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Introduction: In addition to its direct cytotoxic effects, ablative therapies as
electrochemotherapy (ECT) can elicit indirect antitumor effects by triggering
immune system responses. Here, we comprehensively analyzed this dual
effectiveness of intratumoral ECT with chemotherapeutic drugs bleomycin
(BLM), oxaliplatin (OXA), and cisplatin (CDDP). Our aim was to determine if ECT
can act as in situ vaccination and thereby induce an abscopal effect. By evaluating
ECT's potential for in situ vaccination, our goal was to pave the way for future
advancements for its combination with emerging (immuno)therapies, leading to
enhanced responses and outcomes.

Methods: We employed two mouse tumor models, the immunologically cold
B16F10 melanoma and 4T1 mammary carcinoma, to explore both local and
systemic (i.e., abscopal) antitumor effects following equieffective intratumoral
ECT with BLM, OXA, and CDDP. Through histological analyses and the use of
immunodeficient and metastatic (for abscopal effect) mouse models, we
identified and compared both the cytotoxic and immunological components
of ECT's antitumor efficiency, such as immunologically recognizable cell deaths
(immunogenic cell death and necrosis) and immune infiltrate (CD11*, CD4*,
CD8", GrB").

Results: Differences in immunological involvement after equieffective
intratumoral ECT were highlighted by variable kinetics of immunologically
recognizable cell deaths and immune infiltrate across the studied tumor
models. Particularly, the 4T1 tumor model exhibited a more pronounced
involvement of the immune component compared to the B16F10 tumor
model. Variances in the antitumor (immune) response were also detected
based on the chemotherapeutic drug used in ECT. Collectively, ECT
demonstrated effectiveness in inducing in situ vaccination in both tumor
models; however, an abscopal effect was observed in the 4T1 tumor model only.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1470432/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1470432/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1470432/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1470432/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1470432/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1470432&domain=pdf&date_stamp=2025-02-11
mailto:kursic@onko-i.si
https://doi.org/10.3389/fimmu.2025.1470432
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1470432
https://www.frontiersin.org/journals/immunology

Ursi¢ Valentinuzzi et al.

10.3389/fimmu.2025.1470432

Conclusions: This is the first preclinical study systematically comparing the
immune involvement in intratumoral ECT's efficiency using three distinct
chemotherapeutic drugs in mouse tumor models. The demonstrated variability
in immune response to ECT across different tumor models and
chemotherapeutic drugs provides a basis for future investigations aimed at
enhancing the effectiveness of combined treatments.

ablative therapies, electrochemotherapy, in situ vaccination, abscopal effect,
electroporation, chemotherapeutic drugs, mouse tumor models, cell death

1 Introduction

Local ablative therapies can effectively convert a tumor into an in
situ personalized vaccine (1, 2). In situ vaccination seeks to amplify
tumor immunogenicity, generate tumor infiltrating lymphocytes, and
drive a systemic antitumor immune response, directed against
untreated disseminated nodules, known as the abscopal effect (3).
However, the latter, though discussed frequently, occurs rarely. In situ
vaccination is mediated by T cells and there are two obstacles that
prevent T cells to specifically recognize and eliminate tumor cells: first,
the inadequate priming of antitumor T cells by specialized dendritic
cells, and second, the incapacity of primed T cells to recognize and
eliminate tumor cells (4-6). It has been proposed that
electrochemotherapy (ECT) has the potential to trigger a robust in
situ vaccination (7, 8). Nonetheless, a comprehensive examination of
ECT involving various chemotherapeutic drugs has not been
undertaken, either in preclinical or clinical settings.

Pulsed electric fields (PEF) elicit therapeutically beneficial effects on
cancers, providing a valuable option for diverse patient populations.
Among the various PEF therapies, such as irreversible electroporation,
gene electrotransfer, tumor-treating fields, and calcium electroporation,
ECT stands out as the most extensively investigated and applied, both
preclinical and clinical contexts (9). In ECT, the combination of
reversible electroporation (EP) and chemotherapeutic drugs facilitates
the uptake of non-permeant or low-permeant agents such as cisplatin
(CDDP) and bleomycin (BLM), into tumor cells, leading to increased
cytotoxicity. ECT is mainly used in Europe as a local ablative treatment
for cutaneous and subcutaneous malignancies (10) and for bone and
intra-abdominal malignancies (11). Two standard operating
procedures have been developed so far (12, 13), and the therapy has
been incorporated into the European Standard Operating Procedures
of ECT (ESOPE) study (10).

In addition to the direct cytotoxic effects of ECT on tumor cells,
various other indirect mechanisms have been investigated, such as
vascular (14-16) and immunological. The mode of cell death
following ECT initiates a cascade of events that can either stimulate
or dampen the antitumor response and ECT has been shown
previously to cause immunologically relevant cell death (8, 17, 18).
Specifically, in contrast to immunologically non-recognizable, silent
or tolerogenic (19) apoptosis, immunologically recognizable necrosis
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and/or immunogenic cell death have the potential to induce an in situ
vaccination eftect. This phenomenon involves the release of antigens
from ablated tumor tissue, coupled with other immunologically
significant events in tumor cells and within the tumor
microenvironment, collectively priming the immune system (5, 20).
The priming exerts a favorable impact on both local and distant
disease control. Despite successful immune system priming,
descriptions of systemic effects following ECT are scarce in the
literature (8, 21-23). Consequently, there has been a proposal and
demonstration of the benefits of combining local ablative therapies
like ECT with immunotherapies (24-26). Among them,
immunostimulators such as cytokines IL-12 and IL-2 (27, 28) as
well as check-point inhibitors (29, 30) have been employed in
veterinary and human oncology.

In an ongoing effort to achieve optimal antitumor responses
with minimal side effects, the range of drugs utilized in ECT has
continuously expanded. In our previous studies, we introduced
OXA as a third-generation platinum-based chemotherapeutic drug
in intratumoral ECT, demonstrating comparable cytotoxic and
immunomodulatory effects to CDDP in murine B16F10
melanoma (8, 31). Nevertheless, the underlying mechanisms of
intratumoral ECT involving different chemotherapeutic drugs,
particularly their impact on local and systemic antitumor effects,
especially immune-mediated responses, remain unresolved.

