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Solid tumors of various etiologies can be treated efficiently by electrochemotherapy (ECT), a
combined use of electroporation (EP) and chemotherapeutic drugs, such as bleomycin and
cisplatin. EP alone and ECT in particular, induce a profound reduction in tumor blood flow, which
contributes to the antitumor effect. After EP and ECT, the time course of blood flow changes and
follows the same two-phase pattern. The first rapid and short-lived vasoconstriction phase is
followed by the second much longer-lived phase resulting from disrupted cytoskeletal structures
and a compromised barrier function of the microvascular endothelium. In the case of ECT, however,
tumor vascular endothelial cells are also affected by the chemotherapeutic drug, which leads to
irrecoverable damage to tumor vessels and to a further decrease in tumor blood flow within hours
after application of ECT. Tumor cells surviving the direct effects of ECT are consequently exposed
to lack of oxygen and nutrients and are pushed into the secondary cascade of induced cell death.
Clinically, the antitumor effectiveness of ECT has been proven extensively in the treatment of
melanoma metastases, with 70-80% complete responses. The antivascular effects of ECT were
also exploited for palliative treatment of bleeding melanoma metastases, with immediate cessation
of bleeding and very good antitumor effectiveness. The antivascular effect of ECT is of utmost
importance for translation of ECT into the treatment of deep-seated tumors, especially in well

vascularized organs, such as the liver, where it prevents bleeding of the treated area.
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Electroporation & electrochemotherapy
Cell membrane permeability can be increased
nondestructively and transiently by exposing
cells to a series of electric pulses of appropriately
high voltage and short duration. This technique
and phenomenon is called reversible electropora-
tion or electropermeabilization (EP) 1. EP is
highly effective and has attracted considerable
attention over the last decade, largely owing to
applications in which the uptake of poorly per-
meant extracellular molecules, (e.g., hydrophilic
molecules) by the cells is increased several fold
by means of EP. Electrochemotherapy (ECT)
is a term used to describe the use of EP after
injection of a chemotherapeutic drug, such as
bleomycin and cisplatin, to greatly enhance its
antitumor effectiveness [2].

Opver the last decade, numerous studies have
been reported that involved the treatment of
experimental tumors [3] and tumors in humans

by means of ECT [4-6]. The standard operat-
ing procedures for the use of ECT in clinical
oncology were published (7. The number of
hospitals and veterinary clinics using ECT with
the chemotherapeutics bleomycin and cispla-
tin has been increasing steadily. Solid tumors
of various etiologies are being treated success-
fully. In veterinary medicine several studies
have already demonstrated the effectiveness,
convenience and safety of ECT with either cis-
platin or bleomycin for the treatment of spon-
taneous tumors, such as soft-tissue sarcomas in
cats, mast cell tumors and perianal tumors in
dogs and sarcoids in horses [8-14]. In clinical
settings ECT is currently used with palliative
intent for the treatment of predominantly mela-
noma cutaneous metastases, as well as in head
and neck tumors, basal cell carcinomas, and
adenocarcinomas in humans [15-24]. ECT has
also been used in the treatment of primary basal
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cell carcinoma with very high success rate [25.26]. The reports on
the treatment of melanoma metastases are numerous, stating
complete response rates (complete disappearance of tumors) on
average 70—80%, and objective response rates (including com-
plete and partial responses, where the tumor decreased in size
by more than 50%) on average 80—-100% [23]. Based on these
encouraging results, ECT has also been proposed as a treatment
modality for skin melanoma metastases [27].

Electroporation is a crucial component of another closely
related procedure named electrogene therapy (EGT), which
requires electric pulses with characteristics different from those
used in ECT. In EGT the electric pulses are used to electroper-
meabilize the cell membranes (as in ECT) and also to facilitate
the electrophoretic transfer of extracellular genetic material into
the cells [28-35]. The potential of EGT for local gene therapy
without the use of viral vectors has been demonstrated in vivo
and in a clinical study for tissues, including muscle, skin, liver
and tumors [31,34,36-40].

In contrast to reversible EP used in ECT and EGT, the so-called
irreversible electroporation (not the subject of this paper) induces
irrecoverable damage to the cell membrane which ultimately leads
to cell death and can be used in various applications, including
tumor ablation [41-43].

ECT protocol

A typical protocol for ECT of solid tumors consists of an intratu-
moral injection of the chemotherapeutic drug (bleomycin or cispla-
tin) or systemic intravenous administration of bleomycin, followed

After injection  Formation of
drug surrounds pores after EP
the cells — drug enters
the cells

Membrane
resealing —
drug entrapped
inside the cells

by delivery of a sequence of (typically eight) square monopolar
electric pulses to the tumor. Ficure 1 presents the principle of ECT
along with an example of its practical application in the case of
an outpatient treatment of a subcutaneous tumor. Electric pulses
can be delivered either noninvasively using a pair of parallel plate
electrodes (Ficure 1B4) or invasively using several needle-shaped
electrodes arranged in various configurations with predefined dis-
tances between the electrodes [7,23-25,44]. Plate electrodes are used
for the treatment of small and superficial metastases, whereas nee-
dle electrodes are used predominantly for deeper-seated nodules
or exophytic nodules [23,25.45]. The duration of individual pulses is
usually 100 ps and the repetition frequency is set to 1 Hz, although
high-frequency (kHz range) frequencies can also be used [5,23,46,47].
When choosing the appropriate amplitude of pulses, both the geo-
metrical distance between the electrodes and the configuration of
the electrodes must be considered. In the case of needle electrodes
there are usually more than two electrodes in the configuration
and, therefore, all pairs of electrodes that will be used for pulse
delivery must be taken into account. Even though most authors
report the amplitude of pulses simply as the voltage divided by the
interelectrode distance (e.g., 1300 V/cm), it is important to realize
that this information, without the notion of the particular type
and configuration of the electrodes, does not describe the treat-
ment situation in sufficient detail, because it is the electric-field
strength reached in various parts of the tissue that determines the
success of EP. The inhomogeneous distribution of electric-field
strength (also expressed in V/cm) in tissue is a complex function of
electrode shape and configuration (among other things) and can-
not be described just by dividing the voltage
by the interelectrode distance. In principle,
the voltage should be set so that the electric-
field strength in all parts of the target tissue
exceeds the threshold level for the so-called
reversible electroporation [1,37.48-53]. Owing
to the absence of a skin barrier between the
target tissue and the electrodes in the case

(A]

Drug kills
the cells

Figure 1. Electrochemotherapy (ECT) of tumors. (A) The main mechanism of ECT
and (B1-5) an example of a clinical ECT procedure are presented. In this example a
subcutaneous melanoma metastasis on the lower leg was treated on an outpatient basis
by ECT with cisplatin: (B1) tumor before treatment; (B2) application of local anesthesia;
(B3) intratumoral injection of cisplatin; (B4) application of electric pulses using parallel
plate electrodes; (B5) treated area immediately after treatment. Note the bluish-pale
color of the treated area in the last photograph (indication of locally arrested tumor
blood flow and the beginning of edema formation). For an example of the long-term

effect of ECT on a bleeding melanoma tumor see Ficure 7.
EP: Electroporation.

of needle electrodes, lower voltages are used
for invasive EP than for noninvasive EP
using plate electrodes [51].

