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ARTICLE INFO ABSTRACT

Keywords: This study investigated the antitumor efficacy of chemokine CCL5 gene therapy using gene electrotransfer (GET)
Chemokines in combination with radiotherapy (RT) in solid murine tumors CT26 and 4T1. In vitro, CT26 and 4T1 tumor cells
CCL5

transfected with plasmid DNA (pDNA) encoding CCL5 induced migration of RAW264.7 macrophages. In vivo,
CCLS5 overexpression achieved via GET of pDNA encoding CCL5 led to increased splenocyte infiltration in dorsal
window chamber models. When combined with RT, GET of pDNA encoding CCL5 shifted the tumor cytokine
profile toward a proinflammatory state, with elevated Ifn-y, Cxcl9, Cxcl10, and Il-12«. Although CD8 + and
CD4 + T cells were reduced post-treatment, due to radiation-induced cell death, the combination of GET of pDNA
encoding CCL5 and RT significantly delayed tumor growth in both models. In 4T1 tumors, this delay was also
significant compared to the equivalent treatment with GET of control pDNA. These findings support GET of

Gene therapy
Gene electrotransfer
Radiotherapy
Mouse tumor models

PDNA encoding CCL5 combined with RT as a strategy to enhance immune-mediated tumor control.

1. Background

Chemokines are one of the central chemoattractants and migratory
stimulators of both immune and non-immune cells [1,2]. They orches-
trate leukocyte trafficking under both physiological and pathological
conditions, yet their precise role in the inflammatory environment of
tumor development remains incompletely understood [3]. Based on
their expression and function, chemokines are broadly categorized as
homeostatic or inflammatory. Homeostatic chemokines regulate the
normal trafficking of immune cells within secondary lymphoid organs
and tissues [4]. Inducible chemokines are upregulated at sites of
inflammation and recruit activated effector leukocytes to tissues in
response to immunological stimuli. Given their unique ability to attract
innate and adaptive effector immune cells, chemokine overexpression in
solid tumors could potentially lead to increased infiltration of effector
immune cells and thereby contribute to the development of new
immunotherapy strategies in the field of oncology. While recent

advancements in immunotherapies, targeting immune check points
(ICs) offer promising outcomes in tumor control, a great fraction of
patients remains unresponsive to immune checkpoint inhibitor (ICI)
therapies [5]. Specifically, in patients, tumor immune status, which
among other properties represents tumor’s immune cell landscape, is
often deprived of effector CD8 + and helper CD4 + T cells, crucial for
effective antitumor immune response, which could be facilitated
through chemokine mediation [6]. Within the broad family of chemo-
kines, proinflammatory chemokine (C-C motif) ligand 5 (CCL5) or
RANTES (regulated upon activation, normal T cell expressed and
secreted) was associated with increased immune cell infiltration into
various tumors [3,7].

Independent studies of cell migration showed that CCL5 displays
affinity to chemokine receptors CCR1, CCR3 and CCR5, which are
widely represented on the surface of CD4 + and CD8 + T lymphocytes,
natural Kkiller (NK) cells, dendritic cells (DCs) as well as tumor-associated
macrophages (TAMs) [8,9]. Preclinical studies on spheroids and
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transgenic mouse models associated Ccl5 overexpression in tumors with
cytotoxic T lymphocyte infiltration and significant tumor growth delay
in ovarian cancer [3]. Besides guiding T lymphocytes to tumor location,
CCL5 also participates in CD4 + helper-dependent CD8 + T lymphocyte
activation [10]. Notably, the levels of CCL5 produced by NK cells orig-
inating from tumor microenvironment (TME) also correlate with DC
accumulation, which in turn drive the antitumor immunity through
antigen presentation and effector T lymphocyte activation [11,12].
Meta-analysis of a large clinical data showed that CCL5 and CXCL9
co-expression is needed for the CD8 + T lymphocyte infiltration and
increased overall survival in multiple human tumors [3]. Moreover,
increased CCL5 expression in triple negative breast cancer patients was
associated with the recruitment of effector immune cell populations
[13]. Elevated CCL5 expression has been reported in multiple tumor
types, including breast, brain, head and neck, liver, pancreatic, colo-
rectal, prostate, and oral cancers [14-21]. In early breast cancer pa-
tients, increased CCL5 serum levels correlated with prolonged
disease-free survival [22]. More importantly, several studies demon-
strated the benefits of using CCL5 as an adjuvant for enhancing
anti-tumor immunity [23].

Expanding on the immunomodulatory role of CCL5, several inde-
pendent gene therapy studies have explored its use through various
delivery systems. Dangaj et al. [3] demonstrated in a preclinical study
using the ID8 syngeneic mouse ovarian cancer model that sustained
expression of CCL5 led to a significant delay in tumor growth and pro-
longed survival, primarily through enhanced recruitment of CD8" T
cells. A detailed analysis of the CCL5 signaling cascade further revealed
the involvement of other IFN-y-inducible T helper 1 (Th1)-type che-
mokines, such as CXCL9 and CXCL10, which were shown to be epige-
netically silenced in tumor cells but otherwise play key roles in
preventing immune escape and promoting CD8* T-cell infiltration in
ovarian and other cancer types [24]. Moreover, CCL5 has been assessed
in combination with PD-1/PD-L1 inhibitor therapy and provided opti-
mistic results [25]. However, in patients lacking immune checkpoints
combining chemokine overexpression with ICI therapies is not appli-
cable [26]. In these cases, radiotherapy (RT), used in over half of all
cancer patients, offers an effective alternative. RT not only induces
direct tumor cell death but also promotes antitumor immunity by
enhancing antigen presentation, increasing lymphocyte infiltration, and
modulating tumor vasculature [27,28]. Additionally, irradiation (IR)
can activate DNA sensors and the cGAS-STING signaling pathway,
triggering the secretion of inflammatory cytokines and other inflam-
matory factors [29]. A form of cell death known as immunogenic cell
death (ICD), which can be triggered by IR, is responsible for many of
these indirect immunological effects, ultimately transforming a
non-immunogenic TME into an immunogenic one [30].

In our previous study we determined the impact of CCL5 on the TME
using murine breast (4T1, E0771) and colon (CT26, MC38) cancer
models [31]. We employed pDNA encoding CCL5 chemokine, delivered
via lipofection in vitro and gene electrotransfer (GET) in vivo, to achieve
their overexpression within tumor cells. Both in vitro lipofection and in
vivo GET of pDNA encoding CCL5 demonstrated robust transgene
expression and upregulation of Thl-type proinflammatory cytokines
II-6, Ifn-y, Cxcl9, Cxcl10, II-12a across all investigated cancer cell lines
and tumor models. However, in vivo GET of pDNA encoding CCL5
yielded an unsignificant anti-tumor effects in CT26 and 4T1 tumor
models, suggesting that GET of pDNA encoding CCL5 monotherapy is
insufficient for an enhanced anti-tumor effectiveness.

Based on these results, our aim was to investigate the GET of pDNA
encoding CCL5 in combination with RT in the murine colon cancer
model CT26 and the breast cancer model 4T1. Although RT has the
potential to activate immune cells, a significant challenge lies in the
absence or insufficient presence of immune cells within the TME [32].
By combining GET-mediated delivery pDNA encoding CCL5 with RT,
this approach aimed to recruit immune cells to tumors, thereby enabling
their activation through irradiation-induced immunological effects.
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2. Methods
2.1. Study design

This study investigates the role of CCL5 GET combined with RT in
immune cell recruitment and tumor response in murine tumor models
CT26 and 4T1. In vitro, RAW264.7 macrophage migration was observed
toward CCL5-transfected CT26 and 4T1 tumor cells to assess the
chemotactic potential of CCL5. In vivo, splenocyte infiltration into tu-
mors was determined using dorsal window chamber models (DWCs)
after GET of pDNA encoding CCL5. To evaluate the therapeutic effects of
GET of pDNA encoding CCL5 combined with IR, tumors were treated
according to the scheme in Fig. S10. GET was always performed in
combination with IR, while IR was applied either alone or in combina-
tion with GET. In the case of combined treatments with double GET and
fractionated IR, the second GET was performed on day 4 after the initial
treatment. For immunofluorescence and gene expression analysis, irra-
diated and control tumors were collected at the same time point, on day
3 after the last IR dose.

2.2. Plasmids

The plasmids pUNO1-mcs (control, non-coding pDNA Ctrl) and
pUNO1-mCCL5 (pDNA encoding CCL5) were purchased from InvivoGen
(Toulouse, France). All plasmids were amplified in a competent
Escherichia coli (JM109; Thermo Fisher Scientific, MA, US) and purified
using the EndoFree Plasmid Mega (Qiagen, Hilden, Germany) kit ac-
cording to manufacturer’s instructions. The concentration of isolated
plasmids was measured with Qubit DNA Broad Range kit (Thermo Fisher
Scientific) by fluorometric quantification using Qubit 4 Fluorometer
(Thermo Fisher Scientific). Quality and integrity of isolated plasmids
were confirmed by measuring the 260/280 nm absorbance ratio using
an Epoch Microplate Spectrophotometer (BioTek Instruments GmbH,
Bad Friedrichshall, Germany) and by agarose gel electrophoresis. For
the experiments, all plasmids were diluted in physiological saline to a
final concentration of 1 pg/uL or 2 pg/pL.

2.3. Cell cultures

Murine colon cancer cell line CT26 and breast cancer cell line 4T1,
macrophages RAW264.7 and human embryonic kidney 293 T cell line
were originally purchased from ATCC (VA, US). Cells were cultured in a
humidified incubator at 37 °C, in an atmosphere of 5 % CO: and 95 %
relative humidity. To generate fluorescently labeled tumor cell lines,
CT26 and 4T1 cells with stable expression of green fluorescent protein
(GFP) (CT26-GFP and 4T1-GFP) were established by lentiviral trans-
duction using the pLenti-PGK-GFP-Puro plasmid (Addgene, MA, US).
Lentiviruses were produced in 293 T packaging cells (ATCC) using the
plasmids pMD2.G, pMDLg/pRRE, and pRSV-Rev (Addgene) introduced
via lipofection. GFP-positive CT26 and 4T1 monoclonal colonies were
selected using puromycin (Sigma-Aldrich, Darmstadt, Germany).

