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Abstract: The ability of dying cancer cells to induce an anticancer immune response can increase the
effectiveness of anticancer therapies, and such type of death is termed immunogenic cell death (ICD).
Cells can die along the ICD pathway when exposed not only to chemo- and immunotherapeutics,
but also to various types of radiation, such as ionizing radiation and cold atmospheric plasma jets
(CAP). We have previously shown that CAP, lactaptin, and a recombinant vaccinia virus encoding
lactaptin induce in vitro molecular changes typical of ICD in cancer cells. In the current work, we
treated MX-7 rhabdomyosarcoma cells with CAP and lactaptin-based anticancer drugs and evaluated
the immunological effects of the treated cells. We showed that dendritic cells (DCs) captured cells
treated with various ICD inducers with different efficiency. CAP-treated cells were weakly potent
in inducing the maturation of DCs according to MHC II externalization. Moreover, CAP-treated
cells were worse in the stimulation of IFN-α release in vitro and were poorly captured by spleen
DCs in vivo. Under the irradiation conditions used, CAP was not capable of activating a significant
immunological anti-tumor effect in vivo. It is possible that modifications of the CAP irradiation
regimen will enhance the activation of the immune system.
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1. Introduction

Cold atmospheric plasma (CAP) is a near-room-temperature ionized gas, composed
of reactive species, neutral particles and molecules, electrons, and other physical factors
such as electromagnetic fields and weak UV and heating radiations [1]. Plasma interacts
with organic materials such as cells without causing thermal/electric damage to the cell
surface. CAP jets are promising tools for anticancer therapy, and strategies are being
developed to translate this technology to the clinics. The efficiency of such treatment is
associated with the viability of cancer cells after exposure to the CAP jet, which depends on
the parameters of the plasma device operation. Nevertheless, the detailed mechanisms of
CAP-irradiated cell death are poorly understood, and a detailed analysis of the cell death
modalities activated by CAP treatment is required.

Currently, the search for novel antitumor agents that cause the death of cancer cells and
activate the antitumor immune response is urgent. The use of immunogenic cell death (ICD)
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inducers capable of triggering an antitumor immune response can significantly increase the
effectiveness of anticancer therapies. The immunogenicity of dying cells can be determined
by the activation of a certain combination of danger signals (DAMPs), which contributes
to the recognition and uptake of these cells by antigen-presenting cells (APCs) [2]. The
most important molecular markers indicating the induction of ICD include the exposure of
calreticulin and the heat-shock protein HSP70 on the cell surface and the release of ATP
and the non-histone, nuclear DNA-binding protein high-mobility group box 1 (HMGB1)
to the intracellular space [3,4]. It has also been shown that the release of type I interferon
(IFN) from dying tumor cells is an important factor in the induction of immunogenic cell
death [2]. Type I IFN interacts with the IFNAR receptor, which consists of two subunits,
IFNAR1 and IFNAR2, triggering the autocrine activation of IFN-I-related genes in tumor
cells. Among these genes, that coding for the chemokine CXCL10 deserves special attention,
as this molecule acts as an important chemotactic factor attracting immune cells to the
tumor site. IFN-I causes an increase of the cxcl10 gene expression and an accumulation of
CXCL10 in the intercellular space of a tumor [5,6].

Cells with activated ICD markers are actively engulfed by phagocytic cells, and the
processing and presentation of tumor antigens by dendritic cells triggers the activation
of antigen-specific T lymphocytes, which leads to the stimulation of an adaptive immune
response against tumor-associated antigens [2,7]. The uptake of dying cells by phagocytic
cells is important for preventing inflammation and for generating a long-term antitumor
response [8].

