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Electrochemotherapy (ECT) is a local treatment of cancer employing electric pulses to improve
transmembrane transfer of cytotoxic drugs. In this article, we discuss ECT and review the steps needed
tomove such a treatment from initial prototypes into clinical practice. The delivery of electric pulses at
the time of when a chemotherapeutic drug reaches its highest extracellular concentration considerably
increases the transport through the membrane toward the intracellular targets of cytotoxicity. The
two most commonly used drugs are bleomycin and cisplatin which do not freely cross the intact cell
membrane and directly affect the nuclear DNA structure, adversely interfering with mitosis leading
to cancer cell death. ECT, in general, can be considered as a palliative option for cancers for which
standard treatments have failed or proved to be insufficient. Sarcomas, carcinomas, or melanoma
tumors responded with a high percentage of complete responses when the drugs were injected
intravenously or intratumorally. Due to high effectiveness of ECT in the treatment of cutaneous and
subcutaneous tumors regardless of histological origin, there are now attempts to extend its use to
the treatment of internal tumors. To advance the applicability of ECT to treatment of internal solid
tumors, new technological developments are needed that will enable treatment of these tumors in
daily clinical practice.

Conflict of Interest: None declared.

Introduction

A proportion of patients who have undergone extensive tumor
treatment, including all conventional treatment modalities, face
the problem of metastases. Progression of the disease in cutaneous
tissue, without dissemination to other organs, raises the problem
of which treatment to choose. In these cases, a simple and effective
treatment approach, with no or minimal systemic side effects and

good antitumor effectiveness is desirable. There are several reasons
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why many of the chemotherapeutic drugs presently used are not
sufficiently effective. One reason is the hampered transport of
the drugs through the plasma membrane. Therefore, new ways to
facilitate chemotherapeutic drug delivery into cells are being sought
to potentiate their effectiveness, while lowering systemic toxicity.
Among the drug delivery systems presently under investigation!'! is
the use of electric pulses.” In electrochemotherapy (ECT), electric
pulses are used as a means of increasing chemotherapeutic drug
delivery into cells.”) Exposure of cells to electric pulses under specific
conditions increases plasma membrane permeability, temporarily and
reversibly, without affecting cell viability.”* This technique, termed
electroporation, has been used successfully for the insertion of drugs,
dyes, genes, oligonucleotides, and monoclonal antibodies into cells.
Among several chemotherapeutic drugs tested for potentiation of their
cytotoxicity by electroporation, bleomycin and cisplatin have been

under the identical terms.
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Figure 1: Basic steps in electrochemotherapy treatment

found to be very suitable, due to their limited transport through the
plasma membrane.” ' The aim of this document is to define the basis
for understanding the mechanisms of the ECT as well as its possibilities

as antitumor treatment (Figure 1).

Principle Mechanisms of ECT

The vascular lock

The electric pulses produce a transient state of hypoperfusion by local
reflex vasoconstriction at the arteriolar level (lasting 1-2 min) and a phase
of interstitial edema (that resolves with membrane resealing). However,
the effect may last longer (12 h to 5 days) in rapidly dividing tumor
cells and is more prominent in tumors with a less mature endothelial
lining and higher interstitial pressure. This phenomenon mediated by
the sympathetic nervous system is termed the “vascular lock” and it has
implications for timing of drug administration.™ After application of
the electric current, there is retention of drugs already in the tumor but

there is also an impairment of entry of drugs from the circulation.”!%

Electroporation

Under physiological conditions, the cell plasma membrane is subjected
to a transmembrane potential difference caused by a system of ion
pumps and channels in the membrane. This voltage, termed the
resting transmembrane voltage, is in the range of tens of millivolts
and is present in every cell. Exposure of a cell to an external electric
field results in an additional component of the voltage across the
membrane. This component, termed the induced transmembrane
potential difference, is superimposed onto the resting voltage and
exists only as long as the external field is present. An external electric
field also alters ionic currents and ion distributions in the extracellular
space and activates a cascade of signaling pathways that upregulate
transcription and translation levels.!""! The induced transmembrane
voltage is proportional to the strength of the external electric field,
and consequently, exposures to sufficiently strong fields can lead to
transmembrane voltages far exceeding their physiological range.!'"!
An electric field leads to a formation of hydrophilic (aqueous) pores,
in which the lipids adjacent to the aqueous inside of the pore are
reoriented in a manner that their hydrophilic heads are facing the
pore, while their hydrophobic tails are hidden inside the membrane
(Figure 2). As clectric field amplitude increases, the presence of
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Figure 2: Formation of an aqueous pore. The situation is shown for
transmembrane voltage increasing from top to bottom: A nonporated
membrane, formation of a hydrophobic pore, transformation into a
hydrophilic pore (electroporation)

hydrophilic pores becomes energetically ever more favorable, which
leads to the formation of pores with an average radius. This can lead
to structural rearrangements of lipids in the membrane bilayer due
to large build-ups of oppositely charged ions on cither side of the
cell surface resulting in formation and stabilization of nano-sized
pores.!"51 This physical phenomenon was termed electroporation
or electropermeabilization because it was observed that molecules
that do not normally pass the membrane gain intracellular access

through diffusion after the cells were treated with electric fields.!"®!17)

