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A B S T R A C T

Cold physical plasma is a partially ionized gas investigated as a new anticancer tool in selectively targeting
cancer cells in monotherapy or in combination with therapeutic agents. Here, we investigated the intrinsic
resistance mechanisms of tumor cells towards physical plasma treatment. When analyzing the dose-response
relationship to cold plasma-derived oxidants in 11 human cancer cell lines, we identified four ‘resistant’ and
seven ‘sensitive’ cell lines. We observed stable intracellular glutathione levels following plasma treatment only in
the ‘resistant’ cell lines indicative of altered antioxidant mechanisms. Assessment of proteins involved in GSH
metabolism revealed cystine-glutamate antiporter xCT (SLC7A11) to be significantly more abundant in the
‘resistant’ cell lines as compared to ‘sensitive’ cell lines. This decisive role of xCT was confirmed by pharma-
cological and genetic inhibition, followed by cold physical plasma treatment. Finally, microscopy analysis of ex
vivo plasma-treated human melanoma punch biopsies suggested a correlation between apoptosis and basal xCT
protein abundance. Taken together, our results demonstrate that xCT holds the potential as a biomarker pre-
dicting the sensitivity of tumor cells towards plasma treatment.

1. Introduction

Among many types of solid tumors, breast, colorectal, lung, and
prostate account for about 60% of all cancer cases in the western world.
The extent of cancerous disease is set to increase by up to 18.2 million
in 2020. With sophisticated treatment options emerging at ever-higher
costs, policymakers face difficult decisions about therapy coverage and
access to treatment [1]. Treatment of solid tumors mostly relies on
traditional options such as surgery, radiation, and chemotherapy. Re-
cent advances in targeted therapy led to the development of novel
therapeutics that target specific dysregulated pathways in tumors,
hence offering alternative treatment options.

A majority of existing strategies (e.g., radiotherapy, chemotherapy,

and small molecule therapy) targeting tumor cells eventually induce
oxidative stress and cell death. Cold physical plasma is an emerging
treatment strategy, which employs unique RONS (reactive oxygen and
nitrogen species) to selectively target tumor cells by perturbing cellular
redox balance leading to oxidative stress, mitochondrial dysfunction,
and cell death. The advantage of this strategy is that it can directly
transfer RONS to the tumor tissue without the need for any systemic
agents. Physical plasma consists of multiple components such as elec-
trical fields, ions and electrons, thermal and UV radiation, RONS, and
visible light [2], leading to endoplasmic reticulum (ER) and mi-
tochondrial dysfunction, and subsequently to apoptosis [3–5]. RONS
identified to be critical for plasma-mediated effects are atomic and
singlet delta oxygen [6–8], hydrogen peroxide [9–11], nitrite [12–14],
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nitric oxide [15–17], and hydroxyl radicals [18–20]. Recently, we de-
monstrated that plasma treatment increased the expression of
SLC22A16 in tumor cells, which led to an intracellular accumulation of
anthracyclines resulting in synergistic tumor toxicity [21]. However,
tumors are extraordinarily heterogeneous, and treatment responses are
determined frequently by the cellular origin and mutational load.

Most of the current resistance mechanisms are identified from tra-
ditional chemotherapies and targeted small molecules therapies, and
this knowledge can help to anticipate the resistance mechanisms of
emerging cold plasma-based therapies. Intrinsic resistance is defined as
innate resistance that exists before the patient is administered with
drugs due to pre-existing somatic mutations [22], heterogenic tumor
stem cell populations [23], and activation of intrinsic efflux pathways
[24] used as a defense against anti-cancer drugs. However, there are no
studies available on the intrinsic resistance mechanisms towards cold
physical plasma treatment in tumor cells. In the current investigation,
we address this question in multiple tumor cell lines and identified xCT
(SLC7A11) as a putative predictor for resistance against cold plasma
treatment in tumor cells.

