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General introduction  

‘Cold’ immunogenic tumors 
Within the last decade, immunotherapy has been established as a breakthrough in cancer 

therapy. This has mainly been driven by the clinical data and approval of several checkpoint 

inhibitors (e.g. anti-CTLA-4 and anti-PD-1/L1), with more than two thousand ongoing 

clinical trials with these antibodies as monotherapy or in combination with other therapies 

(1). Immune checkpoint inhibitors are based on blocking an inhibitory negative feedback 

mechanism on effector immune cells and thereby ‘releasing the brake’ on the ability of a 

patient’s immune system to fight cancer (2). The use of immune checkpoint inhibitors, such 

as anti-PD-1/PD-L1 and anti-CTLA-4, is clinically implemented to treat various cancer 

types including melanoma, non-small-cell lung cancer, renal cell cancer and head and neck 

cancer (3-5).  

Despite the high initial promise, only a minority of cancer patients that are in need of new 

treatment options respond to this immunotherapy (6, 7). There is a strong correlation 

between tumors characterized by a high somatic mutational burden and clinical response 

to these immune checkpoint inhibitors (8, 9). As mutated proteins are the main source of 

neoantigens, high mutational burden results in a higher potential presence of neoantigens 

that are immunogenic, thereby explaining the presence of tumor-infiltrating lymphocytes 

(TILs) in the frequency of events known as the ‘cancer immunity cycle’ (10, 11). 

Consequently, this results in a better response to immune checkpoint inhibitors (12).  

In contrast, pancreatic ductal adenocarcinoma (PDAC) and glioblastoma multiforme 

(GBM) are characterized as low or ‘cold’ immunogenic tumors due to their low mutational 

burden and low effector T cell infiltrates (Figure 1.1) (13, 14). Immune checkpoint 

inhibitors are shown to have low therapeutic efficacy towards these tumor types compared 

to high or ‘hot’ immunogenic tumors such as melanoma (15, 16). Besides the fact that these 

tumor types are irresponsive to immunotherapy, the current conventional therapies also 

fail, leading to a poor five-year survival rate of 5.6% for GBM and less than 8% for PDAC 

(17-19). Turning these low immunogenic into more immunogenic tumors is one of the 

major goals to improve immunotherapy and survival in these solid tumors.  
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Figure 1.1. Prevalence of somatic mutations across GBM, PDAC and melanoma. Every dot 
represents a sample and the red horizontal lines are median numbers of mutations in the respective cancer 
type. The vertical axis shows the number of mutations per megabase. Figure adapted and modified from 
(16). 

Immune suppressive tumor microenvironment in PDAC and GBM 
Additionally to the low mutational burden, the tumor microenvironment (TME) is believed 

to be a major underlying factor for immunotherapy failure in both PDAC and GBM.  

PDAC is associated with a strong desmoplastic reaction within the TME, which results in 

a dense fibrotic/desmoplastic stroma surrounding the tumor. This 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 (20-22). 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. PSCs also directly influence immune cells by secreting 

immunosuppressive factors, like TGF-β (23, 24). Furthermore, the immunosuppressive 

TME of PDAC consists of a low number of TILs and a high number of T regulatory cells 

(Tregs) and myeloid-derived suppressor cells (MDSCs), which can both decrease the 

antitumor  immune response (25). 

In GBM, immunotherapy has to deal with the immunological complexity that characterizes 

this tumor type. The brain has long been considered as immune privileged due to the 

presence of the blood-brain-barrier, which restricts entry of molecules and immune cells 
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into the brain (26). However, recent findings discovered the central nervous system (CNS) 

lymphatic vessels, where immune cells could travel from the brain into the regional lymph 

nodes, making the CNS subject to active immunosurveillance and immune responses (27, 

28). Nonetheless, other factors complicate GBM immunity, such as a sparse and exhausted 

T cell infiltrate in combination with abundance of immunosuppressive stroma consisting 

of microglia, tumor-associated macrophages (TAMs), MDSCs and Tregs (13).  

So, both cancer types are associated with immune escape and suppression, either directly 

or via the TME. Therefore, manipulation of the TME into a more immunogenic 

environment will be critical for any immunotherapy to gain ground in GBM and PDAC.  

Improving immunotherapy in cold immunogenic tumors through 

immunogenic cell death 
An effective way of reshaping the coldness of tumors towards an immunological hot 

environment is through induction of immunogenic cell death (ICD). Therapies that trigger 

ICD will release damage-associated molecular patterns (DAMPs) that are necessary for the 

recruitment and maturation of antigen presenting cells (APC), more specifically dendritic 

cells (DCs). Moreover, ICD-associated DAMPs and released cytokines are responsible for 

i) the recruitment of DCs to the tumor site (e.g. ATP), ii) guiding the interaction between 

DCs and dying tumor cells (e.g. ANXA1), iii) favoring phagocytosis of dying tumor cells 

(e.g. ecto-calreticulin (ecto-CRT), HSP70 and HSP90) by DCs, iv) the maturation of DCs 

and their capacity to effect cross presentation with T cells (e.g. ATP, HMGB1, type I IFN) 

and v) the recruitment of cytotoxic T cells into the TME (e.g. CCL2, CXCL1 and CXCL10) 

(Figure 1.2) (29).  
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Figure 1.2. Mechanisms of therapy-induced ICD. Figure adapted from (30). 

The first systematic screening for ICD inducers recognized anthracyclines (e.g. 

mitoxantrone) and radiotherapy as potent ICD inducers in cancer (31). Since that discovery, 

novel ICD inducers have been identified, which include other chemotherapeutics (e.g. 

bortezomib, cyclophosphamide, doxorubicin and oxaliplatin), targeted therapeutics, 

various physical modalities, certain oncolytic viruses and hypericin-based photodynamic 

therapy (32-39). The key to ICD induction for all these inducers is the concomitant and 

sustained induction of reactive oxygen species (ROS) and consequently endoplasmic 

reticulum (ER) stress. It has been shown that the induction of this oxidative stress and ER 

stress is crucial for elicitation of signaling pathways that mediate the emission of DAMPs 

(40).  
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Oxidative stress for cancer therapy  
Modified from (41) Freire Boullosa, L.; Van Loenhout, J.; Deben, C. Chapter 4 - Endogenous 

antioxidants in the prognosis and treatment of lung cancer. In Cancer (Second Edition), Preedy, V.R., 

Patel, V.B., Eds. Academic Press: San Diego, 2021  

In general, cancer cells are characterized by higher cellular ROS levels compared to their 

normal counterparts (42). These persistent high levels of ROS can be explained by the 

imbalance between oxidants and antioxidants in cancer cells, resulting in oxidative stress 

(43). This imbalance is due to oncogenic transformations including alteration in the tumor 

genetics, metabolism and microenvironment (44). For instance, hypoxia is a characteristic 

feature of cancer resulting from an imbalance between oxygen supply and consumption 

due to uncontrollable cell proliferation, altered metabolism and abnormal tumor blood 

vessel growth. This results in reduced transport of oxygen and nutrients (45). It is essential 

for cancer cells to adapt to these hypoxic conditions by altering their metabolism. Cancer 

cells maintain their high energy levels through a high rate of glycolysis followed by lactic 

acid fermentation even in the presence of abundant oxygen, which is called aerobic 

glycolysis or the Warburg-effect. This process is followed by oxidation in mitochondria, 

resulting in an increased ROS generation (46). In addition, cancer cells evolved mechanisms 

to protect themselves from this intrinsic oxidative stress and developed an adaptation 

mechanism by upregulation of pro-survival molecules and their antioxidant defense system 

to maintain the redox balance (43). A low to moderate increase of intracellular ROS levels 

may result in activation of oncogenes, which are involved in cell proliferation, and 

inactivation of tumor suppressor genes, angiogenesis and mitochondrial dysfunction, 

thereby serving as a signaling molecule in cancer survival (46). For instance, hydrogen 

peroxide (H2O2) reversibly oxidizes cysteine thiol groups of phosphatases, such as 

phosphatase and tensin homolog (PTEN), which cause loss of their activity and promote 

activation of the PI3K/Akt/mTOR survival pathway (47). Conversely, when the levels of 

ROS are further elevated, it can overcome the defensive antioxidant system of cancer cells 

and eventually causing cell death (48).   

Consequently, there are two different approaches based on the redox balance to counteract 

cancer cells (Figure 1.3) (49). In the first approach, oxidative stress can be decreased via 

scavenging intracellular ROS. For example, increasing intake of antioxidants (e.g. vitamin 
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C and E) can deplete oxidative stress, subsequently causing growth inhibition and increased 

susceptibility to cell death in cancer cells. However, this antioxidant supplementation 

remains controversial (50). The second approach is by increasing ROS levels in cancer cells 

and thereby crossing the threshold of cancer cell death. This can be done either by direct 

production of ROS via exogenous approaches or indirectly by increasing intracellular ROS 

concentrations via targeted inhibition of endogenous antioxidant systems, such as 

glutathione (GSH) and thioredoxin (Trx), in cancer cells.  

  
Figure 1.3. Redox balance in cancer cells. ROS can both promote and inhibit cancer cells, depending 
on the endogenous ROS levels. A moderate increase of ROS can have tumor promoting effects. Further 
elevation of ROS levels due to therapeutic interventions, can cause oxidative stress and consequently can 
lead to cancer cell death. Figure adapted from (41). 

Cold atmospheric plasma 
A novel therapeutic anti-cancer strategy to increase intracellular oxidative stress via 

exogenous ROS is the use of cold atmospheric plasma (CAP). To date, CAP finds its clinical 

applications in treatment of chronic and acute wounds, dental medicine, blood coagulation 

and decontamination (51, 52). CAP is a relatively young domain in the oncology field as 

potential treatment modality. Since the first reports about the killing effect of plasma on 

cancer cells in the last decade, the field of plasma-oncology has started to emerge in the 

research community the last couple of years (53).   

Plasma, the fourth state of matter, is a partially ionized gas consisting of a variety of 

components such as electrical fields, various ions and electrons, thermal and UV radiation, 
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visible light and reactive oxygen and nitrogen species (ROS and RNS). Plasma can be 

distinguished into plasmas that are in thermal equilibrium (thermal plasma) and those which 

are not in thermal equilibrium (non-thermal plasma). In the latter case, the electrons have 

much higher temperature than the gas molecules. When the gas remains near room 

temperature, this type of non-thermal plasma is also referred to as cold atmospheric plasma 

(CAP). Consequently, CAP is suitable for applications to temperature-sensitive materials, 

such as living tissue (54).  

There are several methods to produce CAP, but the most common are dielectric barrier 

discharge (DBD) and plasma jet devices. DBDs used for medical applications are 

characterized by plasma ignition in a gap between an isolated high voltage electrode and 

the target to be treated, having a direct contact between plasma and target. Here, 

atmospheric air usually serves as the working gas for plasma generation. In a plasma jet 

device, the electrode setup for plasma generation is usually located in or around a tube-like 

arrangement, in most cases inside a pen-like device, where the plasma is ignited using a 

flowing feeding gas, often helium or argon (54, 55).  

Both devices can be used for direct CAP treatment of cancer cells or tissue (Figure 1.4). 

However, this direct treatment can be challenging for the delivery of CAP into the body, 

e.g. for deeply located tumors (56). Therefore, indirect CAP treatment through CAP-

activated liquids and subsequently administration of these liquids onto the cancer cells or 

tissue, has gained interest for cancer treatment (57).  

   
Figure 1.4. Devices used to produce CAP in plasma medicine. (Left) Indirect CAP treatment of liquids 
through a plasma jet device (kINPen®IND). (Right) Direct CAP treatment of tissue through a DBD device.  
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In CAP, ROS and RNS are the main active components achieving the desired biomedical 

effects. These ROS/RNS include several types of short-lived (e.g. radical hydroxyl •OH, 

anion superoxide O2•- and singlet delta oxygen 1O2) and long-lived (hydrogen peroxide 

H2O2, nitrite NO2- and nitrate NO3-) species (58, 59). The type of plasma application (direct 

or indirect) has several implications with regards to physiochemical parameters that interact 

with the biological target. In case of direct treatment, physical factors (UV light, heat and 

electromagnetic field) and both short- and long-lived species are present during the 

treatment, while only chemical factors, and among them essentially long-lived species, 

should be considered in indirect treatment (60). When applied in high doses, these 

exogenous formed ROS and RNS will lead to intracellular stress and ultimately to cell death. 

This has already been proven in different cancer types (61-63). 

Auranofin: a potential antioxidant inhibitor 
A second mechanism of enhancing oxidative stress in cancer cells is through endogenous 

ROS accumulation via targeted inhibition of the elevated antioxidant defense system. One 

of the known protective antioxidant systems is the thioredoxin/thioredoxin reductase 

(Trx/TrxR) system, which can be upregulated in cancer cells and is correlated with cancer 

aggressiveness and drug resistance (64). TrxR is required to convert oxidized Trx into its 

functional reductive form, which is involved in the reduction and regulation of ROS.  

Over the past years, interest has been gained in the Trx/TrxR system as a therapeutic target 

for cancer (65). A promising compound that interacts with TrxR activity is auranofin (AF). 

AF is a gold(I)-containing compound that was initially approved by the US Food and Drug 

Administration (FDA) for treatment of rheumatoid arthritis. AF was recently repurposed 

as potent anticancer drug since it targets TrxR through formation of a stable coordinative 

bond between its gold(I) center and the active site selenocysteine residues, and thereby 

perturbing cellular redox balance (66, 67). To date, the promising anticancer activity of AF 

has been observed in several in vitro and in vivo preclinical studies, including different cancer 

types (68-71).  
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Rationale  

Despite improvements in current treatment methods, the prognosis of PDAC and GBM 

remains very poor. From the newly diagnosed patients, less than 8% and 5.6% of 

respectively PDAC and GBM patients will survive within 5 years. This makes PDAC and 

GBM two of the most deadliest cancer types worldwide. Both are characterized by major 

therapeutic hurdles for conventional treatment strategies, including incomplete surgical 

resection and therapy resistance, which consequently lead to high recurrence rates (72-75). 

Similar, these cancer types do not respond well to immunotherapy due to their 

immunosuppressive TME and low mutational burden.  

Induction of oxidative stress due to elevated ROS levels and imbalanced redox status is 

considered ‘the Achilles heel’ of cancer cells and has recently been highlighted as promising 

target for anticancer strategies (76). Since ICD has been found to depend on the 

concomitant generation of ROS and activation of ER stress, ROS-inducing therapies are 

particularly of interest for their ability to prime an innate and subsequently adaptive immune 

response against tumors (77). I investigated novel oxidative stress-inducing treatment 

strategies to effectively eradicate PDAC and GBM cells and their ability to prime the TME 

to initiate an antitumoral immune response. These ROS-inducing treatment strategies might 

open doors to accelerate the application of immunotherapy for PDAC and GBM.  

Aims & outline  

The general aim of this project was to investigate a novel oxidative stress-inducing 

treatment strategy that targets PDAC and GBM, while modulating the TME to enhance 

the immunogenicity of these tumors. Thereby, I initially focused on CAP treatment as novel 

ROS-inducing treatment modality and additionally explored a promising combination 

strategy with another oxidative stress-inducing treatment that inhibits the antioxidant 

defense system in these cancer cells, namely auranofin (AF). With my preclinical study, I 

wanted to gain immunogenic and mechanistic insights into this oxidative stress-inducing 

treatment strategy.  

This doctoral thesis is divided into six different chapters, as presented in the overview of 

the outline in Figure 1.5.  
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Chapter 2 provides a literature overview of what is known on the immunomodulating 

effects of different oxidative stress-inducing anticancer therapies. In this chapter I discuss 

the mechanistic and cellular responses of cancer cells towards exogenous and endogenous 

ROS-inducing treatments (e.g. radiotherapy and antioxidant inhibitors, respectively), as well 

as the indirect and direct immunomodulating effects, which can be both 

immunostimulatory and immunosuppressive.  

In chapter 3 I explored the use of CAP-treated liquids, more specifically PBS, in targeting 

the immunosuppressive TME and inducing ICD in PDAC. Here, I revealed the killing 

potential of CAP-treated PBS (pPBS) to both PCCs and the tumor-supportive PSCs. 

Additionally, I showed the release of danger signals necessary for induction of ICD and 

subsequently maturation and activation of DCs. I showed pPBS treatment of PCCs and 

PSCs was able to create a more immunostimulatory secretion profile in coculture with DCs.  

Furthermore, the combination of exogenous ROS induction via CAP and the inhibition of 

the antioxidant defense system via AF, has been evaluated in chapter 4. As such, a 

synergistic antitumoral effect was observed in GBM cells after this combination strategy. 

In addition, I performed an in-depth analysis of the induced type of cell death and revealed 

the immunogenicity of this combination therapy.  

As a final experimental step in chapter 5, I explored this combination therapy in an in vivo 

GBM model. The therapeutic response was evaluated based on tumor kinetics and survival 

following AF and CAP treatment. 

Finally, in chapter 6, these results are summarized and discussed, focusing on the 

challenges and perspectives for future research. 
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Figure 1.5. Outline of the doctoral thesis. CAP, cold atmospheric plasma; ROS, reactive oxygen species; 
ICD, immunogenic cell death; DAMPs, damage-associated molecular patterns; DC, dendritic cell; 
s.c., subcutaneous  
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Abstract 

Cancer cells are characterized by higher levels of reactive oxygen species (ROS) compared 

to normal cells as a result of an imbalance between oxidants and antioxidants. However, 

cancer cells maintain their redox balance due to their high antioxidant capacity. Recently, a 

high level of oxidative stress is considered a novel target for anticancer therapy. This can 

be induced by increasing exogenous ROS and/or inhibiting the endogenous protective 

antioxidant system. Additionally, the immune system has been shown to be a significant 

ally in the fight against cancer. Since ROS levels are important to modulate the antitumor 

immune response, it is essential to consider the effects of oxidative stress-inducing 

treatments on this response. In this chapter, we provide an overview of the mechanistic 

cellular responses of cancer cells towards exogenous and endogenous ROS-inducing 

treatments, as well as the indirect and direct antitumoral immune effects, which can be both 

immunostimulatory and/or immunosuppressive. For future perspectives, there is a clear 

need for comprehensive investigations of different oxidative stress-inducing treatment 

strategies and their specific immunomodulating effects, since the effects cannot be 

generalized over different treatment modalities. It is essential to elucidate all these 

underlying immune effects to make oxidative stress-inducing treatments effective 

anticancer therapy.   
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Introduction 

Reactive oxygen species (ROS) is a collective term referring to unstable, reactive, partially 

reduced oxygen derivatives that are produced during metabolic processes within the 

mitochondria, peroxisomes and the endoplasmic reticulum (ER). A subset of ROS are also 

continuously generated by enzymatic reactions involving cyclooxygenases, nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidases (NOX), xanthine oxidases, lipogenesis 

and through the iron-catalyzed Fenton reaction (1). Examples of ROS include hydrogen 

peroxide (H2O2), superoxide anion (O2•-), singlet oxygen (1O2) and hydroxyl radical (•OH) 

(2). Tight regulation of these ROS levels is crucial for cellular life. Therefore, cells benefit 

from a complex scavenging system based on different antioxidants, including superoxide 

dismutase (SOD), glutathione (GSH) peroxidase, peroxiredoxin, thioredoxin (Trx) and 

catalase (1). Additional to the strong antioxidant activity of the beforementioned enzymes, 

various non-enzymatic small-molecule antioxidants such as glutathione, ascorbic acid, 

vitamin E and polyphenolic compounds also act as scavengers for different types of ROS 

(3).  

Cancer cells are characterized by increased production of ROS compared to normal cells. 

The persistent high levels of ROS can be explained by the imbalance between oxidants and 

antioxidants in cancer cells and the ongoing aerobic glycolysis by pyruvate oxidation in the 

mitochondria, also known as the Warburg-effect (4). This is a consequence of hypoxia in 

the tumor microenvironment (TME) resulting from an imbalance between oxygen supply 

and consumption due to uncontrollable cell proliferation, altered metabolism and abnormal 

tumor blood vessels growth (5). Cancer cells evolved mechanisms to protect themselves 

from this intrinsic oxidative stress and developed an adaptation mechanism by upregulation 

of pro-survival molecules and their antioxidant defense system to maintain the redox 

balance (6). For instance, nuclear factor erythroid 2-related factor 2 (Nrf2), which is a 

transcription factor in the first line of antioxidant defense against oxidative stress, is often 

upregulated in cancer cells and supports the cancer cell proliferation (7).  

A low to moderate increase of intracellular ROS levels may result in activation of oncogenes 

(such as Akt), which are involved in cell proliferation, and inactivation of tumor suppressor 

genes, angiogenesis and mitochondrial dysfunction, thereby serving as a signaling molecule 
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in cancer survival (4). Conversely, when the levels of ROS are further elevated, they can 

overcome the defensive antioxidant system of cancer cells, causing cell death (8).   

Consequently, there are two different approaches based on the redox balance to counteract 

cancer cells. In the first approach, oxidative stress can be decreased via scavenging 

intracellular ROS. For example, increasing intake of antioxidants (e.g. vitamin C and E) can 

deplete oxidative stress, subsequently causing growth inhibition and increased susceptibility 

to cell death in cancer cells, due to a crisis in energy production (9). However, this 

antioxidant supplementation remains controversial (10). Increasing evidence has shown 

that antioxidant supplementation fails to provide cancer protection and can even affect 

cancer mortality (11-13). These observations are further supported and rationalized by 

recent studies demonstrating that oxidative stress can inhibit cancer progression and 

metastasis and that the GSH and Trx antioxidant systems, which are under transcriptional 

regulation of Nrf2, may promote tumorigenesis and resistance to therapy (14).  

