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Abstract

:

Cold atmospheric plasma (CAP) generates abundant reactive oxygen and nitrogen species (ROS and RNS, respectively) which can induce apoptosis, necrosis, and other biological responses in tumor cells. However, the frequently observed different biological responses to in vitro and in vivo CAP treatments remain poorly understood. Here, we reveal and explain plasma-generated ROS/RNS doses and immune system-related responses in a focused case study of the interactions of CAP with colon cancer cells in vitro and with the corresponding tumor in vivo. Plasma controls the biological activities of MC38 murine colon cancer cells and the involved tumor-infiltrating lymphocytes (TILs). In vitro CAP treatment causes necrosis and apoptosis in MC38 cells, which is dependent on the generated doses of intracellular and extracellular ROS/RNS. However, in vivo CAP treatment for 14 days decreases the proportion and number of tumor-infiltrating CD8+T cells while increasing PD-L1 and PD-1 expression in the tumors and the TILs, which promotes tumor growth in the studied C57BL/6 mice. Furthermore, the ROS/RNS levels in the tumor interstitial fluid of the CAP-treated mice are significantly lower than those in the MC38 cell culture supernatant. The results indicate that low doses of ROS/RNS derived from in vivo CAP treatment may activate the PD-1/PD-L1 signaling pathway in the tumor microenvironment and lead to the undesired tumor immune escape. Collectively, these results suggest the crucial role of the effect of doses of plasma-generated ROS and RNS, which are generally different in in vitro and in vivo treatments, and also suggest that appropriate dose adjustments are required upon translation to real-world plasma oncotherapy.
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1. Introduction


Colon cancer is a type of cancer in the digestive tract, and according to the International Agency for Research on Cancer (IARC), it ranks third in morbidity and second in mortality, thus posing a serious threat to human health [1]. Surgery, radiotherapy, chemotherapy, molecular targeted therapy, and immunotherapy are commonly used to treat colon cancers. However, the recovery rate of colon cancer is quite low [2], and it is thus imperative to develop new treatment methods with high efficiency and fewer adverse reactions.



Reactive oxygen and nitrogen species (ROS/RNS) can induce apoptosis and necrosis in tumor cells with high selectivity, therefore drawing enormous interest in oncology [3,4]. Photodynamic therapy (PDT) [5] and sonodynamic therapy (SDT) [6] produce ROS/RNS with the assistance of sensitizers, which accumulate easily in the body and may cause toxic side effects [7]. Cold atmospheric plasma (CAP) treatment, as a type of physical therapy, does not require sensitizers, rendering it safer for cancer patients. CAP can be produced in atmospheric pressure close to room temperature, thus creating a mild plasma–tumor interface which is lethal to tumor cells, without causing much damage to surrounding tissues [8]. CAP has been demonstrated to release a variety of active ROS and RNS, including short-lived substances, such as (hydroxyl radical (OH·), nitric oxide (NO), atomic oxygen, ozone (O3), and others, as well as long-lived substances such as hydrogen peroxide (H2O2), nitrite ion (NO2-), nitrate ion (NO3-), and peroxyl groups [9]. Cancer cells exhibit a gradual increase in ROS and RNS levels, depending on their exposure time to CAP treatment. Additionally, excess ROS and RNS can cause tumor cell dysfunctions such as mitochondrial and cell membrane damage [10,11] as well as cell cycle arrest [12], which eventually lead to cell necrosis and apoptosis [13].



As we know, tumor tissues in vivo exist in a distinct tumor microenvironment (TME) mainly composed of cancer cells, myeloid cells, lymphocytes and blood vessels [14,15]. Earlier studies have reported that CAP promotes the transformation of pro-inflammatory macrophages into anti-inflammatory macrophages [16]. CAP-generated ROS/RNS increase macrophage phagocytosis by suppressing the expression of the immune checkpoint CD47, and significantly improve the recognition and killing rate of NK cells against tumor cells. [17,18]. However, there have been few studies on whether plasma can affect the functions of tumor-infiltrating T cells in TME, particularly CD8+ cytotoxic T lymphocytes (CTLs).



Herein, the relationship between ROS/RNS in gradient levels and apoptosis in MC38 colon cancer cells during CAP treatment is studied in vitro. CAP treatment causes necrosis and apoptosis in MC38 cells, depending on the intra- and extracellular levels of ROS/RNS. Additionally, the effects of CAP treatment on the growth of subcutaneous tumors in mice are investigated in vivo. In contrast to in vitro cell apoptosis, in vivo CAP treatment for 14 days decreases the proportion and number of tumor-infiltrating CD8+T cells while increasing PD-L1 and PD-1 expression in the tumors and the TILs, which promotes tumor growth in the studied C57BL/6 mice. Furthermore, the ROS/RNS levels in the tumor interstitial fluid of the CAP-treated mice are significantly lower than those in the MC38 cell culture supernatant. The findings elucidate that low doses of ROS/RNS derived from in vivo CAP treatment may activate the PD-1/PD-L1 signaling pathway in the tumor microenvironment and lead to an undesired tumor immune escape. Therefore, we propose that the effects of CAP oncotherapy are influenced by ROS/RNS levels generated in in vitro and vivo treatments, and precise dose regulations are required to achieve a greater effect of plasma oncotherapy.




2. Materials and Methods


2.1. Measurements of CAP Devices


Using the same power supply, two low-temperature plasma devices with different discharge electrodes were used in our work. For in vitro experiments, we used multiple needles as discharge electrodes. For in vivo experiments, we used a single needle as a discharge electrode due to the small operating space. (Figure 1a,b). The discharge voltage of both plasma devices was measured by a PINTECH HVP-15HF 1000:1 attenuation high-voltage probe during the discharge. Additionally, the discharge current was measured by a PINTECH PT710-D current sensor (Figure 1c,d). The optical emission spectra for both devices were recorded in the range of 320–1020 nm, using a charge-coupled device (CCD) detector (specifications: 10:100 b; Princeton instrument) placed 27 cm from the lens (Figure 1e,f). The key parameters of both CAP devices were measured in same environment and at room temperature.




2.2. Cell Cytotoxicity and Cell Proliferation Activity Assays


The MC38 cells were seeded in 96-well cell plate with 2 × 105 cells per well in the DMEM medium (Cat# 04–001–1ACS, Biological Industries, Kibbutz Beit Haemek, Israel) at 37 °C under 5% CO2. The LDH and CCK-8 levels in the MC38 cells were determined for cell cytotoxicity and cell proliferation after varying the CAP treatment frequencies (once in three days, twice in three days, and thrice in three days) and durations (1 min every time, 3 min every time, and 5 min every time), and the samples were designated as on-1, 3, 5, tw-1, 3, 5, and th-1, 3, 5, respectively. Plasma kills tumor cells by generating ROS/RNS. The activity of ROS/RNS decreased with time. Increasing the frequency and duration of plasma treatment can prolong the contact time of active ROS/RNS with cells and improve the killing effect. In the LDH assay, the cells were incubated with the LDH-releasing buffer (Cat# C0016, Beyotime Biotechnology, Shanghai, China) for 1 h, and the absorbance was measured at 490 nm (OD490) after adding the LDH-detecting mix buffer. In the CCK-8 assay (Cat # C0005, Topscience, Shanghai, China), the absorbance was recorded at 450 nm (OD450) after cell incubation for 1 h with the detecting buffer. A microplate reader (Bio-Rad 550, Bio-Rad Laboratories, Hercules, CA, USA) was employed to measure the absorbance in both assays.




2.3. Cell Death Detection by Flow Cytometry


CAP-induced cell death was monitored by an Annexin V-FITC and PI (Propidium Iodide) apoptosis assay kit (Cat# C0016, Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s instructions. In brief, 1 × 107 MC38 cells were seeded in 10 mL DMEM in cell dish; after the CAP treatment, 5 × 105 MC38 cells were suspended in 50 µL of PBS and stained with Annexin V-FITC and PI (Propidium Iodide) for 15 min at room temperature and in darkness. The stained cells were analyzed by flow cytometry (CytoFLEX, Beckman, Miami, FL, USA), and the data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).




2.4. Intracellular and Extracellular ROS/RNS Levels’ Detection


The intracellular ROS and RNS in the MC38 cells were measured by fluorescence probes DCFH-DA (Cat# S0033S, Beyotime Biotechnology, Shanghai, China) and BBoxiProbe® O53 (BB-462112, Bestbio, Shanghai, China), respectively, according to the manufacturer’s instructions. Briefly, 1 × 107 MC38 cells were seeded in 10 mL DMEM in a cell dish. After CAP exposure, 2 × 105 MC38 cells for each assay were stained with the DCFH-DA solution or BBoxiProbe® O53 solution, for 1 h at room temperature in the dark. After rinsing with PBS thrice, fluorescence was monitored at specific excitation/emission wavelengths (488/525 nm for ROS and 518/606 nm for RNS).



