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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive cancers with a low
response to treatment and a five-year survival rate below 5%. The ineffectiveness of treatment is partly
because of an immunosuppressive tumor microenvironment, which comprises tumor-supportive
pancreatic stellate cells (PSCs). Therefore, new therapeutic strategies are needed to tackle both the
immunosuppressive PSC and pancreatic cancer cells (PCCs). Recently, physical cold atmospheric
plasma consisting of reactive oxygen and nitrogen species has emerged as a novel treatment option
for cancer. In this study, we investigated the cytotoxicity of plasma-treated phosphate-buffered saline
(pPBS) using three PSC lines and four PCC lines and examined the immunogenicity of the induced
cell death. We observed a decrease in the viability of PSC and PCC after pPBS treatment, with a higher
efficacy in the latter. Two PCC lines expressed and released damage-associated molecular patterns
characteristic of the induction of immunogenic cell death (ICD). In addition, pPBS-treated PCC were
highly phagocytosed by dendritic cells (DCs), resulting in the maturation of DC. This indicates
the high potential of pPBS to trigger ICD. In contrast, pPBS induced no ICD in PSC. In general,
pPBS treatment of PCCs and PSCs created a more immunostimulatory secretion profile (higher TNF-α
and IFN-γ, lower TGF-β) in coculture with DC. Altogether, these data show that plasma treatment
via pPBS has the potential to induce ICD in PCCs and to reduce the immunosuppressive tumor
microenvironment created by PSCs. Therefore, these data provide a strong experimental basis for
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further in vivo validation, which might potentially open the way for more successful combination
strategies with immunotherapy for PDAC.

Keywords: pancreatic cancer; pancreatic stellate cells; cold atmospheric plasma; immunogenic cell
death; dendritic cells

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease with a five-year survival below
5%, making it one of the seven leading causes of cancer mortality in the world [1–4]. Given its
rising incidence, it is estimated that, by 2030, PDAC will be among the top two most lethal
cancers [5]. Only 10–20% of patients are eligible for curative surgical resection owing to the rapidly
progressive nature of the tumor and, even with adjuvant chemotherapy, the median survival rate is
only 20–23 months [1,2]. The only therapeutic options for the remaining 80–90% of patients are limited
to chemo- and radiotherapy, which have minimal efficacy because of therapy resistance [3].

Although immunotherapy is considered to be a major breakthrough in cancer treatment, it has not
yet achieved promising outcomes in PDAC. The ineffectiveness of immunotherapy may be explained
by these tumors being non-immunogenic [6–9]. The immunosuppressive tumor microenvironment
(TME) is believed to be a major underlying factor for immunotherapy failure. A hallmark of this TME
is a desmoplastic reaction, which results in a dense fibrotic/desmoplastic structure surrounding the
tumor. This dense stroma acts as a mechanical and functional shield, causing diminished delivery
of systemically administered anticancer agents and immune cell infiltration, as a consequence of
intratumoral pressure and low microvascular density, which results in therapy resistance [10–13].
The main orchestrators of this stromal shield are the activated pancreatic stellate cells (PSCs).
These myofibroblast-like cells, also known as cancer-associated fibroblasts, enhance the development,
progression, and invasion of PDAC through extensive crosstalk with pancreatic cancer cells (PCCs),
resulting in reciprocal stimulation. Furthermore, PSC also directly influence immune cells by secreting
immunosuppressive factors, like TGF-β [12,14]. Therefore, new treatment options that could overcome
this stromal shield, and consequently increase tumor immunogenicity in PDAC, are necessary.

One way to enhance immunogenicity is by inducing immunogenic cell death (ICD), a form of cell
death, which causes these dying cells to elicit an antitumor immune response [15]. Cancer cells
undergoing ICD expose proteins on their surface and release immunogenic factors, so-called
‘damage-associated molecular patterns’ (DAMPs). Classically, there are three well-known DAMPs
related to ICD. The first is surface-exposed calreticulin (ecto-CRT), which serves as an ‘eat me‘
signal. This marks tumor cells for engulfment by dendritic cells (DCs), which are professional
antigen-presenting cells [16]. The second DAMP is adenosine triphosphate (ATP), secreted into the
extracellular environment, serving as a chemoattractant for immune cells [17]. The third DAMP is
high-mobility group box 1 (HMGB1), released into the extracellular milieu, which contributes to DC
maturation [18,19]. Conversely, ICD is usually also accompanied by downregulation of the ‘don’t eat
me’ signal CD47, which can inhibit phagocytosis of dying cancer cells [20]. Altogether, these signals
stimulate DC, key players for initiating an adaptive immune response. Activated DC will lead to the
development and activation of effector T cells, capable of specifically and systemically eradicating
cancer cells, and of memory T cells, which provide long-term protection against cancer recurrence [21].

Several physical methods of cancer treatment, including radiotherapy, photodynamic therapy,
and high hydrostatic pressure, are known inducers of ICD [22–25]. The induction of oxidative stress
through the production of reactive oxygen species (ROS) is the common underlying factor of these
therapies. In recent years, cold atmospheric plasma, which is a partially ionized gas consisting of a
variety of reactive oxygen and nitrogen species (RONS), has emerged as a novel cancer treatment [26,27].
For simplicity, cold atmospheric plasma will be further referred to as ‘plasma’ in this paper. These RONS
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can be delivered directly to the tumor or indirectly through plasma-treated liquids [27]. Several studies
have attributed the plasma-induced cancer cell death to the formation of exogenous and endogenous
RONS, which lead to intracellular stress and ultimately cell death [27–30]. Therefore, we hypothesized
that plasma could also be a potent inducer of ICD.

The aim of the present study is to evaluate the potency of plasma-treated phosphate-buffered saline
(pPBS) as an anticancer modality to tackle PCCs and the immunosuppressive PSCs. Therefore, we
evaluated the cytotoxic effect of pPBS treatment on both PCCs and the tumor-supportive PSCs.
Additionally, we examined the immunogenicity of this cytotoxic effect on PCCs and PSCs based on the
release of ICD markers and activation of DCs.

2. Results

2.1. pPBS Induces Cell Death in Both PCCs and PSCs

In order to initially determine a dose of pPBS treatment, which induces a significant amount
of cell death in each cell line, we treated PCC and PSC lines with several dilutions of pPBS (25%,
37.5%, 50%, and 62.5%). After 48 h of treatment, we analyzed cell death with Annexin V (AnnV) and
propidium iodide (PI) flow cytometric staining. All cell lines demonstrated a dose-dependent increase
in AnnV−/PI+, AnnV+/PI+, and AnnV+/PI− cells, with a corresponding decrease in viable AnnV−/PI−
cells (Figure 1a,b, Figures S1 and S2). MIA-Paca-2 cells were most sensitive to the treatment, followed
by Capan-2. Therefore, these two cell lines were treated with the lowest concentration of pPBS for
subsequent experiments compared with all other cell lines. Overall, PSC lines were significantly less
sensitive to pPBS treatment compared with PCC lines (Figure 1c).
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Figure 1. Sensitivity of pancreatic cancer cell (PCC) lines and pancreatic stellate cell (PSC) lines
to different doses of plasma-treated phosphate-buffered saline (pPBS) treatment. (a) Percentage of
cytotoxicity 48 h post pPBS treatment in four different PCC lines (MIA-Paca-2, PANC-1, BxPC3, Capan-2)
and three different PSC lines (hPSC128, hPSC21, RLT-PSC). Subdivisions in the percentage Annexin
V+, PI+, and double positive cytotoxic cells are made. (b) Dot plots showing the flow cytometric
analysis of Annexin V and PI staining after 25% pPBS treatment in MIA-Paca-2 (right) compared with
the untreated control (left): Q1 = AnnV−/PI+; Q2 = AnnV+/PI+; Q3 = AnnV−/PI−; Q4 = AnnV+/PI−.
Representative dot plots for all other cell lines are presented in Supplemental Figures S1 and S2. (c) The
difference in sensitivity after 48 h of 50% pPBS treatment for means of all PCC lines and all PSC lines.
Graphs represent mean ± SEM of ≥3 independent experiments. * p < 0.05.
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2.2. pPBS Induces ICD Markers on PCCs

Because therapy-induced tumor ICD is an important component to activate antitumor immunity,
we investigated whether pPBS induces ICD in PCC and PSC lines. To this end, we measured the
surface exposure of CRT as well as secretion of ATP and release of HMGB1 into the supernatant.

