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Abstract
Background  Recently, atmospheric non-thermal plasma jet-treated medium (PTM) has been recognized as a novel 
strategy in cancer therapy and lymphocyte activation. However, PTM has limitations in inducing a robust antitumor-
immune response. This study demonstrated that PTM treatment inhibited tumor progression by activating dendritic 
cells (DCs).

Method  In this study, we investigated the effects of PTM on selective cytotoxicity and intracellular reactive oxygen 
species (ROS) generation and oxidative stress-mediated signaling (e.g., glutathione peroxidase, catalase) using 
respective fluorescence probes in Lewis lung cancer (LLC) cells. Then, the PTM affects the expression of interferon-
gamma (IFN)-γ-induced programmed death-ligand 1 (PD-L1) and inhibition of signal transducer and activator of 
transcription 1 (STAT1) in LLC cells using immunoblotting. Additionally, PTM effects on the tumor cell’s death and 
activation of DCs were done by co-culturing DCs with or without tumor cells. Further, a mouse model was used to 
evaluate the synergistic antitumor effects of PTM and DCs where tumors are grown under the skin.

Results  PTM-exposed tumor cells increase intracellular superoxide production, enhancing ROS generation and 
leading to cancer immunogenic cell death. In addition, PTM suppresses IFN-γ-induced PD-L1 expression and STAT1 
activation in tumor cells. The activation of DCs induced by PTM is downregulated when these cells are co-cultured 
with tumor cells. In vivo, intraperitoneal injection of PTM-activated DCs, as a synergistic agent to intertumoral PTM 
treatment, led to increased CD4+ and CD8+ T cell infiltration into the tumor and spleen and eventually decreased 
tumor growth.

Conclusion  Overall, this research introduces a promising avenue for improving lung cancer treatment using PTM to 
stimulate an immune response and induce cell death in tumor cells. Further studies will be essential to validate these 
findings and explore clinical applications.
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Background
Despite advancements in immunotherapy, non-small cell 
lung cancer (NSCLC) remains challenging to treat due 
to its heterogeneity and suppressive effects of the tumor 
microenvironments on T-cell activation [1–3]. However, 
dendritic cells (DCs) are central to the immune response, 
acting as antigen-presenting cells and contributing to 
tumor progression [4–6]. Their dual role complicates 
their use in immunotherapy [7]. The maturation of DCs 
is crucial for effective T-cell activation, which is essential 

for successful immunotherapy. Insufficient T-cell activa-
tion in lung cancer immunotherapy was addressed using 
hydrogen peroxide (H2O2)-treated dendritic cells, which 
showed heightened efficacy in increasing T-cell prolifera-
tion [8], where DCs play a crucial role. This highlights the 
need for novel strategies to overcome these challenges.

On the other hand, plasma-treated medium (PTM) 
containing a mix of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS), such as hydro-
gen peroxide (H2O2), nitrite (NO2

−), nitrate (NO3
−), 
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and peroxynitrite (ONOO−) represents an innovative 
approach [8–11]. PTM aims to induce oxidative and 
nitrosative stress in cancer cells [8, 12], potentially lead-
ing to their death while stimulating the immune system 
[13, 14]. It was shown that PTM-induced immunogenic 
cell death (ICD) stimulates the adaptive immune system 
[10, 15], but further research is crucial to understand 
the reactive species in NSCLC fully and to develop more 
effective immunotherapies.

In the present study, we chose the Lewis lung cancer 
(LLC) cell line because of its high aggressiveness [16] and 
the complexity of lung tissue. Exposure to PTM increases 
intracellular superoxide levels and ROS generation, con-
tributing to immunogenic cell death (ICD) in LLC cells. 
We also investigated the selective toxicity between nor-
mal lung MRC-5 cells and LLC cells. PTM demonstrates 
selective toxicity towards cancer cells over normal lung 
cells, crucial for minimizing collateral damage [12, 17]. 
Further, stress-related genes such as glutathione per-
oxidase (Gpx1) and catalase (CAT) expression were 
studied, which helped understand PTM effects’ mecha-
nisms. Moreover, PTM-induced immunogenic cell death 
(ICD), including markers like calreticulin (CRT) and 
high mobility group box 1 (HMGB1), was analyzed using 
Immunofluorescence, which is beneficial for triggering 
an adaptive immune response [18–20].

Additionally, PTM’s impact on PD-L1 and STAT1 
was analyzed, which suggests potentially modulating 
immune checkpoints to enhance the immune response 
against tumors [21]. Furthermore, Flow cytometry results 
showed that PTM affects DC surface markers (CD80, 
MHCII, CD40), indicating enhanced DC activation and 
potential for improved antigen presentation [22]. We also 
explored a novel approach to improving antitumor activ-
ity in the subcutaneous mice model by combining PTM-
stimulated DCs into the intraperitoneal and intratumor. 
PTM treatment shows promise in enhancing antitumor 
activity. The present study demonstrates that a plasma-
treated medium (PTM) enhances the production of 
reactive oxygen species (ROS), leading to oxidative stress-
mediated immunogenic cell death, which could be an 
alternative therapeutic strategy for treating NSCLC. The 
findings suggest that PTM could be a viable alternative 
or adjunct to existing therapies for NSCLC. By enhancing 
ROS production and inducing ICD, PTM may overcome 
some of the limitations of traditional immunotherapies 
and provide a novel strategy for treating NSCLC.

Methods
Plasma-treated medium
The experimental setup of the atmospheric pressure 
plasma jet (APPJ) was used [23]. This device consisted 
of a nitrogen (N2) gas cylinder, a gas flow regulator, a 
power controller, and a manmade plasma source head, 

and it was similar to a previously described system [24]. 
Nitrogen (99.99%) flow rate was set to 1.5  L/min. PTM 
was prepared by exposing 0.5 mL of Dulbecco’s modified 
Eagle medium (DMEM) (Sigma, D5796) without sodium 
pyruvate (PYR) in a 24-well culture plate (SPL, 37024) 
to plasma for 5 min. The distance between the APPJ and 
the medium surface was 5 mm. PTM was diluted in a cell 
culture medium and used immediately or in advanced 
preparation at − 80 ℃ or 4 ℃.