Electric pulses are delivered at the time
when the maximum extracellular concen-
tration of the chemotherapeutic drug is
expected, so timing of EP is critical for suc-
cessful ECT. There is a relatively narrow
time-window within which EP should be
performed. Typically, the optimum effect
is obtained 3 min and 8-28 min after sys-
temic intravenous injection in mice and
humans, respectively or immediately after
intratumoral injection (754-57]. The drugs
are used at doses much lower than cumu-
lative doses usually used for systemic che-
motherapy, and therefore have no systemic
side effects. At such low cumulative doses,
the therapeutic effect of the drug alone is
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insignificant. The exact protocols for EP and ECT in various
studies are optimized for particular applications (animal species,
electrode type, tumor site and size, chemotherapeutic used, aim
of the study) and can thus vary from the one outlined here but
can be found in the cited references.

Mechanisms of antitumor effectiveness of ECT

The main mechanism responsible for antitumor effectiveness of
in vivo ECT is the increased cytotoxicity of the chemotherapeutic
drugs bleomycin and cisplatin as a direct consequence of successful
reversible electroporation of tumor cells, which increases the intra-
cellular drug concentration. This is a well-known fact supported
directly by in vitro studies demonstrating that exposure of tumor
cells to EP increases the cytotoxicity of bleomycin several hundred-
fold and that of cisplatin tenfold [154:5859], and the fact that both
hydrophilic drugs gain increased access to the cytosol by means of
EP (54,60, but also indirectly by a clearly increased accumulation of
both drugs in tumors treated 77z vivo with electric pulses (leading to
prolonged exposure of tumor cells to high extracellular concentration
of the drug) [61.62]. However, the apparent discrepancy between the
increased cytotoxicity of cisplatin by EP 77 vitro (tenfold) and in vive
(20-fold) in the same tumor cell line [62] and some other observa-
tions lead to a conclusion that additional mechanisms are involved in
antitumor effectiveness of ECT in vivo. The following mechanisms
have been proposed: the role of the immune system [63-65], vascular-
disrupting effects owing to ECT of endothelial cells [59.66], and tumor
blood flow-modifying effects of ECT [66.67].

In studies on immunocompetent and immunodeficient nude
mice it was demonstrated that the host immune response is
crucial for effective ECT with bleomycin [2] and cisplatin [65].
The growth delay induced by ECT in tumors was greater in
immunocompetent than in immunodeficient mice. However, the
most important observation was that a tumor can be completely
eradicated by ECT exclusively in animals with a normal immune
response. The importance of the immune system was also dem-
onstrated by other studies in which a combined use of ECT with
various types of immunotherapy resulted in potentiation of ECT
effectiveness [63,64,68,69].

The application of ECT or even of EP alone in absence of
the drug has been known to induce a decrease in local blood
flow. This side-effect was observed on tissue exposed to electric
pulses in the early studies involving EP and ECT [70-74], but its
significance for antitumor effectiveness of ECT was at that time
not fully recognized owing to the fact that in contrast to ECT,
the antitumor effect of EP alone without the chemotherapeutic
drug was not significant even though the time course and extent
of blood flow changes observed immediately after the two treat-
ments (i.e., ECT or application of EP alone) appeared very simi-
lar. The differences between the effects of EP and ECT on blood
flow become evident only several hours after the treatment, which
suggests that EP and ECT share a common blood flow-modifying
mechanism (as a result of electric pulses alone) with an important
additional vascular-disrupting mechanism present only in the
case of ECT. We deal with these two mechanisms separately in
the following sections. The new evidence accumulated in later

studies provided more insight into this area and it became clear
that these observed effects of EP and ECT in particular contrib-
ute significantly to the antitumor effectiveness of ECT and that
they may even be critical for the final outcome of the treatment.

In the following sections, we first outline general character-
istics of tumor vasculature and blood flow. This is followed by
the evidence of transient and reversible blood flow-modifying
effects common to EP and ECT and of permanent and irrevers-
ible vascular-disrupting effect exclusive to ECT. Based on this
evidence, we suggest a model of physiological events taking place
in a tumor within seconds, minutes, hours and days following the
application of EP and ECT. Finally, the clinical relevance of the
vascular-disrupting effect of ECT is supported by the review of
clinical cases, where ECT was successfully used for the treatment
of bleeding melanoma metastases.

General characteristics of blood flow in solid tumors

In general, the physiology of blood flow in solid tumors is different
from that of normal tissues from which these tumors arise even
though there are also large differences between various tumor
types. In spite of large heterogeneity among tumors, several com-
mon characteristics of tumor vasculature and blood flow can be
outlined [75-78].

Solid tumors are usually poorly perfused and oxygenated in
comparison with normal tissues in which they reside. Tumor
neovasculature is inadequately developed, its characteristics
include irregular and chaotic microvascular networks and
branching patterns, irregular shape and length of microvessels,
shunts and dead ends, all contributing to increased resistance
to blood flow. All this leads to stagnant blood pools inside the
tumor and to inefficient and ‘sluggish’ blood flow. Poor perfu-
sion in combination with frequently abnormally large intercapil-
lary distances, contribute to the development of hypoxic regions
in the tumor and to acidic tissue environment. In contrast to
normal tissues, which are uniformly vascularized and oxygen-
ated across their entire cross-section, many solid tumors exhibit
a structure in which the outer rim (the viable advancing part
of the tumor) is better vascularized and oxygenated than the
center [76,77). In addition to this cross-sectional variation, local
variability in both the density of capillaries and oxygenation
levels within the same tumor is also commonly encountered [79].

Tumor blood vessel walls are structurally and functionally
abnormal. They are commonly characterized by paucity of
smooth-muscle cells and poor sympathetic innervation. As a
consequence, local regulation of microcirculatory blood flow
in tumors is inferior to that of normal tissue. Tumor capillaries
can be described as ‘leaky’ because the permeability of capillary
walls for large molecules, such as plasma proteins, is increased
owing to an abnormal basal membrane as well as endothelial
lining, which exhibits loose intercellular connections or even
openings between endothelial cells. The increased extravasa-
tion of liquids coupled with an inadequate lymphatic drainage
system, contribute to an elevated interstitial fluid pressure (IFP)
in tumors [77], which increases with the increasing distance
from the outer tumor rim.
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These characteristics of tumor blood flow can represent
obstacles for antitumor treatments. For example, the hypoxic
environment makes tumors resistant to radiotherapy. Effective
delivery of chemotherapeutic drug into tumor cells is impeded
by the insufficient net blood flow and the elevated IFP, which
hinder interstitial transport of drug molecules. However, the
abnormal and inadequate tumor vasculature and blood flow
also makes tumors vulnerable to further reduction in blood
flow and can be exploited in treatment strategies. Tumors are
a particularly attractive target for vascular-disrupting therapies
and other new treatments specifically designed to take advantage
of tumor vasculature’s weaknesses [77.80].

Effects of EP & ECT on tumor blood flow

In this section, we provide an overview of the known effects of
EP and ECT on blood flow and oxygenation in experimental sub-
cutaneous tumors in mice. The explanation of the observed effects
along with further supporting experimental evidence is also pre-
sented. Taeee 1 provides a list and brief description of methods for
measurement of blood flow and oxygenation-related parameters
referred to in this text.

All effects of EP alone or ECT on tumor blood flow described
here were confined only to the tissue subjected to electric pulses.
As such, these effects can be regarded as local phenomena with
no systemic effects ever reported in any of the studies.