2. Materials and methods

2.1. Cell culture

The human tumor cell lines SK-MEL-28, MeWo, MaMel86a, Panc-1,
Miapaca2GR, HeLa, MDA-MB-231, PC-3, 501-Mel, OVCAR3, and A375,
as well as non-malignant human HaCaT keratinocytes, were cultured in
high glucose Dulbecco Minimum Essential Media or Roswell Park
Memorial Institute media (DMEM, RPMI; Invitrogen) supplemented
with 10% fetal calf serum (FCS), 1% penicillin/streptomycin, and 1%
glutamine. For 2D culture assays, 1 × 104 cells/well were incubated in
96-well culture plates (Nunc) in complete cell culture medium 16 h
before their experimental use. In some experiments, cells were pre-
treated with azacytidine (AZA), vorinostat (VOR), sulfasalazine (SFL),
ezatiostat (EZA), and butathione sulfoximine (BSO) (all Sigma Aldrich)
for 16 or 24 h as indicated. The atmospheric pressure argon plasma jet
kINPen (neoplas tools) served as a RONS-generating source and was
operated at a frequency of 1 MHz with a feed gas flux of 2 L per minute
of argon gas (99.9999% purity; Air Liquide). Argon gas (plasma off)
treated medium served as control throughout all experiments.

2.2. Metabolic activity and cell viability

To assess metabolic activity, 1 × 104 cells were plated in 96-well
culture plates (Nunc) in complete DMEM. Sixteen hours later, cells were
challenged with 30, 60, and 120 s of plasma treatment before further
incubation for 6 h or 24 h. Subsequently, wells were loaded with
100 μM of resazurin (Alfa Aesar) that is transformed to fluorescent
resorufin by metabolically active cells. The plate was incubated for 2 h
at 37 °C, and fluorescence was measured using a multimode plate
reader (Tecan) at λex 535 nm and λem 590 nm. Metabolic activity was
shown as percent of the untreated control. To determine toxicity, cells
were loaded with sytox orange (1 μM; Thermo Fisher) for 30 min at
37 °C. Cells were imaged with a 20x objective using a live cell high
throughput imaging system (Operetta CLS; PerkinElmer). Algorithm-
based quantitative image analysis was performed using dedicated
software (Harmony 4.8; PerkinElmer).

2.3. Western blotting

Cells were harvested in ice-cold PBS and lysed in RIPA buffer (Cell
signaling) supplemented with complete protease and phosphatase in-
hibitors (PIM complete; Roche) for 20 min on ice. Fifty millimolar of N-
Ethylmaleimide (NEM; Sigma) was supplemented for s-glutathionyla-
tion preparations. After centrifugation at 15,000×g for 15 min at 4 °C,
total protein in whole-cell extracts was quantified using Rotiquant (Carl

Roth). Forty micrograms of protein were resolved by SDS-PAGE
(Invitrogen) and blotted on PVDF membranes (Invitrogen). The mem-
branes were probed with anti-GSTP1, anti-xCT, anti-catalase, anti-
SOD1, anti-GPX1, anti-γGCS, or anti-β actin (Santa Cruz) primary an-
tibodies followed by secondary horse-radish peroxidase (HRP) coupled
antibodies (Santa Cruz). Signals were acquired in a chemiluminescence
detection system (Applied Biosystems) in a linear dynamic range.

2.4. Quantitative real-time PCR

Total mRNA was isolated using a RNA isolation kit (BioSell GmbH).
One microgram of mRNA was converted to cDNA using the PrimeScript
cDNA synthesis kit (Takara Bio). Predesigned KiCqStart SYBR Green
primers for human β-actin (Fwd: GATGGGCGGCGGAAAATAG Rev:
GCGTGGATTCTGCATAATGGT) and SLC7A11 (Fwd: CCTCTATTCGGA
CCCATTTAGT Rev: CTGGGTTTCTTGTCCCATATAA) were obtained
from Sigma-Aldrich. qPCR assays were carried out using Power SYBR
Green PCR Master Mix in a Quantstudio 1 device (ThermoFisher) with
40 cycles of PCR amplification using 95 °C for 30s, 95 °C for 5s, and
60 °C for 30s for each cycle. The ΔΔCt method was employed to cal-
culate fold changes in gene expression using the Quantstudio design
and analysis software.

2.5. Determination of cellular glutathione

Total and oxidized glutathione in tumor cells was determined from
1 × 104 cells at 6 h following plasma treatment using a luminescence-
based assay according to the manufacturer's instructions (GSH/GSSG-
Glo, Promega). Briefly, cells were lysed in either total glutathione lysis
reagent for total glutathione measurement or oxidized glutathione lysis
reagent for GSSG measurement. Luciferin was added to all wells, fol-
lowed by luciferin detection reagent. Luminescence was measured in
Tecan multimode plate reader, and GSH/GSSG ratios were calculated
after interpolation of glutathione concentrations from standard curves.
GSHtracer (Ratiometric GSH probe; Tocris GmbH) was used to quantify
total GSH levels by live-cell imaging. After treatment, cells were loaded
with 5 μM of GSHtracer and incubated for 90 min at 37 °C. Cells were
washed once in media and imaged with a 20x objective using a live cell
high throughput imaging system (Operetta CLS; PerkinElmer).
Algorithm-based quantitative image analysis was performed using
dedicated software (Harmony 4.8; PerkinElmer). The ratio of fluores-
cence at F510/F580 correlates with GSH concentration.

