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Citation: Tomić, S.; Petrović, A.;
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Simple Summary: Dendritic cells (DCs)-based anti-cancer vaccines displayed limited efficacy in
clinical trials, mostly due to a lack of protocols for preparing immunogenic tumor antigens used in
the vaccine. Here, a unique atmospheric pressure plasma jet was used to prepare a plasma-activated
medium (PAM) which induced immunogenic cell death in tumor cells. This procedure increased
the efficacy of tumor lysates in enhancing the immunogenicity of DCs according to their increased
maturation, production of IL-12, and the capacity to induce cytotoxic CD8 T cells able to kill tumor
cells. In contrast to the tumor lysates commonly used in DC vaccines, PAM-tumor lysates lacked
the capacity to increase IL-10 production by DCs, and their potential to induce protumorogenic Th2
and regulatory T cells. Cumulatively, these results suggest that the novel method for preparing
immunogenic tumor lysates with PAM could be suitable for improved DC-based immunotherapy of
cancer patients.

Abstract: Autologous dendritic cells (DCs)-based vaccines are considered quite promising for cancer
immunotherapy due to their exquisite potential to induce tumor antigen-specific cytotoxic T cells.
However, a lack of efficient protocols for inducing immunogenic tumor antigens limits the efficacy
of DC-based cancer vaccines. Here, we found that a plasma-activated medium (PAM) induces
immunogenic cell death (ICD) in tumor cells but not in an immortalized L929 cell line or human
peripheral blood mononuclear cells. PAM induced an accumulation of reactive oxygen species
(ROS), autophagy, apoptosis, and necrosis in a concentration-dependent manner. The tumor lysates
prepared after PAM treatment displayed increased immunogenicity in a model of human monocyte-
derived DCs, compared to the lysates prepared by a standard freezing/thawing method. Mature DCs
loaded with PAM lysates showed an increased maturation potential, as estimated by their increased
expression of CD83, CD86, CD40, IL-12/IL-10 production, and attenuated PDL1 and ILT-4 expression,
compared to the DCs treated with control tumor lysates. Moreover, in co-culture with allogeneic
T cells, DCs loaded with PAM-lysates increased the proportion of cytotoxic IFN-γ+ granzyme A+
CD8+ T cells and IL-17A-producing T cells and preserved the Th1 response. In contrast, control
tumor lysates-treated DCs increased the frequency of Th2 (CD4+IL-4+), CD4, and CD8 regulatory
T cell subtypes, none of which was observed with DCs loaded with PAM-lysates. Cumulatively,
these results suggest that the novel method for preparing immunogenic tumor lysates with PAM
could be suitable for improved DC-based immunotherapy of cancer patients.
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1. Introduction

Cold atmospheric plasma (CAP), also called non-equilibrium atmospheric-pressure
plasma (NEAPP), is a partially ionized gas generated under normal atmospheric pressure
and ambient temperature [1]. Achieving non-equilibrium conditions at atmospheric pres-
sure proved to be possible in only a limited number of cases. Just recently, CAP sources
have become more diversified and are being developed with specific applications in mind.
CAP is a source of reactive species, ions, neutral particles and molecules, electrons, and
other physical factors such as electromagnetic fields, metastable and excited molecules,
weak ultraviolet radiation, etc., while producing only a very weak or negligible heating
effect [2]. CAP has been widely used in various fields of modern medicine, such as pro-
moting wound healing, blood coagulation, stem cell differentiation and the treatment of
some skin diseases, as an anti-bacterial, anti-viral and sterilization agent [3]. In particular,
CAP has recently been tested for cancer treatment [2,4–6]. The therapeutic effect of low-
temperature plasma is based on the production of various reactive oxygen and nitrogen
species (RONS) [7], such as nitric oxide (•NO) and hydroxyl (•OH) radicals [8]. In contact
with the cancer tissue, CAP produced RONS are capable of inducing cell death and this
approach has been extensively explored for the treatment of tumor because malignant
cells are extremely vulnerable to the effect of RONS and die by necrosis, apoptosis, or
necroptosis. In contrast, normal cells are less sensitive to CAP [9]. An indirect approach
to using CAP in medicine is the production of a plasma-activated medium (PAM). The
gas phase plasma chemistry and the plasma chemistry in the gas/liquid (i.e., cell culture
medium) interface induce chemical reactions in the liquid phase. As a result, specific
compounds are created in the liquid phase which are responsible for the effects on cells
(bacteria, plant cells, human cells, cancer cells, stem cells, etc.). The chemistry, both in
a gas phase and liquid phase, depends on the plasma parameters (type of gas mixture,
gas flow, concentration of electrons, temperature of electrons, deposited power etc.), and
on the type of liquid medium that is being treated by plasma. PAM may be prepared by
treating aqueous solutions, including cell culture media, with CAP. In this process, RONS
are transported from the gas phase into the liquid surface, dissolved into the medium, and
undergo further reactions with dissolved molecules in the aqueous solution. Mixing of the
gas-phase RONS with the medium is promoted (in this paper as well) by a strong flow of
gas/plasma into the liquid whereby “bubbles” of plasma effluent are formed within the
top layer of the liquid.

The interaction of gas-phase RONS with aqueous organics produces other relatively
long-lived RONS, such as hydrogen peroxide (H2O2), nitrates, nitrites and organic per-
oxides (RO2) [8]. Due to the long-lived RONS, PAM has been shown to be as effective
in killing cancer cells as direct treatment with CAP, and the effect of both treatments is
enhanced by intracellular ROS production [10]. The “treatment dose” depends on the
source of the plasma, the time of plasma exposure of the liquid, as well as the period for
which the cells or tissue is allowed to remain in contact with PAM [11]. The efficacy of
plasma in the treatment of malignant tumors is based on two general principles. The first
includes a direct cytotoxic effect caused by RONS- mediated intracellular oxidative stress
followed by inactivation by anti-oxidative mechanisms. This phenomenon is of special
relevance, knowing that the increase of pro-oxidative mechanisms in the tumor could be
beneficial for tumor therapy [12]. The second pathway involves activation of the anti-tumor
immune response by molecules released from CAP- and PAM-dependent immunogenic
cell death (ICD) [13].

ICD is a type of cell death, also referred to as immunogenic apoptosis, which is char-
acterized by a release or display of damage-associated molecular patterns (DAMPs). The
most important DAMPs released from cancer cells during ICD are calreticulin, adenosine
triphosphate (ATP), heat-shock proteins, and high mobility group protein B1 (HMGB1).
DAMPs are a potent adjuvant for antigen-presenting cells (APCs), especially dendritic
cells (DCs), inducing their migration to the regional lymphoid tissue, maturation, and
stimulation of a specific anti-tumor immune response [14]. DCs are specialized APCs
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playing a key role in the initiation and regulation of innate and adaptive immune responses.
Due to their unique properties, DCs have been extensively investigated and used to im-
prove cancer immunotherapy. In this context, many strategies have been developed to
target DCs in cancer [15]. One of them is the in vitro generation of DCs from monocytes
(MoDCs), loading of these APCs with autologous tumor lysates together with matura-
tion stimuli, and inoculation of thus prepared DCs vaccines in cancer patients [16]. The
use of DC vaccines for cancer therapy has been extensively investigated, with more than
200 completed clinical trials to date. The injected MoDCs migrate to the regional lymph
nodes where they efficiently induce CD4+ T cell- and CD8+ T cell-mediated anti-tumor
responses. MoDCs can be also recruited into the tumor microenvironment (TME) following
treatment with ICD inducers, including CAP, with the potency to the prime anti-tumor
T-cell responses [15]. The clinical benefit of DC-based vaccines is not as efficient as expected
due to the presence of many inhibitory molecules and mechanisms in TME. Therefore, an
immunotherapy approach based on improved DC vaccines together with the blockade
of inhibitory molecules in TME sounds promising for future tumor therapy [15,17]. Opti-
mization of DC vaccines implies the use of better protocols for preparing tumor antigens,
designing new strategies for antigen loading, as well as selection of optimal adjuvants
and maturation stimuli. In this context, the use of lysates from tumor cells subjected to
ICD could be beneficial, as already well documented [14,18–20]. PAM treatment of tumor
cells has not been explored up to the date for the stimulation of MoDCs. This was the
reason why we tested the hypothesis that a lysate prepared from PAM-treated tumor cells
is superior to the induction of immunogenic DCs than the tumor lysates prepared under
the conventional freezing-thawing protocol, commonly employed in clinics.

