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Gene electrotransfer (GET) has recently emerged as an effective
nonviral approach for plasmid DNA (pDNA) delivery in gene
therapy for several pathologies, including cancer. Multiple
mechanisms have been identified that influence cell biology af-
ter GET, as electroporation significantly increases pDNA up-
take and immunogenicity, which may directly influence target
cell death. However, the molecular effects of in vivo electropo-
ration-mediated DNA delivery have yet to be fully elucidated.
In this study, we evaluated the transcriptomes of murine
colorectal tumors treated with two protocols, short- and
high-voltage (SHV) electric pulses or an adapted high-
voltage-low-voltage (HV-LV) pulse protocol, both of which
are used for reversible electroporation. Although no significant
differences in clinical outcomes were observed, variations in in-
tratumoral macrophage infiltration were reported between the
two treatment methods. Transcriptomic analysis revealed that
apoptosis is a predominant mode of cell death after GET by
SHYV pulses, whereas GET by HV-LV pulses is associated with
immunogenic necrotic pathways as well as the activation of
both the innate and adaptive immune response. We demon-
strated that specific pulse parameters can induce distinct
immunomodulatory profiles in the tumor microenvironment;
therefore, these aspects should be considered carefully when se-
lecting the most suitable GET-based approach for antitumor
immunization.

INTRODUCTION

Gene electrotransfer (GET) is a promising nonviral method for gene
delivery in which plasmid DNA (pDNA) is transferred into various
cells via electric pulses.' Compared with viral gene delivery, GET is
a safer and more cost-effective method, and the application of electric
pulses enhances the otherwise low transfection efficiency of pDNA in
tissues.” This technique has shown great potential for treating various
diseases, including infectious diseases, genetic disorders, and cancer.’
It is an excellent tool for the delivery of therapeutic genes” and vac-

cines.” GET offers several advantages over viral vectors, such as safety,
ease of use, low cost, and the ability to transfer large plasmids into
various tissue types, including solid tumors. Preclinical animal
studies of intramuscular or intratumoral electroporation (EP) of
pDNA encoding tumor antigens and/or immunostimulatory mole-
cules”® predict that GET-based approaches could be translated for
use in veterinary and clinical therapeutic protocols. Currently, this
technique is used in veterinary practice for immunotherapy.’
Recently, the combination of GET and electrochemotherapy (ECT)
has been explored.'” GET protocols for plasmid delivery have also
been tested in several clinical trials involving both intramuscular'' ">
and intratumoral immunotherapy,'*"'® supporting the safety and po-
tential impact of pDNA EP.

Currently, a very active area of research involves improving pDNA
electrotransfer protocols to minimize tissue damage and increase
gene transfection efﬁciencyw’zu; however, the molecular effects of
DNA delivery in vivo remain poorly characterized.

Recent advancements in omics technologies have greatly expanded
the potential for analyzing and understanding therapeutic mecha-
nisms at the molecular level. An early RNA sequencing (RNA-seq)
study in which mouse muscles were injected with pDNA and electro-
porated provided information on the molecular changes in immune
signaling pathways in response to the intramuscular plasmid
EP.*"** Most recently, RNA-seq was used to identify genes that
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Figure 1. In vivo antitumor effect of pPDNA GET using
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the tumor doubling time, (D) tumor growth inhibition and
(E) responses after pDNA GET via the SHV or HV-LV
pulse protocol. PD, progressive disease; PR, partial
response; SD, steady disease. Data presented as the
arithmetic mean (AM) = standard deviation (SD) (n > 5).
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may influence transfection efficiency in a panel of four cell lines in
terms of activation of the innate immune response to in vitro trans-
fection of pDNA.*

This study represents an important step forward in understanding the
molecular mechanisms involved in the modulation of both the innate
and adaptive immune responses and in the activation of various cell
death pathways after the in vivo application of EP protocols for ge-
netic transfer. We first performed RNA-seq analysis on tumors in-
jected with noncoding pDNA and electroporated via two different
EP protocols for GET approaches. As emphasized in previous
studies,”””*"*° the EP-mediated administration of control, noncoding
PpDNA in gene therapy studies provides a suitable platform for under-
standing the fundamental responses to GET-based approaches.

The first protocol tested in our study was based on short- and high-
voltage (SHV) electric pulses, which have been successfully used for
gene therapy with pDNA encoding human interleukin-12 (IL-12)
in clinical trials, following preclinical studies that demonstrated its
efficacy. 14152730

The SHV pulse protocol was selected because it has been successfully
used in clinical GET trials'*""®*” and is already used in clinical set-
tings in Europe for ECT?"*%; therefore, it could be easily adapted
for use in GET approaches in Europe. Its wide recognition also makes
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treated with intratumoral noncoding pDNA
EP rather than an antigen or immunostimula-
tory molecule. Leukocyte infiltration in tumors
was evaluated after both treatments, and RNA-
seq analysis was performed to assess gene
expression changes induced by GET, with a specific focus on immune
and cellular signaling pathways.