2.6. Small interfering RNA-mediated knockdown of xCT

MeWo cells (1 × 104) were seeded in 96-well plates. esiRNA tar-
geted against multiple regions of human SLC7A11 mRNA (Sigma-
Aldrich) or non-targeting control esiRNA (Luc) was transfected using X-
tremeGENE siRNA reagent (Sigma-Aldrich) according to the manufac-
turer's recommendation. Twenty-four hours later, immunofluorescence
staining was performed using a primary anti xCT antibody (Abcam) and
a secondary antibody conjugated with the fluorophore Alexa Fluor 546
(Thermo Scientific). High content imaging was done as described
above. Quantitative image analysis was performed to determine abso-
lute signal levels from individually segmented cells. Alternatively, the
xCT knockdown cells were plasma-treated for 60 s, and metabolic ac-
tivity was measured after 24 h as described above. The xCT inhibitor
sulfasalazine (SFL) and the γ-GCS inhibitor butathione sulfoximine
(BSO) were obtained from Sigma-Aldrich.

2.7. Cutaneous melanoma biopsies and tissue sections

Metastatic lesions from five patients suffering from malignant mel-
anoma stage IV (female: 1/male: 4; mean age 59) were surgically re-
moved, and punch biopsies (diameter ~ 3 mm) were generated ex vivo.
The study was approved by the Institutional Review Board of the
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University of Duisburg-Essen (ethical committee of the University of
Duisburg-Essen) under the Institutional Review Board protocol no. 12-
4961-BO. The punch biopsies of the patient samples were treated with
the kINPen for 120s. The samples were then incubated in a 96 well
plate containing fully supplemented RPMI for 24 h. Tissues were em-
bedded in OCT (VWR) in disposable base molds (Thermo Fisher), snap-
frozen in liquid nitrogen, and stored at−80 °C. Using a cryo-microtome
(Leica Microsystems), samples were sectioned vertically (thickness:
6 μm) and placed on glass microscope slides (Thermo Fisher). After
DAKO (Dako) block, cells were stained with DAPI to segment nuclei
(Vecta shield) as well as anti-S100 (Santa Cruz), anti-xCT (Abcam), and
anti-cleaved Caspase 3 (Cell Signaling) antibodies. Secondary anti-
bodies conjugated with Alexa Fluor 546 or Alexa Fluor 647 (Thermo
Scientific) were used. Slides were mounted using Vectashield (Biozol).
Tissue sections were imaged using the high content imaging device
Operetta CLS. Data acquisition and analyses were performed with the
respective software of the device (Harmony 4.8; PerkinElmer).

2.8. Statistical analysis

All experiments were performed in at least three independent bio-
logical replicates. Bar graphs depict mean + SE (standard error). Two
groups were compared using Student's t-test. One-way analysis of var-
iance (ANOVA) with Dunnett's multiple comparison test was used when
comparing more than two groups to the respective control group.
Pearsons correlation coefficients were computed with a 95% confidence
interval. p-values< 0.05 were considered statistically significant and
labeled with a * within graphs as described in legends. Graphing and
statistical analysis were performed using prism 8.3 (GraphPad soft-
ware).