Types of drugs

Several chemotherapeutic drugs were tested in vitro on cells for
potential application in combination with electroporation; some of
them are daunorubicin, doxorubicin, etoposide, paclitaxel, actinomycin
D, adriamycin, mitomycin C, 5-fluorouracil, vinblastine, vincristine,
gemcitabine, netropsin, cytarabine, oxaliplatin, methotrexate,
melphalan, ancitabine, Taxotere, nimustine, cyclophosphamide,
carboplatin, cisplatin, and bleomycin. Electroporation of cells
increases the cytotoxicity of some of these drugs ranging from two

to several thousand folds.!"®!

Instrumentation

CLINIPORATOR™ (IGEA S.r.1., Carpi, Italy) is certified as a medical
device that was prepared in 2006 during the European Standard
Operating Procedures of ECT (ESOPE) project.!"” Along with the
development of the electric pulse generator, also plate and needle
electrodes were developed. The standard operating procedures were
prepared based on the experience of the leading European cancer centres
on ECT.P Cliniporator™ consists of two parts: A console (industrial
PC compatible computer) for local collection of treatment data and
user-friendly interface; and an electroporator. Electroporator consists

of a control unit, high voltage amplifier, and low voltage amplifier.”"

A user controls the electroporator through the graphical display and

a keyboard of the console unit. He/she can enter relevant patient
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data, choose appropriate electrodes, and define pulse parameters
such as number (e.g., 8 pulses), amplitude (up to 1000 V), duration
(e.g., 100 ps), and repetition frequency (e.g., 1 Hz) of pulses. By
pressing a foot switch, the user triggers pulse generation. Square-
shaped pulses are delivered. During the pulse delivery, control unit
measures voltage and current through the load (a cell suspension or a
tissue). After the pulse application voltage and current measurements
are stored in the local database. Based on collected data, we intend to
develop an algorithm, which will allow device to adjust pulse voltage
according to the current and voltage measurements in the real time
and thus prevent irreversible changes in the cell membranes. (22231 The
treatment planning consists of several phases: Image pre-processing,
three-dimensional model generation, electrode placement,
implementation of the mathematical model of electroporation, and
optimization of the results to define the voltage applied which is
dictated for each couple of electrodes by the number of electrodes
and the electrodes positions.

The electric pulses may be applied to the tumors either by plate
clectrodes on the skin surface or by needle electrodes to be inserted
into the lesion. The electric field distribution is determined by the
geometry of the electrodes.” Current pulse generators in use are
the Cliniporator (IGEA, Carpi, Italy) (Figure 3) and the Medpulser ™
(Inovio Biomedical Corporation, CA, USA). It appears that plate
electrodes are more suitable for use in superficial skin lesions,
while needle electrodes are used for deeper seated lesions, such as
exophytic and thick lesions (maximum depth 3 cm)."A disadvantage
of plate electrodes over the needle type is the potential skin damage
that may be generated by the higher impedance/resistance of the
skin, especially when treating larger affected areas.”” Care must be
taken to avoid inserting the needle electrodes into the healthy tissue
surrounding the tumors, which may also result in local subcutaneous
burns.” There are four types of electrodes in common usage
(Figure 4). Type I electrodes consist of two parallel stainless-steel
plate electrodes, used for superficial lesions and do not penetrate
the skin. Type Il electrodes are used for smaller lesions and consist of
two rows of eight needles with 4 mm distance between them. Type 111
electrodes are recommended for larger lesions (>1 cm), with the
needles in a hexagonal configuration. Type IV electrodes, called finger
clectrodes, allow the treatment of narrow body cavities not accessible
by standard electrodes; they exhibit a good operator sensitivity and
tactile feedback during the procedure. The needles are inserted
encircling the tumor and down to the subcutaneous tissue, slightly
deeper than tumor depth.®'>?* Each electrode is coded, during the
treatment session. The code is typed into the Cliniporator which
automatically sets the pulse characteristics including amplitude,
number, and frequency of the impulses. Type I and II electrodes are
used to deliver 8 pulses lasting for 100 ps, and the pulses can be
delivered at 1 Hz or 5 kHz frequency. Type III electrode delivers
up to 24 series of 8 pulses (to limit patient discomfort pulses are
delivered at 5 kHz only). Cliniporator is the only device that allows
high-frequency pulse delivery for clinical use.