Antigen-presenting cells are cells of the immune system that can cleave protein anti-
gens into peptides and present them in combination with major class histocompatibility
complex (MHC) molecules on their surface to interact with their respective T cell receptors.
Professional APCs include dendritic cells (DCs), macrophages, and B cells, while nonpro-
fessional APCs comprise thymic epithelial cells and vascular endothelial cells involved
in antigen presentation only for a short time [9]. Among the APCs, there are dendritic
cells that are believed to play a main role in antigen presentation due to their ability to
stimulate naive helper and cytotoxic T cells and perform antigen cross-presentation [10].
Dendritic cells are ubiquitous in tissues, where they perform their functions; however,
most DCs originate from the red bone marrow. DCs are a rare population of immune
cells; small populations of DCs are found in the spleen, thymus, blood, tonsils, skin, liver,
lung, intestine, and lymph nodes [11,12]. Initially, dendritic cells are produced in an im-
mature form. The encounter with an antigen and antigen processing and presentation are
accompanied by DC maturation. Mature dendritic cells are characterized by the presence
of surface costimulatory molecules, such as CD25, CD40, CD69, CD80, CD83, and CD86,
as well as MHC II, which are necessary for the effective binding to T lymphocytes during
antigen presentation [13]. Mature DCs migrate to the lymph nodes and stimulate naive
T cells by binding to the T cell receptor [14]. Phagocytosis of apoptotic cells can activate
the T cell immune response if the apoptotic cells emit specific DAMPs [15]. Thus, during
the induction of immunogenic cell death in tumor cells, DAMPs are secreted and interact
with receptors on DCs, stimulating their maturation. This interaction leads to an immune
response that usually correlates with the formation of immunological memory [16]. The
significant involvement of DCs in immune responses triggered by tumor cells during ICD
induction has been described in various studies [17,18]. In this way, the ability of ICD
inducers to stimulate an effective antitumor T cell response depends on the presence and
predisposition to DC activation in the microenvironment of tumors [14].

Nowadays, some chemotherapeutic drugs, antitumor peptides, oncolytic viruses, and
various physical methods of treating tumors are considered as the main inducers of im-
munogenic cell death [19–23]. The recombinant lactaptin analog RL2 [24], the recombinant
vaccinia virus VV-GMCSF-Lact encoding human GM-CSF and lactaptin [25], and cold
atmospheric plasma jets (CAP) [26–29] have also been shown to induce tumor cell death
with signs of immunogenic death (ICD) in vitro [30–32]. In this work, we compared the
immunological effects of tumor cells treated with either drugs based on lactaptin or CAP.
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Although cold plasma has been extensively studied as a potential anti-tumor agent, only
a few papers have examined the activation of immunogenic cell death under irradiation
by CAP [33–35]. Nevertheless, such studies are very important because they help in the
further optimization of clinical devices and treatment protocols. The comparative study
we describe helps to partially fill the gaps in our understanding of the stages at which
CAP-treated cells effectively activate the immune system, stimulating ICD effects.

2. Materials and Methods
2.1. Cell Lines and Mice

MX-7 murine rhabdomyosarcoma cells were obtained from the Russian cell culture
collection (Russian Branch of the ETCS, St. Petersburg, Russia). MX-7 cells and immature
dendritic cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM, Sigma-Aldrich,
St. Louis, MO, USA) or RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (GIBCO, Thermo Fisher, Waltham, MA, USA), 2 mM
L-glutamine (GIBCO, Thermo Fisher, Waltham, MA, USA), 250 mg/mL of amphotericin B,
and 100 U/mL of penicillin/streptomycin (GIBCO, Thermo Fisher, Waltham, MA, USA)
in a humidified atmosphere containing 5% CO2 at 37 ◦C. The cells were maintained as
previously described [25].

Female C3H/He mice (6–8 weeks old) were obtained from the SPF vivarium of the
Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia.

2.2. Chemicals and Antibodies

RL2 was purified as described previously [36]. VV-GMCSF-Lact was constructed from
L-IVP and purified as described previously [25]. The following chemicals and antibodies
were obtained from commercial sources: CellTracker™ Green CMFDA Dye (Invitrogen,
Carlsbad, CA, USA), CellTracker™ Red CMTPX Dye (Invitrogen, Carlsbad, CA, USA),
anti-mouse CD11c-PE (Sony, San Jose, CA, USA), anti-mouse MHC II-FITC (Sony, San
Jose, CA, USA), Tryple-Express (GIBCO, Thermo Fisher, Waltham, MA, USA), cisplatin
(Veropharm, Moscow, Russia).

2.3. Cold Atmospheric Plasma System and Treatment Parameters

The plasma source of a cold plasma jet was described in [26,37]. The plasma source
was a quartz discharge channel with a powered electrode inside and an external ring
grounded electrode over the dielectric tube. A sinusoidal voltage signal with a frequency
of ~52 kHz and an amplitude of up to 10 kV was applied to the electrodes. A dielectric
capillary with a 2.3 mm diameter was placed into the excitation volume. When the voltage
was applied to the electrodes, a discharge was ignited. Streamers formed near the powered
electrode and propagated inside and outside of the plasma device, composing a visually
uniform plasma jet. In the experiments, the effect of frequency self-organization of the
streamer breakdown was realized; this caused the frequency of the current pulses registered
on the target not to correspond to the frequency of the applied voltage [37]. Under the
conditions of the present experiments, the frequency of the current pulses was ~13 kHz.
Typical discharge parameter values were as follows: gas flow rate, v = 9 L/min, voltage
amplitude, U = 4.9 kV, discharge current I, up to 12 mA, current half-width duration, 15 ns,
average power, up to 0.2 W.