H2O2 and NO2 analyses
To measure H2O2 generation in PTM, we used the colori-
metric method using a working solution comprising 100 
µL of 10U/mL horseradish peroxidase (A22188, Invitro-
gen, Carlsbad, CA, USA) stock solution and 50 µL of 10 
mM concentration Amplex™ Red. Additionally, NO2 was 
analyzed using the Griess reagent assay, which comprises 
1% naphthyl ethylene dihydrochloride and 0.1% sulfanil-
amide (Sigma Aldrich), as a standard, which was diluted 
in a deionized water using a nitrite (100 mM).

Antibodies and reagents
Rabbit anti-phospho-signal transducer and activator of 
transcription 1 (p-STAT1) (1:1000), STAT1 (1:1000), and 
β-Actin antibodies (1:1000) were purchased from Cell 
Signaling Technology. Mouse Recombinant interferon-γ 
(IFN-γ, 094-04701) was purchased from Wako. PD-L1 
was purchased from Anticam (1:1000, ab213480) and BD 
Sciences (568085). Supplementary Table S1 list the other 
antibodies, reagents, and chemicals.

Mice
C57BL/5 mice (The Jackson Laboratory, Bar Harbor, 
ME, USA) aged 5 to 6 weeks were purchased. All animal 
experiments were conducted per the protocol approved 
by Chungnam National University (approval number: 
202003  A-CNU-064) and adhered to the Korean Food 
and Drug Administration guidelines. Each experimental 
group consisted of at least five mice, and each experiment 
was repeated thrice at the minimum.

Cell lines
MRC5 fibroblasts were obtained from the Nagendra Lab 
at KW (Seoul, Korea). The cells were grown in DMEM 
containing 10% (v/v) FBS and 1% penicillin/streptomy-
cin (PS, Welgene), respectively. Murine Lewis lung can-
cer (LLC) (CRL-1642™) and 4T1 (CRL-3406™) cells were 
purchased from the American Type Culture Collection 
(ATCC) and cultured in Roswell Park Memorial Institute 
(RPMI) media (LM001-05, Welgene) containing 10% fetal 
bovine serum (FBS; Biowest) and 1% PS.

Bone marrow-derived DCs were obtained from 
C57BL/6 mice using an established method [25]. Iso-
lated cells cultured with RPMI medium (Thermo, USA) 
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supplemented with 10 U/mL penicillin, 10 µg/mL strep-
tomycin, 2 mM L-glutamine (Gibco, USA), 20 ng/mL 
murine granulocyte macrophage-colony stimulating fac-
tor (GM-CSF), 10 ng/mL IL-4, and 10% FBS at 37 °C and 
5% CO2 to differentiate DCs. The cells were incubated for 
6–7 days, and non-adherent cells were collected.

Cell viability assay
Cell viability was measured using a CCK-8 (Cell Count-
ing Kit-8, Dojindo, Kumamoto, Japan) and CellTiter-
Glo®Assay (CTG, luminescent cell viability assay, G7572, 
Promega) according to the manufacturer’s instructions, 
which detect viable cells by quantifying ATP.

LLC or 4T1 cells (1.5 × 104/well of 96-well plates) or 
DCs (2 × 104/well of 96-well plates) were cultured over-
night and treated with PTM at the indicated dilute con-
centrations for 24 h.

PYR (Invitrogen) was used at 1 mM/mL. N-ace-
tyl-l-cysteine (NAC; Sigma) was added at a 10 mM 
concentration; cPTIO (2-(4-carboxyphenyl)-4,4,5,5-tet-
ramethylimidazoline-1-oxyl-3-oxide, Cayman) was used 
at 0.1 mM concentration. CTG reagent (50 µL) and 50 
µL of cell medium were incubated and shaken for 10 min 
under light with an integration time of 3  s. It was sub-
sequently quantified using a microplate reader (Synergy 
HT, Biotek).

Annexin/propidium iodide (PI) assay
Lewis lung cancer cells (LLCs) (2 × 104/12-well plate) and 
DCs (5 × 105/24-well plate), stained using Annexin and 
PI, were analyzed using flow cytometry (Fortessa™, BD 
Biosciences). DCs were isolated using the APC surface 
marker, CD11c+, and a flow cytometer (Fortessa, BD Bio-
sciences). Cells were acquired for 10,000 events and gated 
using FlowJo v10 (Tree Star, Inc.).

ROS production in the mitochondria
The cells were plated on 15-mm coverslips at a density 
of 6 × 104 cells per 24-well plate and left overnight. For 
mitochondrial ROS (mROS) production, the cells were 
exposed to 25% PTM for 5  h and subsequently stained 
with 3 µM MitoSox™ red and 250 nM MitoTracker™ green 
(catalog no. CMXRos M7512; Invitrogen) for 30  min at 
CO2, 37 °C. Images were obtained using a ZEISS LSM900 
confocal microscope (ZEISS Microscopy).

Immunofluorescence
First, 15-mm coverslips were fixed with 3% paraformal-
dehyde overnight and washed thrice with Dulbecco’s 
phosphate-buffered saline (DPBS). The coverslips were 
incubated with 0.1% Triton X-100 for 10  min for cell 
membrane permeabilization. The samples were incu-
bated with 1% bovine serum albumin (BSA) solution in 
PBS containing 0.1% Tween-20 (PBST) for 1 h to prevent 

nonspecific antigen binding. After washing thrice, the 
coverslips were incubated with anti-calreticulin (CRT, 
1:1000), anti-high mobility group box 1 (HMGB1, 1:1000) 
or PD-L1 (1:1000) in 1% BSA/PBST overnight at 4  °C. 
After washing thrice, the coverslips were incubated with 
a secondary antibody (1:250) for 1  h. The nuclei were 
stained with Hoechst 33,342 for 5  min. Subsequently, 
the coverslips were mounted with a mounting medium 
(Dako, Glostrup, Denmark) at 4  °C overnight. Confocal 
images were analyzed using a ZEISS LSM 900 micro-
scope (Carl Zeiss Microscopy). Images were analyzed 
using a Zen Blue lite 2. We examined at least 20 cells 
under each condition and determined the means showing 
statistical significance (p < 0.05) using GraphPad Prism 8.