CT26, CT26-GFP, 4T1, 4T1-GFP and RAW264.7 cells were cultured
in Advanced RPMI 1640 (Gibco, Thermo Fisher Scientific, VA, US),
while 293 T cells were cultured in Advanced DMEM (Gibco, Thermo
Fisher Scientific, VA, US). Media were supplemented with 5 % FBS
(Gibco), GlutaMAX (100 x, Gibco), and Penicillin-Streptomycin (100 x,
Sigma-Aldrich). The cells were routinely tested for mycoplasma infec-
tion by MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza, Basel,
Switzerland) and were mycoplasma free. Cells were subcultured twice
weekly using 0.025 % trypsin with 0.75 mM EDTA, except RAW264.7
macrophages, which were detached using a cell scraper (TPP, Trasa-
dingen, Switzerland). For experiments, low-passage (<15) cells in the
exponential growth phase were used and counted with a CytoSMART
cell counter (CytoSMART Technologies, Eindhoven, Netherlands).
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2.4. Lipofection

CT26 and 4T1 tumor cells were transfected with plasmid DNA
(pDNA) encoding CCL5 or with non-coding control plasmid (pDNA Ctrl)
using Lipofectamine 2000 (1 mg/uL solution; Thermo Fisher Scientific)
and Opti-MEM medium (Gibco) according to the manufacturer’s in-
structions. Transfections were performed in T75 flasks at 80 % con-
fluency, 48 h prior to the chemotaxis experiment. Non-transfected CT26
and 4T1 cells served as additional controls.

2.5. Chemotaxis assays

The chemotactic properties of chemokine CCL5 were determined in
vitro using Culture-Inserts 4 Wells (Ibidi, WI, US). Twenty-four hours
before the experiment, RAW264.7 macrophages were labeled with the
fluorescent dye CellTrace™ CFSE (Invitrogen) according to the manu-
facturer’s protocol. 24 h before the experiment RAW264.7 cells were
labeled with the fluorescent dye CellTrace™ CFSE Dye (Invitrogen)
according to the manufacturer’s instructions. After staining the silicon
inserts with four wells (Culture-Inserts 4 Well, Ibidi) were first attached
to the bottom of a 24-well plate using sterile tweezers. In two parallel
wells of the insert, 5 x 10* transfected CT26 or 4T1 cells were seeded,
and in the opposite two parallel wells, 1 x 10° RAW264.7 macrophages
were seeded, each in 100 pL of Advanced phenol-free RPMI-1640 me-
dium (Gibco™, Thermo Fisher Scientific) to reduce imaging back-
ground. After 24 h, the silicon inserts were removed and macrophage
migration was monitored for 20 h in a controlled environment (37°C and
5 % CO: atmosphere) using the Cytation 1 and Gen5 software (BioTek
Instruments), with fluorescent images captured at 30-minute intervals.
For imaging, a 4x magnification objective (4x, 0.13 NA Olympus Plan
Fluorite) was used, along with an LED light source and a filter cube that
transmitted excitation light at 445-495 nm and emission light at
505-555 nm. Images were acquired using a CCD camera with 16-bit
grayscale depth.

2.6. Mice

Immunocompetent 6-8-weeks-old Balb/c (BALB/cAnNCrl) female
mice were obtained from Charles River Laboratories (MA, US). Mice
weighted between 18 and 20 g at the beginning of the experiments and
were kept in a specific pathogen-free environment with 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
(permits U34401-1/2015/43, U34401-1/2020/8 and U34401-3/
2022/17) and were in compliance with the European Directive on ani-
mal experiments (2010/63/EU). Mice were housed in individually
ventilated cages (IVC rack system; Animal Care Systems Inc., Revere
Parkway, USA) with up to six animals per cage and provided with
environmental enrichment (Bio-Serv, VWR, PA, US). During all pro-
cedures, mice were anesthetized with 2 % (v/v) isoflurane (Isoflurane;
Piramal Healthcare UK Limited, London, UK) unless stated otherwise.
All experiments adhered to the principles of the 3Rs and followed the
ARRIVE [33], PREPARE [34], and OBSERVE [35] guidelines.

2.7. Dorsal window chamber models

Surgical implantation of DWCs was carried out according to a pub-
lished protocol [36]. Briefly, titanium frames were surgically implanted
on the backs of mice under sterile conditions and systemic anesthesia
(1 mg/mL ketamine (Narketan, Vetoquinol AG), 5 mg/mL xylazine
(Chanazine, Chanelle Pharmaceuticals), and 0.4 mg/mL acepromazine
(Promace, Fort Dodge Animal Health), with pain minimized by admin-
istering ketoprofen (3.5 mg/kg, Ketonal, Lek d.d.). After 24 h, tumors
were established by subcutaneous injection of 3 x 10° CT26-GFP or
4T1-GFP cells in 5 pL of 0.9 % NaCl saline. Transfection of tumors with
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pPDNA encoding CCL5 and control pDNA (pDNA Ctrl) using GET was
performed when tumors reached the volume of 25 mm?> (calculated
using formula: V = a x b"2 x n/6) as described under Gene electro-
transfer section. After 48 h, mice were intravenously injected via the tail
vein with a suspension of 5 x 10° fluorescently labeled naive splenocytes
(CM-Dil Dye, Thermo Fisher Scientific) in 100 uL of saline. Naive sple-
nocytes were isolated on the day of the injection from spleen of healthy
donor mice. Three-dimensional (3D) immunofluorescence images of
tumors in dorsal windows were captured using a Zeiss LSM 800 confocal
microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 20x
magnification objective (NA 0.8). Laser light at specific excitation
wavelengths (GFP, Alexa Fluor 488: 488 nm; Cy3: 561 nm) was used
during imaging, which was performed in complete darkness. Fluores-
cent emission was detected using a gallium arsenide phosphide (GaAsP)
detector with a variable beam splitter and wavelength-specific filters
(Alexa Fluor 488: 488-545 nm; Cy3: 565-620 nm). The imaging depth,
defined by the distance between the extreme focal planes, was set to 100
pm, with a 5 pm step between each image in the Z-direction.

2.8. Tumor induction and measurement

One day prior to the experiment, the backs of the mice were shaved
and randomly divided into experimental groups. Tumor induction in
mice receiving combined therapies of GET and IR was carried out by
subcutaneous injection of 3 x 10° CT26 or 4T1 cells in 100 uL of 0.9 %
NacCl saline. Tumor volumes were measured every other day using a
caliper (Model CD-15DAX, Mitutoyo, Kanagawa, Japan). The measure-
ments were recorded in In-Life&Tumor software (Labcat, Innovative
Programming Associates, Inc., NJ, US) using on the ellipsoid volume
formula ((a x b x ¢ x 1n/6), where a, b, and c represent perpendicular
tumor diameters). After approximately 7-10 days, tumors reached a
volume of 50 mm?, at which point therapy was initiated, as outlined in
the study design (Fig. S10). Animals were sacrificed when tumors
reached the maximal volume of 500 mm? or if tumors showed signs of
ulceration. Tumor volume of 500 mm® 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
grimace scale (MGS) [37]as an indicator of systemic toxicity of the
therapy.

2.9. Immune rechallenge experiment

To assess the development of long-term immune memory after
therapy, tumor-free mice that achieved complete response (CR) were
subjected to an immune re-challenge. Fourteen days after complete
tumor regression, mice were subcutaneously injected with 3 x 10° CT26
or 4T1 cells (corresponding to their original tumor model) in the right
flank, in 100 pL of 0.9 % NaCl saline. No additional treatment was
administered. Tumor growth in re-challenged mice was monitored for
90 days. Mice that remained tumor-free throughout the observation
period were considered to have developed protective immune memory.

2.10. Gene electrotransfer

At the start of the therapy intratumoral injection of either 25 pg
(25 uL of 1 ug/uL pDNA) or 50 pg (25 pL of 2 ug/uL pDNA) of the pDNA
Ctrl or pDNA encoding CCL5, was injected using a 29 G insulin syringe.
Different amounts of pDNA were used to evaluate dose-dependent ef-
fects and to minimize confounding effects caused by the plasmid itself.
Lowering the pDNA dose to 25 pg aimed to limit the activation of DNA
sensors, which can trigger innate immune responses independent of the
therapeutic chemokine. This strategy helped to better assess the specific
contribution of the pDNA encoded CCL5 to the observed therapeutic
outcomes.
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After 5 min GET was performed by the application of electric pulses
routinely used in clinics for electrochemotherapy (ECT pulses: 8 pulses,
1300 V/cm, 100 ps, 1 Hz). This protocol was chosen because short, high
voltage electric pulses are already successfully used for gene therapy
[38,39]. The pulses were generated by ELECTRO Cell B10 electric pulse
generator (Leroy biotech, France). For combined treatments, 6 mm
parallel stainless-steel plate electrodes were used. During GET 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. The electrodes were positioned around the tumor,
ensuring the tumor was located between them. Four electric pulses were
delivered in one orientation, followed by four additional pulses deliv-
ered perpendicular to the initial orientation [40].

For DWCs, due to the smaller tumor size, a lower dose of 10 pg (5 pL
of 2 ug/uL plasmid DNA) was intratumorally injected 5 min before GET,
which was performed using 4 mm parallel stainless-steel plate
electrodes.

2.11. Irradiation

Tumors were irradiated with either a single dose of 10 Gy or a
fractionated dose of 3 x 5 Gy using the CP225 X-ray system (Gulmay
Medical Ltd., Surrey, UK) with 0.55 mm Cu and 1.8 mm Al filtering. The
dose was delivered exclusively to the tumor, with the mice restrained in
lead shielding to protect non-tumor tissues. During irradiation, mice
were not under anesthesia. The IR dose rate was 1.92 Gy/min. Both
regimens delivered a biologically effective dose (BED) of approximately
22 Gy, calculated using the BED equation with an o/p ratio of 10, suit-
able for tumors and tissues with early or acute responses to IR [41].

