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Abstract

Aim: We aimed to test the hypothesis that loading of dendritic cells (DCs) with both viral and tumor-specific
antigens would enhance the efficacy antitumor DC-based therapy applied simultaneously with oncolytic virus.

Methods: Vaccinia virus LIVP/GFP and melanoma B16-F10 were used in this study. DCs were pulsed with various
combinations of viral and tumor-associated antigens. The maturation status of DCs was verified by expression of
the markers CD80, CD86, and CCR7 and assessment of IL-6, TNF-a, and IL-12 secretion. The most efficient
combination of antigens for DC loading was selected based on the analysis of the cytotoxic activity of T
lymphocytes. Combination therapy using vaccinia virus LIVP/GFP and DCs pulsed with viral and tumor-specific
antigens was administered to the B16-F10 melanoma/mouse C57BI tumor model.

Results: We found that loading of DCs with viral antigens, or with a combination of viral and tumor antigens,
resulted in similar levels of expression of DC maturation markers. The maximal in vitro cytotoxicity against virus-
infected and non-infected B16 melanoma cells exhibited T lymphocytes activated by DCs loaded with the heat
inactivated lysate of vaccinia virus LIVP/GFP infected tumor cell. The results show that the combination of vaccinia
virus LIVP/GFP and DCs loaded with both tumor and viral antigens inhibit tumor growth of B16-F10 murine
melanoma by more than two-fold.
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Conclusions: Combination therapy with oncolytic vaccinia virus LIVP/GFP and tumor/virus antigen-loaded DCs
limited the growth of established melanoma B16-F10, but no synergistic antitumor effects were observed. We
propose that optimization of the therapy regimen could enhance the efficiency of combination therapy.

Keywords: Oncolytic virus, vaccinia virus, melanoma B16, dendritic cells, cytotoxic T lymphocytes, cancer
immunotherapy

INTRODUCTION

The efficacy of dendritic cell (DC)-based cancer immunotherapies has been demonstrated using tumor
models and in clinical trials"~. Over the past few decades, numerous experimental studies have improved
our understanding of DC functioning in the context of cancer and suggested novel strategies to achieve
effective and long-term anti-tumor immune responses. The results of in vivo studies demonstrate the great
antitumor potential of DC-based cancer immunotherapy. Unfortunately, DC-based antitumor vaccines
have failed to generate significant clinical benefits, and the limited success of DC-based therapy might be
associated with different factors, including the need to optimize maturation cocktails to promote the
immunostimulatory activity of DCs"*?. Indeed, DCs as professional antigen-presenting cells activate
antitumor adaptive immune responses by efficient processing and cross-presentation of tumor antigens to
CDs+ T cells followed by activation of tumor-specific cytotoxic T lymphocytes (CTLs). However, it is
known that the tumor microenvironment (TME) can suppress the maturation and functions of DCs and, as
a consequence, reduce the effectiveness of DC-based vaccines. Hence, it is very important to force DCs to
overcome the negative effects of the TME to activate the appropriate tumor-specific cytotoxic T-lymphocyte
response. Among the varied approaches to reducing the immunosuppressive effects of the TME, oncolytic
virus-based therapy is one of the promising methods that has already been proven effective in anti-cancer
virotherapy'®”. A combined immunotherapeutic approach based on DC-based cancer vaccines and
oncolytic viruses (OVs) is supposed to have increased effectiveness due to the synergistic action of DCs and
OVs!®. On the one hand, immunosuppression in the TME provides effective virus replication in tumor cells,
resulting in direct lysis of the cancer cells. OV-induced immunogenic death of tumor cells leads to the
release of “danger signals” at the site of tumor localization and promotes more rapid maturation of DCs and
priming of tumor-specific T cells, enhancing the antitumor activity of DCs in the TME". On the other
hand, the DCs activated against viral proteins and tumor antigens will enhance the effectiveness of
virotherapy for “cleaning up” cancer non-lysed infected tumor cells. The utilization of different
combinations of tumor-associated and virus antigens can potentially enhance the efficacy of DCs in the
generation of an anti-tumor immune response during oncolytic virotherapy.