Ficure 2 sSummarizes the main characteristics of blood flow
changes observed in experimental subcutaneous Sa-1 fibro-
sarcoma tumors in immunocompetent A/J mice, a tumor model
most extensively used in studies on effects of EP and ECT on
tumor blood flow, over a period of 2 days following the application
of EP and ECT with bleomycin (at a dose 1 mg/kg) in compari-
son with blood flow in control tumors and tumors treated with
bleomycin alone.

Blood flow-modifying effects of EP

It was demonstrated by a number of authors using several differ-
ent methods in solid tumor models as well as in normal tissue
that the application of electric pulses commonly used in ECT
protocols induces rapid and profound reduction in local blood
flow of exposed tissue [66,67.70,71.73.81]. The dynamic changes, as
rapid as those following the application of EP, can be measured
by the laser Doppler lowmetry method (LDF). This is presented
in Ficure 24 for Sa-1 tumors in A/] mice, where it can be observed
that the blood flow reduction started as soon as the first pulse in
the series was delivered. The minimum close-to-zero blood flow
level was reached within seconds. A partial recovery of micro-
circulation started approximately 1-2 min after EP (Ficure 28),
blood flow increased to approximately 40% of the pretreatment
perfusion value within 1015 min as shown in Ficure 2C. At that
point the reperfusion process appeared to be stalled with no sig-
nificant further improvement for at least 2 h. Experimental evi-
dence suggests that some minor secondary reduction in blood
flow occurred within the first hour after the initial reperfusion
(Ficure 2C). However, on a larger time scale, blood flow actually
continued to improve, albeit at a much slower pace and was almost

completely restored 24 h after the application of EP. Blood flow
in treated tumors was indistinguishable from that in the control
tumors 48 h after the treatment was administered [¢6,67,81]. This
can be observed in Ficure 2D.

There was a good agreement between the results obtained by
using different methods in several studies (LDF, patent blue-
violet [PBV] staining, rubidium extraction, contrast-enhanced
[CE]-MRI, power Doppler US imaging) on the same tumor
model. According to the studies using rubidium extraction or
PBV-staining techniques, a reduction of 70% was observed in
blood flow of Sa-1 tumors in A/] mice 30 min after EP [72,81].
A similar effect was observed in one of the first studies on the
effects of EP on tumor blood flow using CE MRI with contrast
agent albumin-(Gd-DTPA), , in which it was demonstrated that,
30 min after EP, blood flow was severely impeded in comparison
with nontreated tumors on the contralateral side in the same
animals [70]. In all studies, the blood flow in tumors 1 h after EP
was on average less than 50% of the pretreatment value or when
compared with the control tumors [66,67.72.82]. The rapid initial
decrease in blood flow and its duration observed in subcutaneous
murine tumors was consistent with observations in normal tissues
such as liver, spleen and pancreas as well as internal liver tumors
in rabbits where the effect lasted for 10—15 min after EP before
gradual reperfusion [71]. The results of CE-MRI, PBV staining
and power Doppler ultrasonographic imaging also provided clear
evidence of heterogeneous distribution of blood flow in tumors
with the periphery being considerably better perfused than the
center [66,81,83].

Reapplying the same EP treatment 24 h after the first treat-
ment induced a blood flow decrease very similar to that after the
first application, but the recovery 24 h after the second treat-
ment was somewhat less complete than after the first treatment
(72]. The impact of the duration, amplitude, and number of EP
pulses on tumor blood flow has also been studied. The level of
blood flow reduction observed 30 min after EP in subcutane-
ous murine tumors was positively correlated with the number
of pulses between 1 and 10 at amplitude and duration of pulses
1040 V (8 mm interelectrode distance) and 100 ps, respectively
(67.72]. However, it should be noted that even a single EP pulse was
enough to provoke the same rapid and extreme initial decrease
in blood flow as a regular sequence of eight pulses, but the total
effect was much shorter-lived in comparison with eight pulses,
disappearing completely over a period of just a few minutes after
EP (84]. The reduction in tumor blood flow appeared to be a
threshold phenomenon as far as the amplitude of pulses was con-
cerned. With the number and duration of pulses fixed at eight
and 100 ps respectively, it was found that 30 min after EP the
decreased blood flow could be detected only for amplitudes at and
above 640 V at 8 mm interelectrode distance (value consistent
with the threshold for the onset of reversible EP in tumors [85]).
The level of decrease 30 min after treatment appeared positively
dose dependent up to 1040 V with no further decrease at 1200 V.

Based on the details outlined so far, it is safe to conclude that
the decrease in tumor blood flow after EP typically used in ECT
consists of two distinct phases, most likely connected to two
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distinct physiological mechanisms. The first phase is rapid (within
seconds), profound (blood flow shutdown) and short-lived (lasting
only a few minutes). The second phase is slower to develop fully
(minutes to tens of minutes) and relatively long-lived (lasting for
at least 24 h, see Ficure 2). The actual duration and extent of the
second phase are positively correlated with the number, amplitude
and duration of electric pulses.

Results strikingly similar to those in tumors were observed in
a study on characterization of blood flow effects of EP on thigh
muscles in mice [73], even though the characteristics of tumor
and normal tissue vasculatures are known to differ in many
significant aspects. In the study by Gehl ez a/l. these effects were
measured qualitatively by means of the PBV-staining technique
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in relation to membrane EP and resealing dynamics. For the
amplitude and duration of EP pulses above the threshold for
reversible EP, the vascular response of muscles to EP was also
described as a two-phase phenomenon. The first rapid, pro-
found and short-lived phase (lasting 1-3 min) was attributed
to sympathetically-mediated reflex vasoconstriction of afferent
arterioles as a reaction to electroporation of muscle and/or vas-
cular endothelial cells. The direct effect of pulses on smooth
vascular musculature was, however, not significantly involved in
this response [73]. The kinetics of this phase observed in tumors
and muscles were identical and the direct vasoconstrictive effect
on tumor-supplying arterioles has also been reported as the main
mechanism of action of some chemical vascular-disrupting
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Figure 2. Changes in tumor blood flow after different treatments. (A) An example of rapid decrease in blood flow immediately
after application of EP pulses. Movement artifacts caused by electric pulses and respiration can be seen in the unfiltered raw signal.
(B-D) The effects of different treatments on blood flow over three different time frames. All data were measured in subcutaneous Sa-1
tumors in anesthetized A/J mice. OxyFlo laser Doppler flowmeter with bare fiber probes was used in A—C (Oxford Optronix, Oxford, UK)
and PBV staining technique in D. For electrochemotherapy (ECT) bleomycin (1 mg/kg) was injected intravenously 3 min prior to
application of EP. EP (eight pulses, amplitude 1040 V, duration 100 ps, 1 Hz, plate electrodes, 8 mm distance) was delivered at time 0. In
B-D the data points represent the mean average blood flow and standard error of the mean (N >13 in figures B & C and N >3 in figure
D). In figures B & C the values are expressed relatively as percentage of the pretreatment value.

EP: Electroporation.

Redrawn from [66] in accordance with the ‘License to publish” of British Journal of Cancer.
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Table 1. Short description of the experimental methods for assessment of blood flow and related

parameters in tumors referred to in the text.