3. Results

3.1. A cell-based screen identified tumor cell lines ‘resistant’ to cold physical
plasma

To test the cytotoxicity of cold physical plasma, 11 different tumor
cell lines were exposed to increasing plasma treatment times (30s, 60s,
120 s) and cultured for 24 h thereafter. The immortalized, non-malig-
nant keratinocyte cell line HaCaT served as a control cell line. With 30s
plasma treatment, an approximately 50% reduction in metabolic ac-
tivity was observed in SK-MEL-28, A375, MaMel86a, OVCAR3, 501-
Mel, PC-3, and MDA-MB-231 cells. These cell lines were categorized as
‘sensitive’. On the other hand, Panc-1, HeLa, Miapaca2GR, and MeWo
were less affected by plasma treatment and hence termed ‘resistant’
(Fig. 1A). We further confirmed the cytotoxicity of plasma in these cell
lines at 24 h by live-cell imaging of cytosolic signals (digital phase
contrast) and a nuclear stain (sytox green) entering only cells with
compromised membranes (Fig. S1). Then, the total GSH levels and
GSH/GSSG ratio in the ‘sensitive’ and ‘resistant’ cell lines were quan-
tified (Fig. 1B–C). There was no significant difference in the basal GSH
or the GSH/GSSH ratio between the ‘sensitive’ and ‘resistant’ cell lines.
Correlation analysis was performed on the percentage of metabolic
activity of cells following 30 s plasma treatment against the total GSH
content (Fig. 1D) or GSH/GSSG ratio (Fig. 1E). No correlation was
observed. Hence, basal GSH levels did not predict the amplitude of
cytotoxicity of cold plasma treatment in tumor cell lines.

3.2. S-glutathionylation and epigenetic inhibitors did not sensitize tumor
cells to cold plasma

S-glutathionylation is the most common post-translational mod-
ification in proteins at conserved cysteine residues leading to gain/loss
of function of proteins. We hypothesized that s-glutathionylation could
protect the tumor cells from oxidant-induced cell death. We assessed
the global s-glutathionylation in tumor cell lysates by immunoblotting

under non-reducing conditions using an anti-GSH antibody. Results
indicated a different s-glutathionylation signature across the tumor cell
lines investigated, with the Panc-1 cell line having extensively s-glu-
tathionylated proteins (Fig. 2A). However, there was no definite cor-
relation between the ‘resistant’ and ‘sensitive’ cell lines indicating that
s-glutathionylation was not a predictor of cold plasma-induced toxicity.
To validate this finding, we pretreated the tumor cells with 25 μM of
ezatiostat (EZA), a known inhibitor of glutathione s-transferase 1
(GSTP1) followed by cold plasma treatment. The combination treat-
ment did not sensitize the ‘resistant’ or ‘sensitive’ tumor cell lines to
cold plasma (EZA vs. EZA + P60s), indicating that GSTP1 mediated s-
glutathionylation did not influence the cytotoxic response to cold
plasma treatment in tumor cells (Figs. 2B and S3). Alternatively, epi-
genetic alterations have been previously implicated in chemoresistance.
Hence, we pretreated the cell lines with the DNA methylation inhibitor
azacytidine (AZA, 5 μM) or the histone deacetylase inhibitor vorinostat
(VOR, 10 μM) followed by cold plasma treatment. Azacytidine showed
a modest additive effect in MeWo cells in combination with cold plasma
(Fig. 2C), whereas other cell lines remained unaltered in their metabolic
activity. However, vorinostat did not have any effect in combination
with cold plasma (Fig. 2D). These experiments were also carried out in
representative ‘sensitive’ cell lines (SK-MEL-28 and MaMel86a), and the
combination of azacytidine with cold plasma (P30s) did not lead to an
additive reduction in metabolic activity in MaMel86a and SK-MEL-
28 cell lines (Fig. S2A). However, vorinostat showed an additive effect
upon the combination with cold plasma in SK-MEL-28 cells (Fig. S2).

3.3. Total and reduced glutathione levels content were maintained in cells
‘resistant'to cold plasma

Total and oxidized glutathione (GSH) was measured at 6 h in tumors
cell lines following exposure to 30 s and 60 s plasma treatment. This
was correlated with metabolic activity, as previously determined. Total
GSH levels were consistently depleted in cold plasma ‘sensitive’ tumor
cell lines; however, the GSH levels were in a steady-state in the ‘re-
sistant’ tumor cell lines. Furthermore, there was a concordant increase
in oxidized GSH in ‘sensitive’ cells but not in ‘resistant’ cells. These
observations suggested that there is differential regulation of GSH in
‘sensitive’ compared to ‘resistant’ tumor cell lines (Fig. 3A). To validate
this, representative ‘resistant’ cell lines (MeWo and Panc-1) and ‘sen-
sitive’ cell lines (PC-3 and SK-MEL-28) were quantified following
plasma treatment by immunoblotting for global s-glutathionylation
using an anti-GSH antibody (Fig. 3B–E) or a fluorescent GSH-tracer dye
(Fig. S3). There was an increase of total GSH and global s-glutathio-
nylation levels in ‘resistant’ cells and a decrease in ‘sensitive’ cells,
which indicated an altered GSH homeostasis following plasma treat-
ment.