We observed a dose-dependent translocation of ecto-CRT in all PCC and two PSC lines after 48 h
of pPBS treatment (Figure 2a, Figure S3). A strong translocation was detected for MIA-Paca-2 and
Capan-2 cells with a mean of 20.1% and 10.5% ecto-CRT+ cells, respectively. Less pronounced, but still
significant effects on the translocation were observed for PANC-1, BxPC3, hPSC128, and hPSC21 cells.
Here, even the highest concentration of pPBS exposed not more than 7.5% ecto-CRT on the cell surface.
No difference in ecto-CRT was observed for RLT-PSC cells.

Next, we measured extracellular ATP levels 4 h after pPBS treatment (Figure 2b). For two PCC
lines, MIA-Paca-2 and PANC-1, accumulation of extracellular ATP up to five-fold from the untreated
control was observed. Similar to ecto-CRT, the trend of secretion was dose-dependent. No significant
accumulation was seen for the other cell lines.

On the basis of our previous cytotoxicity results, we chose one specific dose for every cell line
to evaluate HMGB1 release. As indicated above, MIA-Paca-2 and Capan-2 were the most sensitive
cell lines, and thus received a dose of 37.5% pPBS, as opposed to 50% pPBS for the other cell lines.
pPBS treatment induced significant release of HMGB1 in all PCC lines, with a 1.32- to 1.79-fold increase
compared with the untreated control. Interestingly, no significant release was detected in the PSC lines
(Figure 2c). Additionally, we observed a significant downregulation of CD47 expression in all cell lines
after pPBS treatment, except for Capan-2 and RLT-PSC (Figure 2d).

Collectively, our results show that plasma treatment via pPBS application is able to induce events
that are characteristic of ICD in PCC. Importantly, pPBS-induced cell death in the PSC lines appears
to be non-immunogenic owing to the absence of most DAMPs. For both MIA-Paca-2 and PANC-1,
all four markers of ICD were significantly detected after pPBS treatment. The quantity of the examined
markers was both dose and cell line dependent.
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Figure 2. Release of immunogenic cell death (ICD) markers after pPBS treatment. (a) Percentage
of surface-exposed calreticulin (ecto-CRT) positive cells after increasing the dose of pPBS treatment
(25%, 37.5%, 50% pPBS). (b) Adenosine triphosphate (ATP) secretion 4 h post treatment in the
supernatant. (c) High-mobility group box 1 (HMGB1) secretion 48 h post pPBS treatment in supernatant.
These data demonstrate the fold change of ATP secretion (ng/mL range) against the untreated
control. (d) Difference in mean fluorescence intensity (∆MFI) of CD47 after 48 h of pPBS treatment.
∆MFI represents [(MFI staining treated–MFI isotype treated)–(MFI staining untreated–MFI isotype
untreated)]. Different concentrations of pPBS treatment are used (25%, 37.5%, 50% pPBS). In the left
graphs, four different PCC lines are represented (MIA-Paca-2, PANC-1, BxPC3, Capan-2), and in the
right graphs, three different PSC lines are represented (hPSC128, hPSC21, RLT-PSC). Graphs represent
mean ± SEM of ≥ 3 independent experiments. * p < 0.05 significant difference compared with
untreated conditions.
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2.3. pPBS-Treated Cells are Phagocytosed by DCs

In view of the role of ecto-CRT as an ‘eat-me’ signal, we investigated the influence of pPBS-treated
PCC and PSC on the phagocytotic capacity by immature DCs. Flow cytometric analysis revealed that
pPBS-treated MIA-Paca-2, Capan-2, hPSC128, and hPSC21 were phagocytosed by immature DCs more
efficiently than their untreated counterparts (Figure 3a,b, Figure S4). This phagocytotic capacity by
DCs was significantly correlated (R = 0.786, p = 0.036) with the exposure of ecto-CRT on the cell surface
of the cell lines after pPBS treatment (Figure 3c).
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Figure 3. Phagocytosis of pPBS-treated PCCs and PSCs by immature dendritic cells (DCs). (a) Percentage
of phagocytosis of four different PCC lines (MIA-Paca-2, PANC-1, BxPC3, Capan-2) and (b) three different
PSC lines (hPSC128, hPSC21, RLT-PSC), with increasing dosage of pPBS treatment. Phagocytosis of
PKH67+ tumor cells by violet-labeled DC is expressed as the %PKH67+violet+ cells within the violet+
DC population. (c) Correlation between exposure of ecto-CRT and phagocytotic capacity of DCs in the
seven cell lines (R = 0.786, p = 0.036). Graphs represent mean ± SEM of ≥3 independent experiments.
* p < 0.05 significant differences compared with untreated control.
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2.4. pPBS Treatment of PCC Increases Maturation of DCs without Affecting Their Viability

In order to initiate an effective adaptive immune response, the expression and release of DAMPs by
dying tumor cells must be followed by DC phagocytosis and DC activation. The ability of DCs to initiate
such an immune response depends on their maturation status upon activation. Therefore, we analyzed
three different maturation markers on the cell surface of DC: CD80, CD83, and CD86. There was a
clear donor-dependent upregulation of CD86 on viable DC after coculturing with pPBS-treated target
cells (Figure 4a). This variability was detected both between the cell lines and between DC from
different blood donors cultured with the same cell line. However, using DC from different donors
in coculture with pPBS-treated MIA-Paca-2 and PANC-1 cells, there was a consistent and significant
upregulation of CD86. The effect was less pronounced or undetectable for CD83 and CD80 maturation
markers in all cell lines (Figure S5a,b). Notably, pPBS treatment of DCs alone without target cells had
no significant effect on the maturation status, meaning that the observed maturation effect was the
result of tumor cells dying in an immunogenic way. Furthermore, we also checked the viability of the
DCs in coculture. We could not detect any significant differences in DC viability after 48 h of coculture
with pPBS-treated cells compared with coculture with untreated target cells. Addition of pPBS to
monocultures of DCs also showed no significant differences in viability compared with their untreated
counterparts (Figure 4b).
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induced the release of IFN-γ and TNF-α (Figure 5a,b). The release of both cytokines was significant 
for MIA-Paca-2 and PANC-1. In BxPC3 and Capan-2 cells, IFN-γ release was also significantly 
increased. In addition to these proinflammatory cytokines, we evaluated a well-characterized 
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Figure 4. Maturation and viability of DCs after coculture with pPBS-treated PSCs and PCCs. (a) Box
plot from minimum to maximum value of ∆MFI of the maturation marker CD86. CD86 expression is
examined on immature DCs after 48 h of coculture of pPBS-treated PCCs and PSCs (effector/target
(E/T) ratio, 1:1), and after pPBS treatment on immature DCs without coculture using flow cytometry.
∆MFI represents [(MFI staining treated–MFI isotype treated)–(MFI staining untreated–MFI isotype
untreated)]. Treatment of 50% pPBS is used for MIA-Paca-2 and Capan-2, while treatment of 100%
pPBS is used for PANC-1, BxPC3, hPSC128, hPSC21, and RLT-PSC. Every dot represents a different
healthy donor and ≥3 donors were used per cell line. * p < 0.05 significant differences compared with
untreated control. (b) Percentage of viability of DCs after 48 h coculture with pPBS-treated PCC lines
(MIA-Paca-2, PANC-1, BxPC3, Capan-2) and PSC lines (hPSC128, hPSC21, RLT-PSC) or pPBS treatment
alone. Graph represent mean of ± SEM of ≥3 independent experiments with different donors. * p < 0.05
significant differences compared with untreated control.

