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a b s t r a c t

In situ vaccination is a promising immunotherapeutic approach, where various local ablative therapies
are used to induce an immune response against tumor antigens that are released from the therapy-
killed tumor cells. We recently proposed using intratumoral gene electrotransfer for concomitant trans-
fection of a cytotoxic cytokine tumor necrosis factor-a (TNFa) to induce in situ vaccination, and an
immunostimulatory cytokine interleukin 12 (IL-12) to boost the primed immune response. Here, our
aim was to test the local and systemic effectiveness of the approach in tree syngeneic mouse tumor mod-
els and associate it with tumor immune profiles, characterized by tumor mutational burden, immune
infiltration and expression of PD-L1 and MHC-I on tumor cells. While none of the tested characteristic
proved predictive for local effectiveness, high tumor mutational burden, immune infiltration and MHC-
I expression were associated with higher abscopal effectiveness. Hence, we have confirmed that both
the abundance and presentation of tumor antigens as well as the absence of immunosuppressive mech-
anisms are important for effective in situ vaccination. These findings provide important indications for
future development of in situ vaccination based treatments, and for the selection of tumor types that will
most likely benefit from it.

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

Cancer is a diverse group of systemic diseases caused by muta-
tions that have in common immune system malfunctions, since
immune cells fail to recognize or fight the disease. Different
immunotherapies aim to restore the anticancer immunity by
exploiting the patient’s own adaptive immune system. One of the
more robust immunotherapeutic approaches is the so-called
in situ vaccination, where various local ablative therapies are used
to induce a specific immune response against tumor’s own anti-
gens that are released from the therapy-killed tumor cells [1,2].
However, according to the clinical experience, to achieve a
systemic and durable response, these therapies need to be com-
bined with immune adjuvants that stimulate the immune system
[3–5].

In our group, we are exploiting a form of non-viral gene therapy
called gene electrotransfer (GET) that can be used both, to induce
in situ vaccination, and also to stimulate the immune response.
Using GET approach, genetic material encoded on plasmid vectors
can be transferred directly to targeted tissue where electric pulses
are applied [6,7]. Transferred genetic material is then expressed
locally, making GET especially promising for delivering different
cytokines, which are toxic if administered systemically [8].

In our previous study, we have used intratumoral GET of two
cytokines: tumor necrosis factor-a (TNFa) and interleukin-12 (IL-
12) [9]. In the published study, TNFa GET was intended as a local
ablative therapy priming the in situ vaccination, and IL-12 GET as
an immunological adjuvant boosting the induced immune
response against the released tumor antigens. The results con-
firmed the feasibility of the approach as both cytokines were

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2021.107831&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.bioelechem.2021.107831
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ukamensek@onko-i.si
https://doi.org/10.1016/j.bioelechem.2021.107831
http://www.sciencedirect.com/science/journal/15675394
http://www.elsevier.com/locate/bioelechem


U. Kamensek, K. Ursic, B. Markelc et al. Bioelectrochemistry 140 (2021) 107831
expressed after concomitant GET of the two plasmids. Furthermore
effectiveness of the approach in eliciting a potent and durable anti-
tumor response in a mouse melanoma B16-F10 tumor model was
demonstrated. However, we didn’t directly prove the systemic
effectiveness of the therapy, such as the abscopal effect.

Hence, in the current study we wanted to determine the effec-
tiveness of concomitant intratumoral TNFa and IL-12 gene electro-
transfer in eliciting an abscopal effect. Furthermore, we chose to
test the approach in additional tumor models. Namely, in situ vac-
cination theoretically has the potential to be effective in different
cancer types, since it harnesses the patient’s own immune system
and tumor’s own antigens. Conversely, the sporadic results
achieved with various immunotherapeutic approaches in patients,
highlight the significance of the characteristics, like tumor immune
profile and tumor mutational burden (TMB), for the treatment out-
come [10]. Therefore, for this study, we selected three syngeneic
experimental tumor models as surrogates for tumor-immune pro-
files find in human cancers [11]. The first two were well-
characterized mouse tumor models B16-F10 melanoma and CT26
colon carcinoma [12–14]. For the third one, we decided on TS/A
mammary adenocarcinoma tumor model, which is used in numer-
ous immunotherapy studies but has not been fully evaluated
before in regard to its immune status and TMB [15].