Therefore, our current study aims to comprehensively compare
direct cytotoxic effects and, notably, immunologically significant events
following intratumoral ECT with three distinct chemotherapeutic
drugs - BLM, OXA and CDDP - utilizing two immunologically cold
tumor models, BI6F10 melanoma and 4T1 mammary carcinoma (8,
32-34). A prerequisite step for determining ECT’s in situ vaccination
potential, was the establishment of equieffective in vivo doses for each
chemotherapeutic. Subsequently the study was divided into four
distinct steps (Figure 1): in vitro stimulation of dendritic cells,
comparison of the ECT effectiveness in immunocompromised and
immunocompetent mice, histological analyses at different time points
post-ECT, and determination of systemic antitumor effectiveness in
metastatic tumor models. By deciphering the time course and
characteristics of the tumor response to intratumoral ECT, our
ultimate goal was to strategize and implement combined treatments
more effectively in the future.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1470432
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ursi¢ Valentinuzzi et al. 10.3389/fimmu.2025.1470432

A EFFECTOR
NECROSIS LYMPHOCYTE

IMMUNOGENIC ¢
CELL DEATH

DENDRITIC CELL

ECT

\4

EFFICACY OF ECT IN WT AND
IMMUNOCOMPROMISED MICE

MOUSE MODEL OF

;,\@)\\ \/\ in vitro STIMULATION OF SYSTEMIC DISEASE
V. .. DENDRITIC CELLS
T— - HISTOLOGY
©.n 0
O(OD R
L
A (]
IMMUNE SYSTEM IMMUNE SYSTEM DENDRITIC CELL CELL DEATH SYSTEMIC ANTITUMOR
INVOLVEMENT INVOLVEMENT ACTIVATION and EFFECT
INTRATUMORAL

IMMUNE RESPONSE

FIGURE 1

Study design. (A) Proposed local immune activation after ECT of tumors. (B) Steps to determine the ECT in situ vaccination potential. After
determination of equieffective doses in ECT, local antitumor efficacy of ECT was assessed in both wild-type mice and immunocompromised mice.
Dendritic cell stimulation was assessed in vitro, and histological analyses were performed to examine immune infiltrate post-ECT. Finally, the
systemic antitumor efficacy was investigated in a murine model with lung metastases. Created with BioRender.com.

2 Methods
2.1 Cell lines

All cell lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). BI6F10 murine melanoma
cells (CRL-6475; obtained in 2020; ATCC) were cultured in Advanced
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and 4T1 mammary carcinoma cells
(ATCC, CRL-2539; obtained in 2017) in Advanced Roswell Park
Memorial Institute (RPMI) 1640 Medium (Gibco). Both media were
supplemented with 5% fetal bovine serum (Thermo Fisher Scientific),
10 mM L-glutamine (GlutaMAX, Gibco), 100 U/mL penicillin
(Griinenthal, Aachen, Germany), and penicillin-streptomycin (100x,
Sigma-Aldrich, Merck, Darmstadt, Germany). Dendritic cells JAWS 1I
(ATCC, CRL-11904; a kind gift of Angela Sousa, authenticated in 2023,
IDEXX BioAnalytics, Westbrook, ME, USA) were cultured in alpha
minimum essential medium with ribonucleosides,
deoxyribonucleosides (Gibco), 4 mM L-glutamine (GlutaMAX,
Gibco), 1 mM sodium pyruvate (Thermo Fisher Scientific) and 5 ng/
ml murine GM-CSF (Miltenyi Biotec, Bergisch Gladbach, Germany)
and 20% fetal bovine serum (Thermo Fisher Scientific). Cells were
maintained in a 5% CO, humidified incubator at 37°C. All cells were
mycoplasma negative (MycoAlertTM PLUS Mycoplasma Detection Kit,
Lonza, Basel, Switzerland).
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2.2 Mouse models

Six- to seven-week-old (20-22 g) female C57BL/6NCrl, BALB/
cAnNCirl and athymic nude mice (Crl: NU(NCr)-Foxnlnu) (Charles
River Laboratories Italy S.R.L., Calco (Lecco), Italy) were used. All
procedures were performed in compliance with 3Rs principle (reduce,
replace, refine), guidelines for animal experiments of the EU Directives,
the PREPARE guidelines and ARRIVE guidelines and the permission
from the Administration of the Republic of Slovenia for Food Safety,
Veterinary Sector and Plant Protection of the Ministry of Agriculture
Forestry and Food of the Republic of Slovenia (Permissions No.
U34401-35/2020/8 and U34401-3/2022/11) following the approval
by the National ethical committee for experiments on animals. Mice
were kept in individually ventilated cages at room temperature with a
12-h light-dark cycle in a specific pathogen-free environment with
food and water ad libitum.

2.3 Establishment of B16F10 mCherry
stable cell line

The B16F10 mCherry cell line was prepared using third-
generation lentiviral plasmids: the transfer plasmid pLVX-EFla-
mCherry-N1 (Clontech, Takara, Kusatsu, Japan) encoding
the mCherry fluorescent protein (mCherry) and the puromycin
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resistance gene for the selection of transduced cells, packaging
plasmids pMDLg/pRRE and pMD2.G and the envelope plasmid
PRSV-Rev. Lentiviral plasmids were propagated in E. coli under
ampicillin selection and purified using the GeneJET Plasmid
MiniPrep Kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA).

The 293T cells (ATCC, CRL-3216) were used to generate viral
particles. The cells were grown in complete DMEM (Gibco) to 80%
confluence under standard conditions and transfected with
plasmids using Lipofectamine 2000 transfection reagent
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). A
mixture (2 mL) of plasmids (15 ug pLVX-EFla-mCherry-N1, 2.4
pug pMD2.G, 4 pug pMDLg/pRRE and 1.8 ug pRSV-Rev) and
Lipofectamine 2000 in Opti-MEM (Gibco) was added dropwise to
293T cells according to the instructions provided with the
transfection reagent. After 16 h the medium was replaced with 5
mL of complete DMEM. Medium containing viral particles was
harvested 48 h and 72 h after transfection and replaced by 5 mL of
DMEM. Thereafter, the media was centrifuged (500 x g for 10 min)
and filtered through a 0.45 pm pore-size filter (Merck Millipore,
Burlington, MA, USA) to remove cell debris. To concentrate
lentiviral stocks, the Lenti-X™ Concentrator (Clontech Mountain
View, CA, USA) was used and the concentration procedure was
performed following manufacturer’s instructions. The samples were
stored at -80°C.

For the transduction, B16F10 cells were grown in complete
DMEM to 80% confluence at 6-well plate. On the day of
transduction, the medium was replaced with the medium
containing viral particles. After 24 h, the medium was replaced
with a fresh medium. The next day, the expression of mCherry was
detected by fluorescence microscopy (inverted fluorescence
microscope IX70; Olympus, Tokyo, Japan) and 3 ug/mL of
puromycin (Sigma-Aldrics) was added to the medium for the
selection of the transduced cells. To prepare monoclonal culture,
after 1 week of culturing under selective pressure, the cells were
plated on a 96-well plate at a concentration of ~1 cell per well. Cells
on the 96-well plate were cultured under the selective pressure of
puromycin until colonies formed. Colonies were inspected using
fluorescence microscopy and two clones with a high and uniform
mCherry fluorescence intensity were selected for further
propagation. mCherry-B16F10 cells were subcultured with
selective pressure of 3 pg/mL of puromycin.

2.4 Electroporation in vitro in combination
with chemotherapeutic drugs

EP in vitro on B16F10 mCherry cells was performed by
delivering 8 100 ps long square wave pulses at 1300 V/cm and
frequency of 1 Hz using an electric pulse generator (Jouan GHT
beta, LEROY Biotech, Saint-Orens-de-Gameville, France) as
described previously (18). Three different chemotherapeutic drugs
were tested in combination with EP: bleomycin (BLM; Bleomycin
sulfate, 10 mg, Selleckchem, Houston, TX, USA), cisplatin (CDDP;
1 mg/mL, Accord Healthcare Ltd., London, UK) and oxaliplatin
(OXA; 5 mg/mL, Teva Pharmaceutical Industries Ltd., Jerusalem,
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Israel). Specifically, the inhibitory concentration for each drug that
reduced cell survival to 50% (ICso) was adopted from our recent
study (18).