2.12. Tumor collection

Mice were euthanized and tumors were surgically removed. Imme-
diately after, one-half of the collected tumor was weighted and frozen in
liquid nitrogen. Frozen tumor samples were crushed using a pestle and
then stored at —80C 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 ni-
trogen before RNA extraction.

2.13. Gene expression analysis

Frozen tumor samples were crushed using a pestle and then stored at
—80C before RNA extraction. Total RNA was extracted from treated
tumors using the Total RNA Kit, peqGOLD (VWR), following the man-
ufacturer’s protocol. Cell lysis was performed with TRI Reagent (Thermo
Fisher Scientific). RNA concentration was measured using the Qubit
DNA Broad Range Kit (Thermo Fisher Scientific) on a Qubit 4 Fluo-
rometer (Thermo Fisher Scientific).

First-strand (5' to 3’ direction) cDNA was generated from 2 pg of
template RNA using a Thermocycler Primus 25 (Peglab, UK) and Su-
perScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific) in a 20 pL
reaction mix, according to the manufacturer’s instructions. Priming was
performed at 25C for 10 min and reverse transcription for 60 min at 42C.
The cDNA was then stored at —20C for subsequent analysis. Quantitative
Polymerase Chain Reaction was performed with LightCycler 480
(Roche, Basel, Switzerland). The samples were prepared using TagMan
Gene Expression Assays of predesigned chemokine and cytokine specific
primers (IDT, IA, US) (Table S1). Briefly, the thermocycling protocol
consisted of initial denaturation at 95 °C 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 LightCycler 480 (Roche). Relative
quantification was performed by comparison to the housekeeping genes
RNA polymerase II subunit A (Polr2a). No-template controls were
included for each primer set on every plate.

Biomedicine & Pharmacotherapy 194 (2026) 118887
2.14. Immunofluorescence

Fourteen-micrometer thick frozen tissue sections were prepared
using Leica CM1850 cryostat (Leica, Wetzlar, Germany) and stained
with primary (Table S2) and secondary (Table S3) antibodies. Staining
was performed 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 25°C for 30 min followed by a 30 min
cooling in 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 25°C in a humidified
chamber. Sections were then blocked again for 1 h in 5 % donkey serum
and incubated overnight at 4 °C with primary antibodies diluted in
blocking buffer (2 % donkey serum, 22.52 mg/mL glycine in PBS) in a
humidified chamber. After washing thrice in PBS, sections were incu-
bated with secondary in blocking buffer (2 % donkey serum, 22.52 mg/
mL glycine in PBS) for 1 h at 25°C in a humidified chamber and then
washed thrice in PBS. Nuclei were counter-stained with Hoechst 33342
solution (3 pg/mL) in PBS for 10 min in the dark. After another two
washes in PBS, slides were mounted with ProLong™ Glass Antifade
Mountant (Thermo Fisher Scientific). Three tumor samples per group
were imaged using a Zeiss LSM 800 confocal microscope (Carl Zeiss)
equipped with a 20 x /0.8 NA objective. Hoechst 33342, Alexa Fluor
488, Cy3, and Alexa Fluor 647 were excited with 405, 488, 561, and
640 nm lasers, respectively. Emission signals were captured using a
Gallium Arsenide Phosphide (GaAsP) detector and a variable dichroic
filter with wavelength ranges of 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 (Oxford Instruments, Abingdon, UK). Cutoff
thresholds for each channel were determined based on negative
controls.

2.15. Statistical analysis

Statistical analysis and graph plotting were done using GraphPad
Prism 10 (Dotmatics, CA, US). Normal distribution of the data was tested
using D’Agostino-Pearson normality test. Statistical significance was
evaluated using with One-way ANOVA with Dunnett’s multiple com-
parisons post hoc test or t-test. The Log-Rank test was used to detect
statistical differences in survival probabilities on Kaplan-Meier curves
for each comparison and calculated the adjusted p-value using the Holm-
Sidak method. Normalized tumor growth delay was calculated by
adjusting individual tumor growth delay to average tumor growth delay
of control.

Treatment responses were analyzed using the DRAP package [42] in
R. Individual mouse responses were classified according to the Novartis
Institutes for BioMedical Research PDX encyclopedia (NPDXE) response
criteria as implemented in DRAP. NPDXE response was determined by
comparing the tumor volume change at time t relative to baseline: %
tumor volume change = AVolt =100 % x ((Vt - Vinitial) / Vinitial). The
BestResponse was defined as the minimum AVolt value for t > 10 days.
For each time point t, the average AVolt from t = 0 to t was also
calculated, and the BestAvgResponse was defined as the minimum of
this average for t > 10 days. This metric captured the combination of
speed, strength, and durability of response into a single value. The
NPDXE response criteria were applied in the following order: complete
response (CR), BestResponse < -95 % and BestAvgResponse < -40 %;
partial response (PR), BestResponse < -50 % and BestAvgResponse
< -20 %; stable disease (SD), BestResponse < 35 % and BestAvgRes-
ponse < 30 %; and progressive disease (PD), not otherwise categorized.

In addition to these standard criteria, we implemented a custom CR
rule: any mouse whose tumor volume measured 0 mm? for five
consecutive time points at the end of the observation period was clas-
sified as CR, regardless of its NPDXE classification. Conversely, if the
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NPDXE criteria assigned a CR but the custom rule was not met, the
response was downgraded to PR. This adjustment ensured that gradual
complete regressions persisting over time were accurately captured and
that isolated measurement artifacts did not inflate CR classification.

Throughout the manuscript the following symbols indicate statistical
significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
The sample size (N) for each experiment is presented in the Fig. legends
and represents the number of biological replicates.

3. Results

3.1. CCL5-transfected CT26 and 4T1 tumor cells induce migration of
RAW264.7 macrophages in vitro

To validate the pDNA encoding CCL5 and its biological function we
first sought to determine the chemotactic ability of CCL5 in vitro and in
vivo. In vitro we determined macrophage RAW264.7 migration towards
CT26 and 4T1 tumor cells transfected via lipofection with pDNA
encoding CCL5 or non-coding pDNA (pDNA Ctrl). Macrophage migra-
tion toward transfected CT26 and 4T1 cells was observed 48 h after
lipofection, with migration monitored for 20 h (Fig. 1, Movie S1). In
assays with the CT26 cell line, the highest macrophage migration was
observed toward tumor cells transfected with pDNA encoding CCLS5,
compared to the control and pDNA Ctrl. The difference in the number of
migrating macrophages between groups increased over time. While the
number of migrating macrophages toward CCL5-transfected CT26 cells
gradually increased over time, migration toward untreated and CT26
cells transfected with pDNA Ctrl showed a steady but nonsignificant
decrease over time (Fig. 1A). The increase in the number of migrating
macrophages toward 4T1 cells transfected with individual pDNA was
more linear compared to CT26 cells (Fig. 1B). The difference in
migrating macrophage numbers between groups increased over time
and, unlike in assays with CT26 cells, never reached a plateau. Among
groups, CCL5 induced the highest macrophage migration in transfected
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4T1 cells.

Supplementary material related to this article can be found online at
doi:10.1016/j.biopha.2025.118887.

At the 10-hour time point, macrophage migration toward CCL5-
expressing CT26 cells was about 1.4 times higher than toward cells
transfected with pDNA Ctrl (Fig. 1Ci). Similarly, in the 4T1 assays, the
number of migrating macrophages toward CCL5-transfected cells was
significantly higher compared to both the pDNA Ctrl-transfected cells
and untreated control (Fig. 1Di). At the 20-hour time point, macrophage
migration toward CT26 cells transfected with CCL5 was 2 times higher
compared to pDNA Ctrl (Fig. 1Cii). In 4T1 cells, migration toward CCL5-
transfected cells remained significantly higher than control, with a 1.4-
fold increase compared to pDNA Ctrl (Fig. 1Dii). Although untreated
tumor cells can induce notable chemotaxis of murine RAW264.7 mac-
rophages, these results suggest that transfection with CCL5 significantly
enhances their migration in both cell lines.

3.2. Invivo dorsal window chamber experiments show that GET of pDNA
encoding CCL5 induces infiltration of naive splenocytes only in 4T1 tumors

In the in vivo experiment, the DWCs were used to determine the
extravasation of fluorescently labeled splenocytes, isolated from the
spleens of healthy donor mice, into CT26-GFP and 4T1-GFP tumors 24
and 48 h after their injection into the tail vein. We determined the
number of infiltrated splenocytes within the tumors (intratumoral) by
modeling the tumor volume as well as those outside the tumors in the
surrounding visible area (peritumoral) (Fig. S1). Differences in the
infiltration of splenocytes between the control and treated groups were
already apparent from the representative immunofluorescence images
after intravenous injection (Fig. 2A and B). Compared to the control, the
images of the treated groups showed increased infiltration of spleno-
cytes within the tumors.

At 24 h, neither GET of pDNA encoding CCL5 nor pDNA Ctrl
significantly increased splenocyte infiltration into CT26 tumors.
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Fig. 1. Macrophage migration toward CCL5-overexpressing CT26 and 4T1 tumor cells. A, B) Graphs show the number of migrating murine RAW264.7 mac-
rophages towards transfected CT26 and 4T1 tumor cells 48 h after lipofection with individual pDNA. Migration was monitored continuously for 20 h at 30-minute
intervals, and data are presented as the arithmetic mean (AM). Graphs Ci) and Cii) show the number of migrating macrophages toward CT26 tumor cells, and Di) and
Dii) toward 4T1 tumor cells, with Ci) and Di) corresponding to the 10-hour time point and Cii) and Dii) to the 20-hour time point. Data represent the arithmetic AM +
standard error of mean (SEM) of all replicates (N = 15). Statistical significance was determined by a t-test. A p-value of < 0.05 was considered to be statistically
significant (*p < 0.05, **p < 0.01 vs control, non-treated tumor cells (Ctrl)). Ctrl: control group; pDNA Ctrl: Lipofection with pDNA Ctrl; CCL5: Lipofection with

PDNA encoding CCL5.


https://doi.org/10.1016/j.biopha.2025.118887

T. Bozic et al.

Ci)

@
S
3

@
]
3

N of intratumoral splenocytes
(N/mm?)
N &
83 8
g8 8

2000

N of intratumoral splenocytes

%

A) 24h

CT26

4T

CT26

4T

CT26 24h

4T1 24h

&

200 ym

Cii) CT26 48h

N of intratumoral splenocytes
(N/mm?)

