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Abstract

:

Cancers modulate their microenvironment to favor their growth. In particular, monocytes and macrophages are targeted by immuno-modulatory molecules installed by adjacent tumor cells such as ovarian carcinomas. Cold physical plasma has recently gained attention as innovative tumor therapy. We confirmed this for the OVCAR-3 and SKOV-3 ovarian cancer cell lines in a caspase 3/7 independent and dependent manner, respectively. To elaborate whether plasma exposure interferes with their immunomodulatory properties, supernatants of control and plasma-treated tumor cells were added to human THP-1 monocyte cultures. In the latter, modest effects on intracellular oxidation or short-term metabolic activity were observed. By contrast, supernatants of plasma-treated cancer cells abrogated significant changes in morphological and phenotypic features of THP-1 cells compared to those cultured with supernatants of non-treated tumor cell counterparts. This included cell motility and morphology, and modulated expression patterns of nine cell surface markers known to be involved in monocyte activation. This was particularly pronounced in SKOV-3 cells. Further analysis of tumor cell supernatants indicated roles of small particles and interleukin 8 and 18, with MCP1 presumably driving activation in monocytes. Altogether, our results suggest plasma treatment to alleviate immunomodulatory secretory products of ovarian cancer cells is important for driving a distinct myeloid cell phenotype.
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1. Introduction


In the field of plasma medicine, cells and tissues are exposed to partially ionized gas plasma for therapeutic effects [1]. Cold physical plasmas operated at body temperature (i.e., cause no thermal damage) and are potentially bio-active through a number of components generated including reactive oxygen and nitrogen species (ROS/RNS), ions and electrons, ultraviolet (UV) radiation, and electrical fields. Over the last two decades, potential applications have extended from eradicating microorganisms during wound healing to inactivating tumor cells [2]. Today, effective killing of the latter has been demonstrated for different types of cancers including head and neck [3,4,5], leukemia [6,7,8], glioblastoma [9,10,11], pancreas [12,13,14], malignant melanoma [15,16,17], colon [18,19,20], prostate [21,22,23], osteosarcoma [24,25,26], and ovarian [27,28,29]. It has been established the ROS/RNS are the main drivers of antitumor plasma effects [30,31,32].



With 161,100 deaths worldwide in 2015 and a 5-year survival rate of 45%, ovarian cancer ranks 8th in the list of deaths from cancer [33]. The peritoneum of ovarian cancer patients is characterized by an influx of immune cells including monocytes and macrophages [34]. The presence of macrophages also characterizes the bulk tumor [35], presumably due to the early recruitment of monocytes from the blood [36]. As in other tumor types, macrophages are skewed by ovarian cancer cells towards a tumor-supporting phenotype that provides growth factors and fosters angiogenesis [37]. Tumor-associated macrophages (TAMs) are closely associated with hypoxic tumor lesions [38]. ROS can reprogram TAMs to a more inflammatory macrophage phenotype. This illustrates the importance of the tumor cell-monocyte/macrophage axis as potential therapeutic target [39].



Soluble mediators derived from malignant as well as non-malignant cells dictate the inflammatory status within the tumor microenvironment, myeloid differentiation responses, and the level of peritoneal inflammation key in the metastasis of ovarian cancer [40,41,42]. Using cold physical plasma as potent source of ROS for ovarian cancer cell inactivation, here we investigated the immunomodulatory role of their secretion products in human THP-1 monocytes. Using the two cancer cell lines OVCAR-3 and SKOV-3, we were able to demonstrate that plasma treatment, at least in part, reverted a tumor cell-induced monocyte/macrophage phenotype.