2.5 In vitro stimulation of dendritic cells

Dendritic cells JAWS II were stained with 5-(and 6)-
Carboxyfluorescein diacetate succinimidyl ester (CFSE) Kit
(BioLegend, San Diego, CA, USA) according to manufacturers’s
instructions and 4 x 10° labeled dendritic cells JAWS II were seeded
on T25 flasks. For stimulation, lipopolysaharide (LPS; 2 ug/ml,
Merck, Darmstadt, Germany) was added to the medium. Four
hours later, 2 x 10° (control groups) or 4 x 10° (ECT groups)
B16F10 mCherry cells were added to dendritic cells. After 48 h, the
media and cells were harvested by trypsinization, centrifuged (1400
rpm, 5 min) and washed twice with PBS. Additionally, cells were
stained by Fixable Viability Dye eFluor' ™ 780 (Thermo Fisher
Scientific) according to manufacturer’s instructions. The cells
were analyzed using the BD FACSymphonyTM A3 Cell Analyzer,
and the data were analyzed using BD FACSDiva " software, version
9.1 (both BD Biosciences, Franklin Lakes, NJ, USA). During the
analysis, doublets and dead cells were excluded to ensure accurate
results. Specifically, CFSE positive dendritic cells were analyzed for
mCherry expression (CFSE'/mCherry"). The gating strategy is
illustrated in Supplementary Figure S1. Fold change in the double
positive cell population (mCherry” and CFSE") was calculated by
dividing the percentage of the double positive cells in ECT groups
with the percentage of double positive cells in control groups.

2.6 Tumor induction

Primary tumors were induced by subcutaneous injection of 0.5
x 10° 4T1 or B16F10 cells in 100 ul of 0.9% NaCl saline. After
formation of solid tumor, tumor volume was measured every 2-3
days using a Vernier caliper, and calculated using the following
formula: a x b x ¢ x 1/6; where a, b and ¢ represent three mutually
orthogonal tumor diameters. For a mouse model of a systemic
disease, seven days after the induction of primary B16F10 tumor, 3
x 10° B16F10 cells (100 pl, 0.9% NaCl saline) were intravenously
injected into the tail vein.

2.7 Electrochemotherapy in vivo and
evaluation of antitumor effect

The treatment was performed when primary tumors reached
50-60 mm’. Mice were randomly divided into groups consisting of
6-8 animals, and were accommodated in individually ventilated
cages. During treatment, mice were anesthetized with 1-3%
isoflurane (Izofluran Torrex para 250 mL, Chiesi Slovenia,
Ljubljana, Slovenia). The ECT consisted of intratumoral injection
of the drug and application of electric pulses one minute later. A
dose-finding study was conducted to determine equieffective
suboptimal doses, i.e., doses that lead to a delay in tumor growth
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of ~20 days and do not cause complete tumor disappearance.
Specifically, 40 pl of either the 0.9% NaCl saline (control group)
or chemotherapeutic drugs BLM (Medac, Wedel, Germany; 0.4 ug,
0.75 pg, 1.5 pg, 2.5 pg, 5 ug, 7.5 ug), CDDP (2.5 pg, 5 pg, 10 pg, 30
ug, 40 pg, 50 pg) or OXA (10 pg, 20 pg, 30 pg, 60 pg, 85 pg, 100 pg)
were tested. Electric pulses (2 sets of 4 square-wave pulses in
perpendicular directions at a frequency of 1 Hz, a voltage-to-
distance ratio of 1300 V/cm and a duration time of 100 ps) were
delivered by ELECTRO Cell B10, Betatech electric pulse generator
(Leroy Biotech, Orens-de-Gameville, France) using stainless steel
plate electrodes with a 7-8 mm between the electrodes. A water-
based ultrasound gel (ECO gel for ultrasound, Fiab, Florence, Italy)
was used to ensure good conductivity at the contact of the electrodes
with the skin overlaying the tumors. To determine the antitumor
effect of ECT, tumor growth was followed until tumors reached 300
mm’ in volume. Animal weight and general health, which were
determined through the examination of the coat and demeanor,
were monitored daily. Humane endpoints were when the tumor
reached 300 mm?, if a wet ulcer developed or if a mouse lost >15%
weight of its initial weight. For each experiment, the specific
number of animals is explicitly indicated in the graphs or/and
figure captions.

For the evaluation of systemic antitumor effect, primary tumors
were treated as described above. In B16F10 tumor model, metastatic
model established through induced lung metastases was employed.
In 4T1 model, spontaneous metastases were followed. In both
models, when primary tumors reached approximately 300 mm?,
surgical removal of primary treated tumors was performed. Mice
were humanely euthanized, and their lungs were collected 20 days
after therapy of the for B16F10 tumor model, or 40 days after
therapy for 4T1 tumor model. After dissection, the lungs were
rinsed in a Petri dish with physiological solution, dried with a clean
paper towel, and placed in a container with Bouin’s solution. The
presence of metastases on the lung surface was evaluated under
stereomicroscope (specify the producer and the model). The
number of lung metastases in each experimental group was
divided by the number of lung metastases in the control group.

2.8 Histology

Mice were sacrificed, and primary tumors were excised at three
different time points; 1, 3 and 7 days after the therapy. One-half of
the collected tumor was used for immunofluorescence staining
(IFC) and the other-half for hematoxylin and eosin (H&E)
staining as well as immunohistochemical staining (IHC). For IFC,
tumors were fixed in 4% paraformaldehyde (PFA; Alfa Aesar,
Thermo Fisher Scientific) overnight, incubated in 30% sucrose for
24 h, embedded in Optimal cutting temperature compound (OCT
compound, Sakura, Torrance, CA, USA) and snap frozen in dry ice.
Consecutive, 14-um thick tumor sections were cut using Leica
CM1850 cryostat (Leica, Wetzlar, Germany). The consecutive
sections were stained for blood vessel signature (CD31"), tumor
infiltrating T cells (CD8", CD4") and immunogenic cell death
[calreticulin (CLR")]. For H&E and IHC staining, tumors were
formalin-fixed and paraffin-embedded. The first section was
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used for the evaluation of necrosis through the tumor mass, and
therefore, H&E staining was performed. The following sections
were used for THC to evaluate tumor infiltration of dendritic cells
(CD11c"), granzyme positive effector immune cells as natural killer
cells and cytotoxic T cells (GrB*) as well as evaluation of
ICD marker, high-mobility group-box-1 protein (HMGBI1)
translocation. The used primary and secondary antibodies as well
as antibody dilutions are listed in the Supplementary Table S1.

