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Simple Summary: This review aims to highlight the potential of cold plasma, the fourth state of
matter, as anti-cancer treatment for pancreatic cancer, and the importance of pancreatic stellate cells
in the response to this treatment. Currently, a significant lack of basic research on cold plasma
considering both pancreatic cancer and stellate cells exists. However, co-cultures of these populations
can be advantageous, as they resemble the cell-to-cell interactions occurring in a tumor in response to
therapy. Even more, these studies should be performed prior to clinical trials of cold plasma to avoid
unforeseen responses to treatment. This review article provides a framework for future research of
cold plasma therapies for pancreatic cancer, considering the critical role of pancreatic stellate cells in
the disease and treatment outcome.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease with low five-year survival
rates of 8% by conventional treatment methods, e.g., chemotherapy, radiotherapy, and surgery.
PDAC shows high resistance towards chemo- and radiotherapy and only 15–20% of all patients can
have surgery. This disease is predicted to become the third global leading cause of cancer death due
to its significant rise in incidence. Therefore, the development of an alternative or combinational
method is necessary to improve current approaches. Cold atmospheric plasma (CAP) treatments
could offer multiple advantages to this emerging situation. The plasma-derived reactive species
can induce oxidative damage and a cascade of intracellular signaling pathways, which could lead
to cell death. Previous reports have shown that CAP treatment also influences cells in the tumor
microenvironment, such as the pancreatic stellate cells (PSCs). These PSCs, when activated, play a
crucial role in the propagation, growth and survival of PDAC tumors. However, the effect of CAP on
PSCs is not yet fully understood. This review focuses on the application of CAP for PDAC treatment
and the importance of PSCs in the response to treatment.

Keywords: pancreatic cancer; pancreatic ductal adenocarcinoma; pancreatic stellate cells; cold atmospheric
plasma; tumor microenvironment

1. Introduction

To date, cancer remains as a highly complex group of diseases characterized by the disrupted
metabolic activity, altered repair mechanisms, and redundant signaling pathways across various cell
types [1]. In addition, the interaction of cancer cells with other cells in the tumor microenvironment
(TME) can determine the treatment outcome. This dynamic nature of cancer can favor drug resistance,
which represents a challenge for cancer treatment [2]. Cancer research is currently directed to develop

Cancers 2020, 12, 2782; doi:10.3390/cancers12102782 www.mdpi.com/journal/cancers

http://www.mdpi.com/journal/cancers
http://www.mdpi.com
https://orcid.org/0000-0002-4248-1258
https://orcid.org/0000-0002-5616-8182
https://orcid.org/0000-0001-9255-3435
https://orcid.org/0000-0001-9875-6460
http://www.mdpi.com/2072-6694/12/10/2782?type=check_update&version=1
http://dx.doi.org/10.3390/cancers12102782
http://www.mdpi.com/journal/cancers


Cancers 2020, 12, 2782 2 of 21

new therapeutic approaches that can efficiently disrupt cancer hallmark features and overcome the
limitations of current treatments. Cold atmospheric plasma (CAP), a new tool from the field of physics,
has shown great potential for its therapeutic capabilities against cancer. CAP has shown to effectively
eliminate several cancer cell types both in vitro and in vivo [3–6]. Even more, the first clinical pilot
studies in head and neck cancer patients have shown a positive result, reducing the microbial load in
oral carcinoma lesions [7,8]. The advantage of CAP is its multimodal nature that can simultaneously
attack multiple targets in cancer cells, overcoming some of the limitations of current therapies.

Hard-to-kill cancers have highly developed properties that cause invasiveness, metastasis,
and resistance towards therapy, among others. One of these aggressive cancers is pancreatic
cancer, which is predicted to become the third global leading cause of death by cancer in the
near future [9]. In 2018, global pancreatic cancer incidence and mortality were 458,918 and 432,242,
respectively [9]. Pancreatic ductal adenocarcinoma (PDAC), the most common type of pancreatic
cancer with approximately 85% of all cases [10], is characterized by early metastasis and a desmoplastic
reaction. The formed dense, fibrous tissue acts as a resilient shield towards chemotherapy and
radiotherapy. The stromal pancreatic stellate cells (PSCs) significantly contribute to the hallmarks of
PDAC and play a key role in creating an ideal TME for the survivability, progression and resilience of
the tumor. CAP treatment could serve as a combinational therapy to improve current treatment of this
aggressive cancer. It is known that CAP treatment can alter the extracellular matrix (ECM) and enhance
the delivery of therapeutics drugs [11], besides eliminating cancer cells. Therefore, the combination of
these therapeutic strategies could lead to a potentially synergistic effect and provide an improvement
for PDAC treatment.

In this review, we discuss the background, state-of-the-art and future of CAP therapy for PDAC,
with special attention to its effect on PSCs and the TME, and the potential benefits of the combination
of CAP with chemotherapeutic strategies. CAP treatment for PDAC is yet in a fundamental stage of
research in which no clinical results have yet been obtained. As CAP research progresses towards
the development of future therapies, it is important to consider the role of other cell types in the
TME of PDAC, such as the PSCs, prior to considering clinical trials. Further studies of the complex
interactions of cells in the TME of PDAC in vitro and in vivo will help to more accurately predict CAP
treatment outcomes.

2. Plasma and Its Medicinal Properties

2.1. What Is Plasma?

Plasma, the fourth aggregate state, is a (partially) ionized gas, which includes electrons, various
types of ions, radicals, and excited species, besides the gas molecules. Plasmas can be generated by
coupling sufficient quantities of energy to a gas to induce ionization. During this process, the atoms or
molecules lose one or several electrons, resulting in the generation of a mixture of neutral, excited and
charged species that exhibit collective behavior [12]. The excited species emit photons when decaying
to the ground state (or a lower level), which explains the glow emitted by plasma. The neutral species
and ions are commonly referred as “heavy” species, while the electron and photons as “light” due to
discrepancies in their mass.

