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Tumor cell-based vaccine
contributes to local tumor
irradiation by eliciting a tumor
model-dependent systemic
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Multimodal treatment approaches, such as radio-immunotherapy, necessitate
regimen optimization and the investigation of the interactions of different
modalities. The aim of this study was two-fold. Firstly, to select the most effective
combination of irradiation and the previously developed tumor cell-based vaccine
and then to provide insight into the immune response to the selected combinatorial
treatment. The study was performed in immunologically different murine tumor
models: B16F10 melanoma and CT26 colorectal carcinoma. The most effective
combinatorial treatment was selected by comparing three different IR regimens and
three different vaccination regimens. We determined the local immune response by
investigating immune cell infiltration at the vaccination site and in tumors. Lastly, we
determined the systemic immune response by investigating the amount of
tumor-specific effector lymphocytes in draining lymph nodes. The selected most
effective combinatorial treatment was 5x 5 Gy in combination with concomitant
single-dose vaccination (B16F10) or with concomitant multi-dose vaccination
(CT26). The combinatorial treatment successfully elicited a local immune
response at the vaccination site and in tumors in both tumor models. It also
resulted in the highest amount of tumor-specific effector lymphocytes in draining
lymph nodes in the B16F10, but not in the CT26 tumor-bearing mice. However, the
amount of tumor-specific effector lymphocytes was intrinsically higher in the CT26
than in the B16F10 tumor model. Upon the selection of the most effective
combinatorial treatment, we demonstrated that the vaccine elicits an immune
response and contributes to the antitumor efficacy of tumor irradiation. However,
this interaction is multi-faceted and appears to be dependent on the
tumor immunogenicity.
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1 Introduction

In recent years, it has become clear that a multimodal
approach is a necessity for treatment of most tumors. One
such multimodal approach is radio-immunotherapy (1).
Ionizing radiation (IR) is one of key cancer treatment
modalities. It is largely used for its ablative effects, namely
genome instability driven cell death, while its immunological
properties remain a controversial topic among scientists (2, 3).
Aside from apoptosis, IR can lead to immunogenic cell death
and consequently to activation of dendritic and T cells (1, 4, 5).
Another immunological property of IR is immunogenic
modulation, whereby IR causes phenotypical changes such as
increase in tumor antigen presentation and diversity (6, 7).
Reports of IR alone invoking a substantial immune response
(abscopal effect) are rare; however, immunotherapy can and has
been used to boost IR (1, 8).

The most extensively researched and currently most effective
radio-immunotherapy is the combination of checkpoint
inhibitors and IR (1, 8). Nonetheless, non-responding patients
remain and it is important to investigate alternatives such as the
combination of therapeutic vaccination and IR (9). Tumor cell-
based vaccines, a type of therapeutic vaccines, use tumor cells
taken from patients as the source of tumor antigens (10-12).
These tumor cells are commonly genetically modified ex vivo
and then inactivated with high-dose IR or lysed (10, 11). We
have previously developed an effective alternative tumor cell-
based vaccine, which consists of IR-killed non-viable tumor cells
and plasmid DNA encoding murine interleukin-12 (IL-12) (13).
The non-viable tumor cells in our vaccine were used as the
source of tumor antigens and were not genetically modified ex
vivo unlike in vaccines such as Algenpantucel-L or GVAX
(11, 14). While, in vivo gene electrotransfer (GET) of the IL-12
plasmid contained within our vaccine was administrated as the
immunological adjuvant (13).

GET is a non-viral form of gene therapy that can be used in
situ (15-21). By applying set of electrical pulses we transiently
permeabilize the targeted tissue, thus enabling the transfer of
locally injected target plasmid DNA into the cells (15-21).
Common immunological adjuvants are cytokines and
chemokines such as granulocyte-macrophage colony
stimulating factor, interleukin-2 and IL-12 (22). The latter is a
proinflammatory cytokine that enhances effector T and NK cell
maturation and their cytotoxicity as well as recruits
macrophages and enhances the immune response of helper T
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cells (Th cells) (23, 24). IL-12 GET has been tested in numerous
pre-clinical and clinical studies as local intratumoral treatment
or as an adjuvant to vaccination or other therapeutic approaches
such as electrochemotherapy (15-21).

In this study, we investigated some of the typical challenges
of combining radio- and immunotherapy such as IR dose
regimens, vaccination regimens and timing of the
combinatorial treatment. Our aim was to select the most
effective combination of IR and the previously developed
tumor cell-based vaccine (13) as well as provide insight into
the therapy-induced immune response. The study was
performed in immunologically different murine tumor models:
B16F10 melanoma and CT26 colorectal carcinoma (25, 26). We
began with IR regimen selection followed by vaccine regimen
selection and, lastly, we investigated the immune response at the
site of vaccination, tumor and draining lymph nodes.