Previously, we showed that vaccinia virus LIVP/GFP could provide efficient tumor cell growth control in
the B16-F10 melanoma model with activation of virus-specific immune responses"”. In addition, we
reported that single prophylactic vaccination with DCs loaded with different antigens was efficient at
treating highly aggressive metastatic tumors, Lewis lung carcinoma, and B16-F10"". Taking into account
our previous results, we studied the antitumor potential of oncolytic vaccinia virus and DC-based therapy as
a component of combination therapy against melanoma B16-F10. Our results demonstrate that T
lymphocytes primed with DCs loaded with both tumor and viral antigens exhibited significantly higher
cytotoxic activity against B16-F10 cells in comparison with T lymphocytes primed with DCs loaded with
either tumor or viral antigens. However, in vivo combination therapy including OV and DCs loaded with
tumor/viral antigens was as effective as monotherapy with virus or DCs, and no enhancement of antitumor
activity was observed.
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METHODS

Cell lines and virus

Mouse melanoma B16-F10 cells were obtained from the Culture Collection of the Institute of Cytology, St.
Petersburg, Russia. B16-F10 cells were cultured in IMDM medium supplemented with 10% fetal calf serum
(FCS) and antibiotic-antimycotic solution (100 U/mL penicillin G, 100 units/mL streptomycin, and
250 ng/mL amphotericin B) (IMDM10) at 37 °C in a humidified atmosphere containing 5% CO,.
Attenuated vaccinia virus (VV) LIVP/GFP (TK") strain having an insertion of the green fluorescent protein
(GFP) gene into the viral thymidine kinase gene was grown and titrated on CV-1 cells as described
previously"?.

Mice

Six- to eight-week-old female C57BI/6 mice obtained from of State Research Center of Virology and
Biotechnology VECTOR were kept in the vivarium conditions of the Institute of Chemical Biology and
Fundamental Medicine, Siberian Branch of the Russian Academy of Sciences, with a natural light regime on
a standard diet for laboratory animals [GOST (State Standard) R 50258 92] in accordance with the
recommendations for the proper use and care of laboratory animals (ECC Directive 2010/63/EU), as well as
the guidelines for good laboratory practice in pre-clinical studies of the Russian State Standards (R 51000.3-
96 and 51000.4-96). All experiments were carried out in accordance with relevant national and international
guidelines. The experimental protocols were approved by the Committee on the Ethics of Animal
Experiments with the Institute of Cytology and Genetics of SB RAS (Novosibirsk, Russia) (protocol No. 52
from 23 May 2019).

Tumor cell lysate preparation for DC loading

B16-F10 cells were seeded at a density of 4 x 10° cells/mL in IMDM10 and cultured at 37 °C in 5% CO, for
16-24 h. Then, cells were harvested, washed with phosphate-buffered saline (PBS), and frozen at -80 °C
followed by thawing at 37 °C. The freeze-thaw cycles were repeated three times. The lysate was treated with
ultrasound and passed through a 0.22 pm syringe filter (TPP, Switzerland). Protein concentration was
analyzed with the Qubit Protein Assay Kit (Invitrogen, USA).

Preparation of the lysate of infected tumor cells for DC loading

B16-F10 tumor cells were cultured as described previously. Then, cells were washed with PBS and incubated
with VV [at a multiplicity of infection (MOI) of 0.5 PFU/cell] for 1 h. The medium containing the virus was
removed, and the cells were cultured in 10 mL IMDM supplemented with 2% FCS and 1% antibiotic-
antimycotic solution at 37 °C in 5% CO, for 16-24 h. Further steps of lysate preparation were described
above. After that, the lysate of infected tumor cells was inactivated at 56 °C for 2 h"*.

Generation of bone-marrow-derived DCs

Bone marrow-derived DCs were generated from bone marrow cells isolated from the femur and tibia of
female 7-8-week-old wild-type C57BIl/6 mice by exposing the bone marrow and flushing out the cells with
PBS using a sterile syringe. The harvested cells were cultured in R10 medium (RPMI medium, 10% FCS, 1%
antibiotic-antimycotic solution, 1% HEPES, 50 mM beta-mercaptoethanol, 2 mM Glutamine, and 1 mM
sodium pyruvate). The culture medium was supplemented with 50 ng/mL recombinant murine IL-4 and
50 ng/mL recombinant murine GM-CSF (Millipore, USA). Bone marrow DC progenitors were seeded on
Petri dishes (TPP, Switzerland). The medium was replaced every two days. On Day 4 (fast generation
protocol) or 6 (standard generation protocol), immature DCs were incubated with the tumor cell lysate (L)
(100 pg/mL) + lipopolysaccharide (LPS) (1 pg/mL, Sigma), infected tumor cell lysate (iL) (100 pg/mL), or
heat-inactivated vaccinia virus (hiVV) (inactivated at 56 °C for 2 h, equivalent to an MOI 1 of live VV) at
37 °Cin 5% CO, for 24 h. After incubation, mature DCs were harvested and used in the following studies.
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Immature DCs were cultured for four or six days under the conditions described above, except the cells
were not exposed to the tumor/virus antigens.