Natural and man-made plasmas are generated under a wide range of conditions, including low,
atmospheric and high pressures, electron temperatures ranging from 102 to 108 K and electron densities
ranging from 103 to 1033 electrons/m3, respectively [13]. In plasmas, the temperature is determined by
the energies of the heavy particles and their degrees of freedom (translational, rotational, vibrational
and the ones related to electronic excitation) [13]. Plasmas can be broadly classified into two categories:
thermal and non-thermal plasmas. While heavy and light particles in thermal plasmas approach
local thermodynamic equilibrium at temperatures up to 100,000 K and more (as in fusion reactors),
non-thermal plasmas are not in thermodynamic equilibrium. Instead, the high temperature of the
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electrons determines the ionization and chemical processes, but the low temperature of heavy particles
determines the macroscopic temperature of plasma [13,14].

Non-thermal plasmas generated at atmospheric pressure, commonly referred to as cold
atmospheric (pressure) plasmas (CAPs), are particularly important in biomedicine. For example,
man-made CAPs currently used in medicine include plasma blades for coblation, cauterization and
thermocoagulation [14]. All of these operate at temperatures of 70–90 ◦C and part of the effect is due
to heat transfer [14]. Another type of CAPs includes those operating at temperatures below 40 ◦C,
where its effect is predominantly due to the reactive species, ions, and electrons, and to a lesser degree,
heat, photons, and electromagnetic fields [15–17].

CAP has received increasing attention for oncological research in the last decade, as it generates
a rich cocktail of reactive oxygen and nitrogen species (RONS), which are able to induce cellular
responses that could lead to cell death, with certain selectivity to cancer cells [17–19]. The configuration
of the most common CAP sources used for cancer research is described in the following section.

2.2. Plasma Devices

The most common types of CAP sources used in cancer research are the plasma jet (Figure 1A)
and the dielectric barrier discharge (DBD) (Figure 1B). The plasma jet operates using an active gas flow
(e.g., a noble gas, such as helium or argon, or ambient air) while the DBD can operate in air without
an active gas flow. Plasma is formed upon the ionization of gas between the powered and ground
electrode by the application of a high voltage, with (typically) one of the electrodes coated with a
dielectric material, e.g., quartz [20]. In case of the plasma jet, the plasma plume extends outside of
the device towards the target sample for treatment. In case of the DBD, the target tissue or material
acts as the second electrode, and plasma is formed between the device electrode and the target tissue
or material. The amount and type of RONS produced in a CAP depends on the configuration of the
plasma device, the frequency, and power, as well as the distance between the nozzle and the target
sample, the treatment time and the gas used for its generation, making it a versatile tool that can
be modulated to improve the treatment outcome [16]. Biomedical CAPs can be applied directly or
indirectly to the target tissue [17]. In direct treatments, CAP is brought into close contact with the
target tissue, which benefits from the exposure to both short-lived and long-lived species produced
by CAP. In indirect treatments, CAP is applied to a solution (phosphate buffered saline, water, saline
solution, etc.) where CAP-derived RONS (long-lived reactive species) are stored in the liquid for their
future application on the target tissue.

2.3. Cold Plasma for Medicine–Important Reactive Species and Their Effects on Cells

For biomedical applications, CAPs operating at temperatures below 40 ◦C are commonly used [21],
as this temperature is below the tissue damage threshold of 43 ◦C [22]. CAPs generate a variety of
RONS with biological importance, such as superoxide (O2

−
•), hydrogen peroxide (H2O2), hydroxyl

radical (•OH), singlet oxygen (1O2), ozone (O3), organic radicals (RO• and RO2•), nitric oxide (•NO),
nitrogen dioxide (•NO2) and peroxynitrite (ONOO−). The amount and type of generated RONS
depends on the treatment conditions, as mentioned before. Biomedical CAPs have proven to be
effective against a variety of microorganisms, including multi-drug resistant pathogens, which is useful
for e.g., sterilization of living tissue and non-living objects [23]. However, we will only focus on the
application of CAP treatment for oncological purposes.



Cancers 2020, 12, 2782 4 of 21

Cancers 2020, 12, x 3 of 21 

 

man-made CAPs currently used in medicine include plasma blades for coblation, cauterization and 
thermocoagulation [14]. All of these operate at temperatures of 70–90 °C and part of the effect is due 
to heat transfer [14]. Another type of CAPs includes those operating at temperatures below 40 °C, 
where its effect is predominantly due to the reactive species, ions, and electrons, and to a lesser degree, 
heat, photons, and electromagnetic fields [15–17].  

CAP has received increasing attention for oncological research in the last decade, as it generates 
a rich cocktail of reactive oxygen and nitrogen species (RONS), which are able to induce cellular 
responses that could lead to cell death, with certain selectivity to cancer cells [17–19]. The 
configuration of the most common CAP sources used for cancer research is described in the following 
section. 

2.2. Plasma Devices 

The most common types of CAP sources used in cancer research are the plasma jet (Figure 1a) 
and the dielectric barrier discharge (DBD) (Figure 1b). The plasma jet operates using an active gas 
flow (e.g., a noble gas, such as helium or argon, or ambient air) while the DBD can operate in air 
without an active gas flow. Plasma is formed upon the ionization of gas between the powered and 
ground electrode by the application of a high voltage, with (typically) one of the electrodes coated 
with a dielectric material, e.g., quartz [20]. In case of the plasma jet, the plasma plume extends outside 
of the device towards the target sample for treatment. In case of the DBD, the target tissue or material 
acts as the second electrode, and plasma is formed between the device electrode and the target tissue 
or material. The amount and type of RONS produced in a CAP depends on the configuration of the 
plasma device, the frequency, and power, as well as the distance between the nozzle and the target 
sample, the treatment time and the gas used for its generation, making it a versatile tool that can be 
modulated to improve the treatment outcome [16]. Biomedical CAPs can be applied directly or 
indirectly to the target tissue [17]. In direct treatments, CAP is brought into close contact with the 
target tissue, which benefits from the exposure to both short-lived and long-lived species produced 
by CAP. In indirect treatments, CAP is applied to a solution (phosphate buffered saline, water, saline 
solution, etc.) where CAP-derived RONS (long-lived reactive species) are stored in the liquid for their 
future application on the target tissue. 

 
Figure 1. Schematic representation of the two most common plasma devices for oncological purposes. 
(A) Plasma jet, (B) Dielectric barrier discharge (DBD). 