2 Materials and methods
2.1 Cell cultures

Murine cell lines BI6F10 melanoma (CRL-6475, American
Tissue Cell Culture (ATCC), Manassas, USA) and CT26 colon
carcinoma (CRL-2638, ATCC) were cultured at standard
conditions: 37°C, humidified atmosphere containing 5% CO,, in
Advanced Modified Eagles Medium (A-MEM, Thermo Fisher
Scientific, Waltham, USA) and Advanced Roswell Park Memorial
Institute medium (A-RPMI, Thermo Fisher Scientific),
respectively. Culture media were supplemented with 5% fetal
bovine serum (FBS; Thermo Fisher Scientific), 10 mM L-
glutamine (Thermo Fisher Scientific), 50 mg/mL gentamicin
(Krka, Novo mesto, Slovenia) and 100 U/mL penicillin (Sandoz
International GmbH, Holzkirchen, Germany). Both cell lines were
used within 10 passages and were found negative during
continuous testing every 3 months for mycoplasma with
MycoAlertTM PLUS Mycoplasma Detection kit (Lonza,
Basel, Switzerland).

2.2 Plasmid DNA

Plasmid DNA pORF-mIL-12-ORT encoding murine IL-12
without an antibiotic resistance gene (27) was isolated using the
EndoFree Plasmid Mega Kit (Qiagen, Hilden, Germany).
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Plasmid purity and the concentration were determined using the
Epoch Microplate Spectrophotometer, Take3'™ Micro-Volume
Plate (BioTek, Bad Friedrichshall, Germany). After confirming
plasmid identity with restriction enzyme analysis on a 1%
agarose electrophoretic gel, aliquots of 50 pg of IL-12 plasmid
were vacuum dried using the Concentrator plus (60°C, VA-Q
program, Eppendorf, Hamburg, Germany).

2.3 Vaccine preparation

B16F10 and CT26 vaccines containing non-viable tumor
cells and IL-12 plasmid were prepared as described previously
(13). Briefly, cells were irradiated at a dose rate of 1.728 Gy/min
using the Darpac 3300 X ray unit (Gulmay Medical Ltd., Byfleet,
UK) operating at 200 kV and 9.2 mA with a 0.55 mm Cu and
1.8 mm Al filtration. B16F10 cells were exposed to 3 fractions of
5 Gy and a single lethal fraction of 30 Gy, while the more
radioresistant CT26 cells were exposed to 3 fractions of 5 Gy and
2 fractions of 30 Gy. Harvested non-viable BI6F10 or CT26
tumor cells were resuspended in concentrated harvested media
to a final protein concentration of 10 mg/mL, which was
determined with the Pierce' " bicinchoninic acid (BCA)
Protein Assay Kit (Thermo Fisher Scientific). Finally, 50 ug of
IL-12 plasmid were added to 100 pL of 1x 10° non-viable tumor
cells to make 1 unit of B16-F10 and CT26 vaccines (1 mg/U).

2.4 Animals

Female 6-8 week-old C57BL/6NCrl and BALB/cAnNCirl
mice (Charles Rivers, Calco, Italy) were maintained in an
animal colony in a 12h light/dark cycle under specific
pathogen-free conditions at constant room temperature and
humidity. Food and water were provided ad libitum. Animals
were subjected to a quarantine and adaptation period of 2 weeks
before the in vivo experiments. All experimental procedures
were performed in accordance with the EU directive (2010/63/
EU) and with the guidelines of the Ministry of Agriculture,
Forestry, and Food of the Republic of Slovenia (permission no.
U34401-1/2015/43 and U34401-35/2020/8).

2.5 Tumor induction

B16F10 and CT26 tumors were induced with a subcutaneous
injection of 0.5x 10° viable B16-F10 or CT26 tumor cells into the
lower backs of respective syngeneic mice. The general well-being
of mice was monitored by their weight, ease of movement
and behavior.
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2.6 Tumor treatment

2.6.1 Tumor irradiation

Induced tumors were irradiated at a dose rate of 1.92 Gy/min
using the Darpac 3300 X ray unit (Gulmay Medical Ltd.)
operating at 200 kV and 9.2 mA with a 0.55 mm Cu and
1.8 mm Al filtration. Mice were restrained in special lead tubes
with fixed apertures during irradiation and were put sideways on
a stand at a fixed distance from the X ray machine head. The
tumors were exposed to ¥ of the dose on each side to equalize
dose distribution.