The second approach is by increasing ROS levels in cancer cells and thereby crossing the 

threshold of cancer cell death. This can be done either by direct production of ROS via 

exogenous approaches or indirectly by increasing intracellular ROS concentrations via 

targeted inhibition of previously mentioned endogenous antioxidant systems in cancer cells. 

Several investigations are suggestive of the fact that the underlying mechanism of action 

and efficacy of conventional therapies (e.g. radiotherapy and chemotherapy) inducing 

cancer cell death, is the generation of elevated ROS levels during treatment (15-17). 

In this chapter we will focus on therapies related to this second approach and how they 

influence the TME, more specifically the immune cell compartment, to provide an overview 

of the effect of ROS induction on the antitumor immune response.  

Exogenous ROS generation 
One mechanism of enhancing oxidative stress levels to target cancer cells is via exogenous 

delivery of ROS using different physical modalities (Figure 2.1).  

Ionizing radiation is widely used to treat many types of cancer. During radiation, cancer 

cells are eradicated through free radicals such as superoxide and hydroxyl radicals which 

are generated by radiolysis of water in extracellular environments and indirectly damage 

critical targets, such as DNA (15). In addition, radiotherapy can also alter mitochondrial 
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membrane permeability and activate NADPH oxidase, which in turn further stimulates 

ROS production (18). Besides radiotherapy, other physical modalities that can induce a 

substantial increase in ROS levels are being investigated in cancer research, including 

photodynamic therapy (PDT) and cold atmospheric plasma (CAP) (19-22). PDT is a light-

based oncological intervention. Here, a photosensitizer is applied and subsequently 

activated by light. Upon activation, exogenously produced ROS is generated (23). CAP is 

an ionized gas that can be produced at atmospheric pressure near room temperature. It is 

composed of reactive oxygen and nitrogen species, excited molecules, ions, electrons and 

other physical factors, such as electromagnetic fields and ultraviolet radiation (24).  

  
Figure 2.1. Oxidative stress-inducing treatment strategies. Oxidative stress can be induced by 
exogenous delivery of ROS using physical treatment modalities, as well as by targeting the endogenous 
antioxidant system causing an intracellular accumulation of ROS. Cancer cells counteract exogenous delivery 
of high ROS levels by enhancing their antioxidant capacity. Therefore, a combination of both exogenous 
and endogenous ROS delivery by targeting the antioxidants can be a promising anticancer strategy. 
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Endogenous ROS generation 
The second mechanism of enhancing oxidative stress levels is via intracellular ROS 

accumulation through chemotherapy or targeted inhibition of the elevated antioxidant 

system (also Figure 2.1). A lot of chemotherapeutic agents enhance intracellular levels of 

ROS and can alter the redox homeostasis of cancer cells. This amplification of ROS levels 

towards cytotoxic levels is one of the proposed mechanisms by which multiple 

chemotherapeutics induce tumor regression. The level of ROS generation is different 

among several compounds. Agents that generate high levels of ROS include anthracyclines 

(e.g. doxorubicin), platinum coordination complexes (e.g. cisplatin), alkylating agents (e.g. 

cyclophosphamide), camptothecins, arsenic agents and topoisomerase inhibitors, while 

nucleoside, nucleotide analogs, antifolates, taxanes and vinca alkaloids only generate low 

levels of ROS (25).  

There are two mechanisms for elevated ROS production during chemotherapy, namely 

through mitochondrial ROS generation and by inhibition of the cellular antioxidant system 

and thereby interfering with ROS metabolism in cancer cells (25). Several agents, including 

arsenic trioxide, doxorubicin and cisplatin, have been reported to induce a loss of 

mitochondrial membrane potential and to inhibit respiratory complexes, leading to the 

disruption of mitochondrial electron transport chain (ECT) and electron leakage, which is 

a major source of elevated ROS levels (26-28).  

The other mechanism for intracellular ROS accumulation is the inhibition of the 

antioxidant system during chemotherapy. For instance, imexon, a small-molecule used to 

treat advanced cancer of the breast, lung or prostate, binds to thiols such as GSH, causing 

a depletion of cellular GSH and consequently an accumulation of oxidative stress in cancer 

cells (29). For some chemotherapeutics, more than one target site for ROS generation in 

cancer cells has been identified. For example, in addition to mitochondrial respiration, 

NADPH oxidase and thioredoxin reductase (TrxR) are other targets of arsenic trioxide 

induced oxidative stress, inducing apoptosis (30-32).   

Besides chemotherapy, selective inhibitors that block components of the cellular 

antioxidant system are being studied as antitumor agents which enhance endogenous ROS 

production. For instance, depletion of GSH antioxidant system can also be achieved by 
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targeting its synthesis through buthionine sulfoximine (BSO), which has been shown to 

exhibit anticancer activities in various types of cancer. Furthermore, inhibitors of the Xc- 

cystine/glutamate antiporter (e.g. sulfasalazine) may also cause GSH depletion by inhibiting 

the uptake of cystine, the precursor of cysteine, which is a substrate for GSH synthesis (33). 

Another antioxidant is the thioredoxin/thioredoxin reductase (Trx/TrxR) system, which is 

shown to be upregulated in cancer cells and is correlated with cancer aggressiveness and 

drug resistance (30). TrxR is required to convert oxidized Trx into its functional reductive 

form, which can scavenge ROS (34). TrxR activity can effectively be blocked by the gold 

compound auranofin that is clinically used as an antirheumatic drug and functions as a 

thioredoxin inhibitor. In different cancer cells it has been preclinically shown to induce 

ROS-mediated cell death, since the ROS scavenger N-acetylcysteine prevented this 

cytotoxic effect (35, 36). This has led to the use of auranofin in several clinical trials 

involving non-small cell lung and ovarian cancer (NCT01737502 and NCT03456700). The 

small-molecule PX-12 is another example of an antioxidant inhibitor, since it inhibits Trx 

and is being used as therapy for advanced cancers in clinical trials (37, 38).  

Molecular pathways involved in oxidative stress-inducing therapies 
Whether ROS augment tumorigenesis or lead to apoptosis, critically depends on the 

intracellular ROS levels. At moderate concentration, ROS inactivate phosphatase and 

tensin homolog (PTEN) and unlock the PI3K-depedent recruitment of its downstream 

kinases, such as Akt, which will in turn activate NF-kB, subsequently activating the cancer 

cell survival signaling cascade (39). For instance, hydrogen peroxide can reversibly oxidize 

cysteine thiol groups of PTEN which causes loss of their activity and promotes activation 

of the PI3K/Akt/mTOR survival pathway, consequently leading to tumor cell survival (4). 

Abundant high concentrations of ROS originating from exogenous and endogenous 

sources, produce oxidative damage to the DNA, RNA, proteins, lipids and mitochondria, 

initiating apoptotic cell death (Figure 2.2) (39, 40).  

In line with this, it has been shown that the cellular response to exogenous sources of ROS 

strongly varies with the intensity of the treatment (41-43). For example, low dosages of 

PDT and radiotherapy have been shown to transiently activate several kinases and NF-kB 

involved in survival signaling (43, 44). In these non-toxic dosages of PDT, kinases which 

are important to initiate autophagy were shown to be activated (44). Higher dosages of 
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radiation and PDT activate the mitochondrial apoptotic pathway and additionally can also 

produce a sustained activation of MAPK families including p38, MAPK, ERK1/2 and JNK 

apoptotic signaling proteins (Figure 2.2) (40, 45, 46).  

Inhibition of the antioxidant system of cells could also induce apoptosis of cancer cells. Trx 

is a physiological inhibitor of ASK1 located upstream of the p38/MAPK pathway, and 

therefore disrupts the p38/MAPK dependent apoptosis. As such, an inhibitor of the 

Trx/TrxR system could induce apoptosis due to the phosphorylation of p38/MAPK, as 

well as the activation of JNK and ERK (34). Additionally, several studies have shown that 

Trx/TrxR inhibitors downregulate the PI3K/Akt/mTOR survival pathway, causing 

apoptosis of different types of cancer cells (34, 47-49). The same effect was observed using 

an inhibitor of the GSH antioxidant pathway (50).  

 

 

Figure 2.2. Molecular responses to oxidative stress. At moderate “normal” levels of oxidative stress in 
cancer cells (left side of the figure) ROS inactivate PTEN and unlock PI3K/Akt/mTOR pathway, which 
in turn activates NF-kB, consequently activating cancer cell survival and proliferation signaling. At high 
levels of oxidative stress induced by therapy, damage is produced to DNA, RNA, proteins, lipids and 
mitochondria, initiating apoptotic cell death. Additionally, high levels of ROS can activate p38/MAPK and 
JNK apoptotic signaling proteins, inducing cancer cell death. 
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Combinations of different oxidative stress-inducing therapies 
It has been shown that radiotherapy, PDT, as well as other ROS-inducing therapies could 

induce acquired resistance to therapy. Here, NF-kB is considered to be a key component 

in the rise of therapy-resistant cancer (43, 51). Suppression of the NF-kB activation pathway 

sensitized cells to radiotherapy-induced apoptosis by increasing activation of the JNK 

pathway (52). Furthermore, it has been suggested that resistance to therapies that induce 

intracellular ROS production, such as chemotherapy (e.g. paclitaxel and doxorubicin) and 

radiotherapy, is correlated with an increased antioxidant capacity of cancer cells. Here, 

upregulation of Nrf2 after oxidative stress contributes to the therapy resistance in cancer 

cells (53, 54). Due to this complexity of redox homeostasis and adaptation-mediate 

resistance in tumor cells, ROS-inducing treatments may not always lead to an effective 

antitumor effect. To overcome resistance induced by oxidative stress and to maximally 

exploit ROS-mediated cell death mechanism as a therapeutic strategy, it would be beneficial 

to combine therapeutic strategies that exogenously induce ROS together with compounds 

that suppress the cellular antioxidant system. 

In several preclinical studies, inhibition of GSH or Trx antioxidant systems, downstream 

of Nrf2 signaling, has been demonstrated to sensitize different types of tumor cells towards 

radiotherapy (55-57). BSO used to inhibit the GSH production, has shown to sensitize lung, 

renal and head and neck cancer to radiation. The combination of radiation and GSH 

depletion by BSO resulted in the activation of the JNK signaling pathway, which resulted 

in triggering the intrinsic apoptotic pathway (55). A combination of other agents to disrupt 

endogenous redox homeostasis, was also proven to improve therapeutic efficiency and 

overcome tumor resistance to PDT (58, 59). However, in combination with BSO, a 

synergistic effect with PDT was only seen when BSO alone had negligible cytotoxicity. This 

indicates that cancer cells with intracellular high levels of antioxidants (e.g. GSH) will be 

more intrinsically resistant toward antioxidant inhibitors or radiation alone, but will 

effectively induce cell death when these exogenous and endogenous ROS inducers are 

combined (59-61). Similar effects were seen when combining BSO with a platinum-based 

chemotherapy-inducing ROS (62). Additionally, inhibitors of the Trx/TrxR system (such 

as PX-12, auranofin and motexafin gadolinium) have shown similar effects to enhance the 

response against exogenously therapy-induced ROS (63, 64). 
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Hypoxia is also one of the most important causes of exogenous oxidative stress-inducing 

therapy failure, because of the shortage of ROS substrate oxygen. However, it is 

demonstrated that more ROS is produced in hypoxic conditions compared to non-hypoxic 

conditions. Although the specific mechanism has not been described, it appears that the 

source of the increased ROS levels generated under hypoxia is the mitochondria. Hypoxia 

increases ROS via the transfer of electrons from ubisemiquinone to molecular oxygen at 

the Qo sites of complex III of the mitochondrial electron transport chain (65). Beside 

mitochondria, nitric oxide synthases (NOS) and NOX have also been implicated to increase 

ROS production during hypoxia (66). Moreover, NO and its derivates are a specific group 

of ROS synthesized by NOS. Since the inducible NOS (iNOS) is a hypoxia response gene, 

generation of NO is significantly increased in tumor cells under hypoxic conditions (67). 

As such, hypoxic tumor cells heavily rely on the antioxidant defense system to maintain 

ROS balance, making them vulnerable to inhibition of this antioxidant system (66). For 

instance, BSO produces a more pronounced GSH depletion in regions of hypoxia, since 

GSH levels are higher in hypoxic compared to non-hypoxic regions (68). Furthermore, 

auranofin was able to overcome hypoxic radiation resistance and the effect could be further 

amplified combining auranofin with BSO, leading to significant tumor growth delay and 

increased survival rate of tumor-bearing mice (56, 57). Therefore, inhibition of the 

antioxidant system could be effective to counteract hypoxia-induced therapy resistance (69).  

Since the upregulation of NF-kB is also a key player in acquired resistance to ROS-inducing 

therapy, inhibition of this transcription factor could enhance the anticancer effect. For 

example, auranofin has shown to decrease the expression of NF-kB, thereby overcoming 

acquired therapy resistance (70, 71). Similar effects were obtained when inhibiting the GSH 

metabolism (72). However, it should be mentioned that activation of NF-kB is also 

responsible for inflammatory responses, which can induce cross-presentation of tumor 

antigens and stimulate antitumor immune responses (73). This indicates that it is important 

to take into account the effects of exogenous and endogenous ROS-inducing therapies on 

the antitumoral immune system.   
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Indirect and direct effects of oxidative stress-inducing 

therapies on the antitumoral immune response 

In recent years, it has become clear that the immune system is a strong ally in the fight 

against cancer. ROS-inducing treatments have significant effects on the immune system, 

which can be either immunostimulatory or, in some circumstances, immunosuppressive 

(74, 75). Here we will discuss direct and indirect effects of these therapies on the immune 

system, which are either immunostimulatory or immunosuppressive (Figure 2.3, Table 2.1).  

Table 2.1. Overview of immunomodulating effects of different ROS-inducing therapies. 

ROS-inducing therapy Effect References 
Immunostimulating effects 

Indirect effects 
Radiotherapy, PDT, CAP, 
chemotherapy (e.g. oxaliplatin, 
doxorubicin)  

Secretion of danger signals inducing ICD  
(e.g. ATP, IL-1β, calreticulin, HMGB1, type I 
IFN) 

(76-83)  

Radiotherapy, PDT, CAP, 
chemotherapy (e.g. docetaxel, 
doxorubicin, oxaliplatin)  

Secretion of chemokines attracting T cells 
(e.g. CXCL9, CXCL10, CCL5) (83-90) 

Radiotherapy, PDT, CAP, 
chemotherapy (e.g. topotecan) 

Upregulation of MHC-I molecules on tumor 
cells (91-95)  

Radiotherapy, PDT Upregulation of NK cell ligands 
(e.g. MICA, NKG2DL) (96, 97)  

Radiotherapy, GSH inhibitors 
(e.g. BSO) 

Modulation of death receptors  
(e.g. Fas and CD95)  (98-100) 

Trx/TrxR inhibitors  
(e.g. butaselen) Downregulation of PD-L1 (101) 

Radiotherapy, PDT, CAP, 
chemotherapy (e.g. doxorubicin, 
oxaliplatin), Trx inhibitor 

Secretion of proinflammatory cytokines  
(e.g. IFN-γ, TNF-α) 
 

(78, 93, 
102, 103)  

Direct effects 
Radiotherapy, PDT, Trx/TrxR 
inhibitors (e.g. arsenic trioxide) Depletion of Tregs (103-106)  

CAP, Trx inhibitor 
Decrease in secretion of anti-inflammatory 
cytokines   
(e.g. IL10, TGF-β) 

(78, 103) 

Radiotherapy, chemotherapy 
(e.g. cyclophosphamide), 
antioxidant inhibitors (e.g. noble 
nanoparticles) 

 

Polarization of M2 into M1 macrophages (107-109) 
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Immunosuppressive effects 
Indirect effects 

Radiotherapy, PDT, CAP, 
chemotherapy Secretion of ATP modulating MDSCs (110) 

Radiotherapy  Secretion of chemokines attracting MDSCs 
(e.g. CXCL12) 

(111, 
112) 

Radiotherapy, Trx/TrxR 
inhibitors (e.g. auranofin, arsenic 
trioxide) 

Upregulation of PD-L1 (101, 
113-115)  

Radiotherapy Secretion of anti-inflammatory cytokines  
(e.g. TGF-β) (116) 

Direct effects 

Radiotherapy, PDT Accumulation of Tregs (116, 
117) 

Radiotherapy  Polarization into M2 macrophages (118) 
Radiotherapy, PDT, CAP, 
chemotherapy (e.g. cisplatin, 
oxaliplatin), antioxidant 
inhibitors (e.g. arsenic trioxide) 

Lymphocyte cytotoxicity  (87, 116, 
119-122) 

GSH inhibitor Inhibition of DC maturation  (123) 

Abbreviations: ATP, adenosine triphosphate; BSO, buthionine sulfoximine; CAP, cold atmospheric plasma; 
CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; DC, dendritic cell; GSH, 
glutathione; HMGB1, high-mobility group box 1; ICD, immunogenic cell death; IFN, interferon; IL, 
interleukin; MDSCs, myeloid-derived suppressor cells, MICA, MHC class I polypeptide–related sequence 
A; NKG2DL, natural killer group 2D ligand; PD-L1, programmed death-ligand 1; TGF-β, transforming 
growth factor-β; TNF-α, tumor necrosis factor-α; Tregs, regulatory T cells; Trx, thioredoxin; TrxR, 
thioredoxin reductase. 
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Figure 2.3. Direct and indirect immunomodulating effects of ROS-inducing therapy. The 
immunomodulating effects after ROS-inducing therapy can be divided into direct and indirect effects being 
immunostimulatory and/or immunosuppressive. (A) ROS-inducing therapy triggers recruitment and 
activation of DCs by inducing immunogenic tumor cell death (ICD). Additionally, treated tumor cells can 
secrete cytokines (e.g., IFN-γ and TNF-α) and chemokines (e.g., CXCL10 and CXCL9), and can modulate 
their surface molecules (e.g., MHC-I, PD-L1 and NKG2DL), thereby increasing their susceptibility to T cell 
and NK cell-mediated cytotoxicity. (B) Immunosuppressive cytokines (e.g., IL10 and TGF-β) and 
chemokines (e.g., CXCL12) can also be secreted by tumor cells treated with ROS inducers, suppressing 
immunostimulatory immune cells (DCs, T cells and NK cells) and promoting immunosuppressive immune 
cells (Tregs and MDSCs). (C) Depending on the intensity, ROS-inducing treatment skews TAMs towards a 
more antitumoral (M1) or protumoral (M2) phenotype. (D) T cells and NK cells are sensitive to oxidative 
stress-inducing treatments, compared to Tregs which are more resistant to these toxic effects. 

Indirect effects on the antitumoral immune response  

 Priming of an adaptive immune response  

Tumor cells undergoing cell death in response to oxidative stress induced therapy have the 

capacity to trigger an adaptive anticancer immune response, a concept known as 

immunogenic cell death (ICD). This is a unique type of cell death characterized by the 

release of danger signals after treatment of tumor cells, leading to effective presentation of 

tumor antigens and subsequent priming of antigen-specific T cells. This process enhances 

elimination of tumor cells and generates immune memory against the tumor antigens, 
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thereby reducing the chance of recurrence (124). Mechanistically, ICD induction requires 

ROS generation and further ROS-based ER stress (125). In literature, there are already 

comprehensive reviews and research articles that discuss physical ROS-inducing modalities, 

such as radiotherapy, PDT and CAP, which have been shown to elicit effective antitumor 

immunity (76-80). Additionally, chemotherapeutics which have been proven to be ICD 

inducers (e.g. oxaliplatin and doxorubicin) are accompanied by ROS-induced cytotoxicity 

(81).  

Danger signals released during ICD include the release of adenosine triphosphate (ATP), 

which attracts dendritic cells (DCs) into the tumor and can stimulate the release of 

interleukin (IL)-1β, which promotes T cell priming. Moreover, calreticulin is expressed on 

the surface of the treated tumor cells, which promotes phagocytosis of these cells by DCs. 

ICD is also associated with high-mobility group box 1 (HMGB1) release, which facilitates 

antigen presentation and type-I interferon (IFN) secretion, mediating DC maturation (78, 

82, 83). Release of ATP, however, also modulates immunosuppressive properties of 

myeloid-derived suppressor cells (MDSCs) and can contribute to tumor growth and 

inhibition of antitumor immunity (110).  

 Recruitment of leukocytes  

Low infiltration of effector T cells and other leukocytes (e.g. NK cells) into the tumor 

represents a major obstacle for cancer immunotherapy (126). Here, therapy can facilitate 

leukocyte infiltration by generating chemoattractants to induce leukocyte extravasation. 

