In some experiments, DNA in water
or saline is delivered intranasally to the lungs of anesthetized mice and the mice are intubated and
ventilated prior to thoracotomy and electroporation [4]. In other experiments, DNA is delivered to
the left lung using a catheter following thoracotomy [15, 17]. In both cases, the electric field is then
applied to the left lung using plate electrodes on either side of the exposed lung, a chest drain is
placed into the hemithorax, and the chest is closed with sutures. The chest drain is removed when
the animals resume spontaneous breathing, and the animals are extubated. One advantage to this
approach is that no mortality was reported in three different studies, suggesting that it may be safer
than the transthoracic method. However, the relative invasiveness of the approach may limit clinical
acceptance.

As with transthoracic electroporation, gene delivery and expression is both DNA dose-dependent
and field strength-dependent. When DNA is delivered to the entire lung and only the left lung is
electroporated, there is between 100- and 1,000-fold more expression seen in the electroporated lobes
[4, 15]. Although a field strength of 800 V/cm using 2 ms pulses gave the highest levels of gene
expression, there was significantly more lung injury at this strength than at a field of 200 V/cm using
20 ms pulses. It should be pointed out, however, that in one study, even at 200 V/cm, there appeared
to be a fair amount of lung injury, determined histologically [4]. By contrast, two other studies
showed very little tissue damage or evidence of inflammation at these lower field strengths [15, 17].
It is possible that the tissue damage observed could have been close to the surface of the lungs and
be the result of the electrodes being placed directly on the lungs themselves. Indeed, we and others
have found that electroporation to skin can result in transient reddening and tissue damage reminis-
cent of a minor sun burn (at low field strengths) to more severe burns (at very high field strengths).

Gene expression following electroporation is detected in many cell types in the lung, including
alveolar type I and type II epithelial cells, airway epithelial cells, endothelial cells, and vascular
smooth muscle cells [15]. Further, as with every other delivery technique, the duration of gene
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expression was also dependent on the promoter used. Two studies used the UbC promoter to drive
gene expression and detected significant levels of gene expression for up to 40 days [4, 15]. By
contrast, expression using the CMV promoter peaked by one to two days and decreased immedi-
ately thereafter, giving almost undetectable levels by day 5. These are exactly the results we have
seen in our studies. Unfortunately, gene expression in studies using thoracotomy-mediated elec-
troporation was reported only as relative light units per mg protein, and consequently, cannot be
directly compared to levels of gene expression reported in other studies, due to the intrinsic nature
of the “relative light unit.” However, in comparing our in vivo transthoracic delivery and ex vivo
experiments (where electrodes were placed directly on the lungs), we found that expression in the
in vivo lungs was much less than that achieved in our ex vivo lungs [3]. It is likely that when elec-
trodes are placed directly on the lung, the lung “sees” all of the applied field. In contrast, in the case
of in vivo delivery, the field must travel through multiple layers of different tissues, including skin,
fat, muscle, bone, cartilage, and interstitial fluid, all of which have different resistive properties,
prior to reaching the lungs. As such, it is not clear what field strength the lungs themselves actually
see, but it is very possible that it is less than 200 V/cm. Thus, it is possible that higher levels of gene
expression can be achieved using this more invasive approach, but further studies directly address-
ing this are needed.

Bronchoscope-Mediated Electroporation

Although several groups have had success using electroporation to transfer genes to the lungs of
animals following thoracotomy and open-chest surgery [4, 15, 17], this relatively severe method
would be unattractive to many physicians and patients. Over the past 5 years, we have developed
less and less invasive methods for pulmonary electroporation. In our initial experiments, we deliv-
ered DNA following exposure of the trachea by incision, but required suturing of the animals [3].
We next simply intubated the animals and delivered DNA via an endotracheal tube which required
no incision, and mice and rats recovered quicker and easier [5]. More recently, we have found that
plasmid can be delivered efficiently to the lungs of mice and rats by placing the solution on the back
of the tongue while the tongue is lightly pulled and held to the side. Along these same lines,
although we know that application of the electric field to either side of the chest does not result in
arrhythmia or fibrillation of the heart, does not cause any burning, and causes no inflammation,
trauma, or injury to the animals, many people may perceive this as a harsh and dangerous method.
If this promising approach is to be used in humans, we must have a method for electric field applica-
tion that is less “scary” to people so that it will be accepted and used.

Pringle and colleagues were the first to develop a bronchoscope-based electrode that was able to
deliver DNA (through its access channel) and an electrical field [4]. They did this by attaching two
insulated wires to the outside of the bronchoscope and connecting them to the pulse generator.
Sheep were anesthetized and ventilated in a negative pressure ventilation box and luciferase-ex-
pressing plasmid (30 mg) was delivered via the channel on the bronchoscope. The two wires, sepa-
rated by a 0.5 cm gap, were placed on either side of an airway segment bifurcation, and the field
was applied. Only fivefold more gene expression compared to DNA only was detected when a series
of 800 V/cm pulses of 2 ms duration was applied to the segments, but almost 100-fold more expres-
sion was seen when a field of 200 V/cm (20 ms) was applied. This was approximately 50-fold
greater than the level of expression seen following delivery of the same amount of identical plasmid
using 25 kDa polyethyleneimine.

We have taken a different approach and used a bronchoscope-based electrode as a “point charge”
inside the lung and then placed a plate electrode on the surface of the chest on the same side of the
lung (Fig. 15.1b). In this way, the heart is isolated from the applied field. We should stress that even
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though the use of two surface plates as electrodes on either side of the chest may be seen as poten-
tially dangerous, all of our data to date demonstrate that this is a safe procedure at the field strengths
and pulse lengths used.

To carry out these experiments, we used pigs as a large animal model. The internal channel of
most bronchoscopes, including ours, is stainless steel and the body is coated with an insulated poly-
mer. The pigs (3545 kg) were anesthetized, intubated, and ventilated. The bronchoscope was
inserted through the endotracheal tube and directed to the right lower lobe (pigs have three lobes on
the left side and four on the right, the largest of which is the right lower lobe). The total lung capac-
ity of pigs of this size is approximately 1,200 mL, and we delivered 50 mg of plasmid in 50 mLof
saline (a volume that would routinely be used for obtaining bronchoalveolar lavage fluid (BALF) in
a human). Within 10 s of DNA delivery, the channel is connected to the pulse generator and a defi-
brillation electrode (10 x 15 cm) is placed on the chest under the armpits outside the right lung.
Although application of the electric field caused the animals to jerk, no changes in cardiac rhythm
or output were detected at fields lower than 250 V/cm using pulses of 10 ms duration. We did have
several animals enter ventricular fibrillation when the field was raised to 400 V/cm using 10 ms
pulses, but could go to higher field strengths with much shorter pulse lengths (0.1 ms) with no
trauma. Gene expression was very high two days postelectroporation with most of the expression
seen radiating from the site of DNA delivery and internal electrode placement (since DNA is deliv-
ered around the electrode, this makes perfect sense), and no gene expression was detected in any
other lobe of the lung. The levels of gene expression are relatively high and similar to those seen in
the mouse lung on a per gram wet weight comparison. While electroporation of 100 pg of plasmid
gave 10 ng luciferase per gram wet weight of lung in the mouse [3], electroporation of 50 mg of
plasmid using the bronchoscope and an external electrode gave approximately 2 ng luciferase per
gram wet weight of lung in the pig. Since the sizes of the lungs are so different, this corresponds to
2 ng of total gene expression per mouse and almost 400 ng of total expression in the pig.

Safety

As in all in vivo applications of electroporation, at the appropriate field strengths, pulmonary elec-
troporation is safe and well tolerated. However, at much higher fields, the technique can cause
significant morbidity and mortality. We have found that high levels of gene transfer can be obtained
with minimal, if any, tissue damage by application of eight 10 ms pulses at 200 V/cm across the
chest of the animal. In the mouse and rat, this results in no damage to the skin and no discernable
damage to the lung upon histology between 1 h and 2 days after electroporation [3, 5, 15, 18, 19].
However, when the field is applied directly to the lungs using a thoracotomy approach, much higher
levels of tissue damage are seen directly under the areas of the electrodes, perhaps due to the intense
electric field at this point [4]. Indeed, we have noted that a transient skin burn develops immediately
after pulsing in the pig when surface electrodes are placed on the chest. This only develops when
greater than 1,000 V are applied to the chest for durations of greater than 0.1 ms (since the chest is
about 15 cm across, this would correspond to a field of roughly 70 V/cm). However, the “burn”
dissipates and disappears by 30 min, and upon histology at 2 days, faint signs of tissue damage are
noted that resemble a mild sunburn.

A number of criteria have been used to evaluate the degree, or lack thereof, of potential injury in
the lung following transthoracic electroporation. Histological analysis at either 1 or 24 h postelec-
troporation failed to notice any differences in hemorrhage, infiltrating lymphocytes or other cells,
pulmonary edema, or alveolar wall thickening between control, unelectroporated lungs, or those
receiving a field (200 V/cm) [3]. There was also no increase in IL-6 or IFN-y levels in the BALF of
animals electroporated with or without DNA compared to control animals or those receiving DNA
only and only a slight increase in TNF-a levels in electroporated mice compared to DNA only mice
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[3, 19]. This is somewhat surprising given the wealth of literature demonstrating that bacterial DNA
with its unmethylated CpG motifs interacts with Toll-like receptor (TLR) 9 to initiate the innate
immune response [20, 21]. Since TLRY is located within the endosomal/lysosomal compartment,
the electroporation-mediated delivery of DNA directly into the cytoplasm across the plasma mem-
brane seems to bypass the activation of TLR9 and the innate immune response [19]. Indeed, when
plasmids were electroporated into TLR9-expressing or TLR9-null cells, IL-8 (a downstream TLRY-
activated gene) expression was not increased compared to controls. By contrast, when cells were
transfected with the same plasmid using liposomal complexes, a significant induction of IL-8 was
measured in TLR9-expressing cells, but not in the TLR9-null cells.

Perhaps the most common argument against transthoracic electroporation is that the application
of an electric field across the chest will likely lead to cardiac arrhythmias and dysfunction. In the
mouse and rat, application of a 200 V/cm field with 10 ms pulses delivers roughly 0.1 J of energy.
This is very low and insufficient to alter cardiac electrical function. However, if the technique is to
be scaled up for human application, the resulting energy would be much higher. We measured this
in the pig and found that while the energy delivered is indeed much higher, it is still well within safe
levels. Since the chest of a 40 kg pig is roughly 15 cm across, 3,000 V must be delivered to generate
a 200 V/cm field. Because the pulse generator that we were using could not deliver pulses longer
than 150 ps at this voltage, we delivered eight 150 ps pulses at 3,000 V and measured a resistance
of 15 A and an energy of just over 4 J. This is well below the 200-360 J routinely used for defibril-
lation. Moreover, at these fields, no changes in EKG were noted, and out of eight initial pigs
exposed to this field strength, only one died; at lower field strengths (100-150 V/cm), we have had
no deaths but still good gene transfer. Thus, the approach appears well tolerated and scalable.

Therapeutic Applications

While this approach for gene transfer to the lung is still in its infancy, a number of groups have used
these approaches for therapeutic or biological means and have seen very positive outcomes. The
first nonreporter gene to be transferred to the lung using electroporation was the 3 subunit of the
Na*, K*-ATPase [5]. While minimizing pulmonary edema is known to improve outcomes in acute
lung injury and the acute respiratory distress syndrome, current methods using pharmacologic inter-
ventions are suboptimal in both efficacy and side effects. Gene therapy may offer a novel and useful
treatment option. It had been demonstrated that transfer of the 1 or a2 subunit of the Na*, K*-
ATPase using recombinant adenoviruses can result in increased alveolar fluid clearance [22, 23].
A drawback to using adenovirus is that the effects on alveolar fluid clearance could only be experi-
mentally measured 7 days after gene delivery because of the induction of inflammatory responses
by the viral vector. As such, the timing of this response is not early enough to elicit meaningful
effects on the injured lung. When the gene for the 2 subunit was transferred to the lungs of healthy
rats, a fivefold increase in the levels of the 32 protein was detected in the lungs [5]. Moreover, alveo-
lar fluid clearance increased twofold over that seen in control rats or those receiving 2 plasmid
alone, electroporation alone, or an empty plasmid that was electroporated. This twofold increase in
alveolar fluid clearance was identical to that seen using recombinant adenoviruses, the gold stan-
dard for gene transfer [22]. More importantly, the increased fluid clearance seen using electropora-
tion was evident just 2 days after gene transfer and was not associated with any procedure-induced
inflammation or injury. Therefore, these results suggest that this is a much better approach for treat-
ing the injured lung.

While transfer of genes that increase pulmonary edema clearance to the healthy lung is intrigu-
ing, it does not address whether this is a viable approach to treat the injured lung. Thus, a follow-up
study demonstrated that electroporation-mediated transfer of either the ol subunit, the 1 subunit,
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or a combination of the two subunits for the Na*, K*-ATPase provided protection from subsequent
lipopolysaccharide (LPS)-induced lung injury [18]. Addition of LPS to the lungs of mice results in
a significant inflammatory response and formation of pulmonary edema. Transfer of subunits of the
Na*, K*-ATPase decreased the severity of LPS-induced lung injury as measured by a number of
criteria, including wet-to-dry ratios, BALF cellularity and protein content, and lung resistance.
Although this is a promising result, this is clinically irrelevant: no one would treat a patient before
he/she develops acute lung injury since it is impossible to predict who will develop the disease
(which is usually the result of some form of trauma or sepsis). A more meaningful experiment
would be to ask whether electroporation of these genes could have any effect on the previously
injured lung. Thus, we determined whether the same approach could be used to reverse previously
induced lung injury by electroporating the Na*, K*-ATPase subunit genes into LPS-injured lungs
[18]. As such, lungs were injured by administration of LPS (4 mg/kg) and, 24 h later, plasmids
expressing the a1 or the 31 subunit of the Na*, K*-ATPase were electroporated into the lungs either
individually or in combination. As predicted, transfer of these genes increased alveolar fluid clear-
ance in the LPS-injured lungs, reduced pulmonary edema, and reduced the cellularity and protein
content of BALF. More intriguing was the fact that by histological analysis, less inflammation was
noted in the lungs of LPS-injured mice that later received the combination of both subunits of the
Na*, K*-ATPase. Perhaps most exciting about these results was that this was the first time that gene
therapy was used to treat a previously injured lung. Taken together, these results suggest that elec-
troporation of these genes may be a viable treatment for the acutely injured lung.

Schmid and colleagues have used electroporation to deliver genes to reduce the severity of
bleomycin-induced pulmonary fibrosis [17]. Pulmonary fibrosis is characterized by excessive col-
lagen deposition in the lung, impaired gas exchange, hypoxia, and high morbidity and mortality.
A number of studies have suggested that damage to the alveolar epithelium and aberrant repair
contribute to the development of this disease [24]. Thus, this group asked whether delivery of the
gene for hepatocyte growth factor (HGF), a potent mitogenic factor for pulmonary epithelial cells,
could modulate development of pulmonary fibrosis. One reason that gene delivery is attractive for
this is that the half-life of the HGF protein is very low, preventing use of a protein therapeutic [25].
Alveolar epithelial cell injury, inflammation, and fibrosis were induced by intratracheal instillation
of bleomycin. Seven days later, lungs were exposed by thoracotomy, and plasmids expressing HGF
or empty control plasmids were transferred to the lungs of mice using electroporation with elec-
trodes placed directly on the lungs. After, the chest was closed and the mice were allowed to
recover. Transfer of HGF plasmids prevented bleomycin-induced loss of body weight in the mice
and reduced fibrosis measured by collagen content and histology. Further, transfer of the HGF plas-
mids caused increased proliferation of alveolar epithelial cells and a decrease in the apoptosis of
these cells. Finally, TGF-$1 levels, which are tightly linked to development of pulmonary fibrosis,
were reduced in HGF plasmid electroporated lungs, suggesting that TGF- 31 may be involved in
the HGF-induced reduction of bleomycin-induced lung fibrosis.

More recently, another group has used electroporation to transfer the gene for keratinocyte
growth factor (KGF) to lungs following pulmonary resection to aid in repair [26]. It is well docu-
mented that the lung undergoes compensatory growth after lung injury or surgical resection in a
number of animal models, and that levels of KGF are increased during this proliferation. However,
the exact mechanisms governing this regrowth are unknown. It has been shown that KGF is a mes-
enchymal cell-derived factor that is an epithelial cell mitogen, and addition of KGF protein can
enhance alveolar proliferation and compensatory lung growth after pneumonectomy in adult rats
[27]. Three of the four right lobes of the rat lung were removed and plasmid expressing either
FLAG-tagged KGF or the empty FLAG vector was injected into the remaining fourth lobe and
electroporated by placing electrodes directly on the surface of the lung. Increased proliferation of
cells and increased PCNA staining (a marker of proliferation) were detected in the lungs of animals
receiving the KGF vector, but not in animals electroporated with the empty vector. Although levels
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of FLAG-tagged KGF were not measured in the lungs of these animals, these increases in measures
that are controlled by KGF suggest that KGF levels were indeed increased.