The overview of the implementation of ECT in the treatment of
deep seated tumors demonstrates that new electrodes are being

developed and used in the treatment of various tumor types and
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Figure 4: Fixed geometry electrodes (a) plate electrodes (b) linear needle

electrodes (c) parallel needle electrodes (d) hexagonal needle electrodes
(e) finger electrodes and (f) finger electrodes with axial needles

locations. Basically, three types of electrodes have been developed
and are being used: The first ones are long needle electrodes that are
inserted into the tumor and surrounding tissue to safely cover the
tumor and achieve an appropriate margin. Such electrodes are being
tested for the treatment of liver metastases of colorectal tumors,
hepatocellular carcinoma or cholangiocarcinoma, soft tissue sarcomas
and for bone metastases based on solid preclinical evidence.””*!
The second is endoluminal electrodes that are being tested for the
treatment of colorectal cancer but could be used also for the treatment
of esophageal tumors.” The third are the electrodes that are aimed
at the treatment of brain tumors. The electrodes have proven to be

suitable for the treatment of the brain tumors, through the skull.*!

Patient Selection

This part covers the criteria that must be checked during the pre-
inclusion visit for the treatment by ECT of patients with cutaneous
and subcutaneous nodules.

History

A full history should be taken from the patient, and special attention
should be paid to the following: If the patient has sensitivity to
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bleomycin or a history of pulmonary fibrosis, then this will preclude
the administration of intravenous bleomycin. The presence of a
pacemaker precludes treatment on the anterior chest wall. If any
previous difficulties with local anesthesia (lidocaine) or general
anesthetic this will determine treatment method.?"

Electrocardiogram (ECG)

ECG before treatment depends on the location of the nodules, i.c., it
is less important if the nodules are on the limbs and more important
if on the trunk. It also depends on the patient’s cardiac history. It is
highly recommended in the case of manifest cardiac arrhythmia or

prcvious cardiac event.

Pacemaker

If the patient has a pacemaker, verify:

¢ Ifthe only nodules of the patient are located in the anterior chest
wall, the patient is not eligible for treatment by ECT.

¢ Ifthere are nodules located elsewhere, only these nodules will
be eligible for treatment by ECT.P”

Hematology

If platelets <70000/uL then hematological opinion regarding the risk
of bleeding versus the benefit of the therapy. The clinician can then
make an informed decision. If the patient has coagulation problems,
verify if Type II or Type III electrode are supposed to be used. If the
nodules of the patient are all deep (more than 1 cm below the skin)

nodules, the patient is not eligible for treatment by ECT.”!

Biochemistry

If using intravenous bleomycin then creatinine should be <150 umol/1

to ensure adequate renal clearance."”
Operating Modality

Anesthesia

Lay a rectangular infiltration of local anesthetic (lidocaine, 2%, with
adrenaline 0.5%) around the area to be treated, by injecting along four
lines so that the nodule is ‘fenced in” by local anesthetic, so that pain
transmission is completely blocked.”” Small cutaneous tumors may
be anesthetized by local infiltration of lidocaine just below the tumor,
however, still covering the area of electroporation. General sedation may
be decided, following the decision tree, when nodules are too numerous,
too big or too painful to be anesthetized by local anesthesia or when
they are inside a previously irradiated area. Analgesia is started at least
3 min before intratumoural injection: Remifentanil 0.5 ug/kg bolus then
0.1-0.15 pg/kg/min then adjusted to the response to the first pulses or
target controlled infusion (target 2-4 ng/ml). It may also be replaced by
alfentanil boluses 250-750 pg, Sedation is then started: Propofol 0.5 mg/
kg then 2-4 mg/kg/h or target controlled infusion (target 1-2 pg/ml)."*"

Injection of chemotherapy

Intratumoural treatment can be performed either with cisplatin or
bleomycin, according to the instructions below.

*  Cisplatin injected dose should be 0.25 ml (0.5 mg) per cm’ of
tumor tissue for tumors larger than 1 cm’, and 0.5 ml (1 mg)
per cm’ of tumor tissue for tumors smaller than 1 cm’ but larger
than 0.5 cm’. For tumors smaller than 0.5 cm® injected dose
should be 1 ml (2 mg) per cm’.

