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1.1 Rationale and positioning with regard to state-of-the-art

1.1.1 Problem definition of PDAC

Pancreatic cancer has become the sixth leading cause of death by cancer globally [1]. In
2022, global pancreatic cancer incidence and mortality were 511,000 and 467,000,
respectively [1]. Pancreatic ductal adenocarcinoma (PDAC), the most common type of
pancreatic cancer with approximately 85% of all cases [2], is characterized by a
desmoplastic reaction, which triggers the formation of a dense, fibrous tissue [3]. This
dense tissue creates high intratumoral pressure, causing vascular compression and
hypovascularity, which inhibits drug delivery and induces chemoresistance [4]. Activated
pancreatic stellate cells (PSCs) can be seen as the guardians of PDAC and are major
contributors to this desmoplastic reaction [5]. Due to their cross-talk with pancreatic cancer
cells (PCCs), they cause the creation of a complex tumor microenvironment (TME), leading
to the acquisition of properties like rapid growth, high invasive and metastatic potential,
survival in hypoxic and low-nutrient condition, etc. [6]. Surgery in combination with
conventional therapies is currently the only potential treatment for PDAC [7]. The five-year
survival rate for this disease is only around 10 % and confirms once again that pancreatic
cancer is the deadliest type of cancer and underscores why alternative treatment options
are highly needed [1, 8, 9]. Failure to significantly increase survival rates of this disease is
highly related to the tumor complexity, e.g. dense desmoplastic shield due to PSCs. Looking
into the different parameters that create this complexity, such as the PSCs and the TME,
and using models that can mimic this complexity, are highly important in research towards

a novel therapy for PDAC.

1.1.2 Current treatment of PDAC patients

Currently, surgery with adjuvant chemotherapy (FOLFIRINOX or Gemcitabine/Nab-
Paclitaxel) is the most successful treatment strategy for PDAC [7]. Out of 30% of all PDAC
patients that are potentially eligible for surgery at time of diagnosis, only 15-20% of all
patients are candidates for surgical resection, as others are limited by the local progression

of the disease towards other organs [10]. For others, total removal cannot be achieved due
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to safety reasons concerning arteries (including borderline resectable and/or locally
advanced tumors) [11]. Thus, this strategy presents multiple limitations for the treatment
of PDAC: i) metastases are not removed; and ii) remaining PCCs in the tumor site have the
risk to form secondary tumors. Although chemotherapy provides an increase in overall
survival for PDAC patients, this improvement is only with a few months, and overall survival
is barely prolonged with one year [12, 13]. Compared to other types of cancer, PDAC has
an increased resistance to chemotherapy, partially due to the vascular compression and
hypovascularity caused by the desmoplastic shield [14]. Radiotherapy for PDAC is only used
for improving surgical resection or in combination with chemotherapy, known as
radiochemotherapy [15]. Immunotherapy was awarded to be the biggest scientific
breakthrough in 2013 [16] and has found its way to the therapeutic armamentarium of

several cancer types, however, its efficacy in clinical trials is still limited in PDAC [17, 18].

The current conventional therapies leave significant room to improve the survival of PDAC
patients. Novel combination therapies for PDAC are necessary to improve the therapeutic
outcome, which is a big need of PDAC patients. Therefore, this PhD thesis aims to explore
the ability of cold atmospheric plasma (CAP) treatment in combination with chemotherapy

to treat this lethal disease [19].

1.1.3 Implementation of CAP for PDAC treatment

CAP is a partially ionized gas that operates below 40°C, which includes a cocktail of
electrons, various types of ions, radicals, and excited species. In N2/O2 mixtures (or air), the
reactive species formed are referred to as reactive oxygen and nitrogen species (RONS).
These RONS disrupt the oxidative balance within cells, which causes cellular oxidative stress
and could lead to various effects, e.g., protein and DNA damage, destruction of lipid
membranes, activation of the immune system, etc. [19, 20]. CAP treatment can have
positive effects on tissues when delivering low levels of RONS, e.g., promote wound healing
by blood coagulation, angiogenesis and tissue regeneration [21, 22]. When higher levels of
RONS are exogenously applied with CAP, it can induce cell death, as the oxidative balance
in cancer cells and tissues becomes disturbed [19]. The intracellular RONS level in cancer

cells is higher than in healthy cells due to a higher metabolic activity, suggesting a selective
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killing effect of CAP on cancer cells [23-25]. In all cases, the administered concentration of
RONS depends on the treatment time, the distance from the nozzle of the device to the
tissue, the type of feed gas used, the device itself, the treatment liquid and its supplements.
This difference in cellular effects provides a large variety of applications for CAP treatment

and lies at the basis of this PhD thesis.

High-dose CAP has shown great potential for its therapeutic capabilities against cancer and
has demonstrated to effectively eliminate several cancer cell types both in vitro and in vivo
[23, 26, 27]. Early studies have shown that CAP is also able to alter the extracellular matrix
(ECM) by oxidation and denaturation of ECM proteins [28], which is very interesting for the
desmoplastic tissue of PDAC and could relief intratumoral pressure, however more
research is needed regarding this topic. Other benefits of CAP are the permeabilization of
the cell membrane and tissues like skin [29], which can sensitizes cells to
chemotherapeutics [30], and the induction of immunogenic cell death [31]. The advantage
of CAP is its multimodal nature that can simultaneously attack multiple targets in cancer
cells and their TME, overcoming some of the limitations of current therapies. Adding CAP
treatment to conventional chemotherapy in PDAC, could potentially lead to a more
effective combinational therapy to improve clinical outcome of this aggressive cancer.
Currently, only three studies have investigated the effect of CAP treatment on PDAC
including PSCs. However, they only focused on cell viability of mono-culture PSCs [31-33].
To fill the knowledge gap, my PhD thesis focused on co-culture and three-dimensional (3D)
models to recapitulate the TME more accurately. A more detailed explanation of PDAC, the
importance of the PSCs, the TME, current treatment methods and their limitations, and the

potential of CAP for (pancreatic) cancer can be found in my published review article [6].

1.1.4 Low-dose CAP to induce angiogenesis in PDAC, in order to enhance

chemotherapeutic delivery and efficacy
Significant attention in cancer research has been given to anti-angiogenic approaches to
inhibit vascularity and tumor growth. However, these approaches highly struggle with

retaining their promising pre-clinical effects when moving onto clinical models [34]. For
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PDAC, tumor aggressiveness is often increased, while chemotherapeutic effects are
decreased due to the inhibition of drug delivery and the induction of hypoxia [35]. Pro-
angiogenic approaches for PDAC have been suggested to facilitate the delivery and effect
of chemotherapeutics, showing a reduction in tumor growth, metastasis and desmoplasia,
and an increased survival, blood vessel density and perfusion [35, 36]. The first study made
use of a combination of the calcium channel blocker Verapamil and the anti-angiogenic
drug Cilengitide. The second study aimed to create therapeutic vulnerabilities by inducing
a senescence-associated secretory phenotype, which causes the release of pro-angiogenic

factors and promotes tumor angiogenesis.

CAP treatment received increasing attention in anti-cancer research for its ability to
selectively kill cancer cells. However, CAP treatment has also been used for wound healing
due to the induction of angiogenesis and tissue regeneration [22, 37, 38]. As discussed in
the previous section, this difference in application originates from the RONS concentration
dependence of cellular effects [19]. Mild CAP treatment to provide a pro-angiogenic
strategy to fight cancer is a novel and potential high-impact breakthrough in (plasma)
oncology. It could contribute to breaking the current anti-angiogenic dogma, which has
drastically shown its limitations. Furthermore, pro-angiogenic CAP treatment offers
multiple advantages over angiogenic drugs, such as the multimodal nature of CAP to
influence cancer cells or tissues in multiple ways, as described earlier. Importantly, CAP is
a highly localized, temporal and non-invasive treatment which significantly reduces side

effects compared to systemic drug administration [28].

1.2 Aims

1.2.1 Hypothesis

| can summarize previous information as follows: 1) PDAC tumors show hypovascularity
and vascular compression providing chemoresistance; 2) low CAP treatment times can
induce angiogenesis alongside other effects (e.g. selective elimination of cancer cells,
alteration of the ECM, cell membrane & tissue permeation, which sensitizes cells to

chemotherapy); 3) high CAP treatment times are cytotoxic to cancer cells due to oxidative
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damage which could be selective to cancer cells over healthy cells; and 4) cross-talk
between PCCs and PSCs majorly contributes to creating the ideal TME to benefit tumor
growth, resilience and survival. This has led to the first hypothesis of my PhD thesis that
low-dose CAP treatment can enhance the uptake and efficacy of chemotherapeutics in
PDAC by inducing angiogenesis, causing a synergistic effect. The second hypothesis is that
cytotoxic high-dose CAP treatment could increase the efficacy of eliminating PCCs in
combination with chemotherapy by inducing cell death through oxidative stress, which is a

different mechanism of action than that of gemcitabine and paclitaxel.

1.2.2 Aims and objectives

This PhD thesis explores two therapeutic approaches using CAP treatment to tackle the
complex TME of PDAC, using novel and complex in vitro and in ovo 3D models. The first aim
of my PhD thesis is to evaluate whether angiogenesis can be induced in cancer by low-dose
CAP treatment, which could facilitate the delivery and effect of chemotherapeutics, while
retaining an anti-cancer effect, and combined lead to a better prognosis [39]. The second
aim is to evaluate the synergistic potential of high-dose CAP treatment combined with
chemotherapeutics. | will use 3D co-culture in vitro and in ovo models of PSCs, PCCs and

endothelial cells (ECs) to mimic a more accurate TME.
My specific objectives are:

1. Establish in vitro 3D tumor-stroma-endothelial spheroid models of PDAC

2. Evaluate the effect of low-dose CAP treatment on angiogenesis using 3D in vitro and in
ovo co-culture models

3. Investigate the potential synergistic effect of high-dose CAP treatment with

chemotherapy in 3D in vitro and in ovo co-culture models
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1.3 Outline

An overview of this PhD thesis is visualized in Figure 1.1.

Figure 1.1. Outline of the doctoral PhD thesis. Overview of the two experimental models used to evaluate CAP
effects: a 3D in vitro tumor-stroma-endothelial spheroid model and an in ovo turkey CAM model. Both models
were treated with low- or high-dose CAP to assess angiogenesis, cell viability, oxidative stress, and tumor
shrinkage.

Chapter 2 provides a general and more detailed literature overview to lay the foundation
for the experimental research presented in this PhD thesis. PDAC is introduced,
emphasizing its hallmark features, such as dense desmoplasia, poor vascularization, and
resistance to therapy. Special attention is given to the role of PSCs in promoting these
treatment barriers, as well as to the emerging potential of CAP as an innovative, non-
invasive therapeutic modality. CAP's dual behavior of stimulating wound healing and
angiogenesis at low doses and inducing cytotoxicity at higher doses is discussed in the
context of cancer treatment, highlighting gaps in the current research, especially the lack

of relevant 3D and multicellular in vitro models.

Chapter 3 addresses this gap by describing the development of a set of clinically relevant

triple co-culture (TCC) spheroid models that integrate PCCs, PSCs, and ECs. Four distinct
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spheroid types are proposed to recreate the heterogeneity of the PDAC TME, making this

model more suitable for studying both angiogenic and cytotoxic responses to treatment.

In chapter 4, these models are used to investigate whether low-dose CAP treatment can
promote angiogenesis, with the aim of improving vascular perfusion and chemotherapeutic
drug delivery in PDAC. The angiogenic response is assessed using both the TCC spheroids
and a turkey chorioallantoic membrane (CAM) in ovo model for further validation. Results
demonstrated that CAP did not induce angiogenesis in PDAC but rather preserved vascular

quiescence.

Building on earlier findings, chapter 5 explores whether high-dose CAP can enhance the
efficacy of chemotherapeutic agents by directly increasing tumor cell death. Both the TCC
spheroid model and the turkey in ovo CAM model are used. Notably, | applied an innovative
technique using the in ovo model, where chemotherapy is injected directly into the tumor
vasculature. This allows for targeted drug delivery in a vascularized setting, enabling a more
accurate assessment of CAP—chemotherapy synergy in a physiologically relevant context.
Intravenous administration of chemotherapy in the turkey in ovo model resulted in
significant tumor shrinkage, proving this technique to be successful. Additionally, CAP
treatment resulted in tumor shrinkage in the in vitro experiments with low-dose
chemotherapy or without chemotherapy, but failed to further decrease cell viability (in

vitro) or tumor shrinkage (in ovo) upon combination with high-dose chemotherapy

Chapter 6 discusses the key findings from all experimental chapters and places them in the
broader context of current literature. This chapter critically evaluates the potential of CAP
as both a vascular modulator and cytotoxic agent in PDAC. In addition, it discusses the
impact of model complexity, CAP treatment parameters, and tumor heterogeneity on the
observed outcomes. Particular attention is given to the challenges and opportunities of
integrating CAP into combination therapies with chemotherapy. Finally, future
perspectives are proposed to optimize CAP application, refine delivery methods, and better

understand its mechanistic effects within the PDAC tumor microenvironment.
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2.1 PDAC: etiology, incidence and treatments

2.1.1 Cancer

Cancer is a group of diseases resulting from the transformation of normal cells into rapidly
proliferating, invasive, and therapy-resistant cells [1]. It is currently responsible for one in
six deaths overall, and for one in four deaths from noncommunicable diseases [2].
According to the 2022 Global Cancer Statistics, there were 20.0 million new cases and 9.7
million cancer deaths worldwide [2], with Europe accounting for 20.4% of global cancer
mortality (Figure 2.1). In Belgium, 76,220 new cases were reported in 2022, and about one
in three men and one in four women are diagnosed with cancer before the age of 75 [3].
About 47% of all new cancer cases worldwide in 2022 were associated with countries with
a very high human development index (HDI, an index based on life expectancy, education
and gross national income per capita), while only 4% is related to low-HDI countries [2].
Certain aggressive cancers exhibit high invasiveness, therapy resistance, and metastatic
potential. Between 2000 and 2014, these “hard-to-kill” cancers showed low five-year

survival rates, including pancreatic, liver, lung and stomach cancer [2].

Cancer is fundamentally a genetic disease, driven by mutations in key regulatory genes such
as tumor suppressor genes, oncogenes, and stability genes [4]. These mutations contribute
to the acquisition of biological capabilities known as the hallmarks of cancer [5-7]. Originally
six were defined in 2000, later expanded to ten in 2011, and most recently to fourteen
hallmarks in 2022, reflecting emerging insights into tumor biology [5-7]. These now include:
sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling
replicative immortality, inducing angiogenesis, activating invasion and metastasis,
reprogramming metabolism, avoiding immune destruction, genome instability, tumor-
promoting inflammation,  phenotypic  plasticity, = non-mutational epigenetic

reprogramming, influence of the microbiome, and senescent cell effects (Figure 2.2) [7].

Tumor development and progression also rely on dynamic interactions with TME, which
supplies immune cells, growth factors, cytokines, and matrix metalloproteinases (MMPs)

that remodel the ECM [8]. This reciprocal signaling between cancer cells and the TME
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supports tumor growth, metastasis, and resistance [9, 10]. In cancers like PDAC, such TME-

driven ECM remodeling contributes significantly to the aggressive characteristics [11].

Figure 2.1. Global cancer incidence and mortality by region. The top pie chart shows estimated new cancer
cases in 2022, totaling 20.0 million worldwide. Asia accounts for nearly half of cases (49.2%), followed by
Europe (22.4%), Northern America (13.4%), Latin America and the Caribbean (7.7%), Africa (5.9%), and
Oceania (1.4%). The bottom pie chart depicts cancer-related deaths, totaling 9.7 million globally, with Asia
contributing the largest share (56.1%), highlighting the regional disparities in cancer burden and outcomes.
Image retrieved from [2].
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Figure 2.2. The hallmarks of cancer and emerging enabling characteristics. The diagram on the left illustrates
the classical hallmarks of cancer. The diagram on the right highlights emerging hallmarks and enabling
characteristics. Together, these traits underpin cancer development and therapeutic resistance. Image
retrieved from [7].

2.1.2 PDAC

PDAC is one of the most lethal types of cancer and is refractory to most of the current
treatment approaches, as the five-year survival rate of patients subjected to surgery, radio-
and chemotherapy is barely 8% [12]. In 2022, the incidence and mortality of pancreatic
cancer counted 510,566 and 467,005, respectively [2]. PDAC is related to a poor prognosis
being ranked sixth in the leading causes of cancer mortality and is predicted to increase in
the near future [2]. Together, these numbers highlight the need for therapeutic alternatives
for this disease. High contributing factors to the development of PDAC include obesity,
smoking and a family history of the disease [13]. The acinar and ductal cells of the pancreas
are important in this development [12]. Upon environmental stimuli, e.g., stress,
inflammatory conditions, etc., acinar cells transform into ductal-like cells (Figure 2.3) [14].
Through this transformation, the acinar cells become more sensitive towards mutations in,
e.g., proto-oncogene KRAS, resulting in pancreatic intraepithelial neoplasia (PanIN-1, -2 and
-3) [12, 14]. Followed by other oncogenic mutations, these can lead to the progression
towards PDAC. KRAS mutations are present in approximately 90% of PDAC cases and are
associated with poor prognosis, often occurring alongside alterations in CDKN2A [15, 16].

Besides KRAS, other important mutations in PDAC are CDKN2A, SMAD4, and TP53 [17].
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Mutations in SMAD4 have been linked to enhanced metastatic potential and therapy
resistance, while alterations in TP53 are known to reshape the immune environment and

foster inflammation, thereby supporting tumor progression [18, 19].

Figure 2.3. Schematic representation of PDAC development and progression. PDAC originates predominantly
from exocrine tissue (acinar cells) through a multistep process, starting with acinar-to-ductal metaplasia and
progressing through various stages of pancreatic intraepithelial neoplasia (PanIN-1, -2, and -3). Key genetic
mutations characterize these transitions, including activation of KRAS and subsequent loss of tumor
suppressor genes CDKN2A, TP53, and SMAD4. Ultimately, advanced PDAC can metastasize, spreading
cancerous cells to distant sites. Image retrieved from [20].

PDAC is characterized by the development of early metastasis, a unique
immunosuppressive TME and desmoplasia, which is the formation of a dense fibrous tissue
(Figure 2.4) [21, 22]. This tissue accounts for 50-80% of the total tumor volume and is
largely a consequence of the activity of stromal cells present in PDAC [23-25]. In PDAC, this
unique TME is responsible for the aggressiveness and resistance to therapy due to rapid
growth, invasiveness, survival in hypoxic and low-nutrient environments, a high interstitial
pressure and immunosuppression in PDAC [26, 27]. This high interstitial pressure due to
the extensive desmoplastic reaction leads to vascular compression and hypovascularity

(Figure 2.4).
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Figure 2.4. Comparison of normal pancreatic tissue and PDAC TME. Normal tissue features organized ductal
structures, functional blood vessels, and balanced ECM density, with resident immune cells and fibroblasts. In
PDAC, cancer cells overtake pancreatic ducts, blood vessels become compressed or collapsed, and extensive
desmoplastic stroma develops, characterized by dense ECM deposition and activation of cancer-associated
fibroblasts (CAFs). This altered TME contributes to hypoxia, impaired drug delivery, and tumor progression.
Image retrieved from BioRender.

2.1.3 Current therapies for PDAC

The type of therapy that is given to PDAC patients is highly dependent on the tumor stage
(Figure 2.5). Currently, surgery with adjuvant chemotherapy is the only potential treatment
for PDAC [28, 29]. However, only 15-20% of patients have a chance of a successful surgical
resection at the time of diagnosis, and it is only performed when a positive response to
neoadjuvant therapy is observed [28, 30, 31]. Surgical resection is not an option when the
tumor is too advanced or metastases have already been formed [12, 30]. Thus, this
technique presents some limitations for the treatment of PDAC: i) it cannot remove
metastases; and ii) remaining cancer cells in the tumor site have the risk to form secondary
tumors. In addition, bleeding, short-term pain, and damage to adjacent tissues or organs
have been reported as negative side effects [32, 33]. The combination of surgery with other
therapies is still highly recommended for circulating cancer cells or metastatic niches, as

well as to avoid recurrence of the main tumor.
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The most used chemotherapeutic drugs for patients with metastatic, locally advanced, or
unresectable PDAC are FOLFIRINOX (FFX) or gemcitabine combined with nab-paclitaxel
(GNP) (Figure 2.5) [12, 34]. FFX was observed to be more effective than GNP, with overall
survival of approximately 14 months compared to nine months, respectively [35]. In
another study, the overall survival of patients treated with FFX was 11.1 months, while it
was only 6.8 months with gemcitabine (GEM) alone [36]. The enhanced effect of combining
GEM with nab-paclitaxel has been observed, by an overall survival of 8.5 months for GNP
and only 6.7 months for GEM alone [37]. In a more recent study, a similar trend is observed
in the clinical outcome of FFX, GNP or GEM alone [34]. These results highlight why FFX is
the most used first-line therapy for PDAC patients [34]. Although an increase in overall
survival is observed, this increase spans only a few months. The high toxicity of
chemotherapeutics in normal cells is particularly important, as it prevents their use in the

elderly and patients with poor health status [12].

Compared to other types of cancers, PDAC has an increased resistance to radiotherapy due
to the desmoplastic shield [12]. Radiotherapy is used for improving surgical possibilities or
together with chemotherapy, known as radiochemotherapy [28, 38]. This has proven to be
effective in borderline PDAC according to the PREOPANC trial, but not for resectable PDAC
as shown by the ESPAC-1 multicenter trial [28]. Radiosensitizing agents, such as
capecitabine, GEM and fluorouracil (5-FU), combined with radiotherapy can reduce the
radioresistance of PDAC [12]. Adjuvant radiotherapy treatment has great potential to
attack both cancer cells remaining in the tumor bed after surgery and the circulating,
invasive cells. Nevertheless, 71-76% of patients relapsed within two years [29, 38].
Radiochemotherapy as neoadjuvant treatment could offer the advantage of improving
surgical possibilities for PDAC patients with borderline-resectable tumors, yet more

research on this strategy is necessary [29, 38].

Immunotherapy was stated to be the biggest breakthrough in cancer research in 2013 and
is also actively investigated for PDAC [39-41], but to date, its efficacy in PDAC is still limited

[41, 42]. More efforts are needed in this direction to overcome the immunosuppressive
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and therapy-resistant TME of PDAC and to identify specific target molecules on cancer cells,

without targeting normal cells [41-45].

As discussed here, the current conventional therapies cannot significantly improve the
survival of PDAC patients. Novel combination therapies for PDAC could be used to improve

the therapeutic outcome.

Figure 2.5. Treatment strategies and median survival outcomes for PDAC based on disease stage and patient
performance status (ECOG score). For resectable tumors, surgical resection followed by adjuvant
chemotherapy yields a median survival of 26 months and a five-year survival of approximately 30%. Borderline
resectable or locally advanced disease patients receive treatment based on ECOG score, disease progression
and therapy response with varying outcomes. Metastatic PDAC is treated with systemic chemotherapy
regimens tailored to performance status (ECOG score), including FFX, GEM with or without nab-paclitaxel, or
best supportive care, with median survival ranging from 6 to 11 months depending on treatment and patient
condition [46].

2.1.4 The PDAC tumor microenvironment

2.1.4.1 The importance of pancreatic stellate cells in the creation of a complex
tumor microenvironment

PSCs are a type of CAFs specific to the pancreas and are the major contributors in the
creation of the ideal TME of PDAC (Figure 2.6). They are responsible for the secretion of

MMPs, which degrade and remodel the ECM. This ECM remodeling has several effects: (1)

it allows growth factors, e.g., platelet-derived growth factor (PDGF) to be released, causing
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tumor growth; (2) it increases PCC motility to promote invasion and metastasis; (3) it
increases intra-tumoral pressure and hypoxia, and (4) it creates a barrier and provides
resistance towards chemotherapy [47, 48]. Besides creating an ideal TME for tumor growth
and resistance towards treatments, PSCs are also responsible for inducing an inflammatory
response and creating an immunosuppressive environment. PSCs recruit
immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs) and regulatory
T-cells (T-regs) by secreting C-X-C motif chemokine 12 [48], inflammatory cytokines, e.g.,
interleukin-6 (IL-6) [49], and immunosuppressive cytokines, e.g., transforming growth
factor (TGF-B) [48]. In the low-nutrient and hypoxic environment of PDAC tumors, PSCs can
contribute to the PDAC metabolism by secreting non-essential amino acids (e.g., alanine
and aspartate), which can be used as an alternative energy source during a scarcity of
glucose [50, 51]. The secretion of these amino acids results from an autophagic PSC death,
induced by the PCCs [52]. In these conditions, PCCs with defects in their apoptotic

mechanism can survive and overtake normal cells.
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Figure 2.6. Schematic representation of the TME of PDAC and its dense desmoplastic stroma. PSCs, as main
type of CAFs in this case, account for nearly 50% of the total stroma and are typically activated in PDAC. PSCs
recruit immunosuppressive cells (e.g., MDSC and T-reg) and secrete ECM molecules (e.g., collagen and
fibronectin), immunosuppressive (e.g., TGF-8) and inflammatory (e.g., IL-6 and TNF-a) cytokines, pro-
angiogenic factors (e.g., VEGF), MMPs (e.g., MMP-2 and MMP-9), growth factors (e.g., PDGF), and non-
essential amino acids (e.g., alanine). The complexity of this TME due to PSCs causes PDAC to acquire crucial
properties like rapid growth, high invasion and metastatic potential, survival in hypoxic and low-nutrient
conditions, and resistance to therapy.

2.1.4.2 Activated pancreatic stellate cells: key players for the progression of PDAC
Quiescent PSCs are responsible for maintaining the stromal composition in the healthy
pancreas and are involved in the storage of vitamin-A rich lipid droplets [47, 48]. When
activated, the quiescent PSC changes from a regular, circular phenotype to a star-shaped,
myofibroblast-like phenotype. This activation is the result of different stimuli, such as TGF-
B, tumor necrosis factor (TNF-a), oxidative stress, etc., and is typical for PDAC (Figure 2.7A)

[47, 53].

One of the main reasons for the resistance of PDAC to treatment is the desmoplastic

reaction induced by activated PSCs [47]. This reaction causes high intra-tumoral pressure
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and creates a fibrotic shield that surrounds the tumor, limits the blood flow and the delivery
of therapeutic agents, oxygen, and immune cells [50]. Activated PSCs are key players in
PDAC and can induce tumor growth, PCC and PSC motility, invasion and metastasis,
immune evasion, an inflammatory response, hypoxia, a metabolic alternative, etc. (Figure
2.7B), as discussed before. The secretion of cytokines and other molecules by PSCs will also
cause a proliferative and migrational effect on PSCs, and sustain their activation (Figure
2.7C). In addition, PCCs stimulate PSC activation and growth, resulting in a reciprocal
stimulation (Figure 2.7D). This loop of stimulation is a major reason for the aggressiveness

of PDAC [47].

It is known that oxidative stress can induce the activation of PSCs [47, 48, 53]. CAP
treatment provides an external source of RONS that, in principle, could favor the activation
of PSCs or exacerbate their response to RONS (Figure 2.7E). However, research has shown
that CAP treatment does not cause the activation of PSCs, as mRNA expression and
immunofluorescence staining of activation markers (aSMA, vimentin and GFAP) remained

unchanged (see red cross in Figure 2.7E) [54].

Figure 2.7. Mechanism of reciprocal stimulation of PSCs and PCCs and the hypothetical influence of CAP
(represented by treatment with a plasma jet). (A) Activation of PSCs due to different stimuli, e.g., oxidative
stress, ethanol, acetaldehyde, TGF-8, connective tissue growth factor (CTGF), monocyte chemoattractant
protein-1 (MCP-1), IL-1, IL-6, IL-8, TNF-a. (B) PSCs secrete immunosuppressive and inflammatory cytokines,
MMPs, growth factors, pro-angiogenic factors, ECM molecules, and non-essential amino acids, by autophagic
cell death and they recruit immune cells. These create an environment that allows PCCs to proliferate, evade
cell death and the immune system, survive in hypoxia and low-nutrient environments, recruit immune cells
and resist therapy. This has a major stimulation effect on PCCs and the survival and progression of the tumor.
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(C) Self-stimulation of PSCs on their proliferation, activation and migration. (D) Stimulation of the activation
of PSCs by PCCs. (E) CAP-derived RONS were demonstrated to not induce activation of quiescent PSCs.