2. Materials and Methods


2.1. Cell Culture, Plasma Treatment, and Supernatants


The human ovarian cancer cell lines OVCAR-3 (ATCC HTB-161) and SKOV-3 (HTB-77) as well as human THP-1 monocytes (ATCC TIB-202) were maintained in Roswell Park Memorial Medium (RPMI) supplemented with 2% glutamine, 1% penicillin/streptomycin, and 10% FCS (all Sigma, Taufkirchen, Germany). For plasma treatment of ovarian cancer cell lines, 2 × 105 cells were suspended in 500 µL of fully supplemented medium and added to 24-well plates (Eppendorf, Hamburg, Germany). Cells were exposed for 30 s to cold physical plasma of the atmospheric pressure plasma jet kINPen (neoplas, Greifswald, Germany) with argon (air liquid, Paris, France) as feed gas at a flux of four standard liters per minute. Control cells were left untreated or exposed to argon gas alone for 30 s. After 4 h of incubation, supernatants of several wells pooled, centrifuged at 1000× g for 5 min to eradicate any remaining cells, and stored at −20 °C until further use. THP-1 cells were not directly exposed to plasma in this study. Instead, they were cultured either in fully supplemented medium or in fully supplemented medium containing supernatants of control or plasma-treated ovarian cancer cells (80 µL of medium or supernatants with 20 µL of THP-1 cell suspension). 1 × 104 THP-1 cells were cultured in 96-well plates (Eppendorf) with a water-filled rim to prevent evaporation during incubation for up to 96 h. An extra of 50 µL cell culture medium was added to THP-1 cells after 48 h for long-term cultures.




2.2. Metabolic Activity and Viability of Ovarian Cancer Cells


To assess metabolic activity of ovarian cancer cells after plasma treatment they were incubated with resazurin (Alfa Aesar, Haverhill, MA, USA) at a final concentration of 100 µM. After 4 h of incubation, supernatants were transferred to a flat-bottom 96-well plate. Fluorescence was assessed using a microplate reader (Tecan, Männedorf, Switzerland) at λex 535 nm and λem 590 nm, and normalized to that of untreated control cells. For apoptosis at 4 h, cells were incubated with caspase 3/7 reagent (life technologies, Darmstadt, Germany) and 4′,6-Diamidin-2-phenylindol (DAPI, Sigma) for 15 min. Subsequently, cells were harvested and caspase and DAPI fluorescence was measured at a single-cell level using flow cytometry (CytoFlex; Beckman-Coulter, Brea, CA, USA). For time resolved cell death analysis, DAPI+ cells were quantified over a time course of 4 h using fluorescence microscopy.




2.3. High Content Imaging of THP-1 Monocytes


Imaging experiments were performed using an Operetta CLS high content imaging device (PerkinElmer, Hamburg, Germany), and analyzed with Harmony 4.6 software (PerkinElmer). To investigate motility of THP-1 cells, time-lapse video microscopy was performed at a 15 min interval for 4 h. Cells were segmented, boarder objects were removed, and tracking kinetics for individual cells were calculated. For calculation of mean cell-based cytosolic area, imaging was performed using digital phase contrast at 24 h. Phorbol-12-myristat-13-acetat (PMA; Sigma) at a final concentration of 100 nM served as positive control. To generate a morphometric analysis of THP-1 cells, segmented objects were analyzed using the software-specific SER HOLE feature that allows texture-based read out of pixel distributions in the bright field channel at 24 h in one experiment. For all types of quantitative image analysis, 9–36 fields of views (FoV) were acquired for each of three to six technical replicates per condition. The sum of segmentation-based object count in these FoV was, depending on the assay type and incubation time, approximately 500–3000 that was used to generate mean values for the respective analysis. Approximately 4000 images were analyzed in this study.