PD-L1 expression in vitro in the LLC cells
LLCs were pretreated with PBS (control), 12.5, or 25% 
PTM for 4 h, then cultured with 10 ng/mL of IFN-γ for 
24 h. Next, cells were incubated with INF-γ (10 ng/mL) 
alone as the positive control.

DCs cultured alone and co-cultured with tumor cells in a 
transwell system
First, DCs were seeded at a density of 1 × 106 cells/well 
before PTM treatment. To test DC activation, the upper 
and lower layers were cultured separately with 1 × 106 (on 
day 6 of differentiation) per well of DCs and 2 × 105 per 
well of LLC cells. A Transwell system (37012, SPL) was 
used. The LLC cells that adhered to the surface were 
treated with PTM at the indicated concentrations and co-
cultured with the DCs. LPS (100 ng/mL) was used as a 
positive control. After 24 h, the DCs were harvested and 
stained with CD11c+-APC, MHC II-FITC, CD40-PE, 
CD80-BV650, and CD86-BV510. Before analysis, each 
marker was compensated using compensation beads 
(UltraComp ebeads™, Invitrogen, Life Technologies Cor-
poration Eugen. OR USA). Then, surface markers were 
analyzed using flow cytometry and acquired for 10,000 
events. Data were analyzed using Flow-Jo v.10.

Cytokine measurements
Tumor necrosis alpha (TNF-α), IL (interleukin)-1β, and 
IL-10 from the supernatants were measured using an 
enzyme-linked immunosorbent assay (ELISA), following 
the manufacturer’s instructions (Invitrogen). Cytokine 
secretion was measured in triplicates via four indepen-
dent experiments.

Immunoblotting
The cells were lysed with the Tris lysis buffer contain-
ing 10 mM of Tris-HCl, at pH 7.5, 50 mM of NaF, 1% 
w/v of NP-40, 100 mM of NaCl, 1% sodium deoxycho-
late, 0.1% w/v SDS, phosphate inhibitors, and protease 
inhibitors. Cell lysates (25  mg of protein extracts) were 
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separated via 10% SDS-polyacrylamide gel electrophore-
sis and transferred onto nitrocellulose membranes. The 
blots were incubated with primary antibodies, phospho-
STAT1 (1:1000), STAT1(1:1000), PD-L1(1:1000), or CRT 
(1:1000), overnight at 4  °C, and subsequently washed 
thrice with TBST (0.1% Tween® 20, tris-buffered saline). 
The blots were then incubated with secondary goat anti-
rabbit IgG H&L (1:10000) for 2  h at room temperature. 
Imaging and quantification of band intensities were per-
formed using the BioRad imaging system. Images repre-
sent at least three independent experiments.

Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated using TRIzol reagent (Invitro-
gen). RNA concentration and purity, defined as the ratio 
of absorbance at 260 and 280 nm (A260/A280 nm), were 
measured using a NanoDrop ND-1000 (Qiagen GmbH, 
Hilden, Germany). Next, cDNA was synthesized from 
total RNA using AccuPower Cycle Script RT Premix 
(dT20, Bioneer, Daejeon, Korea). Real-time two-step PCR 
was used to amplify the sequences of interest using a 2× 
Rotor-Gene SYBR Green PCR kit (204076, Qiagen) and 
the Rotor-Gene 3000 system (Qiagen). Fold induction 
was determined by comparing it to the control of 18  S 
rRNA. The primer sequences are shown (Supplementary 
Table S2).

Mice treatment using PTM and activating DCs with PTM
Wild-type LLCs (5 × 105) were subcutaneously injected 
with 0.1 mL PBS into the right flank of six-week female 
C57BL6 mice. Three or four days after LLC cell injection, 
mice developed palpable tumors, upon which 50% PTM 
was administered via subcutaneous injection around the 
tumor at a volume of 200 µL per mouse in Hanks’ bal-
anced salt solution (HBSS) without phenol red on days 
4, 7, 10, 13, and 16. PTM was filtered through a 0.22 μm 
Durapore® PVDF Membrane Filter. Simultaneously, DC 
(3 × 105/200 µL) was also intraperitoneally injected into 
the flank (i) without stimulation (unstim.DCs) or (ii) 
with 6.3% PTM stimulation (stim.DCs) for 24 h. Tumor 
sizes are calculated as Length × Width2/2. The tissues 
for fluorescence-activated cell sorting (FACS) were iso-
lated and analyzed 9 d after cell injection. Tumor tis-
sues were cut into 2–4  mm fragments before digestion 
via a Miltenyi Tumor Dissociation Kit (Miltenyl Biotec, 
130-096-730) with an optimized protocol. Spleen tissues 
were sliced into small pieces and physiologically homog-
enized. After digestion, the tissues were passed through 
a Falcon 70-µm cell strainer to produce single-cell sus-
pensions. RBCs were lysed in RBC lysis buffer. Single 
cells were stained using a Live-Dead Fixable Violet Dead 
Cell Kit (Invitrogen) at room temperature for 20  min, 
washed with PBS, and stained with lymphocyte antibod-
ies for 30 min in the dark. Data acquisition encompassed 

100,000 events using a Fortessa™ flow cytometer, while 
subsequent data analysis and gating were performed 
using Flow-Jo v.10.

Isolation of DCs from tumor tissues
First, we prepared single-cell suspension tumor isolation 
from the mouse using a tumor cell isolation kit (Miltenyl 
Biotec, 130-096-730). Tissues were minced and digested 
enzyme mix by adding 2.35 ml of RPMI 1640, 100 µL of 
Enzyme D, 50 µL of Enzyme R, and 12.5 µL of Enzyme A 
into a gentleMACS C tube. The cells or tumor-infiltrating 
DC cells were then purified immunomagnetically by two 
to three rounds of positive selection with CD11c (N418) 
MicroBeads (Miltenyi Biotec, 130-125-835) according 
to the manufacturer’s instructions. FACS analyzed the 
purity of DCs, which was 88% in wild-type spleen.