For the CAP treatment, 96-well plates with growing cells were placed on a stand of
dielectric material so that the distance from the edge of the capillary to the liquid medium
was 25 mm. The cells were cultivated in 100 µL of complete culture medium, and the fluid
column above the cells was 3 mm. After CAP treatment, the plates were returned to the
CO2 incubator, and cultivation was continued under standard conditions.

2.4. Quantitative Determination of IFN-Alpha in Culture Medium

The concentration of interferon-alpha was analyzed in the cell culture medium by
an enzyme immunoassay using a commercial IFN-alpha mouse ELISA kit (Invitrogen,
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Carlsbad, CA, USA). The samples were prepared according to manufacturer’s protocols,
and optical density was measured with the multichannel spectrophotometer Apollo LB912
(Berthold Technologies, Bad Wildbad, Germany) at 450 nm (reference wavelength 620 nm).
The data obtained were used to construct a calibration curve with the coordinates of optical
density and concentration. The content of IFN-α in the samples was calculated from the
calibration curve.

2.5. Bone Marrow-Derived Dendritic Cell Isolation

The isolation of dendritic cells was carried out similarly to the protocol described
in [38]. Briefly, C3H/He mice were sacrificed by cervical dislocation, the femurs and
tibias of the mice were cleaned from adjacent muscles and ligaments and treated with
a 50% ethanol solution. The bones were incised in the distal parts in order to open the
channel of the red bone marrow. The bone marrow cells were washed out of the canal
with a cold PBS solution using a syringe. DC progenitors were obtained from the bone
marrow of C3H/He mice by density gradient centrifugation through the Histopaque-1083
medium (Sigma, St. Louis, MO, USA). Immature DCs were generated by culturing DC
progenitors in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 250 mg/mL of amphotericin B, and 100 U/mL of penicillin/streptomycin in
the presence of 50 ng/mL of GM-CSF (Invitrogen, Carlsbad, CA, USA) and 50 ng/mL of
IL-4 (Invitrogen, Carlsbad, CA, USA) in a humidified atmosphere containing 5% CO2 at
37 ◦C for 3 days. After 3 days, half of the culture medium was removed from the flask and
replaced with fresh RPMI 1640 growth medium, also supplemented with IL4 and GM-CSF,
and cultivation was continued in a humidified atmosphere containing 5% CO2 at 37 ◦C for
3 more days.

2.6. Flow Cytometry Analysis

All the tests were performed using the FACSCanto II flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA), and the data were analyzed by FACSDiva Sofware Version 6.1.3.
(BD Biosciences, Franklin Lakes, NJ, USA). The cultured cells were initially gated (P1) based
on forward scatter versus side scatter to exclude small debris (Figure S1), and 10,000 events
from this population were collected.

For CD11c and MHC II detection, the cells were incubated with primary anti-CD11c
antibodies (1:100) or anti-MHC II antibodies (1:100) for 1 h at the room temperature. Rabbit
IgG (Thermo Fisher Scientifc, Waltham, MA, USA) or mouse IgG (R&D, Minneapolis, MN,
USA) were used as an isotype control.

2.7. Phagocytic Activity of Dendritic Cells

Immature dendritic cells were stained with 1 µM CellTracker™ Green CMFDA Dye for
30 min in a humidified atmosphere containing 5% CO2 at 37 ◦C. Then, the cells were washed
with PBS. Simultaneously, MX-7 cells growing in 6-well culture plates (TPP, Trasadingen,
Switzerland) were incubated with 5 µM CellTracker™ Red CMTPX Dye for 30 min at
37 ◦C and then washed with PBS. The MX-7 cells were harvested with Tryple-Express,
re-suspended in RPMI 1640 medium, and plated into 6-well culture plates with stained
dendritic cells at the ratio of 1:1. After 3 h of incubation at 37 ◦C, cell samples were
harvested with Tryple-Express, washed with PBS, and analyzed on the FACS CantoII flow
cytometer. A double-positive population (Q2, double green–red glow) corresponded to
dendritic cells that captured MX-7 cells.