2.5. Secretion of Cytokines after pPBS Treatment

Mostly, maturation of DCs is associated with an increase in the production of proinflammatory
cytokines. Therefore, we evaluated the cytokine production of TNF-α and IFN-γ by DCs in coculture
with pPBS-treated PCCs and PSCs, which are both central players in the process of DC maturation
and antitumoral immune responses. The interaction between DCs and pPBS-treated PCCs or PSCs
induced the release of IFN-γ and TNF-α (Figure 5a,b). The release of both cytokines was significant for
MIA-Paca-2 and PANC-1. In BxPC3 and Capan-2 cells, IFN-γ release was also significantly increased.
In addition to these proinflammatory cytokines, we evaluated a well-characterized immunosuppressive
cytokine, TGF-β, which is often released in the TME [31]. We observed a decrease in TGF-β release



Cancers 2019, 11, 1597 8 of 16

when DCs were cocultured with pPBS-treated BxPC3, hPSC128, and hPSC21 cells compared with
cocultures with the untreated counterparts (Figure 5c).
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experiments with different donors. * p < 0.05 significant differences compared with untreated control.

3. Discussion

The purpose of this study was to investigate the ability of plasma treatment via pPBS to create
a more immunogenic TME for PDAC by attacking both PSCs and PCCs and inducing ICD in PCCs.
Figure 6 gives an overview of the immunogenic signals tested after pPBS treatment in four different
PCC lines and three different PSC lines.

PDAC is known to have a low immunogenic TME profile and is often referred to as a ‘cold’
immunogenic tumor [32]. Because of its low immunogenicity, immunotherapy frequently fails in this
type of tumor [6,7,33]. The dense stroma consisting of PSC surrounding the tumor is believed to be a
major underlying factor involved in the failure of immunotherapy by acting as a physical barrier for
drugs and immune cells [12,13]. Additionally, PSC secrete immunosuppressive factors, which prevent
the development of effective immune responses [14]. Several studies showed that stromal depletion
combined with immunomodulation resulted in better outcomes than immunomodulation alone
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in PDAC [34,35]. Therefore, we postulated that tumors can become immunogenically ‘hotter’ by
destroying the tumor supporting PSC with pPBS treatment.Cancers 2019, 11, x FOR PEER REVIEW 9 of 16 
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in a heatmap for the signals tested in previous experiments for both PCCs and PSCs. p-values
are calculated using the Kruskall–Wallis or Mann–Whitney U test and are significant when <0.05.
Treated conditions for ecto-CRT, ATP, HMGB1, CD86, phagocytosis, IFN-γ, and TNF-α are significantly
increased compared with untreated controls. Treated conditions for CD47 and TGF-β are significantly
decreased compared with untreated control.

Although the cytotoxic effect of plasma has already been investigated in PCC lines [28,29,36,37]
and a PSC line [37], we demonstrated the first use of pPBS to target the immunosuppressive PSC in
PDAC and investigated its immunogenic potential. Treatment with pPBS induced non-immunogenic
cell death in PSC, as seen by the lack of DAMP emission, except for ecto-CRT and CD47 expression,
and no significant DC maturation. This is in line with the report of Gorchs et al. showing
that cancer-associated fibroblasts in the lung do not undergo ICD after exposure to high dose
radiotherapy [38]. Interestingly, secretion of the immunosuppressive TGF-β decreased in cocultures
of DCs with pPBS-treated PSC lines, compared with their untreated counterparts. TGF-β plays
a major role in immunosuppression within the TME and is often strongly secreted by PSC [39].
TGF-β is responsible for preventing immune cell infiltration into tumor tissue and promoting tumor
cell proliferation [31,40,41]. Therefore, several ongoing efforts in this field are aimed at blocking
TGF-β in the stroma in combination with anti-programmed death (PD)-1 immunotherapy for the
treatment of different cancer types, including pancreatic cancer [31]. Similarly, we showed that
pPBS treatment could kill PSCs and thereby disrupt the physical barrier, and additionally lower
their immunosuppressive capacity. These findings show that plasma treatment can be beneficial in
combination with immunotherapy for PDAC treatment.
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PCCs were intrinsically more sensitive to pPBS treatment compared with PSCs. The delicate
redox balance in PCCs may contribute to this observation. Cancer cells are characterized by increased
production of ROS compared with normal cells, which promotes their tumorigenicity. This altered
redox environment can increase their susceptibility to ROS-promoting therapies like pPBS by disturbing
ROS homeostasis, resulting in lethal ROS levels and ultimately cancer cell death [42]. Furthermore, in
contrast to PSCs, four signals, which play a key role in the immunogenic potential of ICD inducers,
were identified after pPBS treatment in both MIA-Paca-2 and PANC-1 tumor cells. Both Lin et al. and
Freund et al. showed a similar release of DAMPs by plasma treatment using different human and
murine cancer cell lines [43–46]. Recently, Azzariti et al. also showed an increase of ecto-CRT and ATP
in PANC-1 [47]. Our study is the first to evaluate phagocytosis of plasma-treated cancer cells by DCs
and DC maturation, which are both needed to confirm the immunogenic profile of tumor cells [48,49].
Phagocytosis of cancer cells by DCs improved after pPBS treatment in all PCC lines and consistent
upregulation of the maturation-associated marker CD86 on DCs was observed in cocultures with
pPBS-treated MIA-Paca-2 and PANC-1 cells. Both cell lines highly express ecto-CRT and released ATP
and HMGB1 after treatment, and showed a high downregulation in CD47 expression after treatment,
resulting in more phagocytosis and DC maturation. Contrary to PSCs, we also observed an increased
secretion profile of both TNF-α and IFN-γ in cocultures of DCs with pPBS-treated MIA-Paca-2 and
PANC-1 cells. These data indicate a more immunogenic type of phagocytosis with higher production
of proinflammatory cytokines, which is documented to lead to immunostimulatory clearance of
tumor cells [20,50,51]. Furthermore, this complements our past study where mice, inoculated with a
plasma-generated, whole-cell vaccine, were protected against live tumor challenge with melanoma
cancer cells [52]. This strongly suggests that downstream of ICD, an adaptive immune response is
triggered, which ultimately leads to the development of anti-tumor memory.

It has been shown that ATP could amplify the effects of other activators of DCs, such as TNF-α [53].
This could explain the lack of DC maturation after coculture with pPBS-treated BxPC3 and Capan-2 cells,
as both cell lines did not release a significant amount of ATP after pPBS treatment, nor TNF-α in coculture
with DCs. These observations further emphasize the importance of intrinsic differences between cell
types and even cell lines when investigating the immunogenicity of treatment. Similar differences
between tumor cell lines have been documented by Di Blasio et al [48]. Altogether, our data indicate
that cocultures of pPBS-treated tumor cells and DCs are capable of releasing immunostimulatory
signals in the TME, suggesting the induction of a more pronounced antitumoral immune response.

As DCs are important players in inducing specific antitumor immune responses and are potentially
present in the TME, it is also important to identify the direct effects of plasma treatment on this subtype
of immune cells [54,55]. We showed that pPBS treatment had no effect on the viability of DCs in
monoculture or in coculture with PSCs and PCCs. A previous study shows that plasma induces
apoptosis in PMBC in general [56]. However, when looking more specifically into the subpopulations
of PBMC, Bekeschus et al. showed that monocytes are more resistant to plasma treatment. This could
be because of a stronger antioxidant defense system in phagocytes, such as monocytes, macrophages,
and DCs, which, under physiological conditions, protects them against self-production of ROS during
oxidative burst [57].