Tumor cell isolation
Before isolating the tumor, we prepared the wash buf-
fer and the tumor dissociation kit. Single cells from the 
tumor tissues were resuspended in 5 mL of TryPLE 
(Gibco, 12604013) express enzyme and 2 µL of DNase 
I (Roche, final concentration 4 U/mL). The cells were 
then incubated in a shaker at 37  °C for 10  min. After 
two washes, the cells spun down at 450 x g for 5 min at 
20–30  °C. The cell suspension was filtered through a 70 
µM cell strainer and a 40 µM cell strainer. The cell pel-
let was immediately resuspended in RBC lysis buffer, fol-
lowed by the addition of a cell culture medium.

Statistical analyses
Graph Pad Prism 8 was used to perform statistical analy-
ses. The data are expressed as the mean ± standard error 
of the mean (SEM). The means of two independent 
groups were compared using an unpaired Student’s t-test. 
In contrast, those of multiple groups were compared 
using either a one-way or a two-way analysis of variance 
(ANOVA) test. Survival curves were plotted using the 
log-rank (Mantel–Cox) test.

Results
Generation of reactive H2O2 and NO2 molecules in 
medium
The optical emission spectrum (OES) acquired various 
plasma species NO, OH, and reactive-N2 excited by a 
non-thermal plasma jet (NTPJ) (Fig. 1b). The N2* meta-
static state predominantly interacts with water, leading 
to hydroxyl radicals being generated via the dissociation 
of water molecules [24, 26]. OH and H molecules, pro-
duced after N2* disappears, initiate subsequent reac-
tions at the water surface. In the plasma jet, N atoms 
tend to disappear via the N + O2→NO + O reaction, as 
dictated by their reaction coefficient [27]. The DMEM 
was treated with NTPJ without PYR for 5 min, and H2O2 
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and NO2 remained stable according to storage condi-
tions (Fig.  1c-d). The H2O2 concentration (350 ± 45 µM) 
in PTM remained unchanged for 10 d at 4 °C, 15 °C, and 
− 80℃ under all conditions (Fig. 1c). Nitrite (NO2) con-
centrations at 15 °C and 4 ℃ were substantially increased 
by day 10 and remained steady after that; however they 
did not change considerably under storage conditions of 
− 20℃ or − 80℃ (Fig.  1d). These results suggested that 
PTM could be stored for 10 d at 15 °C until needed for 
the subsequent bioactivity assay after generation.

PTM induces selective toxicity in tumor cells only
PTM-treated cells exhibit cytotoxic responses [11, 28]. 
To confirm the cytotoxic effect exerted by PTM on lung 
cells, we conducted a series of assays to examine the 
effects exerted by PTM on the viability of MRC5 normal 
lung cells, tumors cells (LLC and 4T1 cells), and primary 
cells (DCs). The effect of each treatment after 24 h treat-
ment is shown relative to that of the control. Although 

50% PTM exerted minor cytotoxic effects on MRC5 lung 
normal cells, neither of the other PTM dilutions exhib-
ited any toxicity (Fig.  2a). PTM treatment induced cell 
death in tumor cells (LLC and 4T1 cells) as well as in pri-
mary cells (DCs) in a dose-dependent manner. Although 
12.5% PTM treatment did not induce cell death in any of 
the cells tested, 25% PTM induced cell death in tumor 
cells; there is toxicity observed in DCs compared with 
that in the untreated control (*p < 0.05) (Fig.  2b-d). By 
contrast, higher PTM concentrations (50%) induced sub-
stantial cell death in LLC cells (80.21 ± 10.52%) and 4T1 
cells (65.56 ± 8.20%) as well as in DCs (45.23 ± 5.21%), 
although cell death in DCs was at a significantly lower 
level than that induced in LLC cells.

We utilized ATP luminescence-based viability tests to 
determine whether PTM induces cell death in LLC cells 
and DCs pretreated with antioxidants, such as PYR, 
NAC, and cPTIO. We confirmed that PTM-induced 
cell death was higher in LLC cells than in DCs and that 

Fig. 1  PTM-stimulated DCs combined with PTM enhance antigen-specific T cells in cancer immune responses. (a) A scheme to increase the number of 
tumor-infiltrating lymphocytes involves the activation of extracellular DCs while concurrently introducing plasma-treated medium (PTM) treatment to 
inhibit tumor progression and activate immune T cells. (b) Optical emission spectrum (OES) of a non-thermal plasma jet with nitrogen at 200–500 nm. 
(c-d) H2O2 and NO2 concentrations corresponding to PTM stored at 15 ℃, 4 ℃, − 20 ℃, and − 80 ℃ for 10 or 20 d, determined using Amplex™ Red 
Reagent and Griess reagent assay, respectively. Results presented as the mean ± SEM of three replicates. These experiments were analyzed using a two-
tailed unpaired Student’s t-test. *p < 0.01 (15 ℃), 20 d vs. PTM immediately following the preparation (0 d); **p < 0.01 (4 ℃ or 20 ℃), 10 or 20 d vs. 0 d. 
**p < 0.01 (− 80 ℃), 20 d vs. 0 d
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Fig. 2  Plasma-treated medium (PTM) induces a cytotoxic effect and alterations in LLC cells. (a) Lung normal MRC5 cells, (b-c) tumor cells (LLC or 4T1 
cells), and (d) primary cells (DC) were incubated with various concentrations of PTM (6.25, 12.5, 25, and 50%) for 24 h. Cell viability was determined 
using CCK-8 assays. This experiment was repeated thrice. Statistical significance was analyzed via one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001 compared to the control. n.s., not significant. (e) On day 1, intracellular ATP in LLC or DCs were assayed using luciferase-based viability fol-
lowing treatment with 25% PTM alone or pre-incubation with 2 mM PYR, 10 mM NAC, and 0.1 mM cPTIO for 1 h before PTM treatment. The mean ± SEM 
represents data; *p < 0.05 and ***p < 0.001; two-way analysis of variance (ANOVA). (f) LLCs were incubated alone (25% or 50% PTM) or co-cultured with 
splenocytes (1 × 105/well of 96-well plates) in the presence of PTM. Cell viability was assessed using CCK-8 assays. (g-h) LLC and DC cell death incubated 
in various PTM was evaluated via Annexin/PI staining and flow cytometry, respectively. The positive sample inactivates heated at 100℃ for 10 min. Results 
are represented by the means ± SD from three independent experiments. Significant differences were determined via a two-way ANOVA; **p < 0.01 and 
***p < 0.001 compared to the control
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this was abolished by pre-incubation with PYR or NAC; 
however, not with cPTIO (Fig. 2e). Next, we utilized sple-
nocytes and evaluated LLC cell viability following co-
culturing. As shown in Fig. 2f, splenocytes enhanced LLC 
cell death under 25% PTM treatment. Flow cytometry 
analysis indicated that 25% PTM slightly decreased the 
viability of LLC cells and DCs compared with that of the 
control (Fig.  2g-h). In comparison, 50% PTM substan-
tially reduced the viability of both cell types.

