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Abstract 

Glioblastoma (GB) is the most common and aggressive primary tumour of the central 
nervous system. Despite maximal possible surgical resection of the tumours and aggressive 
treatment regimens with radiotherapy and chemotherapy, patient overall survival is less 
than 2 years, as patients eventually develop resistance to therapy, resulting in recurrent 
tumours. The main challenges of therapeutic failure are based on the infiltrative growth of 
the tumour into the brain parenchyma, the presence of a small population of therapy-
resistant GB stem cells (GSCs), and extensive inter- and intra-tumour heterogeneity. 
Cancer models that efficiently represent the complexity of the tumour are therefore crucial 
in the era of precision medicine.  

The establishment of a standardized tissue bank of high-quality biospecimens annotated 
with clinical information is central for reliable translational research. We contributed 
glioma samples to the Slovenian GlioBank, containing glioma tissue samples, cell models, 
and corresponding clinical data for use in cancer research. We used GB differentiated cells 
and GSCs as models to screen for the efficacy of the cannabinoids delta-9-
tetrahydrocannabinol (THC), cannabidiol (CBD), and cannabigerol (CBG) on cell viability 
and invasion. CBG effectively impaired the relevant hallmarks of GB progression, with 
comparable cytotoxic effects to THC, but with the additional ability to inhibit GB cell 
invasion. Moreover, CBG could target therapy-resistant GSCs, which are the root of cancer 
development and extremely resistant to various other treatments. Thus, CBG could 
represent a new yet unexplored adjuvant treatment strategy for GB. 

We established a novel 3D in vitro model of GB organoids (GBOs) prepared from 
patient-derived tumours that represents a more clinically relevant tumour model. The 
GBOs, unlike the previously used 3D GB cells and GSCs, capture the entire tumour 
microenvironment. The intra- and inter-tumour heterogeneity of in vivo tumours (including 
variable transcriptional profiles and cellular compositions) was thus preserved in GBOs. 
We demonstrated that GBOs from most of the patients were resistant to irradiation and 
chemotherapy with temozolomide, as no significant effects on GBO viability or invasion 
were observed. Further analyses revealed that certain target genes were differentially 
expressed in the treated GBOs, such as E3 ubiquitin-protein ligase (MDM2) and cyclin-
dependent kinase inhibitor 1A (CDKN1A). Both genes are involved in the DNA damage 
response and cell cycle signalling pathways. Our results implicate on activation of p53-
related pathways in the tumour microenvironment (TME) of GB tumours and shed light 
on possible mechanisms underlying the resistance of GB to therapy. GBOs can represent 
a novel, clinically-relevant culture system for evaluating specific responses of GB patients 
to therapy and have the potential to change drug and novel biomarker discoveries. 

Discovering novel therapeutic targets is critical for developing efficient treatments. We 
explored the role of the novel potential biomarker cathepsin X in GB progression. 
Cathepsin X expression and activity were found to be upregulated in human GB tissues 
compared to low-grade gliomas and nontumour brain tissues. Cathepsin X was localised in 
GB cells and tumour-associated macrophages and microglia. Subsequently, potent, 
selective, irreversible (AMS36) and reversible (Z7) cathepsin X inhibitors were tested in 
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vitro. These inhibitors decreased the viability of patient-derived GB cells. Furthermore, 
there was a correlation between the high proteolytic activity of cathepsin X and C-terminal 
cleavage of neuron-specific enzyme γ-enolase, a target of cathepsin X. Cathepsin X and γ-
enolase were colocalised in GB tissues, preferentially in GB-associated macrophages and 
microglia. Taken together, our results on patient-derived tissues and cells suggest that 
cathepsin X plays a role in GB progression and as such is a potential target for therapeutic 
approaches against GB. 

Overall, this work contributes to the establishment of a platform for basic and 
translational research in the field of neuro-oncology and to a deeper understanding of the 
pathobiology and therapeutic resistance of GB. 

.  
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Povzetek 

Glioblastom (GB) je najpogostejši in najagresivnejši primarni tumor osrednjega živčnega 
sistema. Kljub maksimalni kirurški odstranitvi tumorjev in agresivnim režimom zdravljenja 
z radioterapijo in kemoterapijo je skupno preživetje bolnikov manj kot dve leti, saj bolniki 
sčasoma razvijejo odpornost na terapijo, kar povzroči ponovitev tumorja. Glavni izzivi 
terapevtskega neuspeha temeljijo na invazivni rasti tumorja v možganski parenhim, 
prisotnosti majhne populacije proti terapiji odpornih matičnih celic GB (GSC) in obsežni 
heterogenosti med in znotraj posameznega tumorja. Modeli raka, ki učinkovito 
predstavljajo kompleksnost tumorja, so zato ključni v dobi precizne medicine in medicine 
po meri posameznika. 

Vzpostavitev standardizirane tkivne banke kakovostnih bioloških vzorcev, vključno s 
kliničnimi podatki, je osrednjega pomena za zanesljive translacijske raziskave. V sklopu 
slovenske GlioBanke zbiramo vzorce glioma, ki vključujejo vzorce tkiv, celične modele in 
ustrezne klinične podatke za uporabo pri raziskavah raka. V naših raziskavah smo na 
bolnikovih diferenciranih celicah GB in celicah GSC testirali učinkovitost kanabinoidov, 
delta-9-tetrahidrokanabinola (THC), kanabidiola (CBD) in kanabigerola (CBG) na 
sposobnost preživetja in invazijo celic GB. Ugotovili smo, da je CBG učinkovito vplival na 
znake napredovanja GB, s primerljivimi citotoksičnimi učinki kot THC, vključno s 
sposobnostjo zaviranja invazije celic GB. Poleg tega smo pokazali, da bi lahko s CBG ciljali 
na terapijo odporne celice GSC, ki so vzrok za razvoj raka in so izjemno odporne na različna 
druga zdravljenja. Tako bi lahko CBG predstavljal novo, še neraziskano strategijo 
adjuvantnega zdravljenja GB. 

Vzpostavili smo nov 3D in vitro model organoidov GB (GBO), pripravljenih iz tumorjev 
bolnikov, ki predstavlja klinično pomemben model v raziskavah raka. GBO, za razliko od 
3D GB celic in celic GSC, ohranjajo celotno tumorsko mikrookolje (TME). Pokazali smo, 
da je heterogenost, tako med tumorji in znotraj tumorja (vključno s spremenljivimi 
transkripcijskimi profili in celično sestavo), v modelu GBO ohranjena. Dokazali smo, da so 
bili GBO pri večini bolnikov odporni na obsevanje in kemoterapijo s temozolomidom, saj 
nismo opazili pomembnih učinkov na sposobnost preživetja ali invazijo GBO. Nadaljnje 
analize so pokazale, da so bili nekateri ciljni geni različno izraženi v GBO, izpostavljenih 
standardni terapiji, kot sta E3 ubikvitinska ligaza (MDM2) in od ciklina odvisni inhibitor 
kinaze 1A (CDKN1A). Oba gena sta vključena v odziv na poškodbe DNK in signalne poti 
celičnega cikla. Naši rezultati kažejo na aktivacijo poti, povezanih s p53, v tumorjih GB in 
osvetljujejo možne mehanizme, na katerih temelji odpornost GB na terapijo. GBO lahko 
predstavljajo nov, klinično pomemben sistem za ocenjevanje specifičnih odzivov bolnikov z 
GB na terapijo in lahko prispevajo k odkritju novih zdravil in bioloških označevalcev. 

Odkrivanje novih terapevtskih tarč je ključnega pomena za razvoj učinkovitega 
zdravljenja. Raziskali smo vlogo novega potencialnega biološkega označevalca katepsina X 
pri napredovanju GB. Ugotovili smo, da sta izražanje in aktivnost katepsina X povečana 
v tkivih GB v primerjavi z gliomi nizke stopnje in netumorskimi možganskimi tkivi. 
Katepsin X se je izražal v celicah GB in tumorskih makrofagih in mikrogliji. Testirali smo 
učinkovitost selektivnih, ireverzibilnih (AMS36) in reverzibilnih (Z7) zaviralcev katepsina 
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X. Delovanje zaviralcev je zmanjšalo sposobnost preživetja bolnikovih celic GB. Poleg tega 
smo pokazali korelacijo med visoko proteolitično aktivnostjo katepsina X in C-terminalno 
cepitvijo nevronsko specifičnega encima γ-enolaze, tarče katepsina X. Katepsin X in γ-
enolaza sta se izražala v tkivih GB, predvsem v makrofagih in mikrogliji. Naši rezultati na 
tkivih in bolnikovih celicah kažejo na vlogo katepsina X pri napredovanju GB, ki je kot 
tak potencialna tarča za terapevtske pristope proti GB. 

Na splošno to delo prispeva k vzpostavitvi platforme za temeljne in translacijske 
raziskave na področju nevroonkologije ter k globljemu razumevanju patobiologije in 
terapevtske odpornosti GB. 
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A.1. Characterization of GBOs From Patient Tumours and the Effect of Standard Therapy on 
Viability, Invasion and The Expression of Pre-specified Groups of Genes in GBOs 1 

Chapter 1 

1 Introduction 

As the most aggressive and common primary brain tumour in adults, glioblastoma (GB) 
responds poorly to standard therapy and has one of the shortest patient survival rates 
among all cancers. Successful treatment of GB remains one of the most difficult challenges 
in the treatment of brain tumours. This is partly due to the presence of a small population 
of therapy-resistant GB stem cells (GSCs) and partly due to inter-tumour and intra-tumour 
heterogeneity, represented by three GB subtypes and the presence of different stromal cells. 
New cancer therapies, including immunotherapy, account for up to 90% of failed clinical 
trials. Failure of preclinical studies in subsequent clinical trials can also be attributed to 
the lack of appropriate preclinical models that do not mimic the complexity of GB tumours 
and a lack of understanding of GB biology. Compared to cancer cell monocultures, GB 
organoids (GBOs) represent advanced in vitro models, in which a complex 
microenvironment is preserved, thereby representing a preclinical model that better mimics 
responses to ex vivo therapy. Organoids could thus reduce the number of animal models, 
increase the success of preclinical studies, and thus bridge the gap between cell models and 
clinical trials. GBO models derived from patient tumours also represent a step towards 
novel therapeutic discoveries for targeted treatment tailored to individuals. Importantly, 
there is also a lack of reliable biomarkers and drug targets associated with GB disease 
progression. Identifying new biomarkers would thus enable more effective strategies for 
treating GB patients and preventing disease relapse. 

The overview of our research in GB is shown in Figure 1. 
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Figure 1: Overview of our research work on glioblastoma (GB). We have contributed to 
the establishment of the Slovenian biobank (GlioBank) containing glioma samples, GB cell 
models, and corresponding clinical data; tested cannabinoid extracts on GB cell models 
and showed their potential cytotoxic and anti-invasive properties in GB; established GB 
organoids (GBOs) that mimic the patient’s TME to model and explore the therapeutic 
resistance of GB to standard therapy; revealed the role of cathepsin X in GB progression. 

1.1 Glioblastoma (GB) 
GB is the most common type of malignant primary brain tumour, with a 5-year relative 
overall survival rate of only 6.8%, which varies according to the sex and age of the patient 
at diagnosis (Wen et al., 2020). The incidence of GB in the United States is 3.22/100 000 
persons (Wen et al., 2020), and the number of newly diagnosed patients with malignant 
gliomas in Slovenia was 148 cases in 2019 (Rak v Sloveniji Cancer in Slovenia, n.d.). 
According to the World Health Organization (WHO) 2021 classification of central nervous 
system tumours, GB is defined as diffuse astrocytic glioma without mutations in isocitrate 
dehydrogenase (IDH) and with features of microvascular proliferation and necrosis. It has 
unique molecular features, such as a telomerase reverse transcriptase (TERT) promoter 
mutation, epidermal growth factor receptor (EGFR) gene amplification, and a +7/–10 
cytogenetic signature (Weller et al., 2020). Although the biology of these cancers has 
become better understood, there have been no appreciable advances in treatments or 
patient outcomes. With the standard-of-care therapy for newly diagnosed patients 
introduced in 2005 (Stupp et al., 2005), which includes maximal surgical resection followed 
by radiotherapy (60 Gy in 30 fractions) with concomitant daily treatment with the 
alkylating agent temozolomide (TMZ), the median overall survival is only 15−18 months. 
Radiation (IR) causes a series of DNA lesions leading to DNA strand breaks. If these are 
not repaired by the DNA damage response mechanism, cells undergo cell cycle arrest, which 
leads to apoptosis (Gousias, Theocharous, & Simon, 2022). TMZ passes the blood-brain 
barrier and methylates DNA at specific sites on guanine and adenine bases, forming O6-
methylguanine DNA adducts that cause double-strand breaks in the DNA, disrupting 
subsequent DNA replication, arresting the cell cycle in G2/M phase, and eventually 
activating the apoptosis pathway (Thomas, Recht, & Nagpal, 2013). 
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O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation has limited 
diagnostic relevance in GB patients, although enables the prediction of the benefit of 
alkylating agents. The median survival of GB patients with MGMT promoter methylation 
receiving TMZ is approximately 50% longer than that with unmethylated MGMT (Stupp 
et al., 2005). Besides TMZ, alkylating agents from the nitrosourea class, such as lomustine, 
are used to treat GB progression or recurrence (Weller et al., 2020). In addition to standard 
treatment options, monoclonal antibodies such as bevacizumab, which targets vascular 
endothelial growth factor (VEGF) in MGMT promoter-unmethylated recurrent GB, are 
frequently but unsuccessfully used to prevent angiogenesis. Following such treatment, 
increased GB cell invasion has been noted, usually caused by the creation of hypoxic zones 
within the tumour, leading to the ineffectiveness of bevacizumab (Wick et al., 2017). 

Additional treatment options for combined therapeutic options are becoming an 
attractive strategy for the treatment of cancer (Deshaies, 2020). One of these are 
cannabinoids, such as Δ9-tetrahydrocannabinol (THC), cannabidiol (CBD), and 
cannabigerol (CBG), terpenophenolic compounds from the cannabis plant that exhibit 
anticancer activity and have low toxicity compared to chemotherapeutic agents (Afrin et 
al., 2020). Cannabinoids have already been tested in several clinical trials for GB, either 
alone or in combination with standard therapy. Natural or synthetic THC alone or in 
combination with TMZ in patients with recurrent GBs was used in clinical trials CT-
NCT01812603 and CT-NCT01812616, CBD alone in CT-NCT02255292, and an equimolar 
THC:CBD combination drug (e.g. Sativex) in CT-NCT01812603. THC has been shown to 
induce cancer cell apoptosis and cytotoxicity by primarily binding to the cannabinoid 
receptors CB1 and CB2, both of which are abundant in GBs (Massi et al., 2006; Pertwee 
et al., 2010; Torres et al., 2011). Non-THC cannabinoids also affect the activation of G 
protein-coupled receptors (e.g. GPR55, GPR3, GPR6, and GPR12), vanilloid transient 
receptor potential channels (e.g. TRPV1/2 and TRPM8), and peroxisome proliferator-
activated receptor alpha (De Petrocellis et al., 2013; De Petrocellis, Nabissi, Santoni, & 
Ligresti, 2017; Lah et al., 2022; Nabissi, Morelli, Santoni, & Santoni, 2013) CBD and THC 
in combination showed “synergistic” effects in GB by reducing viability and promoting 
apoptosis in GB cancer cells (Doherty & de Paula, 2021). CBG has been shown to inhibit 
cell proliferation in several cancer cell lines, including human breast (Ligresti et al., 2006; 
McAllister, Christian, Horowitz, Garcia, & Desprez, 2007), prostate, and colorectal 
carcinomas, gastric adenocarcinomas, C6 rat gliomas, rat basophilic leukaemia, and 
transformed thyroid cells, as reviewed by Ligresti et al. (Ligresti, De Petrocellis, & Di 
Marzo, 2016). However, no effect on GB has been demonstrated to date. 

1.2 GB Heterogeneity 
GBs are characterized by their extensive inter-tumour (between patients) and intra-tumour 
(within one patient) heterogeneity. Based on the bulk expression analyses of DNA copy 
number, gene expression, and methylation status, The Cancer Genome Atlas (TCGA) 
divided GBs into three main subtypes: proneural (PN), classical (CL), and mesenchymal 
(MES) (Behnan et al., 2016; Verhaak et al., 2010). Specific genomic alterations define each 
of the subtypes: PDGFRA (platelet-derived growth factor receptor alpha), OLIG2, TCF3, 
and IDH mutations define PN, EGFR (epidermal growth factor receptor) alterations define 
CL, and neurofibromin 1 deletions define MES (Verhaak et al., 2010). According to Behnan 
et al. (Behnan et al., 2016), subtypes can be determined based on the expression of specific 
genes. The PN subtype was determined by the expression levels of the genes OLIG2, 
P2RX7, STMN4, SOX10, NOTCH, and ERBB3. The CL subtype was defined by the 
expression levels of NF-KB, ACSBG1, S100A4, and KCNF1. The MES subtype was 
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defined by the expression levels of DAB2, TGFB1, THBS1, COL1A2, and COL1A1. 
Originally, GB subtypes showed different prognostic and therapeutic implications, with the 
MES subtype being the most aggressive and linked with the poorest prognosis (Ehman et 
al., 2017). Such subtyping could lead to more targeted treatments that focus on a specific 
pathway relevant to the specific subtype. In addition to the aforementioned subtypes, PN, 
MES, and CL (Behnan et al., 2016), Neftel et al. (Neftel et al., 2019) described four cellular 
states of GB, namely the astrocyte-like, oligodendrocyte precursor-like, neural progenitor-
like, and mesenchymal-like states. Cellular states are characterized by the amplifications 
of EGFR for the astrocyte-like, CDK4 for the neural progenitor cell-like, PDGFRA for the 
oligodendrocyte precursor cell-like, and mutations in NF1 for the mesenchymal-like state. 
These genetic alterations define the identity of the cellular states. Nevertheless, GB cells 
exhibit inherent phenotypic plasticity and transition between states (Neftel et al., 2019) 
that is driven by environmental factors, such as interactions with immune cells and 
response to therapy (Hara et al., 2021; Schmitt et al., 2021). 

1.3 Glioblastoma Stem Cells 
The small population of GB cells with stem-like characteristics (GSCs) represents another 
layer of GB heterogeneity (Lathia, Mack, Mulkearns-hubert, Valentim, & Rich, 2015) and 
is considered to drive GB development. The main characteristics of cancer stem cells, 
including GSCs, are self-renewal and tumour-initiating properties. In addition, these cells 
are characterized by their quiescent phase, in which proliferation slows down and DNA 
synthesis is reduced (Recasens & Munoz, 2019). This allows the cells to become resistant 
to chemotherapy and radiotherapy, evading the immune system and promoting tumour 
recurrence (Lathia et al., 2015). GSC radio- and chemoresistance is also promoted by active 
DNA repair capacity and overexpression of ATP-binding cassette transporters that pump 
out a variety of xenobiotic and toxic compounds, including anticancer agents (Rama, 
Alvarez, Madeddu, & Aranega, 2014). Another highly relevant characteristic is the specific 
location of GSCs in so-called “niches” within primary tumours (Hira et al., 2019). The 
GSC niche is a complex microenvironment that consists of various so-called stromal cell 
types, such as endothelial, immune, and mesenchymal stem cells. Intercellular 
communication between tumours and stromal cells maintains GSCs in a quiescent state or 
stimulates proliferation and differentiation, protecting GSCs from therapy and immune 
surveillance (Borovski, De Sousa E Melo, Vermeulen, & Medema, 2011; Prager, Xie, Bao, 
& Rich, 2019). 

GSCs are regulated by several transcriptional regulators, including SOX2, OLIG2, 
SALL1, NANOG, and POU3F2. These cells are also characterized by the expression of cell 
surface markers with varying degrees of selectivity, including prominin-1 (CD133), CD44, 
inhibitor of differentiation protein 1 (ID1), and Lewis x (CD15) (Lathia et al., 2015). In 
addition, the transmembrane protein CD9 has been proposed as a selective GSC marker 
that can distinguish between GSCs and normal neural stem cells (Podergajs et al., 2015). 
None of these markers are fully sensitive or specific to stem cell populations, as there are 
multiple states of GSCs (which also contribute to the cellular heterogeneity of GBs). 

1.4 The Tumour Microenvironment 
Malignant brain tumours are a complex ecosystem composed of various neoplastic and 
stromal components (Gimple, Yang, Halbert, Agnihotri, & Rich, 2022). In addition to 
tumour cells, GB tumour lesions contain a mixture of various brain-resident and infiltrating 
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cells, including immune cells, endothelial cells, astrocytes, and neurons, as well as 
extracellular matrix (ECM) (Khaddour, Johanns, & Ansstas, 2020).  

The GB tumour microenvironment (TME) is defined as immunologically ‘cold’, 
signifying that it lacks effector lymphocytes and is infiltrated with large amounts of 
suppressive myeloid cells and regulatory T cells (Majc, Novak, Jerala, Jewett, & Breznik, 
2021). Recent advances in molecular profiling revealed that among non-neoplastic cells in 
GB, the innate immune compartment represents 39% of the cell population (Ruiz-Moreno 
et al., 2022). Innate immune cells that are most represented in the GB TME are dendritic 
cells and tumour-associated macrophages (TAMs) (Ruiz-Moreno et al., 2022). TAMs 
generally represent a major component of myeloid cells in tumours and are subdivided into 
blood-derived macrophages, which account for 85% of total TAMs, and tumour-resident 
microglia, which account for the remaining 15%. Historically, macrophages have been 
divided into M1 (proinflammatory or tumour-suppressive) and M2 (anti-inflammatory or 
tumour-supportive) macrophages, depending on their polarisation status. However, upon 
closer examination of the population, it is very likely that it is composed of heterogeneous 
subpopulations of macrophages. The macrophage population can now be divided into 
protumour macrophages and antitumour macrophages (Ma, Chen, & Li, 2021). TAMs are 
thought to promote carcinogenesis and cancer progression by stimulating tumour-
associated angiogenesis, promoting cell metastasis and resistance to chemotherapeutic 
agents, and suppressing antitumour immune responses (X. Li et al., 2019). 

Immune cell populations include tumour-infiltrating lymphocytes, which account for 
17% of the cell population in GB and are composed of CD4+/CD8+ T cells, NK cells, 
B/plasma, and mast cells (Ruiz-Moreno et al., 2022). These cell populations are 
dysfunctional, exhibiting exhaustion, anergy, or senescence, characteristics promoted by 
GB cells, TAMs, and regulatory T cells (Antunes et al., 2020; Woroniecka et al., 2018). 

Vascular cells represent 1% of non-neoplastic cells (Ruiz-Moreno et al., 2022) and 
consist of endothelial cells, smooth muscle cells, and pericytes. Vascularization is a very 
important feature of GBs, as they supply GB cells with nutrients and oxygen. Blood vessels 
are also involved in evasion of the tumour immune system, changes in the ECM, and 
activation of stem cells, all of which contribute to tumour resistance to therapy and poor 
patient survival (Pacheco et al., 2022). Among non-neoplastic cells, neurons, which 
constitute 5% of the GB TME, have been shown to interact with GB cells and promote 
GB growth and aggressiveness (Venkatesh et al., 2019). All these key players in the TME 
provide GB with important proliferative signals that promote tumour progression. 

1.5 GB Invasion 
Diffuse infiltration of GB cells into the soft brain parenchyma tissue makes complete 
surgical resection impossible and is another hallmark of GB and a reason for the inevitable 
recurrence of GB after standard therapy. GB cells invade along pre-existing structures, 
such as blood vessels and nerve and astrocytic tracts, and through the ECM (Cuddapah, 
Robel, Watkins, & Sontheimer, 2014). There are different types of GB invasion: amoeboid 
and mesenchymal. The main difference between these migration modes is the attachment 
to the surrounding ECM mediated by integrins and the involvement of proteolytic 
degradation of the ECM in the mesenchymal migration mode (Talkenberger, Ada 
Cavalcanti-Adam, Voss-Böhme, & Deutsch, 2017).  

The essential mechanism controlling invasion is the epithelial-to-mesenchymal 
transition (EMT), which occurs when cells lose polarity, cell-cell adhesion, and cell surface 
and cytoskeletal protein expression, giving them the ability to migrate (Majc et al., 2020) 
into the brain tissue in the case of GB. An important factor for GB cell invasion is the 
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composition of the brain’s ECM, which mainly consists of hyaluronic acid, proteoglycans, 
and glycoproteins (Moretto, Stuart, Surana, Vargas, & Schiavo, 2022). The vascular 
components of the ECM contain collagen IV, laminin, fibronectin, and proteoglycans 
(Goldbrunner, Bernstein, & Tonn, 1999). This composition is under tight control under 
physiological conditions, whereas in cancer, it is dysregulated and contributes to invasion 
and metastasis. Invasion is associated with an increased ability to degrade the ECM 
through protease activity (Hatoum, Mohammed, & Zakieh, 2019). 

The proteases involved in this process are cysteine cathepsins (Lah, Durán Alonso, & 
Van Noorden, 2006), urokinase-type plasminogen activators (Gondi et al., 2004), and 
matrix metalloproteases (MMPs) (Q. Li et al., 2016). MMPs are important proteases 
involved in ECM degradation. Their expression and activity correlate with poor prognosis 
of cancer patients (Deryugina et al., 2001). MMP2 and MMP9 have been shown to be 
overexpressed in GB tumours and correlate with GB progression (M. Wang, Wang, Liu, 
Yoshida, & Teramoto, 2003). Similarly, urokinase-type plasminogen activators contribute 
to cancer cell migration and invasion by directly degrading ECM or activating other MMPs 
(Blasi & Carmeliet, 2002). Overexpression of plasminogen activator inhibitor-1 (PAI-1) has 
been associated with poor prognosis and shortened survival in GB patients (Colin et al., 
2009). The final protease group involved in cell invasion are cysteine cathepsins, which are 
described in detail in Section 1.6. 

1.6 GB-Associated Proteases: Cathepsins 
In the human genome, 884 genes encode proteases (“MEROPS - the Peptidase Database,” 
n.d.), which are classified into five major classes based on their catalytic processes: serine, 
cysteine, threonine, and asparagine proteases and metalloproteases (Rawlings et al., 2018). 
The activity of proteases is tightly regulated under normal physiological conditions by gene 
expression, protein expression, posttranslational modifications, protein activation, inter-
/intracellular trafficking, and the presence of selective endogenous protease inhibitors 
(Habič, Novak, Majc, Lah Turnšek, & Breznik, 2021). Dysregulated proteolytic activity 
can lead to pathological conditions, including cancer (Mason & Joyce, 2011; Vizovisek, 
Ristanovic, Menghini, Christiansen, & Schuerle, 2021). In the TME, proteases are involved 
in ECM degradation that enhances cancer cell invasion. In addition, proteases control other 
processes in cells, such as the activation of growth factors, cytokines, cell surface receptors, 
and adhesion molecules and the modulation of intracellular signalling pathways (Breznik, 
Motaln, & Turnšek, 2017; Kessenbrock, Plaks, & Werb, 2010; Vizovisek et al., 2021). 