In this study, we demonstrated that pPBS treatment may be an effective anticancer
immunotherapeutic modality for PDAC by simultaneously attacking both PCCs and PSCs.
Consequently, the physical barrier of PSCs might be disrupted, which could lead to more infiltration of
immune cells. Together with the induction of ICD in PCC and the reduction of immunosuppressive
cytokines released by PSCs, these results may potentially open the way for more successful combination
strategies with immunotherapy in PDAC. In a next step, implementation of an in vivo model
would be warranted. Nevertheless, we are convinced that our data have a high translational
value, though extrapolation of in vitro cell line studies to the clinic should be considered with caution.
Therefore, we believe that our experiments provide a strong experimental basis for further development
of an in vivo model, which can make the translational value even stronger towards a clinical setting.
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4. Materials and Methods

4.1. Cell Lines and Cell Culture

The human PCC lines MIA-Paca-2, PANC-1, BxPC3, and Capan-2 (ATCC) were used in this
study. MIA-Paca-2 and PANC-1 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Life Technologies, 10938, Merelbeke, Belgium) supplemented with 10% fetal bovine serum (FBS, Life
Technologies, 10270-106, Merelbeke, Belgium), 1% penicillin/streptomycin (Life Technologies, 15140),
and 2 mM L-glutamine (Life Technologies, 25030). Capan-2 and BxPC3 cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Life Technologies, 52400), supplemented as described
above. The human PSC lines hPSC21, hPSC128 (established at Tohoku University, Graduate School
of Medicine, kindly provided by Prof. Atsushi Masamune), and RLT-PSC (established at the Faculty
of Medicine of the University of Mannheim, kindly provided by Prof. Ralf Jesenofsky) were used,
all cultured in DMEM-F12 (Life Technologies, 31330), supplemented as described above [58,59].
Cells were maintained in exponential growth phase at 5% CO2 in a humidified incubator at 37 ◦C.
Cell cultures were tested regularly for absence of mycoplasma contamination using the MycoAlert
detection kit (Lonza, LT07, Verviers, Belgium)

4.2. Treatment of PCC and PSC with Cold Atmospheric Plasma

Cells (2 × 104 cells per mL) were treated indirectly with cold atmospheric plasma generated using
the atmospheric pressure plasma jet kINPenIND® (Neoplas Tools). Argon gas is used in this setting as
feeding gas [60]. Then, 2 mL of PBS was treated with one standard liter per minute (slm) gas flow rate
at a gap distance of 6 mm for 5 min. This 100% plasma-treated PBS (pPBS) was further diluted in PBS
to final concentrations of 12.5%, 25%, 37.5%, 50%, 62.5% pPBS, which was then directly added in a 1/6
dilution in the media to the cells. Untreated PBS is used as a vehicle control for all experiments.

4.3. Analysis of Cytotoxicity and ICD Markers

Forty-eight hours after treatment, cells were harvested and incubated with 5% normal goat
serum (NGS, Sigma-Aldrich, G9023, Overijse, Belgium), followed by washing and incubation with
an Alexa Fluor 488-conjugated anti-CRT (Abcam, ab196158) antibody for 40 min. Prior to analyzing
the samples, the cells were stained with Annexin V (BD, 550474) and PI (BD, 556463) to distinguish
between early apoptotic and necrotic cells. The percentage of cytotoxicity presents [%AnnV+PI- +

%AnnV-PI+ + %AnnV+PI+]. The surface expression of CRT was analyzed on non-permeabilized cells
(PI-). For every sample, an isotype control was used (Abcam, 199091). Flow cytometric acquisition
was performed on an AccuriTM C6 instrument (BD). Extracellular ATP was measured in conditioned
media (supplemented with heat inactivated FBS) 4 h after treatment via ENLITEN® ATP assay system,
according to the manufacturer’s protocol (Promega, FF2000). The bioluminescent signal was measured
using a VICTORTM plate reader (PerkinElmer). Release of HMGB1 was analyzed 48 h after treatment in
the conditioned media using an enzyme-linked immunosorbent assay (IBL, ST51011). The absorption
was measured using an iMARKTM plate reader (Bio-rad). Surface expression of CD47 (BD, 556046) was
analyzed on non-permeabilized cells (7-AAD-, Biolegend, 420404), 48 h after treatment. Flow cytometric
acquisition was performed on a CytoFLEX (Beckman Coulter) instrument.

4.4. In Vitro Generation of Human Monocyte-Derived DCs

Human peripheral blood mononuclear cells (PBMC) were isolated by LymphoPrep gradient
separation (Sanbio, 1114547) from a buffy coat of healthy donors (Ethics Committee of the University of
Antwerp, reference number 14/47/480) isolated from adult volunteer whole blood donations (supplied
by the Red Cross Flanders Blood service, Belgium). Monocytes were isolated from PBMC using
CD14 microbeads according to the manufacturer’s protocol (Miltenyi, Biotec, 272-01). Purity after
isolation was >90%. After isolation, CD14+ cells were plated at a density of 1.25–1.35 × 106 cells
per mL in RPMI-1640 supplemented with 2.5% human AB (hAB, Sanbio, A25761) serum, 800 U/mL
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granulocyte-macrophage colony stimulating factor (GM-CSF; Gentaur, 04-RHUGM-CSF), and 20 ng/mL
interleukin (IL)-4 (Miltenyi, Biotec, 130-094-117) at day 0, as described before [61]. Immature DCs were
harvested on day 5.

4.5. Coculture of DCs and Tumor Cells

In order to measure the maturation and phagocytotic capacity of the immature DCs, a flow
cytometric assay was used. To make a distinction between target and effector cells, they were
both stained with a different fluorescent dye prior to coculturing. Labeling of immature DCs was
performed as described before with minor adjustments [62]. Briefly, immature DCs were labeled with
2 µM of violet-fluorescent CellTracker Violet BMQC dye (Invitrogen, C10094, Bleiswijk, Netherlands)
at a concentration of 1 × 106 cells per mL at 37 ◦C. PCCs and PSCs were labeled with the green
fluorescent membrane dye PKH67 (Sigma Aldrich, MIDI67). Labeling of tumor cells with PKH67
was carried out according to the manufacturer’s instructions and performed before pPBS treatment.
Four hours after pPBS treatment, effector and target cells were cocultured at a 1:1 effector/target (E/T)
ratio. Forty-eight hours later, supernatant was collected and stored at –20 ◦C for future analysis.
Cells were collected and used immediately for flowcytometric detection of DC maturation markers
and phagocytosis. Expression of CD80 (Biolegend, 400150, San Diego, CA, USA), CD86 (BD, 557872),
and CD83 (BD, 551073) maturation markers was measured on the violet+ DC population. For every
specific maturation marker, an isotype control was used (BD, 555751; BD, 557872; Biolegend, 305232).
Difference in mean fluorescence intensity (∆MFI) was calculated to evaluate target upregulation after
treatment. ∆MFI represents [(MFI staining treated–MFI isotype treated)–(MFI staining untreated–MFI
isotype untreated)]. Phagocytosis of PKH67+ tumor cells by violet-labeled DCs was expressed as
%PKH67+violet+ cells within the violet+ DC population. Acquisition was performed on a FACSAria
II (BD). Data analysis was performed using FlowJo v10.1 software (TreeStar).

4.6. Cytokine Secretion Profile

Secreted cytokines in cocultures of pPBS-treated target cells and immature DCs were analyzed
using electrochemiluminescence detection on a SECTOR3000 (MesoScale Discovery/MSD) using
Discovery Workbench 4.0 software, as previously described [63]. The human cytokine panel included
IFN-γ, TNF-α, and TGF-β. Standards and samples were measured in duplicate and the assay was
performed according to the manufacturer’s instructions.