Flow cytometry analysis of DC maturation

For the analysis of the status of DC maturation, the DCs were stained with fluorophore-conjugated
monoclonal antibodies recognizing CCR7, CD80, or CD86 (Life Technologies, USA) at 4 °C for 1 h. After
washing twice in PBS, the cells were fixed in 4% formaldehyde in PBS. Flow cytometry was performed using
a NovoCyte flow cytometer (ACEA Biosciences, USA), and the data were analyzed with NovoExpress
software (ACEA Biosciences, USA). The experiments were performed in duplicate.

Measurement of cytokine levels

The levels of TNF-a, IEN-y, IL-6, and IL-12 in the medium of cultured DCs or the serum of experimental
mice were measured using mouse IL-6 and mouse TNF-a colorimetric ELISA kits (Biolegend, USA), as well
as mouse IL-12 and mouse IFN-y colorimetric ELISA kits (Thermo Scientific, USA), according to the
manufacturer’s protocols. Absorbance was measured at 450 and 570 nm using a plate-reading
spectrophotometer Multiskan RC (Thermo Lab Systems, USA). The experiments were performed in
triplicate.

Preparation of murine splenocytes and analysis of cytotoxicity of T lymphocytes ex vivo

The cytotoxic effect of T lymphocytes on uninfected B16-F10 cells or cells infected with the VV was
measured using microelectronic biosensor technology on the xCELLigence real-time device (ACEA
Biosciences Inc., USA). The xCELLigence system is a technological approach that performs real-time cell
analysis (RTCA) of cell culture. The cellular index (CI) is an indicator of the electrical potential that reflects
the status of cells (viability, degree of adhesion, and growth dynamics). CI was calculated automatically
based on the changes in resistance parameters during the interaction of cells with electrodes on
microelectronic plates (E-plates).

Mice were implanted with dendritic cells activated by various combinations of the antigens (L, iL, LPS, or
hiVV). After seven days, mice were euthanized; spleens were removed and placed in 3 mL R10. Excised
spleens were ground through a 40 pm cell strainer using the plunger; cells were washed with PBS and
centrifuged at 200 g for 5 min. Then, splenocytes were resuspended in 200 uL of PBS and 800 pL of ACK
Lysis Buffer (Thermo Fisher Scientific, USA) and incubated at 20 °C for 5 min. After that, cells were washed
with PBS and resuspended in 1 mL R10 for cell counting. Splenocytes were cultured at a concentration of
8 x 10°/mL for five days in R10 medium supplemented with recombinant mouse IL-2 (5 ng/mL) and
different combinations of antigens [L (100 ug/mL), iL (100 pg/mL), or hiVV (equivalent of an MOI 1 of live
VV)]. Then, splenocytes were removed with a scraper, centrifuged for 5 min at 250 g and resuspended in
IMDM10 medium. Melanoma B16-F10 cells were infected with VV (MOI 1) as described previously"*.
Infected or uninfected B16-F10 cells were seeded at a density of 8 x 10° cells/well (n = 4) on E-plates (ACEA
Bioscience Inc., USA) in IMDM10 medium and incubated at 37 °C in 5% CO, overnight (20 h). After
incubation, the medium was removed and splenocytes in 150 pL IMDM10 were added to infected or
uninfected B16-F10 cells at splenocyte-to-target cell ratios of 20:1 and 10:1. Cells were incubated at 5% CO,
and 37 °C for 100 h, and cell viability (designated as CI) was monitored every 15 min using an xCELLigence
real-time analyzer (ACEA Biosciences, Inc., USA).

In vivo antitumor effects of combination oncolytic virus/DC immunotherapy

B16-F10 tumor cells (1.8 x 10°/100 pL in IMDM) were subcutaneously (s/c) injected into the abdominal
right flank of 6-8-week-old female C57BI/6 mice. When the tumor volumes reached 20-25 mm?® (Day 7 or 8
after cell injection), mice were randomized and assigned to one of the experimental groups. Tumor-bearing
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mice were s/c injected with DCs (1 x 10°/100 pL IMDM/mice) loaded with different antigens followed by
peritumoral injection of VV (5 x 10’ PFU/100 pL. IMDM) (combination therapy) or IMDM only (DC-based
monotherapy) two days after DC administration. In parallel, one group of mice received treatment with VV
only (viral monotherapy). Control animals were injected with 100 uL IMDM only. Tumor growth was
monitored every other day using a digital caliper, and tumor volume was calculated with the following
formula: volume = 0.5 x L x W?, where L is length and W is width.

