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Gene therapy has become an important approach for treating cancer, and electroporation represents a
technology for introducing therapeutic genes into a cell. An example of cancer gene therapy relying on
gene electrotransfer is the use of immunomodulatory cytokines, such as interleukin 2 (IL-2) and 12
(IL-12), which directly stimulate immune cells at the tumour site. The aim of our study was to determine
the effects of gene electrotransfer with two plasmids encoding IL-2 and IL-12 in vitro and in vivo. Two dif-
ferent pulse protocols, known as EP1 (600 V/cm, 5 ms, 1 Hz, 8 pulses) and EP2 (1300 V/cm, 100 ms, 1 Hz, 8
pulses), were assessed in vitro for application in subsequent in vivo experiments. In the in vivo experi-
ment, gene electrotransfer of pIL-2 and pIL-12 using the EP1 protocol was performed in B16.F10 murine
melanoma. Combined treatment of tumours using pIL2 and pIL12 induced significant tumour growth
delay and 71% complete tumour regression. Furthermore, in tumours coexpressing IL-2 and IL-12,
increased accumulation of dendritic cells and M1 macrophages was obtained along with the activation
of proinflammatory signals, resulting in CD4 + and CD8 + T-lymphocyte recruitment and immune mem-
ory development in the mice. In conclusion, we demonstrated high antitumour efficacy of combined IL-2
and IL-12 gene electrotransfer protocols in low-immunogenicity murine B16.F10 melanoma.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Currently, gene therapy shows considerable potential for the
treatment of cancer [1]. In cancer gene therapy, several strategies
are employed that rely on the expression of different types of ther-
apeutic genes that induce apoptosis, block oncogene expression,
replace defective tumour suppressor genes and enhance tumour
immunogenicity [2]. The main obstacle for successful gene therapy
is the delivery of transgenes to targeted tissues. Viral vectors are
still the primary tool used for the introduction of therapeutic genes
into the targeted tissue [3], and despite the good transfection effi-
ciency, the main drawbacks are limited DNA packaging capacity,
immune response to viral particles and off-target activity that
leads to unwanted clinical outcomes [4,5]. A less expensive and
safer alternative to viral vectors is the introduction of naked DNA
(plasmids) into cells using electroporation [6,7].

Electroporation is a technique based on exposing cells and tis-
sues to an external electric field to increase the permeability of
the membrane, thereby allowing the introduction of therapeutic
molecules and genetic material (DNA, RNA) inside the cells [8].
The most developed biomedical application of electroporation is
electrochemotherapy, which uses electroporation as a safe and
effective delivery method for the introduction of cytotoxic drugs
and is currently recognized as local therapy for cutaneous tumours
and metastases [9]. Clinical and preclinical studies also confirmed
the applicability of electrochemotherapy for the treatment of cer-
tain deep-seated tumours that are not suitable for surgery or other
local ablative therapies, such as colorectal liver metastases and
hepatocellular carcinoma [10–12]. Another utilization of electro-
poration is gene electrotransfer, in which genetic material is
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introduced into the cell, which allows the cells to produce
transgenes that have direct or indirect antitumour (immunomodu-
latory, cytotoxic, antiangiogenic, etc.) effects or specific tumour
antigens that induce a specific antitumour immune response
[13–16]. Many efforts are underway through in vitro and in vivo
studies to optimize gene electrotransfer protocols to minimize tis-
sue damage and improve gene transfection efficiency [17–19]. Sev-
eral studies have been published in the field of immunomodulatory
gene therapies using electroporation, and immunostimulatory
cytokines interleukin 2, 12, 15 and GM-CSF were evaluated [20–
26]. Preclinical studies showed no or minimal toxicity of plasmid
IL-12 gene electrotransfer [27]. Therefore, this therapy has been
applied in clinical studies as a single treatment or in combination
with immune checkpoint inhibitors [28–30].

Interleukin 12 (IL-12), with its potent proinflammatory func-
tions, is a suitable candidate for cancer immunotherapy. IL-12 sig-
nalling is responsible for the acquisition of cytotoxic functions by
CD8+ cells, differentiation of Th1 and induction of IFN-c produc-
tion, which enhances phagocytic functions and local inflammation
[31]. The major drawbacks are the severe toxicities related to high-
dose systemic recombinant IL-12 administration. With a gene elec-
trotransfer approach, the systemic effect could be avoided [32].
Intratumoural IL-12 gene electrotransfer has already presented
favourable results in preclinical and early-phase clinical studies
[33]. In a phase I clinical trial in patients with advanced melanoma,
electroporation of plasmid IL-12 was shown to elicit systemic cel-
lular and humoural responses that resulted in melanoma lesion
regression [22,34].

Another example of a cytokine with strong antitumour activity
is interleukin 2 (IL-2), which was approved by the FDA in the
1990 s for the treatment of metastatic melanoma and renal cell
carcinoma and is still in use today in the recombinant protein form
[35]. IL-2 is important for the survival, proliferation and differenti-
ation of different subsets of T cells and considered a potent mito-
gen. Similar to IL-12, high-dose toxicity is also a problem that
can be avoided with local targeted delivery [36]. In a study using
a murine melanoma model, intratumoural administration of IL-2
plasmid DNA appeared well tolerated and caused a reduction in
tumour size [37]. Nevertheless, monotherapy using IL-2 appears
to be insufficient to increase the survival rate due to the already
mentioned high-dose related toxicity and dual functional propri-
eties on T cells (activation of Treg cells) [35]. However, the com-
bined gene electrotransfer of IL-2 and IL-12 has not been
evaluated to date.

Gene electrotransfer of IL-2 in combination with IL-12 could
prevent the activation of Treg cells by IL-2 and further amplify
the antitumour effectiveness of both cytokines [38]. IL-2 and IL-
12 have separate signalling pathways that elicit different but com-
plementary biological effects and induce the expression of IFN-c
predominantly by T and NK cells, which stimulates IL-12 produc-
tion by dendritic cells and macrophages. High levels of IFN-c and
IL-12 also promote the activation of CD4+, CD8 + and NK cells that
produce more IL-2, which in turn upregulates the IL-12 receptor on
the surface of NK cells [39,40]. Furthermore, IL-12 expression at
the tumour site recruits and activates T and NK cells onsite while
IL-2 expression stimulates them and causes their proliferation.
The cooperative actions of these cytokines could modify the
tumour microenvironment by recruiting tumour-specific immune
cells, thus leading to the activation of these immune cells and sub-
sequent elimination of tumour cells. Therefore, the immunological
proprieties of the tumour could be changed to increase their
responsiveness to therapies. Tumours can be divided into ‘‘cold”
tumours, which have low levels of cytokine production and T cell
infiltration and usually do not respond well to immunotherapy,
and ‘‘hot” tumours, which present the opposite characteristics
[41]. Gene electrotransfer of these two mutually supportive
2

interleukins has the potential to turn unresponsive cold tumours
into responsive ‘‘hot” tumours.

Thus, the aim of our study was to evaluate combined IL-2 and
IL-12 immunotherapy using electroporation to intratumourally
introduce plasmids encoding IL-2 and IL-12. First, the viability
and expression profile of IL-2 and IL-12 transcripts in the B16.
F10 murine melanoma cell line after transfection with the afore-
mentioned plasmids was determined. Then, the effect of gene elec-
trotransfer of plasmids on tumour growth was determined in a
murine B16.F10 melanoma model, which is considered a very
aggressive and immunologically cold type of tumour [42]. More-
over, a protein expression profile analysis of both cytokines and
histological analysis of tumour sections were performed to evalu-
ate the underlying mechanisms of antitumour effectiveness.
2. Materials and methods

2.1. Cell lines

The B16.F10 murine melanoma cell line (American Type Culture
Collection, Manassas, VA, USA) was cultured in advancedminimum
essential medium (AMEM; Gibco, Thermo Fisher Scientific, Wal-
tham, USA) supplemented with 5% foetal bovine serum (FBS;
Gibco), 10 mL/L L-glutamine (GlutaMAX; Gibco), 100 U/mL peni-
cillin (Grünenthal, Aachen, Germany) and 50 mg/mL gentamicin
(Krka, Novo mesto, SIovenia) in a 5% CO2 humidified incubator at
37 �C. The cells were routinely tested and confirmed to be free from
mycoplasma infection using the MycoAlertTM PLUS Mycoplasma
Detection Kit (Lonza Group Ltd, Basel, Switzerland)

2.2. Plasmids

Three different plasmids were used in the experiments:
pORFmIL-12 (p40 p35) (InvivoGen, Toulouse, France), which codes
for mouse interleukin 12; pUNO1-mIL02 (InvivoGen, Toulouse,
France), which codes for mouse interleukin 2; and pControl [43],
which was used as a control plasmid (Table 1).

Plasmids were amplified in competent E. coli and purified using
Endo Free Plasmid Mega Kits (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol and dissolved in endotoxin-free
water (Qiagen, Hilden, Germany) at a concentration of 1 mg/mL
or 0.5 mg/mL. The concentration of plasmid was measured using
a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham,
USA). The identity of each plasmid was verified by restriction anal-
ysis and subsequent agarose gel electrophoresis for the separation
of formed bands [44]. Moreover, the purity of isolated plasmids
was determined using an Epoch microplate spectrophotometer
with a Take3TM Micro-Volume Plate (BioTek, Bad Friedrichshall,
Germany), which measured the 260/230 and 260/280 absorbance
ratios (Table 1).