The most relevant signals regulating leukocyte infiltration are therapy induced chemokines 

secreted by treated tumor cells and/or stromal components. For instance, several 

exogenous ROS inducers (e.g. radiotherapy, PDT and CAP) induce CXCL9 and CXCL10 

secretion, which attracts T cells and thereby enhances tumor control (83-86). By contrast, 

CXCL12 induced by radiotherapy can attract tumor promoting MDSCs (111, 112). This 

underscores the double-edged sword of oxidative stress induced therapy in the antitumor 

immune response. Additionally, a high dose of platinum based chemotherapy is considered 

immunosuppressive, causing lymphopenia and neutropenia. However, complementary to 

other ROS-inducing treatments, it has been shown that low dose treatment enhances the T 

cell response with an increased number of T cells due to secreted chemokines (CXCL9, 
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CXCL10 and CCL5) after treatment (87). Other chemotherapy based treatments are also 

able to upregulate the expression of chemokines receptors ligands in the TME, 

subsequently enhancing T cell recruitment (88-90).  

 Modification of the related surface molecules   

Susceptibility of tumor cells to T cell and NK cell-mediated cytotoxicity can be modulated 

by the expression pattern of surface molecules, including major histocompatibility complex 

(MHC)-I, MHC-II, NK cell ligands, costimulatory receptors and death receptors. The 

MHC class I is vital for presentation of endogenous and potentially tumor-specific antigens 

to cytotoxic T cells. Radiation induced MHC-I expression on tumor cells, associated with 

increased susceptibility to T cell-mediated killing (91-93). Similar to radiation, PDT and 

CAP use oxygen radicals and were shown to restore MHC-I expression in glioma and 

melanoma, respectively (94, 95). Additionally, PDT and radiotherapy induce MHC class I 

polypeptide–related sequence A (MICA) expression and upregulation of natural killer group 

2D ligand (NKG2DL) on tumor cells. Both effects corresponded to increased NK cell-

mediated killing of treated tumor cells (96, 97). By acting on the death receptors (e.g. Fas), 

the intrinsic immunogenic properties of the target cells can be altered after radiation, which 

consequently enhances their susceptibility to cytotoxic T cell-mediated killing (98). The 

same effect was seen after treatment with BSO, inducing the formation of the CD95 death 

inducing signaling complex (99). Other chemotherapeutic regimens, which interfere with 

GSH, also increased the expression of death receptors (100). 

ROS-inducing treatments also modulate programmed death-ligand 1 (PD-L1) expression. 

However, the interplay between ROS inducers and PD-L1 expression is complex, showing 

that both up- and downregulation of PD-L1 expression can be induced. It is shown that 

different inhibitors of Trx/TrxR system decrease the PD-L1 protein level in tumor cells 

(101). However, the opposite effect was reported with the TrxR inhibitor auranofin (113). 

Like auranofin, arsenic trioxide induces PD-L1 expression in a dose-dependent manner in 

leukemic cells (127). Besides antioxidant depletion, PD-L1 expression was increased 

through PI3K/Akt and STAT3 signaling in vivo and in vitro after conventional fractionated 

radiotherapy (114, 115). In addition, PD-L1 expression may occur in response to tumor 

targeting immune cells that release IFN-γ upon recognition of the antigen expressed by 

tumor cells (128). Conversely, IFN-γ seems to represent the dominant effector molecule of 
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the antitumor immune response after radiotherapy (93). The same is true for different 

chemotherapeutics (such as doxorubicin and oxaliplatin) and other physical modalities 

inducing oxidative stress (including PDT and CAP), where IFN-γ was assessed as a reporter 

of T cell activity in response to treatments (102).  

Many proinflammatory cytokines, including IFN-γ and tumor necrosis factor (TNF)-α, are 

regulated by the transcription factor NF-kB that can attract cells of the innate and adaptive 

immune system to mediate antitumor immune responses (129). This highlights the 

paradoxical role of NF-kB, where its activation due to intermediate levels of ROS generated 

during lower dosages of therapeutic strategies inducing oxidative stress (e.g. radiotherapy 

and PDT), enhances tumor cell growth and on the other hand activates the antitumoral 

immunity.  

None of the described indirect effects can be generalized among all different exogenous 

and endogenous oxidative stress-inducing therapeutic strategies. Additionally, the effects 

are context and dose dependent. Further comprehensive studies are needed to fill up the 

gaps in the knowledge on different ROS-inducing treatments and possible combinatorial 

strategies concerning their specific effect on immune response priming, recruitment of 

leukocytes and modification of surface molecules after treatment.   

Direct effects on the antitumoral immune response 

 Direct effect on tumor infiltrating immunosuppressive cells  

Immunosuppressive cells, including tumor associated macrophages (TAMs), regulatory T 

cells (Tregs) and MDSC are key components of the TME of numerous tumor types (130). 

There is an interaction between tumor cells and these immune cells leading to tumor 

immune escape. An increased number of Tregs in tumor tissue is found in a high proportion 

of cancer patients and is correlated with tumor progression and poor prognosis, since Tregs 

help to evade host immunity. In contrast to conventional CD4+ T cells, Tregs are more 

resistant to oxidative stress induced cell death (131). This could be explained by the higher 

expression and secretion levels of the antioxidant molecule Trx (132). It was shown that 

antioxidant Trx expression correlates with Treg representation in clinical samples of 

metastatic melanoma and that modulation of Trx influences the induction of Tregs and the 

generation of an immunotolerant cytokine profile. Addition of a Trx inhibitor decreased 
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the number of Tregs in lung lesions. Furthermore, IFN-γ increased, whereas IL-10 and 

transforming growth factor (TGF)-β decreased after treatment with a Trx blocking 

antibody (103). Arsenic trioxide, shown to inhibit TrxR, also induced selective depletion of 

Tregs and consequently increased the antitumor immune response (32, 104). Moreover, it 

was found that oxidative stress was the metabolic mechanism that controls tumor Treg cell 

functional behavior. Induction of Treg apoptosis through exogenous oxidative stress 

mediated the conversion of a large amount of ATP into adenosine via CD39 and CD73 

and subsequently triggered an immunosuppressive cascade, tempering the therapeutic 

effect of immune checkpoint therapy (133). Beyond these effects, it was shown that 

radiotherapy can induce TGF-β release in the TME and consequently lead to accumulation 

of Tregs into the tumor tissue (116).  

On the contrary, it was found that percentages of Tregs in the peripheral blood of cancer 

patients decreased significantly after radiotherapy (105). It was confirmed by others that the 

reduction was mediated by downregulation of CCL22 (106). So far, there is no consensus 

concerning the effect of radiotherapy on Tregs, probably because the effect of radiotherapy 

on Tregs is context dependent for different doses and tumor types. The same contradictory 

results are true for treatment with PDT (117).  

Besides Tregs, certain subtypes of TAMs are also considered to have pro-tumoral functions. 

TAMs can differentiate from monocytes into two distinct subtypes, namely classically 

activated (M1) and alternatively activated (M2) macrophages with effector or suppressive 

function, respectively. Concerning vulnerability of TAM to oxidative stress, M2 

macrophages have lower levels of ROS compared to M1 phenotype due to higher 

antioxidant activity, indicating that they will be more resistant to ROS-inducing treatments 

(134). For instance, M1 macrophages were observed to be more sensitive towards 

radiotherapy, compared to M2 macrophages (135). Additionally, several controversial 

studies have investigated the effect of chemotherapy and radiotherapy on the TAM 

phenotype. For example, low dose of cyclophosphamide can promote the differentiation 

of M2 macrophages into M1 (107). Similarly, low dose radiation promotes TAM skewing 

towards an M1 polarized phenotype and render them supportive of antitumor immunity 

(108). However, higher radiation doses can polarize TAMs to an M2 phenotype promoting 

tumor growth, induced by factors released from irradiated cells (118). Gold and silver 
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nanoparticles have been shown to modulate reactive oxygen and nitrogen species 

production by suppressing the antioxidant system of tumor cells. When applying these 

nanoparticles to TAMs, there was a downregulation of TNF-α and IL-10 and an 

upregulation of IL-12, resulting in a polarization from M2 to M1 macrophages, suggesting 

a radical shift from pro-tumorigenic to an anti-tumorigenic nature when TAMs undergo 

oxidative stress (109). Since polarization of TAMs is extremely dependent on the contextual 

signals of the TME, characterization of the oxidative stress induced factors regulating this 

polarization remains to be elucidated.  

 Direct effect on tumor infiltrating immunostimulatory cells  

Several oxidative stress-inducing treatments have the potential to increase tumor cell 

immunogenicity by activating ICD and secreting immunostimulatory factors that can 

activate innate immune responses and elicits a tumor specific adaptive immune response. 

In practice, however, the toxicity of these oxidative stress-inducing treatments to T cells, 

NK cells and DCs limits the extent of immune stimulation and can even lead to 

immunosuppression (136). Consequently, oxidative stress-inducing treatments can cause 

severe related lymphopenia that is associated with reduced patient survival (119). 

For instance, the direct effect of radiation on lymphocytes is often immunosuppressive 

since most subsets of lymphocytes are radiosensitive (137). Similar direct effects have been 

demonstrated after chemotherapy, PTD and CAP (119-121). Nevertheless, the various 

lymphocyte subtypes differ in their sensitivity to exogenous induced oxidative stress. It has 

been demonstrated that memory and naïve T cells, as well as NK cells are highly sensitive, 

whereas effector T cells, NK-T cells and Tregs are more resistant to the toxic effects of 

exogenous induced oxidative stress (131, 138). Additionally, the extent of 

immunosuppressive properties will vary with treatment schedule and dose (136, 137). In 

general, activated T cells and NK cells have higher antioxidant levels (GSH and Trx), 

necessary to buffer the rising ROS levels upon activation and proliferation of these 

lymphocytes, making them less vulnerable for exogenous ROS-induced cell death (139, 

140). For example, IL-2 activated NK cells were more resistant to H2O2-induced cell death 

than resting NK cells due to an upregulation of the Trx system. However, H2O2-induced 

cell death was also observed in these activated NK cells in the presence of a Trx inhibitor 

(140). Inhibiting the antioxidant system in T cells with arsenic trioxide also induces 
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apoptosis in T cells by enhancing oxidative stress, decreasing intracellular GSH releasing 

cytochrome c, activating caspases and downregulating Bcl-2 (122). In contrast, after Trx 

inhibition the expression of activation marker CD69 was significantly increased on both 

CD8+ T cells and NK cells (34).   

In contrast to all lymphocyte subsets, monocytes are shown to be more resistant to 

exogenous ROS-induced cell death (75, 78, 121, 141). This might be explained by a stronger 

antioxidant defense system in phagocytes, such as monocytes and DCs, which under 

physiological conditions protect them against self-production of ROS during oxidative 

burst (142). However, depletion of the antioxidant GSH system could also inhibit DC 

maturation (123).  

In summary, ROS-inducing treatments cause direct and indirect immune effects which can 

be both immunostimulatory and immunosuppressive. Current research on ROS-inducing 

treatments mostly focuses on one immunomodulating aspect but lacks comprehensive 

investigation on both stimulatory and suppressive immune effects. Additionally, it is 

necessary to take into account the timing and location of the effects. ROS-inducing 

treatments can have immediate toxic and suppressive effects on tumor infiltrating immune 

cells, however, can be able to attract new systemic immune cells towards the tumor, 

stimulating an antitumoral immune response. Therefore, it is necessary to elucidate all these 

challenges when investigating oxidative stress-inducing treatment modalities as novel 

anticancer strategy.  

Conclusion 

Preclinical studies have elucidated that an increase in ROS concentrations through 

exogenous and endogenous ROS-inducing therapies or a combination of both can be an 

efficient anticancer strategy. Hence, the influence of these treatments on the TME should 

be considered. Importantly, both the immunostimulatory as well as immunosuppressive 

effects have to be taken into account when investigating these anticancer modalities, 

because increasing ROS levels can be a double-edged sword with regards to 

immunomodulation and the effects cannot be generalized over different treatment 

modalities.  
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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 (TME), 

which comprises tumor-supportive pancreatic stellate cells (PSCs). Therefore, new 

therapeutic strategies are needed to tackle both the immunosuppressive PSCs 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 chapter, 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 PSCs and PCCs 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 PCCs 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 TME created by PSCs. Therefore, these data provide a strong 

experimental basis for further in vivo validation, which might potentially open the way for 

more successful combination strategies with immunotherapy for PDAC. 
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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 

due 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, PSCs 

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-



59  │  CHAPTER 3 
 

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 DCs, key players for initiating an adaptive immune response. Activated 

DCs 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 (CAP), 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, CAP will be 

further referred to as ‘plasma’ in this chapter. These RONS 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. 
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Materials and methods 

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), 1% penicillin/streptomycin (Life 

Technologies, 15140, Merelbeke, Belgium) and 2mM 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 (31, 32). Cells were maintained in exponential growth 

phase at 5% CO2 in a humidified incubator at 37°C. Cell cultures were regularly tested for 

absence of mycoplasma contamination using the MycoAlert detection kit (Lonza, LT07, 

Verviers, Belgium). 

Treatment of PCCs and PSCs with cold atmospheric plasma 
Cells (2 x 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 (33). Two mL of PBS were treated with 1 standard liter 

per minute (slm) gas flow rate at a gap distance of 6mm for 5min. 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.  

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) 
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and PI (BD, 556463) to distinguish between early apoptotic and necrotic cells. Percentage 

of cytotoxicity presents [%AnnV+PI- + %AnnV-PI+ + %AnnV+PI+]. 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) 4h 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 48h 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), 48h after treatment. Flow cytometric 

acquisition was performed on a CytoFLEX (Beckman Coulter) instrument.  

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 x 106 cells per mL in RPMI-

1640 supplemented with 2.5% human AB (hAB, Sanbio, A25761) serum, 800 U/ml 

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 

(34). Immature DCs were harvested on day 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 (35). Briefly, 

immature DCs were labeled with 2 µM of violet-fluorescent CellTracker Violet BMQC dye 
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(Invitrogen, C10094, Bleiswijk, Netherlands) at a concentration of 1 x 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, 

California, 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 (ΔMFI) was calculated to evaluate target upregulation after treatment. 

ΔMFI 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). 

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 (36). 

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.  

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. 

Non-parametric Kruskal-Wallis test was used to compare means between more than two 

groups. 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.   
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Results 

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 3.1 A, B and Figure 

3.2). 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 3.1 C). 

 
Figure 3.1. 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 Figure 3.2. (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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Figure 3.2. Dot plots Annexin V and PI staining. Dot plots showing the flow cytometric analysis of 
Annexin V and PI staining after 25%, 37.5%, 50% and 62.5% pPBS treatment in all PCC lines (left) en all 
PSC lines (right). Q1 = AnnV-/PI+; Q2 = AnnV+/PI+; Q3 = AnnV-/PI-; Q4 = AnnV+/PI-. 

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 3.3 A, Figure 3.4). 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 3.3 B). 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. 
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Figure 3.3. 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 (ΔMFI) of CD47 after 48 h of pPBS treatment. ΔMFI 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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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 3.3 C). Additionally, we observed 

a significant downregulation of CD47 expression in all cell lines after pPBS treatment, 

except for Capan-2 and RLT-PSC (Figure 3.3 D). 

Collectively, our results show that plasma treatment via pPBS application is able to induce 

events that are characteristic of ICD in PCCs. 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. 

 

Figure 3.4. Gating strategy of surface exposure of ecto-CRT. Contour plots showing the flow 
cytometric analysis of ecto-CRT staining after 48h of 50% pPBS treatment (left) compared to untreated 
condition (right) in the BxPC3 cell line (PI- cells) showing the differences in Δ MFI (MFI treated vs MFI 
untreated). 

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 PCCs and PSCs 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 

3.5 A, B, Figure 3.6). This phagocytotic capacity by DCs was significantly correlated (R = 
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0.786, p = 0.036) with the exposure of ecto-CRT on the cell surface of the cell lines after 

pPBS treatment (Figure 3.5 C). 

 

Figure 3.5. 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 DCs 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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Figure 3.6. Gating strategy of phagocytosis. Contour plots showing flow cytometric analysis of 
percentage phagocytosis (left: MIA-Paca-2, untreated; right: MIA-Paca-2, 50% pPBS treatment). Target cells 
labelled with PKH67 dye and DCs labeled with CellTracker Violet BMQC dye are cocultured for 48h (E:T 
ratio, 1:1). Phagocytosis of the PKH67+ target cells by violet labeled DCs is expressed as the 
%violet+PKH67+ cells within the violet+ DC population.  

pPBS treatment of PCCs 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 DCs: CD80, CD83, and CD86. There was a clear donor-dependent upregulation 

of CD86 on viable DCs after coculturing with pPBS-treated target cells (Figure 3.7 A). This 

variability was detected both between the cell lines and between DCs from different blood 

donors cultured with the same cell line. However, using DCs 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 3.8 A, 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 
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to monocultures of DCs also showed no significant differences in viability compared with 

their untreated counterparts (Figure 3.7 B). 

 
Figure 3.7. Maturation and viability of DCs after coculture with pPBS-treated PSCs and PCCs. (a) 
Box plot from minimum to maximum value of ΔMFI 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. ΔMFI 
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. 
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Figure 3.8. CD80 and CD83 expression on DCs after coculture with pPBS-treated PSCs and PCCs. 
(a) Boxplot from minimum to maximum value of Δ MFI of the maturation marker CD80. (b) Boxplot from 
minimum to maximum value of Δ MFI of the maturation marker CD83. CD80 and CD83 expression is 
examined on immature DCs after 48h of coculture of pPBS-treated PCCs and PSCs (E:T ratio, 1:1) and 
after pPBS treatment on immature DCs without coculture using flow cytometry. Δ 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, treatment of 100% pPBS is used for PANC-1, BxPC3, 
hPSC128, hPSC21 and RLT-PSC. Every dot represents a different healthy donor with ≥3 donors used per 
cell line. p<0.05 significant differences compared to untreated control (*). 

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 3.9 A, 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 (37). We 

observed a decrease in TGF-β release when DCs were cocultured with pPBS-treated 

BxPC3, hPSC128, and hPSC21 cells compared with cocultures with the untreated 

counterparts (Figure 3.9 C). 
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Figure 3.9. Cytokine profile released by DCs in coculture with pPBS-treated PCCs and PSCs. 
Graphs show the concentration of TNF-α (a), IFN-γ (b), and TGF-β (c) released in coculture of DCs with 
pPBS-treated PCCs (left) and PSCs (right) after 48 h. Graphs represent mean of ± SEM of ≥3 independent 
experiments with different donors. * p < 0.05 significant differences compared with untreated control. 
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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 3.10 gives an overview of the immunogenic signals tested 

after pPBS treatment in four different PCC lines and three different PSC lines. 

 

Figure 3.10. Overview of the p-values for all immunogenic signals tested. p-values are represented 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. 

PDAC is known to have a low immunogenic TME profile and is often referred to as a 

‘cold’ immunogenic tumor (38). Because of its low immunogenicity, immunotherapy 

frequently fails in this type of tumors (6, 7, 39). The dense stroma consisting of PSCs 

surrounding the tumor is believed to be a major underlying factor involved in failure of 

immunotherapy by acting as a physical barrier for drugs and immune cells (12, 13). 
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Additionally, PSCs secrete immunosuppressive factors, which prevent development of 

effective immune responses (14). Several studies showed that stromal depletion combined 

with immunomodulation resulted in better outcomes than immunomodulation alone in 

PDAC (40, 41). Therefore, we postulated that tumors can become immunogenically ‘hotter’ 

by destroying the tumor supporting PSCs with pPBS treatment.  

Although the cytotoxic effect of plasma has already been investigated in PCC lines (28, 29, 

42, 43) and a PSC line (43), we demonstrated the first use of pPBS to target the 

immunosuppressive PSCs 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 (44). Interestingly, 

secretion of the immunosuppressive TGF-β decreased in cocultures of DCs with pPBS-

treated PSC lines, compared to their untreated counterparts. TGF-β plays a major role in 

immunosuppression within the TME and is often strongly secreted by PSCs (45). TGF-β 

is responsible for preventing immune cell infiltration into tumor tissue and promoting 

tumor cell proliferation (37, 46, 47). 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 

(37). 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.  

PCCs were intrinsically more sensitive to pPBS treatment compared to PSC. The delicate 

redox balance in PCCs may contribute to this observation. Cancer cells are characterized 

by increased production of ROS compared to 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 (48). 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 
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et al. showed similar release of DAMPs by plasma treatment using different human and 

murine cancer cell lines (49-52). Recently, Azzariti et al. also showed an increase of ecto-

CRT and ATP in PANC-1 (53). 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 (54, 55). 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, 56, 57). 

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 (58). 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 (59). 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 immunogenicity of treatment. Similar differences between tumor cell 

lines have been documented by Di Blasio et al (54). 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. 

Since 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 (60, 61). We showed that pPBS treatment had 
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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 (62). However, 

when looking more specific into the subpopulations of PBMC, Bekeschus et al. showed 

that monocytes are more resistant to plasma treatment. This could be due to 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 (63).  

In this study, we have 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 PCCs and the reduction 

of immunosuppressive cytokines released by PSC, 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. 