PTM treatment enhances ROS generation and oxidative 
stress-mediated signaling in tumor and normal cells
ROS, such as superoxide anion, hydrogen peroxide, 
and hydroxyl radical, can cause injury to cells. The total 
superoxide generation of LLC cells was determined using 
an immunofluorescent probe. LLC cells exposed to 25% 
PTM for 6 h exhibited higher MitoSOX red fluorescence 
(mROS, mitochondrial superoxide probe) than the con-
trol (Fig. 3a). The PTM-induced red fluorescence inten-
sity was significantly reduced by pretreatment with the 
ROS scavenger, NAC; however, not with the NO scaven-
ger, cPTIO.

A qRT-PCR analysis was conducted to assess the genes’ 
expression in oxidative stress in tumor cells and normal 
lung MRC5 cells. Total RNA from PTM-exposed cells 
was extracted after 5  h of incubation because intracel-
lular ROS was much higher than immediately. Figure 3b 
shows the transcriptional response to PTM, indicating 
the involvement of genes related to detoxifying hydro-
gen peroxides, such as Gpx1 and CAT enzymes. These 
enzymes protect against hydrogen peroxide [29, 30]. The 
increase in ataxia-telangiectasia mutated serine/threo-
nine kinase (ATM) levels in tumor cells is associated with 
DNA repair and recombination [31].

In Gpx1 gene, the expression levels of 50% or 25% 
PTM-exposed tumor cells were significantly enhanced 
by 2.8-fold and 2.5-fold, respectively (Fig. 3b and Supple-
mentary Fig. S3b). Moreover, CAT levels were enhanced 
to 50% (~ 2.2-fold) or 25% (~ 1.8-fold) with PTM treat-
ment (Fig. 3c and Supplementary Fig. S3c). As shown in 
Figs. 3d and 50% PTM significantly increased ATM lev-
els in tumor cells. In contrast, PTM treatment did not 
increase the expression of Gpx1, CAT, and ATM in the 
normal lung cells. Higher ROS generation in PTM in 
tumor cells elevated oxidative stress levels, leading to the 
detoxification of ROS [32].

PTM enhances CRT exposure on the cell surface and 
HMGB1 secretion in the cytoplasm
Elevated ROS levels within the TME substantially 
enhanced ICD and tumor-infiltrating lymphocyte (TIL) 
function [33, 34]. Therefore, we performed Immunofluo-
rescence staining to analyze CRT exposure and HMGB1 
localization in PTM-treated cells with or without ROS 

or NO scavengers. Compared with untreated cells, PTM 
treatment induced a considerable amount of CRT trans-
location to the cell membrane, which was abolished by 
NAC pretreatment yet not by cPTIO (Fig. 4a). Similarly, 
HMGBI translocation into the cytoplasm was markedly 
enhanced by PTM treatment. Furthermore, pre-incuba-
tion with NAC inhibited PTM-mediated HMGB1 trans-
location, yet this was not observed with cPTIO (Fig. 4b). 
Nuclear HMGB1 co-localization was considerably 
decreased in the cells exposed to PTM alone as in those 
pretreated with cPTIO. PTM altered CRT and HMGB1 
localization by elevating intracellular ROS and H2O2.

PTM inhibits IFN-γ-upregulated PD-L1 expression
We investigated whether PTM affected the IFN-γ-
mediated PD-L1 expression in LLC cells. Western blot 
data indicated that IFN-γ substantially enhanced PD-L1 
expression in LLC cells. In contrast, PTM pretreatment 
markedly attenuated the PD-L1 expression induced by 
IFN-γ (Fig.  5a and Supplementary Figure S4a). Confo-
cal and FACS analyses consistently indicated that IFN-
γ-induced PD-L1 expression was considerably inhibited 
by PTM (Fig.  5b and c). STAT1 is a well-known signal 
molecule downstream of the IFN-γ receptor [35]. There-
fore, we investigated whether PTM dampens this process 
by attenuating STAT1 phosphorylation (pSTAT1). PTM 
inhibited STAT1 phosphorylation induced by IFN-γ 
(Fig. 5d and Supplementary Fig.S4b). The results indicate 
that PTM antagonizes IFN-γ induced PD-L1 expression 
in LLC cells.

PTM induces DC activation
Tumor-associated DCs in the immunosuppressive TME 
are mainly responsible for inhibiting antitumor immune 
responses. Additionally, DCs are essential in activating 
T cells to regulate the TME [36]. We prepared imma-
ture bone marrow-derived cells, up to 77.5% of which 
could be derived from mouse bone marrow cells follow-
ing stimulation with GM-CSF (Supplementary Fig. S5a). 
Next, we analyzed the expression of surface molecules 
in DCs treated with different PTM concentrations. PTM 
treatment increased the expression levels of CD80/86, 
MHC I and II, and CD40 in DCs in a dose-dependent 
manner (Fig. 6a-c and Supplementary Fig. S5b). Inverted 
phase-contrast microscopy, which was used to examine 
DC morphology, indicated that the size and acquired 
cytoplasmic projections (dendrites) in 6.25% of PTM-
stimulated DCs were higher than those of unstimulated 
DCs (Supplementary Fig. S5c). DCs exhibit stellate pro-
cesses that create a veiled appearance, which aligns with 
their typical morphological characteristics [37].