2.3. In vitro electroporation

When B16.F10 cells reached approximately 80% confluence,
they were collected and resuspended in cold electroporation buffer
(125 mM sucrose, 10 mM K2HPO4, 2.5 mM KH2PO4, 2 mM MgCl2-
�6H2O) at a concentration of 25 � 106 cells/mL. Afterwards, 11 mL of
plasmid (at a concentration of 1 mg/mL) or cold electroporation
buffer (control and EP group) was added to 44 mL of the cell sus-
pension at the aforementioned concentration. Next, 50 mL of the
plasmid and cell mixture was electroporated with an electric pulse
generator (GT-01, Faculty of Electrical Engineering, University of
Ljubljana, Ljubljana, Slovenia). Pulses were delivered through two
parallel stainless-steel plate electrodes, with a 2.4 mm gap in
between. Two pulse protocols were used: EP1 consisted of eight



Table 1
Plasmid characteristics.

Plasmid Base Pairs Promotor Antibiotic Resistance Gene 260/280 Ratio 260/230 Ratio Restriction Enzyme Pairs

pORFmIL-12 (p40 p35) 4833 hEF1-HTLV ampicillin 1.85 2.12 SacI + SalI
NdeI + NcoI

pUNO1-mIL02 3973 hEF1-HTLV blasticidin 1.92 2.09 NheI + NdeI
PstI + NotI

pControl 3390 CMV ampicillin 1.87 2.11 SacI + ApaLI
ApaLI
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square-wave electric pulses with a voltage-to-distance ratio of
600 V/cm, pulse duration of 5 ms and frequency 1 Hz, which are
commonly used in gene electrotransfer protocols; and EP2 con-
sisted of eight square-wave electric pulses with a voltage-to-
distance ratio of 1300 V/cm, pulse duration of 100 ms and fre-
quency of 1 Hz, which are commonly used in electrochemotherapy
protocols. After electroporation, the cells were transferred to 24-
well plates and incubated for 5 min before the addition of 1 mL
of AMEM culture medium. Further tests were performed as
described below.

Experimental groups were as follows: cold electroporation buf-
fer alone (Control), individual plasmids alone (pControl, pIL-12,
pIL-2) and combination of pIL-12 and pIL-2 plasmids (1:1 ratio,
5 mL each). All groups were treated with the two different electro-
poration protocols (EP1 and EP2) and without electroporation.

2.4. Cytotoxicity assay

After the treatment, 15 mL of B16.F10 cells from each experi-
mental group were further diluted with 985 mL of medium and pla-
ted in 96-well plates (Corning Incorporated, Corning, NY, USA) at a
density of 1500 cells per well. The cells were then incubated at
37 �C in a 5% CO2 humidified incubator. Based on the growth rate
of the B16.F10 tumour cells (doubling time, ~20 h), 3 days after
electroporation, 10 mL of Presto Blue� viability reagent (Thermo
Fisher Scientific) was added to the wells, and one hour later, fluo-
rescence intensity was measured using a microplate reader (Cyta-
tion 1, BioTek Instruments, Winooski, VT, USA) with a 530/590 nm
excitation/emission filter. The results were plotted as the fraction
of cell survival compared to the electroporated (electroporated
groups) and nonelectroporated (nonelectroporated groups) control
groups. The experiments were performed in 3 biological replicates,
with each consisting of 8 technical parallels.

2.5. qPCR

After the treatment, B16.F10 cells from each experimental
group were seeded in T75 cell culture flasks (North America Labo-
ratories San Diego, CA, USA). Cells treated with the EP2 electropo-
ration protocol and without electroporation were seeded at a
density of 1 � 106 cells per flask, while cells treated with the EP1
electroporation protocol were seeded at a density of 2 � 106 cells
per flask. Cells were then incubated at 37 �C in a 5% CO2 humidified
incubator. After 2 days, the cells were trypsinized and total RNA
was isolated using a peqGOLD Total RNA Kit (VWR, Vienna, Aus-
tria). After isolation, the concentration and purity (260/230 and
260/280 absorbance ratios) were measured using a Qubit 3.0 Fluo-
rometer (Thermo Fisher Scientific) and Epoch microplate spec-
trophotometer with a Take3TM Micro-Volume Plate (BioTek, Bad
Friedrichshall, Germany), respectively. Total RNA (500 ng) was
reverse-transcribed into cDNA using a SuperScript VILOTM cDNA
Synthesis Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Afterwards, 1 ng of cDNA was amplified with a
QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific)
using custom primers for transcripts of mouse Il-2 (forward: 5‘-
3

GCAGGATGGAGAATTACAGGAA �3‘, reverse: 5‘- GCAGAGGTC-
CAAGTTCATCTTC �3‘) and Il-12 (forward: 5‘-
CTCTCGTTCTTGTGTAGTTCCA �3‘, reverse: 5‘- ACAGATGACATGGT-
GAAGACG �3‘) and commercial primers for b-actin (Actb) and glyc-
eraldehyde 3-phosphate dehydrogenase (Gapdh) housekeeping
genes (Integrated DNA Technologies, Coralville, IA, USA) and SYBR
Green Master Mix (Thermo Fisher Scientific). Two housekeeping
genes were used for more accurate data normalization [45]. The
experiments were performed in 3 biological replicates, each con-
sisting of 2 technical parallels. The results are plotted relative to
the expression of the housekeeping genes Actb and Gapdh (DCt).
2.6. Animals and tumour induction

In the experiment, 3 � 105 B16.F10 murine melanoma cells
resuspended in 100 mL saline solution were injected subcuta-
neously into the shaved right flank of 6–8-week-old female
C57Bl/6 mice weighing 19–23 g (Charles River, Lecco, Italy). Ther-
apies started when tumours reached a volume of approximately
50 mm3 (day 0). Six mice per cage were housed in specific
pathogen-free conditions in a carousel mouse IVC rack system
(Animal Care Systems Inc., Revere Parkway, USA) at a relative
humidity of 55 ± 10%, temperature of 20–24 �C and light/dark cycle
of 12 h. Food and water were provided ad libitum. All procedures
were approved by the Administration of the Republic of Slovenia
for Food Safety, Veterinary and Plant Protection (Republic of Slove-
nia, Ministry of Agriculture, Forestry and Food, permission no.
34401–1/2015/43). The ARRIVE guidelines were followed for
reporting the in vivo experiments [46].
2.7. In vivo electroporation

Mice were included in the treatment groups when their
tumours reached approximately 50 mm3 (day 0), 6 mm in diame-
ter. EP1 pulses were delivered 10 min after intratumoural (i.t.)
injection of 50 mL of plasmid DNA (0.5 mg/mL) or endotoxin-free
water (control group and EP1 group). The pulses were generated
by an electric pulse generator (ELECTRO cell B10, Betatech, Saint-
Orens-de-Gameville, France) and delivered in two sets of 4 pulses
delivered across two stainless-steel electrodes, with a 6 mm gap
between them. To ensure good conductivity at the contact between
the tumour and the electrodes, a water-based gel was applied
(Ultragel, Budapest, Hungary). During the entire procedure, the
animals were kept under inhalation anaesthesia with 1.5% isoflu-
rane (Izofluran Torrex para 250 mL, Chiesi Slovenia, Ljubljana,
Slovenia) delivered with an oxygen concentrator (Supera Anaes-
thesia Innovations, Clackamas, USA) at a flow rate of 1 L/min.

The experimental groups were as follows: endotoxin-free water
alone (Control); endotoxin-free water combined with electropora-
tion (EP1); individual plasmids without electroporation (pIL-12
and pIL-2); individual plasmids coupled with the EP1 protocol
(EP1 pControl, EP1 pIL-12, and EP1 pIL-2); pIL-12 + pIL-2 plasmid
combination (ratio of 1:1, 25 mL each) coupled with the EP1 proto-
col (EP1 Comb).
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2.8. Tumour growth measurements

After the therapy, tumour growth was monitored three times
per week using Vernier callipers to determine and quantify the
antitumour effects. The volumes were calculated using the follow-
ing equation: V = a � b � c � p/6, where a, b, and c represent the
perpendicular diameters of the tumour. The animals were eutha-
nized when the tumours reached a volume of 350 mm3. The mice
that obtained a complete response (tumour-free for 100 days)
were rechallenged with a subcutaneous injection of 3 � 105 B16.
F10 murine melanoma cells (resuspended in 100 mL saline solu-
tion) in the mouse left flank and monitored for tumour outgrowth.
If the tumours did not develop, the mice were followed for another
100 days.

2.9. ELISA

For the in vitro part of the experiment, B16.F10 cells from each
experimental group were grown in 2 mL of cell culture medium in
6-well plates (Corning Incorporated, Corning, NY, USA). Cells trea-
ted with the EP2 electroporation protocol and without electropora-
tion were seeded at a density of 1 � 106 cells per flask, while cells
treated with the EP1 electroporation protocol were seeded at a
density of 2 � 106 cells per flask. Cells were incubated at 37 �C
in a 5% CO2 humidified incubator. After 2 days, the cell culture
medium was collected, and then the cells were trypsinized and
counted in a haemocytometer (Weber Scientific, Hamilton, NJ,
USA). The presence of IL-12 and IL-2 proteins in culture medium
was determined using commercial ELISA mouse IL-2 and IL-12
detection kits (Thermo Fisher Scientific) according to the manufac-
turers’ instructions, and absorbance at 450 nm was measured
using a microplate reader (Cytation 1, BioTek Instruments,
Winooski, VT, USA). The experiments were performed in 3 biolog-
ical replicates, each consisting of 4 technical parallels.

