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Abstract: Recent advances in melanoma therapy increased median survival in patients. However,
death rates are still high, motivating the need of novel avenues in melanoma treatment. Cold
physical plasma expels a cocktail of reactive species that have been suggested for cancer treatment.
High species concentrations can be used to exploit apoptotic redox signaling pathways in tumor
cells. Moreover, an immune-stimulatory role of plasma treatment, as well as plasma-killed tumor
cells, was recently proposed, but studies using primary immune cells are scarce. To this end,
we investigated the role of plasma-treated murine B16F10 melanoma cells in modulating murine
immune cells’ activation and marker profile. Melanoma cells exposed to plasma showed reduced
metabolic and migratory activity, and an increased release of danger signals (ATP, CXCL1). This led
to an altered cytokine profile with interleukin-1β (IL-1β) and CCL4 being significantly increased
in plasma-treated mono- and co-cultures with immune cells. In T cells, plasma-treated melanoma
cells induced extracellular signal-regulated Kinase (ERK) phosphorylation and increased CD28
expression, suggesting their activation. In monocytes, CD115 expression was elevated as a marker
for activation. In summary, here we provide proof of concept that plasma-killed tumor cells are
recognized immunologically, and that plasma exerts stimulating effects on immune cells alone.

Keywords: kINPen; lymphocytes; macrophages; plasma medicine; reactive species

1. Introduction

Melanoma incidence rapidly increased over the last decades [1], and malignant melanoma is the
most lethal form of skin cancer today [2]. Complicating its clinical treatment, the heterogeneity
of malignant melanoma challenges the design of effective anti-tumor therapies [3]. Gold
standard approaches in treatment and palliation include surgery, radiation therapy, chemotherapy,
electrochemotherapy, adoptive cell transfer strategies, and immunotherapy [4–7]. The outstanding
success of immunotherapies awarded with the Nobel Prize for Medicine and Physiology 2018 has
provided compelling clinical evidence that the immune system plays a critical role in tumor defense [8].
Research interest in oncology is therefore not only focused on whether tumor cells are eliminated by a
given substance or therapy, but also whether they can be recognized by immune cells [9]. Moreover,
plasma treatment itself can also exert effects on immune cells [10–12].
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The concept of immunogenic cancer cell death (ICD) proposes stimulation of an immune
response against apoptotic tumor cells in a living host [13]. Apoptotic tumor cells, exposing plasma
membrane-localized or intracellular molecules (damage associated molecular patterns, DAMPs),
recruit myeloid cells [14]. Internalizing apoptotic cells, myeloid cells are capable to cross-present
processed antigens on MHC class I molecules to tumor specific T cells [15]. This process results in
a pro-inflammatory immune response [16], inducing tumor specific CD8+ T cells potentially able to
target melanoma cells [17]. Physical therapies in oncology have been shown to be potent ICD inducers,
such as ionizing radiation, electrochemotherapy, and photodynamic therapy [18]. Another medical
technology, cold physical plasma, was recently suggested for anti-melanoma therapy and danger
signaling [19–21].

For medical purposes, cold physical plasma is a partially ionized gas operated at atmospheric
pressure and body temperature [22]. It reacts with ambient air and generates RONS species leading
to decreased melanoma cell activity and growth in vitro [23–25] and in vivo [26–28]. High species
concentrations can be used to exploit apoptotic redox signaling pathways in tumor cells [29], and first
cancer patients have benefited from plasma therapy [30]. Plasma treatment can act in concert with
other drugs [31–33], and plasma-generated reactive species induce pro-immunogenic molecules on
tumor cells, such as ecto-calreticulin (CRT) [34–36]. Although the release of this and other DAMP
signals after plasma treatment in melanoma cells has been shown, evidence of immune cell activation
in response to plasma-treated melanoma is scarce. We here performed co-cultures of plasma-treated
murine melanoma cells with murine splenocytes consisting of myeloid as well as lymphoid cells.
Plasma treatment decreased melanoma activity and increased release of danger signals. The cytokine
profile as well as cellular activation markers and signaling pathways were investigated in immune
cells to track a hypothesized perception of plasma-killed tumor cells by lymphocytes or phagocytes.