A final example of electroporation-mediated transfer, expression, and use of a nonreporter gene
is using a physiological gene as a novel reporter. Mizgerd and colleagues were interested in eluci-
dating the mechanisms of neutrophil recruitment in the lung following Streptococcus pneumoniae
infection [28]. As with infection with many microbes, TNF-a and IL-1 are rapidly induced upon
infection. When knockout mice for either of these two cytokines were infected with S. pneumoniae,
neutrophil recruitment was inhibited as was pulmonary expression of KC and MIP-2. Since all of
these cytokines are controlled by NF-kB activation, the authors wanted to evaluate NF-kB activity
directly in mouse lungs in response to S. pneumoniae infection. To do this, wild-type and TNF
receptor/IL-1 receptor knockout mouse lungs were electroporated with NF-kB transcription reporter
plasmids [28]. These plasmids contain 4 tandem NF-kB-binding sites upstream of a minimal pro-
moter driving luciferase expression so that increased NF-kB levels induce increased luciferase
expression. In essence, they created a conditional transgenic NF-kB reporter mouse, not by breed-
ing that would take months, but rather instillation of plasmid and electroporation which takes min-
utes and can be done in any strain background. Using this approach, they were able to demonstrate
that both TNF and IL-1 receptor pathways are needed for S. pneumoniae activation of NF-kB.

Conclusion

These studies demonstrate that electroporation can be used effectively to deliver DNA to the lungs
of living animals, both small and large. The techniques are rapid, easy to perform, and reproducible.
They mediate the highly efficient delivery of DNA (and most likely oligonucleotides) to the lung
and result in levels of gene expression that approach and even surpass those achieved with the best
viral and nonviral means. In contrast to all other techniques developed to date, electroporation pro-
motes gene transfer to multiple cell layers and cell types within the lung without the need to damage
the pulmonary epithelium itself. Moreover, the technique is safe at the appropriate field strengths.
Thus, based on the ease, efficiency, and nontraumatic nature of these electroporation methods for
pulmonary gene transfer, its use may be of great experimental and clinical potential.
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Chapter 16
Gene Electrotransfer to Muscle Tissue:
Moving into Clinical Use

Pernille Hojman

Abstract Electrotransfer has been proven as a unique method for gene delivery into tissues.
Muscle tissue has been an attractive target due to high efficiency, long-term transgenic expres-
sion, and simplicity of the procedure. Gene transfer to muscle is interesting both for vaccination
purposes, production of systemic proteins, as well as local correction of myopathies. During the
last decade, a large volume of knowledge from rodent studies has accumulated. Presently, the field
is moving towards experiments in larger animals and humans where seven clinical trials have been
initiated so far. The present review will focus on the knowledge obtained from the preclinical and
clinical studies, including the mechanisms and practical considerations when performing muscle
electrotransfer both in animals and humans. In addition, the therapeutic applications of muscle
electrotransfer will be reviewed.

Keywords Electroporation « Skeletal muscle « Gene therapy « Systemic secretion

Introduction

Gene therapy is a promising tool for the treatment of numerous diseases, and currently more than
1,500 clinical trials on gene therapy have been initiated worldwide [1]. The main obstacle for gene
therapy has been the delivery of genes to the target tissue. However, gene transfer by electroporation
(DNA electrotransfer) has overcome this barrier and offers high transfection efficiency and
improved safety. The clinical perspective of electrotransfer was proven with trials on electro-
chemotherapy [2], and currently several clinical trials with DNA electrotransfer to muscle tissue
are being conducted.

DNA electrotransfer was first reported by Neumann and colleagues in 1982, where they showed
that electric pulses could be used for the introduction of plasmid DNA into cells [3]. In 1998, four
independent groups consistently demonstrated high transfection levels in vivo using trains of long
pulses: Aihara and Miyazaki, and Mir and colleagues in skeletal muscles [4, 5], Rols and colleagues
in tumors [6], and Suzuki and colleagues in liver [7]. Since these original studies, a large body of
evidence has shown that DNA electrotransfer is efficient in essentially all tissues and in all species
(reviewed in [8]).
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DNA electrotransfer is a multistep process, involving (1) electrophoretic migration of DNA
towards the plasma membrane, (2) DNA accumulation and interaction with the plasma membrane,
(3) intracellular trafficking of the DNA to the nucleus, and (4) gene expression [9]. Steps 1 and 2
are effectively dependent on the electric pulses and the efficiency of these two steps can be controlled
through the regulation of the electric parameters. The question of intracellular transport has received
much less attention, yet Dean and colleagues have shown that plasmid DNA utilizes the microtubular
network for transport from the plasma membrane to the nucleus [10]. Furthermore, the efficacy of
gene expression depends on the target cell and the promoter strength of the transgene. Muscle fibers
are generally postmitotic long-lived cells, and numerous studies have shown long-term persistent
expression in muscles [11, 12].

Skeletal muscles are attractive targets for DNA electrotransfer due to their intrinsic physiological
properties such as:

1. Skeletal muscles constitute about 30-40% of normal adult body mass, meaning that the muscle
tissue is a large and easily accessible target organ.

2. Skeletal muscle fibers are terminally differentiated; thus individual fibers are designated to
persist for a long time, allowing long-term stable transgene expression.

3. Skeletal muscles function as a protein factory, producing large amounts of protein both for
maintenance of the contractile apparatus and secretion of myokines (Fig. 16.1).

4. Skeletal muscles have abundant blood supply with an extensive capillary network enfolding the fibers
and providing an efficient transport system for carriage of secreted proteins into the circulation.

Nevertheless, muscle tissue is a favorable tissue for DNA electrotransfer as reflected by the large
number of publications on muscle electrotransfer. With 27% of all in vivo DNA electrotransfer
papers focusing on muscle electrotransfer, muscle tissue is the second most exploited tissue after
tumors [9]. That is because DNA electrotransfer to muscle tissue is highly efficient with 200-fold
increase in gene expression compared to naked DNA injection [11, 13]. Persistent gene expression
with transgene production has been detected for more than a year [11, 12]. In addition, DNA
electrotransfer ensures low variability in the level of expression and precise delineation of the trans-
fected tissue by placement of the electrodes [14]. One point, which is noteworthy, is that muscle
fibers may produce a different carboxylation and phosphorylation pattern than endogenous production

e

Fig. 16.1 Muscle as an endocrine organ. The muscle has an innate ability to secrete proteins, and the extensive
capillary network enfolding the muscle fibers provides an efficient transport system for carrying the produced pro-
teins from the muscle to the whole body including the brain, liver, and adipose tissue
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sites, resulting in transgenic produced proteins that are slightly different from endogenous produced
proteins [15]. Yet, no functional disturbances have so far been reported for transgenic proteins
produced after DNA electrotransfer.

Mechanism of Action

The principles of electroporation are reviewed in the previous chapters, and will not be discussed in
details here. However, it should be noted that membrane permeabilization results from position-
dependent changes in the transmembrane potential, caused by the external electric field. The
changes are described by Schwann’s equation (AV = fg(A)r E cos ), which shows that the induced
transmembrane potential is proportional to the external electric field (E) and the cell radius (7). The
last parameter is quite important for muscle transfection, as muscle fibers are long multinucleated
cylinders, indicating that relatively low electric fields are needed for muscle fiber permeabilization.
In continuation, satellite cells will not be permeabilized by the same electric parameters as muscle
fibers as these cells are considerably smaller in size.

Permeabilization in Muscles

Studies using the inert molecule >!Cr-EDTA have been performed in mice to determine the permea-
bilization threshold in skeletal muscles. Using eight pulses of 100 us at 1 Hz resulted in a permea-
bilization threshold of 530 V/cm, while longer pulses (eight pulses of 20 ms) resulted in a threshold
of 100 V/cm. With longer pulses (250 V/cm), the irreversible permeabilization threshold was
reached and cells were no longer able to reseal [14, 16]. The studies also showed that in vivo reseal-
ing was complete within 9 min. These studies were performed with plate electrodes placed transcu-
taneuosly where the results demonstrated that as the first cell became irreversible permeabilized, the
transfection efficiency dropped dramatically [17].

Rodent muscles have been shown to have higher impedance than muscles in larger species e.g.,
rabbit, monkey, and pig [18, 19]. This implies that the optimized electric parameters for rodent
muscles cannot be directly translated into clinical use; however they may serve as guidelines for
selecting pulse parameters.

Pulses for DNA Electrotransfer of Muscles

Large efforts have been put into optimizing and describing the role of the electric pulses. For
in vivo studies, square wave pulse generators are generally used as these offer independent control
of both amplitude and length of the delivered electric pulses. Most rodent studies have concen-
trated on electrotransfer with long pulses of ms duration as one of the first muscle papers proved
these to be superior in direct comparison with short (100 ps) high voltage pulses [20]. The electric
pulses have been shown to act both on the permeabilization of the plasma membrane and on the
electrophoretic displacement of the DNA [21, 22]. Permeabilization can be obtained with both
short and long electric pulses, given that they are above permeabilization threshold, while the
electrophoretic displacement of the DNA requires ms pulses, which can be both above and below
permeabilization threshold. This has led to two pulse regiments: trains of ms pulses at 150-200 V/
cm or combinations of one short (100 ps) high voltage pulse, followed by long (>100 ms) pulse(s)
of low voltage pulses [23].
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Monitoring of Tissue Permeabilization in Real Time

The most noticeable, measurable change in tissues undergoing electric pulsing is an increase in tissue
conductivity and decrease in tissue resistance due to membrane permeabilization. This changes the
electric field distribution and the corresponding current as predicted by Ohm’s law (R (resistance) = V
(voltage)/I (current)). Thus if the resistance drops, while the voltage is maintained constant, the current
(flow of electric charge) through the tissue will increase (Fig. 16.2). In larger animals, where the muscle
impedance is lower, this current increase is augmented. The current is important for the generation of
heat (watt) as predicted by the following equation: W (watt) = I *R*t (time). If the increase in current
is not controlled, it might lead to tissue heating with subsequently tissue damage and pain [24].

Regulation of Expression

Intrinsic in the DNA electrotransfer method lies the possibility to control gene expression as it offers
several ways of reaching target concentrations in vivo. These include (1) plasmid amount, (2) area
of transfection, (3) promoter systems, and/or (4) retransfection [25].

Many studies have shown a clear dose-dependency between the amount of injected plasmid and
the level of gene expression. However, as the efficiency of the transcription depends on promoter
strength, target cell, and species, no general recommendations of plasmid concentration can be
proposed. Nevertheless, plasmid concentrations ranging from 0.05 to 2 pg/uL have typically been
used for muscle tissue. It should be noted that excessive plasmid DNA can lead to decreased gene
expression probably due to toxic effects of the DNA [25].

A particular feature of DNA electrotransfer is the selective target of the area encompassed by the
electrodes, thus electrode placement can be used as a restrictor of the anatomical extent of the trans-
fected muscle tissue. With the current electrode configurations, this area maximally covers 1 cm?.
As much more muscle tissue is available, transfection at multiple sites can increase the total level
of transgenic expression. It should be noted that the transgenic product probably is distributed
throughout the transfected cells, which for the muscle fibers can be many centimeters.

Inducible promoter systems are available where the level of gene expression can be controlled
by adjusting the administered dose of a given inducer drug e.g., doxycycline [25, 26]. These systems
have proven to give good control in rodents and monkeys, yet the adverse effects of the inducer drug
discourage their clinical use.
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Fig. 16.2 Pulse application to mouse muscle and a representative current trace. (a) Application of electric pulses to
the tibialis cranialis muscle of a C57Black/C mouse using plate electrodes. (b) A representative current trace mea-
sured during the application of HV + LV pulses as depicted in (a)). The upper curve represents the applied voltage,
while the lower curve shows the current measured during pulse application
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Finally, DNA electrotransfer shows no immunogenicity towards the vector, meaning that the
delivery can be repeated without risk of inducing an immunological reaction. Several studies have
shown that retransfer to muscles results in secondary increases in transgenic expression [26—28].

Practical Considerations for DNA Electrotransfer to Muscle

DNA electrotransfer to muscle tissue is basically injection of an isotonic plasmid solution into the
muscle, followed by the application of electric pulses by means of electrodes, which are placed around
the injection site. Although simple, several points must be considered for successful transfection.

Plasmid Composition

Generally, the plasmid must be composed of a promoter, signal sequences, gene-of-interest, and
trafficking signals. Most rodent studies have been conducted using the constitutive active CMV or
CAGGS promoters. Experience with larger animal studies suggests that these viral/bacterial
promoters are not as efficient in larger animals as seen in rodents. Instead, natural or synthetic
muscle-specific promoters including the ubiquitin promoters have been used [29]. Inducible
promoter systems are also available, however these rely on administration of an inducer drug e.g.,
doxycycline to turn on gene expression [30]. Signal sequences helps direct the product to the correct
cellular compartment e.g., the secretory pathway [31]. Currently, all studies in larger animals
including humans utilize codon optimization to maximize gene expression in the given species.
Finally, intracellular trafficking signals including the SV40 enhancer site can facilitate translocation
to the nucleus and increase gene expression [32].

Intramuscular Injection

For small animals, the injection volume should be adjusted to the holding capacity of the muscle.
Preferentially, the plasmid solution should be injected along the muscle fibers to ensure good
distribution along the fibers. For smaller muscles, multiple injections are not recommended as the
plasmid might seep out of the previous injection sites.

Electrodes

Application of the electric field results from the voltage applied between two electrodes, thus
the electrode design is important for the electric field distribution and in turn, the transfection
efficacy. Various electrode designs are available, but electrodes are generally divided into
needle or plate electrodes (see also Chap. 5). Plate electrodes can be used to treat superficial
tissues and rodent muscles, while needle electrodes can target deeper lying tissues e.g., muscles
in larger animals.

For DNA electrotransfer to muscles in small mammals, the most practical way of delivering the
electric pulses is by placing plate electrodes around the leg. This prevents surgical interventions and
ensures delivery of a homogenous field. Yet good contact between leg and electrodes must be
ensured by depilation and application of electrode gel.
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For clinical use, needle electrodes of various designs are generally used. Models include a six-needle
circular electrode, a hexagonal electrode, and an electrode with two opposing arrays of needles [33].
At least two patented solutions for integrated plasmid injection and needle electrodes exist: Trigrid
(Ichor) and Elgen (Inovio) (See Chap. 5). These systems are used in ongoing clinical trials for
muscle electrotransfer.

Application of Electric Pulses to Muscles In Vivo

Application of electric pulses to muscles must consider muscle fiber geometry. Placement of the
electrodes parallel to the muscle fibers ensures a homogenous field and even transfection in the
central region between the two electrodes. In contrast, placement of the electrodes perpendicular to
the muscle fibers results in a skewed field distribution with high field strengths near the electrodes
and low field strengths in the body of the muscle. In fact, one of the first studies on muscle transfection
delivered the electric pulses perpendicular to the muscle fibers, resulting in cell death near the
electrodes, transfection in an area, and no changes in the middle of the muscles [13].

Toxicity

The first clinical muscle vaccination studies showed that electrotransfer is well tolerated with no
severe side effects and all patients completed the treatment [34]. Applying electric pulses in muscles
always results in muscle contraction, even in anesthetized subjects. Also, the frequency of the pulses
determines how many muscle contractions are experienced. In the first clinical trials with elec-
trotransfer to the deltoid muscle, the electric pulses were applied without analgesia. In these studies,
the patients reported pain for the procedure to be one for needle insertion and four for the electric
pulse application on the visual analog pain scale (scale 0—10, with 10 being worst pain imaginable)
[35]. The pain subsided within minutes. At 48 h after treatment, 97% of the patients reported no
more pain. No systemic increases in markers of muscle damage, i.e., creatine kinase (CK) or lactate
dehydrogenase (LDH), were observed, and lymphocyte and neutrophil counts remained unchanged
throughout the study. All subjects were willing to undergo the procedure again.

Rodent studies have investigated the physiological effect of electrotransfer on muscles. These
studies have shown a transient exchange of ions across the sarcolemma, loss of ATP, and a drop in
the contractile force immediately after pulse application [36]. These changes are largely dependent
on the pulse parameters, as muscle damage and regeneration were only observed for the more rigid
high voltage pulse regiments. Likewise, differential gene expression profiles have been investigated
after electrotransfer, showing modest changes in gene expression, mainly in genes involved in
cytoskeleton and intracellular transport [37]. Regardless of pulse parameters, all studies have shown
full muscle recovery after 1-2 weeks, where increased transgenic expression persists.