2.8. Dendritic Cell Maturation

Immature dendritic cells were suspended in RPMI 1640 growth medium and mixed
with MX-7 cells at a ratio of 1:1. The cell suspension was transferred into the wells of a
6-well plate and incubated for 18 h at 37 ◦C with 5% CO2. Next, the cells were harvested
with Tryple-Express and then stained with anti-CD11c and anti-MHC II antibodies. Cell
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samples were analyzed on the FACS CantoII flow cytometer. Initial gating was performed
on a population of CD11c-positive cells (Figure S2).

2.9. In Vivo Assay of MX-7 Tumor Cell Uptake by Spleen CD11c+ Cells

MX-7 cells were incubated with 5 µM CellTracker™ Red CMTPX Dye for 30 min at
37 ◦C with 5% CO2 and washed with PBS. After staining, MX-7 cells were incubated with
RL2, or VV-GMCSF-Lact or irradiated with CAP, cultured for 24–48 h under standard
conditions, and then harvested with Tryple-Express and washed with PBS. The cells were
suspended in physiological saline and injected into C3H/He mice intravenously at a dose
of 7 × 105 cells/mouse in 500 µL. After 3 h, the mice were sacrificed by cervical dislocation,
and the spleens were removed. The spleens were weighed and then crushed with a glass
homogenizer to obtain a cell suspension in RPMI 1640 medium (1 mL of medium per 50 mg
of tissue). The spleen homogenates were filtered through a cell strainer (Falcon, Tewksbury,
MA, USA) and centrifuged for 5 min at 200 g at room temperature, washed twice with
PBS, and fixed for 10 min at room temperature with 10% formalin. The fixed cells were
centrifuged for 5 min at 200 g and washed twice with PBS.

The fixed cells were stained with PE-conjugated anti-CD11c antibodies for 1 h at room
temperature in the dark. After the incubation, cell samples were washed with PBS and
analyzed on the FACS CantoII flow cytometer. The proportion of MX-7 cells stained with
Cell Tracker Red was determined from the total number of CD11c+ spleen cells.

2.10. Ethic Statement

All the animal experiments were carried out in compliance with the protocols and rec-
ommendations for the proper use and care of laboratory animals (EC Directive 86/609/EEC
for animal experiments). The protocols were approved by the Committee on the Ethics of
Animal Experiments of the Administration of the Siberian Branch of the Russian Academy
of Science (Protocol Number 45, 16 November 2018). The mice were housed in ventilated
animal cabinets under controlled lighting conditions at 65% humidity and 25 ◦C with
a 10/14 h light–dark cycle and allowed food and water ad libitum. The animals were
euthanized by cervical dislocation.

2.11. Statistics

Significance was determined using a two-tailed Student’s t-test. A p value of less
than 0.05 was considered significant. All the error bars represent the standard error of
the mean. In mice experiment, the differences in tumor-free mice between groups were
calculated using non-parametric statistics and Pearson’s chi-square test and were significant
for p < 0.05.

3. Results
3.1. Release of IFN-α into the Intercellular Space

In addition to major ICD markers, such as CRT or HMGB1, the release of type 1 inter-
feron from treated cells has been shown to be important for the effective uptake of tumor
antigens by dendritic cells. During the induction of immunogenic cell death, interferon-
alpha (IFN-α), released from the dying cells, promotes the maturation of antigen-presenting
cells, the cross-presentation of tumor antigens, and the recruitment of T cells [2].

The concentration of IFN-α was measured in the culture medium of MX-7 cells treated
with RL2 (0.3 mg/mL), VV-GMCSF-Lact (VV, 0.5 PFU/cell), or a cold plasma jet (1 min,
helium, voltage U = 4.9 kV, current I = 7 mA, pulse energy ~8 µJ). The culture medium was
collected after 12 h (RL2), 48 h (VV), and 24 h (CAP) of treatment and analyzed by ELISA.
The choice of the experimental points was based on the characteristic times of release of
ATP and HMGB1 into the intercellular space following the stimulation with these inductors.
Since tumor cells treated with the ICD inducer must emit DAMPs, they may not be cells in
the final stage of death but may have passed the point of no return. Thus, earlier, it was
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shown that RL2 caused the release of ATP and HMGB1 already after 12–24 h of incubation,
CAP after 24 h, while the recombinant VV-GMCSF-Lact virus after 48 h [30–32].