Contrast-enhanced MRI

Rubidium (85Rb)
extraction technique

Patent blue-violet
staining technique

Laser Doppler flowmetry

Power Doppler
ultrasonographic imaging

Electron paramagnetic
resonance oximetry

Luminescence-based
fiber-optic oximetry

Polarographic oximetry

Hypoxia marker
pimonidazole

Hypoxia marker glucose
transporter-1

Systemically administered macromolecular contrast-enhancing agents, such as albumin-
(Gd-DTPA),, or gadomer-17, provide stable enhancement of the tissue blood pool in
conventional MRl images and can be used for measurement of blood flow-related
parameters, such as fractional tumor blood volume and microvascular permeability surface
area product at different intervals after injection of the agent

Extraction of the radioactive rubidium isotope #°Rb by tissue at a predefined interval after
systemic injection of the tracer is used to quantify relative perfusion of excised tissue
samples as a proportion of cardiac output

A simple in vivo staining technique using patent blue-violet biological dye (otherwise
commonly used in lymphography) as a contrast agent for in vivo visualization of perfused
versus nonperfused tissue areas and for qualitative estimation of blood flow in

excised tumors

A highly sensitive optical method for continuous monitoring of relative microcirculation
based on the Doppler-shift effect occurring when photons of a single wavelength (laser
light) scatter on moving red blood cells

A method for noninvasive assessment of gross tumor blood flow changes and for
visualization of the distribution of areas with different perfusion rates. Contrast agents are
used to achieve contrast enhancement of perfused areas

A method related to NMR for absolute pO, measurement. When tissue is exposed to
appropriate external magnetic excitation, the resulting electron paramagnetic resonance
spectra of the paramagnetic material implanted in tissue depends on local oxygenation and
can be measured by a surface coil resonator

A novel method for absolute pO, monitoring. A ruthenium-based luminophore is
encapsulated at the tip of a fiber-optic probe and brought into tissue. Quenching of the
externally stimulated fluorescence of the luminophore is directly related to pO, in tissue

A ‘gold standard’ method for absolute tissue oxygenation measurement. In the steady-
state, the electric current flowing between the negatively polarized active electrode and
the reference electrode is proportional to tissue pO, at the site of insertion of the active
electrode. Prognostic value of oxygenation profiles in tumors measured by this method has
been demonstrated in clinical settings

Pimonidazole is an exogeneous hypoxia marker which binds preferentially to hypoxic tumor
cells. Administered in vivo it can later be used after immunohistochemical staining to
detect hypoxic regions or cells in histological preparations of excised tumors

Glucose transporter 1 is an endogenous hypoxia marker. It is upregulated in hypoxic tumor
conditions and can be immunohistochemically detected also in archived material

[70,81,83,122,123]

[72,124]

[66,67]

[91,125]

[66,126]

[81,89,127-129]

(84,130]

[131,132]

[92,133]

[92,134,135]

References cited in the last column contain a more detailed description of the method and/or the use of the method for assessment of the effects of electroporation
and electrochemotherapy on tumor blood flow.

agents (VDAs) [77]. Therefore, the sympathetically mediated
constriction of smooth vascular musculature is most probably
the main mechanism of this first rapid phase of blood flow
reduction in tumors treated with EP.

As in tumors, the second phase of vascular response to EP in
muscles was slower to develop and of much longer duration than
the first phase [73]. It lasted up to 30 min, which, however, was
considerably less than observed in studies involving tumors. The
dependence of this phase on the amplitude and duration of EP
pulses was progressively more significant for combinations lead-
ing to irreversible EP or very slow membrane resealing kinetics
of muscle and vascular endothelial cells. It was speculated that
the resolution of this long-lived phase followed the kinetics of
observed membrane resealing after EP [73].

A more definitive explanation for the second phase of the vas-
cular response observed in tumors and muscles can be derived
from an in vitro study on the effects of EP on the cytoskeleton
of cultured primary endothelial cells and on the permeability
of the endothelial monolayer [86]. Namely, the cell cytoskeleton
is composed of three major types of structures (microtubules,
actin microfilaments and intermediate filaments) and is essen-
tial for maintaining cell shape and function. The contractil-
ity and the integrity of intercellular junctions between vascular
endothelial cells is responsible for the regulation of vascular
permeability. In the study by Kanthou ¢z 4/., human umbilical
vein endothelial cells (HUVECs) were exposed to EP in situ.
Immunofluorescence staining for F-actin, B-tubulin, vimentin
and vascular endothelial cadherin (VE-cadherin) and western
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blotting for levels of phosphorylated myo-

Before EP

sin light chain and cytoskeletal proteins,
were performed. Endothelial monolayer
permeability was determined by monitor-
ing the passage of fluorescein isothiocya-
nate (FITC)-coupled dextran through the

endothelial monolayer. Exposure of endo-

F-actin

thelial cells to electric pulses led to disrup-
tion of the microfilament and microtubule
cytoskeletal networks, loss of contractility
and loss of VE-cadherin from cell-to-cell
junctions. These cytoskeletal effects of EP

B-tubulin

were paralleled by a rapid rise in endothe-
lial monolayer permeability. Changes were
reversible and all cytoskeletal structures
recovered within 1-2 h after EP, without
a loss of endothelial cell viability [86]. As
an example, the effect of EP at 40 V is
presented in Ficure 3, demonstrating rapid
dissolution of actin filaments and a frag-
mentation of microtubules (within 5 min
after EP) with recovery 1 h post-EP.

The reported disruption of the endothelial
cytoskeleton and intercellular junctions lead-
ing to swelling and rounding of endothelial ~ EP: Electroporation.
cells and to a compromised barrier function
of the endothelial lining have important
implications for blood flow 772 vive. Change in the shape of endothe-
lial cells increases vascular resistance for blood flow. The increased
permeability of vascular walls to macromolecules is followed by
protein leakage and leads to a decrease in oncotic pressure between
the intra- and extra-vascular compartments and to extravasation of
liquids. The results are development of interstitial edema, increased
IFP, and decreased intravascular pressure, which all contribute to
compromised blood flow in a way similar to that seen after the
application of chemical VDA [77]. It should be noted that swelling
of cells after EP with similar dynamics as seen for endothelial cells
was also observed in some other types of cells i vitro [87].

The effect on endothelial cells 772 vitro was reported to be rapid
since it developed within 5 min [86], but not fast enough to be
involved in the first phase of blood flow decrease observed in vivo.
In Ficure 2 it can be seen that the recovery of blood flow in tumors
was arrested 10—15 min after EP. This indicates a fully developed
second phase of blood flow reduction. The resolution of this sec-
ond phase was gradual and slow meaning that blood flow remained
decreased up to 24 h after the treatment in tumors [67.72,81] but for a
significantly shorter period in muscles [73]. In the study of Kanthou
et al., it was shown that when the voltage was high enough to
induce a significant drop in endothelial cell viability, the restora-
tion of the perturbed cytoskeleton was severely impeded. In 77 vivo
conditions, such an effect would lead to a prolonged recovery
period for the affected vasculature. Owing to inherent differences
between normal and tumor vasculature, it can be expected that the
cytoskeletal networks and intercellular junctions in tumor vascu-
lature would be affected more profoundly by EP and would take

Within 5 min after EP 1 h after EP

Figure 3. The effect of EP on human umbilical vein endothelial cells. The
endothelial cell monolayer was exposed to three electric pulses (duration 100 ps,
repetition frequency 1 Hz, amplitude 40 V, interelectrode distance 4 mm) in situ.
Microtubules and actin filaments were stained with an anti-p-tubulin antibody and
phalloidin respectively and analyzed by fluorescence microscopy. Before EP, cells
displayed intact actin filament and microtubule networks. After application of EP,
staining of actin fibers with phalloidin appeared diffused demonstrating dissociation of
actin fibers, while microtubules became fragmented. Microtubule and microfilament
networks recovered their structural composition within 1 h after exposure to electric
pulses at amplitude of 40 V.