  

Figure 1. Schematic representation of the two most common plasma devices for oncological purposes.
(A) Plasma jet, (B) Dielectric barrier discharge (DBD).

Oxygen is a molecule of dual character towards organisms. It is a key factor to sustain life,
but could also induce harmful oxidative effects to biomolecules. Cells are equipped with anti-oxidants
to maintain homeostasis [16], but a misbalance in pro-oxidants and anti-oxidants can cause oxidative
stress on cells [16,24]. Under normal conditions, intracellular levels of RONS are maintained low by
the action of enzymes, e.g., superoxide dismutase and catalase [24,25], and non-enzymes, e.g., vitamin
C, E and β-carotene [24]. In cancerous cells, intracellular levels of RONS are higher due to an increased
metabolic activity (also known as the Warburg effect) [16]. During CAP treatment, extracellular
RONS are applied to the tissue, having a strong influence on the cellular response. The consequences
of the direct and indirect effects of these exogenous CAP-derived RONS on cells involve complex
mechanisms of action that are not yet fully understood. However, some knowledge is already available
on how CAP-derived RONS affect the cell structure and metabolism [16,26,27]. NADPH oxidase-1 is a
membrane-associated protein and expresses membrane-bound catalase and superoxide dismutase.
Singlet oxygen can inactivate catalase, causing the generation of secondary singlet oxygen, which can
lead to apoptosis [26,27]. Another contributing mechanism is through the highly reactive hydroxyl
radical (•OH), as it causes lipid peroxidation and DNA damage, which leads to apoptosis [16,27].
Aquaporins also play a role because they allow hydrogen peroxide to enter the cell [28,29], which can
induce cell death by oxidative DNA damage, such as DNA strand breakages, and covalent cross-linking
of DNA and proteins [30]. Intracellular signaling pathways also provide an opportunity for cancer
cells to manipulate tumor growth and survival, with the PI3K/Akt and RAS/MAPK pathways being
the most commonly studied pathways. It has been shown that CAP can induce apoptosis via these
pathways, as demonstrated for glioblastoma cells [31], and could also be an interesting mechanism
against PDAC [32].

There exists no clear definition yet for the dose of plasma-induced RONS [33], however, it is known
that the amount of RONS can have cell proliferative or cytotoxic effects [34]. At low concentrations
of RONS (mild conditions), CAP can have positive effects, e.g., promote wound healing by blood
coagulation, cell proliferation, angiogenesis and tissue regeneration [23,35]. At higher concentrations
of RONS (harsh conditions), CAP can induce cell death, as the oxidative balance in cancer cells and
tissues is disturbed, which is an important feature for the elimination of cancer cells. This biphasic
response is called hormesis, an adaptive response on disturbance to maintain homeostasis [36].
This lies at the basis of the application of plasma medicine, as mild treatments are used for wound
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healing, while harsh treatments are effective against cancer cells. This can be concluded from the
different induced cellular responses by CAP-derived RONS: lipid peroxidation [16], destruction of lipid
membranes [37], endogenous RONS generation [16], DNA damage [17,38], reduced proliferation [39],
cell cycle arrest [34,40], cell detachment [21], decreased cell migration [21], apoptosis [21,34,40,41],
non-apoptotic cell death [4], e.g., necrosis [21], immunogenic cell death [40,42], and an increased
sensitivity to chemo- [43] and radiotherapy [44].

CAP treatment as an anti-cancer therapy has proven effective against multiple cancer types, e.g.,
lung [45,46], head and neck [4,47], breast [48,49], melanoma [5,50], and colorectal [51,52] and pancreatic
cancer [42,53]. In oncology, CAP has also shown to favor the activation of the immune system, e.g.,
macrophages and the production of damage-associated molecular patterns to eliminate cancer cells [54].
Because of the different possible effects, the treatment conditions are important and determine the level
of damage inflicted to the tissue. CAP treatment offers great potential as a combinational therapy due
to its effect on biological cells, especially for cancer types where conventional therapies fail to improve
the survival rates, which is the case for PDAC.

2.4. Is There a Selectivity towards Cancer Cells?

Research suggested that cancer cells are more sensitive towards CAP treatment than healthy
cells [4,48,55–58], providing a selective effect. The probable underlying reason is the increased
concentration of RONS present in cancer cells, as discussed before [15,16,59]. The RONS levels in
cancer cells are higher than in healthy cells and therefore closer to the oxidative damage threshold
value [60]. Another factor could be their higher vulnerability to DNA damage due to an abnormal
dividing capacity [61]. The high expression of aquaporins [62–64] and a lower level of cholesterol in the
plasma membrane in cancer cells [65,66] could also increase the transport of RONS into the cytoplasm,
damaging cancer cells more than their healthy counterpart. However, the above observations on
selectivity must be evaluated critically. Recent research has provided evidence on the importance
of the treatment conditions, such as the difference between the cell culture media used for different
cell lines and the cell type of healthy and cancerous cells [19], and it is recommended that the same
treatment conditions must be applied to compare the effect on both cancer and healthy cells. During
in vivo treatment, cancerous and normal cells are treated simultaneously and without difference in
tissue environment (cf. culture medium). However, the microenvironment needs to be resembled
during in vitro experiments as much as possible to be able to predict the treatment response in vivo
and to reduce the chances of failure of future CAP treatments in patients.

3. Pancreatic Ductal Adenocarcinoma (PDAC)

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal types of cancer and is refractory
to most of the current treatment approaches, as the five-year survival rate of patients subjected to
surgery, radio- and chemotherapy are barely 8% [67]. The improvement of treatment strategies for
PDAC has increased the five-year survival rates only from 6% to 8% over the last few years [68,69].
These numbers highlight the need for therapeutic alternatives for this disease. High contributing
factors to the development of PDAC include obesity, smoking and a family history of the disease [70].
The acinar (exocrine) and ductal (epithelial) cells of the pancreas are important in this development [67].
Upon environmental stimuli, e.g., stress, inflammatory conditions, etc., acinar cells transform into
ductal-like cells [71]. Through this transformation, the acinar cells become more sensitive towards
mutations in, e.g., proto-oncogene KRAS, resulting in pancreatic epithelial neoplasia [67,71]. Followed
by other oncogenic mutations, these can lead to the progression towards PDAC.