Using the selected three tumor models, the aim of this study
was to associate the local and abscopal therapeutic effectiveness
of in situ vaccination by TNFa and IL-12 GET with the tumor
immune profiles characterized by TMB, immune cell infiltration,
and expression of PD-L1 and MHC-I on tumor cells.
2. Materials and methods

2.1. Plasmids

TNFa was encoded in pORF9 mTNFa plasmid (Invivogen, Tou-
louse, France) and IL-12 in our custom-made plasmid pCol-mIL-
12-ORT [16]. The plasmids were isolated using the EndoFree Plas-
mid Mega Kit (Qiangen, Hilden, Germany) and diluted in
endotoxin-free water (Qiagen) to a concentration of 1 or 2 mg/
mL. Plasmid concentrations were determined spectrophotometri-
cally (Epoch Microplate Spectrophotometer, Take3TM Micro-
Volume Plate, BioTek, Bad Friedrichshall, Germany). Additionally,
plasmids quality was confirmed by 260/280 ratio and by restriction
analysis.
2.2. Cells, animals and tumor models

TS/A mammary adenocarcinoma cells [17] (authenticated by
CellCheck (mouse STR profile and interspecies contamination test),
IDEXX BioAnalytics, Westbrook, ME, USA) and B16-F10 malignant
melanoma cells (American Type Culture Collection) were cultured
in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo Fis-
cher Scientific, Waltham, MA, USA), and CT26 colorectal carcinoma
cells (American Type Culture Collection) in Roswell Park Memorial
Institute (RPMI) 1640 Medium (Gibco, Thermo Fischer Scientific),
both supplemented with 5% fetal bovine serum (Thermo Fischer
Scientific), 10 mM L-glutamine (GlutaMAX, Thermo Fischer Scien-
tific), 100 U/ml penicillin (Grünenthal, Aachen, Germany) and
50 mg/ml gentamicin (Krka, Novo Mesto, Slovenia) in a 5% CO2

humidified incubator at 37 �C. Cells were tested every 3 months
for mycoplasma with MycoAlertTM PLUS Mycoplasma Detection
kit (Lonza, Basel, Switzerland) and found negative.

Six- to eight-weeks old female BALB/cAnNCrl mice, syngeneic
for TS/A and CT26 tumor models, and C57Bl/6NCrl mice, syngeneic
for B16-F10 tumor model, were purchased from Charles River Lab-
oratories Italia (Calco, Italy). Mice were kept in a specific
2

pathogen-free colony at a constant room temperature with a
12 h light/dark cycle, and provided with food and water ad libitum.
Animal experiments were performed in compliance with the offi-
cial guidelines of EU Directive 2010/63/EU, ARRIVE guidelines,
and with permission from the Veterinary Administration of the
Ministry of Agriculture, Forestry and Food of the Republic of Slove-
nia (permission no. U34401-1/2015/43) that was approved by the
National Ethics Committee for Experiments on Laboratory Animals.

Tumors were induced by a subcutaneous injection of cell sus-
pension in 0.1 ml of saline solution into the shaved flanks of syn-
geneic mice. TS/A tumors were established by injection of
2 � 106 of TS/A cells, and CT26 tumors by injection 0.5 � 106 of
CT26 cells. Dual flank tumor models were established by subcuta-
neous injection of 1 � 106 of B16-F10, 0.5 of CT 26 � 106 and
2 � 106 of TS/A cells in the right flank of syngeneic mice followed,
3 day later, by the subcutaneous injection of a reduced amount of
cells (80%) in the left flank of the mice. The protocol for dual flank
tumor model was optimized so that right tumors in all tree tumor
models reached the size of 40 mm3 (i.e. 6 mm in the longest diam-
eter) in one-week time, and at the same time, left tumors were
already palpable. The size of 40 mm3 was chosen to be comparable
with studies in single tumor models and also immune profiling
was done on 40 mm3 tumors.