Activated PSCs can be distinguished from quiescent ones by evaluating the expression of
specific markers. Commonly used markers for activated PSCs in literature are a-smooth
muscle actin (a-SMA), glial fibrillary acidic protein (GFAP), desmin, vimentin, and fibroblast
activation protein-a (FAP) (Table 2.1). Besides these markers, epithelial-to-mesenchymal
transition (EMT) markers could also be useful, as the EMT-transition process is suspected
to be related to the activation of PSCs [55]. Some of these markers and relevant to

investigate PSCs are e-cadherin, n-cadherin, and slug.

Table 2.1. List of markers for quiescent and activated PSCs. (x) = could be expressed, x = expressed, x(x) =
expression could be increased, xx = increased expression.

Marker Quiescent PSC Activated PSC References
Desmin X x(x) [53, 56-59]
Vimentin X x(x) [53, 55, 57, 59-63]
GFAP X x(x) [53, 56-59, 62]
@-SMA X [47,53,57,59, 60, 63,
64]

FAP (x) X (64, 65]
E-cadherin XX X [55, 60, 61]
N-cadherin X XX [55, 61]

Slug X x(x) [55, 61]

Except for a-SMA, there is still uncertainty on the expression profiles of the markers for
guiescent and activated PSCs. Tian et al. have compared the expression of e-cadherin, n-
cadherin, vimentin and slug between quiescent and activated PSCs, validating the
expression profile given in Table 2.1 [55]. However, the authors stated that PSCs upregulate
the expression of a-SMA, vimentin, desmin, and GFAP, while they do not make a distinction
between markers for quiescent and activated PSCs. In previous publications, these markers
are suggested to be related to PSC activation, but no comparison of the protein expression
between quiescent and activated PSCs was made, nor did the cited literature
experimentally validate these differences in expression [47, 58, 59, 66, 67]. Based on

current research, it is difficult to determine the exact difference in expression profiles

37 | Chapter 2



between quiescent and activated PSCs for these markers (Table 2.1). Therefore, a pool of
markers is still required to evaluate the activation of PSCs, as was partly done by Tian et al.

[55].

2.1.4.3 Pancreatic stellate cells as major contributors to the hallmarks of PDAC
The aggressiveness of the disease can be summarized in a set of hallmarks for PDAC that

explain and reveal the importance of PSCs in the PDAC TME [12, 47, 68], as PSCs can:

e Increase resistance to cell death by apoptosis in hypoxic regions

e Favor an immunosuppressive and inflammatory TME

e Induce a desmoplastic environment that shields the tumor and increases resistance
to therapy

e Induce angiogenesis, favoring invasion and metastasis

e Provide an adaptive metabolic strategy when glucose is scarce

® Boost an excessive proliferative capacity and reciprocal stimulation due to the

crosstalk between PCCs and PSCs

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

therapeutic approaches for PDAC.

2.1.5 Angiogenesis in PDAC: a unique feature

2.1.5.1 The tumor vasculature in PDAC: a hypovascular and abnormal network

One of the most distinctive features of PDAC is its paradoxical hypovascularity, despite the
frequent expression of pro-angiogenic factors [69, 70]. Unlike many other solid tumors,
PDAC lesions are poorly perfused, with a low microvessel density and irregular vascular
architecture [71]. This abnormal vasculature is partially a consequence of the extensive
desmoplastic stroma, which generates high interstitial pressure, physically compressing

blood vessels and reducing perfusion [72]. These conditions promote hypoxia, which
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paradoxically fails to induce efficient angiogenesis, in contrast to other cancers [73]. As a
result, vessels that do form are sparse, poorly organized, leaky, and often non-functional.
Ultrastructural and immunohistochemical studies have shown that PDAC vessels are
irregular in shape, lack proper basement membranes, and exhibit incomplete endothelial
coverage [74]. The resulting dysfunctional vasculature contributes to limited drug delivery,
increased tumor hypoxia, and a more aggressive tumor phenotype. Furthermore, the
surrounding stroma, rich in activated PSCs, fibroblasts, and ECM proteins, acts as both a
physical and biochemical barrier to vessel formation and function [75]. This creates a
uniqgue TME in which pro- and anti-angiogenic cues are imbalanced or spatially
dysregulated. In sum, PDAC vasculature is not simply insufficient in quantity but deeply
altered in quality. Its structural and functional abnormalities play a central role in tumor

progression, immune exclusion, and resistance to therapy.

2.1.5.2 Molecular drivers in PDAC angiogenesis

Angiogenesis in PDAC is shaped by an atypical set of molecular signals. Canonical pro-
angiogenic factors like vascular endothelial growth factor A (VEGF-A), fibroblast growth
factors (FGFs), and angiopoietins are expressed in PDAC but fail to trigger effective
neovascularization due to the dense, hypoxic, and desmoplastic TME [76-79]. VEGF-A,
upregulated via hypoxia-inducible factor 1-a (HIF-1a), is a central player, yet PDAC remains
hypovascular [80]. This is partly due to stromal barriers, vessel compression, and disrupted
VEGF receptor signaling [69, 77, 81]. Angiopoietin-2 (Ang-2) acts as a context-dependent
modulator of angiogenesis, as in the presence of VEGF, it promotes vascular remodeling
and sprouting, whereas in its absence, Ang-2 induces vessel regression and destabilization
[82-84]. Other modulators like PDGF, TGF-B, and IL-6 drive both angiogenesis and fibrosis,
often leading to aberrant or non-functional vessels [85-87]. IL-6/STAT3 signaling, for
instance, promotes angiogenesis while fostering immune suppression and stroma
activation [85]. Recent single-cell RNA-seq studies have revealed distinct endothelial
subtypes and gene expression patterns in PDAC, suggesting a tumor-specific
reprogramming of angiogenesis [88]. These findings underline that angiogenesis in PDAC is

not merely suppressed but fundamentally altered.
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2.1.5.3 The role of pancreatic stellate cells in angiogenesis

PSCs play a pivotal role in the desmoplastic TME of PDAC, and their influence on
angiogenesis is both multifaceted and context-dependent. In their activated state, PSCs
secrete a range of growth factors, including VEGF, FGF, PDGF, angiopoietin-1, hepatocyte
growth factor, among others, all of which are capable of promoting EC proliferation,
migration, and tube formation [58, 80, 89]. In vitro models such as aortic ring assays have
demonstrated the capacity of activated PSCs to induce sprouting angiogenesis, suggesting
that PSCs may actively support vascular development in certain regions of the TME [90, 91].
However, this pro-angiogenic capacity is counterbalanced by anti-angiogenic effects that
PSCs exert through ECM production and paracrine signaling [24, 89]. The extensive
deposition of fibrillar collagen and hyaluronan by PSCs contributes to elevated interstitial
fluid pressure, compressing blood vessels and reducing perfusion [92]. Moreover, PSCs
express inhibitors of angiogenesis such as vasohibin-1 and stimulate tumor cells to release
endostatin, further impairing functional vessel formation [58]. This dichotomy gives rise to
spatial heterogeneity within PDAC tumors, wherein peritumoral regions may exhibit
relatively more vascularization while the tumor core remains hypovascular and poorly
perfused. Such uneven vascular architecture impairs drug delivery, fosters treatment
resistance, and perpetuates hypoxia-driven tumor progression. Importantly, the dynamic
nature of PSCs suggests potential for therapeutic modulation. In summary, PSCs in PDAC
serve as both architects and gatekeepers of angiogenesis, simultaneously enabling and

restricting vascular development in a context-dependent manner.

2.1.5.4 Anti-angiogenic therapy in PDAC: why has it failed?

Despite the strong theoretical appeal of starving tumors by blocking their blood supply,
anti-angiogenic therapies have consistently failed to deliver survival benefits in patients
with PDAC (Figure 2.8) [93]. The rationale behind these therapies, primarily targeting VEGF,
is based on the idea that inhibiting neovascularization will deprive tumors of oxygen and
nutrients. While this approach has shown efficacy in several cancers, PDAC presents a
unique and resistant biological landscape [76, 94]. Paradoxically, PDAC is a hypovascular

tumor, despite often exhibiting elevated VEGF expression. This is largely due to its dense
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desmoplastic stroma and the resulting elevated interstitial fluid and solid stress, which
compress existing vessels and prevent the formation of functional new ones [81, 92]. In
contrast to other tumor types where hypoxia stimulates angiogenesis, in PDAC the fibrotic
and inflammatory TME imposes physical and molecular barriers that hinder both vessel
sprouting and perfusion. Endothelial recruitment is impaired, basement membranes are
disrupted, and pro-angiogenic signals are dysregulated or blocked by surrounding matrix
and stromal cells, as explained before [94]. Consequently, inhibiting VEGF signaling in PDAC
does not significantly reduce vascularization, as the vasculature is already sparse and
dysfunctional, but may instead intensify hypoxia and promote tumor aggressiveness and
therapy resistance [93]. These factors help explain why anti-angiogenic agents have failed
to translate into clinical benefit in this cancer type. Clinical trials have reflected these
challenges. For instance, the addition of bevacizumab, a monoclonal antibody against
VEGF-A, to GEM did not yield significant improvements in overall survival for PDAC patients
[95, 96]. Similarly, trials combining other anti-angiogenic agents with standard
chemotherapy have not produced meaningful clinical benefits [97]. These outcomes
suggest that anti-angiogenic therapies are insufficient in the context of PDAC's complex
TME. Emerging strategies in cancer research propose combining anti-angiogenic agents
with immunotherapies or other targeted treatments to overcome these limitations [98].

Such combinations aim to normalize or promote the tumor vasculature, enhance immune
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cell infiltration, and improve drug delivery (Figure 2.8). However, these approaches are still

new and under investigation, and their efficacy in PDAC has yet to be determined.

Figure 2.8. Strategies targeting abnormal tumor vasculature and their effects on hypoxia and drug delivery.
Tumor blood vessels are structurally abnormal in PDAC, leading to poor blood flow and leakiness. Anti-
angiogenic therapies aim to reduce vessel formation but can worsen hypoxia and impair drug delivery.
Vascular normalization aims to restore vessel structure, improving blood flow, reducing hypoxia, and
enhancing drug delivery. Vascular promotion increases vessel density and blood flow, further decreasing
hypoxia and possibly further enhancing drug delivery to the tumor. Image retrieved from BioRender.

2.2 Plasma

2.2.1 What is CAP?

CAP is a partially ionized gas generated at atmospheric pressure and near room
temperature, making it distinct from thermal plasmas that operate at high temperatures.
CAP consists of electrons, ions, neutral molecules, UV photons, an electric field, radicals
and excited species. When created in N2/O2 mixtures (or air), it produces a mixture of short-
and long-lived RONS, such as hydrogen peroxide (H,0,), nitric oxide (-NO), superoxide (0,:7)
and peroxynitrite (ONOO™) (Figure 2.9) [99]. These components interact synergistically with
biological systems, enabling CAP to trigger a range of bio-responses without inducing

thermal damage.
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Figure 2.9. Lifespans of RONS generated by CAP. Short-lived species, such as hydroxyl radicals (-OH), atomic
oxygen (0), O;-7, singlet oxygen ('0;), ONOO™ and -NO, have half-lives in seconds or less and act locally. Long-
lived species, including H,0,, ozone (0s), nitrite (NO;~), and nitrate (NOs~), persist for minutes or longer,
enabling diffusion and extended biological effects. The half-life scale emphasizes the diverse reactivity and
biological impact of different RONS in plasma medicine applications. Image retrieved from [100].

In a controlled setting, plasma is created by applying a high electric field across two
electrodes, accelerating electrons and initiating collisions that generate reactive species
[101]. This process gives rise to a broad range of plasma types, which are typically classified
into thermal and non-thermal plasmas [101, 102]. In thermal plasmas, all species are in
equilibrium and the gas reaches temperatures exceeding (several) 1000 K. In contrast, non-
thermal plasmas (NTP) transfer energy primarily to electrons which can reach average
temperatures of ~10,000 K, while heavier species remain near room temperature (up to ca.
1000 K) [101]. This non-local thermodynamic equilibrium (non-LTE) allows NTP to treat
heat-sensitive materials, including biological tissues [101, 102]. CAPs are non-LTE plasmas.
These characteristics have driven increasing interest in biomedical uses of CAP, such as

antimicrobial & antiviral applications, wound healing, and cancer therapy [99, 103-107].

2.2.2 Plasma devices

The biological effectiveness of CAP is determined not only by its reactive species, but also
by device configuration and environmental conditions. In plasma medicine, two types of
plasma devices are most commonly used: floating electrode dielectric barrier discharge
(FE-DBD) and plasma jets, each with unique properties and applications [102, 108] (Figure
2.10).
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Figure 2.10. Schematic representation of CAP device configurations for biomedical applications. (a) Plasma
jet design, where gas flows through a system comprising a high-voltage electrode, dielectric coating, and
grounded ring electrode, generating CAP directed toward the tissue surface. (b) FE-DBD setup, in which CAP
is generated between a dielectric-coated high-voltage electrode and the tissue surface (acting as grounded
electrode), allowing direct CAP exposure.

2.2.2.1 Floating Electrode Dielectric barrier discharge

FE-DBD devices create CAP by applying high-voltage alternating current across two
“electrodes” (one real electrode, built-in to the device, the other being the grounded tissue
sample), separated by one or more dielectric barriers, typically made of quartz, glass, or
ceramic (Figure 2.10b). The barrier prevents arc formation, producing a series of
microdischarges within the gas-filled gap. These non-thermal discharges result in a (more
or less) homogeneous CAP suitable for treating broad, flat surfaces [109]. FE-DBD systems
are often used in dermatology, dentistry, wound care, and surface decontamination. Their
planar configuration allows for even distribution of reactive species but also limits their use
in applications requiring deep tissue access or treatment of irregular geometries [110]. A
prominent example of a FE-DBD system used clinically is the PlasmaDerm® VU-2010 applied

for chronic wound disinfection and skin regeneration studies [111].
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2.2.2.2 Plasma jet

Plasma jets, also known as atmospheric pressure plasma jets (APPJs), generate a focused
plume of partially ionized gas (created by the applied electrical field inside the device) by
accelerating a carrier gas, typically helium or argon, through a narrow nozzle (Figure 2.10a)
[112]. These jets produce a CAP that can be precisely directed at specific targets, including
small or internal treatment areas, without causing thermal damage to surrounding tissues
[113]. One of the most well-characterized and widely used plasma jet devices in biomedical
research is the kINPen MED, a CE-certified device that is clinically approved for wound
healing, typically operating with argon [107, 114]. It has been extensively used in cancer
research as well, including pancreatic, skin, head-and-neck cancer models, among others
[54, 115-125]. The kINPen generates a stable CAP plume rich in RONS, such as H,0,, NO,~,
and ONOO-, with secondary species, generated by contact with the treated sample, varying
depending on the treatment medium [107, 114, 126]. Another notable plasma jet is the
COST-Jet [127]. Plasma jets are particularly advantageous in biomedical contexts requiring
localized treatment, such as treatment of irregular surfaces, endoscopic applications,
targeted bacterial decontamination, and selective tumor eradication, due to their thin

shape, precision and low temperature [99, 107, 128-134].

2.2.3 CAP for medicine: important reactive species and their effects on cells

2.2.3.1 Mechanism of action at the molecular level

CAP induces a variety of biological effects primarily through the generation of RONS, such
as H,0,, ‘NO, 0,7, -OH, and ONOO™ [102, 135, 136]. These species interact with cellular
membranes, DNA, proteins, and lipids, resulting in oxidative and nitrosative stress that can
lead to apoptosis, autophagy, or immunogenic cell death depending on the cell type and

exposure conditions [116, 135-140].

On the molecular level, one of the earliest events following CAP exposure is lipid
peroxidation, particularly of the phospholipid bilayer, which compromises membrane
integrity and increases permeability [102, 135, 136]. This facilitates the influx of RONS and

calcium ions, promoting mitochondrial dysfunction and caspase activation [135-137]. CAP-
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generated H,0, and -NO can also diffuse into the cytoplasm and nucleus, where they induce
DNA strand breaks and activate p53 and other DNA damage response pathways, further

reinforcing apoptotic signaling [102, 136].

Importantly, CAP has been shown to modulate key molecular signaling cascades, including
downregulation of pro-survival pathways such as PI3K/AKT and upregulation of stress-
responsive elements like MAPK and NF-kB, depending on the context [136, 141, 142]. The
cellular response is highly dependent on the balance between intracellular antioxidants
(e.g., glutathione, catalase) and the oxidative burden imposed by CAP treatment [136]. The
observed molecular changes ultimately converge to activate regulated cell death pathways
in cancer cells, with minimal effects on non-malignant cells when dosed appropriately, a

feature that underpins the therapeutic potential of CAP [137, 143-145].

2.2.3.2 CAP interaction with the tumor microenvironment

The TME plays a critical role in cancer progression, immune evasion, and resistance to
therapy. CAP has emerged as a promising modality capable of modulating multiple
components of the TME, including stromal cells, ECM, vasculature, and immune cells [24,
102, 136]. One of the primary effects of CAP in the TME is the induction of oxidative stress,
which could affect stromal cells such as CAFs and ECs [146]. In vitro studies have shown
that CAP treatment reduces the viability and pro-tumorigenic activity of CAFs using the
kINPen IND or a Helium DBD-jet, potentially weakening the stromal support system for
tumors [54, 147]. Similarly, ECs exposed directly to CAP using the kINPen (15s) or MiniJet
(30s) show impaired tube formation and decreased cell viability and proliferation,
suggesting a suppressive effect on tumor vascularization [148]. However, in other studies
CAP showed an enhancing effect on ECs, e.g., enhanced migration and tube formation in
vitro, and increased angiogenesis in vivo using a 3D printed plasma jet from polylactic
polymer (60s per mL), or increased mRNA expression of pro-angiogenic genes and tube
formation using the Adtec SteriPlas (30s) [149-151]. These differential results highlight the
duality of CAP treatment based on device, exposure time, etc. CAP also interacts with the
ECM by oxidizing matrix proteins and degrading structural components, such as

hyaluronan, collagen and fibronectin, which can reduce the physical barriers that prevent

46 | Chapter 2



immune infiltration and drug delivery [152-154]. Furthermore, CAP has been reported to
modulate the immune TME by inducing immunogenic cell death (ICD) in tumor cells [116,
118, 138-140, 155, 156]. This process involves the release of danger-associated molecular
patterns (DAMPs) such as calreticulin, adenosine triphosphate (ATP), and high mobility
group box 1 HMGB1, which act as signals to recruit and activate dendritic cells and cytotoxic
T lymphocytes [116, 118, 138-140, 155, 156]. In this way, CAP may help shift the TME from
immunosuppressive to immunostimulatory, thereby enhancing the efficacy of immune-
based therapies. Overall, CAP exerts multifaceted effects on the TME, disrupting tumor-

supportive elements, while promoting immune surveillance and therapeutic accessibility.

2.2.4 Is there a selectivity of CAP towards cancer cells?

Research suggested that cancer cells are more sensitive towards CAP treatment than
normal cells, providing a selective effect [157-162]. The probable underlying reason is the
increased concentration of RONS present inside cancer cells compared to normal cells
(Figure 2.11) [103, 136, 163]. Another factor could be their higher vulnerability to DNA
damage due to an abnormal dividing capacity [164]. The high expression of aquaporins
[165-167] and a lower level of cholesterol in the membrane in cancer cells [168, 169] could
also increase the transport of RONS into the cytoplasm, damaging cancer cells more than
their healthy counterpart. However, the above observations on selectivity must be
evaluated critically. Recent research has provided evidence on the importance of the
treatment conditions, such as the difference between the cell culture media used for
different cell lines and the cell type of healthy and cancerous cells, and it is recommended
that the same treatment conditions are applied to compare the effect on both cancer and
normal cells [170]. During in vivo treatment, cancerous and normal cells are treated
simultaneously and without difference in tissue environment (cf. culture medium). Given
these considerations, resembling the TME as closely as possible during in vitro experiments
may improve the ability to predict treatment responses in vivo and help reduce the risk of

future CAP treatment failures in patients.
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Figure 2.11. Selective cytotoxicity mechanism of CAP via RONS. CAP generates various reactive species,
including -OH, -NO, ONOO-, NO,"~, and H.0,, through radiation, electric fields, and electron interactions.
Cancer cells typically have elevated baseline (residual) RONS levels, positioning them closer to a critical
oxidative threshold. CAP-derived RONS further elevate intracellular RONS levels, pushing cancer cells above
this threshold and inducing cell death. In contrast, normal cells remain below the cytotoxic ROS threshold,
preserving viability and enabling CAP’s selective anti-cancer effects [143].

2.2.5 Delivery methods and clinical application of CAP

The clinical application of CAP depends not only on the type of CAP device but also on how
the CAP is delivered to the target. CAP can be applied either directly or indirectly, with each
approach offering distinct advantages depending on the biological context, tissue
accessibility, and therapeutic goal (Figure 2.12). While direct treatment involves the
application of the CAP plume to the tissue, indirect methods use CAP-treated phosphate-
buffered saline (PBS), media, hydrogels or other liquids and materials that could retain the
biological activity of CAP-generated species. This section outlines both approaches and

highlights their relevance in current and emerging clinical practices.
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Figure 2.12. Comparison of direct and indirect CAP treatments. Direct CAP treatment involves CAP exposure
of tissues, characterized by limited penetration depth and delivery of electromagnetic fields, RONS, electrons,
ions, photons, and ultraviolet radiation (depending on whether a DBD or plasma jet is used, not all of these
effects would be included). Indirect CAP treatment employs plasma-treated liquids (or hydrogels), enabling
localized delivery via injection or localized application, primarily carrying long-lived reactive species (neutral
molecules and ions). Each method offers distinct advantages for biomedical applications depending on
therapeutic goals, tissue accessibility, and biological context. Image retrieved from [171].

2.2.5.1 Indirect CAP treatment

With indirect CAP treatment, tissues or cells are not exposed to the CAP itself but to its
reactive components, typically through a plasma-treated liquid (PTL) such as phosphate-
buffered saline (PBS), water, cell culture medium or hydrogels (Figure 2.12 right). During
CAP exposure, these liquids absorb long-lived RONS (e.g., H,0,, NO,~, NO3~), forming a
biologically active solution that can retain therapeutic effects even after CAP exposure has
ended [172]. This method offers several advantages: It avoids thermal and electrical
interaction with tissue, making it ideal for sensitive areas (e.g., ocular surface, mucosa). It
enables storage and transport of long-lived RONS and their CAP effects, allowing treatment

outside the CAP generation setting [173]. It offers a practical treatment option across
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irregular surfaces or internal cavities [174]. PTLs have demonstrated promising results in
oncology, where they induce apoptosis and inhibit proliferation in various cancer cell types,
however not as effective as direct treatment [174-178]. Moreover, the chemical stability
and reproducibility of PTLs can be influenced by factors such as liquid composition,
treatment time, gas type, and storage conditions [174, 176-178]. Optimization of these
parameters is currently an active area of research to standardize protocols for clinical

translation, especially in the use of hydrogels [140, 177, 179, 180].

Indirect CAP treatment represents a highly adaptable and non-invasive strategy with broad
potential for topical application, targeted delivery through injection, or irrigation of cancer-
affected tissues in clinical settings. However, it is noteworthy that no short-lived species
are included in indirect treatment resulting in a weaker effect compared to direct
treatment [178]. In addition, PTL is not suitable for intravenous injection, as it is known that
blood quenches RONS, limiting their effect before reaching the tumor site and [181].
Finally, liquids are hard to control and retain to a local site of treatment as it might leak and
flow to other spaces and through cavities. In addition, it is known that a “mock” solution,
in which the individual components of PTLs are mixed and the pH is adjusted, results in the
same biological effects [100]. Hydrogels solve this issue partially as they are more

controlled and retained to their position [177, 179, 180].

2.2.5.2 Direct CAP treatment

In direct CAP treatment, the reactive CAP is applied directly to the target tissue (Figure 2.12
left). This approach enables the immediate delivery of both short-lived and long-lived
reactive species, along with electric fields, UV radiation, and charged particles (depending
on a DBD or plasma jet), allowing for multifactorial interaction with cells and tissues in real

time and therefore larger effects [178].

The key advantage of direct CAP treatment lies in the comprehensive and synergistic effects
of these CAP components. Short-lived species such as -:OH, '0,, and atomic nitrogen (N),
which are not retained in PTLs, play a crucial role in the oxidative burst and localized stress

response of directly exposed cells. These species can modulate membrane potential,
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induce oxidative damage, and activate apoptotic or necrotic cell death pathways,
particularly in cancer cells which are more susceptible to oxidative imbalance [136, 178,
182, 183]. A limitation of direct CAP treatment is the limited penetration depth of tissues
[171].

Direct CAP treatment has shown promising results in preclinical models of skin, head-and-
neck, breast, and pancreatic cancer, where it induces cell death, inhibiting or stimulating
angiogenesis, and alters the TME by affecting stromal and immune cell signaling [54, 116,
118, 139, 148, 149, 156, 178, 184]. Moreover, it can be precisely applied using plasma jets,
making it suitable for small tumor nodules, superficial surgical cavities and lesions,

including intraoperative settings in a controlled and localized manner.

2.2.5.3 Clinical applications

CAP has demonstrated substantial clinical relevance in different types of biomedical
applications. One of these is wound healing, where CAP can effectively promote wound
closure, reduce bacterial load, and stimulate tissue regeneration by modulating
inflammation, enhancing angiogenesis, and accelerating cell proliferation and migration
[107, 184-186]. This makes CAP a successful treatment for chronic wounds, diabetic ulcers,

and burn injuries.

The use of CAP for sterilization and disinfection is another important field, particularly in
hospital and clinical environments. CAP efficiently eliminates pathogens on medical
instruments, surfaces, and even biological tissues, thus reducing infection risks [187, 188].
In dentistry, CAP has demonstrated efficacy in oral biofilm removal, tooth bleaching,
treatment of periodontal diseases, and improvement of implant surface sterilization, thus

significantly contributing to oral healthcare [106, 189-191].

The most recent addition to clinical applications of CAP lies in oncology. CAP has
demonstrated significant potential through its RONS-mediated cytotoxicity towards cancer
cells, with a less substantial effect on normal cells and the possibility to be combined with
current first-line therapies [54, 119, 140, 144, 156, 157, 175, 178, 192-194]. Direct

treatment could be used for easily accessible tumors, such as, head and neck cancer and
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melanoma, or in combination with surgery which allows for superficial treatment of the
surgical bed. Indirect treatment, and especially hydrogels that allow for a controlled release
of RONS, could be interesting for tumors that are more difficult to reach, such as

osteosarcoma [140, 177, 179, 180].

CAP offers many clinical advantages, such as the ability to treat locally, minimizing side
effects on healthy tissue. In addition, it allows treating irregular surfaces like wounds, oral
cavities, and surgical beds and to be integrated into an endoscopic/laparoscopic device for

internal tumor sites [195, 196].

Recent years have seen growing interest in translating CAP into oncology, including for the
treatment of PDAC. Although clinical research in PDAC remains limited, the first clinical data

have emerged, offering a potential path toward clinical application.

The most significant step forward in CAP research for PDAC has been the first FDA-
approved Phase | clinical trial using the Canady Helios Cold Plasma (CHCP) system as an
intra-operative adjunct therapy for patients with advanced solid tumors, including
pancreatic cancer [197]. In this multicenter trial (NCT04267575), twenty patients with stage
IV or recurrent solid tumors underwent surgical resection followed by intra-operative CHCP
treatment applied directly to surgical margins. Among these was one case of pancreatic
cancer, where CAP was administered intra-operatively after a Whipple procedure. The trial
primarily assessed safety and reported no intraoperative physiological disturbances or
significant CAP-related adverse events, underscoring its tolerability. Histological analysis
confirmed tumor cell death in ex vivo treated tissue, and molecular markers indicated
apoptosis and reduced cancer stem cell signatures. Notably, local regional recurrence rates
were lower in patients achieving an RO or RO-MPM resection combined with CAP
treatment, suggesting a potential role for CAP in improving local control in pancreatic
cancer surgery. Although the patient cohort was small and heterogeneous, this trial
provides the first clinical evidence supporting the safety and feasibility of intra-operative

CAP in PDAC.
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In addition to this first step in PDAC, clinical experience with CAP has been acquired in other
solid tumors, particularly head and neck cancers. In one study, CAP applied via the kINPen
MED plasma jet in patients with advanced squamous cell carcinoma of the head and neck
induced visible tumor surface changes and increased apoptotic tumor cell death in resected
tissues, with no evidence of enhanced tumor growth and no severe adverse effects [198].
Another clinical report described partial tumor remission lasting at least nine months in
two of six patients with locally advanced oropharyngeal cancer treated with CAP,
accompanied by reduced pain, odor, and improved social function, though responses were

not universally sustained [115].