4.7. Statistical Analysis

Prism 8.02 software (GraphPad) was used for data comparison and graphical data representations.
SPSS Statistics 25 software (IBM) was used for statistical computations. The non-parametric
Kruskal–Wallis test was used to compare means between more than two groups. The nonparametric
Mann–Whitney U test was used to compare means between two groups. Spearman’s rank correlation
coefficient was used to calculate the correlation between two variables. p-values < 0.05 were considered
statistically significant.

5. Conclusions

We conclude that plasma treatment via pPBS can attack both the PCCs and the PSCs. These data
show that pPBS has the potential to induce ICD in PCCs and to reduce the immunosuppressive tumor
microenvironment created by PSCs. Altogether, these results might potentially open the way for more
successful combination strategies with immunotherapy for the treatment of PDAC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1597/s1,
Figure S1: Dot plots of Annexin V and PI staining of PCC lines, Figure S2: Dot plots of Annexin V and PI staining
of PSC lines, Figure S3: gating strategy of surface exposure of ecto-CRT, Figure S4: gating strategy of phagocytosis,
Figure S5: CD80 and CD83 expression on DC after coculture with pPBS-treated PSCs and PCCs.

http://www.mdpi.com/2072-6694/11/10/1597/s1


Cancers 2019, 11, 1597 13 of 16

Author Contributions: Conceptualization, J.V.L., J.J., S.D., A.B., C.D., and E.S.; Data curation, J.V.L.;
Formal analysis, J.V.L. and C.D.; Funding acquisition, M.P., F.L., A.B., and E.S.; Investigation, J.V.L., T.F.,
L.F.B., and J.D.W.; Methodology, J.V.L., J.J., E.L., H.D., C.D., and E.S.; Project administration, J.V.L., C.D.,
and E.S.; Resources, F.L., A.B., and E.S.; Supervision, A.B., C.D., and E.S. Visualization, J.V.L., C.D., and E.S.;
Writing—original draft, J.V.L.; Writing—review & editing, J.V.L., T.F., L.F.B., J.D.W., J.V.A., E.M., J.J., A.L., E.L.,
H.D., M.P., S.D., F.L., A.B., C.D., and E.S.

Funding: J.V.L. and T.F. are supported by research grants of the University of Antwerp. L.F.B., J.D.W., J.V.A., A.L.,
and H.D. are research fellows of the Research Foundation Flanders (fellowship numbers 11E7719N, 1121016N,
1S32316N, 12S9218N, and 12E3916N, respectively). E.M. is a research fellow of the Flanders Innovation &
Entrepreneurship (fellowship number 141433). J.J. is supported by the Flemish Gastroenterology Association, the
Belgian group of Digestive Oncology, Kom op tegen Kanker, and the University of Antwerp. E.L. is supported
by research grant from Kom op tegen Kanker and the foundation against Cancer (‘Stichting tegen Kanker’;
STK2014-155). This work was performed with the support of the Olivia Hendrickx Research Fund. We also thank
the Vereycken family, Willy Floren, and the University Foundation of Belgium for their financial support.

Acknowledgments: The authors express their gratitude to Christophe Hermans, Céline Merlin, Hilde Lambrechts,
and Hans de Reu for technical assistance; and to VITO for the use of the MSD reader (Mol, Belgium).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ansari, D.; Gustafsson, A.; Andersson, R. Update on the Management of Pancreatic Cancer: Surgery is not
Enough. World J. Gastroenterol. 2015, 21, 3157–3165. [CrossRef] [PubMed]

2. Chiorean, E.G.; Coveler, A.L. Pancreatic Cancer: Optimizing Treatment Options, New, and Emerging
Targeted Therapies. Drug Des. Dev. Ther. 2015, 9, 3529–3545. [CrossRef] [PubMed]

3. Hidalgo, M.; Cascinu, S.; Kleeff, J.; Labianca, R.; Lohr, J.M.; Neoptolemos, J.; Real, F.X.; Van Laethem, J.L.;
Heinemann, V. Addressing the Challenges of Pancreatic Cancer: Future Directions for Improving Outcomes.
Pancreatology 2015, 15, 8–18. [CrossRef] [PubMed]

4. Ferlay, J.; Ervik, M.; Lam, F.; Colombet, M.; Mery, L.; Piñeros, M.; Znaor, A.; Soerjomataram, I.; Bray, F.
Global Cancer Observatory: Cancer Today; International Agency for Research on Cancer: Lyon, France, 2018.

5. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting Cancer
Incidence and Deaths to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United
States. Cancer Res. 2014, 74, 2913–2921. [CrossRef] [PubMed]

6. Brahmer, J.R.; Tykodi, S.S.; Chow, L.Q.; Hwu, W.J.; Topalian, S.L.; Hwu, P.; Drake, C.G.; Camacho, L.H.;
Kauh, J.; Odunsi, K.; et al. Safety and Activity of Anti-PD-L1 Antibody in Patients with Advanced Cancer.
N. Engl. J. Med. 2012, 366, 2455–2465. [CrossRef]

7. Royal, R.E.; Levy, C.; Turner, K.; Mathur, A.; Hughes, M.; Kammula, U.S.; Sherry, R.M.; Topalian, S.L.;
Yang, J.C.; Lowy, I.; et al. Phase 2 Trial of Single Agent Ipilimumab (anti-CTLA-4) for Locally Advanced or
Metastatic Pancreatic Adenocarcinoma. J. Immunother. 2010, 33, 828–833. [CrossRef]

8. Patnaik, A.; Kang, S.P.; Rasco, D.; Papadopoulos, K.P.; Elassaiss-Schaap, J.; Beeram, M.; Drengler, R.; Chen, C.;
Smith, L.; Espino, G.; et al. Phase I Study of Pembrolizumab (MK-3475; Anti-PD-1 Monoclonal Antibody) in
Patients with Advanced Solid Tumors. Clin. Cancer Res. 2015, 21, 4286–4293. [CrossRef]

9. Herbst, R.S.; Soria, J.C.; Kowanetz, M.; Fine, G.D.; Hamid, O.; Gordon, M.S.; Sosman, J.A.; McDermott, D.F.;
Powderly, J.D.; Gettinger, S.N.; et al. Predictive Correlates of Response to the Anti-PD-L1 Antibody
MPDL3280A in Cancer Patients. Nature 2014, 515, 563–567. [CrossRef]

10. Watt, J.; Kocher, H.M. The Desmoplastic Stroma of Pancreatic Cancer is a Barrier to Immune Cell Infiltration.
Oncoimmunology 2013, 2, e26788. [CrossRef]

11. Heinemann, V.; Reni, M.; Ychou, M.; Richel, D.J.; Macarulla, T.; Ducreux, M. Tumour-Stroma Interactions
in Pancreatic Ductal Adenocarcinoma: Rationale and Current Evidence for New Therapeutic Strategies.
Cancer Treat. Rev. 2014, 40, 118–128. [CrossRef]

12. Lunardi, S.; Muschel, R.J.; Brunner, T.B. The Stromal Compartments in Pancreatic Cancer: Are There Any
Therapeutic Targets? Cancer Lett. 2014, 343, 147–155. [CrossRef] [PubMed]