After approximately one week, when tumors (the right tumors
in the dual flank tumor model) reached 40 mm3, mice were ran-
domly divided into different treatment groups consisting of 8–10
animals per group. In the dual flank tumor models, the right tumor
was regarded as a primary tumor and was treated, and the left
tumor was regarded as a metastasis and was left untreated. During
the treatments, mice were anesthetized by isoflurane gas anesthe-
sia (Chiesi, Parma, Italy). Throughout the experiments, the weight
of the mice was monitored as a general index of well-being. A
tumor volume of app. 300 mm3 or the loss of 15% of the body mass
were pre-set humane endpoint of the experiments.
2.3. Tumor immune status

Tumor-immune profiling was done by flow cytometry analysis
of single cell suspensions prepared from B16-F10, CT26 or TS/A
tumor tissue. When tumors reached a volume of 40 mm3 mice
were sacrificed and tumors excised, dissected into smaller frag-
ments and subjected to enzymatic digestion in Hanks’ Balanced
Salt solution (with Calcium and Magnesium; GIBCO) containing
2 mg/mL of collagenase type 2 (Worthington Biochem) and 2U/
mL DNase I (Thermo Fisher Scientific) for 45 min with gentle shak-
ing at 37 �C. The digested tumor suspension was then strained
through 50 mm strainers (Sysmex, Kobe, Japan) to get single cell
suspensions, centrifuged (5 min, 4 �C, 400 g) and washed in PBS.
A total of 2 � 106 cells were first incubated with TruStain FcX
(Biolegend, San Diego, CA, USA) for 5 min on ice to block non-
specific binding of immunoglobulin to the Fc receptors. Cell were
then stained with a defined antibody panel containing Fixable Via-
bility Dye eFluorTM 780, anti-PD-L1 PE, anti- MHC-I APC (H-2Kd for
CT26 and TS/A tumors and H-2 Kb for B16-F10 tumors), anti-CD45
Alexa Fluor 700, anti-CD8 Alexa Fluor 488, anti-CD4 PerCp-Cyanine
5.5 (all Thermo Fisher Scientific) and anti-CD3 Brilliant Violet 510
(Biolegend) labeling antibodies for 30 min on ice (Supplementary
Table S1). After incubation, cells were washed twice with PBS
and resuspended in IC Fixation buffer (Thermo Fisher Scientific).
Stained cell suspensions were analyzed with FACSCanto II flow
cytometer (BD Biosciences). The gating strategy was determined
by FMOs or isotype controls (Supplementary Fig. S2). Data were
analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA).



U. Kamensek, K. Ursic, B. Markelc et al. Bioelectrochemistry 140 (2021) 107831
2.4. Tumor mutational burden

For whole-exome sequencing (WES), DNA was extracted from
TS/A cells pellet (in vitro culture) and BALB/c mouse tail tissue
using DNeasy Blood and Tissue Kit with RNAse A (Qiagen). Concen-
tration was determined by Qubit dsDNA broad-range (BR) assay
(Thermo Fisher Scientific) on Qubit 4 Fluorimeter (Thermo Fisher
Scientific). Quality and purity (OD 260/280) were ensured by spec-
trophotometric analysis (Epoch Microplate Spectrophotometer,
Take3TM Micro-Volume Plate, BioTek, Bad Friedrichshall, Germany).
Whole-exome sequencing (WES) and analysis was performed at
GeneWiz (South Plainfield, NJ, US). The enrichment of exonic
regions was done using the SureSelect XT Mouse All Exon Kit (Agi-
lent) followed by Illumina HiSeq 2 � 150 paired-end sequencing.
Alignment to Mus musculus mm9 reference genome and variant
calling was performed using Edico Genome’s Dragen pipeline.
SNVs and small INDELs were annotated using UCSC Variant Anno-
tation Integrator (VAI). UCSC canonical transcripts were selected
for variant description. All variants present in less than 1% allele
fraction were considered sequencing artifacts and were filtered
out. Additional variant filtering was performed to remove known
common variants (known population level SNPs) using the VAI
package against dbSNP (v128), because a modern BALB/c mouse
DNA was used as a germline and not the exact mouse from which
the TS/A tumor cell line was generated in 1983. Tumor-normal
analysis was performed by subtracting variants identified from
BALB/c DNA from variants identified in the TS/A cell line (Supple-
mentary MS Excel spreadsheet S3). Tumor mutational burden
was expressed as the number of somatic synonymous and non-
synonymous variants located within coding regions (SNVs, Indels).
Literature data were used for CT26 and B16-F10 mutational burden
[18].