For extracellular ROS/RNS levels’ detection, the concentrations of H2O2 and NO, which represented the levels of extracellular ROS and RNS, were measured in the culture medium using an H2O2 assay kit (Cat#S0038, Beyotime Biotechnology, Shanghai, China) and NO assay kit (Cat# S0023, Beyotime Biotechnology, Shanghai, China), respectively, according to the manufacturer’s instructions. 2 × 105 MC38 cells per well were seeded in a 96-well plate; after being treated with CAP, the cells were removed and the culture medium was collected for assays of H2O2 and NO. Since NO was unstable and rapidly metabolized into nitrite, the nitrite concentration was also measured for the NO levels.



After CAP exposure, the culture medium and TIF samples were immediately incubated with the reaction solution at room temperature for 30 min. For H2O2 measure, 20 μL culture medium or TIF samples were incubated with 100 μL hydrogen peroxide detection reagent (Cat# S0038-1, Beyotime Biotechnology, Shanghai, China) at room temperature for 30 min, followed by optical density measurement at 560 nm. For NO measure, 10 μL of the culture medium or TIF samples were incubated with reaction solution 1 (5 μL NADPH, 10 μL FAD and 5 μL nitrate reductase) at room temperature for 30 min, then incubated with reaction solution 2 (10 μL LDH and 10 μL LDH buffer) at room temperature for 30 min, then finally incubated with reaction solution 3 (50 μL Griess Reagent I and 50 μL Griess Reagent II) at room temperature for 10 min. This was followed by optical density measurement at 540 nm. The optical density (OD) and fluorescence intensity were detected using a multi-mode microplate reader (SYNERGY H1, BioTek, VT, USA).




2.5. Establishment of Mouse Subcutaneous Tumor Model


To explore the effects of plasma treatment on tumor development in the tumor microenvironment in detail, we chose an MC38 cell line subcutaneous tumor model on the mice’s back, in accordance with some classical references [19,20,21,22]. Eight-week-old C57BL/6 male mice with an average weight of 25 ± 2 g were used in the experiments. The mice were procured from Shanghai SLAC Laboratory Animal Co. Ltd. The C57BL/6 mice were subcutaneously injected with murine colon adenocarcinoma MC38 cell line (5 × 105 cells suspended in 100 µL of the cell culture media), which was obtained from Professor Bofeng Li’s Laboratory at the University of Science and Technology of China, on the right side of the back. A total of 30 mice were used in the subcutaneous tumor model and subsequent experiments. After normal breeding for seven days, the 30 biologically independent tumor-bearing mice were selected and randomly divided into the control group (Mock) and the plasma-treated (PT) group. After injection with MC38 cells, the tumor size was monitored daily. The tumor length (a) and width (b) were measured by a Vernier caliper, and the tumor volume was calculated by V = 0.5 × (a × b2) formula. Then, we treated the mice with CAP treatment frequencies (fourteen times in fourteen days) and durations (3 min every time) as the “dose”.



For harvesting of tumor tissues and collection of tumor infiltration fluids (TIFs), the mice’s skin on the back was carefully cut open with surgical scissors and forceps, then the tumor tissues were cut off along the edges, and the endothelia, peritonea, and other connective tissues on the surface of the tumor tissues were eliminated. Then, the harvested tumor tissues were centrifuged at 400 g for 10 min at 4 °C to obtain tumor interstitial fluids (TIFs). Besides, the ROS/RNS levels of TIFs were detected by following the method of extracellular ROS/RNS levels’ detection described in 2.4.




2.6. Quantitative RT-PCR


The mice were euthanized after the subcutaneous tumor experiment, their spleens and tumors were extracted, and the spleen lymphocytes and tumor-infiltrating lymphocytes (TILs) were isolated, Then, the total RNA was isolated from the tumor tissues or tumor-infiltrating lymphocytes (TILs) using an RNA extraction kit (Cat# 9109, Takara, Tokyo, Japan). The isolated RNA (500 ng) was reverse transcribed into cDNA with the HiScript III RT SuperMix kit (Cat# R323–01, Vazyme, Piscataway, NJ, USA) according to the manufacturer’s instructions. A quantitative PCR was performed using the ChamQ Universal SYBR qPCR Master Mix (Cat# Q711–02, Vazyme, Piscataway, NJ, USA) in the fluorescence quantitative PCR apparatus LightCycler96 System (Roche, Basel, Switzerland). GAPDH was used as the reference gene, and the PCR primer sequences are listed in Table S1.




2.7. Western Blotting


The tumor tissue (10 mg) was boiled in a Western blotting (WB) sample buffer for 30 min. The proteins in the WB samples were separated by gel electrophoresis (80 V for 30 min followed by 120 V for 1 h) and transferred to a PVDF membrane (100 V for 40 min). The proteins were incubated with a PD-L1 monoclonal antibody (Cat# 66248–1-Ig, ProteinTec Chicago, IL, USA) [23] or β-actin polyclonal antibody (Cat# 20536-1-AP, ProteinTech Chicago, IL, USA) [24] and secondary antibody (Cat# SA00001-1, ProteinTech Chicago, IL, USA) [25], and the expressions of the mouse PD-L1 and actin were analyzed using a ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).




2.8. IHC, IF, and H&E Staining of Mice Tumor


Immunohistochemistry (IHC), immunofluorescence (IF), and hematoxylin and eosin (H&E) staining were conducted as described. Briefly, the subcutaneous tumor tissue was washed with flowing water for 3 h, followed by soaking in gradient alcohol solutions for dehydration. The dehydrated tumor tissue was fixed in 4% paraformaldehyde and embedded in paraffin. The tumor tissue samples were excised into 4-µm serial sections, deparaffinized with xylene, rehydrated in alcohol, and stained by H&E. In the IF staining experiment, the excised sections were incubated with the PD-L1 monoclonal antibody (Cat# 66248–1-Ig, ProteinTech Chicago, IL, USA) [26], CY3-Goat anti-Rabbit IgG (Cat# SA00009-2, ProteinTech, Chicago, IL, USA) [27] and DAPI for staining of the nuclei. Then, the samples were examined under a fluorescence microscope. In the IHC investigation, the samples were incubated with antibodies against PD-L1 (Cat# 66248–1-Ig, ProteinTech Chicago, IL, USA) [28], PD-1 (Cat# ab52587, Abcam) [29], CD3 (Cat# 17617-1-AP, ProteinTech Chicago, IL, USA) [30], CD4 (Cat# 67786-1-Ig, ProteinTech Chicago, IL, USA) [31], CD8α (Cat# ab209775, Abcam Boston, MA, USA) [32], and HRP-Goat anti-Rabbit IgG (Cat# 111-035-003, Jackson ImmunoResearch Philly, PA, USA) [33] before DAB chromogenic and hematoxylin staining. The sections were examined under an optical microscope. The antibodies used in the IF and IHC analyses are listed in Table S2.




2.9. Subsets of Immune Cells Detection by Flow Cytometry


In brief, mice spleens were cut into pieces, filtered through 40 μm strainers with PBS and centrifuged for 10 min at 700 g before red blood cell (RBC) lysis for 5 min at room temperature; finally, they were suspended in 1 mL PBS with 10% FBS. The mice tumors were cut into pieces and shaken for 30 min at 180 r.p.m in 37 °C with 4 mL of digestive solution (DMEM containing 50 U mL−1 collagenase IV (Sigma, Tokyo, Japan), 20 U mL−1 DNase I (Cat# 69182, Sigma-Aldrich, St. Louis, MO, USA) and 10% FBS), filtered through 40 μm strainers, centrifuged for 10 min at 700 g with PBS before centrifugation in 5 mL 30% Percoll lymphocyte separation medium (Cat#17089109, Cytiva, Washington, WA, USA), and suspended in 1 mL PBS with 10% FBS. For flow cytometry, a 30 μM spleen lymphocyte suspension or 50μM tumor lymphocyte suspension was stained in the dark at 4 °C for 30 min by different fluorescently labeled antibodies, including CD3-PE (Cat# 100308, Biolegend San Diego, CA, USA) [34], CD19-PE (Cat# 115508, Biolegend San Diego, CA, USA) [35], CD64-PE (Cat# 558455, BD Franklin Lakes, NJ, USA) [36], Ly6G-PE (Cat# 561104, BD Franklin Lakes, NJ, USA) [37], CD69-FITC (Cat# 104505, Biolegend San Diego, CA, USA) [38], MHC II-FITC (Cat# 107605, Biolegend San Diego, CA, USA) [39], Ly6C-FITC (Cat# 128005, Biolegend San Diego, CA, USA) [40], CD8α-APC (Cat# 100711, Biolegend San Diego, CA, USA) [41], F4/80-APC (Cat# 123115, Biolegend San Diego, CA, USA) [42], Gr1-APC (Cat# 108411, Biolegend San Diego, CA, USA) [43], CD45-PE-Cy5 (Cat# 103132, Biolegend San Diego, CA, USA) [42], NK1.1-PE-Cy7 (Cat# 108713, Biolegend San Diego, CA, USA) [44], CD11c-PE-Cy7 (Cat# 117318, Biolegend San Diego, CA, USA) [45], CD3-APC-Cy7 (Cat# 101226, Biolegend San Diego, CA, USA) [34], CD11b-APC-Cy7 (Cat# 563106, Biolegend San Diego, CA, USA) [35], CD4-BV510 (Cat# 115508, BD Franklin Lakes, NJ, USA) [46], and dead cell dye. After being washed and suspended in PBS, the stained cells were analyzed by flow cytometry (CytoFLEX, Beckman, Miami, FL, USA), and the data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).




