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Abstract: Heat shock protein 27 (Hsp27) is a cytoprotective molecule and is inducible via oxidative
stress. Anti-cancer therapies, such as the recently investigated gas plasma, subject tumor cells to a
plethora of reactive oxygen species (ROS). In ovarian tumor microenvironments (TME), immune
cells such as monocytes and macrophages can be found in large numbers and are often associated
with cancer progression. Therefore, we quantified extracellular Hsp27 of OVCAR-3 and SK-OV-3
cells after gas plasma exposure in vitro. We found Hsp27 to be significantly increased. Following
this, we investigated the effects of Hsp27 on THP-1 monocytes. Live cell imaging of Hsp27-treated
THP-1 cells showed decelerated cell numbers and a reduction in cell cluster sizes. In addition,
reduced metabolic activity and proliferation were identified using flow cytometry. Mitochondrial
ROS production decreased. Using multicolor flow cytometry, the expression profile of eight out of
twelve investigated cell surface markers was significantly modulated in Hsp27-treated THP-1 cells.
A significantly decreased release of IL18 accommodated this. Taken together, our results suggest an
immunomodulatory effect of Hsp27 on THP-1 monocytes. These data call for further investigations
on Hsp27’s impact on the interplay of ovarian cancer cells and monocytes/macrophages under

oxidative stress conditions.
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1. Introduction

The heat shock protein 27 (Hsp27) is one of the major molecules induced in response
to several stress conditions, such as oxidative stress [1,2]. Oxidative stress can be triggered
via increased levels of reactive oxygen species (ROS), which damage the cell by direct
oxidation of biomolecules or disruption of the redox signaling [3]. The protective effect of
Hsp27 is mediated by its ability to inhibit caspase activation [4]. In addition, it can promote
proteasomal degradation of oxidized proteins [5] and regulate the actin cytoskeleton and
its antioxidant function [6-8].

In cancer therapy, however, the cytotoxic effects of ROS are also exploited. This is
apparent in several types of chemotherapy [9] and photodynamic therapy [10]. In addi-
tion, a relatively recent approach dwelling on medical gas plasma technology is being
explored [11]. In gas plasma-treated tumor cells, cytotoxic effects were demonstrated for
several cancer entities, such as head and neck [12-14], leukemia [15-17], prostate [18-20],
and ovarian [21-23] cancer. Epithelial ovarian cancer ranks seventh among cancers diag-
nosed in women in 2018, being the most lethal gynecological cancer with a 5-year survival
rate of only 46% after diagnosis [24]. This calls for a better understanding of these tumor
cells and therapeutic modalities.
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The tumor microenvironment (TME) in ovarian cancer is infiltrated by immune
cells, such as monocytes, that later differentiate into macrophages [25,26]. Often, those
macrophages are so-called tumor-associated macrophages (TAMs) [27]. TAMs are related
to tumor progression and metastasis [28,29]. This highlights the necessity to investi-
gate the effects of possible cancer therapies not only on tumor cells but also on mono-
cytes/macrophages, which interact in the TME. In this study, we found significantly
increased Hsp27 release in plasma-treated ovarian cancer cells. To explore the potential
effects on immune cells present in the TME, we aimed to investigate the effects of Hsp27
on THP-1 monocytes.

2. Materials and Methods
2.1. Cell Culture

The myeloid cell line used in this study was THP-1 (ATCC: TIB-202). The two ovarian
cancer cell lines were OVCAR-3 (ATCC: HTB-161) and SK-OV-3 (ATCC: HTB-77). The cells
were cultured using Roswell Park Memorial Institute (RPMI) 1640 Medium. Fetal bovine
serum (10%), L-glutamine (2%), and penicillin/streptomycin (1% each) were added to
supplement the cell culture medium (all Sigma-Aldrich, Taufkrichen, Germany). The cells
were cultured under standard conditions (37 °C, 5% COy, and 95% humidity) as described
before [30]. The growth parameters of two ovarian cancer cell lines were outlined in detail
previously [22].