> D
S & 2
(3 9
0‘\
<
Dii)
4T1 48h
ok
g oo .
2
H
£ 4000
S
Lw
= 3
s £ 300
EZ
5
g 200 .
£ 100 .
s —_
z ]
& s
& & &
&

pDNA Ctrl

200 ym

pDNA Ctrl

o

CT26
800

@
S
3

400

at time point (N'mm?*)

W\

N of intratumoral splenocytes

=

@ @
S S
=3 3

at time point (N'mm?®)
IS
8
3

N of intratumoral splenocytes
nN
3
8

Ctrl
pDNA Ctrl

- CCLS

- Ctrl

PDNA Ctrl
CCL5

Biomedicine & Pharmacotherapy 194 (2026) 118887

n
(]
S
o
o
&
[©
Q|
]
»
]
=
o
<]
e
(O
[=3
2
CT26
@
2 300
E = Ctrl
5 " pDNA Ctrl
a.c£ 200 - CCLS
»'g
Te
s
£
5 = 100
£%
-] i
3 g<‘
S
o 4
= 24h 48h
4T
@
2 300
3 — Ctrl
° -
§ " pDNA Ctrl
a.c 200 - CCLS
Ly
b By _—
gg
£E
5 100
£%
&
o
S
o
= 24h 48h

(caption on next page)



T. Bozic et al. Biomedicine & Pharmacotherapy 194 (2026) 118887
Fig. 2. Naive splenocyte migration in the DWCs of CT26 and 4T1 tumors after GET of pDNA encoding CCL5. Individual representative images of the DWCs
show splenocyte (yellow; Cy3) infiltration into CT26-GFP and 4T1-GFP tumors (blue; CT26/4T1-GFP) following GET of individual pDNA. Images were captured at A)
24 and B) 48 h after intravenous injection of splenocytes. White arrows indicate intratumoral splenocytes, while cyan arrows indicate peritumoral splenocytes.
Yellow: splenocytes; blue: Hoechst33342. Scale bar: 200 pm. Quantification of splenocyte infiltration is shown in graphs Ci-Ciiii) and Di-Diiii). The number of
intratumoral splenocytes in CT26-GFP tumors was determined at Ci) 24 and Cii) 48 h after injection. Graph Ciii) shows the number of peritumoral splenocytes in
CT26-GFP tumors at both time points. Similarly, in 4T1-GFP tumors, Di) and Dii) show the number of intratumoral splenocytes at 24 and 48 h after injection,
respectively, while graph Diii) shows the number of peritumoral splenocytes at both time points. The number of intratumoral splenocytes is normalized to the tumor
volume (N/mm?) within the visible field. All data represent the AM 4+ SEM of all replicates (3 <N < 6). Statistical significance was determined using a t-test. A p-
value of < 0.05 was considered to be statistically significant (*p < 0.05, **p < 0.01 between groups). Ctrl: control group; pDNA Ctrl: GET of pDNA Ctrl; CCL5: GET of

PDNA encoding CCL5. [43,44].

Specifically, GET of pDNA encoding CCL5 resulted in about 2 times
higher number of intratumoral splenocytes compared to control
(Fig. 2Ci). However, while these increases in splenocyte infiltration were
observed, the differences between groups were not statistically signifi-
cant due to the relatively high baseline number of infiltrated splenocytes
in the untreated, control CT26 tumors. At 48 h the average number of
intratumoral splenocytes in control and CCL5-treated tumors increased
by approximately 49 %, compared to that of 24-hour time point
(Fig. 2Cii). This increase was statistically significant in CCL5-treated
tumors compared to GET of pDNA Ctrl, while the decrease in spleno-
cyte numbers in the pDNA Ctrl group compared to control was not
statistically significant (Fig. 2Cii and Ciii). In the 4T1 tumor model the
basal number of infiltrated splenocytes in control group was lower
compared to control CT26 tumors (Fig. 2Di). At 24 h GET of pDNA
encoding CCL5 resulted in significant increase in the infiltration of
splenocytes into 4T1 tumors compared to control. The number of
intratumoral splenocytes after GET of pDNA Ctrl was similar to that
observed in the control. In particular, the mean number of intratumoral
splenocytes after GET of pDNA encoding CCL5 was about 26 times
higher than in the control and 8 times higher compared to GET of pDNA
Ctrl. At 48-hour time point, the number of intratumoral splenocytes
further increased by almost 27 % after GET of pDNA encoding CCL5
(Figs. 2Dii and 2Diii).

In the surrounding visible area, the average number of peritumoral
splenocytes was higher in 4T1 tumors compared to CT26 tumors, but
remained comparable between corresponding groups at both time
points (Fig. 2Ciiii and Diiii).
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3.3. GET of pDNA encoding CCL5 combined with irradiation induces
increased co-expression of proinflammatory cytokines associated with T
cell infiltration

The expression of proinflammatory chemokines and cytokines in
treated tumors was determined in the control group, after single-dose IR
of 10 Gy or fractionated IR of 3 x 5 Gy and in therapies of GET of pDNA
encoding CCL5 or pDNA Ctrl combined with IR (Fig. 3).

The selected cytokines, Ifn-y, Cxcl9, Cxcl10, II-6, and II-12a, were
analyzed because of their well-established roles in T-cell recruitment,
Thl activation, and antitumor immune responses [4]. CCL5 acts pri-
marily through CCR5-mediated signaling, which can activate the
JAK/STAT and NF-kB pathways, promoting the transcription of IFN-y
and IL-12 and establishing a positive feedback loop that amplifies
Thl-type immune activation [4]. IFN-y, in turn, induces the expression
of CXCL9 and CXCL10, chemokines that recruit CXCR3* effector CD4*
and CD8* T cells into tumors. These cytokines cooperate functionally:
IL-12 enhances IFN-y secretion by T and NK cells, which further sustains
the CCL5-IFN-y—CXCL9/CXCL10 signaling axis, driving cytotoxic im-
mune cell infiltration and activation [3].

IL-6, conversely, represents a counter-regulatory cytokine often
linked to tumor-promoting inflammation and Th2 polarization,
providing insight into the inflammatory balance within the tumor
microenvironment [45]. Moreover, CCL5, CXCL9, and CXCL10 are
frequently epigenetically silenced in certain tumors, and their
re-expression restores Thl-type immunity and effector cell infiltration
[46]. Thus, these mediators are mechanistically interconnected through
CCL5-driven Thl signaling cascades, and their expression reflects
downstream immunological changes resulting from CCL5 modulation.

The rationale for combining CCL5 overexpression with radiotherapy
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Fig. 3. Gene expression of proinflammatory cytokines in CT26 and 4T1 tumors after GET of pDNA encoding CCL5 and IR. Heat maps show the fold change in
expression of inflammatory cytokines (Ccl5, Ccl17, Cxcl9, Cxcl10, II-6, II-12a, and Ifn-y) in A) CT26 and B) 4T1 tumors after single-dose IR of 10 Gy, fractionated IR of
3 x 5 Gy, and combined treatments with GET of either pDNA Ctrl or pDNA encoding CCL5 and IR. Cytokine expression was analyzed from tumor tissue homogenates
prepared from one half of each collected tumor, and fold change in gene expression was calculated using the AACt method relative to untreated control tumors
collected on day 7. Statistical significance was determined using one-way ANOVA followed by Dunnett’s post hoc test, comparing relative expression values of
treated groups to the control. A result was considered statistically significant when the average fold increase in gene expression was > 2 and the p-value was < 0.05,
as indicated by an asterisk (*). Data represented in the heat maps correspond to the average fold change in gene expression (5 < N < 7). Statistically significant
comparisons are summarized in Table S4.
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stems from the concept that tumors enriched in effector immune cells
generally respond more favorably to radiotherapy and immunotherapy
[3]. Because CCL5 is a potent chemoattractant for T lymphocytes, its
upregulation through GET delivery could facilitate the increase T-cell
infiltration and thereby enhance antitumor responses when used
alongside radiotherapy.

In our previous study, expression of proinflammatory cytokines in
both tumor models was determined after GET of pDNA Ctrl and GET of
PDNA encoding CCL5 alone [31]. In CT26 tumors, GET of control pDNA
significantly increased II-6 expression at day 3, whereas by day 7, GET of
PDNA encoding CCL5 strongly upregulated Ifn-y, Cxcl9, Cxcl10, II-6, and
Il-12a. In contrast, 4T1 tumors exhibited only modest, non-significant
changes in cytokine expression at both time points.

Expanding upon these earlier findings, we first assessed the effects of
irradiation alone. In CT26 tumors, a single-dose IR of 10 Gy alone led to
increased expression of Ccl5 compared to control, which was twice as
high compared to fractioned IR (Fig. 3A). The expression of Ccl17 was
lower compared to Ccl5, while the expression of all other investigated
cytokines increased. Compared to single-dose IR, fractionated IR led to a
lower fold change expression of all investigated cytokines, including
Ccl5. In 4T1 tumors, Ccl5 expression was increased post-IR regardless of
the IR regimen and was about 3 times higher compared to CT26 tumors
(Fig. 3A). Increased expression of Ifn-y, Cxcl9, and Cxcl10, but not of II-
12a, was observed after single-dose IR of 10 Gy in 4T1 tumors.
Conversely, fractionated IR did not affect the expression of cytokines in
4T1 tumors (Fig. 3B).