2.5. Gene electrotransfer (GET)

GET was performed on 40 mm3 tumors by intratumoral injec-
tion of 50 mL of plasmid solution containing 50 mg of each plasmid,
followed 5 min later, by application of 8 (4 + 4 in perpendicular
directions) electric pulses (plate electrodes, 600 V/cm, 5 ms,
1 Hz) by Electro Cell B10 electric pulse generator (Leroy Biotech,
St-Orens-de-Gameville, France). Good contact between the tumor
and the electrodes was ensured by a conductive gel (Ultragel,
Budapest, Hungary). In the groups receiving IL-12 GET either in
combination with TNFa GET or alone, IL-12 GET was repeated
6 days after the first GET. In the control group (CTRL), mice were
injected with 50 mL of endotoxin-free water. The tested therapeutic
groups were as follows: TNF: GET of the TNFa plasmid, IL-12: GET
of the IL-12 plasmid repeated twice with an interval of 6 days,
TNF + IL-12: concomitant GET of the TNFa and IL-12 plasmids, fol-
lowed 6 days later by GET of the IL-12 plasmid and CTRL: control
group. To comply with the 3R rule, EP only group and control plas-
mid groups were not included in these experiments since these
groups were tested in previous experiments by our group [9,19,20]

2.6. Therapeutic effectiveness

Tumor growth of both the treated and the untreated tumors
was determined by measuring the tumors every 2–3 days using
digital Vernier caliper. Tumor volume was calculated by the for-
mula: V = a � b � c � p/6; where a, b, and c correspond to the three
orthogonal diameters of the tumor. From the tumor volumes,
arithmetic means (AM) for each group were calculated, and tumor
growth curves were drawn with error bars representing the stan-
dard error of the mean (SEM). Times when tumors reached
100 mm3 (t100) or 50 mm3 (t50) for the untreated tumors in the
dual flank tumor model, were interpolated from the growth curves.
3

To compensate for the different tumor growth kinetics in the tree
tumor models, statistical analysis was done on tumor growth delay
data that was normalized to the tumor growth of pertinent control
tumors. Specifically, for the treated tumors, tumor growth delay
(TGD100) was calculated as the difference in t100 of the treated
tumors (t100exp) compared to control tumors (t100ctrl): TGD100 =-

t100exp� t
�
100 ctrl. For the untreated tumors in the dual flank

model, the calculation of TGD was based on the time when

untreated tumors reached 50 mm3: TGD50 = t50exp� t
�
50 ctrl. Addi-

tionally, Pearson correlation coefficient between the growth of the
treated and the corresponding untreated tumor in the same animal
on day 8 was calculated.

2.7. Statistical analysis

GraphPad Prism version 8.1.2. (GraphPad Software, San Diego,
CA, USA) was used for data analysis and graphical presentations.
The Shapiro–Wilk test was performed to test for data normality.
Normally distributed data were presented as the
mean ± standard error or mean (SEM). Non-normally distributed
data were presented as the median with data range (min, max).
Normally distributed data with equal variance were analyzed with
a one-way ANOVA, followed by Tukey’s test for multiple compar-
isons. Normally distributed data with unequal variance were ana-
lyzed with a Browne–Forysthe and Welch’s ANOVA, followed by
Dunnet’s T3 test for multiple comparisons. Non-normally dis-
tributed data were analyzed with a Kruskal–Wallis ANOVA on
Ranks, followed by Dunn’s test for multiple comparisons. Pearson
correlation test was used to measure the direction and strength
of correlations. A significant difference between experimental
groups was defined at p < 0.05.

3. Results

3.1. Immune profile

Immune profiling was performed on tumors when they reached
the appropriate size for the treatment (40 mm3). No differences
between tumor models were determined in CD45+ (Fig. 1 a) and
CD3+ infiltration (Fig. 1 b), however the percentage of CD4+ helper
T cells (Fig. 1 c) and CD8+ cytotoxic T cells (Fig. 1 d) was the highest
in CT26 tumor model. The sum CD8+ and CD4+ cell was statisti-
cally higher in CT26 tumors (44%) compared to B16-F10 (15%)
and TS/A (3.9%) tumors (Fig. 1 e). More than half of tumor cells
were PD-L1 positive in all tree tumor models, without any statisti-
cally significant difference between them (Fig. 1 e). B16-F10
tumors were mostly MHC-I negative (only 7.4% of MHC-I positive
cells), while most (96%) tumor cells were MHC-I positive in CT26
and 69% in TS/A tumor model (Fig. 1 f).