2.2. Gas Plasma Treatment

For the gas plasma treatment, 2 x 10° ovarian cancer cells in 500 L of fully supple-
mented cell culture medium were seeded to 24-well plates (NUNC, Roskilde, Denmark).
Next, while still in suspension, they were exposed for 30 s to the ROS produced by the
atmospheric pressure plasma jet kINPen (neoplas med, Greifswald, Germany). The device’s
frequency was 1 MHz, and the dissipated power was approximately 1 W [31]. The distance
from the jet’s nozzle to the liquid surface was 20 mm. The jet was operated with argon (Air
Liquide, Bremen, Germany) as feed gas at a total flux of four standard liters per minute. In
control conditions, cells were exposed to argon gas alone, without the plasma ignition. For
maximum precision of parameter control, the gas plasma jet was mounted to an xyz-stage
(CNC, Hamburg, Germany) and computer-controlled to hover over the center of each
well for the indicated time. More details on the general treatment procedure have been
described before [30].

2.3. Hsp27 Quantification

Twenty-four hours after gas plasma treatment of ovarian cancer cells, cell culture su-
pernatants were collected and stored for subsequent enzyme-linked immunosorbent assays
(ELISA). Heat shock protein 27 (Hsp27) concentration was measured using the Human
Hsp27 DuoSet ELISA kit (catalog number: DY1580; RnD Systems, Wiesbaden, Germany)
according to the manufacturer’s protocol. Briefly, a 96-well plate was coated with a capture
antibody capable of binding Hsp27. Then, cell culture supernatants were added and incu-
bated. After washing three times with PBS, the plates were incubated with a biotinylated
detection antibody labeled with streptavidin conjugated to horseradish peroxidase. The
HRP substrate solution was added for 20 min. The reaction was stopped with a stopping
solution. The resulting optical density was measured at 450 nm using a microplate reader
(Infinite M200; Tecan, Madnnedorf, Switzerland). The Hsp27 concentrations were calculated
against a known standard dilution of recombinant human Hsp27.

2.4. Live-Cell High-Content Imaging

The high-content imaging device Operetta confocal laser scanning (CLS) (PerkinElmer,
Hamburg, Germany) was pre-heated to 37 °C and set to 5% CO, to enable live-cell imaging.
Images were acquired six days after treatment with 1 ng/mL Hsp27 (Enzo Life Sciences,
Lorrach, Germany). A 20x air objective (NA 0.4; Zeiss, Jena, Germany) was utilized for
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image acquisition. Brightfield and digital phase contrasts were employed as acquisition
channels, as described before [30]. Multiple fields of view were acquired per well.

2.5. Metabolic Activity and Viability

The resazurin-based assay was used to determine the THP-1 cells” metabolic activity,
as described before [32]. Briefly, 24 h after Hsp27 treatment (1 ng/mL), a final concentration
of 100 uM resazurin was added to the cells and incubated for 4 h. Metabolically active cells
reduce resazurin to resorufin [33], which was quantified by measuring its fluorescence using
a microplate reader (Infinite F200; Tecan) at Aex 535 nm and Aem 590 nm. Viability analysis
of THP-1 cells after Hsp27 addition was performed by live/dead cell discrimination using
4/ 6-diamidino-2-phenylindole (DAPI, 1 uM; BioLegend, Amsterdam, The Netherlands)
staining and fluorescence analysis using flow cytometry (CytoFLEX S; Beckman-Coulter,
Krefeld, Germany).

2.6. Analysis of Oxidation and Mitochondria

Intracellular ROS generation was assessed by staining the myeloid cells either with
chloromethyl 2/,7-dichlorodihydrofluorescein diacetate (CM-H;DCF-DA, 1 uM; Thermo
Fisher Scientific, Dreieich, Germany) or hydroxyphenyl fluorescein (HPF, 1 uM; Thermo
Fisher Scientific), as described before [34]. Briefly, 2 x 10* stained cells were seeded
into 96-well plates and subsequently exposed to Hsp27. To determine the mitochondrial
membrane potential, the myeloid cells were stained with mitotracker orange (MTO, 1 uM;
Thermo Fisher Scientific) before adding Hsp27. In all three assays, DAPI was used to
discriminate viable from dead cells. The mean fluorescence intensity (MFI) of all three dyes
was analyzed using flow cytometry. In addition, the ROS were quantified in supernatants
collected immediately after gas plasma treatment of ovarian cancer cells. For this, the
Amplex Ultrared Assay (Thermo Fisher Scientific) was used, as previously described [30].