2.4. Metabolic Activity and Flow Cytometry of THP-1 Monocytes


Metabolic activity of THP-1 cells cultured with or without tumor cell supernatants was assessed at 24 h following a 4 h incubation period with resazurin as described above for ovarian cancer cells. Total cell counts were retrieved by flow cytometry (CytoFlex) at 24 h. To detect immediate oxidative effects THP-1 cells, the latter were stained with hydroxyphenyl fluorescein (HPF) and mitotracker orange (MTO), or CM-H2-DCF-DA (DCF; all life technologies) as well as DAPI prior to exposure to tumor culture supernatants. This specific mitotracker dye only accumulates in cells with intact mitochondrial membrane potential (ΔΨm). Thereafter, mean fluorescence intensities in viable (DAPI-negative) cells were assessed by flow cytometry, and normalized to that of THP-1 cells, which had received fully supplemented culture medium only. Hydrogen peroxide (H2O2) served as positive control for DCF staining. Cell surface marker analysis was performed at 96. For this, THP-1 cell culture medium was collected and any remaining THP-1 cells attaching to the plastic bottom of the 96-well plate were detached and added to the respective matching tube. Cells were washed with phosphate-buffered saline (PBS; Sigma) and incubated for 15 min in the dark with fluorochrome-labelled antibodies targeted against the following surface markers: CD15s (PerCP Cy5.5), CD33 (BV510), CD41 (Pacific Blue), CD45RA (PE-Dazzle), CD49d (FITC), CD55 (PE-Cy5), CD63 (PE), CD69 (BV650), CD154 (APC7), CD271 (PE-Cy7), and HLA-ABC (APC) (all BioLegend, London, United Kingdom). PMA served as positive control. After two subsequent washes with PBS, cells were analyzed by 11-color flow cytometry. Only viable cells (with appropriate forward scatter and side scatter properties) were included in the analysis. Gating and compensation was performed using Kaluza analysis software 2.1 (Beckman-Coulter). Approximately 500 individual flow cytometry measurements were included in this study.




2.5. Supernatant Analysis


Tumor cell supernatants were stained with Bodipy (life technologies) and analyzed for small particle release by flow cytometry (Gallios, Beckman-Coulter) as previously described [43] in one experiment with several technical replicates. Heat-shock protein 27 (HSP27) was measured using enzyme-linked immunosorbent assay (ELISA, RnD Systems, Wiesbaden, Germany) according to the manufacturer’s instructions. Multiplex cytokine analysis of THP-1 (at day 6) and tumor cell supernatants (at 4 h) was performed with the LegendPlex bead-array based quantification kit (BioLegend) according to the vendor’s instructions. Beads were analyzed by flow cytometry. 5-log logarithmic functions and LegendPlex software 8.0 (Vigenetech, Carlisle, USA) were employed to calculate absolute target concentrations. Several technical replicates of pooled supernatants from at least three independent experiments were used for ELISA and multiplex cytokine analysis.




2.6. Statistical Analysis


For each assay if not indicated otherwise, at least three independent experiments with at least three technical replicates each were performed and included into data analysis. Unpaired student’s T-test was employed to compare the effect of argon or plasma treatment to untreated control or to medium control, as well as between untreated and plasma treatment. Prism 7.05 software (GraphPad software, La Jolla, CA, USA) was employed for data calculation (mean and standard error), graphing, and statistical analysis. Level of significance is indicated as follows: α = 0.05 (*), α = 0.01 (**), α = 0.001 (***).





3. Results


3.1. Plasma Treatment Abrogated Growth of OVCAR-3 and SKOV-3 Cells


Before analyzing the effect of supernatants from control and plasma-treated tumor cell on THP-1 cells, the toxic amplitude of the plasma exposure was tested. Four hours after plasma treatment, the metabolic activity of both OVCAR-3 and SKOV-3 cells was significantly reduced compared to untreated control (Figure 1a). Argon gas treatment gave no effect. SKOV-3 cells were significantly more sensitive to plasma treatment than OVCAR-3. To understand the kinetics on cell demise, properties of both cell types was follow by time-lapse fluorescence microscopy (Figure 1b). Terminal cell death (DAPI+ cells) was increasing with elapsed time and more pronounced in SKOV-3 compared to OVCAR-3 cells. Staining for actives caspases 3 and 7 at 4 h, enzymes eminent in apoptosis induction, we found an increase in apoptotic cells (Figure 1c) with plasma treatment but this was only significant for SKOV-3 but not OVCAR-3 cells (Figure 1d). Nonetheless, OVCAR-3 showed a significant reduction in metabolic activity following plasma treatment. This suggested the caspase assay possibly suffering from extensive background signal as we repeatedly observed high numbers of active caspase 3/7 positive cells in our controls. Having elaborated the impact of plasma in cancer cell death, supernatants were analyzed for their immunomodulatory activity in THP-1 monocytes, next.