2.6.2 Vaccination

Vaccination was performed distantly from the tumor as
described previously (13). Briefly, a unit of B16F10 or CT26
vaccine (1 mg/U) was injected subcutaneously in the upper back
of mice. A contact hexagonal multi-electrode array with the
central pin (MEA, Iskra Medical, Ljubljana, Slovenia) connected
to a Cliniporator (IGEA s.rl., Carpi, Italy) was positioned to
encompass the injected vaccine containing IL-12 plasmid.
Adjuvant GET was performed by administering 24 electrical
low voltage pulses with an amplitude-over-distance ratio 170 V/
cm, duration of 150 ms and frequency of 5.64 Hz.

2.6.3 Treatment regimens
2.6.3.1 Irradiation regimens

Three irradiation regimens: (a) 1x 5 Gy, (b) 3x 5 Gy and (c)
5x 5 Gy, in combination with single-dose vaccination were
compared (Figure 1). Mice were randomly divided into
treatment and control groups (n = 6 mice per group) when
tumor size reached 35-40 mm’> (Day 0). Tumors were irradiated
with a fraction per day. Mice in control groups did not receive
any treatment. The most effective irradiation regimen was
chosen for further experiments.

2.6.3.2 Vaccination regimens

Three vaccination regimens: (a) concomitant single-dose, (b)
concomitant multi-dose and (c) pre-IR multi-dose vaccination, in
combination with the selected tumor irradiation regimen were
compared (Figure 2). Mice were randomly divided into treatment
and control groups (n = 6 mice per group) when tumor size
reached 18-23 mm? (day -2). Concomitant single- and multi-dose
vaccination started on day 0, while pre-IR multi-dose vaccination
started on day -2. For multi-dose vaccinations, each vaccination
dose (1 mg/U) was administered every 2 days for a total number of
three vaccination doses. Tumor IR (5% 5 Gy) started on day 0 with
a fraction per day. Mice in control groups did not receive any
treatment. The most effective vaccination regimen was chosen for
histological and FluoroSpot analysis of combinatorial treatment.
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2.7 Tumor growth follow up

Every second day three orthogonal diameters of the tumor
(a, b, ¢) were measured using a Vernier Caliper and tumor
volumes were calculated using the following formula:

a X b x ¢ x =&
vV =

The doubling time (DT) of a tumor was determined as the
time, when the tumor reached twice the starting volume, i.e.
approximately 70-80 mm?®. Tumor growth delay (GD) was then
calculated by subtracting the average DT of untreated tumors
from DT of treated tumors using the following formula:
DT,y

GD = DT, -

Mice were sacrificed using a CO, chamber or via cervical
dislocation when they reached the humane end-point: tumor
size of 300 mm” or before harvesting tissues for further analysis.
A complete response was defined as the absence of a detectable
tumor for 100 days.

2.8 Histological analysis

Skin at the vaccination site and tumors in B16F10 and
CT26 tumor-bearing mice (n = 3 mice per group) were
aseptically harvested 6 days after the start of the selected
combinatorial or control treatment. Zinc-fixed paraffin-
embedded samples were cut in 2-5 um sections and stained
with hematoxylin and eosin (HE) or immunohistochemically.
Immunohistochemical (IHC) staining was performed using
the Rabbit Specific HRP/AEC ITHC Detection Kit-Micro-
polymer (ab236468; Abcam, Cambridge, UK) following the
manufacturer protocol. The primary CD68 polyclonal
antibody (PA5-78996; Invitrogen, Thermo Fisher Scientific)
at dilutions 1:1000 for tumor samples and 1:1250 for skin
samples was used, while the primary Anti-Granzyme B
antibody (ab4059; Abcam, Cambridge, UK) at 1:1000
dilution and the primary Foxp3 Antibody (700914; Thermo
Fisher Scientific) at 1:1200 dilution were used for both tissue
samples. Hematoxylin was used as a counterstain.

Samples were observed at 40x magnification using a BX-51
microscope (Olympus, Diisseldorf, Germany). For
immunohistochemical analysis of tumor-infiltrating immune cells,
10 images per sample were taken using the microscope-connected
camera (DP72 CCD, Olympus). The average numbers of
macrophages (CD68™), effector lymphocytes (GrB™) and
regulatory T cells (FoxP3") were assessed in a blind fashion by 3
examiners (28) and fold change was calculated using the following
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formula:

fold

change

average number of cells of interest in the treatment group

average number of cells of interest in the control group

Data was presented as the fold change relative to control
samples for each tumor model.