*  Bleomycin injected dose should be 0.25 ml (250 IU) per cm”’ of
tumor tissue for tumors larger than 1 cm’, and 0.5 ml (500 IU)
per cm’ of tumor tissue for tumors smaller than 1 cm’ but larger
than 0.5 cm’. For tumors smaller than 0.5 ¢cm’® injected dose
should be 1 ml (1000 IU) per cm®. 15000 IU is approximately
equal to 8-9 mg or 15 mg of bleomycin depending on the activity
of the drug and the manufacturer.”**"

Choice of electrodes

Choose the appropriate electrode. If the tumor is less than 1 cm,
consider using either plate or parallel array electrodes. In case
the tumor is more than 1 cm, consider using the hexagonal array
electrodes. Plates or needle electrode designated for superficial or

more deeply located small nodules respectively.

Electric current

Electropermeabilization occurs in the cell when the internal
transmembrane potential has surpassed the critical value between
200 and 300 mV. The extent of the electroporative effect depends on
the number and duration of the electric pulses. Two pulse parameters
have been evaluated - exponentially decaying pulses and square wave
pulses. The pulse parameters selected for the treatment depend on

the type of electrode ']

Pulse parameters

Ideally for Type I (plate) electrodes, pulse parameters of 8 square waves
with an amplitude of 1300V /cm, duration of 100 ps, and frequency of
1 Hzare used. For Type II (needle) electrodes the voltage amplitude may
be reduced to 1000V /cm. The pulses are administered simultaneously
between the needle pairs. For Type III, the needles are positioned
hexagonally, and 96 pulses are given together (12 pairs X 8 pulses)
at a frequency of 5 kHz." Due to the already described vascular
lock phenomenon, it is recommended that the electric current is
applied between 8 and 28 min after IV administration of the drug or

immediately (within 2-10 min) after intratumoral administration.”*"

Pulsing procedure

*  Make a test run with the CliniporatorTM and electrodes.

¢ Disinfect the area to be treated. Inject the drug into the tumor,
and note the time. For small tumors, choose to inject cither
directly into the nodule or to tunnel the hypodermic needle
under the skin to the nodule before injection. For larger tumors,
several injections are needed. Make a pattern of injections using
parallel insertions points.

* Within 10 min of drug injection, electric pulses must be applied.
Take the gauze pad in one hand, and the electrode in the other.
The gauze pad can enable you to grasp the skin around the
lesion to be treated, to lift the lesion up from the underlying

© 2017 Innovations in Pharmaceuticals and Pharmacotherapy | Published by Innovational Publishers
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musculature. In this way, muscle contractions and associated
discomfort can be considerably reduced.

*  Inform patient when the first pulse is to be delivered. Several
pulse applications may be needed to cover the tumor volume.
The electric field drops off very quickly outside the area of
the electrodes, so the areca to be treated by pulses must be
encompassed within the electrodes. After treatment, a loose
dry dressing can be applied, or the lesion can be left without
dressing.

*  Patients can be retreated. Even though bleomycin doses are low,
it is recalled that the cumulative bleomycin dose must not exceed
400000 IU/m” due to risk of lung fibrosis.

*  To avoid potential pain at the end of the procedure (some
localizations can be uncomfortable), paracetamol can be given
in a prophylactic way, but can also be offered to patients after

the procedure.

Follow-up session

See patient again at 4 weeks post-treatment or earlier if required.
At that time, treatment efficacy can be determined in most cases.
For larger lesions, more healing time may be necessary. Retreatment
can be considered on the evaluation at 4 weeks post-treatment, but
also later. A healing time of up to 10 weeks is possible for lesions
over 1.5 cm. For smaller lesions, healing time is in the order of
4-8 weceks. %