3.2. Supernatants of Plasma-Treated Ovarian Cancer Cell Lines Modestly Affected THP-1 Monocytes’ Oxidative Balance and Metabolic Activity


As cancer cell supernatants stemmed from plasma-treated cultures, it was important to assess their remaining oxidative potential. For this, we stained THP-1 cells with a redox-sensitive fluorescent dye CM-H2DCF-DA, and tested its responsiveness to hydrogen peroxide (Figure 2a) in a dose-dependent fashion (Figure 2b). Upon culture with supernatants with OVCAR-3 but not SKOV-3 cells, a significant increase was observed as well (Figure 2c), although on a much lower scale (~5%) compared to lowest positive control (15%, Figure 2a). These results were replicated using a second fluorescent redox indicator, HPF. For mitotracker orange, which selectively accumulates in mitochondria with intact membrane potential, a small but consistent and significant decrease was observed across all samples compared to vehicle control (but not supernatants of control and plasma-treated tumor cells). In some respect, this suggests that tumor cell supernatants generally were sensed different to vehicle culture medium control by THP-1 cells. As mitochondria are important sites of ATP generation, it was subsequently investigated whether the supernatants affected THP-1 metabolic activity and cell count as well the ratio of both (i.e., metabolic activity per cell). Apart from cell counts with SKOV-3 supernatants, no significant changes were observed between treatments or compared to vehicle control (Figure 2d). In tendency, the supernatants of plasma-treated tumor cells reduced THP-1 metabolic activity. Altogether, having noted changes in intracellular oxidation and subtle difference in metabolic activity and growth in THP-1 cells exposed to tumor cell supernatants, microscopic analysis was performed analyze the cells further.




3.3. Plasma Treatment of Ovarian Cancer Cell Lines Alleviated Effects of Their Supernatants on THP-1 Monocyte Motility and Morphology


Quantitative image analysis is a powerful tool to investigate the morphometric features of cells across a large number of images and individual cells. For tracking the speed of THP-1 monocytes, cells were segmented and tracking tools employed (Figure 3a) to retrieve distance over time data at 4 h. Quantification revealed that supernatants of both OVCAR-3 and SKOV-3 cells decreased cells motility (Figure 3b). Strikingly, plasma-treated supernatants did not do so but rather rescued speed loss back to the level of vehicle control medium. Next, it was assessed whether THP-1 cells co-cultured with tumor cell supernatants displayed morphological features of activated cells. Specifically, non-activated THP-1 cells are round and dense, thus show a high cytosolic intensity when measured with “digital phase contrast” (DPC; Figure 3c, left image). By contrast, activating agents such as PMA lead to a flattening of cells concomitant with a loss of DPC intensity (Figure 3c, right image). Quantification at 24 h revealed that DPC intensity of THP-1 cells cultured with tumor cell supernatants was not different from that of vehicle control, especially in comparison to positive control PMA (Figure 3d). To perform more detailed visual fingerprinting of THP-1 cells, texture based feature analysis (SER HOLE) was employed in bright field images segmented from DPC intensities (Figure 3e). This allows measuring the intracellular density and distribution quantitatively. The white arrow (Figure 3e) shows a denser cell with the correspondingly different SER HOLE image. Analogously to cell motility measurements (Figure 3b), supernatants of plasma-treated tumor cells alleviated the decrease in SER HOLE intensity seen with control tumor-cell supernatants in THP-1 monocytes at 24 h (Figure 3f). In summary, we observed effects of tumor cell supernatants on THP-1 cells motility and morphology, which was reduced to vehicle control levels with plasma-treated supernatants.