2. Materials and Methods

2.1. Cell Culture and Preparation of Splenocytes

Murine metastatic melanoma B16F10 cells were cultured in RPMI 1640 (PAN-Biotech, Germany)
supplemented with 10% fetal bovine serum (FCS), 2% penicillin/streptomycin, and 1% glutamine
(Sigma, Germany). A total of 2–4 × 104 cells were seeded in 1 ml cell culture medium in cell-culture
treated 24-well plates one day prior to experimentation and allowed to adhere overnight. Spleens of
eleven mice were prepared across all experiments using mechanical force and a 40 µm cell strainer
(VWR, Germany) to obtain splenocytes suspension containing, for example, T cells and myeloid cells,
including macrophages and dendritic cells (DCs). Cells were washed and red blood cells lysed with
lysis buffer (BioLegend, USA) before washing and suspending splenocytes in fully supplemented
culture medium. Sacrifice and tissue harvesting were performed in accordance with ethical standards.

2.2. Plasma Treatment and Co-Culture

Plasma treatment was performed using an atmospheric pressure non-thermal plasma released
by the plasma jet kINPen (neoplas, Germany), which was shown to exert no mutagenic effects [37].
As feed gas, argon (99.9999% pure; Air Liquide, France) was used with a gas flow rate of 3 standard
liters per minute (slm). Plasma was generated with a sinusoidal voltage of 2–6 kVpp with a frequency of
~1 MHz. The plasma jet was operated for 30 min prior to experiments to reduce effects of residual tube
humidity on the plasma species composition [38]. The melanoma cells and splenocytes, respectively,
were treated directly in 24-well plates. The plasma treatment of one well did not “spill over” into an
adjacent (e.g., control) well as determined via measuring deposition of oxidants in both the treated
and adjacent untreated wells in preliminary experiments (data not shown). The cultured well plate
was placed 20 mm distant from the jet nozzle. The distance from the nozzle does play an important
role as outlined previously [38]. We adjusted the distance in a way that the jet is as close as possible
to the treated solution without liquid spilling into the jet (due to vortexing of the solution by the gas
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flux) that would extinguish the plasma ignition. The evaporation of the liquid induced by the gas
flow of the kINPen was compensated for using a pre-determined amount of double-distilled water
(to maintain iso-osmotic conditions) as described before [10]. For co-culture experiments, 1–2 × 106

splenocytes were added to each well one hour after plasma treatment of melanoma cells.

2.3. Quantification of Cytokines, Chemokines, and ATP

For quantification of 12 different murine cytokines or chemokines, bead-based multiplex analysis
was performed according to the vendor’s instructions (BioLegend). Supernatants were harvested 24 h
(monocultures) or 4 h (trans-well co-culture) after plasma treatment, and stored at −20 ◦C for one
week until final analysis. In preliminary experiments, we could not observe a deteriorating effect on a
single target due to storage, and any of such effect would apply as systemic error to all samples of the
measurement, keeping the relative differences the same. Targets analyzed were interferon (IFN)-γ,
interleukin (IL)-2, tumor growth factor (TGF)-β, tumor necrosis factor (TNF)-α, CCL2 (MCP-1), CXCL9
(MIG), IL-10, IL-6, CCL4 (MIP-1β), IL-4, IL-12p70, and IL-1β. Bead fluorescence was quantified on a
CytoFlex S flow cytometer (Beckman-Coulter, USA), and target concentration was quantified against
a known standard supplied by the manufacturer at a given concentration. The mean fluorescence
intensity of each dilution series of the standard aids in generating standard curves that allow the
absolute quantification of each target investigated in the cell culture supernatant. For quantification
of CXCL1 (KC) in supernatants 6h after plasma treatment, enzyme-linked immunosorbent assay
(ELISA) was used (BioLegend) according to the manufacturer’s protocol. ATP was measured in
supernatants 6h after treatment using the ATP determination kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol.