When GET of pDNA encoding CCL5 was combined with IR, the ex-
pected increase in CCL5 expression was not consistently observed,
particularly in CT26 tumors. This effect can be attributed to the rela-
tively high baseline CCL5 expression in CT26, which may have masked
additional transgene-driven expression, as well as to the reduced
transfection efficiency commonly observed in vivo following GET. In
contrast, 4T1 tumors, which exhibit lower basal levels of CCL5, showed
clearer upregulation after combination therapy. Nevertheless, both
models displayed pronounced modulation of other proinflammatory
cytokines and chemokines, likely reflecting the activation of immune
pathways triggered by the introduction of plasmid DNA and the electric
pulses themselves [47].

Specifically, in CT26 tumors, cytokine expression profiles after
combined therapy of GET with 25 pg of pDNA and single-dose IR of
10 Gy were comparable regardless of the pDNA used (Fig. 3A). While
combining GET of pDNA Ctrl with single-dose IR increased the expres-
sion of Cxcl10 and IlI-12a, combining GET of pDNA encoding CCL5 with
single-dose IR resulted in comparable upregulation of Cxcl9, Cxcl10, II-6,
II-12a and Ifn-y. In contrast, 4T1 treated tumors showed mainly an
upregulation of Ccl5 (Fig. 3B).

Combining GET using two times higher dose of pDNA (50 pg) and
single-dose IR of 10 Gy further potentiated the effect of introduced
PDNA Ctrl, resulting in significant upregulation of Ccl17 and Cxcl9 in
CT26 tumors (Fig. 3A). To a lesser extent this was also observed after
GET of pDNA encoding CCL5 and single-dose IR. The most pronounced
changes in 4T1 tumors were observed following the combination of GET
of pDNA encoding CCL5 with the dose of 50 ug and single-dose IR of
10 Gy. In this treatment group, all cytokines investigated, except I1-6,
exhibited more than a 2-fold increase in expression; however, these
changes were not statistically significant (Fig. 3B).

Due to the prominent effects of the control pDNA (pDNA Ctrl) on the
upregulation of proinflammatory cytokines, GET in combination with
fractionated IR was performed using a lower plasmid dose of 25 pg to
minimize the effect of the pDNA itself (Fig. 3A and B). When GET with
25 ug of pDNA was combined with fractionated IR 3 x 5 Gy, the most
pronounced changes in the expression of all investigated cytokines were
observed after GET of pDNA encoding CCL5 in both tumor models
(Fig. 3A and B). In CT26 tumors, particularly increased expression of
Cxcl10 and statistically significant expression of II-12a was noted after
this therapy (Fig. 3A). Cytokine expression in 4T1 tumors was generally
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lower compared to CT26 tumors after each combined therapy. As in the
case of combined therapies with single-dose IR, combined therapies with
fractionated IR also resulted mainly in upregulation of Ccl5 in 4T1 tu-
mors (Fig. 3B).

3.4. GET of pDNA encoding CCL5 and irradiation results in reduced
numbers of tumor infiltrated CD4 + and CD8 + T cells

Given the observed differences in splenocyte migration between the
tumor models following therapy, we next assessed the baseline immune
status of untreated CT26 and 4T1 tumors (Fig. S2). Tumor sections were
stained for cell nuclei, CD4* and CD8" T cells, F4/80* macrophages, and
CD31* endothelial cells, with representative images of each staining
shown in Fig. S3. This comparison was performed to characterize the
inherent immune landscapes of both models before treatment and to
better interpret subsequent therapy-induced changes. Immunofluores-
cence analyses of untreated mice were conducted on tumor sections
collected at day 3 and day 7, corresponding to early and more advanced
phases of adaptive immune activation in mice [33]. For treated mice
receiving the combination of GET of chemokines and IR, immunofluo-
rescence was performed on tumor sections collected on day 3 after the
last IR dose, to capture immune responses during the early
post-treatment phase. Both the tumor rim and center were evaluated to
capture spatial differences in immune cell distribution, as the rim is
typically more vascularized and permissive to infiltration, whereas the
center is more hypoxic and immunosuppressive [34].

At baseline, CT26 tumors displayed higher infiltration of CD8*
cytotoxic T cells, while 4T1 tumors contained more CD4* helper T cells,
resulting in an overall lower CD4/CD8 ratio in CT26 (Fig. S2). These
findings confirm that CT26 tumors are more immunogenic (“hot™),
whereas 4T1 tumors are more immunosuppressive (“cold”), consistent
with previously published data [31]. The tumor vascular area did not
significantly differ between the models at baseline.

The tumor vascular area was quantified because radiotherapy is
known to markedly remodel tumor vasculature through vessel loss,
pruning, or normalization, and these changes can directly influence
immune-cell trafficking into tumors. Measuring vascular area therefore
allows interpretation of immune-cell infiltration—particularly CCL5-
driven T-cell recruitment—in the context of radiation-induced
vascular alterations, rather than attributing all differences solely to
chemokine effects [48-50]. This is particularly relevant for CCL5
because chemokine-mediated lymphocyte recruitment requires a func-
tional vascular network for circulating cells to extravasate into the
tumor.Following the characterization of baseline immune profiles, we
next examined how GET of pDNA encoding CCL5 combined with IR
affects immune-cell infiltration. Regardless of the plasmid dose the most
significant changes in immune cell populations after GET of pDNA
encoding CCL5 and IR were observed at the tumor rims (Fig. 4), while
the tumor centers exhibited a similar trend, though less pronounced
(Fig. S4).

In CT26 tumors single-dose IR of 10 Gy did not change the number of
CD4 + T cells at the tumor rims, while the number of CD8 + T cells
slightly decreased compared to the control (Fig. 4A Figs. S5Ai and Aii).
On the contrary, in 4T1 tumors single-dose IR with 10 Gy led to a
reduction in CD4 + and a 64.5 % increase in the mean number of
CD8 + T cells (Fig. 4B, Figs. S6Ai and Aii). In CT26 tumors, the number
of CD8 + T cells decreased after all combined therapies with single-dose
IR (Fig. 4G, E, Figs. S5Ai-Bii). Reduced immune cell infiltration was also
observed in 4T1 tumors following combined therapies with single-dose
IR (Fig. 4D, F, H, Figs. S6Ai-Bii). F4-80 + macrophages were primarily
observed at the tumor rims, and were not significantly affected by the
therapies in both tumor models (Fig. 4A-H).

In contrast to single-dose IR, fractionated IR of 3 x 5 Gy in CT26
tumors increased the infiltration of CD4 + and CD8 + T cells, particu-
larly at the tumor rims (Fig. 4A, Figs. S5Ci and Cii). Despite this, GET of
PpDNA encoding CCL5 combined with fractionated IR led to a significant
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Fig. 4. Representative immunofluorescence images of CT26 and 4T1 tumor rims after GET of pDNA encoding CCL5 and IR. Frozen tumor sections were
labeled with anti-CD4 or anti-CD8 (yellow, Cy3), anti-CD31 (red, Alexa 647), anti-F4-80 (green, Alexa 488), and Hoechst 33342 (blue). Representative immuno-
fluorescence images show immune cell populations at the rims of CT26 and 4T1 tumors. Images A) and B) present tumors treated with single-dose IR of 10 Gy and
fractionated IR of 3 x 5 Gy in CT26 tumors (A) and 4T1 tumors (B), respectively. Images C) and D) show tumors following combined treatment of GET with 25 ug of
either pDNA Ctrl or pDNA encoding CCL5 and single-dose IR of 10 Gy in CT26 (C) and 4T1 (D) tumors. Images E) and F) show tumors following the same treatment
groups using 50 pg of pDNA and single-dose IR of 10 Gy in CT26 (E) and 4T1 (F) tumors. Images G) and H) show tumors following combined treatment of GET with
25 g of either pDNA encoding CCL5 or pDNA Ctrl and fractionated IR of 3 x 5 Gy in CT26 (G) and 4T1 (H) tumors. Images of tumors following single-dose and
fractionated IR were acquired on day 7 after treatment, while images of combined treatments were acquired on day 3 after the last IR dose (N = 5). Yellow: CD4/

CDS8; red: CD31; green: F4/80; blue: cell nuclei. Scale bar: 100 pm.

decrease in both immune populations in tumors (Fig. 4G, Figs. S5Ci and
Cii). In 4T1 tumors fractionated IR reduced the number of CD4 + T cells,
but did not affect the number of CD8 + T cells (Fig. 4B, Figs. S6Ci and
Cii). Combined therapies did not significantly reduce the number of
CD4 + or CD8 + T cells and were preserved at higher numbers in 4T1
tumors compared to CT26 tumor model. Due to the changes in the
numbers of CD4 + and CD8 + T cells after the combined therapies, the
CD4/CD8 T cell ratio was proportionally affected (Figs. S5Di, Ei, Fi,
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S6Di, Ei, and Fi). Significantly increased CD4/CD8 T cell ratio in CT26
tumors was observed also after combined treatment of GET of pDNA
encoding CCL5 and 3 x 5 Gy (Fig. S5Fi). In case of 4T1 tumors CD4/CD8
T cell ratio was not significantly affected after therapies.

Up to 50 % reduction (from =6 % to ~3 %) in the tumor vascular
area represented by CD31 + endothelial cells was observed at CT26
tumor rims after single-dose IR and combined therapies of GET of pDNA
encoding CCL5, while after GET of pDNA Ctrl, the vessels were mostly
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Fig. 5. Tumor growth delays of CT26 and 4T1 tumors after GET of pDNA encoding CCL5 and IR. Graphs show tumor growth delays of CT26 and 4T1 tumors
after combined therapies. Graphs A-C) correspond to CT26 tumors, and graphs D-F) to 4T1 tumors. Graphs A) and D) present tumor growth delay following GET with
25 pg of either pDNA Ctrl or pDNA encoding CCL5 and single-dose IR of 10 Gy. Graphs B) and E) show tumor growth delay following the same treatment groups using
50 pg of pDNA. Graphs C) and F) display tumor growth delay after GET with 25 pg of either pDNA Ctrl or pDNA encoding CCL5 and fractionated IR of 3 x 5 Gy. Data
are expressed as AM =+ SEM of all mice (17 < N < 35). Statistical significance was determined by ordinary one-way ANOVA. A p-value of < 0.05 was considered
statistically significant (*p < 0.05, **p < 0.01, ****p < 0.0001 between groups).
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preserved (Figs. S5Dii and Eii). In the case of fractionated IR, the per-
centage of vascular area at the tumor rims and inside was significantly
lower only after combined treatment with GET of pDNA encoding CCL5
(Fig. S5Fii). Similar, but not statistically significant changes in the tumor
vascular area were observed in treated 4T1 tumors (Figs. S6Dii, Eii and
Fii).