2.7. Cell Surface Marker Expression Analysis

Multicolor flow cytometry was performed to analyze the expression of the following
surface markers on THP-1 cells: cluster of differentiation (CD)15, CD33, CD41, CD45RA,
CD49d, CD55, CD63, CD66b, CD69, CD154, CD271, and human leukocyte antigen HLA-
ABC. Cells were harvested 144 h after treatment, transferred to 96-well V-bottom plates,
washed, and stained with fluorescently labeled monoclonal antibodies. DAPI was added
to determine live-cell populations only. The samples were incubated for 15 min at 20 °C
in the dark. Then, the cells were washed and fluorescence intensities were assessed using
flow cytometry (CytoFLEX S; Beckman-Coulter).

2.8. Cytokine Quantification

A bead-based assay (LEGENDplex; BioLegend) was used to quantify the following
13 cytokines: interferon (IFN-)«, IFN-vy, interleukin (IL)13, IL6, IL8, IL10, IL12p70, IL17A,
IL18, IL23, IL33, monocyte chemoattractant protein 1 (MCP1), and tumor necrosis factor
(TNF)«. Cell culture supernatants were collected 144 h after the addition of Hsp27. The
assay was performed according to the manufacturer’s protocol and measured using flow
cytometry, as described before [35]. Calculation against a known standard was performed
using a 5-log fitting.

2.9. Statistical Analysis and Software

Prism 9.4.1 (Graphpad Software, San Diego, CA, USA) was used to perform statistical
analysis. One-way analysis of variances (ANOVA) or an unpaired two-tailed t-test was
applied to statistically compare treated against control groups. The level of significance
is indicated as follows: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Kaluza analysis
2.1.1 software (Beckman-Coulter) was used to analyze flow cytometry data. Cytokine data
were analyzed with LEGENDplex software (BioLegend). High-content image analysis was
performed using Harmony 4.9 (PerkinElmer) software.
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3. Results
3.1. Hsp27 Release Was Induced upon Gas Plasma Treatment in Ovarian Cancer Cells

OVCAR-3 and SK-OV-3 cells were treated with an argon plasma jet and the release
of Hsp27 was quantified (Figure 1a). The plasma treatment led to a significant increase in
extracellular Hsp27 concentrations in both ovarian cancer cell lines compared to untreated
cells. Gas plasma generates ROS. High ROS concentrations lead to oxidative stress and
Hsp27 release. To causatively link the ROS deposition to Hsp27 release, the ROS were
quantified in cell culture supernatants collected immediately after gas plasma exposure.
Extracellular ROS increased in a plasma treatment time-dependent manner (Figure A1).
At 30 s treatment times, SK-OV-3 cells showed significantly lower extracellular ROS levels
compared to OVCAR-3 cells. This suggested the former has a larger antioxidative capacity
than the latter. Whether this was causative to the relatively lower Hsp27 release of SK-OV-3
cells was beyond the scope of this study. Next, to understand the changes Hsp27 could
induce in human immune cells, THP-1 monocytes were incubated with this heat shock
protein. Several types of analysis were conducted. First, live-cell imaging was performed
144 h after exposure of the THP-1 cells to Hsp27 (Figure 1b). In microscopy, it appeared that
the Hsp27-treated THP-1 cells tended to form fewer large aggregates compared to their
vehicle counterparts. Subsequently, algorithm-based quantitative image analysis of such
THP-1 clusters and other morphological features revealed significant changes compared
to their vehicle controls (Figure 1c). The number of cells forming clusters decreased
modestly. At the same time, the number of single cells (not located in clusters) decreased
significantly. However, the ratio between cluster and single cells remained unchanged.
The area of clusters also decreased significantly upon Hsp27 treatment. These findings
suggested a different behavior of THP-1 monocytes in the presence of Hsp27. A principal
component analysis (PCA) across the multiple morphological image parameter features
that was calculated revealed that Hsp27-treated cells differed from vehicle controls for three
independent biological replicates (Figure 1d). Therefore, further analyses were performed
to identify the putative effects of extracellular Hsp27 on THP-1 monocytes (Figure le).