Therapeutic Use of DNA Electrotransfer to Muscle Tissue

Therapeutic use of DNA electrotransfer to muscle tissue involves vaccination purposes, systemic
delivery of therapeutic proteins and local intramuscular expression. The clinical advances have so
far been made within DNA vaccines to muscle, where a large preclinical literature exists exploring
systemic release of therapeutic proteins after DNA electrotransfer to muscle tissue. The ongoing
clinical trials are summarized in Table 16.1, while examples of different therapeutic applications of
muscle electrotransfer are discussed below.
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DNA Vaccination

DNA vaccination by electrotransfer is extensively reviewed in Chap. 18, and the results of the
different studies will therefore not be covered in this chapter. However, it is noteworthy that the
role of the electric pulses has additional roles in DNA vaccination compared to transfection studies.
The role of the electric pulses are both to increase the number of transfected cells and induce mild
tissue damage with local inflammation, and increased recruitment of antigen-presenting cells and
the activation of danger signals. Thus, electric parameters are typically more rigid than those used
for regular DNA electrotransfer.

Systemic Delivery of Therapeutic Proteins

A potentially large benefit of muscle electrotransfer is systemic secretion of therapeutic pro-
teins. Muscles produce and secrete endocrine factors such as interleukin-6, interleukin-8, and
leukemia inhibitory factor (LIF) during exercise, proving their potential as exogenous protein
factories [38]. Typical examples of potential therapeutic proteins, which have been elec-
trotransferred to muscle tissue, include anticancer agents, hematopoietic growth factors, and
metabolic proteins.

One molecule, which is close to clinical testing for systemic release, is GHRH. GHRH stimulates
the growth hormone axis. Overexpression of GHRH in muscles has been shown to ensure mainte-
nance of the pulsatile release of GH and respond to endogenous feedback regulation. A number of
studies have investigated the role of GHRH in anemia and cachexia associated with cancer and renal
failure. In these studies with cancer-bearing or old dogs, long-term expression of transgenic GHRH
is associated with increased weight, restoration of activity levels and exercise tolerance, and
improvement in hematological factors, proving a role for GHRH in treatment of the catabolic pro-
cess associated with aging and cancer.

The single most studied molecule for muscle electrotransfer is erythropoietin (EPO) probably
due to its easy detection and high efficiency [28, 39-42]. A small amount of EPO is enough to
generate physiological effects. In fact, transferring as little as 0.5 pg of plasmid into one muscle
results in large increases in the hemoglobin levels in mice and 20-fold increases in circulating EPO
[25, 26]. The clinical potential of EPO electrotransfer has been proven in beta-thalessemic mice,
where EPO electrotransfer results in both increases in hemoglobin levels and correction of erythro-
cytes phenotype with increased erythrocyte lifespan [27].

Other potential hematopoietic candidates include factor VIII [43] and IX [44], which have been
tested for correction of hemophilia A and B, respectively in mice and dogs. In these studies, as little
as 0.5-2% of normal protein levels were enough to reverse the clinical phenotype. This has made
these diseases attractive for gene therapy and trials with other delivery methods that have been going
on for years, while electrotransfer could be a possible alternative.

A large focus has been on generating muscle-secreted anticancer agents such as interleukins
(IL-12) [20, 45, 46], interferons (IFN-a) [47—49], and antiangiogenic factors (metargidin) [50, 51].
All these agents have shown efficient antitumor effect in rodent studies with regression of trans-
planted tumor and suppression of metastases with foreseen clinical advances.

In addition to the above-mentioned candidates, a large number of molecules have been
electrotransferred to study their potential in treatment of disorders like diabetes, ischemia,
atherosclerosis, neuropathy, and autoimmune diseases. These have been reviewed in detail in
[52] and [53].
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DNA Electrotransfer of Genes with Local Effect

Among muscle-specific diseases, the myopathies, e.g., Duchenne muscular dystrophy, are the most
pronounced. The most severe dystrophies are characterized by defects in the dystrophin gene, which
encodes a cellular scaffolding protein. Several preclinical studies have electrotransferred full-length
dystrophin (>17 kb) or shorter versions of the gene, minidystrophin or microdystrophin, into the
dystrophic muscles, and found dystrophin formation at the plasma membrane increased muscle
fiber strength and improved motor function [54-56]. A different approach to treatment is elec-
trotransfer of oligonucleotides, which can introduce exon shipping and alternative splicing, resulting
in a functional dystrophin protein [57]. These studies have also found dystrophin formation at the
plasma membrane, and increase muscle fiber robustness and strength.

In the last couple of years, many groups have taken up DNA electrotransfer as a research tool for
studying the biological effects of proteins in muscles. Examples include electrotransfer of IGF-1
[58-63] and myogenin [64] for studying muscle regeneration after injury. Other examples of
muscle processes, which have been studied by overexpression of mediator molecules, include
glucose uptake [65, 66], lipid metabolism [67-69], muscle fiber composition [70, 71], and muscle
hypertrophy [72].

Conclusion

Muscle electrotransfer is the nonviral transfer of genes into muscle with high efficiency. It has the
advantages of being fast, easy to perform, cost-efficient, and nonimmunological. In this chapter, the
mechanisms for muscle electrotransfer and practical considerations when transfecting both animals
and humans have been covered in details, showing the large amount of knowledge on muscle elec-
trotransfer, which has been generated during the last decade. The therapeutic perspectives of muscle
electrotransfer ranges from the already initiated clinical trials on DNA vaccination to trials utilizing
the muscle’s potential to act as an endocrine organ, secreting proteins at therapeutic concentrations
for treatment of e.g., anemia, inflammatory diseases, and cancer.
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Chapter 17
Gene Electrotransfer to Skin

Anita Gothelf and Julie Gehl

Abstract Gene electrotransfer to skin is achieving increasing interest and is likely to gain considerable
clinical application due to the ease with which it is performed and the safety of the procedure. There is
a potential use of gene electrotransfer to skin in e.g., DNA vaccinations, local production of therapeutic
molecules as well as production of molecules for systemic therapy.

More than 30 preclinical studies concerning gene electrotransfer to skin have been reported in
the literature and this chapter aims at creating an overview of plasmids injected, electrical param-
eters used, and duration and level of transgene expression.

Keywords Skin * Gene electrotransfer  Electroporation

Introduction

The skin holds a number of advantages which can be very convenient in gene transfection: it is
accessible and can be easily evaluated, not only clinically but also histologically.

The diversity of cells in the skin displays another quality which theoretically can be useful in
gene transfection. Different approaches with different genes can give a variety of responses depend-
ing on the purpose of the transfection (Fig. 17.1). Additionally, skin has the capability of producing
therapeutic molecules, which can not only act locally or systemically, but can also create an immu-
nological response when antigen-presenting cells are targeted.

This chapter describes gene electrotransfer to skin in terms of efficacy of the transfer procedure.
Electrotransfer is also frequently used in vaccination trials and a separate chapter is devoted to this
(see Chap. 18).

The first study with gene electrotransfer to skin was performed in 1991 by Titomirov et al. [1].
Newborn mice were transfected with a plasmid coding for a neomycin resistance gene. Fibroblasts
from the treated skin area were cultured 24—168 h after the transfection and the number of neomycin
resistant clones was observed. They found that fibroblasts from the transfected mice yielded neo-
mycin resistant clones whereas the controls did not. Since then, a number of studies with different
genes have been completed and have stated that gene electrotransfer to skin is feasible, efficient,
and comparable to other tissues [2].
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Fig. 17.1 Different objectives for
gene electrotransfer to skin. Gene
electrotransfer to skin has perspectives
in “systemic treatment,” “local treat-

ment,” and in “DNA vaccinations”

GENE
ELECTROTRANSFER
TO SKIN

Influenza

VAccinaTIONS

Skin and Electroporation

The purpose of the skin is to provide protection against exogenous stimuli and to secure the homeo-
stasis of fluid and temperature. It is the biggest organ in the body and has neurological and immu-
nological properties.

The skin is divided in three layers with the epidermis being the most superficial. The epidermis
contains mainly layers of keratinocytes which is developed from stem cells on the basal membrane.
Melanocytes and Langerhans cells are also present in this layer. The keratinocytes move from the
basal layer to the surface of the skin, losing the properties of a cell and ending up being flat keratin-
rich membrane shells creating the cornified layer (stratum corneum).

Below the basal membrane is the dermis which contains connective tissue with the antigen-
presenting cells (Langerhans cells, dendritic cells, mast cells, and macrophages). Finally, there
is the subcutaneous layer which consists of connective and fatty tissue. The appendages of the
skin, which are hair follicles and glands, are located both in the dermis and the subcutaneous
layer.

Since the purpose of the skin is to protect the body, one can speculate that transferring DNA
across the skin is not the easiest task to perform. The stratum corneum creates an insulating layer,
which must be overcome with appropriate electric pulses in order to electroporate the underlying
cells (Fig. 17.2).

Needle electrodes which penetrate the skin can, to some extent, circumvent this issue [3], but
tape stripping, which is the repeated application and removal of adhesive tape on the skin in order
to remove the layer of dead cells, has also been explored [4, 5].
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Fig. 17.2 Noninvasive vs. invasive electrodes. (a) Cartoon showing the injection of plasmid in the epidermis (I) and
dermis (II). Layer III designates the subcutaneous layer. (b) Due to the epidermis being only few pum deep, the
injected volume is predominantly situated in the dermis. (¢) Electroporation with plate electrodes; the skin fold con-
taining the injected volume is located between the plates. (d) Electroporation with needle electrodes; the needles
penetrate the skin and enclose the injected volume

Moreover, it has been shown in vitro that keratinocytes are able and willing to produce a trans-
gene and excrete it into the environment [6] and in vivo this process may be facilitated by the
extensive blood supply that exists in the skin.

Although the histological structure of skin is the same in the animal models and in every part of
the body, differences exist in regards to the size and thickness, which must be considered when
working with gene electrotransfer to skin. The difference in thickness is often dependent on the
thickness of the dermis (where thick skin such as the palms of the hands and soles on the feet in
humans are discounted).

Likewise, skin that has been heavily sun exposed, been previously irradiated, or aged represent
issues that must be taken into account in gene electrotransfer to skin during clinical trials.

Rodents such as mice and rats are the animal models most frequently used in gene transfection
studies, but porcine skin is also investigated due to the similarity to human skin [3, 7-10]. In
humans, the epidermis is 75-150 pm thick and the dermis is up to 4 mm thick, but is generally
between 2 and 3 mm. It is similar in pigs but in rodents, especially in mice, the epidermis and dermis
are much thinner.

From animal studies, we know that with different pulses and injection techniques it is possible
to target different layers of the skin [11], which can be of value depending which type of transfec-
tion is wanted.

Also, the age of the skin can have some importance where studies have shown a tendency
towards a higher degree of transfection in younger mice compared to older ones [12]. It is probably
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due to a larger amount of dividing cells or a larger mitotic activity. Even with the injection of naked
plasmid alone, the younger skin gives a higher level of expression than older skin [12].

In Vivo Studies

After publication of the first study by Titomirov in 1991 [1], little research was produced over the
next 10 years [11]. However, since 2000, the number of publications has expanded and to this date
at least 30 in vivo studies regarding gene electrotransfer to skin have been published. The identified
studies are listed in Table 17.1 and a great variety in terms of plasmids transfected, electrode con-
figurations, and pulses delivered are displayed.

Up to now, no clinical studies concerning gene electrotransfer to normal skin have been pub-
lished; the only reported study belonging to metastatic melanoma [13], but the preclinical trials
confirm it is feasible and safe to transfect genes to skin, and clinical trials with DNA vaccines are
ongoing (can be found at Clinicaltrials.gov).

The Gene Electrotransfer Procedure

Electrodes

Electrodes for gene electrotransfer to skin can be divided into noninvasive electrodes, namely
different kinds of plates and patches, and invasive electrodes, which are needle configurations
(Fig. 17.2). A more detailed description of electrodes is presented in Chap. 5.

Noninvasive electrodes consist often of two plates with either fixed or adjustable distance. The
distance lies between 1 and 6 mm depending on the type of skin and injected volume. The plates
are placed on the skin with the injected volume between the plates. The electric pulses are delivered
either with fixed polarity or with reversal of polarity after a number of pulses. Commercially avail-
able plate electrodes are manufactured (described in Chap. 5) and are used in the clinical setting in
electrochemotherapy. Heller et al. have made an electrode termed 4PE [14], which is made of four
plates creating a quadratic field where the electric pulses first are delivered in one direction and
afterwards in the direction perpendicular to the first.

Other types of noninvasive electrodes are contact wires placed on the skin with the injected vol-
ume between two wires [15-17] or a flat patch electrode [9, 18], which is placed directly on the
injected volume. For topical delivery a custom built electrode has been developed by Preat et al. [4],
which consists of two chambers with the plasmid in the one facing the cathode and the two plates
encompassing the chambers.

Invasive electrodes consist of needles which penetrate into the skin and are also commercially
available for the treatment of tumors or vaccinations (described in Chap. 5). The needles can be
arranged in an array, e.g., two rows with four needles in each, or in a circular or triangular pattern.
The length and diameter of the needles varies from type to type. The needles are inserted into the
skin preferably around the injected volume to prevent leakage of the plasmid and the electric pulses
are delivered.

Similar to the contact wires which are placed on the surface of the skin, Maruyama et al. used
two penetrating needles that were inserted into the skin parallel to the surface [19]. They also com-
bined this electrode with a plate placed superficially on the skin, and termed this “fork-and-plate
electrode.”
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Electric Pulses

Probably all possible pulse combinations have been explored in the effort of transfecting genes into skin
by electroporation. The variation goes from very low voltages and long pulse lengths to high-voltage
(HV) pulses with a very short duration and also combinations of high and low-voltage (LV) pulses.

The border between HV pulses and LV pulses are arbitrary, but there is a tendency towards pulses
below 400 V/cm being in the millisecond range (typically 10-400 ms) and pulses above 400 V/cm
being in the microsecond range (typically 50-100 ps).

Nevertheless, some studies have performed a thorough analysis of different pulse amplitudes and
pulse durations [14, 20], while others focused on whether the use of electric pulses were more effi-
cient in transfecting genes into skin than the injection of naked plasmid alone [21].

The optimal pulse conditions reported depend on the type of skin transfected, type of electrode,
and possibly also the type of DNA. Some groups prefer a combination pulse with one short HV
pulse and one or several longer LV pulses [20, 22-24]. Others prefer several HV pulses, but trans-
fection has also been achieved with LV pulses alone [25].

In spite of the many different pulse combinations, many authors agree that a certain threshold
has to be overcome in order to transfect cells and with higher voltages; a plateau is reached where
cell damage will be evident [26]. Efficient protocols for gene electrotransfer are combination
pulses (1 HV 1,000 V/cm, 100 ps + 1 LV 100 V/cm, 400 ms) [24, 27], several short HV pulses
(6 HV 1,750 V/cm, 100 ps) [8], and several long LV pulses (8 LV 100 V/cm, 150 ms) [25].

Nearly all studies were carried out using square wave pulses for electroporation. Only Zhang
et al. from 1996 [11] used exponential pulses. Lucas et al. [28] used a pulse combination with high
and LV pulses and an exponentially enhanced pulse (EEP) as well, and found this pulse configura-
tion efficient.

Plasmids

The most frequently used plasmids have been reporter genes such as luciferase, green fluorescent
protein (GFP), and LacZ (betagalactosidase) (Table 17.1), and with these it is possible to visualize
and quantify the extent and amount of expression.

Studies have been performed in order to find the optimal dose, especially for luciferase, and the
overall conclusion is the more plasmid, the more gene expression although often the expression
seems to reach a plateau. Also, the dose injected depends on the type of plasmid but for reporter
genes, 10-100 ng are often used with a concentration of 0.5-2.0 pg/uL.

Of the therapeutically relevant plasmids used for gene electrotransfer to skin the growth factors
such as vascular endothelial growth factor (VEGF) [29], keratinocyte growth factor (KGF) [30, 31],
and transforming growth factor (TGF) [32] dominate the list, but also erythropoietin (EPO) [19, 24]
and interleukin-12 (IL-12) [15] have been investigated.

The growth factors have a potential in increasing wound healing and hypoxia inducible factor-1o
(Hif-1a) has been studied in animal models with diabetic mice [33].

EPO is a hormone released from the kidney as a response to hypoxia and is a well tested com-
pound, also in gene electrotransfer (i.e., to muscle). Its function is to increase the hemoglobin level
and is of importance in treating patients with kidney failure and chronic anemia. Preclinical studies
have shown that it is feasible to transfect skin with EPO and achieve significant systemic levels of
this hormone resulting in increased production of hemoglobin [24].

IL-12 has the potential in treating malignant melanoma and the work by Daud et al. regarding
gene electrotransfer to tumor describes the first published clinical trial [13].
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Other studies have encompassed genes such as prostate-specific antigen, PSA (cancer vaccine)
[34, 35], secreted embryonic alkaline phosphatase, SEAP (marker/reporter gene) [10], and other
reporter genes such as DsRed [16, 17] and Katushka [27].

Injection

If gene electrotransfer to skin is the goal, the injection technique becomes very important since dif-
ferent types of cells would be targeted with a subcutaneous injection than with an intradermal
injection.

Babiuk et al. [9] tried a BioJect device which pressed the plasmid into the tissue by a jet stream
and subsequently electroporated the area with a flat patch electrode. They compared it to conven-
tional injection and found that the distribution of injected dye was broader with BioJect, but there
was no statistical difference in luciferase expression between the two injection types.