Tumor cells modulate the functions of immune cells, 
such as DCs or macrophages, thereby creating a tumor-
friendly environment. Therefore, we investigated whether 
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tumor cells affect DC activation. LLC cells were co-cul-
tured with DCs using a transwell with a pore size of 0.4 
µM and then exposed to different PTM concentrations 
(Supplementary Fig. S5d). CD80 molecule expression 
induced by PTM in DCs was markedly suppressed when 

co-cultured with LLC cells (Fig. 6a). No differences were 
observed between CD40 and MHC class II expression 
levels with or without tumor cells (Fig. 6b-c). The cyto-
kines produced by PTM-treated cells were determined 
using ELISA (Fig.  6d-f ). No substantial TNF-α, IL-1β, 

Fig. 3  Plasma-treated medium detoxifies antioxidant enzymes in LLC or MRC5 cells. (a) (Left) Representative confocal microscopy images indicate Mito-
Tracker (green) and Mitosox (red) staining of LLCs incubated in different conditions: the control, 25% PTM, and 25% PTM pre-incubated with 10 mM NAC 
or 0.1 mM cPTIO for 5 h; scale bar, 10 µM. (Right) The intensity of red fluorescence was quantified using Zen blue software; n = 20, 25, 19, and 27 single cells 
for control, PTM alone, and PTM incubation with pre-incubated NAC or cPTIO, respectively. The mean ± SED represents results from three independent 
experiments. Unpaired Student’s t-test was used to calculate statistical significance; ****p < 0.0001. (b-d) PTM stimulates anticancer signals in LLCs or 
normal lung MRC5 cells. The mRNA expression of Gpx1 (glutathione peroxidase), CAT (catalase), and ATM gene was quantified by qRT-PCR. Fold changes 
of the three target genes were normalized using the 18 S mRNA or GAPDH control. n = 3, mean ± sem. *p < 0.05, n.s., not significant
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and IL-10 production was observed in the PTM-treated 
LLC cells compared to those in untreated LLC cells. 
PTM treatment to stimulates higher TNF-α production 
in the supernatants (Fig.  6d) in DCs and LLC cells co-
culture condtions, which leads to increased DC matura-
tion. We hypothesized that this effect is directly related 
to DC activation in the TME. Compared with untreated 
DCs, PTM-treated DCs produced considerable levels of 
IL-1β and IL-12, which were markedly suppressed by co-
culturing LLC cells (Fig. 6e and Supplementary Fig. S5e). 
IL-10 production in unstimulated DCs was undetectable 
but dramatically increased by LLC co-culturing. Further-
more, PTM stimulated DCs to produce IL-10, markedly 
suppressed by LLC co-culturing (Fig. 6f ).

PTM-activated DCs enhance antitumor activity of PTM
We hypothesized that PTM and DCs may display syn-
ergistic antitumor activity based on the above results. 
Thus, LLCs (5 × 105) were subcutaneously injected into 
the right flank of C57BL/6 mice. After tumorigenesis 
was confirmed by palpation approximately 3 d or 4d after 
injection, the mice were randomly grouped and injected 
with PBS or PTM with or without unstimulated DCs or 
PTM (6.3%)-stimulated DCs (Fig. 7a). Mice were subcu-
taneously injected at the base area or the intratumoral 
region of the tumor with 200 µL of 50% PTM and con-
currently injected intraperitoneally with PTM-stimulated 
DCs or unstimulated DCs at indicated times. No specific 

differences in body weight were observed between the 
groups (Supplementary Fig. S6a). Tumor growth in PTM-
injected mice was inhibited compared with that in the 
PBS-injected control group; however, the difference was 
insignificant (Fig. 7b-c and Supplementary Fig. S6b). The 
antitumor effect of PTM was markedly enhanced by DC 
injection. Tumor volume was the lowest in the group 
injected with PTM/PTM-stimulated DCs (Fig. 7b-c and 
Supplementary Fig. S6b).

Next, the T cell composition of the spleen and TILs 
were analyzed via FACS (Supplementary Fig. S7d-e). The 
CD4+ T cell number in the splenocytes of the groups 
injected with PTM/PTM-stimulated DCs was mark-
edly higher than that in the PTM-alone, control groups 
or PTM/unstim.DCs. The CD8+ T cell number in the 
groups injected with PTM/PTM-stimulated DCs was 
also significantly higher than that in the control group or 
other groups (Supplemenatary Fig. S7d). The CD8+ TIL 
number was highest in the group injected with PTM/
PTM-stimulated DCs compared to the other groups. 
The number of CD4+ TILs was significantly higher in 
groups injected with PTM/unstim.DCs or PTM/PTM-
stimulated DCs than in the control or PTM-alone group 
and was considerably higher in the groups injected with 
PTM/PTM-stimulated DCs than in the PTM/unstim.
DCs (Supplementary Fig. S7e). Finally, we determined 
each group’s 40 d mouse survival rate (Fig. 7d). The group 
injected with PTM/PTM-stimulated DCs exhibited 

Fig. 4  PTM increases CRT exposure and cytoplasmic translocation of HMGB1 from the nucleus of LLCs. (a) Surface-exposed CRT (green) and (b) translo-
cated HMGB1 (green) in LLCs treated with medium (CTR), 25% PTM, pretreated 10 mM NAC, or 0.1 mM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazo-
line-1-oxyl-3-oxide(cPTIO) and subsequently with 25% PTM for 12 h. Confocal images indicate stained nuclei (blue), and CRT or HMGB1 (green); scale bar, 
10 μm. Arrows indicate increased fluorescence intensity of HMGB1 in the nuclei. Quantitative co-localization of HMGB1 expressed as nuclear (Hoechst) 
(n) per cell. HMGB1 staining intensity was analyzed using Zen blue lite. Data are represented by the mean ± standard error of the difference between two 
means (SED) and calculated using a two-tailed unpaired Student’s t-test. This experiment was repeated thrice; ***p < 0.001, and ****p < 0.0001.n.s., not 
significant
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significantly better survival than the untreated control 
group (p = 0.0453). On day 40, one mouse was in the 
PTM-injected group, and two in the PTM/unstim. DC-
injected group and four in the PTM/PTM-stimulated 
DC-injected group survived.