2.4. Quantification of H2O2

Quantification of total H2O2 concentrations was performed using Amplex UltraRed reagent
(Thermo Fisher Scientific). The assay was performed in 96-well microplates (NUNC, Denmark)
according to the manufacturers’ protocol. Fluorescence was read using a microplate reader (Tecan,
Switzerland) with appropriate filter settings (λex 535 nm λem 590 nm). H2O2 levels were quantified
against a known standard (dilution series of chemically produced H2O2 by Sigma, Germany).

2.5. Metabolic Activity

Metabolic activity was assessed by measuring the reduction of non-fluorescent resazurin (Thermo
Fisher Scientific; final concentration of 100µM) to fluorescent resorufin after 4 h of incubation under cell
culture conditions. In experiments using splenocytes, cells were incubated either with or without PMA
(phorbol 12-myristate-13-acetate; Sigma, Germany) at a final concentration of 100 ng/ml. Fluorescence
was read using a microplate reader (Tecan, Switzerland) with appropriate filter settings (λex 535 nm
λem 590 nm).

2.6. Scratch Assay

The scratch assay is a method to measure cell migration in vitro. The methodical basis contains a
“scratch” in a cellular grown monolayer, monitoring the cellular regrowth until closure of the scratch.
Essentially, the cellular migration is imaged and quantified at different time points after the scratch [39].
B16F10 melanoma cells were seeded at 7.5 × 104 cells per well in 24-well plates, yielding a confluent
monolayer the next day. Melanoma cells were exposed to plasma or were left untreated, prior to
scratching the monolayer with a 200 µl pipette tip vertically across the center of the well. The resulting
gap distance was imaged (Observer Z.1; Zeiss, Germany) and quantified (AxioVision 4.91 software;
Zeiss) at 0 h and 24 h. In between, cells were cultured under standard conditions.
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2.7. Cell Surface Marker Expression

Splenocytes were incubated with Fc-block (BioLegend) to block non-specific binding of antibodies.
In some experiments, cells were incubated for 20 min with Fluo-3 (ThermoFisher Scientific). To assess
subpopulations and activation marker, the following anti-murine monoclonal and fluorescently tagged
antibodies were used: CD3 Alexa Fluor 700, CD11b PE-Dazzle, CD115 Brilliant Violet 421, CD43 APC,
CD44 PE-Dazzle 594, CD4 PE-Cy 7, CD8a PerCP/Cy 5.5, CD28 APC, CD45R APC-Cy7, I-A/I-E Alexa
Fluor 488, Ly-6C Alexa Fluor 700, CD68 PerCP/Cy 5.5, Ly-6G Brilliant Violet 510, FcεRIα PE, CD86
PE-Cy7 (all BioLegend). For kinase activation assays, co-cultured splenocytes were fixed in methanol
for 1 h at −20 ◦C, washed in PBS, and incubated for 20 min with monoclonal antibodies directed against
murine phospho-Erk1/2 PerCP/eFluor 710 (eBioscience, Germany) and lineage markers. Multicolor
flow cytometry data were analyzed with Kaluza 2.1.1 software (Beckman-Coulter).

2.8. Statistical Analysis

Statistical analysis was performed using prism 8.01 (GraphPad Software, USA). Mean and
standard errors are given. Statistical significance was reported with asterisks (n.s. p > 0.05; * p < 0.05;
** p < 0.01; *** p < 0.001).