DNA Promoters and Adjuvants

There is no doubt that the electric field is crucial for the degree of electroporation and expression,
but the plasmid and the promoters are also important.

In most studies, the promoters used for gene electrotransfer to skin are ubiquitous promoters
such as CMV or CAG, but studies have been performed on tissue specific promoters as well [23].

A number of studies have added different kinds of physical alterations or chemical adjuvants to
the plasmid to increase the expression such as adding hyaluronidase [5, 36], aurintricarboxylic acid
ATA [7], or liposomes [25] and increasing the ionic strength of the solution [12]. However, the
effect is not clear and has to be validated with further studies.

Detection and Evaluation of the Result

A number of techniques are available to detect the result of gene electrotransfer to skin: either direct
analysis of the treated area or indirect analysis by measuring different substances in the blood. The
direct analysis can either be detection of the transgene in skin samples or in vivo visualization like
bioimaging. In either case detection of the result is not always as easy as it seems. Furthermore,
when excising biopsies from the animal, utmost care must be taken in order to remove the correct
area since it is not always enough to mark the skin superficially. Tattooing with ink in small dots on
the skin has proven to be more efficient and durable.

Luciferase Detection

After gene transfection with luciferase to skin or other tissues, it is possible to quantify the amount
of expression. A number of kits are available for the laboratory and in principle, they work the same
way. The skin samples are homogenized, a luciferin substrate is added to the supernatant and if
luciferase is present, light is emitted. This is normally measured in relative light units (RLU’s) and
can be converted to pg luciferase per sample or per weight by a standard curve.
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The drawback with luciferase is that it has a very high variance, often of several logs, on the
results, which has been shown in a number of studies [3, 20]. This makes it very difficult to compare
studies, even if they are performed with the same setup.

GFP Detection

GFP is unfortunately not very suitable for transfection to skin. It can be visualized in vivo by scan-
ning the whole animal or in a fluorescent microscope either as a whole skin sample or in frozen
sections, but due to very high level of autofluorescence in skin, it is very difficult to distinguish
between a transfected cell and normal conditions. A number of studies have presented results
regarding gene electrotransfer with GFP to skin.

For macroscopic detection of the expression, gene electrotransfer with luciferase and subsequent
bioimaging could be an alternative to GFP, since this technique is better at distinguishing between
transfected and nontransfected areas.

Histological analysis with immunohistochemistry is a possibility for evaluating the extent of
transfection with GFP to skin microscopically, although up to this day it has not yet been reported
in literature.

Betagalactosidase

Another reporter gene used in gene electrotransfer to skin is plasmid coding for betagalactosidase.
Once inside the cell, an enzyme is produced which converts a colorless substrate (X-gal) into a blue
product. This can be visualized microscopically either directly in frozen sections, on fixated tissue
or with immunohistochemistry.

Maruyama et al. [19] found expression in the epidermal layer 1 day after transfection and in the
subcutaneous muscle layer after 7 days when rat skin was transfected using the “plate and fork™
electrode, while others found expression of betagalactosidase activity in the dermal layer after 1 day
[18], 2 [26], or 3 days [11] after the transfection.

Other plasmids such as EPO, IL-12, and various growth factors can be evaluated either directly,
as with measurement of serum EPO, or indirectly with blood samples of e.g., hemoglobin [24] or
interferon-y [15].

Duration and Level of Expression

Few studies have been conducted with the focus on duration and level of transgene expression and
luciferase has most often been the subject of investigation [14, 18, 20]. After gene electrotransfer
with luciferase to skin, a peak in the level of expression is obtained after 2-3 days and the expres-
sion remained elevated compared to controls 2 weeks after the transfection [14]. Our studies with
gene electrotransfer with luciferase to murine skin validated that a peak in the level of transgene
expression was reached after 3 days, but with gene electrotransfer with Katushka to skin, evaluated
with continuous monitoring of fluorescence, we found a peak in the level of transgene expression 9
days after the transfection [27]. Studies with gene electrotransfer to skin with EPO showed a peak
in transgene expression after 2 weeks and had slightly prolonged duration of expression compared
to Katushka; 4 vs. 3 weeks [24, 27].
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Since the peak of transgene expression for Katushka and EPO occurs later than the peak of
luciferase expression and since duration of transgene expression seems longer than previously
thought, luciferase may not be the most optimal choice for investigating the kinetics after gene
transfection.

Vaccination Studies to Skin

The skin is a part of the body’s immune surveillance and contains antigen-presenting cells such as
dendritic cells, Langerhans cells, and mononuclear cells. The thought of using skin for the vaccina-
tion of infectious diseases is not new, and with electroporation, there is now a possibility of using
DNA vaccines.

Different infectious diseases have been studied in animal studies with gene electrotransfer to
skin. Hepatitis B has been investigated the most [8, 9, 26, 37] but studies have also been performed
with vaccines against malaria [38], HIV [10], and smallpox [39]. The efficacy of the vaccination is
usually validated by the measurement of the immunological response in the blood. See Chap. 18 for
a more thorough presentation of DNA vaccinations and electroporation.

Discussion and Perspectives

Almost 20 years after the first study with gene electrotransfer to skin, there is no doubt that this
technique is efficient. A large variety of plasmids have been injected with an even larger variety of
electric pulses applied, so we must conclude that no consensus regarding gene electrotransfer to
skin exists in the literature. But there is no need for the definition of one particular set of parameters.
There is a wide spectrum of electrical parameters which can be effective in transferring genes into
skin, between the threshold for electroporation and the onset of tissue damage. One could speculate
that the type or concentration of plasmid and type or age of skin has a large influence on the proce-
dure and that this may infer important changes in the electrical parameters to be used.

Theoretically there can be different optimal pulses for delivering genes that have a local effect,
genes with a systemic effect and for DNA vaccinations (Fig. 17.1).

It is possible that different cell types are transfected with different genes, and even more so, that
different cell types are transfected with different electrical parameters. The pulses needed to per-
meabilize a cell membrane depend on the shape of the cell (see Chap. 3 for more detail) and since
the skin consists of many different cell types, a difference in transfection efficacy is theoretically
possible. Still, it is very important to establish which types of cells are transfected in order to utilize
this knowledge in future work with gene electrotransfer to skin.

Furthermore, the duration of expression in the skin is approximately 3—4 weeks and is short
compared to gene transfection to muscles, but that can be an advantage in cases where a long-term
expression is not warranted.

Additionally, the perspective with gene electrotransfer to skin lies in enabling the skin to produce
relevant drugs or vaccines, which can act locally or systemically. Serious conditions such as cancer,
protein deficiency disorders and infectious diseases are candidates for gene electrotransfer to skin
with relevant therapeutic compounds as well as chronic wounds and skin diseases.

Gene electrotransfer to skin is likely to gain considerable clinical use due to the ease with which
it is performed, the safety of the procedure and the potential use for e.g., DNA vaccination, local
production of therapeutic molecules as well as production of molecules for systemic therapy.
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Chapter 18
Electroporation-Mediated DNA Vaccination
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and David B. Weiner

Abstract There are many positive attributes to DNA vaccination that make it a conceptually
desirable platform. In clinical studies, however, standard DNA injection alone generally induces
low levels of transgene-specific immunity when compared to other vaccine approaches. In order
to boost the immunogenicity of this platform, next-generation DNA vaccines require additional
techniques such as the administration of electroporation. This new method involves the generation
of a brief electric field in tissue around a local injection site that results in the transient poration,
or permeabilization, of the cellular membranes. As a result, antigen-specific immune responses
are greatly enhanced and are likely due to increased DNA uptake and antigen expression. Thus,
electroporation-mediated DNA vaccination represents a promising new strategy for the elicitation
of strong immune responses directed against the expressed antigen(s) and not the vector, and ongo-
ing studies are currently underway to optimize the working parameters of this technique. Here, we
review the uses of this technology in conjunction with vaccination and suggest future directions for
its further exploration.
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Introduction

The discouraging results from the recent human HIV trial performed by Merck and collaborators,
named “STEP,” raises serious questions about current vaccine approaches using replication-
defective viral vectors [1]. This study was an international phase II “test of concept” trial in
uninfected volunteers at high risk for acquiring HIV infection which showed that vaccination
using a recombinant adenovirus serotype 5 vector was ineffective at preventing virus infection
and even increased the rate of transmission in individuals exhibiting prior immunity to the viral
vector. While this vaccine was safe and immunogenic in both humans and nonhuman primates,
eliciting long-lasting and multifunctional CD8* T cell responses that were partially protective in
rhesus macaques, the discovery that the vaccine could possibly heighten HIV infection was both
unexpected and alarming, resulting in the immediate discontinuation of vaccinations as recom-
mended by the independent Data Safety Monitoring Board for STEP. Since preexisting immunity
against a vaccine vector may compromise its efficacy in humans, future vaccine approaches
should aim to utilize vectors that exhibit minimal or no reactivity in immunocompetent
vaccines.

DNA vaccination consists of the administration of genetic material encoding a desired antigen
that when expressed in the vaccine, is capable of eliciting an immune response. Compared with
other approaches, the advantages of DNA vaccination are many [2]; no infectious agents are
involved and vaccines are unable to revert into virulent form like live vaccines. They can prime both
cytotoxic [3] and humoral responses [4], and DNA vectors are easily manipulated, can be tested
rapidly, produced at high yield in bacteria, and are readily isolated. They are also more temperature-
stable than conventional vaccines, easily stored and transported, and do not require a cold chain.
Furthermore, DNA vaccines could potentially induce immunity in newborns in situations that usu-
ally neutralize conventional vaccines via the presence of high levels of maternal antibodies [5]. The
introduction of exogenous DNA into cells or tissue can be achieved using DNA conjugates [6—10],
virus-derived vectors [11], or naked plasmid DNA (pDNA) [12]. Naked pDNA shows variable and
low transfection efficacy when administered by conventional means, such as needle injection or
topical application. However, several strategies aimed to improve pDNA vaccine immunogenicity
have been developed, including codon optimization [13], mRNA optimization [14], addition of
leader sequences [15], and construction of consensus immunogens [16]. While these strategies help
to boost the overall immunogenicity of a DNA vaccine, they may not be applicable to all antigens.
Recently, electroporation, or electropermeabilization, has gained great interest in multiple research
areas including gene therapy and vaccinology [17]. Although the precise mechanism of action has
not yet been well defined, it is hypothesized that cell membranes in host tissue receiving electropo-
ration, normally impermeable to charged molecules, form pores or functionally equivalent structural
changes upon application of an external electric field which facilitate the influx of macromolecules.
Thus, higher transfection efficacy of naked pDNA as a result of electroporation is thought to be the
major contributor to the increased immunogenicity of electroporation-mediated DNA vaccination.
In addition, it has been shown that electroporation increases vaccine potency by activating antigen-
presenting cells (APCs) via danger signals and local inflammation [18] and by recruiting immune
cells to the site of DNA administration [19, 20]. Furthermore, direct transfection of APCs could also
be facilitated by electroporation. Currently, intensive investigation is focused upon utilizing elec-
troporation of muscle and skin as an effective method for DNA vaccine delivery to small and large
animals, and in humans. The safety and feasibility of electroporation in humans has recently been
demonstrated, but not finally proven [21]. Thus, the paramount question for DNA vaccines at this
time is whether a sufficient level of efficacy can be reached with the present methodology, or if
further improvements or breakthroughs in vaccine design and/or electroporation delivery will be
necessary.
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In Vivo Transgene Expression After Gene Electrotransfer

In 1990, the first transgene expression detected in skeletal muscle after injection of naked mRNA or
pDNA raised the possibility of using this method for certain gene therapies and DNA vaccinations
[22]. Subsequently, transgene expression was also obtained in the same way in a wide variety of other
tissues, but transgene expression was generally too low and variable to be useful for the envisioned
purposes [12]. Attempts to sufficiently enhance pDNA uptake, and thus transgene expression, with
cationic lipids or the gene gun have also proven unsuccessful to date. The first publications on a sub-
stantial increase in transgene expression (about 100-fold) when electroporation was applied in vivo
after pDNA injection appeared as late as 1996 [23], although electroporation had been used for in vitro
cell transfections since 1982 [24]. In addition, as pointed out by Bettan et al. [25], when using gene
electrotransfer, a higher interindividual reproducibility in gene transduction can be observed.

Skeletal muscle (Fig. 18.1) has been the most frequently targeted tissue in both gene therapy and
DNA vaccine studies, either with or without electroporation. Some reasons why muscle cells (also
known as myocytes) and muscle tissues continue to be attractive targets for transgene expression
include: muscle tissue is easily accessible, plentiful, and well vascularized; the latter facilitates
circulation of the antigens produced by the transfected muscle cells. More discussion of gene elec-
trotransfer to muscle can be found in Chap. 16.

Electroporation and Plasmid DNA Vaccine Immunogenicity

In vivo electroporation has been used to deliver DNA vaccine encoding antigens from numerous infec-
tious agents, summarized in Table 18.1. Enhanced immune responses to electroporation-mediated
DNA vaccination have been observed both in small and large animals such as mice [26], pigs [27],
and monkeys [28]. Widera et al. [26] demonstrated in mice that upon electroporative treatment, the
delivery of a weakly immunogenic hepatitis B virus (HBV) surface antigen (Hbs Ag) DNA vaccine
resulted in an increased humoral immune response, characterized by rapid onset and higher titers of
anti-Hbs Ag antibodies. In addition, the authors observed in the same study that the potency of an HIV
gag pDNA vaccine was increased as shown by the lower dosage of DNA required to induce higher
antigen-specific antibody levels and increased CD8* T cell responses. Similarly, in a study carried out
with a bovine herpes virus-1 truncated glycoprotein D DNA vaccine, Tsang et al. [29] showed that the
onset of the primary humoral response was earlier in the group treated with DNA followed by elec-
troporation, and that this group produced higher antibody levels than those in the group receiving i.m.
DNA immunization or a recombinant protein vaccine only; similar results were obtained earlier with
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Fig. 18.1 Cellular targets of electroporation-mediated DNA vaccination. Current electroporation approaches follow-
ing i.d. and i.m. DNA vaccination target skin cells (keratinocytes), muscle cells, and APCs (including Langerhans
cells) by direct transfection (DT). Application of electroporation at a local immunization site induces the formation
of transient complexes between the DNA and the lipids in the pore edges of the hydrophilic pore zones [62] which
facilitate the translocation of pDNA into the cell cytoplasm. Once in the cytosol, pPDNA may gain access to the
nucleus where transgene expression may occur
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Table 18.1 Antigens encoded by DNA vaccines used in combination with electroporation
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Delivery
Infectious agent Encoded antigen(s) Model route References
HIV Gag Rhesus macaques im. [63]
Gag and Env+1L-12 Rhesus macaques [36]
Env Mice [20]
Gag and Env+1L-12 Rhesus macaques Skin [36]
Env+gp120 protein Macaques and im. [64]
rabbits
Gag and Env Rhesus macaques [65]
Gag and Env Mice im. [26]
gp140Env, GagPol, and Rhesus macaques [66]
TatRevNef plasmids
H5NI1 virus HA Rabbits and mice im. [67]
HINI virus NA; HA Mice im. [68, 69]
Avian influenza HON2 virus HA and NA Mice im. [70]
HBV preS2-S+-2 and IFN-y Rhesus macaques im. [71]
preS(2)-S [72]
Hbs Ag Mice [73]
Hbs Ag Sheep [74]
Hbs Ag Rabbits Skin [75]
HCV NS3/4A im. [42]
E2 Mice im. [76]
NS3 to NS5B Mice and rhesus [31]
macaques
(SARS)-CoV N1, N2 and N3 Mice im. [77]
Spike +IL-2 Mice im. [78, 79]
Spike Mice
HDV L-HDAg; Hbs Ag Mice im. [80]
Coxsackievirus 3 VP1 or VP3; VP1-1 or Mice [81]
VPI1-2
Japanese encephalitis virus Env im. [82]
Herpes virus peD Pigs [27]
Foot-and-mouth disease cVPI1, sVP1, mVPl or P1  Mice im. [83]
virus (FMDV) VPI1 Mice [84]
Chikungunya virus Capsid E1 and E2 Mice im. [85]
Anthrax Anthrax toxin protective Mice, rats, rabbits im. [86]
Ag
Smallpox Mice Skin [87]
Mycobacterium tuberculosis Ag85A Mice im. [37, 88]
Ag85A and Mice and rhesus im. [89]
ESAT-6+ proteins macaques
Ag85B Mice im. [90]
Pseudomonas aeruginosa OprF/Oprl Mice im. [91]
Malaria Pfs25 im. [92]
PyCSP and PyHEP17 Mice i.m., skin [93]
Haemonchus contortus NPA Sheep im. [94, 95]

an otherwise inert microparticulate adjuvant [30]. Interestingly, the efficiency of transfection by elec-
troporation was not increased by doubling the dose of DNA administered; however, the duration of the
antigen-specific antibody response was increased at a higher rate in comparison to the immunization
with the same dose of plasmid without electroporation. Moreover, electroporation increased the degree
of consistency among the individuals in the DNA-plus-electroporation group as seen in the 5 weeks
of follow-up. Finally, a high correlation between the duration of the primary immune response and the



18 Electroporation-Mediated DNA Vaccination 207

magnitude of the secondary antibody response was observed, implying that electroporation could
represent an effective approach to elicit a longer memory antibody response.