3.4. xCT expression correlated to the ‘resistance’ to cold plasma treatment

In order to identify the pathways responsible for ‘resistance’ towards
cold plasma, the levels of proteins involved in the GSH biosynthesis (γ-
GCS, GPX1, GSTP1, xCT) and antioxidant enzymes (SOD1 and catalase)
were investigated by immunoblotting. Inconclusive protein levels of γ-
GCS, GPX1, GSTP1, SOD1, and catalase were observed. Remarkably,
xCT protein expression was high in the ‘resistant’ cell lines, whereas it
was barely detectable in ‘sensitive’ cell lines (Fig. 4A). This expression
pattern was confirmed at the mRNA level by qPCR in both groups
(Fig. 4B). Furthermore, treating the ‘resistant’ cells (Panc-1 and MeWo)
with cold plasma or hydrogen peroxide (H2O2) did induce high and
stable expression of xCT mRNA 6 h later, suggesting that its expression
was dependent on ROS-induced signaling (Fig. 4C). However, this
stable expression was not seen in ‘sensitive’ cell lines SK-MEL 28 and
MaMel86a (Fig. 4D).
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Fig. 1. Plasma treatment yielded a differential cytotoxic response in tumor cell lines in vitro. (A) Metabolic activity at 24 h of eleven different tumor cell lines
treated with increasing doses of cold physical plasma (P30s, P60s, and P120s). For each cell line, the first bar indicates untreated cells to which the metabolic activity
of plasma-treated cells was normalized (100%). Cell lines that showed>50% reduction in metabolic activity at P30s were categorized as ‘sensitive’, and<50%
reduction was categorized as ‘resistant’ cell lines. (B) Basal glutathione (GSH) levels and (C) redox status expressed as GSH:GSSG ratio in cell lines included in the
study. (D) Correlation analysis between total GSH and percent survival at P30s and (E) redox status and percent survival at P30s. The results are derived from three
independent biological replicates and are shown as mean ± SEM.

Fig. 2. S-glutathionylation, DNA methylation, and histone deacetylation inhibitors did not sensitize ‘resistant’ cell lines to cold physical plasma. (A) Global protein
s-glutathionylation (PSSG) in tumor cell lysates. (B) Metabolic activity of ‘resistant’ cell lines upon pretreatment with GSTP1 inhibitor ezatiostat (EZA; 25 μM). (C)
Metabolic activity of ‘resistant’ cell lines upon pretreatment with DNA methylation inhibitor azacytidine (AZA; 5 μM). (D) Metabolic activity of ‘resistant’ cell lines
upon pretreatment HDAC inhibitor vorinostat (VOR; 10 μM). P30s and P60s are 30s and 60s of plasma treatment time, respectively. Data are mean ± SEM from
three independent experiments. Statistical analysis was performed using Student's t-test with Welch's correction (B–D). ∗∗ = p < 0.01; ∗∗∗ = p < 0.001; ns = not
significant.
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3.5. Inhibition of xCT restored the sensitivity of cold plasma in ‘resistant’
cell lines

To test whether xCT ablation sensitized the tumor cells to plasma-
induced cytotoxic effects, we performed knockdown experiments using
esiRNA against xCT mRNA. Knockdown efficiency was determined in
the MeWo cell line after 24 h (Fig. 5A). These cells were then treated
with cold plasma for 60 s and incubated for an additional 24 h. Sytox
green viability staining showed increased cytotoxicity upon xCT
knockdown, which was significantly increased upon treatment with
cold plasma (Fig. 5B). To tested whether pharmacological inhibition of
xCT sensitized the ‘resistant’ tumor cell lines to cold plasma, we pre-
treated Panc-1 and MeWo cells with sulfasalazine (SFL, 500 μM) for
16 h and then exposed the cells to cold plasma. Pretreatment sensitized
the ‘resistant’ cells by significantly decreasing their metabolic activity
upon plasma treatment (Fig. 5C–D). Furthermore, the viability of these
cells was determined by sytox orange staining, and a significant in-
crease of cytotoxicity following xCT inhibition and exposure to plasma
was observed (Fig. 5E–F). Similar results were obtained by inhibiting
the enzyme critical for GSH biosynthesis, γ-GCS, using butathione sul-
foximine (BSO) (Fig. S4). These results indicated that xCT plays a sig-
nificant role in tumor cell survival and conferring ‘resistance’ to cold
plasma treatment.