IFN-α analysis of the treated cells showed that RL2 and the vaccinia virus VV-GMCSF-
Lact caused a significant increase in the concentration of interferon-α in the culture medium
up to 140 pg/mL and 80 pg/mL, respectively (Figure 1). Irradiation of cells with a cold
plasma jet did not lead to an additional release of interferon from the treated cells relative
to the control cells.
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Figure 1. Change in the level of extracellular interferon-alpha (IFN-α) under the influence of RL2, VV-
GMCSF-Lact (VV), and CAP. MX-7 cells were treated with RL2 (0.3 mg/mL, 12 h), VV (0.5 PFU/cell,
12 h and 48 h), or CAP (1 min, helium 9 L/min, 4.9 kV; 24 h after irradiation). Culture medium aliquots
from the treated cells were analyzed by ELISA using an IFN-alpha mouse ELISA kit. Statistical
differences between the control and the experimental groups are indicated by * for p < 0.05.

In terms of interferon secretion, the most significant cellular response occurred as a
result of RL2 treatment, which could contribute to the vaccinating effect of RL2-treated
cells in vivo observed in previous studies [30].

3.2. Phagocytosis of Tumor Cells Treated with ICD Inducers by Bone Marrow Dendritic Cells

Dendritic cells are the main antigen-presenting cells involved in the processing and
presentation of tumor antigens to T lymphocytes for the establishment of an antitumor
immune response upon induction of immunogenic cell death [14]. The efficient uptake of
dying tumor cells by dendritic cells, as well as their subsequent maturation, is necessary to
trigger the T cell antitumor immune response.

For the in vitro experiment of the dendritic cell uptake of tumor cells treated with ICD
inducers, bone marrow dendritic cells from C3H/He mice were used. After the isolation of
bone marrow progenitors of dendritic cells, PBMC were isolated and cultured according
to the standard method in the presence of the cytokines GM-CSF and IL-4 for 6 days,
after which the immature dendritic cells were used to evaluate the efficiency of tumor
cell capture and for the analysis of DC maturation (Figure 2a). The proportion of CD11c+

cells among the obtained immature dendritic cells was determined by flow cytometry after
immunostaining with fluorescently labeled monoclonal antibodies against CD11c, one of
the DC differentiation antigens. Approximately 90% of immature myeloid cells were found
to carry the CD11c antigen on their surface, consistent with the dendritic cell phenotype
(Figure 2b).
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Figure 2. Immunophenotyping of PBMC isolated from the bone marrow of the femurs and tibias of
C3H/He mice. (a) Scheme of the dendritic cell (DCs) isolation and cultivation. (b) Flow cytometry
analysis of cells stained with fluorescently labeled anti-CD11c antibodies. A representative example
of the analysis.

To induce cell death, MX-7 cells were treated with RL2 (0.3 mg/mL, 24 h), VV-GMCSF-
Lact (0.5 PFU/cell, 48 h), or CAP (1 min, 24 h after irradiation). Then, the dying cells were
stained with the fluorescent cytoplasmic dye Cell Tracker Red. The dendritic cells were
stained with the Cell Tracker Green fluorescent dye (Figure 3a). Cisplatin (150 µM, 24 h)
was used as a negative control drug that causes cell death but does not lead to the activation
of ICD markers. DCs were incubated with dying MX-7 cells for 3 h and then analyzed by
flow cytometry to evaluate the proportion of double-positive cells (Figure 3b, Q2 quadrant).
The largest population of dendritic cells engulfing tumor cells or their fragments was found
in samples with RL2-treated MX-7 cells (Figure 3b). There was no increase in the phagocytic
DC population in samples containing cisplatin-treated cells compared to samples with
untreated control cells. MX-7 cells infected with the virus were also phagocytosed by
DCs; however, the increase in the double-positive population was not as significant as
that measured with RL2-treated cells and amounted to 9.0%. The proportion of DCs that
captured CAP-irradiated dying MX-7 cells was the smallest compared to those measured
in the presence of virus- and RL2-treated cells (Figure 3b). Looking at the ratio of engulfed
MX-7 cells to the total MX-7 cells added to DCs, more than 50% of the cells were taken up
in the case of RL2 treatment, while only 13% of the cells were taken up in the case of CAP
treatment (Figure 3c).
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Figure 3. Phagocytosis of MX-7 cells by immature dendritic cells (DCs) from the red bone marrow of
C3H/He mice. (a) Scheme of the experiment. MX-7 cells labeled with the Cell Tracker Red fluorescent
dye (5 µM) were treated with RL2 (0.3 mg/mL, 24 h), VV-GMCSF-Lact (VV, 0.5 PFU/cell, 48 h), CAP
(1 min, helium 9 L/min, 4.9 kV; 24 h after irradiation), or cisplatin (150 µM, 24 h). After treatment,
the dying cells were incubated for 3 h with dendritic cells from the red bone marrow of C3H/He
mice labeled with Cell Tracker Green (1 µM). (b) Representative images of the cytometric analysis.
The quadrant Q2 contains a double-positive green/red population (phagocytosis). (c) Proportion of
captured MX-7 cells. Statistical differences between control and experimental groups are indicated as
* for p < 0.05.
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3.3. Maturation of Bone Marrow Dendritic Cells after the Phagocytosis of Tumor Cells Treated with
ICD Inducers