Reproduced with permission from [86].

longer to recover their functions than in normal vasculature. This
may explain the observed differences in the duration of the second
phase of blood flow reduction between tumors and muscles. We
suggest that the kinetics of re-establishment of the endothelial
cytoskeleton and especially the barrier function of the endothelial
lining may be the most important determinants of duration of the
second phase of blood flow decrease after ED.

The two-phase perfusion changes observed in solid tumors
after EP can be modeled as suggested schematically in Ficure 4.
Both phases are represented by simple bi-exponential functions
with different time constants. The experimental data for blood
flow after EP from Ficure 2C & 2D are superimposed on the model.
Obviously, a more elaborate mathematical representation of the
two phases in the model should be used to fully describe the
actual blood flow data, but the general adequacy of a two-phase
model to describe the experimental data is clear.

Blood flow reduction after EP is, therefore, a reversible process.
The relatively short period of blood flow reduction (24 h) con-
tributes to tumor growth delay, which is usually detected after
treatment with EP alone, but which is insignificant in terms of
antitumor treatment. See also Taeie 2 for a comparison of antitu-
mor effectiveness of different treatments expressed as the induced
tumor growth delay and the percentage of cured tumors.

Vascular-disrupting effects of ECT

From Ficures 2B & 2C it follows that within the first hour after
treatment, the effects of ECT with bleomycin on tumor blood
flow could not be distinguished from the effects of EP alone
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in the absence of the drug. Both the extent and time course
of changes were virtually the same, which was demonstrated
in several studies using either bleomycin at different doses or
cisplatin as the chemotherapeutic drug [66.67,81). The differences,
however, became evident 4—8 h after treatment as can be seen
in Ficure 2D. By that time, perfusion of EP-treated tumors had
partially recovered. On the other hand, blood flow in tumors
treated with ECT demonstrated no further improvement (dose
1 mg/kg). With a higher dose of bleomycin (5 mg/kg), further
deterioration was observed so that 12 h after ECT a practically
complete arrest in blood flow was achieved, as demonstrated
by PBV and rubidium extraction data and further supported
by power Doppler US imaging. No recovery in blood flow was
seen 5 days after the treatment at this dose of bleomycin [67].
The time course of blood flow changes after ECT with cispla-
tin at a dose of 4 mg/kg was similar to that in the case of ECT
with bleomycin but the reduction in blood flow observed over
the course of 5 days was less extreme than with bleomycin at
either dose [81]. By contrast, treatment of tumors with either
bleomycin or cisplatin alone at the same doses as used in ECT
with these two drugs (but in the absence of EP) produced only
minor and transient changes in blood flow and the blood flow
status of these tumors was the same as that in control tumors
over a period of 5 days after the treatment. Ficure 5 compares
the response of subcutaneous Sa-1 tumors to treatment with
EP, bleomycin (5 mg/kg), cisplatin (4 mg/kg), and ECT with

both chemotherapeutic drugs over the course of 1 week after the

P

100

treatment. The antitumor effectiveness of these treatments in
addition to ECT with bleomycin at the lower dose of 1 mg/kg
in terms of induced tumor growth delay and number of cured
tumors is summarized in TasLe 2.

In contrast to EP, which induces profound but essentially
transient and reversible decline in blood flow of tumors, ECT
induces long-lived blood flow reduction. The situation can fur-
ther deteriorate in the days following therapy (depending on the
drug dosage) even to the point of complete arrest of tumor blood
flow, as demonstrated for ECT with bleomycin at the higher of
the two doses used in the reported experimental studies.

The process of EP is not selective in the sense that all cells
exposed to electric field densities above a certain threshold level
(including the endothelial cells lining the tumor vessels) are elec-
tropermeabilized [s2]. The vascular endothelial cells may be even
more susceptible to the effects of EP than the primary target of
ECT — the tumor cells. Both the theoretical considerations and
experimental results 7z vitro support this hypothesis.

When electrical properties of different tissue constituents and
realistic microcirculatory blood vessel dimensions are taken into
account, the electric-field strength at the boundary between the
blood and blood vessel wall (the very location of endothelial cells)
was estimated to be up to 40% higher than in the surround-
ing tissue because of higher conductivity of blood in comparison
with the tissue constituents [66]. The shape and relative orienta-
tion of endothelial cells in an electric field may also render them
more susceptible to the effects of EP owing to a larger induced

transmembrane voltage [88]. Furthermore,
endothelial cells, being in direct contact
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with the blood compartment, are exposed
to the highest concentration of the chemo-
therapeutic drug reached in blood vessels
after intravenous injection. From this rea-
soning it follows that endothelial cells can
be expected to be affected by ECT to an
even higher degree than tumor cells. The
killing of endothelial cells by ECT leads
to obstruction of tumor blood flow and
consequently, to ischemic death of all cells
supplied by the affected vessels.

In vitro studies on human dermal micro-
vascular endothelial cells HMEC-1 have

0 T T T T T II ll T
-15 0 15 30 45 60 6
(min)
Time after EP

Figure 4. A model of two-component decrease in blood flow after EP. The total
perfusion change (thicker line) observed in solid tumors after EP is modeled here as a
sum of two simple biexponential functions with different time constants (thin lines). For
comparison with experimental data, the data points for EP from Ficure 2C and 2D are
superimposed on the model. A more elaborate mathematical representation of the two
components in the model would have to be used to fully describe the actual blood flow
data, but the general adequacy of a two-phase model to describe the experimental data

is obvious.
EP: Electroporation.

demonstrated that these cells are highly
sensitive to ECT. Application of EP
increased the cytotoxicity of cisplatin ten-
fold and that of bleomycin even 5000-fold
in these cells. Sensitivity of HMEC-1 cells
to ECT with bleomycin was even greater

12 18 24
(h)

than sensitivity of some tested tumor cell
lines [59], which means that the effect of
ECT on endothelial cells should be more
important in the treatment of tumors with
bleomycin than with cisplatin. The dif-
ferences in the response of HMEC-1 cells
to ECT between the two drugs iz vitro

736

Expert Rev. Anticancer Ther. 10(5), (2010)



Antivascular effects of electroporation & electrochemotherapy

were in perfect agreement with the differ- 100
ences in blood flow reduction observed in
tumors treated with ECT using the same
two drugs.

The effects of EP and ECT on endo-

thelial cells observed in vitro are also in

80 —

agreement with histological observations
from tumors treated by EP and ECT with
bleomycin [66]. It was reported that 1 h

after EP alone or ECT, the endothelial
cells appeared swollen and rounded with a

60

40-
narrowed lumen of blood vessels, an obser-
vation consistent with both the observed
blood flow changes 772 vivo (Ficure2) and the 20
demonstrated effects of EP on the endothe-

lial cytoskeleton and endothelial monolayer

Stained tumor cross-section area (%)

86]; 8 h after treatment, the apoptotic mor- 0 | | | ——5 | | | Q/I/EI]
phological changes in endothelial cells and 0 2 4 6 8 1 2 5 4 5 6 7
extravasation of erythrocytes were observed (h) (days)

only in tumors treated with ECT, a direct
evidence of damaged blood vessels, which

Time after therapy

was, however, not detected in tumors ® Control

treated with either EP or bleomycin alone. O EP

/\ Bleomycin
1 ECT-bleomycin

A Cisplatin
B ECT cisplatin

Tumor oxygenation after EP & ECT
Tissue oxygenation is closely related to
local-tissue blood flow. Tumors in gen-
eral are characterized by lower pO, val-
ues than normal tissues, which was also
confirmed for the Sa-1 tumor model in :
A/] mice by electron paramagnetic reso- distance 8 mm.
nance (EPR) oximetry, [89], polarographic
oximetry [90] and luminescence-based
fiber-optic oximetry [91].