Specifically, for the IFC, the sections were firstly dried for 10
min at 37°C and washed twice for 5 min in 1 x PBS. Antigen
retrieval was then performed by putting the slides in a hot citrate
buffer (10 mM Sodium citrate in PBS, 0.5% Tween 20, pH 6, approx.
95°C) which was cooled down on air, at room temperature (RT) for
30 min followed by a 30 min cooling in RT water. After washing in
PBS, the sections were blocked/permeabilized in blocking buffer
(0.5% Triton X-100, 5% donkey serum, 22.52 mg/mL glycine in
PBS) for 30 min at RT in a humidified chamber. Sections were
blocked for 1 h at RT in blocking buffer (5% donkey serum, 22.52
mg/mL glycine in PBS) and then incubated overnight with primary
antibodies (2% donkey serum, 22.52 mg/mL glycine in PBS) in a
humidified chamber at 4°C. After washing three times in PBS,
sections were incubated 1 h with secondary antibodies (2% donkey
serum, 22.52 mg/mL glycine in PBS) at RT in a humidified chamber
and then washed three times in PBS. Nuclei were counter-stained
with Hoechst 33342 solution (Thermo Fisher Scientific) in PBS (3
pg/mL) for 10 min in the dark. After washing in PBS, slides were
mounted with ProLongTM Glass Antifade Mountant (Thermo
Fisher Scientific). For IFC staining of CLR, after the incubation
with primary and secondary antibodies and washing in HBSS with
calcium and magnesium (Thermo Fisher Scientific), the sections
were counter-stained with Hoechst 33342 as well as wheat germ
agglutinin conjugated with Alexa Fluor-488 (WGA in HBSS with
calcium and magnesium; Invitrogen) for visualization of
membranes. Samples (n = 3, 5 visual fields per sample) were
imaged with LSM 800 confocal microscope (Carl Zeiss, Baden-
Wiirttemberg, Germany) with a 20 x objective (NA 0.8). Hoechst
33342, Alexa Fluor 488, Cy3 and Alexa Fluor 647 were excited with
lasers with excitation wavelengths of 405 nm, 488 nm, 561 nm and
640 nm, respectively. To capture the emitted light Gallium Arsenide
Phosphide (GaAsP) detector was used combined with a variable
dichroic and filters at channel specific wavelengths: 410 - 545 nm
(Hoechst 33342), 488 — 545 nm (Alexa Fluor 488), 565 — 620 nm
(Cy3) and 645 - 700 nm (Alexa Fluor 647. The obtained images
were visualized and analyzed with Imaris software (Bitplane,
Belfast, UK). Cut-off values for each channel were determined
based on negative control. The results are presented by fold-
change (treatment group/control group).

For THC, EXPOSE Rabbit-specific HRP/AEC or HRP/DAB
detection THC kit (Abcam, Cambridge, UK) was used. A
brightfield microscope (BX-51 microscope, Olympus) connected
to a DP72 CCD camera (Olympus) was used to capture images (n =
3, 25 visual fields per sample; 40 x, 100 x and 400 x magnification).
The necrotic area was analyzed blindly by three independent
researchers, and the results are presented as the percent of
necrosis, where the tumor area is annotated as 100%. To confirm
the occurrence of immunogenic cell death, CLR and HMGBI1
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markers were not quantified; instead, their translocation was
verified. The IHC/IFC positive cells were quantitatively evaluated
by three independent researchers. The results are presented by fold-
change (treatment group/control group).

2.9 Quantification of HMGB1
serum concentration

Quantification of HMGBI1 serum concentrations was
performed using an enzyme-linked immunosorbent assay
(ELISA) kit (Chondrex, Woodinville, WA, USA) according to
manufacturer’s recommendations. Specifically, blood samples
(maximum volume of 300 ul) were taken 24 h and 72 h after the
therapy via orbital sinus puncture and transferred by capillary tube
to the serum-separating tubes (SST Microtainer® blood collection
tubes, BD biosciences, Franklin Lakes, NJ, USA). Serum was
separated after 30 min incubation at RT by 10 min centrifugation
at 1300x g and stored at —80°C until further analysis. Samples were
diluted 1:1 and ran in technical replicates.

2.10 Statistical analysis

All graphical presentations and statistical analyses were made in
GraphPad Prism 9 (GraphPad Software). All data were tested for
distribution normality using the Shapiro-Wilk test. Data are presented
as the arithmetic mean (AM) = the standard error of the mean (SE).
Comparison of means was performed with one-way ANOVA followed
by Dunnett’s multiple comparisons test. Differences were considered
significant at * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.
Sample size (n) represents biological replicates for each experiment and
is presented in each figure legend. In Kaplan-Meier analysis (Survival
Log-Rank Test), tumor volumes of 300 mm? were counted as events for
the construction of the curves. Additionally, tumor growth delay (time
after treatment when tumors reached 200 mm? in the treatment group/
control group), was calculated. Two-sided Fisher’s exact test was used
to compare proportions of metastasis-free mice in 4T1 spontaneous
metastases model.

3 Results

3.1 Equieffective ECT with BLM, OXA
and CDDP

To determine equieffective intratumoral ECT using suboptimal
doses of BLM, OXA or CDDP in B16F10 and 4T1 tumors, three doses
of each chemotherapeutic drug were tested. The doses were selected
based on our preliminary data and published literature (8, 35). The
selected equieffective doses of chemotherapeutic drugs that were used
for subsequent experiments were 7.5 ug BLM, 85 ug OXA, or 40 ug
CDDP for B16F10 tumors (Figures 2A, B, Supplementary Figure S2A,
Supplementary Table S2). For 4T1 tumors, the selected doses were 1.5
pug BLM, 30 pug OXA, or 10 ug CDDP, demonstrating a lower drug dose
requirement for the 4T1 tumor model compared to the B16F10 tumor
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model (Figures 2C, D, Supplementary Figure S2B, Supplementary
Table S2). ECT with selected doses resulted in comparable tumor
growth and survival in each tumor model. Moreover, survival
of the ECT treated animals was comparable also between tested
tumor models (Figures 2A, C). However, tumor growth delay
was significantly higher in BI6F10 tumor model compared to
4T1 model (Figures 2B, D).

3.2 ECT induces immunologically
recognizable cell death

Within the spectrum of immunogenic, tolerogenic, and silent cell
deaths (19), our focus was particularly directed towards
immunologically recognizable cell deaths, namely necrosis and
immunogenic cell death. Initially, we evaluated the necrotic regions
using H & E-stained sections one, three and seven days after the
therapy (Figures 3A, B, Supplementary Figures S3, B). The application
of ECT with BLM, OXA, or CDDP resulted in a significant increase in
necrotic areas in both tumor models (Figures 3A, B). Approximately
70% of the B16F10 tumors were necrotic at all three time points after
ECT, while the untreated control group showed only around 20%
necrosis. In the 4T1 model more than 50% of the tumor mass was
necrotic post-ECT at day one and three, whereas control tumors were
90% viable. Intratumoral administration of chemotherapeutic drugs
without electric pulse application also resulted in increased necrotic
areas at all three time points in both tumor models compared to the
control untreated group, although to a lesser extent than ECT
(Supplementary Figures S3A, b).

Subsequently, we exclusively assessed immunogenic cell death
on day one and three post-ECT. Specifically, we investigated the
translocation of CLR from the endoplasmic reticulum to the plasma
membrane and the release of high-mobility group box 1 protein
(HMGBI) from dying tumor cells. CLR translocation to the plasma
membrane was observed in both tumor models following ECT,
regardless of the specific chemotherapeutic drug employed
(Figures 4A, B, Supplementary Figures S4C, D, S5C, D, S6).
While CLR translocation was rarely observed after intratumoral
application of OXA without electroporation, it was not detected
after the intratumoral application of BLM or CDDP only
(Supplementary Figures S4A, B, S5A, B, S6).