PDAC is characterized by the development of early metastasis and desmoplasia, the formation
of a dense fibrous tissue. This tissue accounts for 50–80% of the total tumor volume and is largely a
consequence of the activity of stromal cells present in PDAC [72]. In PDAC, the TME is responsible
for the aggressiveness, resistance to therapy, rapid growth, invasiveness, and survival in hypoxic and
low-nutrient environments, due to a high interstitial pressure in PDAC.
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3.1. Current Therapies for PDAC

Currently, surgery with adjuvant chemotherapy is the only potential treatment for PDAC [73].
However, only 15–20% of patients have a chance of successful surgical resection at time of diagnosis,
and it is only performed when a positive response to neoadjuvant therapy is observed [74,75].
Surgical resection is not an option when the tumor is too advanced or metastases have already been
formed [67,75]. Thus, this technique presents some disadvantages for the treatment of PDAC: (i) it
cannot remove metastases; and (ii) remaining cancer cells in the tumor site have the risk to form
secondary tumors. In addition, bleeding, pain, damage to adjacent tissues or organs have been reported
as negative side effects. The combination of surgery with other therapies is still highly recommended
for circulating cancer cells or metastatic niches, as well as to avoid recurrence of the tumor.

The most commonly used chemotherapeutic drugs for patients with metastatic, locally advanced,
or unresectable PDAC are FOLFIRINOX (FFX) and gemcitabine combined with nab-paclitaxel
(GNP) [67]. FFX was observed to be more effective than GNP, with overall survival of approximately
14 months compared to nine months, respectively [76]. In another study, the overall survival of
patients treated with FFX was 11.1 months, while it was only 6.8 months with gemcitabine alone [77].
The enhanced effect of combining gemcitabine with nab-paclitaxel has been observed, by an overall
survival of 8.5 months for GNP and only 6.7 months for gemcitabine alone [78]. Although an
increase in overall survival is observed, this increase is only with a few months. The high toxicity of
chemotherapeutics in healthy cells is particularly important, as it prevents their use in the elderly and
patients with poor health status [67].

Compared to other types of cancers, PDAC has an increased resistance to radiotherapy due to
the desmoplastic shield [79]. Radiotherapy is used for improving surgical possibilities or together
with chemotherapy, known as radiochemotherapy [80]. Radiosensitizing agents, such as capecitabine,
gemcitabine and fluorouracil (5-FU), combined with radiotherapy can reduce the radioresistance of
PDAC [67]. Adjuvant radiotherapy treatment has great potential to attack both cancer cells remaining
in the tumor bed after surgery and the circulating, invasive cells. Nevertheless, 71–76% of patients
relapsed within two years [73,80]. Radiochemotherapy as neoadjuvant treatment could offer the
advantage of improving surgical possibilities for PDAC patients with borderline-resectable tumors,
yet more research on this strategy is necessary [73,80].

Immunotherapy was stated to be the biggest breakthrough in cancer research in 2013 [81] and
is also actively used in research for PDAC [82], but to date, its efficacy in PDAC is still limited [83].
More efforts are needed in this direction to overcome the immunosuppressive and therapy-resistant
TME of PDAC [84,85] and to identify specific target molecules on cancer cells, without targeting normal
cells [86].

As discussed here, the current conventional therapies cannot significantly improve the survival of
PDAC patients. Novel combination therapies for PDAC could be used to improve the therapeutic
outcome. The ability of CAP to eliminate cancer cells, with certain degree of selectivity towards
unhealthy cells, could be explored in combination with chemotherapy to treat this lethal disease [16].
In the future, CAP treatment could be considered as a new treatment strategy for PDAC, in addition to
the existing ones [87].

3.2. The PDAC Tumor Microenvironment–Importance of PSCs

PSCs are the major contributors in the creation of the ideal TME of PDAC (Figure 2). They are
responsible for the secretion of matrix metalloproteinases (MMPs), which degrade and remodel the
ECM. This ECM remodeling has several effects: (1) it allows growth factors, e.g., platelet-derived
growth factor (PDGF), to be released, causing tumor growth; (2) it increases pancreatic cancer cell
(PCC) motility to promote invasion and metastasis; (3) it increases intra-tumoral pressure and hypoxia,
and (4) it creates a barrier and provides resistance towards chemotherapy [79,88]. Besides creating
an ideal TME for tumor growth and resistance towards treatments, PSCs are also responsible for
inducing an inflammatory response and creating an immunosuppressive environment. PSCs recruit
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immunosuppressive cells, such as myeloid-derived suppressor cells (MDSC) and regulatory T-cells
(T-reg) by secreting C-X-C motif chemokine 12 (CXCL12) [88], inflammatory cytokines, e.g., interleukin-6
(IL-6) [89], and immunosuppressive cytokines, e.g., transforming growth factor β (TGF-β) [88]. In the
low-nutrient and hypoxic environment of PDAC tumors [90,91], PSCs can contribute to the PDAC
metabolism by secreting non-essential amino acids (e.g., alanine and aspartate), which can be used as
an alternative energy source during a scarcity of glucose. The secretion of these amino acids results
from an autophagic PSC death, induced by the PCCs [92]. In these conditions, PCCs with defects in
their apoptotic mechanism can survive and overtake normal cells. It has also been reported that PSCs
express pro-angiogenic factors, e.g., vascular endothelial growth factor (VEGF) receptors, providing a
pathway for metastasis [93].Cancers 2020, 12, x 7 of 21 
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Figure 2. Schematic representation of the TME of PDAC and its dense desmoplastic stroma. Pancreatic
stellate cells (PSCs), as main type of cancer-associated fibroblasts in this case, account for nearly
50% of the total stroma and are typically activated in PDAC. PSCs recruit immunosuppressive cells
(e.g., MDSC and T-reg) and secrete extracellular matrix molecules (e.g., collagen and fibronectin),
immunosuppressive (e.g., TGF-β) and inflammatory (e.g., IL-6 and TNF-α) cytokines, pro-angiogenic
factors (e.g., VEGF), matrix metalloproteinases (e.g., MMP-2 and MMP-9), growth factors (e.g., PDGF),
and non-essential amino acids (e.g., alanine). The complexity of this TME due to PSCs causes PDAC to
acquire crucial properties like rapid growth, high invasion and metastatic potential, survival in hypoxic
and low-nutrient conditions, and resistance to therapy.