RESULTS

Intratumoral plasmid GET using SHV and HV-LV electric pulse
protocols results in similar effects on tumor growth

The effects of pDNA transfection via the SHV and HV-LV pulse pro-
tocols on tumor growth in a CT26 murine colon cancer model were
evaluated in vivo. Drug-response analysis of the patient-derived xeno-
graft (PDX) platform (DRAP) following GET revealed delayed tumor
growth in both GET-treated groups compared with the control (Ctrl)
group, but this difference did not reach statistical significance (Fig-
ure 1A). Tumor growth was similar among individual mice in both
groups, except for two mice treated with pDNA via the SHV protocol,
which exhibited a prolonged delay in tumor growth. None of the
treatments affected the body weights of the mice (Figure 1B). The
mean tumor volume doubling times (DTs) for the pPDNA SHV and
pDNA HV-LV groups were 10.78 (+8.19) and 7.36 (+1.28) days,
respectively (Figure 1C). In addition, in the first 5 days after treat-
ment, the calculated tumor growth inhibition (TGI) differed between
the treatment groups, with a more prominent TGI observed in the
pDNA HV-LV group (Figure 1D). However, owing to the prolonged
tumor growth delay of the two groups of mice in the pDNA SHV
group, the TGI increased in the days following and became greater
than that in the pDNA HV-LV group. The treatment responses of
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Figure 2. Immune cell infiltration at the tumor edges on days 3 and 7 after pDNA GET in CT26 murine tumors via the SHV or HV-LV pulse protocol

(A and B) Immunofluorescence analysis (cell nuclei, blue; anti-CD4 or anti-CD8, yellow; anti-CD31, red; anti-F4/80, green) on tumors collected on (A) day 3 and (B) day 7 after
GET for histological analysis. Scale bar: 100 mm. (C-H) Quantification of immunofluorescence data presented as the AM + SD (n > 5). Statistical significance was determined
by one-way ANOVA. Adjusted p < 0.05 was considered to indicate statistical significance (‘o < 0.05, **p < 0.01, ***p < 0.0001 vs. control, untreated cells or tumors [Ctrl])

between treatments or time points.

the mice were assessed based on Novartis Institutes for BioMedical
Research PDX encyclopedia (NPDXE) response criteria from the
DRAP package. In the pDNA SHV group, DRAP analysis identified
and separated the two groups of mice with prolonged tumor growth
delay—one with a partial response and the other with stable disease
(Figure 1E). All other responses were identified as progressive disease.
In the pDNA HV-LV group, all the responses were identified as pro-
gressive disease.

CT26 tumors show differential infiltration of cytotoxic T cells and
macrophages after pDNA GET via the SHV or HV-LV pulse
protocol

To determine the effect of pPDNA GET on CT26 tumors via SHV or
HV-LV pulse protocols on the recruitment of immune cell subpop-
ulations, immunofluorescence analysis of CD4" helper and CD8*
cytotoxic T cells, as well as F4/80" macrophages, was performed
on tumor tissues collected 3 and 7 days after therapy (Figure 2).
On day 3, image analysis of tumor edges revealed an initial decrease
in the number of CD4" and CD8" T cells compared with that in
control tumor tissues, regardless of the electric pulse protocol
used (Figures 2A and 2B). However, on day 7, an increase in
CD4" T cells and an even greater increase in CD8" T cells were
observed in both treatment groups. In particular, the SHV pulse

protocol led to a significant increase in CD8" T cells on day 7
compared with those in all the other groups on day 3 (Figures 2C
and 2D; Table S3). To investigate whether there was a spatial corre-
lation between infiltrated immune cells and tumor vessels, we also
stained CD31" endothelial cells and measured the distance from
CD4" and CD8" T cells to tumor vessels (Figures 2E and 2F).
None of the tested electric pulse protocols affected the distance of
CD4" and CD8" T cells to the tumor vessels at either time point.

Among the most notable changes observed after the treatment was
also the number of F4/80" macrophages (Figure 2G). Interestingly,
the SHV pulse protocol led to a significant decrease in macrophage
infiltration on day 3 after therapy, which was restored on day 7 and
significantly increased compared with that of the control. The oppo-
site trend was observed for the HV-LV pulse protocol; on day 3, the
area of macrophage infiltration was significantly greater than that of
the control, but on day 7, it decreased and was similar to that of the
control. Additionally, the HV-LV pulse protocol on day 3 resulted
in a significant increase in macrophage recruitment compared with
that in all the other groups on day 7 (Figure 2G; Table S4).

CD31" endothelial cells were not significantly affected by the treat-
ment, although the area of the tumor vessels slightly increased on
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Figure 3. Differential gene expression analysis in
CT26 murine tumors treated with pDNA GET via the
SHV or HV-LV pulse protocol
(A-C) Venn diagrams showing the distribution of DEGs
among pairwise comparisons. DEGs with adjusted
p < 0.05 were considered significant. (D-G) Volcano plots
$ showing significant gene expression changes between
the control group and the groups of tumors that received
pPDNA GET via the SHV and HV-LV pulse protocols.
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day 7 (Figure 2H). Compared with those at the tumor edge, there
were no significant changes in the numbers of investigated immune
cell populations in the tumor core after treatment (Figures SI
and S2).