One of the most important protease groups are cathepsins, which belong to the C1A 
papain superfamily of cysteine peptidases that includes 11 members (cathepsins B, C, F, 
H, K, L, O, S, V, W, and X). Most of them have endopeptidase activity that cleaves 
peptide bonds within polypeptide chains. Others have carboxy-exopeptidase activity 
(cathepsins B and X) and amino-exopeptidase activity (cathepsins C and H) that cleaves 
their substrates at the C- and N-terminus, respectively (Kos, Vižin, Fonović, & Pišlar, 
2015). Cathepsins are involved in intracellular protein catabolism (Turk et al., 2012) and 
are primarily expressed in endosomes and lysosomes. Under pathological conditions, 
cathepsins may be present in the nucleus or are released into the cytoplasm or 
extracellularly (Brix, Dunkhorst, Mayer, & Jordans, 2008). The expression of lysosomal 
cysteine cathepsins is often increased in malignant tumours and is usually associated with 
poor patient prognosis (Olson & Joyce, 2015). Cathepsins have been found to promote 
tumour development, invasion, and treatment resistance (Olson & Joyce, 2015; Rudzińska 
et al., 2019), but some of them also contribute to tumour suppression (Benavides et al., 
2012; Dennemärker et al., 2009; Lah et al., 2006; López-Otín & Matrisian, 2007),. In the 
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TME, not only cancer cells, but also stromal cells, such as fibroblasts, neutrophils, mast 
cells, T cells, endothelial cells, and TAMs, express cathepsins, playing specific roles in 
cancer and antitumour immune responses (Olson & Joyce, 2015). 

In our previous studies, we discovered high expression of cathepsin X (a cysteine 
carboxy-peptidase) in GB and its localisation in perivascular GSC niches; however, its 
function remained unknown (Breznik et al., 2018). Primarily, cathepsin X is expressed in 
immune cells, including macrophages, monocytes, and dendritic cells (Kos et al., 2015), 
suggesting its role in immune cell maturation, proliferation, migration, adhesion, and signal 
transduction (Dolenc et al., 2021; Kos et al., 2005). Moreover, it has also been found in 
brain glial cells, neurons, oligodendrocytes, and ependymal cells (Hafner et al., 2013; Kos 
et al., 2005, 2015; Pišlar & Kos, 2014; Stichel & Luebbert, 2007). Higher levels of cathepsin 
X have been associated with other cancers and is likely to be involved in tumour growth 
pathways leading to alterations in cellular processes such as cell proliferation and invasion. 
Cathepsin X is also implicated in neurodegeneration (Pišlar et al., 2020; Stichel & Luebbert, 
2007) as it is involved in cleaving the C-terminal end of its target substrate γ-enolase 
(Nataša Obermajer, Doljak, Jamnik, Pečar Fonović, & Kos, 2009). γ-enolase or neuron-
specific enolase is an enzyme of the glycolytic pathway found mainly in neurons and cells 
of the neuroendocrine system. Another catalytic site of γ-enolase, which is not involved in 
the glycolytic pathway, plays a role in neurotrophic activity that promotes neuronal 
growth, survival, and differentiation and is regulated by cathepsin X cleavage. In this 
doctoral dissertation, we have highlighted a possible role of cathepsin X, involved in 
modifying γ-enolase, in brain and GB pathophysiology. 

1.7 GB In Vitro Models (From Patient-Derived Cell Lines 
to Organoids) 

GBs are extremely diverse in terms of cellular composition, gene expression, and clinical 
features (Marusyk & Polyak, 2010). The development of clinically relevant models that 
accurately represent tumour complexity is necessary to fully comprehend GB 
characteristics, imitate their distinct therapeutic responses, and thus enable individualized 
therapy. 

1.7.1 Established versus Patient-Derived Cell Lines 
Cancer cell lines are valuable in vitro model systems commonly used in cancer research 
and drug discovery (Mirabelli, Coppola, & Salvatore, 2019). The first established human 
cancer cell line (HeLa) from the cervical cancer patient Henrietta Lacks dates back to 1951 
(Lucey, Nelson-Rees, & Hutchins, 2009). To date, significant improvements have been 
made to the 2D cell culturing technique. There are many advantages to using established 
cell lines, for instance, they are easy to maintain, inexpensive, and represent a pure 
population of cells, which is important for obtaining reproducible results, when used with 
a well-established protocol (van Staveren et al., 2009). In contrast to established cell lines, 
primary cells are isolated directly from patient tissues and retain the morphological and 
functional characteristics of their tissue of origin; however, they have limited potential for 
self-renewal and differentiation. For decades, cell lines have provided valuable insight into 
tumour development and its underlying mechanisms; however, caution is needed when 
interpreting results from cell lines alone. Established and primary patient-derived cancer 
cells lack certain critical aspects, such as the effect of stromal cells, the TME, and 
phenotypic and genetic heterogeneity (Xu et al., 2018), which all contribute to cell 
proliferation, differentiation, and survival (Eke & Cordes, 2011). The assumption that in 
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vitro cell line responses have not been able to predict human responses has led to the 
development of new cancer models. 

1.7.2 GSC Spheroids 
In comparison to conventional 2D tumour cell cultures, 3D models of cancer stem cells 
incorporate the cellular heterogeneity of tumours, increase the predictability of drug 
responses, improve therapeutic response prediction, and thus serve as superior models for 
the development of novel anticancer drug targets (Saygin, Matei, Majeti, Reizes, & Lathia, 
2019). GSC tumourspheres are models produced by symmetric and asymmetric divisions 
of patient-derived GSCs in a specific medium enriched with growth factors, such as 
epidermal growth factor (EGF), fibroblast growth factor (FGF)-2, and neuronal viability 
supplement B27 (Lee et al., 2006). These components, as well as the absence of serum, are 
required to maintain self-renewal and proliferation and preserve the genetic features 
detected in patient samples. Tumourspheres are characterized by an outer proliferative 
zone, an intermediate quiescent zone, and an inner necrotic core (Mehta, Hsiao, Ingram, 
Luker, & Takayama, 2012), which is observed at some distance from the presence of 
nutrients, metabolites, and oxygen and resembles the necrotic areas of GBs in vivo (Louis, 
2006). Tumour cells within tumourspheres interact closely with one another, mimicking 
signalling pathways and communication that influence tumour growth, survival, and 
therapeutic responses in vivo (Hanahan & Coussens, 2012) and forming a physical barrier 
that obstructs and restricts drug delivery into the tumoursphere mass (Tannock, Lee, 
Tunggal, Cowan, & Egorin, 2002). Tumourspheres are a more accurate model than 
monolayer cultures; however, they still represent random collections of cells that lack ECM 
and do not organize into tissue-like structures (Torras, García-Díaz, Fernández-Majada, & 
Martínez, 2018). The lack of surrounding non-tumour cells, i.e. stromal cells, including 
astrocytes, neurons, endothelial cells, mesenchymal stem cells, brain-resident microglia, and 
infiltrated peripheral immune cells, hinders exploring their interactions with GSCs in vitro. 
Tumourspheres can be improved by co-culturing cancer and stromal cells in what are 
known as heterotypic spheroids. The inclusion of stromal cells in heterotypic cell models 
has been demonstrated to enhance cancer cell growth and influence intercellular signalling 
and gene expression. As a result, using a heterotypic 3D model may provide significant 
benefits for studying the effects of possible anticancer drugs in a system that more properly 
replicates the in vivo TME. 

1.7.3 Organoids 
Organoids are multicellular 3D structures with the capacity to self-organize and 
recapitulate the structure and function of the original organ (Klein, Hau, Oudin, 
Golebiewska, & Niclou, 2020). This is the basic definition of organoids, although there are 
different model types and approaches to their development. They can be prepared either 
from patient-derived adult stem cells from excised tumour tissue (T. Sato et al., 2011) or 
from pluripotent stem cells, including pluripotent embryonic stem cells and induced 
pluripotent stem cells (Clevers, 2016). In 2016, Hubert et al. generated patient-derived 
GBOs to study the heterogeneity and hypoxic gradient of tumours using a submerged 
culture system (Hubert et al., 2016). In this protocol, finely minced tumour specimens are 
embedded in a solid gel of ECM (Matrigel) to form 3–4 mm large organoids in the tissue 
culture medium, supplemented with EGF, FGF, and B27. These organoids formed in 2 
months and could be cultured for over 1 year. GB organoids are characterized by rapidly 
proliferating cells on the edge of the organoid and highly resistant quiescent cancer stem 
cells in the hypoxic core with different molecular profiles. In 2018, Ogawa et al. constructed 
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cerebral organoids using induced pluripotent stem cells and embryonic stem cells and 
induced glioma carcinogenesis by CRISPR/Cas9 technology to disrupt the TP53 tumour 
suppressor and express oncogenic HRasG12V (Klein et al., 2020; Ogawa, Pao, Shokhirev, 
& Verma, 2018) Moreover, neoplastic cerebral organoids were established by Bian et al. 
(Bian et al., 2018) via recapitulating brain tumourigenesis by introducing oncogenic 
mutations or amplifications in cerebral organoids using transposon-mediated gene insertion 
and CRISPR/Cas9 technology. Unlike the previously described approach, induced 
pluripotent and embryonic stem cell organoids are 3D human tissues created by directed 
differentiation, self-morphogenesis, and intrinsically driven cell self-assembly, 
recapitulating human organogenesis in vitro (Papapetrou, 2016). Such organoids can 
contain multiple tissue cell types, including stroma and vasculature, unlike organoids 
developed from tissue-specific stem cells (Passier, Orlova, & Mummery, 2016). 

A novel approach using human embryonic stem cell (hESC)-derived cerebral organoids 
and patient-derived GSCs to model tumour cell invasion was recently developed, i.e. a 
glioma cerebral organoid model. This system was shown to recapitulate the cellular 
behaviour of GB and to maintain genetic aberrations found in the original tumour (Linkous 
et al., 2019). In a very recent study, Jacob et al. (Jacob, Ming, & Song, 2020; Jacob, 
Salinas, et al., 2020) established patient-derived GB organoids (GBOs) that accurately 
recapitulate the molecular, genetic, and cell-type heterogeneity of parental tumours. 
Compared to other previous protocols of GBOs (Bian et al., 2018; Hubert et al., 2016; 
Ogawa et al., 2018), the authors dissected tumour tissues into approximately 1 mm 
fragments without the addition of ECM, EGF, or bFGF and cultured them on an orbital 
shaker for 1–2 weeks to generate 3D structures. These organoids contain heterogeneous 
populations of cellular subtypes and recapitulate tumour cell phenotypes, as confirmed by 
histopathology, single-cell RNA sequencing, and molecular profiling analysis. Moreover, 
GBOs develop a hypoxic gradient and retain vasculature and TME composition, which 
mimics the main features of GB (Jacob, Ming, et al., 2020; Jacob, Salinas, et al., 2020). In 
a very recent study, LeBlanc et al. (LeBlanc et al., 2022) developed a similar model, 
incorporating elements of the GB TME, defined as patient-derived explants. The authors 
demonstrated a similar degree of transcriptional heterogeneity compared to parental 
tumours. In addition to GBOs, patient-derived explants are a valuable model for exploring 
cellular heterogeneity and interactions between cancer cells and the TME, which may lead 
to the discovery of new potential treatments. 
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Chapter 2 

2 Aim of Study, Objectives and 
Research Hypotheses 

2.1 Aims and Objectives 
This doctoral dissertation is divided into three parts. The first part relates to the 
establishment and biobanking of new ex vivo GB models. This part describes (A) the 
concept and techniques of biobanking and (B) its application in preclinical oncology for 
testing the efficacy of drugs to be used as therapeutics, such as cannabinoids. The second 
part considers the characterization of GBOs and the study of GB resistance to standard 
therapy. The third part is dedicated to the identification and characterization of the 
biomarker cathepsin X and its role in the GB TME.  
 
Part I: 
 

A. At the Department of Genetic toxicology and Cancer biology at the National 
Institute of Biology (NIB), we developed a comprehensive biobanking platform that 
includes sample collection of biospecimens from GB tumours and includes the 
generation of advanced patient-derived ex vivo tumour models, such as 
differentiated GB cells, GSCs, and GBOs. A complete biobanking strategy offers 
novel opportunities for basic translational and clinical research. 

 
B. The major translational goal of the biobanking was to use the patient-derived GB 

cell lines in vitro to test the drug efficacy of cannabinoids. The establishment of 
GB cell lines offers a tool for screening patient-specific treatment strategies in terms 
of cell viability (cytotoxicity) and invasion.  

 
Part II: 

 
The TME represents the "soil" on which the "seeds" (cancer cells) depend on. In the 

most aggressive and deadly brain tumour, GB, the unique TME consists of stromal cells, 
such as neuronal and glial progenitor cells, neurons, astrocytes, oligodendrocytes, microglia, 
macrophages, endothelial cells, and mesenchymal stem cells. Standard and novel GB 
therapies, such as radiation and chemotherapy, also target and alter the TME. The success 
of cancer treatment depends on understanding the highly heterogeneous and immune-
deficient TME. In recent years, we have seen great strides in developing cancer research 
models that represent the heterogeneity of the TME within and between tumours and 
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mimic the histological features, cell diversity, gene expression, and mutational profiles of 
associated parental tumours. 
The main goal of this part of the dissertation was to set up an ex vivo model of GBOs from 
patient tumours that mimics the entire TME and thus enables more accurate studies. Such 
GBOs would provide a unique opportunity to understand GB resistance at the cellular and 
genetic levels, thereby significantly contributing to the discovery of new treatment 
approaches. We aimed to use a range of standard and state-of-the-art methods to 
investigate the changes in targeted gene expressions and the transformation of the GB 
TME in response to current standard therapy in clinically relevant GBOs. This was 
complemented by studies on patient-derived primary GB and GSC cell lines. 
 
Part III:  
 

In the third part of this dissertation, we investigated the abundance and potential role 
of the biomarker cathepsin X in the GB TME, focusing also on the regulation of its 
molecular target γ-enolase. We specifically investigated the localisation, expression level, 
and activity of cathepsin X in the GB TME. In addition, we investigated the therapeutic 
potential of selective irreversible and reversible cathepsin X inhibitors. 

2.2 Research Hypotheses 
Part I 

A. Patient-derived GB cells, GSCs, and GBOs can be successfully established from a 
series of patient tumour samples with success rates of at least 80%, 30%, and 60%, 
respectively. They remain viable in culture through passaging and can be used for 
further analyses. Tumour tissues can be cryopreserved for the application of well-
established mRNA analyses. We can confirm the expression of GSC and GB 
markers in patient-derived cell cultures and GBOs. 

B. Patient-derived GB cell lines are appropriate models for screening natural 
compounds also in combination with chemotherapy. 

 
Part II 

A. The newly established ex vivo GBO model can grow in culture, retain elements of 
the TME, and recapitulate features of GB, such as preserving the heterogeneity of 
the original GB subtypes. The GBO microenvironment resembles that of the 
corresponding parental tumours.  

B. Treatment of GBOs with standard therapy affects cell viability and invasion and 
the expression of markers of stem cells, cell differentiation, immunosuppression, 
epithelial-to-mesenchymal transition, DNA damage repair, cell cycle, and apoptosis. 
GBOs are more resistant to standard therapy compared to primary differentiated 
GB cells and GSCs.  

 
Part III 

A. Cathepsin X is upregulated in GB as compared to non-cancerous brain tissue. It is 
expressed in macrophages and microglia.  

B. Cathepsin X is a prognostic factor for the survival of GB patients.  
C. The enzymatic activity of cathepsin X is upregulated in GB tissues. 
D. Cathepsin X colocalises with its target γ-enolase preferentially in GB-associated 

macrophages and microglia.  



2.2. Research Hypotheses 13 

E. Potent irreversible and reversible selective cathepsin X inhibitors inhibits the 
viability of patient-derived GB cells as well as macrophages and microglia, cultured 
in conditioned media of GB cells and GSCs. 

F. The γ-enolase peptide promotes proliferation of GB differentiated cells and GSCs. 
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Chapter 3 

3 Materials and Methods 

3.1 Chemicals 
Primary antibodies were purchased from Abcam (Cambridge, UK). High-Capacity cDNA 
Reverse Transcription Kit and Universal Master Mix II with UNG were from Applied 
Biosystems (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Primary antibodies 
were purchased from Atlas Antibodies (Bromma, Stockholms Lan, Sweden) and BioRad 
(Hercules, California, USA). DC™ Protein Assay was from BioRad (Hercules, California, 
USA). Other primary antibodies were from Cell Signaling Technology (Danvers, 
Massachusetts, USA). Xylene compound was from Chem-Lab (Zedelgem, Belgium). 
Matrigel matrix was purchased from Corning (NY, USA). Inhibitors AMS36 and Z7 (1-
(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-((4-(o-tolyl)-4H-1,2,4-triazol-3-yl)thio) ethan-1-
one) were provided by the Faculty of Pharmacy (Ljubljana, Slovenia). Assay Loading 
Reagent and DNA Sample Loading Reagent were from Fluidigm (South San Francisco, 
California, USA). DMEM/F-12, Hibernate™-A Medium, RPMI 1640 Medium, TrypLE 
Express, 2-mercaptoethanol (HOCH₂CH₂SH), Collagenase I, Collagenase II, Collagenase 
IV, FBS, N-2, PBS, trypsin–EDTA solution, GlutaMax were purchased from Gibco™ 
(Thermo Fisher Scientific, Massachusetts, USA). HyClone Dulbecco's Modified Eagle 
Medium (DMEM) with high glucose was from Hyclone (GE Healthcare, Chicago, IL, USA). 
ProLong Gold AntiFade reagent, bFGF, EGF, B-27 supplement w/o vitamin A, Hoechst 
33342, Neurobasal Medium, primary and secondary antibodies were from Invitrogen (Life 
Technologies, Carlsbad, CA, USA). γ-Eno was synthesized by Biosynthesis (Lewisville, 
TX, USA). MycoAlert Mycoplasma Detection Kit was purchased from Lonza (Basel, 
Switzerland). 4 % Formaldehyde solution, Ethanol (C₂H₆O), Hydrogen peroxide (H2O2), 
Hydrochloric acid (HCl) and Sodium citrate (Na3C6H5O7) were from Merck (Darmstadt, 
Germany). Purified ∆9-tetrahydrocannabinol (THC), cannabidiol (CBD), and cannabigerol 
(CBG) extracts were provided by MGC Pharmaceuticals Ltd. (Ljubljana, Slovenia). The 
purity of the compounds was monitored by high-performance liquid chromatography. The 
concentration ranges in organic solvents (dimethyl sulfoxide (DMSO) for CBD and THC 
and ethanol for CBG) were as follows: THC (15674–17294 mg/mL), CBD (14367–14895 
mg/mL), and CBG (5772–7369 mg/mL. Consecutive batches had similar purity levels. 
Annexin V-FITC Kit and propidium iodide solution were from Miltenyi Biotech (Bergisch 
Gladbach, Germany). RNase Inhibitor, 20 Units/Dl, 100 reactions was from Omega (La 
Chaux-de-Fonds, Switzerland). Cell Titer Glo 3D cell viability assay, MTS 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- sulfophenyl)-2H-tetrazolium salt 
and other secondary antibodies were from Promega (Madison, WI, USA). AllPrep 
DNA/RNA/Protein Mini Kit was purchased from Qiagen (Germantown, MD, USA). 
Primary antibodies were from R&D Systems (Minneapolis, Minnesota, USA). Fast probe 



16 Chapter 3. Materials and Methods  

(biotium) Master Mix was from Roche (Basel, Switzerland). Heparin, Human insulin, L-
glutamine, Penicillin/Streptomycin, 2-mercaptoethanol, 3,3',5,5'-tetramethylbenzidine 
(TMB) substrate, BSA (bovine serum albumin), Dimethyl sulfoxide (DMSO), 
glutaraldehyde (C5H8O2), hexamethyldisilazane [(CH3)3Si]₂NH, methanol, methylcellulose, 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide, Non-Essential Amino 
Acid (NEAA) Cell Culture Supplement, osmium tetroxide (OsO4), phorbol 12-myristate 
13-acetate (PMA), ribonuclease A solution, Temozolomide (TMZ) (C6H6N6O2), Triton X-
100, and Tween 20 were purchased from Sigma-Aldrich (St. Louis, MO, USA). TATAA 
PreAmp GrandMasterMix was from TATAA Biocenter AB (Göteborg, Sweden). Pierce™ 
Peroxidase IHC Detection Kit, Mix primers & assays, MultiScribe® Reverse Transcriptase 
(50 U/µL), phosphatase inhibitors, Vybrant®Cell-Labeling solution, RBC lysis buffer and 
High-Capacity cDNA Reverse Transcription Kit were purchased from Thermo Fisher 
Scientific (Waltham, MA, USA). 

3.2 Biobanking and Establishment of ex vivo GB Models 

3.2.1 Established Cell Lines 
The established GB stem cell lines NCH421k and NCH644 were obtained from CLS (Cell 
Lines Service GMBH, Eppelheim, Germany). Both cell lines were grown as floating spheres 
in complete Neurobasal Medium (Invitrogen, Life Technologies, Carlsbad, CA, USA) 
containing 2 mM L-glutamine, 1× penicillin/streptomycin (P/S) (both: Sigma-Aldrich, 
Misuri, USA), 1× B-27 (Invitrogen, Massachusetts, USA), 1 U/mL heparin (Sigma-Aldrich, 
Misuri, USA), 20 ng/mL bFGF and EGF (both: Invitrogen, Life Technologies, Carlsbad, 
CA, USA). All the cell lines were maintained at 37°C with 5% CO2 and 95% humidity. 
Once these GSC spheres reached 200 μm in diameter, they were dissociated using TrypLE 
Express (Gibco, Thermo Fisher Scientific, Massachusetts, USA). 

The established differentiated GB cell lines U87 and U373 were purchased from the 
American Type Culture Collection, and the T98 cell line was obtained from the European 
Collection of Cell Cultures (ECACC, Salisbury, UK). All of the cell lines were grown in 
high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Hyclone, GE Healthcare, 
Chicago, IL, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher 
Scientific, Waltham, MA, USA), 2 mM L-glutamine (Sigma-Aldrich, Misuri USA), and 1× 
P/S (both: Sigma-Aldrich, Misuri, USA).  

3.2.2 Patient Samples 
Human tissue samples were obtained from patients with LGG (WHO grades I and II) and 
GB (WHO grade IV) operated at the Department of Neurosurgery, University Medical 
Centre Ljubljana, Slovenia. We also obtained tissue samples of nontumour brain tissue. 
Tumour diagnoses were determined using the standard histopathology protocols at the 
Institute of Pathology of the Medical Faculty, University of Ljubljana. The clinical data 
and tumour characteristics (histopathological and molecular data) were provided by the 
department of Neurosurgery and the Institute of Pathology of the Medical Faculty, 
University of Ljubljana, Slovenia. The study was approved by the National Medical Ethics 
Committee of the Republic of Slovenia (approval numbers 92/06/12, 0120-190/2018/4, and 
0120-190/2018/26). Written informed consent was obtained from the patients and/or their 
authorized representatives in accordance with the Declaration of Helsinki (Preamble WMA 
Declaration of Helsinki-Ethical Principles for Medical Research Involving Human Subjects, 
n.d.). 
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3.2.3 Establishment of Primary GB Cell Lines 
For the isolation of primary GB cells, fresh GB tumour tissue biopsies were minced with a 
scalpel in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Hyclone, GE 
Healthcare, Chicago, IL, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA), 2 mM L-glutamine (Sigma-Aldrich, 
Misuri, USA), and 1× P/S (both: Sigma-Aldrich, St. Louis, MO, USA) and were seeded in 
six-well cell culture plates (Corning, New York, USA). Growing cells were detached with 
a 0.25% trypsin–EDTA solution (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 
and transferred to T25 or T75 cell culture flasks (Corning, New York, USA). For 
subsequent analyses, cells were grown after at least three passages. GB cells were analysed 
by qPCR for expression of GB cell marker GFAP. 

For the isolation of primary GSCs, tumour tissue pieces were minced with a scalpel and 
digested in a digestion buffer (200 U/mL collagenase II and collagenase IV (both: Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA)) in Neurobasal Medium (Invitrogen, Life 
Technologies, Carlsbad, CA, USA)). Cell suspensions were filtered using a cell strainer with 
100 μm pores (BD Falcon, Corning, NY, USA). Single cells were collected and resuspended 
in complete Neurobasal Medium containing 2 mM L-glutamine (Sigma-Aldrich, Misuri, 
USA), 1× P/S (both: Sigma-Aldrich), 1× B-27 (Invitrogen, Life Technologies, Carlsbad, 
CA, USA), 1 U/mL heparin (Sigma-Aldrich), 20 ng/mL bFGF, and EGF (both: 
Invitrogen). GSCs were cultured as floating spheres in a non-treated cell culture flask 
(Sarstedt Inc., Nümbrecht, Germany). Once these GSC spheroids reached a diameter of 
200 μm, they were dissociated using TrypLE Express (Gibco). The GSCs were analysed by 
qPCR for GSC markers such as PROM1, SOX2, CD9, OLIG2 and NOTCH. 