3.3. Activated PSCs: Key Players for the Progression of PDAC

Quiescent PSCs are responsible for maintaining the stromal composition in the healthy pancreas,
and are involved in the storage of vitamin-A rich lipid droplets [79,88]. When activated, the quiescent
PSC changes from a regular, circular phenotype to a star-shaped, myofibroblast-like phenotype.
This activation is the result of different stimuli, such as TGF-β, tumor necrosis factor (TNF-α), oxidative
stress, etc., and is typical for PDAC (Figure 3A) [79,94].
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Table 1. However, the authors stated that PSCs upregulate the expression of α-SMA, vimentin, 
desmin, and GFAP, while they do not make a distinction between markers for quiescent and activated 
PSCs. In previous publications, these markers are suggested to be related to PSC activation, but no 
comparison of the protein expression between quiescent and activated PSCs was made nor did the 
cited literature experimentally validate these differences in expression [79,96,97,107,108]. Based on 
current research, it is difficult to determine the exact difference in expression profiles between 

Figure 3. Mechanism of reciprocal stimulation of PSCs and PCCs and the hypothetical influence
of CAP (represented by treatment with a plasma jet). (A). Activation of PSCs due to different
stimuli, e.g., oxidative stress, ethanol, acetaldehyde, TGF-β, CTGF, MCP-1, IL-1, IL-6, IL-8, TNF-α.
(B). PSCs secrete immunosuppressive and inflammatory cytokines, matrix metalloproteinases, growth
factors, pro-angiogenic factors, ECM molecules, and non-essential amino acids, by autophagic cell
death and they recruit immune cells. These create an environment that allows PCCs to proliferate,
evade cell death and the immune system, survive in hypoxia and low-nutrient environments, recruit
immune cells and resist therapy. This has a major stimulation effect on PCCs and the survival and
progression of the tumor. (C). Self-stimulation of PSCs on their proliferation, activation and migration.
(D). Stimulation of the activation of PSCs by PCCs. (E). Unknown effect of CAP-derived RONS on
PSC activation.

One of the main reasons for the resistance of PDAC to treatment is the desmoplastic reaction
induced by activated PSCs [79]. This reaction causes high intra-tumoral pressure and acts as a shield
that surrounds the tumor, limits the blood flow and the delivery of therapeutic agents, oxygen,
and immune cells [90]. Activated PSCs are key players in PDAC and can induce tumor growth,
PCC and PSC motility, invasion and metastasis, immune evasion, an inflammatory response, hypoxia,
a metabolic alternative, etc. (Figure 3B), as discussed before. The secretion of cytokines and other
molecules by PSCs, discussed in Section 3.2, will also cause a proliferative and migrational effect on
PSCs, and sustain their activation (Figure 3C). In addition, PCCs stimulate PSC activation and growth,
resulting in a reciprocal stimulation (Figure 3D). This loop of stimulation is a major reason for the
aggressiveness of PDAC [79].

It is known that oxidative stress can induce the activation of PSCs [79,88,94]. CAP treatment
provides an external source of RONS that, in principle, could favor the activation of PSCs or exacerbate
their response to RONS (Figure 3E).

Activated PSCs can be distinguished from quiescent ones by evaluating the expression of specific
markers. Commonly used markers for activated PSCs in literature are α-SMA, GFAP, desmin, vimentin,
and FAP (Table 1). Besides these markers, epithelial-to-mesenchymal transition (EMT) markers could
also be useful, as the EMT-transition process is suspected to be related to the activation of PSCs [95].
Some of these markers and relevant to investigate PSCs are e-cadherin, n-cadherin, and slug.
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Table 1. List of markers for quiescent and activated PSCs. (x) = could be expressed, x = expressed,
x(x) = expression could be increased, xx = increased expression.

Marker Quiescent PSC Activated PSC References

Desmin x x(x) [94,96–99]
Vimentin x x(x) [94,95,97,99–102]

GFAP x x(x) [94,96–99,103]
α-SMA xx [79,94,97,99,104,105]

FAP (x) x [105,106]
E-cadherin xx x [95,101,102]
N-cadherin x xx [95,102]

Slug x x(x) [95,102]

Except for α-SMA, there is still uncertainty on the expression profiles of the markers for quiescent
and activated PSCs. Tian et al. [95] have compared the expression of e-cadherin, n-cadherin, vimentin
and slug between quiescent and activated PSCs, validating the expression profile given in Table 1.
However, the authors stated that PSCs upregulate the expression of α-SMA, vimentin, desmin,
and GFAP, while they do not make a distinction between markers for quiescent and activated PSCs.
In previous publications, these markers are suggested to be related to PSC activation, but no comparison
of the protein expression between quiescent and activated PSCs was made nor did the cited literature
experimentally validate these differences in expression [79,96,97,107,108]. Based on current research,
it is difficult to determine the exact difference in expression profiles between quiescent and activated
PSCs for these markers (Table 1). Therefore, a pool of markers is still required to evaluate the activation
of PSCs, as was partly done by Tian et al. [95].

3.4. PSCs as Major Contributors to the Hallmarks of PDAC

The aggressiveness of the disease can be resumed in a set of hallmarks for PDAC that explain and
reveal the importance of PSCs in the PDAC TME [67,79,109], as PSCs can:

• Increase resistance to cell death by apoptosis in hypoxic regions
• Favor an immunosuppressive and inflammatory TME
• Induce a desmoplastic environment that shields the tumor and increases resistance to therapy
• Induce angiogenesis, favoring invasion and metastasis
• Provide an adaptive metabolic strategy when glucose is scarce
• Boost an excessive proliferative capacity and reciprocal stimulation due to the cross-talk between

PCCs and PSCs

It is clear that the stromal PSCs significantly contribute to the hallmarks and act as the guardians
of PDAC. They favor the rapid growth of PCCs, their survival in abnormal conditions, resistance to
therapy, etc., by creating the ideal TME. This cross-talk between PSCs and PCCs is an important aspect
to tackle and is key for the development of novel therapeutic approaches for PDAC.

