Chapter 7
Vascular-Disrupting Action of Electrochemotherapy:
Mode of Action and Therapeutic Implications

Gregor Sersa and Maja Cemazar

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

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

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

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

Electrochemotherapy

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

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

Modifying Effect of Electric Pulses on Tumor Blood Flow

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

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

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

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

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

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

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

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

2. Increased leakage of plasma into the interstitial space.

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

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

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

Modifying Effect of Electrochemotherapy on Tumor Blood Flow

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

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

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

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

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

2. Increased leakage of plasma into the interstitial space.

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

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

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

Clinical Application

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

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

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

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

Conclusion

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