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The effectiveness of immunotherapy highly correlates with the degree and the type of infiltrated immune
cells in the tumor tissue. Treatments based on modifying the immune cell infiltrate of the tumor microen-
vironment are thus gaining momentum. Therefore, the aim of our study was to investigate the effects of
gene therapy with two proinflammatory chemokines CCL5 and CCL17 on inflammatory cytokine expres-
sion profile and immune cell infiltrate in two murine breast tumor models, 4T1 and E0771, and two mur-
ine colon tumor models, CT26 and MC38. In vitro, lipofection of plasmid DNA encoding CCL5 or CCL17
resulted in changes in the cytokine expression profile similar to control plasmid DNA, implying that
the main driver of these changes was the entry of foreign DNA into the cell’s cytosol. In vivo, gene elec-
trotransfer resulted in high expression levels of both Ccl5 and Ccl17 transgenes in the 4T1 and CT26 tumor
models. Besides a minor increase in the survival of the treated mice, the therapy also resulted in increased
expression of Cxcl9 and Ifnc, potent activators of the immune system, in CT26 tumors. However, this was
not recapitulated in changes of TME, implying that a further refinement of the dosing schedule is needed.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer immunotherapy is currently one of the leading scientific
fields in cancer research. The involvement of patient’s own
immune system in the development and progression of cancer
and in the outcome of treatment is a well-established paradigm
[1]. The currently available immunotherapies show promising
results regarding local and systemic tumor control, however some
cancer patients still do not respond to the treatment [2]. Over the
years, several hallmarks for successful cancer immunotherapy
have been characterized, ranging from genomic predisposition of
cancer cells to the specific immune cell infiltrate in the tumor
microenvironment (TME) [3]. The degree and type of the infiltrated
immune cells in the tumor tissue is often one of the main predic-
tive factors that correlates with treatment outcome [4]. With the
advent of multi-omics approaches, the specific differences
between a responsive and non-responsive TME started to be disen-
tangled. Moreover, with this knowledge, different strategies with
the potential to convert a non-responsive TME into a responsive
one could be devised [5]. Besides targeting immune checkpoints
[6], strategies aiming to achieve increased infiltration of effector
immune cells into tumor tissue are gaining momentum. Among
them, the use of natural immune cell chemoattractants known as
chemokines has also shown promising results [7].

Chemokines represent a large family of cytokines consisting of
small signaling proteins, which control migration and positioning
of immune and non-immune cells along their concentration gradi-
ents. Based on the position of the first two cysteine (C) residues
within the protein sequence chemokines are divided into four
main classes: CC–, CXC-, C- and CX3C-chemokines. Their highly
conserved tertiary structural fold is the cause of multi-specificity
as single chemokine generally displays affinity towards multiple
chemokine receptors (CCRs) and vice versa. Chemokines have cru-
cial role in homoestasis and disease [8]. Homeostatic chemokines
regulate leukocyte maturation and migration, development, tissue
repair, and angiogenesis. On the other hand, proinflammatory
chemokines can generate innate and adaptive immune response
at injury sites and in different pathologies, such as cancer [9].
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Cells that make up the TME secrete a number of chemokines,
which in turn attract different immune cell populations to the pri-
mary tumor location where they promote cancer progression
through TME remodeling or elicit immune response against tumor
cells [10]. Both, clinical studies as well as animal experiments indi-
cate that certain chemokines may help the immune system to rec-
ognize and kill tumor cells [7,11].

Among proinflammatory chemokines, RANTES/CCL5 (regulated
upon activation, normal T cell expressed and secreted) and TARC/
CCL17 (thymus- and activation-regulated chemokine) were both
associated with increased immune cell infiltration into various
tumors [10,12]. Specifically, independent studies of cell migration
reveled that CCL5 displays affinity to CCR1, CCR3 and CCR5, which
are widely represented on the surface of CD4+ and CD8+ T lympho-
cytes, natural killer (NK) cells, dendritic cells (DCs) as well as
tumor-associated macrophages (TAMs) [13-15]. Preclinical studies
on spheroids and transgenic mouse models associated Ccl5 overex-
pression in tumors with cytotoxic T lymphocyte infiltration and
significant tumor growth delay in ovarian cancer [15]. Besides
guiding T lymphocytes to tumor location CCL5 also participates
in CD4+ helper-dependent CD8+ T lymphocyte activation [16].
Notably, the levels of CCL5 produced by NK cells originating from
TME also correlate with DC accumulation, which in turn drive
the antitumor immunity through antigen presentation and effector
T lymphocyte activation [17,18]. Meta-analysis of a large clinical
data revealed Ccl5 and Cxcl9 co-expression is needed for the CD8
+ T lymphocyte infiltration and increased overall survival in multi-
ple human tumors [15]. Moreover, increased CCL5 expression in
triple negative breast cancer patients was associated with the
recruitment of different immune cell populations [19]. Increased
expression levels of Ccl5 were also detected in brain, head and
neck, liver, pancreatic, colorectal, prostate and oral cancer, which
points to its potential role as a cancer biomarker [20-27]. In early
breast cancer patients the increased CCL5 serum levels correlated
with prolonged disease-free survival [28]. More importantly, sev-
eral studies demonstrated the benefits of using CCL5 as an adju-
vant for enhancing anti-tumor immunity [29].

CCL17 is expressed constitutively in thymus mainly by DCs and
transiently in stimulated peripheral blood mononuclear cells,
namely neutrophils and macrophages [30]. CCL17 is one of the
ligands of CCR4 although affinity towards CCR8 has also been
reported [12]. Both CCR4 and CCR8 are selectively expressed on T
helper type 2 (Th2) and regulatory T (Treg) cells however studies
show that CCR4 is the main receptor facilitating their migration
[31]. Th2 cells are involved in humoral immunity while Treg cells
are known for their immunosuppressive function. CCL17 signaling
through CCR4 maintains the balance of these immune cells in
infections, autoimmune disorders and other pathologies, including
cancer [32]. However, CCL17 also plays an important role in alter-
native cross-priming of DCs through which they can elicit CD8+ T
lymphocyte responses against cancer antigens [33]. The initial step
requires interaction between activated NK cells and DCs, resulting
in the production of CCL17, which guides naïve CD8+ T lympho-
cytes expressing CCR4 [34,35]. The effect of CCL17 on tumor
growth in vivo was observed in murine colon cancer model, where
the administration of adenoviral vector encoding CCL17 resulted in
significant tumor regression and generation of specific immunity
in re-challenge experiments [36]. Moreover, increased serum
levels of CCL17 in advanced melanoma patients treated with den-
dritic cell-based immunotherapy were associated with
progression-free survival [37].