2.10. Co-Culture of MC38 Cells and Spleen Immune Cells


Mice spleens were cut into pieces, filtered through 40 μm strainers with PBS, and centrifuged for 10 min at 700 g before red blood cell (RBC) lysis for 5 min at room temperature. Finally, they were suspended in 1 mL DMEM with 10% FBS. The 1 × 106 splenic lymphocytes and 1 × 106 MC38 cells were mixed in 2 mL DMEM (containing 10% FBS, 1 μg mL−1 CD3 (Biolegend, San Diego, CA, USA) and 0.5 μg mL−1 CD28(Biolegend, San Diego, CA, USA)) and co-cultured in a 6-well cell plate for three days at 37 °C and in 5% CO2. During the co-culture experiment, splenic lymphocytes and MC38 cells were treated with CAP as described in the manuscript, and all procedures were performed under sterile conditions.




2.11. Statistical Analysis


A statistical method was not adopted to predetermine a suitable sample size, and data from all the mice were included. The IF and IHC experiments were blind experiments. Data from three independent experiments or mice were presented as mean ± SD. To make the comparison reliable, we have carried out normal distribution tests (Shapiro–Wilk test) of the variables using SPSS software before conducting the parametric tests. Since the sample size for each set of variables was below 50, we used the Shapiro–Wilk test for normal distribution tests, and a frequency distribution histogram of the variables was used to assist the analysis. The p values of each set of variables were above 0.05 (for example, the p values of the tumor PD-1 expression level variable in the mock and PT mice were 0.584 and 0.601, respectively), indicating that the variables basically conformed to a normal distribution. Statistical analyses were performed by either a two-tailed Student’s t-test to compare data with a single variable or a two-way analysis of variance to compare data with two or more variables using GraphPad (Prism, Folsom, CA, USA). Differences were considered statistically significant when p was <0.05.





3. Results


3.1. CAP Device for Tumor Treatment


As shown in Figure 1, two low-temperature plasma devices were designed and manufactured. The two devices used air as the work gas. The in vitro device is composed of an array of needle electrodes, a DC power supply, an oscilloscope, a high-voltage probe, a microammeter, a low-voltage probe, and a resistor (Figure 1a). When the power was switched on, the needle electrodes were connected to a high-voltage DC power supply, and plasma was generated between the copper electrodes and the external electrodes above the cell culture dish by ionizing the surrounding air. The in vivo device comprises a single needle electrode, a DC power supply, an oscilloscope, a high-voltage probe, a microammeter, a low-voltage probe, and a resistor (Figure 1b). Before the device worked, to provide enough working gas for plasma treatment, the syringe was punctured into the skin of the mouse back above the tumor mass, and 5 mL of air was injected. The syringe tip was used as the needle electrode connected to the plasma device by a copper piece. Another piece of copper was fixed to the left foot of the mouse and also connected to the ground electrode. Then, the power was switched on, and the discharge duration was 180 s for each mouse. (Figure 1b).



The key parameters of both CAP devices were measured (Figure 1c,d). In the in vitro multi-needle device, the peak-to-peak current is 1 mA, the peak-to-peak voltage is 3200 V, the amplitude is 1600 V, and the frequency is 5 kHz (Figure 1c). In the in vivo single-needle device, the peak-to-peak current is 20 mA, the peak-to-peak voltage is 1600 V, the amplitude is 1000 V and the frequency is 250 Hz (Figure 1d).



Optical emission spectroscopy (OES) is mainly used for qualitative analysis of reactive oxides and nitrogen species; the spectral peak positions are utilized for substance identification. In our work, OES is utilized to determine the composition of the reactive species generated during the CAP treatment for both needle-type devices (Figure 1e,f). A range from 354 to 425 nm indicates the molecular transitions of the N2+ second positive system [47], whereas the characteristic emission peak of atomic oxygen appears at 777 nm [48]. According to this, the emission peaks observed in the in vivo and in vitro devices (Figure 1e,f) represent an atomic oxygen radical and an ionized nitrogen molecule, respectively; thereby, all of the results demonstrating the discharge parameters of the in vivo device are comparable to those of the in vitro device, and both of the devices can produce the same kinds of reactive oxides and nitrogen species (ROS/RNS).




3.2. CAP Treatment Induces Cytotoxicity, Apoptosis, and Necrosis of MC38 Tumor Cells through ROS/RNS in a Dose-Dependent Manner


The in vitro CAP device is applied to MC38 cells, followed by cytotoxicity and proliferation assays (Figure 2). The intracellular LDH levels which represent the cell survival rates are inversely proportional to the cytotoxicity (Figure 2a). In addition, a CCK-8 assay is employed to evaluate the cell proliferation activity (Figure 2b). Compared to the control group, the tw-3, tw-5, th-1, th-3, and th-5 PT groups exhibit decreased survival rates in the tumor cells. The MC38 cell proliferation activity decreases dramatically in the high CAP treatment-generated ROS/RNS dose PT group, particularly the th-3 and th-5 groups. The cytotoxicity in the MC38 cells increases with a concurrent decrease in the cell proliferation activity, as the CAP treatment-generated ROS/RNS doses increase (Figure 2a,b). Notably, the cytotoxicity is higher in the th-3 group than the tw-5 group, suggesting that increasing the frequency of CAP treatment is an efficient strategy in CAP oncotherapy (Figure 2a,b).



To explore the mechanism of the decreased proliferation of MC38 cells after CAP treatment, cell apoptosis is monitored by fluorochrome FITC-conjugated Annexin-V and PI. The viable cells are not stained by Annexin V-FITC or PI, whereas the apoptotic cells are stained positive for Annexin V-FITC, but negative for PI. The necrotic cells are stained double-positive for Annexin V-FITC and PI. The proportion of apoptotic and necrotic cells is analyzed by flow cytometry (Figure 2c,d). The on-3, tw-3 and th-3 PT groups are selected for the apoptosis assay, and the results of tw-3 and th-3 PT groups reveal that the proportion of apoptotic and necrotic cells increases with increasing frequencies of CAP treatment. The results demonstrate that the CAP-induced cytotoxicity, apoptosis, and necrosis of MC38 tumor cells in vitro are CAP treatment-generated ROS/RNS dose-dependent.



As the plasma contains a variety of ROS and RNS, the levels are detected for different CAP treatment-generated ROS/RNS doses in the MC38 cell culture supernatant, using H2O2 and NO concentrations as indicators (Figure 2e,f). The nitrite concentration represents the NO content based on the NO assay kit. As expected, the concentrations of H2O2 and NO in the cell culture supernatant increase with increasing exposure times and frequencies of CAP treatment (Figure 2e,f), and the intracellular ROS and RNS levels in the th-5 group increase as well, followed by a slight decrease due to the reduction in the viable cells (Figure 2g,h). In general, in vitro CAP treatment increases both the intracellular and extracellular ROS/RNS levels in an exposure time- and frequency-dependent manner to induce cytotoxicity, apoptosis, and necrosis in MC38 tumor cells.




3.3. CAP Treatment In Vivo Accelerates Subcutaneous Tumor Growth in Mice


First, we confirmed that both CAP devices induce apoptosis and necrosis in the MC38 cells to the same extent (Figure S2). Then, to observe the apoptotic and necrotic effects of CAP treatment on tumor tissues in vivo, the tumor-bearing mice were treated with the in vivo CAP device (Figure 3a). The CAP treatment of the PT group mice is represented in Figure 3a. The PT group mice exhibit rapid tumor growth, and heavier and visibly larger tumors compared to the control group (Figure 3b,d). In brief, the results of the tumor experiments indicate that CAP treatment stimulates tumor growth.




3.4. CAP Treatment In Vivo Inhibits Expansion of Tumor-Infiltrating CD8+T Cells


Various immune cells are involved in limiting tumor development [49]. To explore the reason underlying the promotion of tumor growth after in vivo CAP treatment, the proportion and number of tumor-infiltrating immune cells in the spleens and tumors of the mice are determined by flow cytometry (Figure 4). In the spleen, there are no significant differences in the number and proportion of total T cells, CD4+T cells, B cells, NK (natural killer cells), macrophages, DCs (dendritic cells), and MDSCs (myeloid-derived suppressor cells) between the two groups (Figure 4a,b). The flow cytometry gating strategy for these immune cells was detailed in Figure S1. Interestingly, the number and proportion of tumor-infiltrating T cells and CD8+T cells decrease dramatically for the PT group (Figure 4c,d). Immunohistochemical staining (IHC) also demonstrates that the tumor-infiltrating CD8+T cells decrease significantly in the PT group (Figure S3). Since CD8+ cytotoxic T lymphocytes (CTLs) are key to tumor cell killing, the results indicate that the in vivo CAP treatment inhibits proliferation of tumor-infiltrating CD8+ CTLs, but has no effect in suppressing migration of T cells out of the spleen.