2. Materials and Methods
2.1. Experimental Setup-Plasma Treatments

Figure 1 illustrates the schematics of the dielectric barrier discharge (DBD) atmospheric
pressure plasma jet (APPJ) setup and the plasma treatment of a medium placed in the well
of a 24-well plate. The DBD jet consists of a glass tube with an inner diameter of 4 mm
and an outer diameter of 6 mm. The two electrodes placed around the tube are 15 mm
wide and made of copper tape. The surface of the target grounded through a resistor
served as the third electrode. The electrode positioned at 5 mm from the edge of the glass
tube was connected to the power supply. Another grounded electrode was placed at a
distance of 10 mm from the powered electrode. This electrode was grounded over a second
resistor to the same point of the electrical circuit as the ground line of the target. The power
supply of the APPJ consists of a function generator (PeakTech DDS Function Generator,
PeakTech GmbH, Ahrensburg, Germany), a home-made amplifier, and a high-voltage
transformer operating at its resonance frequency of 81 kHz. A sine-wave high-voltage
signal was provided to power the APPJ. One high-voltage (HV) probe (P6015A HV probe,
Tektronix Inc., Beaverton, OR, USA) and two voltage probes (N2863B voltage probe,
Agilent, Santa Clara, CA, USA) were used to record voltage and current waveforms. The
current waveforms were obtained at the resistors (R = 1kΩ) in the grounded branches of the
electrical circuit. They were used to monitor the stability of plasma and calculate the power
delivered from the plasma to the sample. This power was 1.2 W in all experiments. The
RMS voltage was 1.9 kV and the RMS current was 2.2 mA. The APJ was operating with 2 slm
of He as the working gas. The distance between the ending of the APPJ tube and the surface
of the sample was 5 mm in all experiments. After the sample treatment, the production of
RONS in PAM was investigated by spectrophotometry and colorimetric methods and the
concentrations of nitrite ions, nitrate ions and hydrogen peroxide were determined. The
pH value of the PAM-RPMI 1640 was not changed after the plasma treatment.
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Figure 1. Schematic diagram of the experimental setup.

2.2. Measurement of RONS in the Plasma-Activated Medim

Immediately after the plasma treatment PAM was placed in vials and frozen in liquid
N2. RONS (H2O2, NO2

−, NO3
−) were measured by using colorimetric measurements. The

measurements were performed immediately after the plasma treatment and, as a control,
after defrosting the PAM. No differences in RONS concentrations were noticed between
these samples (data not shown). This is in accordance with the previously reported results.
The good stability of PAM properties in room conditions has been shown to be preserved
for 8 to 18 h [21]. Moreover, freeze-thaw procedures for different PAM were studied and it
reportedly retains the properties when kept at low temperatures [22].

The H2O2 and NO3
- concentrations of the treated medium were analyzed by using

commercial H2O2 test stripes (Merckoquant 110011, Merck, Darmstadt, Germany) and
commercial NO3

− test stripes (Merckoquant 110020, Merck, Darmstadt, Germany). The test
stripes were scanned by a scanner (Perfection V370 Photo, Epson, Nagano, Japan) in order
to analyze their color value. A calibration procedure was performed before the experiments.
Six different H2O2 concentrations ranging from 0 to 25 mg/L were made by diluting 30%
H2O2 stock solution in distilled H2O. The same process of calibration was used for the
nitrate concentration. Seven different nitrate concentrations ranging from 0 to 250 mg/L
were made by diluting a nitrate stock solution (Nitrate standard solution 200 mg/L NO3-
N in H2O, 125040, Merck, Darmstadt, Germany) in distilled H2O. The sum of the color
values of the red, green, and blue channel (grey value) for different H2O2 and NO3

−

concentrations were plotted in their respective calibration graphs. The exponential fit of the
calibration data allows the determination of an unknown H2O2 and NO3

− concentration
deposited in the sample during the plasma treatment. Aliquots of 10 µL PAM were taken
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immediately after 5 min of plasma treatment time. The plasma treatment was done in
triplicate and each time concentration of H2O2 and NO3

− was determined.
To detect nitrite ions (NO2

−), Griess reagent was added to the PAM (Spectroquant
Nitrite test 1.14776.0001, Merck, Darmstadt, Germany). In an acidic solution, nitrite
ions react with sulfanilic acid to form a diazonium salt, which in turn reacts with N-(1-
naphthyl) ethylenediamine dihydrochloride to form a red-violet azo dye. This dye was
determined spectrophotometrically and the absorbance was measured at λ = 540 nm. For
the calibration curve, seven different nitrite concentrations ranging from 0 to 1 mg/L NO2-
N were produced by diluting a nitrite stock solution (Nitrate standard solution 40 mg/L
NO2-N in H2O, 125042, Merck, Darmstadt, Germany) in distilled water. Similarly to NO3

−

and H2O2, the concentration of NO2
− was determined after 5 min plasma treatments. The

experiment was done in triplicate.

2.3. Cells

Human melanoma A375, laryngeal carcinoma Hep2, and immortalized mouse fibrob-
last L929 cell lines were obtained from ATCC (American Type Cell Culture, Manassas,
WV, USA) and were stored in 10% DMSO/Fetal calf serum (FCS, Sigma, St. Louis, MO,
USA) in liquid nitrogen before the experiments. The cells were thawed in 20x volume of
complete RPMI medium, containing basal RPMI 1640, 10% FSC, 2 mM L-glutamine (Sigma,
St. Louis, MO, USA), 50 µM 2-mercaptoethanol (2-ME, Sigma, St. Louis, MO, USA ), and
antibiotics (gentamicin, streptomycin, penicillin) and after washing by centrifugation, they
were cultivated at 37 ◦C, 5% CO2 up to 80% confluence. After reaching the confluence, the
cells were passaged via trypsinization in 0.2% trypsin/0.02% NaEDTA (Sigma, St. Louis,
MO, USA) according to standard laboratory procedures.

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy volunteers
who signed consent forms and isolated by using Lymphoprep (Nycomed, Oslo, Norway).
All studies involving the usage of human cells were approved by the Ethics committee of
the Institute for the Application of Nuclear Energy, University of Belgrade (No. 02/765/2).
PBMC were used in direct cytotoxicity assay or as a source for the isolation of mono-
cytes and T cells as negative fractions of Magnetic-activated cell sorting (MACS) using
Monocyte isolation kit II and Pan-T cell isolation kits (Miltenyi Biotec, Bergisch Gladbach,
Germany), respectively.

MACS-sorted monocytes were used for the generation of monocyte-derived dendritic
cells (DCs) according to a protocol described previously [23]. Briefly, 1 × 106 monocytes
were plated in low-adherent 6-well plates (Sarstedt AG & Company, Sarstedt, Germany)
and cultivated for 4 days in CellGenix® GMP DC medium (CellGenix, Freiburg im Breis-
gau, Germany) in the presence of a recombinant human granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin (IL)-4 (both at 20 ng/mL, R & D Systems,
Minneapolis, MN, USA) to obtain immature (im)DCs. Tumor lysates derived from A375 or
Hep2 cells, as described in Section 2.4, were added to the DC cultures on day 4. To obtain
mature (m)DC, the cells were treated with LPS from E. coli 0.111:B4 (200 ng/mL, Sigma,
St. Louis, MO, USA) and human recombinant IFN-γ (20 ng/mL), 4 h after the treatment of
DCs with tumor lysates, for the next 16–18 h. Afterward, the DCs were collected and used
for phenotype characterization and functional assays with MACS-purified T cells.