Currently different clinical trials of immunomodulatory cytoki-
nes, such as IL-12 and IL-2, which showed to be effective against
various tumors are in progress [38]. However, systemic delivery
of recombinant cytokines or viral vectors can result in serious,
potentially life-threatening, adverse effects [39-41]. By contrast,
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intratumoral injection of plasmid DNA followed by gene electro-
transfer (GET) is a safe and effective method for local delivery of
plasmid DNA encoded cytokines to tumor tissue [42-44]. Several
clinical trials utilizing GET of different plasmid DNA encoded ther-
apeutic molecules were already initiated for the treatment of dif-
ferent cancers [45,46]. Until now, the proinflammatory
chemokines have never been studied in this setting. Thus, the com-
bination of local delivery of plasmid DNA by GET and the
immunomodulatory properties of chemokines CCL5 and CCL17
could represent a promising approach for cancer immunotherapy.

Therefore, the aim of our study was to investigate the effects of
two proinflammatory chemokines CCL5 and CCL17 on TME in mur-
ine breast (4T1, E0771) and colon (CT26, MC38) cancer models.
Both chemokines were separately encoded on commercially avail-
able DNA plasmids, which were transfected into tumor cells in vitro
using lipofection and with GET in vivo in order to achieve their
overexpression. Then, the effect of the transgene overexpression
on the expression of other proinflammatory cytokines in vitro
was determined with qRT-PCR. Furthermore, the effect of GET of
plasmid DNA encoding CCL5 or CCL17 on the expression of other
proinflammatory cytokines, the TME, and tumor growth was then
determined in two widely studied murine tumor models, 4T1
mammary carcinoma and CT26 colon carcinoma, which differ in
their baseline immunophenotype [47].
2. Materials and methods

2.1. Plasmids

The plasmids pUNO1-mcs, pUNO1-mCCL5 and pUNO1-mCCL17
were purchased from InvivoGen (Toulouse, France). All plasmids
were amplified in a competent Escherichia coli (JM109; TFS, MA,
US) and then isolated using the EndoFree Plasmid Mega (Qiagen,
Hilden, Germany) kit according to manufacturer’s instructions.
The concentration of isolated plasmids was measured with Qubit
DNA Broad Range kit (TFS, MA, US) by fluorometric quantification
using Qubit 4 Fluorometer (TFS, MA, US). Plasmid quality was
assessed by the 260/280 nm ratio (Epoch Microplate Spectropho-
tometer, BioTek, Bad Friedrichshall, Germany) and by agarose gel
electrophoresis. For the experiments, all plasmids were diluted in
physiological saline to a final concentration of 2 mg/mL.
2.2. Cell cultures

Two murine breast cancer cell lines, 4T1 and E0771, and two
murine colon cancer cell lines, CT26 and MC38, were used in
experiments in vitro. Cell lines 4T1 and CT26 were originally pur-
chased from ATCC (VA, US), E0771 were obtained from CH3 Biosys-
tems (NY, US), while the cell line MC38 was acquired from Kerafast
(MA, US). Cells were cultured in a humidified incubator at 5% CO2

and 37 �C. The 4T1, CT26 cells were cultured in Advanced RPMI
1640 (Gibco, Thermo Fisher Scientific, VA, US), while E0771 cells
were cultured in Advanced RPMI 1640 supplemented with
10 mmol/L HEPES. MC38 cells were cultured in Advanced Dul-
becco’s modified MEM (DMEM, Gibco). All media were supple-
mented with GlutaMAX (100x, Gibco), 5% fetal bovine serum
(FBS, Gibco), and Penicillin-Streptomycin (100x, Sigma-Aldrich,
Merck, Darmstadt, Germany). The cells were routinely tested for
mycoplasma infection by MycoAlertTM PLUS Mycoplasma Detec-
tion Kit (Lonza, Basel, Switzerland) and were mycoplasma free.

The murine breast and colon cancer models used in the study
differ in their immunophenotype, which is an important parameter
defining the treatment outcome. Although the amount of different
infiltrated immune cell subsets in CT26 varies among studies, the
model is defined as ‘‘hot”/inflamed tumor model with the high
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number of infiltrated NK (>26%) and T lymphocytes (>18%) [47].
Among T lymphocytes, the cytotoxic T lymphocytes are predomi-
nant (>5%). The other colon cancer model used in the study -
MC38, is associated with infiltration of myeloid-derived suppres-
sor cells (MDSC; >47%). Moreover, higher levels of Th2-associated
cytokines such as IL-4 and IL-10 were found in MC38 model com-
pared to CT26, thus, the MC38 tumor model can be described as an
immunosuppressive tumor model [47]. The breast cancer model
E0771 is immunophenotypically similar to the CT26 model, with
high CD45+ cell (70%) infiltration of which the CD8+ and CD4+ T
lymphocytes each represent approximately 6%. Compared to the
other tumor models, E0771 also has a unique abundance of MDSCs
and M2 macrophages, which ranks this model between immuno-
suppressive MC38 and inflamed CT26 [48,49]. The 4T1 breast
tumor model is on the other hand considered strictly immunosup-
pressive due to the high infiltration of Treg lymphocytes (>5%) and
MDSCs (>50%). Its immunosuppressive nature also corresponds
with the increased Th2-associated cytokine signaling [47]. With
the selection of the aforementioned tumor models, we thus have
a pairs of syngeneic immunophenotypically ‘‘inflamed” tumor
model in Balb/c mice (CT26) and in C57Bl/6 mice (E0771) and a
syngeneic immunophenotypically ‘‘immunosuppressive” tumor
model in Balb/c mice (4T1) and in C57Bl/6 mice (MC38).

2.3. Transfection of cells

2.3.1. Cell transfection
One day before transfection 2.5 � 105 cells in 2 mL of growth

medium were seeded in each well of a 6-well plate (VWR, PA,
US). Transfection of cells with each pUNO1 plasmid was performed
with Lipofectamine 2000 (1 mg/mL solution) (Thermo Fisher Scien-
tific) in three biological replicates. Plasmid DNA-lipid complexes
were prepared according to manufacturer’s instructions in Opti-
MEM medium (Gibco). After 5-minutes incubation at room tem-
perature, 250 mL (containing 2.5 mg of plasmid DNA and 7 mL of
Lipofectamine 2000) of prepared solution was added to each well.
Control triplicates were treated with a solution containing only
Lipofectamine 2000. Transfected cells were incubated in a humid-
ified incubator at 5% CO2 and 37 �C for 48 h until RNA extraction
(protocol reported in 2.7).