3.2.4 Establishment of GBOs 
GBOs were established according to the protocol of Jacob et al. (Jacob, Salinas, et al., 
2020). After transport in processing medium (Hibernate A (Gibco, Thermo Fisher 
Scientific, Massachusetts, USA), 1x GlutaMax (Gibco), 1x P/S (Gibco) on ice, patient-
derived tumour tissue was washed with 1x PBS (Gibco) to remove blood and debris. Fresh 
processing medium was added, and the tumour tissue was cut into small pieces of 
approximately 0.5 to 1 mm using fine dissection scissors (Fine science tools, Foster City, 
USA). The tumour pieces were washed twice with 1x PBS (Gibco) and incubated in 1x 
RBC lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) for 10 min with gentle 
shaking at room temperature. After two washes in DMEM F-12 medium (Gibco), tumour 
pieces were distributed into ultra-low attachment 6-well culture plates (Corning, New York, 
USA) with 4 ml GBO medium containing 50% DMEM F-12 (Gibco), 50% Neurobasal 
(Gibco), 1X GlutaMax (Gibco), 1x NEAAs (Sigma-Aldrich), 1x P/S (Gibco), 1x N-2 
supplement (Gibco), 1x B-27 supplement w/o vitamin A (Gibco), 1x 2-mercaptoethanol 
(Gibco), and 2,5 μg/mL human insulin (Sigma-Aldrich, St. Louis, MO, USA). The 6-well 
culture plates were placed on an orbital shaker rotating at 120 rpm in a sterile incubator 
at 37℃, 5% CO2, and 90% humidity. 75 % of the GBO medium was replaced every 48 h. 
Depending on tissue quality and characteristics, tumour pieces rounded within 1-2 weeks 
of culture. GBOs were generally used for experiments within 3-4 weeks. For longer 
cultivation, GBOs were cut into pieces of 200-500 μm diameter with fine scissors to prevent 
necrosis in the centre. Established GBOs were cryopreserved in GBO medium with Y-
27632 and 10% Dimethyl sulfoxide (DMSO) and stored in biobank (Gliobank) in liquid 
nitrogen for further analysis. 
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3.3 In vitro Drug Testing Efficacy of Natural Compounds 

3.3.1 Immunofluorescence of GSC Spheroids 
The 3D GSC spheroids were washed with PBS, fixed in ice-cold methanol (Sigma-Aldrich, 
St. Louis, MO, USA) for 15 min at room temperature, and incubated for 15 min in 0.1% 
Triton X-100/1% FBS/PBS at room temperature 22℃, for membrane permeabilisation. 
The spheroids were stained for 30 min at room temperature with primary antibodies (Table 
1).  

Negative control staining was performed with the blocking peptides (Table 2), which 
bind specifically to the target antibody epitope at a 10-fold higher concentration than the 
primary antibodies. Spheroids were stained with secondary antibodies (Table 3) for 30 min 
at room T. For nuclear staining, the spheroids were incubated with Hoechst 33342 dye 
(1:1000, Invitrogen, Life Technologies, Carlsbad, CA, USA) for 5 min at room T. The 
spheroids were then mounted with ProLong Gold AntiFade reagent (Invitrogen, Life 
Technologies, Carlsbad, CA, USA) and analysed with a confocal microscope (Leica DFC 
7000 T, Wetzlar, Germany). 

Table 1: Table of primary antibodies used for immunofluorescent staining. 

Primary Antibody Manufacturer (catalog number) Dilution 
Rabbit polyclonal to Cannabinoid 
Receptor I 

Abcam (ab23703) 1:200 

Rabbit polyclonal to Cannabinoid 
Receptor I 

Abcam (ab45942) 1:500 

Table 2: Table of blocking peptides used for immunofluorescent staining. 

Blocking Peptides Manufacturer (catalog number) Dilution 
Cannabinoid Receptor I peptide Abcam (ab50542) 1:80 
Cannabinoid Receptor II peptide Abcam (ab45941) 1:50 

Table 3: Table of secondary antibodies used for immunofluorescent staining. 

Secondary Antibody Manufacturer (catalog number) Dilution 
Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 
Fluor 488 

Invitrogen (A11008) 1:200 

 

3.3.2 Immunocytochemistry 
Immunohistochemistry was performed using antibodies against CB1 and CB2 (Table 1). 
Before incubation with antibodies, non-specific binding sites were blocked with 1% bovine 
serum albumin (BSA) with 2% goat serum in PBS overnight at 5–7°C. The sections were 
incubated with biotinylated secondary antibody (Table 4) followed by horseradish 
peroxidase-conjugated streptavidin (Cell Signaling Technology, Danvers, MA, USA). The 
sections were further incubated with 2,4-diaminobenzidine substrate (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) and counterstained with haematoxylin. To achieve 
high antibody specificity, we used CB1 and CB2 blocking peptides (Table 2) that bind 
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specifically to the target antibody epitope at a 10-fold higher concentration than the 
primary antibodies. 

Table 4: Table of secondary antibodies used for immunocytochemistry. 

Secondary Antibody Manufacturer (catalog number) Dilution 
Goat anti-Rabbit IgG (H+L), HRP 
Conjugate 

Promega (W4011) 1:200 

 

3.3.3 Cell Viability Assay 
Cell viability was determined with MTT assay, i.e., 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium-bromide (Sigma-Aldrich, St. Louis, MO, USA), for GB differentiated 
cells and with MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulfophenyl)-2H-tetrazolium salt (Promega, Madison, WI, USA) for GSCs. Differentiated 
GB cells and GSCs were seeded onto 96-well plates at a density of 5000 and 8000 to 10000 
cells/well, respectively. Cells were treated with different concentrations (0.16–50 µM) of 
the cannabinoids CBG, CBD, and THC alone. Samples contained the same amount of 
DMSO (≤ 0.4%, v/v) for CBD and THC and ethanol (0.24%, v/v) for CBG under all of 
the treatment conditions. Cell viability was measured after 48 h of incubation by adding 
MTT or MTS reagent when spheroids were tested. All dose-response experiments were 
performed in triplicate, i.e., with three biological repeats. Absorbance was measured as the 
change in optical density (∆OD 570/690 nm) using a microplate reader (Synergy™ HT, 
Bio-Tec Instruments Inc., Winooski, VT, USA). Cell viability and IC50 µM values were 
calculated using dose response curves, plotted using GraphPad Prism software. The factor 
of inhibitory concentration (FIC), which discriminates between the additive and synergistic 
effects of two drugs, was calculated using method number 2 from Deng et al. (Deng, Ng, 
Ozawa, & Stella, 2017), based on the concentrations at which the cannabinoids CBG and 
CBD produce half-maximal inhibition (IC50 µM values). Thus, the CBD concentration 
was fixed, and the dose-response curve of the inhibitory effects of CBG, added at serial 
(half log1) dilutions, was plotted. The IC50 of CBG (in the presence of the fixed CBD 
concentration) was then calculated using GraphPad Prism software. The FIC efficacy of 
the combination was calculated, and the following was defined: synergy (FIC < 0.5), 
additivity (0.5 < FIC < 4), and antagonism (FIC > 4). Statistical analyses were performed 
using GraphPad Prism software, using one-way ANOVA with Bonferroni’s post-hoc test. 

3.3.4 3D Tumour Spheroid Invasion Assay 
Cells were labelled before 3D tumour spheroid invasion assay by Vybrant®Cell-Labeling 
solution (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with the following spectral 
maxima: DiO excitation at 484 nm, and emission at 501 nm. The 1 mM stock solution was 
stored at −20°C. The U373 and T98 cells were removed from the culture dish using 0.1% 
trypsin (Sigma-Aldrich, St. Louis, MO, USA), and then counted. Next, 0.5 × 106 cells were 
incubated for 10 min at 37°C with a 5 µM dye solution in 1 mL of serum-free culture 
medium. After incubation, the cells were washed twice in PBS and resuspended in 1 mL 
of cell medium with serum. U87 dsRED cells and NCH421k GFP were labelled as described 
by Breznik et al. (Breznik, Motaln, Vittori, Rotter, & Turnšek, 2017). The GB cell lines 
T98, U87, and U373 were then seeded onto 96-well plates (5 × 103 cells/well; Corning, NY, 
USA) in high-glucose DMEM containing 4% methylcellulose, and NCH421k cells were 
seeded onto 96-well plates (5 × 103 cells/well; Corning, NY, USA) in complete Neurobasal 
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Medium (Invitrogen, Life Technologies) containing 2 mM L-glutamine, 1 × P/S, 1 × B-27 
(Invitrogen, Life Technologies), 1 U/mL heparin (Sigma-Aldrich, St. Louis, MO, USA), 20 
ng/mL bFGF and EGF (both from Invitrogen, Life Technologies), and 4% methylcellulose. 
The cells were centrifuged at 850× g for 60 min and incubated at 37°C and 5% CO2 for 
four days (U87), two days (U373 and T98), and three days (NCH421k) to form one spheroid 
in each well. These spheroids were treated with CBG (10, 25, and 50 µM), CBD (2, 5, and 
10 µM), and TMZ (100, 200, and 400 µM). The spheroids were then covered with 5 mg/mL 
Matrigel matrix (Corning, NY, USA). The invasion distance was measured after seven days 
for U87 cells and five days for U373 and T98 cells. We measured the extent of invasion 
with the fluorescence microscope NIKON-Eclipse Ti at 4× magnification. The invasion 
area, normalized to spheroid diameter, was determined by ImageJ software as described in 
Breznik et al. (Breznik, Motaln, Vittori, et al., 2017). 

3.4 Characterization of GBOs from Patient Tumours and 
the Effect of Standard Therapy on Viability, Invasion 
and the Expression of Pre-specified Groups of Genes in 
GBOs 

3.4.1 Immunofluorescence 
GBOs were washed with 1x PBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 
and fixed in 4 % formaldehyde solution (Merck, Darmstadt, Germany) for 72 h at 4°C. At 
the Institute of Pathology, Medical Faculty, University of Ljubljana, the fixed GBOs were 
dehydrated and embedded in paraffin. Paraffin blocks were cut into 4 μm thick slices. 
Formalin-fixed paraffin-embedded sections on slides were deparaffinised in xylene (Chem-
Lab, Zedelgem, Belgium) and rehydrated in ethanol (Merck, Darmstadt, Germany). 
Antigens were retrieved by heating in 10 mM sodium citrate buffer (pH 6.0) at 95 °C for 
20 min. After cooling, GBO sections were blocked for 1 h at room temperature in 10% 
(v/v) FBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) or normal goat serum 
(Sigma-Aldrich, St. Louis, MO, USA), 0.1% Triton X-100 (v/v) and 1% BSA (w/v) (both 
Sigma-Aldrich, St. Louis, MO, USA) in 1x PBS. Primary antibodies diluted in 1% BSA 
(w/v) in 1x PBS (Table 5) were added to the sections and incubated overnight at 4°C in 
a humidity chamber. The slides were then washed 2x in 0.5% BSA (w/v) in 1x PBS. 
Secondary antibodies diluted in 0.5% BSA (w/v) in 1x PBS (Table 6) were added to the 
slides and incubated for 1 h in a humidity chamber at room temperature. After washing 
with 1x PBS, nuclei were stained with Hoechst 33258 solution (Sigma-Aldrich; diluted 
1:1000 in 1x PBS) for 5 min at room temperature. Slides were washed with 1x PBS and 
mounted in ProLong Gold AntiFade reagent (Invitrogen, Life Technologies, Carlsbad, CA, 
USA), cover slipped, and sealed with nail polish. Inverted fluorescent microscope (Nikon 
Eclipse Ti, Tokyo, Japan) and NIS-Elements, Nikon software were used to record 
fluorescence. 

Table 5: Table of primary antibodies used for immunofluorescent staining. 

Primary Antibody Manufacturer (catalog number) Dilution 
Mouse monoclonal to SOX2 Abcam (ab171380) 1:50 
Rabbit polyclonal to GFAP Abcam (ab211271) 1:1000 
Mouse monoclonal to Iba1 Abcam (ab15690) 1:200 
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Rabbit polyclonal to CD68 Atlas antibodies (HPA048982) 1:2500 
Mouse monoclonal to CD44 BioRad (MCA2504) 1:100 
Rabbit monoclonal to CD9 Cell signaling technology (13403) 1:200 
Mouse monoclonal to CD31 (PECAM-
1) 

Cell signaling technology (3528) 1:1000 

Rabbit polyclonal to CD105 (ENG) Atlas antibodies (HPA067440) 1:1000 

Table 6: Table of secondary antibodies used for immunofluorescent staining. 

Secondary Antibody Manufacturer (catalog number) Dilution 
Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 
Fluor 488 

Invitrogen (A11008) 1:200 

Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 
Fluor 546 

Invitrogen (A11003) 1:200 

3.4.2 Real-Time Quantitative PCR 
Tissue samples, GB cells, and GBOs (treated and non-treated) were snap frozen and stored 
in liquid nitrogen for further analysis. Total RNA was isolated using an AllPrep 
DNA/RNA/Protein Mini Kit (Qiagen, Germantown, MD, USA) according to the 
manufacturer’s instructions; cDNA was generated from 1 µg of total RNA from each sample 
using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 
Waltham, MA, USA). For the target-specific pre-amplification, mix of primers and assays 
(ThermoFisher Scientific, Table A.1 1) and TATAA PreAmp Grand MasterMix were used 
in a 10 μL reaction volume with 2 μL of pre-diluted cDNA (5x). Pre-amplification 
conditions were: pre-denaturation 60 s at 95°C and 1-step cycling, denaturation 15 s at 
95°C, annealing 2 min at 60°C and extension 60 s at 72°C in a total of 14 cycles using a 
T100 thermal cycler (Bio-Rad Laboratories, California, USA). To evaluate the expression 
level of genes in our samples, RT-qPCR was performed. Fluidigm BioMark HD System 
RT-qPCR (Fluidigm Corporation, San Francisco, CA, USA) and 48.48 Dynamic Arrays 
IFC, where cDNA of 42 samples and 24 TaqMan Gene Expression assays (ThermoFisher 
Scientific, Table A.1 1), were mixed pairwise in nanoliter chambers to enable parallel 
analysis of 2304 reactions. The thermal cycling conditions included incubation at 50°C for 
2 min, followed by 95°C for 10min and 40 cycles of 95°C for 15 s and 60°C for 60s. 
Visualization and analysis of the RT-qPCR results were performed using the Biomark Data 
Collection software, the Fluidigm RT-qPCR analysis software (both: Fluidigm 
Corporation), and the quantGenius software (Baebler et al., 2017), Relative copy numbers 
of cDNA were normalized to housekeeping genes HPRT1 and GAPDH.  

For PCR analysis, 22 GBOs and the corresponding parental tissues were analysed. For 
the studies on the effect of standard therapy on GBOs, 11 treated and non-treated GBOs 
and the corresponding parental GB tumour tissue were analysed. In addition, NCH421k 
and NCH644 GSC cell lines and differentiated primary GB cells (n = 3) and primary GSCs 
(n = 3) were analysed for relative mRNA expression of a pre-specified panel of markers 
(markers for the GB subtypes, markers for GSCs (CD9, FUT4, ID1, PROM1, SOX2, 
OLIG-2 and CD44), genes involved in epithelial-to-mesenchymal transition (STAT3, 
CDH1, CHI3L1, CD44, and SNAI1), immunosuppression (IDO1, IL6), genes associated 
with immune cell populations within TME (AIF1, CD16, CD68, FOXP3, and NCAM1), 
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genes involved in DNA damage response and the cell cycle (ATM, ATR, CDKN1A, 
CDKN2A, MDM2, CHEK1, mTOR and PIK3CA) and cytokine signalling (CCL2, 
CXCL12, CXCR4, and IL6). GB samples and the corresponding clinical data are listed in 
Table A.1 2). 

3.4.3 Gene Expression Data Analyses 

3.4.3.1 Statistical Analysis 

Paired t-test was used to compare the mean values between two related groups of samples 
(GBOs and tissues). Significance of gene expression among groups (treated/control) were 
evaluated on log2 transformed values (log2(treatment/control(DMSO)). One-way repeated 
measures ANOVA Multiple comparisons paired test was used to compare the expression 
level between treated and non-treated GBOs (GraphPad Software Inc., La Jolla, CA, 
USA). P-value annotation legend: * ≤ 0.05; ** ≤ 0.01; *** ≤ 0.001. 

3.4.3.2 Pearson Correlation 

The Pearson correlation coefficient was used to determine the associations within mRNA 
expression in GBOs and corresponding tissues. These correlation coefficients were 
represented in a heatmap, which is a two-way display of a data matrix where the individual 
cells are displayed as coloured rectangles. The colour of an individual cell is proportional 
to its position along a colour gradient. The dependence between mRNA expressions was 
evaluated using the Pearson correlation test. The p-values value below 0.05 was considered 
statistically significant. P-value annotation legend: * ≤ 0.05; ** ≤ 0.01; *** ≤ 0.001 (Table 
A.1 3). 

Moreover, for a more structured visualisation of the correlation data within the mRNA 
expression, a clustering was carried out, which represents a grouping of data based on 
relationships among the variables. In particular, an agglomerative clustering was 
performed: at the beginning, we consider each data point as a stand-alone cluster and then 
repeatedly combine the two nearest clusters into larger clusters until we are left with a 
single cluster containing all data points. To obtain a criterion based on which the clusters 
are merged, we need to compute a measure of dissimilarity between the observations by 
using a distance measure between the latter, and a linkage criterion. In our case, we 
employed the average method as a linkage criterion, which defines the distance between 
groups as the average distance between each of the members; this method results in two 
groups having an equal influence on the final result. The euclidean distance is utilized as a 
distance metric. The resulting graph is the Dendrogram, which is plotted on top of the 
figure. 

3.4.3.3 GB Subtyping 

The fifteen selected genes, COL1A2, COL1A, TGFB1, THBS1, DAB2, S100A4, P2RX7, 
STMN4, SOX10, ERBB3, ACSBG1, KCBF1, OLIG2, NOTCH1, and NFKB1 were used 
to cluster GB samples (tissues and cells) into four GB subtypes: mesenchymal (MES), 
proneural (PN), classical (CL), and mixed (MIX) (Behnan et al., 2016). We developed a 
decision tree-based model code for the differentiation of the various tissues according to 
tumour subtypes. The first point to be addressed was the normalisation of the data to be 
analysed. In order to make this tool as broad as possible, we decided to normalise using 
the 75th percentile (𝑄ଷ) of the training dataset. In particular, if the current value (𝑥௜) is 
greater than 𝑄ଷ, this value is replaced with 1. If the value is less than 0, it is replaced with 
0. For all values between 0 and 𝑄ଷ, it will be scaled based on 𝑄ଷ. 
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Subsequently, a decision tree, a non-parametric supervised learning method, was used to 
differentiate between the four types of tumour classes, CL, MES, PN and MIX. However, 
decision trees are not able to generalise if the data are particularly complex, leading to 
overfitting. One of the ways to control overfitting is to set the maximum depth of the tree, 
which in our case was set to 2. An additional disadvantage of decision trees is the instability 
when the data changes and could lead to a totally different tree generation. Therefore, we 
reduced the dimensionality of the data. One of the most common methods for extracting 
features and reducing dimensionality is the principal component analysis (PCA). The PCA 
linearly rotates and scales the data matrix providing a new dataset without loss of 
information and maximizing variance. As a matter of fact, the first principal component is 
the one with the highest variance gradually descending to the last component. Moreover, 
the first two principal components are linearly independent. After performing PCA, it is 
therefore possible to choose the first principal components that contain the highest 
variance, thus reducing dimensionality, preserving the most information and eliminating 
data noise. Consequently, we created a new dataset with the first 3 principal components 
as features, from the initial 15. One of the criteria for separating decision trees, i.e. the 
function for measuring the quality of a division, is entropy, which is correlated with 
variance. A visualisation of the tree can be seen in the figure below (Figure 2). 

 

 

Figure 2: A visualisation of the decision tree for GB subtyping. 

3.4.4 Organoid Viability Assay 
GBOs (non-irradiated or irradiated with a single dose of 10 Gy) were added to individual 
wells of a 24-well plate (Corning, New York, USA) with 200 µL of GBO medium per well. 
GBOs were then cultured for one week on an orbital shaker rotating at 120 rpm within a 
37°C, 5% CO2, and 90% humidity sterile incubator in GBO medium containing either 50 
µM TMZ (Sigma-Aldrich, Misuri, USA), or DMSO (Sigma-Aldrich, Misuri, USA) vehicle 



24 Chapter 3. Materials and Methods  

control. The medium containing fresh drug was replaced every 48 h. For a given treatment, 
GBOs were treated in triplicate. The Cell Titer Glo 3D cell viability assay (Promega, 
Madison, WI, USA) was used to assess cell viability according to manufacturer’s 
instructions. 

3.4.5 Organoid Invasion Assay 
GBOs (non-irradiated or irradiated with a single dose of 10 Gy) were placed in individual 
wells of a U-bottom 96-well plate (VWR). GBO medium was removed and 100 µl of 30% 
Matrigel (Corning, NY, USA) in GBO medium with or without 50 µM TMZ (Sigma-
Aldrich, St. Louis, MO, USA) was added per well. GBO invasion was imaged after 24h or 
48h on inverted microscope (Nikon Eclipse Ti, Tokyo, Japan) and NIS-Elements, Nikon 
software. Images were analysed in ImageJ. Invasion was quantified either by counting the 
number of invasive cells (for GBOs exhibiting single-cell invasion) or by measuring the 
invasion area (for GBOs exhibiting collective invasion). The number of invasive cells or 
the invasion area were normalised to average GBO diameter to account for differences in 
sizes of GBOs. 

3.4.6 Scanning Electron Microscopy 
For scanning electron microscopy (SEM), GBOs were fixed with 2.5% glutaraldehyde in 
PBS for 1 h at 37 °C and postfixed with 1% aqueous osmium tetroxide (OsO4) for 3 h at 
room temperature. After washing with deionized water, GBOs were dehydrated in an 
ascending concentration series of ethanol and air-dried in hexamethyldisilazane (HMDS). 
Dry samples were attached to aluminum holders using conductive silver paste and sputter 
coated with platinum. Imaging was performed using a JSM-7500F field emission scanning 
electron microscope (JEOL). 

3.4.7 Apoptosis Assay 
Assessment of apoptosis induced by standard therapy (TMZ, IR, or combination) in GBOs 
was performed by flow cytometry. Six GBOs for one condition were irradiated with a single 
dose of irradiation (IR; 10 Gy) or/and subjected to daily treatment with 50 µM TMZ for 
one week. GBOs were then enzymatically dissociated with TrypLE and Collagenase I 
solution in a 2:1 ratio and washed with 1× PBS. Early/late apoptotic cells were detected 
by staining with Annexin-V-FITC (Miltenyi Biotech, Bergisch Gladbach, Germany) for 15 
min in the dark at room T and with 1 µg/mL propidium iodide solution (100 µg/mL; 
Miltenyi Biotech, Bergisch Gladbach, Germany). Stained cells were analysed with a flow 
cytometer (MACSQuant Analyzer, Miltenyi Biotec Bergisch Gladbach, Germany) and 
analysed with FlowJo™ v10.8 Software (BD Life Sciences, New Jersey, USA). DMSO was 
used as a negative control. 

3.5 Up-regulation of Cathepsin X in GB: Investigation of 
Selective Inhibitors and its Target γ-enolase 

3.5.1 GB and Astrocyte Cell cultures 
GB stem cell line NCH421k was obtained from CLS (Cell Lines Service GMBH, Eppelheim, 
Germany). NCH421k cells were grown as floating spheres in complete Neurobasal Medium 
(Invitrogen, Life Technologies, Carlsbad, CA, USA). All the cell lines were maintained at 
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37°C with 5% CO2 and 95% humidity. Once these GSC spheres reached 200 μm in 
diameter, they were dissociated using TrypLE Express (Gibco).  

NIB 140 cells were primary patient-derived GB cells obtained from freshly resected 
tumour biopsies of the GB patients operated at University Medical Centre Ljubljana and 
grown in monolayers in cell culture flasks as described above. All the cell cultures were 
tested for mycoplasma contamination using a MycoAlert Mycoplasma Detection Kit 
(Lonza, Basel, Switzerland).  

Human astrocytes were purchased from ScienCell Research Laboratories (Carlsbad, CA, 
USA) and cultured in Astrocyte Medium (ScienCell) supplemented with 2% FBS 
(ScienCell), 1% astrocyte growth supplement (ScienCell), and 1% P/S (ScienCell). 

3.5.2 Microglia and Macrophage Cell Cultures 
Mouse microglial BV-2 cells were a generous gift from Dr. Alba Minelli (University of 
Perugia, Perugia, Italy). BV-2 cells were cultured in DMEM (Sigma-Aldrich) supplemented 
with 10% FBS (Gibco), 2 mM L-glutamine, 1× P/S (Sigma-Aldrich). The cells were 
maintained at 37°C in a humidified atmosphere of 95% air and 5% CO2. Confluent cells 
were subcultured twice or thrice weekly using 0.25% trypsin. Human THP-1 monocytes 
were obtained from ATCC (American Type Culture Collection: TIB-202) and grown in 
suspension in advanced RPMI (Gibco, Thermo Fisher) supplemented with 10% (v/v) FBS 
in a humidified, 37°C, 5%CO2 incubator. THP-1 cells were kept at a minimum density of 
3 × 105 cells/mL and passaged when reaching 8 × 105 cells/mL. For differentiation, phorbol 
12-myristate 13-acetate (PMA) (Sigma-Aldrich) was added to a final concentration of 100 
nM. After 48 h, the PMA-supplemented medium was removed, the cells were washed with 
PBS and treated with GB and GSC-conditioned media for further analysis. 

3.5.3 Patient samples 
The collecting procedure of patient GB samples and other human specimens is described 
in Chapter 3.2.2.  

3.5.4 Primary GB Cells 
For cathepsin X biomarker analysis, the establishment of primary GB cells from patient 
samples was performed as described in Section 3.2.3. 

3.5.5 Cell coculture Models 
To test the effect of soluble factors secreted by GB, differentiated THP-1 or BV-2 cells 
were cultured in the complete medium and treated for 48 h with the supernatants of 
patient-derived GB cells (NIB140) and GSCs (NCH421k) in the absence or presence of 
cathepsin X inhibitors AMS36 and Z7 (1.5–20 µM) and the γ-Eno peptide (20–100 nM). 
After transfer of the GB cell- and GSC-conditioned media, the cells were examined for cell 
viability and proliferation index. 

3.5.6 Real-Time Quantitative PCR 
Tissue samples were frozen and stored in liquid nitrogen for further analysis. The procedure 
for qPCR analysis is described in Section 3.4.2. For PCR analysis, 43 de novo GB, five 
recurrent GB (GB rec), 14 LGG, and 16 non-tumour brain (N) samples were analysed. In 
addition, differentiated GB cells (n=17) and GSCs (n=6) were isolated from GB tumour 
biopsies to analyse the relative mRNA expression of cathepsin X. Gene Expression assays 
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(Thermo Fisher Scientific, Inc., Waltham, MA, USA) are listed in Table A.2.1. GB samples 
and the corresponding clinical data are listed in Table A.2 2. 

3.5.7 Gene Expression Data Analyses 

3.5.7.1 GB Subtyping 

GB samples (tissues and cells) were clustered into four GB subtypes: mesenchymal (MES), 
proneural (PN), classical (CL), and mixed (MIX) as described in Section 3.4.3.3. 