Capone et al. [31] have demonstrated that gene electrotransfer efficiently increased the cellular
immune response both in mice and rhesus macaques vaccinated with a plasmid encoding a nonstructural
region of hepatitis C virus (HCV). In particular, they showed by ex vivo interferon (IFN)-y ELISPOT
assay that electroporation in mice induced a fivefold more potent T cell response than DNA administra-
tion alone, and that the elicited response was directed against all six of the antigen pools spanning the
HCV NS3-NS5B region. To assess whether electroporation treatment elicited similar responses in a
nonhuman primate model, they immunized rhesus macaques three times with the vaccine and collected
peripheral blood mononuclear cells at periodic intervals to test the T cell effector function. The immune
responses observed in the electroporation-treated group showed a faster kinetic, with all the animals
responding after the second challenge and reaching a peak after the third. Moreover, all animals treated
with electroporation showed both CD4* and CDS8* T cell responses, in comparison to the naked DNA
group which showed a weaker CD8" response and no CD4* response. Finally, gene electrotransfer-
immunized macaques maintained anti-HCV effector T cells for the entire observation period of
6 months, indicating that the gene electrotransfer efficiently elicited a strong memory T cell response.

DNA vaccination in association with electroporation represents an effective strategy to elicit
strong, broad, and long-lasting B and T cell responses. Although muscle is the most common target
for DNA vaccine immunizations [32], the presence of APCs in both the skin layers makes it an
attractive target for nucleic acid vaccination, since direct transfection of APCs may be important
for T cell priming upon skin DNA immunization [33] (Fig. 18.2). In a murine model using a viral
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Fig. 18.2 Cellular targets of EP-mediated DNA vaccination. Current EP approaches following i.d. and i.m. DNA
vaccination target skin cells (keratinocytes), muscle cells, and APC (including Langerhans cells) by direct transfec-
tion (DT). Application of EP at a local immunization site induces the formation of transient complexes between the
DNA and the lipids in the pore edges of the hydrophilic pore zones [51] which facilitate the translocation of plasmid
DNA (pDNA) into the cell cytoplasm. Once in the cytosol, pPDNA may gain access to the nucleus where transgene
expression may occur
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challenge, Raz et al. [34] have demonstrated that a single intradermal (i.d.) injection (without
electroporation) of naked DNA encoding the influenza nucleoprotein gene is sufficient to induce
production of antigen-specific antibodies and cytotoxic T lymphocytes that persist for at least 68
weeks and are protective against a lethal challenge with a heterologous strain of influenza virus.
Furthermore, immune responses to i.d. DNA vaccination have been recorded to be significantly
enhanced by in vivo electroporation [35]; analysis of the antibody response to an Hbs Ag-encoding
plasmid delivered i.d. upon electroporation in mice has revealed a strong enhancement of the T, 1
response, which is mainly characterized by a strong cell-mediated response, compared to that
elicited by protein immunization, which showed an exclusively T,2 pattern, characterized by a
dominant humoral responses. Also, in a nonhuman primate model study carried out in rhesus
macaques [36], the i.d.-plus-electroporation group developed 50% more IFN-y-producing cells
and twice more memory T cells than the group not treated with electroporation. Higher antibody
responses were recorded in the i.d.-plus-electroporation group when compared to the
i.m.-plus-electroporation group. Altogether, these results support the idea that electroporation
following DNA injection, both in muscle and skin, represents an effective approach to large ani-
mal immunization.

Electroporation-Mediated Local Inflammation

Several authors have hypothesized that inflammation caused by electroporation is important to
prime the immune response to DNA vaccination [19, 37, 38]. Local inflammation was previously
proposed to augment immune responses in studies where pDNA was coinjected with bupivicaine-
HCI [39-41]. The localized tissue damage induced by the electric field is thought to recruit CD3*
cells, increasing the number of infiltrating immune cells at the injection site [42]. Indeed, electropo-
ration caused the activation of proinflammatory signals including the expression of chemokines
such as MIP-1a, MIP-1f3, MIP-1y, IP-10, MCP-2, and XCL1 [18]. Liu et al. [20] characterized the
extent and nature of the cellular infiltrates at the site of electroporative vaccine delivery in mice and
found both polymorphonuclear and mononuclear cells localized in the perivascular spaces and
throughout the muscle tissue. In particular, they observed a significant increase in B cells, CD4* and
CDS8* T cells, and a dramatic increase in macrophages and dendritic cells compared to vaccination
alone. No difference, however, was recorded among cell populations of blood, spleen, and draining
lymph nodes of the mice treated with or without electroporation, suggesting that only local factors
are involved in the augmentation of immune responses following electroporation. Also, these
authors observed that cell infiltrates were transient and resolved within 2 weeks. Thus, improved
antigen presentation may represent one of the mechanisms by which electroporation may elicit a
more potent immune response.

Typically, innate immune recognition of the adjuvant component of vaccine formulations has
been shown to be critical for their immunogenicity [43]. Many adjuvants are ligands for Toll-like
receptors (TLRs), like monophosphoryl lipid A and CpG DNA [44, 45], while some conventional
adjuvants, such as aluminum hydroxide and incomplete Freud’s adjuvant are free of TLR ligands
[46]. Therefore, these examples demonstrate that multiple innate immune recognition and signaling
pathways are required for adjuvants to function [44]. In the case of DNA vaccines, it has been con-
troversial as to the main vaccine component contributing most to the induction of both innate and
adaptive immune responses; while CpG motifs expressed within the plasmid backbone can stimu-
late innate immunity through TLR 9, the induction of adaptive immune responses were unaffected
in the absence of this innate receptor [47, 48]. However, it has recently been shown that the double-
stranded structure of DNA, independently of CpG sequences, possesses immunomodulatory effects
when administered intracellularly [44], which can trigger TLR-independent, TANK-binding kinase I
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(TBK1)- and INF regulatory factor 3-dependent innate activation of both immune and nonimmune
cells to produce type I INFs and their inducible genes [49, 50]. Recently, Ishii et al. [51] have
reported that the enhancement of DNA vaccine immunogenicity achieved by electroporation may
be due to increased transfection rates resulting from this technique, which better contributes to local
inflammation by activating cells to produce IFN through the TBK1-dependent signaling pathway.
These data suggest that TBK1 is a key signaling molecule for DNA vaccination immunogenicity by
regulating innate immune signaling, which is critical for the induction of adaptive immune
responses, and that the enhanced immunogenicity of pDNA by electroporation may be a result of
more pDNA interacting with intracellular TBK1.

In accordance with this hypothesis, Peng et al. [18] postulated that local inflammation is
more important than the actual quantity of expressed transgene in determining the magnitude
of the immune response, demonstrated by higher antibody titers and CD4* T cell proliferation
rates observed by applying electric pulses 3—7 days prior to i.m. DNA immunization. In this
case, it can be postulated that both increased cross-presentation and direct transfection of infil-
trating APCs resulting from increased local inflammation may contribute to the augmented
immune response in electroporation-mediated DNA vaccination. It appears that the mecha-
nisms by which electroporation enhance the responses to naked plasmid vaccination is by an
increase in DNA transfection and possibly include local inflammation, which may be aug-
mented by the magnitude or duration of transgene expression. Indeed, Babiuk et al. [19]
observed that the highest level of lymphocytic infiltration was only in muscle tissue treated
with electroporation, which elicited higher levels of transgene expression, as was expected
considering that antigen production is critical for the retention of the cellular infiltrates at sites
of local inflammation.

Electroporation-Mediated DNA Vaccination in Humans

Although two DNA vaccines have been recently approved in the USA and Canada for the vac-
cination of horses against West Nile virus [52] and salmon against infectious hematopoietic
necrosis virus [53], no DNA vaccine has been approved for use in humans. However, encouraging
results from preclinical trials using electroporation technology with DNA vaccination in large
animal models has prompted much interest in the technique and its safety. Currently, tolerability
in humans has been demonstrated in healthy volunteers [54], anti-DNA antibodies have not been
detected in patients electroporated after muscle DNA injection, and the integration of pDNA into
host chromosomes following electroporation-mediated delivery has not been observed [55].
Together, these results have been sufficient for the regulatory approval of several clinical trials
[56]. As reported on clinicaltrials.gov, seven electrotransfer DNA vaccine trials for cancer and
three clinical trials using DNA vaccine against infectious agents in association with electropora-
tion are currently open. Ongoing clinical studies using electroporation-mediated DNA vaccina-
tion against infectious agents include three phase I studies involving muscle electroporation. The
first will test safety and immunological effects of PENNVAX™-B, an HIV vaccine encoding Gag,
Pol, and Env, in HIV-infected individuals (VGX Pharmaceuticals, Inc.); the second will assess
safety, tolerability, and immunogenicity of human papillomavirus (HPV) DNA Plasmid (VGX-
3100™) delivered by electroporation in adult females postsurgical or ablative treatment of Grade
2 or 3 Cervical Intraepithelial Neoplasia (VGX Pharmaceuticals, Inc.); the third one, a Phase I/11
trial is testing tolerability and efficacy of i.m.-administered CHRONVAC-C™ in combination with
electroporation in chronic HCV genotype 1 infected and naive patients with low viral load
(Tripep AB).
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The amount of pain and distress associated with electroporation in humans has been of a
tolerable level for the anticipated benefit [57]. To date, electroporation-mediated DNA vaccination
in humans is performed administrating an injection volume of 0.2-0.5 mL followed by short (10—-60
ms), low electric field strength (60-250 V/cm) pulses (2—10 pulses). Given that these conditions are
efficient for the DNA vaccination of large animals, such as nonhuman primates, they should be suf-
ficient in humans. Electroporation results in a sharp, but quick pain that is comparable to receiving
a short electrical shock. While this sensation is transient, administration of short-acting sedative
drugs or painkillers before treatment has been considered. Accordingly, as reported by Daud et al.
[57], in a clinical trial using an interleukin-12-encoding plasmid delivered by electroporation in
patients with metastatic melanoma, in order to limit patients’ discomfort, lidocaine was either
administered topically or injected around each tumor site, and intravenous analgesic and/or anxi-
olytic drugs were offered to the patients before electroporation. Notably, previous studies have
shown that pain is not a limiting factor as patient discomfort is limited to the period of electrical
stimulation, and subjects have usually returned for repeated treatments without asking for sedation.
Also, after muscle electroporation, like muscle injection, a mild ache may be experienced at the site
of electroporation for some days, and similar to that following a strenuous workout. Several factors
determine the strength of pain associated with electroporation, although there is a high interindi-
vidual variability in the perception of pain. Among these factors are the number, length, spacing,
and thickness of the electrode needles, but primarily the electric pulse parameters dictate the pain
threshold [58].

Exclusion criteria for electroporation treatment may include the presence of metal implants near
the site of electrical delivery, the presence of a pacemaker, and in the case of muscle electroporation,
obesity, since treatment efficacy may be decreased if muscle tissue is not reached for vaccine and/
or electric pulse delivery.

Electrical Parameters and Electroporation Equipment

Electroporation-mediated DNA vaccine delivery requires a pulse generator that controls the
parameters of individual pulses or pulse trains (amplitude, duration, number, polarity, wave form,
frequency), and electrodes usually integrated into an applicator. Electrodes are in direct contact
with the subject to be treated and it is their geometry (shape, size, and distance from each other)
that ultimately determines the shape and strength of the electric field and the electrical currents
in the target tissue (Fig. 18.3). Thus, both the properties of the pulse(s) and the electrodes are
responsible for the desired enhancement of DNA delivery as well as undesirable side effects.
Proper design of pulses and electrodes will maximize the effectiveness of a given DNA vaccine
and minimize unwanted side effects, such as long-lasting histological changes, pain, and muscle
contractions. Further discussion of electroporation parameters and equipment can be found in
Chaps. 4 and 5.

Skin Electroporation and Equipment

Skin is a potentially interesting target tissue for DNA vaccines because of its natural role in the
immune defense of the body and its ready accessibility. Discussion of gene electrotransfer of DNA
in general and to skin can be found in Chaps. 13 and 17, respectively.
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Fig. 18.3 Main types of electrodes used for EP. Examples of the two main types of electrodes used for delivering
EP: Surface (a) and needle-type (b) electrodes. Surface electrodes come in the form of caliper electrodes or consist
of an array of interweaving electrode fingers (meander). Needle-type electrodes consist of a variable number of (pri-
marily) stainless steel needles arranged in different configurations. Picture depicts a 5-needle array firing rotating
chord patterns, a 4-needle array fired in opposing pairs, crossing or triangular patterns, and a 2-needle array firing pin
to pin

Conclusion

The goal of any vaccination strategy is to prime a broad and long-lasting immune response that is
capable of robust effector responses upon antigenic restimulation [59-61] and protect against
infectious agents, while minimizing toxicity of the vaccine. Since complications may arise due to
the use of viral-based vectors, such as preexisting immunity regulating vaccine effectiveness and
the possibility of reversion into virulence that may decrease vaccine efficacy or safety, alternative
approaches should be explored for future vaccine approaches. DNA vaccination appears an even
more attractive candidate for future vaccines since it is safe, immunogenic, and does not stimulate
vector-specific immunity. Extensive literature supports the hypothesis that electroporation repre-
sents a valid approach to vaccine administration in that it increases the consistency and potency of
vaccination, inducing higher levels of both antibody-mediated and cytotoxic T cell responses. In
this way, electroporation may help augment translocation of exogenous DNA into the nucleus.
Furthermore, it has been proven to be effective in enhancing immune responses to antigens regard-
less of the degree of transgene expression achieved. Recent evidence suggests that innate immune
recognition of the adjuvant component of vaccines and the danger signals provided by the method
of vaccination may be important in determining the magnitude of the resultant immune response.
Electroporation may enhance local inflammation at the site of immunization by facilitating the
transfection of greater amounts of pDNA, which may be more readily available to interact with
intracellular signaling proteins that trigger the secretion of inflammatory cytokines and their
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inducible genes. While electroporation-mediated DNA vaccination is currently the topic of inten-
sive research, more theoretical studies and practical trials are required to optimize the delivery of
the vaccine into the target tissue, and the electrical parameters facilitating DNA uptake while cali-
brating local tissue damage and reducing pain associated with vaccine delivery through
electroporation.
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Chapter 19

Irreversible Electroporation (IRE) on Liver Tumor
Ablation: A Summary of Preclinical Translational
Research

Edward W. Lee, Daphne Wong, and Stephen T. Kee

Abstract In the recent years the topic of irreversible electroporation has created an excitement
in the ablation community due to its advantageous characteristics. In this chapter, we will explore
these advantages such as complete cell death, demarcated ablation zones, quick procedure time,
feasibility with real time imaging, and the lack of the “heat sink™ effect that is affecting currently
used ablation techniques such as radiofrequency ablation (RFA). Additionally, we will explore in
depth the mechanism of IRE, preliminary research and our in vivo studies in a swine liver, and
rabbit VX2 tumor model.

Keywords Irreversible electroporation ¢ Electroporation * VX2 ¢ Swine animal model ¢ Rabbit
animal model ¢ Liver tumor ¢ Hepatocellular carcinoma * Image-guided ablation

Introduction

The application of short and intense electric fields across a cell membrane has the ability to
permeabilize the cell membrane through a process known as “electroporation” [1]. This per-
meabilization of the cell membrane leads to complete disruption of cellular homeostasis
between the intra- and extracellular compartments. The way by which the cell membrane is
permeabilized is not yet fully understood, though it is thought to be related to the formation of
nanoscale pores in the cell membrane. Permeabilization of a the cell membrane may be tran-
sient, after which the cells survive as the nanopores reverse and seal themselves [2]. This pro-
cess is known as “reversible electroporation.” Permeabilization of a cell membrane may,
however, be permanent, thereby irreversibly causing cell death in a process known as “irrevers-
ible electroporation” [3].

During the last 20 years, the field of electroporation has been dominated by reversible electropo-
ration. Irreversible electroporation (IRE) was considered an undesirable result and was simply
studied to determine the upper limit of the electrical parameters that could be used to safely induce
reversible electroporation. Recently, however, IRE has begun to emerge as an important medical

S.T. Kee (D)

Ronald Reagan Medical Center at UCLA, Division of Interventional Radiology, Department of Radiology,
David Geffen School of Medicine at UCLA, 757 Westwood Plaza, RM2125, Los Angeles, CA 90095, USA
e-mail: Skee@mednet.ucla.edu

S.T. Kee et al. (eds.), Clinical Aspects of Electroporation, 219
DOI 10.1007/978-1-4419-8363-3_19, © Springer Science+Business Media, LLC 2011



220 E.W. Lee et al.

ablation technology [4]. In recent studies, IRE has been used to destroy prokaryotic and eukaryotic
cells in vitro, and as a method to kill microorganisms, mammalian normal cells and mammalian
cancer cells in vivo [1, 5-8]. Such studies have demonstrated the ability of IRE to fully eliminate
an entire population of cells without causing any thermal damage.