3. Results

3.1. Plasma-Deposited Oxidants Decreased Melanoma Cell Viability and Motility

Cold physical plasma introduces oxidants into liquids surrounding cells, with hydrogen peroxide
(H2O2) being among the long-lasting products of redox chemistry [40]. In pure PBS (Figure 1a)
and fully supplemented cell culture medium (Figure 1b), H2O2 accumulated in a dose-dependent
manner, validating the introduction of plasma-derived species in culture systems. The concentration
of H2O2 differed only modestly between complex cell culture medium compared to buffered saline
(PBS), suggesting that FCS in cell culture medium has a negligible effect on H2O2 pre-cursor species
from the kINPen. Furthermore, the effect of FCS as a growth factor for B16F10 was measured via
metabolic activity using different FCS concentrations. As expected, the melanoma cell metabolic
activity increased with increasing FCS concentration (Figure 1c). Following this, the effect of plasma
treatment on melanoma growth with and without FCS was analyzed and not found to be substantially
different at 4 h (Figure 1d). This suggests a growth-supporting but not a dramatic antioxidative
effect caused by the proteins of FCS with plasma treatment. To see whether FCS presence or absence
during plasma treatment affects the migratory capability in melanoma cells, scratch assays were
performed (Figure 1e). Results showed that the presence FCS had only a minor impact on cellular
migration, in contrast to plasma treatment, which reduced cell regrowth with increasing treatment
times (Figure 1f). Importantly, FCS-containing medium was added after treatment to both conditions
to focus on short-term effects following plasma treatment. This suggests that within our experimental
system, FCS (composed of various proteins) in solution only played a minor role in mediating or
protecting from plasma effects on tumor cells. Altogether, plasma treatment slowed melanoma cells’
metabolic activity and motility, regardless of FCS presence or absence.
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  Figure 1. Effects of plasma treatment in liquids and treatment of B16F10 melanoma cells with physical

plasma. (a) Plasma deposited hydrogen peroxide in PBS and (b) cell culture medium at nearly similar
levels; (c) growth behavior of melanoma cells under different concentration of FCS; (d) reduction of
metabolic activity in melanoma cells after plasma treatment in cell culture medium with or without
FCS, normalization was done with respect to a control in each condition; (e) representative images
of scratches in control or 180 s plasma-treated melanoma cells after 0 h or 24 h, respectively, and (f)
their normalized regrowth quantified; (g) cytokine/chemokine profile of plasma-treated melanoma
cells; (h) release of the danger molecules ATP and (i) CXCL1 in plasma-treated melanoma cells. (a–d,f)
Data are mean +S.E. from several replicates; statistical analysis was performed using t-test; PBS:
phosphate-buffered saline; FCS: fetal calf serum.

3.2. Plasma Treatment Modulated Inflammatory Milieu of Melanoma and Immune Cells

In response to 120 s plasma treatment, melanoma cell supernatants (analyzed after 24 h) showed
significantly increased levels of TNFα, IL-10, CCL4, and IL-1β compared to untreated control cells
(Figure 1g). An increase of damage-associated molecules, such as ATP (Figure 1h) and CXCL1
(Figure 1i), was also observed 6 h after a 120 s plasma-treatment in B16F10 cells. Before investigating
the immunological consequences of murine splenocytes co-cultured with plasma-treated melanoma
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cells, the response of splenocytes alone treated with plasma was investigated. For this, splenocytes
were harvested from mice (Figure 2a) and left unstimulated or were pulsed with PMA. Lymphocyte
activation is typically triggered by the interaction of the cell surface receptor to its specific ligand,
resulting in an activation cascade. In vitro, lymphocyte activation can be induced by chemicals, such
as PMA, leading to an increased cellular proliferation. Following this, splenocytes were exposed to
plasma, and metabolic activity was assessed 24 h later. Reduced metabolic activity was observed in
both naïve and PMA-stimulated splenocytes, but in the latter to a lesser extent (Figure 2b). Studying
the splenocytes’ supernatants, increased levels of cytokines were observed after plasma treatment,
including IL-10, CCL4, IL-4, IL-12, and IL-1β. Altogether, plasma treatment not only affected cell
viability but also the inflammatory profile of tumor and immune cells (Figure 2c).
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Figure 2. Treatment of murine immune cells with physical plasma. (a) Representative murine spleen
after harvesting and prior to homogenization; (b) metabolic activity of naïve (-PMA) and activated
(+PMA) splenocytes after plasma treatment; (c) cytokine/chemokine profile 24 h after 120 s plasma
treatment in naïve splenocytes. Data are mean +S.E. of several spleens, statistical analysis was
performed using t test. PMA: phorbol 12-myristate 13-acetate.