3.5.7.2 Differentially Expressed Genes among the GB Samples 

Differences in the mRNA expression levels of cathepsin X between the GB samples (tissues 
and cells) and the previously defined GB subtypes (mesenchymal—MES, proneural—PN, 
classical—CL, and MIX—mixed) were analysed. To minimize the effect of genes with low 
expression, we first removed them from the analysis by placing the Ct values > 40 as zero. 
We plotted boxplots to visually assess the differences and variability of the cathepsin X 
gene expression and then assessed the potential difference between sample types and 
subtypes using analysis of variance (to determine the homogeneity of variance) followed 
by Tukey’s post hoc tests. The analyses were conducted in R version 4.0.3. 

3.5.7.3 Survival Analysis 

Cox proportional hazards regression was calculated to assess survival in the GB sample 
cohorts of different groups. High and low cathepsin X expression groups were determined 
based on the median expression of cathepsin X. All the analyses were performed in R 
software version 4.0.3. Logrank test was used to evaluate the statistically significant 
difference. 

3.5.8 Immunofluorescence 
Formalin-fixed and paraffin-embedded tissue sections from six GB (de novo, WHO grade 
IV) patients and one nontumour brain tissue were prepared at the Institute of Pathology 
and used for immunofluorescence analyses (Table A.2.3.). Immunofluorescence procedure 
is described in Section 3.4.1. A panel of primary and secondary antibodies are listed in 
Table 7 and Table 8. Confocal imaging was performed using a confocal microscope (SP8 
TCS) and the LAS X Life Sciences software (both: Leica, Wetzlar, Germany) at 100× and 
200× magnification. Negative control staining was performed in the absence of the primary 
antibodies.  

Table 7: Table of primary antibodies used for immunofluorescent staining. 

Primary Antibody Manufacturer (catalog number) Dilution 

Goat polyclonal to cathepsin X R&D System (AG934) 1:200 

Mouse monoclonal to Iba1 Abcam (ab15690) 1:200 

Rabbit polyclonal to CD68 Atlas antibodies (HPA048982) 1:2500 

Mouse monoclonal to SOX2 Abcam (ab171380) 1:50 

Rabbit polyclonal to CD133 Abcam (ab19898) 1:100 
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Rabbit polyclonal to GFAP Abcam (ab211271) 1:1000 

Mouse monoclonal to γ-enolase (NSE-
P1) 

Santa Cruz Biotechnology (sc-
21738) 

1:250 

Mouse monoclonal to γ-enolase (NSE-
P2) 

Santa Cruz Biotechnology (sc-
21737) 

1:250 

Mouse monoclonal to γ-enolase (D-7) 
Santa Cruz Biotechnology (sc-
376375) 

1:250 

Table 8: Table of secondary antibodies used for immunofluorescent staining. 

Secondary Antibody Manufacturer (catalog number) Dilution 
Donkey anti-goat IgG (H+L) Highly 
Cross-Adsorbed Secondary Antibody, 
Alexa Fluor Plus 488 

Thermo Fisher Scientific (A32814) 1:200 

Donkey anti-mouse IgG (H+L) Highly 
Cross-Adsorbed Secondary Antibody, 
Alexa Fluor Plus 647 

Thermo Fisher Scientific (A32787) 1:200 

Donkey anti-rabbit IgG (H+L) Highly 
Cross-Adsorbed Secondary Antibody, 
Alexa Fluor Plus 546 

Thermo Fisher Scientific (A10040) 1:200 

Donkey anti-mouse IgG (H+L) Highly 
Cross-Adsorbed Secondary Antibody, 
Alexa Fluor Plus 546 

Thermo Fisher Scientific (A10036) 1:200 

3.5.9 Protein Extraction from GB Tissues and Nontumour Brain 
Tissues 

For analysis of the protein levels of cathepsin X and its activity, tissues were homogenised 
in ice-cold lysis buffer (0.05 M sodium acetate, pH 5.5, 1 mM EDTA, 0.1 M NaCl, 0.25% 
Triton X-100) supplemented with a cocktail of phosphatase inhibitors (Thermo Fisher 
Scientific), then sonicated and centrifuged at 15,000× g at 4°C for 15 min to collect the 
supernatant. Total protein concentration was determined with DC™ Protein Assay (Bio-
Rad, Hercules, CA, USA). All the samples were kept at −70°C until they were used for 
analysis. 

3.5.10 Cathepsin X Activity 
Cathepsin X activity was measured in tissue lysates and cell lysates with cathepsin X-
specific intramolecular quenched florigenic substrate Abz–Phe–Glu–Lys(Dnp)–OH 
synthesized by Jiangsu Vcare Pharmatech Co. (China). An aliquot of 50 µg of the lysate 
proteins was incubated at 37°C, followed by measurement of cathepsin X activity using 10 
µM Abz–Phe–Glu–Lys(Dnp)–OH. The fluorometric reaction was quantified at 37°C at an 
excitation wavelength of 320 nm and emission wavelength of 420 nm on a microplate reader 
(Tecan Safire2). The results are presented as a change in fluorescence as a function of time 
(∆F/∆t), and cathepsin X activity was expressed relative to the control. 
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3.5.11 ELISAs 
The protein levels of cathepsin X and γ-enolase in tissue lysates were determined using 
ELISA assay. For the cathepsin X protein levels, microtiter plates were coated with equal 
aliquots of goat polyclonal anti-cathepsin X antibody (RD Systems, Minneapolis, 
Minnesota, USA) in 0.01 M carbonate/bicarbonate buffer, pH 9.6, at 4°C After blocking 
with 2% BSA in PBS, pH 7.4, for 1 h at room temperature, the samples with equal protein 
amounts (50 µg) or cathepsin X standards (0–65 ng/mL) were added. Following 2 h 
incubation at 37 °C, the wells were washed and filled with a mouse monoclonal anti-
cathepsin X 3B10 antibody conjugated with horseradish peroxidase (HRP) in a blocking 
buffer. Mouse monoclonal 3B10 antibodies were prepared from a mouse hybridoma cell line 
as reported (Kos et al., 2005). After a further 2 h incubation at 37°C, 200 µL/well of 
3,3',5,5'-tetramethylbenzidine (TMB) substrate (Sigma-Aldrich) in 0.012% H2O2 was 
added. After 15 min, the reaction was stopped by adding 50 µL/well of 2 µM H2SO4. The 
amount of protein was determined by measuring the absorbance at 450 nm using a 
microplate reader (Tecan Safire2), and the concentration of cathepsin X was calculated 
from the standard calibration curve. To measure active γ-enolase, microtiter plates were 
coated with equal aliquots of the protein in 0.01 M carbonate/bicarbonate buffer, pH 9.6, 
at 4°C. After blocking with 2% BSA in PBS, pH 7.4, for 1 h at room temperature, a mouse 
antibody against C-terminal γ-enolase (Santa Cruz Biotechnology) suitable for detecting 
its active form was added. Following 2 h incubation at 37°C, the wells were washed and 
filled with an anti-mouse antibody conjugated with HRP. After further 2 h incubation at 
37°C, 200 µg/well of a TMB substrate in 0.012% H2O2 was added. After 15 min, the 
reaction was stopped by adding 50 µL of 2 µM v H2SO4. The amount of cleaved substrate 
was determined by measuring the absorbance at 450 nm, and the protein levels of cathepsin 
X and γ-enolase were expressed relative to those in non-treated cells (control). 

3.5.12 Cathepsin X Inhibitors and γ-enolase C-Terminal Peptide 
The irreversible selective inhibitor of cathepsin X, AMS36, was synthesized according to 
the modified procedure of Sadaghiani et al. (Sadaghiani et al., 2007). The selective 
reversible inhibitor Z7 (1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-((4-(o-tolyl)-4H-1,2,4-
triazol-3-yl)thio) ethan-1-one) was obtained from in-house compound library screening and 
was synthesized as described (Sadaghiani et al., 2007). The C-terminal 30-amino-acid 
sequence of human brain γ-enolase (γ-Eno) was synthesized by Biosynthesis (Lewisville, 
TX, USA), here defined as the γ-enolase peptide 
(AKYNQLMRIEEELGDEARFAGHNFRNPSVL). The use of the concentration range of 
cathepsin X inhibitors and the γ-Eno peptide was based on previous studies (Pečar Fonović 
et al., 2013, 2017). 

3.5.13 Cell Viability Assay 
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymetoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] colorimetric assay was used to measure viability of GB cells. NIB140 (5 × 103) 
and NCH421k (8 × 103) cells were seeded into wells of a 96-well microplate (Thermo Fisher 
Scientific), and after overnight incubation, they were treated with a range of concentrations 
of cathepsin X inhibitors (Z7 and AMS36; 0.1–20 µM) and the γ-enolase peptide (20–100 
nM) for 48 h. DMSO (final concentration, 0.25%; Sigma-Aldrich) and the culture medium 
were used as solvent controls for cathepsin X inhibitors and the γ-enolase peptide, 
respectively. The MTS reagent (Promega, Madison, WI, USA) was then added to the wells 
of a 96-well microplate and, after incubation, absorbance of formazan was measured at 490 
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nm on a Synergy Mx microplate reader (Biotek, Winooski, VT, USA). Cell viability (%) 
was determined as the ratio of absorbance obtained in the presence of the tested compound 
to that in the solvent alone. Three independent experiments with three replicates per 
treatment were performed. 

3.5.14 Cell Proliferation Assay 
A CellTrace Cell Proliferation kit with the CellTrace CFSE reagent (Invitrogen, Life 
Technologies, Carlsbad, CA, USA) was used to determine cell proliferation. CFSE 
fluorescent dye stably incorporates into the cells, and the CFSE content of a cell is divided 
approximately by half each time the cell divides. By measuring CFSE-labeled cell 
fluorescence, cell proliferation can be determined. GB cells were stained with the CellTrace 
CFSE reagent at a concentration of 1 µM in a cell suspension according to the 
manufacturer’s protocol. NIB140 (20 × 103) and NCH421k (10 × 103) CFSE-labeled cells 
were seeded into 24-well culture plates (Corning), respectively. After overnight incubation, 
the cells were treated with a range of concentrations of cathepsin X inhibitors (Z7 and 
AMS36; 5–20 µM) and the γ-enolase peptide (20–100 nM) for 48 h. DMSO (final 
concentration, 0.25%; Sigma-Aldrich) and the culture medium were used as solvent controls 
for cathepsin X inhibitors and the γ- enolase peptide, respectively. Temozolomide (TMZ; 
Sigma-Aldrich) in a concentration of 100 µM was used as the positive control. The cells 
were harvested using TrypLE Express (Gibco), and the mean fluorescence intensities of 
the cells were measured in the B1 channel using a MACSQuant Analyzer 10 flow cytometer 
and MACSQuantify Software V3 (both: Miltenyi Biotec, Bergisch Gladbach, Germany). 
The obtained data were analysed in FlowJo software V10 (Becton Dickinson, Franklin 
Lakes, NJ, USA). The mean fluorescence intensity of CFSE reagent staining was 
normalized to the solvent control. Three independent experiments with two replicates per 
treatment were performed. 

3.5.15 Statistical Analyses 
Tukey’s post hoc test, one-way ANOVA test with Dunnett’s multiple comparison, unpaired 
t-test with Welch‘s t-correction, and multiple t-test followed by a two-stage linear step-up 
procedure of the Benjamini, Krieger, and Yekutieli correction were used to perform 
statistical analyses in GraphPad Prism software (GraphPad Software Inc., La Jolla, CA, 
USA) version 8. p-values < 0.05 were considered to indicate significant differences. P-value 
annotation legend: * ≤ 0.05; ** ≤ 0.01; *** ≤ 0.001, **** p ≤ 0.0001.  
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Chapter 4 

4 Results 

4.1 PART I:  

A: Biobanking and Establishment of GBOs 
After surgical resection, a part of the tumour tissue was immediately transported to the 
Institute of Pathology, Faculty of Medicine, University of Ljubljana, Slovenia, for 
histopathological and molecular examination. The other part was immediately transported 
to NIB, Slovenia, where it was used for biobanking as part of the Glioma and Trans-Glioma 
project (started in 2011), to which we added differentiated GB cells and GSCs. During this 
PhD research, we also added new ex vivo models, GBOs. Part of tumour tissue was snap 
frozen and stored in liquid nitrogen containers. Fresh tumour tissues were used for the 
establishment of patient-derived GBOs and primary GB cell lines, including differentiated 
GB cell lines and GSCs. Procedures for collection and storage of biological material have 
been developed in accordance with the best practice guidelines. Research and clinical data, 
including neuroclinical, histopathological, and oncological data, were deposited in the 
online GlioBank, using SciNote software. Neuroclinical data were provided by the 
Department of Neurosurgery at the University Medical Centre Ljubljana, Slovenia. 
Diagnosis confirmation and histopathological and molecular data of tumours were provided 
by the Institute of Pathology at the Faculty of Medicine, University of Ljubljana. The 
oncological data, such as treatment data, were provided by the Institute of Oncology, 
Ljubljana, Slovenia. The description of specimen storage and research data were provided 
by NIB, Ljubljana, and the Medical Faculty of Ljubljana (Figure 3). 

We obtained approval by the National Medical Ethics Committee of the Republic of 
Slovenia (approval numbers 92/06/12, 0120-190/2018/4, and 0120-190/2018/26) for 
collecting, processing, and performing research on patient tumour tissue, and corresponding 
personal data. All patients and/or their authorized representatives signed written informed 
consent in accordance with the Declaration of Helsinki (Preamble WMA Declaration of 
Helsinki-Ethical Principles for Medical Research Involving Human Subjects, n.d.). 

From January 2018 to September 1, 2022, a total of 177 GB tumour samples were 
included in GlioBank. Each sample was first taken from the core region of the tumour 
(named core), according to the enhancement area on an image guidance (MRI) navigation 
system. The second sample was taken from the invasive edge or margin (named rim) of 
the initial sample and was defined by the 5-aminolevulinic-acid fluorescence-positive area 
beyond the enhancement, according to the image guidance navigation system. GB samples 
were further processed for the establishment of primary differentiated GB cells (Figure 
4A), GSCs (Figure 4B), and GBOs (Figure 4C), with success rates of 49%, 34%, and 69%, 
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respectively (Table 9). GB cells, GSCs, and GBOs remained viable in culture through 
passaging and were cryopreserved for further analyses. GB cells and GSCs were examined 
for the expression of GSC and GB differentiation markers. Primary patient-derived GB 
cells expressed low levels of stem cell markers and high levels of the differentiation marker 
GFAP. By contrast, GSCs expressed higher levels of the GSC markers SOX2, PROM1, 
CD9, OLIG2, and NOTCH1, and lower levels of GFAP marker than GB cells (Figure 5). 
Based on our analysis, we use the markers SOX2 and OLIG-2 to identify GSCs because 
their expression in GSCs is significantly different from GB cells. 

The data included in GlioBank, such as neurosurgical, neuroclinical, oncological, 
histopathological, and research data, are presented in Table 10.  

 

 

Figure 3: Schematic representation of the GlioBank translational platform, established in 
2011.GlioBank is a collection of biological samples as well as neurological and clinical data 
(provided by the Department of Neurosurgery), histopathological and molecular data 
(provided by the Institute of Pathology), and oncological data (provided by the Institute 
of Oncology). Tumour tissues were collected at the time of surgery and stored in tissue 
banks. Part of the tissue was further processed for the establishment of differentiated GB 
cells, GSCs and GBOs. Legend: GB-glioblastoma, GSCS-glioblastoma stem cells, GBOs-
glioblastoma organoids. 

Table 9: Biological materials stored in GlioBank (included from January 18, 2018, to 
September 1, 2022). 

Biological material Quantity Success rate Storage temperature 

Tissues    
LGG (grade I and II) 21 n.d. liquid nitrogen 

Grade III 14 n.d. liquid nitrogen 
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Gliosarcoma 15 n.d. liquid nitrogen 
GB (rim and core) 177 n.d. liquid nitrogen 

Tissue-derived samples 
(from rim and core) 

   

GB cells 72 49% 
-80°C or liquid 

nitrogen 

GSCs 31 34% 
-80°C or liquid 

nitrogen 

GBOs 40 69% 
-80°C or liquid 

nitrogen 
GBOs are included from May 2020 to September 2022. Legend: LGG-low grade glioma, GB-
glioblastoma, GSCs-glioblastoma stem cells, GBOs-glioblastoma organoids, n.d.-not defined. 

Table 10: Clinical and research data that are included in GlioBank. 

Type of data Data 

Neurosurgical and 
neurological data 

Patient´s gender and age, de novo tumour or recurrence, 
steroid treatment, comorbidities, tumour location, edema, 
necrosis, extent of tumour surgical removal, pre- and post-
surgical karnofsky performance status, neurological outcome 
after tumour removal, complications after surgery 

Oncological data 

Overall survival, progression-free survival, treatment after 
surgery and neoadjuvant treatment (radiotherapy, 
temozolomide, other experimental therapy), pre- and post-
operative/treatment tumour volume, second line treatment 

Histopathological 
data 

Tumour type and grade; ATRX loss; MGMT methylation 
status; mutations in genes TP53, IDH1/2, EGFR, TERT, 
PTEN, CDKN2A/CDKN2B, BRAF, KRAS, CDK4, MET, 
KIT, PDGFRA and PIK3CA, chromosomal aberrations 
(co-deletion of 1p/19q and others) 

Research data 

Storage information; subtype (PN, CL, MES, or MIX) 
determined based on mRNA expression of genes: ACSBG1, 
COL1A1, COL1A2, DAB2, ERBB2, KCNF1, NFKB1, 
NOTCH1, OLIG2, P2RX7, S100A4, SOX10, STMN4, 
TGFB1, and THBS1; mRNA expression of biomarkers: 
AIF1, ALYREF, ATR, ATM, CCL2, CCR3, CCL5, CCR5, 
CD3D, CD3E, CD3G, CD9, CD44, CD68, CDKN2A, 
CDKN1A, CDH1, CHI3L1, CHEK1, CXCR4, CXCL12, 
FCGR3A, FOXP3, FUT4, GFAP, ID1, IDO1, IL6, MDM2, 
MTOR, NCAM1, PIK3CA, PROM1, SNAI1, SOX2, 
STAT3, TRIM28, TUBB3, TUFM, and VIM 
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Figure 4: Patient-derived GB models. Representative images of differentiated GB cells (A), 
GB stem cells (GSCs) (B), and GB organoids (GBOs) (C). Scale bars: 100 μM (A, B) and 
500 μM (C). 

 

Figure 5: mRNA levels of several GSC and GB cells markers in primary GSCs and GB 
cells.  mRNA expression of GSC and GB markers SOX2, PROM1, CD9, OLIG2, NOTCH, 
and GFAP were determined by RT-qPCR in GSCs (n=5) and  GB cells (n=5), normalized 
to the housekeeping genes HPRT1 and GAPDH, and analysed with quantGenius software 
(Baebler et al., 2017). Data are presented as mean ± S.E.M. Statistical analyses were 
performed with GraphPad Prism software using an unpaired t-test (**p < 0.01, **** p < 
0.0001). 

Biological material from our biobank has been used in various research projects. We have 
used patient-derived GB and GSC cell lines as models for screening natural compounds 
also in combination with chemotherapy. 

4.1.1 CB1 and CB2 Cannabinoid Receptors are Highly but 
Differentially Expressed in Patient GB Cells 

We aimed to determine whether the two major cannabinoid receptors, CB1 and CB2, are 
expressed in our established and primary GSC cell lines, as their expression in GB has been 
confirmed in other studies (Galve-Roperh et al., 2013; Ligresti et al., 2016; Zhu et al., 
2000). We have confirmed that both receptors are strongly but differentially expressed in 
GB cells, indicating wide variability among patients in this regard (Figure 6A and 6B). 
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Furthermore, we have shown that both CB1 and CB2 receptors are also expressed at 
different levels in all GSCs (Figure 6B). 
 

 

Figure 6: CB1 and CB2 receptors are differentially expressed in GB cells and GSCs. (A) 
Immunocytochemical staining of CB1 and CB2 receptors (brown) in established cell lines 
and differentiated GB cells from patient tumour samples. Cell nuclei were stained with 
haematoxylin (blue). CB1 or CB2 peptides in combination with primary antibodies were 
used as negative controls. Scale bars: 50 µm. (B) Immunofluorescence staining of CB1 and 
CB2 receptors in the spheroids of two established and one patient-derived GSC cell line, 
K26. Cell nuclei were stained with Hoechst (blue), and the receptors CB1 and CB2 were 
stained with Alexa Fluor 488 (green). Scale bars: 50 µm. NCH644/NCH421k are established 
GSC cell lines, NIBXXX and KXX are primary patient-derived differentiated GB cell and 
GSCs. 

4.1.2 The Cannabinoids CBG, CBD, and THC Affect the Viability of 
Primary GB Cells and GSCs 

We used GB ex vivo models from our biobank to test the efficacy of using cannabinoids as 
therapeutics. We investigated the effects of cannabigerol (CBG), cannabidiol (CBD), and 
tetrahydrocannabinol (THC) on the viability of GSCs and differentiated GB cell lines by 
using mitochondrial dehydrogenase activity MTT and MTS assays after 48 h of treatment 
of spheroid cultures. The viability of both GB cell lines and GSCs was significantly reduced 
by all three cannabinoids (Figure 7). In two established and eight primary patient-derived 
GB cell lines, CBG reduced GB cell viability in a concentration range of 22–32 μM (IC50 
28.1 ± 1.1 μM), similarly as THC (IC50 27.9 ± 1.8 μM). In the same cell lines, CBD was 
significantly more cytotoxic than CBG and THC with an IC50 of 22.0 ± 2.1 μM. In GSCs, 
IC50 values were 59 ± 15 μM (CBG), 20 ± 4 μM (CBD), and 23 ± 3 μM (THC) and were 
of the same magnitude as in GB lines. Overall, CBD had the strongest inhibitory effect on 
the viability of both GB cells and GSCs (Table 11). Our quantitative results confirmed 
previous findings on the effects of CBD and THC on GB cell viability (Torres et al., 2011) 
and also show a novel effect on GSC viability. Furthermore, our results show that CBG 
reduces the viability of GB and GSC lineages with similar efficacy as CBD and THC. 
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Figure 7: Cannabinoids reduce GB cell and GSC viability. CBG (A, D), CBD (B, E), and 
THC (C, F) decrease the viability of differentiated GB cells and GSCs. IC50 curves of cell 
viability measured by MTT assay (y-axis) and different CBG, CBD, and THC 
concentrations increasing in the range of 0.1–50 µM (x-axis log scale) for established GB 
cells (U87 and U373) (A, B, C; red lines) and primary patient-derived GB cells (A, B, C; 
black lines) are presented. Established GSC lines NCH421k and NCH644 (D, E, F; red 
lines) and primary patient-derived GSCs (D, E, F; black line) after 48 h of cannabinoid 
treatment. Data are presented as mean values ± S.E.M. (n=3–5 independent biological 
experiments, each in technical triplicate). Vehicles comprised ≤ 0.1% (v/v) DMSO for THC 
and CBD and 0.24% (v/v) ethanol for CBG. 

 

Table 11: The inhibitory effects of CBG, CBD, and THC on the viability of GB cells and 
GSCs, estimated as IC50 [μM]. 

Cell lines (GB) CBG [µM] CBD [µM] THC [µM] 
U87 24.2 17.4 25.5 
U373 31.1 29.7 34.9 

NIB138 22.3 18.3 19.5 
NIB140 32.0 26.7 29.9 
NIB142 27.4 25.9 34.4 
NIB160 26.3 15.0 21.1 
NIB167 25.6 12.6 23.7 
NIB180 30.8 20.1 29.6 
NIB182 31.6 28.1 30.2 
NIB185 29.8 28.8 30.0 

Mean ± S.E.M. 28.1±1.1 22.2±2.1 27.9±1.8 
Stem cell lines 

(GSCs) 
CBG [µM] CBD [µM] THC [µM] 



   37 

NCH644 58.3 15.9 22.3 
NCH421k 34.0 27.9 28.7 

K26 84.8 14.6 17.4 
Mean ± S.E.M. 59.0±14.7 19.5±4.2 22.8±3.3 

IC50 values (in μM) for CBG-, CBD-, and THC-treated GB cells and GSCs were calculated from 
the half maximal inhibitory effects on GB and GSC viability using GraphPad Prism software, as 
described by Deng et al. (Deng et al., 2017) and in detail in the Methods. Each value represents the 
mean of three independent biological assays (individual S.E.M. values are shown in Figure 7). U87/ 
U373 (red) are established differentiated GB cells, NCH644/NCH421k (red) are established GSC 
cell lines, NIBXXX and KXX are primary patient-derived differentiated GB cell and GSCs.  

4.1.3 The Effects of CBG, CBD, and TMZ on GB Cell and GSC 
Invasion  

Invasion is an important feature of GB that can also be targeted to improve treatment 
responses. Therefore, we examined the inhibitory effects of the two cannabinoids with the 
3D spheroid invasion assay. The GB lines U87, U373, and T98 were treated with increasing 
concentrations of CBD and CBG, with responses varying below IC50 concentrations. We 
demonstrated that CBD and CBG at concentrations above 10 μM significantly inhibited 
invasion by 50–70% (Figure 8A, 8B, 8C), particularly of U87 cells in this experimental 
setup. Overall, CBD appears to be a less potent inhibitor of cell invasion than CBG in all 
differentiated cell lines. No statistically significant decrease in cell invasion was observed 
in the GSC line NCH421k after CBD treatment alone. However, invasion was significantly 
inhibited by almost 50% by the 3:1 CBD:CBG combination (Figure 8D). 