Statistical analysis

The data are reported as mean + SEM. Statistical analysis was performed with GraphPad Prism software
version 9.01 (La Jolla, CA, USA) and OriginPro software version 9.8 (OriginLab Corporation, USA).
Statistical analyses were performed using one-way ANOVA. Values with P < 0.05 were considered to be
statistically significant.

RESULTS

Treatment of immature BMDCs with different combinations of tumor-associated and viral antigens
did not induce upregulation of costimulatory molecules and cytokine production

In the first stage, the efficiency of the expression of DC maturation markers was evaluated upon infection of
cells with the VV. According to the literature data, DC infection with VV increases the expression of CD86
but downregulates that of CD80". In our experiments, the level of CD80 expression depended on the viral
dose used for infection: it was 1.8-fold higher when DCs were infected with a dose of MOI 1 PFU in
comparison with a dose of MOI 10 PFU [Figure 1A]. The expression level of CD86 did not change upon DC
infection with different doses of the virus. For loading/activation of DCs, not only a live virus but also a
hiVV was used. DCs incubated with hiVV are characterized by the highest expression levels of CD80 and
CDs86 in comparison with infection with live VV; therefore, hiVV was used for DC loading/maturation in
experiments [Figure 1A].

The following antigens were used for DC loading/activation: the tumor cell lysate (L) in combination with
LPS (L + LPS) or in combination with hiVV and infected cell lysate (iL). It is known that functionally active
DCs should receive signals stimulating the maturation of DCs in addition to loading with tumor
antigens"®. Otherwise, immature DCs actively exert tolerogenic functions, induce regulatory T cells, and
suppress the antitumor T cellular immune response"”. Among different maturation stimulators of DCs,
TLR4 agonist LPS is the most available and widely used agent"**. We also used LPS to stimulate
maturation of unloaded DCs as a positive control [Figure 1A] or tumor lysate-loaded DCs in experiments
ex vivo [Figure 2] and in vivo [Figure 3]. Viral antigens in the form of hiVV or infected cell lysate (iL)
contained pathogen-associated molecular patterns (PAMPs) and should activate maturation of DCs without
any additional agents.

Currently, to obtain mature DCs, different activation schemes are used, and the process of generation of
immature DCs varies from 48 h to 7 days
standard protocols, which require four or six days, respectively. The level of DC activation was assessed 24 h
after the addition of appropriate antigens to DCs (on Day 5 or 7 of the DC generation process, respectively)
[Figure 1B]. The maturation status of DCs was assessed by the expression of activation markers CD80 and

[21,22)

I In this work, we obtained immature DCs using either fast or

CDs6. The expression level of chemokine receptor CCR7, which is involved in the migration of DCs to the
lymph nodes", was also evaluated.

The maximal level of CD80 expression [Figure 1B] was observed for DCs loaded with L + LPS (49.87%)
generated by the fast protocol, whereas loading of DCs with other antigens caused less efficient CD80
expression [Figure 1B]. However, DCs generated by the standard six-day protocol were characterized by
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Figure 1. Influence of different sources of tumor and/or viral antigens on the expression of costimulatory/CCR7 molecules of DCs and
their cytokine profile. (A) The number of CD80- and CD86-positive DCs in the cell population after treatment with LPS, live VV (VV),
or heat-inactivated VV (hiVV) for 24 h. (B) The number of CD80-, CD86-, and CCR7-positive DCs generated five or seven days after
treatment with tumor and/or viral antigens: L + LPS in violet; iL in blue; L + hiVV in green; hiVV in dark green; LPS in grey; negative
control (immature DCs) in white. (C) The level of IL-12, IL-6, and TNF-a in the conditioned media of DCs loaded with tumor/viral
antigens after 24 h of incubation [experimental group color set is the same as in (B)]. Data are presented as mean + S.E.M.*P < 0.05,
***P < 0.001. DCs: Dendritic cells; VV: vaccinia virus; LPS: lipopolysaccharide.
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Figure 2. The cytotoxicity of mouse splenocytes primed in vivo with tumor/viral antigen-loaded DCs with respect to B16 melanoma
cells. The viability of B16 melanoma cells was monitored in real time with an xCELLigence system. (A, C) The viability of infected (A) or
uninfected (C) B16 cells incubated alone (control) or with primed splenocytes at an effector-to-target cell ratio of 20/1is shown as an
RTCA graph. (B, D) Bar diagrams represent the cytotoxicity of primed splenocytes against infected (B) or uninfected (D) B16 melanoma
cells at an effector-to-target cell ratio of 20/1 or 10/1, corresponding to the 70 h time point in (A, C). Control (intact B16 cells) in red;
control” (live VV infected B16 cells) in brown; DCs loaded with L + LPS in violet; with iL in blue; and with L + hiVV in green. Data are
presented as mean £+ S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001. DCs: Dendritic cells; VV: vaccinia virus; RTCA: real-time cell analysis;
hiVV: heat-inactivated vaccinia virus.