4. State-of-the-Art on CAP Treatment of PDAC

In this section, we discuss all the current research on CAP treatment of PDAC to the best of our
knowledge. Studies that only included PCCs will be described first, followed by the limited number of
reports that also investigated PSCs. It is due to this limited number of publications including PSCs in
their research that we want to emphasize the importance of these cells in the response to treatment for
future CAP research. These studies are summarized in Table 2.
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Table 2. Overview of the state-of-the-art on CAP treatment of PDAC.

PCC Cell Lines PSC Cell Lines Response Shown Plasma Device Treatment Model Reference

Murine 6606PDA Surface temperature
Cell death Plasma jet Direct In vitro [110]

Murine 6606PDA
Metabolic activity
Cell proliferation

Apoptosis
Plasma jet Indirect

Direct
In vitro
In vivo [6]

Mia PaCa-2
Combination

gemcitabine and CAP
on tumor growth

Plasma jet Direct In vitro
In vivo [43]

Mia PaCa-2
PANC-1

Metabolic activity
Metastatic potential Plasma jet Direct In vitro

In ovo [111]

BxPC-3
Mia PaCa-2

Capan-2
PANC-1

Apoptosis
Cell viability

Selectivity
Plasma jet Indirect In vitro

In vivo [112]

PANC-1 Cell viability
Cell death DBD Indirect In vitro [113]

BxPC-3 Cell viability Plasma jet Indirect In vitro [53]

BxPC-3
Mia PaCa-2

Capan-2
PANC-1

hPSC128
hPSC21

RLT-PSC

Immunogenic cell
death induction Plasma jet Indirect In vitro [42]

Mia PaCa-2
BxPC-3 hPSC128-SV Cell viability Plasma jet Indirect In vitro [114]

4.1. CAP Treatment of PCCs

Multiple efforts have been made to determine the mechanisms of action and efficacy of CAP on
PDAC cells. One of the first studies on CAP treatment for PDAC investigated the surface temperature
of cell culture dishes (to evaluate the safety of this treatment method) and cell death (determined by
an Annexin-V-FITC/DAPI assay) of in vitro tumors for murine PDAC 6606PDA cells with a plasma
jet [110]. Results revealed an increase in surface temperature of only approximately 2–3 ◦C after 5–20 s
and a significant increase in cell death after CAP treatment compared to controls.

Brullé et al. used a plasma jet to investigate the combinatorial effect of CAP treatment and
gemcitabine on tumor growth by tumor volume, weight and bioluminescence (expression of luciferase
in Mia Paca-2 cells) [43]. Both gemcitabine and CAP treatment caused significant tumor growth
reduction, but CAP treatment produced a larger anti-tumor effect. The combination of CAP and
gemcitabine enhanced the anti-tumor effect by 33% compared to only CAP treatment.

Bekeschus and Freund et al. have demonstrated that direct CAP treatment with a plasma jet
significantly decreased the metabolic activity of Mia PaCa-2 and PANC-1 in 2D cultures in vitro,
which correlated with a reduced cell viability [111]. PANC-1 showed higher resilience against CAP
treatment (−6% metabolic activity) compared to Mia PaCa-2 (−38% metabolic activity). In addition,
the authors performed similar assays using the in ovo model. Both cell lines showed a reduction in the
metabolic activity in tissues collected from this experimental model, but PANC-1 showed a higher
sensitivity to CAP treatment. Further experiments in 3D spheroids in vitro suggest that CAP does not
have a stimulating effect on the metastatic potential of PDAC cells [111].

Another study investigated the effect of indirect CAP treatment with a plasma jet on apoptosis
(determined by caspase 3/7 detection) and cell viability (determined by a WST-1 proliferation assay)
of the human PDAC cell lines BxPC-3, Mia PaCa-2, Capan-2, and PANC-1 [112]. CAP treatment of
1 min on the culture medium resulted in differences in sensitivity between cell lines. Capan-2 showed
higher cell death than other cell lines for all three different seeding densities and PANC-1 did only
show significant cell death for the lowest seeding density, which is unlike other cell lines. The higher
resilience of PANC-1 to CAP treatment compared to Mia PaCa-2 was also seen in this study, but only
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to a minor extent compared to previously mentioned study of Bekeschus and Freud et al. Changing
treatment time to 3 or 5 min resulted in effective cell death for all cell lines with a slightly higher
cytotoxic effect after 5 min of treatment. Interestingly, 5 min of CAP treatment showed highest cell
death for the highest seeding density in all cell lines, which was not observed for the other treatment
times. Comparison of the cell viability between Capan-2 cancer cells and human pancreatic epithelial
non-cancer cells (HDPE6/C7) showed a higher selectivity to CAP treatment for the cancer cells. Besides
these findings, apoptosis was suggested to be induced due to the observation of caspase-3/7 activation
and typical morphological changes. The anti-tumor effect of CAP treatment was validated in mice by a
reduction in tumor volume of 64% compared to the control group.

Azzariti et al. investigated the effect of DBD plasma-activated medium on PANC-1 cells, assessing
cell viability (by colorimetric proliferation assay) and cell death (by Annexin-V-FITC apoptosis
assay) [113]. CAP treatment significantly reduced cell viability and increased apoptosis in PANC-1
cells, however, autophagy was not observed. Based on the exposure of calreticulin and release of
adenosine triphosphate, it was suggested that CAP induced immunogenic cell death (ICD), a process
that activates the immune system to promote cell death in cancer cells and evoke a long-lasting
protective antitumor immunity [115].

Chen et al. investigated the effects of plasma-activated saline solution with a plasma jet on the
survival of BxPC-3 (human PDAC cell line) and H6c7 (human pancreatic epithelial non-cancer cell line)
cells [53]. A cell viability assay based on relative metabolic activity compared to untreated controls has
shown a higher sensitivity of BxPC-3 cells to indirect CAP treatment.