In addition, the effect of CBD and CBG on cell invasion in 3D cultures was compared 
to that of the chemotherapeutic agent TMZ, which reduced U87 cell invasion by 
approximately 50% at both 100 µM and 400 µM. However, under the same conditions, 10 
µM CBG inhibited U87 cell invasion by 90%, showing stronger efficacy than TMZ. By 
contrast, 50 µM CBG only inhibited U373 cell invasion by 50%, while 100 and 400 µM 
TMZ inhibited U373 cell invasion by 60% and 80%, respectively (Figure 8B). Both CBG 
and TMZ at the highest concentrations (50 µM and 400 µM) inhibited the invasion of T98 
cells by 70% (Figure 8C). In GSC line NCH421k, CBG, CBD, and TMZ treatments alone 
did not reduce cell invasion. However, the CBD:CBG combination significantly inhibited 
GSC invasion. Conversely, TMZ actually increased GSC invasion (Figure 8D). 
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Figure 8: The effect of CBD and CBG on the invasion of GB cells and GSCs. Spheroids 
were treated with CBG (10, 25, and 50 µM), CBD (2, 5, and 10 µM), and TMZ (100, 200, 
and 400 µM). Invasion distance was measured after 5 days in Matrigel using the 
fluorescence microscope NIKON Eclipse Ti Series at 4x magnification. Invasion area was 
normalized to spheroid diameter as determined using ImageJ software. CBG and TMZ 
inhibited cell invasion in all three GB cell lines. In GSC line NCH421k, no significant 
decrease in cell invasion was observed after CBD, CBD, or TMZ treatment alone. However, 
the combination of CBD:CBG at a ratio of 3:1 significantly inhibited invasion by almost 
50% (D). Data are presented as mean ± S.E.M. of five to six independent experiments. 
Statistical analyses were performed with GraphPad Prism software using a one-way Anova 
test (*p < 0.05, **p < 0.01, and ***p < 0.001). U87, U373 and T98 are established GB 
cell lines and NCH421k is established GSC line.  

4.2 PART II: Ex Vivo GBOs Translate Novel Therapeutic 
Discoveries Tailored to Individual Patient Tumours 

4.2.1 Organoids Grow in Culture and Retain Characteristics of the 
Parental Tumour 

GB tumours are extremely resistant to standard-of-care treatments that include IR and 
chemotherapy. Studying the effects of GB standard therapy, IR and TMZ, in the context 
of the TME is only possible with the GBO model. GBOs were established from freshly 
resected patient tumour tissues according to the protocol of Jacob et al. (Figure 9A) (Jacob, 
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Salinas, et al., 2020). The success of GBO establishment and growth rate was highly 
dependent on the quality and characteristics of the original tumour tissues (Figure 9A, 
9B). The success rate for establishing GBOs derived from GB tissues in our study was 
69%. By immunofluorescent staining of selected cell type-specific markers, we confirmed 
that stromal cells of the TME are preserved within GBOs in culture (Figure 10A). 
Macrophages, microglia, and endothelial cells were detected among differentiated GB cells 
and GSCs. In general, the abundance of stromal cells in GBOs reflected their abundance 
in patient tumour tissue, although significant differences were sometimes observed between 
individual GBOs from the same patient, reflecting intra-tumour heterogeneity. To prevent 
gradual loss of the stromal cell types (Jacob, Salinas, et al., 2020), GBOs used for 
experiments were never older than 3–4 weeks. We also evaluated basal cytokine secretion 
in GBOs and patient-derived GB cells from the same patient. GBOs secreted several 
cytokines, of which many are associated with tumour growth, chemoattraction, 
angiogenesis, immunosuppression, and resistance to therapy. These included IL-6, IL-8, 
CCL2 (= MCP-1), CXCL12 (= SDF-1α), CCL5 (= RANTES), M-CSF (= CSF1), ENA-
78 (CXCL5), and VEGF. In addition, cytokines such as IL -6, ENA-78, and VEGF, all of 
which are associated with TME, were released by GBOs but not GB cells (Figure 10B). 

 

Figure 9: Overview of the procedures used to generate GBOs from resected tumour tissue. 
(A) Schematic representation of the main steps for generating GBOs from resected tumour 
tissue, created with bioRender.com. (B) Viable organoids grow in culture for five and more 
weeks. Quantification of GBO growth over time by calculating the ratio of the measured 
2D area at each time point to the 2D area at time point 0 for individual GBOs in culture. 
Data represent mean values ± S.E.M. (n = 3 GBOs per sample; sample: patient (P)). 
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Figure 10: Immunofluorescence characterization of the GBOs and cytokine secretion. (A) 
Immunofluorescence characterization of the GBO tumour microenvironment. GBOs 
express different markers of the tumour microenvironment, including markers of GSCs 
(SOX2, CD9, and CD44), differentiated GB cells and astrocytes (GFAP), macrophages 
and microglia (CD68 and Iba1), and vasculature (CD31 and CD105). Representative 
images from a tissue sample from one patient are shown. Scale bar: 100 μm. (B) Cytokines 
and growth factors are secreted by GBOs. Cytokine levels [pg/ml] in GBO/GB cell culture 
medium measured by Human Cytokine/Chemokine 71-Plex Discovery Assay® Array 
(HD71). 

4.2.2 Organoids Reflect the Gene Expression Profile of the Parental 
Tumour 

To compare gene expression patterns between tissues and matching GBOs, we selected 
genes that encode GSCs (CD9, FUT4, ID1, PROM1, SOX2, OLIG-2, and CD44); genes 
involved in epithelial-to-mesenchymal transition (STAT3, CDH1, CHI3L1, CD44, and 
SNAI1), immunosuppression (IDO1 and IL6), DNA damage response and the cell cycle 
(ATM, ATR, CDKN1A, CDKN2A, MDM2, CHEK1, mTOR, and PIK3CA), and cytokine 
signalling (CCL2, CXCL12, CXCR4, and IL6); and genes associated with immune cell 
populations within the TME (AIF1, CD16, CD68, FOXP3, and NCAM1). Moreover, based 
on the expression values of 12 subtype-specific genes according to Behnan et al., and three 
more genes based on in-house gene expression analyses, we classified GB tumour tissues 
and matching GBOs into four GB subtypes: MES, PN, CL, and mixed (MIX). The PN 
subtype was classified based on the genes expression levels of OLIG2, P2RX7, STMN4, 
SOX10, NOTCH, and ERBB3. The CL subtype was classified based on the genes 
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expression levels of NFKB1, ACSBG1, S100A4, and KCNF1. The MES subtype was 
classified based on the genes expression levels of DAB2, TGFB1, THBS1, COL1A2, and 
COL1A1. 
A subset of 22 organoids from the corresponding tumour tissues of 17 patients were 
screened for the above gene groups by RT-qPCR. We then performed a statistical 
comparison of the gene expression profiles in the GBOs and corresponding tissue samples. 
The Pearson correlation coefficient was used to determine the associations in mRNA 
expression. We found similar correlation patterns in both groups, suggesting that the GBOs 
preserve the transcriptional characteristics of their tissue of origin. A correlation heat map 
of GBOs (Figure 11A) and tissues (Figure 11B) identified four distinct clusters of correlated 
genes. In both GBOs and tissues, cluster 1 consists of genes related to GSCs, DNA damage 
responses, and cell cycle progression. There is also a subset of genes belonging to the group 
of genes involved in epithelial-to-mesenchymal transition, PN, and CL subtype. Cluster 2 
consists of genes that determine PN subtype; cluster 3 consists of genes associated with 
MES subtype, and a proportion of genes belonging to the GSC group and cytokine 
signalling; and cluster 4 consists of genes associated with cytokine signalling and genes 
related to the immune cells of the TME. For example, PN-related genes (marked with 
ochre squares) are grouped together in both samples (GBOs and tissues) and form a cluster 
in the heatmap. These results suggest that patient-derived GBOs reflect the transcriptional 
profile of the original tumours. 
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Figure 11: Correlation matrix heatmaps of the gene expression profiles in GBOs and and 
corresponding tumour tissues.. The heatmaps represent correlation matrixes between 
mRNA expression in (A) organoids and (B) tissues. Pearson correlations between gene 
expressions in (A) organoids samples (nO=22) and (B) corresponding tissues (nT=22) are 
displayed. These correlation coefficients are represented in heatmaps, two-way displays of 
a data matrix in which individual cells are displayed as coloured rectangles. The colour of 
an individual cell is proportional to its position along a colour gradient. The colour key 
indicates the correlation values between genes: blue, positive correlation; red, negative 
correlation. For a more structured visualization of the correlation data within the mRNA 
expression, clustering was carried out, i.e. grouping of data based on relationships among 
variables. All the features can be divided into four groups (clusters). In both organoids and 
tissues, cluster 1 mostly consists of genes related to GSCs (violet squares) and genes 
involved in DNA damage responses and the cell cycle (pink squares); cluster 2 consists of 
genes determining the PN subtype (ochre squares); cluster 3 consists of genes determining 
the MES subtype (blue squares) and genes involved in cytokine signalling (orange squares); 
and cluster 4 consists of genes involved in cytokine signalling (orange squares) and immune 
cells of the TME (yellow squares).We also selectively compared gene expression groups 
between GBOs and the corresponding tumour tissues. The estimation plots show that gene 
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expression remains stable in most cases and is not significantly different. Major changes 
were observed in the expression of TME-related genes, e.g. the AIF1, FCGR3A (CD16), 
and NCAM1 genes are significantly different, consistent with the fact that the TME 
becomes underrepresented in GBO cultures (Figure 12). For other groups of genes, we only 
found significant changes in the gene expression for some genes from each group. For 
example, between GBOs and corresponding tissues, the gene expressions of S100A4, 
STMN4, and COL1A1 differed in the CL, PN, and MES subtype groups, respectively 
(Figure A.1.1.). CXCR4 gene expression differed in the group of cytokines, and CDKN1A, 
CHEK1, and PIK3CA gene expressions slightly differed in the group of DNA damage 
response and cell cycle (Figure A.1.2.).  

 

 

Figure 12: Comparisons of selective gene expressions between GBOs and corresponding 
tumour tissues. Differences in the expressions of markers of stem cells, the TME, and 
epithelial-to-mesenchymal transition are presented. The paired mean difference between 
tissue and GBO is shown in the estimation plots. Both groups are plotted on the left axes 
as a scatter graph showing individual values: each paired set of the individual patient is 
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connected by a line. Statistical analyses were performed with GraphPad Prism software 
using Paired t-test The paired mean difference is plotted on the right axis, and the 95% 
confidence interval is indicated by the error bars. 

According to the TCGA data portal, GBs can be classified based on bulk RNA-seq analyses 
into the three subtypes PN, CL, and MES, which are associated with specific genomic 
alterations (Verhaak et al., 2010). These results are promising, as they suggest that each 
tumour could be treated by targeting distinct abnormal signalling pathways. Based on the 
expression of the specific genes described above, samples were assigned to one of these 
subtypes, and whether the subtype was maintained in the GBO model compared to the 
corresponding tumour tissue was assessed. In 60% of the GBO-tissue pairs, the subtype 
was retained (marked in bold in Table 12). In addition, we observed that, in most cases 
(73% for GBOs and 60% for tissues), samples exhibit a mixture of all molecular genetic 
subtypes, i.e. the MIX subtype. Thus, we can conclude that GBOs and tissues, in most 
cases, have a MIX subtype, which reflects the heterogeneity of tumours. 

Table 12: TCGA subtype comparison between 22 GBOs and corresponding tumour 
tissues. 

Patient GBO subtype Tissue subtype 
NIB211_C PN MIX 
NIB213_C MES MIX 
NIB214_REC CL CL 
NIB215_C MIX MIX 
NIB216_C MIX MES 
NIB218_R PN PN 
NIB218_C MIX PN 
NIB219_REC MIX MIX 
NIB220_R MIX PN 
NIB220_C MIX MIX 
NIB225_C MIX MIX 
NIB227_R MIX MIX 
NIB228_REC MIX MIX 
NIB231_C MIX MIX 
NIB232_R MIX MIX 
NIB235_C MIX MES 
NIB237_C MES MIX 
NIB239_C MIX MES 
NIB240_C PN PN 
NIB240_R MIX MIX 
NIB246_R MIX PN 
NIB246_C MIX MIX 

Matching subtypes between GBOs and tissues are emphasized in bold. NIBXXX, patient ID; C, 
core; R, rim; REC, recurrent GB. 
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4.2.3 Standard GB Therapy Alters the Surface-Associated Cells But 
Not the Viability or Invasion of GBOs 

To study how IR and chemotherapy affects tumours, we mimicked therapy in vitro on the 
GBO model. GBOs were irradiated with a single dose of IR (10 Gy) and exposed to daily 
treatment with 50 µM TMZ for 1 week. The overall effects of the treatment were assessed 
on GBOs from six GB patients using Cell-Titer Glo 3D viability assay (Figure 13A). Partial 
responses (i.e. decreases in viability) were observed in GBOs from two patients; however, 
overall, GBO viability was not significantly affected by IR and TMZ. 

We also studied the effects of IR and TMZ on GB invasion, which is one of the main 
obstacles in successfully treating GB. We set up an invasion assay of GBOs embedded in 
Matrigel and monitored the invasion of GBOs into the 3D matrix after 48 h. None of the 
treatments (IR, TMZ, or their combination) had a significant effect on GBO invasion 
(Figure 13B). 

 

Figure 13: Treatment with IR and TMZ does not significantly affect GBO viability or 
invasion in Matrigel. (A) The effect of IR (10 Gy, single dose), TMZ (50 µM, daily 1 week), 
and their combination on GBO viability, which was measured with Cell-Titer Glo 3D 
assay. Data are presented as means ± S.E.M. of five patient samples. (B) The effect of IR 
(10 Gy, single dose), TMZ (50 µM), and their combination on GBO invasion in Matrigel, 
which was quantified 48 h after treatment. Data are presented as mean values ± S.E.M. 
of six patient samples. Statistical analyses were performed with GraphPad Prism software 
using the one-way repeated measures ANOVA test. (C) Representative images for one 
condition (TMZ treatment) after 24 and 48 h are shown. Scale bar: 500 µm. Legend: 
NIBXXX, patient ID; C, core; R, rim; REC, recurrent GB. 

The morphology of GBOs and the effects of standard therapy on GBO surfaces were 
studied with SEM. Low-magnification SEM images show a compact round structure with 
a granular surface of NIB211 GBOs (Figure 14A). At a higher magnification, the granular 
structure is shown to be caused by protruding cells (Figure 14B) that possess numerous 
astrocyte-like long protrusions (arrows; Figure 14C). 
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Treatment with 50 µM TMZ and 10 Gy IR did not alter the overall shape of NIB211 
organoids (Figure 14D), but fewer protruding cells were visible at GBO surfaces at higher 
magnification (Figure 14E) and with shorter protrusions (Figure 14F). Moreover, numerous 
cells lost their membrane integrity due to apoptosis or necrosis (Figure 14F). 

 

Figure 14: Scanning electron microscopy (SEM) of NIB211 GBOs. SEM images of non-
treated (A–C) and TMZ- and IR-treated (D–F) GBOs at low (A, D), medium (B, E), and 
high magnification (C, F). Both non-treated and treated GBOs are round and compact, 
whereas the granular aspect at high magnification appears to be caused by protruding cells 
at the GBO surface that possess high numbers of long protrusions (arrows in C). Treatment 
with TMZ and IR resulted in necrotic cells that lost their membrane integrity (arrowheads 
in F) and most of their protrusions (F). 

Based on the SEM results, we further tested whether standard treatment induces cell 
death via early and late apoptosis in GBOs from two different patients (NIB232_R and 
NIB279_C). GBOs were treated as described in section 4.2.3. Significant changes in the 
percentage of cells in early and late apoptosis were observed after treatments. In both 
patients, IR, TMZ, and the combination of both treatments increased the percentage of 
apoptotic cells in GBOs by 7%, 6%, and 5%, respectively. This suggests that the observed 
effect on apoptosis was attributed to a small percentage of cells on the GBO surfaces 
(Figure 15). 
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Figure 15: The determination of apoptosis in GBOs by flow cytometry. GBOs (nO=2 for 
each condition) were irradiated with a single dose of IR (10 Gy) and exposed to daily 
treatment with 50 µM TMZ for 1 week. (A) The percentage of cells in early and late 
apoptosis after TMZ and IR treatment (mean ± S.E.M.). (B) After GBO dissociation, cells 
were labelled with Annexin-V-FITC (x-axis) and propidium iodide (PI) (y-axis) and 
analysed by flow cytometry. Dot blots represent the results from GBOs from one patient. 
Statistical analyses were performed using GraphPad Prism software, using ordinary one-
way ANOVA test (*p < 0.05, **p < 0.01). 

4.2.4 The Effect of Standard Therapy on the Expression of Selected 
Genes in GB Cell Models 

To evaluate the effect of standard therapy on GBOs at the level of gene expression, we 
analysed the expression patterns of individual genes associated with GSCs, immune cells, 
epithelial-to-mesenchymal transition, cytokines, DNA damage response and cell cycle and 
subtype gene signatures. We exposed 10 GBOs from 11 patients to a single dose of IR (10 
Gy) and a weekly treatment with 50 µM TMZ. In total, 44 genes were assessed, and changes 
in their expression after TMZ, IR treatment or the combination of IR with TMZ treatment, 
were observed (Figure 16). Four genes MDM2, CDKN1A, ATM and ATR, all involved in 
DNA damage responses, the cell cycle, and the p53 pathway, were significantly upregulated 
in GBOs after treatment (Figure 16B). TCGA subtyping of non-treated and treated GBOs 
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revealed no changes in subtypes after treatment. Most GBOs represent a mixture of all 
genetic subtypes (MIX) (Table 13). 

 

 

Figure 16: A heatmap of relative gene expression ratios in treated GBOs and upregulation 
of DNA damage response and cell cycle genes. A)In total, 11 patient samples (nO=11) were 
used. Relative gene expression ratios in GBOs treated with IR (10 Gy, single dose), TMZ 
(50 µM, 1 week), or the combination of IR and TMZ are presented as downregulation in 
blue and upregulation in red. The baseline expression is represented in white. The tested 
genes are provided below, and the GBOs and treatments are provided on the right side of 
the heatmap. B) CDKN1A, MDM2, ATM and ATR genes are upregulated in GBOs treated 
with TMZ, IR or IR and TMZ. Data are presented as mean values ± S.E.M. of 11 patient 
samples (nO=11). Significance of gene expression among groups were evaluated on log2 
transformed values (log2(treatment/control(DMSO)). Statistical analyses was performed 
with GraphPad Prism software using the one-way repeated measures paired ANOVA test. 
Data are presented as mean values ± S.E.M. (* p < 0.05, ** p < 0.01, *** p < 0.001). 
Legend: NIBXXX, patient ID; C, core; R, rim; REC, recurrent GB.Table 13: TCGA 
subtype comparison between non-treated and treated GBOs. 

Patient Control IR TMZ IR+TMZ 
NIB216_C MIX MIX MIX MIX 
NIB218_C MIX MIX MIX MIX 
NIB219_REC MIX MIX MIX MIX 
NIB220_C MIX MIX MIX MIX 
NIB227_R MIX MIX MIX MIX 
NIB228_REC MIX MIX MES MIX 
NIB232_R MIX MIX MIX CL 
NIB235_C MIX MIX MIX MIX 
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NIB237_C MES MIX MIX MIX 
NIB246_R MIX MIX MES MIX 
NIB246_C MIX MIX MIX MIX 

Subtypes different than MIX are displayed in bold. NIBXXX, patient ID; C, core; R, rim; REC, 
recurrent GB. 

4.2.5 Gene Expression in GBOs, Differentiated GB Cells, and GSCs in 
Response to Therapy 

To compare the effect of standard therapy on GB cells, GSCs, and GBOs at the gene level, 
patient-derived GB cells (n=5) and GSCs (n=5) were subjected to a single dose of IR (2 
Gy) and a 48 h treatment with 50 µM TMZ. In contrast to GBOs, significant upregulation 
of CD44, MTOR, THBS1 and ATM genes was observed in GSCs. OLIG2 gene was 
downregulated after IR and TMZ combined treatment. In differentiated GB cells, TGFB1 
was downregulated and ATR was upregulated after treatment (Figure 17). 

 

 

Figure 17: A heatmap of relative gene expression levels in treated GB cells and GSCs and 
deregulation of different genes. Relative gene expression ratios in treated cells with IR (2 
Gy, single dose), TMZ (50 µM, 48 h), or combination (IR+TMZ) are presented as 
downregulation in blue and upregulation in red. The baseline expression is represented in 
white. The tested genes are shown below, and cell and treatment types are shown on the 
right. GSCs (nGSCs=5) and differentiated GB cells (DIFF) (nDIFF=4) are shown in grey and 
blue, respectively. In GSCs (n=5), treatment with IR, TMZ, or IR and TMZ combined 
increased CD44, MTOR, THBS1 and ATM and decreased OLIG2 gene expression (bar 
charts in grey). In differentiated GB cells (n=5), treatment with IR and TMZ combined 
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decreased TGFB1 and treatment with TMZ increased ATR gene expression. Significance 
of gene expression among groups were evaluated on log2 transformed values 
(log2(treatment/control(DMSO)). Statistical analyses was performed with GraphPad 
Prism software using the one-way repeated measures paired ANOVA test. Data are 
presented as mean values ± S.E.M. * p < 0.05, ** p < 0.01. Legend: NIBXXX, patient ID; 
C, core. 

4.2.6 Cathepsin X in the GB TME 

4.2.6.1 The Expression and Enzymatic Activity of Cathepsin X are Upregulated in 
GB Tissues 

Cathepsin X gene expression was examined in low-grade glioma tissues (LGGs), GBs, 
nontumour brain tissues, and primary GB cells and GSCs derived from GB tissues. 
Cathepsin X mRNA expression was highest in recurrent GB tissue, followed by de novo 
GB and LGG tissue. Compared to recurrent and de novo GB tissues, nontumour brain 
tissues exhibited significantly lower cathepsin X mRNA expression (Figure 18A). 
Compared to GSCs, normal astrocytes and GB cells exhibited higher cathepsin X mRNA 
expression (Figure 18B). In addition, we examined cathepsin X mRNA expression in the 
four GB subtypes MES, PN, CL, and MIX. All GB subtypes expressed the cathepsin X 
gene, with the subtype MIX expressing the lowest levels. The only significant difference in 
cathepsin X expression between subtypes was between CL and MIX (Figure 18C). In our 
study of 48 GB patients, cathepsin X median gene expression levels did not correlate with 
GB patient overall survival (Figure 19).  

Cathepsin X protein levels between GB and nontumour brain tissue were analysed using 
ELISA. Cathepsin X protein levels did not differ between groups; however, a trend towards 
higher cathepsin X protein levels in GB was observed (Figure 20A). By contrast, the 
enzymatic activity of cathepsin X was significantly higher in GB tissue compared to 
nontumour brain tissue (Figure 20B). 
 

 

Figure 18: Cathepsin X mRNA expression. Cathepsin X gene expression levels were 
increased in de novo GB tissues (n=43) and recurrent GB (GB rec, n=5) compared to 
LGG (n=14) and nontumour brain tissues (N, n=16). (B) Cathepsin X gene expression 
levels were highest in primary GB cells (n=17), followed by normal astrocytes (NA, n=1) 
and GSCs (n=6). (C) Cathepsin X mRNA was expressed in classical (CL, n=18), proneural 
(PN, n=3), mesenchymal (MES, n=17), and mixed (MIX, n=25) GB subtypes. Data are 
presented as mean values ± S.E.M. * p < 0.05, ** p < 0.01. 



52 Chapter 4. Results  

 

 

Figure 19: Relative cathepsin X mRNA expression levels were not associated with the 
overall survival of GB patients. Forest plot model showing the association between 
cathepsin X mRNA levels (low and high) and overall survival of GB patients with 
confidence interval of 95%. Cox proportional hazard regression was calculated to assess 
survival in GB sample cohorts of different groups. Log-rank test was used to evaluate 
statistically significant differences. 

 

 

Figure 20: Cathepsin X protein levels and activity. (A) Cathepsin X protein levels did not 
differ between GB tissues (n=14) and nontumour tissues (N, n=7). (B) Cathepsin X 
enzyme activity was significantly higher in GB tissues (n=14) compared to nontumour 
tissues (N, n=7). Data are presented as mean values ± S.E.M. * p < 0.05. 
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4.2.6.2 Macrophage- and Microglia-Specific Localisation of Cathepsin X in GB 
Tissues 

We detected high cathepsin X levels in GB sections. To determine which cells express 
cathepsin X, we performed immunofluorescence analysis. We used CD68 and Iba1 as 
biomarkers for immune cells in GB tissues, mainly macrophages and microglia, respectively, 
because cathepsin X is known to be expressed in immune-like cells. GFAP was used as an 
astrocytic marker, and SOX2 and CD133 were used as GSC biomarkers. The cellular 
localisation of cathepsin X in GB was determined by immunofluorescence staining of tissue 
sections from four GB patients (Figures 21, A.3) and of two nontumour brain tissue sections 
(Figures 22, A.3). Cathepsin X mostly localised within cells of the innate immune system, 
i.e. macrophages and microglia (markers CD68 and Iba1), and was also expressed in some 
GFAP-, SOX2-, and CD133-positive cells. Localisation of cathepsin X in CD68-positive 
and Iba-1-positive cells in nontumour brain tissue (NB) is also shown (Figure 22). 

 

 

Figure 21: Expression and cell-specific localisation of cathepsin X in GB tissue. 
Representative images of triple immunofluorescence staining of cathepsin X (green) and 
markers of (A) GSCs (SOX2 (red) and CD133 (grey)), (B) macrophages (CD68 (red)) and 
microglia (Iba1 (purple)), and (C) GB cells and astrocytes (GFAP (red)) and GSCs (SOX2 
(grey)) are shown. Cell nuclei were stained with Hoechst 33258 (blue). Scale bar: 50 µm. 
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Figure 22: Localisation of cathepsin X in nontumour brain tissue (NB). Representative 
images of triple immunofluorescence staining of cathepsin X (green) and markers of (A) 
GSCs (SOX2 (purple) and CD133 (red), (B) macrophages (CD68 (purple)) and microglia 
(Iba1 (red), and (C) GB cells and astrocytes (GFAP (red)) and GSCs (SOX2 (purple) are 
shown. Cell nuclei were stained with Hoechst 33258 (blue). Scale bar: 50 µm. 

4.2.7 The Role of Cathepsin X in GB and the Effects of Cathepsin-X-
Selective Inhibitors 

4.2.7.1 Cathepsin X Inhibition Decreases the Viability of Primary Patient-Derived 
GB Cells and GB-Stromal Cells 

First, GB cell viability and proliferation were examined after 48 h of treatment with two 
selective cathepsin X inhibitors: irreversible inhibitor AMS36 and reversible inhibitor Z7. 
The effects of these inhibitors were tested on both the primary patient-derived GB cells 
NIB140 and GSCs NCH421k. AMS36 decreased the viability of NIB140 cells by up to 45%, 
and Z7 by up to 20%, as compared to the vehicle control (0.25% DMSO) (Figure 23A). 
Similarly, AMS36 and Z7 reduced NIB140 cell proliferation, as shown by the CFSE staining 
assay. Increased cell CFSE fluorescence intensity indicates decreased cell proliferation in 
cell culture. CFSE-labeled NIB140 cells showed an increased mean CFSE fluorescence 
intensity of 5% in the presence of AMS36 and Z7 compared to controls (Figure 24A). 
Conversely, the inhibitors did not alter NCH421k cell proliferation (Figure 24B). 