Collectively, these clinical experiences establish a foundation for exploring CAP as a novel
adjuvant therapy in oncological surgery, including for PDAC. While further studies are
needed to define its precise role and optimize delivery modalities, the initial clinical
evidence suggests CAP can be safely integrated into surgical workflows and may contribute
to reducing local recurrence by eradicating microscopic residual disease in pancreatic

cancer.

2.3 CAP treatment for PDAC

In order to perform clinical trials, we require pre-clinical in vitro and in vivo data to support
the added value of CAP treatment on first-line therapies. In this section, | discuss all the
current research on CAP treatment of PDAC and cells of the TME to the best of our
knowledge. Studies that only included PCCs will be described first, followed by the limited
number of reports that also investigated PSCs. It is due to this limited number of
publications including PSCs in their research that | want to emphasize the importance of
these cells in the response to treatment for future CAP research. These studies are

summarized in Table 2.2.
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Table 2.2. Overview of the state-of-the-art on CAP treatment of PDAC.

PDAC Cell

PSC Cell

Plasma

. . Observed Effects . Treatment Model Ref.
Lines Lines Device
Murine Increased cell death & slight . .
6606PDA surface temperature kINPen03 Direct Invitro - [199]
. Decreased metabolic activity . .
Murine & cell proliferation kINPen Indirect In vitro [200]
6606PDA P . MED Direct In vivo
Increased apoptosis
Murine P erensd el den e, | MNPen o inviro o
6606PDA . MED In ovo
apoptosis
Reduced tumor growth after Plasma In vitro
MiaPaCa-2 GEM and CAP combination Direct . [202]
gun In vivo
treatment
Decreased metabolic activity
MiaPaCa-2 & cell viability . In vitro
kINP D 2
PANC-1 Unchanged metastatic en Irect In ovo [203]
potential
BxPC-3 .
MiaXPaCa—Z Increased apoptosis & cell In vitro
death Plasma jet Indirect . [204]
Capan-2 Selectivity toward cancer cells In vivo
PANC-1 ¥
D Il viabili
PANC-1 ecreased cell viability PetriPlas  Indirect  Invitro [139]
Increased apoptosis
BxPC-3 Decreased metabolic activity ~ Plasma jet Indirect Invitro  [205]
Decreased cell viability &
Murine migration & apoptosis . In vitro
. kINP D 2
PDA6606 Reduced tumor growth in ovo en Irect In ovo [206]
Altering cytokine expression
BxPC-3 Increased cell death
. hPSC128 Increased ICD markers
MiaPaCa-2 . kINPen . .
Capan-2 hPSC21 Increased phagocytosis by IND Indirect Invitro [116]
PApNC 1 RLT-PSC dendritic cells (DCs)
Maturation of DCs
Decreased cell viability
Increased apoptosis
MiaPaCa-2 Increased intracellular RONS kINPen . .
BXPC-3 hPSC128 levels IND Indirect Invitro  [207]
Decreased expression of
tumor biomarkers
MiaPaCa-2 Increased apoptosis . In vitro
LT- D 2
PANC-1 RLT-PSC Unchanged EMT or metastasis kINPen Irect In ovo [208]
Increased cell death
. Decreased proliferation kINPen .
MiaPaCa-2  RLT-PSC Direct | 54
farata Unchanged PSC activation IND Irec novo [54]

& ECM remodelling
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2.3.1 CAP treatment of PDAC cells

Multiple efforts have been made to determine the mechanisms of action and efficacy of
CAP on PDAC cells. One of the first studies on CAP treatment for PDAC investigated the
effect of CAP using the kINPen09 on the surface temperature of cell culture dishes to
evaluate the safety of CAP treatment and cell death of in vitro murine PDAC 6606PDA cells
[199]. Results revealed an increase in surface temperature of only approximately 2—-3 °C
after 5-20 seconds and a significant increase in cell death after CAP treatment compared

to untreated controls.

Liedtke et al. investigated the murine PDAC cell line 6606PDA with the kINPen MED [200,
201]. In vitro, cell metabolic activity and cell proliferation both decreased after CAP
treatment, with a larger effect for 6606PDA cells compared to fibroblasts. No difference
between indirect and direct treatment was seen. N-acetylcysteine is a known RONS-
scavenging anti-oxidant that showed reversal of the CAP-mediated cytotoxicity. In vivo, cell
apoptosis was significantly increased after indirect CAP treatment compared to controls.
Apoptosis was also observed in deeper parts of the tumor, implicating penetration of the

medium. No side effects were observed from these CAP treatments on mice.

Brullé et al. used a plasma jet to investigate the combinatorial effect of CAP treatment and
GEM on tumor growth by tumor volume, weight and bioluminescence [202]. Both GEM and
CAP treatment caused significant tumor growth reduction, but CAP treatment produced a
larger anti-tumor effect. The combination of CAP and GEM enhanced the anti-tumor effect

by 33% compared to only CAP treatment.

Bekeschus and Freund et al. have demonstrated that direct CAP treatment with a plasma
jet significantly decreased the metabolic activity of MiaPaCa-2 and PANC-1 in two-
dimensional (2D) cultures in vitro, which correlated with a reduced cell viability [203].
PANC-1 showed higher resilience against CAP treatment (—-6% metabolic activity) compared
to MiaPaCa-2 (-38% metabolic activity). In addition, the authors performed similar assays
using the in ovo model. Both cell lines showed a reduction in the metabolic activity in

tissues collected from this experimental model, but PANC-1 showed a higher sensitivity to
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CAP treatment. Further experiments in 3D spheroids in vitro suggest that CAP does not

have a stimulating effect on the metastatic potential of PDAC cells.

Another study investigated the effect of indirect CAP treatment with a plasma jet on
apoptosis and cell viability of the human PDAC cell lines BxPC-3, MiaPaCa-2, Capan-2, and
PANC-1 [204]. CAP treatment of 1 min on the culture medium resulted in differences in
sensitivity between cell lines. Capan-2 showed higher cell death than other cell lines for all
three different seeding densities and PANC-1 did only show significant cell death for the
lowest seeding density, which is unlike other cell lines. The higher resilience of PANC-1 to
CAP treatment compared to MiaPaCa-2 was also seen in this study, but only to a minor
extent compared to the previously mentioned study of Bekeschus and Freund et al [203].
Changing treatment time to 3 or 5 min resulted in effective cell death for all cell lines with
a slightly higher cytotoxic effect after 5 min of treatment [204]. Interestingly, 5 min of CAP
treatment showed highest cell death for the highest seeding density in all cell lines, which
was not observed for the other treatment times. Comparison of the cell viability between
Capan-2 PCCs and human pancreatic epithelial non-cancer cells (HDPE6/C7) showed a
higher selectivity to CAP treatment for the cancer cells. Besides these findings, apoptosis
was suggested to be induced due to the observation of caspase-3/7 activation and typical
morphological changes. The anti-tumor effect of CAP treatment was validated in mice by a

reduction in tumor volume of 64% compared to the control group.

Azzariti et al. investigated the effect of DBD CAP-treated medium on PANC-1 cells, assessing
cell viability and cell death [139]. CAP treatment significantly reduced cell viability and
increased apoptosis in PANC-1 cells, however, autophagy was not observed. Based on the
exposure of calreticulin and release of adenosine triphosphate, it was suggested that CAP
induced ICD, a process that activates the immune system to promote cell death in cancer

cells and evoke a long-lasting protective antitumor immunity [209].

Chen et al. investigated the effects of CAP-treated saline solution with a plasma jet on the
survival of BxPC-3 and H6c7 cells [205]. A cell viability assay based on relative metabolic
activity compared to untreated controls has shown a higher sensitivity of BxPC-3 cells to

indirect CAP treatment.
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Khabipov et al. investigated how CAP treatment affects PCCs and the subsequent
inflammatory response of murine macrophages [206]. Using the kINPen plasma jet, they
showed that CAP treatment reduced viability and migration of PDA6606 PDAC cells in vitro
and significantly decreased tumor growth and induced apoptosis in tumors grown on the
CAM of chicken embryos. Importantly, co-culture experiments revealed that plasma-
treated cancer cells modulated macrophage polarization, reducing M2-type cluster
formation and altering cytokine profiles with decreased levels of tumor-promoting factors
like TGF-B and VEGF, while increasing certain pro-inflammatory signals. Overall, plasma-
inactivated PCCs influenced macrophages toward a mixed M1/M2 phenotype, suggesting

a potentially favorable shift in the TME for pancreatic cancer therapy.

2.3.2 CAP effect on pancreatic stellate cells
Although PSCs play a key role in the treatment outcome of PDAC, to date only four studies,
of which three are from our group, have addressed the effect of CAP on these cells [54,

116, 207, 208].

We investigated the potential of CAP treatment to induce ICD with CAP-treated PBS using
a plasma jet [116]. Four PCC lines (MiaPaCa-2, PANC-1, BxPC3 and Capan-2) and three PSC
lines (hPSC128, hPSC21, and RLT-PSC) were included. MiaPaCa-2 showed the highest
percentage of cell death, followed by Capan-2, whereas BxPC-3 and PANC-1 showed the
highest resistance to CAP-treated PBS treatment. PSCs showed a lower sensitivity to CAP-
treated PBS treatment than PCCs, highlighting a selectivity effect of CAP treatment toward
the preservation of PSCs. Different ICD markers (CRT, ATP, HMGB1) were investigated and
suggested that indeed ICD is induced in the PCCs, and not in PSCs.

In the second study, indirect CAP treatment with a plasma jet was used for MiaPaCa-2 and
BxPC3 PCCs and the PSC cell line hPSC128-SV with CAP-treated medium and CAP-treated
water [207]. Cell viability (determined by MTT assay) was hardly reduced after CAP
treatment on all three cell lines. Observed cell death was mostly due to apoptosis and
necrosis (determined by Annexin V/PI staining). Intracellular RONS levels were dramatically

increased in all cell lines upon treatment with PTL. Downregulated expression of tumor
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biomarkers indicated a restoration of the apoptotic pathway (MPK7 and BCL2) and
induction of double-stranded DNA breaks and chromosomal fragmentation (CHEK1) and

can be correlated to the increase in cell death.

To date, there are only two studies on the effect of CAP on co-cultures of PDAC and PSC
cells [54, 208]. In the third study from our group [54], we investigated the effect of CAP
treatment on the tumor reduction and the activation of PSCs and the ECM remodeling in
mono- and co-cultures. Based on protein expression of selected markers shown by
immunohistochemistry and mRNA expression, no activation of PSCs (aSMA, vimentin and
GFAP) or ECM remodeling (MMP1 and TIMP2) due to the PSCs upon CAP treatment was
observed. In addition, CAP was able to shrink MiaPaCa-2 and MiaPaCa-2:RLT-PSC tumors,
with a less pronounced effect in the latter. This reveals the potential of CAP to effectively
eliminate tumors without causing activation of PSCs and the importance of including co-

cultures to study therapy responses.

Finally, Freund et al. investigated whether CAP treatment with the kINPen plasma jet might
promote EMT or inflammation in metastatic PDAC cells [208]. They examined cell viability,
apoptosis, metastasis and cytokine expression in two PDAC cell lines in tumor spheroids co-
cultured with PSCs, and in mono-culture tumors grown on chicken embryos. CAP treatment
induced apoptosis in tumors but did not significantly change adhesion molecules, EMT
marker expression, or promote tumor cell detachment and outgrowth. Cytokine responses
varied among cell lines, but no consistent pro-metastatic or pro-inflammatory shift was
observed. Overall, CAP treatment did not induce EMT or metastasis-related changes,

suggesting its safety as a cancer therapy for pancreatic cancer.

Clearly, the lack of knowledge on the effect of CAP treatment on clinically relevant co-
culture 3D models could give unforeseen drawbacks when moving onto in vivo experiments
or clinical trials. Therefore, it is important to include PSCs in the experimental approaches

of future studies.
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2.3.3 CAP treatment of endothelial cells
ECs are the most important cell type when investigating angiogenesis. CAP has
demonstrated both pro- and anti-angiogenic effects on ECs, depending strongly on device

type, treatment parameters, and experimental conditions.

At low intensities, CAP can promote angiogenesis, with RONS such as -NO, H,0;, O,-~ and
‘OH playing central roles in activating angiogenic pathways. These species induce
controlled oxidative stress, or oxidative eustress, which stimulates cell proliferation
pathways [184, 210, 211]. ECs respond to CAP by expressing pro-angiogenic factors like
FGF-2 and Ang-2, fostering EC proliferation and migration, e.g., by using the MicroPlaSter
B plasma torch system (Microwave 2.45 GHz, 80 W, argon flow 4.0 |/min, treatment
diameter ~5 c¢cm) [150, 184, 211]. Paracrine signaling between fibroblasts and ECs further
enhances this activation [150]. Additionally, RONS can disrupt EC membranes, triggering
the release of more FGF-2 and stimulating neighboring EC proliferation [184]. For example,
one study using a DBD device (1.5 kHz, 20 kV peak-to-peak) showed that CAP enhanced EC
proliferation, migration, and tube formation via ROS-induced FGF-2 release [184]. Similarly,
supernatants from CAP-treated fibroblasts have been shown to promote angiogenesis

[150].

However, CAP’s effects on ECs can also be inhibitory. Direct CAP exposure (15 sec) using
the kINPen®MED reduced cell growth, metabolism, tube formation, and 2D migration in

human dermal microvascular ECs [148].

These contrasting findings underscore CAP’s dual-edged nature: its impact on cells varies
considerably based on device configuration, feed gas composition, treatment duration, and
TME context. Importantly, the type and quantity of RONS produced by CAP are highly
dependent on these parameters, leading to diverse biological outcomes [126]. Overall,
while CAP holds promise for modulating EC behavior and angiogenesis, achieving a
consistent pro-angiogenic response requires careful optimization of CAP parameters to

balance oxidative eustress without tipping into detrimental oxidative distress.
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2.3.4 Towards clinical relevance: integrating 3D co-culture models into CAP

research for PDAC

A crucial limitation in cancer research, particularly for PDAC, is the reliance on traditional
2D cell culture systems, which fail to replicate the intricate architecture and cellular
interactions of the TME. The TME in PDAC is uniquely complex, characterized by dense
stromal components, abundant ECM, hypoxia, and a dynamic interplay between PCCs,
PSCs, ECs, immune cells, and other stromal elements. These interactions govern critical
processes, such as angiogenesis, immune evasion, drug resistance, and metastatic spread.
3D co-culture models, including spheroids, organoids, and tissue-engineered constructs
offer a more physiologically relevant platform by mimicking cell-cell and cell-matrix
interactions, nutrient and oxygen gradients, and the mechanical properties of the tissue
[212-216]. In PDAC, 3D co-culture systems enable researchers to investigate tumor biology
in a context that more accurately mirrors in vivo conditions, improving the predictive power
of preclinical studies for therapeutic efficacy and safety. They are especially valuable for
evaluating how stromal elements like PSCs and the extracellular matrix contribute to the

notorious chemoresistance and aggressive behavior of PDAC.

Despite the promise of CAP as a novel anti-cancer modality, the research conducted thus
far on CAP treatment in PDAC has been predominantly confined to 2D monoculture
systems, without incorporating the complexity of the TME properly. The summarized
studies show encouraging results, including cytotoxicity against cancer cells, modulation of
immune responses, and potential anti-tumor effects on cells in the TME. However, the
absence of comprehensive 3D co-culture models limits the understanding of how CAP
influences the interactions between PCCs and crucial stromal components like PSCs and
ECs, which can significantly modulate treatment outcomes. For instance, PSCs can shield
cancer cells from therapeutic effects or, conversely, be targeted to disrupt tumor-
supportive stroma. Likewise, ECs can respond variably to CAP, leading to either pro- or anti-
angiogenic effects depending on treatment parameters. Without 3D co-culture models that
integrate these elements, it remains uncertain whether the in vitro cytotoxic effects of CAP

will translate into effective and safe treatments in patients. Therefore, incorporating 3D co-
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culture systems into CAP research for PDAC is essential to accurately predict therapeutic
efficacy, understand potential side effects, and guide the development of optimized CAP-

based treatment strategies.
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3.1 Abstract

As discussed in previous chapter, PDAC presents significant treatment challenges due to its
desmoplastic reaction, which impedes therapeutic effectiveness, highlighting the need for
advanced in vitro models to better mimic the complex tumor environment. Currently 3D
co-culture models of fibroblasts and endothelial cells are lacking, which presents a
challenge for performing more comprehensive in vitro research. In this chapter | develop
TCC spheroid models using MiaPaCa-2 and BxPC-3 cancer cell lines, with RLT-PSC and
hPSC21 PSC lines and the EC line HMEC-1. These models are assessed through growth
assays, multicolor flow cytometry to optimize cell ratios, cell viability assays to evaluate
drug responses, and a tube formation assay with a spheroid-conditioned medium to
examine angiogenesis. Our TCC spheroids effectively replicate the PDAC
microenvironment, showing significant variations in drug responses influenced by cellular
composition, density, and spatial arrangement. The tube formation assay showcases the
potential of our models to quantitatively assess a treatment-induced angiogenic response.
These cost-effective TCC in vitro spheroid models provide vital insights into the PDAC
microenvironment, significantly improving the quality of the in vitro evaluation of

treatment responses.
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3.2 Introduction

As explained in previous chapter, PDAC is predicted to become the second leading cause of
death by cancer before 2030, clearly emphasizing why improvement in treatment strategy
is highly needed [1]. PDAC, which comprises approximately 85% of all pancreatic cancer
cases [2], is characterized by a desmoplastic reaction, which triggers the formation of a
dense, fibrous tumor stroma causing high intratumoral pressure. This serves as a physical
barrier to therapy and causes vascular compression and hypovascularity, which inhibits
drug delivery and induces chemoresistance [3]. In addition to their vital role in
angiogenesis, ECs contribute to the complexity of the disease as CAFs through an
endothelial-to-mesenchymal transition [4, 5]. Furthermore, activated PSCs, a specific type
of fibroblast, act as the guardians of PDAC and are major contributors to the desmoplasia
and the creation of a complex TME. This leads to the acquisition of properties like rapid
growth, a highly invasive and metastatic potential; survival in hypoxic and low-nutrient
conditions; and immunosuppression, among others [6]. Important point mutations in PDAC
are KRAS, SMAD4, CDKN2A, and TP53 [7]. KRAS is detected in 90% of the cases and is
related to a worse prognosis alongside CDKN2A [8, 9]. SMAD4 is correlated to an increased
rate of metastasis and resistance to therapy, and TP53 changes the immune milieu and
promotes inflammation, which benefits the tumor [10, 11]. Single-cell RNA sequencing
revealed that roughly 35% of all cells in PDAC tumors are cancerous, 26% are fibroblasts
and PSCs, and 12% are ECs [12]. While other studies show similar results [13-16], it is
important to note the cellular distribution spread among patients [12, 14]. The extreme
cellular heterogeneity among patients (intertumoral) and within the tumors (intratumoral)
increases the failure rate of therapies in clinical trials and highlights the importance of
utilizing more complex models to capture this heterogeneity during the in vitro stage of
research [17]. While pharmaceutical research and drug development has been ever-
growing, the approval rate of new drugs is not experiencing the same uptrend [18]. This is

partially caused by Phase lll failures originating from inadequate preclinical screening [19].

To develop novel therapeutic approaches, we need better and more accessible in vitro

models that can mimic the TME of PDAC. Simple models such as 2D cultures have been a
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useful and economic approach for investigating fundamental questions for decades.
However, these models are not sufficient to translate cellular responses to innovative
treatment strategies that can tackle these complex diseases [20]. One simple and low-cost
alternative is the use of 3D spheroids, which offer many advantages, including an oxygen
gradient, scaffold-free tissue-like cellular organization, cellular crosstalk, high-throughput
capabilities, and reproducibility [20-22]. Monoculture spheroids of cancer cells lack the
stromal component of a tumor-like ECM deposition and a complex TME [21]. It has been
stated that co-culture spheroids of a 1:1 and 2:1 ratio (cancer—stellate) are not
representative of the PDAC stroma content [22-24]. In addition, attempts have been made
to develop a TCC spheroid model for pancreatic cancer with fibroblasts and ECs. However,
to our knowledge, they did not include enough PSCs, which are a highly specific cell
population to PDAC that play a pivotal role in the desmoplastic response [25, 26]. In these
studies, the authors used either lung fibroblasts or extremely low numbers of fibroblasts,
which do not truly mimic PDAC tumors, and hence do not provide a full picture of the cell-
to-cell interactions governing the PDAC TME. In addition, the intra- and intertumoral

heterogeneity of the PDAC TME was not considered.

Another alternative is the use of patient-derived organoids (PDOs), which are gaining
attention due to their clinical relevance and their value for understanding patient-specific
drug responses for personalized cancer treatment [27]. However, they are reported to have
low physical properties and a soft matrix [22, 28, 29]. Even though PDOs are highly valuable,
in many laboratories there is still a lack of expertise and standardized protocols for the
processing, culturing, and cryopreservation of these tissues with a high success rate [30].
In addition, most PDOs do not yet include the complex TME related to ECs and
angiogenesis, and they require Matrigel or Cultrex (ECMs isolated from mouse sarcoma)

which introduce unknown growth factors [31].

The translatability of in vitro research toward clinical observations will remain low without
proper 3D models that consider the complex TME and its heterogeneity with clinically
relevant numbers of different cell types to better study the treatment response. In this

chapter, we therefore present a relevant panel of four high-throughput TCC spheroid
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models of PDAC including both PSCs and ECs. To tackle the heterogeneity of the PDAC TME,
we used cell lines with different characteristics for both PDAC cells and PSCs. Altogether,
our four novel TCC spheroid models provide an affordable and relevant tool to advance the
development of suitable therapies for PDAC that can be widely used for drug screening,

angiogenic studies, and more.

3.3 Material and methods

3.3.1 Cell culture

The human PCC lines MiaPaCa-2 (ATCC®, Manassas, VA, USA) and BxPC-3 (ATCC®) were used
in this chapter. The human immortalized PSC line RLT-PSC was kindly provided by Prof. Ralf
Jesenofsky of the Faculty of Medicine, University of Mannheim [32], while the hPSC21 line
was established at Tohoku University, Graduate School of Medicine, and was kindly
provided by Prof. Atsushi Masamune [33]. In addition, the immortalized EC line HMEC-1
(ATCC®) was used. All cell lines were used for a maximum of 20 passages after thawing and
tested for mycoplasma every 3 months, and short tandem repeats (STR) profiling has
validated that the cell lines remained identical to the original cell line (see Supplementary
Figures S3.1-S3.5 at the end of this chapter). PCCs and PSCs were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, 10938025, Gibco, Grand Island, NY, USA) supplemented
with 10% foetal bovine serum (FBS, 10270106, Life Technologies, Carlsbad, CA, USA), 100
U/mL penicillin, 100 pg/mL streptomycin (15140122, Life Technologies), and 2 mM L-
glutamine (25030024, Life Technologies). PCCs and PSCs were transduced with NucLight
Rapid Red (4741, Essen Biosciences, Ann Arbor, Ml, USA) to express mKate2, and with
NucLight Green (4475, Essen Biosciences) to express GFP, respectively. HMEC-1 cells were
cultured in MCDB131 (10372019, ThermoFisher Scientific, Waltham, MA, USA) and
supplemented with 10 ng/mL Epidermal Growth Factor (PHG0314, ThermoFisher
Scientific), 1 ug/mL Hydrocortisone (H0396, Sigma Aldrich, St. Louis, MO, USA), 10 mM L-
glutamine (25030024, Life Technologies), 10% FBS (10270106, Life Technologies), 100

U/mL penicillin, and 100 pg/mL streptomycin (15140122, Life Technologies). Cells were
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maintained in a humidified incubator at 37 °C and 5% CO;. HMEC-1 cells for the

supplementary proliferation rate were transduced with CMV-GFP.

3.3.2 Proliferation rate

MiaPaCa-2, BxPC-3, RLT-PSC, hPSC21, and HMEC-1 cells were seeded in a flat 96-well plate
(655180, Greiner Bio-One, Kremsmiinster, Austria) in 200 pL (1000, 2000, 1000, 1000, and
1500 cells/well, respectively). Cells were either seeded in MCDB131 or DMEM (with or
without supplements) to evaluate proliferation over time. Confluence was measured every

24 h using live-cell imaging with the Spark® Cyto (Tecan, Mannedorf, Switzerland).

3.3.3 Triple co-culture spheroid seeding ratio optimization

To optimize the seeding densities for TCC spheroids of PCCs, PSCs, and ECs, initial pilot
experiments tested cancer—stellate ratios (1:1 to 1:4) to ensure single, compact spheroid
formation and qualitatively assess proportions via imaging (Figure S3.6a and b). The
seeding density was tested in a range from 3000-7500 cells per spheroid to obtain a
spheroid of 300-500 um in diameter. Based on these results, ECs were added to form TCC,
varying cancer—endothelial ratios (1:0.25 to 1:4). Spheroids were analyzed after 3 days
using Orbits software to quantify relative proportions of each cell type (area-based) and
were compared to clinical PDAC cellular percentages (Figure S3.6¢c and d). Due to the
limitations of 2D image analysis, we continued final optimization using flow cytometry to
accurately quantify cell-type proportions and refined seeding densities for clinically

relevant spheroids.

3.3.4 Spheroid formation

3D co-culture spheroids were generated using the previously mentioned cell lines.
Spheroids were seeded at 5000 (BxPC-3:RLT-PSC:HMEC-1 in a ratio of 7:2:4), 7000 (BxPC-
3:hPSC21:HMEC-1 in a ratio of 6:5:3), 3500 (MiaPaCa-2:RLT-PSC:HMEC-1 in a ratio of 6:3:3),
4500 (MiaPaCA-2:hPSC21:HMEC-1 in a ratio of 5:6:4), 6000 (BxPC-3), and 4000 (MiaPaCa-
2) cells per well, including 0.24% methylcellulose (M0512, Merck, Rahway, NJ, USA in ultra-
low adherent (ULA) plates (7007, Corning®, Corning, NY, USA). Empty outer wells were filled

with 200 plL of water to minimize evaporation and plates were sealed with a breathable
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membrane (Z380059, Merck, Rahway, NJ, USA). The ULA plates were centrifuged at 453 x
g for 10 min. Cells were incubated at 37 °C and 5% CO; for three days to promote spheroid

formation, after which spheroids of 300-500 um diameter were formed.

3.3.5 Flow cytometry

The characterization of the different cell types in the TCC spheroids was performed with
multicolor flow cytometry. Forty-eight spheroids per condition were collected after three
days of formation and dissociated with 1 mL of TrypLE (12604-021, Life Technologies) for
30 min while shaking and incubating at 37 °C and 5% CO,. Mechanical stress was applied
by pipetting up and down with 0.1% BSA-coated tips every 10 min. A total of 3 mL of
medium was added, cells were pipetted up and down and vortexed, and a single cell
suspension was obtained using a 70 um strainer. All cells were resuspended in 200 pL FACS
buffer and seeded in a 96-well round-bottom plate. Subsequently, all cell suspensions were
pre-treated with human serum blocking solution (S1-100ML, Merck) for 15 min at room
temperature (RT) to avoid non-specific binding and washed twice with FACS buffer. Cells
were incubated with PE-Cy7 anti-human CD31 (303118, BioLegend, San Diego, CA, USA)
antibody for 15 min at RT, then washed twice with FACS buffer. PCCs and PSCs were
measured with mKate2 and GFP fluorophores that are expressed by the cell nuclei due to
transduction, as explained earlier. Samples were measured on the NovoCyte Quanteon
(Agilent Technologies, Santa Clara, CA, USA), and analysis of all flow cytometry experiments
was performed using the FlowJo v10 software (Becton, Dickinson & Company, Franklin

Lakes, NJ, USA).