Genome-wide expression analysis

Genome-wide expression analysis was performed to identify genes
regulated by both pDNA GET treatments (i.e., the SHV and HV-
LV electric pulse protocols). Transcriptome analysis on day 3 after
treatment revealed 12,739 differentially expressed genes (DEGs) in
tumors treated with the HV-LV pulse protocol and 6,481 DEGs in tu-
mors treated with the SHV pulse protocol compared with those in the
controls (Figure 3A). A total of 6,164 DEGs were shared by both treat-
ments. Transcriptome analysis on day 7 revealed the opposite trend:
compared with the control protocol, the SHV pulse protocol gener-
ated 11,451 DEGs, whereas the HV-LV pulse protocol generated
only 156 DEGs in treated tumors (Figure 3B). A total of 145 DEGs
were shared by both treatments. Considering both time points of
analysis (i.e., day 3 and day 7 after applying the GET protocols), we
also obtained the number of DEGs shared across all the experimental
conditions (Figure 3C). For example, tumors treated with the SHV
pulse protocol on day 3 and day 7 presented 5,883 DEGs, whereas tu-
mors treated with the HV-LV pulse protocol on day 3 and day 7 pre-
sented 149 DEGs.

Volcano plots are shown to provide an overview of the differential
expression of genes between tumors injected with pDNA and those
exposed to SHV (Figures 3D and 3E) or HV-LV (Figures 3F and
3G) pulse protocols on day 3 and day s7even, respectively.
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Encyclopedia of Genes and Genomes (KEGG)

pathways.” In particular, the most upregulated
KEGG pathways in tumors treated with the pPDNA SHV pulse protocol
3 days after treatment were related to Immune Cell Trafficking (5100
Family Signaling Pathway), Cellular Growth and Proliferation (G-Pro-
tein-Coupled Receptor Signaling), and Cell Signaling and Molecular
Transport (Cyclic AMP-Mediated Signaling and Calcium Signaling)
(positive Z score and —log(p value) >1.6) (Figure 4A). In contrast,
the most downregulated KEGG pathways were related to Protein
Signaling and Cell Death and Survival (EIF2 Signaling) (negative Z
score and —log(p value) = 3.1), followed by BEX2 Signaling Pathway
(—log(p value) = 3) and Developmental Disorder and Metabolic Dis-
ease (Oxidative Phosphorylation) (—log(p value) = 1.7) (Figure 4A).

For the same experimental group analyzed 7 days after the application
of the SHV pulse protocol, the most enriched KEGG pathway in
treated tumors was related to Cell-to-Cell Signaling and Interaction
(Granzyme A Signaling) (positive Z score and —log(p value) = 3.6);
conversely, the most downregulated KEGG pathway was associated
with Protein Signaling, Cell Death and Survival (EIF2 Signaling)
(negative Z score and —log(p value) = 7.6) (Figure 4B). In addition,
significant differential activation of other signaling pathways related
to metabolic reactions was observed in this group. In particular, sig-
nificant downregulation of Serine and Glycine Biosynthesis, Purine
Nucleotides De Novo Biosynthesis II, Phosphatidylglycerol Biosyn-
thesis II, and Superpathway of Cholesterol Biosynthesis was observed
(negative Z score and —log(p value) >1.3) (Figure 4B).

Focusing on cell functions, we observed a shift from the initial activa-
tion of functions related to the Cellular Immune Response, Cancer,
Intracellular, and Second Messenger Signals and Cellular Stress and
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Figure 4. Enriched GO canonical pathways in the
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Analysis of tumors treated with pDNA GET via the SHV
pulse protocol compared with controls at (A) 3 days and
(B) 7 days. The plot shows the GO molecular function
terms plotted in order of significance.
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thesis, and Glycolysis I) (negative Z score and
—log(p value) > 2.5) (Figures 6B and S3B).
Moreover, this group exhibited differential acti-
vation and inactivation of several pathways
related to immune functions, such as the Thl
Pathway, IL-12 Signaling and Production in
Macrophages, Th2 Pathway, the GP6 Signaling
Pathway, Natural Killer Cell Signaling, and
Pathogen Induced Cytokine Storm Signaling
Pathway (positive Z score and —log(p value)

Injury 3 days after PDNA GET via the SHV pulse protocol to the inac-
tivation of these same functions by day 7 after treatment. At this time
point, we found a downregulation of functions related to Intracellular
and Second Messenger Signal, Cellular Stress and Injury, Cell Growth,
Proliferation, and Development, along with moderate activation of
functions related to Cellular Immune Response (Figures 5A and 5B).

Functions related to Cell Death and Survival, Cell Signaling, and
Immune Response are modified in CT26 tumors after pPDNA GET
via the HV-LV electric pulse protocol

Similar to the findings in tumors subjected to pDNA GET via the
SHV pulse protocol, tumors treated with the HV-LV pulse protocol
presented significant downregulation of KEGG pathways related to
Protein Signaling, Cell Death and Survival (EIF2 Signaling) 3 days af-
ter treatment (negative Z score and —log(p value) = 16). This was fol-
lowed by various metabolic pathways (Superpathway of Cholesterol
Biosynthesis, Mevalonate Pathway, Cholesterol Biosynthesis), Cell
Cycle Control of Chromosomal Replication and Oxidative Phosphor-
ylation (—log(p value) >1.5) (Figure 6A). In contrast, the most upre-
gulated KEGG pathway was related to Immune Cell Trafficking (S100
Family Signaling Pathway) (positive Z score and —log(p value) > 2.5),
followed by pathways related to mitochondrial dysfunction (positive
Z score and —log(p value) >2.5) and Cell Signaling and Molecular
Transport (Calcium Signaling and Granzyme A Signaling) (positive
Z score and —log(p value) >1.5) (Figure 6A).