The time-course and extent of pO, decrease after EP alone or
after ECT with cisplatin (4 mg/kg) and bleomycin (1 mg/kg)
was found to be similar to that of the blood flow. The maximum
reduction in pO, (70%) was observed 2 h after treatment and
was followed by a slow recovery. The pretreatment pO, values
were reached 8 h after EP and 2 days after ECT [66,81.89]. In the
case of ECT, this was a surprising result since the blood flow in
ECT-treated tumors showed no improvement for at least 5 days
following the treatment (see also Ficure2). It is possible that the
recovery of oxygenation was due to a decreased demand for oxy-
gen in tumors as a result of ECT killing a major proportion of
tumor cells. In such conditions, the damaged but not completely
destroyed tumor vasculature may be sufficient for recovery of
oxygenation of the remaining tumor to the pretreatment level.
In the EPR studies on tumor oxygenation [66,89], bleomycin
at a dose of 1 mg/kg was used which was five-times less than
in some previous studies [67.82] in which an almost complete
shut-down of tumor blood flow after ECT with bleomycin was
maintained over a course of 7 days (Ficure 5). It is reasonable to
expect that, at a bleomycin dose of 5 mg/kg, oxygenation would
not be recovered.

Figure 5. Electrochemotherapy with cisplatin and bleomycin: comparison of the
effects on blood flow in tumors. The results of the PBV-staining technique are
shown. Symbols represent mean values of at least six mice with standard error of the
mean. Time O corresponds to the pretreatment value. Bleomycin and cisplatin were
injected 3 min prior to EP at doses 5 mg/kg and 4 mg/kg, respectively. EP protocol: eight
pulses, amplitude 1040 V, duration 100 ps, 1 Hz, plate electrodes, interelectrode

ECT: Electrochemotherapy; EP: Electroporation.
Based on combined data from [67,81,82].

Further evidence of tumor hypoxia induced by EP and ECT
was provided in studies involving the use of an exogenous hypoxia
marker pimonidazole [66] and an endogenous hypoxia marker glu-
cose transporter 1 (Glut-1) [92]. Histological preparations of con-
trol tumors and tumors treated with bleomycin alone contained
only moderate pimonidazole-positive areas (~10%) while the
tumors treated with EP alone or ECT developed larger hypoxic
regions (up to 40%) immediately after the treatment, reaching
the maximum extent of hypoxia in 2 h (the same time frame as
observed with EPR oximetry) and recovering to pretreatment
values within 24 h. The recovery was slower in tumors treated
with ECT [66]. The increase in hypoxic regions was not as extreme
as the observed blood flow changes and again the recovery of pO,
was in contrast the lack of no recovery observed in tumor blood
flow [92]. In addition to the explanation suggested in the previ-
ous paragraph, it is also possible that the hypoxic regions may
have been underestimated by pimonidazole staining owing to
inadequate blood flow in some regions of tumors (large temporal
and spatial heterogeneity in blood flow is typical for tumors).
Pimonidazole also could not reach necrotic regions owing to lack
of blood flow thus resulting in falsely nonstained regions and
therefore, in the extent of hypoxia being underestimated.
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The extensive decrease in oxygenation after ECT can be
expected to induce further tumor cell death due to hypoxia. The
progression of necrosis in tumors to 90% of the total tumor area
correlated with the oxygenation changes and the overall tumor
growth pattern [81]. These effects were more pronounced with
bleomycin than with cisplatin, which is consistent with higher
in vitro sensitivity of endothelial cells to bleomycin [59.67.82].

Model summary of effects of EP & ECT

Based on the evidence described in the previous sections, we can
summarize the sequence of events that take place in tumor blood
flow after application of EP and ECT in Ficure 6.

There are at least two distinct mechanisms by which the effects
of EP and ECT on blood flow contribute to antitumor effectiveness
of the treatment, a vascular lock and a vascular-disrupting effect.

The vascular-lock effect — induced transiently by EP alone and
to an even larger extent by ECT — leads to an effective entrapment
or at least impeded wash-out of the drug accumulated within a
tumor due to reduced blood flow. Tumor cells are consequently
exposed to a high drug concentration for an extended period of
time. In addition, the vascular-lock effect induces severe tumor
hypoxia, which could be exploited for treatments involving drugs
that are activated in a hypoxic environment (e.g., bioreductive
drugs) [93].

The vascular-disrupting effect — the severely damaged tumor
vasculature due to ECT of endothelial cells — leads to an addi-
tional cascade of tumor cell death as a result of long-term lack of
oxygen and nutrients and accumulation of waste products in the
tumor. This effect brings ECT into the realm of the so-called
vascular-targeted therapies, which have already been exploited in

Table 2. Antitumor effectiveness of electroporation and

electrochemotherapy with bleomycin (at doses of 1 and 5 mg/kg)
and cisplatin (at a dose of 4 mg/kg) on Sa-1 tumors in A/J mice.

Control 20 1.8+0.1

EP 17 31+£0.2° 1.3+£0.2
Bleomycin (1 mg/kg) 16 1.2+0.1 -0.6 £ 0.1
Bleomycin 20 1.9+0.1 0.1+£0.1
(5 mg/kg)

Cisplatin (4 mg/kg) 10 37104 19+04
ECT with bleomycin 16 23.7+4.6 219+4.6
(1 mg/kg)

ECT with bleomycin 17 345+29 32.7+29
(5 mg/kg)

ECT with cisplatin 10 121+ 1.6 10.3+ 1.6
(4 mg/kg)

Tumor growth delay was calculated with respect to the control group. In the case of ECT with bleomycin,
cured tumors were excluded from growth delay calculation. Mean + standard error of the mean values

are given.

p < 0.05.

ECT: Electrochemotherapy; EP: Electroporation.
Reproduced with permission from [82].

several studies using different approaches to affect tumor vascula-
ture [77]. It is probably also very important for complete elimina-
tion of the tumor in the case of ECT because it helps to kill those
tumor cells that were not destroyed directly by the drug, either
because some tumor regions were not exposed to a high enough
electric field for successful EP, or because the extracellular drug
concentration was not sufficiently high in some areas.

Both the vascular lock and the vascular-disrupting effect of
EP and ECT contribute to antitumor effectiveness. Through
these effects we can explain the apparent discrepancy between
the increased cytotoxicity of drugs in vitro and in vivo in the
same tumor cell line [62]. The role of blood flow-modifying (vas-
cular lock) and vascular-disrupting effects of EP and ECT is
estimated to be significant, and also contributes, in addition to
the involvement of the immune response, to the often-observed
complete and long-lasting responses of tumors treated by ECT
at the preclinical and clinical level. Furthermore, these effects
can be directly exploited in the treatment of bleeding metastases,
for immediate cessation of bleeding and reduction in size of the
treated tumors.