3.2. Mutational burden

Mutational burden of TS/A cell line was determined by WES
analysis that identified 712 synonymous and non-synonymous sin-
gle nucleotide variants (SNVs) in exons, of which 46 were found in
untranslated regions (UTR) and 666 in coding sequences (CDS).
Among CDSs, 137 mutation were determined as synonymous or
silent and 529 as non-synonymous, corresponding to mutational
rate of 16.5 mutations per Mb (assuming 32 Mb of protein-
coding sequence). Additionally, 33 short insertions and deletions
(indels) were identified in exons (Table 1). Mutational burden of
TS/A was compared to the mutational burden of CT26 and B16-
F10 tumor models obtained from the literature [13], which ren-
dered TS/A tumor model with 712 SNPs the least mutated com-
pared to CT26 with 3023 SNPs and B16-F10 with 908 SNPs.



Fig 1. Immune profiles of B16-F10, TS/A and CT26 tumors before treatment. Percentage of (a) CD45+, (b) CD3+, (c) CD4+ helper T cells, (d) CD8+ cytotoxic T cells and (e) sum
of CD4+ and CD8+ immune cells. Percentage of (f) MHC-I and (g) PD-L1 positive tumor cells. n = 6 animals/group, individual values with mean. (*) P � 0.05, (**) P � 0.01, (***)
P � 0.001, (****) P � 0.0001.

Table 1
TS/A tumor mutational burden determined by WES analysis.

Single nucleotide variants Indels

Number of mutations 712 33

in exons 712 33
in UTRs 46 6
in CDSs 666 27
synonymous 137 /
non-synonymous 529 = 16.5/Mb 27
missense 507 /
premature stop 20 27
stop loss 2 /

(UTRs) untranslated regions, (CDSs) coding sequences, (Indels) insertions and
deletions.
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3.3. Local effectiveness

Local effectiveness of TNFa and IL-12 GET was tested in TS/A
and CT26 tumor models. The concomitant GET was more effective
than TNFa and IL-12 GET monotherapies in both tumor models
(Fig. 2 a, b). The TGD100 was 16 days in CT26 tumors and 13 days
in TS/A tumors (Supplementary table S4). In TS/A tumor model
both TNFa and IL-12 GET monotherapies contributed equally to
the effectiveness of combined GET (TGD100 was 5 and 6 days
respectively), while in CT26, IL-12 GET was more effective
(TGD100 was 8 days) than TNFa GET (TGD100 was 5 days). In the
CT26 tumor model, t100 after concomitant GET and both monother-
apies was significantly longer compared to control group, while in
4

TS/A only the combined treatment resulted in significantly pro-
longed t100. (Fig. 2 c, d). There were no complete responses.
3.4. Abscopal effectiveness

The abscopal effectiveness of the concomitant TNFa and IL-12
GET was tested in B16-F10, CT26 and TS/A dual flank tumor mod-
els. The TGD50 for untreated tumors was 9 days in CT26 tumor
model compared to only 1 day in B16-F10 tumors and 0 days in
the TS/A tumor model (Supplementary table S4). In the CT26 tumor
model, t50 after concomitant GET, but not after monotherapies, was
significantly longer compared to control group (Fig. 3 a - f). Addi-
tionally, in this tumor model, correlation in growth of treated
and untreated tumors was positive and statistically significant
after both monotherapies and after concomitant GET (Supplemen-
tary table S5, Fig. 3 j - l). Due to the burden of the second tumor in
dual flank tumor model, t100 was not reached in all tumors, there-
fore TGD100 could not be calculated for the primary tumors
(Fig. g - i).
3.5. Association of therapeutic effectiveness with tumor immune
profiles

Tumor growth data retrieved from the current and our previous
study (local effectiveness in B16 F10 tumor model [9]) were com-
bined to draw summarizing graphs for local and abscopal effective-
ness of concomitant IL-12 and TNF GET for all tree tumor models.
Next, both local and abscopal antitumor effectiveness were plotted