almost equal levels of CD80 expression regardless of the type of loaded antigen [Figure 1B].

The expression level of CD86 was the highest (46.6%) in DCs stimulated with L + hiVV (fast protocol),
while, under all other experimental conditions, similar to CD80, the number of CD86+ cells did not exceed
40% [Figure 1B]. The expression level of CD86 in DCs generated by standard protocols increased by ~30%
in comparison with DCs generated by the fast protocol and reached 80% for DCs stimulated with L + hiV'V,
while, for DCs stimulated with other antigens, CD86 expression was also high with statistically insignificant
differences between samples. It should also be noted that the expression levels of activation markers
generated by standard protocol were the highest but statistically insignificant in comparison with a fast
protocol.

The expression of the CCR7 chemokine receptor in DCs stimulated by various antigens is shown in
Figure 1B. The fast protocol of DC generation mediated low expression of the CCR7 receptor in all DC
samples, and the level of CCR7 expression did not exceed 15%. DCs generated by the standard protocol
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Figure 3. Antitumor effects of therapy based on DCs and oncolytic VV in a murine melanoma B16 model. (A) Experimental setup. B16-
bearing C57BL/6 mice (n = 10) on Day 8 after tumor transplantation were subcutaneously (s/c) injected with antigen-loaded DCs (a);
on Day 10 with VV intratumorally (i/t) administered (b); or on Day 8 DCs (s/c) followed by intratumoral injection with VV on Day 10
(). (B) Progress curves of melanoma B16 growth. (C) The levels of cytokines in the blood serum of B16-bearing C57BL/6 mice receiving
either of the monotherapies with DCs or oncolytic VV or combination therapy. (L + LPS)-loaded DCs in violet; iL-loaded DCs in dark
blue; iL-loaded DCs + VV in blue; VV in green; and control in red. Data from two independent experiments are presented as mean +
S.E.M. *P < 0.05. DCs: Dendritic cells; VV: vaccinia virus; LPS: lipopolysaccharide.

were characterized by a much higher level of CCR7 expression: the number of CCR7+ cells in the DC
population varied from 20% to 30%, and the maximum number of CCR7+ DCs was 28.7% in DCs activated
by L + LPS. However, the statistical analysis of the obtained data did not reveal significant differences
between the level of expression of the marker and the method of activation for any of the studied markers.
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The analysis of the influence of different sources of tumor and/or viral antigens on the efficiency of IL-12,
IL-6, and TNF-o secretion showed that, as expected, L + LPS induced the maximum level of expression of all
studied cytokines [Figure 1C], while there was no increase in cytokine production in DCs activated by other
antigens, in comparison with the control (immature DCs).

DCs loaded with lysate of LIVP-infected B16 melanoma cells efficiently prime antitumor T
lymphocytes in vivo

In the next step, we estimated the antitumor activity of effector T lymphocyte priming by DCs loaded with
tumor or viral antigens or their combination. DCs loaded with the tumor cell lysate (L) in combination with
LPS (L + LPS) or hiVV (L + hiVV) and infected cell lysate (iL) were administered s/c in mice (n = 2 per
group). Both infected and uninfected B16 melanoma cells (depicted as Control+ and Control-, respectively)
were selected as target cells for cytotoxic T lymphocytes. We hypothesized that DC activation by an iL
containing a large amount of PAMP, danger-associated molecular patterns, and tumor antigens” would
promote the development of an effective cytotoxic immune response against not only infected tumor cells
but also uninfected cells. Splenocytes (effector cells) from treated mice were added to B16-F10 melanoma
cells (target cells) in effector-to-target cell ratios of 20:1 and 10:1 and incubated for 100 h. The viability of
tumor cells was monitored in real-time mode by using an xCELLigence real-time device. The cytotoxicity of
T lymphocytes was assessed by comparing the cell index (CI) of melanoma B16 cells in the experimental
groups (DCs loaded with L + LPS, iL, or L + hiVV) with the CI for the control groups (uninfected and
infected melanoma cells) [Figure 2].