>6), as well as T Cell Receptor Signaling, TEC

Kinase Signaling, ICOS-ICOSL Signaling in T
Helper Cells, CD28 Signaling in T Helper Cells, S100 Family Signaling
Pathway, IL-4 Signaling, Crosstalk Between Dendritic Cells and
Natural Killer Cells, and Leukocyte Extravasation Signaling and
Phagosome Formation (positive Z score and —log(p value) >3) (Fig-
ures 6B and S3B). Interestingly, there was also a significant involve-
ment of pathways related to Cellular Assembly and Organization,
such as the upregulation of FAK Signaling, Actin Cytoskeleton
Signaling, and Wound Healing Signaling Pathway (positive Z score
and —log(p value) >3) (Figures 6B and S3B).

With respect to cell functions, a similar trend was observed in the acti-
vation of functions previously observed in tumors treated with pDNA
GET via the SHV pulse protocol at both 3 and 7 days after treatment.
However, a significant difference was detected on day 7 after treat-
ment. At this time point, there was strong activation of functions
related to Cell Cycle Regulation, Intracellular and Second Messenger
Signaling, Cellular Stress and Injury, Cellular Growth, and Prolifera-
tion and Development compared to the moderate activation of these
functions in tumors treated with pDNA GET using SHV pulse proto-
col at the same time point. Moreover, there was a shift from the initial
activation of functions related to Cellular Immune Response, Cancer,
Intracellular and Second Messenger Signal, and Cellular Stress and
Injury in tumors analyzed three days after pPDNA GET via the SHV
pulse protocol to the inactivation of these same functions 7 days after
treatment. At this later time point, a downregulation of functions
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related to Intracellular and Second Messenger Signal, Cellular Stress
and Injury, and Cell Growth, Proliferation, and Development was
observed, with moderate activation of functions related to the Cellular
Immune Response (Figures 7A and 7B).

DISCUSSION

The delivery of naked DNA to cells can activate various signaling
pathways, leading to immune responses and different cell signaling
pathways. When pDNA enters a cell, it can activate several pathways
that sense the innate immune response, such as Toll-like receptor
signaling, the cyclic guanosine monophosphate-adenosine mono-
phosphate synthase-stimulator of interferon genes pathway, and the

. 35,36
AIM?2 inflammasome.™

Previous studies have investigated gene expression changes after intra-
muscular pDNA electrotransfer, testing the use of electric pulses in
combination with or without pDNA injection.”"”” These studies
demonstrated that the application of electric pulses alone to muscle in-
duces the expression of short-term chemokines as well as several stress-
related mRNAs. However, the combination of pDNA injection and EP
induces more significant chemokine expression”' and an inflammatory
response,”” especially 7 days after intramuscular pDNA electrotrans-
fer.”® These studies also reported slightly divergent results depending
on the different time points assayed, such as acute responses a few
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to study the early innate immune response,

which is typically established within the first
few days, as well as the adaptive immune response, which usually oc-
curs 5 days after treatment.*

The antitumor effect of pPDNA GET via SHV and HV-LV pulse proto-
cols on a CT26 murine colon cancer model was observed by measuring
tumor growth after treatment. DRAP analysis revealed delayed tumor
growth in both treatment groups compared with the control group,
suggesting a possible role of both GET treatments alone (i.e., in the
absence of an antigen or an immunomodulatory molecule) in affecting
tumor development. In particular, TGI initially differed between the
treatment groups, with the most prominent TGI in the pDNA HV-
LV group. However, owing to the prolonged tumor growth delay of
the two mice in the pDNA SHV group, the TGI in the days following
increased and was greater than that in the pDNA HV-LV group. More-
over, DRAP analysis was able to distinguish and categorize different
types of responses following treatment with the SHV pulse protocol,
identifying partial response and stable disease response. In the
pDNA HV-LV group, all treatment responses were identified as pro-
gressive disease. These results indicate that although the tested GET
pulse protocols are similar, the SHV pulse protocol led to a better over-
all response than the HV-LV pulse protocol did, but the difference did
not reach statistical significance. Therefore, we cannot highlight differ-
ences between the two GET protocols in counteracting tumor develop-
ment in the absence of immunomodulatory molecules.



www.moleculartherapy.org

Analysis: Day 3 pDNA HV-LV vs Ctrl

W positive z-score |:] zscore=0 [l negative z-score no activity pattern available

log(p-value)

Mevalonate Pathway | | 1
Cholesterol Biosynthesis | pm—"m
c Il (via 24,25 e
C Il (via O e
Mytocondrial Dysfunction
Cell Cycle Control of Chromosomal Replication
Sirtuin Signaling Pathway
$100 Family Signaling Pathvaay psss s
ZynZs(gol B’:gsynlhesiz I -
Oxidative Phosphorylation -
NAD Signaling Pathway L_
Calcium Signaling |-
Granzyme A Signaling
Ga Signaling

00051.015202530354045506560657.07.52.0250.00510.010511.011.512012513.0125140145150155 180

Figure 6. Enriched GO canonical pathways in the
pDNA HV-LV group

Analysis of tumors treated with pDNA GET via the HV-LV
pulse protocol compared with control tumors at (A) 3 days
and (B) 7 days. The plot shows the GO molecular function
terms plotted in order of significance.

tation of antigens following tumor cell death.*'
Additionally, compared with the HV-LV proto-
col, the SHV protocol likely facilitates more
consistent antigen and damage-associated mo-
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the tumor vessels at any of the examined time
points. These findings suggest that the primary
factor influencing immune cell dynamics in our
setting is the direct impact of pDNA GET on
cellular viability and the release of immune at-
tractants rather than changes in vascularization
or endothelial activation.