3.6. xCT expression correlates to cold plasma sensitivity in human
melanoma samples ex vivo

To validate whether xCT is expressed in primary human tumor
tissue, malignant melanoma tissue samples were analyzed.
Immunohistochemical analysis for the melanoma antigen S100 and xCT
were performed. Quantification of xCT in S100-positive tumor cells
showed a high degree of inter-patient heterogeneity. Two out of the five
samples had an xCT staining score of< 10%, whereas the remaining

three had a score of> 10% (Fig. 6A–B). The punch biopsies of the
corresponding patient samples were then treated with cold physical
plasma and analyzed for caspase 3 activity. Plasma treatment increased
cleaved caspase 3 levels in samples that had lower xCT expression in
comparison with samples with higher xCT expression (Fig. 6 C-D).

4. Discussion

Cold physical plasma is an emerging therapeutic tool against cancer.
This involves direct application of cold plasma-derived short-lived and
long-lived RONS [25,26] or indirect application using cold plasma-ac-
tivated liquids [27–29] that specifically target tumor cells with altered
redox balance. Several studies have demonstrated that cold plasma-
derived RONS kill tumor cell lines but spare healthy cells in vitro
[30–32]. However, we observed discrepancies in the sensitivity of
certain tumor cell lines to cold plasma. Our previous unpublished ob-
servations revealed that melanoma cell line MeWo was ‘resistant’ to
cold physical plasma when compared with SK-MEL-28. In the current
study, we identified four tumor cell lines ‘resistant’ to cold plasma and
investigated the pathways that may contribute to such ‘resistant’ phe-
notype.

Epigenetic changes in tumors are associated with tumor progression
by altering the expression of genes involved in DNA repair, drug up-
take, cell cycle checkpoints, and apoptosis [33]. Regions of high CpG
dinucleotide density (CpG islands) located in the promoters of tumor
suppressor and housekeeping genes are usually free of methylation. In
cancer cells, the CpG islands become hypermethylated, contributing to
the silencing of tumor suppressor genes [34]. The acetylation of his-
tones makes DNA more accessible to transcription factors leading to
enhanced gene expression. However, tumor cells have enhanced his-
tone deacetylase activity that leads to condensation of chromatin re-
sulting in the inhibition of expression of several genes [35]. Here,
aberrant epigenetic mechanisms mediated by DNA methylation (CpG

Fig. 3. Altered GSH homeostasis in ‘resistant’ tumor cell lines. (A) Graphical representation of metabolic activity, total GSH, and oxidized GSH at 6 h in ‘sensitive’
and ‘resistant’ cell lines post plasma treatment. (B–E) Immunoblotting and quantification of global s-glutathionylation under non-reducing conditions in ‘sensitive’
(PC-3, SK-MEL-28) and ‘resistant’ (MeWo and Panc-1) cell lines following cold physical plasma treatment. P30s and P60s are 30s and 60s of plasma treatment time,
respectively. Data are mean ± SEM from three independent experiments. Statistical analysis was performed using Student's t-test with Welch's correction (D and E).
∗∗ = p < 0.01; ∗∗∗ = p < 0.001.
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islands) and histone acetylation play a crucial role in drug resistance
[36]. Previous studies have demonstrated that the DNA hypomethy-
lating agents azacytidine and the histone deacetylase inhibitor vorino-
stat were more effective in reactivating transcription of epigenetically
silenced genes leading to sensitization to chemotherapy and radio-
therapy [37,38]. On similar lines, our results indicate that both these
two epigenetic reversing drugs did not sensitize the ‘resistant’ tumor
cell lines to cold plasma, suggesting other pathways enabling the ‘re-
sistant’ phenotype. However, as an exception, we observed additive
cytotoxicity in the MeWo cell line using azacytidine, implying that DNA
methylation could play a role in ‘resistance’ towards plasma treatment
in these cells. On the other hand, treating the ‘sensitive’ cells with these
DNA modifying drugs did not induce additive toxicity in combination
with cold plasma with the exception of SK-MEL-28 cells upon treatment
with vorinostat.