2.3.2. Cell viability assay
One day before transfection 2 � 104 cells in 100 mL of growth

medium were seeded in each well of a 96-well plate (VWR, PA,
US). Transfection of cells with each pUNO1 plasmid was performed
with Lipofectamine 2000 in eight biological replicates. Plasmid
DNA-lipid complexes were prepared according to manufacturer’s
instructions in Opti-MEM medium (Gibco). After 5 min incubation
at room temperature, 10 mL (containing 0.1 mg of plasmid DNA and
0.37 mL of Lipofectamine 2000) of prepared solution was added to
each well. Control triplicates were treated with solution containing
only Lipofectamine 2000. Transfected cells were incubated in a
humidified incubator at 5% CO2 and 37 �C. After 48 h incubation,
10 mL of Presto Blue (Thermo Fisher Scientific) reagent was added
to each well, followed by 1 h incubation in a humidified incubator
at 5% CO2 and 37 �C. The fluorescence emission was measured with
a microplate reader (Infinite 200, Tecan, Männedorf, Switzerland).
Measured fluorescence intensity of treated groups was normalized
to the control group.

2.4. Mice

Balb/c (BALB/cAnNCrl) female mice were obtained from Charles
River Laboratories (MA, US). Mice were between 6 and 8 weeks old
at the beginning of the experiments, weighing between 18 and
20 g. Mice were kept in a specific pathogen-free environment with
3

12-hour light–dark cycle at 20–24 �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
experimental procedures were performed in compliance with the
guidelines for animal experiments of the EU directive (2010/63/
EU) and ARRIVE guidelines.

2.5. Gene electrotransfer procedure

Mice were randomly divided into experimental groups of 6–10
animals. One day prior to the experiment, the back of the mice was
shaved. Tumors were grown on the back of the mice after subcuta-
neous inoculation of 3 � 105 CT26 or 4T1 cells in 100 mL of 0.9%
NaCl saline. The treatment was performed when the tumor volume
reached 50 mm3. Tumor volume was measured using a Vernier
caliper and then calculated with a formula for ellipsoid
(a� b � c � p/6; where a, b and c are orthogonal tumor diameters).
During the treatment, mice were under 2% (v/v) of isoflurane anes-
thesia (Isoflurane; Piramal Healthcare UK Limited, London, UK).
The treatment was carried out by intratumoral injection of 50 lg
(25 lL of 2 lg/lL plasmid DNA) of the pUNO1 empty control plas-
mid (pDNA Ctrl) or pUNO1 plasmid encoding either CCL5 or CCL17
using an insulin syringe. After a 5-minutes delay gene electrotrans-
fer was performed on tumors by the application of electric pulses.
Two different pulsing protocols for gene electrotransfer were used.
The first one was the standard electroporation pulsing protocol
used in clinics for electrochemotherapy, which is a safe and effec-
tive local ablative technique where electric pulses are used to
enhance the uptake of cytotoxic drugs into the tumor cells (ECT
pulses, Fig S1A, B) [50,51]. This protocol was chosen because short,
high voltage electric pulses are already successfully used for gene
therapy with plasmid DNA encoding human IL-12 in clinical trials
[52,53]. The second pulsing protocol was adapted from Forjanic
et al [54] and comprised of four trains of pulses, each train com-
prising from one high voltage (HV) and one low voltage (LV) pulse
(HV-LV pulsing protocol) (Fig S1A, C). The pulses were generated
by ELECTRO Cell B10 electric pulse generator (Leroy biotech,
France). The pulses were delivered using 6 mm parallel stainless-
steel plate electrodes. During gene electrotransfer a Conductive
gel (Gel G006 ECO, FIAB, Vicchio, Italy) was used at the contact
of the electrodes and the skin overlaying tumors to ensure good
conductivity. To compare the transfection efficiency of GET using
either ECT or HV-LV pulses plasmid pEGFP-N1 (Clontech Laborato-
ries, Inc., Mountain View, CA, USA) encoding enhanced green fluo-
rescent protein (EGFP) (25 lL of 2 lg/lL plasmid DNA) was used.

After the treatment tumor growth was measured three times
per week in order to determine the antitumor effect. When tumor
volume reached 500 mm3 mice were euthanized. Tumor volume of
500 mm3 was counted as a humane end point for the construction
of the Kaplan-Meier curves. Tumor growth delay was calculated as
the difference in time when tumors doubled in volume between
the control group and the treated group. Additionally, the weight
of the mice and their behavior was assessed using the mouse gri-
mace scale (MGS) [55] as an indicator of systemic toxicity of the
therapy.

2.6. Tumor collection

On days two (tumors transfected with a plasmid encoding
EGFP), three and seven (tumors transfected with pUNO1 plasmids
and control, non-treated tumors) after the treatment, the tumors
were collected for gene expression analysis and immunofluores-
cence staining. Mice were euthanized and tumors were surgically
removed. Immediately after, one-half of the collected tumor was
weighted and frozen in liquid nitrogen. Frozen tumor samples
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were crushed using a pestle and then stored at �80�C before RNA
extraction. The other half of the tumor was first fixed in 4%
paraformaldehyde (PFA; Alfa Aesar) overnight, then incubated in
30% sucrose for 24 h, embedded in Optimal cutting temperature
compound (OCT compound) and snap-frozen in liquid nitrogen.

2.7. RNA extraction

RNA was extracted from treated cells and tumors using Total
RNA Kit, peqGOLD (VWR) according to the manufacturer’s instruc-
tions. In the in vitro experiments, cell lysis was performed with 400
uL of the enclosed TRK Lysis buffer, while in the case of tumors the
TRI Reagent (Thermo Fisher Scientific) was used. The total RNA
concentration was determined with Qubit DNA Broad Range kit
by fluorometric quantification using Qubit 4 Fluorometer (Thermo
Fisher Scientific).