3.5. CAP Treatment In Vivo Activates the PD-1/PD-L1 Immune Checkpoint Signaling Pathway in Tumor Tissues


The expressions of the main immune checkpoints in the tumor tissues are quantified using RT-qPCR to determine their involvement in tumor growth post-treatment. The PD-1 expression is higher in the sorted tumor-infiltrating T cells in the PT group (Figure 5a), and at the same time, the expression of PD-L1 is higher in the tumor tissues of CAP-treated mice (Figure 5b).



Western blotting also demonstrates that tumor PD-L1 expression increases in the CAP-treated mice (Figure 5c and Figure S4). The expressions of cytokines, IFNγ, granzyme B (GZMB), and IL-2 in the sorted T cells are attenuated in the CAP-treated mice, indicating that the functions and activities of tumor-infiltrating T cells are impaired by CAP treatment (Figure 5d). Furthermore, the expression of CTLA-4 in the sorted T cells increases slightly in the CAP-treated group, in a manner similar to the expression of its ligand, CD80, in the tumor cells; however, the difference is not significant (Figure 5a,b). To determine the changes in the expression of immune checkpoint-related genes, the tumor tissue sections are subjected to IHC and IF staining. The tumor tissues from the CAP-treated mice express higher levels of PD-1 and PD-L1 than the control mice (Figure 5e). Hence, in vivo CAP treatment inhibits the expansion and effective functions of cytotoxic tumor-infiltrating CD8+T cells (CTLs) via elevating the PD-1/PD-L1 immune checkpoint signaling level, thereby resulting in tumor immune escape.




3.6. CAP Treatment In Vivo Slightly Increases ROS/RNS in the Tumor Microenvironment


As shown above, contradictory results were obtained from in vitro and in vivo experiments, and so it is postulated that the different ROS/RNS levels generated by CAP lead to different cellular responses. For verification, the concentrations of H2O2 and nitrite in the interstitial tumor fluids (TIFs) are evaluated to determine the ROS and RNS levels in the TME (Figure 6). Comparable to the control group, the concentrations of H2O2 and nitrite in the plasma-treated mice (PT group, in vivo) are significantly elevated (Figure 6a,b). The ROS/RNS levels in vitro (cell culture supernatants) and in vivo (TIFs) have been compared precisely and appropriately, and all of the measurements were taken at the same room temperature and atmospheric pressure. The concentrations of H2O2 and nitrite were approximated to the level of the on-1 (in vitro) group (Figure 2e,f). At this concentration, MC38 cells did not exhibit statistically significant damage or death. Therefore, it can be inferred that the low levels of ROS/RNS in the TME cannot inhibit tumor growth, but facilitate tumor immune escape via the PD-1/PD-L1 pathway through CD8+T cells.




3.7. High CAP Treatment-Generated ROS/RNS Dose In Vitro Induces Apoptosis in Both T Cells and Tumor Cells


The low-level ROS/RNS in TME may damage TILs cells in the tumor tissues. To compare different mortality rates between tumor cells and T cells, caused by CAP treatment, the MC38 cells are co-cultured with mouse splenic lymphocytes in vitro. The co-cultured cells are treated with three gradient exposure times and frequencies of CAP treatment (on-3, tw-3, and th-3). Flow cytometry reveals that the CAP treatment-induced death of both tumor cells and T cells is exposure time- and frequency-dependent. However, cell death is more significant in T cells, as evidenced by the greater decline in the number and proportion of T cell subsets (Figure 7a,b) and the decrease in the T cell to tumor cell ratio (Figure 7c). This implies that the tumor cells in vitro are more tolerant to CAP than the T cells. Furthermore, as the PD-1+ T cells show insignificant changes over the course of three days of CAP treatment (Figure 7d), it should be considered that in vitro experiment days are too short to observe changes in PD-1+ T cells.



The results indicate that in vitro CAP treatment induces apoptosis or necrosis in tumor cells depending on the ROS/RNS levels. However, low doses of ROS/RNS in TME derived from in vivo CAP treatment more likely accelerate the exhaustion of tumor-infiltrating CD8+T cells and the immune escape of tumor cells via the PD-1/PD-L1 signaling pathway. Therefore, the different doses and delivery rates of ROS/RNS between in vivo and in vitro CAP treatments may account for the contradictory results observed in the MC38 tumor cells.





4. Discussion


4.1. Different Concentrations of ROS/RNS Show Double-Sided Effects on Tumor Cells In Vivo and Vitro


An increasing number of studies show that plasma treatments may generate an interface filled with ROS/RNS which induce tumor cell apoptosis and necrosis in mice. Herein, the therapeutic effects of CAP are shown to be influenced by the levels of plasma-originated ROS/RNS. High levels of ROS/RNS induce apoptosis and necrosis in tumor cells, whereas low levels of ROS/RNS may accelerate the exhaustion of tumor-infiltrating CD8+T cells and the immune escape of tumor cells via the PD-1/PD-L1 signaling pathway.



Plasma therapy based on exogenous ROS has emerged as a viable strategy for tumor treatment with many advantages. For instance, plasma-generated ROS/RNS can target tumors directly, particularly in the case of skin-surface or subcutaneous tumors, possibly leading to fewer side effects compared to chemotherapy and radiotherapy.



Our results revealed that the long exposure times and high frequencies of CAP treatment in vitro effectively induce apoptosis in tumor cells due to the high levels of ROS/RNS. Our findings are consistent with other authors’ studies reporting that H2O2, NO2–, NO3–, •OH,   O 2 −  ·, and singlet oxygen (1O) are the main components of ROS/RNS that promote apoptotic and necrosis in tumor cells [50]. Based on these arguments, H2O2 and NO (including NO2– and NO3–) are selected as indicators of ROS/RNS levels in the present study.



Higher plasma treatment frequencies and durations decrease the activity of tumor cells. In addition, the cell toxicity activity in the th-3 PT group (thrice in three days, 3 min every time) shows no significant difference compared to the th-5 PT group (thrice in three days, 5 min every time). Therefore, in in vivo experiments, the mice are treated with CAP for 3 min daily.



The anti-cancer mechanisms of CAP remain poorly understood. Defining the anti-cancer mechanisms of CAP continues to be a key challenge in this field; ROS/RNS-induced oxidative damage in cancer cells is emerging as one of the most probable underlying mechanisms [51].



Plasmas may deliver ROS/RNS only 150 µm–3.0 mm below the tumor surface, suggesting that the effective penetration of gaseous plasmas is no greater than 3 mm [52]. Therefore, in the present study, to avoid interferences from mice skin regarding the delivery efficiency of CAP-derived ROS/RNS, a small volume of air is subcutaneously injected into the mouse body. This is followed by ROS/RNS generation by the in vivo CAP device. The key characteristics and parameters, such as the voltage, current waveform, optical emission spectra and gaseous CAP yield, are evaluated and compared between the in vivo and in vitro CAP groups (Figure 1). In addition, induction of in vitro MC38 cell death by both devices is analyzed (Figure 2 and Figure S2). The results confirm that both CAP devices induced cell death. However, the in vivo experiments reveal that contrary to induction of cell apoptosis and necrosis in vitro, tumor suppression is not achieved in the plasma–tissue interface.



Furthermore, the ROS/RNS levels in TME are significantly lower in vivo than in vitro, the former being equivalent to the levels in the on-1 and on-3 groups. The low level of ROS causes minimum cytotoxicity to the tumor cells, as evidenced by the cell proliferation assay (Figure 1). ROS/RNS have been shown to impose double-sided effects on tumor cells depending on the concentration [53]. In general, low concentrations of ROS/RNS can induce proliferation and differentiation [54]. As the concentration increases, ROS/RNS can damage cellular biomolecules and cause gene mutation to promote tumor genesis, development, and metastasis [55]. ROS/RNS have been reported to induce apoptosis, necrosis, and immunogenic cell death (ICD) of tumor cells when certain threshold concentrations are exceeded [5,6]. In accordance with these findings, our results show that low levels of ROS/RNS promote cell proliferation at threshold concentrations, corresponding to different effects of plasma on cells. Moreover, differences in ROS/RNS levels in tumors during CAP treatment between the in vivo CAP device used in the present study and equipment used in other studies can explain the differences in tumor growth.