Notably, the most evident changes were obse-

Although the proportions of different immune cell subsets infiltrating
CT26 tumors vary among studies, Mosely and colleagues defined the
CT26 tumor model as immunoinflammatory, characterized by high
infiltration of natural killer (NK) (>26%) and T cells (>18%), among
which CD8" cytotoxic T lymphocytes (CTLs) are predominant
(>5%).” The effect of noncoding pDNA delivery via GET pulses (8
square electric pulses with a voltage-to-distance ratio of 600 V/cm, a
pulse duration of 5 ms, and a frequency of 1 Hz) on NK cell and
CTL infiltration in B16F10 tumors was previously reported by Savarin
et al."” Immunohistochemical staining on day 6 after therapy revealed
an increased number of immune cells after 3x GET of noncoding
PDNA compared with the untreated control. Interestingly, the applica-
tion of 3x GET pulses alone (without pDNA) did not result in statis-
tically significant differences. As a result, to a certain degree, a similar
effect on the antitumor immune response was ascribed to the electrical
pulses alone and to noncoding pDNA GET in this tumor model.

In this study, we evaluated the impact of pPDNA GET on CT26 tumors
via either SHV or HV-LV pulse protocols, with a focus on the recruit-
ment of different immune cell populations. Immunofluorescence
staining of helper CD4" and cytotoxic CD8" T cells in tumor tissues
collected 3 and 7 days after treatment revealed a significant increase in
CD8" T cells in tumors treated with the SHV pulse protocol on day 7
compared with those in all groups on day 3. This delayed increase in
CD8" T cells might be attributed to the slow processing and presen-

rved in macrophage recruitment following the
SHV and HV-LV pulse protocols. Compared
with the control protocol, the SHV pulse protocol caused a significant
reduction in the number of macrophages on day 3 posttreatment, fol-
lowed by a significant increase by day 7. In contrast, the HV-LV pulse
protocol resulted in an initial significant increase in macrophage
recruitment on day 3 compared with that of the control, which
decreased by day 7 to levels like those of the control group. The early
decrease and subsequent increase in macrophages in the SHV proto-
col may reflect the fluctuations observed in CD8" T cell numbers,
likely due to the direct cytotoxic effects of the electrical pulses, fol-
lowed by a recovery phase in which macrophages are recruited for
debris clearance. However, the HV-LV protocol, which is less cyto-
toxic, leads to quicker but more transient macrophage infiltration
for similar reasons.

In addition, we investigated the number of immune cells within the
tumor center, which is known to be more difficult to penetrate than
the tumor vessels compared to the tumor edge.***
observed no significant differences in the number of immune cells be-
tween the treated and control samples.

However, we

Taken together, these findings illustrate a dynamic immune landscape
post-GET, where initial cellular damage and subsequent immune re-
sponses lead to varied temporal patterns of immune cell presence.
Specifically, although specific differences due to the two treatments
were observed, our investigation revealed a shift in the immune cell
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equilibrium of CT26 tumors toward a more inflamed profile follo-
wing GET, indicating a greater presence of immune cells than in un-
treated controls. These findings suggest a potential transition toward
a more favorable immune microenvironment, enhanced by both the
SH and HV-LV pulse protocols, with potential implications for ther-
apeutic interventions targeting tumor immunity. However, we
acknowledge that immunofluorescence analysis alone may not fully
capture the complexity of the tumor microenvironment. Incorpo-
rating additional methods, such as flow cytometry or protein analysis,
could provide more quantitative and objective data.

To further clarify the underlying molecular mechanisms driving the
observed growth delay and immune responses, we analyzed the dif-
ferences in the transcriptomic profiles of tumors treated with
pDNA GET via either the SHV or HV-LV pulse protocol. The tran-
scriptomic analysis revealed significant changes in gene expression,
with important differences depending on the protocol and time point
investigated. Among the most downregulated pathways in both SHV-
and HV-LV-treated tumors there was EIF2 Signaling, which is crucial
for the global initiation of mRNA translation in eukaryotic cells in
response to various environmental stresses.”” This finding aligns
with previous evidence, suggesting that the entry of heterologous
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We found, however, that most of the up- or
downregulated signaling pathways in the SHV -treated tumors analyzed
3 and 7 days after treatment were related to Cell Signaling, Cell Death
and Survival, and Metabolism. We recorded a time-dependent, differ-
ential activation of those pathways, with the former occurring early
(3 days after GET) and the latter increasing at later time points.