Conclusion 

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 TME created by PSCs. Altogether, these results might potentially open 

the way for more successful combination strategies with immunotherapy for the treatment 

of PDAC. 
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Abstract  

Targeting the redox balance of malignant cells via the delivery of high oxidative stress 

unlocks a potential therapeutic strategy against glioblastoma multiforme (GBM). We 

investigated a novel reactive oxygen species (ROS)-inducing combination treatment 

strategy by increasing exogenous ROS via cold atmospheric plasma and inhibiting the 

endogenous protective antioxidant system via auranofin (AF), a thioredoxin reductase 1 

(TrxR) inhibitor. Sequential combination treatment of AF and cold atmospheric plasma-

treated PBS (pPBS) or AF and direct plasma application, resulted in a synergistic response 

in 2D and 3D GBM cell cultures, respectively. Differences in baseline protein levels related 

to the antioxidant system explained cell line-dependent sensitivity towards the combination 

treatment. The highest decrease of TrxR activity and GSH levels was observed after 

combination treatment of AF and pPBS, compared to AF and pPBS monotherapies. This 

combination also led to the highest accumulation of intracellular ROS. We confirmed a 

ROS-mediated response to the combination of AF and pPBS, which was able to induce 

distinct cell death mechanisms. On the one hand, an increase in caspase-3/7 activity 

together with an increase in the proportion of annexin V positive cells, indicates the 

induction of apoptosis in the GBM cells. On the other hand, lipid peroxidation and 

inhibition of cell death through an iron chelator suggest the involvement of ferroptosis in 

the GBM cell lines. Both cell death mechanisms induced by the combination of AF and 

pPBS, resulted in a significant increase of danger signals (ecto-calreticulin, ATP and 

HMGB1) and dendritic cell maturation, indicating a potential increase in immunogenicity, 

though, the phagocytotic capacity of dendritic cells was inhibited by AF. Thus, our study 

provides a novel therapeutic strategy for GBM to enhance the efficacy of oxidative stress-

inducing therapy through a combination of AF and cold atmospheric plasma.   
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Introduction 

Glioblastoma multiforme (GBM) is the most prevalent malignant primary brain tumor, 

which carries an extremely poor prognosis due to its aggressive and invasive nature (1). 

Despite current improvements in conventional treatment, tumor recurrence is nearly 

inevitable, contributing to a median survival duration of only 14.6 months and a five-year 

survival less than 5.6% (2, 3). Therefore, the development of new treatment strategies is 

urgently required.  

Malignant cells are characterized with higher levels of intrinsic reactive oxygen species 

(ROS) compared to normal cells as a consequence of e.g. altered metabolic rate and gene 

mutations (4). To maintain redox balance, malignant cells counter this intrinsic oxidative 

stress by upregulation of their antioxidant defense system (5). The difference in redox 

balance between malignant cells and normal cells unlocks a potential therapeutic strategy 

for ROS-inducing therapies (6).  

We investigated a novel combinatory therapeutic strategy by inducing high oxidative stress 

through delivery of exogenous ROS and inhibiting endogenous protective antioxidant 

systems. We hypothesized that the combination of these two different ROS-modulating 

methods is a beneficial and promising anti-GBM treatment strategy. Firstly, cold 

atmospheric plasma (CAP) was used as a unique treatment method for increasing oxidative 

stress levels to target cancer cells via exogenous delivery of ROS and reactive nitrogen 

species (RNS) (7, 8). This CAP is an ionized gas that is composed of ROS and RNS, excited 

molecules, ions, electrons and other physical factors, such as electromagnetic fields and 

ultraviolet radiation (9). This plasma can be delivered directly onto the tumor or indirectly 

through plasma-treated liquids (10). This type of exogenous ROS-inducing therapy has 

already been investigated in different cancer types in vitro and in vivo, including GBM (10-

13). Secondly, endogenous induction of oxidative stress was achieved with inhibition of the 

antioxidant defense system using auranofin (AF), a thioredoxin reductase 1 (TrxR) 

inhibitor. AF forms a stable coordinative bond between its gold(I) center and the active site 

of selenocysteine residues, which causes an increase in oxidative stress, as TrxR is an 

enzyme that catalyzes the reduction of thioredoxin (Trx) with electrons from NADPH in 

the Trx antioxidant system (14, 15). AF has also gained interest over the past years as a non-
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cancer drug for new repurposing in oncology by the Repurposing Drugs in Oncology 

project. Several advantages of AF include oral administration, lipophilic properties and 

approval of the organogold compound by the Food and Drug Administration (FDA) for 

the treatment of rheumatoid arthritis (16). In GBM, AF is one on the nine drugs in the 

CUSP9 treatment protocol using re-purposed older drugs and is currently undergoing a 

clinical trial (NCT02770378) as add-on treatment to standard-of-care temozolomide for 

recurrent GBM (17). Here, AF is also used as one of the nine drugs in the combination 

strategy to increase ROS-mediated cell death, highlighting the potential of AF in GBM 

research (18).  

Targeting malignant cells via different sources of ROS could be a promising novel 

treatment strategy for GBM. Therefore, we studied the cellular response upon combination 

treatment of AF with CAP to determine whether this combination enhanced the cytotoxic 

effect in 2D and 3D GBM cell cultures. In addition, we performed an in-depth analysis of 

the molecular mechanism underlying the response of different GBM cell lines to the 

combination of AF and plasma-treated PBS (pPBS). This study is the first to show that the 

response to AF is synergistically enhanced by sequential addition of pPBS or by direct 

plasma treatment in both 2D and 3D cell cultures, respectively. This combination was able 

to deliver high amounts of ROS and induced characteristics of distinct underlying 

mechanisms of cell death, including apoptosis and ferroptosis. Additionally, we showed 

that these dying cancer cells were able to initiate the release of immunogenic cell death 

(ICD) related damage-associated molecular patterns (DAMPs) and subsequently could 

enhance dendritic cell (DC) maturation. Contrary to these immunostimulatory effects, we 

also found that the phagocytotic capacity of the DCs was inhibited by AF.  

Materials & methods  

Cell lines and cell culture 
The human GBM cell lines U-87 MG (kindly provided by Dr. Margaret Ashcroft, 

University of Cambridge), LN-229 (ATCC CRL-261) and T98G (kindly provided by Dr. 

Nicolas Goffart, University of Liège) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM, Life Technologies) supplemented with 10% fetal bovine serum (FBS, Life 

Technologies), 1% penicillin/streptomycin (Life Technologies) and 2 mM L-glutamine 
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(Life Technologies). Cells were maintained in exponential growth phase at 5% CO2 in a 

humidified incubator at 37 °C. T98G cells were green autofluorescent and could therefore 

not be considered for certain experiments. To rule out differences in sensitivity to AF due 

to variations in selenium concentration (19, 20), all experiments were performed using the 

same supplier of FBS and triplicates of TrxR activity and GSH content were performed 

with the same batch of treated cells and growth medium. Cell cultures were tested regularly 

for absence of mycoplasma contamination using the MycoAlert detection kit (Lonza). For 

some experiments, cells were transduced with the IncyCyte® Nuclight Red Lentivirus 

reagent (Essen Biosciences) using the manufacturer’s protocol.  

Generation of spheroids  
Cell suspensions were prepared at 5x104 cells/mL for U-87, 6x104 cells/mL for T98G and 

7x104 cells/mL for LN-229. Different concentrations of different cell lines were used to 

maintain a diameter of approximately 500 µm. Cells were seeded in an ultra-low attachment 

(ULA) 96-well plate (round bottom, Corning Costar) in DMEM and centrifuged for 10 min 

at 100x g. Spheroids were allowed to form and grow for 3 days at 5% CO2 in a humidified 

incubator at 37 °C prior to their use in experiments.  

Treatment of 2D and 3D cell cultures 
Cells were incubated with AF (0-10 µM, Bio-Techne) as single agents for different time 

periods according to the experiment.  

2D cell cultures were treated indirectly with pPBS generated using the atmospheric pressure 

plasma jet kINPenIND® (Neoplas Tools), as previously used in our lab and described by 

Van Loenhout et al. (12). Argon gas is used in this setting as feeding gas (21). 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 25%, 50%, 62.5% pPBS, which was then directly added in a 1/6 

dilution in the media of the cells. Under these conditions the 100% pPBS contained 526.91 

µM H2O2, 56.27 µM NO2- and 37.75 µM NO3- and were determined using a colorimetric 

assay for H2O2 and fluorometric assay for NO2- and NO3-. These concentrations were 4-

fold diluted in the 25% pPBS treatment conditions containing 128.46 µM H2O2, 14.91 µM 

NO2- and 14.41 µM NO3-. Untreated PBS is used as vehicle control for all experiments.  
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3D cell cultures were treated using the COST jet plasma setup, as previously optimized in 

our lab and described by Privat-Maldonado et al. (22). It was operated with a feed gas of 

He with 5% H2O vapor mixture achieved using the split He flow by passing part of it 

through an H2O-filled Drechsel flask. Before treatment, 3-day-old spheroids were washed 

once with PBS after removing the culture medium. Direct treatments were performed on 

spheroids in 200 µL of PBS in a 96-well ULA plate for 3 min. Spheroids in 200 µL of 

untreated PBS were used as vehicle controls. Under these conditions the pPBS contained 

1230.82 µM H2O2, 4.98 µM NO2- and 5.03 µM NO3- (22). Spheroids were incubated for 90 

min with the treatment, after which it was replaced with the supernatant of the 

corresponding spheroid.  

For combination treatments, 2D or 3D cell cultures were pretreated for 4 hours with AF 

(0-10 µM). Afterwards 2D and 3D cell cultures were treated with pPBS and plasma, 

respectively, as described.  

Cell death assays and synergism 
For 2D cell cultures, cell death was determined using the IncuCyte ZOOM® life cell 

analysis system (Sartorius). All experiments were performed at least three independent 

times. NucLight red lentiviral transduced GBM cell lines were seeded at a density of 2x104 

cells/mL in a 96-well pate. After overnight incubation, cells were treated with mono- 

and/or combination treatment of AF (0-7.5 µM) and pPBS (25 %, 50% and 62.5 %), in the 

presence of IncuCyte® Cytotox Green reagent (50 nM, Essen BioScience). Treatment of 

cells was done in absence or presence of desired cell death inhibitors, with a preincubation 

of 1 hours for n-acetyl-cysteine (NAC, 5 mM, Sigma-Aldrich), catalase (20 µg/mL, Sigma-

Aldrich) ferrostatin-1 (Fer-1, 1 µM, Sigma-Aldrich) and a preincubation of 4 hours with 

deferoxamine (DFO, 100 µM for LN-229 and T98G cells and 50 µM for U87 cells, Sigma-

Aldrich). Plates were incubated in the temperature- and CO2-controlled IncuCyte® Live-

Cell Analysis System (Sartorius) for 72 hours. Cell death was monitored by taking images 

every 24 hours to limit phototoxicity. For analysis, green object count (1/mm²), red object 

count (1/mm²) and green-red overlapping object count (1/mm²) were determined with the 

IncuCyte ZOOM® software. The percentage of cell death was calculated using the formula: 

[green object count / ((red object count + green object count) – overlapping object count)] 
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*100. The percentage of survival was calculated using the red object count, which was 

normalized towards the untreated control.  

Caspase-3/7 activity was also determined using the IncuCyte ZOOM® life cell analysis 

system in the presence of Caspase-3/7 Green apoptosis reagent (2.5 µM, Essen Bioscience). 

The percentage of caspase-3/7 positive cells was calculated using the formula: [green object 

count / ((red object count + green object count) – overlapping object count)] *100. 

For 3D cell cultures, spheroids were treated with mono- and/or combination treatments 

of AF (0-10 µM) and plasma using the COST jet device. Microscopic images were taken 

with the IncuCyte® system at different time points. End-point viability of spheroids was 

assessed after 72 hours using the CellTiterGlo® 3D Cell Viability assay (Promega) 

according to the manufacturer’s protocol. The luminescent signal was measured using 

Spark®Cyto (Tecan).  

In order to determine the presence of a synergistic effect, the combination index (CI) was 

analyzed according to the Additive Model based on ratio value between the found and the 

expected combination effect as calculated from the exposure of the individual treatments 

(23).  

ROS measurement 
Cells were seeded in 96-well plates, incubated overnight and exposed to mono- and/or 

combination treatment of AF (0 – 7.5 µM) and plasma (25 %, 50% and 62.5% pPBS). 

Immediately following treatment, 2.5 µM CellROX Green reagent (Invitrogen) was added 

to U-87 and LN-229 cells and 5 µM CellROX Red reagent (Invitrogen) was added to T98G 

cells. Afterwards, the plate was transferred to the temperature- and CO2-controlled 

IncuCyte ZOOM®. ROS was monitored over time by pictures that were taken at 4 h, 24 

hours after treatment. For analysis, average green calibrated unit (GCU) and average red 

calibrated unit (RCU) was plotted for every cell line after 4 hours and 24 hours. 

Protein isolation  
For protein-based experiments, cells were seeded and treated with mono- and/or 

combination treatment of AF and pPBS. After 4 hours of the last treatment, cells were 

lysed in lysis buffer (10 mM TrisHCl, 400 mM NaCl, 1mM EDTA, 0.1% NP40 and 

protease inhibitor). After centrifugation (10 min, 13 000 rpm, 4 °C), cleared lysates 
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containing the isolated proteins were harvested and kept at -20 °C. Protein concentrations 

were determined using the Pierce BCA protein kit (Thermo Scientific), according to the 

manufacturer’s instructions. To determine baseline protein levels, cells were collected after 

sub culturing and lysed as described above. 

Thioredoxin reductase activity assay  
The treated and untreated control protein lysates were used to measure TrxR activity using 

the Thioredoxin Reductase Colorimetric Assay Kit (Cayman Chemical), according to the 

manufacturer’s protocols. Absorbance was recorded at 405 nm with the Spark®Cyto 

(Tecan) during the initial 5 min of the reaction. TrxR activity was calculated using the 

formula provided by the protocol, whereby background measurements were subtracted 

from all values. An equal amount of protein was loaded for each condition as determined 

by the Pierce BCA protein kit. 

Glutathione level quantification 

Cells were seeded in 96-well plates and treated with mono- and/or combination treatment 

of AF and pPBS. After 4 hours and 24 hours of the last treatment, cellular concentrations 

of glutathione (GSH) and oxidized glutathione (GSSG) were determined using the 

GSH/GSSG-GloTM Assay kit (Promega), according to the manufacturer’s protocols. 

Luminescent intensity was measured using the Spark®Cyto (Tecan). The amount of GSH, 

proportional to the luminescent signal, was corrected for the number of cells present in the 

well.  

Lipid peroxidation  
Cellular lipid ROS was measured using the Image-iTTM Lipid Peroxidation Kit (Invitrogen), 

according to the manufacturer’s instructions. Therefore, U-87 and LN-229 were treated 

with mono- and/or combination treatment of AF (0 - 1.5 - 2 µM) and pPBS (25% and 50% 

pPBS) for 48 hours, or the positive control (cumene hydroperoxide) for 2 hours 

Afterwards, 10 µM of the C11-BODIPY dye was added to the culture and incubated for 30 

min at 37 °C. The T98G cell line could not be included in this assay due to autofluorescence. 

Acquisition was performed on a CytoFLEX (BD) and FlowJo v10.1 software (TreeStar) 

was used to calculate the ratios C11-BODIPY red over green mean fluorescence intensity 

(MFI) signals. 
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Analysis of ICD-related markers 
All GBM cell lines were seeded and treated with mono- and/or combination treatment of 

AF and pPBS, analysis of ICD-related markers occurred at different time points. 48 hours 

after treatment, cells were stained for membrane (calreticulin) CRT expression. Here, cells 

were harvested and incubated with 5% normal goat serum (NGS, Sigma-Aldrich), followed 

by washing and incubation with an AF488-conjugated anti-CRT (Abcam) for U-87 and LN-

229 cell lines and with an AF647-conjugated anti-CRT antibody (Abcam) for T98G cell line 

(due to autofluorescence of this cell line) for 40 minutes. Prior to analysis, the cells were 

stained with Annexin V (AnnV; BD) and propidium iodide (PI; BD) to distinguish between 

early apoptotic and necrotic cells. Cell debris and necrotic cells (PI+) were excluded from 

analysis. For every sample, a corresponding isotype control was used (Abcam). Flow 

cytometric acquisition was performed on an AccuriTM C6 instrument (BD). Extracellular 

ATP release (nmol) was measured in conditioned media (supplemented with heat-

inactivated FBS) 4 hours after treatment via ENLITEN® ATP assay system, according to 

the manufacturer’s protocol (Promega). The bioluminescent signal was measured using 

Spark®Cyto (Tecan) device. Release of HMGB1 (ng/ml) was analyzed 48 hours after 

treatment using an enzyme-linked immunosorbent assay (ELISA, IBL). The absorption was 

measured using an iMARKTM plate reader (Bio-rad). 

In vitro generation of human monocyte-derived immature 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 13/46/454) 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). Purity after isolation was >90 %. After isolation, 

CD14+ cells were plated at a density of 1.25-1.35 x 106 cells per mL in 1640 RPMI 

supplemented with 2.5% human AB (hAB, Sanbio) serum, 800 U/ml granulocyte-

macrophage colony stimulating factor (GM-CSF; Gentaur) and 20 ng/ml interleukin (IL)-

4 (Miltenyi, Biotec) at day 0, as described before (24). Immature DCs were harvested on 

day 5. 
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Maturation status and phagocytotic capacity of DCs  
After in vitro generation of DCs, GBM cell lines were labeled with the green fluorescent 

membrane dye PKH67 (Sigma Aldrich) and seeded in 6-well plates for overnight 

incubation. Labeling of tumor cells with PKH67 was carried out according to the 

manufacturer’s instructions. On day 5, tumor cells were pretreated with AF (0 – 7.5 µM). 

After 4 hours of pretreatment, tumor cells were treated with pPBS (25 %, 50% and 62.5% 

pPBS). In order to make a distinction between target and effector cells, immature DCs were 

also labeled with a fluorescent dye. Briefly, DCs were labeled with 2 µM of violet-

fluorescent CellTracker Violet BMQC dye (Invitrogen) at a concentration of 1 x 106 cells 

per mL at 37 °C. Four  hours after pPBS treatment, effector and target cells were cocultured 

at a 1:1 effector:target (E:T) ratio. On day 7, cells were collected and used immediately for 

flow cytometric detection of DC maturation markers and phagocytosis. Expression of anti-

CD86-PECy7, anti-CD80-PerCP5.5 and anti-major histocompatibility complexes class II 

(MHC-II)-APC were measured on the Violet+ viable (Live/Dead Near IR+) DC 

population. For every marker, an isotype control was used to subtract aspecific signals. 

Results are represented as ΔMFI ((MFI staining treated – MFI isotype treated) – (MFI 

staining untreated – MFI isotype untreated)) and as the percentage of DCs double positive 

for MHC-II and CD86. 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). 

Statistical analysis 
All experiments were performed at least in triplicate. Prism 9.0 software (GraphPad) was 

used for data comparison and graphical data representations. All statistical analyses were 

performed in JMP Pro 15.1 and SPSS Statistics 27 software. The interaction term of AF 

and plasma was statistically analyzed using linear mixed models. The non-parametric 

Kruskal-Wallis test was used to compare means between more than two groups. The non-

parametric Mann-Whitney U test was used to compare means between two groups. P-

values < 0.05 were considered statistically significant.   
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Results  

The combination treatment of AF and pPBS leads to synergistic 

response in cell growth inhibition and cell death in GBM cell lines  
In order to investigate the potential interaction between AF and pPBS, 2D cell cultures of 

three different GBM cell lines (LN-229, U-87 and T98G) were incubated with an 8-point 

titration of 0 – 7.5 µM AF for 4 hours, followed by treatment with PBS or 25% pPBS for 

a total of 72 hours. Induction of cell death and growth inhibition were investigated to 

determine EC50 and IC50 values, respectively. Dose-response survival and cytotoxicity 

curves (Figure 4.1 A, B) showed that all cell lines had distinct sensitivity towards mono- 

and combination treatments of AF and pPBS. In all cell lines, the IC50 values of AF single 

treatment and in combination with 25% pPBS were lower than the EC50 values, indicating 

that at lower concentrations cell growth is inhibited and at higher concentrations cell death 

is induced (Table 4.1). LN-229 (IC50 = 0.762 µM AF; EC50 = 2.335 µM AF) and U-87 (IC50 

= 0.455 µM AF; EC50 = 1.739 µM AF) could be considered as sensitive cell lines compared 

to T98G (IC50 = 2.364 µM AF; EC50 = 7.395 µM AF), which was not responsive to lower 

concentrations of AF, indicating that T98G is a more resistant cell line towards mono- and 

combination treatments of AF and pPBS.  