3.4. Plasma Treatment of SKOV-3 Cells Mitigated Effects of Their Supernatants on THP-1 Monocyte Surface Marker Expression


Cell surface marker analysis provides a good mean to investigate the activation status of immune cells. We performed a multicolor flow cytometry panel for 11 markers known to be regulated in THP-1 monocyte activation. To validate our approach, we first compared the staining intensity differences between unstained and stained, non-activated cells, which allows assessing baseline marker expression (Figure 4a). Expression of CD41, CD45RA, CD63, and CD69 was weak or absent in resting monocytes. In parallel, we stained PMA-activated monocytes/macrophages and measured marker intensities at 96 h using flow cytometry. Except for CD49d, all markers investigated were upregulated in THP-1 monocytes/macrophages upon PMA treatment (Figure 4a). These measurements helped in judgement of subsequent data from THP-1 monocytes incubated with tumor cell-derived supernatants (Figure 4b). Neither control nor plasma-treated OVCAR-3 supernatants notably modulated the expression of any of the 11 markers in THP-1 monocytes at 96 h (Figure 4c). Conversely, control SKOV-3 supernatants upregulated the expression of eight markers also observed with PMA-induced monocyte-to-macrophage differentiation (Figure 4b), although to a lesser degree. Another marker, CD49d was down regulated, similar to PMA samples. Strikingly, this response was diminished when THP-1 monocytes were incubated with plasma-treated SKOV-3 supernatants. These results suggested that plasma treatment mitigates immunomodulatory effects of tumor cell-derived supernatants in THP-1 monocytes.




3.5. Plasma Treatment of Ovarian Cancer Cells Changed Their Secretory Products and Those of THP-1 Cells


OVCAR-3 and SKOV-3 supernatants modulated THP-1 activity, morphology, and surface marker expression. To screen for potential mediators, we further investigated these supernatants for potentially active mediators. Many cell types, including cancer cells are capable of modifying inflammation via the release of small vesicles or particles budded from the cell’s surface such as microparticles, capable of inducing differentiation-like responses in human monocytes [44]. To this end, we analyzed the cell-depleted supernatants of OVCAR-3 and SKOV-3 cells for membrane-containing vesicles by staining with a bodipy dye and measuring fluorescence intensities via flow cytometry as established previously [43]. Plasma treatment qualitatively (Figure 5a) and quantitatively (Figure 5b) decreased the total number of small particles (range approximately 400 to 3000 µm) measured at 4h in equal liquid volumes. Although the downregulation of small particles may contribute to the effects observed above, we further investigated supernatants for soluble mediators principally released by tumor cells and known to modulate myeloid cell activity, such as heat shock protein 27 (HSP27) [45]. Plasma treatment profoundly increased the amount of HSP27 in supernatants of OVCAR-3 but not SKOV-3 cells (Figure 5c). As these results did not explain the responses seen in THP-1 monocytes, we performed a 13-plex cytokine screening in supernatants of control and plasma-treated tumor cells at 4h as well as THP-1 monocyte supernatants cultured for 96 h in vehicle, control, or plasma-treated tumor cell supernatants (Table 1). In tumor cell supernatants, many analytes were not detected with IL8 being the only strongly expressed chemokine/cytokine found. It was upregulated with plasma treatment, similar to IL18 and TNFα, although to a much lesser extent and only in OVCAR-3 cells. For THP-1 monocytes, only IL8, IL18, and MCP1 were detected. IL8 was absent in vehicle controls but measurable in all samples that have received tumor cell supernatants, possible as endogenous response to the same or as remaining molecules originally stemming from ovarian cancer cells. IL18 was significantly decreased in THP-1 monocytes receiving plasma-treated compared to control OVCAR-3 supernatants, despite the reverse release pattern found in OVCAR-3 supernatants alone. This suggest a THP-1-dependent regulation of IL18 but does not explain the results observed in cell surface marker analysis (Figure 4c). By contrast, MCP1 levels strongly reflected the findings with surface marker expression patterns in monocytes. Levels in supernatants of THP-1 cells receiving vehicle control medium, or control or plasma-treated OVCAR-3 supernatants were similar. Control supernatants of SKOV-3 cells gave a 4-fold increased release in THP-1 cells but a significant decline to vehicle control levels with plasma-treated SKOV-3 supernatants. In summary, reduced amounts of small particles and/or an unknown immunomodulator in ovarian cancer cell supernatants may explain a suggested MCP1-driven activation response in human THP-1 monocytes.