2.8. Gene expression analysis

First strand cDNA was generated from 2 lg of template RNA
using a Thermocycler Primus 25 (Peqlab, UK) and SuperScript VILO
cDNA Synthesis Kit (Thermo Fisher Scientific) in a 20 lL reaction
mix, according to the manufacturer’s instructions. Priming was
performed at 25�C for 10 min and reverse transcription for
60 min at 42�C. The cDNA was then stored at �20�C for subsequent
analysis. Quantitative Polymerase Chain Reaction was performed
with QuantStudio 3 Real-Time PCR System (Thermo Fisher Scien-
tific). The samples were prepared using SYBR PowerUp Master
Mix (Thermo Fisher Scientific) and predesigned chemokine and
cytokine specific primers (IDT, IA, US) (Table S1). To determine
transfection efficiency, the samples were prepared using TaqMan
Gene Expression Master Mix (Applied Biosystems, Thermo Fisher
Scientific) and TaqMan Gene Expression Assay (Applied Biosys-
tems, Life Technologies) for EGFP (Mr04097229_mr) and murine
GAPDH (Mm99999915_g1) for internal control, as described previ-
ously [56]. Briefly, the standard thermocycling program consisted
of a 95�C denaturation for 2 min, followed by 40 cycles of 95�C for
15 s and 60�C for 60 s. All samples were run in duplicates and the
products were analyzed on QuantStudioTM 3 Real-Time PCR System
(Thermo Fisher Scientific). Relative quantification was performed
by comparison to the housekeeping genes b-actin (Ba) in in vitro
experiments, glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
in in vivo experiments where expression of EGFP was determined,
and RNA polymerase II subunit A (Polr2a) in the rest of in vivo
experiments. Reactions with the template free control were
included for each set of primers on each plate.

2.9. Immunofluorescence

Fourteen-micrometer thick frozen tissue sections were pre-
pared using Leica CM1850 cryostat and stained with primary
(Table S2) and secondary (Table S3) antibodies. Staining was per-
formed by first drying the sections for 10 min at 37 �C and then
washing them twice for 5 min in 1X PBS. Antigen retrieval was
then performed by putting the slides in a hot citrate buffer (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 the washing
in 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. Further, sections were
blocked for 1 h, at RT in blocking buffer (5% donkey serum,
22.52 mg/mL glycine in PBS), and afterwards incubated with pri-
mary antibodies overnight in blocking buffer (2% donkey serum,
22.52 mg/mL glycine in PBS) in a humidified chamber at 4 �C. After
washing thrice in PBS, sections were incubated with secondary in
blocking buffer (2% donkey serum, 22.52 mg/mL glycine in PBS)
4

for 1 h at RT in a humidified chamber and then washed thrice in
PBS. Nuclei were counter-stained with Hoechst 33342 solution
(3 mg/mL) in PBS for 10 min in the dark. After another two washes
in PBS, slides were mounted with ProLongTM Glass Antifade Moun-
tant (Thermo Fisher Scientific). Three tumor samples per group
were imaged with an LSM 800 confocal microscope (Carl Zeiss)
with a 20x 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). Cut-off values for
each channel were determined based on negative control.
2.10. Statistical analysis

For statistical analysis and graph figures GraphPad Prism 9
(GraphPad Software, CA, US) was used. Significance of expression
data was determined with multiparametric t-test. Significance of
Kaplan-Meier survival curves was determined with Log-rank test.
Significance of immunofluorescence data of frozen tumor tissue
sections was determined by one-way ANOVA with Dunnett’s mul-
tiple comparisons post hoc test. A P-value of < 0.05 was considered
to be statistically significant (* p < 0.05 vs control, non-treated cells
or tumors (Ctrl)).
3. Results

3.1. In vitro transfection of tumor cells with plasmid DNA modifies
cellular cytokine expression profile

First, the effect of lipofection with plasmid DNA encoding for
either murine CCL5 or CCL17 on cell viability was determined in
two murine breast cancer cell lines, 4T1 and E0771, and two mur-
ine colon cancer cell lines, CT26 and MC38. Lipofection was chosen
for in vitro experiments due to its reported high transfection effi-
cacy combined with low toxicity [57]. The viability of the 4T1,
CT26, and MC38 cells 48 h after lipofection was above 85%, while
the viability of E0771 cells was above 70% (Fig. 1A). This demon-
strated that the lipofection of plasmid DNA encoding proinflamma-
tory chemokine CCL5 or CCL17, or pDNA Ctrl – empty plasmid
DNA, has low toxicity in the tumor cells and that the observed
modifications of cytokine expression would not be due to cellular
death. The expression of the transfected chemokines Ccl5 and
Ccl17 was then determined on mRNA level 48 h after lipofection
using qRT-PCR. Both chemokines Ccl5 and Ccl17 had significantly
higher relative expression compared to control, non-transfected
cells (Fig. 1B, C). Interestingly, among all cancer cell lines, breast
cancer cell line E0771 with the lowest viability had the highest rel-
ative expression of both transgenes.

Concurrently with the expression of the transfected chemoki-
nes, the expression of nine other proinflammatory cytokines (Cxcl9,
Cxcl10, Il-1b, Il-6, Il-12a, Il-18, Ifnc, Ifnb and Tnfa), involved in the
antitumor immune response, was determined with qRT-PCR 48 h
after lipofection. Interestingly, lipofection of control plasmid
(pDNA Ctrl) already resulted in statistically increased expression
levels of majority of the interrogated cytokines (Fig. 2A). Specifi-
cally, Ifnb was upregulated in all transfected cell lines, Il-18 and
Cxcl10 were upregulated in three cell lines, and Cxcl9, Tnfa, Il-6,
and Ccl5 were upregulated in two out of four cell lines (Fig. 2A).
Additionally, upregulation of Il-1b was detected in the 4T1 cell line
and upregulation of Il-12a in the CT26 cell line (Fig. 2A).



Fig. 1. Transfection efficacy and effect of lipofection with plasmid DNA
encoding CCL5 or CCL17 on viability of 4T1, E0771, CT26 and MC38 cell lines.
A) Viability of cells 48 h after lipofection with control plasmid DNA (pDNA Ctrl) and
plasmid DNA encoding CCL5 or CCL17 determined with PrestoBlue assay. B)
Relative expression of Ccl5 to b-actin after lipofection of cells with plasmid DNA
encoding CCL5 and C) relative expression of Ccl17 to b-actin after lipofection of cells
with plasmid DNA encoding CCL17 in 4T1, E0771, CT26 and MC38 cell lines. The
expression of Ccl5 and Ccl17 in the cells was determined 48 h after lipofection with
qRT-PCR. 4T1 Ctrl, E0771 Ctrl, CT26 Ctrl and MC38 Ctrl designate the expression of
Ccl5 or Ccl17 in non-transfected control cells. 4T1 LF, E0771 LF, CT26 LF and MC38
LF designate the expression of Ccl5 or Ccl17 in cells transfected with plasmid DNA
encoding either CCL5 or CCL17. The values are presented as AM ± SD. Statistical
significance was determined by a multiparametric t-test. A P-value of < 0.05 was
considered to be statistically significant (* p < 0.05 vs control, non-transfected cells).
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Almost identical cytokine expression signature was determined
after lipofection with plasmid DNA encoding CCL5 (Fig. 2B), with
Fig. 2. Upregulation of proinflammatory cytokines after lipofection with plasmid DN
of proinflammatory cytokines was determined 48 h after lipofection of 4T1, E0771, CT
expressed as fold change relative to control, non-treated cells, of cytokines after lipofect
plasmid DNA encoding CCL17 in 4T1, E0771, CT26 and MC38 cell lines. Crossed squ
determined by a multiparametric t-test. A P-value of < 0.05 was considered to be statis
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the only difference, that Il-12a expression was not upregulated in
the CT26 cell line. A similar cytokine expression signature was also
determined after lipofection with plasmid DNA encoding CCL17
with the most prominent difference in the Ifn-b expression, which
was upregulated only in the CT26 cell line (Fig. 2C).