When cells were incubated with AF for 4 hours before treatment with 25% pPBS, the 

cytotoxic effect of AF was amplified and led to a strong synergistic effect (combination 

index (CI) < 1, Figure 4.1 C, D). The effects of AF and pPBS as well as their interaction 

on cell death and cell survival were statistically analyzed using linear mixed models. A 

significant interaction indicates that the effect of pPBS on cell death and cell survival is 

dependent on the concentration of AF and vice versa. Table 4.1 gives a detailed overview 

of the synergistic effects of AF and pPBS on cell death and cell survival in all examined cell 

lines. The addition of pPBS to AF treatment significantly enhanced cell death compared to 

AF and pPBS single treatments in all cell lines. A significant interaction on inhibition of cell 

survival was only seen for the sensitive cell lines LN-229 and U-87. These data show that 

the combination of AF and pPBS synergistically enhances the induction of GBM cell death 

in 2D cell cultures.  
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Figure 4.1 The sequential combination treatment of AF and pPBS induces a synergistic response 
in cell survival and cell death of GBM cell lines. (A) Dose-response survival curves after 72h of AF (0-
7.5 µM) monotherapy and in combination with 25% pPBS. (B) The corresponding combination indexes 
(CI) for each AF concentration based on survival. (C) Dose-response curves of the cytotoxic effect after 72 
hours of AF (0-7.5 µM) monotherapy and in combination with 25% pPBS. (D) The corresponding 
combination indexes for each AF concentration based on cytotoxicity.  CI > 1 indicates an antagonistic 
effect, CI = 1 an additive effect and CI < 1 a synergistic effect. Fraction affected indicates the fraction of 
cells (in percentages) affected by AF. The supporting data and statistics for this figure can be found in table 
1. Graphs represent mean ± SEM of ≥ 3 independent experiments. 
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Table 4.1. Cell death, cell inhibition and synergism of AF and pPBS combination treatment 

of GBM cell lines 

(A) Cell inhibition and treatment synergism 

Treatment LN-229 
IC50 p-value CI (1.5 µM AF + 25% pPBS) 

AF  0.762 (±0.034) / / 
AF + 25% pPBS 0.350 (±0.064) <0.0001 0.611 (±0.214) 

 U-87 
IC50 p-value CI (1.5 µM AF + 25% pPBS) 

AF  0.455 (±0.088) / / 
AF + 25% pPBS 0.183 (±0.0.092) <0.0001 0.6211 (±0.227) 

 T98G 
IC50 p-value CI (5 µM AF + 25% pPBS) 

AF  2.364 (±0.234) / / 
AF + 25% pPBS 1.599 (±0.239) 0.8865 0.687 (±0.074) 

(A) Cell inhibition and synergism of AF and pPBS combination treatment. The table gives an overview of 
the IC50-values (±SE) of AF after AF monotherapy (normalized to PBS) and in combination with 25% 
pPBS (normalized to 25% pPBS) for each cell line. IC50-values represent the concentration of AF where 
the survival response is reduced by half. The average combination index (CI ± SEM) based on cell inhibition 
is provided for one concentration of AF (1.5 µM for LN-229 and U-87, and 5 µM for T98G) for the 
combination therapy. (B) Cell death and synergism of AF and pPBS combination treatment. The table gives 
an overview of the EC50-values (±SE) of AF after AF monotherapy and in combination with 25% pPBS 
for each cell line. EC50-values represent the concentration of AF that gives half-maximal cytotoxic 
response. The average combination index (CI ± SEM) based on cell death response is provided for one 
concentration of AF (1.5 µM for LN-229 and U-87, and 5 µM for T98G) for the combination treatment CI 
> 1 indicates an antagonistic effect, CI = 1 an additive effect and CI < 1 a synergistic effect. *p < 0.05: 
significant interaction between AF and pPBS, using linear mixed models. 

  

(B) Cell death and treatment synergism 

Treatment LN-229 
EC50 p-value CI (1.5 µM AF + 25% pPBS) 

AF  2.335 (±0.142) / / 
AF + 25% pPBS 1.037 (±0.065) <0.0001 0.460 (±0.155) 

 U-87 
EC50 p-value CI (1.5 µM AF + 25% pPBS) 

AF  1.739 (±0.117) / / 
AF + 25% pPBS 0.755 (±0.098) 0.00015 0.506 (±0.105) 

 T98G 
EC50 p-value CI (5 µM AF + 25% pPBS) 

AF  7.395 (±0.269) / / 
AF + 25% pPBS 4.487 (±0.078) <0.0001 0.446 (±0.077) 



93  │  CHAPTER 4 
 

The combination treatment of AF and pPBS causes alterations in 

protein targets related to the antioxidant defense system 
To further investigate the observed difference in sensitivity between the GBM cell lines, 

baseline expression levels of GSH and TrxR activity were determined (Figure 4.2 A, B). 

Statistically, a significant difference between GSH levels of the sensitive cell lines (LN-229 

and U-87) and GSH levels of the more resistant T98G was observed. Additionally, T98G 

cells showed the highest baseline TrxR activity compared to baseline levels of U-87 and 

LN-229 cell lines. However, there was only a significant difference in baseline levels 

between T98G and the U-87 cell line (Figure 4.2 B). These differences in baseline levels of 

GSH and TrxR activity might explain the observed difference in sensitivity between cell 

lines towards mono- and combination treatment of AF and pPBS.  

Next, alterations in key regulators of the ROS scavenging system were examined upon 

mono- and combination treatments of AF and pPBS to elucidate the mechanism of action. 

Since LN-229 and U-87 cell lines were considered sensitive compared to T98G, a lower 

concentration of 1.5 µM AF was used for sensitive cell lines and a higher concentration of 

5 µM AF was used for T98G cells, to examine the combinatorial effects of AF and 25% 

pPBS. GBM cells were treated with AF for 4 hours, followed by 25% pPBS for 4 hours. 

The total GSH levels (Figure 4.2 C) were stable in LN-229 and decreased upon statistically 

significant oxidation of GSH in U-87 and T98G, represented as GSH/GSSG ratio (Figure 

4.2 D), after treatment with AF alone or in combination with 25% pPBS. In U-87 and 

T98G, sequential combination treatment led to the highest decrease in total GSH and 

GSH/GSSG ratio compared to AF/pPBS single treatments. This indicates that high levels 

of the available GSH becomes oxidized after combination of AF and pPBS, resulting in an 

exhaustion of the GSH system. Higher doses of AF single treatment (2 µM for LN-229 and 

U-87; or 7.5 µM for T98G) showed similar effects compared to the combination treatment. 

In contrast, increasing the dose of pPBS alone (50% for LN-229 and U-87; or 62.5% for 

T98G) induced only a minor decrease in total GSH, which was significant in the LN-229 

cells (Figure 4.3 A,B).  
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Figure 4.2. The effect of combination treatment of AF and pPBS on protein targets related to the 
antioxidant defense system. (A) Baseline GSH protein levels of LN-229, U-87 and T98G cells normalized 
towards 1000 cells (B) Baseline TrxR activity of LN-229, U-87 and T98G cells. (C) GSH protein levels 
normalized towards 1000 cells after 4 hours of treatment with monotherapies and combination therapy of 
AF (1.5  µM or 5  µM) and 25% pPBS. (D) Ratio GSH/GSSG normalized towards 1000 cells after 4 hours 
of treatment with monotherapies and the combination of AF (1.5 µM or 5 µM) and 25% pPBS. (E) TrxR 
activity after 4 hours of treatment with monotherapies and combination therapy of AF (1.5  µM or 5  µM) 
and 25% pPBS. (F) Intracellular ROS levels shown as fold change of CellROX Calibration Units (CU), 
relative towards untreated after 4 hours of treatment with monotherapies and combination therapy of AF 
(1.5  µM or 5  µM) and 25% pPBS. Graphs represent mean ± SEM of ≥ 3 independent experiments. *p ≤ 
0.05 denotes statistically significant difference compared with untreated control. 
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AF was verified as a TrxR inhibitor since TrxR activity was fully depleted after 4 hours of 

treatment with 1.5 µM AF or in the combination with pPBS (Figure 4.2 E). A similar 

inhibitory effect was also observed with higher doses of AF (2 µM for LN-229 and U-87; 

or 7.5 µM for T98G) (Figure 4.3 C). pPBS alone (both 25% and 50%; or 62.5% pPBS) 

showed only a slight decrease in TrxR activity in LN299 cells (Figure 4.2 E and Figure 4.3 

C). 

  
Figure 4.3. The effect of monotherapies of AF or pPBS on protein targets related to the antioxidant 
defense system. (A) GSH protein levels per 1000 cells after 4 hours of treatment with monotherapies of 
AF (2 µM or 7.5 µM) and 50% pPBS. (B) Ratio GSH/GSSG per 1000 cells after 4 hours of treatment with 
monotherapies of AF (2 µM or 7.5 µM) and 50% pPBS. (C) TrxR activity after 4 hours of treatment with 
monotherapies of AF (2 µM or 7.5 µM) and 50% pPBS. (D) Intracellular ROS levels shown as fold change 
of CellROX Green Calibration Units (GCU) for U-87 and LN-229 and CellROX Red Calibration Units 
(RCU) for T98G cells, relative towards untreated after 4 hours of treatment with monotherapies of AF (2 
µM or 7.5 µM) and 50% pPBS. Graphs represent mean ± SEM of ≥ 3 independent experiments. *p ≤ 0.05 
denotes statistically significant difference compared with untreated control. 

AF (both 1.5 µM or 5 µM; and 2 µM or 7.5 µM) alone as well as pPBS (25%) single 

treatment caused a significant accumulation of intracellular ROS in all GBM cells. This 

accumulation was significantly more pronounced after 4 hours of AF and pPBS 

combination treatment (Figure 4.2 F). This shows that both therapies enhance each other 
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for intracellular ROS accumulation. Similar high ROS accumulations were observed when 

treating the cells with a higher dose of pPBS (50% for LN-229 and U-87; or 62.5% for 

T98G), confirming the role of exogenous ROS inducers since minimal or no effects on 

antioxidant levels were observed (Figure 4.3 D). After a prolonged treatment period of 24 

hours, the intracellular ROS levels reverted to baseline levels in the T98G cell line in both 

mono- and combination treatments, in contrast to LN-229 and U-87 cell lines (Figure 4.4 

A). In line with the stronger baseline GSH levels and TrxR activity, T98G is suggested to 

have a stronger antioxidant capacity, explaining the resistance towards this ROS-inducing 

combination therapy. In order to investigate if ROS overproduction was involved in the 

enhanced cell death induced by the combination of AF and pPBS, N-acetyl cysteine (NAC), 

a thiol-reducing antioxidant agent, was used to scavenge ROS. The cell death induced by 

AF and pPBS was completely rescued by NAC pretreatment in all GBM cells, further 

suggesting the involvement of ROS (Figure 4.4 B). Since hydrogen peroxide (H2O2) was 

the most abundant long-lived ROS present in pPBS treatment, we further evaluated the 

reliance of H2O2 in the killing mechanisms after combination treatment. Addition of 

catalase, a H2O2-scavenger, abolished the cytotoxic effect induced by pPBS treatment alone 

in both LN-229 and U-87. However, catalase did not fully suppress the cytotoxic potential 

when pPBS was combined with AF or in case of AF monotreatment in the U-87 cell line. 

In the LN-229 cell line, catalase showed stronger inhibition of the killing effect after 

combination treatment and AF monotreatment compared to U-87 cells (Figure 4.4 C).   

Together, these data show that AF is a potent inhibitor of TrxR activity in GBM cells, 

which saturates their GSH system leading to a modest increase in intracellular ROS levels. 

While pPBS by itself had limited effect on the TrxR activity and the GSH system, inhibition 

of the antioxidant system by AF significantly increased intracellular ROS accumulation 

following pPBS treatment.  
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Figure 4.4. The effect on intracellular ROS levels after combination treatment of AF and pPBS. (A) 
Intracellular ROS levels are shown as fold change of CellROX Green Calibration Units (GCU) for U-87 
and LN-229 and CellROX Red Calibration Units (RCU) for T98G cells, relative towards untreated cells 
after 24 hours of treatment with monotherapies or combination treatment of AF (1.5 µM or 5 µM) and 25% 
pPBS. *p ≤ 0.05 denotes statistically significant difference compared with untreated control. (B) Percentage 
of cell death in the absence or presence of NAC pretreatment, after 48 hours of treatment with combination 
of AF and pPBS. (C) Percentage of cell death in the absence or presence of catalase pretreatment, after 48 
hours of treatment. Graphs represent mean ± SEM of ≥ 3 independent experiments. *p ≤ 0.05 denotes 
statistically significant difference. 

The combination of AF and pPBS induces apoptotic and ferroptotic 

characteristics 
Next, we unraveled the underlying type of induced cancer cell death after combination 

treatment of AF and pPBS. In order to investigate the effect of the mono- and combination 

treatment on cell apoptosis, Annexin V/PI expression and caspase 3/7 activity were 

determined. A significant time-dependent increase in caspase 3/7 positive U-87 and LN229 

cells was observed after combination treatment, which was higher compared to AF/pPBS 

single treatments (Figure 4.5 A, B). T98G cells are green autofluorescent and therefore not 

compatible with the caspase 3/7 reagent and thus not considered within this experiment. 
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Additionally, a significant increase of Annexin V+/PI+ and Annexin V+/PI- proportions of 

apoptotic cells was observed after 48 hours of combination treatment of AF and pPBS in 

all cell lines (Figure 4.5 C, D).  

 
Figure 4.5. The combination treatment of AF and pPBS induces apoptotic cell death in GBM cell 
lines.  (A) Percentage of caspase-3/7 green positive LN-229 cells after 24, 48 and 72 hours of treatment. 
(B) Percentage of caspase-3/7 green positive U-87 cells after 24, 48 and 72 hours of treatment. (C) 
Percentage of Annexin V+ cells after 48 hours of treatment, subdivisions of AnnV+/PI- and AnnV+/PI+ are 
made. (D) Representative contour plots showing the flow cytometric analysis of Annexin V and PI staining 
after 48 hours of treatment. Q1 = AnnV-/PI+, Q2 = AnnV+/PI+, Q3 = AnnV-/PI-, Q3 = AnnV+/PI-. 
Graphs represent mean ± SEM of ≥ 3 independent experiments. *p ≤ 0.05 denotes statistically significant 
difference compared with untreated control. 

ROS are known to interact with lipids leading to lipid peroxidation, which can result in 

ferroptotic cell death. Lipid peroxidation increased significantly after treatment with the 

combination of AF and pPBS, in U-87 and LN-229 cell line (Figure 4.6 A, B). Moreover, 

deferoxamine (DFO), an inhibitor of lipid peroxidation, was able to inhibit this process in 

LN-229 cells (Figure 4.6 C). Again, T98G was excluded in the flow cytometric examination 

of lipid peroxidation due to its autofluorescence, however, T98G could be included for cell 

death analysis after inhibition with DFO. Interestingly, combination treatment-induced cell 

death was inhibited by DFO in LN-229 and T98G cells, which was not observed in the U-

87 cell line (Figure 4.6 D). A lower concentration of DFO (50 µM) was added to the U-87 
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cell line, because the higher concentration (100 µM) used in LN-229 and T98G cells showed 

a cytotoxic effect on U-87 cells. This could explain why no inhibition was observed in the 

U-87 cell line. Another inhibitor, Fer-1 was not able to inhibit the combination treatment-

induced cell death. However, Fer-1 also failed to inhibit treatment-induced lipid 

peroxidation, showing that DFO is a more potent inhibitor (Figure 4.7). 

 

 
Figure 4.6. The combination treatment of AF and pPBS induces ferroptotic characteristics in GBM 
cell lines. (A) Lipid peroxidation presented as relative ratio of red/green MFI signal after flow cytometric 
analysis of the C11-BODIPY 581/591 reagent after 48 hours of treatment of AF (1.5 µM or 5 µM) in 
combination with 25% pPBS. (B) Representative overlay histograms of C11 BODIPY green signal (FL-1) 
after combination treatment of 1.5 µM AF with 25% pPBS for 48 hours or cumene hydroperoxide (positive 
control) for 2 hours. (C) Lipid peroxidation presented as relative ratio of red/green MFI signal of the C11-
BODIPY 581/591 reagent in absence or in presence of DFO (100 µM) after 48 hours of combination 
treatment with 1.5 µM AF and 25% pPBS. (D) Percentage of cell death after 48 hours of treatment of AF 
(1.5 µM or 5 µM) in combination with 25% pPBS in the absence and presence of DFO (100 µM), an 
inhibitor of ferroptosis. Graphs represent mean ± SD of ≥ 3 independent experiments. *p ≤ 0.05 denotes 
statistically significant difference compared with untreated control. 
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Figure 4.7. The effect of ferrostatin-1 on cell death induced via combination treatment of AF and 
pPBS in GBM cell lines. Percentage of cell death after 48 hours of treatment of AF (1.5 µM or 5 µM) in 
combination with 25% pPBS in the absence and presence of Fer-1 (1 µM), an inhibitor of ferroptosis. 
Graphs represent mean ± SEM of ≥ 3 independent experiments. 

Together, these results suggest that the combination of AF and pPBS is  able to induce 

distinct types of cell death, including apoptosis and ferroptosis. 

The combination treatment of AF and pPBS induces immunogenic 

cell death in GBM cells 
Since different cancer treatments have the capacity to elicit ICD, depending on their ability 

to produce ROS and cause oxidative stress, we investigated the potential of our sequential 

combination strategy to elicit ICD. Three important hallmarks of ICD were elevated in all 

three GBM cell lines, following combination treatment with AF and pPBS, which include 

surface expression of CRT (ecto-CRT), extracellular ATP and HMGB1 release (Figure 4.8 

A–C). However, there was no statistically significant release and expression of these danger 

signals when GBM cells were treated with pPBS alone (Figure 4.10 A-C).  
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Figure 4.8. The effect of AF and pPBS combination treatment on release of ICD danger signals 
and DC maturation and phagocytosis. (A) Percentage of surface-exposed calreticulin (ecto-CRT) 
positive cells after 48 hours of combination treatment with AF (1.5 µM or 5 µM) and pPBS (25%). (B) 
Secretion of ATP after 4 hours of combination treatment with AF (1.5 µM or 5 µM) and pPBS (25%). These 
data represent the fold change of ATP secretion (nM range). (C) Secretion of HMGB1 after 48 hours of 
combination treatment with AF (1.5 µM or 5 µM) and pPBS (25%). These data represent the fold change 
of ATP secretion (ng/mL range). (D) Percentage of MHC-II/CD86 double positive DCs after 48 hours of 
co-culture with AF (1.5 µM or 5 µM) and pPBS (25%) combination-treated LN-229, U-87 or T98G cells 
(E:T ratio 1:1) using flow cytometry. (E) Representative contour plots of DC population double positive 
for MHC-II and CD86 in coculture with either PBS-treated and combination-treated LN-229. (F) 
Percentage of phagocytosis after 48 hours of violet-labeled DCs in co-culture with AF (1.5 µM or 5 µM) 
and pPBS (25%) combination-treated PKH67-labeled GBM cells (E:T ratio 1:1). Phagocytosis of PKH67+ 
tumor cells by violet-labeled DCs is expressed as %PKH67+violet+ cells within the violet+ DC population. 
Graphs represent mean ± SD of ≥ 3 independent experiments. *p ≤ 0.05 denotes statistically significant 
difference compared with untreated control. 
 
Expression and release of these ICD-associated danger signals by dying tumor cells 

contribute to the activation and maturation of DCs to initiate an effective antitumor 

immune response. To this end, we investigated if the combination strategy of AF and pPBS 

could induce DC maturation. We observed an increase in mature CD86+/MHCII+ DC 

population (Figure 4.9 A) after coculture with treated LN-229 and T98G cell lines (Figure 

4.8 D, E). No increase in DC maturation was observed with U-87 cells. Additionally, we 
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investigated the influence of treated GBM cells on the phagocytotic capacity by immature 

DCs. Flow cytometric analysis revealed that phagocytosis by immature DCs was 

significantly inhibited after treatment of AF in combination with pPBS (Figure 4.8 F). AF 

was shown to be responsible for this effect, since AF single treatment also caused inhibition 

of phagocytosis (Figure 4.9 B).  After treatment with pPBS alone, no increase in DC 

maturation or phagocytosis by DCs was observed in coculture with GBM cells (Figure 4.10 

E).  

 
Figure 4.9. Gating strategy and effect of monotherapies on phagocytosis of GBM cells. (A) Gating 
strategy of maturation of DCs and phagocytosis by DCs. (B) Percentage of phagocytosis after 48 hours of 
violet-labeled DCs in co-culture with PKH67-labeld GBM cells (E:T ratio 1:1) after treatment with 
monotherapies and combination therapy of AF (1.5 µM or 5 µM) and pPBS (25%). Phagocytosis of 
PKH67+ tumor cells by violet-labeled DCs is expressed as %PKH67+violet+ cells within the violet+ DC 
population. Graphs represent mean ± SEM of ≥ 3 independent experiments. *p ≤ 0.05 denotes statistically 
significant difference compared with untreated control. 

Collectively, our results show that combination of AF and pPBS induced release of the 

most important in vitro hallmarks of ICD and was able to induce DC maturation in two 

GBM cell lines. However, caution should be taken when using AF to induce an effective 

antitumor immune response since this compound has the capacity to inhibit DC 

phagocytosis in vitro.  
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Figure 4.10. The effect of pPBS monotreatment on induction of ICD, DC maturation and 
phagocytosis. (A) Percentage of surface-exposed calreticulin (ecto-CRT) positive cells after 48 hours of 
monotreatment with pPBS. (B) Secretion of ATP after 4 hours of monotreatment with pPBS. These data 
represent the fold change of ATP secretion (nM range). (C) Secretion of HMGB1 after 48 hours of 
monotreatment with pPBS. These data represent the fold change of ATP secretion (ng/mL range). (D) 
Percentage of MHC-II/CD86 double positive DCs after 48 hours of co-culture with pPBS-treated GBM 
cells (E:T ratio 1:1) using flow cytometry. (E) Percentage of phagocytosis after 48 hours of violet-labeled 
DCs in co-culture with pPBS-treated PKH67-labeled GBM cells (E:T ratio 1:1). Phagocytosis of PKH67+ 
tumor cells by violet-labeled DCs is expressed as %PKH67+violet+ cells within the violet+ DC population. 
Graphs represent mean ± SD of ≥ 3 independent experiments. *p ≤ 0.05 denotes statistically significant 
difference compared with untreated control. 
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The combination treatment of AF and plasma leads to synergistic 

inhibition of 3D spheroid growth  
Finally, we examined the combination strategy in a 3D single spheroid model, using higher 

concentrations of AF (3.5 µM – 7.5 µM for sensitive cell lines and 10 – 15 µM for the 

resistant cell line). Since indirect pPBS treatment had little or no effect on the viability of 

spheroids (Figure 4.11), a direct plasma treatment method was used, previously optimized 

in our lab and described by Privat-Maldonado et al (22). After 4 hours of AF treatment, the 

supernatant with the compound was replaced with PBS, followed by a single direct 3 minute 

exposure to plasma and further incubation for 90 minutes. Afterwards, PBS was replaced 

by the supernatant, containing AF, of the corresponding spheroid for a total of 72 hours. 