3.3. Activation of Immune Cells with Plasma Treatment

Cellular activation can be assessed using several methods such as calcium signaling. Fluo-3 is
a labelled calcium indicator, and its fluorescence increases 100-fold upon calcium binding. Calcium
influxes were observed in early lymphocyte activation. Total cellular fluorescence was measured
by flow cytometry in macrophages (Figure 3a) and T cells (Figure 3b). After addition of Fluo-3
labeled splenocytes to plasma-treated melanoma cells, there was no significant change in calcium
influx in macrophages (Figure 3c) and T cells (Figure 3d). Of note, a significant calcium influx was
demonstrated for splenocytic T cells directly exposed to plasma and over time (Figure 3c) but not
in macrophages (Figure 3d). Calcium release and protein kinase activity are closely linked. Being a
member of the Ras-Raf-Erk signal transduction cascade, the Erk1/2 (extracellular signal-regulated
Kinase-1/2) kinases are activated via phosphorylation. Upon activation, the Erk kinases function in
cellular proliferation, differentiation, and survival. A significant increase (Figure 3e) of phosphorylated
Erk1/2 was demonstrated for plasma-treated T cells after 1 h and 4 h (Figure 3f). For splenocytes
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co-cultured with plasma-treated B16F10 melanoma cells, a small but significant increase was observable
1 h after culture onset (Figure 3f). This suggests that plasma treatment and plasma-treated melanoma
cells may be able to stimulate immune cells.
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(a) Representative overlay of calcium release assessed via flow cytometry in macrophages and (b) T cells,
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3.4. Co-Culture with Plasma-Treated Melanoma Cells Altered the Surface Marker and Cytokine Profile of
Murine Immune Cells

Among splenocytes, CD4+ T helper and CD8+ cytotoxic T cells were identified from CD3+

splenic lymphocytes (Figure 4a). With both lymphocyte subpopulations, the expression of the
activation-indicating surface marker CD28 was assessed after co-culture with either untreated
melanoma cells or plasma-treated melanoma cells (Figure 4b-c). CD28 expression on the cell surface
increased in tendency for CD4+ and significantly for CD8+ T cells (Figure 4d). The CD28 cell surface
marker provides essential co-stimulation during T cell activation. The expression of other activating
T cell markers (CD44, CD152) did not change (data not shown). Only viable cells were included
in the analysis, and we also investigated changes of the CD4/CD8 ratio. This parameter is used to
describe the immune status, and we found an increase of CD4 over CD8 cells upon co-culture with
plasma-treated over non-treated melanoma cells (Figure 4e). This suggests splenic CD4+ T helper cells
survive better in the microenvironment generated by plasma-treated melanoma cells. To assess any
changes of myeloid immune cells under these conditions, splenocytes were gated for monocytes and
macrophages (Figure 5a). Several surface markers for M1 macrophages (CD115), M2 macrophages
(FcεR1), and co-stimulation during antigen presentation (CD86) were investigated (Figure 5b).

Monocytes had upregulated surface marker expression after co-culture with plasma-treated
melanoma cells, with a significant increase of CD115, arguing for an onset of monocyte-to-macrophage
maturation. Macrophages did not show any significant changes, with a non-significant decrease of
CD86. Finally, cytokine analysis of splenocyte-melanoma trans-well co-cultures revealed increased
levels of IL-10 and CCL4, with a trend of increased release with IL-1β, IL-12p70, TNFα, and TGFβ
(Figure 5c). This argued for a modulation of the immune cells inflammatory response in when exposed
to plasma-treated tumor cells.