3.2. Extracellular Hsp27 Affected THP-1 Metabolic Activity and Proliferation

To investigate if Hsp27 affected THP-1 cells’ metabolic activity, resazurin assays were
performed. Metabolically active cells transform non-fluorescent resazurin (blue) to flu-
orescent resorufin (pink) (Figure 2a). Compared to the control, a significant decrease
of approximately 15% was found in response to Hsp27 addition in THP-1 monocytes
(Figure 2b). This indicated that the cells not only had changed based on morphological
features but also regarding cellular metabolism. Furthermore, the THP-1 cells’ viability was
analyzed using DAPI staining and flow cytometry (Figure 2c). A modest but significant
decrease was found (Figure 2d). This suggested that Hsp27 was anti-proliferative to some
THP-1 monocytes while overall changing their metabolic activity and morphology. In
addition, the THP-1 cell counts were significantly reduced (Figure 2e). We next assessed
whether the Hsp27 addition to THP-1 monocytes acutely changed their intracellular ox-
idative milieu. To this end, the cytosolic fluorescent redox-sensitive dyes DCF and HPF,
as well as the mitochondrial membrane potential-dependent dye MTO (Figure 2f), were
used. Cytosolic ROS or antioxidants were affected by Hsp27 addition, as unchanged DCF
and HPF fluorescence suggested (Figure 2g). By contrast, MTO was significantly decreased
upon Hsp27 addition to the THP-1 cells. As mitochondria are the powerhouse of cells to
generate energy for metabolic activity, the cell’s metabolic activity decline (Figure 2b), and
mitochondrial membrane potential reduction (Figure 2g) may be linked.
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Figure 1. Hsp27 release in ovarian cancer cells and effects on the THP-1 cells. (a) Hsp27 release
24 h after 30 s argon plasma treatment in OVCAR-3 and SK-OV-3 cells; (b) representative images of
untreated (control) and Hsp27-incubated THP-1 cells captured in the brightfield (BF) and digital phase
contrast (DPC) channel 144 h after treatment; clusters are indicated with white arrows; (c) algorithm-
based quantification of THP-1 cell cluster properties 144 h after addition of Hsp27 compared to the
vehicle-treated (solvent control) cells for the parameter’s cluster cells, single cells, cluster over single
cell ratio, and total cluster cell area, showing a significant decrease in the second and fourth metric
caused by Hsp27; (d) principal component analysis of vehicle (grey) and Hsp27 (orange) treated THP-
1 cells taking into account multiple morphological features as extracted using Harmony quantitative
imaging software; (e) study-protocol of further Hsp27 exposure to the THP-1 cells. Statistical analysis
was performed using one-way ANOVA (a) or using an unpaired two-tailed t-test (c) with p < 0.05 (*)
and p < 0.001 (***). ns = not significant. Scale bar is 100 um (b).
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Figure 2. THP-1 metabolic activity, viability, and oxidation processes upon Hsp27 exposure.
(a) representative photograph of the resazurin-based metabolic activity assay in the control and
Hsp27-treated THP-1 cells; (b) normalized metabolic activity of the THP-1 cells 24 h after Hsp27 ex-
posure; (c) representative flow cytometry dot plot of the Hsp27-treated THP-1 cells; (d,e) normalized
viability (d) and cell counts € of the THP-1 cells 24 h after Hsp27 exposure; (f) representative flow
cytometry overlay histograms of mitotracker orange fluorescence in the THP-1 cells in the presence
or absence of extracellular Hsp27; (g) normalized (vehicle) mean fluorescence intensity (MFI) of DCF,
APF, and MTO-stained and Hsp27-treated THP-1 cells. Statistical analysis was performed using an
unpaired two-tailed t-test with p < 0.01 (**) and p < 0.001 (***).

3.3. Extracellular Hsp27 Affected the THP-1 Surface Marker Profile and IL18 Release

To investigate whether Hsp27 addition altered the THP-1 monocyte surface marker
expression, twelve surface markers were analyzed 144 h after treatment using multicolor
flow cytometry (Figure 3a). Out of these, CD15, CD55, and CD63 were modestly but
significantly increased (Figure 3b). The strongest and most consistent significant increase
upon Hsp27 exposure was found for CD33, CD41, and CD66b. By contrast, CD49d and
HLA-ABC expression decreased modestly but significantly in Hsp27-treated monocytes.
Next, the release of 13 cytokines after 144 h was also investigated. Only two analytes
(MCP1, IL18) were above the detection limit (Table 1). Of those two, MCP-1 secretion of
the THP-1 cells was significantly decreased after Hsp27 treatment. These data suggest
that Hsp27 addition has immunomodulatory properties, as indicated by an altered surface
marker profile and decreased IL18 release.
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Figure 3. THP-1 surface marker expression. (a) representative flow cytometry overlay histograms
of CD41 fluorescence in THP-1 cells cultured in the presence or absence of Hsp27; (b) normalized
mean fluorescence intensity (MFI) of twelve surface markers of the THP-1 cells 144 h after Hsp27
exposure. Statistical analysis was performed using an unpaired two-tailed t-test with p < 0.05 (*) and
p <0.001 (***).