13. Feig, C.; Gopinathan, A.; Neesse, A.; Chan, D.S.; Cook, N.; Tuveson, D.A. The Pancreas Cancer
Microenvironment. Clin. Cancer Res. 2012, 18, 4266–4276. [CrossRef] [PubMed]

http://dx.doi.org/10.3748/wjg.v21.i11.3157
http://www.ncbi.nlm.nih.gov/pubmed/25805920
http://dx.doi.org/10.2147/DDDT.S60328
http://www.ncbi.nlm.nih.gov/pubmed/26185420
http://dx.doi.org/10.1016/j.pan.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25547205
http://dx.doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://dx.doi.org/10.1056/NEJMoa1200694
http://dx.doi.org/10.1097/CJI.0b013e3181eec14c
http://dx.doi.org/10.1158/1078-0432.CCR-14-2607
http://dx.doi.org/10.1038/nature14011
http://dx.doi.org/10.4161/onci.26788
http://dx.doi.org/10.1016/j.ctrv.2013.04.004
http://dx.doi.org/10.1016/j.canlet.2013.09.039
http://www.ncbi.nlm.nih.gov/pubmed/24141189
http://dx.doi.org/10.1158/1078-0432.CCR-11-3114
http://www.ncbi.nlm.nih.gov/pubmed/22896693


Cancers 2019, 11, 1597 14 of 16

14. Mace, T.A.; Bloomston, M.; Lesinski, G.B. Pancreatic Cancer-Associated Stellate Cells: A Viable Target for
Reducing Immunosuppression in the Tumor Microenvironment. Oncoimmunology 2013, 2, e24891. [CrossRef]
[PubMed]

15. Rosenberg, A.; Mahalingam, D. Immunotherapy in Pancreatic Adenocarcinoma-Overcoming Barriers to
Response. J. Gastrointest. Oncol. 2018, 9, 143–159. [CrossRef] [PubMed]

16. Obeid, M.; Tesniere, A.; Ghiringhelli, F.; Fimia, G.M.; Apetoh, L.; Perfettini, J.L.; Castedo, M.; Mignot, G.;
Panaretakis, T.; Casares, N.; et al. Calreticulin Exposure Dictates the Immunogenicity of Cancer Cell Death.
Nat. Med. 2007, 13, 54–61. [CrossRef] [PubMed]

17. Michaud, M.; Martins, I.; Sukkurwala, A.Q.; Adjemian, S.; Ma, Y.; Pellegatti, P.; Shen, S.; Kepp, O.; Scoazec, M.;
Mignot, G.; et al. Autophagy-Dependent Anticancer Immune Responses Induced by Chemotherapeutic
Agents in Mice. Science 2011, 334, 1573–1577. [CrossRef]

18. Apetoh, L.; Ghiringhelli, F.; Tesniere, A.; Obeid, M.; Ortiz, C.; Criollo, A.; Mignot, G.; Maiuri, M.C.; Ullrich, E.;
Saulnier, P.; et al. Toll-like Receptor 4-Dependent Contribution of the Immune System to Anticancer
Chemotherapy and Radiotherapy. Nat. Med. 2007, 13, 1050–1059. [CrossRef]

19. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic Cell Death in Cancer Therapy. Annu. Rev.
Immunol. 2013, 31, 51–72. [CrossRef]

20. Garg, A.D.; Romano, E.; Rufo, N.; Agostinis, P. Immunogenic Versus Tolerogenic Phagocytosis during
Anticancer Therapy: Mechanisms and Clinical Translation. Cell Death Differ. 2016, 23, 938–951. [CrossRef]

21. Galluzzi, L.; Buque, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunogenic Cell Death in Cancer and Infectious
Disease. Nat. Rev. Immunol. 2017, 17, 97–111. [CrossRef]

22. Fucikova, J.; Moserova, I.; Truxova, I.; Hermanova, I.; Vancurova, I.; Partlova, S.; Fialova, A.; Sojka, L.;
Cartron, P.F.; Houska, M.; et al. High Hydrostatic Pressure Induces Immunogenic Cell Death in Human
Tumor Cells. Int. J. Cancer 2014, 135, 1165–1177. [CrossRef] [PubMed]

23. Garg, A.D.; Krysko, D.V.; Vandenabeele, P.; Agostinis, P. Hypericin-Based Photodynamic Therapy Induces
Surface Exposure of Damage-Associated Molecular Patterns Like HSP70 and Calreticulin. Cancer Immunol.
Immunother. 2012, 61, 215–221. [CrossRef] [PubMed]

24. Gameiro, S.R.; Jammeh, M.L.; Wattenberg, M.M.; Tsang, K.Y.; Ferrone, S.; Hodge, J.W. Radiation-Induced
Immunogenic Modulation of Tumor Enhances Antigen Processing and Calreticulin Exposure, Resulting in
Enhanced T-Cell Killing. Oncotarget 2014, 5, 403–416. [CrossRef] [PubMed]

25. Garg, A.D.; Krysko, D.V.; Verfaillie, T.; Kaczmarek, A.; Ferreira, G.B.; Marysael, T.; Rubio, N.; Firczuk, M.;
Mathieu, C.; Roebroek, A.J.; et al. A Novel Pathway Combining Calreticulin Exposure and ATP Secretion in
Immunogenic Cancer Cell Death. EMBO J. 2012, 31, 1062–1079. [CrossRef] [PubMed]

26. Vermeylen, S.; De Waele, J.; Vanuytsel, S.; De Backer, J.; Van der Paal, J.; Ramakers, M.; Leyssens, K.; Marcq, E.;
Van Audenaerde, J.; Smits, E.L.J.; et al. Cold Atmospheric Plasma Treatment of Melanoma and Glioblastoma
Cancer Cells. Plasma Process Polym. 2016, 13, 1195–1205. [CrossRef]

27. Yan, D.Y.; Sherman, J.H.; Keidar, M. Cold Atmospheric Plasma, A Novel Promising Anti-Cancer Treatment
Modality. Oncotarget 2017, 8, 15977–15995. [CrossRef] [PubMed]

28. Liedtke, K.R.; Bekeschus, S.; Kaeding, A.; Hackbarth, C.; Kuehn, J.P.; Heidecke, C.D.; von Bernstorff, W.;
von Woedtke, T.; Partecke, L.I. Non-Thermal Plasma-Treated Solution Demonstrates Antitumor Activity
Against Pancreatic Cancer Cells in Vitro and in Vivo. Sci. Rep. 2017, 7, 8319. [CrossRef]

29. Partecke, L.I.; Evert, K.; Haugk, J.; Doering, F.; Normann, L.; Diedrich, S.; Weiss, F.U.; Evert, M.; Huebner, N.O.;
Guenther, C.; et al. Tissue Tolerable Plasma (TTP) Induces Apoptosis in Pancreatic Cancer Cells in Vitro and
in Vivo. BMC Cancer 2012, 12, 473. [CrossRef]

30. Kalghatgi, S.; Kelly, C.M.; Cerchar, E.; Torabi, B.; Alekseev, O.; Fridman, A.; Friedman, G.; Azizkhan-Clifford, J.
Effects of Non-Thermal Plasma on Mammalian Cells. PLoS ONE 2011, 6, e16270. [CrossRef]

31. O’Donnell, J.S.; Teng, M.W.; Smyth, M.J. Cancer Immunoediting and Resistance to T Cell-Based
Immunotherapy. Nat. Rev. Clin. Oncol. 2019, 16, 151–167. [CrossRef]

32. Hilmi, M.; Bartholin, L.; Neuzillet, C. Immune Therapies in Pancreatic Ductal Adenocarcinoma: Where are
We Now? World J. Gastroenterol. 2018, 24, 2137–2151. [CrossRef] [PubMed]

33. Schnurr, M.; Duewell, P.; Bauer, C.; Rothenfusser, S.; Lauber, K.; Endres, S.; Kobold, S. Strategies to Relieve
Immunosuppression in Pancreatic Cancer. Immunotherapy 2015, 7, 363–376. [CrossRef] [PubMed]