For the in vivo part of the experiment, ELISA was performed on
days 3, 5 and 7. Because the human endpoint was reached in the
control groups before day 7, the samples were taken at day 5. Blood
was collected from the infraorbital sinus of isoflurane-
anaesthetized mice using glass capillaries and transferred into
0.5 mL serum collection tubes (Becton Dickinson, Franklin Lakes,
NJ, USA). After blood collection, the mice were humanely eutha-
nized. The blood was allowed to coagulate for 20 min, and the
tubes were then centrifuged for 5 min at 2000 rcf to obtain the
serum. The serum was kept at �20 �C until the analysis. The
tumours were also excised, and half of the tumour was snap frozen
in liquid nitrogen and stored at �80 �C until further analysis. The
tumours were then homogenized using a mortar with a pestle,
and the homogenized tumours were weighed and resuspended in
500 mL PBS and Protease Cocktail (Thermo Fisher Scientific). The
suspension was then centrifuged for 10 min at 1500 rcf, and the
supernatant was collected and stored at �80 �C until analysis. IL-
2 and IL-12 detection was performed via ELISA (both Thermo
Fisher Scientific) according to the manufacturers’ instructions,
and absorbance was measured using a microplate reader (Cytation
1, BioTek Instruments). The data were normalized to the cell num-
ber for the in vitro assay and tumour weight for the in vivo
experiments.

2.10. Histological analysis

The other half of the tumours harvested on days 3 and 5–7 after
the treatment were fixed and paraffin-embedded (FFPE). In detail,
samples were left overnight in a formalin-free zinc fixative (BD
Biosciences, San Jose, CA, USA) and then transferred into 70% etha-
nol until further analysis. Subsequently, each fixed tissue was
embedded in paraffin. The paraffin-embedded blocks were cut into
4

2 lm-thick-sections for H&E (hematoxylin and eosin) staining and
into 4 mm sections for immunohistochemical staining, with 6 sec-
tions per tumour. Three sections of each sample were stained using
H&E according to standard procedures. Necrotic areas, which were
pink-coloured, and viable parts, which were purple-coloured, were
identified. Images of H&E-stained tumours were obtained using a
DP72 CCD camera connected to a BX-51 microscope (Olympus,
Düsseldorf, Germany) at 4� magnification.
2.11. Immunohistochemistry

Immunohistochemistry was performed on 4 mm thick FFPE tis-
sue sections using four different primary antibodies to detect the
presence of macrophages (anti-F4/80 Ab, anti-MHCII Ab), DCs
(anti-CD11c Ab), helper T lymphocytes (anti-CD4 Ab) and cytotoxic
T lymphocytes (anti-CD8 Ab). Before the use of the CD11c anti-
body, the antigen retrieval procedure was performed in sodium
citrate buffer (10 mM sodium citrate, pH = 6) for 60 min at
95 �C. For the other antibodies, no retrieval methods were used.
Subsequently, sections were incubated in a humid chamber over-
night at 4 �C with the following primary antibodies (used at a
1:100 dilution in blocking buffer): rat anti-mouse F4/80 clone
BM8, rat anti-mouse MHC class II clone M5/114.15.2, Armenian
hamster anti-mouse CD11c clone N418, rat anti-mouse CD4 clone
4SM95 and rat anti-mouse CD8 clone 4SM16 (eBioscience, San
Diego, CA, USA). Incubation with the primary antibody was omit-
ted for the negative controls. Next, to amplify the antibody signal,
biotin-labelled secondary antibodies were used. Each section was
incubated with anti-rat IgG and anti-hamster IgG secondary anti-
bodies (Invitrogen/Life Technologies, Carlsbad, CA, USA, 1:1000)
and HRP-conjugated avidin for 30 min at room temperature. To
detect the antibody signal, a substrate/chromogen mixture consist-
ing of 3,30-diaminobenzidine (DAB) was employed, followed by
haematoxylin counterstaining. The immunostained slides were
observed under bright light by an Eclipse E600 photomicroscope
equipped with a DMX1200 digital camera (Nikon Instruments
SpA, Calenzano, Italy) at 40x and 20x magnification. Photos were
taken under the same lighting conditions. The image data were
analysed using ImageJ software [47]. For each immunohistochem-
ical stain, five to nine fields (width: 58.254 square pixels corre-
sponding to 384355.606 mm2) per experimental group were
chosen. The extension of the stained areas in a photographic field
was taken as an indicator of the number of stained cells. The
stained areas were detected by colour-thresholding the image,
the saturation and brightness were adjusted to exclude the back-
ground colour. The resulting area was then measured in square
pixels.
2.12. Statistical analysis

Differences between the experimental groups in in vitro exper-
iments were analysed via a one-way analysis of variance (ANOVA)
followed by Tukey’s tests and Student’s t tests for group compar-
isons. The differences between the experimental groups in the
in vivo experiments were evaluated by Kruskal-Wallis tests fol-
lowed by Dunn’s and Mann-Whitney tests for group comparisons.
Immunohistochemistry data are represented as the mean values
and standard deviations that were computed and compared by
ANOVA followed by resampling through a 10000-iteration boot-
strap of the F-stat values. Following the ANOVA, post hoc pairwise
comparisons were performed by Tukey’s honestly significant dif-
ference [48] using the Real Statistics Resource Pack software
(Release 6.2) [49] For graphical representation and other statistical
analyses, GraphPad Prism (GraphPad, San Diego, CA, USA) software
was used. A p value of<0.05 was considered to be significant.
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3. Results

3.1. In vitro recombinant IL-2 and IL-12 protein cytotoxicity

First, the cytotoxicity of recombinant IL-2 and IL-12 to B16.F10
cells was determined to exclude the potential direct toxic effects of
those interleukins on the tumour cells. The cells were treated with
different concentrations of recombinant protein, and their survival
was determined after three days. Over the wide range of tested
concentrations, no direct effect of the cytokines on cell survival
was observed (Fig. 1).

3.2. In vitro survival after electroporation with pIL-2 and pIL-12

The cytotoxicity of the two different electroporation protocols
on B16.F10 cells without the addition of plasmids was first evalu-
ated. The exposure of cells to the EP1 pulse protocol led to a signif-
icant reduction in survival compared to the nonelectroporated
control group (for 0.4). In contrast, the exposure of cells to the
EP2 protocol alone led to a minor reduction in survival compared
to the nonelectroporated control group (for 0.2) (Fig. 2a). After-
wards, the cytotoxicity of three different plasmids (pIL-2, pIL-12
and pControl) alone and the combination of pIL-2 and pIL-12
(comb) coupled with two different electroporation protocols (EP1
and EP2) and without electroporation was determined. The addi-
tion of the plasmids alone without subsequent exposure to the
electric field did not reduce the survival of cells (Fig. 2b). On the
other hand, gene electrotransfer of plasmids using the EP1 pulse
protocol led to a significant reduction in cell survival regardless
of the plasmid DNA used (p < 0.05) (Fig. 2c). However, the survival
of cells exposed to the EP2 pulse protocol and plasmids was in the
same range as the cells exposed to the EP2 pulse protocol alone
(Fig. 2d).

3.3. In vitro IL-2 and IL-12 transcripts expression

The expression of IL-2 and IL-12 in B16.F10 cells were evaluated
via qRT-PCR two days after GET of the plasmids. In the control, IL-2
and IL-12 were not detected in untreated cells. The IL-2 and IL-12
transcripts were detected only in their respective groups and in the
comb group treated with the EP1 and EP2 pulse protocols (Fig. 3a,
b). Levels of IL-2 and IL-12 transcripts did not significantly differ
Fig. 1. In vitro cytotoxicity of recombinant IL-2 and IL-12 in the B16.F10 murine melanom
five different concentrations of recombinant IL-2 a) and IL12 protein b). The experiment
The values are expressed as the AM ± SEM.
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between the cells treated with GET of a single IL-2 or IL-12 plasmid
or with the combination of both plasmids. However, the level of
either transcript was higher after the EP1 protocol than the EP2
pulse protocol (p < 0.05).

3.4. In vitro IL-2 and IL-12 protein expression

The production of the IL-2 and IL-12 protein in B16.F10 cells
after gene electrotransfer were determined by ELISA of the cell cul-
ture media. As previously demonstrated for mRNA expression, IL-2
and IL-12 proteins were detected only in their respective groups
and in the comb group treated with both pulse protocols (Fig. 4a,
b). The IL-2 concentration was significantly higher in cells treated
with the EP1 pulse protocol than in cells treated with EP2
(Fig. 4a), and the same result was also observed for IL-12 concen-
trations (Fig. 4b) (p < 0.05). Interestingly, the concentrations of
IL-2 and IL-12 after gene electrotransfer of either pIL-2 or IL-12
using the EP1 pulse protocol were higher than the concentrations
of the proteins in the EP1 comb group (p < 0.05).

Due to higher levels of IL-2 and IL-12 proteins after the EP1 pro-
tocol in vitro and the presence of IL-12 in the serum of mice treated
with pIL12 in an in vivo pilot study (Supplementary Fig. 1), this
pulse protocol was selected for the in vivo experiments.

3.5. Therapeutic effectiveness in vivo

A delay in tumour growth was observed in all groups treated
with pIL-2, pIL-12 and their combination coupled with the EP1
pulse protocol compared to the control groups, where all the
mouse tumours reached the endpoint of the experiment within
5–6 days (Fig. 5a). Furthermore, in the treatment group with the
addition of the pIL-2 plasmid alone (EP1 pIL-2), all mice reached
the endpoint of the experiment within 12 days (Fig. 5b). In con-
trast, treatment with the pIL-12 plasmid alone (EP1 pIL-12)
resulted in a complete response in two out of seven mice. In the
remaining five mice, tumours reached the endpoint between 20
and 50 days after the treatment (Fig. 5c). Two mice that achieved
a complete response were reinjected with tumour cells on the
opposite flank, and tumours developed within 11 and 30 days
(Table 2). In contrast, treatment with a combination of pIL-2 and
pIL-12 plasmids resulted in a complete tumour response in five
mice, while in the remaining two mice, the tumour reached the
a cell line. The results are shown as cell survival 72 h after the incubation of cells in
s were performed in 3 biological replicates, each consisting of 8 technical parallels.