2.9 FluoroSpot analysis

2.9.1 Lymphocyte isolation

Peripheral skin-draining lymph nodes (inguinal, brachial and
axillar) were aseptically harvested from B16-F10 and CT26
tumor-bearing mice (n = 3 mice per group) 6 days after the
start of the selected combinatorial or control treatment. The
lymph nodes were sheared using a 50 um sterile strainer
(Sysmex, Norderstedt, Germany) and the lymphocytes were
suspended in 10 mL of cooled phosphate buffer solution (PBS,
4°C). The cell suspension was centrifuged at 470g, 4°C for 5 min
and the pellet was washed with cooled PBS (4°C). After an
additional centrifugation at 470g, 4°C for 5 min the pellet was
resuspended in 1 mL of cooled Serum-Free Freezing Media (4°C,
Biological Industries, Beit HaEmek, Israel). Isolated lymphocytes
were stored at -80°C for future FluoroSpot analysis.

2.9.2 Sample thawing

The thawing process began with a short incubation of
cryovials at 37°C. Under sterile conditions, 1 mL of warm
RPMI HEPES media (37°C, Sigma-Aldrich, St. Louis, USA) was
slowly added to the cell suspension, which was later transferred
into 8 mL of warm RPMI HEPES media. To prevent cell
clumping, the cell suspension was centrifuged at 500g for
10 min at room temperature. The pellet was resuspended in 2
mL of HanK’s Balanced Solution with calcium and magnesium
(HBSS, Gibco, Thermo Fisher Scientific). DNaze I (2 U/mL,
Invitrogen, Thermo Fisher Scientific) was added and the
suspension was incubated with shaking (200 rpm) at 37°C for
45 min. Warm RPMI HEPES was added until the concentration
reached 2x 10° cells/mL. Cells were allowed to recover overnight
at standard cell culture conditions.

2.9.3 FluoroSpot and data analysis

To determine the presence of tumor specific immune cells,
Dual-Color FluoroSpot Mouse IFNY/GrB kit (R&D Systems,
Minneapolis, USA) was used according to manufacturer
instructions. Isolated immune cells (1x 10% per well) were
stimulated with tumor cells in a 10:1 ratio. The green (GrB*
spots) and red (IFNY* spots) fluorescent spots were captured at
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488 nm and 588 nm, respectively, using the Zeiss SteREO
Lumar.V12 equipped with Zeiss AxioCam (Zeiss, Oberkochen,
Germany). The images were processed in Image] (29, 30) and
the spots were counted manually. The fold change was calculated
using the following formula:

fold change

stimulated GrB* |/ IFNy"
stimulated GrB* |/ IFNy*

number  of immune cells in the treatment group

number  of immune cells in the control group

The data was presented as the fold change relative to
stimulated (tumor specific) GrB*/IFNY" immune cells in the
control group.

2.10 Statistical analysis

Data analysis was performed using GraphPad Prism version
8.1.2. (GraphPad Software, US). The Shapiro-Wilk test was used
to test the normal data distribution. Data were presented as the
mean + standard error (SE) and a One-way ANOVA followed by
the Holm-Sidak test for multiple comparisons was performed for
the determination of significant differences (p< 0.05) between
experimental groups. Complete responses were not included in
the statistical analysis of GD. To include complete responses,
data was further analyzed by comparing the probability of
reaching a doubling tumor volume using a log-rank test for
trend. The event, marked as 1, was a tumor reaching double the
starting size (doubling volume), while a censored event, marked
as 0, was a tumor reaching a complete response. A log-rank
(Mantel-cox) test was then used to determine statistical
significance (p< 0.05) between treatment groups. Student’s T
test was used to determine significant differences (p< 0.05)
between the individual tumor growth curves by comparing the
tumor volumes of different treatment groups at individual time
points. Student’s T test was also used to determine significant
differences (p< 0.05) between the two tumor models.

3 Results
3.1 Irradiation regimen selection

To select the most effective IR regimen in combination with
single-dose vaccination, we compared three IR regimens: (a) 1x
5 Gy, (b) 3x 5 Gy and (c) 5x 5 Gy (Figure 1A). We observed a
trend of IR dose-dependent antitumor efficacy of the
combination therapy in both tumor models (Figure 1). In the
B16F10 tumor model, single-dose vaccination significantly
contributed only to antitumor efficacy of 5x 5 Gy (Figure 1B).
Whilst a similar trend in tumor growth delay was observed in the
CT26 tumor model, the contribution of vaccination to IR was
not statistically significant (Figure 1B). However, the highest
number of complete responses (CR) were observed in
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combinatorial treatment of single-dose vaccination and 5x 5
Gy (33%) (Figures 1B, D). Additionally, IR alone was more
effective in the CT26 tumor model than in the B16F10 tumor
model (Figures 1B, C). Based on these results, we selected the IR
regimen of 5x 5 Gy for further studies in both tumor models.