4.2. The Plasma Affects the Biological Activities of the TILs in the Tumor Microenvironment


The tumor microenvironment, which contains various immune cells, blood vessels, and an extracellular matrix, is highly intricate when compared to the culture medium; this benefits tumor cell proliferation [56]. Therefore, it can be inferred that CAP treatment in vivo affects certain immune cell populations. Previous studies have indicated that relatively high levels of ROS in the TME can affect the activities of tumor-infiltrating lymphocytes (TILs) and limit their anti-tumor effects [57]. Siska et al. have demonstrated that CD8+ TILs in renal clear cell carcinomas are functionally impaired due to excessive mitochondrial ROS, and that the CD8+ TILs are rescued upon treatment with mitochondrial ROS scavengers [58]. Goodwin et al. have observed that increased levels of ROS originating from bacterial polyamine catabolic pathways lead to tumor formation in the colon [59]. A study on T cells expressing chimeric antigen receptor (CAR-T) revealed that upregulation of CAR-T is correlated with decreased intracellular oxidative stress. In accordance with these findings, the present study reveals that CAP treatment attenuates CD8+ TILs without affecting splenic T cells. The quantities of CD4+T cells remain unchanged in the tumors of PT mice, while the CD8+T cells decrease. During tumor growth, TILs such as NK cells and CD8+T cells (cytotoxic T lymphocyte, CTL) are responsible for tumor killing, while some cells inhibit tumor immunity, including CD4+ regulatory T cells (Treg, the main composition of tumor CD4+T cells), myeloid-derived uppressor cells (MDSC) and tumor-associated macrophages (TAM) [14,15]. These immunosuppressive cells are tolerant to a TME with qualities such as high ROS levels an a low pH, and help tumors to achieve immune escape [60]. Compared with CD4+ Tregs, CD8+ CTLs and other anti-tumor cells have lower adaptability to the TME, are more vulnerable to high ROS and other factors, and become exhausted during tumor development [61]. In our in vivo study, slightly elevated ROS levels in the plasma-treated tumors caused exhaustion of CD8+T cells. The CD4+T cells, on the other hand, do not demonstrate a reduction, probably due to tolerance to high ROS.




4.3. Low Doses of ROS/RNS Derived from In Vivo CAP Treatment May Lead to Tumor Immune Escape via the PD-1/PD-L1 Signaling Pathway


It has been shown that the CAP treatment involves regulation of the tumor immune checkpoints. Abraham et al. have reported that the innate immune checkpoint CD47 present on tumor cells is oxidized by CAP treatment in vitro as well as in vivo, resulting in reduced tumor immunosuppression [18]. Ramona et al. have demonstrated that CAP amplifies the natural killer (NK) cell cytotoxicity in skin cancer mouse models [17]. However, the present study reveals that CAP treatment enhances the expression of PD-1 and PD-L1 in T cells and tumor cells, respectively, but reduces the expression of T cell cytokines (IFNγ, GZMB, and IL-2) that are associated with CTL functions and activity. This indicates that low levels of ROS/RNS derived from CAP treatment activate immune checkpoint signaling. Moreover, tumor size is positively correlated with the expressions of PD-1, PD-L1, and T cell cytokines, and negatively correlated with the ROS/RNS levels. Tumor cells have been reported to evade immune surveillance by immune checkpoint signaling activation, for example, through PD-1/PD-L1 activation, and ROS/RNS removal improves the therapeutic effects of the PD-1/PD-L1 checkpoint blockade [62]. In addition, tumor cells treated with metformin to decrease mitochondrial ROS/RNS levels exhibit activation of tumor T cells and enhanced therapeutic effects of the PD-1 blockade [63,64]. Maj et al. have reported increased ROS and oxidative stress in the TME, which ultimately promotes the immunosuppression effect of Tregs and eliminates the therapeutic efficacy of the PD-L1 blockade in mice with tumors [65]. These findings suggest that a certain concentration range of ROS/RNS enhances PD-1/PD-L1 signaling through different mechanisms.



To further compare the effects of CAP treatment on immune and tumor cells cultured under the same conditions, in vitro co-culture experiments are conducted. The decline in T cells is more significant than that in MC38 cells upon CAP treatment, implying that T cells are more sensitive to plasmas than tumor cells. In addition, a slight increase is observed in the PD-1+ T cells, although the difference is insignificant relative to the tumor PD-1+ T cells. This can be attributed to the short incubation duration in vitro. Another possible explanation is that the proliferation ability of in vitro splenic T cells is much slower than that of MC38 cells, and the in vitro medium cannot accurately simulate the complex microenvironment of tumor tissues. The results suggest that CAP therapy has to be optimized to maximize the effectiveness of the targeted delivery of ROS/RNS.





5. Conclusions


Our study reveals that the effects of CAP oncotherapy are influenced by ROS/RNS levels. High concentrations of ROS/RNS derived from CAP result in cytotoxicity to tumor cells in vitro, but in the in vivo CAP treatment, a slight increase in ROS/RNS in the TME promotes activation of immune checkpoint signaling. This occurs through upregulation of PD-1/PD-L1 expression, which consequently leads to the exhaustion of tumor-infiltrating CD8+ CTLs. The novelty of the present study is that the effect of doses of plasma-generated ROS/RNS in in vivo treatment are generally different from those in in vitro treatments. The results also reveal potential risks due to the complex tumor microenvironment of in vivo CAP treatment. In vivo, certain doses of plasma-derived ROS/RNS can reshape the tumor microenvironment, which consequently influences activation of immune checkpoints and induces exhaustion of tumor-infiltrating T cells. Based on the subcutaneous tumor model study, we will refine the device for intestinal treatment in the study to then explore the effects of plasma on in situ spontaneous colon tumors in mice.



Therefore, future investigations must focus on precisely regulating and monitoring ROS/RNS levels to activate ROS/RNS-induced apoptosis signaling in tumor cells, in order to achieve real-world plasma oncotherapy.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom13040707/s1, Figure S1: Gating strategies of several immune cell subsets of mice spleen and tumor for flow cytometry analysis; Figure S2: Cytotoxicity and apoptosis of MC38 cells induced by the CAP in vivo and in vitro devices; Figure S3: Immunohistochemistry (IHC) staining of CD3, CD4 and CD8 in the tumor tissues of control and PT mice; Figure S4. Original image of Figure 5c. Western Immunoblot (WB) analysis to determine the PD-L1 expression in the tumor tissues of the control and PT group mice; Table S1: Primers for the q-PCR analysis in this study; Table S2: Antibodies for flow cytometry, immunoblot analysis, IHC, and IF assays.





Author Contributions


Conceptualization, G.W. and Z.W.; Data curation, F.G.; Formal analysis, Y.H. and Y.C.; Funding acquisition, G.W., P.K.C. and Z.W.; Investigation, Y.H., F.G., T.J., Q.L. and H.F.; Project administration, P.K.C.; Software, T.J. and Q.L.; Supervision, G.W.; Writing—original draft, Y.H. and F.G.; Writing—review and editing, Y.H., P.K.C., Z.W. and K.O. All authors contributed to the data analysis and discussions of the results. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Key R&D plan of Anhui Province (201904a07020013 to Z.W. Wu), Fundamental Research Funds for the Central Universities (No. USTC 20210079 to Z.W. Wu), Plasma Applied Technology Joint Laboratory Development Funding (JL06120001H to Z.W. Wu), the Hong Kong PDFS—RGC Postdoctoral Fellowship Scheme (PDFS2122-1S08 and CityU 9061014 to G.M. Wang), and the Hong Kong HMRF (Health and Medical Research Fund) (2120972 and CityU 9211320 to Paul K Chu).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Biller, L.H.; Schrag, D. Diagnosis and Treatment of Metastatic Colorectal Cancer: A Review. JAMA 2021, 325, 669–685. [Google Scholar] [CrossRef]

	



Lafond, M.; Yoshizawa, S.; Umemura, S.I. Sonodynamic Therapy: Advances and Challenges in Clinical Translation. J. Ultrasound Med. 2019, 38, 567–580. [Google Scholar] [CrossRef]

	



Zhou, Z.; Ni, K.; Deng, H.; Chen, X. Dancing with reactive oxygen species generation and elimination in nanotheranostics for disease treatment. Adv. Drug Deliv. Rev. 2020, 158, 73–90. [Google Scholar] [CrossRef]

	



Du, Y.; Zhang, R.; Yang, J.; Liu, S.; Zhou, J.; Zhao, R.; He, F.; Zhang, Y.; Yang, P.; Lin, J. A “Closed-Loop” Therapeutic Strategy Based on Mutually Reinforced Ferroptosis and Immunotherapy. Adv. Funct. Mater. 2022, 32, 2111784. [Google Scholar] [CrossRef]

	



Tian, H.; Wang, G.; Sang, W.; Xie, L.; Zhang, Z.; Li, W.; Yan, J.; Tian, Y.; Li, J.; Li, B.; et al. Manganese-phenolic nanoadjuvant combines sonodynamic therapy with cGAS-STING activation for enhanced cancer immunotherapy. Nano Today 2022, 43, 101405. [Google Scholar] [CrossRef]

	



Dabrowski, J.M.; Arnaut, L.G.; Pereira, M.M.; Urbanska, K.; Simoes, S.; Stochel, G.; Cortes, L. Combined effects of singlet oxygen and hydroxyl radical in photodynamic therapy with photostable bacteriochlorins: Evidence from intracellular fluorescence and increased photodynamic efficacy in vitro. Free Radic. Biol. Med. 2012, 52, 1188–1200. [Google Scholar] [CrossRef]

	