Clinical Applications

The first clinical study on ECT was published in 1991 by Mir et al.,P
and demonstrated the feasibility, safety, and effectiveness of ECT. This
first study stimulated groups in the United States (Tampa), Slovenia
(Ljubljana), and France (Toulouse and Reims) to perform further
clinical studies.” The coalescence of the field was marked by the
report of a European project called the ESOPE. Based on the results
of a clinical study!” together with the standard operating procedures,
ECT was widely accepted for clinical use throughout Europe. Clinical
indications were published in 2008, and a systematic review and
meta-analysis recently analyzed the results of all the published studies
through 201 2." Data analysis confirmed that delivery via ECT has a
significantly (P < 0.001) higher effectiveness (by more than 50%) than
bleomycin or cisplatin injection alone. The overall effectiveness of ECT
was 84.1% objective responses (which include both complete and
partial responses), and from these, 59.4% were complete responses
(which indicate complete regressions of tumors after therapy) after
a single ECT treatment. The procedure can, however, be repeated
with similar effectiveness.” Another recent review and clinical study
suggested that the SOP may need refinement, as the current SOP for
ECT may not be suitable for tumors bigger than 3 cm in diameter,
which require multiple, consecutive ECT treatments.*’! Several
ongoing ECT studies are targeting superficial tumors, predominantly
melanoma but also chest wall breast cancer recurrences!*! and head
and neck cancers." Furthermore, the technology is also being adapted
for the treatment of deep-seated tumors, such as colorectal tumors,
soft tissue sarcomas, and brain, bone, and liver metastases.” At

present, ECT is being used for the treatment of metastases and primary
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tumors in more than 130 cancer centers in Europe and has been
accepted in line with other local tumor treatments."* In addition, ECT
is also used in veterinary oncology, for the treatment of metastases
as well as primary tumors."”*”l The success rate of primary tumor
treatment with ECT also provides good evidence for translation of

ECT into the treatment of less-advanced tumors in humans.

Combinations of ECT with other therapies

The combined application of ECT with other treatment modalities
may provide an additional tool for cancer treatment since their
combination is expected to exert an amplified effect regarding the
efficient control of cancer. Preclinical studies have showed that ECT
acts synergistically with radiotherapy, exerting a radiosensitizing
effect on different types of tumors, which results in toxicity
enhancement.”' Furthermore, ECT combined with photodynamic
therapy has been in research with the intention to enhance efficacy
and achieve synergistic cell death. In addition, several studies suggest
that the immune system is involved in the mechanisms of response
to ECT treatment and that this could be exploited for systemic
disease control. However, regression of untreated distant metastases
has never been reported. Immunotherapy along with ECT would
have the potential not only for local but also for distant treatment
of tumors such as those of malignant melanoma, by stimulating a
self-driven immune response to achieve systemic control of the
disease.">*

Advantages of ECT

ECT is casy and quick to perform and is inexpensive. The requirements
are a suitable room for patient preparation and treatment, and an
electric pulse generator with different sets of electrodes that are used
for different sizes of tumor nodules. After the treatment, patients
do not require special attention or post-treatment medication. They
can wait for a while in the hospital to be in the position to obtain
medical attention, if needed, but so far no side effects were observed
or medical attention of the patients required. A good indicator that
ECT is not a stressful or painful procedure is that the majority of
the patients interviewed during a clinical study aimed at defining
the ESOPE would be willing to accept the treatment another time
if it would be necessary. The effects are localized to the target area
(only electropermeabilized cells are affected), therefore, no systemic
side effects occur of the drug used. In the case of the bleomycin
administered intravenously, it has been shown that ECT will selectively
eliminate the tumor cells because their division rate is much faster
than the division rate of the normal cells surrounding the tumor. The
absence of systemic side effects and the low impact on the immune
system also make this treatment suitable for elderly people and patients
with poor physical condition, even with repeated courses.

Limitations of ECT

No arrhythmias or other pathological morphological changes in the
ECG recordings during ECT have been found.®* Tumors larger than
3 cm’ appear to have lower response rates to ECT as compared to

nodules smaller than 1 cm’. However, they can be retreated with
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no loss of the ECT efficacy. When tumor nodules are located in
irradiated or fibrotic tissues, the needle electrode penetration may
be problematic with a suboptimal delivery of the electrical current or
drugs.PECT is local treatment that can be effective in the treatment
of limited number of tumor lesions that are not bigger than 3 cm in
diameter. Therefore, it can be effective in those patients that have few
or up to 15 skin metastases in transit. In the case of more nodules ECT
cannot be performed on all nodules in one session. At present, the
electrodes that are used are effective in the treatment of superficial
nodules, whereas they are not quite appropriate for deeper seeded or
big nodules. Bigger nodules need application of several sets of electric
pulses, and also several treatment sessions, to cover the whole tumor

area and to be able to remove deeper layers of the tumor.

Conclusion

Current developments and future medical applications of tissue
electroporation are numerous. Because ECT with bleomycin or
cisplatin has been shown to act synergistically with radiotherapy in
preclinical studies, use of the technique for the radiosensitization of
cutaneous tumors can be foreseen, predominantly in the palliative
treatment of progressive disease. Further development is focused
on the use of endoluminal electrodes to treat internal tumors, a
technological development that could be used for either ECT or
gene electrotransfer.
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