Another study with a plasma jet investigated the murine PDAC cell line 6606PDA [6]. In vitro,
cell metabolic activity (determined by Resazurin degradation) and cell proliferation (determined
by bromodeoxyuridine incorporation) both decreased after CAP treatment, with a larger effect for
6606PDA cells compared to fibroblasts. No difference between indirect and direct treatment was seen.
In vivo, cell apoptosis (determined by TUNEL staining) was significantly increased after indirect CAP
treatment compared to controls. Apoptosis was also observed in deeper parts of the tumor, implicating
penetration of the medium. No side effects were observed from these CAP treatments on mice.

4.2. CAP Treatment of PCCs and PSCs

To date, although PSCs play a key role in the treatment outcome of PDAC, only two studies,
both from our group, have addressed the effect of CAP on these cells [42,114].

We investigated the potential of CAP treatment to induce ICD with plasma-activated
phosphate-buffered saline (pPBS) using a plasma jet [42]. Four pancreatic cancer cell lines (Mia
PaCa-2, PANC-1, BxPC3 and Capan-2) and three PSC lines (hPSC128, hPSC21, and RLT-PSC) were
included. Mia PaCa-2 showed the highest percentage of cell death (determined by Annexin V
and propidium iodide (PI) flow cytometric staining) after pPBS treatment, followed by PANC-1.
PSCs showed less sensitivity to pPBS treatment than PCCs. Different ICD markers (CRT, ATP, HMGB1)
were investigated and suggested that indeed ICD is induced in the PCCs, and not in PSCs.

In the second study, indirect CAP treatment with a plasma jet was used for Mia PaCa-2 and
BxPC3 cancer cells and the PSC cell line hPSC128-SV with plasma-treated medium and plasma-treated
water [114]. Cell viability (determined by MTT assay) was hardly reduced after CAP treatment on all
three cell lines. Observed cell death was mostly due to apoptosis and necrosis (determined by Annexin
V/PI staining).

To date, there are no studies yet on the effect of CAP on co-cultures of PDAC and PSC cells.
The lack of knowledge of this effect could give unforeseen drawbacks when moving onto in vivo PDAC
tumors or clinical trials. Therefore, it is important to include PSCs in the experimental approaches of
future studies.
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5. Future Perspective on CAP Treatment for PDAC with Attention to PSCs

An important research question is: how could we use CAP to fight PDAC? As presented above,
the current findings on the application of CAP for PDAC in vitro and in vivo show an interesting and
promising potential. Yet, it is clear that more studies are needed to determine its effect on the PDAC
TME, particularly on the PSCs. This is an important factor that must be considered for the development
of new CAP therapies for PDAC. In general, the goal is to reduce the effects of PSCs that create the
ideal TME for PDAC. Reprogramming of PSCs is one possibility, but it is also highly interesting to
look into the direct influence of CAP treatment on the effects induced by PSCs. Therefore, the ECM
decomposition, autophagic cell death, the recruitment of immunosuppressive cells, etc. should be
considered as well.

5.1. Eliminating or Reprogramming PSCs?

The most important aspect to investigate is whether CAP treatment induces the activation of PSCs
or enhances the deleterious activity of the already activated PSCs. This would cause an increased
production and secretion of the factors that contribute to the formation of an ideal TME, desmoplastic
shield and reciprocal stimulation of PCCs. CAP has the potential to eliminate cancer cells, and PSCs
have shown to resist the oxidative damage inflicted by CAP. Reprogramming of PSCs by CAP, rather
than depleting them, could be a better strategy against PDAC, as the elimination of PSCs has been
observed to increase the aggressiveness of the disease [88]. Therefore, CAP treatment conditions
need to be found that affect the PSCs and the TME, and that can eliminate PCCs, without eliminating
all PSCs. Tumor PSC reprogramming has been proposed as an alternative strategy to regulate the
activity of activated PSCs and to improve the therapeutic outcome [88,116]. One way to do this is
by activating the p53 pathway in PSCs, which can revert activated PSCs to their quiescent state and
could majorly suppress all the effects of the activated PSCs [116]. CAP could potentially activate the
p53 pathway by DNA damage, nitric oxide and other oxidative radicals, serving as a possible tool
for PSC reprogramming [117]. An ideal outcome would be that CAP reverts the activation of PSCs
to restore the fibrotic stromal homeostasis in PDAC. However, it is currently unknown whether the
levels of RONS derived from CAP treatment could perpetuate PSC activation rather than reducing it.
This aspect of CAP treatment of PSCs in PDAC tumors requires attention and further study.

5.2. Targeting the Extracellular Matrix

Another emerging question is whether CAP is able to damage and weaken the ECM and the dense
stroma, therefore weakening the desmoplastic shield. There is a balance between ECM production and
degradation to maintain a normal ECM, which is influenced and partially regulated by RONS [118].
RONS are also responsible for matrix-degrading enzymes, such as MMPs, for ECM turnover [118],
which could be interesting for damaging the ECM by CAP treatment. If this could be achieved with
CAP, it could decrease the intra-tumoral pressure and increase the perfusion in blood and lymphatic
vessels. This could potentially boost the delivery of chemotherapeutics and infiltration of cells of the
immune system (therefore, also favoring immunotherapy) to eliminate cancer cells. It has recently
been observed that CAP treatment for wound healing increases tissue oxygenation and perfusion [119].
This finding could suggest that indeed CAP can weaken the ECM and allow better perfusion in blood
and lymphatic vessels by decreasing intra-tumoral pressure.

5.3. Autophagic Cell Death

Autophagic cell death in PSCs, induced by PCCs, serves as a strategy to provide alternative
nutrients to PCCs and has been related to a poor prognosis for PDAC patients [120]. Is it possible to
avoid this autophagic cell death of PSCs by eliminating PSCs through other cell death pathways, e.g.,
apoptosis, necrosis and ICD induced by CAP? Or is it possible to inhibit the autophagic cell death of
PSCs by CAP-derived RONS? It has been found that PSC activation can be inhibited by suppressing PSC
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autophagy through the activation of the PI3K/AKT/mTOR signalling pathway [121–123]. mTOR and
the PI3K/AKT/mTOR pathways were indeed suggested to inhibit autophagy [124–126]. Even though
a controversy exists concerning the effect of RONS on the activation of this pathway, it has been
suggested that RONS can activate it, therefore inhibiting autophagy in pancreatic cancer [127,128].