A decrease in cell survival was observed after mono- and combination treatments of AF 

and plasma (Figure 4.12 A,B). The interaction of AF and plasma was only significant with 

higher AF concentrations in LN-229 (7.5 µM AF) and T98G (10 and 12.5 µM AF) cell lines, 

as shown in Figure 4.12 A,B. Additionally, the combination index showed that the effect 

of AF was synergistically enhanced by plasma, however, only in combination with higher 

AF concentrations (CI < 1 with 7.5 µM for LN-229 and U-87 or 15 µM for T98G). In 

combination with lower concentrations of AF, the effect on cell survival showed even to 

be antagonistic (CI > 1, Figure 4.12 C). 

 
Figure 4.11. The effect of pPBS and AF on survival of GBM spheroids. Dose-response survival curves 
after 72 hours of AF (2 or 7.5µM) and pPBS (100%) monotreatment and combination treatment. Graphs 
represent mean ± SEM of ≥ 3 independent experiments. No statistical significant interaction between AF 
and pPBS was observed.  
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Figure 4.12. The effect of the sequential combination treatment of AF and plasma on survival of 
GBM spheroids. (A) Dose-response survival curves after 72h of AF (3.5 – 15 µM) and plasma (COST jet) 
single treatments and the combination of AF and plasma. Graphs represent mean ± SEM of ≥ 3 
independent experiments. P-values represented as * < 0.05; ** < 0.01; ***< 0.001 denotes significant 
interaction between AF and plasma. (B) Representative microscopic images after 72h of untreated and 
combination treated GBM cells (7.5 µM AF + COST jet for U-87, LN-229 and 15 µM + COST jet for 
T98G). (C) The corresponding combination index (CI) for each AF concentration. CI > 1 indicates an 
antagonistic effect, CI = 1 an additive effect and CI < 1 a synergistic effect. 
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Discussion 

Oxidative stress due to elevated ROS levels and an inability to balance the intracellular 

redox state is considered the ‘Achilles heel’ of cancer cells and has recently been highlighted 

as a promising target for anticancer strategies (4, 25). In this study, we hypothesized that 

increasing oxidative stress through a combination strategy of delivering exogenous ROS 

and inhibiting the protective antioxidant system, could result in a synergistic and promising 

anti-GBM treatment strategy. Therefore we used cold atmospheric plasma as a novel anti-

cancer therapy to disturb ROS homeostasis in cancer cells via delivery of exogenous ROS, 

as previously described in different tumor types, including GBM (12, 26). Additionally, AF 

was selected as inhibitor of the antioxidant defense system through inhibition of TrxR. The 

TrxR levels in GBM patients are 31% higher in circulating blood and 5 times higher in 

GBM tissue compared to matched controls, both indicating a significant pathophysiological 

role for TrxR in GBM and emphasizing the therapeutic potential of AF (27). In this context, 

AF has already shown to be a promising partner to be combined with temozolomide in a 

novel treatment strategy for GBM (18, 28). 

Our results indicated that pPBS synergistically enhances the therapeutic effect of AF in 

three different GBM cell lines, thereby confirming our hypothesis. The synergistic effects 

of AF and plasma were further investigated in vitro in 3D tumor spheroids. This spheroid 

model is characterized with biophysical properties of solid tumors such as oxygen and 

nutrient gradients, which are relevant when investigating oxidative-stress inducing 

treatment strategies (29). For the treatment of 3D spheroids we used a different plasma 

device, which has already been shown effective when directly treating GBM spheroids (22). 

This direct plasma treatment method generates a higher concentration of ROS, which we 

showed to be necessary for effectivity in spheroids. Synergistic effects between AF and 

pPBS or AF and direct plasma treatment were observed in 2D cell cultures and 3D 

spheroids, respectively. Interestingly, in lower AF concentrations the combinatorial effect 

was shown to be antagonistic in 3D spheroids. We hypothesize that in combination with 

lower concentrations of AF, the accumulation of intracellular ROS was too small, causing 

GBM spheroids to adapt by enhancing their protective antioxidant system. Indeed it has 

been reported that radiation-induced oxidative stress was considerably less in spheroids as 

compared to monolayers and corresponded with an increase in radioresistance, due to 
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alterations in intracellular ROS levels and redox status (e.g. activity of antioxidant enzymes) 

during spheroid development (30, 31). In order to be effective in vivo, it might be that high 

dosages of AF are required to treat cancer, even in combination with other therapies (32, 

33). 

Differences in sensitivity were observed between different GBM cell lines, with T98G being 

more resistant compared to LN-229 and U-87 cell lines. This could be explained by higher 

GSH baseline levels and TrxR activity and corresponding lower ROS levels in the resistant 

T98G cell line. Consistently, it was shown that T98G was more resistant to temozolomide 

chemotherapy as a result of lower ROS levels and higher total antioxidant capacity and 

GSH concentration (34). Therefore, increasing exogenous ROS levels together with 

inhibition of the antioxidant defense system could overcome this therapy resistance.  

The role of ROS was investigated to elucidate on the underlying mechanisms of cell death 

after mono and combination treatment. We demonstrated a high intracellular ROS 

accumulation after treatment with the combination of AF and pPBS. We confirmed this 

ROS-mediated response in vitro, as the ROS scavenger NAC reversed the combination 

treatment-mediated cell death in all GBM cell lines. However, catalase only rescued the 

pPBS-induced cell death, revealing that exogenous H2O2 was the primary mediator of the 

pPBS-induced cell death, as previously described (35, 36). In the LN-229 cell line, catalase 

also showed a strong inhibition after combination treatment and AF monotreatment. Such 

an inhibition was less pronounced in the U-87 cell line after combination treatment or AF 

monotreatment, showing H2O2-independent effects contributing to the killing capacity 

after AF treatment alone and in combination with pPBS. In addition to catalase, the 

Trx/TrxR and GSH antioxidant systems are partly responsible for the removal of 

endogenous H2O2. Besides H2O2, the Trx and GSH systems participate in the reduction of 

different kinds of endogenous ROS and RNS (37). Since AF showed to inhibit these two 

antioxidant systems, incomplete removal of H2O2 and other types of ROS might explain 

why catalase did not completely abolish AF- and combination-induced cell death.  

Next, we demonstrated a high intracellular ROS accumulation after treatment with the 

combination of AF and pPBS. We confirmed this ROS-mediated response in vitro, as the 

ROS scavenger NAC reversed the combination treatment-mediated cell death in all GBM 

cell lines. Accumulation of intrinsic ROS has shown to be important not only for induction 
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of apoptosis, but also ferroptosis (38). Therefore, we did a more in-depth analysis of the 

underlying ROS-mediated cell death mechanism after treatment with AF and pPBS. We 

discovered that this ROS-inducing combination treatment sensitized GBM cells for 

caspase-3/7-dependent apoptosis, based on an increase of caspase-3/7- and Annexin V-

positive cells, as well as ferroptosis, due to lipid peroxidation and cell death inhibition by 

an iron chelating agent, DFO. Contrary to DFO, the level of protection against cell death 

by Fer-1 was incomplete as Fer-1 failed to protect cells from lipid peroxidation. Previously, 

we already showed that DFO and Fer-1 were able to partially prevent cell death in non-

small cell lung cancer after AF treatment alone (39). Excessive ROS induced after 

combination treatment of AF and pPBS could explain this incomplete protection of Fer-1 

(40). To date, previous studies have reported that AF and pPBS induce cancer cell death 

through ROS-mediated endoplasmic reticulum (ER) stress and activation of the apoptotic 

pathway in different cancer types (36, 41-44). Other findings indicate that both treatments 

are linked to ferroptosis triggered by ROS accumulation leading to iron-mediated lipid 

peroxidation and cell death (36, 45). Recently, our research group also demonstrated the 

induction of ferroptosis and apoptosis in non-small cell lung cancer after AF treatment 

(39). However, we are the first to show that the combination of both treatment types 

sensitizes GBM cells for apoptotic and ferroptotic cell death.  

Furthermore, we demonstrated the immunogenic potential of the AF and pPBS 

combination treatment-induced apoptotic and ferroptotic cell death in GBM cells. Besides 

the immunogenic potential of apoptosis, it was recently described that ferroptosis is a novel 

approach for the induction of antitumor immunity triggered by ferroptosis-dependent ICD 

(46, 47). It has been suggested that cancer cells dying through distinct ICD-inducing 

mechanisms, might achieve a superior antitumor immune response (46). The induction of 

oxidative stress through the production of ROS is the common underlying factor in 

different ICD-inducing therapies (48). Since the induced cytotoxic effect in our study was 

clearly dependent on the high accumulation of intracellular ROS, we investigated if the 

combination of AF and pPBS was able to elicit different ICD-related DAMPs and 

subsequently stimulate maturation and phagocytosis by DCs. In a previous study report, 

we already showed the release of several ICD markers and subsequent maturation of DC 

and phagocytosis by DCs, after pPBS treatment in pancreatic cancer cells (12). Here, we 
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also reported a significant release of danger signals and maturation of DCs after 

combination treatment of AF and pPBS in a GBM cell panel. However, the phagocytotic 

capacity of DCs was inhibited after combination treatment. A similar inhibition of 

phagocytosis was observed after AF monotherapy, suggesting that AF was responsible for 

the effect. This is in line with other studies showing that AF could inhibit phagocytosis (49). 

This can be explained by the history of its use as an antirheumatoid arthritis drug linked to 

inhibition of pro-inflammatory mediators and oxidative burst in monocytes and 

granulocytes necessary for effective phagocytosis (50). Based on our results AF could have 

both pro- and anti-inflammatory effects, warranting investigation of this AF and plasma 

combination in an in vivo setting.   

Conclusion 

Altogether, the effectiveness of the combination treatment of AF and plasma to 

synergistically eradicate GBM cells was shown through different ROS-dependent molecular 

mechanisms, being apoptosis and ferroptosis. Both cell death mechanisms resulted in a 

significant increase of DAMPs and maturation of DCs in vitro, indicating the potential 

antitumoral immunogenic effect. Contrary to these immunostimulatory effects, a potential 

inhibitory effect on the phagocytotic capacity of DCs due to AF should be taken into 

consideration for future research when exploring combination strategies with AF. In 

conclusion, our study provides a novel therapeutic strategy for GBM to enhance the 

efficacy of oxidative stress-inducing therapy through a combination of increasing 

exogenous ROS and inhibiting the protective antioxidant system. 
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CHAPTER 5 

Unraveling the in vivo therapeutic potential of auranofin and cold 

atmospheric plasma in glioblastoma  
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Abstract 

Prognosis of glioblastoma multiforme (GBM) remains dismal, underscoring the need for 

novel therapeutic approaches. Oxidative stress has recently been highlighted as promising 

target for anticancer strategies. Targeting the redox balance of GBM by inducing high 

oxidative stress through delivery of exogenous reactive oxygen species (ROS) and inhibiting 

endogenous protective antioxidant system might be a beneficial and promising GBM 

treatment strategy. In this chapter, we describe a novel oxidative stress-mediated 

combination therapy in an in vivo SB28 tumor-bearing GBM model. Firstly, auranofin (AF), 

a potent thioredoxin reductase antioxidant inhibitor, was delivered in different doses and 

various administration routes to optimize the mode of treatment in vivo. Next, AF was 

combined with direct cold atmospheric plasma (CAP) treatment to induce exogenous ROS 

accumulation. We demonstrated a significant decrease in tumor volume and a significant 

increase in survival of SB28 tumor-bearing mice when CAP was sequentially combined with 

AF. This novel preclinical data support increasing oxidative stress by our sequential 

combination therapy of AF and CAP, to be a promising treatment strategy in GBM. 
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Introduction  

We previously have shown (chapter 4) that a novel combinatory therapeutic strategy based 

on increasing exogenous reactive oxygen species (ROS) via cold atmospheric plasma (CAP) 

and inhibiting the endogenous protective antioxidant system via auranofin (AF), a potent 

thioredoxin reductase (TrxR) inhibitor, could induce ROS-mediated cell death in GBM 

cells, in vitro. This combination treatment was able to induce apoptosis and ferroptosis in 

GBM cells. Furthermore, both cell death mechanisms resulted in the release of danger 

signals and DC maturation, potentially enhancing the immunogenicity of GBM. However, 

phagocytosis by DCs was inhibited due to AF in coculture with GBM cells, in contrast to 

CAP treatment that enhanced phagocytosis by DCs in coculture with pancreatic cancer 

cells (chapter 3) (1). Based on these cytotoxic and immunomodulating results in vitro, it will 

be of great value to investigate the antitumoral and immunogenic effects of this 

combination strategy in an immunocompetent in vivo GBM model.  

Since GBM tumors are characterized by a poorly immunogenic nature, we used an in vivo 

model with similar properties, namely the SB28 GBM mice model. This model features the 

poorly immunogenic tumor with low MHC-I expression and modest CD8+ T-cell 

infiltration, suggesting that it may present similar challenges for immunomodulating 

therapies as human GBM (2, 3).  

After in vivo optimization of AF treatment, with our research as described here, we have 

confirmed AF to be a potent TrxR inhibitor through both oral and subcutaneous 

administration routes. Additionally, we have shown that when AF is sequentially combined 

with direct CAP treatment, this combination exhibits enhanced antitumor efficacy, resulting 

in an increased survival in SB28 tumor-bearing mice. Whether the effect is mediated by an 

immunological response, remains to be elucidated.  
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Material and methods  

SB28 tumor bearing mice  
Female C57BL/6J mice, age 6-10 weeks, were obtained from Jackson Laboratories and 

maintained at the animal core facility of the University of Antwerp. All animal procedures 

were conducted in accordance with and approval of the Animal Ethics Committee of the 

University of Antwerp under registration number 2020-20. All mice were housed in filter-

top cages enriched with houses and nesting material. Mice were checked on a daily base to 

inspect for health and wellbeing. Mice were given at least 7 days adaption period upon 

arrival before being included in experiments to reduce stress levels.  

The SB28 cell line was cultured in DMEM supplemented with 10% heat-inactivated FBS, 

1% penicillin/streptomycin, 1% HEPES and 1% GlutaMAX and maintained at 37 °C and 

5% CO2. The cell line was routinely tested for mycoplasma contamination. The cells were 

used in the experiments between passage three and six after thawing.  

Tumor kinetics and survival 
Mice were inoculated subcutaneously into the shaved abdominal flank with 1x106 SB28 

cells suspended in 100 µL PBS. Tumor size was monitored with calipers and tumor volume 

(mm³) was calculated using the formula (length x width²)/2. When tumors reached an 

average size of approximately 30 mm³, mice were randomized based on tumor size and 

divided over the different treatment groups. Tumor size was measured thrice a week. Mice 

were euthanized when a tumor size of 1500 mm³ was reached.  

In vivo administration of AF  
AF was administered via different administration routes. Firstly, AF was administered by 

osmotic minipumps (Alzet, type 1002). Here, AF was dissolved in a vehicle compound 

composed of 50% DMSO, 40% PEG300, 10% absolute ethanol. The osmotic minipump 

was filled with 100 µL of AF or the vehicle. Mice were anaesthetized using isoflurane. Hair 

was shaved off in the neck area and a small incision was made between the ears. Using a 

hemostat, a subcutaneous pocket wide enough for an osmotic minipump was created. 

Calculations for the required AF concentrations for the osmotic minipump were made 

based on the group average weight and using the online tool provided by Alzet. After 
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inserting the osmotic minipump, the incision was closed with 2 sterile surgical staples. The 

osmotic minipump offered a long-term delivery of 14 days, afterwards the osmotic 

minipump was removed under anesthesia. Secondly, AF was administered daily via oral 

gavage using a 20G flexible feeding needle for a period of 14 days. Calculations of the 

required AF concentrations were made per individual mouse based on its body weight for 

oral gavage. Toxicity of AF was measured based on total body weight, behavior and post-

mortem evaluation.  

In vivo administration of CAP 
A microsecond-pulsed dielectric barrier discharge (DBD) system previously described (4, 

5) was used for the CAP treatments. Briefly, a microsecond pulser (Megaimpulse Ltd., 

Russia) generated a 30 kV output pulse with rise time fixed within 1- 1.5 μs and a pulse 

width of 2 μs. The frequency of the pulses was fixed at 700 Hz and treatment was 

performed for 5 consecutive days. The applicator of the system was a copper electrode, 

covered with a quartz dielectric, and was connected to the output of the microsecond 

pulser. The applicator was held by hand above the tumor (approximately 1-4 mm) for 

treatment. Here, an electrically safe plasma was created in direct contact with the tumor, 

and the surrounding gas and tissue were not significantly heated. During the treatment, 

mice were sedated using IsoFlo® inhalation vapour.  

Immunohistochemistry  
Five µm-thick sections were prepared from FFPE tumor tissue blocks. After 

deparaffinization and hydration through graded series of isopropanol solutions, the sections 

were subjected to heat-induced antigen retrieval by incubation in a low pH buffer for 20 

minutes at 97°C (PT-Link) (DAKO). Subsequently, the endogenous peroxidase activity was 

quenched by incubating the slides in a peroxidase blocking buffer (DAKO) for 10 minutes. 

Incubation with primary monoclonal antibodies cleaved caspase-3 (1:200 for 35 minutes), 

anti-Ki67 (1:400 for 35 minutes), anti-CD4 (1:150 for 35 minutes), anti-CD8 (1:200 for 35 

minutes) was performed at room temperature. The Envision Flex+ detection kit (DAKO) 

and Liquid DAB+ Substrate Chromogen System (DAKO) were used for signal detection 

according to the manufacturer's instructions. Sections were counterstained with 

hematoxylin, dehydrated and mounted. Positive and negative controls were included in 

each staining run. Positive controls consisted of mouse tissue of spleen (cleaved caspase-3, 
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anti-Ki67, anti-CD4, anti-CD8). Negative controls consisted of only the secondary 

antibody incubation.  

All sections were scored and categorized by two observers. Expression of the markers CD4, 

CD8 and cleaved caspase in the tissue was divided into five categories for IHC scoring  (0 

= <1%; 1 = 1-5%; 2 = 5-10%; 3 = 10-50%; 4 = >50%). Percentage of estimated necrotic 

area and Ki67 positive cells were determined using measurement tools in the QuPath digital 

image analysis software.   

Thioredoxin reductase activity assay 
After dissection, tumors were disrupted in lysis buffer using a tissue homogenizer (Qiagen). 

Afterwards protein lysates were used to measure TrxR activity using the Thioredoxin 

Reductase Colorimetric Assay Kit (Cayman chemical), according to the manufacturer’s 

protocols. Absorbance was recorded at 405 nm with the Spark®Cyto (Tecan) during the 

initial 5 minutes of the reaction. TrxR activity was calculated using the formula provided by 

the protocol, whereby background measurements were subtracted from all values. An equal 

amount of protein was loaded for each condition as determined by the Pierce BCA protein 

kit. 

Statistics  
Statistical differences in tumor kinetics between different treatment groups in different 

experiments were determined using linear mixed model analysis. Differences in survival 

were analyzed using a Log-rank test. To assess a difference between the TrxR activity 

between treatment groups and untreated groups, Mann Whitney U test was performed. 

Differences were considered to be significantly different if p < 0.05. Graphs were made 

using GraphPad v9 software. All statistical analyses were carried out in R studio or SPSS 

v27.   
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Results 

Continuous slow release of AF treatment in SB28 tumor-bearing mice 
To administer AF chronically for 14 days, osmotic minipumps were subcutaneously 

implanted in SB28 tumor-bearing mice to deliver 2, 10 or 15 mg/kg AF per day at the same 

constant rate. This delivery method was preferred over daily intraperitoneal injections with 

AF, since these frequent injections are causing discomfort and are shown to be more toxic 

for the mice. However, we showed that subcutaneous administration of high doses of AF 

(10 or 15 mg/kg) caused skin irritation and ulceration at the side of release of the compound 

(Figure 5.1 D). This was not observed when administering lower concentrations of AF (2 

mg/kg) or the vehicle via an osmotic minipump. Furthermore, there was no observed delay 

in tumor growth and no increase in survival in the treatment groups receiving a higher 

dosage of AF (10 or 15 mg/kg) compared to the untreated group (Figure 5.1 A, B). 

Similarly, there was no difference in tumor kinetics between mice receiving 2 mg/kg AF 

and vehicle, after 14 days of treatment (Figure 5.1 C).  