To evaluate the maturation of dendritic cells that had engulfed dying tumor cells,
immature murine red bone marrow dendritic cells were incubated for 18 h with ICD
inducer-treated MX-7 cells as described above. After the incubation, cell samples were
stained with PE-conjugated CD11c and FITC-conjugated MHC II antibodies and analyzed
by flow cytometry (Figure 4a). Initial gating was performed on a population of CD11c-
positive cells to evaluate the MHC II-positive proportion in the dendritic cell population
(Figure S2). The proportion of MHC II-positive cells was the highest in samples with
RL2-treated MX-7 cells and was about 22% (Figure 4b). In samples incubated with cells
irradiated with a cold plasma jet, the proportion of MHC II-positive cells was about 11%.
DCs incubated with virus-infected or cisplatin-treated cells showed no signs of maturation
(Figure 4c).
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Figure 4. Maturation of bone marrow dendritic cells (DCs) form C3H/He mice after incubation
with dying MX-7 tumor cells. (a) Scheme of the experiment. MX-7 cells were treated with RL2
(0.3 mg/mL, 24 h), VV-GMCSF-Lact (VV, 0.5 PFU/cell, 48 h), CAP (1 min, helium 9 L/min, 4.9 kV;
24 h after irradiation), or cisplatin (150 µM, 24 h). After treatment, MX-7 cells were incubated for 18 h
with DCs from C3H/He mice. After the incubation, the samples were stained with PE-conjugated
anti-CD11c antibodies and FITC-conjugated anti-MHC II antibodies and analyzed by flow cytometry.
DCs without stimulation, stained with antibodies to CD11c, were used as an additional control. The
analysis of the MHC II+ cell populations was performed using CD11c+ cells corresponding to the
phenotype of DCs. (b) Proportion of the MHC II+ cell population in relation to the total number of
CD11c+ cells in the sample containing control and RL2-treated cells. (c) Comparative proportion
table of mature DCs (MHC II+) in samples after activation by dying cells.

3.4. Capture of Tumor Cells by CD11c+ Mouse Spleen Cells

Dendritic cell uptake of dying tumor cells was also investigated in an in vivo model.
It is known that intravenous administration of UV-treated tumor cells leads to the capture
of tumor cells by spleen DCs, which could be already detected after 3 h [39]. In our
study, MX-7 cells were preliminarily stained with the Cell Tracker Red fluorescent dye and
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incubated with RL2 or VV-GMCSF-Lact or irradiated with CAP, similarly to the experiment
described above. After treatment, the dying tumor cells were injected intravenously into
C3H/He mice. After 3 h, the mouse spleens were removed, a spleen cell suspension
was prepared, and an immunostaining reaction was performed using a PE-conjugated
antibody to CD11c antigen for DC detection (Figure 5a). Initial gating was performed on
a population of CD11c-positive cells to evaluate the proportion of Cell Tracker Red (APC
fluorescent channel)-labeled MX-7 cells, captured by CD11c+ spleen DCs (Figure S3). As
a result, tumor cell capture by spleen DCs was detected only in the spleens of animals
injected with RL2-treated cells (Figure 5b,c). In spleen cell samples from mice injected with
VV-GMCSF-Lact-treated or CAP-irradiated cells, there was no change in this population
relative to control cells (Figure 5b,c).
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Figure 5. Capture of MX-7 tumor cells by CD11c+ mouse spleen cells in vivo. (a) MX-7 cells were
prestained with Cell Tracker Red (5 µM), treated with RL2 (0.3 mg/mL, 24 h) or VV-GMCSF-Lact (VV,
0.5 PFU/cell, 48 h), or irradiated with CAP (1 min, helium 9 L/min, 4.9 kV; 24 h after irradiation).
After treatment, the dying cells were injected intravenously into C3H/He mice. After 3 h, the
spleens were removed, crushed, stained with antibodies to CD11c, and analyzed by flow cytometry.
(b) Representative images of the spleen APC+ MX-7 uptake assay. The proportion of APC+ cells is
represented by the total number of CD11c+ cells in the samples (APC: Ex = 650 nm, Em = 660 nm).
(c) Average values of the CD11c+ cell population which captured dying MX-7 cells. Data are presented
as mean ± SD (n = 4). Statistical differences between control and experimental groups are indicated
by * for p < 0.05.
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4. Discussion