Fig. 2. Impact of the two electroporation protocols on the survival of B16.F10 cells without the plasmid addition (a). *p < 0.05 compared to the control and EP1 or EP2. In vitro
cytotoxicity after plasmid addition coupled with two different electroporation protocols (c, d) and without electroporation (b) in B16.F10 cells. The results are shown as cell
survival normalized to the pertinent control group (electroporated and nonelectroporated, without plasmid addition). The experiments were performed in 3 biological
replicates, each consisting of 8 technical parallels. *p < 0.05 compared to pulses only. The values are expressed as the AM ± SEM.

Fig. 3. In vitro mouse IL-2 (a) and IL-12 (b) mRNA expression after electroporation. a) Detection of IL-2 transcripts. b) Detection of IL-12 transcripts. The data are plotted as
DCt (relative to the average of the two housekeeping Actb and Gapdh genes). The experiments were performed in 3 biological replicates, each consisting of 2 technical
parallels. *p < 0.05 compared to EP1 or EP2. N.D. = not detected. The values are expressed as the AM ± SEM.
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experimental endpoint within 22 and 35 days (Fig. 5d). Moreover,
five mice that achieved a complete response were reinjected with
tumour cells on the opposite flank and 4 showed no tumour
growth for the period of 100 days after reinjection (Table 2). All
cured mice in the EP1 comb group developed vitiligo, which is
6

the result of the immune system acting against normal
melanocytes. This phenomenon is mainly localized to the treat-
ment area; however, the vitiligo sparsely spread to the whole coat
over time. In addition, the mice gained weight and reached 37 ± 2 g
at the end of the experiments (aged 8–9 months) (Fig. 5e).



Fig. 4. In vitro evaluation of mouse IL-2 and IL-12 protein expression encoded by plasmid DNA after electroporation. a) Detection of IL-2 protein. b) Detection of IL-12 protein.
The data are plotted as a concentration of the protein [mg/mL] per million cells. The experiments were performed in 3 biological replicates, each consisting of 4 technical
parallels. *p < 0.05 values were considered statistically significant. The values are expressed as the AM ± SEM.

Fig. 5. Therapeutic effectiveness in B16.F10 murine melanoma tumours. a) Tumour growth curves of single tumours in the control groups. b), c), d) Tumour growth curves of
the EP1 pIL-2 group (n = 7), EP1 pIL-12 group (n = 7) and EP1 comb group (n = 7), respectively, are represented individually per mouse. e) Vitiligo observed in all cured mice in
the EP1 comb group. A tumour volume of 350 mm3 was preset as the human endpoint of the experiment. Mice with complete response (tumour free 100 days after the
treatment) are marked with a red square.
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3.6. In vivo IL-2 and IL-12 protein expression

To confirm the effectiveness of the gene electrotransfer
treatments, IL-2 and IL-12 protein expression in the treatment
and control groups was determined. Tumour tissue and serum
samples were taken 3 and 5–7 days after the treatment and anal-
ysed using ELISA.
7

The IL-2 analysis of the tumour and serum samples showed
increased expression only in the EP1 pIL-2 and EP1 comb groups.
A decrease in the IL-2 concentration in tumour tissue from day 3
to days 5–7 was observed in the EP1 pIL-2 group, where it dropped
by 93%. Moreover, a decrease in the concentration of IL-2 over time
was also observed in serum, where it dropped below the level of
detection (Fig. 6a, b) (p < 0.05). The change in the concentration



Table 2
Number of mice with a complete response and survival rate after secondary
rechallenge.

Therapeutic
group

Complete
response
[N� of
mice]

Tumour growth after
secondary challenge
[N� of mice]

Survival rate after
secondary
rechallenge
[%]

EP1 pIL-12 2 2 0
EP1 comb 5 1 80
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in the EP1 comb group from day 3 to days 5–7 was not statistically
significant due to the high data variations in the therapeutic group.

The IL-12 analysis of the tumour and serum samples showed
similar results as the IL-2 analysis. Increased expression of IL-12
was detected only in the EP1 pIL-12 and EP1 comb groups. A
decrease in the IL-12 concentration over time was observed in
the EP1 pIL-12 group in serum, where the concentration dropped
by 95% (Fig. 6c, d) (p < 0.05). The concentration in the EP1 comb
group at day 3 compared to days 5–7 remained approximately
the same.

3.7. Intratumoural EP1 comb treatment induces necrosis and immune
infiltrate in skin and tumours

To evaluate the effectiveness of the EP1 comb treatment in
inducing tumour regression and immune infiltration, a histological
analysis was performed on tumour sections from treated and
untreated mice on days 3 and 7. H&E staining was performed to
evaluate the impact of different treatments on tumour tissue by
discriminating the necrotic areas from the viable areas. In particu-
lar, the EP1 comb and EP1 pIL-12 sections showed extensive necro-
sis distributed throughout the tumour as an effect of the treatment
(Fig. 7). In contrast, the controls and EP1 pIL-2 tumours displayed
Fig. 6. In vivo evaluation of mouse IL-2 and IL-12 protein expression in mouse tumour an
and 5–7. c), d) Concentrations of IL-12 in tumour tissue and serum on days 3 and 5–7. The
mg of tumour tissue. The dots represent values for individual samples; bars represent
considered statistically significant.
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necrotic areas mainly located centrally, which was due to the
aggressive growth of the tumours (Fig. 7).

Treated tumours were generally smaller than control tumours.
Notably, EP1 comb-treated tumours showed wider necrotic areas
than that of any other experimental group (Fig. 7). As a positive
control, LPS was subcutaneously injected into a small control
mouse group (n = 3), and it promoted massive infiltration of
immune cells at the injection site.

Concerning immune cell infiltration, in the LPS (positive con-
trol) group, H&E staining revealed massive infiltration in the region
of the dermis (Fig. 7). The immune cells that infiltrated into the EP1
comb group were more concentrated in the tumour region, thus
following the same trend of intensity of the LPS group. Immune cell
infiltration was also observed in EP1 pIL-2 and EP1 pIL-12 tumours,
albeit to a lesser extent. In the other groups, little or no infiltration
of immune cells was observed (Fig. 7).
3.8. Intratumoural EP1 comb treatment enhances inflammatory cell
recruitment in tumours

To evaluate the immune response and determine the infiltra-
tion of immune cells, IHC staining was performed using anti-
F4/80, anti-MHCII and anti-CD11c antibodies specific for macro-
phages and dendritic cells as reported elsewhere [14]. In particular,
dendritic cells were detected by CD11c staining, macrophages
were detected by IHC staining with F4/80 as a generic marker
and MHCII-based IHC was used to specifically evaluate the M1
macrophage i.t. infiltrate [50].

Significant (p < 0.05) increases in the stained areas with respect
to negative controls resulted in all the immunostaining experi-
ments, as detailed below.

IHC for F4/80 showed a relatively larger stained area in the EP1,
EP1 pControl, EP1 pIL-2, EP1 pIL-12, EP1 comb, and LPS (positive
d serum samples. a), b) Concentrations of IL-2 in tumour tissue and serum on days 3
concentrations of IL-2 and IL-12 in tumour tissue are presented as pg of protein per

the median values for 5–6 samples per experimental group. *p < 0.05 values were



Fig. 7. Representative images of melanoma FFPE sections stained with haematoxylin and eosin on days 3 and 5–7 after treatment. Positive control samples were skins treated
with LPS. Asterisk denotes necrotic areas. Arrows denote immune cell infiltration that is visible as intensely coloured red–purple cells. 4x magnification, scale bar = 1 mm; 20x
magnification, scale bar = 100 mm.
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control) groups, whereas no signal was observed in the negative
control and pIL-2 and pIL-12 groups (Fig. 8a). The largest areas
were observed in the EP1 comb, EP1 pIL-2, EP1 pIL-12, and LPS
groups at days 5–7, while lower values were observed at both
day 3 and days 5–7 for the EP1 and EP1 pControl groups as an
effect of electroporation alone (Fig. 8a).

IHC for MHCII again showed larger stained areas in the EP1, EP1
pControl, EP1 pIL-2, EP1 pIL-12, EP1 comb, and LPS (positive con-
trol) groups, whereas in the negative control group and in the
pIL-2 and pIL-12 groups, very low values were recorded (Fig. 8b).
At days 5–7, the area of MHCII-positive staining was largest in
the EP1 comb group, reducing from the LPS (positive control)
towards the EP1, EP1 pControl, EP1 pIL-2 and EP1 pIL-12 groups
(Fig. 8b). The positive staining of both F4/80 and MHCII in the
EP1 comb, EP1 pIL-2, EP1 pIL-12, and LPS groups indicated a higher
density of M1 macrophages in these groups.

Finally, IHC for CD11c demonstrated larger areas for the EP1
comb, EP1 pIL-2, EP1 pIL-12, and LPS groups, in which the exten-
sion increased from day 3 to days 5–7, and lower values for the
EP1 pControl and EP1 groups, while the signal appeared almost
null in the negative groups (Fig. 8c, Fig. 9c). These data indicate a
small accumulation of CD11c + dendritic cells in tumours electro-
porated with or without the pControl plasmid and a strong infiltra-
tion of these cells in tumours injected with pIL-2 and pIL-12 in
combination with electric pulses.

3.9. Intratumoural EP1 comb treatment enhances the recruitment of T
lymphocytes in tumours

To determine whether the EP1 comb treatment could have an
effect on T lymphocytes, IHC staining was performed. Melanoma
sections obtained from treated and control mice were analysed
at the same time points (3 days, 5–7 days) for the presence of
CD4 + and CD8 + T cells. As shown in Fig. 11, low but significant
T-cell mobilization was obtained 3 days following EP1, EP1 pIL-2,
9

and EP1 pIL-12 treatment, while higher infiltration of CD4 + and
CD8 + T lymphocytes was observed in the EP1 comb group
(p < 0.05). Levels of infiltrating T-cells were higher after 5–7 days
in all these groups. In particular, we detected the highest recruit-
ment of CD4 + and CD8 + T cells in melanoma obtained from mice
receiving the EP1 comb treatment after 5–7 days (p < 0.000), as
detailed in Fig. 10.