Taken together, the lipofection of four different tumor cell lines,
4T1, E0771, CT26, and MC38, with plasmid DNA encoding CCL5 or
CCL17 is not toxic to the cells and results in a high increase in the
expression of the transfected chemokines. Moreover, the cytokine
expression analysis revealed that the majority of the interrogated
cytokines are upregulated already after lipofection of the control
plasmid DNA (pDNA Ctrl) and that neither plasmid DNA encoding
CCL5 or CCL17 drastically changes this cytokine expression
signature.
3.2. Gene electrotransfer of plasmid DNA encoding CCL5 or CCL17
leads to a minor tumor growth delay

The effect of CCL5 and CCL17 on tumor growth of breast cancer
tumor model 4T1 and colon cancer tumor model CT26 was then
determined in vivo. These two cell lines were chosen due to the dif-
ference in the expression of interrogated cytokines (Fig. 2B, C),
because they are both syngeneic to Balb/c mice, thus eliminating
the difference in the immune response due to the difference in
the immune phenotype between different mouse strains and
because of their different immunophenotype [58]. The CT26 tumor
model is defined as immunoinflammatory due to the high infiltra-
tion of NK cells, CD4+ and CD8+ T lymphocytes, while 4T1 tumor
model consists mainly of myeloid-derived suppressor cells
(MDSCs), macrophages, CD4+ and Treg lymphocytes, which are
responsible for its immunosuppressive phenotype [47]. For the
transfection of tumors with plasmid DNA, gene electrotransfer
was used, as it is a convenient and effective method for the intro-
duction of plasmid DNA into tumors and tissues [44,59].

Both tested pulsing protocols for gene electrotransfer resulted
in high expression of the enhanced green fluorescent protein
(EGFP) mRNA 3 days after gene electrotransfer of plasmid DNA
encoding EGFP to tumors in vivo (Fig. 3A). EGFP was used as a
model protein, which is not naturally present in either of the two
cell lines, thus allowing for direct comparison of the transfection
efficiency. There was no statistically significant difference in the
Egfp expression levels between the two pulsing protocols in either
of the two tumor models as well as not between the two tumor
models (Fig. 3A). When plasmid DNA encoding CCL5 was used
A encoding CCL5 or CCL17 in 4T1, E0771, CT26 and MC38 cell lines. The expression
26 and MC38 cancer cells with qRT-PCR. Heat maps show increased expression,
ion with A) control plasmid DNA (pDNA Ctrl), B) plasmid DNA encoding CCL5, or C)
ares represent non-determined cytokine expression. Statistical significance was

tically significant (* p < 0.05 vs control, non-transfected cells).



Fig. 3. Transfection efficiency and antitumor effect of GET of plasmid DNA encoding CCL5 or CCL17 using ECT or HV-LV pulsing protocol. A) The transfection efficiency
in CT26 and 4T1 tumors was determined with qRT-PCR on day three after GET of plasmid DNA encoding EGFP. B) The antitumor effect of GET was evaluated by determining
the tumor growth. Legend: Ctrl, pDNA Ctrl (ECT), pDNA Ctrl (HV-LV), CCL5 (ECT), CCL5 (HV-LV), CCL17 (ECT), CCL17 (HV-LV). The values
are presented as AM ± SD, except in B) where AM ± SEM are presented. Statistical significance was determined by a multiparametric t-test. A P-value of < 0.05 was considered
to be statistically significant (* p < 0.05 vs control, non-treated tumors (Ctrl)).
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for gene electrotransfer to CT26 tumors, there was also no statisti-
cally significant difference between the two pulsing protocols in
the expression levels of the Ccl5 transgene on day three or day
seven after gene electrotransfer (Fig. 4A, C). Differently, the ECT
pulsing protocol, resulted in a statistically significant higher
expression of Ccl17 transgene than the HV-LV pulsing protocol,
both on days three and seven, after gene electrotransfer of plasmid
DNA encoding CC17 to CT26 tumors (Fig. 4A, C). Importantly, both
pulsing protocols resulted in a high increase in the expression
levels of the Ccl5 and Ccl17 transgenes in CT26 tumors (Fig. 4A, C).