The second DAMP investigated in conjunction with immunogenic
cell death was the release of HMGBI from dying tumor cells, as
depicted in Figure 4C. HMGBI was exclusively detected in ECT-
treated cells, exhibiting localization in the nuclear, cytosolic, and
extracellular compartments (Figure 4D). Specifically, in the tumor
cells of untreated tumors, we did not detect the HMGBI1, whereas
after ECT, we observed tumors regions with heightened HMGBI levels
as well as individual HMGBI positive cells, indicative of immunogenic
cell death. In addition to assessing HMGB1 in tumor cells, we also
explored the presence of serum HMGBI at 24 and 72 hours post-ECT
as a potential systemic biomarker of immunogenic cell death
(Figure 4E). While serum HMGBI concentrations in naive C57Bl/6
and Balb/c were 7.65 ng/mL and 8.51 ng/mL, respectively, the
concentrations in untreated BI16F10 and 4T1 tumor-bearing mice
were approximately a threefold increased, which further escalated
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FIGURE 2

Determination of equieffective ECT doses of BLM, OXA and CDDP in B16F10 and 4T1 tumor models. Animal survival, growth curves and tumor
growth delay are presented after ECT with three doses of the chemotherapeutic drugs in (A, B) BL6F10 tumors and (C, D) 4T1 tumors. The survival
of animals after ECT is presented with Kaplan-Meier graphs (n = 6-8; Survival Log-Rank Test; *p < 0.05, **p < 0.01, ***p < 0.001), tumor growth
curves (n = 6-8; AM + SE) and tumor growth delay with violin plots (n = 6-8; AM + SE, *p < 0.05). Arrows indicate equieffective doses of ECT with
BLM, OXA or CDDP that were used for the following experiments. BLM, bleomycin; OXA, oxaliplatin; CDDP, cisplatin.

over time. Surprisingly, we noted a trend towards a decrease in
HMGBI concentration after EP, injection of chemotherapeutics
alone and ECT, although the differences were not always
statistically significant.

3.3 Immune involvement in ECT response
is tumor type and chemotherapeutic
drug dependent

The utilization of immunodeficient mice allows for the
investigation of immunomodulated antitumor responses. In these
experiments, athymic NUDE mice, incapable of T cell production,
were employed. We compared the antitumor responses to ECT with
BLM, OXA, or CDDP between wild-type mice and immunodeficient
mice (Figures 5A, B, Supplementary Figures S7A, B). Our findings
indicate that T cells, that are impaired in immunodeficient mice, play a
significant role in the antitumor response following ECT with CDDP in
B16F10 melanoma. Namely, wild-type mice exhibited a better
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antitumor response to ECT with CDDP compared to NUDE mice.
In contrast, we did not observe a significantly enhanced antitumor
response to ECT with CDDP in wild-type mice bearing 4T1 tumors.
This was also true for ECT with BLM or OXA in both tumor types.

3.4 Local tumor ablation with ECT
stimulates dendritic cells

Successful in situ vaccination necessitates the involvement of
cross-presenting dendritic cells (6). Therefore, our study focused on
in vitro activities and in vivo presence of dendritic cells. Initially, to
address the cross-presentation, we investigated the in vitro
phagocytic activity of dendritic cells following stimulation with
treated tumor cells. Specifically, mCherry-B16F10 tumor cells were
subjected to ICsy doses in ECT, previously determined by Kesar
et al. (18), and introduced to dendritic cells labeled with CFSE
(Figure 6A). Cytometric analyses conducted 48 hours after -co-
culturing of the two tumor types showed that only tumor cells
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treated with ECT using BLM successfully elevated the phagocytic
activity of dendritic cells (Figure 6B).

Intratumoral presence of dendritic cells is crucial for efficient in situ
vaccination due to their ability to internalize and process antigens
released by tumors and thereby activate a broad and patient-specific
antitumor T cell response (3). In our study, we utilized two tumor
models that represent distinct immunological profiles regarding
dendritic cells: the BI6F10 model, characterized by minimal dendritic
cell infiltrate (not exceeding 1 dendritic cell per visual field at 40x
magnification), and the 4T1 model, featuring a favorable dendritic cell
infiltrate (~60 dendritic cells per visual field at 40x magnification)
(Figures 6C, D). At the initial time point, one day following the therapy,
ECT failed to recruit dendritic cells in B16F10 tumor model.
Furthermore, ECT attracted dendritic cells intratumorally only after
ECT with OXA (day three) and ECT with CDDP (day seven). Despite a
notable fold change on day seven (2 to 6-fold normalized to control),
the dendritic cell infiltrate remained low (Figure 6C). However, in the
4T1 tumor model, ECT exhibited efficacy in attracting dendritic cells
into tumors, when utilizing ECT with BLM and OXA. The fold change
on days three to seven post-ECT was around 2 to 3-fold with all three
chemotherapeutic drugs used (Figure 6D).

3.5 Local adaptive immune response is
activated after intratumoral ECT

Although the primary aim of intratumoral treatment is local
tumor ablation, the localized immune response it provokes can also
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be exploited systemically (3). In this context, we examined the
capacity of ECT with three chemotherapeutic drugs to attract
immune cells intratumorally, predisposed by the dendritic cell
infiltration presented above. Particularly, we evaluated the
dynamics of tumor infiltration by immune cells expressing CD4,
CD8, and granzyme B (GrB).

Similar to the observations with dendritic cell infiltrate, B16F10
tumors displayed a lower degree of infiltration for investigated immune
cell populations compared to 4T1 tumors (Figures 7A-F). In particular,
CD4, CD8 and GrB positive immune cell populations were nearly
absent in BI6F10 tumors, whereas in 4T1 tumors, each cell population
was represented by at least 20, 7 or 5 cells per visual field (40 x
magnification), respectively. The observed difference indicates a more
notable fold-change following ECT in the case of B16F10 tumors
compared to 4T1 tumors. Additionally, it is worth mentioning that the
assessment of immune cell populations was confined to viable regions
within the B16F10 and 4T1 tumors. Therefore, extensive post-ECT
necrosis significantly limited the areas relevant to detect the immune
infiltrate in the tumor. This was especially notable in the case of ECT
using CDDP, where the necrotic area was the most extensive (Figure 3).