Glutathione (GSH) is a tripeptide in its reduced form and the most
abundant non-protein thiol in mammalian cells. It acts as a reducing
agent and is a significant antioxidant governing the redox status of the
cell. Upon oxidative stress, GSH is oxidized to GSSG by RONS, leading
to a reduction of intracellular GSH levels [39]. This depletion of GSH is
shown to potentiate drug-mediated cell death in tumor cells [40,41].
Since cold plasma is a pro-oxidant therapy, GSH seemed to be an ideal

marker predicting treatment outcome. However, our findings did not
establish any correlation between basal GSH levels and increased sen-
sitivity to cold plasma-induced toxicity. The observed heterogeneous
levels of GSH could be attributed to the complex regulation of GSH
biosynthesis across the cell lines.

Protein s-glutathionylation (P-SSG) is a reversible oxidative post-
translational modification at conserved cysteine residues in proteins. S-
glutathionylation often leads to a conformational change in protein
structure with subsequent gain or loss of function, resulting in alter-
native signaling patterns. The unique feature of s-glutathionylation is
its involvement in both cell survival and cell death mechanisms
[42–44]. S-glutathionylation of the 20S proteasome subunit raises the
degradation of oxidized proteins, thereby increasing cell survival
during stress conditions [45]. Furthermore, consensus exists that pro-
tein s-glutathionylation preserves proteins in functionally silent states
from irreversible over-oxidation [46,47]. Our observations indicate that
there was no significant difference in global s-glutathionylation among
‘sensitive’ and ‘resistant’ cell lines at basal conditions. However, upon
plasma treatment, we could see a decrease in GSH and s-glutathiony-
lation levels in ‘sensitive’ cell lines, and steady GSH levels and an in-
crease in s-glutathionylation in ‘resistant’ cell lines. There was sig-
nificant s-glutathionylation in ‘resistant’ cell lines and the GSTP1

Fig. 4. xCT was preferentially expressed in ‘resistant’ tumor cells. (A) Immunoblotting analysis of enzymes involved in GSH homeostasis (γ-GCS, GPX1, GSTP1,
xCT) and antioxidant enzymes (SOD1, catalase) with β-actin as the loading control. (B) Confirmation of increased basal expression of xCT in ‘resistant’ cell lines by
qPCR analysis. (C–D) Fold change in xCT mRNA expression following treating the ‘resistant’ (C) and ‘sensitive’ cells (D) with cold plasma or hydrogen peroxide
(H2O2). P30s, P60s, and P120 are 30s, 60s, and 120s of plasma treatment time, respectively. Data are mean ± SEM from three independent experiments. Statistical
analysis was performed using Student's t-test with Welch's correction (B) and one-way anova with Dunnett's post-test for multiple comparisons (C–D). ∗ = p < 0.05;
∗∗ = p < 0.01; ∗∗∗ = p < 0.001; ns = not significant.
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inhibitor ezatiostat did not sensitize the ‘resistant’ cell lines to cold
plasma, suggesting an altered GSH metabolism in response to plasma-
derived RONS in ‘resistant’ cell lines.

GSH biosynthesis involves xCT coded by the SLC7A11 gene, a
plasma membrane-bound sodium-independent antiporter that imports
cystine and exports glutamate in a 1:1 ratio [48]. Intracellular cystine is
reduced to cysteine and serves as a limiting precursor of GSH synthesis
by γ-glutamylcysteine synthetase (γ-GCS) [39]. The expression of xCT is
deregulated in multiple cancers. Its overexpression has been associated

with poor prognosis [49–51]. Another study had described the induc-
tion of xCT expression upon oxidative stress [52]. In our study, xCT
appeared to be differentially expressed between the ‘sensitive’ and
‘resistant’ tumor cell lines. Furthermore, we demonstrated that cold
plasma or H2O2 treatment induces the expression of xCT in ‘resistant’
cell lines but not in ‘sensitive’ cell lines. This implies that ‘resistant’ cell
lines have constitutive access of cystine for GSH biosynthesis at basal
and oxidative stress conditions. The expression of SLC7A11 is regulated
by NRF2 and ATF4 transcription factors upon multiple cellular stress