We then tested the effects of cathepsin X inhibitors AMS36 and Z7 on macrophages 
and microglia that were exposed to soluble factors secreted by GB cells and GSCs. We 
used coculture models where we collected media from NIB140 and NCH421k cells and 
transferred the conditioned media to PMA-differentiated THP-1 cells (macrophages) and 
BV-2 cells (microglia) in the presence of increasing concentrations of cathepsin X inhibitors. 
AMS36 (at the highest concentrations tested) inhibited the viability of THP-1 macrophages 
treated with NIB140/NCH421k-conditioned medium (Figure 23B). AMS36 and Z7 exerted 
stronger effects on the cell viability of BV-2 microglial cells treated with NIB140/NCH421k-
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conditioned media. AMS36 decreased viability by up to 60% at the highest concentrations 
(5–20 µM), whereas Z7 also showed an effect at lower concentrations in both BV-2 cells 
(Figure 23C).  

To test the effects of cathepsin X inhibitors on GB cell invasion, a 3D cell invasion 
assay was performed. All the tested inhibitors inhibited NIB140 cell invasion by up to 20%. 
Z7 inhibited NCH421k cell invasion by up to 20% (Figure 25). 

 

 

Figure 23: The effects of the cathepsin X inhibitors AMS36 and Z7 on the viability of GB 
cells and GB-associated cells. GB cells NIB140 (A), differentiated macrophage THP-1 cells 
(B), and BV-2 microglial cells (C) exposed to NIB140- and NCH421k-conditioned media 
were treated with AMS36 and Z7 at different concentrations. Cell viability was then 
assessed using the MTS assay. DMSO (0.25%) was used as a control. The control medium 
was a blank GB cell/GSC medium without soluble molecules secreted from GB cells/GSCs. 
Data are presented as mean values ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and 
**** p < 0.0001. 
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Figure 24: The effects of the cathepsin X inhibitors AMS36 and Z7 on the proliferation of 
NIB140 GB cells and NCH421k GSCs. NIB140 and NCH421k cells were treated with 
AMS36 and Z7 at different concentrations. Cell proliferation was assessed by CFSE 
staining and flow cytometry. The inhibitors did not alter cell proliferation, except AMS36 
and Z7 at the highest concentration used for NIB140 GB cells and AMS36 at the lowest 
concentration used for GSCs. DMSO (0.25%) was used as a control. Data are presented as 
mean values ± S.E.M. Statistical analyses were performed with GraphPad Prism software 
using one-way ANOVA – Dunnett’s multiple comparisons test (* p < 0.05). 

 

Figure 25: The effects of cathepsin X inhibitors on the invasion of GB cells and GSCs. All 
tested inhibitors inhibited NIB140 cell invasion by up to 20%. Z7 impaired NCH421k cell 
invasion by up to 20%. Control means DMSO (0.25%). Data are presented as mean values 
± S.E.M. Statistical analyses were performed with GraphPad Prism software using the 
one-way ANOVA – Dunnett’s multiple comparisons test (* p < 0.05, ** p < 0.01, *** p 
< 0.001, and **** p < 0.0001). 

4.2.7.2 Interplay between Cathepsin X and γ-enolase in GB Tissues 

Neuron-specific enolase, or γ-enolase, is aberrantly expressed in GBs (Chai et al., 2004; 
“Expression of ENO2 in Cancer. The Human Protein Atlas.,” n.d.) and is a molecular 
target of cathepsin X, which cleaves the C-terminal amino acids L433 and V432 of γ-
enolase (Figure 26 A-1) (Nataša Obermajer et al., 2009). To gain insight into the role of 
cathepsin X in GB, we explored the possible interaction of cathepsin X and its target γ-
enolase in GB tissues. To test whether both proteins colocalise, we used three different 
primary antibodies against γ-enolase: D-7 that is specific for the epitope between amino 
acids 41–73 near the N-terminus, NSE-P2 that is specific for the internal region (amino 
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acids 271–285; to detect total γ-enolase), and NSE-P1 that is specific for amino acids 416–
433 in the C-terminal region (to detect intact active γ-enolase) (Figure 26). Partial or no 
colocalisation of cathepsin X and γ-enolase was observed when using the antibodies that 
recognize the N- or C-terminus of γ-enolase (Figure 27A). However, noticeable 
colocalisation of cathepsin X and γ-enolase was observed when the primary antibodies 
against the internal region of γ-enolase were used.  

Because of different colocalisation patterns, we next determined the protein levels of 
the intact active form, which is the C-terminally noncleaved form of γ-enolase, and the 
total form of γ-enolase in GB tissues. The protein levels in GB tissues measured using “in-
house” ELISA were significantly lower for the intact active form of γ-enolase compared to 
total γ-enolase (both the intact active form and cleaved γ-enolase). Additionally, the 
protein level of noncleaved γ-enolase was significantly lower in GB tissues compared to 
nontumour brain tissues (Figure 27B). Results of immunofluorescence staining and ELISA 
suggested that upregulated cathepsin X activity in GB tissues may regulate the protein 
level of the intact active end of γ-enolase in GB by cleaving the C-terminus of γ-enolase 
(Figure 27). To further explore the type of cells in which cathepsin X and γ-enolase 
colocalise, we conducted triple immunofluorescence staining to detect colocalisation in 
immune-like cells in GB tissues. The analysis revealed that cathepsin X and γ-enolase 
colocalised in CD68-positive cells (Figure 28). 

 

 

Figure 26: Cathepsin X cleavage of γ-enolase A structure of the γ-enolase dimer and 
cleavage of C-terminal amino acids by cathepsin X (A-1). Three different primary 
antibodies against γ-enolase were used: A γ-enolase (D-7) antibody specific for the epitope 
between amino acids 41–73 near the N-terminus (purple amino acid sequence), a γ-enolase 
(NSE-P2) antibody against the internal region (amino acids 271–285, blue amino acid 
sequence), and a γ-enolase (NSE-P1) antibody against amino acids 416–433 in the C-
terminal region (red amino acid sequence) (A-2). Total γ-enolase was detected using the 
NSE-P2 antibody, whereas the intact active form was detected using the NSE-P1 antibody. 
Image was created with Mol*Viewer (Sehnal et al., 2021) based on RCSB PDB (rcsb.org) 
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ID 1TE6 (Chai et al., 2004) and with BioRender.com.

 

Figure 27: Double immunofluorescence staining of cathepsin X and γ-enolase. (A) No or 
partial colocalisation of cathepsin X and γ-enolase was observed. Colocalisation was 
observed with NSE-P2, suggesting that cathepsin X colocalises mainly with cleaved γ-
enolase. The cell nuclei were stained with Hoechst 33258 (blue). Scale bar: 50 µm. (B) 
Significantly lower levels of the intact active form of γ-enolase were observed in GB tissues 
compared to the nontumour brain tissue control (N). Protein levels of both forms of γ-
enolase in GB and nontumour brain tissues were obtained by means of ELISA. The bars 
represent mean values ± S.E.M. (n = 14 for GB and n = 7 for N). **** p < 0.0001. 

 

Figure 28: Colocalisation of cathepsin X and γ-enolase in CD68-positive cells in GB tissues. 
Representative images of triple immunofluorescence staining for cathepsin X (green), γ-
enolase NSE-P2 (red), and CD68 (a marker of macrophages and microglia; purple) show 
overlapping expression of cathepsin X and γ-enolase NSE-P2 in CD68-positive cells. The 
cell nuclei were stained with Hoechst 33258 (blue). Scale bar: 50 µm. 
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4.2.7.2.1 Proliferation of GB Cells, GSCs, and GB-Associated Cells Affected by the 
γ-enolase Peptide 
As we observed significantly reduced levels of the intact active form of γ-enolase in GB 
tissues, and as the peptide mimicking the intact C-terminal end of γ-enolase promotes 
proliferation of neuronal cells (Hafner, Obermajer, & Kos, 2011, 2012) we were interested 
in whether intact active γ-enolase plays a functional role in the proliferation of cancer cells, 
macrophages, and microglia. Cells were treated with a range of concentrations of the γ-
enolase peptide (γ-Eno), which mimics the C-terminal end of γ-enolase, for 48 h, and cell 
proliferation was evaluated afterwards using CFSE staining. First, proliferation of both GB 
cells NIB140 and GSCs NCH421k increased after treatment with the γ-Eno peptide (Figure 
29A). γ-Eno decreased the mean fluorescence intensities of CFSE-stained NIB140 and 
NCH421k cells by up to 8% and 7%, respectively. Second, γ-Eno increased the proliferation 
of microglial BV-2 cells grown in the NCH421k-conditioned media by up to 15% but did 
not affect the proliferation of differentiated THP-1 macrophages grown in 
NIB140/NCH421k cell-conditioned media (Figure 29B, 29C). Treatment with the highest 
concentration of γ-Eno decreased invasion of NIB140 and NCH421k cells by 15% and 25%, 
respectively (Figure 30) 
 

 

Figure 29: The effects of the γ-enolase peptide (γ-Eno) on the proliferation of GB cells, 
GSCs, and GB-associated cells. GB NIB140 cells, NCH421k GSCs (A), differentiated THP-
1 macrophage cells (B), and BV-2 microglial cells (C) exposed to the NIB140- and 
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NCH421k-conditioned media were treated with increasing concentrations of γ-Eno. Cell 
proliferation was evaluated using CFSE staining and flow cytometry. The control means 
blank GB cell/GSC medium without the addition of γ-Eno (A) or blank GB cell/GSC 
medium without soluble molecules secreted from GB cells/GSCs and without the addition 
of γ-Eno (B, C). Data are presented as mean values ± S.E.M. * p < 0.05, ** p < 0.01. 

 

Figure 30: The effects of γ-enolase peptide (γ-Eno) on the invasion of GB cells and GSCs. 
Treatment with the highest concentration of γ-Eno peptide decreased the invasion of 
NIB140 and NCH421k cells by 15% and 25%, respectively. Control means blank GB 
cell/GSC medium without the addition of γ-Eno peptide. Data are presented as mean 
values ± S.E.M. Statistical analyses were performed with GraphPad Prism software using 
the one-way ANOVA – Dunnett’s multiple comparisons test (* p < 0.05, ** p < 0.01, *** 
p < 0.001, and **** p < 0.0001). 
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Chapter 5 

5 Discussion 

5.1 Biobanking and Ex Vivo GB Models 
As the most aggressive and common primary brain tumour in adults, GB responds poorly 
to standard therapy. Biobanks represent an invaluable collection of biological samples and 
associated clinical information that can help in improving our understanding of GB biology, 
identifying new diagnostic and prognostic biomarkers of therapy resistance, and developing 
new personalized treatment approaches. To date, several glioma biobanks have already 
been developed worldwide (Aibaidula et al., 2015; Bregy et al., 2015; Clavreul et al., 2019; 
Kong et al., 2018). At the Department of Genetic Toxicology and Cancer biology of the 
NIB, a biobanking strategy for GB samples and data collection has been set up to accelerate 
the discovery of GB biomarkers and their consecutive translation into clinical practice. The 
SciNote software platform, which was recently developed by the lab digitalization company 
Biosistemika, was used for the online GlioBank. GlioBank contains: 1) biological samples 
(tissues, cells, organoids, and plasma and peripheral blood immune cells) and 2) 
corresponding clinical data (e.g. karnofsky performance status, extent of surgical resection, 
age at diagnosis, sex, overall survival, progression-free survival, and therapy data) and 
molecular data (e.g. gene and protein expression and common genetic markers). For this 
doctoral dissertation, a total of 227 glioma samples were collected in this GlioBank, of 
which 177 GB samples were further processed to establish primary differentiated GB cells, 
GSCs, and GBOs, with success rates of 49%, 34%, and 69%, respectively. GB cells, GSCs, 
and GBOs remained viable in culture and were cryopreserved for further analysis. 
Expression of GSC and GB differentiation markers were regularly examined in GB cells 
and GSCs. As expected, primary GB cells from patients expressed low levels of stem cell 
markers but high levels of the differentiation marker GFAP. By contrast, GSCs expressed 
higher levels of GSC markers (SOX2, PROM1, CD9, OLIG2, and NOTCH1) and lower 
levels of differentiation marker (GFAP). 

5.2 In Vitro Drug Testing of Natural Compound Efficacy 
The work regarding cannabinoids in this dissertation has been successfully incorporated 
into the establishment of the GlioBank pipeline at NIB as an important pillar for further 
preclinical oncological studies, specifically for testing the efficacy of cannabinoids as 
potential therapeutics. The cannabinoids THC, CBD, and CBG are terpenophenolic 
compounds from the cannabis plant that are being proposed for combination therapy with 
standard GB treatment. Numerous studies have shown that the combination of CBD and 
THC induces autophagy-dependent necrosis (Nabissi et al., 2015) and apoptosis via 
ceramide-accumulation or ROS activation, and exerts anti-invasive effects on GB 
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(Dumitru, Sandalcioglu, & Karsak, 2018). THC and CBD have already been used in clinical 
trials alone or in combination with the chemotherapeutic agent TMZ. The combination of 
these two cannabinoids has been shown to reduce the psychotropic effects of THC, as CBD 
is a negative allosteric modulator of the CB1 receptor, antagonising THC-mediated adverse 
downregulation of anti-tumour immunity (Zhu et al., 2000). Similar to CBD, CBG has no 
intoxicating or psychotropic effects, which is why a number of studies have focused on its 
involvement in various diseases (Zalman & Bar-Sela, 2017). Using a similar approach, 
combining the two agents for targeting GB cells, we have studied the effects of 
cannabinoids, specifically CBG and CBD (without THC as a psychoactive substance and 
also in combination with chemotherapy) on GB progression, including GB proliferation 
and invasiveness. 

The presence of GSCs in GB has been shown to be related to tumour resistance and 
recurrence. GSCs generally express high levels of DNA damage repair proteins and ATP-
binding cassette transporters and are thus more resistant to radiotherapy and 
chemotherapy, representing an important target for new treatment approaches. 
Cannabinoids bind to cannabinoid receptors, which are present on tumour cells, as part of 
the endocannabinoid system (Mackie, 2008). This triggers biochemical signalling in GB 
cells that inhibits proliferation and cell viability (Galve-Roperh et al., 2013). It has been 
previously shown that CB1 and CB2, two important cannabinoid receptors, are present in 
neural stem/progenitor cells and control their self-renewal, proliferation, and differentiation 
(Galve-Roperh et al., 2013). We were the first to demonstrate that GSCs highly express 
both receptors, CB1 and CB2, and that they are also expressed in differentiated GB cell 
lines (Lah et al., 2021). Moreover, CB1 and CB2 expressions differ among patients, and 
therefore we expected different treatment responses, which may also be explained by the 
presence of other nonspecific ionotropic receptors involved in cannabinoid signalling, as 
discussed by De Petrocellis et al. (De Petrocellis et al., 2017). Next, in a cohort of nine 
patient-derived GB cell lines, three differentiated GB cell lines, and three GSC lines, we 
tested the effects of pure CBG on cell viability compared to the effects of THC and CBD. 
CBG decreased GB cell viability in a concentration range (mean IC50 value = 28.1 μM) 
comparable to that of THC (mean IC50 value = 27.9 μM), whereas CBD was much more 
cytotoxic. This is consistent with a study on breast cancer (Ligresti et al., 2006), in which 
the authors found that pure CBG was less effective than CBD. However, another study 
showed that CBG was more cytotoxic than CBD in melanoma and oral cavity carcinoma 
(Cascio, Gauson, Stevenson, Ross, & Pertwee, 2010). 

We further investigated whether combined therapy of cannabinoids with the 
chemotherapeutic agent TMZ affects GB invasion, which is an important feature of GB 
progression. Several other studies (Afrin et al., 2020; Pisanti et al., 2017) have shown that 
CBD has an anti-invasive effect on cancer cells, including GB. CBD has been shown to 
reduce GB cell invasion using organotypic brain slices (Soroceanu et al., 2013). In addition, 
Solinas et al. (Solinas et al., 2013) showed that GB cell invasion was reduced after CBD 
treatment by downregulating the enzymes Matrix metallopeptidase 9 (MMP-9) and 
Metalloproteinase inhibitor 4 (TIMP-4), which are associated with tumour invasion. We 
were the first to show that subtoxic doses of CBG reduce invasion of both GB cells and 
GSCs, which have superior resistance to current treatment options and cause GB 
recurrence. We compared the effects of CBD, CBG, and TMZ on cell invasion. CBG 
generally had a stronger effect on the invasion of GB cells but not GSCs. The combination 
of CBG and CBD at a molar ratio of 1:3 was required to significantly inhibit GSC invasion. 

In this study, using patient-derived in vitro models, we demonstrated the potential use 
of cannabinoids as anticancer drugs, particularly for overcoming GSC resistance to 
cytotoxic agents and inhibiting GB cell invasion. The combination of CBG and CBD, each 
at subcytotoxic concentrations, resulted in additive effects on reduced cell viability that 
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were sufficient to replace the use of THC. Thus, because of the psychotropic effects of 
THC, which are particularly harmful to GB patients with neurological abnormalities 
associated with tumour growth, THC-containing formulations are unnecessary and should 
be avoided. 

5.3 Ex Vivo GBOs Translate Novel Therapeutic Discoveries 
Tailored to Individual Patient Tumours 

Patient-derived cancer cells are valuable tools in basic research and pre-clinical studies. 
For a long time, differentiated GB cells and GSCs have been used to study GB and have 
provided important insights into the biology of the disease. However, tumours are not only 
composed of cancer cells but represent a complex ecosystem of diverse cells and other 
elements of the TME (Gimple et al., 2022). Therefore, more sophisticated models that 
represent the complexity and heterogeneity of tumours are needed. Recently, 3D organoid 
cultures of human tumour tissue have emerged as a representative platform for in vitro 
modelling of cancer heterogeneity and interactions with the TME. Organoids are 
multicellular 3D tissue constructs that recapitulate the original organ-like architecture and 
its functionality in vitro (de Souza, 2018). There are several approaches to creating 
organoids, from pluripotent embryonic stem cells and induced pluripotent stem cells 
(Clevers, 2016) to adult stem cells and resected tumour tissue (T. Sato et al., 2011), all of 
which have the ability to self-organize and self-renew. 

The main goal of this part of the dissertation was to set up an ex vivo model of GBOs 
that mimics the entire TME and enables more accurate research studies. Among the 
various types of organoids, we have successfully generated GBOs following Jacobs’s 
protocol (Jacob, Ming, et al., 2020; Jacob, Salinas, et al., 2020). GBOs can be grown with 
high efficiency from patient tumour tissues, potentially enabling patient-specific drug 
testing and the development of individualized treatment regimens. A key aspect of this 
method is preventing the dissociation of tumour tissue to single cells and maintaining 
native cell-cell contacts, which allow the formation and development of GBOs in the 
absence of exogenous growth factors (e.g. EGF and bFGF), serum, and ECM. Thus, GBOs 
retain properties similar to the parental tumour. 

We established GBOs from multiple patient tumours, either from the tumour’s invasive 
edge or core or from recurrent tumours. The success rate was 69%, which is notably higher 
than that of differentiated GB cells and GSCs, with success rates of 49% and 34%, 
respectively. We have shown that GBOs retain the cellular composition and diversity of 
the TME observed in primary tumours, such as GSCs, differentiated GB cells, astrocytes, 
macrophages, microglia, and vasculature. In addition, cytokines that are associated with 
TME were released only by GBOs and not GB cells. This demonstrates that 
communication through cytokines and growth factors is present within GBOs. Moreover, 
we have explored and compared the transcription profiles of GBOs and their corresponding 
parental tissues. 

At the gene expression level, we identified four distinct clusters of correlated genes that 
were similar in both sample groups, i.e. GBOs and parental tissues. Cluster 1 consists of 
genes related to GSCs, cell cycle, and DNA damage response. This is in accordance with a 
previous study that showed that GSCs exhibit higher expression and activity of DNA 
damage response proteins, which contribute to higher resistance to radiotherapy (Ahmed 
et al., 2015). Cluster 2 consists of genes determining the PN subtype of GB according to 
the TCGA classification. Cluster 3 contains genes for the MES subtype, genes involved in 
cytokine signalling, and genes encoding GSCs. Cluster 4 contains genes involved in cytokine 
signalling and genes determining immune cells of the TME. Cytokines in GB are involved 
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in attracting immune cells from the periphery to the tumour site and play an 
immunosuppressive role, thus contributing to tumour progression (Novak et al., 2020; Yeo, 
Brown, Gargett, & Ebert, 2021).  

Our correlations indicate similar patterns between patient-derived GBOs and parental 
tissues, suggesting that GBO models preserve the same transcriptomic profile as GB 
tissues. In-depth selective gene expression comparisons showed that gene expression 
remains stable in most cases. For example, marker genes of stem cells and genes involved 
in epithelial-to-mesenchymal transition do not significantly differ between GBOs and their 
corresponding tissues. However, major changes were observed in the expression of genes 
encoding immune cells, e.g. AIF1, FCGR3A, and NCAM1, likely reflecting the loss of 
immune cells in GBOs upon culturing for longer periods (Jacob, Salinas, et al., 2020). 

The previously discovered transcriptional subtypes MES, PN, and CL represent one 
level of heterogeneity of GB tumours that is based on bulk expression analysis (Behnan et 
al., 2016; Verhaak et al., 2010). We determined the subtypes of GBOs and their 
corresponding tumour tissues and tested whether the subtypes were preserved. Our analysis 
showed that in 60% of GBO-tissue pairs, the subtype is retained. We could not confirm 
our hypothesis that the subtype is retained in most GBO-tissue samples, although 60% is 
indeed very high in the case of GB. This can be explained by the fact that part of the 
tissue is used for RNA tissue analysis and the other part of the tissue is used for GBO 
generation and subsequent RNA analysis, reflecting the tumour’s spatiotemporal diversity. 
It should also be noted that some components of the media for proliferation and viability 
of cultured GBOs may affect the expression of classification genes, resulting in a subtype 
shift. In addition, we found that in most cases (73% for GBOs and 60% for tissues), the 
samples reflected a mixture of all molecular genetic subtypes, which we referred to as a 
mixed subtype (MIX), reflecting high heterogeneity within the tumour.  

The recent study by Neftel et al. (Neftel et al., 2019) using single cell RNA sequencing 
described four distinct cellular states within GB tumours, namely astrocyte-like, neural 
progenitor cell-like, oligodendrocyte progenitor cell-like, and mesenchymal-like states. The 
authors were able to deconvolute the cellular states of the TCGA GB subtypes based on 
the transcriptional programmes that define each cellular state. They found that CL and 
MES subtypes are predominantly composed of cells in astrocyte-like and mesenchymal-like 
states, whereas PN subtypes are enriched by cells in the developmental neural progenitor 
cell-like and oligodendrocyte progenitor cell-like states (Neftel et al., 2019). Thus, GB 
subtype analysis confirmed the plasticity of GB subtypes and raises further questions 
regarding the maintenance of GB transcriptional subtypes and cell states at different stages 
of tumour development. Further research is needed to determine the translational potential 
of novel subtypes and the impact of existing treatment options on the spectrum of cell 
states that promote GB. Future determination of these cell states in GBOs, rather than 
subtyping, would therefore help us understand how transitions between cell states differ in 
different patient populations and how therapies may alter state transitions. 

We aimed to investigate the changes in targeted gene expressions and the 
transformation of the GB TME in response to current standard therapy in clinically 
relevant GBOs, which was complemented by studies in patient-derived primary GB and 
GSC cell lines. GBOs from two out of the six patients responded with decreased cell 
viability, but overall, there was no significant response in GBO viability after standard 
therapy. Similarly, two of the six patients responded with decreased cell invasion to 
standard therapy, but again, the overall effect of IR and TMZ on cell invasion was not 
observed in our GBO model. A similar result in terms of therapeutic responses in some 
patients, but not others, was shown by Jacob et al. (Jacob, Salinas, et al., 2020) who clearly 
demonstrated that responses of GBOs correlated with clinical responses of patients.  
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By contrast, some changes on the GBO surfaces were observed after GBO exposure to 
standard treatment. We observed that TMZ and IR did not change the shape of GBOs, 
but at higher magnification, numerous cells on the surfaces of GBOs lost their membrane 
integrity, indicating apoptosis or necrosis. Based on the SEM results, we further tested 
whether standard treatment induces cell death via early and late apoptosis in GBOs 
established from two different patients. After therapy, there were small but significant 
changes in the proportion of cells in early and late apoptosis. In both patients, IR increased 
the proportion of apoptotic cells by 7%, whereas TMZ and the combined IR and TMZ 
increased the proportion of apoptotic cells by 6% and 5%, respectively.  

Next, we investigated the effects of standard therapy on gene expression levels by 
analysing genes associated with GSCs, immune cells in the TME, cytokines, GB subtypes, 
the epithelial-to-mesenchymal transition, DNA damage responses, and cell cycle in GBOs. 
Overall, no major changes in gene expression were observed after treatment with TMZ, IR, 
or both. Out of 44 different genes, four genes MDM2, CDKN1A, ATM and ATR, all 
involved in DNA damage response, were significantly upregulated in GBOs after treatment 
with IR, TMZ or IR and TMZ combined. E3 ubiquitin-protein ligase MDM2 (mouse double 
minute 2 homolog protein) is an important negative regulator of the tumour suppressor 
p53 (Hou, Sun, & Zhang, 2019). The encoded protein can target p53 protein for 
proteasomal degradation via its E3 ubiquitin ligase activity, preventing p53 from regulating 
target genes involved in cell cycle arrest, apoptosis, senescence, DNA repair, or metabolism 
(Bourdon et al., 2005). MDM2 overexpression has been found in a variety of different 
cancers and is associated with chemo- and radioresistance in human malignancies (Hou et 
al., 2019). Previously, the MDM2-p53 negative feedback regulatory pathway was shown to 
contribute to TMZ resistance in glioma cells (A. Sato et al., 2011). The authors 
demonstrated that MDM2 inhibition leads to p53 activation and consequently MGMT 
downregulation. Thus, decreased enzymatic activity leads to increased cell sensitivity to 
chemotherapeutic agents (A. Sato et al., 2011), indicating an important role of MDM2 in 
the development of chemotherapy resistance. Moreover, MDM2 has also been linked to 
radiation sensitivity in hepatocellular carcinoma cells (Koom et al., 2012). 