3.2 Vaccination regimen selection

To select the most effective vaccination regimen in
combination with the selected 5x 5 Gy IR regimen, three
vaccination regimens we compared: (a) concomitant single-
dose, (b) concomitant multi-dose and (c) pre-IR multi-dose
vaccination (Figure 2A). In the B16F10 tumor model, no
differences between concomitant single- and multi-dose
vaccination were observed, although a trend of a greater
antitumor efficacy after single-dose vaccination concomitant
with IR was observed (Figure 2). However, in the CT26 tumor
model concomitant multi-dose vaccination and IR led to twice
the amount of CR (66% versus 33%) and a statistically significant
greater antitumor efficacy than IR alone (Figure 2B;
Supplementary Figure 1), although individual tumor growth
curves did not differ significantly at different time points. In
both tumor models, the pre-IR multi-dose vaccination was the
least effective (Figure 2). Since there was no additional benefit,
neither in GD nor CR (Figure 2), of increasing the amount of
vaccination doses in the B16F10 tumor model, we selected the
simpler of the two most effective vaccination regimens for
further studies, i.e. concomitant single-dose vaccination. In the
CT26 tumor model, only concomitant multiple vaccination
doses significantly contributed to IR alone and resulted in a
greater amount of CR compared to IR alone (Figure 2;
Supplementary Figure 1); thus, the concomitant multiple-dose
vaccination regimen was chosen for further studies.

3.3 Local immune response at the
vaccination site and in the
irradiated tumor

To determine the local immune response to the selected
combinatorial treatment, the infiltration of macrophages
(CD68" cells), effector lymphocytes (GrB* cells), such as
effector T and NK cells, and Treg (FoxP3" cells) present at the
site of vaccination and in tumors was determined on day 6.

In the BI6F10 tumor-bearing mice, the highest infiltration of
all above mentioned immune cells at the site of vaccination was
detected after vaccination alone and after combinatorial
treatment, while in tumors the highest infiltration of immune
cells was observed after the combinatorial treatment (Figure 3A;
Table 1). Similarly, in the CT26 tumor-bearing mice, the highest
infiltration of macrophages at the site of vaccination was
detected after vaccination alone and combinatorial treatment,
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FIGURE 1

Irradiation regimen selection. (A) Treatment timelines: (a) single-dose vaccination combined with 1x 5 Gy, (b) single-dose vaccination combined with 3x
5 Gy and (c) single-dose vaccination combined with 5x 5 Gy. (B) Tumor growth delay in the B16F10 (left) and the CT26 (right) tumor model. The legend
applies to both graphs. (C) Tumor growth over time in the B16F10 (left) and the CT26 tumor model. The legend applies to both graphs. (D) Individual
growth curves for each tumor of each treatment (control) group in the B16F10 (top) and the CT26 (bottom) tumor model. Legend: *p < 0.05 versus
control group; #p < 0.05 between the annotated treatment groups; CR, complete response; VAC, single-dose vaccination.

while in tumors the highest infiltration of macrophages was after
combinatorial treatment that was significantly different
compared to the control and IR alone (Figure 3B; Table 1).
Interestingly, no changes in infiltration of effector lymphocytes
were observed at the site of vaccination, while in tumors the
highest infiltration of effector lymphocytes was after IR alone.
Lastly, a trend of increased inflltration of Treg cells was observed
after combinatorial treatment at the site of vaccination, while in
tumors the highest infiltration of Treg cells was determined
after IR alone. Although, the infiltration of Tregs in tumors after
combinatorial treatment was significantly higher than
after control treatment it was also significantly lower than
after IR alone.
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3.4 Tumor specific immune response in
draining lymph nodes

To determine the systemic immune response to the selected
combinatorial treatment, tumor-specific GrB*/IFNy" immune
cells present in the draining lymph nodes were analyzed on day
6. In B16F10 tumor-bearing mice the highest amount of tumor
specific GrB*/IFNY" immune cells was determined in mice
receiving combinatorial treatment, while in CT26 tumor-
bearing mice, no significant changes were observed in the
amount of tumor specific GrB*/IFNY" immune cells regardless
of the administered therapy (Figure 4). It is worth mentioning
that the inherent amount of tumor specific GrB*/IFNY" immune
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FIGURE 2