The last decade was marked by the emergence of the concept of immunogenic cell
death (ICD), i.e., a form of cell death that stimulates an immune response against the
antigens of dying cells, in particular, dying cancer cells. This model was first proposed in
the context of cancer chemotherapy and has been supported by clinical data suggesting
that a tumor-specific immune response may determine the efficacy of cancer therapies
using conventional cytotoxic drugs. Since cancer is one of the most common causes of
death among the working-age population worldwide, new approaches aimed at improving
the methods of combating malignant neoplasms are highly relevant. Immunogenic cell
death includes changes in the composition of the cell surface, as well as the release of
soluble mediators, occurring in a certain time sequence. Such signals act on a number of
receptors expressed on dendritic cells to stimulate the presentation of tumor antigens to T
cells. Thus, it can be argued that ICD represents an important pathway for activating the
immune system against tumor cells, which in turn determines the long-term success of
anticancer therapies.

Although the activation of ICD markers by the CAP treatment of tumor cells has
been shown in several studies, the activation of dendritic cells by CAP is still questionable.
In a work [35], the researchers showed dendritic cells activation by cells treated with
a combination of auranofin, a thioredoxin reductase 1 inhibitor, and a CAP-activated
PBS solution. However, they showed no activation of DCs by a mono-treatment with
CAP-activated PBS. Lin and co-authors demonstrated the emission of two danger signals:
surface-exposed calreticulin and secreted adenosine triphosphate in A549 cells exposed to
CAP irradiation [34]. Thus, our work contributes to the understanding of CAP-induced
ICD at the level of the interaction of irradiated tumor cells with dendritic cells.

The literature does not show a direct release of IFN-α in response to a treatment
with peptide-type ICD inducers, but it has been shown that the LTX-315 peptide, which
activates ICD molecular markers in vitro, upregulates the expression of genes encoding
type I interferons [40]. For vaccinia viruses, the literature shows the release of interferons
upon infection with the recombinant vvDD virus [41]. Researchers showed that under the
action of vvDD, type 1 IFN is released in different cell types at a concentration of 100 to
400 pg/mL, and, thus, the level of secretion of type 1 interferons in response to infection
of the vvDD-type cells was comparable to that in cells infected with VV-GMCSF-Lact
(80 pg/mL). It is known that interferons of the first type (IFN I) during the CD8+ DCs
capture of apoptotic tumor cells control the preservation of tumor antigens and are the
optimal signal to activate the cross-presentation of antigens to T cells [39,42]. The obtained
data indicating that the treatment of RL2 cells caused the highest release of interferon-
alpha into the culture medium suggested a more efficient activation and a subsequent
presentation of tumor antigens by dendritic cells that had absorbed such dying tumor cells
to T cells and the establishment of a specific immune response. It is assumed that such
stimulatory activity of IFN I against DCs is realized due to the fact that IFN I mimics the
state of a viral infection or physiological stress, which are characteristic activators of the
maturation of specific CD8+ T cells [43]. It is worth noting that the lack of an interferon
response to cold plasma jet irradiation is consistent with the weaker activation of other
ICD molecular markers—CRT exposure, HSP70, and HMGB1 release—relatively to that
observed with RL2 or VV-GMCSF-Lact treatment [30–32]. Based on the data on the release
of IFN-α into the culture medium of cells treated with RL2 and VV-GMCSF-Lact, it can be
assumed that such cells will be effective in DC stimulation.