2.4. Cytotoxicity Study

PAM was prepared by treating a basic RPMI 1640 medium with CAP. The components
for a complete RPMI medium were added immediately afterwards and serial dilutions of
PAM were prepared in the complete RPMI medium.

To evaluate the cytotoxic effects of PAM on A375, Hep2, L929 cells (each at 5 × 104 cells
per well of a flat 96-well plate) and PBMCs (2 × 105 cells per well of 96-wells plate) were
cultivated in complete RPMI medium with serial dilutions of PAM (100%, 50%, 25%, 12.5%,
6.25%, 0%) for 24 h. Supernatants of these cell-cultures were collected and stored at −80 ◦C
for cytokines analysis. The MTT assay was performed on the remaining cells to determine



Cancers 2021, 13, 1626 6 of 23

the metabolic activity of the cells treated with PAM. The corresponding cell-free cultures
containing PAM were used as blank controls. After the cultivation, all cultures were
washed in phenol red-free RPMI medium twice and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (1 mg/mL), Sigma) in phenol red-free RPMI was added
for the next 4 h. The formazan crystals were dissolved by using 10% sodium dodecyl
sulphate (SDS, Sigma, St. Louis, MO, USA) in 0.01N HCl (Sigma, St. Louis, MO, USA)
overnight, and the absorbance was read at 570 nm with a spectrophotometer (ELx800,
Biotek, Winooski, VT, USA). The absorbance in cell-free blank controls was subtracted from
the absorbance of corresponding experimental cultures. Each of the three experiments
performed was carried out in six-plicates. The metabolic activity (MTT%) detected in the
treated cultures was expressed as the percentage of the absorbance in non-treated control
cultures (100%).

Oxidative stress in the A375 cells treated with different concentrations of PAM
(6.25–100%) for 4 h or 24 h was analyzed after trypsinization of cells, by using a Muse®

Oxidative Stress Kit (Luminex, Austin, TX, USA), which is based on the reactive oxygen
species-sensitive dye dihydroethidium (DHE), according to manufacturer’s instruction.
Autophagy flux in the A375 cells treated with different concentrations of PAM was evalu-
ated using a Muse ® Autophagy LC3 Antibody-based kit, according to the manufacturer’s
instructions. The method relies on the detection of membrane-bound LC3 after selective
permeabilization of cells which extracts cytoplasmic LC3 but not membrane-bound LC3,
and the blockage of lysosomal degradation of LC3 in autophagosomes. Apoptosis of the
A375 cells treated with PAM for 24 h was detected with a Muse ® Annexin V & Dead Cell
kit, which is based on Annexin V/7AAD staining in Ca2+-containing buffer. The analysis
of oxidative stress, autophagy, and apoptosis was performed on a Guava® Muse® Cell
Analyzer (Luminex, Austin, TX, USA). The expression of heat-shock protein (HSP) 60 and
heat-shock complex (HSC) 70 on the surface of A375 and Hep2 cells was analyzed after 4h
exposure of cells to different doses of PAM. After harvesting the cells by trypsinization, the
cells were incubated with primary mouse anti-HSP 60 (Clone 24, 1 µg/mL BD Biosciences,
San Jose, CA, USA) or mouse anti-HSC 70 (Clone sc-7298, 1 µg/mL Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX, USA) in PBS/NaN3/5%FCS for 30 min, washed, and then incubated
with a secondary anti-mouse IgG-FITC antibody (Sigma St. Louis, MO, USA) for 20 min,
followed by fixation and analysis by flow cytometry (BD LSR II).

A375 and Hep2 tumor cells treated with PAM for 24 h, and control non-treated tumor
cells, were used for preparing tumor lysates in DC cultures. Totally 5 × 106 live tumor
cells were incubated in 500 µL of 100% PAM for 24 h, and a loss of viability >90% in
the PAM-treated cultures was confirmed by Trypan blue staining. Both PAM-treated
and control tumor cells were then frozen at −80 ◦C for 10 min and afterward thawed at
room temperature for 10 min in an ultrasonic bath, and the process was repeated at least
7 times. After that, 100 µL of complete tumor lysates were added in 2 mL of DC cultures
(total 5% vol.) thus providing an equivalent of 1:1 DC: lysed tumor cells, respectively.

Direct cytotoxicity of PAM on DCs was evaluated by treating 4-day DC cultures with
12.5% or 25% of PAM, whereas control DC cultures were treated with equivalent volumes of
basal RPMI medium, for the next 24 h. Apoptosis was detected by an Annexin V-FITC/PI
staining kit according to manufacturer’s recommendations (Thermo Fisher, Waltham, MA,
USA) and analyzed on a flow cytometer (LSR II, Becton Dickinson, East Rutherford, NJ,
USA). Oxidative status in the DCs treated with PAM for 24 h was assessed by staining
the cells with 2.5 µM dihydrorhodamine (DHR) in PBS for 30 min at 37 ◦C, followed by
analysis on the flow cytometer.

2.5. Mixed Cell Reactions

The allostimulatory capacity of DCs (prepared as in Section 2.3) was tested by co-
cultivating MACS-purified T cells (1 × 105/well of 96-well U-bottom plate) labeled with
CellTrace™ Far Red (1 µM, Thermo Fisher, Waltham, MA, USA), with a different number of
DCs (1 × 104, 0.5 × 104, 0.25 × 104 cells/well) for 5 days. To avoid transferring any stimuli
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from DC cultures, the cells were washed twice in RPMI medium prior to co-cultivation
with T cells. After 5-day co-cultures, the cells were washed in PBS, stained with 7AAD and
then analyzed on a BD LSR II flow cytometer. CellTrace Far Red dilution was analyzed
after exclusion of doublets and dead (7AAD+) cells, and the percentage of proliferated T
cells (CellTrace Far Red low) was calculated in FCS Express (DeNovo Software, Pasadena,
CA, USA). The capacity of DCs to induce allogeneic cytokines production by T cells was
analyzed after 5-day co-cultures (1:20 DC:T cell ratio), after treating the co-cultures with
PMA (20 ng/mL, Sigma, St. Louis, MO, USA), calcium ionophore (500 µg/mL, Sigma, St.
Louis, MO, USA) and monensin (3 µg/mL, Sigma, St. Louis, MO, USA) for the last 4 h to
stimulate cytokine accumulation in the primed T cells. Harvested cells were washed in
0.1% NaN3/PBS and stained for surface and intracellular cell markers. To detect cytokines
produced in co-culture-supernatants, DC/T cell co-cultures carried out likewise, were
treated with PMA and Ca Ionophore for the last 4 h, and the supernatants were collected
after centrifugation at 2000 RPM for 5 min.

To evaluate the capacity of DCs to prime cytotoxic T cells, autologous T cells isolated
from freshly obtained PBMC were co-cultured with A375 lysate-loaded or non-loaded
DCs at a 1:40 DC:T-cell ratio for 6 days. Recombinant IL-2 (10 ng/mL) was added to these
co-cultures on day 0 and day 3. After 6 days, the proliferation of autologous T cells was
evaluated by staining the cells fixed in ice-cold ethanol (75%) for 2h at −20 ◦C and washed
with PBS, with an anti-human Ki-67 antibody (Wuhan Fine Biotec Co., Wuhan, China)
and secondary anti-rabbit IgG Alexa 647 (Abcam, Cambridge, UK), followed by staining
with PI (1 ug/mL, Sigma, St. Louis, MO, USA) prior to the analysis of proliferation on
a flow cytometer. Cytotoxic activity of the primed autologous T cells towards live A375
tumor cells was carried out by co-cultivating T cells with CellTrace Far Red-labeled live
A375 cells (5 × 105 cells) at 1:2, 1:4 and 1:8 A375: T cell ratios for 4 h. After that, the cells
were collected and labeled with PI prior to analysis on a flow cytometer. For all mixed
cell cultures, T cells cultivated without DCs and A375 cells cultivated without T cells were
used as controls.