4. Discussion


Monocyte education and macrophage polarization by ovarian cancer cells is key in tumor progression. Cold physical plasma has been suggested for cancer treatment, and we investigated the impact of secretory products of ovarian cancer cells in human THP-1 monocytes in the context of plasma.



Several lines of evidence argued for THP-1 immunomodulation or possibly activation by ovarian cancer cell supernatants. A decrease in mitochondrial membrane potential as well as an increase in ROS was observed, which is associated with inflammasome-mediated THP-1 cell activation [46]. Moreover, a change in motility and morphological features was observed, events known from earlier studies with THP-1 activation [47]. This was concomitant with a change in surface marker expression patterns at 96 h, although only in one of four supernatant conditions investigated. Possibly, early activation events by tumor cell supernatants were abrogated during long culture conditions for the remaining three. However, we could not identify morphological features at 96 h to confirm findings by flow cytometry as high cell densities at 96 h hampered quantitative image analysis. Cytokine patterns (increase in IL8, IL18, and MCP1 compared to vehicle control) reflected an immunomodulation in THP-1 cells cultured in tumor cell supernatants as well. IL18 is marker of inflammasome activation in THP-1 cells [48], while lipopolysaccharide-stimulated THP-1 monocytes secrete IL8 [49] and MCP1 [50]. IL8 is also released in response to oxidative stimuli [51]. The absence of IL1β and TNFα is in line with findings in primary monocyte-derived macrophages [52]. Although the amplitude of total chemokine/cytokine secretion was rather low, there was a striking similarity between MCP1 release and flow cytometry surface marker profiles. MCP1 is a potent chemoattractant and activator for monocytes [53]. As this chemokine was not present in tumor cell supernatants, we speculate that MCP1 activated THP-1 monocytes in a paracrine or autocrine fashion in response to SKOV-3-derived secretory products.



There are several possibilities for immunomodulatory agents in tumor cell supernatants that, alone or in concert with plasma treatment, could have acted on THP-1 monocytes. A subtle, yet consistent increase in intracellular THP-1 cell oxidation was seen with tumor cell supernatants and elevated in plasma conditions. For the latter, it is tempting to speculate that this finding is owed to remaining plasma-derived reactive species [54] in the supernatants. However, the kINPen generates approximately 60 µM of hydrogen peroxide (H2O2) within 30 s of plasma treatment of 500 µL medium [55,56]. With 200,000 cells suspended in the medium, it is unlikely that significant amounts of H2O2 would not have reacted with tumor cells across 4 h of incubation 37 °C and after freeze-thawing of the supernatants. Instead, it is possible that remaining ROS were secondary derivatives of tumor cells, possibly as active response to stress [57] or as ROS leaking from damaged mitochondria present during apoptosis [58]. Alternatively, ROS increase in THP-1 may have been due to plasma-induced oxidation in biomolecules [59] taken up the cells or immediate activity increase in response to, for instance, chemokines and cytokines. ROS are vital signaling agents observed during activation of monocytes [60], and the subtle but consistent increase in ROS with supernatants of plasma-treated cancer cells may argue for the activation of some THP-1 monocytes. Along similar lines, the subtle but consistent decrease in metabolic activity is associated with activation of monocytes [61]. The levels of IL8 in ovarian cancer supernatants were reasonably high and followed the pattern of ROS in THP-1 monocytes. As IL8 is known to activate monocytes [62], it is reasonable to speculate on its prime role in mediating immediate changes. The decrease of IL8 in plasma-treated supernatants may also explain the alleviated morphometric responses observed with control tumor cell supernatants. A similar observation was made for tumor-derived small particles such as microparticles. These are known for their immunomodulatory properties [63]. However, their quality (protein or mRNA cargo) and not necessarily quantity governs their physiological impact on other cell types. Another secretory product found in ovarian cancer cells was HSP27 but its release pattern does not correlate to any of the findings in THP-1 monocytes, although it is crucial in macrophage polarization [64]. However, we do not propose finding fully differentiated macrophages in our study but rather propose a principle immunomodulatory function of ovarian cancer cell secretory products in monocytes that can be targeted with plasma treatment. The practical implications of these findings are limited but it could be speculated that plasma treatment of micro metastasis within resection margins of ovarian cancer surgery may decrease the tumor cells’ ability to educate monocyte for cancer-promoting purposes.