3.3.6 Cell viability assay

Spheroids were formed over three days, as described earlier. The spheroid medium was
refreshed by removing 100 pL of medium and adding 100 pL of fresh MCDB131 medium
(50% medium renewal). GEM (S1714, 10 mM in DMSO, Selleck Chemicals, Houston, TX,
USA) and PCX (S1150, 10 mM in DMSO, Selleck Chemicals) were applied as monotherapy
or as combinational therapy using the D300e Digital Dispenser (Tecan). GEM and PCX were

titrated in a range as monotherapy or in combination (Table 3.1). Cell viability curves were
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set up by quantifying ATP from metabolically active cells with CellTiter-Glo® (G7571,
Promega, Madison, WI, USA) after five days of drug treatment. DMSO normalization was
performed based on the highest drug concentration to a maximum of 0.6% DMSO.
Staurosporine (5 uM, S1421, Selleck Chemicals) was used as a 100% cell death control to
normalize data. The area under the curve (AUC) value represents the area under the curve
and is a measure for drug resistance. The higher the viability, the larger the AUC value will

be, therefore indicating higher drug resistance.

Table 3.1. Titration concentration range of gemcitabine and paclitaxel either as mono- or
combinational therapy.

Gemcitabine Paclitaxel
2.5 nM 0.5nM
5nM 1nM
25 nM 5nM
50 nM 10 Nm
0.4 uM 80 nM
2.5uM 0.4 uM
10 um 2 uM

3.3.7 Enzyme-linked immunosorbent assay

Supernatant levels of VEGF in TCC spheroid-conditioned media were quantified using the
LEGEND MAX™ Human VEGF ELISA Kit (446507, BiolLegend) according to the
manufacturer’s instructions. Absorbance was measured at 450 nm and 570 nm (reference)

using the Spark” Cyto (Tecan).

3.3.8 Tube formation assay

Assessment of angiogenesis was performed with a tube formation assay in a 384-well plate
(3764, Corning®). The supernatant (spheroid-conditioned medium) of 3-day-old TCC
spheroids cultured in 200 pL was refreshed by either renewing 100 uL with fresh medium
to a total of 200 puL or removing 150 plL of medium and adding 50 pL of fresh medium for a
total of 100 pL, both leading to a 50% medium refresh (indicated as 100 uL or 200 pL).
Plates were then coated with 8 pL of Cultrex (3533, Bio-Techne, Minneapolis, MN, USA),

centrifuged at 180 x g for three min and incubated for at least 60 min at 37 °C and 5% CO..
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HMEC-1 cells were resuspended at 58,000 cells/mL (either in MCDB131 or spheroid-
conditioned medium), and 40 pL of cell suspension was seeded on top of the Cultrex
coating. Fresh MCDB131 medium was used as positive control, as this highly supports tube
formation and loops. After 6 hours, images of the tubular network were taken using the
Spark® Cyto (Tecan) with a 4x objective. This protocol was adapted to our application based
on the literature [34, 35]. Python v3.12 was used to crop these images to a center-focused
circular image to remove the out-of-focus outside regions of the well, caused by the
meniscus shape of the Cultrex coating. Finally, the IKOSA® tube formation analysis (Kolaido,
Altenrheim, Switzerland) was performed to gain four metrics: number of loops, covered

area, total tube length, and number of branch points.

3.3.9 Patient samples

FFPE (Formalin-fixed paraffin-embedded) tissue blocks from 10 patients with PDAC were
acquired from the Antwerp Biobank (Antwerp, Belgium; ID: BE71030031000). The usage of
these samples was approved by the Ethics Committee at Antwerp University Hospital—
University of Antwerp (UZA-UAntwerp) under the reference number EC14/47/48. Two
patient samples were selected as representative tumors to represent multiple typical PDAC

characteristics.

3.3.10 Immunohistochemistry

o-SMA staining was part of a previous study [36]. ETS-related gene (ERG) expression in the
TME of clinical PDAC tumors was evaluated by staining for hematoxylin and eosin (H&E)
and ERG of five um-thick sections from formalin-fixed paraffin-embedded tissue blocks.
Sections were baked at 60 °C for 2 h and heat-induced epitope retrieval was performed by
incubation with Envision FLEX high pH antigen retrieval solution (GV80411-2, Dako,
Glostrup, Denmark) for 20 min at 97 °C (PT-Link instrument, Dako). Next, peroxidase
activity was quenched by incubating the slides in peroxidase blocking buffer (GE001, Dako)
for 5 min. Incubation with an anti-ERG monoclonal antibody (GA65961-2, monoclonal anti-
rabbit, clone EP111, Agilent Technologies) was performed for 20 min at room temperature.

Visualization was achieved by using a rabbit-linker (K800921-2, Agilent) for 10 min and the

88 | Chapter 3



Envision FLEX detection kit (K802321-2, Agilent) for 20 min according to the manufacturer’s
instructions. All sections were counterstained with hematoxylin (105175, Merck) for 2 min,
dehydrated, and mounted with mounting medium (SEA-1604-00A, Cellpath, Wales).
Images were captured from digitized histological slides by using a Philips Ultra-Fast scanner

and displayed at 200x final magnification.

3.3.11 Spheroid image analysis
Images of the TCC spheroids were captured using the non-confocal Spark® Cyto (Tecan)
microscope with a 10x objective. Image acquisition was performed for brightfield, green

(stellate), red (cancer), and blue (endothelial) fluorescent channels (Table 3.2).

Table 3.2. Technical information on the image acquisition of TCC spheroids using the Spark® Cyto
(Tecan).

Dye Excitation = Emission LED Intensity (%) Exposure Time (ms)
BxPC-3 543-566 580-611 25 300
MiaPaCa-2 543-566 580-611 20 60
RLT-PSC 461-487 500-530 10 50
hPSC21 461-487 500-530 20 80
HMEC-1 381-400 414-450 15 45

3.3.12 Statistical analysis

All experiments were performed at least three times with three replicates unless specified
otherwise. The significances in the proliferation assay were evaluated using two-way
ANOVA with Sidak’s multiple comparison test using Prism v10.1.0 (GraphPad Software, San
Diego, CA, USA). Dose-response curves were evaluated for significances using the AUC
values (p < 0.05) and a linear mixed model with either the treatment or the spheroid
combination as fixed effect using JIMP Pro v17.0.0 software. Outlier tests were performed
using Prism v10.1.0 (GraphPad Software). For multiple comparisons of all experimental
groups, Tukey’s honestly significant difference (HSD) was used. Statistical significances
between the concentrations of VEGF in spheroid-conditioned media was also evaluated
with linear mixed models using JMP Pro v17.0.0 software (JMP, Cary, NC, USA) and Tukey’s

HSD multiple comparisons test.
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3.4 Results

3.4.1 MCDB131 medium is most optimal for triple co-culture spheroid

formation

To include the heterogeneity of the PDAC TME, we used two PCC lines with different
genetic backgrounds and associated characteristics (MiaPaCa-2 with CDKN2A gene deletion
and KRAS and TP53 mutations, BxPC-3 with CDKN2A and SMAD4 gene deletion and BRAF,
and TP53 mutations). PANC-1 and Capan-2 were also assessed in a preliminary
monoculture spheroid formation assay. Unlike MiaPaCa-2, PANC-1, and Capan-2, BxPC-3
formed compact spheroids and was selected to introduce structural heterogeneity in our
spheroid models. Capan-2 did not even form loose singular spheroids like MiaPaCa-2 and
PANC-1. We decided to continue with MiaPaCA-2, which is frequently used in our lab and
widely reported in the literature. Additionally, to increase heterogeneity, we also used two
PSC lines with different origins (RLT-PSC originating from chronic pancreatitis, as this is one
of the main causes of pancreatic cancer development, and hPSC21 originating from
pancreatic cancer) and one EC line (HMEC-1) [32, 33]. As PCCs, PSCs, and ECs were cultured
in different media, we evaluated the cell growth of each cell line in both DMEM (PCC and
PSC culture medium) and MCDB131 (EC culture medium) to determine the optimal medium
for TCC spheroid formation. Clearly, MCDB131 was able to sustain growth for all cell lines,
similar to DMEM (MiaPaCa-2 and RLT-PSC) or better than DMEM (BxPC-3, hPSC21, and
HMEC-1) (Figure S3.7). The DMEM medium supplemented with VEGF and FGF was not able
to provide the required environment for ECs to grow to the same extent as they did in the
MCDB131 medium (Figure S3.8). Therefore, the MCDB131 medium was chosen for

spheroid culture.

3.4.2 Triple co-culture spheroids demonstrate the heterogeneity of the

PDAC tumor microenvironment
To generate TCC spheroids with different characteristics of PDAC tumors, we first
determined the optimal seeding densities for each cell type in a TCC environment. For this,

we quantified the cell populations in 3-day-old spheroids by flow cytometry (Figures 3.1a
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and S9). The seeding densities for each TCC spheroid type was adjusted to achieve similar
population percentages in 3-day-old spheroids to those observed in patients’ tumors, as
reported in the literature (Table 3.3) [12-16]. These adjustments were made based on the
quantitative data from the flow cytometry experiments (Figure S3.10). The final seeding
ratios of the four distinct combinations of TCC spheroids that presented characteristics of
clinical tumors and the different facets of the heterogeneous spectrum of PDAC (Figure
3.1b) were as follows: 7:2:4 BxPC-3:RLT-PSC:HMEC-1 (dense and round), 6:5:3 BxPC-3:RLT-
PSC:HMEC-1 (well-defined fibrotic shield), 6:3:3 MiaPaCa-2:RLT-PSC:HMEC-1 (invasive
PCCs protruding from spheroids), and 5:6:4 MiaPaCa-2:hPSC21:HMEC-1 (less-dense fibrotic
shield). All four TCC combinations were able to form compact spheroids with diameters of
300-500 um at 3 days post-seeding (Figure 3.1c). Notably, the seeding ratios of the
different cell types did not correlate fully with the flow cytometry ratios after 3 days of
formation (Figure 3.1b). This shows that the growth of these cells in a 3D co-culture

environment is different from their 2D monoculture growth (Supplementary Figure S3.7).

We observed that the PSC line hPSC21 (which originates from pancreatic cancer) tended to
organize itself around the tumor (Figure 3.1c), shielding it from the environment, a
characteristic often seen in clinical PDAC tumors (Figure S3.11) and which has been linked
to drug resistance. When this shield was not present (as observed in the spheroids
generated with RLT-PSC that originates from chronic pancreatitis), the highly invasive
nature of MiaPaCa-2 lead to the migration of PCCs out of the TCC spheroids, something not
observed in TCC spheroids generated with BxPC-3. The TCC spheroid models showed typical
characteristics of PDAC, including the presence of abundant fibroblasts with a fibrotic shield
in some cases, invasive tumor edges (as observed in MiaPaCa-2 spheroids, Figure 3.1c), and
a low number of ECs (characteristic of the limited vasculature present in PDAC tumors), as

observed in human PDAC samples (Figure S3.11).

Altogether, these results show that the four different TCC spheroids developed here
resemble PDAC tumor characteristics and have significant potential to improve in vitro

research.

91 | Chapter 3



Figure 3.1. Capturing the heterogeneity of PDAC in the scope of the TME with TCC spheroids. (a)
Methodology for spheroid formation of pancreatic cancer (red fluorescently labelled nuclei), stellate
(green fluorescently labelled nuclei), and ECs (CD31 positive). (b) Quantitative flow cytometric data
showing the relative contribution of each cell population in our four spheroid combinations. (c)
Representative live images of the TCC spheroids of pancreatic cancer (red), stellate (green), and
endothelial (blue) cells. Data are represented as mean * SD (n=3 of three independent experiments).
Each dot represents one flow-cytometry measurement of a pool of 48 spheroids. ULA: ultra-low
attachment.

Table 3.3. Cell population percentages in TCC spheroids after 3 days of formation, determined by
flow cytometry and compared to literature [12].

Cancer Stellate  Endothelial

PDAC Tumor/Model cells (%) cells (%) cells (%)
BxPC-3:RLT-PSC:HMEC-1 39.25 42.29 18.46
BxPC-3:hPSC21:HMEC-1 32.63 52.35 15.02

MiaPaCa-2:RLT-PSC:HMEC-1 59.14 31.03 9.83
MiaPaCa-2:hPSC21:HMEC-1 38.30 47.80 13.90
Clinical PDAC tumors (recalculated excluding  47.95 35.62 16.44

other cell types from literature) [12]
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3.4.3 Improved spheroid compactness in the triple co-culture

microenvironment better mimics the solid nature of PDAC

Given the solid nature of PDAC tumors, we quantitatively evaluated the spheroid diameter
and qualitatively evaluated the compactness and general spheroid structure using live cell
imaging (Figure 3.2), which we compared for TCC versus monoculture spheroids. We
observed that both the monoculture and TCC spheroids of BxPC-3 cancer cells formed
compact spheroids (Figure 3.2). In contrast, MiaPaCa-2 monoculture formed loose cell
aggregates of roughly 1000 um in diameter, which is different from the more solid and
tightly packed structure observed when MiaPaCa-2 was seeded in combination with PSCs
and ECs (approx. 400 um diameter; Figure 3.2). This ability of MiaPaCa-2 to form compact
spheroids upon co-culturing with PSCs and ECs highlights the influence and importance of
the TME on the structure of PDAC tumors. This improved compactness in TCC spheroids is

relevant, as PDAC is known to form highly solid and dense tumors in patients.

TCC spheroids generated with RLT-PSC in combination with BxPC3 or MiaPaCa-2 showed
differences in their sensitivities to GEM, PCX, or both (Figure 3.3d). However, these
differences were not present in TCC spheroids generated with hPSC21. Interestingly, BxPC-
3:RLT-PSC:HMEC-1 spheroids exhibited higher resistance than any of the other three TCC
spheroid models, as seen from the AUC values (Figure 3.3d). This suggests a distinct
resistance profile in the context of the complex TME represented by this specific TCC

spheroid.

Altogether, our results demonstrate that the different TMEs in our four spheroid
combinations affect the drug response differently and highlight the importance of

considering the TME heterogeneity in drug response studies.
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Figure 3.2. A TCC environment ensures a dense spheroid structure. Representative brightfield
images of (a) BxPC-3, (b) BxPC-3:RLT-PSC:HMEC-1 (7:2:4), (c) BxPC-3:hPSC21:HMEC-1 (6:5:3), (d)
MiaPaCa-2, (e) MiaPaCa-2:RLT-PSC:HMEC-1 (6:3:3), and (f) MiaPaCa-2:hPSC21:HMEC-1 (5:6:4)
spheroids. (g) Quantitative evaluation of the spheroid diameter as a mean of the width and length.
Data are represented as mean * SD (n = 9 from three independent experiments for TCC spheroids
and n = 3 from one experiment for monoculture spheroids). **** = p < 0.0001.
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Figure 3.3. GEM and PCX treatments of monoculture and TCC spheroids reveal different drug
resistance profiles depending on the tumor microenvironment. (a) Methodology scheme to measure
the cell viability of spheroids with CellTiter-Glo® after 5 days of drug treatment. (b) Cell viability
curves of GEM- and PCX-treated monoculture and TCC spheroids. The x-axis in the combination plots
corresponds to the GEM concentrations used; however PCX was co-administered in a 1:5 ratio (PCX—
GEM). (c) Area under the curve as a measure of drug resistance of monoculture alone, and a
comparison of monoculture and TCC spheroids per cancer cell line. (d) Area under the curve results
of TCC spheroids. Data are represented as mean + SD (n > 7 from three independent experiments).
All data were normalized to an untreated and 100% cell death control. A.u.: arbitrary units. ** =p
<0.01; **** = p <0.0001.
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3.4.4 Triple co-culture spheroids and angiogenesis: exploring treatment

response

Lastly, we investigated the value of our TCC spheroid models in angiogenesis studies using
the tube formation assay in vitro (Figure 3.4a). We evaluated the presence of VEGF in the
spheroid-conditioned medium when spheroids were cultured in 100 or 200 uL and after 24
or 72 h post-seeding. We concluded that a medium renewal of up to 100 uL 72 h post-
seeding provided the highest VEGF concentrations (Figure 3.4b). In addition, we observed
that MiaPaCa-2 TCC spheroid-conditioned media presented higher levels of VEGF than
spheroid-conditioned media from BxPC3 TCC spheroids, showing a two-fold increase in TCC
spheroids with hPSC21 (BxPC-3:hPSC21:HMEC-1, 214 pg/mL; MiaPaCa-2:hPSC21:HMEC-1;
383 pg/mL; p < 0.0001) and a three-fold increase in TCC spheroids with RLT-PSC (BxPC-
3:RLT-PSC:HMEC-1, 185 pg/mL; MiaPaCa-2:RLT-PSC:HMEC-1; 487 pg/mL; p < 0.0001).

Tube formation in the EC monolayers was evaluated using the IKOSA® tube formation
analysis, which provides four key parameters: number of loops, total tube length of the
vessel network, total covered area of the vessels, and number of branch points (Figure 3.4c
and d). In combination with the number of loops, the total tube length and covered area
offered a better understanding of angiogenesis than the number of tubes alone, as the
negative control often gave a high number of tubes due to the presence of single cells and
disconnected short tubes. However, the presence of loops (Figure 3.4c and d positive
control) represents a mature network of tubes [37], which was not present in the negative
control or the spheroid-conditioned media. This correlates to the vascular compression and
hypovascularity of PDAC. Compared to our negative and positive controls, BxPC-3:RLT-
PSC:HMEC-1 and MiaPaCa-2:hPSC21:HMEC-1 spheroid-conditioned media showed high
numbers of branching points, covered areas, and total tube lengths. In contrast, BxPC-
3:hPSC21:HMEC-1 and MiaPaCa-2:RLT-PSC:HMEC-1 spheroid-conditioned media induced a
lower number of branch points, total tube lengths, and covered areas (Figure 3.4d).
Additionally, the number of loops is an interesting metric for studying a proangiogenic
response, as none of the untreated spheroid-conditioned media resulted in a high number

of loops, similar to the negative control (Figure 3.4d).
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Our results demonstrate that the four TCC spheroids are valuable models for evaluating
pro- or anti-angiogenic treatments, as shown by the differential production of VEGF in the
spheroid-conditioned medium and the angiogenic response evoked in the ECs. Overall, we
successfully developed four spheroid models that mimic the TME heterogeneity and its
unique characteristics observed in patients with valuable potential for high-throughput

screening of drug treatment and angiogenic evaluation (Table 3.4).

Figure 3.4. Heterogenous PDAC TCC spheroids display distinct angiogenic profiles. (a) Methodology
scheme of using spheroid-conditioned medium for a tube formation assay to evaluate angiogenesis.
Three-day old spheroids could be treated with an angiogenic treatment schedule right after medium
refreshment. (b) VEGF concentrations of spheroid-conditioned medium after 24 h or 72 h by ELISA
(n = 3 from one independent experiment). (c) Raw (left) and IKOSA® analysis images (right) of a
positive control showing tubes (red lines), branch points (small green circles, white arrow), and a
high number of loops (colored perimeter lines). (d) Heat map of the IKOSA® tube formation analysis
results for the positive and negative controls and the four combinations of untreated TCC spheroid-
conditioned media. Data are represented as mean + SD (n 2 8 from three independent experiments).
*=p<0.05; **=p<0.01; ***=p <0.001; **** = p <0.0001; ns = not significant. Color code of the
heatmap was chosen to remain consistent with other heatmaps in this PhD thesis.
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Table 3.4. Overview of the different proposed spheroid models, their seeding ratios, most visible
characteristics, drug responses, and angiogenic responses.

Seeding Seeding Drug Angiogenic

Spheroid Model Ratio Density (Cells) Feature Response Activity
BxPC-3:RLT-PSC:HMEC-1 7:2:4 5000 Dense Low High
BxPC-3:hPSC21:HMEC-1 6:5:3 7000 High fibrotic shield High Low

MiaPaCa-2:RLT-PSC:HMEC-1 6:3:3 3500 Invasive High Low
MiaPaCa-2:hPSC21:HMEC-1 5:6:4 4500 Fibrotic shield High High

3.5 Discussion

The complex and heterogeneous TME of PDAC, which is characterized by a dense stroma,
limits drug delivery and can cause chemoresistance [3]. Recognizing the crosstalk between
different cell types is essential for tackling PDAC and developing better screening tools for
drug discovery [4-6]. In this chapter, we developed an innovative panel of four TCC spheroid
models that represent the complex TME observed in different types of PDAC tumors, with
high-throughput secondary screening potential for anti-cancer drugs and angiogenic
compounds. Traditional 2D and monoculture models struggle with translatability towards
in vivo and clinical studies, while the adoption of 3D co-culture in vitro models, particularly
our clinically relevant and heterogeneous TCC spheroids, signify an important shift in PDAC

research [20-22].

To generate the four TCC spheroid models presented in this study, we considered the
literature-derived cell percentages observed in clinical tumors, determined by single-cell
RNA sequencing (approximately 35% PCCs, 26% fibroblasts and PSCs, and 12% ECs, among
other cell types with a notable spread between patients) [12, 14], which is also described
in other studies [13-16]. This cellular distribution spread between patients also correlates
to therapy response [13]. To account for the heterogeneity of the TME, a hallmark of PDAC,
we used two different PCC and PSC lines, mirroring the inter- and intratumoral complexity
and diversity, as well as cellular distribution, as observed in patient tumors [22]. Two TCC
spheroid models containing hPSC21 cells presented different levels of fibrotic shields that
correlate with the presence of desmoplastic tissue in PDAC samples. In contrast, TCC
spheroids containing RLT-PSC cells formed dense and round spheroids (TCCs with BxPC3),

as observed in the tightly packed invasive front in PDAC tumors, or a more disperse
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distribution, characteristic of more aggressive and migratory PDAC (TCCs with MiaPaCa-2).
It is known that BxPC-3 cells form dense spheroids that mimic the compactness of PDAC,
and this could result in poor drug penetration and high drug resistance, as observed in our
cell viability data as well [38]. In contrast, the structural support provided by PSCs and ECs
to the TCC spheroids prevented the formation of loose spheroids with the aggressive
MiaPaCa-2 cell line. This improved their compactness, which is true of clinical PDAC tumors,
and resistance to common laboratory manipulation, e.g., pipetting of the spheroids
without breaking their structure. This is an advantage of our TCC spheroids, because they
allow the MiaPaCa-2 cell line to be investigated in a relevant 3D in vitro model, which is not

possible otherwise with the overly loose and fragile monoculture cell aggregates.

It is important to consider the fact that MiaPaCa-2 presents more aggressive features than
BxPC-3, such as a high expression of the mesenchymal marker vimentin, important for
migration and invasion, and low expression of the epithelial marker e-cadherin, a tumor-
suppressor protein involved both in EMT and tumor progression [39]. Indeed, it has been
demonstrated that BxPC-3 spheroids express higher levels of cadherins than MiaPaCa-2,
which are essential for spheroid formation [40]. Interestingly, we also observed the
formation of a cluster of ECs in the core of 3-day old BxPC-3:hPSC21:HMEC-1 spheroids.
This is in agreement with the distribution of ECs observed in 4-day-old PANC-1:MRC-
5:HUVEC spheroids, where the cluster of HUVECs present in the core was progressively lost
after 7 days [25]. The structural differences observed between monoculture and TCC
spheroids highlight the importance of considering spatial arrangement, cell density, and
the TME for mimicking clinical scenarios. The lack of crosstalk among different cell types in
monoculture spheroids impacts various aspects, including responses to immunotherapy,

growth rates, survival, invasion, metastasis, angiogenesis, and other critical factors [22, 41].

To validate the use of our models in drug screening, we assessed the drug response to first-
line chemotherapeutics GEM and PAC in both monoculture and TCC spheroids. In this
chapter, BxPC-3 monoculture spheroids exhibited higher resistance to treatment than
BxPC-3 TCC spheroids. This agrees with a previous study demonstrating that BxPC-3 3D

spheroids were more resistant to GEM than 2D cultures, although they only used
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monoculture 3D spheroids [42]. In addition, in this chapter, the BxPC-3 spheroids
demonstrated higher resistance to chemotherapy than the MiaPaCa-2 spheroids, and this
was partially reversed in BxPC-3 TCC spheroids. Conversely, the TME of the TCC spheroids
containing the MiaPaCa-2 cells did not significantly affect the overall survival of the cells
exposed to chemotherapy. However, there are contradictory reports regarding the
sensitivity to chemotherapeutic drugs of these PDAC cell lines. While BxPC-3 has been
reported to be more sensitive to GEM than MiaPaCa-2 in 2D cultures [43, 44], another study
reported the opposite [45]. This discrepancy could reflect the different responses achieved
in the presence of a more complex TME and validates the use of diverse cell lines and TMEs
exhibiting varying sensitivity to chemotherapy. This allows for a more comprehensive
understanding of the dynamics of drug resistance. The differential drug response observed
in TCC spheroids suggests specific interactions between cancer and stromal cells. Indeed,
the genotypic and phenotypic characteristics of each cell line contribute to the creation of
unique TMEs that influence growth, angiogenesis, and drug resistance, among others,
where the specific communication between PCCs and PSCs is a key component [46]. The
observed difference in drug responses in our TCC spheroid models matched the patient-
specific drug resistance profiles recently shown in PDOs [47]. In this regard, we propose to
use at least two TCC spheroid combinations to represent a highly resistant tumor (BxPC-
3:RLT-PSC:HMEC-1) and a drug-sensitive tumor (MiaPaCa-2:hPSC21:HMEC-1). Both TCC
spheroids consist of different PCC and PSC lines, which ensures heterogeneity. Our drug
regimen serves as a proof-of-concept for TCC spheroid models and can be expanded to a
broader spectrum of therapeutic agents for future investigations and high-throughput drug
screening, assessing cell death of each cell type within the TCC spheroids to determine the

effects of chemotherapy in a TCC environment.

We also tested the ability of our TCC spheroid models to induce angiogenesis, a hallmark
of cancer, as the vasculature plays an important role in drug response, invasion, metastasis,
and tumor growth [48]. It is known that cancer cells can release VEGF and other
proangiogenic factors that modulate the development of ECs [49]. Using a tube formation

assay and a spheroid-conditioned medium, we observed that TCC spheroids containing the
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same type of cancer cells produced similar levels of VEGF and a notable difference in VEGF
expression was observed in BxPC-3 TCC spheroids in comparison to MiaPaCa-2 TCC
spheroids. However, the angiogenic potentials of the spheroid-conditioned media of each
of them were different and highlights the importance of other growth factors (e.g., FGF,
PDGF and PIGF secreted by or stimulated by PCCS, PSCs and ECs) in the tube formation of
endothelial cells. These results suggest the presence of other angiogenic factors, such as
TNF-a, IL-1, or IL-6, produced by the different cells of the TCCs [50]. A limitation of our
model in this regard is the use of the commercial cell line HMEC-1, which is a dermal
microvascular EC line that is not from pancreatic origin. Further research is needed to
determine the types of factors and the cells in the TCCs secreting them that are responsible

for the induction or inhibition of angiogenesis.

In comparison to the state-of-the-art 3D co-culture models [25, 26], we were able to
include CAFs, more specifically PSCs, in a clinically relevant ratio to tumor cells, which
created cell-to-cell interactions that reflected the complex TME of PDAC, as demonstrated
by the comparison with the patient samples. Unlike other TCC spheroid models [25, 26],
we developed four spheroid models that recreated the spread of cellular distribution
observed among the patients and the TME heterogeneity, each of them with unique
characteristics (Table 3.4). Our TCC spheroid models overcome some of the challenges still
faced by PDOs, as the TCC spheroid models presented here incorporate the complex TME
of PDAC while remaining a simple, low-cost, and easily accessible model suitable for high-
throughput screening. Moreover, our TCC model can be combined and extended with
PDOs, following full characterization and biobanking. We believe our models can also
incorporate immune cells to provide an even more comprehensive understanding of the
role of TME in treatment response, particularly in the context of immunotherapy [51].
Additionally, our TCC models can easily be extended toward PDOs instead of PCC lines,
which would improve the clinical translatability of our models even further. Combined, our
data show the importance and influence of the TME of PDAC in anti-cancer drug screening
and angiogenic studies, for which we offer high-throughput in vitro 3D models that

consider intra- and intertumoral heterogeneity.
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3.6 Conclusions

We have established a panel of TCC spheroid models that capture the complexity and
heterogeneity of the PDAC TME. Unlike other alternatives, we were able to achieve this
with a simple, inexpensive, and easily reproducible method while ensuring that each cell
population was present in a clinically relevant number. We showed the value of our TCC
spheroids for high-throughput drug screening and angiogenesis evaluation; however, our
model is not limited to these applications. We have provided a valuable tool for
understanding this devastating disease and for exploring new treatment strategies with

higher clinical translatability.
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3.7 Supplementary figures

Supplementary Figure 3.1. STR profile of BxPC-3.
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Supplementary Figure 3.2. STR profile of HVIEC-1.
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Supplementary Figure 3.3. STR profile of hPSC21.
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Supplementary Figure 3.4. STR profile of MiaPaCa-2.
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Supplementary Figure 3.5. STR profile of RLT-PSC.
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Supplementary Figure 3.6. Initial optimization process of TCC spheroids. Representative images of
(a) MiaPaCa-2:hPSC21 (1:1) spheroids which are not forming a single spheroid, and (b) MiaPaCa-
2:hPSC21 (1:2) as a single spheroid. (c) Example of the masking of cancer (red), stellate (green) and
endothelial (blue) cells using the Orbits image analysis software to quantify each cell type proportion
on MiaPaCa-2:hPSC21:HMEC-1 (5:12:8) and (d) the original processed image of the Spark® Cyto
(Tecan).