Fig. 5. Inhibition of xCT sensitized ‘resistant’ tumor cells to cold plasma. (A) Immunofluorescence and quantification of xCT expression (red) and nuclei (blue) in
MeWo cells following esiRNA mediated knockdown of xCT after 24 h. (B) Cytotoxicity in MeWo cells following xCT knockdown and 60 s of cold plasma treatment
(P60s). (C–D) Metabolic activity of ‘resistant’ cell lines (Panc-1 and MeWo) pretreated with sulfasalazine (SFL, 500 μM; 24 h) followed by exposure to 60 s of plasma
treatment. (E–F) ‘resistant’ cell lines (Panc-1 and MeWo) were treated with 500 μM of SFL for 24 h, followed by exposure to cold physical plasma and further
incubation for 24 h before staining with sytox orange to determine the percent of dead cells. Results are shown as mean + SEM. Statistical analysis was performed by
student's t-test with Welch's correction. ∗∗ = p < 0.01; ∗∗∗ = p < 0.001. Scale bar: 50 μm. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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conditions [53–55]. It could be speculated that the ‘sensitive’ cell lines
might have impaired NRF2/ATF4 signaling, which may be responsible
for increased cytotoxicity observed following cold plasma treatment.

Previous studies demonstrated that xCT inhibition reduced tumor
cell invasion and survival in vitro [50,56]. In our study, the esiRNA-
mediated knockdown of xCT also increased the basal levels of cell death
in MeWo cells and demonstrated additive toxicity upon plasma treat-
ment. Furthermore, pharmacological inhibition of xCT by sulfasalazine
confirmed this claim that xCT expression determines the sensitivity of
the tumor cells to cold plasma. Recent studies have also shown that
inhibition of xCT improves the radiosensitivity of tumor cells via glu-
tathione reduction [57,58]. In several reports, depleted GSH in tumor
cells by inhibiting γ-GCS was performed, ultimately leading to tumor
cell sensitization to chemotherapies [59,60]. In our work, we inhibited
γ-GCS (downstream of xCT) by BSO, which sensitized ‘resistant’ cell
lines to cold plasma treatment via depletion of GSH. This indicated that
GSH homeostasis is critical for cell survival following cold plasma
treatment. However, sensitization potency was 2-fold higher upon in-
hibition of xCT in comparison with γ-GCS, and the mRNA expression of
xCT had more predictive power for chemoresistance than that of γ-GCS
and GSTP1 [61]. Taken together, our findings implicate xCT expression
predicting the sensitivity of tumor cells to cold plasma.

The development of resistance to treatment in cancer patients re-
mains a major clinical issue. Melanoma is one of the tumors with high
mutational frequency [62] and develops resistance to many therapies
[63], hence serving as an ideal model for testing novel therapies. Era-
stin and sulfasalazine have been shown to inhibit xCT activity in vitro
and in vivo in multiple tumor models [49,51,57]. Furthermore, xCT
knockout mice were viable and fertile without any loss in T-cell func-
tion or antitumor immune response [64]. Our previous findings suggest
that the combination of cold plasma and anti-cancer agents can evoke a
strong synergistic anti-tumor response [21,30]. Potentially, xCT in-
hibitors may sensitize malignant melanoma to cold plasma treatment in

a combination approach.
Similar to head and neck cancer therapy [65–67], the antitumor

efficacy of cold physical plasma in patients with melanoma could be
carried out in a clinical setting in the future. Our immunohistochemical
analysis of melanoma biopsies revealed a heterogeneous expression of
xCT in tumor tissue. However, increased active caspase-3 in punch
biopsies of melanoma patients following ex vivo plasma treatment
confirms our hypothesis that xCT expression correlates to the tumor
cells’ sensitivity towards cold plasma treatment. Since xCT determines
the sensitivity of tumor cells to cold plasma treatment in vitro and ex
vivo, its expression in melanoma patients could serve as a predictive
marker for the efficacy cold plasma therapy, provided such concept
would be validated further.
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Fig. 6. xCT was differentially expressed in human melanoma patients (A) Representative images of immunostaining staining of malignant metastatic melanoma
samples from five patients using antibodies against melanoma tumor antigen S100 (Red) and xCT (yellow). DAPI (blue) served as the nuclear counterstain. (B)
Quantification of xCT expression from (A) expressed as % xCT/S100 double-positive cells. Statistical analysis was performed by one way anova, ***p < 0.001. (C)
Immunostaining of cleaved caspase 3 (red) following ex vivo treatment of human melanoma punch biopsies with cold physical plasma for 60s (P60s). DAPI (blue)
served as the nuclear counterstain. (D) Quantification of cleaved caspase 3 intensity from (C) expressed as mean fluorescent intensity from 1000 DAPI positive cells.
Statistical analysis was performed by student's t-test with Welch's correction, *p < 0.05. Scale bar: 250 μm. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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