Both OVCAR-3 and SKOV-3 are capable of undergoing caspase-dependent apoptosis [65,66]. OVCAR-3 and SKOV-3 cells differentially responded to plasma treatment. While a decrease in metabolic activity and an increase in terminal cell death was present in both lines, apoptosis was only significantly enhanced in plasma-treated SKOV-3 but not OVCAR-3. However, this was due to a high, non-eliminable background cell death when detaching and suspending OVCAR-3 cells. Despite this, plasma treatment was still perceived and translated by OVCAR-3 cells into a biological response, as seen with reduction in metabolic activity, release of HSP27, and modulation of cytokine secretion. In general, both OVCAR-3 and SKOV-3 have permanently active hypoxia-related redox-signaling pathways activated to respond to e.g., plasma-derived oxidants, as high steady-state expression levels of HIF1α suggests [67]. Although SKOV-3 viability was compromised to a higher extent compared to that of OVCAR-3, the cells’ sensitivity towards ionizing radiation-induced cell death is reciprocal to our observation to plasma [68]. In addition, their cell surface marker expression differs to some extent, and SKOV-3 but not OVCAR-3 responds in a highly sensitive way towards platinum-based compounds [69]. Similar to plasma, such compounds are known to evoke oxidative stress [70]. For regular chemotherapeutic agents, SKOV-3 are more resistant compared to OVCAR-3 [71].
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Figure 1. Plasma treatment abrogated growth of OVCAR-3 and SKOV-3 cells. (a) Metabolic activity normalized to that of untreated control cells; (b) ratio of live over dead cells from quantitative images analysis of 4′,6-Diamidin-2-phenylindol (DAPI+) (terminally dead) cells as assayed via time lapse microscopy; (c) representative fluorescence histogram overlay of untreated control and plasma-treated SKOV-3 cells for active caspases 3 and 7 assayed via flow cytometry; (d) quantification of the percentage of caspase 3/7 positive cells in tumor cells under different conditions. *** (p < 0.001) indicates significant difference between indicated samples. 
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Figure 2. Supernatants of plasma-treated ovarian cancer cell lines modestly affected THP-1 monocytes’ oxidative balance and metabolic activity. (a) left: representative fluorescence overlay histogram of control and H2O2 treated THP-1 cells; (b) quantification of mean DCF fluorescence in a H2O2 titration series as positive control; (c) quantification of DCF, hydroxyphenyl fluorescein (HPF), and mitotracker orange fluorescence intensities of THP-1 cells cultured with tumor cell supernatants or untreated (vehicle) control medium that served as normalization control; (d) quantification of metabolic activity, cell count, and metabolic activity over cell count ratio in THP-1 cells cultured with tumor cell supernatants at 24 h, each assay was normalized against untreated control medium. § indicates significant (p < 0.05) differences to vehicle control; * (p < 0.05) and ** (p < 0.01) indicate significant difference between indicated samples. 
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Figure 3. Plasma treatment of ovarian cancer cell lines alleviated effects of their supernatants on THP-1 monocyte motility and morphology. (a) Left: representative bright field image with segmented THP-1 cells (green) and excluded boarder objects (red), right: representative digital phase contrast (DPC) image with individual distance accumulation over 4 h; (b) quantification of tracking distances in THP-1 cells; (c) representative bright field image overlay with DPC of control (left) and PMA-treated (right) THP-1 cells at 24 h, note the decrease in white DPC signal in PMA samples; (d) quantification of cytosolic intensity from DPC images; (e) segmented THP-1 cells in bright field (left) and SER HOLE feature display (right), note the indicated (white arrow) cell with altered morphometric properties (left) that become a quantitative measure by a less empty (hole) area within the cell (right); (f) quantification of SER HOLE intensity. Scale bar = 50 µm. 
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Figure 4. Plasma treatment of SKOV-3 cells mitigated effects of their supernatants on THP-1 monocyte surface marker expression. (a) Representative overlay histograms showing the fluorescence intensity of unstained control (white), stained control (red), and stained PMA-treated (blue) THP-1 cells at 96 h; (b) representative overlay histograms showing the fluorescence intensities of CD33, CD41, and CD49d in THP-1 cells receiving different types of tumor supernatants; (c) summary heat map of fold changes in surface marker expression in THP-1 monocytes with tumor cell supernatants normalized to that of THP-1 cells incubated with vehicle control cell culture medium. 
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Figure 5. Plasma treatment of ovarian cancer cells changed their secretory products. (a) Representative bivariate dot plot of noise-discriminated small particles in the supernatants of control (green) and plasma-treated (red) OVCAR-3 cells at 4 h; (b) absolute quantification of small particles present in 5 µL of supernatant; (c) quantification of heat-shock-protein 27 (HSP27). 
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Table 1. 13-plex cytokine analysis of cell culture supernatants retrieved in this study.
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Sample Source