Regarding CD4 populations in B16F10 tumors (Figures 7A, B),
ECT with all three chemotherapeutic drugs effectively recruited
CD4 positive immune cells intratumorally on day 3. In contrast, in
4T1 tumors, only ECT with OXA demonstrated efficacy in
recruiting CD4 positive cells; however, on both, day three and
day seven. In the case of CD8 populations (Figures 7C, D), in
B16F10 tumors, ECT with BLM (day three) and OXA (day seven)
proved effective in recruiting immune cells. Additionally, successful
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recruitment was also observed in 4T1 tumors, specifically after ECT
with OXA (day three and day seven) as well as with CDDP (day
seven). Finally, effector immune cells expressing GrB, such as
natural killer cells and cytotoxic T cells (36), were assessed on
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days one, three, and seven following ECT (Figures 7E, F). Despite

varied infiltration on days one and three post-ECT, by day seven

ECT with all three chemotherapeutic drugs successfully attracted

effector cells intratumorally in both tumor models.
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The response to ECT using CDDP is immunomodulated in mice bearing B16F10 tumors. Comparison of tumor growth after ECT in wild type and
immunocompromised NUDE mice bearing (A) B16F10 and (B) 4T1 tumors. Tumor growth curves are presented (n = 6-8; AM + SE; T test at tumor
volume of 200 mm?; *p < 0.05). Control groups for each tumor model are repeated in all the three graphs.

3.6 Implication of systemic antitumor
effectiveness after intratumoral ECT

In exploring the systemic antitumor effects or protective
capabilities of local therapies, mouse metastases models are
indispensable in preclinical cancer research. Here, we investigated
the systemic antitumor effect of ECT with BLM, OXA or CDDP
utilizing mouse B16F10 metastatic model established through
induced lung metastases and 4T1 spontaneous lung metastases
model (Figure 8). We found a trend towards reduced numbers of
lung metastases following ECT with all the three chemotherapeutic
drugs in the B16F10 metastasis model (Figure 8A). In the 4T1
model, 28.6% (2/7) and 14.3% (1/7) of mice treated with ECT/BLM
and ECT/CDDP, respectively, displayed no metastases, while all
mice in the control group had metastases (Figures 8A-C).

4 Discussion

In this study, we examined the effectiveness of intratumoral
ECT with BLM, OXA and CDDP. Our objective was to conduct a
comprehensive comparison of both direct cytotoxic effects and,
notably, immunologically significant events resulting from
intratumoral ECT with three distinct chemotherapeutic drugs. To
achieve this, we employed two immunologically cold tumor models
—B16F10 melanoma and 4T1 mammary carcinoma. Our findings
indicate that intratumoral ECT, beyond its direct cytotoxic impact,
stimulates adaptive immune system locally with all three
chemotherapeutic drugs. Furthermore, our study demonstrates
systemic immune activation, as ECT with BLM and CDDP in
4T1 tumor model resulted in an abscopal effect.

Systemic anticancer treatments offer a comprehensive approach
to address malignancies throughout the body. The systemic delivery
of therapeutic agents, such as chemotherapeutic drugs, can result in
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widespread impact on both malignant and healthy tissues, leading
to a spectrum of side effects that often pose a considerable burden
on patients’ body (37). Local ablative therapies, on the other hand,
target only the primary tumor, but can also play a crucial role in
modulating the immune response. By stimulating the immune
system locally, these therapies hold the potential to induce an
abscopal effect—a phenomenon where the immune response is
activated not only at the treated site but also at distant, untreated
tumor sites. This dual impact represents a potential for a more
comprehensive and systemic antitumor response.

The specific modality within local ablative therapies is
intratumoral ECT. The application of electric pulses to the tumor
site in conjunction with reduced chemotherapeutic doses aims to
maximize therapeutic efficacy while minimizing systemic exposure
to cytotoxic agents (38). Moreover, the antitumor activity of ECT is
not limited to chemical killing effects, but also extends to
immunomodulatory actions (8, 17, 18, 23, 39).

To quantify the contribution of both cytotoxic impact and
immune activity in the antitumor response to ECT, establishing
equieffective ECT with BLM, OXA, or CDDP was a fundamental
prerequisite for comprehensively exploring the underlying
mechanisms in our study. Our specific objective was to assess and
compare the background mechanisms that result in equieffective
ECT across two tumor models. Consistent with previous
observations (8), in the 4T1 tumor model significantly lower
chemotherapeutic doses in ECT were required to achieve
equieffectiveness. Notably, the in vitro responsiveness of 4T1
tumor cells to ECT was shown to be comparable to the response
of B16F10 tumor cells (8, 18), suggesting the involvement of other
mechanisms in vivo.

The type of cell death following therapies plays a crucial role in
initiating immunologically significant events, and the antitumor
immune response, triggered by the death of tumor cells, contributes
significantly to disease control (40). Even electric pulses alone (31, 41,
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ECT stimulates dendritic cells. (A, B) In vitro phagocytic activity of dendritic cells after stimulation with ECT-treated B16F10 cells. (h=3, AM + SE; *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The intratumoral recruitment of dendritic cells (CD11c") varies depending on the chemotherapeutic
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cells. Scale bar: 20 um. (n=3, AM + SE; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Created with BioRender.com.

42) or chemotherapy alone (43) can trigger these events. Following
ECT with BLM, OXA or CDDP, documented outcomes include
apoptosis, necrosis, and immunogenic cell death (17, 18, 31, 44).
Furthermore, the mechanisms of cell deaths were closely associated
with the extent of internalized chemotherapeutic drugs (45). In the
realm of immunogenic, tolerogenic, and silent cell deaths (19), our
specific focus here was on immunologically recognizable cell deaths,
namely necrosis and immunogenic cell death. It is noteworthy that our
study represents the first comparison of the immunologically
recognizable types of cell death in preclinical in vivo models with
intratumoral ECT between the three chemotherapeutics BLM, OXA
and CDDP.

The application of intratumoral ECT with BLM, OXA, or
CDDP resulted in a noticeable increase in necrotic areas in both
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tumor models. Interestingly, the degree of necrosis was more
pronounced in the B16F10 tumor model than in the 4T1 tumor
model. This distinction became particularly evident seven days after
the ECT. Hence, this confirms the involvement of additional
mechanisms that contribute to equieffectiveness of intratumoral
ECT such as immunological component. We confirmed the
immunogenic cell death after electrochemotherapy with all the
three chemotherapeutic drugs. Namely, CLR translocation and
HMGBI release, markers of immunogenic cell death, were
detected after ECT in both tumor models. This result is
consistent with our previous in vitro study on B16F10 and 4T1
tumor models (18) that demonstrated that ECT with all three tested
chemotherapeutics induced ICD-associated DAMPs in a cell line
and chemotherapeutic concentration specific- manner. Since
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Local adaptive immune response is activated after ECT. IFC and IHC stainings of both, B16F10 and 4T1 tumors were performed one, three and seven
days after the ECT with BLM, OXA or CDDP. Specifically, (A, B) CD4 positive immune cells, (C, D) CD8 positive immune cells as well as (E, F)
granzyme B (GrB) positive effector cells were detected intratumorally in viable tumor parts. Arrows indicate IHC or IFC positive cells. Scale bar: 30
um [IFC; (A-D)] and 20 um [IHC; (E, F)]. (n=3, AM + SE; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

quantification was extensively studied in vitro in the mentioned
study, our aim here was solely to confirm the occurrence of
immunogenic cell death in vivo. Our results suggest that
immunologically recognizable cell deaths, necrosis and ICD, are
evident as early as 24 hours post ECT.