To determine the effect of gene electrotransfer of plasmid DNA
encoding CCL5 or CCL17 on tumor growth, the CT26 tumor model
was first used. Tumor growth was followed by measuring tumor
volume every two days after gene electrotransfer. Both pulsing
protocols resulted in a slight, but non-statistically significant
decrease in tumor growth, regardless of the plasmid used for gene
electrotransfer (Fig. 3B). Similarly, the survival of mice was mar-
ginally increased after GET of pDNA Ctrl and plasmid DNA encod-
ing CCL17, but not after GET of plasmid DNA encoding CCL5 (Fig
S2).
Fig. 4. Upregulation of chemokines CCL5 and CCL17 after GET of plasmid DNA encod
Expression of Ccl5 and Ccl17 in A) CT26 and B) 4T1 tumors was determined with qRT-PC
maps show increased expression, expressed as fold change relative to control, non-treate
after GET of plasmid DNA encoding CCL5 or CCL17. Crossed squares represent unperforme
by a multiparametric t-test. A P-value of < 0.05 was considered to be statistically signifi
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As there was no difference in the expression of EGFP transgene
between the different pulsing protocols in CT26 and in 4T1 tumor
model (Fig. 3A), the ECT pulsing protocol resulted in a higher
expression of Ccl17 transgene in the CT26 tumor model (Fig. 4A,
C), and there was no difference in tumor growth after gene electro-
transfer between the two pulsing protocols (Fig. 3B), only the ECT
pulsing protocol was further used in 4T1 tumor model. Expectedly,
gene electrotransfer of plasmid DNA encoding CCL5 or CCL17 to
4T1 tumors using the ECT pulsing protocol resulted in a high
expression levels of both transgenes three and seven days after
gene electrotransfer (Fig. 4B, D). Similarly as in the CT26 tumor
model (Fig. 3B, 5A), gene electrotransfer of plasmid DNA encoding
CCL5 or CCL17 to 4T1 tumors resulted in a slight, but non-
statistically significant decrease in tumor growth (Fig. 5B). The cal-
culated tumor growth delay (Fig. 5C) showed that the 4T1 tumors
were even less responsive than the CT26 tumors to the GET of plas-
mid DNA encoding CCL5 or CCL17 as well as to the control plasmid
pDNA Ctrl. This was recapitulated also in the survival of mice, as
GET of plasmid DNA encoding CCL17 and pDNA Ctrl significantly
prolonged the survival of mice in the CT26 tumor model
ing CCL5 or CCL17 in CT26 and 4T1 tumors using ECT or HV-LV pulsing protocol.
R on days three and seven after GET of plasmid DNA encoding CCL5 or CCL17. Heat
d cells, of CCL5 and CCL17 in CT26 and 4T1 tumors on C) day three and D) day seven
d GET. The values are presented as AM ± SD. Statistical significance was determined
cant (* p < 0.05 vs control, non-treated tumors (Ctrl)).



Fig. 5. Survival of mice after GET of plasmid DNA encoding CCL5 or CCL17 into CT26 and 4T1 tumors. Tumor growth after GET of control plasmid DNA (pDNA Ctrl) and
plasmid DNA encoding CCL5 or CCL17 using ECT pulses was determined for A) CT26 and B) 4T1 tumors. Legend: Ctrl, pDNA Ctrl, CCL5, CCL17. C)
Growth delay of CT26 and 4T1 tumors after treatment was calculated using tumor doubling time. Kaplan–Meier (KM) curves show the overall survival of mice after the
treatment of D) CT26 and E) 4T1 tumors. Legend: Ctrl, pDNA Ctrl, CCL5, CCL17. The values in A, B and C are presented as AM ± SEM. Statistical
significance was determined by a multiparametric t-test. A P-value of < 0.05 was considered to be statistically significant (* p < 0.05 vs control, non-treated tumors (Ctrl)).
Statistical significance of KM curves was determined by the Log-rank test. A P-value of < 0.05 was considered to be statistically significant (* p < 0.05 vs control, non-treated
tumors (Ctrl)).
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(Fig. 5D), whereas this was not the case in the 4T1 tumor model
(Fig. 5E).

Thus, despite achieving high levels of Ccl5 and Ccl17 transgene
expression in both tumor models, regardless of the pulsing proto-
col used, GET of plasmid DNA encoding CCL5 or CCL17 has only a
minor effect on tumor growth and the survival of mice.
3.3. GET of plasmid DNA encoding CCL5 or CCL17 modifies cytokine
expression in CT26 tumors

In order to determine whether GET of plasmid DNA encoding
CCL5 or CCL17 can modify the immune infiltrate of the tumor
microenvironment, the expression of a subset of cytokines from
the in vitro experiments was determined with qRT-PCR three and
seven days after GET in both tumor models. Based on the in vitro
results (Fig. 2) the cytokines CXCL9, CXCL10, IL-6, IL-12a, and IFNc
were chosen.

In the CT26 tumor model, both pulsing protocols were used. The
ECT pulsing protocol resulted in an increased expression of Il-6
three days after GET of either of the plasmids, but it was statisti-
cally significant only when pDNA Ctrl was used (Fig. 6A). Differ-
ently, seven days after GET, Ifnc and Cxcl9 were most
prominently expressed when plasmid DNA encoding CCL5 or
CCL17 were used (Fig. 6B). The increased expression of Cxcl10, Il-
6, and Il-12a seven days after GET was only determined when plas-
mid DNA encoding CCL5 was used (Fig. 6B). Similarly, the use of
HV-LV pulsing protocol resulted in an increased expression of Il-6
three days after GET (Fig. 6C), whereas, only Cxcl10 and Ifnc were
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upregulated seven days after GET of plasmid DNA encoding CCL5
(Fig. 6D), indicating a smaller effect of this pulsing protocol on
the immune infiltrate in the CT26 tumor microenvironment. In
the case of 4T1 tumor model, only ECT pulsing protocol was used,
and as was the case in the in vitro experiments (Fig. 2), the detected
changes in cytokine expression were less prominent than in the
CT26 tumor model (Fig. 6E, F). Although the increase in expression
of all five cytokines was determined, it was not statistically signif-
icant neither three days (Fig. 6E) nor seven days (Fig. 6F) after GET.
3.4. GET of plasmid DNA encoding CCL5 or CCL17 modifies immune cell
populations in the tumor microenvironment

The presence of inflammatory cytokines in the tumor microen-
vironment may lead to the infiltration of different immune cells
into the tumor [9]. Thus, to determine if GET of plasmid DNA
encoding CCL5 or CCL17 leads to the infiltration of immune cells,
frozen sections of tumors taken three or seven days after GET were
immunofluorescently stained for CD8+ T lymphocytes, CD4+ helper
T lymphocytes, macrophages (F4/80 surface expression) and blood
vessels (CD31 expression).

The presence of all three interrogated immune cell populations
was confirmed in both tumor models with the CT26 tumor having
more CD8+ than CD4+ cells (Fig. 7, Figs S3, S6A-C), whereas the 4T1
tumors had more CD4+ than CD8+ cells (Fig. 8, Figs S5, S6G-I),
which is in line with the published literature [47]. The F4/80 pos-
itive area indicating the presence of macrophages was mostly
observed in the tumor edge in both tumor models (Figs. 7, 8, Figs



Fig. 6. Upregulation of proinflammatory cytokines after GET of plasmid DNA encoding CCL5 or CCL17 in CT26 and 4T1 tumors. Heat maps show increased expression,
expressed as fold change relative to control, non-treated cells, of proinflammatory cytokines in tumors determined with qRT-PCR on days three and seven after GET of control
plasmid DNA (pDNA Ctrl) and plasmid DNA encoding CCL5 or CCL17. Heat maps show increased expression of proinflammatory cytokines in CT26 tumors after GET using A,
B) ECT pulses and C, D) HV-LV pulses, while heat maps E, F) show increased expression of proinflammatory cytokines in 4T1 tumors after GET using ECT pulses. Statistical
significance was determined by a multiparametric t-test. A P-value of < 0.05 was considered to be statistically significant (* p < 0.05 vs control, non-treated tumors (Ctrl)).
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S3, S5). Both tumor models had similar vascularization as the per-
cent of blood vessel area was between 5.20% and 5.99% (Fig S6D, J).