Vaccination regimen selection. (A) Treatment timelines: (a) concomitant single-dose vaccination combined with IR, (b) concomitant multi-dose
vaccination combined with IR and (c) pre-IR vaccination combined with IR. (B) Tumor growth delay in the B16F10 (left) and the CT26 (right)
tumor model. The legend applies to both graphs. (C) Tumor growth over time in the B16F10 (left) and in the CT26 (right) tumor model. The
legend applies to both graphs. (D) Individual growth curves for each tumor of each treatment (control) group in the B16F10 (top) and the CT26
(bottom) tumor model. Legend: *p < 0.05 versus control group; #p < 0.05 between the annotated treatment groups; CR, complete response;

VAC, single-dose vaccination; IR, selected 5x 5 Gy IR regimen.

cells in lymph nodes of CT26 tumor bearing mice was
significantly higher (987.17 + 83.88) than in lymph nodes of
B16F10 tumor bearing mice model (58.33 + 28.19) as evident
from the representative image of the stimulated control
FluoroSpot wells (Figure 4).

4 Discussion

Multimodal treatment approaches, such as radio-
immunotherapy, necessitate regimen optimization and the
investigation of the interactions between different modalities.
The aim of this study was to select the most effective
combination of IR and the previously developed tumor cell-
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based vaccine (13) and then to provide insight into the immune
response to the selected combinatorial treatment.

Our study showed an interdependence of our previously
developed vaccine (13) and local tumor IR. By comparing
different IR and vaccination regimens, we observed a
significant benefit of the final selected combinatorial
treatment, which differed based on the tumor model. Namely,
the final selected combinatorial treatment was 5x 5 Gy with
concomitant single-dose vaccination for BI6F10 tumor model
and 5x 5 Gy with concomitant multi-dose vaccination for the
CT26 tumor model. In this study, we first compared different
fractionated IR regimens with a dose of 5 Gy that falls into the
reported immunostimulating range of IR doses (4, 6, 31-35).
When considering the contribution of vaccination to IR, the
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FIGURE 3
Histological analysis of skin at the site of vaccination and tumors on day 6. (A) Immune cell infiltration in the skin at the site of vaccination and in
B16F10 tumors. Representative images of the control (untreated mice) and the combinatorial treatment (VAC + 5x 5 Gy) groups are shown
underneath the graphs. (B) Immune cell infiltration in the skin at the site of vaccination and in CT26 tumors. Representative images of the
control (untreated mice) and the combinatorial treatment (VAC + 5x 5 Gy) groups are shown underneath the graphs. Legend: the black arrows
in the images indicate examples of cells positive for CD68, GrB or FoxP3 markers; the scale bar for all images is shown in the lower left corner
image: 100 um:; *p < 0.05 versus the control group; *p < 0.05 between the annotated treatment groups: VAC, selected concomitant single- and
multi-dose vaccinations for B16F10 and CT26 tumor models, respectively; IR, selected 5x 5 Gy IR regimen.

effect of vaccination appeared greater when combined with a
higher number of IR fractions than with single dose IR. This was
statistically significant in the B16 F10 tumor model, where the
difference in GD between 5 Gy + VAC and 5 Gy was 1.3 days
while the difference in GD between 5x 5 Gy + VAC and 5x 5 Gy
was 5 days. This finding coincides with studies that have found
IR dose-dependent increase in not only the tumor control but
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also in the immune response (4, 34, 35). Golden et al. observed a
dose-dependent increase in IR-induced immunogenic cell death,
which elicits an immune response (4). IR also increases tumor
antigen exposure (6, 31, 32). Therefore, it is possible that with
increasing number of fractions of 5 Gy, we exposed an increasing
amount of tumor cells as targets for the immune response

elicited by single-dose vaccination.
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TABLE 1 The amount of immune cells at the vaccination site and in tumor in both tumor models.

B16F10 tumor model

vaccination site/skin tumor
CD68" control 179,44 + 45,48 2,67 +
VAC 1370,33 + 425,37 1,11 +
IR 106,00 + 67,28 12,58 +
VAC + IR 1272,00 + 445,56 29,08 +
GrB* control 44,78 + 8,80 0,78 +
VAC 108,11 + 32,49 2,00 +
IR 28,17 + 19,44 3,33 +
VAC + IR 98,00 + 38,98 4,42 +
FoxP3* control 8,00 + 2,27 0,78 +
VAC 84,56 + 18,60 2,78 +
IR 5,75 + 8,09 4,58 +
VAC + IR 93,67 + 23,53 19,75 +

Data is presented as the arithmetic mean + standard error.