Supplementary Figure 3.7. MCDB131 is the most suitable medium for spheroid culture. Proliferation
rate comparison of MiaPaCa-2, BxPC-3, RLT-PSC, hPSC21, and HMEC-1 in DMEM and MCDB131 is
showed based on the confluence fold ratio normalized to day 1. Data are represented as mean * SD
(n 2 10 from three independent experiments). Statistics were performed using two-way ANOVA with
Sidak’s multiple comparison test using Prism v10.1.0 (GraphPad Software, San Diego, CA, USA). * =
p <0.05; **** = p <0.0001; ns = not significant.

108 | Chapter 3



Supplementary Figure 3.8. DMEM with VEGF/FGF supplements is not able to provide sufficient
growth factors for HMEC-1 growth. Proliferation rate comparison of HMEC-1 growth in MCDB131
vs DMEM vs DMEM with supplements, based on green fluorescence intensity fold ratio as a measure

of confluency normalized to day 1. Data are represented as mean + SD (n 2 9 from three independent
experiments).

Supplementary Figure 3.9. Flow cytometry gating strategy. (a) Singlets, (b) cells, (c) double negative
population for GFP and CD31, (d) positive population of the mKate2 (Cancer). (e) FMO control for

CD31 on BxPC-3:RLT-PSC:HMEC-1 spheroids. (f) FMO control for CD31 on MiaPaCa-2:hPSC21:HMEC-
1.
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Supplementary Figure 3.10. Quantitative flow cytometric data of TCC spheroid ratios that were not
selected as optimal. Data shows the relative contribution of each cell population (each bar
represents one flow cytometry measurement of a pool of 48 spheroids). Examples of TCC spheroids
that were not selected due to an inaccurate representation of PDAC tumors.

Supplementary Figure 3.11. H&E and immunohistochemical staining of representative PDAC
samples illustrating typical characteristics of the PDAC. (a) H&E staining of a PDAC sample at the
invasive front of the tumor (black line). Note the abundant amount of desmoplastic stroma
surrounding neoplastic ductular structures around the invasive carcinoma (left, black arrows). (b)
Immunohistochemical staining for a-SMA of the same tumor as shown in (a), illustrating
myofibroblastic differentiation of the tumor stroma. (c) Different tumor composed of perineural
invasion (orange horizontal arrow), isolated tumor cells (white vertical arrows) and poorly formed
ducts (black horizontal arrows) embedded in abundant desmoplastic stroma consisting of activated
fibroblasts and myofibroblasts. (d) Immunohistochemical staining for ERG, a nuclear marker of ECs
(brown), of the same tumor as shown in (c), illustrating sparse vasculature consisting of thin-walled
capillary-size vessels with scanty luminal diameter (black arrows).
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CHAPTER
04

LOW-DOSE CAP TREATMENT PRESERVES
VASCULAR QUIESCENCE IN 3D TUMOR-
STROMA-ENDOTHELIAL MODELS OF PDAC IN
VITRO AND IN OVO

Adapted from:

Verloy, R., Peeters, E.; Privat-Maldonado, A, Rovers, S.; Lau, HW. Brants, L,
Hermans, C.; De Waele, J.; Deben, C.; Smits, E. and Bogaerts, A. Low-dose cold
atmospheric plasma treatment preserves vascular quiescence in 3D tumor-

stroma-endothelial models of pancreatic cancer in vitro and in ovo. Submitted
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4.1 Abstract

As discussed in chapter 2, PDAC is characterized by a dense desmoplastic stroma that limits
drug delivery and promotes chemoresistance. While anti-angiogenic strategies have shown
limited clinical success, pro-angiogenic approaches may improve perfusion and treatment
efficacy but remain underexplored. CAP, known for generating RONS, has demonstrated
anti-cancer effects at high doses and pro-healing, angiogenic effects at low doses. In this
chapter, we investigate the impact of low-dose CAP on angiogenesis in PDAC using the
previously developed TCC spheroid models and a turkey in ovo model that mimic the TME.
CAP is applied using the kINPen®MED for varying durations (15—60 seconds in vitro; 10—30
seconds in ovo). In vitro, CAP showed a dose-dependent inhibition of endothelial tube
formation and a downward trend in VEGF-A secretion. Other angiogenic factors remain
unchanged. In ovo, vascularization around and within tumors is not significantly altered.
However, a slight increase in tumor weight is observed following 10-second CAP treatment
in one cell line. These findings suggest that under standard conditions, low-dose CAP does
not enhance angiogenesis in PDAC and may exert subtle tumor-modulating effects,
highlighting the importance of treatment parameters and model complexity in CAP-based

therapeutic strategies.
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4.2 Introduction

As discussed in chapter 2, PDAC is projected to become the second leading cause of cancer-
related death by 2030, highlighting the urgent need for advancements in treatment
strategies [1]. Representing approximately 85% of all pancreatic cancer cases, PDAC is
marked by a dense, fibrous tumor stroma caused by a desmoplastic reaction [2]. This
reaction causes high intratumoral pressure, forming a physical barrier that compresses
blood vessels, and reduces vascularity, thereby limiting drug delivery and fostering
chemoresistance [3]. ECs, beyond their crucial role in angiogenesis, add to the complexity
of PDAC by transitioning into CAFs through an endothelial-to-mesenchymal transition,
exacerbating the disease [4, 5]. Additionally, activated PSCs, a specific fibroblast subtype,
significantly contribute to desmoplasia and modulating the TME [6]. This complex milieu
promotes PDAC traits such as rapid growth, high invasiveness and metastatic potential,

survival under hypoxic and nutrient-poor conditions, and immunosuppression [6].

Significant attention in cancer research has been given to anti-angiogenic approaches to
inhibit vascularity and tumor growth by starving the tumor, as also discussed in chapter 2.
However, these approaches have struggled to maintain their promising pre-clinical effects
when transitioning to clinical models [7]. In the context of PDAC, such strategies often
exacerbate tumor aggressiveness and reduce the efficacy of chemotherapeutics by
hindering drug delivery and inducing hypoxia [8]. Conversely, pro-angiogenic approaches
for PDAC have been proposed to enhance the delivery and effectiveness of
chemotherapeutics, demonstrating reductions in tumor growth, metastasis, and
desmoplasia, alongside increases in survival rates, blood vessel density, and perfusion [9,

10].

Futhermore, as outlined in chapter 2, CAP treatment received increasing attention in anti-
cancer research for its ability to selectively kill cancer cells [11, 12]. On the other hand, CAP
also shows promising results in wound healing, which suggests it can promote
angiogenesis, proliferation and tissue oxygenation at lower treatment intensities,

consistent with the hermetic response included by CAP [13-19]. Low-intensity CAP
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treatment can induce angiogenesis, with :‘NO and other RONS like H,0,, 0,7, and -OH
playing key roles in the angiogenesis pathway [19-21]. This controlled oxidative stress, or
oxidative eustress, activates cell proliferation pathways [20]. ECs, crucial for new blood
vessel formation, respond to CAP by expressing pro-angiogenic factors such as FGF-2 and
angiopoietin-2, encouraging EC proliferation and migration [15, 20, 21]. Paracrine signaling
between fibroblasts and ECs further enhances this activation [15]. Additionally, RONS
disrupt EC membranes, releasing more FGF-2 and stimulating neighboring EC proliferation
[21]. Based on information from the manufacturer of the kINPen MED, 30 to 60 s/cm?
promotes tissue regeneration and is therefore seen as low-dose CAP treatment [22-24]. In
addition, 60 s CAP treatment of 2D PDAC cell lines, 3D spheroids and in ovo PDAC tumors
already showed significant tumor cell death [25, 26]. Thus, controlled RONS delivery via
CAP could regulate blood vessel formation in tumors, offering a promising approach to

modulate angiogenesis in cancer.

In the present chapter, we investigate whether low dose CAP's pro-angiogenic effects
observed in wound healing can be achieved in cancer models to enhance chemotherapy
delivery and efficacy against PDAC. For this, we have used our in-house developed TCC
spheroid models, which incorporate cancer cells, PSCs, and ECs, presented in previous
chapter [27]. Our in vitro TCC spheroid models overcome the limitations of 2D cultures and
classic monoculture 3D spheroids by including different cell types to better mimic the tissue
architecture and more accurately resemble cell-cell and cell-matrix interactions [28-30],
better capturing the complexity of the TME [28]. In addition, we used the turkey in ovo
model, a variant of the popular chick CAM model, which is ideal for angiogenesis studies

due to its visible angiogenic network and longer embryonic development period [31, 32].

4.3 Material and methods

4.3.1 Cell culture

The human PCC lines MiaPaCa-2 (ATCC®, Manassas, VA, USA) and BxPC-3 (ATCC®, Manassas,
VA, USA) were used in this study. The human immortalized PSC line RLT-PSC was kindly

provided by Prof. Ralf Jesenofsky, of the Faculty of Medicine, University of Mannheim [33],
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while the hPSC21 line was established at Tohoku University, Graduate School of Medicine,
kindly provided by Prof. Atsushi Masamune [34]. In addition, the immortalized EC line
HMEC-1 (ATCC®, Manassas, VA, USA) was used. All cell lines were used for a maximum of
20 passages after thawing, tested for mycoplasma every 3 months, and STR profiling has
validated that the cell lines remained identical to the original cell line. PCCs and PSCs were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, 10938025, Gibco, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS, 10270106, Life Technologies,
Carlsbad, CA, USA), 100 U/mL penicillin, 100 pg/mL streptomycin (15140122, Life
Technologies, Carlsbad, CA, USA), and 2 mM L-glutamine (25030024, Life Technologies,
Carlsbad, CA, USA). PCCs and PSCs were transduced with NucLight Rapid Red (4741, Essen
Biosciences, Ann Arbor, MI, USA) to express mKate2, and with NucLight Green (4475, Essen
Biosciences, Ann Arbor, MI, USA) to express GFP, respectively. HMEC-1 cells were cultured
in MCDB131 (10372019, Thermo Fisher Scientific, Waltham MA, USA) supplemented with
10 ng/mL Epidermal Growth Factor (PHG0314, Thermo Fisher Scientific, Waltham, MA,
USA), 1 pug/mL Hydrocortisone (H0396, Sigma Aldrich, Saint Louis, MO, USA), 10 mM L-
glutamine (25030024, Life Technologies, Carlsbad, CA, USA), 10% FBS (10270106, Life
Technologies, Carlsbad, CA, USA), and 100 U/mL penicillin, 100 pg/mL streptomycin
(15140122, Life Technologies, Carlsbad, CA, USA). Cells were maintained in a humidified
incubator at 37 °C and 5% CO..

4.3.2 Spheroid formation

Four different TCC spheroids were formed as previously described [27]. Briefly, spheroids
were seeded at 7000 (BxPC-3:hPSC21:HMEC-1 in a ratio of 6:5:3) or 3500 (MiaPaCa-2:RLT-
PSC:HMEC-1 in a ratio of 6:3:3) cells per well, including 0.24% methylcellulose (M0512,
Merck, Rahway, NJ, USA) in ultra-low adherent (ULA) plates (7007, Corning®, Corning, NY,
USA). Empty outer wells were filled with water to minimize evaporation and plates were
sealed with a breathable membrane (Z380059, Merck, Rahway, NJ, USA). The ULA plates

were centrifuged at 453 x g for 10 min.
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4.3.3 Turkey chorioallantoic membrane model

The turkey eggs (Broeierij Claeys, Kruisem, Belgium) were introduced into the laboratory
at day six of their embryonic development and kept in the dark at 19-21 °C overnight. The
next day, after checking fertility with a flashlight, fertilized eggs were placed in an incubator
at 37.7 °C with 65% humidity, cooled for two hours daily, and turned (lateral rotation from
left to right) hourly to prevent adhesion and embryonic death. On day seven, eggs were
disinfected with 70% isopropanol quick pads (QS0029, MLS, Menen, Belgium), punctured
with a 20G needle (613-3937, VWR, Radnor, PA, USA) on the small side of the egg to
relocate the air pocket, and sealed with Leukosilk tape (46834-00 AP, Essity, Stockholm,
Sweden) before being incubated upright without cooling and turning. On day nine, PCCs
and PSCs were seeded onto the CAM. After shell opening, a filter paper soaked in diethyl
ether was applied to a large vessel to erode it, and a silicon ring was placed on top of the
vessel. A two million cell pellet (2:1 ratio of PCC:PSC) was resuspended in 20 puL Matrigel
(734-0269, VWR, Radnor, PA, USA) and was allowed to solidify as a droplet hanging from
the tip for approximately 1 min before seeding within the ring. Eggs were sealed with
Tegaderm (16002, 3M, Saint Paul, MN, USA) and placed back in the incubator for four days.
On day thirteen, the tumors received CAP treatment. By day sixteen, tumors were
harvested. The eggs were removed from the incubator, Tegaderm was taken off, and 750
uL paraformaldehyde was applied to fix the vascularized membrane. The egg was incised
along the midline to flip the CAM and tumor into a weighing boat for photographing. The
embryos were sacrificed by decapitation, and the tumors were dissected, weighed, and
embedded in paraffin for hematoxylin and eosin (H&E) staining.

4.3.4 Cold atmospheric plasma treatment

The kINPen®MED (adjusted to operate below 4 sim) was used to treat the spheroids and in
ovo tissues. As explained in chapter 2, the kINPenMED is a plasma jet device that generates
a CAP beam below 40 °C. Prior to CAP treatment of spheroids, 150 uL of medium was
removed and 50 pL of fresh MCDB131 medium was added. Argon was used as ionizing gas
at 2 standard liter per min (slm) to treat both spheroids and in ovo tissues in the turkey

egg. The treatment was performed for 15, 30, 45 or 60 seconds, with a 12 mm gap in
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MCDB131 medium (spheroids) or 10, 20, 30 seconds, based on the in vitro results, and a 10
mm gap (in ovo tissues) between the kINPen*MED nozzle and the liquid surface. The plasma
setup was controlled by an automated stage using the program WinPC-NC. Spheroid-
conditioned medium was collected 72h post-treatment for the tube formation assay and
MSD analysis.

4.3.5 Tube formation assay

Assessment of angiogenesis was done with a tube formation assay in a 384-well plate
(3764, Corning®, NY, USA) as described in previous chapter [27]. Finally, the IKOSA® tube
formation analysis was performed on the images to gain four metrics: number of loops,

covered area, total tube length, and number of branch points.

4.3.6 MSD
The Mesoscale Discovery (MSD) assay for angiogenesis was performed using the MSD V-
PLEX Angiogenesis Panel 1 Kit (Catalogue No. K15190G-1, Rahway, NJ, USA) and an MSD

MULTI-SPOT 96-well plate. The assay was performed following manufacturer’s instructions.

4.3.7 Hematoxylin and eosin staining

The 5-um thick sections were cut from paraffin embedded blocks containing the PDAC
tumor tissue. These sections were baked on microscope slides for 2 h at 60 °C, ensuring
secure attachment of the tissue to the slide surface. Next, the slides were dewaxed by
washing in 100% xylene for 10 min, 100% isopropanol for 6 min, 95% isopropanol for 6 min,
and 75% isopropanol for 6 min. Thereafter, H&E staining was performed with the following
steps: 12 min incubation in hematoxylin, rinsing with water, 2 min incubation in sodium
carbonate, rinsing with water, 5 min incubation in eosin, and rinsing with water. To finalize
the staining process, slides were dehydrated with 75% isopropanol for 2 min, 95%
isopropanol 2 min, 100% isopropanol for 2 min, and 100% xylene for 2 min. A coverslip with
permanent mounting medium was carefully applied to the slide to preserve the stained

tissue sections for microscopic examination.
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4.3.8 Statistical analysis

All experiments were performed at least three times with three technical replicates, unless
specified otherwise. Outlier tests were performed using GraphPad Software v10.1.0.
Statistics for the tube formation assay were performed using linear mixed model with the
treatment as fixed effect using JMP Pro v17.0.0 software. For multiple comparisons of the
experimental groups to the untreated control, Dunnett’s test was used. To calculate the
statistical significances between the concentrations of angiogenic growth factors in
spheroid-conditioned media using the MesoScale Discovery assay and the in ovo
experiments, all experimental groups were compared to their control group using the one-
way Anova, Brown-Forsythe and Welch ANOVA test, after the removal of the significant

outliers using GraphPad Software v10.1.0.

4.4 Results

4.4.1 CAP treatment does not induce tube formation in vitro

First, we evaluated the angiogenic potential of CAP treatment on ECs. For this, we
performed the tube formation assay using spheroid-conditioned medium collected 3 days
after CAP treatment (indirect effect due to a change in secreted cytokines after CAP
treatment) (Figure 4.1a). We observe that CAP treatment has a dose-dependent inhibitory
effect, as it consistently reduced the number of branching points, number of tubes, covered
area, and total tube length (Figure 4.1b). TCC spheroids with the Mia PaCa-2 cell line
treated for 45 and 60s presented the most significant differences (p<0.05). The heatmaps
reveal varying responses to CAP treatment across the different spheroid types, each
representing a unique TME (Figure 4.1c). The shift from green to red indicates a general
reduction in the measured angiogenic parameters with increasing treatment time,
suggesting CAP treatment inhibits angiogenesis in these spheroid models. However, the
extent of these changes varies among the spheroid types, e.g., with BxPC-3:RLT-PSC:HMEC-
1 spheroids showing no change in tube formation upon CAP treatment, highlighting PDAC

heterogeneity. This suggests that different tumor cell populations or TMEs respond
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differently to the treatment, emphasizing the need to consider intra-tumor variability in
therapeutic strategies.
Overall, these results indicate a dose-dependent inhibitory effect of CAP treatment on the

angiogenic potential of ECs to form tubes.

Figure 4.1. CAP treatment inhibits tube formation in TCC spheroids. (a) Methodology scheme of
using CAP-treated spheroid-conditioned medium for a tube formation assay to evaluate
angiogenesis. (b) Bar plots of the IKOSA® tube formation analysis results for each quantitative
parameter, showing the effects of CAP treatment per spheroid type. (c) Heat map of the IKOSA®
tube formation analysis results of four different spheroid types, showing the effects of CAP
treatment per quantitative parameter. Data is represented as mean + SD (n > 9 from three
independent experiments) with each dot representing the mean of each independent experiment. *
=p<0.05.
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4.4.2 Angiogenic cytokines do not change after CAP treatment

To investigate whether this subtle inhibition of angiogenesis was related to the secretion
of angiogenic growth factors by the treated cancer, fibroblast and ECs, a MesoScale
Discovery assay was performed (Figure 4.2a). While no statistically significant differences
are observed in the secretion of VEGF-D, b-FGF, PIGF, and VEGF-A across different CAP
treatment times and TCC spheroid types, several trends are noted (Figure 4.2b-e). VEGF-A
concentrations decrease with increasing treatment times, suggesting reduced secretion of
this angiogenic growth factor under prolonged treatment (Figure 4.2b). In addition, the
BxPC-3:hPSC21:HMEC-1 spheroids have a notably higher secretion of VEGF-A compared to
other spheroid types. VEGF-D data does not show a clear trend (Figure 4.2c). In contrast,
b-FGF and PIGF secretions remain relatively stable across the different treatment times,
with MiaPaCa-2 TCC spheroids secreting more b-FGF than BxPC-3 spheroids and MiaPaCa-
2:hPSC21:HMEC-1 spheroids secreting lower amounts of PIGF (Figure 4.2d-e). Tie-2, Flt-1
and VEGF-C were not detected in the samples. Although these trends are not statistically
robust, they suggest that the inhibitory effects of CAP treatment on tube formation could

be due to a reduction in VEGF-A in the CAP-treated spheroid-conditioned media.
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Figure 4.2. Revealing the secretion profile of angiogenic growth factors in the TCC spheroids upon
CAP treatment. (a) Methodology scheme of using CAP-treated spheroid-conditioned medium for a
MesoScale Discovery assay of seven growth factors: VEGF-A, VEGF-C, VEGF-D, Tie-2, Fit-1, PIGF and
bFGF. Bar plots of the secretion levels of (b) VEGF-A, (c) PIGF, (d) bFGF, (e) VEGF-D in TCC spheroid-
conditioned medium. Data is represented as mean + SEM (n = 2-3 from three independent
experiments after removal of outliers) with each dot representing one independent experiment of
4-6 pooled TCC spheroids of the same condition. UT = untreated; VEGF-A/C/D = Vascular endothelial
growth factor A/C/D; Tie-2 = Angiopoietin-1 reception; Flt-1 = Vascular endothelial growth factor
receptor 1; PIGF = Placental growth factor; bFGF = Basic fibroblast growth factor.

4.4.3 CAP treatment does not induce angiogenesis around the tumor in ovo

To investigate the effect of CAP treatment on tumor angiogenesis in a more complex
model, we used the turkey in ovo model, as it has an extensive and visible vascular network.

We evaluated three low-dose treatment times (10 s, 20 s and 30 s of CAP), as 45 sand 60 s
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treatments showed signs of angiogenesis inhibition in vitro. To account for the
heterogeneity of PDAC, we seeded two different co-cultures: MiaPaCa-2 with RLT-PSC (MR
tumors) and BxPC-3 with hPSC21 (BH tumors). Macroscopic angiogenesis was evaluated by
looking at the vascular network surrounding the tumor using the IKOSA® tool (Figure 4.3a),
which provides quantitative measures of the vasculature around the tumor, including the
total vessel length, the total vessel area, the mean vessel thickness and the number of
branching points (Figure 4.3b and c).

For all four parameters, no statistically significant differences are observed between the
three different treatment groups (10 s, 20 s and 30 s of CAP) and the untreated groups for
both tumor types (Figure 4.3b and c). Within the MR tumors, 10 s CAP treatment shows a
trend to increase the total vessel length, total vessel area and the number of branching
points, however, no statistically significant differences are found. These results indicate
that our proposed low-dose CAP treatment does not induce angiogenesis around the tumor
in ovo. Moreover, the varying responses among tumor types highlight the importance of

accounting for tumor heterogeneity in CAP research (Figure 4.3c).

Figure 4.3. Capturing the effect of CAP treatment on the macroscopic angiogenesis in the turkey in
ovo model using the IKOSA® analysis. (a) Methodology scheme of tumor formation, CAP treatment
and IKOSA® analysis using two different PCC and PSC lines. A representative raw image (left) and the
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IKOSA® analysis masking (right) are shown. (b) Bar plots of the IKOSA® analysis results showing the
total vessel length, total vessel area, mean vessel thickness and the number of branching points.
Data is represented as mean * SD (n > 3 from three independent experiments). Each dot represents
one egg. (c) Heat map of the IKOSA® analysis results of two different tumor types, showing the
effects of CAP treatment per quantitative parameter. BH = BxPC-3 + hPSC21 tumor; MR = MiaPaCa-
2 + RLT-PSC tumor; UT = untreated; Px = pixel; a.u. = arbitrary units.

4.4.4 CAP treatment does not induce angiogenesis within the tumor in ovo

Next, angiogenesis was evaluated within the PDAC tumors of the turkey in ovo model by
collecting them three days after CAP treatment, paraffin-embedding and staining them
with H&E to differentiate the turkey red blood cells from the other human and turkey cells
(Figure 4.4a). Pictures were taken of the stained tissue and analyzed with QuPath to
qguantify the percentage of turkey red blood cells within the tumor tissue, which indicate
the presence of blood vessels (Figure 4.4b). For both tumor types, all three treatment
groups show a trend to decrease the percentage of red blood cells compared to the
untreated group. In general, small to no differences are observed in the percentage of red
blood cells present in both tumor types treated with CAP for different times (Figure 4.4c).
These observations suggest that CAP treatment might not effectively induce angiogenesis
within the tumor.

Besides looking at the induced angiogenesis around and within the in ovo tumors, we
measured the weight of the tumors on the day of harvesting (Figure 4.4d). For both BH and
MR tumors, all CAP-treated groups show a higher mean tumor weight compared to the
untreated groups, except the 30 s CAP treatment MR group. Furthermore, 10s and 30s CAP
treatments seem to increase tumor weight of BH tumors, compared to the untreated group
(Figure 4.4d, p<0.05). For both tumor types, 10 s CAP gives the highest mean tumor weight.
Altogether, this in ovo data suggests that a low dose of CAP treatment does not induce

angiogenesis, while slightly promotes tumor growth (Figure 4.3 and 4.4).
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Figure 4.4. Capturing the effect of CAP on microscopic angiogenesis and tumor weights in ovo. (a)
Methodology scheme of tumor formation, CAP treatment and measuring the number of turkey red
blood cells 3 days after treatment. Two different PCC and PSC lines were used. (b) QuPath analysis
of the H&E stained tissue sample. The human tumor cells stained intensely blue/purple with
hematoxylin and the turkey red blood cells stained intensely pink (left). The turkey red blood cells
are indicated in blue after QuPath analysis (green boxes). (c) Bar plots of the QuPath H&E analysis
results, showing the percentage of red blood cells compared to the total number of cells in the
tumor. Data is represented as mean + SD (n > 5 from three independent experiments). (d) Bar plots
representing the tumor weights per treatment group. Data is represented as mean + SD (n 2 10 from
four independent experiments). BH = BxPC-3 + hPSC21 tumor; MR = MiaPaCa-2 + RLT-PSC tumor;
UT = untreated. Each dot represents one egg. * = p < 0.05.

4.5 Discussion

PDAC remains one of the most aggressive cancer types due to its dense stroma, poor
vascularity, and resistance to therapies. Limited, but effective, pro-angiogenic strategies
aim to enhance vascular perfusion, potentially improving drug delivery and treatment
outcomes [9, 10]. However, systemic drugs have negative side effects as they induce an
effect on the entire human body, which can be prevented using a local treatment, like CAP.
CAP is known for its ability to generate RONS and has shown a pro-angiogenic potential, as
shown in vitro, in ovo and in vivo with various devices [15, 18, 19, 21, 35-38]. We
investigated whether CAP could promote angiogenesis in PDAC using in vitro TCC spheroid
models and an in ovo turkey model. This could open opportunities to enhance the effects

of chemotherapy in this hard-to-treat cancer.

However, CAP treatment slightly inhibited endothelial tube formation in vitro in a dose-

dependent manner, and VEGF-A secretion in TCC spheroids trended downward with longer
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CAP exposure. Other cytokines, such as b-FGF and PIGF, remained stable, indicating that
CAP-induced oxidative stress may disrupt pro-angiogenic signaling without triggering
compensatory increases in growth factors. Indeed, 60 seconds of CAP-treated
nanoparticles have been associated with reduced VEGF mRNA expression in breast
adenocarcinoma cells as well [39]. Similarly, direct CAP exposure (15 sec) using the
kINPen*MED reduced cell growth, metabolism, tube formation, and 2D migration in human
dermal microvascular ECs, comparable in origin to our HMEC-1 line [40]. In contrast, low-
dose CAP using a DBD device has been shown to enhance EC proliferation and increase
FGF-2 release [38]. The MicroPlaSter B plasma torch (30 sec, 4 slm) also upregulated FGF-
2, angiopoietin, and VEGF receptor expression in ECs, and FGF-2 in fibroblasts (2 min, 4 sIm)
[15]. Tube formation improved after 30 sec of direct CAP treatment, and supernatants from
CAP-treated fibroblasts (1-2 min) also promoted angiogenesis [15], in contrast to our
findings, where supernatants tended to suppress endothelial activity. Other studies using
in-house plasma jets with helium (low-dose direct) or nitrogen (30-360 sec indirect)
showed enhanced tube formation, migration, and VEGF receptor activation, with
mechanisms involving eNOS and possibly MAPK signaling [36, 37]. Together, this suggests
that inducing oxidative eustress at low CAP doses may be difficult to achieve with the
kINPen°MED under standard conditions and highlight CAP’s dual-edged nature: its
angiogenic effects vary widely depending on factors such as device type, gas composition,
type of liquid, cancer and EC type, TME, treatment mode and duration. Many of these
factors critically influence not only the type but also the quantity of RONS generated,
ultimately resulting in highly variable biological effects [41]. However, due to the
complexity of this large number of variables, fully predicting the outcomes remains

challenging.