Contrary to the expected role of CCL5 and CCL17 as a chemoat-
tractant for immune cells [10], GET of plasmid DNA encoding CCL5
or CCL17, or pDNA Ctrl did not significantly modify the interro-
gated populations of immune cells. Specifically, GET with either
the ECT pulsing protocol or HV-LV pulsing protocol did not statis-
tically significantly change the number of CD4+ (Fig. 7, Figs S3, S4,
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S6A, S7A) or CD8+ (Fig. 7, Figs S3, S4, S6B, S7B) cells in the tumor,
nor their distance from blood vessels (Figs S6D, E, S7D, E) three or
seven days after GET in the CT26 tumor model. Similarly, the pres-
ence of macrophages remained unaffected (Fig. 7, Figs S3, S4). This
was also recapitulated in the 4T1 tumor model, where GET of plas-
mid DNA encoding CCL5 or CCL17 or pDNA Ctrl, using the ECT puls-
ing protocol also did not statistically significantly change the
number of CD4+ (Fig. 8, Figs S5, S6G) or CD8+ (Fig. 8, Figs S5,



Fig. 7. GET of plasmid DNA encoding CCL5 or CCL17 to CT26 tumors impacts immune cell infiltration to tumor tissue. GET was performed using ECT pulses. Tumors were
collected on day seven after GET for histological analysis. Frozen sections of tumor tissue were stained with anti-CD4 or anti-CD8 (yellow, Cy3), anti-CD31 (red, Alexa 647),
anti-F4/80 (green, Alexa 488) and Hoechst 33342 (blue). The representative images of A) tumor center and B) tumor edge are shown. Yellow: Cy3; Red: Alexa 647; Green:
Alexa 488; Blue: Hoechst 33342. Scale bar: 100 mm. (For interpretation to colours in this figure, the reader is referred to the web version of this paper.)
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S6H) cells in the tumor, nor their distance from blood vessels (Fig
S6J, K). As in the CT26 tumor model the presence of macrophages
remained unaffected (Fig. 8, Fig S5).

Thus, despite the expected chemoattractive properties of the
expressed Ccl5 and Ccl17 transgenes (Fig. 4A-D) and modified
expression of several other proinflammatory cytokines (Fig. 6)
there was no change in the interrogated populations of immune
cells after GET of plasmid DNA encoding CCL5 or CCL17 in either
CT26 or 4T1 tumor model.
4. Discussion

In this study, we demonstrated that in vitro lipofection of plas-
mid DNA encoding proinflammatory chemokines CCL5 and CCL17
results in a high expression of both transgenes in four cancer cell
lines, two murine breast cell lines, 4T1 and E0771, and two colon
cancer cell lines, CT26 and MC38, with a concomitant substantial
upregulation of several other proinflammatory cytokines. Interest-
ingly, the same subset of proinflammatory chemokines was also
upregulated when control plasmid DNA was used. Further, we
have demonstrated that when gene electrotransfer (GET) is used
for the delivery of plasmid DNA encoding CCL5 or CCL17 to CT26
9

and 4T1 tumors in vivo, high transgene expression levels can be
achieved using the standard electric pulsing protocol used for elec-
trochemotherapy (ECT) in clinics [50]. These high transgene
expression levels, however, did not translate into a pronounced
anti-tumor effect, but only slightly prolonged the survival of the
treated mice. Moreover, after GET with either of the plasmids we
only detected minor changes in the expression of other proinflam-
matory chemokines in vivo, as well as non-significant changes in
the populations of CD4+ helper T lymphocytes, CD8+ T lympho-
cytes, F4/80 macrophages and in the presence of blood vessels.

Although GET is a highly efficient and convenient method for
local plasmid DNA delivery to different tumors and tissues
in vivo [44], there are several drawbacks to using it in vitro. GET
in vitro has a known variability in transfection efficiency and cell
viability between different cell lines and pulsing protocols
[60,61]. Moreover, electric pulses alone, including the ECT pulsing
protocol used in this study in vivo, can already influence the
expression levels of several genes [62]. Furthermore, often the
optimal gene electrotransfer parameters determined in 2D cell cul-
ture in vitro are not recapitulated even in 3D cell cultures and even
less often in vivo [61,63,64]. Thus, we have decided to use lipofec-
tion for the in vitro experiments, which is less toxic for the cells and
has lower variability in the transfection efficiency between



Fig. 8. GET of plasmid DNA encoding CCL5 or CCL17 to 4T1 tumors impacts immune cell infiltration to tumor tissue. GET was performed using ECT pulses. Tumors were
collected on day seven after GET for histological analysis. Frozen sections of tumor tissue were stained with anti-CD4 or anti-CD8 (yellow, Cy3), anti-CD31 (red, Alexa 647),
anti-F4/80 (green, Alexa 488) and Hoechst 33342 (blue). The representative images of A) tumor center and B) tumor edge are shown. Yellow: Cy3; Red: Alexa 647; Green:
Alexa 488; Blue: Hoechst 33342. Scale bar: 100 mm. (For interpretation to colours in this figure, the reader is referred to the web version of this paper.)
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different cell lines [57]. Using this approach, it was demonstrated
that a high Ccl5 or Ccl17 transgene expression levels in all four cell
lines is not more cytotoxic than the lipofectamine alone or lipofec-
tion of empty control plasmid DNA. Moreover, the majority of the
determined changes in the expression of the interrogated proin-
flammatory cytokines were common to all three plasmid DNAs
used, including the control plasmid DNA, in all four cell lines. This
implies that the observed changes in the cytokine expression are
due to the entry of foreign plasmid DNA into the cell’s cytosol
and not due to the expression of either of the transgenes. Indeed,
increased expression of several cytokines, among them Il-1b, Ifnb,
Il-18, Tnfa, Il-6, Ccl5, Cxcl9, Cxcl10 is often observed upon the acti-
vation of cytosolic DNA sensors or the cyclic GMP-AMP synthase
(cGas) – Stimulator of interferon genes (Sting) (cGas-Sting) pathway
regardless of the method used for the delivery of foreign DNA into
the cells [65-69].