During vaccine development we observed that CT26 cells
were intrinsically more radioresistant than B16F10 cells in vitro
due to the higher IR dose needed for vaccine preparation (13).
However, we observed the opposite in vivo, where the CT26
tumor model was more radiosensitive than the BI6F10 tumor
model, i.e. 10 days of tumor GD and 17% CR in the CT26 tumor
model versus 2 days and 0% CR in the BI6F10 tumor model
after single 5 Gy irradiation. Therefore, the difference in the
intrinsic tumor immunogenicity (25, 26) may also affect the
response to the combinatorial treatment as indicated by the
greater efficacy of IR alone in the CT26 tumor model compared
to the BI6F10 tumor model. This resulted in a seemingly ‘lesser’
contribution of vaccination to the final antitumor efficacy in the
CT26 tumor model. It has been shown that in the more
immunogenic CT26 tumor models ablative therapies have a

61 BI6F10 #

Fold-change GrBY/IFNy " cells

un-stimulated

stimulated

VAC 5%5Gy  VAC +

5% 5Gy

3xVAC  5%5Gy

FIGURE 4

3x VAC +
5% 5 Gy

CT26 tumor model

vaccination site/skin tumor
051 176,89 + 11,43 48,22 + 14,60
059 1382,48 + 319,12 158,78 + 37,14
2,75 129,22 + 19,25 64,78 + 29,56
8,02 1891,33 + 649,64 206,11 + 36,17
029 11,56 + 4,82 118,33 + 39,12
0,84 9,74 + 6,53 139,22 + 20,31
1,01 8,89 + 4,44 319,44 + 60,92
0,92 14,70 + 9,20 196,44 + 50,46
0,11 2,67 + 2,17 17,00 + 16,00
0,48 515 + 2,66 46,89 + 42,07
3,41 2,67 + 2,67 36,33 + 7,07
3,71 17,41 + 8,95 73,89 + 56,86

greater efficacy than in the less immunogenic tumor model
B16F10, while the opposite can be said for the contribution of
immunotherapy (20).

After comparing different irradiation regimens, we also
compared different vaccination regimens. Qiu et al. showed
that the immune response is dependent on the number of
vaccination doses (36). Three applications of a vaccine resulted
in the highest antitumor immune response in the murine lung
cancer TC-1 tumor model, while five applications resulted in an
immunosuppressive tumor environment (36). In our study,
increased benefit of concomitant multiple-dose vaccination
was observed only in the CT26 tumor model, while in the
B16F10 tumor model, it resulted in comparable antitumor
efficacy to concomitant single-dose vaccination. We believe
that the observed plateau in the response to vaccination in

B16F10 CT26

control

VAC + 5% 5 Gy

control 3x VAC +5x 5 Gy

‘ Legend: GrB/IFNy GiB ® IFNy

FluoroSpot analysis of tumor specific GrB+/ IFNy+ immune cells from lymph nodes on day 6. The amount of tumor specific GrB+/ IFNy+
immune cells from lymph nodes of both tumor-type bearing mice. Representative images of FluoroSpot wells for both tumor models is shown
on the right side of the graph. The orange/yellow spots represent double positive immune cells. Legend: fold-change relative to the absolute
number of stimulated tumor specific GrB+/ IFNy+ immune cells of the control group; *p < 0.05 versus the control group; #5 < 0.05 between
the annotated treatment groups: VAC = selected concomitant single- and multi-dose vaccinations for B16F10 and CT26 tumor models,

respectively; IR = selected 5 X 5 Gy IR regimen
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B16F10 tumor model is due to the limited tumor antigen variety
(mutational burden) and exposure (low MHC expression)
compared to the CT26 tumor model (25, 26, 37).

Contrary to our expectations and literature, the pre-IR
multiple-dose vaccination did not contribute to the antitumor
effectiveness of IR in either tumor model. Several studies showed
neoadjuvant vaccination, such as IL-2 or dendritic cell infusions,
increased antitumor effectiveness of IR and resulted in an
increased immune response in murine melanoma B78 tumor
model or patients with soft tissue sarcoma (38, 39). Neoadjuvant
vaccination with a recombinant Modified Vaccinia Ankara
expressing Influenza HA antigen also resulted in increased
survival after surgical removal of murine mesothelioma ABI
tumors (40). On the other hand, we observed that vaccination
alone or pre-IR multi-dose vaccination in combination with IR
were inefficient. This indicates that tumor IR is necessary for the
developed vaccine to work. The argument for concomitant
vaccination and IR may be three-fold: (1) IR leads to increased
tumor antigen presentation (6, 31, 32), (2) it enhances cell stress
signals (4, 33, 34), and (3) it delays tumor growth, thus
sensitizing the tumor to concomitant vaccination and allowing
time for immune response formation.