Specifically, we observed downregulation of the BEX2 Signaling
Pathway, which is critical for modulating apoptosis in various cancer
cell types,”®™* suggesting that in our experiments, the SHV pulses
might have caused apoptosis via plasma membrane damage. Thus,
we can assume that apoptosis is a predominant mode of cell death after
the application of SHV pulses, causing increased permeability that is ul-
timately instrumental in facilitating intracellular drug accumulation.>

Furthermore, while apoptosis is traditionally considered an immuno-
logically silent or even tolerogenic physiological cell death pathway,”*
recent studies have revealed crucial interactions between apoptotic
tumor cells and some components of the immune system. These find-
ings indicate that exogenous stimuli can induce immunogenic types
of apoptosis.”*® Their findings support our findings, suggesting
that SHV electrical pulses can create an immunogenic microenviron-
ment mediated by the apoptotic death of tumor cells.
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As evidence of the significant activation of immunologic signals after
the application of the SHV protocol and a significant increase in
CD8" T lymphocyte infiltration, we observed an increase in Gran-
zyme A Signaling 7 days after treatment. CTL and NK cells are key
immune effectors that eradicate infected cells and tumor cells.”” To
destroy these targets, CTL and NK cells predominantly use the
granule exocytosis pathway, releasing perforin and granzymes from
cytolytic granules into the immunological synapse formed with the
target.58

With respect to the transcriptomic profile of the tumors in the pDNA
HV-LV groups, our results revealed that similar to those in the SHV
setting, several pathways related to Cell Death and Survival, Cell
Signaling, and Immune Response were dynamically modulated over
time. Specifically, at 3 days, we observed the upregulation of Mito-
chondrial Dysfunction that along with the downregulation of Oxida-
tive Phosphorylation (resulting in mitochondrial ATP depletion) may
suggest the activation of necrotic cell death pathways. This finding is in
line with several studies conducted in both in vitro and in vivo set-
tings.*” Necrosis, as well as necroptosis, pyroptosis, and ferroptosis,
are forms of immunogenic cell death (ICD) that can trigger an im-
mune response.” The increased infiltration of macrophages into the
tumors observed in our study supports these transcriptomic results.

The HV setting may induce an earlier induction of necrosis than the
SHYV treatment does, with the latter triggering early apoptosis rather
than necrosis.

However, the inclusion of pDNA and SHV/HV-LV pulsed electric
field controls could have provided a clearer understanding of the
distinct contributions of pDNA injection and pulsed electric fields
to the immune response. Both the introduction of foreign DNA
and the application of electric fields are known to trigger immune re-
sponses and gene expression changes, independent of the GET tech-
nique itself. The omission of these controls was primarily due to the
study’s focus on assessing the overall effects of combining noncoding
pDNA injection and pulsed electric fields, with variations only in the
EP protocols under evaluation.

In conclusion, our study confirmed the recruitment of immune cells
in pDNA GET with both EP protocols. Furthermore, this study re-
vealed for the first time which immunogenic cells are recruited and
which genes are perturbed after pDNA GET treatment of tumors
with two different electric pulse protocols (ie., the SHV and HV-
LV electric pulse protocols).

This analysis could help identify key information useful for selecting
the best electrical parameters for GET-based antitumor immuniza-
tion and gene therapy approaches. Many factors are crucial for suc-
cessful treatment outcomes, including tissue type, duration, local or
systemic gene expression, and the induction of different types of
ICD. These factors may be crucial for therapeutically enhancing the
immunogenicity of tumor cells and disrupting tumor-associated
immunotolerance.

Our findings suggest that apoptosis is a predominant mode of cell
death resulting from SHV pulse application. Compared with the other
protocol, the delivery of the empty plasmid with this pulse protocol
significantly increased the number of cytotoxic T cells 7 days after
treatment, likely due to the induction of apoptotic tumor cell death
and subsequent stronger antigen presentation.

In contrast, the combination of HV and LV electric pulses is particu-
larly able to regulate the activation of cell death signaling represented
by immunogenic necrotic pathways, as well as both the innate and
adaptive immune response, as indicated by early macrophage infiltra-
tion and later T lymphocyte infiltration.

Future studies with knockout mice or high-throughput biological as-
says will be essential to disentangle each individual cellular function
and understand both their role in modulating the immune response
and how they influence successful EP-based treatment protocols.

MATERIALS AND METHODS

Plasmids

The plasmid pUNO1-mcs (pDNA) was purchased from InvivoGen
(San Diego, CA) and amplified in competent Escherichia coli
(JM109; Thermo Fisher, Waltham, MA). The plasmid was then iso-
lated via the EndoFree Plasmid Mega kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The concentration of
the isolated plasmid was measured with a Qubit DNA Broad Range
kit (Thermo Fisher) via fluorometric quantification via a Qubit 4
Fluorometer (Thermo Fisher). Plasmid quality was assessed by the
260/280 nm ratio via an Epoch Microplate Spectrophotometer
(BioTek, Winooski, VT) and agarose gel electrophoresis. For the ex-
periments, the plasmid was diluted in 0.9% NaCl saline to a final con-
centration of 2 pg/uL.

Mice

Six- to eight-week-old female inbred BALB/c mice (BALB/cAnNCrl)
were obtained from Charles River Laboratories (Wilmington, MA).
The mice weighed between 18 and 20 g at the beginning of the exper-
iments and were kept in a specific pathogen-free environment with a
12-h light-dark cycle at 20°C-24°C with 55% + 10% relative humidity
and food and water provided ad libitum. The experiments were
approved by the Ministry of Agriculture, Forestry, and Food of the
Republic of Slovenia (permission no. 34401-1/2015/43). The experi-
mental procedures were performed in compliance with the guidelines
for animal experiments of the European Union (EU) directive (2010/
63/EU) and ARRIVE (Animal Research: Reporting of In Vivo Exper-
iments) guidelines.