2.6. Flow Cytometry

The flow cytometry analysis of DCs and T cells was performed on the flow cytome-
ters CyFlow Cube 6 (Sysmex, Kobe, Hyogo, Japan) and LSR II (BD) by staining the cells
with the following directly conjugated antibodies: anti-CD83-FITC, anti-CD86-PE, CD86-
PerCPCy5.5, anti-CD40-APC, anti-CCR7-FITC, anti-IL17A-Alexa Fluor 488, anti-CD25-
PerCPcy5.5, anti-CD127-PE, anti-IL10-APC, anti-HLA-DR-APCCy7 (Biolegend Inc., San
Diego, CA, USA), anti-HLA-DR-PerCP (Miltenyi Biotec, Bergisch Gladbach, Germany),
anti-ILT4-PE, anti-IFNγ-FITC (R&D Systems Minneapolis, MN, USA), anti-IL-12p40/p70-
PE, anti-IL-10-FITC (BioRad, Hercules, CA, USA), anti-CD4-APC, anti-CD8-PerCPCy5.5,
anti-Granzyme A-PE (eBioscience, San Diego, CA, USA), anti-Foxp3-FITC, anti-IL-4-PerCP,
anti-PDL1-PE (eBioscience, San Diego, CA, USA), anti-CD4-PE (Sysmex, Kobe, Hyogo,
Japan), IgG1 negative control-PE, IgG1 negative control-FITC, IgG1 negative control-APC,
IgG1 negative control PerCP, (Thermo Fisher, Waltham, MA, USA), IgG2 negative control
APCCy7 (Millipore, Burlington, MA, USA). Surface staining with primary Abs was con-
ducted in PBS/0.1% NaN3/0.5% FBS prior to the intracellular staining that was carried
out using a flow cytometry fixation and permeabilization kit (Biolegend, San Diego, CA,
USA). Signal overlap between the channels was compensated before each analysis using
single labeled samples. Non-specific fluorescence was determined according to isotype
control antibodies and fluorescence minus one (FMO) controls and at least 5000 cells were
analyzed in each sample. Doublets were excluded according to forward scatter (FS) H/FSA,
and dead cells were gated-out according to 7-aminoactinomycin D (7AAD) staining, fixable
viability dye 620 (BD) staining, or low FSC properties.



Cancers 2021, 13, 1626 8 of 23

2.7. Cytokines

TNF-α, IL-1β, IL-6, TGF-β, IL12-p70, IL-10, IL-23 and IL-27 were measured in DC
culture supernatants by a specific duo-set sandwich enzyme-linked immunosorbent assay
(ELISA) (R&D Systems, Minneapolis, MN, USA) in duplicates according to manufacturer’s
protocol. The levels of cytokines in DC/T-cell co-cultures were determined by the Leg-
endPlex human Th cytokine panel 13-plex (Biolegend) in duplicates, according to the
manufacturer’s protocol. Unknown concentrations of cytokines were calculated from stan-
dard curves generated with the manufacturer-supplied recombinant cytokines and fitting
with a 4-parameter (log) dose/response curve (GraphPad Prism 8, GraphPad Software,
San Diego, CA, USA).

2.8. Statistical Analysis

Repeated-measures one-way analysis of variance (RM-ANOVA) was performed, fol-
lowed by Tukey’s multiple comparison test, to analyze differences in means between
the different groups of treated cells and control groups (GraphPad Prism 8,). Student’s
T test was used to evaluate differences in levels of RONS in PAM. Data are presented
as means± SD of the indicated number of independent experiments (different time for
experiments with cell lines, different DC donors and/or DC/T cell pairs), and differences
were considered significant at p values of≤0.05. For data presented as a heatmap, the
values of each cytokine obtained in each experiment were normalized to the range 0–1,
according to the following formula:

y = X(
x − min(x)

max(x)− min(x)
) (1)

with y- heatmap value; x- level of cytokine in a sample in one dataset, (x)-dataset of one
type of cytokine

3. Results and Discussion
3.1. Two-Electrode Plasma Jet Induces Efficient Accumulation of RONS in PAM

A two-electrode dielectric barrier discharge (DBD) atmospheric pressure plasma
jet (APPJ) was used as a CAP source (Figure 1) for treating the RPMI 1640 cell culture
medium. The power deposited in the effluent discharge in contact with the surface of
RPMI 1640 was 1.2 W. The resistors (R = 1 kΩ) in this grounded branch of the electrical
circuit used for monitoring current waveforms showed stable plasma throughout the PAM
generation. The distance of the APPJ to the treated liquid was kept constant at 5 mm
in all experiments and treatment time was 5 min. Plasma treatment did not change the
pH of the medium, according to stable phenol-red coloring and the measurements of
pH. We have measured the three long-lived RONS and their concentrations in untreated
RPMI 1640 and the PAM-RPMI 1640 are shown in Figure 2. In the literature, H2O2 is
the most commonly detected and characterized, followed by NO2

–. At the end of the
list is the NO3

– radical, which is scarcely reported albeit it plays an important role in
PAM-cell interactions. Their concentration mainly depends on the type of plasma device
used, deposited power in the discharge, feeding gas, treatment time, and treated volume.
Adding the type of the treated liquid media to this large variety of parameters that can
influence the concentration of deposited RONS in the cell medium makes it very difficult
to perform a direct comparison of two atmospheric plasma systems [24]. Nevertheless, the
described diagnostics provide enough information to ascertain the stability of plasma and
identify the most abundant species.
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Figure 2. Measured concentrations of RONS in the plasma-activated medium PAM- RPMI 1640
compared to concentrations in the untreated RPMI 1640 medium. Helium flow during the treatments
was kept constant at 2 slm and the power deposited in the discharge in contact with the sample was
1.2 W. The distance between the edge of the APPJ and the sample surface was 5 mm in all treatments.
*** p < 0.005 compared to non-treated control RPMI 1640 (0% PAM) or as indicated by line.

The measured concentration of hydrogen peroxide was 1 mg/L and of nitrate 34 mg/L,
while there was no nitrite detected in the untreated RPMI 1640 medium. The largest increase
in concentration was observed for hydrogen peroxide, which increased 14 times after the
treatment. Hydrogen peroxide is relatively stable and has strong oxidizing properties that
can cause lipid peroxidation and, among other roles, serves as a cellular messenger. In the
case of PAM-RPMI 1640, the highest yield of H2O2 was expected due to the presence of
organic molecules in the cell medium (like glucose) [25]. Regardless of some reports in the
literature stating that the increase in the concentration of H2O2 is generally responsible for
the decrease in the viability of cancer cells [22,26], the main reason for this is the synergistic
effect with reactive nitrogen species [27]. Therefore, we monitored the concentration
of nitrates and nitrites in PAM-RPMI 1640. The concentration of nitrites in PAM was
5 mg/L and the nitrate concentrations increased by 30% compared to the untreated control
RPMI medium.