	
THP-1 Monocyte Supernatants

	
OVCAR-3 Supernatants

	
SKOV-3 Supernatants




	
Target

	
Statistic

	
Vehicle

	
Ov-Ctrl

	
Ov-Pl

	
Sk-Ctrl

	
Sk-Pl

	
Ctrl

	
Pl

	
Ctrl

	
Pl






	
IL1β

	
Mean

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
IL8

	
Mean

	
2.1

	
40.2

	
2.7 ***

	
18.6

	
3.6

	
133.3

	
280.1

	
33.8

	
69.1 **




	
S.D.

	
0.0

	
0.9

	
0.8

	
28.6

	
2.6

	
59.4

	
99.1

	
6.8

	
9.6




	
IL10

	
Mean

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
IL12p70

	
Mean

	
1.3

	
1.3

	
1.3

	
1.3

	
1.3

	
1.3

	
1.3

	
1.3

	
1.3




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
IL17

	
Mean

	
4.2

	
4.2

	
4.2

	
4.2

	
4.2

	
4.2

	
4.2

	
4.2

	
4.2




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
IL18

	
Mean

	
3.5

	
7.9

	
2.7 **

	
2.0

	
2.2

	
7.1

	
29.5 *

	
1.3

	
1.3




	
S.D.

	
1.4

	
0.4

	
0.9

	
1.2

	
0.8

	
3.0

	
8.4

	
0.0

	
0.0




	
IL23

	
Mean

	
3.4

	
3.4

	
3.4

	
3.4

	
3.4

	
3.4

	
3.4

	
3.4

	
3.4




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
IL33

	
Mean

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0

	
3.0




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
IFNα

	
Mean

	
0.7

	
0.7

	
0.7

	
0.7

	
0.7

	
0.7

	
0.7

	
0.7

	
0.7




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
IFNγ

	
Mean

	
2.7

	
2.7

	
2.7

	
2.7

	
2.7

	
2.7

	
2.7

	
2.7

	
2.7




	
S.D.

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
MCP1

	
Mean

	
12.2

	
14.1

	
17.3

	
44.5

	
13.6 ***

	
3.1

	
3.1

	
3.1

	
3.1




	
S.D.

	
2.7

	
3.2

	
3.1

	
2.3

	
2.3

	
0.0

	
0.0

	
0.0

	
0.0




	
TNFα

	
Mean

	
1.7

	
1.7

	
1.7

	
1.7

	
1.7

	
1.7

	
4.7 **

	
1.7

	
1.7








IL: interleukin; IFN: interferon; MCP1: monocyte-chemoattractant protein 1 (CCL2); S.D.: standard deviation; Ov: OVCAR-3; Sk: SKOV-3; Ctrl: control; Pl: plasma; *(p < 0.05), ** (p < 0.01), and *** (p < 0.001) mark significant differences to the respective control of the matching supernatant and/or cell type.
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