Fig 2. Local therapeutic effectiveness of concomitant TNFa and IL-12 GET in CT26 and TS/A (single) tumor models: Tumor growth of treated (a) CT26 and (b) TS/A tumors.
Times when (c) CT26 and (d) TS/A tumors reached 100 mm3 (t100). ( ) control group, ( ) TNFa GET monotherapy, ( ) IL-12 GET monotherapy, ( ) concomitant
TNFa and IL-12 GET, (GET) gene electrotransfer. n = 8–9 animals/group, tumor growth curves drawn as mean tumor volume with standard error of mean, t100 drawn as
individual values with mean. (*) P � 0.05, (**) P � 0.01, (***) P � 0.001, (****) P � 0.0001.
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against selected immunological parameters: i.e. TMB (for CT26 and
B16-F10 TMB data was retrieved from literature [18]), immune
infiltration (the sum of CD8+ and CD4+ cells), PD-L1 and MHC-I
expression on tumor cells (Fig. 4b - e, Fig. 4 g - j). This graphic rep-
resentation allowed us to identify critical immunological parame-
ters that affect treatment’s local and abscopal effectiveness. Local
effectiveness was statistically significantly higher in B16-F10
tumor model compared to TS/A and CT26 tumor models (Fig. 4
a), while abscopal effectiveness was statistically significantly
higher in CT26 tumor model compared to B16-F10 and TS/A
(Fig. 4 f). No correlation was detected for local effectiveness for
any of the immunological parameters (Fig. 4 b-e), while higher
TMB (Fig. 4 g) and the tumor infiltration with CD4+ and CD8+ cells
(Fig. 4 h) correlated with higher abscopal effectiveness (Supple-
mentary table S6). Higher abscopal effectiveness was also associ-
ated with higher MHC-I expression on tumor cells (Fig. 4 j),
although not statistically significantly, while PDL-1 expression
(Fig. 4 i) did not correlate with abscopal effectiveness.

4. Discussion

GET is an excellent method for localized in vivo transfection,
allowing simultaneous transfection of multiple plasmids. Our pre-
vious work has established that concomitant intratumoral electro-
transfer of TNFa and IL-12 plasmids is effective in eliciting a potent
and durable antitumor response in murine melanoma model, con-
5

firming the relevance of this gene therapy based approach for
in situ vaccination [9]. The present study in three immunologically
different mouse syngeneic tumor models shows that systemic
effectiveness of the approach very much depends on the tumor’s
immune status: High TMB, immune infiltration and MHC-I expres-
sion proved to be important for abscopal effectiveness, while none
of the tested immune characteristic proved to be predictive for
local effectiveness.

The three tumor models used in the study were selected to rep-
resent diverse immune profiles seen in human cancers. We decided
for B16-F10 melanoma, CT26 colorectal carcinoma and TS/A mam-
mary adenocarcinoma. B16-F10 is a cytokine deficient and MHC-I
suppressed tumor model [21,22], which makes it invisible for
immune system and therefore not highly infiltrated with immune
cells. Hence, in spite of its moderately high mutational burden [13],
it is often classified as a immunologically cold tumor. Low infiltra-
tion and MHC-I expression in B16-F10 tumors was also confirmed
in our study. The CT26 tumor model, on the other hand, is consid-
ered an immunologically hot tumor, with high mutational burden
and infiltration of immune cells [13,14], which is also in line with
our findings. Our third tumor model was TS/A mammary adenocar-
cinoma that has been used in numerous immunotherapy studies
[15,23,24]. Although, TS/A has not been systematically evaluated
regarding its immune status and TMB, it is typically described as
poorly immunogenic [15,25]. The results of our immune profiling
demonstrated that TS/A has a relatively high MHC-I expression



Fig 3. Abscopal therapeutic effectiveness of concomitant TNFa and IL-12 GET in B16-F10, CT26 and TS/A dual flank tumor models: Tumor growth of untreated (a) B16-F10, (b)
TS/A and (c) CT26 tumors. Times when untreated (d) B16-F10, (e) TS/A and (f) CT26 tumors reached volume of 50 mm3 (t50). Tumor growth of treated (g) B16-F10, (h) TS/A
and (i) CT26 tumors. Correlation in size of treated and untreated (j) B16-F10, (k) TS/A and (l) CT26 tumors in the same animal. n = 9–10 animals/group, tumor growth curves
drawn as mean tumor volume with standard error of mean, t50 drawn as individual values with mean. Correlations drown as individual values for treated tumor volume
plotted against untreated tumor volume in the same animal on day 8 after the treatment. Simple linear regression line indicates statistically significant correlation (r = 0.72).
( ) control group, ( ) TNFa GET monotherapy, ( ) IL-12 GET monotherapy, ( ) concomitant TNFa and IL-12 GET, (GET) gene electrotransfer, (TV8) tumor volume
on day 8. (**) P � 0.01.
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and is not highly infiltrated with CD4+ or CD8+ immune cells,
which is in line with a cold tumor.