ECT of bleeding melanoma metastates
The treatment of recurrent cutaneous or subcutaneous tumors is
a common clinical problem, due to unresectability and relative
insensibility to conventional systemic therapies [23]. Recurrent
melanoma metastases pose a treatment problem for physicians,
and are also a distress to patients, because of the psychological
burden, inflicted pain, ulceration and often, bleeding [22.23,94].

Unresectable and in-transit melanoma can be treated either
systemically or locoregionally. Different approaches include
systemic or regional chemotherapy either
by hyperthermic limb perfusion or iso-
lated limb infusion, radiotherapy, car-
bon dioxide laser ablation, cryosurgery,
intralesional chemotherapy with Bacillus
Calmette—Guerin, local gene therapy
with TNF-erade or IL-12 and human
recombinant IL-2 or IFN-a, as well as
cell vaccines using melanoma cell lysates.
All these treatment approaches have indi-
vidual limitations and variable response
rates [23].

Electrochemotherapy is yet another

o O o o

0 treatment option that has been recom-
38 mended for unresectable and in-transit
melanoma [23,27]. The results of the mul-
ticenter ‘European Standard Operating

Procedures of ECT’ (ESOPE) study

demonstrated a clinical response of 81%

70

objective responses for melanoma with
66% complete responses, that are com-
parable to previously published results
(4.23]. Subsequent studies of ECT in the
treatment of melanoma continue to dem-
onstrate the efficacy of treatment with
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Figure 6. Model of blood flow changes in tumors induced by EP and ECT. The effects of EP alone and of ECT are presented on the
level of a microcirculatory blood vessel. Application of the drug and electric pulses are indicated by the block arrows. The general
sequence of physiological changes and their consequences runs from the left to the right.

ECT: Electrochemotherapy; EP: Electroporation.

response rates ranging from 46 to 100% [6,95.96]. The treatment
has become widely accepted. Currently, over 50 institutions in
Europe and the USA offer ECT to patients as palliative treat-
ment of a diversity of recurrent and metastatic tumors, including
melanoma, basal and squamous cell carcinoma, breast cancer,
sarcomas and other metastatic lesions.

As hemorrhaging cutaneous metastases are quite a common
clinical problem, several reports on successful treatment with
ECT have already been described. Kubota ez al. revealed its
palliative effect in the management of skin metastases from
bladder cancer [97], while Gehl ez /. described two cases of
successful management of bleeding melanoma skin metasta-
ses. The first case established the effectiveness of ECT in the
treatment of nine bleeding, ulcerated nodules on the chest wall,
with immediate cessation of bleeding after administration of
electric pulses and 100% complete regression of nodules [93].
The second case demonstrated a palliative effect of ECT in
dealing with eight metastases on the head and scalp, with ces-
sation of bleeding and complete remission of all but one of the
metastases (87%) [99]. Furthermore, Snoj et al. reported on

effective treatment of melanoma bleeding metastasis, 3.5 cm
in diameter, by ECT [100]. In this case, all standard treatment
modalities were reported to be employed, but none of them
provided a long-term result. Thus, amputation of the lower
limb was considered. A single session of ECT with bleomycin,
however, provided an immediate clinical benefit; the bleeding
stopped and did not recur, as can be seen in Fieure7. In addition,
a crust developed and a reduction in size was noticed. It was
concluded that ECT should be considered both as an effective
treatment in palliation of bleeding melanoma skin metasta-
ses and as an effective modality for limb-sparing treatment of
refractory bleeding melanoma nodules [100].

Therefore, ECT represents a novel approach in the palliation
of bleeding metastases. At present, several treatments can be
used for the treatment of bleeding metastases. These include
surgery, which can be suitable for the management of small
bleeding lesions, but with larger or multiple lesions only ampu-
tation is possible [101]. Some clinical benefit in the treatment of
bleeding metastases was reported by isolated limb perfusion
with TNF-o and melphalan [102-104]. Intra-arterial embolization
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1 day after ECT

are affected) and there are, therefore, no
systemic side effects owing to the very low
cumulative dose of the drug used.
However, application of EP pulses to
tumors also induces two distinct vascular
effects, which manifest themselves in a two-
phase blood flow decrease: a rapid, powerful,
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which is mediated by the SNS as a result of
EP of endothelial and possibly other cells in
the tumor; a slower and much longer-lived
phase, mainly as a result of disrupted endo-
thelial cytoskeletal structures and increased
endothelial monolayer permeability, which
result in leakage of fluids and molecules
from blood vessels and from permeabilized
cells into the extracellular space, leading to
increased IFP and decreased intravascular

Figure 7. The effect of electrochemotherapy (ECT) with bleomycin on bleeding
melanoma metastasis. It can be observed that bleeding of this tumor was stopped
immediately after the application of ECT. Gradually a crust was formed in place of the
tumor (within 1 week), which fell off 3 weeks after the treatment. This particular tumor
reduced in size dramatically and remained in partial response during the 21 weeks

observation time.
ECT: Electrochemotherapy.
Reproduced with permission from [100].

could also be a treatment of choice in the management of bleed-
ing melanoma [105]. However, no studies have been performed so
far to establish the palliative effect of radiotherapy on bleeding
melanoma nodules.

A comparison of the discussed treatment modalities for bleed-
ing metastases to ECT points to its many advantages. Regarding
the patients’ poor physical condition, ECT offers an excellent
alternative owing to its once-only treatment strategy, high
probability of immediate relief, its outpatient basis and modest
patient discomfort. Currently, the main use of ECT remains
restricted to palliative treatment of cutaneous and subcutaneous
tumor nodules refractory to conventional treatment. However,
owing to its vascular-disrupting effect, ECT could be consid-
ered as a treatment modality in patients with refractory bleeding
melanoma nodules.

Expert commentary

Application of EP pulses to tumors induces transient structural
changes in the membranes of tumor cells (cell-membrane per-
meabilization), which allows otherwise poorly permeant extra-
cellular molecules (e.g., chemotherapeutic drugs) to enter the
cells in vastly increased quantities. This is the primary mecha-
nism of antitumor action of ECT. By this mechanism, the
chemotherapeutic drugs, such as bleomycin and cisplatin, can
become highly effective at very low cumulative doses (so low
that no therapeutic effect would be achieved if the drug alone
was applied). An additional benefit of ECT is that its effects

are localized to the target area (only electropermeabilized cells

pressure. It is suggested that the resolution of
this later phase depends predominantly on
the dynamics of recovery of the endothelial
lining’s physiological function.

The local vascular-disrupting effect
of ECT brought about by destruction of
tumor vessels’ endothelial lining is a very
important additional mechanism, which
contributes to antitumor efficiency of ECT. The killing of endo-
thelial cells by ECT leads to permanent obstruction of tumor
blood flow and consequently to ischemic death of all remaining
cells supplied by the affected vessels.

There are two major practical reasons for interest in the blood
flow-modifying effects of EP and ECT. The first reason is that
understanding various physiological aspects and consequences of
EP and ECT will enable further optimization and fine-tuning of
the existing treatment modalities. The local nature of the effects
of EP and ECT coupled with the understanding of their role in
the overall antitumor effectiveness of ECT, can lead to more indi-
vidualized protocol treatments for ECT and hence to even more
successful tumor treatment. The second reason is that the ability to
modify local blood flow in tissue exposed to EP and ECT without
significant systemic effects can also be exploited for other therapies.