4. Discussion

In this study, we demonstrated the feasibility and antitumour
effectiveness of gene electrotransfer of IL-12 in combination with
IL-2 in murine melanoma tumours. After gene electrotransfer of
the therapeutic plasmids into melanoma tumours, the concentra-
tion of both interleukins in their specific treatments and combina-
tion groups significantly increased, thus leading to the polarization
of macrophages into the antitumoural M1 phenotype, as demon-
strated by intense MHCII staining. Moreover, the accumulation of
CD11c + antigen-presenting cells in the tumour tissue was also
observed. Complete response of tumours treated with this combi-
nation was obtained in 71% of mice, and mice developed immune
memory, since a 80% rejection rate after the secondary challenge
was obtained. The effects of the therapy were also marked by the
manifestation of vitiligo, which was present throughout the ani-
mals’ fur.

IL-2 and IL-12 are cytokines that exert their antitumour action
via indirect effects on immune cells. IL-12 signalling is responsible
for the acquisition of cytotoxic functions by CD8+ cells and Th1 dif-
ferentiation and for the induction of IFN-c production, while IL-2 is
important for the survival, proliferation and differentiation of dif-
ferent subsets of T cells, including CD8+ [51]. Thus, to demonstrate
that the action of cytokines is not directly related to their action of
the tumour cells themselves, the potential cytotoxicity of the IL-2
and IL-12 proteins on B16.F10 cells in vitro was evaluated. The via-
bility of the cells that were subjected to different concentrations of



Fig. 8. Histogram of the mean width of areas immunostained with anti-F4/80 Ab a),
anti-MHC-II Ab b), and anti-CD11c Ab c) expressed in squared pixels. *p < 0.05
significant difference of mean value with respect to negative controls. Legend: Day
3, sampling after three days; Days 5–7, sampling after 5–7 days. The values are
expressed as the AM ± SD.
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IL-2 and IL-12 was compared to the viability of the control group.
Consistent with reports from the literature, we also demonstrated
that neither alone nor in combination, IL-2 and IL-12 affect mela-
noma cell viability [52].

The cytotoxicity of plasmids that code for IL-2 and IL-12 deliv-
ered by EP1 and EP2 pulse protocols in vitro was also assessed. The
results showed evident differences between the two pulse proto-
cols. The survival of cells treated with the EP1 pulse protocol was
noticeably reduced, whereas the treatment of cells with the EP2
pulse protocol led to a minor reduction in viability compared to
the nonelectroporated control, as previously shown for other types
of cells when applying pulses with shorter durations [13,53]. Fur-
thermore, cell viability dropped significantly after the addition of
plasmids coupled with the EP1 pulse protocol in comparison to
10
cells that were exposed to EP1 only. On the other hand, the
addition of plasmids to melanoma cells coupled with the EP2 pulse
protocol did not affect cell viability. Since the cytotoxicity of the
plasmid encoding IL-2 and IL-12 as well as the combination of both
plasmids was in the same range as the cytotoxicity of the control
plasmid (pControl), it can be further emphasized that the cytotoxic
effect does not result from the proteins encoded by therapeutic
plasmids but rather from the presence of foreign DNA in the cyto-
sol of melanoma cells. These data are also consistent with those
obtained by previous studies, where the survival of B16.F10 cells
treated with different plasmids and the EP1 pulse protocol were
lower than that of the electroporated control [54,55]. Furthermore,
the mRNA and protein levels of IL-2 and IL-12 were measured after
the cells were exposed to the different treatment combinations.
Both interleukin transcripts and their protein forms were detected
only in groups treated with the corresponding plasmid coupled
with electroporation. Although B16.F10 cells produce IL-2 [56], in
our set of experiments, we did not detect IL-2, and our results
demonstrated that the level of proteins in the cells was due to
the proteins that were encoded by introduced plasmid DNA. More-
over, the level of transcript expression was higher after EP1 pulses
than after EP2 pulses. This finding was also confirmed by an ELISA
analysis of the cell supernatants, where the levels of IL-2 and IL-12
were higher in groups exposed to the EP1 pulse protocol.

The cytotoxicity and transfection efficiency of a pulse treatment
that is measured in vitro can be very different from the effect of the
same protocol on a tumour in vivo [57-60]. Although the EP1 pulse
protocol yielded lower cell survival, higher mRNA and protein
expression was obtained in vitro and was thus selected for the
in vivo part of the study because high transfection efficiency and
consequently high production of the proteins are needed for suc-
cessful targeted therapy. The EP2 protocol consists of short and
high voltage pulses that can preserve viability but enable only
moderate transfection efficiency [60]. This kind of pulse is com-
monly used in electrochemotherapy procedures to introduce small
molecules (chemotherapeutic drugs) into tumour cells and cause
cell death [57,61]. The EP1 protocol, however, consists of longer
and lower voltage pulses that are more toxic to the cells but can
drive large and electrophoretically active molecules, such as
DNA, to the electropermeabilized membrane, thus maximizing
uptake [57,62]. In our case, the high cytotoxicity of the EP1 proto-
col could also contribute to more efficient tumour eradication.
Namely, harsh electroporation conditions can kill tumour cells that
consequently release tumour antigens, which in return generate an
inflammatory environment and cause immune cell infiltration
[63,64]. Therefore, the choice of pulse parameters depends on what
needs to be achieved. After the EP1 pulses, significant differences
in mRNA expression were not observed between the single plas-
mid treatment groups (EP1 pIL-2 and EP1 pIL-12) and the combina-
tion group (EP1 comb); however, differences were observed in
protein expression. The reason for this discrepancy is not known
but could be related to the weak correlation between protein and
mRNA expression (only 40%), and the majority of variation can
be explained by posttranscriptional regulation [65].

Based on the in vitro results and pilot in vivo results, the EP1
pulse protocol was chosen for further in vivo experiments. In other
in vivo studies, effective gene electrotransfer of IL-12 was carried
out with pulse protocols similar to our EP2 protocol [66,67]. In a
study by Shirley et al., 80% CR was obtained using a higher pulse
amplitude (similar to our EP2), which was much higher than the
amplitude used in our in vivo experiment. In addition to the selec-
tion of the pulse protocol, several other parameters, such as the
plasmid composition, dose of the plasmid, strain of the mice, size
of the tumours at the beginning of therapy, etc. can affect the anti-
tumour effectiveness. Consequently, differences in tumour



Fig. 9. Representative images of melanoma FFPE sections stained with a) F4/80 and b) MHC-II, which are monoclonal antibodies specific for macrophages and c) CD11c,
which is an antibody specific for dendritic cells, on day 3 and days 5–7 after treatment. Positive control samples were skins treated with LPS. Immunopositive cells are stained
brown. The negative images of all groups are not related to a specific day. 20x magnification, scale bar 100 mm.
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Fig. 10. Histogram of the mean width of areas immunostained with anti-CD4 Ab a)
and anti-CD8 Ab b) expressed in squared pixels. *p < 0.05, significant difference of
mean value with respect to negative controls. Legend: Day 3, sampling after three
days; Days 5–7, sampling after 5–7 days. The values are expressed as the AM ± SD.
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response between different research groups can be observed
[33,68].

As shown in Fig. 5, tumours treated with EP1 pIL-12 and the EP1
comb achieved significantly delayed tumour growth. Furthermore,
29% of the mice in the EP1 pIL-12 group and 71% in the EP1 comb
group also obtained complete responses. Moreover, in 4 out of 5 of
the surviving mice in the EP1 comb group, rejection of tumour cells
after secondary challenge was observed. In contrast, in the mice
that were cured with EP1 pIL-12, the tumours regrew after sec-
ondary challenge. Furthermore, EP1 pIL-2 monotherapy showed a
lower efficiency, with a delay of tumour growth of only 6–7 days,
and it did not cure any of the mice. Interestingly, in the cured mice
after the combination therapy, which were also resistant to rechal-
lenge, vitiligo combined with an increase in body weight was
observed. Vitiligo is a sign of an overacting immune system
towards normal melanocytes and thus is recognized as an unde-
sired adverse event, although in clinical trials of immunotherapy
for melanoma, it was associated with a favourable response [69].

Although IL-2 as a recombinant protein has been used for the
treatment of melanoma patients, only a small number of studies
evaluated the gene electrotransfer of IL-2 in melanoma [37,70].
However, numerous studies have evaluated gene electrotransfer
of IL-12 monotherapy and demonstrated its efficacy on a variety
of histologically different tumours [26,71-73]. Although studies
have explored viral and nonviral local delivery of a combination
of IL-12 and IL-2 genes, to the best of our knowledge, this is the
first study using electroporation as a delivery strategy for this com-
bination of genes into tumour cells [74,75].
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To determine the mechanisms of the observed antitumour
effectiveness, several subsequent analyses were performed. First,
the protein levels in tumours and serum after gene electrotransfer
of pIL-2, pIL-12 and their combination were evaluated using ELISA.
The results showed increased tumour and serum levels of both
proteins in tumours treated with either of the plasmids and elec-
troporation compared to the levels of proteins in their respective
control groups. The increased IL-12 levels after intratumoural gene
electrotransfer were also confirmed in other studies [76,77]. Fur-
thermore, apart from the IL-12 concentration in serum samples,
the IL-2 and IL-12 concentrations in tumour and serum samples
were higher in the EP1 comb group than in the monotherapy
groups (EP1 pIL-2 and EP1 pIL-12), although the differences were
not statistically significant. High tumour concentrations of IL-2
and IL-12 in the EP1 comb group could be the result of endogenous
expression caused by functional cooperation between them, which
leads to a positive feedback loop. Moreover, the notable therapeu-
tic effectiveness of the treatment with the combination compared
to monotherapies could also be explained by such cooperation. At
day 7, the serum concentration of IL-2 protein decreased while that
of IL-12 did not. The decrease in IL-2 concentration in the serum
samples can be explained by the low protein half-life in the serum
[78], while the sustained IL-12 concentration in the serum could
also be attributed to the cooperative action of these two
interleukins.