We showed that the highest DC phagocytosis level was also observed in samples
with RL2-treated MX-7 cells. It is believed that the efficiency of capture of dying tumor
cells by dendritic cells correlates with their ability to present tumor antigens to T cells. So
far, as it has been shown that RL2-treated cells possess vaccinating properties [30], it can
be assumed that RL2-treated cells could stimulate the efficient capture and processing of
tumor antigens in vivo, which would be accompanied by the establishment of a long-term
antitumor immune response.
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MHC II, or major histocompatibility complex type 2, is the main mediator of antigen
presentation to T cells. While type I MHC molecules are expressed in almost all body cells
except erythrocytes, type II MHC expression is characteristic of “professional” antigen-
presenting cells, such as macrophages, B cells, and, especially, dendritic cells [44]. It is
known that immature DCs have a low level of surface MHC II, and upon activation and
maturation of dendritic cells, MHC II presence on the cell surface increases and is a marker
of DC maturation [45]. It can be concluded that the previously observed capture of RL2-
treated cells by dendritic cells was accompanied by the maturation of DCs. The observed
weak stimulation of DCs by MX-7 cells infected with the VV-GMCSF-Lact could be a
consequence of an indirect effect of the virus on DCs. It is known that specialized proteins
of the vaccinia virus can not only block apoptosis at an early stage of infection [46], but also
inhibit the maturation of dendritic cells. For example, the M2 protein synthesized by viruses
in infected cells is secreted into the extracellular space and binds to CD80 molecules on DCs,
blocking their maturation [47,48]. Thus, despite the observed capture by dendritic cells of
MX-7 cells infected with VV-GMCSF-Lact (Figure 3b), such capture led to a weak activation
of DC maturation (Figure 4b) and, accordingly, made the cascade of reactions leading to
the establishment of a long-term immune response to tumor antigens less effective. The
ineffectiveness of VV-treated MX-7 cells was also confirmed in a vaccination in vivo pilot
study (Figure S4).

Based on our results, it can be concluded that, among the cells treated with potential
ICD inducers, only RL2- and CAP-treated cells stimulated the maturation of dendritic cells.

5. Conclusions

The main purpose of the current study was to compare the immunological effects
of MX-7 rhabdomyosarcoma cells treated with various potential inducers of ICD: a cold
atmospheric plasma jet, a recombinant vaccinia virus, and the cytotoxic protein RL2.
Among the studied inductors, RL2 caused the most significant changes in ICD-related
signs, which agrees well with the observed in vivo effect of vaccination produced by
RL2-treated tumor cells. CAP-treated cells were not capable of activating an anti-tumor
immune response under the irradiation regimen used: they demonstrated poor IFN-α
release, weakly stimulated their uptake by DCs, and showed low efficiency in supporting
the maturation of DCs. It is possible that the CAP treatment conditions that stimulated
ICD in vitro were not optimal for the activation of the immune system in vivo. Therefore,
further investigation of CAP regimens to enhance the activation of the immune system
is required.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biophysica2030025/s1, Figure S1: Analysis of PBMC by flow
cytometry in SSC/FSC graphs. These graphs were used to gate live cell population (P1) and to
exclude debris; Figure S2: Gating on a population of CD11c-positive cells for the analysis of MHC
II-positive cells. Representative images of RL2-treated MX-7 cells incubated with bone marrow
dendritic cells. (a) CD11c-positive population; (b) MHC II-positive population among CD11c-positive
cells; Figure S3: Gating on a population of CD11c-positive mouse spleen cells for analysis of Cell
Tracker Red-stained cells. Representative image of spleen cells of mice injected with RL2-treated Cell
Tracker Red MX-7 cells (APC fluorescent channel). (a) CD11c-positive population; (b) APC-positive
population among CD11c-positive cells; Figure S4: Immunization of C3H/He mice with MX-7 cells
treated with recombinant vaccinia virus VV-GMCSF-Lact (0.5 PFU/cell). (a) Scheme of the experiment.
C3H/He mice were immunized with VV-GMCSF-Lact-treated MX-7 cells (7 × 105 cells/animal)—
dot “0” on the x-axis. After 7 days, mice were injected with live MX-7 cells (7 × 105); (b) The number
of live mice and mice without tumors in groups in dynamics. Differences between groups in the
number of tumor- free mice were calculated using non-parametric Pearson’s chi-square statistics.
ns—differences between groups are not significant.
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