Lastly, we determined the distances between the immune cells and
tumor vessels. In CT26 tumors CD4 + T cells were located the farthest
from the vasculature at the rims of CT26 tumors after single-dose IR with
10 Gy (Figs. S7Ai, Bi, and Ci), while the average distance of CD4 + T
cells after all combined therapies was approximately 5 um. The dis-
tances of CD8 + T cells to tumors vessels fluctuated between therapies
but did not statistically differ compared to control (Figs. S7Aii, Bii, and
Cii). Although combined therapies with fractionated IR did not affect the
distance of CD4 + T cells from the vessels, the furthest distance of
CD8 + T cells from the vessels was observed after GET with 25 pg of
PDNA encoding CCL5 combined with fractionated IR (Fig. 4 Ci and Cii).
In 4T1 tumors GET of pDNA Ctrl combined with fractionated IR led to
significantly reduced distance between CD8 + T cells and tumor vessels
(Figs. S8AI-Cii).
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3.5. GET of pDNA encoding CCL5 combined with irradiation leads to
tumor immune status—specific responses in mice

In the immunogenic CT26 tumors, the results of determining the
tumor growth delay after GET of pDNA encoding CCL5 and IR showed
that tumors respond to the combined therapy (Fig. 5A-C). Single-dose IR
of 10 Gy alone did not lead to complete responses (CRs), although the
tumor growth delay was significantly longer relative to the control,
amounting to 6.9 + 1.2 days (Table S5; row 1). The tumors had the
longest growth delay after GET with 25 pg of pDNA encoding CCL5 and
single-dose IR, which was 15.0 £+ 2.3 days with 35 % of CRs, however
the difference compared to the GET of pDNA Ctrl was not statistically
significant (Fig. 5A, Table S5; rows 3 and 4). In the tumor regrowth
experiment, 50 % of tumors treated with GET of pDNA encoding CCL5
grew back. Survival of the mice was significantly longer for all treatment
groups compared to control (Fig. 6A).

Even in the case of GET with 50 pg pDNA, the highest number of CRs
was observed following GET of pDNA encoding CCL5 and single-dose IR,
although the tumor growth delays were comparable between the
treatment groups (Fig. 5B). GET of pDNA Ctrl and single-dose IR led to
7.7 % CRs, while GET of pDNA encoding CCL5 resulted in 22.2 % CRs
(Fig. 6B, Table S5; rows 5 and 6). The tumor regrowth experiment
showed that immune memory developed particularly in mice with cured
CT26 tumors treated with GET of pDNA encoding CCL5 and single-dose
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Fig. 6. Survival of mice bearing CT26 and 4T1 tumors after GET of pDNA encoding CCL5 and IR. Kaplan-Meier survival curves show outcomes for mice bearing
CT26 and 4T1 tumors over 100 days. Graphs A-C) correspond to mice bearing CT26 tumors, and graphs D-F) to mice bearing 4T1 tumors. Graphs A) and D) present
survival following GET with 25 pg of either pDNA Ctrl or pDNA encoding CCL5 and single-dose IR of 10 Gy. Graphs B) and E) show survival of the same treatment
groups using 50 pg of pDNA. Graphs C) and F) show survival following GET with 25 g of either pDNA Ctrl or pDNA encoding CCL5 and fractionated IR of 3 x 5 Gy.
Numbers in parentheses after each group represent the number of complete responses (CRs) and the total number of mice in the corresponding group (17 < N < 35).
Statistical significance was determined by Log-rank test with Holm-Sidék correction for multiple comparisons. A p-value of < 0.05 was considered statistically

significant (*p < 0.05 between groups).
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IR, as only 20 % of tumors regrew after rechallenge (Table S5; row 6).
Fractionated IR of 3 x 5 Gy alone resulted in 3.8 % CRs in CT26
tumors, while the tumor growth delay was significantly longer relative
to the control, amounting to 11.0 & 2.4 days (Table S5; row 2). GET with
25 ug of pDNA Ctrl and fractionated IR resulted in 47.1 % CRs and
tumor growth delay of 14.3 4+ 4.5 days (Fig. 5C, Table S5; row 7).
Similarly, GET with 25 pg of pDNA encoding CCL5 and fractionated IR
led to 47.1 % CRs and tumor growth delay of 17.1 + 1.7 days (Fig. 5C,
Table S5; row 8). Inmune memory developed in 33 % of mice receiving
GET of pDNA Ctrl, whereas GET of pDNA encoding CCL5 led to tumor
resistance in 50 % of treated mice (Table S5; rows 7 and 8). The survival
of mice was comparable between the two treatment groups (Fig. 6C).

In the non-immunogenic 4T1 tumors, the tumor growth delay after
GET of pDNA encoding CCL5 and IR showed that 4T1 tumors were less
responsive to the combined therapy compared to CT26 tumors (Fig. 5D-
F). Single-dose IR of 10 Gy did not lead to CRs, while the tumor growth
delay was significantly longer relative to the control, amounting to 1.5
+ 0.4 days (Table S6; row 1). The tumors had the longest growth delay
after GET with 25 pg of pDNA encoding CCL5 and single-dose IR, which
was 4.0 + 0.6 days (Figs. 5D and 6D, Table S6; rows 3 and 4). Although
no CRs were observed, the combined GET of pDNA encoding CCL5 and
single-dose IR showed a significantly longer tumor growth delay relative
to the GET of pDNA Ctrl and single-dose IR and a significantly longer
survival of the mice compared to the control (Figs. 5D and 6D). Spe-
cifically, the tumor growth delay was approximately 2.5 times longer
compared to the GET with 25 pg of pDNA Ctrl. Similar trend was
observed for the therapies with the higher amount of pDNA (Figs. 5E and
6E, Table S6; rows 5 and 6). In this case each combined therapy resulted
in one CR (5.9 %) in the treated groups; however, immune memory did
not develop in the cured mice, as all tumors regrew in the rechallenge
experiment (Table S6; rows 5 and 6).

Fractionated IR of 3 x 5 Gy alone did not lead to CRs in 4T1 tumors,
while the tumor growth delay amounted to 1.6 + 0.7 days (Table S6;
row 2). GET with 25 pg of pDNA Ctrl and fractionated IR resulted in
tumor growth delay of 5.7 & 1.1 days (Fig. 5F, Table S6; row 7) while,
GET with 25 ug of pDNA encoding CCL5 and fractionated IR resulted in
tumor growth delay of 6.0 + 0.6 days (Fig. 5F, Table S6; row 8). None of
the treatments led to CRs (Table S6; rows 7 and 8). The survival of the
mice was comparable across all treatment groups (Fig. 6C).

Given the observed reduction in CD4 + and CD8 + T cells in our
immunofluorescence analysis after combined treatments and the po-
tential immune cell depletion caused by IR, we performed a double GET
with 25 pg of pDNA combined with fractionated IR of 3 x 5 Gy (Fig. S9).
In this approach, a second GET was administered 24 h after the final IR
dose to preserve and potentially enhance immune cell infiltration.
Notably, double GET combined with fractionated IR increased the
expression of introduced CCL5, while the expression levels of other cy-
tokines remained at basal levels (Figs. S9A and B). In CT26 tumors,
tumor growth delay was significantly longer relative to controls, though
the effect of pDNA masked the specific contribution of CCL5 (Figs. S9C
and D). In 4T1 tumors, growth delay after GET of pDNA encoding CCL5
reached 8.6 + 1.6 days, which was significantly longer than in both
control groups. However, in both tumor models, the survival of mice was
not improved and the number of CRs was lower compared to combined
treatments with single GET (Figs. SOE and F).

Tumor response to combined therapies was further assessed by
comparing normalized tumor doubling times and DRAP analysis [42]
between CT26 and 4T1 tumors (Fig. 7). All therapies significantly pro-
longed doubling times in CT26 tumors compared to 4T1. Fractionated IR
and GET combined with fractionated IR led to longer doubling times in
CT26, though response variability was higher (Figs. 7Ai-Aiii). Violin plot
distribution showed that only a fraction of CT26 tumors exhibited
increased number of tumor doublings, while 4T1 tumors showed com-
parable responses, indicating lower inter-tumor heterogeneity
(Figs. 7Ai-Di and 7Aii-Dii).

In CT26 tumors, both IR regimens led to 15.4 % stable disease (SD)
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responses (Fig. 7Aiii), whereas in 4T1 tumors, only progressive disease
(PD) was observed. Fractionated IR in CT26 tumors also doubled the rate
of partial responses (PR) to 7.7 % compared to single-dose IR. When
combining GET with 25 ug pDNA and single-dose IR, CT26 tumors
showed improved responses: GET of pDNA resulted in 11.8 % PR and
11.8 % SD, while GET of pDNA encoding CCL5 increased these outcomes
to 17.6 % PR and 29.4 % SD (Fig. 7Biii). In contrast, the same treatment
in 4T1 tumors yielded only PD. GET with 50 pg of pDNA encoding CCL5
combined with single-dose IR in CT26 tumors further raised the SD rate
by 10.1 % and reduced PR by 15.7 % compared to pDNA Ctrl
(Fig. 7Ciii). Interestingly, in 4T1 tumors, GET of pDNA Ctrl led to 11.8 %
more PR than GET of pDNA encoding CCL5. Finally, in CT26 tumors,
GET of pDNA encoding CCL5 combined with fractionated IR resulted in
5.9 % more PR and 11.7 % more SD than the corresponding pDNA Ctrl
treatment (Fig. 7Diii).