Weltmann, K.D.; von Woedtke, T. Plasma medicine—Current state of research and medical application. Plasma Phys. Control. Fusion 2017, 59, 014031. [Google Scholar] [CrossRef]

	



Lin, A.; Gorbanev, Y.; De Backer, J.; Van Loenhout, J.; Van Boxem, W.; Lemiere, F.; Cos, P.; Dewilde, S.; Smits, E.; Bogaerts, A. Non-Thermal Plasma as a Unique Delivery System of Short-Lived Reactive Oxygen and Nitrogen Species for Immunogenic Cell Death in Melanoma Cells. Adv. Sci. 2019, 6, 1802062. [Google Scholar] [CrossRef]

	



Ma, J.; Yu, K.N.; Cheng, C.; Ni, G.; Shen, J.; Han, W. Targeting Nrf2-mediated heme oxygenase-1 enhances non-thermal plasma-induced cell death in non-small-cell lung cancer A549 cells. Arch. Biochem. Biophys. 2018, 658, 54–65. [Google Scholar] [CrossRef]

	



Ruwan Kumara, M.H.; Piao, M.J.; Kang, K.A.; Ryu, Y.S.; Park, J.E.; Shilnikova, K.; Jo, J.O.; Mok, Y.S.; Shin, J.H.; Park, Y.; et al. Non-thermal gas plasma-induced endoplasmic reticulum stress mediates apoptosis in human colon cancer cells. Oncol. Rep. 2016, 36, 2268–2274. [Google Scholar] [CrossRef] [PubMed]

	



Karki, S.B.; Gupta, T.T.; Yildirim-Ayan, E.; Eisenmann, K.M.; Ayan, H. Miniature Non-thermal Plasma Induced Cell Cycle Arrest and Apoptosis in Lung Carcinoma Cells. Plasma Chem. Plasma Process. 2019, 40, 99–117. [Google Scholar] [CrossRef]

	



Yang, X.; Chen, G.; Yu, K.N.; Yang, M.; Peng, S.; Ma, J.; Qin, F.; Cao, W.; Cui, S.; Nie, L.; et al. Cold atmospheric plasma induces GSDME-dependent pyroptotic signaling pathway via ROS generation in tumor cells. Cell Death Dis. 2020, 11, 295. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Canaveras, J.C.; Chen, L.; Rabinowitz, J.D. The Tumor Metabolic Microenvironment: Lessons from Lactate. Cancer Res. 2019, 79, 3155–3162. [Google Scholar] [CrossRef] [PubMed]

	



Augustin, R.C.; Delgoffe, G.M.; Najjar, Y.G. Characteristics of the Tumor Microenvironment That Influence Immune Cell Functions: Hypoxia, Oxidative Stress, Metabolic Alterations. Cancers 2020, 12, 3802. [Google Scholar] [CrossRef]

	



Crestale, L.; Laurita, R.; Liguori, A.; Stancampiano, A.; Talmon, M.; Bisag, A.; Gherardi, M.; Amoruso, A.; Colombo, V.; Fresu, L. Cold Atmospheric Pressure Plasma Treatment Modulates Human Monocytes/Macrophages Responsiveness. Plasma 2018, 1, 261–276. [Google Scholar] [CrossRef]

	



Clemen, R.; Heirman, P.; Lin, A.; Bogaerts, A.; Bekeschus, S. Physical Plasma-Treated Skin Cancer Cells Amplify Tumor Cytotoxicity of Human Natural Killer (NK) Cells. Cancers 2020, 12, 3575. [Google Scholar] [CrossRef]

	



Lin, A.; Razzokov, J.; Verswyvel, H.; Privat-Maldonado, A.; De Backer, J.; Yusupov, M.; Cardenas De La Hoz, E.; Ponsaerts, P.; Smits, E.; Bogaerts, A. Oxidation of Innate Immune Checkpoint CD47 on Cancer Cells with Non-Thermal Plasma. Cancers 2021, 13, 579. [Google Scholar] [CrossRef]

	



Marangoni, F.; Zhakyp, A.; Corsini, M.; Geels, S.N.; Carrizosa, E.; Thelen, M.; Mani, V.; Prussmann, J.N.; Warner, R.D.; Ozga, A.J.; et al. Expansion of tumor-associated Treg cells upon disruption of a CTLA-4-dependent feedback loop. Cell 2021, 184, 3998–4015.e3919. [Google Scholar] [CrossRef]

	



Poggio, M.; Hu, T.; Pai, C.C.; Chu, B.; Belair, C.D.; Chang, A.; Montabana, E.; Lang, U.E.; Fu, Q.; Fong, L.; et al. Suppression of Exosomal PD-L1 Induces Systemic Anti-tumor Immunity and Memory. Cell 2019, 177, 414–427.e13. [Google Scholar] [CrossRef]

	



Ringel, A.E.; Drijvers, J.M.; Baker, G.J.; Catozzi, A.; Garcia-Canaveras, J.C.; Gassaway, B.M.; Miller, B.C.; Juneja, V.R.; Nguyen, T.H.; Joshi, S.; et al. Obesity Shapes Metabolism in the Tumor Microenvironment to Suppress Anti-Tumor Immunity. Cell 2020, 183, 1848–1866.e1826. [Google Scholar] [CrossRef] [PubMed]

	



Wei, S.C.; Levine, J.H.; Cogdill, A.P.; Zhao, Y.; Anang, N.A.S.; Andrews, M.C.; Sharma, P.; Wang, J.; Wargo, J.A.; Pe’er, D.; et al. Distinct Cellular Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint Blockade. Cell 2017, 170, 1120–1133.e17. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Chen, Q.; Klauser, P.C.; Li, M.; Zheng, F.; Wang, N.; Li, X.; Zhang, Q.; Fu, X.; Wang, Q.; et al. Developing Covalent Protein Drugs via Proximity-Enabled Reactive Therapeutics. Cell 2020, 182, 85–97. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.; Liu, X.; Gu, C.; Zhong, P.; Song, N.; Li, M.; Dai, Z.; Fang, X.; Liu, Z.; Zhang, J.; et al. A plant-derived natural photosynthetic system for improving cell anabolism. Nature 2022, 612, 546–554. [Google Scholar] [CrossRef]

	



Zhu, H.; Li, Q.; Liao, T.; Yin, X.; Chen, Q.; Wang, Z.; Dai, M.; Yi, L.; Ge, S.; Miao, C.; et al. Metabolomic profiling of single enlarged lysosomes. Nat. Methods 2021, 18, 788–798. [Google Scholar] [CrossRef]

	



Liu, H.; Kuang, X.; Zhang, Y.; Ye, Y.; Li, J.; Liang, L.; Xie, Z.; Weng, L.; Guo, J.; Li, H.; et al. ADORA1 Inhibition Promotes Tumor Immune Evasion by Regulating the ATF3-PD-L1 Axis. Cancer Cell 2020, 37, 324–339. [Google Scholar] [CrossRef]

	



Zhou, P.; Fan, H.; Lan, T.; Yang, X.L.; Shi, W.F.; Zhang, W.; Zhu, Y.; Zhang, Y.W.; Xie, Q.M.; Mani, S.; et al. Fatal swine acute diarrhoea syndrome caused by an HKU2-related coronavirus of bat origin. Nature 2018, 556, 255–258. [Google Scholar] [CrossRef]

	



Lv, H.; Lv, G.; Chen, C.; Zong, Q.; Jiang, G.; Ye, D.; Cui, X.; He, Y.; Xiang, W.; Han, Q.; et al. NAD(+) Metabolism Maintains Inducible PD-L1 Expression to Drive Tumor Immune Evasion. Cell Metab.. 2021, 33, 110–127. [Google Scholar] [CrossRef]

	



Pfister, D.; Nunez, N.G.; Pinyol, R.; Govaere, O.; Pinter, M.; Szydlowska, M.; Gupta, R.; Qiu, M.; Deczkowska, A.; Weiner, A.; et al. NASH limits anti-tumour surveillance in immunotherapy-treated HCC. Nature 2021, 592, 450–456. [Google Scholar] [CrossRef]

	



Zou, F.; Lu, L.; Liu, J.; Xia, B.; Zhang, W.; Hu, Q.; Liu, W.; Zhang, Y.; Lin, Y.; Jing, S.; et al. Engineered triple inhibitory receptor resistance improves anti-tumor CAR-T cell performance via CD56. Nat. Commun. 2019, 10, 4109. [Google Scholar] [CrossRef]

	



Wang, Q.; Mao, Z.; Li, W.; Wang, S.; Wang, L.; Chen, L.; Yang, Z.; Fu, X.; Jiang, P.; Bai, Y.; et al. Characteristics of the immunogenicity and tumor immune microenvironment in HER2-amplified lung adenocarcinoma. Front. Immunol. 2022, 13, 1042072. [Google Scholar] [CrossRef] [PubMed]

	