Next, we investigated CAP’s effect on angiogenesis using the in ovo model, as this model
has an extensive vascular network, ideal to investigate angiogenesis. We used the turkey
CAM model instead of chicken, as the extended development time of the turkey embryo is
beneficial for combining CAP with chemotherapy in future studies as it provides a longer

experimental time window. Analysis of vascularization around and within tumors revealed
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no significant pro-angiogenic changes across treatment groups. However, a slight increase
in tumor weight was observed with shorter CAP exposures, particularly at 10 seconds,
suggesting CAP influences tumor growth, as expected with low-dose CAP due to hormesis,
through mechanisms unrelated to angiogenesis [42]. In contrast, higher CAP doses of 60
seconds have previously been associated with tumor shrinkage in pancreatic cancer using
the kINPen device, indicating that the therapeutic outcome is indeed dose dependent [25].
This tumor-promoting effect underscores the need to better understand CAP’s broader
biological impact, particularly its interaction with stromal components and cellular survival

pathways.

In contrast, other studies have reported pro-angiogenic effects under different conditions
and in non-cancer contexts. One study using a DBD device showed that plasma enhanced
EC proliferation, migration, and tube formation via ROS-induced FGF-2 release [21].
Similarly, daily CAP treatment of mouse skin wounds over 10 days increased CD31 and FGF-
2 mRNA expression [15]. In a separate in ovo study using the kINPen’MED, all treatment
durations between 30 and 300 seconds increased vessel area, especially after several days
[18]. However, this study evaluated angiogenesis in a healthy CAM model, without tumor
tissue. Additionally, it used plasma-treated PBS (indirect treatment), lacking short-lived
RONS like NO, supporting the idea that longer-lived RONS such as H,0, may play a more
prominent role in promoting angiogenesis, while short-lived RONS may be more
detrimental. Both studies also relied on repeated treatments, which may be necessary to
drive angiogenic responses. In our case, a single treatment was chosen to align with the
clinical context of PDAC, where repeated CAP applications are currently not feasible. This
distinction may explain the absence of pro-angiogenic effects in our model and highlights
the challenge of overcoming the inherent oxidative stress and stromal complexity of PDAC.
These findings emphasize the importance of using complex, disease-relevant models and

staying mindful of clinical translation when assessing CAP’s therapeutic potential.

Future pro-angiogenic CAP research should optimize CAP parameters, such as, a different
plasma device, e.g. the MicroPlaSter  plasma torch, as mentioned before, or changing the

feed gas for the kINPen®MED to helium, or argon with admixtures of O and N> as this might
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lead to higher concentrations of relevant RONS for angiogenesis, such as -NO, -OH, H,0,
[36, 43-47]. Another future perspective is to further explore CAP’s mechanistic effects on
the tumor-stroma-vasculature interplay and investigate its potential synergistic use with
chemotherapy. While CAP’s ability to selectively target cancer cells remains promising, its
limited pro-angiogenic effects and potential tumor-promoting effects at low doses in PDAC
emphasize the need for careful dose optimization before integration into multimodal

therapeutic strategies.

Overall, our findings show that low-dose CAP treatment using the kINPen MED with argon
feed gas does not enhance angiogenesis, rather preserve vascular quiescence, in PDAC
models and may even slightly promote tumor growth. However, these effects are highly
context-dependent, and a pro-angiogenic response to improve the transport and efficacy
of chemotherapeutics may still be achievable with alternative plasma devices, modified
feed gases, or admixtures better suited to overcome the oxidative and stromal challenges

of the PDAC TME.
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4.6 Conclusions

CAP demonstrated no significant pro-angiogenic effects, with dose-dependent inhibition of
endothelial tube formation and reduced VEGF-A secretion. In the in ovo model, CAP did not
enhance vascularization, although a slight increase in tumor weight was observed with
shorter CAP treatments, suggesting potential tumor-promoting effects unrelated to
angiogenesis. While the kINPen*MED at short treatment times and argon as feed gas was
not able to induce angiogenesis in PDAC, other experimental setups (e.g. a different feed
gas, such as helium or argon with admixtures of Oz and/or N, or a different device, such as
the MicroPlaSter R plasma torch or a DBD device) could be explored to achieve a pro-
angiogenic response in PDAC with low-dose CAP treatment. These findings emphasize the
complexity of modulating PDAC's TME and the need for more research using CAP treatment
as a novel therapy. Future research should explore its mechanistic effects and potential

synergy with chemotherapy to maximize therapeutic outcomes.
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5.1 Abstract

As written in chapter 2, PDAC is one of the most lethal cancers, with a five-year survival
rate around 10%, primarily due to late diagnosis and high resistance to conventional
therapies. This resistance is partially driven by the complex desmoplastic TME, which is
created largely by the PSCs. CAP has shown promise in selectively targeting both cancer
and stromal cells, including PSCs, key contributors to TME-mediated resistance. In this
chapter, | evaluate the combination of CAP with GEM/PCX in two advanced PDAC models:
a previously optimized TCC spheroid model mimicking the TME, and a turkey CAM model
with intravascular drug delivery. CAP is applied using the kINPen MED device, and
treatment effects are assessed by tumor size, viability, oxidative stress, and image-based
analysis. Mono-CAP treatment and mono-chemotherapy show strong cytotoxic effects in
vitro, and for chemotherapy in ovo as well. In addition, CAP enhances cancer cell killing at
low chemotherapy doses in vitro but add no benefit at high doses and even enhances
viability slightly in one type of spheroids. Image analysis reveals tumor-type-dependent
selectivity: CAP spares PSCs in this type of spheroids but is broadly cytotoxic in the second
type of spheroids. These differential outcomes in our two spheroid types stress the effects
due to tumor heterogeneity, which are mimicked in both our in vitro and in ovo models.
Overall, our results emphase the importance of tumor and dose context in optimizing CAP-
chemotherapy strategies. In conclusion, combining CAP with low-dose chemotherapy
shows therapeutic potential in PDAC and holds promise to lower chemotherapy doses for
patients while retaining the anti-cancer effect, mitigating systemic toxicity and economic

costs for patients, but this effectiveness is reduced with high-dose chemotherapy.

143 | Chapter 5



5.2 Introduction

As explained in chapter 2, PDAC remains one of the most lethal malignancies, characterized
by rapid progression, late diagnosis, and poor prognosis, with an estimated five-year
survival rate of only around 10% globally [1, 2]. Despite recent advances in chemotherapy,
PDAC continues to show high resistance to standard treatment regimens, primarily due to
the extensive desmoplastic reaction within the TME [3, 4]. Current first-line chemotherapy
treatments for advanced or metastatic PDAC include FFX and GNP [5]. Although these
regimens have improved overall survival compared to single-agent therapies, they are
associated with significant toxicity and limited long-term efficacy, underscoring the urgent
need for more effective therapeutic strategies [6-8]. With PDAC predicted to become the
third leading cause of cancer-related deaths in Western countries by 2030, innovative
approaches targeting both cancer cells and the complex tumor stroma are crucial for

improving patient outcomes [2, 9].

A key feature of PDAC resistance to conventional treatments lies in its unique TME,
characterized by extensive fibrosis and abundant stromal components, including PSCs and
ECs [3, 7, 9]. These cells interact dynamically with cancer cells to promote tumor growth,
therapy resistance, angiogenesis, and metastasis [7, 9]. Accurate modeling of these
complex interactions is essential to better evaluate novel therapeutic combinations

effectively.

As explained in previous chapters as well, an emerging and promising approach for
overcoming therapy resistance in cancer treatment is the use of CAP, a partially ionized gas
that generates RONS, which can induce apoptosis, oxidative stress, and cell death
selectively in cancer cells [10]. In addition to its direct cytotoxic effects, CAP has
demonstrated anti- and pro-angiogenic, immunomodulatory, and TME-modifying
activities, highlighting its potential as a complementary therapeutic modality alongside
conventional chemotherapy [11-16]. Although CAP's efficacy has been explored in multiple
cancer models, most prior research has employed traditional 2D cultures or simple

monoculture spheroids, limiting the translational relevance of findings.
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Therefore, to better represent the complex interactions within the PDAC TME, advanced
3D co-culture models that closely mimic clinical tumor conditions are required. Such
models integrate multiple cell types, including cancer cells, stromal cells, and ECs, enabling
more accurate evaluation of therapeutic responses, as demonstrated in detail in chapter 3
[17]. Furthermore, innovative preclinical models such as the in ovo turkey CAM assay are
valuable due to their accessibility, cost-effectiveness, and suitability for vascularized tumor
development, allowing for direct assessment of intravascular delivery of therapeutics and

the metastatic potential of cancer cells [18-21].

In this chapter, we aim to evaluate the therapeutic potential of combining CAP with
chemotherapeutic agents GEM/PCX in overcoming PDAC resistance using two
sophisticated preclinical models: the TCC spheroid model incorporating PDAC cells, PSCs,
and ECs, developed in chapter 3, and a turkey CAM model enabling direct intravascular
administration of chemotherapy. By employing these advanced approaches, we intend to
investigate the effects of combining CAP treatment with chemotherapy on tumor growth,
cell viability, oxidative stress, and cell population dynamics, providing novel insights into

CAP as an adjuvant treatment modality for PDAC.

5.3 Materials and methods

5.3.1 Cell culture

The human PCC lines MiaPaCa-2 (ATCC®, Manassas, VA, USA) and BxPC-3 (ATCC®, Manassas,
VA, USA) were used in this study. The human immortalized PSC line RLT-PSC was kindly
provided by Prof. Ralf Jesenofsky, of the Faculty of Medicine, University of Mannheim [22],
while the hPSC21 line was established at Tohoku University, Graduate School of Medicine,
kindly provided by Prof. Atsushi Masamune [23]. In addition, the immortalized EC line
HMEC-1 (ATCC®) was used. All cell lines were used for a maximum of 20 passages after
thawing, tested for mycoplasma every 3 months, and STR profiling has validated that the
cell lines remained identical to the original cell line. PCCs and PSCs cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, 10938025, Gibco) supplemented with 10%
fetal bovine serum (FBS, 10270106, Life Technologies), 100 U/mL penicillin, 100 pg/mL
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streptomycin (15140122, Life Technologies), and 2 mM L-glutamine (25030024, Life
Technologies). PCCs and PSCs were transduced with NucLight Rapid Red (4741, Essen
Biosciences) to express mKate2, and with NucLight Green (4475, Essen Biosciences) to
express GFP, respectively. HMEC-1 cells were cultured in MCDB131 (10372019,
ThermoFisher Scientific) supplemented with 10 ng/mL Epidermal Growth Factor (PHG0314,
ThermoFisher), 1 pg/mL Hydrocortisone (H0396, Sigma Aldrich), 10 mM L-glutamine
(25030024, Life Technologies), 10% FBS (10270106, Life Technologies), and 100 U/mL
penicillin, 100 pg/mL streptomycin (15140122, Life Technologies). Cells were maintained in
a humidified incubator at 37 °C and 5% CO,. HMEC-1 cells for the supplementary

proliferation rate were transduced with CMV-GFP.

5.3.2 Spheroid formation

TCC spheroids of MiaPaCa-2:RLT-PSC:HMEC-1 (MRH) and BxPC-3:hPSC21:HMEC-1 (BHH)
combinations were generated as described in chapter 3 [17]. Briefly, cells were seeded in
defined ratios (MRH at 6:3:3 and BHH at 6:5:3) at densities of 3500 and 7000 cells per well,
respectively, in ultra-low adherent (ULA) plates (7007, Corning®, Corning, NY, USA)
containing 0.24% methylcellulose M0512, Merck, Rahway, NJ, USA). Plates were
centrifuged at 453 x g for 10 min, incubated at 37 °C and 5% CO,, for three days, resulting

in the formation of spheroids with a diameter of approximately 300-500 pum.

5.3.3 Turkey chorioallantoic membrane model and intravenous drug
injection

The turkey CAM model was used as previously described in chapter 4, section 4.3.3. Briefly,
fertilized turkey eggs (Broeierij Claeys, Belgium) were incubated under controlled
conditions. Eggs were pierced on embryonic day 7 with a 20G (613-3937, VWR, Radnor, PA,
USA). On embryonic day 9, either 2 million cells of MiaPaCa-2 and RLT-PSC (MR) or BxPC-3
and hPSC21 (BH) (2:1 cancer:stellate cell ratio) were suspended in 20 pL Matrigel
(CLS254320, Merck) and seeded onto the turkey CAM within a silicone ring. Tumors
received intravenous chemotherapy (or PBS control) with CAP treatment (or gas flow

control) on day 13 and were harvested and weighed on day 16 for RNA sequencing.
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GEM/PCX were administered as a combination in 50 uL of PBS (Table 5.1). Using a 30G
Micro-Fine insulin syringe (324826, BD), the injection was performed in one of the larger
blood vessels that was most accessible. Care was taken to not pierce the blood vessel as
this leads to excessive bleeding and increases the risk of embryonic death. Visually, the
injection was confirmed by observing the flow of the transparent solution through the
blood vessels. Before removing the needle, we waited for approximately 10 seconds to

ensure all the liquid was absorbed in the bloodstream.

Table 5.1. Titration concentration range of gemcitabine and paclitaxel in the turkey in ovo CAM model.

Gemcitabine Paclitaxel
(ng/kg bodyweight) (ng/kg bodyweight)
53 1.1
16 3.2
48 9.6
144 28.8
432 86.4

5.3.4 CAP treatment

The kINPen’MED (adjusted to operate below 4 standard liter per minute (slm)) was used
to treat the spheroids and in ovo tumors. Prior to CAP treatment of spheroids, 150 pL of
medium was removed and 50 pL of fresh MCDB131 medium was added to a total of 100
KL. Argon was used as ionizing gas at 2 sIm to treat both spheroids and in ovo tissues in the
turkey egg. The treatment was performed for 60, 90 or 120 seconds with a 12 mm gap in
MCDB131 medium (in vitro spheroids) and 120 seconds, based on the in vitro results, with
a 10 mm gap (in ovo tissues) between the kINPen°MED nozzle and the liquid surface or in
ovo tumor. For the in vitro experiments, the CAP setup was controlled by an automated
stage using the program WinPC-NC. For the in ovo experiments, manual treatment was
performed while carefully maintaining a 10 mm gap and moving the device from left to

right, up and down, etc. to ensure treating the entire tumor.

5.3.5 Cell viability assay

The total cell viability of spheroids was measured with the CellTiter-Glo® assay (G7571,

Promega) as described in chapter 3 [17]. Briefly, spheroids were treated for five days with
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CAP or GEM in combination with PCX (Table 5.2) using a digital dispenser. Cell viability was
assessed by ATP quantification (CellTiter-Glo®, G7571), normalized to vehicle control

(<0.6% DMSO).

Table 5.2. Titration concentration range of gemcitabine and paclitaxel either as mono- or combinational
therapy.

Condition Gemcitabine Paclitaxel
T1 2.5nM 0.5nM
T2 5nM 1nM
T3 25 nM 5nM
T4 50 nM 10 Nm
T5 0.4 uM 80 nM
T6 2.5uM 0.4 uM
T7 10 um 2 uM

5.3.6 Live imaging

PCCs and PSCs were transduced with NuclLight Rapid Red (4741, Essen Biosciences) to
express mKate2, and with NucLight Green (4475, Essen Biosciences) to allow for live-
imaging. CellROX™ Orange (C10443, ThermoFischer Scientific) and Incucyte® Cytotox
Green (4633, Sartorius) were used according to manufacturers’ instructions at 24h and 72h
after the mono- or combinational treatment of CAP and chemotherapy. Images of the TCC
spheroids were captured using the non-confocal Spark® Cyto (Tecan) microscope with a
10x objective. Image acquisition was performed for brightfield, green (Cytotox) and red

(CellROX) fluorescent channels (Table 5.3).

Table 5.3. Technical information on the image acquisition of TCC spheroids using the Spark® Cyto (Tecan).

Dye Excitation  Emission LED Intensity (%) Exposure Time (ms)
BxPC-3 543-566 580-611 25 300
MiaPaCa-2 543-566 580-611 20 60
RLT-PSC 461-487 500-530 10 50
hPSC21 461-487 500-530 20 80
CellRox™ Orange 543-566 580-611 100 400
Incucyte® Cytotox Green  461-487 500-530 15 50
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5.3.7 Image Analysis

In our analysis pipeline, raw multi-channel TIFF files were imported into Arivis Pro v4.3.1
using the Arivis SIS Converter. Spheroid segmentation was achieved using a Random Forest
classifier implemented in ilastik (integrated within Arivis), which was trained on a subset of
representative images to distinguish spheroid boundaries from background. Next, we
individually segmented the green and red fluorescence channels, corresponding in the CAP-
chemotherapy assay to PSCs and PCCs, and in the oxidative stress assay to oxidative stress
(red) using the blobfinder algorithm in Arivis. To remove spurious objects, we filtered
spheroid segments to exclude any regions smaller than 5,000 pm?2. We then isolated the
largest contiguous spheroid in each field of view and applied a morphological closing
operation to fill internal voids, yielding a single, solid spheroid mask. Finally, we applied the
compartimentalization module of Arivis to map the blobfinder-identified dye signals onto
the refined spheroid volume, enabling extraction of quantitative metrics for subsequent

statistical analysis.

5.3.8 Statistical analysis

All experiments were performed at least three times with three technical replicates, unless
specified otherwise. Outlier tests were performed using GraphPad Software v10.4.2.
Statistics for the in vitro cell viability assay and in ovo chemotherapy titration were
performed using linear mixed models with the treatment as fixed effect and experimental
repeat as random effect and Dunnett’s multiple comparison test using JMP Pro v17.0.0
software. To calculate the statistical significances for the in ovo experiments on the
combination of CAP and chemotherapy, all experimental groups were compared using the
Brown-Forsythe and Welch one-way ANOVA test and Dunnett’s T3 multiple comparison
test using GraphPad Software v10.4.2. The data that was acquired using Arivis Pro v4.3.1
was tested for significances (where indicated) with one-sample t-test compared to the

control group.
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5.4 Results

5.4.1 CAP enhances chemotherapy response in BHH spheroids but impairs

efficacy in MRH spheroids with high chemotherapy dosage

To determine the optimal CAP treatment time and GEM/PCX concentrations for a
combination therapy, we investigated the effect of multiple monotherapy CAP treatment
times, followed by a dual titration of both CAP treatment times and GEM/PCX
concentrations in combination on cell viability (Figure 5.1). Mono-CAP treatment reduced
cell viability in a time-dependent manner in both PDAC spheroid models, with 120 seconds
inducing the strongest cytotoxicity (Figure 5.1b and c¢). When combined with a
chemotherapy titration (T1-T7; see Table 5.2 above), differential responses were observed.
At low GEM/PCX doses, BHH spheroids were more sensitive to the combination than MRH
spheroids (Figure 5.1d and e). Conversely, at high GEM/PCX doses, MRH spheroids
exhibited a stronger response than BHH (Figure 5.1d and e). Normalization to mono-CAP
conditions (Figure 5.1e and f) revealed that in BHH spheroids, cytotoxicity was enhanced
when combining CAP and GEM/PCX treatments across the dose range, especially at lower
concentrations (Figure 5.1f). Interestingly, in MRH spheroids, CAP showed an increased
efficacy at low doses but attenuated the response at higher doses, with a paradoxical
increase in viability at the highest GEM/PCX concentrations with 120s of CAP treatment
(Figure 5.1g). These results highlight the model-dependent and dose-dependent nature of

CAP and chemotherapy interactions.

5.4.2 Monotherapies show differential selectivity across tumor models

Mono-CAP treatment and mono-chemotherapy both reduced PCC and PSC proportions in
3D PDAC spheroids but differed in their selectivity and tumor-type specificity (Figure 5.2a-
d and Supplementary Figures S5.1-5.4). In MRH spheroids, CAP selectively reduced PCCs
while largely sparing or even modestly preserving PSCs (Figures 5.2b and d, S5.2-5.4). In
contrast, in BHH spheroids, CAP acted non-selectively, significantly reducing both PCC and
PSC areas, suggesting a broader cytotoxic profile in this context (Figures 5.2a and ¢, S5.1,

S5.3 and S5.4).
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Figure 5.1. CAP reduces viability and modulates chemotherapy response in PDAC spheroids. (a) Experimental
setup showing TCC spheroid formation, CAP exposure (30-120s), chemotherapy treatment, and viability assay.
(b-c) Normalized cell viability to untreated controls for CAP treated spheroids (30-120s) for BHH (b) and MRH
(c) spheroids. (d—g) Viability heatmaps for BHH (b) and MRH (c) spheroids treated with GEM/PCX (T1-T7) and
CAP (60s, 120s) and normalized to the CAP untreated for BHH (f) and MRH (g) spheroids. Data are represented
as mean * SEM are shown (n>7 from 3 independent experiments). Statistical significance is compared to the
untreated control (value = 1.00 due to normalization). ****p < 0.0001. UT = untreated.
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Figure 5.2. Differential effects of CAP and chemotherapy on cell proportions and oxidative stress in BHH and
MRH spheroids. (a, b) Box plots showing the effect of CAP (60s, 120s) and chemotherapy (T1-T7) on cancer
(blue) and stellate (green) cell proportions in BHH (a) and MRH (b) spheroids. (c, d) Oxidative stress intensity
measured after 72 hours in BHH (c) and MRH (d) spheroids following treatment with 120s CAP, T2, or T7
compared to untreated control. Data represent cell type proportions relative to total spheroid area (a-b) or
oxidative intensity measured by CellRox™ Orange (c-d) with n>7 from 3 independent experiments. *p < 0.05,
**p <0.01, ***p < 0.001, ****p < 0.0001.
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Mono-chemotherapy showed a strong dose-dependent reduction in PCC proportions
across both models, with T5-T7 producing the most pronounced effects (Figure 5.2a and
b). However, this effect came at the cost of PSC viability, especially in BHH spheroids where
stellate damage occurred abruptly between T2 and T3 and plateaued thereafter (Figure
5.2a and b). Mono-CAP treatment clearly induced oxidative stress in both BHH and MRH
spheroids 72 hours post-treatment, while mono-chemotherapy did not, highlighting the
different mechanisms of action of CAP compared to GEM/PCX (Figure 5.2c and d), and thus,

the rationale of the combination therapy.

5.4.3 Treatment-induced structural disruption reflects cytotoxic effects

Morphological features of spheroids further reflected the cytotoxic impact of treatments.
Across both models, spheroid roundness consistently dropped post-treatment, indicating
structural destabilization and loss of cell-cell cohesion at the edges of the spheroid (Figures
5.3 and S5.1-5.4). This effect intensified with higher chemotherapy doses and with the
addition of CAP for nearly all conditions (Figures 5.3, $5.1-5.4). Spheroid area did not follow
a consistent dose-response pattern. In some conditions, particularly those with extensive
cell death (e.g., high-dose GEM/PCX conditions), area increased slightly over time (Figures
5.3 and S5.1-S5.4). This likely reflects loosening of spheroid structure rather than true
growth, caused by cell loss in the spheroid core. Mono-CAP treatment (120s) in BHH
spheroids showed such a pattern, with increased area accompanied by decreased cell

content, consistent with a disintegration phenotype (Figures 5.3, S5.1, S5.3 and S5.4).

5.4.4 Combination therapy yields limited synergy and depends on tumor

models

Combining chemotherapy with CAP yielded largely additive effects on cancer cell killing,
with true Bliss synergy was detected only at lower chemotherapy doses (T1-T3) and
predominantly in MRH spheroids (Figure S5.5). Higher-dose combinations generally
showed neutral or antagonistic interactions, suggesting limited benefit of adding CAP at
high cytotoxic loads (Figures 5.3, S5.4 and S5.5). Selectivity profiles further emphasized

tumor-type specificity.
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Figure 5.3. CAP enhances treatment response in BHH spheroids at low chemotherapy dose and preserves
stromal components in MRH spheroids. Heatmaps showing the mean effect of different treatments on image-
based parameters relative to untreated controls in (a) BHH and (b) MRH TCC spheroids. Treatments include
chemotherapy (No chemo, T2, T7) with or without CAP (No plasma, 60s, 120s). Measured parameters include
PCC and PSC area (as a ratio to the total spheroid area), spheroid area, and roundness. Red indicates a
reduction and green an increase relative to control. *p < 0.05, **p < 0.01.
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In MRH spheroids, CAP preserved PSCs when combined with chemotherapy, particularly at
lower doses, indicating a protective interaction (Figures 5.3, S5.2 and S5.4). This effect was
absent in BHH spheroids, where CAP enhanced stellate cell damage regardless of

chemotherapy dose (Figures 5.3, S5.1 and S5.4).

The findings from the image analysis underscore the influence of tumor-type context in
shaping responses to CAP and chemotherapy combinations. While MRH spheroids
exhibited greater selectivity during mono-CAP treatment (reducing cancer cells while

preserving PSCs), this benefit did not consistently translate to combination settings.

At higher chemotherapy doses, CAP treatment even appeared to attenuate efficacy in MRH
spheroids. Conversely, in BHH spheroids, CAP enhanced the effect of chemotherapy across
the full dose range, however with decreasing efficiency towards higher chemotherapy
doses, but did so at the cost of selectivity, significantly reducing both cancer and stellate
cell populations. These data emphasize the need for tumor-type-informed optimization of
GEM/PCX-CAP strategies in PDAC, balancing efficacy with preservation of stromal
components. These differences between MRH and BHH spheroids demonstrate that the
responses to CAP—chemotherapy combinations vary substantially between tumor types,

reflecting the heterogeneity observed in PDAC.

5.4.5 CAP does not improve chemotherapy-induced tumor suppression in

the CAM model

Using the CAM model, we wanted to further evaluate the efficacy of GEM/PCX and CAP
treatment on tumor growth for both tumor models (Figure 5.4). A clear dose-dependent
decrease in tumor weight was observed for both tumor models upon chemotherapy
titration, with the highest GEM/PCX concentrations (432/86.4 GEM/PCX ug/kg)
significantly reducing tumor weight in BH tumors (Figure 5.4b and c). This dose was selected

for a further combination study.

Combination treatment with CAP and high-dose GEM/PCX was subsequently tested across
three independent repeated experiments (Figures 5.4d-e and S5.6). Results show that

chemotherapy consistently reduced tumor weight in repeats 1 and 3 for both BH and MR
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models, as it did in the chemotherapy titration experiments (Figures S5.6 and 5.4). In
contrast, mono-CAP treatment had no significant effect, and combination treatment did
not outperform mono-chemotherapy (Figures 5.4d-e and S5.6). Repeat 2 showed aberrant
results for both tumor models, with unexpectedly small untreated tumors and increased
tumor weight in the combination group, suggesting possible experimental variation in the
turkey CAM model or cell culture, or unnoticed technical issues (Figure S5.6). Overall, these
findings confirm the efficacy of high-dose GEM/PCX in reducing tumor burden, while CAP

does not consistently enhance therapeutic outcome in the used turkey in ovo CAM model.

Figure 5.4. In ovo CAM model workflow and treatment effects on tumor growth. (a) Schematic of the
experimental timeline showing fertilized egg preparation, PCC and PSC seeding, CAP and GEM/PCX treatment
and tumor harvesting. (b-e) plots showing tumor weight measurements in a chemotherapy titration
(GEM/PCX) for BH (b) and MR (c), and following treatment with mono-chemotherapy (0.432 mg/kg GEM and
0.0864 mg/kg PCX, mono-CAP (120 s), or their combination for BH (d) and MR (e). GEM/PCX doses (mg/kg)
are indicated below each group. Combination treatment includes CAP exposure followed by GEM/PCX
injection. Data are represented as mean * SD (n > 8 of three independent experiments). Horizontal dashed
lines indicate group medians. **p < 0.01.