4. Discussion

Exploiting chemokines represents an emerging therapeutic strategy
in oncology due to their ability to attract and guide immune cells. In our
previous study, the antitumor effect of GET of pDNA encoding CCL5 as a
monotherapy has been evaluated [31]. Although overexpression of
CCL5 and other proinflammatory cytokines after GET was observed, the
therapy led only to a minor tumor growth delay. Therefore, in this study
the effect of GET of pDNA encoding CCL5 in vivo was combined with
radiotherapy to potentiate the antitumor effectiveness. Specifically, we
determined the antitumor efficacy of chemokine CCL5 gene therapy
utilizing gene electrotransfer (GET) in combination with radiotherapy
(RT) in solid murine tumors CT26 and 4T1. These findings highlight the
potential of CCL5 gene therapy via GET in combination with RT as a
promising strategy for enhancing immune-mediated tumor control.

The comparison between single-dose IR of 10 Gy and fractionated IR
of 3 x5Gy was included to explore how different dose delivery
schedules influence the therapeutic synergy with CCL5. These regimens
were chosen because they deliver the same biologically effective dose
(BED), assuming an o/f ratio of 10 for early-responding tissues such as
tumors [41]. This allowed us to determine whether a single high dose or
a fractionated dosing schedule provides greater therapeutic benefit
when combined with CCL5 overexpression. Differences in dose deliv-
ery—one-time IR versus repeated exposures over three consecutive
days—can affect tumor cell repair capacity, the kinetics of immune
activation, and the overall composition of the tumor microenvironment
[51].

The chemotactic ability of CCL5 was initially investigated using an in
vitro migration assay, where we demonstrated that CT26 and 4T1 tumor
cells transfected with pDNA encoding CCL5 significantly enhanced the
migration of RAW264.7 macrophages. Although GET is a simple and
effective method for delivering pDNA into tumors and tissues in vivo, its
main drawbacks are variability in transfection efficiency and its impact
on viability among different cell lines and electric pulse protocols in
vitro [52,53]. Additionally, electric pulses themselves can influence the
expression of different genes [54-56]. For these reasons, CT26 and 4T1
tumor cells used in in vitro chemotaxis assays were transfected with
pDNA encoding chemokine CCL5 and control, non-coding pDNA (pDNA
Ctrl) using lipofection, which is known as highly efficient and low
cytotoxic transfection method for in vitro transfection [57].

In addition to macrophage migration, T-cell chemotaxis was assessed
in vitro using CTLL-2 lymphocytes together with CT26 or 4T1 cells
transfected with pDNA encoding CCL5 via lipofection. Because CTLL-2
cells are non-adherent suspension cells, migration was evaluated using
Boyden transwell assays. However, results were inconsistent due to the
sensitivity of these cells, instability of CCL5 gradients, and technical
variability. Therefore, these data were not included, and T-cell recruit-
ment was instead analyzed in vivo, where chemokine gradients and
physiological conditions are more stable.The highest rate of macrophage
migration was observed towards tumor cells transfected with pDNA
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encoding CCL5. This outcome was expected, as CCL5 functions by
binding to CCR1, CCR3, CCR5 receptors, which are abundantly
expressed by RAW264.7 macrophages as determined with high-
throughput sequencing (Yao M, data accessible at NCBI GEO database,
accession GSE271238). Moreover, this also served to validate the
effectiveness of the pDNA transfection in tumor cells used in our study.
Over the 20-hour period, an increase in the number of migrating mac-
rophages towards CT26 cells was observed, eventually reaching a
plateau in all groups. This plateau may indicate receptor desensitization
and a subsequent stall in migration [58], a process that occurs to prevent
overstimulation of signaling pathways and maintain cellular homeo-
stasis by diminishing receptor responsiveness following prolonged or
repeated exposure to a ligand.

Interestingly, an even stronger effect was observed in macrophage
migration toward pDNA Ctrl-transfected CT26 cells, suggesting that the
presence of foreign non-coding DNA might activate pathways that
disrupt endogenous chemotactic gradients of transfected CT26 cells.
Indeed, this could be due to the upregulation of numerous proin-
flammatory cytokines, as previously demonstrated in murine colon
(CT26, MC38) and breast cancer (4T1, E0771) cell lines following lip-
ofection with pDNA Ctrl [31].

All transfected 4T1 cells induced significantly higher linear migra-
tion trend of macrophages, with pDNA encoding CCL5 inducing the
highest difference, in comparison to the control group. Unlike in CT26
cells where macrophage migration caused by non-coding pDNA was
comparable to untreated control, in 4T1 cells pDNA Ctrl induced a sig-
nificant increase in macrophage migration. This difference could be
attributed to the distinct phenotypes of CT26 and 4T1 cells character-
ized by different cytokine baseline states [59]. CT26 cells are known to
form immunogenically active, "hot" tumors characterized by high infil-
tration of NK cells (>26 %) and T lymphocytes (>18 %), with cytotoxic
T lymphocytes making up more than 5% of the infiltrate [60]. In
contrast, 4T1 cells form non-immunogenic, immunosuppressive tumors
with high infiltration of regulatory T (Treg) lymphocytes (>5 %) and
myeloid-derived suppressor cells (MDSCs, >50 %), alongside increased
Th2-associated cytokine signaling.

These intrinsic differences were also evident in our immunofluores-
cence analysis of untreated tumors, where CT26 tumors contained fewer
CD4* but more CD8" T cells and exhibited a lower CD4/CD8 ratio
compared to 4T1. The CD4/CD8 ratio provides additional insight into
how CCL5 may modulate the composition of infiltrating lymphocytes.
While both CD4* and CD8"* T cells can respond to CCL5, their chemo-
tactic sensitivity differs—CD8* and activated/memory T cells generally
express higher levels of CCR5, the principal receptor for CCL5, than
CD4* T cells. Consequently, alterations in this ratio may indicate pref-
erential recruitment of cytotoxic T-cell subsets and reflect a shift toward
a more effective antitumor immune microenvironment. Together, these
findings underscore the distinct immune landscapes of CT26 and 4T1
tumors and their likely influence on therapeutic outcomes.

To further investigate the chemotactic properties of CCL5 in vivo, its
chemotactic properties were determined also using DWCs of CT26 and
4T1 tumors through observation of naive splenocyte infiltration into the
TME. To achieve this, GET of pDNA encoding CCL5 was performed using
established electrical pulses used in clinics for electrochemotherapy [38,
39]. The results at 24- and 48-hour time point demonstrated that
CCL5-transfected tumors after GET led to increased splenocyte infiltra-
tion in both tumor models. Notably, in non-immunogenic 4T1 tumor
model the splenocyte recruitment was significant compared to control,
suggesting that GET of pDNA encoding CCL5 can effectively override the
immunosuppressive nature of these tumors. While the number of
intratumoral splenocytes significantly increased after the therapy, the
number of peritumoral splenocytes remained unchanged. This is likely
due to a combination of immune cell retention within the tumor as a
consequence of establish chemokine CCL5 gradients, as well as struc-
tural and functional characteristics of the TME at the periphery [61,62],
and the side effects of electric pulses delivered during GET [63,64].
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However, a limitation of this study is that while changes in the number
of splenocytes were observed, the detailed mechanisms underlying these
localized effects, such as specific chemokine expression or individual
immune cell tracking in the DWCs were not investigated and warrant
further studies.

Collectively, the introduction of non-coding, foreign pDNA in CT26
tumors did not significantly affect macrophage migration rates, while its
presence in 4T1 cells caused a notable shift, turning these typically non-
immunogenic tumor cells into cytokine producers and substantially
increasing macrophage migration compared to the control. Although the
effect of non-coding pDNA decreased, at later time points, 4T1 cells
transfected with pDNA encoding CCL5 continued to drive substantial
macrophage migration. Similarly, in vivo evaluation using DWCs
demonstrated that the effects of control pDNA were limited, while GET
of pDNA encoding CCL5 significantly enhanced splenocyte recruitment,
particularly in the immunosuppressive 4T1 tumor model. This spleno-
cyte infiltration was significant, suggesting the establishment of che-
mokine gradients and enhanced immune cell retention within the TME.
These findings highlight the distinct effects of GET of pDNA encoding
CCL5, which not only enhance macrophage and splenocyte recruitment
but also effectively override the immunosuppressive nature of 4T1 tu-
mors, maintaining their pronounced effects even as the influence of non-
coding pDNA subsides.

The efficacy of chemokine CCL5 gene therapy utilizing GET in
combination with RT in solid murine tumors CT26 and 4T1 was strati-
fied across multiple levels, including gene expression analysis of
proinflammatory cytokines, immune cell infiltration, and determination
of responses after therapies. Single-dose IR of 10 Gy alone increased the
production of proinflammatory cytokines Ccl5, Cxcl9, Cxcl10 and Ifn-y,
while fractionated IR of 3x5 Gy did not. Different single-dose and
fractionated IR regimens have been shown to elicit divergent immuno-
logical outcomes, with the dose and scheduling influencing the magni-
tude, quality, and timing of cytokine responses, which may also differ
between tumor models [65,66]. Studies indicate that elevated expres-
sion of Cxcl9 and Cxcll0 correlates with the degree of infiltrating
CD4 + and CD8 + T cells, activation of Thl cells in the TME, and
effectiveness of immunotherapies [3,67]. Meta-analysis in murine
ovarian tumors also showed correlation between high expression of
cytokines CCL5, CXCL9, IFN-y, and better response to treatment with
immune checkpoint inhibitors in patients with various cancers. This
suggests that combined therapy with GET pDNA encoding CCL5 in
combination with RT could contribute to a greater anti-tumor efficacy.
Furthermore, epigenetic studies in mice show that Ccl5, Cxcl9, and
Cxcl10 are epigenetically silenced [46,68], and that IFN-y-mediated
signaling is suppressed in immunosuppressive tumors such as 4T1 [59,
69]. Restoring the expression of those epigenetically silenced genes
could promote Thl cell activation and trigger effector immune cell
infiltration.