The vascular-disrupting effect of ECT is already being benefi-
cially employed in the treatment of bleeding melanoma metastases
and other types of bleeding tumors. Immediately after ECT, the
bleeding stops and does not recur. Furthermore, the vascular-
disrupting effect of ECT is of utmost importance for translation
of ECT to treatment of deep-seated tumors, also in well vascular-
ized organs, such as the liver, where this effect helps to minimize
bleeding of the treated area.

Five-year view

Treatments based on EP are currently used in medicine for ECT
and EGT. However, there are several other emerging treatments
that use electric fields for membrane permeabilization, such as
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irreversible electroporation for ablation of normal and neoplas-
tic tissue [106,107] and use of extremely short electric pulses (the
so-called nanopulses) for the treatment of cancer [108]. Since all
these treatments use electric pulses, it has to be taken into account
that sets of pulses with parameters different from the ones con-
sidered in this paper may also induce vascular changes in normal
tissues and tumors, but to a different extent. How the vascular
changes affect the outcome of these new treatments has yet to be
explored, and treatment approaches must be optimized so that
treatment effectiveness is not hampered by reduced blood flow
and the resulting hypoxia in tissues.

The suggested mechanisms of blood flow-modifying and vas-
cular-disrupting effects of EP and ECT are currently based partly
on in vitro studies. However, developments of noninvasive in vivo
imaging and intravital microscopy open new possibilities, so that
vascular effects of EP and ECT can be further studied in intact
normal and tumor blood vessels to confirm our explanation.

The induced blood flow changes after EP may be of special
concern for EGT. Similar changes in tumor perfusion were
noticed in tumors exposed to different sets of pulses used for
gene electrotransfer; either eight EP pulses at 640 V amplitude
(interelectrode distance 8 mm) [109] or the combination of high-
and low-voltage pulses [109.110]. The observed vascular changes
may affect the transfection efficiency of the plasmids and also
their expression. In addition, an antiangiogenic therapeutic gene
AMERP delivered by EP for treatment of cutaneous melanoma
metastases is currently in a clinical trial [111].

Electrochemotherapy has also been used in combination with
radiation therapy. As known, hypoxic cells are radioresistant and
special attention has to be taken into account when scheduling
the combined treatment. Our recent studies have shown that

both drugs used in ECT, bleomycin and cisplatin, are also radio-
sensitizing drugs, and are significantly more radiosensitizing
when used in ECT [112,113]. The effects of radiosensitization were
also demonstrated in a fractionated radiation regimen without
major potentiating effect on radiation-induced skin damage [114].

Since EP induces transient hypoxia in tumors, this can be an
advantage in combination with bioreductive drugs that exert
their cytotoxic effect specifically in hypoxic tissues. As already
indicated in a preliminary study, the antitumor effectiveness of
tirapazamine was potentiated by exposure of tumors to electric
pulses [93]. However there are other bioreductive drugs that could
be used in combination with EP.

Drugs other than bleomycin and cisplatin were tested in com-
bination with electroporation [115]. Until recently, however, only
these two had been demonstrated to have significantly increased
cytotoxicity iz vitro and in vivo. New antitumor drugs containing
metals have been developed with the aim of obtaining a broader
spectrum of activity and reduced side effects [116]. Of these new
drugs, ruthenium compounds gained a particular interest for their
potential application on tumors which developed resistance to
cisplatin or in which cisplatin is inactive. Moreover, some ruthe-
nium complexes show strong activity against metastases of solid
metastasing tumors [117]. Although NAMI-A has a very limited
direct cytotoxic effect on tumor cells, when combined with EP, its
cytotoxicity was potentiated significantly. [118]. Local potentiation
of chemotherapeutic drugs being effective systemically by means
of EP can thus be a promising approach [119].

The effects of EP and ECT have the potential to be exploited
in the so-called vascular-targeted treatments. This class of anti-
tumor treatments aims to destroy the malignant cells indirectly
by preventing effective blood supply to the tumor. This can

Key issues

¢ Electroporation (EP) is the process of induction of transient increase in cell membrane permeability by exposing cells to a series of very
short but high-voltage electric pulses. It is sometimes also referred to as electropermeabilization.

e Electrochemotherapy (ECT) is an antitumor therapy in which intravenous or intratumoral administration of a poorly permeant
chemotherapeutic drug (currently bleomycin or cisplatin) is followed by local application of EP. EP facilitates the uptake of the drug by
the affected cells and, thus, potentiates locally the cytotoxicity of the drug by several orders of magnitude.

e Electrochemotherapy is an effective treatment for cutaneous and subcutaneous tumors of various tumor types. For melanoma, ECT is
being accepted as a treatment modality for unresectable or in-transit metastases with response rates reaching up to 100%.

e Application of EP induces a rapid, profound but transient two-phase decrease in local blood flow. The first phase is instantaneous,
extreme (almost complete shut-down of blood flow), but short-lived (several minutes) and is a result of vasoconstriction of afferent
arterioles. The second component is slower, less extreme, but longer-lived (24 h) and is a result of transient disruption of cytoskeletal
structures and compromised barrier function of the microvascular endothelium.

e In addition to the effects seen after EP, ECT induces profound long-term (from several days to permanent) decrease in local blood flow
as a result of largely irrecoverable damaged tumor vasculature due to exposure of endothelial cells to ECT.

e The effects of EP and ECT on tumor blood flow contribute to the overall antitumor effect in two ways: by the vascular-lock effect
(causing a prolonged exposure of tumor cells to the drug owing to drug entrapment); and by the vascular-disrupting effect (causing a
secondary cascade of tumor cell death as a result of long-term lack of oxygen and nutrients and accumulation of waste products in

the tumor).

e The effects of EP and ECT on tumor blood flow and oxygenation can be further exploited in new vascular-targeted therapies and in
therapies involving drugs that are activated in a hypoxic environment, such as bioreductive drugs.

¢ The blood flow-modifying (vascular lock) and vascular-disrupting effect of ECT are already being beneficially employed in treatment of
bleeding melanoma metastases and other types of bleeding tumors. Immediately after ECT, the bleeding stops and does not recur.

e The vascular lock and vascular-disrupting effects of ECT is of utmost importance for translation of ECT to treatment of deep-seated
tumors, especially in well-vascularized organs, such as the liver, because it can prevent bleeding of the treated area.
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be done on two levels, by destroying the existing tumor ves-
sels (vascular-disrupting effect) and by preventing formation of
new ones (anti-angiogenic effect) [77.79]. EP can be combined
with other VDAs that target tumor endothelial cells. Some of
them, combretastatins and 5,6-dimethylxanthenone-4-acetic
acid (DMXAA) are already in clinical trials and EP could
potentiate their effectiveness by increasing their intracellular
concentration [77,80].

Electrochemotherapy is currently used for the treatment of
cutaneous and subcutaneous tumors [5). However, a new gen-
eration of electric pulse generators has been developed that can
produce electric fields for the treatment of larger treatment areas
(23.120,121]. With the use of long needle electrodes, deep-seated
tumors, such as melanoma, sarcoma or bone metastases, can be
treated intraoperatively in the liver or percutaneously in the limbs

(121]. In such situations, the electrodes are 1.2 mm in diameter,
having a 3- or 4-mm long uninsulated part. In such cases, the
retraction of the electrodes from the treated tissue after the proce-
dure could result in bleeding. However, bleeding is largely reduced
thanks to the described vascular lock and vascular-disrupting

effects of EP and ECT.
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