Since TS/A cell line has not been sequenced before, we opted to
determine its TMB, which proved quite difficult due to the discrep-
ancies in the definition and reporting of TMB. Usually, TMB is
defined as a number of nonsynonymous mutations in a tumors
exome [26]. However reporting all mutations could be a more rel-
evant indicator of tumors foreignness [27]. Although the reported
TMB can vary substantially based on the analysis used [28,29],
the consensus is that CT26 tumors are highly mutated with
2000–3500 SNVs and B16-F10 moderately with 1000–2000 SNVs
[12,18]. Using an analysis comparable to that used in Castle et al.
[13], we identified 712 SNVs in the TS/A tumors compared to the
6

naïve BALB/c mouse genome, making it the least mutated among
the tumor models used in our study.

After determining the pretreatment immune profiles of the
selected tumor modes, we tested the local and abscopal effective-
ness of the concomitant TNFa and IL-12 GET. In the previous study,
we proved that our approach is a locally effective treatment in
B16-F10 tumor model with almost 80% of complete responses
[9]. Moreover, the relevance of the approach for in situ vaccination
was confirmed by its ability to elicit a potent and durable antitu-
mor response, indicated by the expansion of effector immune cells
in the lymph nodes, resistance of cured mice to secondary chal-
lenge with tumor cells and vitiligo like depigmentation of fur at
the site of cured tumors. Results of the present study show that



Fig 4. Association of therapeutic effectiveness (local and abscopal) of concomitant IL-12 and TNFa GET with immune profiles in B16-F10, TS/A and CT26 tumor models.
Summarizing graphs for (a) local (TGD100) and (f) abscopal effectiveness (TGD50) for the untreated tumor. Correlation between local effectiveness and (b) tumor mutational
burden (TMB), (c) infiltration of tumors by CD8+ and CD4+ immune cells, expression of (d) PD-L1 and (e) MHC-I on tumor cells. Correlation between abcsopal effectiveness
and (g) tumor mutational burden, (h) infiltration of tumors by CD8+ and CD4+ immune cells, expression of (i) PD-L1 and (j) MHC-I on tumor cells. TGD100 and TGD50 drawn as
individual values with mean. Correlations drawn as mean TGD100 or TGD50 plotted against TMB, mean CD8+ and CD4+ infiltration and mean PD-L1 and MHC-I expression.
Simple linear regression lines indicate statistically significant correlation. (TMB) tumor mutational burden. (CR) complete response (**) P � 0.01, (***) P � 0.001.
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local effectiveness of the treatment in TS/A and CT26 tumor models
is lower than in B16-F10 tumors. Contrariwise, the abscopal effec-
tiveness was detected in CT26 tumors only.

When correlating the results for local and systemic effective-
ness to the tumor immune status, we hypothesized that two main
requirements must be met for successful in situ vaccination. The
first is a high tumor antigenicity, which increases with TMB
[30,31] and can decrease with acquired immunosuppressive
7

mechanisms such as MHC-I down regulation [32]. For an effective
in situ vaccination the tumors must be mutated because a source of
tumor antigens is needed, and immune cells must see their target,
meaning MHC-I expression must not be hampered. Secondly,
tumor microenvironment must support immune infiltration with-
out immune suppression, e.g. through the expression of inhibitory
immune ligands, such as PD-L1 [33]. In the present study, these
hypotheses were generally confirmed. Although none of the tested
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immune characteristic proved to be predictive for local effective-
ness, high TMB, immune infiltration of CD4+ and CD8+ cells, and
MHC-I expression proved important for achieving abscopal
effectiveness.

Our results indicate that high antigenicity is a critical require-
ment for systemic effectiveness of in situ vaccination. TMB is the
primary surrogate marker for neoantigens, and therefore anti-
genicity [30,31]. We believe that the low local and the lack of
the systemic effectiveness in the TS/A tumors demonstrated in
our study, could be due to the shortage of strong antigens, since
the lowest TMB was determined in this tumor model. In addi-
tion, it was reported that the entire immune response against
TS/A is focused on a single virus derived antigen [34,35]. Never-
theless, some other acquired immunosuppressive mechanisms
could also be at work, such as PD-L1 expression, which was high
in all of the tested tumor models. This is endorsed by studies
using radiotherapy to induce in situ vaccination, where adding
a systemic checkpoint inhibitors was reported to release an
abscopal effect in the TS/A and also in the CT26 and B16-F10
tumors [36,37].