It was demonstrated that CTL activated with DC-loaded iL (CTLs-DC/iL) exhibited the maximum cytotoxic
activity (71% of infected B16 cells were lysed) compared to CTLs primed against only tumor antigens
(CTLs-DC/L + LPS) and tumor/viral antigens (CTLs-DC/ L + hiVV) at an effector-to-target cell ratio of
20:1 with respect to infected B16 cells [Figure 2A]. Overall, 61% of the population of infected B16 cells were
destroyed by CTLs-DC/iL at an effector-to-target cell ratio of 10:1 in comparison with 40% and 33% for the
CTLs-DC/L + LPS and CTLs-DC/ L + hiVV groups, accordingly. The observed effects were strengthened
when non-infected melanoma B16 cells were used as target cells. Surprisingly, the lysate of infected B16 cells
was the most efficient source of antigens and mediated activation of CTLs that killed up to 82% of non-
infected tumor cells (iL; Figure 2B) at the effector-to-target cell ratios of 20:1, while cell lysis ranged from
31.5% to 17.4% for the CTLs-DC/L + LPS and CTLs-DC/ L + hiVV groups, accordingly [Figure 2D]. The
obtained data suggest that CTLs-DC/iL should efficiently inhibit melanoma B16-F10 in vivo during DC-
based monotherapy and immunotherapy combined with oncolytic viruses.

Therapeutic efficacy of combination therapy with DCs loaded with tumor/viral antigens and
oncolytic vaccinia virus in an established melanoma B16-F10 tumor model in vivo

First, to compare the therapeutic efficacy of DC monotherapy in mice with established B16-F10 melanoma
tumors, DCs loaded with L + LPS or iL were subcutaneously injected on Day 8 after tumor transplantation
[Figure 3A and B]. It was shown that iL-loaded DCs inhibited tumor growth more than two-fold in
comparison with the control group treated with PBS only and mice treated with (L + LPS)-loaded DCs.
Thus, monotherapy with DCs loaded with iL efficiently limits the progression of established B16-F10
melanoma.

To evaluate in vivo the therapeutic efficacy of VV in combination with DCs, melanoma bearing C57BL/6
mice were s/c injected with iL-loaded DCs on Day 8 after tumor transplantation followed by intratumoral
injection of VV on Day 10 [Figure 3A and B]. The experimental treatments included: (1) i/t PBS only (the
control); (2) i/t VV only (5 x 107 viral particle/injection); and (3) a combination of s/c iL-loaded DCs
(1 x 10° DCs/injection) and i/t VV (5 x 10’ viral particle/injection). Mice treated with VV only or the
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combination of iL-loaded DCs + VV showed significant inhibition of tumor growth [Figure 3B]: on Day 20,
the mean tumor volumes decreased 2.3-fold in comparison with the control group, and the differences were
statistically significant (P < 0.05). Nevertheless, combination therapy with iL-loaded DCs + VV
demonstrated similar antitumor activity to monotherapy with either VV or DCs [Figure 3B]. It appears that
iL-loaded DCs and V'V, which are very effective as monotherapies, either interfere with each other when
applied as combination therapy or require an alternate application regimen. The levels of IL-12 and IFN-y
in the serum of mice treated with combination therapy consisting of DCs + VV or with VV or DCs alone on
Day 4 after the start of treatment did not differ significantly from the level of cytokines in the control group
[Figure 3CJ; nevertheless, it is worth mentioning that, in the groups receiving combination therapy, a
tendency to decrease the level of IL-12 and somewhat increase the level of the INF-y was observed. The
obtained data clearly show that further optimization of the treatment regimen for combination therapy with
DCs and VV is needed.

DISCUSSION

Melanoma is one of the most aggressive forms of skin cancer, metastasizing to various vital organs and
responding to both chemotherapeutic and radiological treatment. Currently, DC-based vaccines are
frequently used for melanoma treatment. Since their first application, many clinical trials with DC-based
therapy have been conducted in melanoma patients, resulting in an 8.5% objective response rate"*”. Being
professional antigen presentation cells, DCs present tumor antigens to naive T lymphocytes and activate the
adaptive antitumor immune response. Moreover, it was demonstrated that activation of antitumor CTL is a
key mechanism of elimination of tumor cells upon DC-based immunotherapy”**. Although the second
generation of anti-melanoma DC-based vaccines has already been developed, immunotherapy with DCs

[29]

does not lead to the complete elimination of tumors™.