5.4. Inhibiting Immunosuppression

Another possibility is looking into the immunosuppressive character of PDAC, which is also a
result of the TME provided by PSCs. The stimulation of the immune system upon CAP treatment has
already been proven by the observation of ICD in PCCs [42]. However, co-cultures of PCCs and PSCs
have not been investigated yet. It is necessary to obtain information on these co-cultures as well, as the
cross-talk of both cell types leads to the typical immunosuppressive TME of PDAC. The recruitment of
T-regs and MDSCs is another key process that has not yet been investigated either, as these cells are
important mediators in creating immunosuppression.

5.5. Hedgehog Signaling

Sonic hedgehog (Shh) has been observed to be secreted in KRAS-mutated PCCs and induces
non-cell-autonomous signaling on PSCs [129]. PSC-secreted proteins such as ECM components, e.g.,
collagens, and MMPs, were upregulated upon Shh signaling. In this way, Shh contributes to the
characteristic desmoplasia in PDAC and is suspected to have an influence on the activation of the
PSCs [129,130]. A drug that inhibits the Hedgehog (Hh) pathway (IPI-926) was able to reduce the
abundance of stroma with an enhanced intra-tumoral delivery of gemcitabine [131]. This study reveals
the contribution of the Hh family to the desmoplasia and the importance of inhibiting this pathway.
Failure in inhibiting the Shh signaling in clinical trials obligated to re-evaluate this strategy [88].
However, Ma et al. showed that sanguinarine can inhibit the Shh pathway, and induces oxidative
damage [132]. Therefore, it would be interesting to investigate the influence of oxidative damage by
RONS due to CAP treatment on the Shh pathway.

5.6. Combinational Strategies

Due to the complexity of this disease, the combination of different therapies that target different
pathways emerges as a promising strategy to achieving more efficient therapeutic responses.
The combination of CAP treatment with chemotherapeutics could be highly interesting due to
a potential synergistic effect, as in Section 1. Currently used chemotherapeutics for PDAC
are FOLFIRINOX or gemcitabine plus nab-paclitaxel [133]. FOLFIRINOX is a combination of
oxaliplatin, fluorouracil (5-FU), irinotecan and leucovorin, and works on quickly dividing cells [77,134].
The mechanisms of actions have been clearly described in a review by Pereira et al. [135]: 5-FU is an
anti-metabolite that inhibits the synthesis of thymine and DNA synthesis. Leucovorin is a metabolite
that reduces the adverse toxicity effects of 5-FU and contributes to prolonging the survival rates.
Irinotecan has cytotoxic effects via the inhibition on DNA topoisomerase I, which induces DNA
damage and leads to cell death. Oxaliplatin can bind guanine and cytosine, creating cross-linked
DNA, which also leads to the inhibition of DNA synthesis and its transcription. The mechanism
of gemcitabine involves the inhibition of DNA synthesis by a so-called masked chain-termination,
causing the inability of gemcitabine removal by DNA repair mechanisms [136]. Paclitaxel is based on
the inhibition of the depolymerization of microtubules, which blocks the cell cycle and leads to cell
death [137]. Nab-paclitaxel is albumin-bound paclitaxel and has an improved pharmacokinetics profile,
which leads to a higher response to this chemotherapeutic [137]. As DNA damage is one of the many
induced effects of CAP on cells, it is highly possible that a combination of these chemotherapeutics
with CAP will enhance their cytotoxic effect on cancer cells. Using a direct treatment of CAP treatment
would only affect the cancer and normal cells locally, reducing excessive side effects of the combination
of both on normal cells.
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Different methods have already been used to reduce PSC proliferation, activation and their
ECM production and are described in a review by Pang et al. [138]. All-trans retinoic acid (ATRA),
a compound that induces PSC quiescence and was found to reduce PSC proliferation, increases PSC
apoptosis and decreases ECM production [139]. Scoparone can downregulate the TGF-β pathway
which reduces PSC activation [140]. Metformin can inhibit the activation of PSCs and reduce tumor size
in mice, and its combination with gemcitabine further enhances this effect [141,142]. These anti-stromal
compounds and others could be combined with CAP treatment to evaluate a possible additive or
synergistic effect.

5.7. Co-Cultures of PCCs and PSCs

Last but not least, while the mono-cultures of PCCs and PSCs provide valuable information on
the effects of CAP on each population, it is highly necessary to investigate co-cultures of PCCs and
PSCs (using both 3D in vitro and in vivo models), as they can more accurately mimic the complex
interactions between PCCs and PSCs in the TME. The cross-talk of both cell types is a major contribution
to the aggressiveness of the disease and should therefore be taken into account when exploring a
new therapeutic approach for PDAC. This strategy has already been used for experimental models
for pancreatic cancer desmoplasia and should also be considered for research on CAP treatment for
PDAC [131].

6. Conclusions

CAP is a novel therapeutic strategy for cancer treatment and could potentially be used to treat
hard-to-kill PDAC in combination with other therapeutic approaches, such as chemotherapy. Although
research in this field is still in an early stage, this review highlights the potential of CAP treatment for
PDAC, as demonstrated in the state-of-the-art section, but also shows that more research in this field
is necessary. Since PSCs play an important role for PDAC in the creation of an immunosuppressive,
inflammatory, and resilient TME to serve tumor progress and survival, it is important to evaluate the
effect of CAP on PSCs to predict an accurate response to therapy of in vivo tumors. Currently, only two
studies have investigated the effect of CAP on PSCs as mono-cultures, but no studies have been
performed with co-cultures of PCCs and PSCs. This is a crucial point because the cross-talk between
both cell types causes the aggressiveness of this disease. In addition, in this review we discussed the
unknown effects of CAP treatment in PDAC, asking key questions that should be explored in the future
of CAP therapy: PSC reprogramming possibilities, autophagic cell death, the role of the extracellular
matrix, the recruitment of immunosuppressive cells and cytokines, and the combination of CAP with
chemotherapeutics, to evaluate whether an enhanced or synergistic effect is observed.
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