On the other hand, MHC-I down-regulation, can also cause low
antigenicity. We believe this was demonstrated nicely in our study
in B16-F10 tumor model, in which treatment was very successful
locally, presumably because IL-12 GET has increased immune infil-
tration and expression of MHC-I through the induction of IFN-y
[38,39]. However, it was not effective in the untreated, distant
tumor, even though expansion of Granzyme B positive cells in
the lymph nodes was clearly demonstrated in our previous study
using ELISpot [9], indicating involvement of a tumor-derived sup-
pression in the secondary untreated tumor.

The main difference in the mechanism for local and systemic
performance of in situ vaccination is that systemic effectiveness
is exclusively due to the specific systemic immune response that
is triggered in the primary tumor and has to work at the distant
untreated tumor. Local effectiveness, however, is the reflection of
direct cytoreductive effects of the treatment, coupled with
immunological effects in the environment that is changed by the
treatment. Since abscopal effect of IL-12 GET were reported in
other studies using B16-F10 tumor model [40,41] and also in clin-
ical studies in melanoma patients [42,43], we believe its lack in our
study is due to the distinctive plasmid we used. Namely, our plas-
mid was prepared to supports paracrine secretion of IL-12 [16,44],
while in most other GET studies, some IL-12 or its downstream
effector IFN-c was released systemically. This systemic release
was lacking in our current study. Therefore, we are assuming that
any specific immune response induced in the treated tumor was
abolished in the untreated tumor by B16-F100s intrinsic MHC-I
suppression, hiding the tumor antigens and consequently lowering
the antigenicity of tumor cells.

The only tumor model, in which we achieved abscopal effec-
tiveness, was the immunologically hot CT26 tumor model, in
which the systemic effects were not hindered by the lack of anti-
gens, MHC-I suppression or low infiltration of immune cells. Addi-
tionally, in this tumor model, positive correlation in growth of
treated and untreated tumors in the same mouse was detected,
meaning that regression of primary tumor was positively affecting
the growth of the secondary tumors and vice versa. However, also
in this tumor model, we failed to achieve a complete local or sys-
temic tumor control. Based on our results and other publication
using this preclinical model [13,45,46], we believe that the sup-
pression of tumor-specific immune cells through PD-L1 expression
on tumor cells is responsible for the limited effectiveness in this
tumor model. Consequently, using inhibition of suppression, e.g.
PD-1/PD-L1-blocking antibodies, in combination with in situ vacci-
nation, would probably be a more effective treatment in tumors
that are already heavily infiltrated with immune cells.
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Taken together, we have confirmed that both the abundance
(high TMB) and presentation of tumor antigens (MHC-I expression)
as well as the absence of immunosuppressive mechanisms are
important for effective in situ vaccination. In the study, we have
focused only on a few selected pre-treatment characteristics of
tumors that could serve as predictive factors for the treatment out-
come: i.e. TMB, infiltration of tumors with CD4+ and CD8+ immune
cells and expression of PD-L1 and MHC-I on tumor cells. However,
multiple other characteristics (both pre-treatment and post-
treatment) could also be affecting the results; such as tumor
growth kinetics, tumor vascularization, and the recruitment of
suppressor cell, e.g. regulatory T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs) and tumor-associated macrophages (TAMs)
[11,33,47,48]. Lastly, inflammatory cytokines, including the trans-
fected IL-12 and TNFa, could also be differentially expressed in
separate tumor models. The current study therefore serves as the
basis for future studies of in situ vaccination based approaches.
5. Conclusions

The result of the present study have highlighted the importance
of choosing the right preclinical tumor model to better predict the
treatment effectiveness in the clinical situation. Ideally, a range of
tumor models covering the range of tumor-immune profiles found
in humans should be used. Namely, even though in situ vaccination
has potential to be effective in diverse tumor types since it utilizes
tumor’s own antigens, this study evidenced it is much more com-
plicated. Our results indicate that abundance (high TMB) and the
presentation (MHC-I expression) of tumor antigens is a critical
requirement for systemic effectiveness of in situ vaccination. We
have also shown that our approach may not be sufficient to over-
come all the immunosuppressive mechanisms (MHC-I suppres-
sion, PD-L1 expression) in the untreated, distant metastases,
justifying combinations with treatments that enable systemic
relief of such immunosuppressive mechanisms. These findings
have provided important indications for future development of this
and similar therapeutic approaches. Furthermore, they have set the
foundations for identifying the subset of tumor types that will
most likely benefit from in situ vaccination based treatments, lead-
ing to more personalized treatments.
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