3.2. PAM Induces Immunogenic Cell Death in Tumor Cells

ICD of tumor was reported as beneficial for triggering a DC-mediated anti-tumor
response [28]. Increased presence of RONS in PAM makes it a good candidate for inducing
ICD in tumor cells. Therefore, we examined the dose-dependent cytotoxicity of PAM
towards tumor A375 melanoma cell line and laryngeal carcinoma Hep2 cell line, as well
as towards non-tumor cells, such as immortalized L929 cell line and PBMCs (Figure 3a).
Results from an MTT assay suggested that even the low doses of PAM (12.5% and 25%)
were cytotoxic for A375 and Hep2 cells after 24h culture, but not for L929 cells and PBMCs.
Higher doses (50% and 100%) of PAM significantly reduced the metabolic activity of all cell
types, but the effect was most prominent in cultures with the tumor A375 and Hep2 cells.
According to the ISO standard on the cytotoxicity of medical devices, a 30% reduction
in MTT is considered as non-cytotoxic [29], suggesting that the reduction of MTT in the
cultures of L929 cells and PBMCs treated with 50% PAM could be considered as non-
cytotoxic as well. Our results are in line with previous findings showing that induction of
cell death by CAP or PAM treatment is a universal phenomenon in malignant cells [30–33]
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in contrast to non-malignant cells, which are more resistant [34]. Towards tumor cells, PAM
showed dose- and time-dependent cytotoxic responses in vitro. In addition, the selectivity
of PAM against tumor cells is influenced by the medium to be activated and the type of
tumor cell lines used [35].
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Figure 3. Dose dependent cytotoxicity of PAM. (a) Metabolic activity of A375, Hep2, L929, PBMC was assessed by MTT
assay after 24 h treatment with serial dilutions of PAM (0% (white bars), 6%, 12.5%, 25%, 50% and 100% (black bars)) in
complete RPMI medium. The results are shown as % MTT relative to the non-treated corresponding control cells 100%.
Data from two independent experiments, each carried out in triplicates, are shown as the average % of MTT ± SD. (b) A
representative data on the measurement of oxidative stress by DHE in A375 cells cultivated in the presence different
concentrations of PAM for 4 h is shown. The summarized data from two independent experiments, in which the oxidative
stress with the different doses of PAM (0% (white bars), 12.5%, 25%, 50% and 100% (black bars)) was measured after
4 h or 24 h as indicated, is shown as mean % of ROS+ cells ± SD. (c) A representative histograms on measurements of
membranous LC3 expression in permeabilized A375 cells is shown with the indicated total mean fluorescence intensity
(MFI), and the summarized data from two experiments is shown as MFI of LC3 ± SD. (d) Analysis of cell death by Annexin
V/7AAD staining (AnnV−7AAD− viable; AnnV+7AAD− early apoptosis; AnnV+7AAD+ late apoptosis; AnnV−7AAD+
necrosis) in A375 cells is shown, carried out after 24 h cultures in presence of different doses of PAM (0%, 12.5%, 25%, 50%,
100%). Representative dot-plots and summarized data are shown as mean % A375 cells ± SD of 3 independent experiments.
* p < 0.05, ** p < 0.01, *** p < 0.005 compared to non-treated control cells (0% PAM) or as indicated by line.
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High concentrations of RONS, both originating from PAM and produced by PAM-
exposed cancer cells were shown responsible for cell death predominantly via induction of
oxidative stress [10,36]. Considering that oxidative stress in dying cells is a hallmark of
ICD [37], we analyzed oxidative stress in PAM-treated A375 cells by measuring intracellular
ROS with dihydroethidium (DHE) staining (Figure 3b). PAM applied at the concentrations
of 25% and higher, induced significant accumulation of ROS in A375 cells after 4 h cultures.
Thereby, 100% PAM induced oxidative stress in nearly 80% of cells. After 24 h cultures,
even the lower doses of PAM (12.5% PAM) induced significant accumulation of ROS in
A375. These results are in line with the general mode of PAM and CAP actions in tumor
cells [38]. It is known that ROS production by tumor cells treated with PAM depends on
PAM-derived RONS (nitrite and H2O2) and the generation of initial singlet oxygen (1O2).
This molecule is formed through the complex interaction between NO2

− and H2O2 and
the tumor cells expressing nicotinamide-adenine dinucleotide phosphate oxidase 1 (NOX1),
catalase, sodium dismutase (SOD) on their surface [13]. The formation of peroxynitrite
(ONOO−) plays a key role in these processes [39]. At the site of inactivated catalase, cell-
generated H2O2 enters the cell via aquaporins, depletes glutathione, induces the HOCl
signaling pathway and promotes lipid peroxidation and cell death by apoptosis [40,41].
Non-malignant cells lack the expression of NOX1, catalase, and SOD on their surface
making them resistant to cell death as long as the concentration of H2O2 is below a
cytotoxic threshold level [10]. An investigation showed that the cytoprotective effects of
mild PAM against oxidative stress in non-malignant cells such as human skin fibroblasts
are characterized by the up-regulation of HO-1 mediated by the Nrf2-ARE pathway [42].

Reactive oxygen species and RNS are the key intracellular signal transducers sus-
taining autophagy [43]. Autophagy is essential for the survival of cancer cells, since it
provides the required energy and removes damaged organelles [44]. However, intensive
and persistent activation of autophagy leads to programmed cell death [45]. Moreover,
autophagy was shown critical for the induction of the ICD of tumor in a mouse model [46].
Therefore, we next measured autophagy and apoptosis in the A375 treated with PAM for
24 h by quantifying membrane-bound LC3, a key marker of autophagosome formation [47],
and by annexin-V/7AAD staining, respectively. It was found that autophagy was indeed
triggered in the A375 cells treated with 50% PAM, but not with higher or lower doses
of PAM (Figure 3c). According to Annexin V/7AAD staining, both increased apoptosis
and necrosis were observed in the A375 cells treated with 50% and 100% PAM for 24 h,
whereas lower doses of PAM (25%) induced predominantly the apoptosis of these cells
(Figure 3d). Apoptosis was described as a dominant mode of cell death induced by PAM.
Adachi et al. [48] showed that PAM reduced the mitochondrial membrane potential, down-
regulated the expression of the anti-apoptotic protein Bcl2, activated poly (ADP-ribose)
polymerase-1 (PARP-1) and released apoptosis-inducing factor (AIF) from mitochondria,
suggesting a caspase-independent apoptotic pathway. Aggressive tumors have a different
cellular machinery that protects them from the apoptosis caused by anticancer agents,
thereby making them drug resistant. Therefore, cancer therapy based on the induction of
non-apoptosis has been considered as an alternative approach to treat apoptosis-resistant
cancer cells, including necroptosis [48]. However, the effect of CAP and PAM on this form
of cancer cell death has not been sufficiently investigated.

In addition to apoptosis and necrosis, the ICD of tumor cells is characterized by the
induction of heat-shock proteins, particularly their plasma membrane localization [49],
as well as the release of inflammatory mediators, such as HMBG1, IL-1β and others [50].
In line with this, the membrane expression of heat-shock proteins HSP60 and HSC70 on
both A375 and Hep2 cells increased after 4 h treatment with high concentrations of PAM
(Figure S1a,c). Moreover, significantly higher levels of IL-1β were detected in 24 h culture
supernatants of both tumor cell lines in the presence of 50% and 100% PAM, compared
to their levels in the control culture supernatants (Figure S1b,d). Considering that heat-
shock proteins and IL-1β are strong stimulators of the immune response [50], these results
suggested that PAM-treated tumor cells could strongly potentiate immune response as well.
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It has been shown that PAM induced apoptotic cell death in a time-dependent manner
in endometrial cancer cells. The results correlated with the G2/M-phase arrest at all PAM
concentrations and the induction of intracellular ROS accumulation [51]. In addition, PAM
induced autophagy as judged by increased intracellular LC3B protein expression simul-
taneous with a decrease in the phosphorylated mammalian target of rapamycin (mTOR)
and phosphorylated AKT protein levels and a decline of autophagy-related (p62 and ATG
family) proteins. The autophagy inhibitor MHY1485 rescued PAM-induced cell death by
decreasing the expression of LC3B but without the influence on phosphorylation of mTOR
and AKT [51]. Adhikari et al. [52] have recently shown that CAP and synimarin nanoemul-
sion together activate autophagy in melanoma G-361 cells by activating PI3K/mTOR and
EGFR pathways, expressing autophagy-related transcription factors and genes. In contrast,
a preliminary report by Ando et al. [53] showed that plasma activated infusion (PAI) solu-
tion suppressed the autophagy in melanoma and osteosarcoma cell lines by activating the
mTOR pathway. The authors suggested that ROS-mediated necroptosis, but not autophagy,
plays a dominant role in the cell death induced by PAI. Our results are in accordance with
these, showing that the highest doses of PAM induced predominantly necrosis but not
autophagy, and the potentiate induction of ICD markers, such as heat-shock proteins and
IL-β. However, all three types (autophagy, apoptosis and necrosis) of cell death are seen
with 50% PAM, suggesting that further investigation of these mechanisms is necessary.