Discussion
This study demonstrated that PTM- or PTM-stimulated 
DCs, or a combination of both, exhibited a consider-
able antitumor effect in a mouse skin model. The impact 
of ROS on biological systems varies depending on their 
concentration [38, 39]. Lower hydrogen peroxide con-
centrations regulate cytokines in DCs and growth fac-
tors [40]. Elevated ROS accumulation is pivotal in 

providing a survival advantage during cancer progres-
sion, a phenomenon that is further heightened during 
chemotherapy [38]. Tanaka et al. have recently reported 
a novel technique of irradiating culture medium with 
non-equilibrium atmospheric pressure plasma (NEAPP) 
to obtain plasma-activated medium (PAM). The culture 
of glioblastoma cells and normal astrocyte cells in cells 
in PAM resulted in selective apoptotic death of the glio-
blastoma cells [41]. Cancer cells have higher ROS levels 
than normal cells due to increased metabolism [42]. As 
a result, cancer cells are more likely to cross the critical 
ROS threshold when exogenous ROS stress is applied 
[43]. This leads to both lethal damage and apoptosis. This 
model has been used to explain the basic strategy behind 

Fig. 5  PTM inhibits IFN-γ-induced PD-L1 expression and attenuates STAT1 phosphorylation in LLCs. (a-c) LLCs were incubated with medium, and pre-
treated-PTM (12.5%) for 4 h and subsequently treated with IFN-γ (10 ng/mL) for 24 h. A positive sample was used for IFN-γ treatment (10 ng/mL). (a) PD-L1 
expression was detected via western blot. The PD-L1 (relative to β-actin) expression was calculated using Image J. Statistical significances were estimated 
using a two-way analysis of variance (ANOVA); mean ± SEM; n = 3, *p < 0.05. (b) Confocal images indicate stained nuclei (blue) and mouse PD-L1 (green) 
being merged; scale bar, 10 µM. Mean fluorescence intensities were subsequently quantified using Zen blue; n = 20, 18, 20, and 18 single cells were used 
for control, PTM alone, IFN-γ, and PTM/IFN-γ, respectively; **p < 0.01, and ****p < 0.0001. n.s., not significant. (c) Flow cytometric analysis of PD-L1-PE was 
observed using Flowzo (n = 3). The graph indicates PD-L1 levels (clone 9A11) normalized by the lgG control. Statistical significance was determined via 
one-way ANOVA. Data are represented by the mean ± SEM of four representative experiments: **p < 0.01, and ***p < 0.001. (d) PTM markedly reduced 
IFN-γ-induced STAT1 phosphorylation at the indicated times. Cells were incubated with IFN-γ alone (positive control), and 12.5% PTM for 4 h, and subse-
quently treated with IFN-γ (10 ng/mL) at the indicated times; “–“, before indicated times (0, 15, 30, 60 min) indicates negative control. STAT1 phosphoryla-
tion (pSTAT1) at Tyr701, as well as at total STAT1 (relative to β-actin), was detected using western blot analysis. Line charts illustrate quantification data 
about pSTAT1 levels at indicated time points compared to levels induced by IFN-γ stimulation from the positive control group. Statistical differences 
between IFN-γ and IFN-γ/PTM were determined via a two-way ANOVA. Data are represented by the mean ± SEM of three independent experiments: 
***p < 0.001 (15 min) and **p < 0.01 (30 min)
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developing drugs that exploit the significant differences 
in ROS-mediated metabolism. Tumor cells proliferate 
rapidly and are often under high oxidative stress, mak-
ing them more sensitive to internal and external stimuli. 
One potential anticancer strategy is to exacerbate the 
oxidative stress by increasing the levels of ROS, which 
further aggravates the oxidative stress within the cancer 
cells. In our study, we observed a significant increase in 
the levels of ROS in cancer cells treated with PTM com-
pared to normal cells (Fig. 3 and Supplementary Fig.S3). 

This difference in ROS behavior between cancer and 
normal cells helps explain the disparity in cell mortal-
ity and survival rates. As noted, high concentrations of 
50% Plasma-activated medium (PAM) resulted in den-
dritic cell (DC) toxicity, highlighting that DCs are more 
fragile compared to normal lung cells when exposed to 
plasma treatments. Our findings suggest that the moder-
ate to high concentrations of reactive species in PAM can 
significantly influence the metabolic functions of DCs, 
including mitochondrial and lysosomal activities, which 

Fig. 6  Plasma-treated medium (PTM) stimulates dendritic cells (DCs) alone and in a co-culture system. DCs were incubated alone (12.5 or 25% PTM) or 
co-cultured with Lewis lung cancer (LLC) cells in the presence of PTM. The DCs were cultured either alone or separated by a transwell system. After 24 h, 
surface marker expression was determined. (a-c). Representative histograms and bar plots demonstrate CD80-BV650, MHCII-FITC, and CD40-PE levels in 
the DCs only or in DCs with the co-culture, using flow cytometry, respectively. The data were analyzed and gated using FlowJo. The statistical significance 
of the difference between DC-alone and tumor cell co-culture groups was determined via a two-way ANOVA; *p < 0.05 and **p < 0.01; n.s., insignificant. 
Concurrently, data compared to the untreated cells using a two-tailed unpaired Student’s t-test are shown; *p < 0.05 and **p < 0.01, mean ± SEM; n = 4–5. 
(d-f) The TNF-α, IL-1β, and IL-10 levels in the supernatants from LLC cells, DCs cultured alone, DCs incubated with tumor cells, and both treated with 12.5% 
or 25% PTM, were measured. Comparison between LLCs, DCs, and LLC + DC cells using a two-way ANOVA; **p < 0.01, and ***p < 0.001. n.s., not significant. 
Statistical significance was determined using a two-tailed unpaired Student’s t-test; *p < 0.05, **p < 0.01, and ***p < 0.001; n = 4
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are more pronounced than in normal cells. Therefore, we 
have adopted a strategy of direct administration to the 
tumor, which preserves the DCs while directly targeting 
and killing the tumor. We found that 12.5% of PTM did 
not exert cytotoxic effects on tumor cells and DCs. Fur-
thermore, PTM activated DCs at its lowest concentration 
(6.25%) and induced ICD at 25% (Fig. 4). Tumor-associ-
ated antigens (TAAs) that were released from dying cells 
in situ are presented, indicating that even 12.5% PTM 
had reduced IFN-γ- induced PD-L1 expression (Fig. 5).