In this chapter, we will present some of the published and unpublished data from our group and
others, summarizing the preclinical translational research data for a better understanding of IRE in
liver tumor ablation.

Translational Models to Investigate Tumor Ablation

Developmental Stage of IRE Liver Ablation

The early developmental stage of IRE ablation technology was based on mathematical and com-
puter modeling to analyze the physics, geometry, and hypothesis of IRE [9] prior to translation into
a basic science bench study evaluating the electrical parameters in vitro [4]. From those fundamen-
tal basic science studies, researchers were able to derive several important facts about IRE: (1) high
electrical fields create innumerable nanopores in the cell membrane which can cause abnormal com-
munication between the intra- and extracellular compartments, (2) these electrical fields can cause
the cell membrane to become permanently permeabilized, resulting in cell death, and (3) adjacent
cells and structures are not affected as there is no undesirable thermal heating associated with IRE.
In addition to these early findings, recent mathematical, computational, and in vitro studies have
become additional tools in delineating the fundamental mechanisms of IRE. Recently, Daniels and
Rubinsky demonstrated improved parameters for creating IRE ablation in the more heterogeneous
geometric anatomy of the human body [10]. A combination of this work with additional findings
by Neal et al. has suggested a possible role of IRE in treating breast cancer or other heterogeneous
tissue containing differing morphology and density [11, 12].

With these promising results, many in vivo studies were initiated and developed into more rele-
vant investigations to answer several important questions:

* Can IRE effectively cause liver cell death in vivo? Although many investigators have shown the
effectiveness of IRE in causing in vitro hepatocyte death, this is clearly not sufficient to translate
the technology into clinical settings. In addition, the effects on pericellular environments such as
stromal cells, vessels, and nerves were not accounted for in these prior studies.

* How is IRE different from many already-existing locoregional treatment options such as radio-
frequency ablation (RFA), cryoablation, or microwave ablation? Prior studies have suggested
possible “nonthermal” ablative effects of IRE, but this must be validated and confirmed in larger
animal models before translation into clinical applications. Also, what other characteristics of
IRE distinguishes it from other ablative methods? How fast does it work? What side effects can
occur?

* How safe and feasible is IRE in animal studies? The equipment and ablation probes used in
mathematical or in vitro studies are clearly not acceptable in animal or clinical studies. In addi-
tion, no serious medical safety issues are involved when studying a new technology in mathe-
matical or in vitro models. However, such issues become an important factor when determining
whether this technology is feasible to use in patients.

* How does IRE really work? Once again, mathematical hypotheses and in vitro results can only
demonstrate preliminary and nonclinical evidence of a new technology. It is difficult to convince
patients and clinicians that this new tumor-ablative technology works based on findings from a
computer program and the results from cells grown in a petri dish. These methods do provide useful



19 Trreversible Electroporation (IRE) on Liver Tumor Ablation 221

information, but only in large animal models or clinical research can more detailed and convincing
evidence be shown in order to translate these new technologies into the clinical setting.

Preclinical Studies

Since the introduction of IRE in 2005 by Davalos et al. [13] as a novel ablation technique, many
in vivo studies in animals such as mice, rats, rabbits, and pigs were performed to answer these ques-
tions. First, Edd et al. demonstrated the characterization of tissue ablation performed with IRE
in vivo in the normal livers of rats (Sprague-Dawley rats) [14]. This and other studies in normal rat
liver have concluded that the areas of ablation produced by IRE are clearly defined. Within the
ablated zones, cell death with ischemic damage to parenchyma and massive immunological reac-
tions were seen [14-16].

These findings from the normal rat liver studies led investigators to look into validating these
findings in tumor models as well as larger animal models. One notable study was performed by
Al-Sakere et al. in 2007 where the group demonstrated that IRE can be used to cause nonthermal
ablation in tumor models in vivo [5]. The C57B1/6 sarcoma xenograft model was used to evaluate
the effectiveness of IRE in treating an approximately 5 mm tumor in the flank of mice. In addition,
Guo et al. have shown the feasibility of IRE in treating rat hepatoma tumors formed after injection
of the N1S1 HCC cell line. Follow-up was performed with MRI up to 15 days after treatment [6].

Several larger animal studies have also been performed, and the results were a significant leap in
IRE technology development. The most notable nontumor study was performed in the swine model,
and subsequently, a study was performed in the rabbit model, using VX2 sarcoma in the liver. In the
next sections, details of these two studies, including the rationale and methods, will be discussed,
and some significant results will be presented.

IRE on Swine Liver

For the swine studies, all animals were studied under the supervision of the Animal Research
Committee (ARC) and Division of Laboratory Animal Medicine (DLAM). Pigs weighing an aver-
age of 40 kg were subjected to general anesthesia using a combination of intramuscular injection of
ketamine hydrochloride, xylazine, and inhaled halothane. The pigs were placed in the supine posi-
tion and the upper abdomen was shaved and sterilized in the usual fashion. At this point, preablation
ultrasound (US) was performed to visualize areas of interest. In certain animals, contrast-enhanced
CT (CECT) and/or MRI were performed at this point using previously described protocols [7].
Under real-time US guidance, IRE needles were placed percutaneously either using a subcostal or
subxyphoid approach, or using open laparotomy (Fig. 19.1a). Once the satisfactory placement of
the needles was confirmed, IRE was performed with either a monopolar system (two or three
18-gauge electrodes, Fig. 19.1b) or a single bipolar system (a single 16-gauge electrode) using a
NanoKnife generator (AngioDynamics, Queensbury, NY, Fig. 19.1c). The ablation zone was moni-
tored in real-time, both intra- and postprocedure, as well as 24 h, 7 days, and 14 days after the
procedure, using US, CT, or MRI. Postablation care was performed in compliance with ARC policy
and in accordance with NIH guidelines.

At four different time periods (24 h, 72 h, 7 days, and 14 days) after IRE treatment, pigs were
euthanized and tissues harvested for immunohistochemistry. For various immunohistological analy-
ses, each of the processed and sectioned tissue samples was stained with Hematoxylin and Eosin
(H&E), Von Kossa stain, and vonWillebrand factor (vWF), as well as subjected to TUNEL assay.
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Fig. 19.1 (a) A photograph of percutaneous IRE ablation of swine liver using two monopolar probes. The real-time
US guidance is used for probe placement, peri-ablation monitoring and postablation monitoring. (b) An image of IRE
monopolar probes. Each probe is a 19 gauge in size with up to 4 cm tip exposure for ablation. Using two probes,
various probe distance can be achieved to optimize the ablation. (¢) A photograph of IRE generator (NanoKnife®
Angiodynamics). It has three parts: monitor screen, laptop with conventional keyboard, and generator

Summary of the Swine Studies

In our swine studies, we were able to answer several very crucial questions.

Firstly, we confirmed the feasibility of performing percutaneous or laparotomy-assisted IRE in
a large animal. We were able to effectively create various sizes of IRE-ablated zones (in a range of
25 x 17 to 42 x 60 mm) in normal swine hepatic parenchyma. We were able to preplan and control
the various sizes of ablation zones based on the type of the needles (either bipolar or monopolar)
and the distance between them (10-30 mm, Fig. 19.2) [7, 17]. This reproducible and controllable
treatment with predictable ablation zones provides crucial evidence supporting translation of this
protocol and parameters into human livers.

Next, our extensive immunohistochemical analyses have demonstrated that IRE can create com-
plete cell death within the zone of ablation. We were able to reproduce this finding in both macro-
and microscopic evaluation in all tissue samples we evaluated. In addition, IRE ablation provided a
well-demarcated zone of ablation from nonablated normal liver parenchyma. Many of the currently
available “thermal” ablation techniques suffer from the lack of completeness and distinctiveness of
cell death adjacent to blood vessels due to the “heat sink” effect, and this has been shown to be a
leading cause of recurrence [18]. In IRE ablation, cell death is complete within the ablation zone
even up to the vascular wall, leaving no surviving cells. Hence, there is a decreased chance of recur-
rence or metastasis from missed foci of tumor cells.

A major advantage of IRE is the short procedure time. To ablate a lesion volume of 15 cm? (an
oval-shaped lesion with largest diameter of 3.5 cm), IRE required an average of 7 min of procedure
time from insertion of probes to the completion of the ablation [7]. The energy delivery component
of the procedure, i.e., actual ablation time, takes less than a minute. We were able to significantly
decrease the total procedure time to less than 10 min compared to the 30-60 min required in con-
ventional thermal ablation methods [19, 20]. We believe that this is a critical factor in interventional
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Fig. 19.2 Preplanning side and fop view image of IRE. Using the IRE software, the size of IRE ablation can be
accurately planned and executed. With a precise placement of probes, the accuracy of predicted size of IRE ablation
is within millimeters of difference

procedures, as short procedure times can significantly reduce complication rates, postprocedure
observation time, and discomfort for patients. Ultimately, short procedure times allow for additional
time to be taken to create a larger size ablation zone (as big as 30-50 cm?, an approximate volume
of a lesion with largest diameter of 5 cm) with less procedure time in total minutes.

Another landmark finding of our swine studies was validation of the feasibility of using all the
available imaging modalities in order to monitor the extent of the ablation and characterize the radio-
graphic changes occurring during and immediately after the procedure using US, and within 48 h
with CT and MRI (Fig. 19.3a—c). This provides a considerable advantage to IRE, as immediate imag-
ing can monitor the completeness of ablation and allow for real-time planning of treatments. Most of
the thermal ablation methods, including RFA, are unable to be monitored in real-time due to the
formation of micro-bubbles creating hyperechogenicity on US images from thermally injured tissue.
Also, CT and MRI are likewise very limited in their ability to characterize the ablation zone of RFA
in short-term follow-up, as no distinct changes are seen shortly after conventional ablation [21]. By
contrast, IRE creates a discrete and measurable spherical area of ablation during and immediately
after the procedure. We have demonstrated this observation, and measurements of the treated area
acquired during real-time monitoring using US and short-term follow-up imaging using CT and MRI
correlated well with gross measurement of the ablation. Interestingly, diffusion-weighted imaging
(DWI) images demonstrated an area of diffusion restriction within the ablation zone, which corre-
lated well with the area of hypoechogenicity seen on US images. This phenomenon is likely due to
increased intracellular water content seen as hypoechoic on US and decreased blood flow to the core
of the ablation due to cell death and vascular congestion seen on DWI MRI. Several significant points
about these findings can be highlighted: (1) to our knowledge, this is the first report using CT and
MRI in evaluating IRE ablation in a large animal model, (2) this is the first investigation confirming
the feasibility of using all three conventional imaging modalities (US, CT, and MRI) to evaluate IRE
and its ablation zone for immediate follow-up for effective treatment planning, and (3) this is the first
report using MRI DWI sequence to evaluate hepatic ablation. Two recent studies have been reported
using DWI imaging in monitoring prostate thermal ablation [22, 23].

In summary, we were able to demonstrate several important findings regarding IRE ablation on
hepatic tissue using a normal swine liver: (1) IRE ablation in swine liver is a feasible and reproducible
procedure, (2) IRE causes complete cell death in a very complete and distinctive manner, (3) ultra-short
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Fig. 19.3 (a) A noncontrast CT of the swine liver within 24 h from IRE ablation demonstrates an area of hypodensity
in the poster aspect of the right lobe of the liver with very mild hyperdensity suggestive of hyperemia. (b) An arterial
phase of the swine liver accentuates the hypodensity of ablated zone with increased peripheral enhancement. Several
linear hyperdensity is noted within the ablated zone, which may correlate with the intact vessels within the ablation.
(c) A delayed venous phase of the swine liver with a persistent hypodensity of IRE-ablated zone suggestive of suc-
cessful ablation

ablation procedure time is possible, and (4) multiple imaging modalities (US, CT, and MRI) can be used
to evaluate and analyze the IRE ablation zone during the procedure as a real-time monitoring tool and
with short-term follow-up. Lastly, we have also performed extensive immunohistochemistry to further
elucidate the basic pathophysiological background of IRE ablation in the liver.

IRE on Rabbit Liver VX2 Tumor

Following our results in swine liver ablation, several questions remained: mainly how effectively
IRE would work on cancer cells. Cancer cells behave differently than normal cells in every aspect
of cellular physiology, genomics, and pathology. Therefore, it was imperative to evaluate and vali-
date the effectiveness of IRE on in vivo tumor models. The IRE studies performed on pigs had the
advantages of using larger livers that allowed for the consistent creation of multiple lesions in order
to define the ablation zone, pulse number and frequency, and determine the type of electrode needle
required. We then shifted our focus to applying our knowledge from the swine liver IRE ablation to
IRE ablation of an actual tumor tissue grown in the liver of a live animal. We determined that rabbits
were the most appropriate species for this study because the rabbit VX2 liver tumor model is one
of the few well-accepted large animal tumor models, since the growth of this aggressive mesenchy-
mal tumor is comparable to that of hepatocellular carcinoma in humans. In addition, the early stages
of tumor growth up to 2 weeks can be controlled and monitored to obtain a consistent tumor size.
VX2 tumors grow rapidly, about 1 cm increase in diameter in 1 week within a short growth time.
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Lastly, the rabbit has phylogenetically similar hepatic anatomy to that of humans and swine, so we
can easily translate our findings from the swine studies into rabbit studies, and overall findings from
both large animal studies can be utilized in translating the IRE ablation technology into clinical
application.

Over 100 New Zealand white rabbits were studied under the supervision of the ARC and DLAM.
Our experimental design was based on multiple prior studies [24, 25]. Under general anesthesia, the
VX2 tumor was implanted into the hindleg of a donor rabbit and grown for about 2 weeks. Once
the tumor grew to an appropriate size, the tumor was harvested, minced, and implanted into the left
lobe of a recipient rabbit’s liver. The rabbits were given proper care and monitored using frequent
US until the VX2 tumor grew up to 1 cm in diameter (Fig. 19.4a—f).

At the time of treatment, the animals underwent general anesthesia as described above and were
then placed in the supine position. The right upper quadrant was shaved and sterilized, and the VX2
tumor was located using US guidance. The IRE needle was advanced into the tumor and ablation
was performed (see Section “IRE on Swine Liver” for detailed description of materials). The abla-
tion zone was monitored in real-time, both intra- and post-procedure, as well as 24 h, 3 days, 7 days,
14 days, and 28 days after the procedure, using US and CT. Postablation care was performed in
compliance with ARC policy and in accordance with NIH guidelines.

At different time periods (15 min, 30 min, 1 h, 2 h, 6 h, 12 h, 24 h, 72 h, 7 days, 14 days, and 28
days) after IRE treatment, the rabbits were euthanized. The liver tissues, including the zone of abla-
tion, and lung tissues were harvested for both gross and microscopic pathological analysis. For vari-
ous immunohistological analyses, each processed and sectioned tissue sample was then stained with
H&E, vWF, P-53, Ki-67, CD30, and vascular endothelial growth factor receptor (VEGFR), as well
as subjected to TUNEL assay.

On a side note, VX2 tumor can be implanted into the rabbit through either the injection of
minced tumor from the hindlimb of the donor or injection of premade cell suspension. Two studies
comparing the two methods concluded that injection of minced tumor from the hindlimb of the
donor was far superior because it reduced tumor cell leakage (0 vs. 50% for injection) and had a

[

Fig. 19.4 An illustration of creating rabbit VX2 liver tumor model: (a) injection of VX2 tumor cells into the donor
rabbit’s hindleg muscle, (b) in 10-14 days, the VX2 tumor grows to an appropriate size, (¢) a harvested VX2 tumor
is about 2.5-3 cm in size, (d) the tumor is minced into millimeter size as soon as it is harvested from the hindleg, (e)
the left lobe of the rabbit liver is exposed via midline laparotomy, and (f) minced VX2 tumor is implanted into the
left lobe of the rabbit liver for a liver tumor growth, which usually occurs in 10-14 days
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better successful inoculation (95 vs. 35% for injection) [26]. This leakage causes seeding of the
tumor outside of the liver causing unnecessary pain and distress to the animal, and possibly leading
to premature death. These findings were also confirmed by another recent study [27]. Therefore, we
have adopted to use the method of injecting minced tumor from the donor’s hindlimb.

Summary of the Rabbit Studies

The major findings include the following: (1) IRE consistently produced complete cell death in the
ablated zone with a sharp margin, with both gross and histological analyses confirming the lack of
any viable cells within the ablated zone, (2) IRE ablation is not affected by the heatsink effect and
therefore, complete cell death of perivascular cells were achieved, (3) IRE ablation has an ultra short
procedure time of under 1 min of actual IRE ablation, and (4) IRE ablation allows for real-time
monitoring under US imaging and the use of CECT to monitor and evaluate ablation outcome as
early as 24 h following the procedure (Fig. 19.5a, b). In addition to validating these points, IRE
ablation on the rabbit VX2 tumor model studies has provided several additional key facts about IRE
ablation.