3.3. Tumor Lysates Prepared with PAM-Treated Cells Potentiate Maturation of Dendritic Cells

Complete tumor lysates are considered attractive and affordable sources of tumor
antigens suitable for an autologous anti-tumor DC vaccine [54]. Several clinical trials used
whole autologous tumor lysates prepared by multiple freeze–thaw cycles of tumor cells for
DC vaccines [55,56]. Necrotic cell death by freeze-thaw enables the release of DAMPs from
tumor cells such as HSP70, HSP90, HMGB1, and others [57], driving the maturation of
DCs [58]. However, the finding that freeze-thaw necrotic tumor cells could inhibit toll-like
receptor (TLR)-induced maturation and functions of DCs [59], opened serious doubts
about the immunogenicity of thus prepared tumor lysates [60]. Different protocols for
inducing immunogenic tumor lysates have been described including heat-treatment [61],
hydrostatic pressure [62], electroporation [63], and others [60]. Nevertheless, it remained
unclear how these protocols compare to standard freeze-thaw tumor lysates, and whether
the application of PAM for the treatment of tumor cells could improve the immunogenicity
of their lysates. Considering that PAM induced the ICD of A375 cells, we next investigated
whether the A375 lysates prepared from A375 cells treated with 100% PAM for 24 h (PAM-
A375lys) display better effects on DC maturation compared to the lysates prepared from
non-treated A375 cells (A375lys). Thereby, LPS/IFN-γ treatment was additionally used
as a strong maturation stimulus potentiating the Th1 polarizing capacity of DCs, which is
highly desirable in the DC anti-cancer vaccine [64,65].

Both A375 lysates increased the expression of the costimulatory CD86 molecule and
reduced CD40 expression by immature (im) DC, whereas PAM-A375lys also increased the
expression of HLA-DR by imDC compared to control imDC (Figure 4). Upon LPS/IFN-γ
treatment, the expression of all markers tested was up-regulated significantly. Thereby, both
lysates additionally up-regulated the CD86 expression by mDC and inhibited LPS/IFN-γ-
induced up-regulation of HLA-DR and PDL1 by mDC. However, the PAM-treated A375
lysate displayed an additional stimulatory effect on the up-regulation of CD83 on mDC and
reduced the LPS/IFN-γ-induced up-regulation of ILT-4 on mDC significantly. In contrast,
the control A375 lysate inhibited LPS-induced up-regulation of CD40 on mDC, unlike the
PAM-treated A375 lysate.
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DR and CD40/CD86 co-expression analysis is shown and, (b) the summarized data from 3 independent experiments (dif-
ferent DC donors) are shown for the % of cells expressing the indicated surface marker, or as mean fluorescence intensity 
(MFI), ± SD. * p < 0.05, ** p < 0.01, *** p < 0.005 vs corresponding control DCs (white bars) or as indicated with lines (RM-
ANOVA, Tukey’s multiple comparison test). Statistical significance between the corresponding iDCs and mDCs was not 
indicated for clarity. 
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sponse by DCs is marked by their increased IL-12 production or IL-12/IL-10 production 
ratio [69]. Therefore, intracellular expression of IL-12p40/p70 was analyzed in DCs after 
the cultures with A375 lysates (Figure 5). It was shown that the A375 lysates did not in-
duce significant IL-12 expression in imDCs. The strongest induction of IL-12p40/p70 ex-
pression was detected after LPS/IFN-γ treatment of PAM-A375lys-treated mDCs and con-
trol mDCs (Figure 5a), whereas mDCs treated with a control A375 lysate displayed signif-
icantly lower IL-12p40/p70 expression.  

A similar trend for IL-12 production was observed when protein levels were meas-
ured in cell-culture supernatants by ELISA (Figure 5b). However, it was found that control 
A375lys-treated mDCs produced substantially higher levels of IL-10 compared to PAM-
A375lys or control mDCs, suggesting that PAM-A375lys mDCs display a significantly bet-
ter IL-12/IL-10 production ratio than A375lys-treated mDCs. Previous reports also 
showed that freeze-thaw tumor lysates stimulate IL-10 production by mouse DCs [59], 

Figure 4. Effects of PAM-treated A375 lysates on phenotypic properties of DCs. Immature DCs differentiated for 4 days in
the presence of GM-CSF/IL-4, were treated with the A375 lysate or the PAM-A375 lysate at 1:1 A375: DCs ratio, and after
4 h they were stimulated with LPS/IFN-γ or not, for the next 16 h. (a) A representative experiment on CD83/HLA-DR and
CD40/CD86 co-expression analysis is shown and, (b) the summarized data from 3 independent experiments (different
DC donors) are shown for the % of cells expressing the indicated surface marker, or as mean fluorescence intensity (MFI),
±SD. * p < 0.05, ** p < 0.01, *** p < 0.005 vs corresponding control DCs (white bars) or as indicated with lines (RM-ANOVA,
Tukey’s multiple comparison test). Statistical significance between the corresponding iDCs and mDCs was not indicated
for clarity.

Miebach et al. [66] showed recently that colorectal cancer cells treated with an argon-
based plasma jet increase the expression of CD80 and CD86 by monocyte-derived DCs in
co-culture, unlike a neon-based plasma jet, which induced similar weak (<30%) cytotoxicity
in tumor cell culture. However, the majority of CAP-treated tumor cells in the DC co-
cultures were live in that study, and it remained unclear how they modulate the maturation
and functions of DCs triggered by stimuli. Our study is the first report showing that DCs
treated with PAM-tumor lysates display a good immunogenic phenotype, especially after
the stimulation with LPS/IFN-γ, according to their higher CD83 and lower expression
of ILT-4. ILT-4 was demonstrated as an important new checkpoint molecule in tumor
immunotherapy involved in the induction of regulatory T cells [67]. On the other hand,
CD83 is critically involved in the maturation of DCs and their resistance to pro-tolerogenic
effects of IL-10 [68].
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3.4. Tumor Lysates Prepared from PAM-Treated Cells do Not Impair High IL-12/IL-10 Production
Ratio by DCs

Besides the mature phenotype of DCs, the induction of an efficient anti-tumor re-
sponse by DCs is marked by their increased IL-12 production or IL-12/IL-10 production
ratio [69]. Therefore, intracellular expression of IL-12p40/p70 was analyzed in DCs after
the cultures with A375 lysates (Figure 5). It was shown that the A375 lysates did not induce
significant IL-12 expression in imDCs. The strongest induction of IL-12p40/p70 expression
was detected after LPS/IFN-γ treatment of PAM-A375lys-treated mDCs and control mDCs
(Figure 5a), whereas mDCs treated with a control A375 lysate displayed significantly lower
IL-12p40/p70 expression.
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Figure 5. Effects of PAM-treated A375 lysates on cytokines expression by DCs. Immature DCs differentiated for 4 days
in the presence of GM-CSF/IL-4, were treated with A375 lysate or PAM-treated A375 lysate at 1:1 A375: DC ratio, and
after 4 h they were treated with LPS/IFN-γ or not, for the next 16 h. (a) A representative experiment on IL-12p40/p70
expression analysis is shown, and the summarized data from 3 independent experiments (with different DC donors) are
shown as mean fluorescence intensity (MFI) ± SD. (b) The levels of indicated cytokines detected by ELISA in the cell-culture
supernatants are shown as pg/mL ± SD. * p < 0.05, ** p < 0.01, *** p < 0.005 vs. corresponding control DCs (white bars) or as
indicated with lines (RM-ANOVA, Tukey’s multiple comparison test). Statistical significance between the corresponding
iDCs and mDCs was not indicated for clarity.
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A similar trend for IL-12 production was observed when protein levels were measured
in cell-culture supernatants by ELISA (Figure 5b). However, it was found that control
A375lys-treated mDCs produced substantially higher levels of IL-10 compared to PAM-
A375lys or control mDCs, suggesting that PAM-A375lys mDCs display a significantly
better IL-12/IL-10 production ratio than A375lys-treated mDCs. Previous reports also
showed that freeze-thaw tumor lysates stimulate IL-10 production by mouse DCs [59],
which could be a consequence of direct inhibitory effects of autocrine IL-10 on the capacity
of DCs to produce IL-12 [70]. However, mouse IL-10−/− DCs treated with tumor lysates
also displayed a reduced capacity for IL-12 production suggesting that this effect could be
independent of IL-10 as well [59]. It remains unclear whether similar mechanisms occur in
human DCs treated with tumor lysates, so this requires further investigations.