In the in vivo setting, the comparison of two different electric
pulsing protocols confirmed that both ECT and HV-LV pulsing pro-
tocols, can achieve high levels of transgene expression in the CT26
and in the 4T1 tumor model tumor that lasts for at least seven days
after GET. For the majority of tissues including skin and muscle
pulse application is recommended and performed immediately
after the plasmid injection [70,71]. However, our group has found
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that a 5 min delay between the injection of plasmid DNA and deliv-
ery of electric pulses, works best when tumors are the target tissue
[72]. Following the published literature on the evaluation of elec-
troporation and gene electrotransfer efficacy [73], we have first
evaluated in vivo the two electro pulsing protocols used in the
study by performing gene electrotransfer of plasmid DNA encoding
enhanced green fluorescent protein (EGFP), thus providing a direct
comparison of gene electrotransfer efficacy between both pulsing
protocols and both tumor models. In this study, we did not detect
differences in the gene electrotransfer efficacy between the two
tumor models or the two pulsing protocols used as determined
by qRT-PCR of EGFP expression (Fig. 3A), thus we believe we can
attribute the observed differences in the response of tumors to
gene electrotransfer of plasmid DNA encoding CCL5 or CCL17 to
the different tumor immune phenotype, rather to the differences
in gene electrotransfer efficacy. This is in line with the published
literature and ongoing clinical trials with the intratumoral gene
electrotransfer of plasmid IL-12 (tavokinogene telseplasmid;
‘‘tavo”) where a similar pulsing protocol is used, with the only dif-
ference being that it comprises of six pulses instead of eight, as was
the case in our study [53,74]. The majority of electric pulsing pro-
tocols used for GET use so-called long pulses, whose duration is in
the order of several milliseconds [75]. Although a high transgene
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expression levels, and a good therapeutic efficacy can be achieved
with these pulsing protocols, their drawback comes in a form of a
pronounced anti-tumor effect, even when control plasmid DNA or
even single- or double-stranded DNA is used [76]. Contrary, the
ECT pulsing protocol used in our study resulted only in a minor
anti-tumor effect in both the CT26 and 4T1 tumor models when
control plasmid DNA was used for GET. This raises the possibility
for more precise studies of the effects of the introduced transgenes
unencumbered by the effects caused by the electric pulses alone.

The increased expression of the transgenes was accompanied
by an increase in the expression levels of several proinflammatory
cytokines. This increase was tumor model, plasmid DNA, and elec-
tro pulsing protocol specific. Whereas there was no change in the
cytokine expression levels after GET in the 4T1 tumor model, sev-
eral cytokines were upregulated in the CT26 tumor model. When
using the ECT pulsing protocol the upregulation of Cxcl9, Cxcl10,
Ifnc, Il-12a, and Il-6 expression was determined seven days after
GET of plasmid DNA encoding CCL5, as was the upregulation of
Cxcl9 and Ifnc expression after GET of plasmid DNA encoding
CCL17. On the other hand, the only cytokine with upregulated
expression three days after GET was Il-6. Changes in the expression
levels of Il-6, Cxcl10 and Ifnc were also observed when HV-LV puls-
ing protocol was used for GET in the CT26 tumor model. Increased
expression of Cxcl10 and Cxcl9 has been correlated with the pres-
ence of tumor infiltrating T lymphocytes, activation of Th1 cells
within TME and favorable response to immunotherapies [15,77].
In addition, both CXCL9 and CXCL10 are potent inhibitors of angio-
genesis [78]. Moreover, epigenetic studies showed that Cxcl10,
Cxcl9 and Ccl5 are epigenetically silenced in immunosuppressive
tumors such as 4T1 [79,80]. Thus, reviving the expression of epige-
netically silenced Cxcl10, Cxcl9 or Ccl5 could improve the Th1 cell
activation and infiltration of effector immune cells. Similarly, IL-
12a promotes the development of Th1 responses, increases the
activation and cytotoxic capacities of T lymphocytes and NK cells,
inhibits or reprograms immunosuppressive cells and induces the
production of large amounts of IFNc [44,81,82]. Further, IFNc, a
product of Th1-mediated immune response, coordinates Th1 effec-
tor mechanisms, and further activates the macrophages and NK
cells in a positive feedback loop [83]. Taken together, the upregu-
lated expression of these cytokines after GET could divert the
TME towards the Th1 response and tumor regression. On the other
hand, the increased expression of Il-6 after GET, which regulates
the main hallmarks of cancer and multiple signaling pathways,
including apoptosis, survival, proliferation, angiogenesis, invasive-
ness, metastasis and metabolism [84,85], could divert the TME
towards the Th2 response, thus hampering the anti-tumor effects.

In our study, the close examination of the TME by immunoflu-
orescence staining of CD4+ helper T lymphocytes, CD8+ T lympho-
cytes, F4/80 macrophages, and blood vessels did not determine any
significant modifications of the TME composition in the CT26 or
4T1 tumor model. This implies either that other immune cell pop-
ulations are affected, such as NK cells, MDSCs, or that the increased
expression of Il-6 can abrogate the effects of other cytokines that
were upregulated and should drive the TME towards the Th1
response.

A limitation of our study was that only a single and not repeti-
tive GET was tested. It was already demonstrated that repetitive
GET of plasmid DNAs is more effective than a single GET [86].
One important factor that should be taken into account in the
future is that immunotherapies are predominantly used as adju-
vant therapies to chemotherapy or radiotherapy [87]. Thus, an
optimized GET dosing regimen in combination with a standard
cancer therapy could still hold promise for the exploitation of
proinflammatory chemokines such as CCL5 and CCL17 for cancer
immunotherapy.
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5. Conclusions

To summarize, this study demonstrates that high levels of Ccl5
or Ccl17 transgene expression can be achieved in vitrowith lipofec-
tion in four different cancer cell lines and that the resulting change
in the cytokine expression is due to the introduction of plasmid
DNA into the cells and not the transgene expression. In vivo this
study confirms that ECT pulsing protocol achieves high levels of
transgene expression in the tumors with a minimal anti-tumor
effect when control plasmid DNA is used. Although a minor prolon-
gation in mice survival was confirmed after GET of plasmid DNA
encoding CCL5 or CCL17, and an upregulation of several proinflam-
matory cytokines was determined, this had no effect on the com-
position of TME. Optimizing the GET dosing regimen, especially if
combined with a standard cancer therapy, could still position the
proinflammatory chemokines such as CCL5 and CCL17 among
potential novel cancer immunotherapies.
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