Second, the antitumour effectiveness was evaluated by histo-
logical and immunohistological analyses. HE staining demon-
strated larger necrotic areas in the EP1 pIL-12 and EP1 comb
groups than in the other control groups and the EP1 pIL-2 group.
These findings are linked to higher tumour antigen release and
consequently facilitated antigen presentation [79]. Additionally,
extensive immune cell infiltration was observed in tumours of
the EP1 comb group that followed the same trend of intensity as
that observed in skin treated with LPS, which served as a positive
control. Immune infiltration was also observed in EP1 pIL-12-
and EP1 pIL-2-treated tumours, although on a smaller scale, none
was observed in control tumours. The results indicate that the
highest infiltration of immune cells was induced by gene electro-
transfer of therapeutic genes into tumours. These observations
were in line with the tumour growth and ELISA results, which
together further support the therapeutic effects of the combined
interleukin treatment.

The investigation of the immune infiltrate by immunohisto-
chemistry on paraffin-embedded tumour sections at day 3 and
day 5 or 7 demonstrated the presence of dendritic cells, macro-
phages and lymphocytes. Positive staining for F4/80 was observed
only in tumours treated with electroporation (EP1, EP1 pControl,
EP1 pIL-2, EP1 pIL-12 and EP1 comb). Higher signals were seen
in EP1 pIL-2, EP1 pIL-12 and EP1 comb tumours on days 5–7 com-
pared to day 3 and other non-electroporated control tumours. MHC
II staining was similar to F4/80 staining, with the largest positive
area in tumours of the EP1 comb group at days 5–7 and the small-
est on day 3 and in tumours that were not subjected to electropo-
ration. As shown by CD11c staining, large dendritic cell
recruitment was observed in the tumours of the EP1 comb group
as well as in the tumours of the EP1 pIL-2 and EP1 pIL-12 groups
on day 7, while the infiltrate was moderate in tumours of the
EP1 pControl and EP1 groups both on day 3 and on day 7. Both
macrophages and dendritic cells are a part of the innate immune
system that can kill tumour cells directly or by the presentation
of tumour antigens to T and B lymphocytes that represent the
adaptive immune response [80]. Positive staining for F4/80 and
MHC II suggests the presence of highly phagocytic M1 macro-
phages that arise in the presence of IFN-c. M1 macrophages pro-
mote inflammation with the production of IL-12 and ROS, which
help the adaptive immune system eradicate tumour cells [81]. Fur-



Fig. 11. Representative images of melanoma FFPE sections stained with a) CD4 and b) CD8, which are monoclonal antibodies specific for helper T cells and cytotoxic T cells,
respectively, on days 3 and days 5–7 after treatment. Immunopositive cells are stained brown. The negative images of all groups are not related to a specific day. 20x
magnification, scale bar 100 mm.
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thermore, IFN-c can increase MHC I expression in tumour cells,
thus further facilitating antigen presentation to T cells [82]. In par-
allel, our IHC data demonstrated that the recruitment of helper and
cytotoxic T cells was significantly impacted by the EP1 comb pro-
tocol and, to a lower degree, by EP1 pIL-2 and EP1 pIL-12. These
findings confirmed that the increase in both T helper and T cyto-
toxic type-induced signals, such as MHC-II expression on APCs
and increased MHC I expression in tumour cells, and a suitable
proinflammatory context provided by the EP1 combination treat-
ment are crucial for eliciting immune activation. Moreover, these
data indicate a combined role of IL-2 and IL-12 proteins in
recruiting immune cells, among which proinflammatory M1
macrophages, dendritic cells and lymphocytes were identified in
13
our study. In the presence of the combination of the therapeutic
proteins IL-2 and IL-12, antigen-presenting cell and lymphocyte
migration at the tumour site supports tumour-associated antigen
presentation and subsequent tumour eradication.

5. Conclusions

Currently, there is an increasing demand to develop new strate-
gies or combine existing approaches to improve cancer treatment
outcomes. In this study, the efficacy of gene electrotransfer of IL-
12 in combination with IL-2 on B16.F10 murine melanoma was
tested. The results confirmed the feasibility and effectiveness of
this therapeutic approach in low immunogenic B16.F10 tumours.
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Thus, our combined approach resulted in activation of the immune
system, which in turn eradicated the tumour and led to immune
memory. However, as strong vitiligo was observed in cured mice,
a refinement of the therapy should be performed that would lead
to milder side effects with the same antitumour effectiveness.

Funding

The research was supported by the Slovenian Research Agency
(ARRS) [grant numbers P3-0003, J3-8202 and J3-2528] and under
the CNR Project: DSB.AD007.072. The investment was co-
financed by the Republic of Slovenia and the European Regional
Development Fund (Project SmartGene. Si)

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The research was possible thanks to the networking of the
International Society for Electroporation-Based Technology and
Treatments (ISEBTT: http://www.electroporation.net/). We also
thank Mira Lavric (Institute of Oncology Ljubljana, Ljubljana, Slove-
nia) and Melania Grottoli (University of Bari, Bari, Italy) for all the
valuable work they contributed to this research. The manuscript
was edited for language by American Journal Experts.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bioelechem.2021.107843.

References

[1] A. Shahryari, M.S. Jazi, S. Mohammadi, H.R. Nikoo, Z. Nazari, E.S. Hosseini, I.
Burtscher, S.J. Mowla, H. Lickert, Development and clinical translation of
approved gene therapy products for genetic disorders, Front. Genet. 10 (2019)
868, https://doi.org/10.3389/fgene.2019.00868.

[2] S.K. Das, M.E. Menezes, S. Bhatia, X.Y. Wang, L. Emdad, D. Sarkar, P.B. Fisher,
Gene Therapies for Cancer: Strategies, Challenges and Successes, J. Cell.
Physiol. 230 (2015) 259–271, https://doi.org/10.1002/jcp.24791.

[3] K. Lundstrom, Viral Vectors in Gene Therapy, Diseases. 6 (2018) 42, https://doi.
org/10.3390/diseases6020042.

[4] A. Yazdani, Z. Alirezaie, M.J. Motamedi, J. Amani, Gene Therapy: A New
Approach in Modern Medicine, Int. J. Med. Rev. 5 (2018) 106–117, https://doi.
org/10.29252/ijmr-050304.

[5] R. Goswami, G. Subramanian, L. Silayeva, I. Newkirk, D. Doctor, K. Chawla, S.
Chattopadhyay, D. Chandra, N. Chilukuri, V. Betapudi, Gene therapy leaves a
vicious cycle, Front. Oncol. 9 (2019) 297, https://doi.org/
10.3389/fonc.2019.00297.

[6] R. Heller, S. Shirley, S. Guo, A. Donate, L. Heller, Electroporation based gene
therapy - From the bench to the bedside, Proc. Annu. Int. Conf. IEEE Eng. Med.
Biol. Soc. EMBS, Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. (2011) 736–738,
https://doi.org/10.1109/IEMBS.2011.6090167.

[7] B. Arjmand, B. Larijani, M. Sheikh Hosseini, M. Payab, K. Gilany, P. Goodarzi, P.
Parhizkar Roudsari, M. Amanollahi Baharvand, N. Sadat Hoseini Mohammadi,
The horizon of gene therapy in modern medicine: Advances and challenges,
Adv. Exp. Med. Biol., Springer (2020) 33–64, https://doi.org/10.1007/
5584_2019_463.

[8] J.L. Young, D.A. Dean, Electroporation-Mediated Gene Delivery, Adv. Genet. 89
(2015) 49–88, https://doi.org/10.1016/bs.adgen.2014.10.003.

[9] M. Cemazar, G. Sersa, Recent Advances in Electrochemotherapy, Bioelectricity
1 (2019) 204–213, https://doi.org/10.1089/bioe.2019.0028.

[10] I. Edhemovic, E. Brecelj, M. Cemazar, N. Boc, B. Trotovsek, M. Djokic, R.
Dezman, A. Ivanecz, S. Potrc, M. Bosnjak, B. Markelc, B. Kos, D. Miklavcic, G.
Gasljevic, G. Sersa, Intraoperative electrochemotherapy of colorectal liver
metastases: A prospective phase II study, Eur. J. Surg. Oncol. (2020) 1628–
1633, https://doi.org/10.1016/j.ejso.2020.04.037.

[11] M. Djokic, R. Dezman, M. Cemazar, M. Stabuc, M. Petric, L.M. Smid, R. Jansa, B.
Plesnik, M. Bosnjak, U.L. Tratar, B. Trotovsek, B. Kos, D. Miklavcic, G. Sersa, P.
Popovic, Percutaneous image guided electrochemotherapy of hepatocellular
14
carcinoma: Technological advancement, Radiol. Oncol. 54 (2020) 347–352,
https://doi.org/10.2478/raon-2020-0038.

[12] M. Brloznik, N. Boc, G. Sersa, J. Zmuc, G. Gasljevic, A. Seliskar, R. Dezman, I.
Edhemovic, N. Milevoj, T. Plavec, V. Erjavec, D. Pavlin, M. Bosnjak, E. Brecelj, U.
L. Tratar, B. Kos, J. Izlakar, M. Stukelj, D. Miklavcic, M. Cemazar, Radiological
findings of porcine liver after electrochemotherapy with bleomycin, Radiol.
Oncol. 53 (2019), https://doi.org/10.2478/raon-2019-0049.