The aim of our study was to select a combination of tumor/viral antigens for DC loading that should
efficiently mediate DC maturation and induction of CTLs against tumor melanoma cells. We also planned
to use these DCs as part of the combination therapy of melanoma with vaccinia virus. Previously, we
showed that total tumor RNA used as a source of tumor antigens for DC loading stimulated significantly
higher antitumor effect in a metastatic melanoma model in comparison with tumor cell lysate!***.
However, in this work, protein antigens, namely lysate of tumor cells and/or viral particles, were selected as
a source of antigens for DC loading, since it was reasonable to evaluate the immunogenic properties of DCs
loaded with a “natural” source of tumor/viral antigens presented in tumor node after virotherapy and use a
mixture of tumor and viral antigens in the same form. Moreover, in numerous works, DCs loaded with
tumor cell lysates, proteins, or apoptotic bodies have been shown to activate antitumor cytotoxic T
lymphocytes, effectively reduce tumor size, and increase the survival of tumor-bearing animals in various

[33-36]

mouse tumor models

Firstly, we evaluated the effects of various stimuli, including LPS and VV, on DC maturation. It is known
that vaccinia virus encodes for a number of immune evasion proteins”*® and proteins inhibiting the
expression of cytokines™ that finally suppress the immune response. On the other hand, proteins of
vaccinia virus"’' and the Western Reserve strain of vaccinia virus"® were demonstrated to activate DCs. We
showed that infection of DCs with VV led to upregulation of the expression of CD80 at a low MOI, wherein
the expression of this marker decreases with increasing viral dosage. At the same time, the expression of
CDs6 did not respond to the infection and remained on the same level regardless of the MOI used.
Previously, it was shown that treatment of DCs with heat-inactivated or UV-inactivated vaccinia virus
Ankara resulted in induction of IFN production via the cGAS-STING cytosolic DNA-sensing pathway'*.

Indeed, in our case, heat-inactivated VV more efficiently activated the expression of maturation markers in
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comparison with the live virus [Figure 1A], but the differences between the samples for CDgo (VV at MOI =
1 and hiVV) and CD86 were not statistically significant. It is interesting that LPS used as a positive control
effectively stimulated CD80 and CD86 expression, amounting to almost 80% and 90% positive cells in the
DC population, respectively.

It was revealed that different sources of antigens, L + hiVV, hiVV, iL, and L + LPS, used for DC loading
induced similar levels of maturation markers (CD80 and CD86) and chemokine receptor CCR7 expression
[Figure 1B]. The degree of DC maturity was also assessed by the production of cytokines IL-12, IL-6, and
TNF-o. Statistical analysis did not show significant differences in cytokine production by any of mature DCs
except the (L + LPS)-loading DCs [Figure 1C]. It seems likely that all sets of antigens used for DC loading
except LPS stimulated the maturation of DCs equally.

We further assessed the degree of CTL activation in mice after administration of DCs loaded with various
antigens. We demonstrated that DCs loaded with different sources of tumor/viral antigens efficiently
activated antitumor CTLs in vivo (Figure 2A and C, effector-to-target ratio 20:1). According to the obtained
data, CTL activated by iL-loaded DCs exhibited the maximum cytotoxic activity against both infected
[Figure 2A] and non-infected [Figure 2C] tumor cells. Previously, it was shown that DC-loaded with total
tumor RNA complexed with mannosylated liposomes (RNA/liposome-loaded DCs) efficiently primed
CTLs that killed ~60% of melanoma B16 cells at an effector-to-target ratio of 20:1°”\. In this work, efficient
priming of CTL was achieved by using DCs loaded with the heat-inactivated lysate of infected tumor cells
(iL): the CI decreased 4- and 6-fold for infected and non-infected melanoma cells, respectively [Figure 2],
which corresponded to 80% tumor cell killing. Loading of DCs with B16 cell lysate and LPS as well as with
tumor lysate containing hiVV (L + hiVV) stimulated less efficient CTLs in comparison with both tumor
RNA/liposome-loaded DCs and iL-loaded DCs: only 25% of melanoma cells were lysed under similar
conditions [Figure 2B]. Thus, the correct choice of the antigen source for DC loading is an important issue
to induce highly efficient antitumor CTLs. We demonstrated that lysate of VV-infected tumor cells was the
most prospective and can be used along with RN'A/liposome lipoplexes for antitumor DC-based vaccine
preparation. To our surprise, in vivo activation of DCs loaded with various antigens proceeded much more
efficiently than DC maturation in vitro in the presence of the same antigens.