To upgrade our investigation of kinetic changes and make
comparisons based on tumor cell type, chemotherapeutic drug
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type, and dosage, examination of cell death mechanisms within
first 24 hours after ECT would be more informative. Namely, the
previous studies (44) indicate both direct necrotic cell damage and a
rapid activation of apoptotic mechanisms, detectable as early as 10
minutes post-ECT, peaking at 3 hours post-ECT, and persisting in
the subsequent days. The apoptotic phase precedes extensive tumor
necrosis at 48-72 hours post-ECT. Therefore, investigating the
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Systemic antitumor effectiveness after intratumoral ECT. (A) Two mouse models of systemic disease were used; B16F10 mouse metastatic model
established through induced lung metastases and 4T1 spontaneous metastases model (n=6-8; AM + SE). (B) Percentage of mice without detected
metastasis at human endpoint in 4T1 spontaneous metastases model (two-sided Fisher's exact test, *p < 0.0001). (C) Representative images of
mouse lungs of untreated mice and mice post-ECT. Created with BioRender.com.

kinetic differences in cell death mechanisms specific to the
chemotherapeutic drug in ECT requires examination within
hours post-ECT.

Given this context, there is a demand for personalized
therapeutic approaches and the identification of biomarkers to
tailor therapy (de)escalation during the course of ECT (38).
Blood-based biomarkers appear promising due to their ease of
collection and the ability to be repeatedly measured during
treatment. Serum HMGBI1 concentration appears to reflect
complex and diverse immunogenic responses (46). Apart from
serving as an indicator of immunogenic cell death, extracellular
HMGBI has consistently been utilized as a biomarker for general
plasma membrane permeabilization (47). Additionally, HMGB1
could be employed as a diagnostic marker for early cancer detection.
Specifically, HMGBI levels are elevated in cancer patients, both
locally in tumor cells and systemically in serum (48, 49).
Additionally, infection and treatment-associated toxicity should
be considered when interpreting the dynamics of HMGB1 (50).
As these events are interconnected, it is challenging to pinpoint
which event or combination of events is responsible for the altered
HMGBI concentration in tumor-bearing mice and treated mice.

In this paper, we investigated serum HMGB1 concentrations in
naive, untreated, and ECT-treated mice. ELISA tests on serum
confirmed that tumor-bearing mice have higher blood HMGBI
concentrations compared to naive mice. However, we observed a
trend toward decreased serum HMGBI concentration post-ECT.
Yet, the decrease was not consistent and depended on the tumor
type and chemotherapeutic drug. Our results suggest that serum
HMGBI concentration primarily reflects tumor burden, which, as
described above, is a potential confounder and therefore may not be
a reliable biomarker of response to ECT. However, HMGBI1
increase was evident locally at the tumor site after ECT, while it
was undetectable in untreated tumors. Therefore, we showed that
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this DAMP is present after ECT at the treatment site, confirming
the ECT’s potential for in situ vaccination.

The utilization of immunodeficient mice, such as athymic NUDE
mice, incapable of T cell production, enabled us the examination of
immune-modulated antitumor responses. The initial studies that first
demonstrated the enhanced response to ECT with CDDP and BLM in
wild-type mice compared to immunodeficient mice were conducted
already in the 1990s (39, 51). Nevertheless, the strength of our study lies
in the fact that we conducted a comparative analysis of intratumoral
ECT using BLM, OXA, and CDDP within a single study.

We observed a significant role of T cells in the antitumor
response in B16F10 melanoma following ECT with CDDP.
Unexpectedly, the absence of a differential antitumor response
with the other two chemotherapeutic drugs administered was
notable in both the B16F10 tumor model and the 4T1 tumor
model. However, this could be attributed to suboptimal doses of
chemotherapeutic drugs in ECT used in the current study,
compared to our previous study (39), where the differential
response was apparently evident in the fraction of complete
responses. Specifically, immune system responses particularly play
a crucial role in eliminating the minority of remaining tumor cells
post-therapy. Therefore, the predominance of cytotoxic effects over
the immunological effects may contribute to these outcomes.
Recognizing that the ablation potential could obscure the
immunological effects, we hypothesized that these effects remain
significant. To investigate this further, histological analyses of the
tumor infiltrate were subsequently conducted. Furthermore, it is
important to note that T cells are not the sole immune cell
populations involved in the immune-antitumor response post-
ECT. Therefore, utilizing other immunodeficient mouse strains or
implementing strategies to selectively block specific immune cell
populations (52) would provide a more precise understanding of
the immune involvement.
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The aim of intratumoral immunological treatments is to provoke a
localized immune response, exploiting its potential to identify and
combat both nearby and distant tumors (3, 7, 53). Initially, post-
therapy immunostimulatory tumor microenvironment, including
immunologically important changes on tumor cells as well as
immunologically recognizable ways of cell death accompanied by
DAMPs release (8, 18) attract dendritic cells intratumorally.
Thereafter, in situ vaccination requires priming of CD8+ T cell
responses against solid tumors and is predisposed by the
involvement of cross-presenting specialized dendritic loaded with
tumor antigens (5, 53, 54). Therefore, to examine that, our study
firstly focused on in vitro and in vivo activities of dendritic cells
after ECT.

Through in vitro phagocytic experiments, we demonstrated that
B16F10 tumor cells treated by ECT using BLM effectively enhanced
the phagocytic activity of dendritic cells 48 hours after co-culturing.
However, this stimulation was not observed with chemotherapy
alone or in any other ECT group. One possible mechanism for
dendritic cell activation is through an HMGB1-dependent manner
(6). Since it has been confirmed that the expression of HMGBI is
elevated after ECT, this could be one of the potential mechanisms.
However, the kinetic differences in HMGBI release, as assessed in
our previous in vitro study (18), cannot fully account for the
variations in phagocytic activity stimulation among the different
ECT groups utilizing various chemotherapeutic drugs.

A limitation of the conducted experiment was that only one
time point after the therapy was assessed. Furthermore, due to the
different growth media of tumor cells and dendritic cells, only a
portion of the tumor cell medium was introduced to dendritic cells
with soluble factors released from dying tumor cells. The sole
rationale that could be inferred for the chosen time point after
ECT, specifically 48 hours post-therapy, is that immunostimulatory
DAMPs following ECT using BLM may occur more rapidly
compared to ECT with OXA or CDDP. However, further studies
are necessary to investigate and address this hypothesis.

Intratumoral presence of dendritic cells is crucial for efficient in
situ vaccination due to their ability to internalize and process
antigens released by tumors and thereby activate a broad and
patient-specific antitumor T cell response. (3, 55). The initial state
of high dendritic cell infiltration was shown to correlate with the
“inflamed phenotype” of the tumor immune status rather than
tumor mutational burden, suggesting that the limitation in priming
antitumor T cells is more associated with neoantigen presentation
than neoantigen expression (56-58). This is important considering
the tumor models used in our study: namely 4T1 tumors have low
mutational burden but high MHC-1 expression compared to
B16F10 with a higher mutational burden but low MHC-1
expression (8, 32-34). In our study, we observed variations in
dendritic cell infiltration, with 4T1 tumors exhibiting higher
infiltration compared to B16F10 tumors. In fact, using ECT as a
strategy for in situ vaccination, one of our aims was to address the
challenge of low intratumoral dendritic cell numbers.