 
Figure 5.1 The effect of AF therapy on SB28 tumors via continuous delivery using an osmotic 
minipump system. (A) Tumor volume kinetics are presented (n=5 mice per group) after treatment with 
10 or 15 mg/kg AF via continuous delivery of 14 days using a subcutaneously implanted osmotic minipump. 
(B) Survival of SB28 mice treated as indicated. (C) Tumor volume kinetics are presented (n = 5 mice per 
group) after treatment with 2 mg/kg AF via continuous delivery of 14 days using a subcutaneously implanted 
osmotic minipump. (D) Image indicating skin irritation caused by the use of a subcutaneous osmotic 
minipump to deliver high concentrations of AF (10 or 15 mg/kg). Data represent mean ± SD. 
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Oral administration of AF treatment in SB28 tumor-bearing mice 
Since delivery of high AF concentration (10 or 15 mg/kg) using the osmotic minipump 

system caused irritative effects, we changed the administration route to deliver these higher 

doses of AF. Since AF has been administered orally in rheumatoid arthritis patients in the 

clinic, we investigated oral administration of 10 or 15 mg/kg AF per day in SB28 tumor-

bearing mice. After daily AF treatment for a period of 14 consecutive days, there was no 

delay in tumor growth compared to the untreated group (Figure 5.2 A). Nonetheless, there 

was no observed toxicity based on body weight or behavior (Figure 5.2 B) and there were 

no signs of local toxicity in the peritoneal cavity observed during post-mortem dissection.  

 
Figure 5.2. The effect of AF therapy on SB28 tumors via daily oral administration. (A) Tumor volume 
kinetics are presented (n=5-8 mice per group) after daily oral treatment with 10 or 15 mg/kg AF for a period 
of 14 days. (B) Body weight after treatment with 10 or 15 mg/kg AF. Data represent mean ± SD. 

AF inhibits TrxR in SB28 tumors 
Protein lysates were isolated from disrupted SB28 tumors after 14 days of oral AF (10 or 

15 mg/kg) or subcutaneous AF treatment via an osmotic minipump (2 mg/kg). AF was 

verified as a TrxR inhibitor since TrxR activity statistically significantly decreased in the AF-

treated groups compared to the untreated group (Figure 5.3 A, B). This inhibition was the 

strongest in the group of mice receiving 15 mg/kg AF orally.  



122  │  CHAPTER 5 
 

 
Figure 5.3. TrxR activity in SB28 tumors. (A) TrxR activity in SB28 tumors isolated from mice (n=5-8 
mice per group) after 14 days of daily oral AF treatment (10 or 15 mg/kg). (B) TrxR activity in SB28 tumors 
isolated from mice (n=5-8 mice per group) after 14 days of continuous delivery of AF via an osmotic 
minipump (2 mg/kg). Data represent mean ± SD. P-values represented as * < 0.05; ** < 0.01 denote 
significant difference compared to untreated control.  

Effect of auranofin treatment on cell death and proliferation 

markers in SB28 tumors 
Immunohistochemical staining of tumor sections was performed to explore the underlying 

cell death and proliferation effect in the tumor after AF treatment, since there were no 

effects on tumor kinetics. Interestingly, mice treated with 2 mg/kg of AF delivered through 

subcutaneous and continuous release, showed massive necrotic areas into the tumor 

compared to the tumors of the untreated mice (Figure 5.4 A-C). This necrotic effect was 

less pronounced in tumors when mice were treated with 15 mg/kg AF orally.  
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Figure 5.4. Cleaved caspase and Ki67 expression in SB28 tumors after AF treatment.  (A) 
Immunohistochemical staining of cleaved caspase expression. (B) Immunohistochemical staining of Ki67 
expression. (C) Percentage estimated necrotic area calculated on caspase positive staining. (D) IHC 
quantification of cleaved caspase. Data represent mean ± SD. (E) Percentage of Ki67+ cells. All stainings 
were performed on SB28 tumors treated with vehicle or AF (2 mg/kg via subcutaneous delivery through 
the osmotic minipump and 15 mg/kg via oral administration) for a period of 14 days. *p ≤ 0.05 denotes 
statistically significant difference compared with vehicle-treated control.  

In addition to the induction of necrosis, we observed a slight increase in cleaved-caspase 

expression after treatment with AF (2 mg/kg), especially at the border of the necrotic areas 

(Figure 5.4 A, D). Minimal to no difference in proliferation (anti-Ki67) was observed 

between treated and untreated groups, which can be explained by the fact that Ki67 was 

only measured in the proliferative and viable region of the tumor without taking the 

necrotic area into account (Figure 5.4 B, E).  
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Figure 5.5. CD8 and CD4 expression in SB28 tumor after AF treatment. Immunohistochemical 
staining of CD8 (A) and CD4 (B) expression in TME and tumor area in SB28 tumors after treatment with 
vehicle and AF (2 mg/kg via subcutaneous delivery through the osmotic minipump and 15 mg/kg via oral 
administration) for a period of 14 days. 

The necrotic cell death induced by AF in the tumor was not associated with an infiltration 

of CD4+ or CD8+ T cells into the tumor area. Overall, only a few CD8+ T cells and CD4+ 

T cells were present in the tumor microenvironment (TME) without a difference between 

the treated and the untreated groups (Figure 5.5 A, B).  
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Combination of auranofin and direct plasma application  
Since we showed (chapter 4) that the combination of AF and CAP induced a synergistic 

ROS-mediated response in vitro, we further investigated whether the combined treatment 

of AF and CAP might lead to augmented antitumor response in the SB28 GBM-bearing 

mice model. The combination of AF and CAP was delivered in two different treatment 

schedules, either simultaneously or sequentially (Figure 5.6 A). We demonstrated that the 

sequential combination regimen resulted in a significantly decreased tumor volume and 

significantly increased survival of the SB28-bearing mice (Figure 5.6 B-G). When this 

sequential combination regimen was compared to the single treatments of AF and CAP, 

there was only a significant difference between the group receiving AF monotherapy in 

case of tumor volume and survival. In the simultaneous combination treatment regimen, 

there was no statistical significant decrease in tumor volume and no statistical significant 

increase in survival observed compared to the untreated group and both single treated 

groups.  
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Figure 5.6. Tumor kinetics and survival after AF and CAP combination therapy. (A) Treatment 
schedule showing timing of AF treatment (15 mg/kg orally administered for 14 consecutive days) with black 
arrows and CAP treatment (direct application with DBD device for 5 consecutive days) with red arrows. 
(B) Tumor volume kinetics ( n = 6 or 7 mice per group) after treatments as indicated. Data represent mean 
± SD. (C) Survival of SB28 mice ( n = 6 or 7 mice per group) after treatments as indicated.  (D-G) Spaghetti 
plots of tumor volumes for individual mice in each treatment group (solid lines) compared to individual 
untreated mice (dotted lines). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 denotes statistically significant differences. 
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Discussion 

Since the combination of AF and CAP strongly synergized in vitro to induce cell death and 

to enhance immunogenicity in different GBM cell lines (chapter 4) (6), we examined this 

combination therapy in an immunocompetent in vivo GBM-bearing mice model. Based on 

our in vitro results, we hypothesized that combining AF with CAP may result in enhanced 

immune activation and increased anti-tumor effects.  

Before the in vivo validation of our combination strategy, we optimized AF treatment by 

testing various administration routes in vivo. In literature, the dose of AF varies between 1 

mg/kg and 15 mg/kg and is mostly administered intraperitoneal with different treatment 

schedules (7-10). We noticed severe overall toxicity of mice after intraperitoneal 

administration of AF in a preliminary in vivo study and therefore opted for two different 

delivery methods. Firstly, we investigated continuous and slow delivery of AF through a 

subcutaneously implanted osmotic minipump. Here, only low doses of AF (2 mg/kg) did 

not cause skin irritation compared to higher doses (10 or 15 mg/kg). Secondly, we 

administered higher AF concentrations (10 or 15 mg/kg) orally, which was well tolerated. 

Oral or subcutaneous delivery of AF led to an inhibition of TrxR activity within the SB28 

tumors, which was more pronounced with oral delivery of 15 mg/kg AF. This indicates 

that AF is a potent inhibitor of TrxR, independent on the route of administration.  

Although there was no inhibition in tumor growth after AF monotherapy, AF was able to 

induce cell death within the tumor, which was observed as a necrotic area in the center of 

the tumor. These results are in line with the study of Hatem et al., showing a significant 

increase in tumor necrotic area without the inhibition of tumor volume after AF treatment 

(10 mg/kg) (11). Interestingly, we showed that the necrotic area was more pronounced after 

administration of a low dose of AF (2mg/kg) using the osmotic minipumps implanted 

subcutaneously in the mice, compared to oral administration of a high dose of AF (15 

mg/kg). Whether this increase in necrotic area was due to the dosage or to the different 

pharmacokinetic profile during oral or continuous subcutaneous administration, remains 

to be elucidated. There are some reports that state that subcutaneous administration of 

anticancer drugs, specifically some chemotherapeutic agents, is superior to oral 

administration. They show a higher bioavailability and are more rapidly absorbed after 
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subcutaneous delivery compared to oral application (12, 13). However, we did not find any 

reports in literature on the pharmacokinetic profile of AF when administered 

subcutaneously, so follow up studies are necessary to report on differences in 

pharmacokinetics.  

In contrast to our in vivo results with AF monotherapy, which showed no delay in tumor 

kinetics compared to the untreated group, several preclinical studies showed inhibition of 

tumor growth after AF treatment in various tumor models (7, 14, 15). However, several 

other in vivo studies only showed an inhibitory effect on tumor kinetics when AF was 

combined with other treatments, in concordance with our results (10, 11, 16, 17). In this 

chapter, we investigated the combination of AF, a potent TrxR inhibitor, with CAP, an 

exogenous ROS inducer. CAP has already been examined as efficient anticancer treatment 

modality in different in vivo tumor models, including GBM, using different devices for both 

direct and indirect applications (18-21). In this study, we opted for an in-house DBD device, 

which had already been used for direct in vivo CAP treatment of mice (4, 5).  

Previously (chapter 4) we showed that only high AF concentrations triggered synergistic 

effects in combination with CAP in 3D GBM models, in vitro (6). Together with our in vivo 

results that showed the strongest inhibition of TrxR activity in the tumor site after oral 

administration of AF (15 mg/kg), we combined a high dose of orally administered AF (15 

mg/kg) with CAP treatment in GBM-bearing mice. Additionally, this is in accordance with 

the clinical use of AF, which is an FDA approved drug in rheumatoid arthritis patients. The 

sequential combination regimen of orally administered AF and CAP showed a decrease in 

tumor volume and an increase in survival of the SB28 GBM-bearing mice model, which 

was significantly better than the untreated control and AF single-agent treatment group. 

This was in contrast with the simultaneous combination regimen, which showed no 

significant effect on tumor volume and survival. These results are in line with our in vitro 

data, indicating that it is important to inhibit the endogenous defense system before adding 

excessive amounts of exogenous ROS. Besides the promising results obtained with orally 

administered high doses of AF, it might be of value to further investigate subcutaneous, 

slow and continuous delivery of lower doses of AF in combination with direct CAP 

application due to its superior antitumoral effects as monotherapy, based on the amount of 

necrotic area inside the tumor, compared to oral administration.  
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Besides the anti-tumor effects, we wanted to investigate the immunological response after 

the combination treatment. For now, we only demonstrated no CD4+ or CD8+ T cell 

infiltration into the tumor site after AF monotherapy. Further analysis of immune 

infiltration after combination therapy still needs to be performed. Interestingly, the 

orthotopic SB28 GBM model showed weak immunogenicity and responsiveness towards 

anti-CTLA-4 and anti-PD-1 combined immunotherapy due to the poor immunogenic 

character of the model (2). In contrast to orthotopic SB28 tumors, subcutaneous SB28 

tumors did respond towards combined anti-CTLA-4 and anti-PD-L1 therapy due to a 

better influx of DCs in subcutaneous tumors compared to intracranial tumors that 

contained abundant tumor-associated macrophages and microglia (22). Therefore, a more 

in-depth immune profiling and characterization of the tumor and TME is necessary to fully 

understand the immune response after combination treatment of AF and CAP. This 

characterization will be of value to provide a rationale for the combination with novel 

immunotherapeutic approaches.  

Conclusion 

In this chapter, we have shown that AF is a potent TrxR antioxidant inhibitor in vivo when 

delivered in different doses and through various administration routes. Additionally, we 

have shown that when AF is sequentially combined with direct CAP treatment, this 

combination exhibits enhanced antitumor efficacy, resulting in an increased survival in 

SB28 tumor-bearing mice. This novel preclinical data support increasing oxidative stress by 

the sequential combination therapy of AF and CAP, to be a promising treatment strategy 

in GBM.  
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CHAPTER 6 

General discussion, future challenges and future perspectives  
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General discussion  

Tumors are known to be capable of escaping antitumor immunity (1). One way of cancer 

cells to evade the immune response is accomplished by being poorly immunogenic (2). As 

such, cancer cells can express antigens but the immune system fails to distinguish them 

from tolerized self-antigens. Frequently, these poorly immunogenic tumors have low 

mutation rates, produce few neoantigens and have low immune cell infiltrates in their tumor 

microenvironment (TME) (3). Making the tumor more immunogenic might improve 

potent anticancer immune responses.  

This thesis describes the investigation of two novel oxidative stress-mediated treatments in 

their capacity to target tumor cells and to increase immunogenicity of these tumor cells in 

two different tumor types which are characterized as low immunogenic, namely pancreatic 

ductal adenocarcinoma (PDAC) and glioblastoma (GBM). The common underlying 

therapeutic approach for both tumor types is the novel oxidative stress-mediated cold 

atmospheric plasma (CAP) treatment. In addition, this exogenous reactive oxygen species 

(ROS)-inducing treatment is combined with auranofin (AF), an endogenous antioxidant 

inhibitor, for the treatment of GBM. This thesis also provides a strong rationale for a 

combination with immunotherapeutic approaches for boosting the immunological 

response against PDAC and GBM.  

I started this PhD project with investigating the release of immunogenic cell death (ICD)-

related markers and subsequent activation of DCs in PDAC after treatment with CAP-

treated PBS (pPBS) as novel oxidative stress-inducing therapy, in vitro (chapter 3). I 

revealed that pPBS has the potential to induce ICD in pancreatic cancer cells (PCCs) and 

to reduce the immunosuppressive TME by attacking the tumor-promoting pancreatic 

stellate cells (PSCs). 

Ever since the concept of ICD was pioneered by the labs of Guido Kroemer and Laurence 

Zitvogel by the use of several chemotherapeutics, it has been emerged as regulated form of 

cell death induced by numerous ROS-inducing therapeutic strategies, now including CAP 

(4, 5). Our study is in line with different in vitro studies that indicate the release of different 

danger-associated molecular patterns (DAMPs) after CAP treatment (6-13). Following our 

results, later performed studies by others also showed maturation of DCs based on 
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increased expression of maturation markers (CD83, CD86 and MHC class II) in coculture 

with CAP-treated tumor cells (14, 15). Furthermore, several in vivo models have shown to 

increase tumor immunogenicity in melanoma, pancreatic cancer and colon cancer after 

CAP treatment (12, 13, 16, 17). 

As reviewed in chapter 2, tumor cells can evolve mechanisms to protect themselves against 

intrinsic oxidative stress and can develop an adaptation mechanism by upregulation of pro-

survival molecules and their antioxidant defense system to maintain the redox balance and 

to potentially become resistant towards exogenous ROS-inducing therapy. Therefore, dual 

targeting of tumor cells by increasing exogenous levels of ROS and inhibiting the 

antioxidant defense system can maximally exploit ROS-mediated cell death mechanisms as 

therapeutic anti-cancer strategy. In this regard, pPBS was combined with AF, a thioredoxin 

reductase (TrxR) inhibitor, in GBM (chapter 4). Additionally, it has been shown that AF-

dependent inhibition of TrxR acts on the PI3K/Akt/mTOR survival pathway, causing 

apoptosis of cancer cells (18). Interestingly, this signaling pathway is often activated in 

GBM patients due to alterations of its upstream regulators or reduced expression of PTEN, 

the negative regulator of the pathway (19). In addition, AF blocks IL-6 signaling by 

inhibition of the JAK/STAT3 signaling pathway (20). Since this pathway is known to be 

involved in immune evasion, it is suggested that such inhibitors would be interesting to 

combine with immunotherapy (21).  

A synergistic ROS-induced response was shown after combination of AF and pPBS 

treatment in 2D and 3D cell cultures. Additionally, this combination was able to elicit 

DAMPs and to increase immunogenicity of dying GBM cells. However, it should kept in 

mind that besides the increase in maturation of DCs, the combination treatment of pPBS 

and AF inhibited the phagocytotic capacity of DCs in GBM. This effect was due to the 

presence of AF as previously shown by others (22). This can be explained by the history of 

its use as an antirheumatoid arthritis drug linked to inhibition of pro-inflammatory 

mediators and oxidative burst in monocytes and granulocytes necessary for effective 

phagocytosis (23). Based on our results AF could have both pro- and anti-inflammatory 

effects, warranting investigation of these immunomodulating effects of AF in an in vivo 

setting. 
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In contrast with PCC lines, pPBS single treatment did not elicit DAMPs in GBM cells, 

except for a statistically non-significant increase of ecto-calreticulin (ecto-CRT) for LN-229 

and U-87 cells. On top, there was no increase in maturation markers or phagocytosis when 

pPBS-treated GBM cells were cocultured with immature DCs. This indicates that the 

immunogenic capacity of pPBS monotreatment is tumor type and cell line dependent with 

PDAC cells being more susceptible compared to GBM cells. These results provide an 

additional rationale to combine pPBS with AF treatment in GBM cells. In conclusion, this 

highlights the importance of biological variation among tumors and their different 

biological responses to similar treatments.  

Next, the subcutaneous in vivo GBM mice model revealed antitumor effects after sequential 

combination with AF and CAP using a DBD device, which resulted in a reduction in tumor 

volume and an increase in survival (chapter 5). These results are in line with the in vitro 

results of chapter 4 obtained in 2D and 3D cell cultures using different CAP sources 

(kINPenIND® and COSTjet, respectively). This indicates that several CAP sources and 

applications (direct or indirect) might exhibit similar effects in combination with AF in the 

treatment of GBM, although this remains to be verified in a comparative in vivo study.  

We used the poorly immunogenic SB28 GBM tumor model, which is characterized with 

sparse T cell infiltrates, absence of MHC-I and MHC-II expression and a very low 

mutational load, explaining the weak immunogenicity and irresponsiveness towards anti-

CTLA-4 and anti-PD-L1 combined therapy (24). As such, this SB28 mice model represents 

the poorly immunogenic nature comparable to the human situation. However, Simonds et 

al. showed that the response towards this immune checkpoint blockade was dependent on 

tumor site. In contrast to intracerebral orthotopic SB28 tumors, subcutaneous SB28 tumors 

did respond towards combined anti-CTLA-4/anti-PD-L1 therapy due to a better influx of 

DCs in subcutaneous tumors compared to intracranial tumors that contained abundant 

tumor-associated macrophages and microglia (25). This highlights the importance to 

further investigate the TME and identify different immune populations in the TME that 

might contribute to the responsiveness towards the combination therapy of AF and CAP.  

In literature it has already been shown that CAP monotherapy induced higher immune cell 

infiltration (CD4+ T cells, CD8+ T cells and CD11c+ DCs) in a syngeneic melanoma and 

breast cancer mice model (16, 26). An increased expression of CD8+ T cells was 
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demonstrated in a similar breast cancer model following two weeks of AF monotherapy 

(10 mg/kg, intraperitoneal) (27). This immune characterization of the TME in our GBM 

model might provide a stronger rationale for future combinations with immunotherapeutic 

approaches, as described below. Furthermore, it will be of added value to validate the 

combination therapy in an orthotopic mice model.  

In conclusion, these preclinical data support the idea of CAP and AF as ROS-inducing 

treatments to target PDAC and GBM, and potentially enhance immunogenicity of PDAC 

and GBM in vitro, but remain to be demonstrated in vivo.  

Future challenges  

Future challenges for cold atmospheric plasma (CAP) treatment  
To date, CAP treatment has already found its clinical applications in wound healing, blood 

coagulation, ulcer prevention and decontamination (28, 29). Additionally, CAP treatment 

is emerging as a promising anticancer treatment that can supplement other cancer therapies 

(e.g. immunotherapy) and enhance their selectivity and efficacy against resistant tumors (30-

32). Although the field of CAP already exists for a longer period of time, it faces different 

challenges with regard to cancer treatment.  

It is convenient that for the clinical applications in wound healing and ulcer prevention, 

CAP is administered topically. However, a big challenge is the clinical treatment of non-

superficial tumors within a patient. One clinical approach could be direct administration of 

CAP as an intra-operative adjuvant treatment. Another method could be the indirect 

delivery of CAP to deeply located tumors via CAP-activated liquids (33, 34). Moreover, the 

type (direct or indirect) of CAP application has several different implications regarding the 

interaction with the biological target. In case of direct CAP treatment, both short- and long-

lived reactive species, as well as physical factors (UV light and in some cases electromagnetic 

fields) may be present during the treatment, while with indirect CAP treatment only long-

lived species (such as H2O2 and NO2-) should be considered (35). Although CAP-activated 

liquids have more therapeutic potential for non-superficial tumors with less toxicity, the 

absence of short-lived species may have an impact on the cytotoxic effect of cancer cells 

(9, 33, 36). Since both routes of administrations have favorable and unfavorable factors, the 

best choice of delivery methods remains a challenge in the field of CAP oncology.  
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Another major challenge is the need for more standardized and comparable CAP sources. 