156 | Chapter 5



5.5 Discussion

Our findings provide valuable insights into the complex interplay between CAP and
chemotherapy, highlighting both the promise and limitations of this combination therapy
in PDAC. Interestingly, CAP demonstrated differential responses dependent on
chemotherapy dosage and tumor model, emphasizing the importance of carefully

considering tumor heterogeneity and treatment dosages.

Mono-CAP treatment at shorter durations (60s) demonstrated clear cytotoxic effects,
particularly in MRH spheroids. This aligns with earlier studies showing that intermediate
CAP treatment times can effectively induce cytotoxicity [24, 25]. However, our data
indicated that combining CAP with chemotherapy yielded limited synergy and is only
evident at lower chemotherapy doses. This aligns with the idea to lower chemotherapy
dosages, when combined with sensitizing modalities such as CAP, to mitigate systemic
toxicity and economic costs associated with high-dose chemotherapy regimens. The
potential advantages of lower chemotherapeutic dosages on a longer treatment schedule
as anti-angiogenic therapy have indeed been argued [26], which could enhance quality of
life for patients while maintaining therapeutic efficacy in a combination strategy. However,
at higher chemotherapy dosages, particularly in MRH spheroids, CAP exposure
unexpectedly attenuated treatment efficacy, paradoxically increasing cell viability. This
phenomenon could be attributed to the induction of cellular stress responses and
antioxidant mechanisms at excessively high stress levels, however this should be
investigated. Previous research indicates that heightened oxidative stress can trigger
adaptive cellular survival pathways, including upregulation of antioxidants like glutathione
and enzymes such as catalase and superoxide dismutase, thereby reducing therapeutic
effectiveness [27]. Our observations strongly suggest that a balance must be maintained,
where CAP exposure intensity and chemotherapy dosage is sufficient to induce cytotoxic
stress. In addition, research has shown that the combination of CAP and GEM on in vitro
mono-culture MiaPaCa-2 cells did not outperform mono-CAP treatment but did
significantly outperform both monotherapies in an orthotopic in vivo PDAC model [28].

Although a different CAP device and monocultures were used, the in vitro findings are
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consistent with our observations at high chemotherapy doses combined with CAP. The
divergence across models likely reflects differences in organismal context,
microenvironment, and how compounds (GEM/PCX drugs and CAP-derived RONS) are
delivered to the tumor. In vitro, GEM/PCX remain in the culture medium for several days,
so high-dose regimens can saturate cytotoxicity, leaving little room for CAP to add an
increased effect. In vivo, by contrast, drug exposure is transient because of distribution,
metabolism, and clearance, which can unmask combination effects. In the turkey CAM in
ovo model, chemotherapy produced a measurable effect, but CAP efficacy might have been
limited by incomplete surface exposure: tumors often grow inward beneath the CAM,

reducing access and hindering uniform CAP exposure.

Interestingly, our study observed notable differences between the tumor models in
response to mono-CAP treatment and its combination with chemotherapy. In MRH
spheroids, CAP demonstrated selective cytotoxicity, targeting cancer cells preferentially
and preserving PSCs. Conversely, BHH spheroids showed non-selective cytotoxicity,
impacting both cancer and stromal cells equally. These findings are consistent with
previous reports suggesting tumor-type-specific sensitivities to treatment in general,
possibly due to variations in the TME, cellular composition, known as intra- and
intertumoral heterogeneity, highlighting the importance of including this heterogeneity in
3D tumor models [29-31]. We demonstrated that our TCC model can capture these effects,

pointing towards its clinical relevance.

Our in ovo CAM model results further supported the limited clinical potential of combining
high-dose chemotherapy with CAP. Surprisingly, mono-CAP treatment was insufficient to
significantly impact tumor growth, and combined treatment did not enhance
chemotherapy-induced tumor suppression. Our previous work using the CAM model in
chicken eggs showed that 60s of CAP treatment on MR tumors was sufficient to induce
significant cytotoxicity [25]. This, however, was achieved with an older, and different
version of the kINPen®, specifically made for lab-purposes (kINPen®IND). In addition, the

chicken and turkey CAM model might not be fully comparable, as the turkey embryo
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growth is slower (29 days of embryonic development until hatching) compared to the

chicken embryo (21 days of embryonic development until hatching).

Given these outcomes, exploring lower CAP and chemotherapy doses in combination using
this model could be beneficial to avoid triggering pro-survival mechanisms associated with
high cellular stress, potentially improving therapeutic efficacy, while reducing side effects,
cytotoxicity and cost for patients. Furthermore, future research can also explore alternative
combinations, such as CAP paired with immunotherapy, which might exploit the
immunomodulatory effects of CAP-generated RONS to potentially enhance anti-tumor

immunity [12, 13, 32-34].

Overall, our data show that responses to CAP-chemotherapy combinations in PDAC are
strongly context dependent. CAP combined with low-dose GEM/PCX enhanced antitumor
activity and suggested a route to GEM/PCX dose reduction, whereas its added benefit
diminished at higher chemotherapy doses. Divergent responses of MRH and BHH spheroids
caution against generalizing from a single model and point to including tumor
heterogeneity and optimization of CAP parameters and drug dosing, with other potential

exploration of combinations such as immunotherapy.

5.6 Conclusion

In conclusion, our findings emphasize the complex interactions between CAP and
chemotherapy in PDAC, highlighting tumor heterogeneity and therapeutic dosages as
crucial factors influencing outcomes. Combining CAP with lower chemotherapy doses
showed potential by enhancing efficacy, which could be beneficial for PDAC patients due
to areduced systemic toxicity and economic costs. However, higher doses of chemotherapy
in combination to CAP attenuated this enhanced cytotoxic effect. The observed tumor-
specific responses suggest the importance of tailoring treatment strategies accordingly.
The limited impact observed in our CAM model supports that the combination of high CAP
and chemotherapy doses does not provide a better treatment outcome, and alternative

approaches, like CAP combined with the low-dose chemotherapy or with immunotherapy,
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should be explored. Future research should aim to refine these combinations to maximize

therapeutic efficacy and improve clinical outcomes in PDAC.

5.7 Supplementary material

160 | Chapter 5



Supplementary Figure 5.1. Time-course plots showing spheroid area, spheroid roundness, PCC area, and PSC
area in BHH spheroids treated with different chemotherapy conditions (No Chemo, T1-T7) in combination
with CAP exposure (No Plasma, Plasma 60s, Plasma 120s). Each plot represents the mean * SD of quantified
image-based parameters across three independent repeated experiments with each three technical replicates.
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Supplementary Figure 5.2. Time-course plots showing spheroid area, spheroid roundness, PCC area, and PSC
area in MRH spheroids treated with different chemotherapy conditions (No Chemo, T1-T7) in combination
with CAP exposure (No Plasma, Plasma 60s, Plasma 120s). Each plot represents the mean * SD of quantified
image-based parameters across three independent repeated experiments with each three technical replicates.
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Supplementary Figure 5.3. Time-course plots showing PCC area and PSC area in BHH and MRH spheroids
treated with different chemotherapy conditions (No Chemo, T1-T7) in combination with CAP exposure (No
Plasma, Plasma 60s, Plasma 120s). Each plot represents the mean + SD of quantified image-based parameters
across three independent repeated experiments with each three technical replicates.
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Supplementary Figure 5.4. CAP enhances treatment response in BHH spheroids at low chemotherapy dose
and preserves stromal components in MRH spheroids. Heatmaps showing the mean effect of different
treatments on image-based parameters relative to untreated controls in (a) BHH and (b) MRH spheroids.
Treatments include chemotherapy (T1-T7) with or without CAP (60s, 120s). Measured parameters include PCC
and PSC area (as a ratio to the total spheroid area), spheroid area, and roundness. Blue indicates a reduction
and red an increase relative to control. *p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Figure 5.5 CAP-chemotherapy synergy differs by tumor type, with MRH spheroids showing
stromal-selective synergy. Bliss synergy heatmaps for combinations of chemotherapy (T1-T7) and CAP (60s or
120s) in (a) BHH and (b) MRH spheroids. Positive scores (green) indicate synergistic effects, while negative
scores (red) indicate antagonism. In BHH spheroids, synergy is observed mainly in cancer cell reduction, while
in MRH spheroids, strong synergy is seen in PSC preservation. Asterisks indicate statistical significance of the
observed vs. expected effects (*p < 0.05, **p < 0.01, ***p < 0.001).
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Supplementary Figure 5.6. Combination treatment effects on tumor weight in BHH and MRH models per
replicate. Bar graphs showing tumor weight measurements across three independent experimental replicates

(Rep 1-3) for BHH (left) and MRH (right) tumors treated with GEM/PCX), CAP, or their combination (Combo).
Data are represented as mean + SD (n 2 2). UT = Untreated.
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6.1 General discussion

This PhD thesis aimed to explore a novel combination strategy for PDAC, one of the most
lethal and treatment-resistant cancer types. Previous CAP research on PDAC that included
PSCs are limited and have mostly investigated cell death, ICD, ECM remodeling, EMT and
metastasis [1-4]. Additionally, CAP research on angiogenesis has shown that the
stimulation of endothelial cell proliferation, migration, tube formation and angiogenesis is
possible, however, this has not been investigated on a tumor model [5-7]. Given the
prominent role of the TME in limiting vascular perfusion and drug delivery, especially due
to the desmoplastic stroma orchestrated by the PSCs, this research was developed around
evaluating CAP in combination with chemotherapy in advanced 3D co-culture models. The
PhD thesis was driven by two central hypotheses: (i) that low-dose CAP treatment could
stimulate angiogenesis in PDAC models and thereby improve chemotherapy delivery and
efficacy; and (ii), that high-dose CAP could contribute additional cytotoxic effects alongside

chemotherapy via a different mechanism of action than GEM/PCX.

Chapter 3 focused on the critical need to replicate the heterogeneity and complexity of the
PDAC TME for effective drug screening and angiogenic evaluations. To this end, we
developed a panel of novel TCC spheroid models composed of PCCs, PSCs, and ECs. These
spheroids reflected inter- and intratumoral heterogeneity observed in patient tumors and
allowed for the investigation of structural organization, drug penetration, and endothelial
behavior. Drug screening experiments revealed differential chemotherapy responses
across spheroid models, influenced by cellular composition and architecture, while
angiogenesis assays indicated distinct levels of endothelial stimulation dependent on the
spheroid makeup. These findings emphasized the limitations of traditional 2D and
monoculture models and underscored the relevance of TCC spheroids as an in vitro
platform that better mimics the PDAC TME [8-10]. Importantly, the study showed that
interactions between cancer cells and stromal components significantly affect drug
resistance and angiogenic signaling. As such, these models offer a robust and flexible

system to study personalized therapeutic responses and could be expanded to include
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immune cells or patient-derived organoids for even greater translational potential [11].
This work demonstrates that replicating tumor heterogeneity is essential for acquiring
translational insights and refining drug screening strategies in PDAC. This was confirmed in
Chapter 5, in which two different tumor types were evaluated upon CAP treatment and

chemotherapy and showed a differential tumor-type-specific response.

The first hypothesis of this PhD thesis was investigated in Chapter 4 and addressed the
therapeutic potential of CAP as an angiogenic modulator using the optimized TCC spheroids
and an in ovo turkey CAM model. The goal was to explore whether CAP could enhance
vascularization in PDAC, thereby improving drug delivery in this poorly perfused tumor
type. However, both in vitro and in ovo experiments revealed that low-dose CAP treatment
preserved vascular quiescence. Endothelial tube formation was inhibited in a dose-
dependent manner, and VEGF-A secretion from spheroids declined with longer exposure.
In the in ovo model, no significant changes in vessel density were observed, although a
slight increase in tumor weight was noted at very short treatment durations. While other
studies have reported pro-angiogenic effects under different conditions [5-7, 12-15], our
findings suggest that low-dose CAP delivered by the kINPen MED using argon gas is not
suitable to stimulate angiogenesis in PDAC. Instead, it appears to maintain the suppressed
vascular phenotype of this tumor type. These results highlight the highly context-
dependent effects of CAP, in which treatment modality, dose, device, and gas composition
all influence the amount and type of produced RONS and therefore the biological response
[16]. In addition, RONS such as H,0,, nitric oxide NO-, and hydroxyl radicals -OH are potent
regulators of angiogenesis, but their effects are strongly concentration- and context-
dependent. Low levels of H,0, stimulate endothelial proliferation, migration, and tube
formation by upregulating VEGF [17-20], whereas high concentrations cause cytotoxicity
[17, 18, 21]. This hormetic response is also known to be cell line dependent [22].
Mechanistically, H,O, promotes angiogenesis through iNOS and ets-1 induction [20], while
NO-: contributes via vasodilation and VEGF-mediated chemotaxis of endothelial cells [23-
26], though inhibitory effects have also been reported [27]. In line with this, DBD plasma

induced angiogenesis via FGF-2 release, with H,O, and -OH as key mediators [6, 13, 15],
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and kINPen treatment promoted angiogenesis in vivo in a murine wound model [28].
Together, these findings underscore that plasma-induced angiogenesis arises from a
delicate balance of RONS whose effects can shift between pro-angiogenic and cytotoxic
depending on dose and context. Thus, although CAP remains promising for selective
cytotoxicity, its use as a pro-angiogenic agent requires significant parameter optimization.
The key conclusion is that the angiogenic potential of CAP is not universal and it must be
critically evaluated within relevant disease models and CAP parameters such as treatment

time, dose, device, gas composition, distance to the target, etc.

In exploring the interplay between CAP treatment and chemotherapy, Chapter 5 revealed
a dose-dependent and tumor-type-specific response in advanced PDAC models. Using both
TCC spheroids and the in ovo turkey CAM model, we tested various combinations of CAP
and chemotherapy (GEM/PCX) across different treatment conditions. The results showed
that combining CAP with low-dose chemotherapy led to limited but measurable additive
effects, supporting the concept of using CAP as a sensitizing strategy to lower the required
chemotherapy dose. This approach could reduce side effects and treatment costs while
preserving therapeutic efficacy [29]. However, at higher chemotherapy doses, CAP
unexpectedly diminished treatment efficacy in certain tumor models, possibly due to the
induction of antioxidant defense mechanisms that counteract oxidative stress [30]. In
particular, MRH spheroids exhibited a paradoxical increase in cell viability after CAP
exposure in combination with high-dose chemotherapy. We also found that the cytotoxic
effects of CAP varied between tumor models, with some showing selective targeting of
cancer cells and others showing non-selective cell death, which clearly highlights the
influence of TME heterogeneity on treatment response, similar to patient heterogeneity.
These results emphasize the importance of understanding the tumor-specific

microenvironment when designing CAP-based (and other) therapies.

This PhD thesis underscores that CAP is a highly complex treatment modality, with
outcomes depending critically on treatment time, tumor type and model, gas composition,
and the used device, as highlighted by our comparisons to literature in each chapter. This

can cause cross-study variability and complicates cross-study interpretation and
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emphasizes the need for either device-specific applications following sufficient validation
or deeper mechanistic investigations into the role of distinct reactive species and their
generation for commonly used devices in standardized conditions. Nevertheless, this
complexity also represents a strength of CAP, as it opens the possibility to fine-tune CAP
parameters toward specific biological outcomes. Importantly, the field is moving
increasingly toward combination therapies, particularly with chemotherapy and
immunotherapy, where CAP has already demonstrated promising potential [31-34].
However, most of these studies again employ different plasma sources, limiting
reproducibility and comparability. Moreover, this PhD thesis highlights the critical
importance of dose optimization in combined strategies for our conditions: while low-dose
CAP with chemotherapy may yield additive or even synergistic effects offering the
possibility to lower chemotherapy doses for patients, excessive dosing can attenuate
cytotoxicity, as observed in one of our tumor models. Thus, careful consideration of both
the CAP device and treatment parameters considering the study hypothesis is essential for
translating CAP from experimental promise to clinically robust applications. In addition, this
differential response in our tumor models signifies the importance of using multiple cell

lines, preferably as co-cultures, to both include heterogeneity and the TME.
6.2 Future perspectives

The findings of this PhD thesis underscore the potential of CAP as an innovative addition in
the treatment of PDAC. However, several critical directions remain to be explored to fully

harness and translate CAP’s therapeutic potential.

One promising avenue is the use of low-dose CAP as a pro-angiogenic strategy to improve
chemotherapeutic drug delivery. Although the current work using the kINPen®MED did not
show clear angiogenic stimulation, the choice of device and CAP parameters may play a
decisive role. Devices like the SteriPlas® or purpose-built plasma sources engineered to
enhance production of specific RONS, such as, NO-, -OH, and H,0,, may be more effective

in promoting angiogenesis [6, 13, 15, 17-20, 23-26]. Future research should focus on
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selecting or customizing CAP sources based on their RONS output and aligning these with

specific therapeutic goals, such as vascular remodeling in hypoperfused tumors like PDAC.

Furthermore, the combination of CAP with chemotherapy remains a complex but
promising area of research. This PhD thesis revealed that CAP-chemotherapy synergy is
highly dose- and context-dependent. Thus, fine-tuned optimization of treatment regimens,
particularly regarding CAP dosimetry and chemotherapy scheduling, is essential. The
concept of using CAP as an adjunct to low-dose chemotherapy is especially appealing, as it
could reduce systemic toxicity, lower treatment costs, and improve quality of life for
patients. To this end, more studies are needed to systematically map the dose-response
interactions between CAP and cytotoxic agents across different tumor types and

microenvironments.

Beyond chemotherapy, combining CAP with immunotherapy represents a high-impact
frontier. CAP has been shown to induce immunogenic cell death and modulate immune
responses through oxidative stress signaling, including PDAC [1, 34-38]. Integrating CAP
with immune checkpoint inhibitors or other immune-targeting agents could potentiate
anti-tumor immunity, especially in PDAC, which is traditionally immunologically cold [39].
Future work should therefore investigate the immunomodulatory effects of CAP in 3D co-

culture and in vivo models that include immune cell populations.

Despite the growing preclinical evidence, several translational barriers remain. CAP’s
limited depth of penetration, typically only a few hundred micrometers, presents a
challenge for treating deep-seated tumors. Furthermore, CAP is inherently a local therapy
and is currently not able to treat all tumor types as broadly or systemically as conventional
drugs. Therefore, selecting appropriate cancer types and clinical contexts for CAP research
is crucial (e.g. head and neck cancer or melanoma). Tumors located near accessible surfaces
or those that can be reached through minimally invasive methods may be more amenable
to CAP-based therapies. Additionally, reactive species generated by CAP may be
neutralized by biological fluids such as blood, further limiting their bioavailability and

therapeutic efficacy [40]. Addressing these challenges will require innovative delivery

177 | Chapter 6



strategies for hard-to-reach tumors, such as endoscopic CAP administration (e.g. colon

cancer), localized hydrogels, or nanoparticle-assisted CAP systems.

Finally, clinical adoption of CAP as a cancer therapy will require significant standardization
efforts. The variability in CAP sources, treatment conditions, and biological models has
made cross-study comparisons difficult. International collaborations are increasingly
working toward establishing consensus protocols and regulatory pathways. These should
include guidelines for CAP dosimetry, treatment reproducibility, and long-term safety.
Addressing these regulatory and ethical considerations will be critical for enabling clinical
trials and ensuring the safe and effective translation of CAP technology into routine

oncology practice.

In summary, while CAP is not yet a clinical reality in PDAC treatment, its multimodal
potential, ranging from cytotoxicity to immune activation, warrants continued
investigation. Refinement of CAP delivery, dosimetry, and combination strategies,

alongside regulatory standardization, will be key to unlocking its full clinical utility.
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7.1 Summary

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive malignancies, with
a five-year survival rate below 10%. This poor prognosis is largely due to its late diagnosis,
rapid metastatic spread, and resistance to conventional therapies. One of the main drivers
of this resistance is the unique tumor microenvironment (TME), which is dominated by a
dense fibrotic stroma. A key component of this stroma are the pancreatic stellate cells
(PSCs), which contribute to therapy resistance by remodeling the extracellular matrix,
suppressing immune responses, and creating a hypoxic, nutrient-poor, hypovascular and
drug-impermeable environment. These challenges have prompted the search for novel

treatment approaches that can overcome the barriers imposed by the TME.

Cold atmospheric plasma (CAP), a non-thermal partially ionized gas rich in reactive oxygen
and nitrogen species, has emerged as a promising anti-cancer modality. CAP exerts
oxidative stress on cells, leading to apoptosis and immune activation. While CAP has shown
strong cytotoxic potential in various cancers, its behavior in complex tumor models like
PDAC remains poorly understood, especially in the context of a complex TME. This PhD
thesis aimed to investigate the dose-dependent effects of CAP in 3D PDAC models and
assess its interaction with angiogenesis and chemotherapy, with the goal of defining its

therapeutic value in the treatment of pancreatic cancer.

To this end, advanced 3D co-culture spheroid models were developed that include PDAC
cells, PSCs, and endothelial cells. These models reflect the heterogeneity and complexity of
the PDAC TME more accurately than conventional 2D monocultures. Using these models, |
first investigated whether CAP could modulate the vasculature, potentially promoting
angiogenesis in the hypovascular setting of PDAC. The data showed that low-dose CAP did
not induce angiogenesis. Instead, it preserved vascular quiescence, reduced VEGF-A
secretion, while other growth factors remained unchanged, and slightly diminished
endothelial tube formation in vitro. Further validation in the turkey in ovo chorioallantoic
membrane (CAM) model showed that vascularization within and around the tumor

remained largely unchanged upon low-dose CAP treatment. These findings challenge the
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assumption that CAP’s oxidative stress could reprogram the vasculature in PDAC and
suggest that its effects are highly context-dependent regarding the used CAP device, gas

composition, distance to the target, tumor model, cancer type, among others.

Next, the therapeutic potential of combining CAP with the standard chemotherapeutics
gemcitabine and paclitaxel was explored. Across spheroids derived from two distinct tumor
types, MiaPaCa-2:RLT-PSC:HMEC-1 (MRH) and BxPC-3:hPSC21:HMEC-1 (BHH)
(cancer:stellate:endothelial cells), CAP monotherapy reduced cancer cell viability, with
varying selectivity depending on the tumor model. In MRH spheroids, CAP preserved
stellate cell integrity and enhanced the cytotoxicity of low-dose chemotherapy, suggesting
a possible dose-sparing strategy. In BHH spheroids, however, CAP exerted broader
cytotoxic effects, damaging both cancer and stellate cells, and failed to synergize effectively
with high-dose chemotherapy. Notably, in some conditions, the combination of high-dose
chemotherapy and CAP resulted in reduced efficacy compared to chemotherapy alone,
potentially due to the activation of cellular stress responses that promote survival under
extreme oxidative pressure. These findings were further validated in the CAM model, which
confirmed the cytotoxic effects of intravenous administration of chemotherapy. The
combination of direct CAP treatment with chemotherapy did not significantly outperform
monotherapies, again emphasizing the complexity of the interactions between treatment
components and tumor context. These results highlight that CAP’s therapeutic potential
lies not in uniform application but in carefully tuned regimens adapted to tumor- and

application-specific characteristics.

Taken together, this work demonstrates that CAP is a potent yet complex therapeutic tool
whose effects depend strongly on treatment dose, tumor type, and the surrounding
microenvironment. While CAP alone or in combination with chemotherapy can induce
strong cytotoxic responses, its effects on stromal and vascular components must be
considered to avoid unintended consequences, such as major stromal damage, loss of
selectivity or promotion of cancer cells. The co-culture models developed in this thesis

represent valuable platforms for preclinical evaluation of anti-cancer strategies, and are
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therefore not limited to CAP treatment, underscoring the importance of mimicking tumor

complexity when testing new therapies.

In conclusion, this thesis provides novel insights into the role of CAP in the treatment of
PDAC. It shows that CAP does not promote angiogenesis in the PDAC setting, at least not
for the studied conditions, and that its combination with chemotherapy must be carefully
optimized to avoid counterproductive effects. Future research should focus on further
finetuning optimization parameters, such as, CAP device, gas composition, distance of the
device nozzle to the sample depending on the used tumor model and proposed research
hypothesis. Another promising future perspective is combining CAP with immunotherapy
and integrating immune components into 3D models to assess the full potential of CAP in
overcoming the immunosuppressive PDAC microenvironment. By tailoring CAP application
to tumor-specific vulnerabilities, it may become a valuable addition to multimodal PDAC

treatment strategies.
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7.2 Samenvatting

Pancreasductaal adenocarcinoom (PDAC) is een van de meest agressieve vormen van
kanker, met een vijfjaarsoverleving van minder dan 10%. Deze slechte prognose is
grotendeels te wijten aan de late diagnose, snelle metastasering en resistentie tegen
conventionele therapieén. Een belangrijke oorzaak van deze resistentie is de unieke
tumormicro-omgeving (TMO), die wordt gedomineerd door een vast fibrotisch stroma. Een
essentieel onderdeel van dit stroma zijn de pancreas stellaatcellen (PSCs), die bijdragen aan
therapieresistentie door de extracellulaire matrix te hermodelleren, immuunreacties te
onderdrukken en een hypoxische, nutriéntarme, hypovasculaire en slecht doordringbare
omgeving te creéren. Deze uitdagingen hebben geleid tot de zoektocht naar nieuwe

behandelingsstrategieén die de barriéres opgelegd door de TMO kunnen doorbreken.

Koud atmosferisch plasma (Eng: cold atmospheric plasmas; CAP), een niet-thermisch en
gedeeltelijk geioniseerd gas dat rijk is aan reactieve zuurstof- en stikstofdeeltjes, is een
veelbelovende antikankerbehandeling. CAP veroorzaakt oxidatieve stress in cellen, wat
leidt tot apoptose en immuunactivatie. Hoewel CAP een sterk cytotoxisch potentieel heeft
aangetoond in verschillende kankertypes, is het gedrag in complexe tumormodellen, zoals
PDAC nog onvoldoende begrepen, vooral binnen de context van een complexe TMO. Dit
doctoraatsonderzoek had als doel de dosisafhankelijke effecten van CAP in 3D PDAC-
modellen te onderzoeken en de interactie ervan met angiogenese en chemotherapie te
evalueren, met als uiteindelijk doel de therapeutische waarde ervan in de behandeling van

pancreaskanker te definiéren.

Hiervoor werden geavanceerde 3D co-cultuur sferoidemodellen ontwikkeld die PDAC-
cellen, PSCs en endotheelcellen omvatten. Deze modellen weerspiegelen de heterogeniteit
en complexiteit van de PDAC-TMO nauwkeuriger dan conventionele monoculturen. Aan de
hand van deze modellen werd eerst onderzocht of CAP de vasculatuur kon moduleren, met
als doel angiogenese te bevorderen in de hypovasculaire omgeving van PDAC. De
resultaten toonden echter aan dat lage doses CAP geen angiogenese induceerden.

Integendeel, CAP behield vasculaire rust, verlaagde de VEGF-A-secretie, terwijl andere
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groeifactoren onveranderd bleven, en verminderde lichtjes de tubulaire vorming van
endotheelcellen in vitro. De vascularisatie binnen en rond de tumor in het in ovo
chorioallantois membraan (CAM) model van de kalkoen bleef grotendeels onveranderd na
behandeling met lage dosis CAP. Deze bevindingen ondermijnen de hypothese dat
oxidatieve stress van CAP de vasculatuur in PDAC zou kunnen herprogrammeren, en
suggereren dat de effecten sterk contextafhankelijk zijn, onder andere in functie van het
gebruikte CAP-apparaat, gascompositie, afstand tot het doelweefsel, tumormodel en

kankertype.