PAM-A375lys and control A375lys both increased IL-1β and IL-6 production by
imDCs but did not modulate their production by mDCs (Figure 5b). The significance of this
finding is still not clear, since a NLRP3-regulated increase in IL-1β, and subsequently IL-6
production was reported to promote tumor growth [71]. In contrast, Ghiringhelli et al. [72]
showed that the activation of NLRP3-dependent IL-1β production by DCs, triggered via
ATP release from dying tumor cells and activation of the P2X7 purinergic receptor, is
critical for the efficient priming of IFN-γ-producing CD8 T cells by dying tumor cells.
PAM-A375lys-treated mDCs also produced significantly lower levels of IL-27 compared
to both control A375lys-treated mDCs and control mDCs. IL-27 has been implicated in
promoting cancer progression [73], and high IL-27 levels are associated with advanced
cancer [74], most probably due to its capacity to induce regulatory T cells [75]. Therefore,
the attenuating effects of PAM-A375lys on IL-27 production by DCs could be interpreted
as a desirable effect for the development of a DC cancer vaccine.

To observe whether different kinds of tumor cells induce similar effects on DC mat-
uration and IL-12/IL-10 production ratio, Hep2 tumor cells were used instead of A375
to prepare lysates after the PAM treatment. It was observed that mDCs pre-treated with
PAM-Hep2lys express higher levels of CD83 and CD86, lower levels of PDL1, and display
a higher IL-12/IL-10 production ratio than the control Hep2lys-treated mDCs, although
Hep2lys did not stimulate IL-10 production by DCs (Figure S2a,b). PAM-Hep2lys treated
mDCs also displayed higher expression of CD86 and lower expression of PD-L1 compared
to control mDCs. These results suggest that the phenomenon of increasing the immuno-
genicity of tumor lysates by PAM is not limited to a single tumor cell line. However,
additional investigations are necessary to evaluate whether this phenomenon applies to
primary tumors isolated from cancer patients as well.

We also assessed whether contaminating PAM added to DC cultures along with
the lysates (5% PAM) could have directly affected the maturation and the IL-12/IL-10
production ratio by DCs and found no significant effects (data not shown). The cells
were also treated with 12.5% PAM, which is more than twice the amount of PAM added
with the PAM-A375lys in DC cultures, as well as 25% PAM, as the highest non-toxic
dose of PAM for PBMCs (Figure S3). It was found that neither concentration of PAM
directly affected oxidative stress and apoptosis in DCs after 24h (Figure S3a,b), nor did
it affect the maturation and IL-12 production capacity of DCs (Figure S3c,d). However,
25% of PAM reduced LPS/IFN-γ-induced increase in IL-10 production by these cells.
Unlike T and NK cells, which are more susceptible to ROS-inducing treatments [76,77],
monocytes and DCs are more resistant due to their stronger anti-oxidative protection
systems allowing them to secrete ROS as a part of normal immune functions [12,20,78].
However, an increased presence of exogenous ROS or their prolonged presence could
induce depletion of glutathione in DCs leading to their reduced maturation and Th1
polarization capacity [79]. In this sense, 25% PAM induced attenuation of IL-10 production
by DCs which could be interpreted as a beneficial effect in tumor therapy. Nevertheless,
care should be taken when DCs are exposed to higher doses of PAM or for a longer period,
as this could reduce the DC-mediated immune response. Cumulatively, our results suggest
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that PAM-treated tumor lysates display good stable immunogenic properties on DCs, and
that the effect is not merely a direct consequence of the contaminating PAM.

3.5. DCs Loaded with PAM-A375 Lysate Preserve Th1, Potentiate Cytotoxic CD8 T Cells and
Th17 Response

DC-mediated induction of an efficient anti-tumor response involves their increased
capacity to induce Th1 and/or Th17 cells [80]. Therefore, the immunogenic properties
of DCs loaded with A375 lysates were next investigated in co-cultures with allogeneic
T cells to evaluate their T cell polarization capacity (Figure 6). It was found that PAM-
A375lys-treated mDCs significantly increased the proportion of Th17 cells (IL-17A+ CD4+

T), IL17+ CD8 T cells and cytotoxic CD8 (IFN-γ+ Granzyme A+ CD8+) T cells compared to
both control mDC and A375lys-treated mDC. According to the unaltered IL-12 production
by PAM-A375lys-treated mDCs (Figure 4b), and its role [81], we also did not find altered
proportions of Th1 (IFN-γ+ CD4+T cells) cells in co-culture with these DCs. In contrast,
control A375lys-treated DCs reduced the proportion of Th1, Th17 and cytotoxic CD4
T cells (IFN-γ+ Granzyme A+ CD4+) compared to control mDCs, probably due to their
increased capacity to secrete IL-10, which is known to inhibit Th1 and Th17 polarization [82].
Moreover, PAM-A375lys-treated mDCs significantly reduced the proportion of Th2 (IL-4+

CD4+) cells compared to mDCs, unlike A375lys-treated mDCs (Figure 6a,b). In general,
mDCs induced lower levels of Th2 cytokines (IL-4, IL-5, IL-13) and higher levels of IL-6,
Th9 (IL-9), Th1 (IFN-γ, IL-2, TNF-α) and Th17 (IL17A, IL17F, IL21, IL22) cytokines in
DC/T cell co-culture supernatants, as compared to co-cultures with imDCs (Figure 6c).
Thereby, PAM-A375lys-treated mDCs were the most potent in relatively lowering the
Th2 and increasing the Th1 and Th17 cytokines in co-culture supernatants, confirming
that PAM-treated tumor lysates potentiate beneficial anti-tumor properties in DCs. In
line with this, Th2 cells demonstrated pro-tumorigenic effects in a mouse tumor model,
whereas Th1 and Th17 cells displayed the opposite effects [83,84]. PAM-A375lys-treated
mDCs also displayed a significantly higher capacity to stimulate proliferation of allogeneic
T cells compared to A375lys-treated mDCs (Figure 6d). These results are in line with the
higher levels of IL-2 detected in PAM-A375lys-DC/T co-cultures, better maturation of
PAM-A375lys DCs, and their stronger IL-12 production, all of which are critical for the
induction of T cell proliferation [85–87].

Analysis of the alloreactive T cell response in DC co-cultures, does not allow direct
assessment of the antigen-specific T cells response. Therefore, in a pilot experiment, we
additionally tested whether autologous T cells primed with A375 lysates-loaded DCs
proliferate and display cytotoxic activity towards live A375 cells after 6-days of priming
with DCs. Encouragingly, we observed that the PAM-A375lys-treated mDCs induced
the highest proliferation of autologous T cells in co-cultures (Figure S4a). Additionally,
T cells primed with PAM-A375lys-treated mDCs displayed significantly higher cytotoxic
activity towards live A375 cells after 4h of co-cultures compared to T cells primed with
A375lys-mDCs or control mDCs, when the same number of primed T cells was used in
the co-cultures (Figure S4b) suggesting that both increased proliferation and increased
cytotoxic functions are potentiated by PAM-A375lys-treated DCs.