The mice were randomly divided into the following experimental
groups: 5 mice treated with GET via the SHV pulse protocol (SHV
group), 6 mice treated with GET via the HV-LV pulse protocol (HV-
LV group), and 6 nontreated control group (Ctrl). One day prior to
the experiment, the backs of the mice were shaved. Tumors were grown
on the backs of the mice after subcutaneous inoculation of 3 x 10°
CT26 cells in 100 pL 0.9% NaCl saline. The tumor volume was
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measured via a Vernier caliper and then calculated via a formula for el-
lipsoids (a x b x ¢ x 7/6, where a, b and c are orthogonal tumor diam-
eters). During the treatment, the mice were anesthetized with 2% (v/v)
isoflurane (Piramal Health Care UK Ltd., Morpeth, UK). The GET pro-
cedure was performed when the tumor volume reached 50 mm”.

After the treatments, tumor growth was measured three times per
week. When the tumor volume reached 500 mm?, the mice were
euthanized. Additionally, the body weights of the mice and their
behavior were assessed via the mouse grimace scale as an indicator
of the systemic toxicity of the therapy.®’

Intratumoral pDNA EP

The treatment was carried out by intratumoral injection of 50 ug of
the pDNA. After a 5-min delay, GET was performed on the tumors
via the application of electric pulses. Two different EP protocols for
GET were used (Table S1). The SHV pulse protocol was based on
an SHYV electric pulse protocol (8 square-wave electric pulses, ampli-
tude-to-distance ratio of 1,300 V/cm, duration of 100 ps, frequency of
1 Hz)."” The second was the HV and low-voltage (LV) pulse protocol
(4 trains of 1 HV + 1 LV square-wave electric pulses, amplitude-to-
distance ratio of the HV electric pulses: 1,300 V/cm and LV electric
pulses: 150 V/cm, duration HV: 100 ps and LV: 20 ms, frequency
1 Hz) adapted from Forjanic et al.”’ The pulses were generated by
an ELECTRO Cell B10 electric pulse generator (Leroy Biotech, Tou-
louse, France) and were delivered via 6-mm parallel stainless-steel
plate electrodes. During GET, a conductive gel (Gel G006 ECO;
FIAB, Firenze, Italy) was used at the contact of the electrodes and
the skin overlying the tumors to ensure good conductivity.

Tumor collection

On days 3 and 7 after treatment, the tumors (transfected with
pDNA and nontreated controls) were collected for gene expression
analysis and immunofluorescence staining. The mice were eutha-
nized, and the tumors were surgically removed. Immediately after
collection, half of the collected tumors were weighed and frozen
in liquid nitrogen. Frozen tumor samples were crushed via a pestle
and then stored at —80°C before RNA extraction. The other half of
each tumor was first fixed in 4% paraformaldehyde (Thermo Fisher)
overnight, then incubated in 30% sucrose for 24 h, embedded in
optimal cutting temperature compound, and snap-frozen in liquid
nitrogen.

RNA extraction

RNA was then extracted via the Total RNA Kit peqGOLD (VWR,
Radnor, PA) according to the manufacturer’s instructions. One
microgram of total RNA sample was used for RNA quantification
via a Qubit (Thermo Fisher), and quality checks were performed
via TapeStation (Agilent Technologies, Santa Clara, CA).

RNA-seq

RNA-seq libraries were prepared from 700 ng of total RNA via the Il-
lumina TruSeq Stranded Total RNA Sample Preparation Kit (Illu-
mina, San Diego, CA) according to the manufacturer’s protocol.
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The cDNA libraries were checked on a Bioanalyzer 2100 and quanti-
fied with a Qubit instrument (Thermo Fisher). RNA-seq was per-
formed via the NovaSeq 6000 system (Illumina), which generated
almost 100 million 150-bp paired-end reads per sample. In the pre-
processing step, the raw reads in fastq format were inspected and
cleaned via FASTP.®" The mean quality per base was fixed at a phred
score of 20 and reads with more than 30% ambiguous bases (-q 20 -u
30 -L 55 —detect_adapter_for_pe) were removed. Reads shorter than
55 bases were also removed. Cleaned reads were aligned with STAR
(version 2.7.9a)°” via the ENCODE standard options onto the pri-
mary version of the reference mouse genome (GRCm39). To correct
for bias due to the heterogeneous patterns of transcript degradation in
the RNA-seq data, R and the DegNorm pipeline were used.®” Briefly,
DegNorm processes the RNA-seq alignment files to calculate the
coverage according to the gencode vM32 annotation, performs
rank-one overapproximation on coverage matrices for each gene to
estimate the degradation index (DI) score for each gene within each
sample and outputs DI scores together with degradation-normalized
read counts (based on DI scores). Normalization and differential gene
expression analysis were conducted with DESeq2 (version 1.40.2)**
via the contrast method. The volcano plots were generated with R
via the EnhancedVolcano package. Venn diagrams were generated
via the web-based tool InteractiVenn.®

Functional enrichment analysis

Gene Ontology (GO) enrichment analyses of the DEGs were per-
formed via Ingenuity Pathway Analysis (IPA; Qiagen). This analysis
was based on the calculation of Z scores, from which we inferred the
activation states of the biological functions. This was possible when
adjusted p values and log2(fold change) values accompanied the
DEG lists submitted to IPA. An enrichment score (Fisher’s exact
test, “overlap p value”) was calculated to measure the likelihood
that an association between a set of DEGs and a related function
was not due to chance. We considered p < 0.05 and Z scores >0 (acti-
vation) or <0 (inhibition).