Cyclin-dependent kinase inhibitor 1A (CDKN1A), also known as p21/Cip1, plays an 
important role in regulating cell cycle progression in G1. CDKN1A expression is tightly 
regulated by the p53 protein, which mediates p53-dependent cell cycle arrest in G1. 
Acquired resistance mechanisms have been previously demonstrated in lung cancer 
(Zamagni et al., 2020). The chemotherapeutic agent cisplatin induced DNA damage that 
led to cell cycle arrest and apoptosis. Tumour cells responded to therapy by upregulating 
genes involved in DNA damage repair, including CDKN1A. CDKN1A overexpression 
caused cells to adopt a more aggressive phenotype capable of overcoming cell blockade, 
senescence, and apoptosis (Zamagni et al., 2020). ATM (ATM serine/threonine kinase) and 
ATR (ATR serine/threonine kinase) are also important mediators of the DNA damage 
response by inducing cell cycle arrest and facilitating DNA repair through downstream 
signaling (Weber & Ryan, 2015), both involved in therapeutic resistance in GB (Frosina, 
Marubbi, Marcello, Vecchio, & Daga, 2019). 

In this doctoral dissertation, we showed that in the GBO model, standard therapy did 
not affect cell viability or invasion, possibly due to upregulation of genes involved in DNA 
damage repair, leading to acquired chemo- or radio-resistance.  

In addition, we compared the effects of standard therapy on GSCs and differentiated 
GB cells. Our gene expression analysis indicates changes in gene expression patterns after 
treatment with IR and IR in combination with TMZ. In contrast to GBOs, we observed 
four other genes that were upregulated in GSCs. CD44, a well-known marker for GSCs and 
the MES GB subtype (which plays an important role in tumour initiation and progression), 
was upregulated, suggesting that GSCs initially enriched with a PN signature transition to 
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a more aggressive MES subtype after IR (Minata et al., 2019). Two other genes, mTOR 
(mammalian target of rapamycin) and ATM, both involved in the DNA damage response, 
were also upregulated in GSCs after treatment. Moreover, OLIG2 gene, GSCs marker was 
downregulated after combined treatment. By contrast, ATR was upregulated in 
differentiated GB cells after TMZ treatment, and TGFB1 (transforming growth factor 
beta-1) was downregulated after treatment with IR and TMZ. We have shown that 
differentiated GB cells and GSCs respond to therapy differently, with a different 
combination of genes compared to GBOs. 

GBOs definitely show huge potential for applications linked to brain tumour research. 
But are these models really good system for pre-clinical/clinical studies? Compared to 
traditional 2D and 3D cell models that represent uniform cancer cell populations grown in 
conditions that promote clonal selection and expansion over several passages, GBOs retain 
cellular diversity, heterogeneity, and transcriptional profiles of their parental tumours. This 
enables studying dynamic interactions of cancer cells with the TME that consists of stromal 
cells and ECM. The only restriction is the limited time that immune and endothelial cells 
can be maintained within GBOs. To overcome this limitation, GBOs can be optimized by 
co-culturing with immune or other stromal cells. For the purpose of basic research to study 
genetic contributions to the disease, Jacob et al. (Jacob, Ming, et al., 2020; Jacob, Salinas, 
et al., 2020) stated that GBOs may also be subjected to genetic alterations such as 
overexpression, shRNA/siRNA knockdowns, and CRISPR-mediated knockouts. 

The procedure for establishing GBOs does not require cell dissociation and therefore 
preserves native cell-cell interactions and histological characteristics of the tumour tissue. 
Jacob et al. (Jacob, Ming, et al., 2020; Jacob, Salinas, et al., 2020) and our group 
demonstrated that GBO establishment requires a short generation time and has high 
success rates, enabling the evaluation of possible therapeutics for personalized medicine 
approaches. GBOs can be generated within 2–4 weeks after surgery, which enables testing 
targeted therapies in vitro before initiating treatment in patients. We demonstrated that 
GBOs can be established from either the tumour’s rim or core or recurrent tumours. Several 
previous studies using patient-derived models have focused on samples only from tumour 
cores. This is the region most likely to be resected by the neurosurgeon. Conversely, non-
resectable GB cells with other molecular and phenotypic characteristics, such as a higher 
capacity for infiltrative growth at the invasion edge, are responsible for GB recurrences 
(Minata et al., 2019). Therefore, with this approach of establishing GBOs from the invasive 
edge of the tumour, we may contribute to the development of novel therapies that eradicate 
the seed for GB recurrence.  

GBOs provide a promising tool for advanced preclinical medicine but are less useful for 
high-throughput screening because of their complexity and a lack of a standardization 
protocol. Nevertheless, this complexity and similarity to tumours in vivo could limit the 
need for animal experimentation and decrease the likelihood of false-positive results. In the 
end, despite some of the shortcomings of GBOs, these models can reshape the way we 
approach personalized care and may accelerate the implementation of clinically effective 
treatments that significantly improve patient outcomes. 

5.4 The Abundance and Potential Role of the Novel 
Prognostic Biomarker Cathepsin X in the GB TME  

We investigated the abundance and potential role of the biomarker cathepsin X in the GB 
TME, focusing on the regulation of its molecular target γ-enolase. We studied the 
localisation, expression level, and activity of cathepsin X in the GB TME as well as the 
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therapeutic potential of selective irreversible and reversible cathepsin X inhibitors (Majc 
et al., 2022).  

Cathepsins are proteases from the cysteine family that act as intracellular/lysosomal 
enzymes of rather distinct specificities and are overexpressed in GB. We found upregulated 
cathepsin X expression levels in recurrent and de novo GB tissues compared to less 
malignant low-grade gliomas and nontumour brain tissues. This confirms a previous 
observation that increased cathepsin X expression correlates with advanced tumour stages 
in a variety of malignancies, including prostate, colon, pancreatic, and neuroendocrine 
cancers (Akkari et al., 2014; Krueger et al., 2005; Nägler et al., 2004; Vizin, Christensen, 
Nielsen, & Kos, 2012). 

In our study, we confirmed increased protein expression and significantly higher activity 
of cathepsin X in GB. This indicates that cathepsin X could be a new target for specific 
inhibitors, suggesting new possibilities for the treatment of this disease. We used Z7 (Pečar 
Fonović et al., 2017) as a selective, reversible, and non-toxic inhibitor, and AMS36 as a 
selective irreversible inhibitor of cathepsin X (Hafner Pišlar, Zidar, Kikelj, & Kos, 2014; 
Sadaghiani et al., 2007). By selectively inhibiting cathepsin X, we found that it enhances 
the viability and proliferation of patient-derived GB cells but does not affect GSCs. We 
also demonstrated the role of cathepsin X in promoting cell invasion, which is consistent 
with previous studies that demonstrated that cathepsin X is involved in cell signalling in 
cancer and promotes cancer cell adhesion, migration, and invasion (Akkari et al., 2014; 
Kos et al., 2015; N. Obermajer et al., 2009; Pečar Fonović et al., 2013). However, the 
molecular mechanisms underlying these effects are still not well understood. 

Next, we discovered increased cathepsin X expression in GB cells, TAMs and microglia 
in GB tissues, which is consistent with previous research on other cancer types showing 
that cathepsin X is produced in the TME by both cancer cells and TAMs, influencing 
cellular crosstalk, cancer proliferation, and invasion (Akkari et al., 2014). In GB, TAMs 
and microglia play an important role in regulating GB development, invasion, angiogenesis, 
and treatment resistance (Glass & Synowitz, 2014; Quail & Joyce, 2017; L. B. Wang et al., 
2021; Zhou et al., 2015). We showed that cathepsin X inhibition reduced the viability of 
macrophages and microglia cultivated in conditioned medium of GB cells and GSCs, 
indicating a function for cathepsin X in the survival of tumour-supporting TAMs and 
microglia. Inhibiting cathepsin X prevented the growth of GB cells and immune cells that 
support tumours, such as macrophages and microglia. To investigate the effects of 
cathepsin X inhibitors on cancer and immune cells, more sophisticated tumour models that 
preserve the immune compartment, such as organoids or animal models, are required. 

γ-enolase is a specific target of cathepsin X in brain cells. It is involved in enhanced 
aerobic glycolysis and cell proliferation. γ-enolase is overexpressed in neurogenic and 
neuroendocrine tumours (Tapia et al., 1981) and GB tissues, as shown in our study and 
by others (Yan et al., 2011). High γ-enolase levels are associated with increased aerobic 
glycolysis, proliferation, and survival of cancer cells (Vizin & Kos, 2015; Yan et al., 2011). 
Another catalytic site, which is not involved in aerobic glycolysis, is the intact C-terminal 
region of γ-enolase, responsible for neurotrophic activity that promotes neuronal 
development, survival, and differentiation (T. Hattori, Ohsawa, Mizuno, Kato, & Kohsaka, 
1994; Tatsuya Hattori, Takei, Mizuno, Kato, & Kohsaka, 1995; Takei et al., 1991). In our 
study, we observed that the γ-Eno peptide mimicking the C-terminus of γ-enolase increased 
the proliferation of GB cells, GSCs, and GB-associated immune cells in vitro. γ-enolase 
pro-survival function is thought to be regulated by cathepsin X. We also discovered a link 
between cathepsin X and C-terminal γ-enolase cleavage during GB progression. We found 
increased cathepsin X activity in GB tissues associated with lower levels of the intact active 
form of γ-enolase. In nontumour brain tissues, the levels of both intact active and total γ-
enolase were comparable. Moreover, cathepsin X colocalised with total γ-enolase in GB 
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tissues, particularly in TAMs and microglia. We demonstrated that cathepsin X cleaves 
the C-terminal end of γ-enolase in GB in contrast to nontumour tissue, in which we 
observed only the intact form of γ-enolase and lower cathepsin X protein levels and activity. 

Cathepsins are potent prognostic biomarkers of GB patient survival (Habič et al., 2021; 
Lah et al., 2006; Levicar et al., 2002) Although we showed that cathepsin X, through its 
selective suppression, increases the viability of GB cells and GB-associated macrophages 
and microglia and the proliferation and invasion of GB cells, high cathepsin X levels did 
not correlate with the survival of GB patients in this study. This may be because cathepsin 
X can interact with and cleave a variety of molecules involved in various other cellular 
processes (Kos et al., 2015). Conversely, cathepsin X also has anticancer effects, as it 
cleaves the C-terminal end of γ-enolase and presumably neutralizes the proliferative effects 
of intact active γ-enolase on GB cells, GSCs, and especially tumour-associated microglia. 

However, the basic mechanism of γ-enolase activity and its modulation by cathepsin X 
in the pathophysiology of GB needs to be further investigated. Particularly, whether 
cathepsin plays a promotive or inhibitory role in GB progression remains to be elucidated. 
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Chapter 6 

6 Conclusions 

In this doctoral dissertation, we have 1) contributed to the establishment of the Slovenian 
biobank containing glioma samples, GB cell models, and corresponding clinical data, 2) 
tested cannabinoid extracts on GB cell models and showed their potential cytotoxic and 
anti-invasive properties in GB, 3) established GBOs that mimic the patient’s TME to 
model and explore the therapeutic resistance of GB to standard therapy, and 4) revealed 
the role of cathepsin X in GB progression.  

First, the concepts and techniques of biobanking strategies for ex vivo GB models were 
presented. Gliobank serves as a large collection of glioma samples together with clinical 
and research data, which is predominantly used in clinical and translational neuro-
oncological research. During this PhD research, we collected over 170 GB samples from 
tumour edges and/or cores. From tumour tissues, we successfully established primary 
differentiated GB cells, GSCs, and GBOs with success rates of 49%, 34%, and 69%, 
respectively. These percentages slightly differ from those we hypothesised and depend on 
tissue quality and patient-specific tumour growth characteristics. We demonstrated that 
GB cells, GSCs, and GBOs remained viable in culture and after passaging. We confirmed 
the expression of stem cell markers in GSCs and differentiation markers in GB cells. 
Overall, the collection of specimens, GB models, and associated clinical data into one 
virtual location for ease of access by researchers will enable detailed studies of tumour 
evolution/progression and better identification of new therapeutic strategies. This could 
contribute to the design of new approaches for more efficient therapy in the future. 

Second, we have successfully used patient-derived GB cell lines in vitro from our 
GlioBank as a platform for testing the efficacy of cannabinoids. Using GB cells and GSCs, 
we have demonstrated the potential use of CBD, THC, and CBG as anticancer drugs, 
particularly for overcoming the resistance of GSCs to the chemotherapeutic agent TMZ 
and for inhibiting the invasion of GB cells. More specifically, using GB cell models, we 
demonstrated that the combination of CBG and CBD (each at subcytotoxic 
concentrations) resulted in additive effects on decreased GB cell viability and induced 
apoptosis, which was sufficient to replace the application of psychoactive THC. 

Third, we have successfully established novel ex vivo GBOs. We established GBOs from 
multiple patient tumours either from the invasive edge or core of tumours or from recurrent 
tumours. We confirmed our hypothesis that GBOs grow in culture and retain elements of 
the TME. Furthermore, we set up a transcriptomic profile for the GB subtypes, epithelial-
to-mesenchymal transition markers, GSCs, immunosuppression markers, cytokine 
signalling, immune cells within the TME, and DNA damage response/cell cycle genes in 
GBOs, GB tissues, and GB cells. Comparing the transcriptional profiles of individual genes, 
we demonstrated similar clusters of correlated genes in GBOs and corresponding tumour 
tissues and thus confirmed our hypothesis that GBOs recapitulate the transcriptomic 
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fingerprint of the parental tumour. We applied standard clinical therapy to GBOs; 
however, no significant response regarding GBO viability or invasion was detected. 
Furthermore, we have shown that differentiated GB cells and GSCs respond differently to 
therapy than GBOs, which better represent the tumour in vivo. Thus, GBOs represent a 
more clinically relevant model than patient-derived 2D and 3D cell cultures. As such, they 
are an invaluable tool for exploring complex gene and cell composition and may better 
contribute to discovering new potential therapeutics. 

Finally, we investigated the abundance and potential role of the biomarker cathepsin 
X in the GB TME, focusing on the regulation of its molecular target γ-enolase. We confirm 
our hypothesis that cathepsin X is upregulated in GB compared to nontumour brain tissue, 
both at the level of gene and protein expression as well as enzymatic activity. We confirm 
that it is mainly expressed in tumour-associated macrophages and microglia but also in 
GB cancer cells. Furthermore, we demonstrated that cathepsin X preferentially colocalises 
with its target γ-enolase in GB-associated macrophages and microglia. We observed that 
the γ-Eno peptide, which mimics the C-terminus of γ-enolase, increased the proliferation 
of GB cells, GSCs, and GB-associated immune cells in vitro. We demonstrated that there 
is a link between cathepsin X and C-terminal cleavage of γ-enolase in GB progression, 
although further studies on the molecular mechanisms of cathepsin X and its target γ-
enolase are needed to explore their potential for antitumour therapies. We could not 
confirm our hypothesis that cathepsin X is a prognostic factor because high cathepsin X 
levels did not correlate with GB patient survival in this study. However, by selectively 
inhibiting cathepsin X, we showed that cathepsin X promotes the viability of GB cells and 
GB-associated macrophages and microglia as well as the proliferation and invasion of GB 
cells.  
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Appendix A Supplementary Material 

A.1 Characterization of GBOs From Patient Tumours and 
the Effect of Standard Therapy on Viability, Invasion 
and The Expression of Pre-specified Groups of Genes in 
GBOs 

Table A.1 1: List of TaqMan gene expression assays (Thermo Fisher Scientific) used for 
RT-qPCR. 

Gene name Assay ID Protein name 

ACSBG1 Hs00209500_m1 Acyl-CoA Synthetase Bubblegum Family Member 1 

AIF1 Hs00610419_g1 Allograft inflammatory factor 1 

ATM Hs00175892_m1 Ataxia telangiectasia mutated 

ATR Hs00992123_m1 Ataxia telangiectasia and Rad3 related 

BAX Hs99999001_m1 Bcl-2-like protein 4 

BCL2 Hs00608023_m1 B-cell lymphoma 2 

CCL2 Hs00234140_m1 Monocyte chemoattractant protein-1 (MCP-1) 

CCL5 Hs00982282_m1 Chemokine (C-C motif) ligand 5 

CD44 Hs00174139_m1 CD44 molecule 

CD68 Hs00154355_m1 CD68 Molecule 

CD9 Hs00233521_m1 CD9 antigen 

CDH1 Hs01023895_m1 Cadherin 1 

CDKN1A Hs00355782_m1 Cyclin Dependent Kinase Inhibitor 1A 

CDKN2A Hs00923894_m1 Cyclin Dependent Kinase Inhibitor 2A 

CHEK1 Hs00967506_m1 Checkpoint Kinase 1 

CHI3L1 Hs01072228_m1 Chitinase-3-like protein 1; YKL-40 



72 Appendix A. Supplementary Material 

C-MYC Hs00905030_m1 Myc proto-oncogene protein 

COL1A1 Hs00164004_m1 Collagen Type I Alpha 1 Chain 

COL1A2 Hs01028956_m1 Collagen Type I Alpha 2 Chain 

CXCL12 Hs02829207_m1 C-X-C motif chemokine 12 (SDF-1) 

CXCR4 Hs00607978_s1 C-X-C chemokine receptor type 4 

DAB2 Hs01120074_m1 DAB Adaptor Protein 2 

ERBB3 Hs00176538_m1 Erb-B2 Receptor Tyrosine Kinase 3 

FCGR3A Hs02388314_m1 Fc Gamma Receptor IIIa 

FOXP3 Hs01085834_m1 Forkhead box P3 

FUT4 Hs01106466_s1 Fucosyltransferase 4 

GFAP Hs00909233_m1 Glial Fibrillary Acidic Protein 

ID1 Hs03676575_s1 Inhibitor Of DNA Binding 1 

IDO1 Hs00984148_m1 Indoleamine 2,3-Dioxygenase 1 

IL6 Hs00174131_m1 Interleukin 6 

KCNF1 Hs00266908_s1 Potassium Voltage-Gated Channel Modifier 
Subfamily F Member 1 

MDM2 Hs01066930_m1 E3 ubiquitin-protein ligase 

MTOR Hs00234508_m1 Serine/threonine-protein kinase mTOR 

NCAM1 Hs00941830_m1 Neural Cell Adhesion Molecule 1 

NF-KB Hs00765730_m1 Nuclear factor-kappa B 

NOTCH1 Hs01062014_m1 Neurogenic locus notch homolog protein 1 

OLIG2 Hs00377820_m1 Oligodendrocyte Transcription Factor 2 

P2RX7 Hs00175721_m1 Purinergic Receptor P2X 7 

PIK3CA Hs00907957_m1 
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase 
Catalytic Subunit Alpha 

POU5F1B Hs01596605_s1 
POU Class 5 Homeobox 1B; OCT4-PG1 (OCT4 
pseudogene) 

PROM1 Hs01009259_m1 prominin-1; CD133 antigen 

S100A4 Hs00243202_m1 S100 Calcium Binding Protein A4 

SNAI1 Hs00195591_m1 Snail Family Transcriptional Repressor 1 

SOX10 Hs00366918_m1 SRY-Box Transcription Factor 10 

SOX2 Hs01053049_m1 SRY-Box Transcription Factor 2 



A.1. Characterization of GBOs From Patient Tumours and the Effect of Standard Therapy on 
Viability, Invasion and The Expression of Pre-specified Groups of Genes in GBOs 73 

STAT3 Hs01047578_m1 Signal Transducer And Activator Of Transcription 3 

STMN4 Hs00229288_m1 Stathmin 4 

TGFB1 Hs00998133_m1 Transforming growth factor beta 1 

THBS1 Hs00962908_m1 Thrombospondin 1 

TUBB3 Hs00801390_s1 Tubulin Beta 3 Class III 
 





A.1. Characterization of GBOs From Patient Tumours and the Effect of Standard Therapy on Viability, Invasion and The Expression of Pre-specified Groups 
of Genes in GBOs 75 

Table A.1 2: Details of the 22 GB patients and their tumours operated at the Department Neurosurgery of the University Medical Centre Ljubljana, 
Slovenia, used for real-time quantitative PCR analysis, GBO cell viability and invasion. 

Patient Gender 
Age 

(Years) 

MGMT 
promoter 

methylation 
Mutations 

Chromosomal 
abnormalities 

    IDH1 TP53 
EGFR 

mutation/ 
amplification 

 
Other 

 
 

NIB211 M 78 yes wt 

Variant of 
unknown 

significance in 
TP53 P190L 

ampl 
EGFR 

TERT C250T and TP53 
splicing, PTEN C136R, 
ampl MET, MYCN in 

PDGFRA, del CDKN2A in 
CDKN2B 

ampl 7, del 10q, part del 1p 

NIB213 M 63 no wt mut C238Y - TERT C228T ampl 7, del 10q 

NIB214 F 74 no wt - - 
mut pTERT (c.-146C>T) 
and PTEN (c.254-2A>G); 
del CDKN2A in CDKN2B 

ampl 7 and del 10q 

NIB215 M 74 no wt - 
ampl 

EGFR 

TERT C228, mut ERBB3 
(G337Q), del CDKN2A and 

CDKN2B 

ampl 7, del 10q, 13q, 22q, 
part del 14q 
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NIB216 M 46 no wt - 

EGFR 
R108K, 
ampl 

EGFR 

pTERT C228T, ampl MET, 
PIK3CA, del CDKN2A and 

CDKN2B 
del 10q 

NIB218 F 67 yes wt 
mut 

p.(Cys242Tyr
) (C242Y) 

ampl 
EGFR, 

variant of 
unknown 

significance 
in EGFR 

p.(Pro589Se
r) (P589S) 

ampl MET and MDM2, 
variant of unknown 

significance in PTEN 
p.(Tyr88Cys) (Y88C) 

 

ampl 7 and del 10q and 19q 
 

NIB219 F 63 yes wt - ampl 
EGFR 

mut p TERT (C228T), 
del CDKN2A and CDKN2B 

ampl 7 and del 10q 
 

NIB220 M 56 no wt - ampl 
EGFR 

mut pTERT (C228T) 
mut PIK3CA p.(Gly118Asp) 

(G118D), 
ampl MET and PIK3CA; del 

CDKN2A and CDKN2B 

ampl 7, del 10q, part del 1p 
and 19q 

NIB225 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Table A.1.2. Continued 
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NIB227 M 75 no wt - 

mut 
p.(Ser229C

ys) 
(S229C), 

ampl 
EGFR 

 

mut p TERT (C228T) 
del CDKN2A and CDKN2B, 

variant of unknown 
significance PIK3CA 

p.(Phe355Ser) (F355S) 

part del 7, del 10q and 19q 

NIB228 F 44 no wt 
mut TP53 
(F270L) 

mut EGFR 
(A289V), 

ampl 
EGFR 

PTEN (P95L), del CDKN2A 
in CDKN2B 

ampl 7, del 10q 
and 19q. 

NIB231 M 76 yes wt 

mut TP53 
p.(Tyr126His) 

(Y126H) 
 

ampl 
EGFR 

mut TERT (C228T) 
ampl MET and MYCN, del 

CDKN2A and CDKN2B 
ampl 7 and del 10q. 

NIB232 M 71 no wt 

mut TP53 
p.(Arg196Prof

sTer13) 
(R196Pfs*13) 

mut EGFR 
p.(Ala289V
al)(A289V) 

mut ATRX 
p.(Thr932PhefsTer5) 

(T932Ffs*5), 
ampl MET and del 

CDKN2A and CDKN2B 

part del 7 and part del 1p. 

NIB235 F 64 no wt - 

variant of 
unknown 

significance 
in EGFR 

p.(Lys609A
sn) 

(K609N) 

mut p TERT (C228T), 
del CDKN2A and CDKN2B 

ampl 7 and del 10q 

Table A.1.2. Continued 



78 Appendix A. Supplementary Material 

NIB237 M 65 no wt 

mut TP53 
p.(Arg267Trp
) (R267W) 

and 
p.(Arg342Ter) 

(R342*) 

- 

mut p TERT (C228T). 
mut PTEN 

p.(Gly36Val)(G36V). 
variant of unknown 

significance in FGFR1 
p.(Arg455Cys) (R455C) 

ampl 7, part del 1p and del 
10q in 19q. 

 

NIB239 M 68 no wt - ampl 
EGFR 

mut p TERT (C250T), ampl 
MYCN, FGFR1 and MDM2, 

del PDGFRA, CDKN2A 
and CDKN2B 

ampl 7, del 10q and part del 
19q. 

NIB240 M 71 yes wt - 

mut EGFR 
c.664C>T, 
p.(Arg222C

ys) 
(R222C) 
and ampl 
EGFR 

mut p TERT (C250T), ampl  
MDM4 and PIK3CA, del 

PDGFRA 
LOH 7 and 10q in 19q 

NIB246 M 56 no wt - 

ampl 
EGFR, 

variant of 
unknown 

significance 
in EGFR 
1964T>G, 
p.(Leu655A

rg) 
(L655R). 

mut p TERT (C228T) 
mut PTEN c.388C>T, 
p.(Arg130Ter) (R130*), 

ampl MDM4, PIK3CA in 
CIC and del CDKN2A, 
CDKN2B, PTEN and 

SETD2 

part del 1p, ampl 7, del 10q 
and LOH 19q 

 

Table A.1.2. Continued 
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NIB249 
(NIB216 
primary 
tumour) 

M 47 no wt 

variant of 
unknown 

significance in 
TP53 

p.(Pro190Leu)
(P190L) 

mut EGFR 
p.(Arg108L
ys)(R108K)

, ampl 
EGFR 

mut p TERT (C228T),  
ampl MET and PIK3CA, del 

CDKN2A and CDKN2B, 
variant of unknown 

significance in PTEN 
p.(Ile122Phe)(I122F) 

del 10q 
 

NIB253 F 58 yes wt del TP53 

mut EGFR 
p.(Arg108L

ys) 
(R108K) 

and 
p.(Gly598V

al) 
(G598V). 

ampl 
EGFR 

mut p TERT (C228T), ampl 
MET, MDM2, MDM4, 
PIK3CA, PIK3R1 and 
SETD2, del CDKN2A, 

CDKN2B, FGFR1 and CIC, 
variant of unknown 

significance in PTEN 
p.(Glu242Gly) (E242G) 

 

ampl 7 and del 10q in 19q 

NIB257 
(astrocyto
ma WHO 
2-3) 

F 58 no mut 
mut TP53 

p.(Arg273Cys
) (R273C) 

- 

mut IDH1 p.(Arg132His) 
(R132H) and ATRX 

p.(Arg1514Ter) (R1514*), 
ampl PIK3CA, CDKN2A 
and CDKN2B, del MDM2 

and CIC. 

part del 7 and del 19q. 