You, G.; Lee, Y.; Kang, Y.W.; Park, H.W.; Park, K.; Kim, H.; Kim, Y.M.; Kim, S.; Kim, J.H.; Moon, D.; et al. B7-H3x4-1BB bispecific antibody augments antitumor immunity by enhancing terminally differentiated CD8(+) tumor-infiltrating lymphocytes. Sci. Adv. 2021, 7, eaax3160. [Google Scholar] [CrossRef] [PubMed]

	



Kon, E.; Levy, Y.; Elia, U.; Cohen, H.; Hazan-Halevy, I.; Aftalion, M.; Ezra, A.; Bar-Haim, E.; Naidu, G.S.; Diesendruck, Y.; et al. A single-dose F1-based mRNA-LNP vaccine provides protection against the lethal plague bacterium. Sci. Adv. 2023, 9, eadg1036. [Google Scholar] [CrossRef]

	



Yan, J.; Villarreal, D.O.; Racine, T.; Chu, J.S.; Walters, J.N.; Morrow, M.P.; Khan, A.S.; Sardesai, N.Y.; Kim, J.J.; Kobinger, G.P.; et al. Protective immunity to H7N9 influenza viruses elicited by synthetic DNA vaccine. Vaccine 2014, 32, 2833–2842. [Google Scholar] [CrossRef]

	



Charles, N.; Hardwick, D.; Daugas, E.; Illei, G.G.; Rivera, J. Basophils and the T helper 2 environment can promote the development of lupus nephritis. Nat. Med. 2010, 16, 701–707. [Google Scholar] [CrossRef]

	



Tan, P.S.; Gavin, A.L.; Barnes, N.; Sears, D.W.; Vremec, D.; Shortman, K.; Amigorena, S.; Mottram, P.L.; Hogarth, P.M. Unique monoclonal antibodies define expression of Fc gamma RI on macrophages and mast cell lines and demonstrate heterogeneity among subcutaneous and other dendritic cells. J. Immunol. 2003, 170, 2549–2556. [Google Scholar] [CrossRef]

	



Fleming, T.J.; Fleming, M.L.; Malek, T.R. Selective expression of Ly-6G on myeloid lineage cells in mouse bone marrow. RB6-8C5 mAb to granulocyte-differentiation antigen (Gr-1) detects members of the Ly-6 family. J. Immunol. 1993, 151, 2399–2408. [Google Scholar] [CrossRef] [PubMed]

	



Kenna, T.J.; Thomas, R.; Steptoe, R.J. Steady-state dendritic cells expressing cognate antigen terminate memory CD8+ T-cell responses. Blood 2008, 111, 2091–2100. [Google Scholar] [CrossRef] [PubMed]

	



Sabatino, J.J., Jr.; Huang, J.; Zhu, C.; Evavold, B.D. High prevalence of low affinity peptide-MHC II tetramer-negative effectors during polyclonal CD4+ T cell responses. J. Exp. Med. 2011, 208, 81–90. [Google Scholar] [CrossRef]

	



Watson, N.B.; Schneider, K.M.; Massa, P.T. SHP-1-dependent macrophage differentiation exacerbates virus-induced myositis. J. Immunol. 2015, 194, 2796–2809. [Google Scholar] [CrossRef]

	



Medyouf, H.; Gao, X.; Armstrong, F.; Gusscott, S.; Liu, Q.; Gedman, A.L.; Matherly, L.H.; Schultz, K.R.; Pflumio, F.; You, M.J.; et al. Acute T-cell leukemias remain dependent on Notch signaling despite PTEN and INK4A/ARF loss. Blood 2010, 115, 1175–1184. [Google Scholar] [CrossRef] [PubMed]

	



Radtke, A.J.; Chu, C.J.; Yaniv, Z.; Yao, L.; Marr, J.; Beuschel, R.T.; Ichise, H.; Gola, A.; Kabat, J.; Lowekamp, B.; et al. IBEX: An iterative immunolabeling and chemical bleaching method for high-content imaging of diverse tissues. Nat. Protoc. 2022, 17, 378–401. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Q.; Gu, D.; Liu, H.; Yang, L.; Zhang, X.; Yoder, M.C.; Kaplan, M.H.; Xie, J. Defective TGF-beta signaling in bone marrow-derived cells prevents hedgehog-induced skin tumors. Cancer Res. 2014, 74, 471–483. [Google Scholar] [CrossRef]

	



Kroemer, A.; Xiao, X.; Degauque, N.; Edtinger, K.; Wei, H.; Demirci, G.; Li, X.C. The innate NK cells, allograft rejection, and a key role for IL-15. J. Immunol. 2008, 180, 7818–7826. [Google Scholar] [CrossRef] [PubMed]

	



Gibbins, J.D.; Ancelet, L.R.; Weinkove, R.; Compton, B.J.; Painter, G.F.; Petersen, T.R.; Hermans, I.F. An autologous leukemia cell vaccine prevents murine acute leukemia relapse after cytarabine treatment. Blood 2014, 124, 2953–2963. [Google Scholar] [CrossRef]

	



Shigeta, A.; Matsumoto, M.; Tedder, T.F.; Lowe, J.B.; Miyasaka, M.; Hirata, T. An L-selectin ligand distinct from P-selectin glycoprotein ligand-1 is expressed on endothelial cells and promotes neutrophil rolling in inflammation. Blood 2008, 112, 4915–4923. [Google Scholar] [CrossRef]

	



Skoro, N.; Zivkovic, S.; Jevremovic, S.; Puac, N. Treatment of Chrysanthemum Synthetic Seeds by Air SDBD Plasma. Plants 2022, 11, 907. [Google Scholar] [CrossRef]

	



Bute, A.; Nagar, V.; Kar, R.; Chand, N.; Bhale, D.; Shashidhar, R.; Patil, D.S.; Rao, A.V.S.S.N.; Maiti, N. Effect of Water Vapor on the Virucidal Behavior of RF-Hollow Cathode Cold Plasma: A Study by Optical Emission Spectroscopy. IEEE Trans. Plasma Sci. 2021, 49, 2774–2784. [Google Scholar] [CrossRef]

	



Yang, Y. Cancer immunotherapy: Harnessing the immune system to battle cancer. J. Clin. Investig. 2015, 125, 3335–3337. [Google Scholar] [CrossRef]

	



Bauer, G. Intercellular singlet oxygen-mediated bystander signaling triggered by long-lived species of cold atmospheric plasma and plasma-activated medium. Redox Biol. 2019, 26, 101301. [Google Scholar] [CrossRef]

	



Khalili, M.; Daniels, L.; Lin, A.; Krebs, F.C.; Snook, A.E.; Bekeschus, S.; Bowne, W.B.; Miller, V. Non-Thermal Plasma-Induced Immunogenic Cell Death in Cancer: A Topical Review. J. Phys. D Appl. Phys. 2019, 52, 423001. [Google Scholar] [CrossRef] [PubMed]

	



Szili, E.J.; Bradley, J.W.; Short, R.D. A ‘tissue model’ to study the plasma delivery of reactive oxygen species. J. Phys. D Appl. Phys. 2014, 47, 152002. [Google Scholar] [CrossRef]

	



Cui, Q.; Wang, J.Q.; Assaraf, Y.G.; Ren, L.; Gupta, P.; Wei, L.; Ashby, C.R., Jr.; Yang, D.H.; Chen, Z.S. Modulating ROS to overcome multidrug resistance in cancer. Drug Resist. Updates 2018, 41, 1–25. [Google Scholar] [CrossRef] [PubMed]

	



Boonstra, J.; Post, J.A. Molecular events associated with reactive oxygen species and cell cycle progression in mammalian cells. Gene 2004, 337, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Fruehauf, J.P.; Meyskens, F.L., Jr. Reactive oxygen species: A breath of life or death? Clin. Cancer Res. 2007, 13, 789–794. [Google Scholar] [CrossRef]

	



Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423–1437. [Google Scholar] [CrossRef]

	



Janssen, A.M.; Bosman, C.B.; van Duijn, W.; Oostendorp-van de Ruit, M.M.; Kubben, F.J.; Griffioen, G.; Lamers, C.B.; van Krieken, J.H.; van de Velde, C.J.; Verspaget, H.W. Superoxide dismutases in gastric and esophageal cancer and the prognostic impact in gastric cancer. Clin. Cancer Res. 2000, 6, 3183–3192. [Google Scholar]

	



Siska, P.J.; Beckermann, K.E.; Mason, F.M.; Andrejeva, G.; Greenplate, A.R.; Sendor, A.B.; Chiang, Y.J.; Corona, A.L.; Gemta, L.F.; Vincent, B.G.; et al. Mitochondrial dysregulation and glycolytic insufficiency functionally impair CD8 T cells infiltrating human renal cell carcinoma. JCI Insight 2017, 2, e93411. [Google Scholar] [CrossRef]

	



Goodwin, A.C.; Shields, C.E.D.; Wu, S.; Huso, D.L.; Wu, X.; Murray-Stewart, T.R.; Hacker-Prietz, A.; Rabizadeh, S.; Woster, P.M.; Sears, C.L.; et al. Polyamine catabolism contributes to enterotoxigenic &lt;em&gt;Bacteroides fragilis&lt;/em&gt;-induced colon tumorigenesis. Proc. Natl. Acad. Sci. USA 2011, 108, 15354. [Google Scholar] [CrossRef]