IFN-γ, a type II interferon, is crucial for innate and 
adaptive immunity. Various cell types, including T cells, 
macrophages, and natural killer (NK) cells, secrete 
IFN-γ [44]. IFN-γ is an essential cytokine in the TME, 
strongly inducing PD-L1 expression in cancer cells and 
possibly contributing to tumor immune evasion [45, 
46]. The results indicate that IFN-γ signaling is trans-
mitted from the IFN-γ receptor to its downstream 
JAK-STAT1 pathway, following which activated JAK1 
and JAK2 phosphorylate STAT1 on tyrosine 701, caus-
ing phosphorylated STAT1 to homodimerize [35, 47]. 

Fig. 7  PTM combined with PTM-stimulated DCs decreases tumor size and increases immune responses. (a) The treatment schedule for a mouse tumor 
model injected with Lewis lung cancer (LLC) cells (n = 4 per group). Unstimulated DCs or 6.25% stimulated DCs were injected intraperitoneally at 3-d 
intervals after LLC tumor formation. (b) Tumor growth curves. Each line indicates tumor growth in an individual mouse. n = 2. (c) On day 18, photographs 
of isolated tumors in the six groups were taken. (d) Mouse survival throughout the predetermined study period of 40 d was assessed, and the survival 
curves were plotted using the Log-rank with Mantel-Cox test (6 mice per group); *p = 0.0453. n = 2
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Subsequently, dimerized STAT1 translocates into the 
nucleus and binds to the GAS (IFN-γ-activated sites) ele-
ments to initiate a series of IFN-γ-regulated gene tran-
scriptions, including that of PD-L1. PD-1/PD-L1 pathway 
blockade-based immunotherapy is a paradigm-shifting 
therapeutic approach that has been proven effective in 
treating several cancer types, receiving multiple FDA 
approvals for clinical application [48–50]. Interestingly, 
we observed that PTM inhibited PD-L1 expression fol-
lowing IFN-γ stimulation in vitro. H2O2/ROS in the 
PTM induce cancer ICD, release TAAs from dying cells 
in situ, and secrete pro-inflammatory cytokines and co-
stimulatory molecule expression by mature DCs in vitro. 
Therefore, we used externally stimulated DCs and PTM 
in mouse tumor-suppressive experiments. We observed 
that the effect of PTM on cell viability depended on cell 
density [11, 23]. Therefore, we used higher PTM concen-
trations to confirm tumor growth. However, a limitation 
of our study is the apparent lack of a considerable antitu-
mor effect in the PTM-alone group, possibly due to the 
small sample size.

Although no considerable tumor size reduction 
between unstimulated DCs and PTM-stimulated DCs 
was observed, reducing the infusion number may have 
revealed a meaningful difference. DCs, which are well 
known to generate ROS and nitric oxide, also produce 
antimicrobial peptides, enabling them to mount a direct 
attack against recognized pathogens. High LPS concen-
trations (5–10 ug/mL) have been reported when cyto-
toxic activity is induced in human immature peripheral 
blood monocyte-derived DCs [51]. Notably, even at a low 
dose (10 ng/mL), LPS triggered apoptosis in human killer 
dendritic cells (hkDCs). Using autologous cytotoxic DCs 
has opened up crucial new prospects in cancer immu-
notherapy. Notably, these hkDCs killed cancer as well 
as normal cells. Herein, we used the lowest PTM con-
centration (6.3%), which is not even used for DC activa-
tion at the cellular level. We hypothesized that the ROS/
H2O2 generated by PTM contributes to DC activation 
and enables them to migrate to lymph nodes. Our results 
demonstrated that PTM treatment alone stimulates DCs, 
leading to higher secretion of pro-inflammatory cyto-
kines (IL-12, IL-1β) and the suppression of anti-inflam-
matory IL-10 secretion.

The safety of PTMs is a crucial factor in determin-
ing their clinical application. PTM was observed to 
inhibit LLC cell survival sans H2O2 degradation when 
stored at 4 ℃, 15 ℃, and 80 ℃ for a minimum of ten d, 
but not at − 20 ℃. Previous reports have demonstrated 
that H2O2 is more unstable when stored at − 30  °C in a 
freezer than at 4  °C [11]. Nitrite concentration in PTM 
markedly increased over time when stored at 4  °C and 
15  °C, whereas only a minimal change was observed 
when stored at − 20  °C and − 80  °C. This suggests that 

the nitrite concentration in PTM does not contribute to 
its cytotoxic effects. Therefore, PTM should be stored 
at − 80 °C–15 °C when intended for use within 10 d. The 
findings of this study may be applied to designing cur-
rent DC-based vaccines [52, 53] and indirect pathways 
that induce robust cytotoxic T lymphocyte responses 
and DC-dependent tumor cell toxicity. Our study dem-
onstrated, for the first time, that antitumor immune 
responses were induced by replacing activated immuno-
suppressive/tolerant DCs, which have lost their ability to 
present antigens around the tumor, with DC activation at 
concentrations that do not affect DC toxicity. The con-
centration refers to the optimal level that promotes DC 
activation without causing harm to the DCs. These stim-
ulated DCs can be frozen for extended storage periods 
and used again to treat patients with cancer and other 
diseases. Our future goal is to study the time-dependent 
effects of low temperatures on PTM-stimulated DC 
aging, their anticancer functions, and cellular metabo-
lism in the TME. Furthermore, this study highlights the 
potential of PTM as an alternative therapeutic approach 
to reactivating host immunity in the TME, particularly 
when combined with externally activated DC therapy or 
an immune checkpoint inhibitor.

In summary, H2O2 is crucial for eliciting ICD danger 
signals, including CRT and HMGB1, among the ROS 
produced by PTM. PTM specifically reduced LLC cell 
levels of IFN-γ-induced pSTAT1 Y701, leading to down-
regulated PD-L1 expression. Additionally, PTM can 
enhance DC function in conjunction with PTM-stim-
ulated DCs, significantly boosting immune responses 
and cytotoxic CD8+ T cell infiltration. Such a possibility 
would result in slower tumor growth and longer survival 
times.

Lastly, we utilized splenocytes and evaluated LLC 
cell viability following co-culturing (Supplementary 
Fig.S12c). The graph shows splenocytes enhanced LLC 
cell death under 50% or 25% PTM treatment. In future 
studies, it will be necessary to further investigate the 
mechanisms by which splenocytes or lymph nodes and 
their separation, such as macrophages, DCs and T cells, 
enhance LLC cell death under PTM treatment.
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