One of the main findings from the rabbit studies was the effectiveness of IRE ablation in com-
pletely eradicating tumor cells in the liver of living subjects. By ablating different fractions of the
tumor (e.g., ablating only half of the tumor vs. full tumor), we confirmed that complete tumor cell
death was only seen within the area of ablated zone. As described above, complete cell death was
seen with no residual tumor cells left within the ablated zone including perivascular tumor cells.
With complete full ablation coverage of a tumor mass, no evidence of synchronous or metachronous
tumors is seen within the liver or lung. This demonstrated that the IRE ablation resulted in complete
remission of the tumor. We were able to stop the growth and spread of the VX2 tumor, an extremely
aggressive tumor shown to have both intrahepatic and distant metastases in every rabbit in the con-
trol and sham groups. Complete ablation coverage of the tumor with a sufficient margin was pos-
sible because of several advantages of IRE ablation. We were able to evaluate and monitor the
ablation zone in real-time, which allowed us to adjust the probes and ablation parameters and reab-
late immediately after the first ablation if needed. We were also able to perform multiple IRE abla-
tions within a single session under the same anesthesia session as each ablation took less than a
minute. Hence, a total procedure time for two or three ablations was less than 5 min. A complete

Fig. 19.5 (a) A contrast-enhanced CT (CECT) image of rabbit liver with an implanted VX2 tumor pre-IRE ablation
demonstrates a hypodense tumor with a very mild peripheral enhancement. (b) 24 h post-IRE ablation CECT dem-
onstrates a large hypodense ablation defect. This hypodense defect decreases but persists for over 3 weeks
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tumor ablation is the most important feature of IRE in translating this technology into the clinical
setting as many currently existing ablative technologies lack this due to the heatsink effect and
inability to perform real-time monitoring.

In our rabbit studies, we also performed several additional immunohistological analyses of the
IRE-ablated tissues (Fig. 19.6a—c). In addition to validating complete cell death by IRE, we inves-
tigated further into the underlying pathophysiology of how IRE produces complete cell by exploring
the molecular pathways that help us understand further what IRE does to tumor cells. In both the
swine normal liver study and rabbit VX2 tumor studies, we consistently found that IRE-induced cell
death is intimately associated with apoptosis. During the first week post IRE ablation, apoptotic
markers (e.g., BCL-2) were found to be markedly increased in the IRE-ablated zone compared to
the normal liver tissues and within VX2 tumor. This method of cell death which is also known as
programmed cell death occurs due to the cell’s intrinsic biochemical and molecular changes [29].
Apoptosis is involved in the normal natural course of cell life such as repair after damage, allostasis
to keep constancy between cell death and cell division, and during tissue development and organo-
genesis [30]. As apoptosis is heavily involved in many normal cellular developments, the repair of
damaged tissues and regeneration of a damaged organ after apoptotic cell death is believed to be
relatively faster and more efficient [29-31]. Another common method of cell death is necrosis,
which is also known as traumatic cell death caused by acute cellular injury. All of the conventional
thermal ablation techniques including RFA cause necrotic cell death resulting in the scarring of tis-
sue. However, our finding regarding the relationship between IRE and apoptosis can support a
theory that IRE-induced apoptotic cell death may enhance regeneration of the ablated liver by rap-
idly inducing tissue repair without fibrosing or scarring. This feature of IRE can be a notable clinical
advantage, as quick regeneration means faster recovery for patients and faster recovery of liver func-
tion after tumor ablation.

Another clinically important finding of our rabbit VX2 tumor studies was the preservation of criti-
cal intrahepatic structures such as bile ducts and vessels. In all animal studies, the patency of hepatic
arteries, hepatic veins, portal veins, and bile ducts was seen within IRE-ablated areas (Fig. 19.7).
Small-vessel (less than 2 mm) vasculitis was evident; however, any vessels greater than 3 mm in
diameter have shown either no structural damage or very mild narrowing. These findings were con-
firmed in radiographic analysis using CECT as well as both gross and microscopic analysis. We used
multiple vascular wall markers, including vWF, VEGFR, and Masson’s Trichrome stain, to validate
architectural preservation of vessels and bile ducts. One speculation about the mild effect of IRE abla-
tion on these structures is even though IRE eradicates every cell with intact cellular membranes within
the ablated zone, the ablation preserves the thin layer of subendothelial connective tissue and elastic
tissues such as internal/external elastic lamina and tunica adventitia of the vessels. These connective

Fig. 19.6 P53 staining of (a) normal rabbit liver, (b) VX2 tumor and (c) IRE ablation zone. A normal liver (a) stains
only nuclei with blue stains with essentially no P53 positive cells as P53 immunohistochemistry stains only prolifer-
ating cells. In VX2 tumor (b), there are innumerable P53 positive cells as demonstrating markedly proliferative nature
of tumor cells. However, in IRE-ablated zone (c), normal hepatocytes scaffolds are seen without any nuclei or P53
positive cells consistent with complete cell death within the ablated zone. These findings are also confirmed with
Ki-67 and VonKossa immunohistochemical analysis
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tissues are responsible for the structural integrity of the vessels; therefore, these intact connective tis-
sues after IRE ablation are responsible for the preservation of the vessels and bile ducts. Moreover, on
CECT, larger vessels appear to contain normally flowing blood in different phases (arterial, venous vs.
delayed phase). This characteristic of IRE further supports our theory that IRE ablation results in tissue
regeneration.

In summary, based on our swine normal liver ablation studies, we were able to develop and
perform a more clinically related IRE ablation on the rabbit VX2 tumor in which we were able to
validate and reproduce our findings from the swine studies. In addition, we demonstrate several
crucial findings regarding IRE ablation on the hepatic tumor. We were also able to demonstrate the
effectiveness of IRE ablation in eradicating hepatic tumors and were able to follow the outcome of
the ablation. Furthermore, we have delineated the intricate pathophysiology of IRE-induced cell
death and were able to demonstrate that IRE is capable of inducing the apoptotic pathway in the
cells within the ablated zone, causing complete cell death without damaging some critical intrahe-
patic structures such as vessels and bile ducts. Overall, a combination of IRE-induced apoptosis
and preservation of these structures may lead to rapid tissue repair and restoration of hepatic
function.

Conclusion

With the increasing use of locoregional therapies for hepatic malignancies, many novel ablative
methods, including high-intensity focused ultrasound (HIFU), microwave, and RFA, that comple-
ment currently existing conventional oncologic therapies have been developed and investigated
[32-39]. IRE ablation is a novel technology with a promising future as it provides several advan-
tages over other ablation methods or currently available oncologic therapies. IRE uses a nonconven-
tional, nonthermal energy-delivering mechanism to eradicate tumors with increased efficacy,
decreased procedure time, improved clinical applications with real-time monitoring, and the pos-
sibility of enhancing regeneration of ablated tissues. Overall, we believe IRE can be a powerful and
safe ablation method for treating hepatic malignancies.
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Chapter 20
Translational Research on Irreversible Electroporation:
VX2 Rabbit Head and Neck

Daphne Wong, Edward W. Lee, and Stephen T. Kee

Abstract Head and neck cancers account for a small percent of new cancer cases each year in
comparison to other cancers. However, the diagnosis of this disease is usually life threatening and
negatively impacts the quality of the patient’s life. With various treatments or therapies available for
the different stages of squamous cell carcinoma of the head and neck (SCCHN), the most prominent
type of head and neck cancer, significant side effects or disadvantages such as severe toxicity and
lack of organ preservation sometimes outweigh the positive outcomes. Irreversible electroporation
(IRE) is a novel treatment that is currently showing promise in tumor ablation without the disad-
vantages of other techniques. Therefore, current research is underway in order to utilize IRE against
implanted VX2 rabbit tumors in the head and neck region to demonstrate its effectiveness. Through
preliminary results, positive outcomes are showing great promise that IRE may be the next innova-
tive treatment for SCCHN.

Keywords Irreversible electroporation * VX2 « Head and neck cancer * Squamous cell carcinoma
of the head and neck * Chemo-radiotherapy ¢ Epidermal growth factor receptor

Introduction

Head and neck cancer can be defined as a collection of biologically similar epithelial cancers that
occur throughout the upper aerodigestive tract [1]. They have the anatomical characteristics of an
infiltrative noncohesive cancer with permeation of vessels, nerves, and submucosal spread [2—4].
The majority of head and neck cancers are squamous cell carcinoma of the head and neck (SCCHN)),
which is considered to be the sixth most common cancer in the world [1, 5] affecting over 650,000
people worldwide and creating approximately 46,000 new cases per year in the United States,
resulting in an estimated 11,260 deaths [6, 7]. Some risk factors of head and neck cancers include
cigarette, cigar or pipe smoking, excessive alcohol consumption and recently, the human papilloma
virus (HPV), particularly HPV type 16 [8]. SCCHN is considered one of the most difficult cancers
to treat due to the growth of primary tumors that spread into adjacent tissues and lymph nodes,
where primary tumor sites may include the lip, oral cavity, nasal cavity, paranasal sinuses, pharynx,
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and larynx [1]. Unlike many other cancers, where metastases are the primary cause of death, local
recurrence is the most common cause of treatment failure where approximately 50-60% of patients
have recurrence within 2 years and 20-30% develop metastatic disease [1, 5, 9] having a median
survival rate of no more than 6 months [10, 11]. Most head and neck cancers remain asymptomatic
until late in the disease course, making them more difficult to treat and manage since it may obstruct
or harm structures involved in speech, voice production, and swallowing, creating a low quality of
life after dissection or other treatments [7, 12]. Therefore, it is these disabilities that fuel the need
for an effective and safe treatment for SCCHN.

Head and Neck Cancer Therapies

SCCHN can be characterized into four stages: early-stage disease, locally advanced disease, recur-
rent and metastatic disease, and platinum-refractory disease. With each stage, different therapies are
utilized to get the maximum effect. Below, current therapies for SCCHN are discussed.

Neck Dissection

Surgical management of head and neck cancers by dissection has been the primary treatment since
the early 1900s [13, 14]. Currently, selective dissections are still used for stage I or I SCCHN,
where nodal areas are not at risk when left undissected. Selective neck dissections are mostly
applied to early-stage disease, where approximately 33% of patients have a 5-year survival rate of
about 80% [1]. However, morbidity also increases with dissections when the accessory nerve is
compromised during surgery, leading to shoulder disability and permanent loss of function with
significant pain [13]. Therefore, dissections should be considered for SCCHN stage I or II in order
to attain the best curative outcomes.

Chemo-Radiotherapy

As head and neck cancers advance to stage III or IV, single-modality treatments are no longer as
effective, leading to multimodal treatments. The use of concurrent chemo-radiotherapy (CRT),
which is the combination of radiotherapy with chemotherapy, has shown in both definitive and
adjuvant postoperative settings a 12% reduction in mortality and an improvement of 4% in 5-year
survival [15] while preserving organ function [9]. However, substantial toxicities have been
observed in patients who underwent CRT [7], with acute toxicities such as mucositis, stomatitis,
dermatitis, and late toxic effects that include chronic xerostomia, dysphagia, feeding-tube depen-
dence, aspiration, and thyroid dysfunction [5]. Therefore, although CRT has advantages in organ
preservation, the significant risk in toxicity may outweigh those advantages.

Molecularly Targeted Therapies with EGFR

With the prospect of severe toxicities as a result of CRT, other therapies have been studied as an alter-
native to treating late-stage SCCHN such as molecularly targeted therapies, with growing interest in
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targeting the epidermal growth factor receptor (EGFR). EGFR is part of the human epidermal receptor
(HER)/Erb-B family of receptor tyrosine kinases that are responsible for transducing extracellular
signals to intracellular responses [16]. It has been demonstrated that there is an overexpression of
EGFR in almost all SCCHN tumors, and its overexpression is related to higher disease stage [5];
therefore, the blockage of EGFR pathways becomes a main focus as the next treatment for SCCHN.
Anti-EGFR monoclonal antibodies such as cetuximab and low-molecular tyrosine kinase inhibitors
such as erlotinib are currently the most developed EGFR-targeted therapies [17]. A randomized phase
IIT trial of radiation therapy was able to demonstrate increased survival in patients with stages III to
IV with the addition of cetuximab, leading to FDA approval of this agent [18].

Irreversible Electroporation

In the medical arsenal of tissue ablation, the innovative technique of irreversible electroporation
(IRE) provides for the possibility of a safer, faster, and more effective means compared to other
ablative methods. The uniqueness of IRE stems from its nonpharmacological and nonthermal char-
acteristics, which separates this method from electrochemotherapy that utilizes chemical agents and
may lead to problems with drug allergies, and thermal ablative methods such as radiofrequency
ablation (RFA), which is temperature dependent. IRE is the process where microsecond electrical
pulses are used to destabilize the electric potential of the cell membrane, causing permeabilization
with nano-scale defects in the lipid bilayer, which eventually leads to cell death if a strong enough
pulse is applied to inhibit the resealing of the membrane [19]. In a typical IRE protocol, electrical
pulses are transmitted using two needle-like electrodes placed into and on the outer regions of the
specific tissue [20]. Also, a novel feature of IRE is the ability for the electrodes to fit any tumor size,
shape, and position, allowing it to accommodate any geometry [21]. A study by Maor et al. was able
to demonstrate that IRE also has the ability to ablate tissues close to blood vessels without harming
them even when electrical pulses were directly applied [19]. Furthermore, Onik et al. performed
IRE on prostate tissues and were able to determine the unique selectivity of IRE, since it was able
to destroy the cellular components of the tissue but able to keep the collagen tissue underneath intact
[22]. With this finding, they were able to validate another advantage of IRE: the ability to create a
distinct margin between ablated and normal tissues. A recent IRE study on swine liver also demon-
strated positively the advantages of this treatment [23]. As a result, this is beneficial for tumors that
are located close to large blood vessels, such as SCCHN. Overall, with further study, IRE can be
considered as a novel therapy for recurrent SCCHN.

Preliminary Results of IRE on SCCHN

With the advantageous prospects of IRE on tissue ablation and our recent study on the rabbit VX2
tumor in liver, the same model was applied to demonstrate the effectiveness of IRE in the head and
neck region. The rabbit was the ideal model for this study due to the successful mimicry of human
head and neck tumors. The postauricular area was chosen in order to mimic this, since it follows
similar lymphatic drainage to that in humans. In this study, we wanted to demonstrate IRE as an
effective treatment in decreasing the rate of metastasis and lymphatic involvement of the head and
neck tumor. Additionally, we wanted to evaluate the safety of this technique against adjacent vital
structures such as vessels and nerves. With this study, we hoped to demonstrate, for the first time,
in a scientifically controlled large animal model that in a very short treatment time under real-time
image guidance, IRE can cause well-controlled and focused areas of head and neck tumor ablation,
creating complete cell death while preserving adjacent vital structures.
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New Zealand white rabbits were studied under the supervision of the Animal Research Committee
(ARC) and Division of Laboratory Animal Medicine (DLAM). VX2 tumors were first implanted into
the hind leg of a donor rabbit and were allowed to grow for approximately 14 days. Once the tumor
grew to an appropriate size, it was harvested, minced, and injected into the postauricular region/
muscle (in the proximal sternocleidomastoid muscle) of the recipient rabbit. The tumor was then
allowed to grow to an appropriate size of 1 cm. IRE treatment was then performed using a bipolar
needle electrode that was advanced into the tumor area. A square pulse of 2,500 V was applied using
a pulse generator, where a total of 90 pulses were administered. The entire IRE treatment, from elec-
trode placement to the end of pulse application, was less than 3 min. Additionally, we have found
that the electric current used in IRE appears to cause muscle twitching. Therefore, we administered
pancuronium before the IRE treatment in order to prevent this. After the addition of pancuronium,
minimal muscle twitching was observed. Radiological imaging in the form of contrast-enhanced
computed tomography (CECT) was used to evaluate tumor changes after IRE was performed. At the
end of the study, the rabbits were euthanized, and the tissue around the ablation and tumor including
muscle, fat, and the tumor enclosed were recovered for immunohistochemical examination.

Summary

After analyzing the results from this study, we can confirm that our attempt in presenting IRE as an
effective and safe ablation technique in creating complete cell death of VX2 head and neck tumors
was successful. We were able to show a decrease in the rate of metastasis and lymphatic involve-
ment of the head and neck cancer and a distinct demarcation between the ablation site and the sur-
rounding tissues with vital structures such as vessels (Figs. 20.1 and 20.2). Moreover, these results
were detected using real-time monitoring capability through ultrasound imaging and follow-up
imaging using CECT. With CECT, we were also able to identify ablations as early as 24 h after the
IRE procedure; therefore validating the rapid effect of this technique (Fig. 20.3).