	



Kirtonia, A.; Sethi, G.; Garg, M. The multifaceted role of reactive oxygen species in tumorigenesis. Cell. Mol. Life Sci. 2020, 77, 4459–4483. [Google Scholar] [CrossRef]

	



Chen, X.; Song, M.; Zhang, B.; Zhang, Y. Reactive Oxygen Species Regulate T Cell Immune Response in the Tumor Microenvironment. Oxid. Med. Cell. Longev. 2016, 2016, 1580967. [Google Scholar] [CrossRef] [PubMed]

	



Bailly, C. Regulation of PD-L1 expression on cancer cells with ROS-modulating drugs. Life Sci 2020, 246, 117403. [Google Scholar] [CrossRef] [PubMed]

	



Scharping, N.E.; Menk, A.V.; Whetstone, R.D.; Zeng, X.; Delgoffe, G.M. Efficacy of PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor Hypoxia. Cancer Immunol. Res. 2017, 5, 9–16. [Google Scholar] [CrossRef] [PubMed]

	



Kurelac, I.; Umesh Ganesh, N.; Iorio, M.; Porcelli, A.M.; Gasparre, G. The multifaceted effects of metformin on tumor microenvironment. Semin. Cell Dev. Biol. 2020, 98, 90–97. [Google Scholar] [CrossRef]

	



Maj, T.; Wang, W.; Crespo, J.; Zhang, H.; Wang, W.; Wei, S.; Zhao, L.; Vatan, L.; Shao, I.; Szeliga, W.; et al. Oxidative stress controls regulatory T cell apoptosis and suppressor activity and PD-L1-blockade resistance in tumor. Nat. Immunol. 2017, 18, 1332–1341. [Google Scholar] [CrossRef]








[image: Biomolecules 13 00707 g001 550] 





Figure 1. Schematic diagrams and characteristic parameters of the cold atmospheric plasma (CAP) devices for tumor treatment in vitro and in vivo. The schematic diagrams of the CAP devices for treating cells and mice are shown. (a) The in vitro device comprises an array of needle electrodes, a DC power supply, an oscilloscope, a high-voltage probe, a microammeter, a low-voltage probe, and a resistor. (b) The syringe is punctured into the skin of the mouse back above the tumor mass, and 5 mL of air is injected as the working gas. The syringe tip is used as the needle electrode connected to the plasma device by a copper piece. Another piece of copper is fixed to the left foot of the mouse and also connected to the ground electrode. The discharge duration is 180 s. (c,d) Voltage and current waveform of the multi-needle (c) and single-needle (d) devices. (e,f) Optical emission spectra of the multi-needle (e) and single-needle (f) plasma in the wavelength range of 340–1000 nm. 
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Figure 2. CAP treatment-induced cytotoxicity, apoptosis, and necrosis in MC38 cells in vitro via ROS/RNS generation. The MC38 cells are cultured for three days. Nine different exposure times and frequencies of CAP treatment are generated based on the different combinations of treatment frequencies and durations per treatment. (a,b) The normalized absorbance values of LDH (OD490) and CCK-8 (OD450) assays conducted with MC38 cells in both the control (mock) and PT groups, n = 4. (c,d) Flow cytometry analyses based on Annexin-V/PI staining to determine apoptotic and necrotic MC38 cells in the mock and PT groups (on-3, tw-3, and th-3), with logarithmic plots (c) and percentages of apoptotic cells (d), n = 3. (e,f) H2O2 and Nitrite concentrations in the MC38 cell culture supernatants in the mock and PT groups, n = 5. (g,h) Normalized fluorescence results for the levels of (g) intracellular ROS and (h) RNS in the MC38 cells treated with different CAP doses, n = 5. The data represent a minimum of three independent experiments (means ± SD). Statistical analysis is performed for all the PT groups using two-sided unpaired t-tests relative to the mock group (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). 
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Figure 3. CAP treatment in vivo facilitates tumor growth in mice. (a) Schematic diagram depicting the tumor-bearing mice and CAP treatment. The mice are subcutaneously injected with 5 × 105 MC38 cells on day 0 and then subjected to CAP treatment from days 8 to 21. (b) Growth curves of the subcutaneous tumors in the mock and PT groups, n = 5. (c) Weight of subcutaneous tumors in the mock and PT groups, n = 5. (d) Images of the tumors on day 21 after implantation of tumor cells. The data are from 15 biologically independent animals (mean ± SD for (b,c)) and the statistical analysis is performed using two-sided unpaired t-tests (* p < 0.05 and ** p < 0.01). 
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Figure 4. CAP treatment in vivo inhibits expansion of tumor-infiltrating CD8+T cells. (a,b) Number and proportion of splenic immune cell subsets and (c,d) Tumor-infiltrating immune cell subsets in the mock and PT group mice determined by flow cytometry, n = 5. The data are from five biologically independent animals (means ± SD) and the statistical analysis is performed using two-sided unpaired t-tests (* p < 0.05, and ** p < 0.01). 
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Figure 5. CAP treatment in vivo activating the PD-1/PD-L1 immune checkpoint signaling pathway in tumor tissues. (a) RT-qPCR analysis to determine the expressions of co-inhibitory receptor genes (PD-1, TIM-3, CTLA-4, and LAG-3) in the tumor-infiltrating T cells sorted from the tumors of the control and PT groups, n = 5. (b) RT-qPCR analysis to determine the expressions of co-inhibitory ligand genes (PD-L1, PD-L2, Galectin-9, CD80, and CD86) in the tumor tissues from the control and PT group, n = 5. (c) Immunoblot analysis to determine the PD-L1 expression in the tumor tissues of the control and PT group mice, n = 5. (d) RT-qPCR analysis to determine the cytokine expressions in the tumor-infiltrating T cells sorted from the tumors of the control and PT groups, n = 5. (e) Immunohistochemical (IHC) staining for PD-1 and PD-L1, and immunofluorescence (IF) for PD-L1 in the tumor tissues from the control and PT groups. The arrows indicate the PD-1+ or PD-L1+ cells. Scale bars are 100 µm, n = 5. The data are from ten biologically independent animals (means ± SD for (a,b)) and the statistical analysis is performed using two-sided unpaired t-tests (* p < 0.05 and ** p < 0.01). 






Figure 5. CAP treatment in vivo activating the PD-1/PD-L1 immune checkpoint signaling pathway in tumor tissues. (a) RT-qPCR analysis to determine the expressions of co-inhibitory receptor genes (PD-1, TIM-3, CTLA-4, and LAG-3) in the tumor-infiltrating T cells sorted from the tumors of the control and PT groups, n = 5. (b) RT-qPCR analysis to determine the expressions of co-inhibitory ligand genes (PD-L1, PD-L2, Galectin-9, CD80, and CD86) in the tumor tissues from the control and PT group, n = 5. (c) Immunoblot analysis to determine the PD-L1 expression in the tumor tissues of the control and PT group mice, n = 5. (d) RT-qPCR analysis to determine the cytokine expressions in the tumor-infiltrating T cells sorted from the tumors of the control and PT groups, n = 5. (e) Immunohistochemical (IHC) staining for PD-1 and PD-L1, and immunofluorescence (IF) for PD-L1 in the tumor tissues from the control and PT groups. The arrows indicate the PD-1+ or PD-L1+ cells. Scale bars are 100 µm, n = 5. The data are from ten biologically independent animals (means ± SD for (a,b)) and the statistical analysis is performed using two-sided unpaired t-tests (* p < 0.05 and ** p < 0.01).



[image: Biomolecules 13 00707 g005]







[image: Biomolecules 13 00707 g006 550] 





Figure 6. CAP treatment for 3 min daily for 14 days slightly increases ROS/RNS levels in the tumor microenvironment. Concentrations of (a) H2O2 and (b) nitrite in the tumor interstitial fluids (TIFs) in the mock and PT groups, n = 5. The data are from five biologically independent animals (means ± SD) and the statistical analysis is carried out using two-sided unpaired t-tests (* p < 0.05). 
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Figure 7. A high CAP treatment-generated ROS/RNS dose in vitro suppresses T cells more than tumor cells. The MC38 cells and splenic lymphocytes are cultured in DMEM containing 10% FBS, 1% penicillin-streptomycin, 3 µg/mL CD3, and 2 µg/mL CD28, and then treated with different exposure times and frequencies of CAP treatment (on-3, tw-3, and th-3), as illustrated in Figure 1a. (b) Flow cytometry analysis to determine the number and proportion of MC38 cells and T cell subsets in the mock and PT groups, n = 3. (c) Ratio of T cell subsets to MC38 cells determined based on the results in (a,d). Flow cytometry analysis of the proportion of PD-1+ T cell subsets in the total T cell populations, n = 3. The data are representative of three independent experiments (mean ± SD). The statistical analysis is performed using two-sided unpaired t-tests relative to the mock group (# insignificant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). 
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