4. Discussion

Our aim was to identify activation signatures in murine immune cells derived from spleen that
had been co-cultured with plasma-treated melanoma cells. Although many responses observed in
immune cells were rather subtle, their sum point to a principle recognition of plasma-treated compared
to control melanoma cells.

Direct plasma treatment induced pro-inflammatory cytokine release of IL-1β or TNF-α in B16F10
melanoma cells. IL-1β is processed and released under caspase-8 regulated apoptotic cell death [41].
Apoptotic cells release uric acid, activating systemic inflammation and resulting in release of IL-1β [42].
Interleukin-1β is a potent activator molecule in T and B cell responses and supports survival of naive
and memory T cells [43–45], potentially forming anti-tumor immunity. Tumor necrosis factor alpha
(TNFα) leads to pyrogenic activation, inducing apoptotic cell death via the extrinsic pathway [46].
Plasma treatment of melanoma cells in mono and co-culture also increased release of IL-10 and CCL,
both positively regulating T cell function [47]. Hence, plasma-derived oxidative cell stress and/or
death of melanoma cells profoundly affected inflammatory conditioning of cells of the immune system.
Presence of FCS during plasma treatment was of minor importance corroborating previous results that
excess protein has negligible effects on plasma-derived long-lived oxidants [36]. Plasma-induced tumor
cell death supposedly was of an immunogenic nature, as release of ATP and CXCL1 suggests [48],
which is in line with earlier reports [34,35,49,50].

In this study, immune cells derived from spleens were exposed to plasma. Similar to studies with
human immune cells [51–53], splenocytes’ viability was affected by direct exposure to plasma, while
their mitogenic activation (with PMA) reduced plasma-mediated toxic effects. As the conditions (cell
number, treatment time, volume of media, etc.) were the same in both non-activated and activated
regimens but with different outcomes, our results point to differences in intracellular signal translation
upon expose to reactive species, as these responses ultimately determines the amplitude of toxicity.
At lower concentrations, reactive species can also serve in cell signaling [54].
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Several studies manifested the role of ROS, in particular H2O2, as a stimulant and second
messenger in lymphocytes [55]. An increase in intracellular calcium was found in plasma-treated T
cells in our study, which points to their activation [56,57]. Elevated intracellular calcium levels need to
be maintained for more than 30 min for T cell activation [57,58], which was the case with our results.
Moreover, we determined a significant increase in Erk1/2 activation in T cells, which is associated
with activation [59,60]. In general, we do no propose a specific but rather non-specific stimulus
of lymphocytes with plasma as this is highly unlikely without proper T cell receptor stimulation
as previously described [22] and suggested experimentally [61,62]. Co-culture of splenocytes with
plasma-treated melanoma cells provoked calcium influx neither in T cells nor in macrophages. For T
cells, this suggests a lack of specific antigen being presented either on tumor (MHC I) or antigen
presenting cells (MHC II). For macrophages, calcium signaling is often related to aberrant stress of the
endoplasmic reticulum and cell death [63] or sensing of microorganisms [64].

Both CD4+ T helper and CD8+ cytotoxic T cells contribute to antitumor immunity in tumor
patients [65–67]. CD4+ and CD8+ T cells co-cultured with plasma-treated compared to untreated
melanoma cells showed an increased expression of CD28. When binding to its ligands (B7 receptors,
e.g., CD80/86) triggering IL-2 release [68], the CD28 costimulatory receptor is required for efficient and
optimal immune response in T lymphocytes [69]. CD28-signaling through Bcl-2 and Bcl-xL promotes
T cell survival [70–72]. Importantly, basal CD28 expression in healthy volunteers, as well as in patients,
correlates with a T cell phenotype more sensitive to stimulation, and low CD28 expression is a marker of
disease [73]. Moreover, plasma treatment of splenocytes significantly increased levels of IL-4 and IL-12.
The former induces TH2 and the latter TH1 responses, having opposite roles in health and disease [74].
Both cytokines are derived from myeloid cells such as basophils and monocytes/macrophages [75].
Although calcium increase was not observed in immune cells upon co-cultured with plasma-treated
melanoma cells, an upregulation of surface marker was observed in monocytes in that condition. CD86
expression is induced upon stimulation in monocytes, leading to an inflammatory milieu [76] and
proper T cell co-stimulation [77]. Increase of IgE receptor (FcεR) dependent activation of monocytes is
associated with tissue inflammation and cytotoxicity allergic diseases and asthma [78,79]. However,
significantly regulated was only colony-stimulating factor 1 receptor (CSF-1R or CD115). CD115
contributes to macrophage maturation [80] and is crucial for the development of certain myeloid
subsets as CD115 blockage shortens the life span of monocytes [81].