In our study, gene expression analysis of CT26 tumors showed that
most of investigated combined therapies of GET and IR predominantly
led to an increased expression of Cxcl9, Cxcl10, II-6, II-12a and Ifn-y. IL-
12 is known to further activate and enhance the cytotoxic activity of
CD8 + T cells, NK cells, inhibit or reprogram immunosuppressive cells,
and induce IFN-y production [70-72]. While increased expression of
these cytokines following combined therapies could be attributed to Th1
immune response activation, secretion of IL-6 is associated with major
tumor characteristics and activation of Th2-type immune response,
which could inhibit anti-tumor immune response and facilitate tumor
progression [45,73,74]. In 4T1 tumors, combined therapies generally
led to an increase in Ccl5, while GET of pDNA encoding CCL5 combined
with single-dose IR of 10 Gy also resulted in increased expression of
other proinflammatory cytokines, including Ccl5, Ccl17, Cxcl9, Cxcl10,
II-12a, Ifn-y, but not II-6. Although our combined therapy shifted the
equilibrium of both tumor models toward “hot”, immunologically active
tumors, statistical significance was limited, likely due to tumor hetero-
geneity. Moreover, further in-depth transcriptomic studies in treated
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tumors are needed to comprehensively characterize the cytokine
expression profiles following GET of pDNA encoding CCL5.

An additional limitation of this study is that cytokine and chemokine
expression after combined therapies was assessed only at the mRNA
level. Future studies should therefore include complementary protein
analyses to better validate and interpret the transcriptional changes
observed here.

Nevertheless, these cytokine expression profiles were indicative of
increased CD4 + and CD8 + T cell populations within the TME, which
were determined in the subsequent step by immunofluorescence stain-
ing of frozen tumor sections after combined treatments. Immune cell
populations in CT26 and 4T1 tumors after combined therapies were
assessed on day 3 after the final IR dose using immunofluorescent
staining. The analysis showed that CD4 + and CD8 + T cell numbers
either remained comparable to controls or decreased. This reduction
could be attributed to the direct effects of IR, which can induce cell
death in radiation-sensitive immune cells. In this study, both single-dose
and fractionated IR were designed to deliver the same biologically
effective dose (BED =~ 22 Gy). These moderately high doses effectively
damage tumor and stromal cells but can also transiently reduce
lymphocyte abundance within the tumor microenvironment, particu-
larly shortly after the final irradiation.

However, a limitation of the study was that CD4 + , CD8 + , and F4/
80 + immune cell populations were evaluated only at a single time
point. The chosen time point (day 3 post-IR) was selected to align with
the onset of immune cell activation following therapy in mice [43]. At
this stage, radiation-induced cytotoxicity and vascular remodeling may
still outweigh later immune recruitment processes typically triggered by
IR. Later time points were considered less suitable because significant
tumor regression in responder mice would render the tumors too small
for meaningful analysis, thereby limiting the availability of adequate
samples. While delaying the initiation of treatment until tumors reach a
larger volume (e.g., >50 mm?>, as in this study) might mitigate this issue,
it carries the risk of developing necrotic centers within the tumors [75].

The observed reduction in T-cell numbers also appeared to differ
between tumor types. In CT26 tumors, which are immunogenic and rich
in pre-existing effector cells, IR likely caused depletion of infiltrated
CD4* and CD8* T cells and transient suppression of chemokine-driven
recruitment. This interpretation is consistent with cytokine expression
data showing increased Cxcl9, Cxcl10, and Il-12a levels following
combined treatments, suggesting activation of Thl-type signaling
without yet translating into measurable T-cell accumulation at this time
point. In contrast, the 4T1 model, characterized by a strongly immu-
nosuppressive microenvironment and high baseline levels of MDSCs and
Tregs, showed limited changes in immune infiltration. Here, IR pri-
marily induced upregulation of Ccl5, but not of Cxcl9 or Cxcl10, indi-
cating that the chemokine gradients required for robust lymphocyte
recruitment were not sufficiently established.

Another possible explanation for the reduced immune cell infiltra-
tion would be that IR induced cell death contributes to lower expression
of introduced chemokines [76]. This reduction in CCL5 transgene
expression may have been more pronounced in CT26 tumors, where
transfection efficiency and baseline chemokine levels were already high,
masking additional CCL5-mediated effects. This could prevent the
establishment of sufficient chemokine gradients, thereby limiting im-
mune cell infiltration. However, this is less likely considering the
observed tumor growth delay and treatment outcomes after combined
therapies.Overall, these findings suggest that the decrease in CD4* and
CD8* T-cell numbers reflects the cytotoxic and transcriptional conse-
quences of IR within distinct tumor immune landscapes—acute deple-
tion in immunogenic CT26 and persistent exclusion in
immunosuppressive 4T1—rather than contradicting the established
concept that radiotherapy promotes immune infiltration at later stages.
Future work including later analysis time points or partial-tumor IR
strategies may better capture the kinetics of immune recruitment and
help clarify these model-dependent dynamics.
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While single-dose IR and fractionated IR alone elicited moderate
tumor growth delays, their efficacy was significantly enhanced when
combined with GET of pDNA encoding CCL5, highlighting the synergy
between these treatments. In CT26 tumors, combining GET with 25 g of
CCL5 and single-dose IR of 10 Gy achieved the longest tumor growth
delay (15.0 + 2.3 days) and up to 35 % CRs, demonstrating the effec-
tiveness of the combined approach. Interestingly, tumor growth delays
and CR rates were comparable between 25 and 50 ug of pDNA,
demonstrating that increasing the pDNA dose does not result in signif-
icant increase of the therapeutic effect of CCL5. At 50 ug of pDNA, the
effect of pDNA itself became more evident, as similar tumor growth
delays were observed regardless of whether pDNA encoding CCL5 or
non-coding pDNA Ctrl was used. Despite this, GET of pDNA encoding
CCL5 consistently resulted in the highest immune memory development.
Notably, in CT26 tumors GET of pDNA encoding CCL5 combined with IR
10 Gy led to 22.2 % CRs and only 20 % tumor regrowth in rechallenge
experiments, indicating a robust and durable anti-tumor immune
response.

Fractionated IR of 3 x 5 Gy further improved CT26 tumor growth
delays when combined with GET of pDNA encoding CCL5 (up to 17.1
+ 1.7 days) and led to 47 % CRs. However, immune memory was less
pronounced compared to single-dose IR, with higher tumor regrowth
rates (67 %) after rechallenge. These encouraging results, could be
associated with observed upregulation of inflammatory cytokines
Cxcl10, Ifn-y and II-12a after combined therapies. Moreover, the success
of combined therapies, especially with pDNA Ctrl and IR, could also be
attributed to increased expression of DNA sensors such as cGAS, DAI,
AIM-2, TREX1, and others [77-80]. These sensors, triggered by the
presence of foreign DNA in the cytosol of cells, can disrupt tumor growth
by upregulating the expression of inflammatory cytokines that syner-
gistically contribute to activation of both innate and adaptive immune
responses in combination with IR [81,82]. In 4T1 tumors combined
treatment of GET of pDNA encoding CCL5 and single-dose IR of 10 Gy
led to significantly longer tumor growth delay relative to both untreated
control as well as equivalent treatment with control pDNA. However,
CRs were limited. Although GET of pDNA encoding CCL5 combined with
single-dose IR increased the expression of Ccl5, Cxcl9, Cxcl10, Ifn-y, and
Il-12a, this upregulation was insufficient to fully overcome the immu-
nosuppressive barriers of the TME. This suggests that other immune cell
populations, such as neutrophils, NK cells, MDSCs and Tregs, which
were not evaluated in this study might play an important role in the
immune response within treated tumors [83].

To preserve immune cells within tumors, partial tumor IR instead of
whole-tumor IR is being extensively explored [84,85]. This approach
requires precise treatment planning, often supported by image-guided
techniques. For instance, Chen et al. [86] demonstrated that partial IR
of 4T1-Luc tumors preserved CD4 + and CD8 + T lymphocytes and
promoted DC activation, leading to increased survival in mice. These
findings suggest that partial IR could improve outcomes when combined
with immunotherapies. Moreover, partial tumor IR represents a poten-
tial strategy to maintain sufficient numbers of infiltrating immune cells
while retaining the immunostimulatory benefits of radiotherapy; how-
ever, this approach was beyond the scope of the present study. Given the
reduction in CD4 + and CD8 + T cells observed in our immunofluores-
cence analysis after combined treatments and considering that IR may
kill immune cells, we tested a modified therapy involving double GET
with 25 g of pDNA and fractionated IR of 3x5 Gy. In this approach, a
second GET was performed 24 h after the final IR dose to preserve and
potentially enhance immune cell infiltration. Notably, double GET
combined with fractionated IR led to increased expression of introduced
CCL5, while the expression levels of other cytokines remained at basal
levels. Although this strategy achieved overall longer tumor growth
delays, it did not improve tumor cure rates or facilitate better immune
memory formation compared to combined treatments of single GET and
IR.
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5. Conclusions

In summary, this study demonstrated the potential of combining GET
of chemokine CCL5 with RT for solid tumors. CCL5-transfected tumor
cells were shown to attract both macrophages in vitro and naive sple-
nocytes in DWCs in vivo. In immunogenic CT26 tumors, combined
treatments significantly enhanced tumor growth delays and induced the
formation of the immune memory. In non-immunogenic 4T1 tumors,
combined therapy of GET of pDNA encoding CCL5 and IR significantly
improved tumor growth delays but did not achieve CRs or immune
memory, reflecting the challenges of overcoming an immunosuppressive
TME. Future studies are warranted to explore partial tumor IR, optimize
the timing of GET of pDNA encoding CCL5 in combination with IR, and
evaluate co-expressing downstream effectors such as CXCL9, CXCL10 to
potentially amplify the therapeutic effect.
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