34. Van Audenaerde, J. Interleukin-15 Stimulates Natural Killer Cell-Mediated Killing of Both Human Pancreatic
Cancer and Stellate Cells. Oncotarget 2017, 8, 56968–56979. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/onci.24891
http://www.ncbi.nlm.nih.gov/pubmed/24073373
http://dx.doi.org/10.21037/jgo.2018.01.13
http://www.ncbi.nlm.nih.gov/pubmed/29564181
http://dx.doi.org/10.1038/nm1523
http://www.ncbi.nlm.nih.gov/pubmed/17187072
http://dx.doi.org/10.1126/science.1208347
http://dx.doi.org/10.1038/nm1622
http://dx.doi.org/10.1146/annurev-immunol-032712-100008
http://dx.doi.org/10.1038/cdd.2016.5
http://dx.doi.org/10.1038/nri.2016.107
http://dx.doi.org/10.1002/ijc.28766
http://www.ncbi.nlm.nih.gov/pubmed/24500981
http://dx.doi.org/10.1007/s00262-011-1184-2
http://www.ncbi.nlm.nih.gov/pubmed/22193987
http://dx.doi.org/10.18632/oncotarget.1719
http://www.ncbi.nlm.nih.gov/pubmed/24480782
http://dx.doi.org/10.1038/emboj.2011.497
http://www.ncbi.nlm.nih.gov/pubmed/22252128
http://dx.doi.org/10.1002/ppap.201600116
http://dx.doi.org/10.18632/oncotarget.13304
http://www.ncbi.nlm.nih.gov/pubmed/27845910
http://dx.doi.org/10.1038/s41598-017-08560-3
http://dx.doi.org/10.1186/1471-2407-12-473
http://dx.doi.org/10.1371/journal.pone.0016270
http://dx.doi.org/10.1038/s41571-018-0142-8
http://dx.doi.org/10.3748/wjg.v24.i20.2137
http://www.ncbi.nlm.nih.gov/pubmed/29853732
http://dx.doi.org/10.2217/imt.15.9
http://www.ncbi.nlm.nih.gov/pubmed/25917628
http://dx.doi.org/10.18632/oncotarget.18185
http://www.ncbi.nlm.nih.gov/pubmed/28915646


Cancers 2019, 11, 1597 15 of 16

35. Feig, C.; Jones, J.O.; Kraman, M.; Wells, R.J.; Deonarine, A.; Chan, D.S.; Connell, C.M.; Roberts, E.W.; Zhao, Q.;
Caballero, O.L.; et al. Targeting CXCL12 from FAP-Expressing Carcinoma-Associated Fibroblasts Synergizes
with Anti-PD-L1 Immunotherapy in Pancreatic Cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 20212–20217.
[CrossRef] [PubMed]

36. Yan, D.Y.; Cui, H.T.; Zhu, W.; Nourmohammadi, N.; Milberg, J.; Zhang, L.G.; Sherman, J.H.; Keidar, M.
The Specific Vulnerabilities of Cancer Cells to the Cold Atmospheric Plasma-Stimulated Solutions. Sci. Rep.
UK 2017, 7, 4479. [CrossRef]

37. Kumar, N.; Attri, P.; Dewilde, S.; Bogaerts, A. Inactivation of Human Pancreatic Ductal Adenocarcinoma with
Atmospheric Plasma Treated Media and Water: A Comparative Study. J. Phys. D 2018, 51, 255401. [CrossRef]

38. Gorchs, L.; Hellevik, T.; Bruun, J.A.; Camilio, K.A.; Al-Saad, S.; Stuge, T.B.; Martinez-Zubiaurre, I.
Cancer-Associated Fibroblasts from Lung Tumors Maintain Their Immunosuppressive Abilities after
High-Dose Irradiation. Front. Oncol. 2015, 5, 87. [CrossRef]

39. Wu, Q.; Tian, Y.; Zhang, J.; Zhang, H.; Gu, F.; Lu, Y.; Zou, S.; Chen, Y.; Sun, P.; Xu, M.; et al. Functions of
Pancreatic Stellate Cell-Derived Soluble Factors in the Microenvironment of Pancreatic Ductal Carcinoma.
Oncotarget 2017, 8, 102721–102738. [CrossRef]

40. Erdogan, B.; Webb, D.J. Cancer-Associated Fibroblasts Modulate Growth Factor Signaling and Extracellular
Matrix Remodeling to Regulate Tumor Metastasis. Biochem. Soc. Trans. 2017, 45, 229–236. [CrossRef]

41. Neuzillet, C.; Tijeras-Raballand, A.; Cohen, R.; Cros, J.; Faivre, S.; Raymond, E.; de Gramont, A. Targeting the
TGFbeta Pathway for Cancer Therapy. Pharmacol. Ther. 2015, 147, 22–31. [CrossRef]

42. Reczek, C.R.; Chandel, N.S. The Two Faces of Reactive Oxygen Species in Cancer. Annu. Rev. Cancer Biol.
2017, 1, 79–98. [CrossRef]

43. Lin, A.; Truong, B.; Pappas, A.; Kirifides, L.; Oubarri, A.; Chen, S.Y.; Lin, S.J.; Dobrynin, D.; Fridman, G.;
Fridman, A.; et al. Uniform Nanosecond Pulsed Dielectric Barrier Discharge Plasma Enhances Anti-Tumor
Effects by Induction of Immunogenic Cell Death in Tumors and Stimulation of Macrophages. Plasma Process
Polym. 2015, 12, 1392–1399. [CrossRef]

44. Lin, A.; Truong, B.; Patel, S.; Kaushik, N.; Choi, E.H.; Fridman, G.; Fridman, A.; Miller, V. Nanosecond-Pulsed
DBD Plasma-Generated Reactive Oxygen Species Trigger Immunogenic Cell Death in A549 Lung Carcinoma
Cells through Intracellular Oxidative Stress. Int. J. Mol. Sci. 2017, 18, 966. [CrossRef] [PubMed]

45. Lin, A.G.; Xiang, B.; Merlino, D.J.; Baybutt, T.R.; Sahu, J.; Fridman, A.; Snook, A.E.; Miller, V.
Non-Thermal Plasma Induces Immunogenic Cell Death in Vivo in Murine CT26 Colorectal Tumors.
Oncoimmunology 2018, 7, e1484978. [CrossRef]

46. Freund, E.; Liedtke, K.R.; van der Linde, J.; Metelmann, H.R.; Heidecke, C.D.; Partecke, L.I.; Bekeschus, S.
Physical Plasma-Treated Saline Promotes an Immunogenic Phenotype in CT26 Colon Cancer Cells in Vitro
and in Vivo. Sci. Rep. 2019, 9, 634. [CrossRef]

47. Azzariti, A.; Iacobazzi, R.M.; Di Fonte, R.; Porcelli, L.; Gristina, R.; Favia, P.; Fracassi, F.; Trizio, I.; Silvestris, N.;
Guida, G.; et al. Plasma-Activated Medium Triggers Cell Death and the Presentation of Immune Activating
Danger Signals in Melanoma and Pancreatic Cancer Cells. Sci. Rep. 2019, 9, 4099. [CrossRef]

48. Di Blasio, S.; Wortel, I.M.; van Bladel, D.A.; de Vries, L.E.; Duiveman-de Boer, T.; Worah, K.; de Haas, N.;
Buschow, S.I.; de Vries, I.J.; Figdor, C.G.; et al. Human CD1c(+) DCs are Critical Cellular Mediators of
Immune Responses Induced by Immunogenic Cell Death. Oncoimmunology 2016, 5, e1192739. [CrossRef]

49. Garg, A.D.; Vandenberk, L.; Koks, C.; Verschuere, T.; Boon, L.; Van Gool, S.W.; Agostinis, P. Dendritic Cell
Vaccines Based on Immunogenic Cell Death Elicit Danger Signals and T Cell-Driven Rejection of High-Grade
Glioma. Sci. Transl. Med. 2016, 8, 328ra27. [CrossRef]