NIB261 M 33 no wt - ampl 
EGFR 

mut p TERT (C228T) and  
PTEN (L182*), 

del CDKN2A and CDKN2B 
ampl 7 and del 10q in 19q. 

1 Abbreviations: mut, mutated; del, deletion; part del, partial deletion; ampl, amplification; (-), No mutations identified, negative; wt, wild-type; 
LOH, loss of heterozygosity, N.A., Not performed 
  

Table A.1.2. Continued 
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Table A.1 3: Pearson correlation coefficients p-values for GBOs correlation matrix. 

 CDKN2A PROM1 IDO1 AIF1 CXCR4 CD68 DAB2 S100A4 FCGR3A CD9 CXCL12 COL1A1 IL6 CHI3L1 COL1A2 

CDKN2A        *                     

PROM1 0,14      *                     

IDO1 -0,02 0,33  ** ** ** ** *** *** *** ***         

AIF1 0,13 0,19 0,53  ** *** * *** *** *** **         

CXCR4 0,47 0,41 0,52 0,6  ** ** *** *** *** ***       * 

CD68 0,03 0,1 0,58 0,63 0,56  *** *** *** *** ***         

DAB2 0,11 0,23 0,59 0,49 0,58 0,9  *** *** *** ***   *     

S100A4 0,07 0,3 0,8 0,74 0,77 0,75 0,74  *** *** ***   *   ** 

FCGR3A 0,11 0,33 0,75 0,77 0,76 0,81 0,77 0,93  *** ***         

CD9 0,01 0,25 0,83 0,65 0,69 0,82 0,81 0,95 0,91  ***       * 

CXCL12 0,04 0,39 0,75 0,6 0,68 0,84 0,88 0,9 0,9 0,93        * 

COL1A1 0,25 0,01 -0,03 0,14 0,35 0,13 0,17 0,28 0,15 0,05 0,11  *** *** *** 

IL6 0,18 -0,02 0,17 0,16 0,2 0,28 0,42 0,4 0,25 0,29 0,28 0,7  * *** 

CHI3L1 0,24 -0,2 -0,05 0,07 0,12 -0,01 -0,02 0,18 0 0,03 -0,03 0,62 0,48  *** 

COL1A2 -0,06 -0,03 0,32 0,31 0,4 0,33 0,34 0,61 0,39 0,46 0,44 0,67 0,66 0,74  

SNAI1 0,45 0,21 0,25 0,15 0,47 0,28 0,31 0,43 0,3 0,33 0,26 0,57 0,72 0,49 0,57 

TGFB1 0,52 0,12 0,32 0,5 0,61 0,35 0,32 0,51 0,4 0,43 0,32 0,3 0,46 0,41 0,48 

CCL2 0,16 0,27 0,08 0,25 0,51 0,38 0,42 0,37 0,28 0,26 0,3 0,59 0,49 0,41 0,43 

THBS1 -0,09 0,04 0,3 0,32 0,27 0,49 0,54 0,43 0,31 0,44 0,47 0,1 0,24 0,12 0,28 

FUT4 0,03 0,32 -0,06 -0,1 -0,08 -0,1 0,12 0,03 -0,06 -0,05 0,03 0,37 0,73 0,04 0,18 

POU5F1B -0,22 0,04 -0,09 -0,18 -0,22 -0,14 0,07 -0,07 -0,17 -0,1 -0,09 0,28 0,72 0,01 0,12 

CD44 0,31 0,01 -0,34 -0,16 -0,23 -0,04 0,02 -0,22 -0,29 -0,19 -0,13 0,07 0,32 0,25 0,02 

ID1 0,23 0,16 0,03 0,13 0,14 0,01 0,1 0,16 -0,04 0,09 0,04 0,31 0,59 0,39 0,39 

CDKN1A -0,09 -0,03 0,13 -0,08 -0,15 0,16 0,12 0,04 -0,01 0,11 0,04 -0,08 0,12 0,19 0,05 

ACSBG1 0,11 -0,4 -0,16 -0,13 -0,12 -0,26 -0,2 -0,12 -0,28 -0,17 -0,21 0,09 0,03 0,22 0,23 

KCNF1 -0,24 -0,28 -0,22 -0,18 -0,05 -0,25 -0,24 0,02 -0,23 -0,17 -0,2 0,68 0,53 0,69 0,73 
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ERBB3 -0,1 -0,07 0,2 -0,23 -0,17 -0,1 -0,09 -0,1 -0,19 -0,09 -0,13 -0,01 -0,01 -0,09 -0,02 

P2RX7 -0,01 0,19 0,48 -0,15 0,05 -0,03 0,05 0,03 -0,02 0,04 0,03 -0,03 -0,05 -0,2 -0,08 

SOX10 -0,07 0,08 0,4 -0,23 -0,19 0,04 0,05 -0,11 -0,13 -0,04 -0,05 -0,14 -0,06 -0,11 -0,11 

SOX2 0,39 0,38 0,26 -0,1 0,12 -0,3 -0,23 -0,09 -0,15 -0,2 -0,19 0,16 -0,05 -0,04 -0,05 

STMN4 0,37 0,14 0,23 -0,22 0,1 -0,05 0,06 -0,09 -0,08 -0,14 -0,06 0,27 0,05 -0,14 -0,12 

NCAM1 0,36 0,22 -0,14 -0,14 0,11 -0,02 0,02 -0,19 -0,11 -0,25 -0,14 0,25 0,09 -0,2 -0,25 

NF-KB 0,44 0,15 -0,01 0,28 0,26 0,07 0,23 0,09 0,07 -0,03 0,01 0,41 0,49 -0,04 -0,01 

MDM2 0,17 -0,1 -0,09 0,08 0,03 -0,08 -0,03 -0,05 0,06 -0,1 -0,06 0,21 0,05 -0,18 -0,14 

CHEK1 0,64 -0,05 -0,16 0,14 0,12 -0,23 -0,26 -0,13 -0,11 -0,17 -0,22 -0,16 -0,17 0,15 -0,19 

ATR 0,04 0,15 -0,11 0,08 0,08 -0,23 -0,26 -0,06 -0,07 -0,15 -0,18 -0,01 -0,14 -0,2 -0,16 

CDH1 0,1 -0,21 -0,09 -0,03 -0,12 -0,16 -0,23 -0,14 -0,11 -0,11 -0,2 -0,19 -0,17 -0,11 -0,19 

FOXP3 0,03 0,52 -0,08 0 -0,13 -0,27 -0,17 -0,07 -0,17 -0,19 -0,05 0,24 0,15 0,24 0,21 

PIK3CA -0,18 -0,3 -0,23 -0,13 -0,26 -0,2 -0,11 -0,28 -0,29 -0,2 -0,25 -0,18 -0,23 -0,08 -0,3 

NOTCH -0,15 0,01 0,04 0 -0,19 -0,32 -0,33 -0,15 -0,24 -0,24 -0,28 0,01 -0,14 -0,02 0 

OLIG2 -0,25 -0,04 0,18 -0,23 -0,22 -0,31 -0,31 -0,19 -0,22 -0,18 -0,25 -0,2 -0,25 -0,22 -0,19 

STAT3 0,29 0,24 -0,06 0,32 0,18 -0,14 -0,12 -0,06 -0,07 -0,17 -0,19 0,13 -0,01 0 -0,15 

ATM -0,05 -0,01 -0,19 0,22 -0,14 -0,1 -0,07 -0,19 -0,13 -0,23 -0,21 0,01 -0,13 -0,01 -0,29 

mTOR -0,17 0,09 -0,2 0,19 -0,11 -0,17 -0,21 -0,17 -0,18 -0,26 -0,25 0,13 -0,19 -0,3 -0,25 

 

  SNAI1 TGFB1 CCL2 THBS1 FUT4 POU5F1B CD44 ID1 CDKN1A ACSBG1 KCNF1 ERBB3 P2RX7 SOX10 SOX2 

CDKN2A * *                           

PROM1                   *           

IDO1                         * *   

AIF1   *                           

CXCR4 * ** **                         

CD68       *                       

DAB2     * **                       
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S100A4 * **   *                       

FCGR3A   *                           

CD9   *   *                       

CXCL12       *                       

COL1A1 **   **               ***         

IL6 *** * *   *** ***   **     **         

CHI3L1 * * *               ***         

COL1A2 ** * *               ***         

SNAI1  *** **   *     **     *         

TGFB1 0,76  *         **               

CCL2 0,57 0,44  **       **               

THBS1 0,16 0,28 0,58        *               

FUT4 0,46 0,18 0,27 0,02  *** * **               

POU5F1B 0,38 0,12 0,11 -0,01 0,93  * **               

CD44 0,32 0,27 0,21 0,3 0,42 0,41  ***               

ID1 0,57 0,55 0,56 0,5 0,57 0,54 0,63                

CDKN1A 0,01 -0,08 -0,08 -0,06 -0,11 -0,1 0,17 -0,08              

ACSBG1 -0,11 -0,02 -0,19 -0,15 0 0,18 -0,11 -0,04 0,01  * **       

KCNF1 0,44 0,23 0,26 -0,06 0,26 0,25 0,09 0,28 -0,06 0,41          

ERBB3 -0,01 -0,18 -0,15 -0,19 0,07 0,25 -0,21 -0,08 0,17 0,55 0,04  *** *** ** 

P2RX7 0,02 -0,08 -0,09 -0,1 -0,01 0,06 -0,34 -0,12 -0,18 0,12 -0,13 0,74  *** *** 

SOX10 0,06 -0,08 -0,06 0 -0,06 0,01 -0,09 -0,02 0,21 -0,05 -0,15 0,62 0,85  *** 

SOX2 0,17 0,08 0,08 -0,25 0,1 0,04 -0,25 0,05 -0,14 0,06 0,07 0,55 0,8 0,67  

STMN4 0,05 -0,18 0,16 -0,1 0,05 0,06 -0,32 -0,13 -0,04 -0,01 -0,06 0,54 0,77 0,7 0,76 

NCAM1 0,2 -0,03 0,31 -0,23 0,26 0,16 -0,03 -0,07 0,16 -0,09 -0,04 0,24 0,32 0,27 0,52 

NF-KB 0,28 0,31 0,5 0,19 0,56 0,53 0,19 0,46 -0,15 0,03 0,02 0,08 0,15 0,03 0,33 

MDM2 -0,14 -0,23 0,08 -0,25 0,15 0,11 -0,15 -0,26 -0,22 0,14 0,18 -0,1 -0,05 -0,09 0,21 

CHEK1 0,19 0,47 -0,19 -0,47 0,09 0,13 0,19 0,06 0,04 0,33 0,15 -0,15 -0,23 -0,2 0,4 

ATR 0,08 0,15 0,21 -0,24 0,52 0,6 -0,12 0,07 -0,08 0,1 0,44 -0,06 0,03 -0,14 0,56 
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CDH1 -0,13 -0,05 -0,16 -0,39 -0,13 -0,14 -0,06 -0,24 0,2 0,04 0,1 -0,11 -0,12 -0,03 0,05 

FOXP3 0,04 -0,08 0,07 -0,21 0,44 0,27 0,26 0,25 0,32 0,18 0,25 0,2 0,08 0,05 0,36 

PIK3CA -0,43 -0,27 -0,37 -0,22 -0,37 -0,14 0,12 -0,21 0,14 0,21 -0,05 -0,07 0,31 -0,04 -0,04 

NOTCH -0,23 -0,22 -0,21 -0,42 -0,01 0,04 -0,38 -0,19 0,34 0,53 0,2 0,61 0,45 0,3 0,59 

OLIG2 -0,27 -0,3 -0,34 -0,45 -0,13 -0,09 -0,53 -0,38 0,37 0,19 0,02 0,47 0,6 0,49 0,59 

STAT3 0,06 0,27 0,28 -0,08 0,11 0 0,1 0,21 0,01 -0,02 0 -0,05 0,13 0,06 0,49 

ATM -0,33 -0,08 -0,12 -0,33 0,12 0,16 -0,1 -0,27 0,18 0,31 -0,04 0,07 0,21 0 0,36 

mTOR -0,35 -0,16 0,12 -0,17 0,33 0,31 -0,23 -0,05 0,28 0,14 0,17 0,04 0,11 -0,09 0,53 

 
  STMN4 NCAM1 NF-KB MDM2 CHEK1 ATR CDH1 FOXP3 PIK3CA NOTCH OLIG2 STAT3 ATM mTOR 

CDKN2A         **                   

PROM1               **             

IDO1                             

AIF1                             

CXCR4                             

CD68                             

DAB2                             

S100A4                             

FCGR3A                             

CD9                             

CXCL12                             

COL1A1     *                       

IL6     *                       

CHI3L1                             

COL1A2                             

SNAI1                             

TGFB1         *                   

CCL2     *                       

THBS1         *         * *       
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FUT4     **     *   *             

POU5F1B     **     **                 

CD44                     **       

ID1     *                       

CDKN1A                             

ACSBG1                   **         

KCNF1                             

ERBB3 **                 ** *       

P2RX7 ***                 * **       

SOX10 ***                   *       

SOX2 *** **       *       ** ** *   * 

STMN4  ***                 *       

NCAM1 0,62  **     *         * **   * 

NF-KB 0,38 0,56      *           *** * ** 

MDM2 0,31 0,31 0,4    * **               

CHEK1 -0,05 0,32 0,31 0,24  * **         *     

ATR 0,07 0,47 0,48 0,5 0,55  ***     * * ***   ** 

CDH1 -0,03 0,28 0,09 0,62 0,64 0,74        * *     

FOXP3 0,05 0,16 0,17 0,25 0,39 0,35 0    *     *** *** 

PIK3CA -0,14 -0,03 0,07 0,01 0,03 -0,02 0,15 0,21        **   

NOTCH 0,34 0,34 0,18 0,25 0,38 0,54 0,29 0,5 0,34  *** * *** *** 

OLIG2 0,48 0,41 -0,01 0,07 0,3 0,55 0,42 0,1 0,28 0,73    * *** 

STAT3 0,2 0,51 0,68 0,39 0,56 0,7 0,46 0,35 0,31 0,46 0,26  *** *** 

ATM 0,04 0,35 0,47 0,29 0,35 0,38 0,36 0,74 0,64 0,79 0,46 0,71  *** 

mTOR 0,21 0,53 0,56 0,24 0,28 0,61 0,43 0,72 0,35 0,91 0,68 0,75 0,76  
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Figure A.1 1: Comparison of selective gene expressions between GBOs and corresponding 
tumour tissues. Differences in the expression of subtype related genes are presented. The 
paired mean difference between tissue and GBO is shown in the estimation plots. Both 
groups are plotted on the left axes as a scatter graph showing individual values: each paired 
set of the individual patient is connected by a line. The paired mean difference is plotted 
on the right axis and the 95 % confidence interval is indicated by the ends of the error bar. 
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Figure A.1 2: Comparison of selective gene expressions between GBOs and corresponding 
tumour tissues. Differences in the expression of genes involved in immunosuppression and 
cytokine signalling, and genes involved in DNA damage response and cell cycle are 
presented. The paired mean difference between tissue and GBO is shown in the estimation 
plots. Both groups are plotted on the left axes as a scatter graph showing individual values: 
each paired set of the individual patient is connected by a line. The paired mean difference 
is plotted on the right axis and the 95 % confidence interval is indicated by the ends of the 
error bar. 
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A.2 Up-regulation of Cathepsin X in GB: Investigation of 
Selective Inhibitors and its Target γ-enolase 

Table A.2 1: List of TaqMan gene expression assays (Thermo Fisher Scientific) used for 
RT-qPCR. 

Gene name Assay ID Protein name 

ACSBG1 Hs00209500_m1 
Acyl-CoA Synthetase Bubblegum Family 
Member 1 

CTSZ Hs00938366_m1 Cathepsin X 

CD15 (FUT4) Hs01106466_s1 Fucosyltransferase 4 

COL1A1 Hs00164004_m1 Collagen Type I Alpha 1 Chain 

COL1A2 Hs01028956_m1 Collagen Type I Alpha 2 Chain 

DAB2 Hs01120074_m1 DAB Adaptor Protein 2 

ERBB3 Hs00176538_m1 Erb-B2 Receptor Tyrosine Kinase 3 

GAPDH Hs99999905_m1 Glyceraldehyde 3-phosphate dehydrogenase 

GFAP Hs00909233_m1 Glial Fibrillary Acidic Protein 

HPRT1 Hs02800695_m1 Hypoxanthine Phosphoribosyltransferase 1 

KCNF1 Hs00266908_s1 
Potassium Voltage-Gated Channel Modifier 
Subfamily F Member 1 

NFKB1 Hs00765730_m1 Nuclear factor-kappa B 

NOTCH1 hs01062014_m1 Neurogenic locus notch homolog protein 1 

OLIG2 Hs00377820_m1 Oligodendrocyte Transcription Factor 2 

P2RX7 Hs00175721_m1 Purinergic Receptor P2X 7 

POU5F1B Hs01596605_s1 
POU Class 5 Homeobox 1B; OCT4-PG1 
(OCT4 pseudogene) 

PROM1 Hs00195682_m1 Prominin-1; CD133 antigen 

S100A4 Hs00243202_m1 S100 Calcium Binding Protein A4 

SOX10 Hs00366918_m1 SRY-Box Transcription Factor 10 

SOX2 Hs01053049_s1 SRY-Box Transcription Factor 2 

STMN4 Hs00229288_m1 Stathmin 4 

TGFBI Hs00998133_m1 Transforming growth factor beta 1 
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THBS1 Hs00962908_m1 Thrombospondin 1 

TUB33 Hs00801390_s1 Tubulin Beta 3 Class III 
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Table A.2 2: Details of the 43 GBM, 5 GBM rec, 14 LGG patients and their tumours operated at the Department Neurosurgery of the University 
Medical Centre Ljubljana, Slovenia, used for real-time quantitative PCR analysis. 

Patient Gender 
Age 

(Years) 

MGMT 
promoter 

methylation 
Mutations Chromosomal abnormalities 

Survival 
(months) 

    
IDH1 TP53 

EGFR mutation/ 
amplification 

 
Other 

 

  

GB7 F 69 N.A. N.A. N.A. N.A. N.A. N.A. 3 
GB8 M 49 N.A. - - N.A. N.A. N.A. 8 
GB9 F 79 N.A. - - N.A. N.A. 1p del 4 
GB10 F 64 N.A. - + N.A. N.A. N.A. 4 
GB11 M 70 N.A. - + N.A. N.A. N.A. 9 
GB12 F 81 N.A. - - N.A. N.A. N.A. 6 
GB13 F 58 N.A. - - N.A. N.A. N.A. 50 
GB14 F 66 N.A. - - N.A. N.A. N.A. 3 
GB15 M 81 N.A. - + N.A. N.A. N.A. 6 
GB16 F 67 N.A. - - N.A. ATRX mut N.A. 2 
GB17 M 71 N.A. - - N.A. N.A. N.A. 12 
GB18 M 58 N.A. - - c.866C>T, 

p.Ala289Val 
(p.A289V) 

N.A. N.A. 0 

GB19 M 53 N.A. - - part of exons 2-7 N.A. N.A. 33 
GB20 F 59 N.A. - + - - N.A. 6 
GB21 M 61 N.A. - - N.A. N.A. Aneuplodia (35% of cells) 2 
GB22 M 62 N.A. - - N.A. N.A. N.A. 22 
GB23 M 51 N.A. - - N.A. N.A. N.A. 0 
GB24 M 65 N.A. - - N.A. N.A. N.A. 6 
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GB25 F 84 N.A. - Dubiou
s result 

N.A. - N.A. 7 

GB26 M 65 N.A. - + N.A. KRAS 
(p.Gly13Asp 

(G13D) and (kol 
33) / CDK4 (kol 

36) / NMYC ampl 
(kol 49) 

N.A. 7 

GB27 M 73 N.A. - - wt - - 5 
GB28 M 76 N.A. - - wt MET (c.3029C>T, 

p.Thr1010Ile) / 
PIK3CA 

(p.Glu542Lys 
(E542K)) 

N.A. 3 

GB29 F 65 N.A. - - EGFR ampl (kol. 76) p.Ala289Val 
(A289V) 

- 11 

GB30 M 70 N.A. - - EGFR ampl (kol. 85), 
del eks 2-7 
(EGFRvIII) 

- N.A. 2 

GB31 F 48 N.A. - - N.A. N.A. N.A. 7 
GB32 F 48 N.A. N.A. - N.A. - N.A. 48 
GB33 F 63 N.A. - - - - N.A. 18 
GB34 M 56 N.A. - + EGFR ampl (kol. 54), 

part of exons. 2-7 
EGFR 

KIT ampl (kol.9) 
/ PDGFRA ampl 

(kol.9) 

N.A. 2 

GB35 M 60 N.A. - - EGFR ampl (kol. 45), 
del. eks. 2-7 

 

- N.A. 12 

Table A.2.2. Continued 
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GB36 M 71 N.A. - - EGFR ampl (kol. 41) CDK4 ampl (kol. 
49) 

N.A. 2 

GB37 M 77 yes - - - - N.A. 9 
GB38 M 56 N.A. N.A. N.A. N.A. - N.A. 1 
GB39 M 50 N.A. - - EGFR ampl (kol. 

106), del. eks. 2-7 
EGFR 

 

- N.A. 22 

GB40 M 80 yes - - - - N.A. 22 
GB41 M 34 N.A. - - - KRAS mut 

c.34G>C, 
p.(Gly12Arg) 

(G12R) in exn 2,  
KRAS amp (kol 

14) 

N.A. 28 

GB42 F 69 yes - - EGFR ampl (kol. 44), 
del. eks. 2-7 EGFR 

- N.A. 14 

GB43 F 73 yes - - EGFR ampl (kol. 34), 
del. eks. 2-7 EGFR 

- N.A. 4 

GB rec F 40 yes - - part of exons 2-7 in 
EGFR (EGFRvIII) 

ATRX mut 

ATRX mut - 25 

GB rec F 58 N.A. - - N.A. N.A. N.A. 22 
GB rec F 72 N.A. - - part of exons 2-7 in 

EGFR (EGFRvIII) 
ATRX mut 

N.A. N.A. 20 

GB rec M 63 N.A. - + ATRX mut BRAF V600E - 112 
GB rec M 65 N.A. - - ATRX mut N.A. N.A. 16 
LGG 1 M 33 N.A. - + N.A. N.A. - 22 
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LGG 2 M 25 N.A. + - N.A. - - 61 
LGG 3 M 29 N.A. + - N.A. N.A. - 102 
LGG 4 M 36 N.A. + - N.A. - - 41 
LGG 5 F 57 N.A. + - N.A. - Co-deletion 1p/19q 39 
LGG 6 M 66 N.A. + - N.A. - N.A. 162 
LGG 7 M 73 N.A. IDH1 

R132
H 

Dubiou
s result 

N.A. ATRX mut N.A. 51 

LGG 8 F 61 N.A. + + N.A. ATRX mut - 144 
LGG 9 M 44 N.A. + - N.A. ATRX mut - 73 
LGG 
10 

M 32 N.A. + - N.A. ATRX mut N.A. 23 

LGG 
11 

M 28 N.A. + - N.A. ATRX mut N.A. 72 

LGG 
12 

F 59 N.A. + - N.A. N.A. Co-deletion 1p/19q 43 

LGG 
13 

M 51 N.A. - - N.A. - - 21 

LGG 
14 

M 44 N.A. + - N.A. N.A. - 30 

1 Abbreviations: mut, mutated; del, deletion; part del, partial deletion; ampl, amplification; (-), No mutations identified, negative; (+), positive; N.A., Not 
performed  
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Table A.2 3: Details of the 6 GBM patients and their tumours operated at the Department 
Neurosurgery of the University Medical Centre Ljubljana, Slovenia, used for ELISA, 
cathepsin X activity assessment and immunofluorescence staining. 

Patient Gender 
Age 

(Years) 

MGMT 
promoter 

methylation 
Mutations 

Chromosomal 
abnormalities 

    IDH1 TP53 
EGFR 

mutation/ 
amplification 

 
Other 

 
 

GB1 M 47 no wt 
mut 

(P190L) 

mut 
(R108K) / 

ampl 

CDKN2A 
and 

CDKN2B 
del / 

pTERT 
(C228T) / 

MET, 
PIK3CA 
ampl / 
PTEN 
(I122F) 

10q del 

GB2 M 63 yes 
mut 

(R132H) 
mut 

(V157G) 
wt 

CDKN2A 
and 

CDKN2B 
del / ATRX 
(Y2083N) / 

PIK3R1  
(D464del) 

chromosome 7 
ampl 

GB3 M 76 yes wt wt ampl 

CDKN2A 
and 

CDKN2B 
del / PTEN 

(G132S), 
MDM4 

(K374G), 
PDGFRA 
(G79D) 

chromosome 7 
ampl / 10q, 

19q del 

GB4 M 79 yes wt 

Splice site 
mutation 

/ mut 
(P190L) 

ampl 

CDKN2A 
and 

CDKN2B 
del / PTEN 
(C136R), 
TERT 

(C250T) / 
MET, 

MYCN, 
PDGFRA 

ampl 

chromosome 7 
ampl / 10q del 
/ 1p part del 

GB5 M 64 no wt 
mut 

(C238Y) 
wt 

TERT 
(C228T) 

chromosome 7 
ampl / 10q del 

GB6 M 74 no wt 
mut 

(P190L) 
ampl 

CDKN2A 
and 

CDKN2B 
del / TERT 

(C228), 
ERBB3 
(G337Q) 

chromosome 7 
ampl / 10q, 

13q, 22q del / 
14q part del 

1 Abbreviations: mut, mutated; del, deletion; part del, partial deletion; ampl, amplification; 
wt, wild type. 
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Figure A.2 1: Expression and cell-specific localisation of cathepsin X in GB tissues and 
non-tumour brain tissue. Representative images of triple immunofluorescence staining of 
cathepsin X (green) and markers of (A) GSCs (SOX2 (red in GB; purple in NB ) and 
CD133 (grey in GB; Red in NB)), (B) macrophages (CD68 (red in GB; purple in NB)) and 
microglia (Iba1 (purple in GB; red in NB)), and (C) GB cells and astrocytes (GFAP (red)) 
and GSCs (SOX2 (grey in GB; purple in NB)) are shown. Cell nuclei were stained with 
Hoechst 33258 (blue). Scale bar: 50 µm. 
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