There is only one clinical study that examines dendritic cell
subsets at the lesion site both before and after ECT (59). The study
demonstrated effective infiltration of dendritic cells in and around
the melanoma lesions undergoing ECT with BLM. In our study,
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ECT demonstrated greater success in attracting dendritic cells in the
4T1 tumor model compared to B16F10 tumor model, regardless of
the chemotherapeutic drug used. We thus speculate that initial
dendritic cell status correlates with the higher immune-modulated
antitumor response. Given that the doses in ECT were equieffective
for B16F10 and 4T1 tumors in our case, we propose that the
immunological component in the antitumor response is more
pronounced in 4T1 tumors compared to BI6F10 tumors. Another
piece of evidence supporting this hypothesis is the lower necrotic
area observed in 4T1 tumors following ECT, as described above. In
our study, we did not consider the activation state of dendritic cells.
Namely, dendritic cells are immunogenic when activated but
tolerogenic when immature (60). Therefore, for the future studies,
we propose to take into the account both, (strong) dendritic cells
activation stimuli and dendritic cell activation markers after ECT.

To prove in situ vaccination, we further examined the capacity of
ECT with the three chemotherapeutic drugs to attract immune cells
intratumorally, predisposed by the previously discussed dendritic cell
infiltration. Specifically, we assessed the dynamics of tumor infiltration
by immune cells, focusing on adaptive immunity markers CD4, CDS,
and GrB. In line with previous reports (8, 32), BI6F10 tumors exhibited
lower infiltration levels of the examined immune cell populations
compared to 4T1 tumors. ECT demonstrated success in recruiting
CD4, CD8, and GrB-positive immune cells intratumorally. The kinetics
and extent of the tumor immune infiltrate positive for CD4 and CD8
following ECT were contingent upon both: the chemotherapeutic drug
used and the type of tumor. Our findings align with preclinical and
clinical studies on ECT and immune infiltrate (44, 61-63). Notably,
CD4 and CD8 T lymphocytes were detected at all stages of the tissue
reaction following ECT with BLM. In the study by Bigi et al. (44), the
post-ECT infiltrate was primarily composed of CD8+ cells, with CD4+
lymphocytes being scarce. Similarly, in the investigation by Di Gennaro
etal. (62), CD8+ T cells increased in the perilesional dermis post-ECT,
but were rare at the tumor border and within the lesion, with no
significant variation in CD4+ T cell numbers. It is important to note
that CD4-positive lymphocytes play a multifaceted role in the anti-
tumor immune response, since CD4 marker is also expressed in
regulatory T cells with immunosuppressive characteristics (64), a
phenomenon also observed after ECT (62).

In our study, mice exhibited non-uniform changes in the
immunological microenvironment post-ECT, with some showing
robust infiltration and others only a moderate, consistent with other
studies (6, 62). This variability may partially explain the ineffectiveness
of the combination of ECT and immunotherapy in some patients, as
sufficient T cell infiltration in tumor tissues is a prerequisite for
responding to immunotherapies (65). We assume that substantial
post-ECT' necrosis at days one and three post-ECT significantly
restricted areas representing the tumor immune infiltrate. Again, this
observation aligns with findings from clinical studies following ECT
with BLM (44, 62). In our study, and the aforementioned
investigations, the infiltrate was notably concentrated at the tumor
margin, around the central necrosis, or in close proximity to dead
tumor cells — key elements in the late inflammatory response.

Among the three investigated immune cell populations, our
focus centered on GrB-positive effector cells, encompassing natural
killer cells and cytotoxic T cells, serving as a biomarker indicative of
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immune priming (36). Significantly, by day seven post-ECT, ECT
with all three chemotherapeutic drugs successfully attracted effector
cells intratumorally in both tumor models. This underscores the
induction of specific adaptive immune responses, collectively
indicating successful in situ vaccination.

Collectively, our data demonstrate that comparing immunologically
significant events following ECT with the three chemotherapeutic drugs
in two tumor models is complex and challenging. This complexity is
particularly apparent when making comparisons across time points.
Notably, the similar antitumor responses observed after ECT in both
immunocompromised and wild type mice do not inherently exclude the
involvement of an antitumor immune response.

In this study, we exclusively focused on adaptive immune
responses. However, the antitumor immunity encompasses both
innate and adaptive immune responses, both contributing to tumor
control (66, 67). Considering the available data, it is crucial not to
overlook the involvement of innate responses in the antitumor
response, even after pulsed electric fields. For instance, in a clinical
study on melanoma, clusters of CD56+ natural killer cells were
observed within tumor nodules, appearing as early as 3 hours and
persisting up to 1 month after ECT with BLM (44).

Finally, to substantiate the systemic antitumor effect of
intratumoral ECT with BLM, OXA, or CDDP, we employed mouse
metastatic models. Notably, rare instances of an abscopal effect have
been reported in previous preclinical models following ECT
monotherapy. These cases involved contralateral tumors representing
treated tumors and untreated distant metastases, specifically:
intratumoral ECT with BLM (8, 17) and CDDP (22) in CT26 colon
carcinoma, intratumoral ECT with BLM or CDDP in B16F10
melanoma (8), and ECT with BLM in 4T1 mammary carcinoma
(23). In the latter tumor model, BLM was administered systemically.
ECT with intratumoral CDDP also reduced metastatic tumor burden
in the lung in the Lewis lung carcinoma tumor model (22).

In the current study, the systemic effect of intratumoral ECT was
examined in lung metastases, including both spontaneous (4T1) and
induced (B16F10) models. Mice within the same treatment group
showed varying responses, resulting in a wide range of outcomes.
Although not statistically significant, there was a trend towards fewer
lung metastases following ECT with all three chemotherapeutics in the
B16F10 metastatic model. It is worth noting that, in the current study,
we used suboptimal doses of chemotherapeutics to enable future
combination with immunotherapies, which may explain the lack of
statistically significant differences in the B16F10 tumor model.
Nonetheless, despite the suboptimal chemotherapeutic doses, our
findings suggest a systemic induction of the immune response and
confirm the presence of an abscopal effect in the 4T'1 tumor metastatic
model following ECT with BLM and CDDP. Notably, a subset of mice
in these groups exhibited a complete absence of metastases.

In conclusion, this is the first preclinical study delving into the dual
impact of intratumoral ECT using three distinct chemotherapeutic
drugs - BLM, OXA, and CDDP - using two immunologically cold
mouse tumor models. Our findings confirmed the involvement of the
adaptive immune system in the antitumor response for all three
variations of ECT. Differences in immune intervention after
equieffective intratumoral ECT were highlighted by variable kinetics
of immunologically recognizable cell deaths and immune infiltrate
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across the studied tumor models. Particularly, the 4T1 tumor model
exhibited a more pronounced involvement of the immune component
compared to the BI6F10 tumor model. Nevertheless, in both cases, ECT
demonstrated effectiveness in inducing in situ vaccination; however, an
abscopal effect was observed in the 4T1 tumor model only. The
deciphered variable kinetics and antitumor (immune) response to
ECT across different tumor models and chemotherapeutic drugs lay
the foundation for further investigations. This knowledge aims to
strategize and implement combined treatments more effectively in
future studies.
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