By investigating immune cell populations in tumors,
vaccination sites, and lymph nodes, we further confirmed the
necessity of tumor irradiation for the vaccination effects to be
apparent in both tumor models. The increase in the infiltration
of macrophages at the vaccination site and in tumors was
expected due to the non-viable tumor cells present in the
vaccine, IL-12 GET, and IR-induced tumor damage (41, 42).
Although macrophages have a duplicitous nature (43, 44), we
observed the highest infiltration of macrophages in tumors of
both tumor models after the most effective combinatorial
treatment. This indicates that vaccination successfully elicited
the antigen presenting function of macrophages (41).
Additionally, doses in the range of 1-10 Gy were found to
increase differentiation into proinflammatory macrophages
(42, 45, 46). Therefore, tumor IR may have further enhanced
the beneficial macrophage response rather than the detrimental
anti-inflammatory one (42-46).

Unlike macrophages, effector lymphocytes and Treg cells are
generally associated with a positive or negative prognosis,
respectively (44). Studies have shown that both vaccination
alone and IR alone lead to increased tumor infiltration of both
immune cell types (32, 47-49). Concordantly, we observed the
highest amount of both immune cell types at the vaccination site
and in tumors as well as tumor-specific effector lymphocytes in
lymph nodes after combinatorial treatment in the B16F10 tumor
model. Because the less immunogenic B16F10 tumor model has
a low antigen variety and presentation (25, 26), our vaccine
containing most if not all antigens allows for increased antigen
presentation through phagocytic immune cells such as
macrophages. However, the main tumor site remains ‘hidden’
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from the immune system. Thus, we believe that tumor IR, which
increases antigen presentation (6, 31, 32), is necessary for the
vaccination-induced immune response to spread into the tumor.
Additionally, the increased Treg infiltration may have occurred
as the side effect of stimulating the immune system. This may
lead to immunosuppression; therefore, it might be beneficial to
combine this therapy with immune checkpoint inhibitors. On
the other hand, the combinatorial treatment was more effective
than IR alone despite the increased Treg infiltration, this may
suggest that the Treg cells were nonfunctional (50); however,
further studies are needed to determine the mechanism behind
this immune response.

Unexpectedly, IR alone led to the highest infiltration of both
effector lymphocytes, such as effector T and NK cells, and Treg cells
in the more immunogenic CT26 tumor model. However,
combinatorial treatment led to a significantly lower infiltration of
Treg cells in tumors than IR alone. Thus, IR alone may have led to
IR-induced immunosuppression (14, 51) in the CT26 tumor model,
whereas vaccination potentially reduced it. Namely, our vaccine
comprises most CT26 tumor model antigens as well as IL-12 GET
(13, 17), which may lead to boosted antigen presentation to
lymphocytes. Furthermore, the reduction of immunosuppression
by the combinatorial treatment could enable the intrinsically high
amount of tumor-specific effector lymphocytes in lymph nodes to
elicit the observed antitumor efficacy.

Some advantages of this study are the systematic selection of
the combinatorial treatment and the comparison of its therapeutic
effect in immunologically different tumor models. These two well-
characterized tumor models were used to mimic the expected
diversity of the developed tumor cell-based vaccine. Furthermore,
this study introduces a novel radio-immunotherapeutic approach,
whereby the immunotherapy is a therapeutic vaccine comprising
an array of intrinsic tumor antigens combined with a safe non-
viral gene therapy to deliver the vaccine adjuvant. The study also
has potential limitations. Due to the aggressive nature (fast
growth, prone to ulceration) of the B16F10 tumor model, the
immune response after 6 days could not be analyzed for this
tumor model. Therefore, the comparison between the two
immunologically different tumor models could not be
performed at later time points. Additionally, this study
compares only two tumor models as the vaccine has not yet
been developed and tested in other tumor models with different
immune profiles to further confirm the tumor immunogenicity-
dependent therapeutic response.

In conclusion, the tumor cell-based vaccine using IL-12 GET as
an immunological adjuvant is a new and viable immunotherapeutic
approach in combination with IR that still needs refinement for
translation into the clinic. Nevertheless, this study demonstrates
that our developed vaccine can elicit an immune response distantly
from the IR tumor, contributing to the response of tumor IR. This
interaction was multifaceted and more expressed in less
immunogenic B16F10 than more immunogenic CT26 tumor.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.974912
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Remic et al.

Therefore, biomarkers to determine tumor immunogenicity and
consequently the response to the combinatorial treatment are
needed. Further studies into these interactions would be beneficial
when designing future treatment regimens.
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