50. Pawaria, S.; Binder, R.J. CD91-Dependent Programming of T-Helper Cell Responses Following Heat Shock
Protein Immunization. Nat. Commun. 2011, 2, 521. [CrossRef]

51. Garg, A.D.; Dudek, A.M.; Ferreira, G.B.; Verfaillie, T.; Vandenabeele, P.; Krysko, D.V.; Mathieu, C.; Agostinis, P.
ROS-Induced Autophagy in Cancer Cells Assists in Evasion from Determinants of Immunogenic Cell Death.
Autophagy 2013, 9, 1292–1307. [CrossRef]

52. Lin, A.; Gorbanev, Y.; De Backer, J.; Van Loenhout, J.; Van Boxem, W.; Lemière, 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, 1802062. [CrossRef]
[PubMed]

http://dx.doi.org/10.1073/pnas.1320318110
http://www.ncbi.nlm.nih.gov/pubmed/24277834
http://dx.doi.org/10.1038/s41598-017-04770-x
http://dx.doi.org/10.1088/1361-6463/aac571
http://dx.doi.org/10.3389/fonc.2015.00087
http://dx.doi.org/10.18632/oncotarget.21970
http://dx.doi.org/10.1042/BST20160387
http://dx.doi.org/10.1016/j.pharmthera.2014.11.001
http://dx.doi.org/10.1146/annurev-cancerbio-041916-065808
http://dx.doi.org/10.1002/ppap.201500139
http://dx.doi.org/10.3390/ijms18050966
http://www.ncbi.nlm.nih.gov/pubmed/28467380
http://dx.doi.org/10.1080/2162402X.2018.1484978
http://dx.doi.org/10.1038/s41598-018-37169-3
http://dx.doi.org/10.1038/s41598-019-40637-z
http://dx.doi.org/10.1080/2162402X.2016.1192739
http://dx.doi.org/10.1126/scitranslmed.aae0105
http://dx.doi.org/10.1038/ncomms1524
http://dx.doi.org/10.4161/auto.25399
http://dx.doi.org/10.1002/advs.201802062
http://www.ncbi.nlm.nih.gov/pubmed/30937272


Cancers 2019, 11, 1597 16 of 16

53. Schnurr, M.; Then, F.; Galambos, P.; Scholz, C.; Siegmund, B.; Endres, S.; Eigler, A. Extracellular ATP
and TNF-alpha Synergize in the Activation and Maturation of Human Dendritic Cells. J. Immunol. 2000,
165, 4704–4709. [CrossRef] [PubMed]

54. Palucka, K.; Ueno, H.; Fay, J.; Banchereau, J. Dendritic Cells and Immunity against Cancer. J. Intern. Med.
2011, 269, 64–73. [CrossRef] [PubMed]

55. Deicher, A.; Andersson, R.; Tingstedt, B.; Lindell, G.; Bauden, M.; Ansari, D. Targeting Dendritic Cells in
Pancreatic Ductal Adenocarcinoma. Cancer Cell Int. 2018, 18, 85. [CrossRef] [PubMed]

56. Bekeschus, S.; Kolata, J.; Winterbourn, C.; Kramer, A.; Turner, R.; Weltmann, K.D.; Broker, B.; Masur, K.
Hydrogen Peroxide: A Central Player in Physical Plasma-Induced Oxidative Stress in Human Blood Cells.
Free Radic. Res. 2014, 48, 542–549. [CrossRef] [PubMed]

57. Seres, T.; Knickelbein, R.G.; Warshaw, J.B.; Johnston, R.B., Jr. The Phagocytosis-Associated Respiratory Burst
in Human Monocytes is Associated with Increased Uptake of Glutathione. J. Immunol. 2000, 165, 3333–3340.
[CrossRef] [PubMed]

58. Jesnowski, R.; Furst, D.; Ringel, J.; Chen, Y.; Schrodel, A.; Kleeff, J.; Kolb, A.; Schareck, W.D.; Lohr, M.
Immortalization of Pancreatic Stellate Cells As an in Vitro Model of Pancreatic Fibrosis: Deactivation is
Induced by Matrigel and N-Acetylcysteine. Lab. Investig. 2005, 85, 1276–1291. [CrossRef]

59. Hamada, S.; Masamune, A.; Yoshida, N.; Takikawa, T.; Shimosegawa, T. IL-6/STAT3 Plays a Regulatory Role
in the Interaction Between Pancreatic Stellate Cells and Cancer Cells. Dig. Dis. Sci. 2016, 61, 1561–1571.
[CrossRef]

60. Bekeschus, S.; Schmidt, A.; Weltmann, K.D.; von Woedtke, T. The Plasma jet kINPen—A Powerful Tool for
Wound Healing. Clin. Plasma Med. 2016, 4, 19–28. [CrossRef]

61. Smits, E.L.; Ponsaerts, P.; Van de Velde, A.L.; Van Driessche, A.; Cools, N.; Lenjou, M.; Nijs, G.;
Van Bockstaele, D.R.; Berneman, Z.N.; Van Tendeloo, V.F. Proinflammatory Response of Human Leukemic
Cells to dsRNA Transfection Linked to Activation of Dendritic Cells. Leukemia 2007, 21, 1691–1699. [CrossRef]

62. Lion, E.; Anguille, S.; Berneman, Z.N.; Smits, E.L.; Van Tendeloo, V.F. Poly(I:C) Enhances the Susceptibility of
Leukemic Cells to NK Cell Cytotoxicity and Phagocytosis by DC. PLoS ONE 2011, 6, e20952. [CrossRef]
[PubMed]

63. De Waele, J.; Marcq, E.; Van Audenaerde, J.R.; Van Loenhout, J.; Deben, C.; Zwaenepoel, K.; Van de Kelft, E.;
Van der Planken, D.; Menovsky, T.; Van den Bergh, J.M.; et al. Poly(I:C) Primes Primary Human Glioblastoma
Cells for an Immune Response Invigorated by PD-L1 Blockade. Oncoimmunology 2018, 7, e1407899. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4049/jimmunol.165.8.4704
http://www.ncbi.nlm.nih.gov/pubmed/11035114
http://dx.doi.org/10.1111/j.1365-2796.2010.02317.x
http://www.ncbi.nlm.nih.gov/pubmed/21158979
http://dx.doi.org/10.1186/s12935-018-0585-0
http://www.ncbi.nlm.nih.gov/pubmed/29946224
http://dx.doi.org/10.3109/10715762.2014.892937
http://www.ncbi.nlm.nih.gov/pubmed/24528134
http://dx.doi.org/10.4049/jimmunol.165.6.3333
http://www.ncbi.nlm.nih.gov/pubmed/10975851
http://dx.doi.org/10.1038/labinvest.3700329
http://dx.doi.org/10.1007/s10620-015-4001-5
http://dx.doi.org/10.1016/j.cpme.2016.01.001
http://dx.doi.org/10.1038/sj.leu.2404763
http://dx.doi.org/10.1371/journal.pone.0020952
http://www.ncbi.nlm.nih.gov/pubmed/21698118
http://dx.doi.org/10.1080/2162402X.2017.1407899
http://www.ncbi.nlm.nih.gov/pubmed/29399410
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	pPBS Induces Cell Death in Both PCCs and PSCs 
	pPBS Induces ICD Markers on PCCs 
	pPBS-Treated Cells are Phagocytosed by DCs 
	pPBS Treatment of PCC Increases Maturation of DCs without Affecting Their Viability 
	Secretion of Cytokines after pPBS Treatment 

	Discussion 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Treatment of PCC and PSC with Cold Atmospheric Plasma 
	Analysis of Cytotoxicity and ICD Markers 
	In Vitro Generation of Human Monocyte-Derived DCs 
	Coculture of DCs and Tumor Cells 
	Cytokine Secretion Profile 
	Statistical Analysis 

	Conclusions 
	References