Immunofluorescence

We prepared 14-pum-thick frozen tumor tissue sections via a CM1850
cryostat (Leica, Wetzlar, Germany) and stained with primary and sec-
ondary antibodies (Table S2). The sections were first dried for 10 min
at 37°C and then washed twice for 5 min in 1 x PBS. Antigen retrieval
was then performed by placing the slides in hot citrate buffer (approx-
imately 95°C), which was air cooled at room temperature (RT) for
30 min, followed by 30 min of cooling in RT water. After washing in
1x PBS, the sections were blocked/permeabilized in blocking buffer
(0.5% Tween 20, 5% donkey serum, 22.52 mg/mL glycine in PBS)
for 30 min at RT in a humidified chamber. Then, the sections were
blocked for 1 h at RT in blocking buffer (5% donkey serum,
22.52 mg/mL glycine in PBS) and subsequently incubated with pri-
mary antibodies overnight in blocking buffer (2% donkey serum,
22.52 mg/mL glycine in 1 x PBS) in a humidified chamber at 4°C. After
being washed three times in 1x PBS, the sections were incubated with
secondary blocking buffer (2% donkey serum, 22.52 mg/mL glycine in
1x PBS) for 1 h at RT in a humidified chamber and then washed three
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times in 1 x PBS. Nuclei were counterstained with Hoechst 33342 so-
lution (3 pg/mL) (Thermo Fisher) in 1x PBS for 10 min in the dark.
After another two washes in 1x PBS, the slides were mounted with
ProLong Glass Antifade Mountant (Thermo Fisher). Three tumor
samples per group were imaged with an LSM 800 confocal microscope
(Carl Zeiss, Oberkochen, Germany) with a 20x objective (numerical
aperture 0.8). Hoechst 33342, Alexa Fluor 488, Cy3, and Alexa Fluor
647 were excited with lasers with excitation wavelengths of 405, 488,
561, and 640 nm, respectively. To capture the emitted light, a gallium
arsenide phosphide detector was used combined with variable dichroic
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). To ensure a representative analysis, we acquired
three random images of frozen tumor tissue sections per sample—spe-
cifically two images of the tumor margin and one of the tumor centers.
The images obtained were visualized and analyzed with Imaris soft-
ware (Bitplane, Belfast, UK). The cutoff values for each channel were
determined based on negative controls.

Statistical analysis

For statistical analysis and graph figures, R software (version 4.6.3, R
Core Team, Vienna, Austria) and GraphPad Prism 10 (GraphPad
Software, La Jolla, CA) were used. Tumor growth curves, mouse
body weight curves, TGIs, and treatment responses were analyzed
with the DRAP package®® in R, while tumor growth delay, which
was based on the tumor DT, was analyzed with GraphPad Prism
10. The DRAP package is defined as drug-response analysis on a
PDX platform for four typical PDX trial designs. The package incor-
porates tools for data visualization, data analysis, and the presentation
of findings. Specifically, the data analysis module enables us to statis-
tically assess the difference in tumor volume between arms, calculate
the TGI rate, and label the treatment response at the animal level.%°
Treatment responses of individual mice were classified based on the
criteria of the NPDXE response criteria within the DRAP package.®’”
The NPDXE response is determined by comparing the tumor volume
change at time t to its baseline: % tumor volume change = AVolt =
100% x ((Vt - Vinitial)/Vinitial). The BestResponse is the minimum
value of AVolt for t > 10 d. For each time t, the average of AVolt from
t =0 to t is also calculated. The BestAvgResponse is defined as the
minimum value of this average for t > 10 d. This metric captures a
combination of speed, strength, and durability of response into a
single value. The criteria for response are defined as follows (applied
in this order): complete response BestResponse < —95% and
BestAvgResponse < —40%; partial response, BestResponse < —50%
and BestAvgResponse < —20%; steady disease, BestResponse <35%
and BestAvgResponse <30%; and progressive disease, not otherwise
categorized (30). The TGI was calculated via the DRAP package as
follows:

F(Vr)
F(Ve)

TGI = (1 - ) * 100%, (Equation 1)
where F(Vr) and F(V¢) represent the area under the curve of the tu-

mor volume of the treated and control groups.®®

The statistical significance of the immunofluorescence data of the
frozen tumor tissue sections was determined via one-way analysis
of variance (ANOVA) with Dunnett’s multiple comparisons post
hoc test. The RNA-seq data were analyzed with R via one-way,
two-way, and mixed-design ANOVA, the linear mixed model, the
Wald test, and the t test. Non-normally distributed data were
analyzed with nonparametric tests (Wilcoxon test, Mann-Whitney
test, and Kruskal-Wallis test). A p < 0.05 was considered to indicate
statistical significance (*p < 0.05, **p < 0.01, **p < 0.001,
4 p < 0.0001 vs. control, untreated cells, or tumors [Ctrl]).

DATA AND CODE AVAILABILITY

The data that support the findings of this study are available from the corresponding au-
thors upon reasonable request. The raw RNA-seq data obtained and discussed in this
publication have been deposited in the NCBI Sequence Read Archive (SRA) under the
accession number SRP497902.
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