[13] C. Rosazza, S. Haberl Meglic, A. Zumbusch, M.-P. Rols, D. Miklavcic, Gene
Electrotransfer: A Mechanistic Perspective, Curr. Gene Ther. 16 (2016) 98–129,
https://doi.org/10.2174/1566523216666160331130040.

[14] P. Chiarella, E. Massi, M. De Robertis, A. Sibilio, P. Parrella, V.M. Fazio, E.
Signori, Electroporation of skeletal muscle induces danger signal release and
antigen-presenting cell recruitment independently of DNA vaccine
administration, Expert Opin. Biol. Ther. 8 (2008) 1645–1657, https://doi.org/
10.1517/14712598.8.11.1645.

[15] S. Reed, S. Li, Electroporation Advances in Large Animals, Curr. Gene Ther. 9
(2009) 316–326, https://doi.org/10.2174/156652309788921062.

[16] P. Chiarella, E. Massi, M. De Robertis, V. Fazio, E. Signori, Recent
Advances in Epitope Design for Immunotherapy of Cancer, Recent Pat.
Anticancer. Drug Discov. 4 (2009) 227–240, https://doi.org/10.2174/
157489209789206922.

[17] C.Y. Calvet, J. Thalmensi, C. Liard, E. Pliquet, T. Bestetti, T. Huet, P. Langlade-
Demoyen, L.M. Mir, Optimization of a gene electrotransfer procedure for
efficient intradermal immunization with an hTERT-based DNA vaccine in
mice, Mol. Ther. - Methods Clin. Dev. 1 (2014) 14045, https://doi.org/10.1038/
mtm.2014.45.

[18] E. Sieni, M. Dettin, M. De Robertis, B. Bazzolo, M.T. Conconi, A. Zamuner, R.
Marino, F. Keller, L.G. Campana, E. Signori, The Efficiency of Gene
Electrotransfer in Breast-Cancer Cell Lines Cultured on a Novel Collagen-Free
3D Scaffold, Cancers (Basel) 12 (2020) 1043, https://doi.org/
10.3390/cancers12041043.

[19] M. De Robertis, L. Pasquet, L. Loiacono, E. Bellard, L. Messina, S. Vaccaro, R. Di
Pasquale, V.M. Fazio, M.P. Rols, J. Teissie, M. Golzio, E. Signori, In vivo
evaluation of a new recombinant hyaluronidase to improve gene electro-
transfer protocols for dna-based drug delivery against cancer, Cancers (Basel)
10 (2018) 405, https://doi.org/10.3390/cancers10110405.

[20] L. Heller, C. Pottinger, M.J. Jaroszeski, R. Gilbert, R. Heller, In vivo
electroporation of plasmids encoding GM-CSF or interleukin-2 into existing
B16 melanomas combined with electrochemotherapy induces long-term
antitumour immunity, Melanoma Res. 10 (2000) 577–583, https://doi.org/
10.1097/00008390-200012000-00010.

[21] E. Hanna, X. Zhang, J. Woodlis, R. Breau, J. Suen, S. Li, Intramuscular
electroporation delivery of IL-12 gene for treatment of squamous cell
carcinoma located at distant site, Cancer Gene Ther. 8 (2001) 151–157,
https://doi.org/10.1038/sj.cgt.7700287.

[22] A.I. Daud, R.C. DeConti, S. Andrews, P. Urbas, A.I. Riker, V.K. Sondak, P.N.
Munster, D.M. Sullivan, K.E. Ugen, J.L. Messina, R. Heller, Phase I trial of
interleukin-12 plasmid electroporation in patients with metastatic melanoma,
J. Clin. Oncol. 26 (2008) 5896–5903, https://doi.org/10.1200/
JCO.2007.15.6794.

[23] S.K. Greaney, A.P. Algazi, K.K. Tsai, K.T. Takamura, L. Chen, C.G. Twitty, L. Zhang,
A. Paciorek, R.H. Pierce, M.H. Le, A.I. Daud, L. Fong, Intratumoral Plasmid IL12
Electroporation Therapy in Patients with Advanced Melanoma Induces
Systemic and Intratumoral T-cell Responses, Cancer Immunol. Res. 8 (2020)
246–254, https://doi.org/10.1158/2326-6066.CIR-19-0359.

[24] A.P. Algazi, C.G. Twitty, K.K. Tsai, M. Le, R. Pierce, E. Browning, R. Hermiz, D.A.
Canton, D. Bannavong, A. Oglesby, M. Francisco, L. Fong, M.J. Pittet, S.P.
Arlauckas, C. Garris, L.P. Levine, C. Bifulco, C. Ballesteros-Merino, S. Bhatia, S.
Gargosky, R.H.I. Andtbacka, B.A. Fox, M.D. Rosenblum, A.I. Daud, Phase II Trial
of IL-12 Plasmid Transfection and PD-1 Blockade in Immunologically
Quiescent Melanoma, Clin. Cancer Res. 26 (2020) 2827–2837, https://doi.
org/10.1158/1078-0432.CCR-19-2217.

[25] A. Algazi, S. Bhatia, S. Agarwala, M. Molina, K. Lewis, M. Faries, L. Fong, L.P.
Levine, M. Franco, A. Oglesby, C. Ballesteros-Merino, C.B. Bifulco, B.A. Fox, D.
Bannavong, R. Talia, E. Browning, M.H. Le, R.H. Pierce, S. Gargosky, K.K. Tsai, C.
Twitty, A.I. Daud, Intratumoral delivery of tavokinogene telseplasmid yields
systemic immune responses in metastatic melanoma patients, Ann. Oncol. 31
(2020) 532–540, https://doi.org/10.1016/j.annonc.2019.12.008.

[26] M.L. Lucas, L. Heller, D. Coppola, R. Heller, IL-12 plasmid delivery by in Vivo
electroporation for the successful treatment of established subcutaneous B16.
F10 melanoma, Mol. Ther. 5 (2002) 668–675, https://doi.org/10.1006/
mthe.2002.0601.

[27] L. Heller, K. Merkler, J. Westover, Y. Cruz, D. Coppola, K. Benson, A. Daud, R.
Heller, Evaluation of toxicity following electrically mediated interleukin-12
gene delivery in a B16 mouse melanoma model, Clin. Cancer Res. 12 (2006)
3177–3183, https://doi.org/10.1158/1078-0432.CCR-05-2727.

[28] P. Berraondo, M.F. Sanmamed, M.C. Ochoa, I. Etxeberria, M.A. Aznar, J.L. Pérez-
Gracia, M.E. Rodríguez-Ruiz, M. Ponz-Sarvise, E. Castañón, I. Melero, Cytokines
in clinical cancer immunotherapy, Br. J. Cancer. 120 (2019) 6–15, https://doi.
org/10.1038/s41416-018-0328-y.

[29] M. Cemazar, T. Kotnik, G. Sersa, D. Miklavcic, 24 Electroporation for
Electrochemotherapy and Gene Therapy, in: M.S. Markov (Ed.),
Electromagnetic Fields in Biology and Medicine, CRC Press, 2015, pp. 395–413.

[30] S.A. Shirley, C.G. Lundberg, R. Heller, Electrotransfer of il-15/il-15ra complex
for the treatment of established melanoma, Cancers (Basel) 12 (2020) 1–15,
https://doi.org/10.3390/cancers12103072.

https://doi.org/10.1016/j.bioelechem.2021.107843
https://doi.org/10.3389/fgene.2019.00868
https://doi.org/10.1002/jcp.24791
https://doi.org/10.3390/diseases6020042
https://doi.org/10.3390/diseases6020042
https://doi.org/10.29252/ijmr-050304
https://doi.org/10.29252/ijmr-050304
https://doi.org/10.3389/fonc.2019.00297
https://doi.org/10.3389/fonc.2019.00297
https://doi.org/10.1109/IEMBS.2011.6090167
https://doi.org/10.1007/5584_2019_463
https://doi.org/10.1007/5584_2019_463
https://doi.org/10.1016/bs.adgen.2014.10.003
https://doi.org/10.1089/bioe.2019.0028
https://doi.org/10.1016/j.ejso.2020.04.037
https://doi.org/10.2478/raon-2020-0038
https://doi.org/10.2478/raon-2019-0049
https://doi.org/10.2174/1566523216666160331130040
https://doi.org/10.1517/14712598.8.11.1645
https://doi.org/10.1517/14712598.8.11.1645
https://doi.org/10.2174/156652309788921062
https://doi.org/10.2174/157489209789206922
https://doi.org/10.2174/157489209789206922
https://doi.org/10.1038/mtm.2014.45
https://doi.org/10.1038/mtm.2014.45
https://doi.org/10.3390/cancers12041043
https://doi.org/10.3390/cancers12041043
https://doi.org/10.3390/cancers10110405
https://doi.org/10.1097/00008390-200012000-00010
https://doi.org/10.1097/00008390-200012000-00010
https://doi.org/10.1038/sj.cgt.7700287
https://doi.org/10.1200/JCO.2007.15.6794
https://doi.org/10.1200/JCO.2007.15.6794
https://doi.org/10.1158/2326-6066.CIR-19-0359
https://doi.org/10.1158/1078-0432.CCR-19-2217
https://doi.org/10.1158/1078-0432.CCR-19-2217
https://doi.org/10.1016/j.annonc.2019.12.008
https://doi.org/10.1006/mthe.2002.0601
https://doi.org/10.1006/mthe.2002.0601
https://doi.org/10.1158/1078-0432.CCR-05-2727
https://doi.org/10.1038/s41416-018-0328-y
https://doi.org/10.1038/s41416-018-0328-y
http://refhub.elsevier.com/S1567-5394(21)00106-7/h0145
http://refhub.elsevier.com/S1567-5394(21)00106-7/h0145
http://refhub.elsevier.com/S1567-5394(21)00106-7/h0145
http://refhub.elsevier.com/S1567-5394(21)00106-7/h0145
http://refhub.elsevier.com/S1567-5394(21)00106-7/h0145
https://doi.org/10.3390/cancers12103072


T. Komel, M. Bosnjak, S. Kranjc Brezar et al. Bioelectrochemistry 141 (2021) 107843
[31] S. Zundler, M.F. Neurath, Interleukin-12: Functional activities and implications
for disease, Cytokine Growth Factor Rev. 26 (2015) 559–568, https://doi.org/
10.1016/j.cytogfr.2015.07.003.