Table 1. Multiplex chemokine and cytokine measurement. The THP-1 cells were incubated in the
presence or absence of Hsp27 and supernatants were collected 144 h later for multiplex chemokine
and cytokine analysis performed using flow cytometry. Most analytes were below the detection limit
(indicated by “<”); IL18 differed significantly (bold), as tested using a t-test. Concentrations are given
in pg/mL.

IFNx  IFNy IL1B IL6 IL8 IL10 IL12p70 IL17A  1IL18 IL23 IL33 TNFax MCP1

<0.72 <2.67 <248 <2.35 <212 <115 <1.27 <4.16 3.45 <3.40 <2.96 <1.73 12.17
<0.72 <2.67 <248 <2.35 <212 <115 <1.27 <4.16 1.64 <3.40 <2.96 <1.73 10.06

4. Discussion

In the present study, we investigated the effects of extracellular Hsp27 on THP-1
monocytes. Compared to untreated cells, Hsp27 caused inhibiting effects on the monocytes’
metabolic activity and proliferation and induced changes in their activation marker profile.

In our study, argon gas plasma treatment of ovarian cancer cell lines led to an enhanced
release of Hsp27. This was expected since the main effects of gas plasma treatment are me-
diated by various ROS submitted to the cells, generating oxidative stress conditions [36,37].
Oxidative stress typically increases Hsp27 production and mediates cytoprotective mecha-
nisms [5]. Secretion of Hsp27 has already been shown in ovarian cancer cells [38] and is
associated with elevated metastasis [39], but less is known about the effects on the TME
and its cells mediated by the extracellular Hsp27. Since monocytes and macrophages in
ovarian cancer TME are also associated with metastasis [32,33], extracellular Hsp27 on
monocytes was further investigated.

The growth of the THP-1 cells was inhibited by extracellular Hsp27, as visible from the
reduced size of cell clusters and reduced cell count in general. These findings prompted us
to perform a surface marker investigation, as differences in monocyte cell cluster formation
were recently attributed to changes in maturation and differentiation [40]. In addition,
metabolic activity was reduced, but not viability. This underlines that Hsp27 inhibited or
prolonged THP-1 cell proliferation quite a bit. Regarding the oxidative milieu inside the
THP-1 cells, we found Hsp27 to reduce mitochondrial ROS significantly. This indicates
that extracellular Hsp27 could also have antioxidative properties as it is known for its
intracellularly expressed protein [41].
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Finally, the expression levels of monocyte activation markers were investigated, show-
ing eight significant changes. Interestingly, CD41, also known as integrin alpha-2b [42], and
CD66b [43], both played roles in the cell adhesion processes, increasing upon Hsp27 treat-
ment. CD41 has been reported to respond to activation stimuli in THP-1 cells [44]. CD33,
in turn, is a marker of immunosuppressive myeloid-derived suppressor cells (MDSCs) [45].
Nevertheless, the changes were modest, indicating a tendency towards activating the THP-1
cells but no full differentiation of the monocytes. This corroborates the finding that extra-
cellular Hsp27 can mediate immunomodulation by balancing pro- and anti-inflammatory
effects in THP-1 monocytes [46].

In summary, our findings show modest effects on THP-1 monocytes when exposed
to a physiological concentration—relevant in the gas plasma treatment of ovarian cancer
cells—of extracellular Hsp27. We found those effects to be characterized as anti-proliferative
and immunomodulatory. More detailed analysis of how extracellular Hsp27 in the tumor
environment might benefit the cancer cells by inhibiting macrophages in the TME is needed
using complex models, such as in vivo studies. In addition, the impact of Hsp27 on
differentiation towards potential TAM differentiation needs to be further studied in future
work together with other immune cell types found in ovarian cancer TME.
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Appendix A

*
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Figure A1l. Ovarian cancer supernatant ROS. Ovarian cancer cells were gas plasma-treated for
different treatment times (or exposed to argon gas only for 30 s = gas ctrl). Supernatant ROS (H,O;)
were quantified immediately after using Amplex UltraRed and normalized to gas control values.
Data are mean +SEM eight replicates. Statistical analysis was performed using a one-way analysis of
variances with p < 0.05 (*).
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