The increased proliferation and cytotoxic activity of T cells primed with control DCs
which were not treated with tumor lysates, could be attributed to the presence of other
proteins during co-cultures such as FCS [88]. Therefore, additional investigations on the
antigen-specific effects of DCs, especially with cells from cancer patients, are necessary to
delineate the antigen-specific and direct modulatory effects of PAM-A375lys on the DCs
capacity to induce proliferation and cytotoxic autologous T cells.
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Figure 6. T cell polarization capacity of DCs treated with A375 lysates. (a) Immature DCs and mDCs, either treated or not
with the A375 lysate (+A375lys) or the PAM-treated A375 lysate (+PAM-A375lys) were co-cultivated with MACS-purified
allogeneic T cells (1 × 105/well) at 1:20 (DC: T cell ratio) for 5 days, followed by the stimulation of co-cultures with
PMA/Ca Ionophore/monensin for the last 3 h prior to their staining for flow cytometry. Representative dot-plots are shown
on the total gated T cells that were co-cultured with the indicated mDCs and afterwards stained to CD4, CD8 and the
indicated cytokines. (b) The summarized results on the % of cytokine/enzyme expressing cells normalized to 100% of
T cells are shown as % ± SD of 3 independent experiments. (c) The levels of cytokines from DC/T cell co-cultures as in
(a), stimulated for the last 3 h with PMA/ Ca ionophore, were measured with the LegendPlex Th13-plex system from the
co-culture supernatants. The results are shown as a heatmap wherein each cell represent the level of cytokine normalized
in each experiment to the range of 0–1, and averaged from 3 independent experiments, as described in Materials and
Methods. (d) The allogeneic T cell proliferation was analyzed after 5-day co-cultures of CellTrace Far Red-labeled T cells
(1 × 105 cell/well) and different number of DC (1 × 104, 0.5 × 104, 0.25 × 104 cells/well), providing 1:10–1:40 DC: T cell
ratios. The percentage of proliferated (CellTrace Far Red low) T cells is shown as mean ± SD of 3 independent experiments.
* p < 0.05, ** p < 0.01, *** p < 0.005 vs. corresponding control DCs (white bars) or as indicated with lines (RM-ANOVA,
Tukey’s multiple comparison test). Statistical significance between the corresponding iDC and mDC was not indicated
for clarity.

3.6. DCs Loaded with PAM-Tumor Lysate Do Not Induce Tregs

An efficient immunogenic DC vaccine ought to potentiate the Th1/Th17 response in
T cells, but not regulatory T cells, which the suppress immune response and display pro-
tumorigenic effects [62]. In line with this, previous reports [89], including our own [23,90],
have shown that regulatory IL-10-producing CD8+ T cells display stronger suppressive ac-
tivity than conventional FoxP3+ CD4+ T cells. Therefore, the presence of conventional CD4
Tregs (CD4+CD127−CD25+FoxP3+) and regulatory CD8+T cells (CD8+CD25+IL-10+IFN-γ-)
was analyzed in DC/T cell co-cultures. It was found that iDCs treated with control A375
lysates induced significant proportions of regulatory CD4 and CD8 T cells, unlike PAM-



Cancers 2021, 13, 1626 18 of 23

A375lys-loaded DCs (Figure 7). Stimulation of A375lys-treated DCs with LPS/IFN-γ did
not affect the capacity of these DCs to induce CD4 Tregs, though it did lower their CD8
Treg inducing capacity. The higher capacity of A375lys-treated DCs to induce regulatory T
cells is probably a consequence of their higher expression of ILT-4, IL-10, and IL-27 com-
pared to PAM-A375lys-treated DCs. ILT-4 is critical for the induction of CD8+CD25+IL10+

regulatory T cells by DCs, as we showed previously by blocking ILT-4 in the DC/T cell
co-cultures [23]. IL-10 was shown to induce both regulatory CD8 and CD4 T cells [89],
whereas IL-27 potentiates the functions of CD4+ Tregs [91], leading to pro-tumorigenic
effects in a multiple gene-deficient mouse model system [92]. Overall, these results sug-
gest that PAM-A375lys induces desirable immunogenic properties in DCs, whereas A375
lysates prepared by the conventional freeze-thaw method could induce adverse effects in
DC-vaccines via induction of pro-tumorigenic T cells subsets.
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Figure 7. Treg induction capacity of DCs treated with A375 lysates. DCs either treated or not with the A375 lysate (+A375lys)
or the PAM-treated A375 lysate (+PAM-A375lys) were co-cultivated with MACS-purified allogeneic T cells (1 × 105/well)
at 1:40 (DC: T cell ratio) for 5 days, in the presence of 2 ng/mL of IL-2, followed by the stimulation of the co-cultures with
PMA/ Ca Ionophore/ Monensin for the last 3 h prior to their staining for flow cytometry. (a) Representative dot-plots are
shown on total gated CD4+ T cells after staining to CD25, CD127 and intracellular FoxP3. The summarized results on the %
of CD4 Tregs are shown as % ± SD of 3 independent experiments. (b) Representative dot-plots are shown on total gated
CD8+ T cells after staining to CD25, and intracellular IFN-γ and IL-10. The summarized results on the % of CD8 Tregs are
shown as % ± SD of 3 independent experiments. * p < 0.05, *** p < 0.005 vs. corresponding control DCs (white bars) or as
indicated with lines (RM-ANOVA, Tukey’s multiple comparison test). Statistical significance between the corresponding
iDCs and mDCs was not indicated for clarity.
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4. Conclusions

A DBD atmospheric pressure plasma jet was employed as a CAP source in order
to obtain PAM by treating RPMI 1640 culture medium. Three main RONS components
(H2O2, nitrates, and nitrites) were identified in PAM. Tumor cell lines (A375 and Hep2)
were more sensitive to the cytotoxic effects of PAM including the stimulation of ROS
production, than a non-transformed cell line (L929 cells) and human PBMC. The type of
PAM-induced ICD in A375 cells (autophagy, apoptosis, necrosis, membrane expression
of heat-shock proteins, and the secretion of IL-1β) depended on applied concentrations
of PAM. PAM-A375 lysate potentiated the maturation of DCs by up-regulating CD83 and
CD86 expression, simultaneously with a down-regulation of PDL1, and increased the
IL-12/IL-10 production ratio by mature DCs, compared to the control A375 lysate without
PAM treatment. Mature DCs treated with the PAM-A375 lysate preserved Th1, potentiated
Th17 and down-regulated Th2 responses in co-culture with T cells. In addition, such
treated DCs increased the frequency and cytotoxic activity of CD8 T cells, along with a
reduction in CD8 Tregs frequency. In contrast to the DCs treated with control tumor lysate,
which increased the proportion of conventional FoxP3+ CD4 Tregs, the PAM-treated tumor
lysate did not potentiate the Treg-inducing capacity of DCs. Cumulatively, our results
suggest for the first time that priming of mature DCs with tumor cell lysates prepared
by PAM-induced ICD could be explored as a new strategy for the generation of more
immunogenic DC-based tumor vaccines.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13071626/s1, Figure S1: Dose dependent effects of PAM on induction of heat shock
proteins and IL-1β secretion by tumor cell lines, Figure S2: Effects of PAM-treated Hep2 lysates on
phenotype and cytokines production by DCs, Figure S3: Direct effects of PAM on oxidative stress,
apoptosis, maturation, and cytokines expression by DCs, Figure S4: Proliferation and cytotoxic
activity of T cells primed with DCs.
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supervision, N.P., M.Č., Z.L.P.; project administration, N.P., Z.L.P., M.Č.; funding acquisition, N.P.,
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