[32] K.G. Nguyen, M.R. Vrabel, S.M. Mantooth, J.J. Hopkins, E.S. Wagner, T.A.
Gabaldon, D.A. Zaharoff, Localized Interleukin-12 for Cancer Immunotherapy,
Front. Immunol. 11 (2020), https://doi.org/10.3389/fimmu.2020.575597
575597.

[33] M. Cemazar, T. Jarm, G. Sersa, Cancer Electrogene Therapy with Interleukin-12,
Curr. Gene Ther. 10 (2010) 300–311, https://doi.org/10.2174/
156652310791823425.

[34] E. Cha, A. Daud, Plasmid IL-2 electroporation in melanoma, Hum. Vaccines
Immunother. 8 (2012) 1734–1738, https://doi.org/10.4161/hv.22573.

[35] T. Jiang, C. Zhou, S. Ren, Role of IL-2 in cancer immunotherapy,
Oncoimmunology. 5 (2016), https://doi.org/10.1080/
2162402X.2016.1163462 e1163462.

[36] S.H. Ross, D.A. Cantrell, Signaling and Function of Interleukin-2 in T
Lymphocytes, Annu. Rev. Immunol. 36 (2018) 411–433, https://doi.org/
10.1146/annurev-immunol-042617-053352.

[37] H.M. Horton, P.A. Lalor, A.P. Rolland, IL-2 plasmid electroporation: from
preclinical studies to phase I clinical trial, Methods Mol. Biol. 423 (2008) 361–
372, https://doi.org/10.1007/978-1-59745-194-9_28.

[38] J. Zhao, J. Zhao, S. Perlman, Differential Effects of IL-12 on Tregs and Non-Treg T
Cells: Roles of IFN-c, IL-2 and IL-2R, PLoS ONE 7 (2012) 46241, https://doi.org/
10.1371/journal.pone.0046241.

[39] K.S. Wang, D.A. Frank, J. Ritz, Interleukin-2 enhances the response of natural
killer cells to interleukin-12 through up-regulation of the interleukin-12
receptor and STAT4, Blood 95 (2000) 3183–3190, https://doi.org/10.1182/
blood.v95.10.3183.

[40] F. Castro, A.P. Cardoso, R.M. Gonçalves, K. Serre, M.J. Oliveira, Interferon-
gamma at the crossroads of tumor immune surveillance or evasion, Front.
Immunol. 9 (2018) 847, https://doi.org/10.3389/fimmu.2018.00847.

[41] Q. Duan, H. Zhang, J. Zheng, L. Zhang, Turning Cold into Hot: Firing up the
Tumor Microenvironment, Trends Cancer. 6 (2020) 605–618, https://doi.org/
10.1016/j.trecan.2020.02.022.

[42] J.R. Baird, K.T. Byrne, P.H. Lizotte, S. Toraya-Brown, U.K. Scarlett, M.P.
Alexander, M.R. Sheen, B.A. Fox, D.J. Bzik, M. Bosenberg, D.W. Mullins, M.J.
Turk, S. Fiering, Immune-Mediated Regression of Established B16F10
Melanoma by Intratumoral Injection of Attenuated Toxoplasma gondii
Protects against Rechallenge, J. Immunol. 190 (2013) 469–478, https://doi.
org/10.4049/jimmunol.1201209.

[43] M. Bosnjak, T. Dolinsek, M. Cemazar, S. Kranjc, T. Blagus, B. Markelc, M. Stimac,
J. Zavrsnik, U. Kamensek, L. Heller, C. Bouquet, B. Turk, G. Sersa, Gene
electrotransfer of plasmid AMEP, an integrin-targeted therapy, has antitumor
and antiangiogenic action in murine B16 melanoma, Gene Ther. 22 (2015)
578–590, https://doi.org/10.1038/gt.2015.26.

[44] P.Y. Lee, J. Costumbrado, C.Y. Hsu, Y.H. Kim, Agarose gel electrophoresis for the
separation of DNA fragments, J. Vis. Exp. (2012) 3923, https://doi.org/10.3791/
3923.

[45] S.I. Van Acker, Z.P. Van Acker, M. Haagdorens, I. Pintelon, C. Koppen, N. Zakaria,
Selecting Appropriate Reference Genes for Quantitative Real-Time Polymerase
Chain Reaction Studies in Isolated and Cultured Ocular Surface Epithelia, Sci.
Rep. 9 (2019) 1–11, https://doi.org/10.1038/s41598-019-56054-1.

[46] N. Percie du Sert, V. Hurst, A. Ahluwalia, S. Alam, M.T. Avey, M. Baker, W.J.
Browne, A. Clark, I.C. Cuthill, U. Dirnagl, M. Emerson, P. Garner, S.T. Holgate, D.
W. Howells, N.A. Karp, S.E. Lazic, K. Lidster, C.J. MacCallum, M. Macleod, E.J.
Pearl, O.H. Petersen, F. Rawle, P. Reynolds, K. Rooney, E.S. Sena, S.D. Silberberg,
T. Steckler, H. Würbel, The ARRIVE guidelines 2.0: Updated guidelines for
reporting animal research, PLOS Biol. 18 (2020), https://doi.org/10.1371/
journal.pbio.3000410 e3000410.

[47] W. Rasband, ImageJ. Bethesda, Maryland: US National Institutes of Health.
https://imagej.nih.gov/ij/, 2016 (30 november 2020).

[48] M. Mastrodonato, D. Mentino, A. Lopedota, A. Cutrignelli, G. Scillitani, A
histochemical approach to glycan diversity in the urothelium of pig urinary
bladder, Microsc. Res. Tech. 80 (2017) 239–249, https://doi.org/
10.1002/jemt.22794.

[49] C. Zaiontz, Real statistical analysis using Excel. https://www.real-
statistics.com, 2019 (accessed 30 november 2020).

[50] L. Chávez-Galán, M.L. Olleros, D. Vesin, I. Garcia, Much more than M1 and M2
macrophages, there are also CD169+ and TCR+ macrophages, Front. Immunol.
6 (2015) 263, https://doi.org/10.3389/fimmu.2015.00263.

[51] J. Gollob, C. Schnipper, E. Murphy, J. Ritz, D. Frank, The functional synergy
between IL-12 and IL-2 involves p38 mitogen-activated protein kinase and is
associated with the augmentation of STAT serine phosphorylation, J. Immunol.
8 (1999) 4472–4481.

[52] G. Tevz, S. Kranjc, M. Cemazar, U. Kamensek, A. Coer, M. Krzan, S. Vidic, D.
Pavlin, G. Sersa, Controlled systemic release of interleukin-12 after gene
electrotransfer to muscle for cancer gene therapy alone or in combination with
ionizing radiation in murine sarcomas, J. Gene Med. 11 (2009) 1125–1137,
https://doi.org/10.1002/jgm.1403.

[53] M.B. Sano, C.B. Arena, M.R. Dewitt, D. Saur, R.V. Davalos, In-vitro bipolar nano-
and microsecond electro-pulse bursts for irreversible electroporation
therapies, Bioelectrochemistry 100 (2014) 69–79, https://doi.org/10.1016/j.
bioelechem.2014.07.010.

[54] M. Bosnjak, T. Jesenko, U. Kamensek, G. Sersa, J. Lavrencak, L. Heller, M.
Cemazar, Electrotransfer of different control plasmids elicits different
15
antitumor effectiveness in B16.F10 melanoma, Cancers (Basel) 10 (2018) 37,
https://doi.org/10.3390/cancers10020037.

[55] L.C. Heller, Y.L. Cruz, B. Ferraro, H. Yang, R. Heller, Plasmid injection and
application of electric pulses alter endogenous mRNA and protein expression
in B16.F10 mouse melanomas, Cancer Gene Ther. 17 (2010) 864–871, https://
doi.org/10.1038/cgt.2010.43.

[56] D.F. Miranda-Hernández, M.A. Franco-Molina, E. Mendoza-Gamboa, P. Zapata-
Benavides, C.A. Sierra-Rivera, E.E. Coronado-Cerda, A.G. Rosas-Taraco, R.S.
Taméz-Guerra, C. Rodríguez-Padilla, Expression of Foxp3, CD25 and IL-2 in the
B16F10 cancer cell line and melanoma is correlated with tumor growth in
mice, Oncol. Lett. 6 (2013) 1195–1200, https://doi.org/10.3892/ol.2013.1526.

[57] M. Cemazar, M. Golzio, G. Sersa, P. Hojman, S. Kranjc, S. Mesojednik, M.P. Rols,
J. Teissie, Control by pulse parameters of DNA electrotransfer into solid tumors
in mice, Gene Ther. 16 (2009) 635–644, https://doi.org/10.1038/gt.2009.10.

[58] F. Andre, J. Gehl, G. Sersa, V. Preat, P. Hojman, J. Eriksen, M. Golzio, M. Cemazar,
N. Pavselj, M.-P. Rols, D. Miklavcic, E. Neumann, J. Teissie, L.M. Mir, Efficiency
of high- and low-voltage pulse combinations for gene electrotransfer in
muscle, liver, tumor, and skin, Hum. Gene Ther. 19 (2008) 1261–1272, https://
doi.org/10.1089/hgt.2008.060.

[59] S. Haberl, M. Kandušer, K. Flisar, D. Hodžić, V.B. Bregar, D. Miklavčič, J.-M.
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