In this project alone, three different application methods and CAP devices were considered 

for diverse preclinical models. Firstly, 2D monolayers were treated with CAP-treated PBS 

in vitro, using the kINPenIND® source. Secondly, 3D spheroids were directly treated with 

CAP using the COSTjet device, since more H2O2 species are delivered compared to the 

CAP-treated PBS necessary to inhibit spheroid survival. Finally, subcutaneous tumors in 

vivo were directly treated using a DBD source. The reason for these different CAP sources 

was due to feasibility issues, in-house experience (13, 37) and translational value. In case of 

the latter, the kINPenIND® source had the most translational value, since a similar jet 

device (kINPenMED®) is one of the only certified clinical CAP devices for oncological 

purposes until now (38). The use of different custom-made devices or modifications by 

different CAP research groups, including our consortium, pose a challenge with respect to 

comparability of the obtained results, leading to difficulties defining efficacy and long-term 

safety of CAP devices in a comparable and standardized manner (29). This lack of 

standardization represents the major limitation in the field of CAP oncology and action on 

this front should be taken before CAP can evolve into a potent broadly used anti-cancer 

treatment. Importantly, We have demonstrated that combining CAP with AF worked 

synergistically with each plasma device and in increasingly complex preclinical models, 

highlighting the robustness of this combination strategy.  

In chapter 2 it is suggested that oxidative stress-inducing treatments can have pleiotropic 

effects, which can steer the immune response towards pro- or antitumoral immunity. In 

case of CAP treatment, these direct and indirect effects on immune cells still need to be 

investigated in more detail when combining CAP with immunotherapy. It will be of interest 

to reveal if CAP affects viability, polarization, activation or effector functioning of different 

types of innate and adaptive immune cells. Additionally, it will be important to elucidate 

the effect on other players of the surrounding TME. Multiple publications claim that CAP 

acts specifically on cancer cells, leaving the normal cells to survive the exposure (39-42). 

This is suggested by the impaired ability of cancer cells to deal with oxidative stress-

mediated disturbances compared to normal cells (43). Such selectivity would have great 

clinical advantages, since both PDAC and GBM reside in vital, fragile and irreplaceable 

organs. While several papers claim that CAP selectively kills cancer cells in vitro, 
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retrospective analysis of these papers reveals that definitive proof is rather scarce. This is 

largely due to the discrepancies between treatment conditions for cancer and non-

cancerous cells in vitro, e.g. differences in media, cell type and tissue type (40, 42, 44-46). 

Therefore, we recently analyzed the specificity of CAP in a controlled manner on cancer 

and non-cancerous counterpart cells. The result indicate that selectivity was mostly absent, 

also for U-87 GBM cells versus astrocytes (47). In contrast to our findings, Hasse et al. 

demonstrated selectivity for head and neck cancer tissue in comparison to its healthy 

counterpart, both derived from the same patient (48). Organoid models containing 

different cell types representing the TME will provide valuable information in this context. 

In addition, animal models might also provide a good indication whether CAP exerts 

collateral damage to healthy tissue and has the advantage of a functional immune system to 

investigate the immunomodulating effects. In our in vivo study, there was no observed 

toxicity of the direct CAP application based on body weight and behavior of the mice and 

there were no signs of local skin lesions at the site of the treatment.  

Future challenges for auranofin (AF) treatment 
Due the escalating costs and timeline required for new drug discovery and development, 

there is an increasing interest in repurposing well-known and well-characterized licensed 

non-cancer drugs to the oncology domain, as underscored by The Repurposing Drugs in 

Oncology project (49, 50). Here, AF is one of the compounds that is gaining interest for 

repurposed use in cancer research. In GBM, AF is one of the nine repurposed drugs used 

in the CUSP9 treatment protocol currently undergoing a clinical trial (NCT02770378) as 

add-on treatment to standard-of-care temozolomide for recurrent GBM (51). In this 

CUSP9 treatment strategy, AF is also used as one of the drugs in the combination to 

increase ROS-mediated cell death and was therefore of interest to our research in 

combination with CAP treatment (52). 

Compared to the daily oral dosage of 6 mg of AF in rheumatoid arthritis patients (53), much 

higher doses of AF are given in vivo to inhibit TrxR activity in the tumor of mice. In our 

study, intraperitoneal injections of high dosages of AF induced acute toxicity in mice, 

leading to early and abrupt discontinuation of the treatment. Curiously, other groups which 

administered high dosages of AF in mice mentioned no signs of toxicity (54, 55). We chose 

for a delivery method with slow and continuous delivery of the drug, namely subcutaneous 
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implantation of an osmotic minipump (56). Here, a low AF concentration (2 mg/kg) was 

well tolerated and induced necrotic cell death. Oral administration of higher dosages of AF 

(10 or 15 mg/kg) was well tolerated by mice and showed a delay in tumor growth when 

combined with CAP. Importantly, it might be challenging to obtain sufficiently high 

concentrations of AF in the patient’s tumor without increasing unwanted side-effects. 

Therefore, further in-depth validation of administration route and dosing of AF is required 

before clinical application in an anticancer therapeutic setting. Moreover, new technological 

innovations such as AF-loaded nanoparticles could offer a possible solution since they are 

able to enhance drug localization in the target site and minimize systemic cytotoxicity (57, 

58).  

Future perspectives  

As proposed by Chen and Mellman, sensitizing for cancer immunotherapy can be done by 

interfering on different levels in the cancer immunity cycle (59). In this cycle, immunogenic 

tumor cell death, as induced by our ROS-mediated treatment strategy in vitro, is the first and 

imperative step to provide antigens to antigen presenting cells (APCs), more specifically 

DCs, for T cell priming. Further in vivo characterization of the TME after the ROS-inducing 

combination strategy of AF and CAP is necessary to provide a strong rationale for a specific 

combination with immunotherapeutic approaches, to ensure optimal therapeutic response. 

For now, I suggest some immunotherapeutic strategies that might be beneficial when 

combined with AF and CAP, but these are not exclusive.  

One way to enhance effectivity of the ROS-inducing treatment is in combination with 

immunotherapeutic approaches that can boost the DC-based processes, which include 

antigen presentation and T cell priming and activation. For instance, the immunogenic 

potential of this treatment strategy can be linked with immunotherapy through DC 

vaccination. Here, autologous patient-derived monocytes can be differentiated into DCs 

and loaded with tumor-associated antigens, ex vivo. These tumor antigen loaded-DCs are 

reinjected into the patient to elicit a tumor-specific immune response (60). One approach 

to provide an efficient source of multiple tumor-associated antigens and adjuvants to load 

DCs is the use of whole tumor lysates, following treatment that enhances immunogenicity 

of these tumor cells (61, 62). Whole tumor lysates have the advantage of containing the full 
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tumor antigen repertoire, allowing DCs to naturally process the proteins and present several 

patient-specific tumor antigens (60). Different treatment modalities have been described to 

enhance the immunogenicity of cancer cells in the context of DC vaccines, all of which had 

the capacity to induce ICD (61, 62). For example, Garg et al. showed that inducing ICD of 

GBM cells after hypericin-based photodynamic treatment, instead of freeze/thawing-based 

necrosis, markedly improves DC vaccines by increasing immunogenicity of dying tumor 

cells, which they link to the release of potent DAMPs (63). Recently, it has been shown that 

CAP-treated tumor lysates also might be able to activate DCs in order to prime T cells and 

induce CD8+ T cell killing (15). In a clinical setting, melanoma and GBM patients have 

successfully been treated with DC vaccines loaded with irradiated tumor cells, however 

long-term antitumoral effects were limited (64, 65). Additionally, there is a clinical 

requirement of reaching 100% cancer cell death since subcutaneous injections of irradiated 

tumor cells had induced subcutaneous tumor growth in one GBM patient (66). So, the 

activation of anticancer immune responses following tumor treatment using ICD inducers 

as clearly demonstrated in several in vivo experimental models, has not been as apparent in 

the clinical studies performed so far (61). Despite the ability of DC-based vaccines to elicit 

immunological responses, these clinical studies have pointed to the limitation in which this 

approach fails to generate effective and durable clinical antitumor responses, especially 

when used as monotherapy (67).  

Another immunotherapeutic approach to combine with ROS-inducing treatments are 

ligands of specific immune-related pathways that can generate a powerful adjuvant activity 

for enhancing adaptive immune responses (68). One possibility is the use of STING 

ligands, which induce the production of type I interferons (IFN) that play a particularly 

crucial role in the regulation of DCs. In addition to DC maturation by inducing expression 

of type I IFN, STING ligands can activate DCs in vitro and in vivo and enhance presentation 

of tumor-associated antigens to CD8+ T cells (69, 70). In this context, it has been 

demonstrated that a STING ligand is a potent adjuvant for enhancing the adaptive immune-

mediated local and distant tumor control by radiotherapy in PDAC (71). Another adjuvant 

for ICD-inducing treatment, might be the use of Toll-like receptor (TLR)-agonists (72, 73). 

Our research group has already extensively examined the use of one specific TLR-agonist, 

namely poly(I:C), to prime GBM and awaken immune cells (74). In a clinical trial, the 
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combination of poly(I:C) with standard of care (radiotherapy and temozolomide) in GBM 

patients improved overall survival from 14.6 months, as reported by the EORTC trial, to 

18.3 months (75). In this context, it would be interesting to investigate the immunogenic 

effect when combining poly(I:C) as adjuvant with the ROS-inducing treatment strategy to 

induce ICD. Thus, therapeutic strategies that activate innate immune-sensing pathways 

might have the potential to further increase tumor immunogenicity in combination with 

our treatment strategy and thereby heating up immune cold tumors that do not respond to 

immunotherapy.  

Although the above mentioned combinatorial approaches focusing on DC-based processes 

might have the potential to increase tumor immunogenicity, their therapeutic effectiveness 

might be hampered by the presence of immunomodulatory immune checkpoint molecules 

in the TME (76). Furthermore, checkpoint blockade therapy alone has only shown low 

therapeutic efficacy in low immunogenic tumor types, such as GBM and PDAC, compared 

to high immunogenic tumors (77, 78). Therefore, a combination of ICD-inducing treatment 

to enhance tumor immunogenicity together with immune checkpoint blockade (e.g. anti-

PD-(L)1) to remove inhibition of cancer cell killing by T cells, targets more than one phase 

of the cancer immunity cycle and might improve therapeutic response (59). As such, 

combining DC therapy with systemic PD-1 blockade in mice bearing GBM tumors 

improved survival compared to both single treatments (79). In preclinical in vivo studies, the 

combination of immune checkpoint blockade (e.g. anti-PD-(L)1 and anti-TIM-3) and 

radiotherapy, a potent ICD inducer, have been shown to improve antitumor immunity and 

survival in mice models bearing GBM or PDAC (80-82). In a clinical setting, there are 

approximately a dozen clinical trials evaluating the use of immune checkpoint blockade in 

combination with radiotherapy in GBM and PDAC, indicating the promising therapeutic 

option of combining ICD inducers with immune checkpoint blockade. In our case of CAP 

and AF treatment, the preclinical evidence for this possible combination is limited. So far, 

only one study examined the combination of CAP treatment with anti-PD-L1, in vivo. They 

showed delayed tumor growth and prolonged survival in a melanoma mice model 

compared to the untreated group and the single treated groups (83). Similarly, in case of 

AF only one in vivo study demonstrated impaired tumor growth in breast cancer tumors in 

combination with anti-PD-L1 (27).  
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In conclusion, there are several immunotherapeutic options to combine with the ROS-

inducing treatment strategy that might increase immunotherapeutic efficacy in GBM and 

PDAC patients. In a possible follow-up study these combinations can be further explored.  
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Pancreatic ductal adenocarcinoma (PDAC) and glioblastoma multiforme (GBM) are two 

of the most malignant solid tumor types with poor survival rates, which underscore the 

urgency of novel and efficacious treatment strategies. Within the last decade, 

immunotherapy has been established as a breakthrough in cancer therapy. This mainly has 

been driven by the clinical data and approval associated with several immune checkpoint 

inhibitors (e.g. anti-CTLA-4 and anti-PD-1/L1). Despite the clinical benefit in specific 

tumor types, these inhibitors have not yet fulfilled their promise in low immunogenic 

tumors such as PDAC and GBM.  

Oxidative stress in cancer cells due to elevated reactive oxygen species (ROS) and an 

inability to balance intracellular redox state has recently been highlighted as promising target 

for anticancer treatment strategies with possible immunogenic effects. In this PhD 

dissertation, I investigated novel oxidative stress-mediated treatment approaches to target 

PDAC and GBM and to enhance immunogenicity by inducing immunogenic cell death 

(ICD). 

In the first part of this thesis (chapter 2), I reviewed the mechanistic responses of cancer 

cells towards different oxidative stress-inducing treatment strategies and their 

immunomodulating effects. The resulting literature demonstrated that different exogenous 

and endogenous ROS-inducing therapies show direct and indirect immunomodulating 

effects, which can be either immunostimulatory or immunosuppressive. One of the indirect 

immunostimulatory effects of the ROS-mediating therapies is the capacity of inducing 

immunogenic cell death (ICD) in tumor cells, which can increase the immunogenicity and 

consequently can trigger an antitumoral immune response.  

In chapter 3, I investigated a novel exogenous ROS-inducing treatment method, namely 

cold atmospheric plasma, to determine the therapeutic and ICD-inducing effects in PDAC, 

in vitro. I revealed that plasma-treated PBS (pPBS) has the potential to induce ICD in 

pancreatic cancer cells (PCCs) and to reduce the immunosuppressive tumor 

microenvironment (TME) by attacking the tumor supportive pancreatic stellate cells 

(PSCs). Although the cell death induced in PSCs was non-immunogenic as seen by the lack 

of danger-associated molecular patterns (DAMPs) emission and DC activation, I showed 

that pPBS could disrupt the physical barrier and lower the immunosuppressive secretion 

profile (lower TGF-β) of PSCs. In contrast, DAMPs were released by PCCs after treatment 
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with pPBS which resulted in activation and maturation of DCs and a more 

immunostimulatory secretion profile (higher TNF-α, IFN-γ). Hence, indirect plasma 

treatment via pPBS has the potential to enhance immunogenicity in PDAC by triggering 

ICD and by attacking the immunosuppressive PSCs. 

Tumor cells can evolve adaptation mechanisms to protect themselves against intrinsic 

oxidative stress by upregulation of pro-survival molecules and their antioxidant defense 

system to maintain the redox balance. As such, tumor cells can become resistant towards 

exogenous ROS-inducing therapies, like plasma. Dual targeting of the redox balance of 

tumor cells by increasing exogenous levels of ROS and inhibiting the antioxidant defense 

system can maximally exploit ROS-mediated cell death mechanisms as therapeutic 

anticancer strategy. In this regard, cold atmospheric plasma was combined with auranofin, 

a thioredoxin reductase inhibitor, in GBM (chapter 4). A synergistic effect was shown after 

this combination treatment in 2D and 3D, however, in 3D only high concentrations of 

auranofin synergized with plasma treatment. I confirmed a ROS-mediated response after 

combination treatment, which was able to induce distinct cell death mechanisms, 

specifically apoptosis and ferroptosis. Additionally, the auranofin and plasma combined 

treatment strategy induced cell death, which resulted in an increased release of DAMPs. 

Together with the observed DC maturation, these results indicates the potential increase in 

immunogenicity, though, the phagocytotic capacity of DCs was inhibited by auranofin.  

In chapter 5, I evaluated this promising oxidative stress combination therapy in GBM, in 

vivo. A decrease in tumor kinetics and an increased survival in GBM-bearing mice was 

observed when auranofin was sequentially combined with direct plasma treatment. No T 

cell infiltration was observed after auranofin monotherapy. However, further 

characterization of the TME after the combination therapy is necessary to provide more 

insight in the immunogenic effects in vivo.  

In conclusion, this PhD dissertation comprises novel and important therapeutic and 

immunogenic insights in cold atmospheric plasma and auranofin as promising oxidative 

stress-mediated treatment strategies for low immunogenic tumors, like PDAC and GBM. 

These preclinical results provide a solid basis for future research towards combinations with 

immunotherapeutic approaches.  
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Pancreaskanker en glioblastoom zijn twee kwaadaardige tumor types die gekenmerkt 

worden door een slechte prognose en lage overlevingskansen. Dit benadrukt de urgentie 

voor nieuwe doeltreffende behandelingen. De laatste tien jaar is de interesse in 

immuuntherapie enorm aangewakkerd door de klinische resultaten verkregen met 

therapeutische remmers van belangrijke immunologische ‘checkpoints’ aanwezig op 

kankercellen en/of immuuncellen. Ondanks goede resultaten in bepaalde kankertypes, 

heeft deze vorm van immuuntherapie niet het gehoopte effect in laag immunogene solide 

tumoren zoals pancreaskanker en glioblastoom.  

Het induceren van oxidatieve stress in kankercellen is een belangrijk doelwit voor nieuwe 

behandelingsstrategieën, die mogelijks immunologische effecten teweeg brengen. In deze 

doctoraatsthesis, heb ik het therapeutische en immunologische effect van een nieuwe 

oxidatieve stress-geassocieerde behandelingsstrategie geëvalueerd in pancreaskanker en 

glioblastoom.  

Het eerste deel van de thesis (hoofdstuk 2) beschrijft een overzicht van de mechanistische 

en immunologische effecten van verschillende kankerbehandelingen die oxidatieve stress 

kunnen verhogen in kankercellen. Deze review toont aan dat er verschillende 

behandelingen exogene en endogene reactieve zuurstofradicalen kunnen vrijstellen, die 

zowel directe als indirecte effecten hebben op het immuunsysteem. Deze immunologische 

effecten kunnen zowel stimulerend als remmend zijn. Een belangrijk direct en 

immunologisch stimulerend effect van dergelijke therapieën is het doden van kankercellen 

waarbij immunologische gevarensignalen worden vrijgesteld die een specifieke antitumor-

immuunreactie kunnen teweegbrengen. Dit specifiek type van celdood waarbij deze 

vrijgestelde immunologische signalen vrijgegeven worden, wordt immunogene celdood 

genoemd.  

In hoofdstuk 3, heb ik fysisch koud atmosferisch plasma onderzocht als nieuwe oxidatieve 

stress-geassocieerde kankerbehandeling in pancreaskanker. Hierbij toonde ik d.m.v. de 

vrijgestelde immunologische signalen aan, dat plasma het potentieel heeft om immunogene 

celdood op te wekken in pancreaskankercellen. Dit gaf vervolgens aanleiding tot fagocytose 

door dendritische cellen en maturatie van deze dendritische cellen. Bovendien was plasma 

in staat om de tumor-geassocieerde stellaatcellen met een immunologisch remmende 

werking aan te vallen. Deze resultaten tonen aan dat koud atmosferisch plasma in staat is 



154  │  SAMENVATTING 
 

pancreaskankercellen en stellaatcellen aan te vallen en bijgevolg het immunologische 

karakter van pancreaskanker te versterken.  

Kankercellen hebben de eigenschap om zich aan te passen aan omstandigheden waarbij er 

te veel zuurstof aanwezig is zoals bij oxidatieve stress, door hun beschermingsmechanisme 

van antioxidanten te versterken. Hierdoor kan er resistentie ontstaan tegenover oxidatieve 

stress-geassocieerde kankerbehandelingen. Daarom zou het voordelig zijn zowel oxidatieve 

stress te verhogen in kankercellen als tegelijkertijd het beschermingsmechanisme van 

antioxidanten te blokkeren. In hoofdstuk 4 heb ik deze behandelingsstrategie onderzocht 

in glioblastoom. Hierbij hebben ik koud atmosferisch plasma gecombineerd met een 

inhibitor van het thioredoxine reductase beschermingsmechanisme, namelijk auranofine. 

Deze combinatie gaf aanleiding tot een synergistische therapeutische respons in 2D- en 3D-

celculturen van glioblastoom, waarbij een hoge concentratie aan zuurstofradicalen werd 

waargenomen. Verder werd apoptose en ferroptose van glioblastoomcellen waargenomen 

na behandeling met plasma en auranofine. Naast het therapeutische effect van de 

combinatiestrategie werden immunologische gevarensignalen vrijgesteld, die enerzijds 

aanleiding gaven tot maturatie van dendritische cellen. Anderzijds werd fagocytose van 

glioblastoomcellen door deze dendritische cellen verminderd door de aanwezigheid van 

auranofine.  

Vervolgens heb ik in hoofdstuk 5 de combinatie van plasma en auranofine getest in een 

glioblastoom muismodel. Er werd een vertraagde tumor groei en een toename in overleving 

waargenomen in het glioblastoom muismodel na behandeling met een sequentiële 

combinatie van auranofine en plasma. Er werd geen T-celinfiltratie waargenomen na 

behandeling met auranofine. Verdere karakterisering van de tumormicro-omgeving na de 

combinatiestrategie is echter nodig om meer inzicht te krijgen in de potentiële 

immunologische effecten in vivo.  

Samengevat beschrijft dit doctoraatsonderzoek belangrijke therapeutische en 

immunologische inzichten verworven in het gebruik van koud atmosferisch plasma en 

auranofine als oxidatieve stress-geassocieerde kankerbehandeling gericht tegen 

pancreaskanker en glioblastoom. Deze preklinische resultaten vormen dan ook een sterke 

basis voor toekomstige veelbelovende combinaties met immuuntherapie, al dienen deze 

verder onderzocht te worden.  
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