Vervolgens werd het therapeutisch potentieel onderzocht van CAP in combinatie met de
standaardchemotherapieén gemcitabine en paclitaxel. In sferoiden afgeleid van twee
verschillende tumortypes, MiaPaCa-2:RLT-PSC:HMEC-1 (MRH) en BxPC-3:hPSC21:HMEC-1
(BHH) (kanker-:stellaat-:endotheelcellen), verminderde CAP-monotherapie de overleving
van kankercellen, met wisselende selectiviteit afhankelijk van het tumormodel. In MRH-
sferoiden bleef de integriteit van stellaatcellen behouden en werd de cytotoxiciteit van lage
dosis chemotherapie versterkt, wat wijst op een mogelijke dosisbesparende strategie. In
BHH-sferoiden daarentegen oefende CAP bredere cytotoxische effecten uit, met schade
aan zowel kankercellen als stellaatcellen, en werd geen effectieve synergie met hoge dosis
chemotherapie waargenomen. Opmerkelijk is dat in bepaalde omstandigheden de
combinatie van hoge dosis chemotherapie met CAP resulteerde in een verminderde
effectiviteit ten opzichte van chemotherapie alleen, mogelijk door de activatie van
cellulaire stressreacties die overleving bevorderen bij extreme oxidatieve stress. Deze
bevindingen werden verder gevalideerd in het CAM-model, dat de afzonderlijke
cytotoxische effecten van chemotherapie bevestigde. De combinatiebehandeling van CAP
en chemotherapy presteerde niet beter dan de monotherapieén, wat opnieuw de
complexiteit van de interacties tussen behandelingscomponenten en tumorkenmerken
benadrukt. Deze resultaten tonen aan dat het therapeutisch potentieel van CAP niet ligt in
een uniforme toepassing, maar in zorgvuldig afgestemde regimes die aangepast zijn aan

tumor- en toepassingsspecifieke kenmerken.
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Gezamenlijk toont dit werk aan dat CAP een krachtig maar complex therapeutisch
instrument is, waarvan de effecten sterk afhankelijk zijn van de dosis, het tumortype en de
omliggende micro-omgeving. Hoewel CAP, alleen of in combinatie met chemotherapie,
sterke cytotoxische reacties kan opwekken, moeten de effecten op stromale en vasculaire
componenten worden overwogen om ongewenste gevolgen, zoals ernstige stromale
schade, verlies van selectiviteit of de bevordering van kankercellen te vermijden. De co-
cultuurmodellen die in dit proefschrift zijn ontwikkeld, vormen waardevolle platformen
voor preklinische evaluatie van anti-kanker strategieén (en dus niet gelimiteerd zijn tot CAP
behandeling) en onderstrepen het belang van het nabootsen van tumorcomplexiteit bij het

testen van nieuwe therapieén.

Tot slot biedt dit proefschrift nieuwe inzichten in de rol van CAP bij de behandeling van
PDAC. Het toont aan dat CAP geen angiogenese bevordert in de context van PDAC,
tenminste met de gebruikte condities in dit proefschrift, en dat combinaties met
chemotherapie zorgvuldig geoptimaliseerd moeten worden om contraproductieve
effecten te vermijden. Toekomstig onderzoek zou zich moeten richten op het verder
verfijnen van optimalisatieparameters, zoals het type CAP-apparaat, de gascompositie, de
afstand van de uitlaat van het apparaat tot het monster afhankelijk van het tumormodel
en de onderzoekshypothese. Een andere veelbelovende toekomstige richting is de
combinatie van CAP met immunotherapie en het integreren van immuuncomponenten in
3D-modellen om het volledige potentieel van CAP te beoordelen bij het doorbreken van de
immuunsuppressieve micro-omgeving van PDAC. Door CAP-toepassing af te stemmen op
tumorspecifieke kwetsbaarheden, kan het een waardevolle aanvulling worden op

multimodale behandelingsstrategieén voor PDAC.
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dat het antwoord hierop ooit een dikke NEE is! Jouw ability om alles te onthouden is echt
niet normaal, ik voelde me telkens dom dat ik weer een belangrijk detail vergeten was,
maar goed dat ik jou had in die momenten! Ik hoop ook dat je ooit terug eieren kan eten
zonder dat de geur je doet denken aan het Maclab en dat je ooit terug een ei kan openen
zonder het gevoel te hebben dat je het in een medium fles moet weggooien omdat het niet
bevrucht is of de CAM niet gedropt is haha! Je bent een echte Formule 1 fan en door jou
ben ik mij er nu ook in aan het verdiepen! Jammer dat ik er bij het karten niet bij was om
in je slipstream te hangen en dan voorbij te vliegen ;) Bedankt voor alle samenwerking en

hulp, en veel succes met je PhD.

Julie, chapeau hoe jij je studies combineert met een PhD! Ik heb jouw oprechte interesse
om even te vragen hoe het gaat met experimenten of paper/thesis schrijven erg
geappreciéerd! En wie had gedacht dat die lieve, onschuldige Julie zo’'n professionele
pokerface had zeg?! We zaten er helemaal naast als het ging over jouw leugens &

waarheden haha! Succes met het behalen van je PhD en het afronden van je studie :)

Laura, but when did | ever call you that right, LG? You were my lab buddy since the start
and we self-claimed Flow 3 as ours, it became our Wonderland at T4! We would both be
early in the lab, join each other, and get our lab frustrations out. Another trashbin we had
to get rid of, or empty drawers in the morning we had to refill. But also talking about other
stuff that distracted us until one of us made a mistake, a very All Too Well moment, oops!
We both did not have the best of luck when it came to getting positive outcomes, but we
learned to Shake it off and get going again. I'm really going to miss my lab buddy! We've
had so many lunches where you joined Sophie and | in our office where we could stop
behaving nicely and just be our crazy selves, the squad goals were real. We even went on
a holiday to France together to meet Sophie’s parents and went on a walk with the horsies,

which was fun but also a real adventure for both of us, we were totally Fearless. At first we
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were a bit hesitant about Teddy too, but we got to appreciate his way of saying “You Belong
With Me human” as a good thing after all. When Sophie and | went to interact with the
monkeys, you preferred a safe distance, but at least we had the perfect photographer then,
it was a real Picture to Burn, just kidding, it was great ;) | admire your sportyness and it was
super cool going bouldering with you, seeing you thrive in your personal habitat, and you
were doing it in so much Style. Learning it from you was a blast! We also learned
bookbinding from our teachers and at first we were like two kids in a cardigan not knowing
what we were doing, but at the end you were faster than the speed of light! And there are
so many more good memories: BBQ at my place (the Last Great American Dynasty party
vibe), going to the Christmas market (’tis the damn season), your housewarming
(your Begin Again with Pedro). But honestly, | truly hope this is not the End Game of our

story <3

Lisa, m’n rollercoaster co-screaming buddy! Onze tijd gaat al lang terug, tot in de 1°©
Bachelor! Toen vond ik jou al een super positief ingesteld en enthousiaste persoon, en dat
is nog niets veranderd! Het was heel fijn om terug re-united te worden op CORE om dat
verder te zetten, and we sure did haha! In Slovenie op conferentie hebben we ons echt
mega goed geamuseerd, bv. op de dance party, én maar strijk gaan van het lachen! Maar
ook tijdens de rollercoasters kwamen we ook niet meer bij van het lachen, en stikten we
zelfs soms tussen het om de beurte lachen en schreeuwen door haha! In Walibi hebben we
hun echt laten zien hoe wij aan attracties doen, en we hebben dat verder gezet in de
Efteling, good vibes only, Eftelabubuuuuuu, ik wou dat ik even terug naar dat weekend kon
;) Maar ook werden we bookbinding buddies en ik weet dat jij altijd even hard uitkeek naar
de pizzzzaaaa als mij haha! Wicked zal ik voor altijd aan jou associéren en als ik ooit iemand
nodig heb voor een “stop de band” ronde tijdens een quiz dan bel ik jou! “You’re all | can
think of, every drop | drink up, <nu jij>" :) Als laatste, laat ik jou al mijn pizzastukken na die
nog op op mijn shellef staan in de ijskast omdat ik die vergeten was zellef mee naar huis te
nemen, maar je zal wel snel moeten zijn want om klokslag twellef uur komt de wolef alles

opeten! Blijf die bubbely zellef dat je bent en we zien elkaar sowieso nog terug!
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Jana, jouw luisterende oor en begripvolle gesprekken zal ik missen. Verder valt niet te
ontkennen hoe enorm behulpzaam jij bent. Jij stond werkelijk altijd klaar om te helpen
waar je kon, bedankt om bv. mijn platen eens te scannen met de spark. Je steun tijdens de
opstart van Rubelle heb ik ook enorm gewaardeerd. Daarnaast hebben we ook leuke tijden
gehad op conferenties zoals in Slovenié & Bologna! Veel succes nog met je uitdagende PhD

maar je bent een harde werker dus ik heb er alle vertrouwen in! :)

Tias, m’n teambuilding buddy! Enkel jaren geleden begonnen we samen aan ons PhD, we
zaten echter in andere bureaus en hebben niet gigantisch veel contact gehad eigenlijk, en
eerlijk gezegd vind ik dat wel jammer want de momenten die wel wel samen spendeerde
bv. op teambuildings waren top! Op de teambuilding van Who’s The Lab Rat bv. hebben
we het toch super leuk gehad samen :) Ik zeg niet dat we de beste speurders waren haha
maar we gingen er wel helemaal voor! De laatste teambuilding bewezen we wel dat we
goede speurders zijn! En weeral heb ik me toen hard geamuseerd met jou. En het winnen
ervan aan het einde van ons PhD was toch wel de kers op de taart :) Verder vond ik je als
collega ook heel behulpzaam! Ik had nooit het gevoel dat er een vraag te veel was dus

bedankt voor die leuke collegiale houding :) En succes met je nieuwe avontuur na dit PhD.

Aminur, my Bollywood friend! I still haven’t watched one of those Bollywood movies you
sent me, apologies! But now | should have some more time on my hands to finally do that!
:) You started your PhD with me as your lab mentor, so | had some extra opportunities to
get to know you! You came across as a shy person in the beginning, but once you warmed
up, | got to experience your sense of humor and once we got started it was amazing haha!
Also had a good time with you on the Barcelona conference, especially in the pink

restaurant! Good luck with everything!

Yannick, wat ik bij jou enorm appreciéerde was je vriendelijkheid en behulpzaamheid.
Tijdens een STIG meeting bv. ben jij veruit één van de meest geinteresseerde mensen in de
ruimte die opbouwende feedback geeft. Dat viel me niet enkel op bij mijn eigen
presentaties, maar ook bij anderen, bedankt om op die manier aan iedereen zijn onderzoek

bij te dragen! Verder zaten we twee keer in hetzelfde teambuilding team waarin ik mij
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super hard geamuseerd heb dus bedankt voor die leuke momenten en om de winst binnen

te slepen met je geweldige verhaal! Succes met je uitdagende vervolg als klinisch bioloog.

Chloé, Brian, Liesbeth, Pieterjan, Daniel, Charlotte, Pierre, Karin, we’ve not had many
opportunities to get to know each other that much because you’ve only recently joined or
our paths crossed very little in- & outside of the lab, but | want to wish you the best and

good luck with finish your own PhD’s (for those that still have to)!

Jorrit, the superman of the lab, niet normaal wat jij combineert in je werk & leven, zonder
verlies van kwaliteit, ik kijk daar echt naar op! Je stond altijd klaar om te helpen of feedback
te geven, ookal moest je dit om 1u ‘s nachts doen op een slaap te kort. Het was heel fijn
dat we samen een teambuilding samen mochten organiseren, waar ik je tegelijkertijd beter
heb leren kennen als persoon in plaats van post-doc, hiervoor gingen we bv. samen naar
de zoo met Ho Wa en je gezin om alles verder te bedenken van vragen en opdrachten, wat
een leuke dag! Gesprekken even een vage wending geven kan je als de beste, maar wat
kristalhelder is, is je voorkeur voor rijpe bananen, ooh wee dacht ik als ik een banaan met
groene plekjes mee had genomen! Tijdens de teambuilding van Who’s The Lab Rat hebben
we zeker ons steentje bijgedragen om mensen over het touw te krijgen, dat was te zien aan
onze schouders! Bedankt ook om me tijdelijk te adopteren als PhD Student tijdens Angela
haar maternity leave. Ik probeerde niet veel tijd van je weg te nemen, omdat je al zoveel
te doen had, maar het was heel fijn dat ik op iemand kon rekenen voor een brainstorm of
wat feedback wanneer nodig. Toen ik me had buitengesloten op het labo was ik zo blij dat
jij thuis was zodat ik even je badge kon lenen, anders had ik toch wel even een probleem!
Je talent om de meest toepassellijke memes/GIFs te vinden tijdens een What’s App gesprek
ga ik zeker missen! Bedankt voor een leuke tijd en succes met je welverdiende carriere

(waar die ook naartoe mag gaan).

Jonas, toen ik jou leerde kennen zat je nog in Australie en hebben we een online meeting
gehad over mijn PhD project. Ik vond dat toen wel spannend want ik vond dat super
indrukwekkend dat jij daar zat voor je onderzoek! Bedankt om mee te willen brainstormen
over mijn PhD project toen ik voor FWO aan het schrijven was, maar ook voor daarna nog

met je flow cytometry hulp en om mij hier in te begeleiden! Het was ook enorm fijn om
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uitgenodigd te zijn op jullie trouwfeest, dat was een fantastische avond vond ik, om met
heel de groep samen te zijn en vooral om jullie te vieren. Bedankt voor die hulp, input,

feedback en leuke tijd!

Debbie, m'n yoga buddy! Hoe grappig en toevallig was dat om plots in dezelfde yoga les te
zitten samen! Ik vond dat alvast wel fijn :) Jouw goedlachsheid en enthousiasme was elke
keer weer besmettelijk, maar daardoor heb je mij ook wel goed kunnen misleiden als Lab

Rat, dus well done! Bedankt voor een fijne tijd samen op CORE (en tijdens de yoga les).

Hanne, mijn mede entrepeneur haha! Gust en fluffy friends en Rubelle Scents take over
the world :)! Onze tijd gaat al lang terug want jij was al voor mij in CORE en ik keek toen op
naar jou en Eline als meer ervaring Plasma-onco PhD studenten :) Maar niet enkel de
plasma-onco groep hadden we gelijk maar ook onze miserie met nek- of
schouderproblemen :( Onze sessies aan kiné en warmtekussens hebben we wel gehad
daarmee! Nu wonen we ook allebei in het verre Mol & Arendonk dus begrijpen we elkaars
struggles met de lange afstand als geen anderen! Maar het voordeel is wel dat we nu samen
kunnen gaan tennissen met Mich en Luc :) In Slovenié hebben we ons rot geamuseerd op
de beach dance party, ik weet echt niet of ik ooit al zohard gelachen heb als toen, dat was
echt een legendarische avond! Heel recent ben ik dan mee in Ferem Lokaal gestapt met
Rubelle Scents en ik zou echt in geen andere concept store willen staan want nu betekent
het dat we nog langer kunnen samenwerken! Ik kijk al uit naar de dagen dat we hopelijk
eens kunnen samen staan in de winkel! Misschien kan je zelfs Patsy die we samen in Utrecht
kochten als inspiratie gebruiken voor een fluffy friend van te maken! Dit is zeker geen

afscheid dus tot de volgende tennismatch of shopday :)!

Hannah, mijn quadruple L buddy en zo veel meer! Van samen Lab experimenten uitvoeren
tot Lab cleans doen, samen Lunchen, maar ook altijd Lachen, gieren en brullen met elkaar.
Jij was één van de weinigen waarmee ik echt een next-level gesprek mee kon voeren waarin
er geluisterd werd naar elkaar, tranen werden weggeveegd of zelfs luidkeels gelachen
werd. In ieder geval, de support was er altijd in twee richtingen. Voor mij ben je toch wel
de karaoke queen en hoop ik dat we dit nog eens opnieuw kunnen doen :) Ook super leuk

dat je helemaal afrees naar het verre Arendonk om samen in de Vapiano te gaan eten in
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Eindhoven omdat je dit nog niet kende, en daarna in de jacuzzi te springen. Altijd welkom
voor meer van die avondjes :) We vonden elkaar ook telkens om samen naar Walibi te gaan,
balletjes in de Ikea of lekkere pasta in Bavet te gaan eten. Ik ben ook nog steeds zooooo
dankbaar dat ik via jou (en Laura) naar Taylor Swift kon gaan! Oh my god dat was iets dat
ik niet zag aankomen, maar wel hard op hoopte, en was echt een super leuke avond!
Hannah, een lab clean of karaoke avond zal nooit meer hetzelfde zijn zonder jou dus
daarom heb ik een afscheidscadeau voor jou (ookal is dit geen echt afscheid hoop ik). En
dat is dat ik nog een laatste keer de liquid nitrogen man zal nadoen met extra overtuiging,

speciaal voor jou! Dan kan je nog eens goed lachen haha. Tot binnekort! :)

Delphine, de motiverende & organisatorische kracht binnen CORE! Van leuke initiatieven
zoals de runners club voor de halve marathon opstarten tot mee de organisatie op je
nemen van het winterconcert of BE-PRECISE, Delphine zegt daar geen nee tegen, sterk!
Daarnaast vond ik het fijn dat je eens kwam checken hoe het bv. ging met het submitten
van m’n paper en vond ik het zot dat je RuPaul’s Drag Race kende, dat hoor ik niet vaak :)

Veel succes met je volgende stappen!

Sanne, mijn FELASA buddy en de vrouw van de grappige geluidjes ;) Toen ik jou de eerste
keer zag waren we op een teambuilding en je leek mij al meteen een super vlotte en
enthousiaste persoon. Daarna hebben we samen ons FELASA diploma gehaald en wat was
dat voor een geweldige periode! Samen met Birgit hebben we gelachen dat het niet meer
normaal was! Maar ook wel hard gestudeerd en soms kleine stressjes gehad; belachelijk
maar toch waren we zenuwachtig om onze “handen te wassen” dus hebben we dat op
CORE nog eerst extra geoefend. Muizen restrainen was écht niet ons ding en we stonden
daar met knikkende knieén af te zien. Chapeau hoe jij hebt door gebeten en uiteindelijk
een muizen expert bent geworden! Daarna zijn we elks wat ons eigen pad ingegaan, maar
je zorgde ervoor om toch nu en dan eens in het labo te verschijnen (wat je zat vooral bij de
muizen) met je gekke geluidjes zoals *bop bop bop*, wat altijd voor een lach op mijn
gezicht zorgde! Bedankt voor de leuke momenten en veel succes nog met je PhD af te

ronden!
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Christophe D, ik vind het heel straf hoe jij TUSC en je robotics screening platform hebt
opgebouwd en zo hebt bijgedragen om het niveau van CORE toch naar een hoger niveau
te tillen. Zonder de Spark en drug printer alleen al was mijn PhD een pak lastiger geweest!
Toen ik de robot heb laten crashen met een plaat die ik er was vergeten uit te halen dacht
ik even dat je me ging lynchen, wat was ik blij dat het zonder schade kon opgelost worden!
Ik heb het nog geprobeerd om met cupcakes goed te maken, ah nee sorry dat waren mijn

kalkoeneieren ;) Veel succes met je ambitieuze toekomst!

Ho Wa, | mean Howhaaaaaaat?! Of zeg ik beter Howasabi, Howarm, Howasmachien,
Howafel, Howater, Howazig, Howalvis, Howaakhond van CORE, | mean you know | could
keep going if you want, right haha? Wat ga ik jou missen! Jij bent echt veel te goed voor
deze wereld, soms moet je eens leren “nee” te zeggen ;) Maar ik was toch blij dat je ja zei
op mijn onbevruchte kalkoeneieren zodat ik ze niet moest weggooien. Dus het was wel
handig om te weten bij wie ik moest zijn als de meerderheid me zou afwijzen ;) “Stay” van
Justin Bieber zal altijd ons lijflied blijven en telkens dat ik het hoor sta ik weer in die
karaokezaal met jou haha! Samen die teambuilding voorbereiden was ook echt top! Dagje
in de zoo rondlopen en onze gedachten loslaten om de gekste vragen te verzinnen :)

Bedankt voor die leuke tijd en om alle labfrustraties te delen.

Louize, de superhulp! Jij stond echt altijd klaar om te helpen waar nodig, wat een zaligheid!
We hebben samen wel wat kalkoeneieren doorstaan en naaldjes optrekken heb je nu wel
genoeg gedaan voor een tijdje haha, sorry daarvoor! Ik bewonder echt je positieve en
enthousiaste ingesteldheid, dat maakte het altijd leuk om samen te werken. Je leert ook
heel graag bij en vond het daarom ook leuk om mee te werken aan de eierenexperimenten
omdat je hier weer iets uit kon leren! Zaterdagochtenden zijn vanaf nu voor vtm go tijdens

het ontbijt als ik het niet vergeet of niets anders gepland heb haha!

Christophe H, mijn crypto buddy! Tegen een babbeltje hier en daar zeg je geen nee tegen,
en onze gesprekken gingen vaak over crypto, maar het was fijn om iemand, buiten mijn
vader, te hebben om hier helemaal in op te gaan! Ik ben er zeker van dat we nog contact
zullen houden om verdere strategieén te bespreken, dus die crypto meetings moeten we

dan nog eens organiseren. Bedankt ook om altijd te willen helpen wanneer ik iets nog niet
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goed kende in verband met stainen, cryosections maken en andere dingen! Tot op de

volgende meeting ;)

Hilde, bedankt voor jouw hulp met allerlei stainings! Het einde van Gotcha met jou en

Astrid was héél spannend, bedankt voor deze zenuwslopende strijd! :)

Céline, je bent overlaatst verhuisd naar de verre kempen bij mij en de Verswyvels, welcome
to the team! Jammer dat ik je geen kalkoen kon bezorgen, dat had toch wel grappig
geweest om een labkalkoen te hebben :) Wie weet zien we elkaar nog eens in oud-turnhout

of omstreken!

Inge, je bent nog maar pas bij CORE, en toch heb ik het gevoel dat we al een leuke band
hebben opgebouwd. Je bent altijd geinteresseerd om te vragen hoe het gaat en je luistert
écht. Veel succes nog met jullie huis in de ardennen verder te bouwen en vanaf nu weet ik

dat je mij niet het zwijgen wilt opleggen maar dat je hard aan het nadenken bent ;)

Felicia, guuuuurl, ik ga onze kiki momentjes echt missen! Me wie moet ik nu twerken in het
labo op het gepiep signaal? Wie komt mij nu redden als ik in de kelder vast zit? Het was
goed om te weten that somebody was having my back! Ga ook wel echt jouw haar missen
haha! You know | love it, hoe jij altijd leuke kapsels hebt! Had nooit gedacht dat jij into
Anime zou zijn, maar wat ben ik blij dat je mij hebt beinvloed into Anime hahaha, maar ben
wel nog steeds teleurgesteld dat je Nocturne nog niet hebt gezien! Hoe lang moet ik nog

wachten?! Merci voor al die leuke en grappige labmomentjes!

Andreia, you are the sweetest! Loved going to the pizza hut with you when you only started
in the lab recently. It was nice to get to know you better right away. We’ve had our
discussion on belgian supermarkets, you know, and | think we can conclude that you should
stop going to the colruyt! | hope you agree with me and that you can find your love for
belgian supermarkets soon once you’ve tried different ones ;) Thanks for the short, but fun

times together!

Dana, merci voor alle leuke labmomentjes! Maar ook voor daarbuiten, we gingen samen
klimmen met Ho Wa en Laura, en al waren we niet zo goed als hun (uiteraard), we deden

wel ons best! Daarna gingen we nog gezellig samen eten in de Lunch Garden. lk dacht ook
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dat ik een goede duolingo buddy had gevonden voor samen een quest mee te spelen, maar
wanneer ik dit startte bleek jij al gestopt te zijn met Duolingo... Daar ging m’n quest hahal

Hopelijk zie ik je toch nog terug verschijnen en kunnen we eens battlen in een league ;)

Astrid, jij bent gewoon zo schattig (sorry) :D ! Altijd zo lief en nederig (tenzij wanneer er
eten gedeeld moet worden of de vraag nog maar gesteld wordt), dat is echt jouw
superkracht! Ik vond het heel tof om jou als collega te hebben, ook al miste wel elkaar soms
in het labo (ik vroeg, jij laat). De Gotcha finale tussen ons was enorm zenuwslopend en
bedankt om er een waardige strijd van te maken! Samen naar het Taylor Swift: The Eras
Tour concert gaan was echt zaaaaalig! Heb mij toen echt zo hard geamuseerd met samen
te staan zingen en dansen, en je weet als mensen jou lastig vallen, ik ben daar om ze op
hun plaats te zetten hé ;) Ik ben benieuwd naar jouw volgende avontuur als onderzoeker

want je bent er echt voor in de wieg gelegd, succes!

Eline, mijn mede chemie Plasmateer! Wat jammer dat we niet meer tijd samen hebben
kunnen spenderen op PLASMANT/CORE want dat was toch wel een leuke tijd en het voelt
ook al zo lang geleden ondertussen! Samen op conferentie gaan in Utrecht was echt gezellig
en ik zal nooit één van de hilarischte momenten ooit vergeten dat je instinctief een stap
opzij deed alsof je nog kon weglopen en verstoppen om niet betrapt te worden maar ook
instant besefte dat dat te laat was haha! Als we even een snackje nodig hadden dan
moesten we ook maar even de consequenties dragen zeker (al waren die er eigenlijk niet).
Het in ovo experiment heb ik wel wat van jou geleerd en ik weet nog goed dat ik je vroeg

|II

“hoeveel eieren heb je ooit al laten vallen per ongeluk”, en je zei “geen enkel”, en nog geen
2 minuten later liet je een ei vallen haha oeps, | jinxed it, sorry! Ik heb het uiteindelijk ook
voor gehad dus je bent niet de enige ;) Pengu of Patsy of Perry (want ik weet eigenlijk niet
meer dewelke van mij was oeps) staat nog steeds op mijn kast dus The Three Plasmateers
blijven zo toch nog verder bestaan! Bedankt om hier aanwezig te zijn en voor de leuke tijd

samen!

Abraham, the karaoke legend and globe trotter of CORE! You’ve already left CORE for quite
some time, but | still remember the good old days! We did not only go for karaoke in

Antwerp, but also on conference in Utrecht! | loved how you gave it your ALL like it was a
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sing-off competition haha! You also took us for a Skydiving session, which | think was just
for fun but it turned out to be a great teambuilding activity for the plasma-onco team! You
were always in for some fun or a party, and you’re such an enthusiastic person which |
loved. Everyone turns happy when you’re around, it’s just infectious! Thanks as well for
being a jury for my PhD thesis and for a fruitful discussion. Who knows maybe I'll bump

into you somewhere around the world ;)

Gabriele, thank you for your insanely hard work on the Arivis data and for being so swift
about the analysis when a change was needed! Your eagerness and ability to learn are

impressive and | think you have great future ahead! Thanks for everything!

Rani, Pepjin, jullie ken ik natuurlijk al langer dan enkel tijdens mijn PhD :) Jullie waren al
een grote steun en toeverlaten tijdens de Bachelor en Master opleiding en wat jullie beiden
siert is jullie enorm groot hart voor jullie vrienden (en uiteraard ook je eigen families). Van
klasweekends tot karting, bowling, uitgaan, attractieparken, practicamomentjes, ... we
hebben echt al zoveel leuke dingen samen meegemaakt! Ik ben heel blij dat we deze trend
hebben kunnen verderzetten tijdens ons PhD, en in het buitenland omdat we samen naar
CERN of op conferentie konden gaan, wie kan dat zeggen over zijn vrienden? Wij! :) Ook
jullie aanmoediging bij alle spannend momenten zoals examens, presentaties,
verdedigingen, etc. zijn mij niet voorbij gegaan en waren voor mij heel waardevol! Bedankt

voor deze tijd en tot snel!

| would also like to thank some other PLASMANT people in specific: Cecilia, Sarah, Mac,
Lisa, Priyanka, Karen and Karel. Thank you for the great times at conferences, in the lab
and for discussions during our meetings. As well as your help in placing orders (sorry for

being so “urgent” that often!).

Luc, mijn allerliefst hubbyke, jij bent werkelijk te goed voor deze wereld en soms vraag ik
me af hoe ik het geflikt heb om jou aan de haak te slagen 6 jaar geleden. Slechts enkele
maanden later begon ik aan mijn master thesis in PLASMANT & CORE. Dat wil zeggen dat
jij mij al bijna 6 jaar weet praten over sferoids, kalkoeneieren en plasma, en vandaag

eindelijk kan zien wat ik exact bedoelde daarmee en hoe ik de cellen “bliksemde” (zoals jij
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het uitlegt aan anderen). Ik heb dit traject niet alleen afgelegd want jij was er voor elke stap
die ik maakte, zowel voorwaarts, als achterwaarts. Je was trots op mij bij het behalen van
de prijs voor de beste poster presentatie en mijn FWO beurs. Je stond klaar om mij te
knuffelen wanneer ik terug kwam van een conferentie omdat we elkaar toch telkens miste.
Je maakte me weer vrolijk wanneer ik teleurgesteld was met onverwachte resultaten of
een mislukt experiment en moedigde me weer aan met “nog ff volhouden manneke”

wanneer het allemaal wat te veel werd. Duizend maal bedankt en ik hou heel veel van jou!
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