With faster procedure times, there is a decrease in complications and a faster recovery.
Furthermore, IRE was shown not to be affected by the heat-sink effect that normally troubles RFA,
demonstrating the advantage of its nonthermal characteristic. One of the most important validations
is the creation of complete cell death. This can be seen in the immunohistological analyses of the
IRE-ablated head and neck tissues (Figs. 20.1 and 20.2). Complete cell death was seen throughout

Fig. 20.1 Histological images (hematoxylin and eosin (H&E) staining) of VX2 implanted tissue in the right neck
region of control rabbit including the carotid space: (T) VX2 tumor mass, (M) sternocleidomastoid muscle, (V) ves-
sel, (black circle) a branch of carotid artery, and (black box) perivascular tumoral invasion of VX2 tumor
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Fig. 20.2 Histological image (A, hematoxylin and eosin (H&E) staining) of IRE-treated VX2 tumor in the right neck
region of rabbit including the carotid space: (A) IRE-ablated zone, (M) sternocleidomastoid muscle, (V) vessel, (B)
longitudinally prepared carotid artery with intact layers

Fig. 20.3 Preablation CT image (a) of the VX2 tumor is observed just posterior to the right sternocleidomastoid
muscle. Contrast-enhanced CT image (b) of IRE-ablated tumor demonstrates a hypodense mass with mildly increased
contrast enhancement surrounding the ablated area

the entire ablated zone. As explained in Chap. 19 regarding the study on rabbit VX2 liver ablation
with IRE, cell death was accomplished through apoptosis, which is a part of the normal course of a
cell’s life. By contrast, other thermal ablation techniques create cell death through ischemic insult
and coagulation of vessels in the tissue or necrosis, which is caused by injury to the cell. Another
finding through this study is the distinct demarcation of the ablation zone and preservation of adja-
cent vital structures. In concordance with the liver study, vessels within the ablation zone were seen,
and vessels greater than 3 mm in diameter did not show any structural damage. This finding helps
support our theory that IRE ablation may also contribute to tissue preservation, as discussed in
Chap. 19.

These preliminary results provide an optimistic outlook on the future use of IRE for treatment of
head and neck cancers. All in all, through this preliminary study, we can conclude that the use of
IRE has had a positive outcome in the treatment of VX2 head and neck cancers in rabbits. An
indepth scope of this study will probably need to be made in order to demonstrate further the feasi-
bility of this study and its duplication in order to continue the research on IRE against head and neck
cancers.
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Conclusion

The incidence of head and neck cancers rises every year, and with that the need for novel treatment
approaches — also in the setting of recurrent disease. As shown by the preliminary results of this
study, IRE can be regarded as a potential minimally invasive ablation treatment against SCCHN. As
IRE continues to gain momentum as an innovative and safe method for tumor ablation, there is no
doubt that the number of studies using this technique will grow proportionally.
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Chapter 21
Clinical Research on Irreversible Electroporation
of the Liver

Ken Thomson and Stephen T. Kee

Abstract As part of a human clinical study regarding the safety of irreversible electroporation
(IRE) using the Nanoknife™ for treatment of liver tumors, 75 liver tumor locations were treated in
29 volunteers enrolled in an IRB-approved trial. Adverse events related to the IRE of the liver were
cardiac rhythm disturbance in two patients (ventricular tachycardia, atrial fibrillation), pneumotho-
rax (one patient), and brachial plexus neuropraxia related to positioning (two patients). Except for
avoidance of direct puncture, no protection was offered to major intrahepatic blood vessels, bile
ducts, or adjacent structures such as diaphragm, gall bladder, stomach, or colon. CT and clinical
follow-up for 3 months showed no evidence of damage to these structures. The major disadvan-
tage of IRE compared to other ablative modalities is the need for a general anesthetic with muscle
relaxants but the low incidence of morbidity related to the ablation outweighed this disadvantage.
Cardiac-synchronized delivery of the IRE is necessary to avoid cardiac arrhythmia.

Keywords Abalation of liver tumors ¢ IRE safety in humans ¢ Liver cancer

Clinical Procedure

This clinical trial was designed as a prospective, single-center, nonrandomized cohort study and was
approved by our IRB (Human Research and Ethics Committee, Alfred-Monash Research &
Education Precinct). The cohort was subsequently assessed in two groups: a group of 12 patients
with advanced disease where the primary initiative was to define safety without any expectation of
cure and a second group of 17 patients where the tumor was confined to the liver and control of
disease might be reasonably expected. In view of the possible benefit of chemotherapy in areas at
the margins of the irreversible electroporation (IRE) ablation zone, where reversible electroporation
may be expected to occur, cytotoxic medication was not halted prior to IRE. The AngioDynamics
Nanoknife™ used for this trial was provided by AngioDynamics Inc., Queensbury, NY and is
described in Chap. 5.

All procedures were performed under a general anesthetic with propofol induction, maintenance
with oxygen/air/sevoflurane, and variable opioid regimes usually involving fentanyl or remifentanil.
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Intermediate duration nondepolarizing muscle relaxants (e.g., rocuronium) were used in all cases.
Monitoring was with oximetry, noninvasive blood pressure, 5-lead electrocardiograph (ECG),
temperature probe, bispectral index (BIS), and capnography. All patients had direct blood pressure
monitoring, as we felt this would be helpful if we encountered arrhythmias. We also thought it
prudent, at least for this trial, to be able to monitor blood gases and electrolytes as it was possible
that the increased cellular permeability would cause biochemical abnormalities. Neuromuscular
monitoring was recommended, as we were aware that the therapy caused intense muscle stimulation
which could be modified by adequate neuromuscular blockade [1]. The majority of the patients had
lower-body hot air blankets as, unlike radiofrequency ablation (RFA) where body temperature rises,
these patients became cold during lengthy procedures in the CT scanning room.

Most patients were treated in the CT suite with combined CT/ultrasound guidance. A small
number of patients who had tumors easily seen on ultrasound were treated in an angiography suite
with ultrasound guidance. This is our usual practice with RFA of liver tumors.

Treatment parameters were supplied by AngioDynamics Inc., and were based on mathematical
modeling [2] of the expected area of IRE as a function of voltage per centimeter between each
electrode. Bipolar electrodes were used for small or inaccessible tumors and single electrodes for
larger tumors. When single electrodes were used, three or four electrodes were used in an array.
Single electrodes have a variable length of active electrode and the length (range 0.5-4.0 cm) was
selected after planning the tumor treatment. Furthermore, the electrode length could be varied
without removal of the electrode from the patient.

Two patients developed neuropraxia related to stretching of the brachial plexus caused by lifting
the arms straight above the head under prolonged anesthesia. This complication is well recognized
in surgery [3, 4]. Subsequently, liver IRE patients were positioned with their arms flexed over a
large foam pad and no further cases have occurred.

Because of ventricular tachycardia in an initial patient, ECG-synchronized delivery of the
IRE pulses was performed routinely. However, even with this type of delivery, one patient
developed atrial fibrillation which required cardioversion. While it might seem that the distance
from the heart is critical, there appeared to be no clear correlation between proximity to the
heart and cardiac arrhythmia produced by IRE. It is our opinion that the patient susceptibility
is probably more important. The only disadvantage of cardiac synchronization is that delivery
of each pulse train takes longer, as the delivery is heart rate dependent; nevertheless, this did
not significantly prolong the procedure. The rate-limiting steps in IRE, as we performed it,
were the induction of anesthesia, patient positioning, and electrode positioning. We also found
that programming multiple electrode parameters for an array of electrodes was not as useful,
as if one sequence aborted because of excess current, the entire sequence would continue until
the last programmed sequence was completed. Display of the voltage and current during the
sequence was shown on completion (Fig. 21.1), but this was unsuccessful with multiple
sequences because of the display limitations. Still, programming a sequence is quick and easy
and provides better control of the procedure. The Nanoknife™ software aborts a portion of the
sequence if current in excess of 48 A is discovered. Reasons for high current are conditions of
low resistance, such as excessive electrode length, electrodes too close, necrotic tissue, over-
porated tissue, and placement of an electrode within a blood vessel or the extrahepatic fat.

Tumor treatment planning was performed using contrast-enhanced triple-phase CT with tumor
volume estimations from axial and coronal slices. Once the volume had been estimated, the elec-
troporation fields were calculated using the information supplied by AngioDynamics Inc.
Unfortunately, it was revealed that while the Nanoknife™ had indicated satisfactory electroporation,
in fact the sequences were not delivered as indicated, which may explain some cases of poor patient
outcome. Even after a faulty circuit board has been replaced, uncertainty remains. Therefore, we
have been investigating the use of segmentation software (Intio Inc., Denver, CO) to aid the planning
and post-IRE assessment process (Fig. 21.2).
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Fig. 21.1 Nanoknife™ waveform display. The unit displays voltage (top) and current information (bottom) for each
sequence upon completion. This information is stored within the unit. The voltage decreases slightly because it is
derived from a capacitor. The current increases as cell permeability increases and resistance falls
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Fig. 21.2 Intio Inc., Denver, CO provided this segmentation image to aid irreversible electroporation (IRE) planning
and eventually it is hoped this technology will be available in the CT suite on-line to provide confirmation of the
correct area of ablation with IRE. The part figures are representative CT slices in axial (a), coronal (b) and sagittal
(d) of a tumour outlined in a red circle of interest which is shown in (c) as a segmented object
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Results

Ultrasound imaging during the IRE sequence revealed the development of numerous bubbles
around each electrode. These bubbles are thought to be due to hydrolysis of water at the electrode
surface (Rubinsky B, personal communication 2009). In most cases there was also a decrease in
the echogenicity of the surrounding tissue, although this was not uniform or always corresponding
to the expected area of IRE. Also, CT imaging at the end of electroporation usually demonstrated
bubbles of gas within the treated area but not in a consistent fashion (Fig. 21.3). In certain tumors,
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Fig. 21.3 Ultrasound imaging of IRE. (a) Ultrasound imaging during IRE demonstrating a high signal around the
electrode produced by gas bubbles and low signal within the zone of electroporation. (b) When ultrasound imaging
is unsuccessful, CT/ultrasound linked image guidance may be helpful. Left — ultrasound image; right — prior CT
image. As the ultrasound probe is moved, the CT image scrolls to match the calculated position of the probe.
However, it does not provide help with how much of the tumor has been treated
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Definity™ contrast enhancement was used in order to provide confirmation of a satisfactory
ablation (Fig. 21.4).

The CT imaging protocol used was a precontrast scan with triple-phase (arterial, portal venous,
delayed) postcontrast scans. Apart from visualization of gas bubbles, noncontrast CT imaging did
not demonstrate the area of electroporation. With contrast CT imaging, in the arterial phase, there
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Fig. 21.4 Ultrasound contrast imaging for IRE. (a) Ultrasound contrast is useful for the identification and localiza-
tion of tumors that may be difficult to image with ultrasound alone. Left: following Definity™ contrast. Right: with-
out contrast. Unfortunately not all liver tumors were enhanced to this extent. (b) During the IRE procedure, repeated
contrast injections allow monitoring of the IRE procedure until the tumor is no longer enhanced by the contrast (left).
In the right, the typical low echogenicity at the site of IRE is seen
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was nonenhancement of the electroporation area with a rim of increased enhancement being seen,
but the rim enhancement disappeared in the portal venous phase and in the delayed venous phase
(Fig. 21.5), while the nonenhancement persisted. This is consistent with capillary obliteration.
Additionally, large portal vessels (>1-2 mm) could be identified crossing the zone of electropora-
tion. In some cases of large volume electroporation there was delayed enhancement of adjacent
segments until the late venous phase.

Clinical follow-up of these patients showed that the IRE was extremely well tolerated. Only one
patient who had 15 separate punctures for electrode placement developed any pain requiring
treatment. The virtual absence of “unwellness” and the ability to perform the IRE ablation anywhere
in the liver, even adjacent to large blood vessels (Fig. 21.6), was a remarkable feature of the IRE
treatment.

Fig. 21.5 CT imaging post-IRE. (a) Following IRE, CT shows an area of low attenuation with a rim of increased
attenuation in the arterial phase. Note the presence of air bubbles within the zone of electroporation. (b) Noncontrast
CT prior to a PET scan shows that the area of IRE has not decreased in size in a 3-month follow-up. This appears to
be normal with colorectal carcinoma metastases. (¢) The PET scan of the same area treated shows no activity in the
IRE zone, indicating a successful outcome. There is low level activity in the remainder of the liver and at the 6-month
follow-up, further metastases appeared elsewhere in the liver
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Fig. 21.6 IRE is not limited by adjacent structures. (a) A large hepatocellular carcinoma arising next to and displacing
the portal bifurcation was treated without incident. (b) A metastasis adjacent to the hepatic vein and inferior vena
cava close to the right atrium is not a contraindication for IRE

Liver function tests 24 h after the IRE showed an elevation of the alanine aminotransferase (ALT)
from baseline levels (Fig. 21.7) but no significant procedure-related change in alkaline phosphatase
(ALP) or bilirubin. Patient acceptance was high and IRE was preferred by patients who had prior
experience with RFA.

CT follow-up at 1 and 3 months was performed in all patients and no other complications related
to IRE were detected. In particular, no evidence of biliary stricture, biloma formation, or vascular
occlusion has been revealed by CT imaging. The complications reported for thermal ablative tech-
niques [5] were not evident. Moreover, core biopsy reveals “coagulative necrosis” with ghosted
outlines of anuclear cells (Fig. 21.8).

In terms of tumor control, IRE has been variable (Fig. 21.9). Many of our patients had multiple
lesions which could not be treated at one sitting while others had metastatic malignancy or
multicentric hepatocellular carcinoma in a setting of Hepatitis B and cirrhosis. Consequently,
follow-up revealed new lesions beyond the areas treated with IRE.

Although animal studies suggested that there would be regeneration of normal liver with disap-
pearance of the IRE ablation zone, this did not uniformly occur in our patient cohort. The ablation
zone either remained stable or decreased to a variable extent depending on the size of the area
treated and the underlying state of the liver. Many of our patients previously had RFA, cytotoxic
drugs, hepatic surgery, cirrhosis, and chemoemolization.

We will shortly (as of early 2010) be commencing a randomized controlled study of RFA versus
IRE in tumors less than 4 cm in maximum dimension to assess the place of IRE in the treatment of
liver tumors. The biggest challenge is the difficulty of ensuring adequate electrode spacing and
confirming that the entire tumor and a suitable clearance margin has been electroporated irrevers-
ibly. It is hoped that segmenting software (Intio Inc.) will be available in the procedure suite to
control the ablation.

Until these issues are addressed adequately, IRE faces stiff competition from thermal ablative
techniques [6].
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Fig. 21.7 Liver function tests after IRE. Data from a typical patient who had IRE on several occasions. Plots of
alanine aminotransferase (ALT) and alkaline phosphatase (ALP) show that the ALT rose and fell rapidly, while ALP
did not change significantly (see Table 21.1 for data table)

Table 21.1 Liver function tests after IRE

GGT 0 38
ALT 9 36
AST 12 42
5-May-09 6-May-09 7-May-09 | 8-May-09 | 19-May-09 | 1-Jun-09
- IRE #1 1d 2d 2w im
ALP 90 0 88 80 107 116
GGT 23 23 22 28 57 38
ALT 23 - 1541 1078 121 54
2-Jun-09 3-Jun-09 | 9-Jun-09 [ 15-Jun-09 | 2-Jul-09 | 20-Jul-09
IRE #2 1d 1w 2w im 7w
ALP - 112 130 136 126 121
GGT - 33 57 55 43 50
ALT - 546 86 39 34 25
21-Jul-09 22-Jul-09 | 27-Jul-09 | 3-Aug-09 | 11-Aug-09
IRE #3 1d 1w 2w 3w
ALP - 106 126 127 140
GGT - 43 64 52 56
ALT - 416 114 30 22
AST - 417 36 33 32
12-Aug-09 13-Aug-09 | 19-Aug-09 [ 25-Aug-09 | 7-Sep-09 | 20-Sep-09 | 8-Oct-09 |
IRE #4 1d 1w 2w im 6w 2m
ALP - 100 122 123 117 99 98
GGT - 37 54 52 35 30 3 |
ALT - 202 55 26 15 15 12
AST - 259 30 40 23 24 22

These results are from a patient who had four separate IRE procedures
Data from a typical patient who had IRE on several occasions. Plots of ALT and ALP show that
the ALT rose and fell rapidly while ALP did not change significantly (see Fig. 21.7)
GGT Gamma glutamyl transpeptidase; AST aspartate aminotransferase
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Fig. 21.8 This biopsy taken 1 month after IRE consists of fragmented cores of tissue showing extensive coagulative
necrosis, and a small amount of skeletal muscle. Within the necrotic tissue, there are ghosted outlines of tumor com-
posed of closely packed glands lined by columnar cells. The adjacent tissue shows reactive fibrosis with a mixed
inflammatory cell infiltrate and a focally prominent bile ductile proliferation. There is no viable tumor, and no viable
hepatocellular tissue is seen [Colorectal carcinoma metastasis]
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Fig. 21.9 RECIST plots. These data show the maximum tumor dimension for this cohort of patients treated by IRE.
Results are shown pre-IRE and 1 month later. Because of the IRE ablation margin, the abnormal area increased in
size as a result of IRE. Only those patients with a decrease on the 1-month follow-up showed continued reduction
in the treated tumors
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