To study the combined antitumor effects of DC-based vaccines and VV virotherapy in vivo, the most
efficient source of tumor/viral antigens was selected to load DCs. In vivo experiments showed that treatment
of melanoma-bearing mice with iL-loaded DCs (monotherapy) resulted in retardation of tumor growth,
while inhibition of tumor growth was not observed in mice treated with DCs stimulated with L + LPS
[Figure 3B]. Therefore, these results confirm the efficacy of iL-loaded DCs in targeting CTL against
melanoma cells. In addition, it was revealed that either DC- or VV-based monotherapy or DC + VV
combination therapy exhibited similar antitumor effects in vivo: tumor size was decreased 2.3-fold in
comparison with a non-treated control group. It can be assumed that antitumor effects in each group were
achieved through different mechanisms: (1) DC-mediated activation of antitumor CTLs; (2) direct lysis of
tumor cells by oncolytic virus; and (3) their combination. It is interesting that all tested treatment protocols
resulted in retardation of tumor growth with similar efficiency, and neither an additive nor a synergistic
effect of combination therapy was observed. We supposed that the treatment regimen was not optimal, and
antitumor/antiviral CTLs were not activated in time. Such a therapeutic schedule was chosen based on the
fact that DCs migrate to the lymph nodes within 72 h after intradermal administration*”. However, it
should be noted that an effective CTL response was observed after much longer circulation (seven days) of
antigen-loaded DCs in mice after subcutaneous injection. Therefore, it is reasonable to speculate that
optimization of the experimental design by prolongation of the time between antigen-loaded DC
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administration and viral therapy could increase the effectiveness of combination therapy for less aggressive
tumors, while changing the time frame of the administration of DCs and VVs is problematic for such a
rapidly growing tumor as B16-F10 melanoma. Moreover, we cannot exclude the possibility that weakening
of tumor immunosuppression by direct lysis of VV-infected tumor cells was not enough to induce a strong
antitumor T cellular response primed by DCs. Thus, further optimization of the treatment regimen for
DC/oncolytic virus combination therapy is needed. The frequencies of vaccine administration and time
interval between VV and DC administration as well as the dosage of VV and DCs can be optimized. It
should also be noted that DC + VV combination therapy might be used for converting so-called “cold
tumors”, characterized by scare or absent T-cell infiltration in tumor nests and surrounding stroma, into
immunologically “hot” tumor. A combination of iL-loaded DCs and VV might enhance the efficiency of
anti-tumor immunotherapy including adoptive T-cell response and immune checkpoints.

We also estimated the level of IL-12 and IFN-y in the serum of mice two weeks after tumor cell
implantation. IL-12, a heterodimeric cytokine produced mainly by antigen-presenting cells, regulates innate
responses and determines the type of adaptive immune responses. Many of the immunoregulatory effects of
IL-12 have been attributed to its ability to induce IFN-y production. IFN-y directly acts as a cytotoxic CD8
T-cell differentiation signal, and it is essential for the induction of cytotoxic T-cell precursor proliferation.
The results obtained reveal increasing levels of IFN-y in serum of mice treated with iL-loaded DCs, but the
differences were not statistically significant [Figure 3C]. The experiments showed no significant fluctuations
in the IL-12 level in the serum of mice from any group except the mice treated with iL-loaded DCs, but this
fluctuation was also not statistically significant.

In conclusion, we identified a set of antigens to obtain mature DCs that activate CTLs efficiently lysing B1e-
F10 melanoma cells. Our results demonstrate that T lymphocytes activated with iL-loaded DCs showed the
maximum cytotoxic activity. We found that monotherapy with DCs loaded with a mixture of tumor/viral
antigens (iL) is more efficient in the treatment of established B16-F10 melanoma tumors in comparison
with DCs stimulated only by tumor antigens (L + LPS). However, the obtained results indicate that the
chosen scheme of combination therapy with DCs and VV has no advantages over VV-based or iL-loaded
DCs-based monotherapy in a melanoma B16-F10 tumor model in vivo. These studies should be extended to
investigate the different schemes of cooperation of DC and oncolytic virus.
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