Several studies by others and us have observed plasma-induced tumor cell death before [82–98].
Kumar and colleagues observed in several pancreatic cancer cell lines an increase in apoptosis
concomitant with downregulation of MAPK7, BCL2, and CHK1 [99]. In line with our results,
they have observed an increase in H2O2 with plasma treatment using the kINPen, and moreover
found apoptosis-inducing effects of plasma treatment in lung cancer cells based on increase
in plasma-mediated ROS formation and intracellular oxidation signaled via ATM and p53
machinery [100], which is supported by our recent data in HaCaT keratinocytes [101].
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regulated Kinase-1/2 (Erk1/2) kinase in T cells 1 h as measured via flow cytometry; (f) quantification 
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melanoma cells after 1 h or 4 h. Data are mean +S.E. of several spleens; c=control, p=plasma, 
SPLN=splenocytes. 
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macrophage maturation. Macrophages did not show any significant changes, with a non-significant 
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Figure 4. CD28 expression in T lymphocyte splenocyte subpopulations co-cultured with control or
plasma-treated melanoma cells. (a) Representative flow cytometric dot plots used to gate for two T
lymphocyte subpopulations, namely CD4+ T helper and CD8+ cytotoxic T cells; (b,c) representative
overlay histograms for CD28 marker in expression in CD4+ and CD8+ cells, respectively; (d) fold change
quantification of CD28 expression in T cells co-cultured for 24 h with either control or plasma-treated
melanoma cells; (e) CD4/CD8 of T cells co-cultured for 24 h with either control or plasma-treated
melanoma cells. Data are mean + S.E. of several spleens, statistical analysis was performed using t test.
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In this study, immune cells derived from spleens were exposed to plasma. Similar to studies 
with human immune cells [51–53], splenocytes’ viability was affected by direct exposure to plasma, 
while their mitogenic activation (with PMA) reduced plasma-mediated toxic effects. As the 
conditions (cell number, treatment time, volume of media, etc.) were the same in both non-activated 
and activated regimens but with different outcomes, our results point to differences in intracellular 
signal translation upon expose to reactive species, as these responses ultimately determines the 
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Figure 5. Activation of monocyte and macrophage splenocyte subpopulations after co-culture with
melanoma cells. (a) Representative gating strategy to identify monocytes and macrophages within
splenocytes; (b) of change expression of activation marker expression in monocytes/macrophages
24 h after co-culture with either control (C) or plasma-treated (P) melanoma cells; (c) cytokine profile
supernatants retrieved from transwell co-cultures of control or plasma-treated melanoma cells with
splenocytes. Data are presented as mean + S.E. of several spleens; statistical analysis was performed
using t test.
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5. Conclusions

Our findings indicate a tumor-static action in terms of metabolic activity and cell motility of
plasma on melanoma cells and—in our hands—a negligible protective effect of protein present during
the treatment. We further observed a role of plasma-mediated activation of splenic immune cells,
as well as an effect of plasma-treated melanoma cells on immune cells. Specifically, plasma treatment
modulated inflammatory parameters (such as cytokines and cell surface activation markers), which
argue for pro-immunogenic role of plasma treatment. Additional studies with further differentiated
assays and immune phenotyping are needed to understand how plasma technology can be used in
onco-immunology to decrease tumor burden.
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