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 Abstract 

 

Glioblastoma (GBM) is the most aggressive cancer of the central nervous system (CNS). 

Surgical resection, adjuvant temozolomide-based chemotherapy and radiation are the primary 

treatments, yet the outcome of GBM patients remains poor with a median life expectancy of 

15 to 17 months. Therefore, novel and effective treatment options are required, as are reliable 

pre-clinical experimental models that are suitable for exploratory studies on novel drugs and 

drug combinations. 

 

In this work, patient-derived cell line models (PDCL), generated from fresh primary or recurrent 

glioblastoma tumours, have been examined to assess prevalence of responsiveness to a 

highly stable hexavalent format of TRAIL receptor agonist (IZI1551) and to the blood brain 

barrier (BBB)-permeant proteasome inhibitor marizomib (MRZ). Serum-free medium and 

limited cultivation times of both 2D and 3D cancer cell cultures were adopted to maintain the 

characteristics of primary tumour cells. The degree of BBB permeability of marizomib was 

evaluated in the human hCMEC/D3 cell line model, which was also employed to test the 

efficacy of the IZI1551+MRZ combination in pre-clinical settings. 

It was found that IZI1551 and marizomib acted synergistically to induce apoptosis in the 

majority of low-passage PDCLs, both under 2D and 3D cultivation conditions. Altering the 

relative timing of drug exposure, specifically marizomib pre-treatment, led to even enhanced 

responses and allowed to lower drug concentrations without losing treatment efficacy. 

Importantly, the amount of marizomib that can cross the simple BBB model was sufficient to 

confer sensitisation to IZI1551. In cases of treatment resistance against IZI1551 and 

marizomib, lowering the mitochondrial apoptosis threshold with BH3 mimetics appeared 

sufficient to restore apoptosis sensitivity.  

Taken together, these results demonstrated that marizomib is a potent sensitiser of apoptosis 

induced by a 2nd generation TRAIL receptor agonist in glioblastoma. The optimized synergism 

between marizomib and IZI1551 in time-shifted treatment schedules, together with the ability 

of marizomib to cross the BBB, suggests this combination as a promising strategy to be tested 

in clinical settings. 

 

In the second part of this work, an alternative cell death pathway, namely ferroptosis, has been 

investigated as a strategy to bypass the obstacle of the apoptosis refractory state of highly 

resistant cancers such as glioblastoma.  
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Ferroptosis is a recently identified form of iron-dependent regulated cell death that presents 

distinct features compared to apoptosis and that is characterised by the accumulation of toxic 

lipid peroxides. 

Here it was shown that the U-87 MG, a bona-fide glioblastoma cell line that was reported to be 

TRAIL resistant, displays a dose-dependent cell death response to the ferroptosis inducer 

RSL3. Surprisingly, it was found that BH3 mimetics antagonised this cytotoxicity. The 

unexpected consequences of combining these agents highlight the need to better understand 

the interactions between these drugs in order to advance their use as cancer therapeutics. 

 

Overall, this thesis presents diverse treatment options against glioblastoma that exploit either 

drugs classically inducing apoptosis or the alternative cell death modality of ferroptosis. 

Considering the limited availability of approved treatments, studies aiming at expanding the 

choice of glioblastoma therapeutics, such as those conducted in this work, are of particular 

importance and pave the way for their implementation at a clinical and pre-clinical level.
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 Zusammenfassung 

 

Das Glioblastom (GBM) ist die aggressivste Krebsart des zentralen Nervensystems und 

chirurgische Resektion, adjuvante Chemotherapie auf Temozolomid-Basis sowie Bestrahlung 

sind die primären Behandlungsmethoden. Leider ist die Prognose von Glioblastom-Patienten, 

mit einem durchschnittlichen medianen Überleben von 15 bis 17 Monaten, trotzdem nach wie 

vor sehr schlecht. Deshalb ist es von größter Wichtigkeit, bessere Behandlungsmöglichkeiten 

in Form neuer Medikamente oder Medikamentenkombinationen zu erforschen. Um eine gute 

Übertragbarkeit der in vitro gewonnenen Erkenntnisse zu gewährleisten, ist es außerdem 

unerlässlich mit zuverlässigen vorklinischen Versuchsmodellen zu arbeiten. 

 

In dieser Studie wurden deshalb Zelllinien verwendet, die aus frischen primären oder 

rezidivierenden Tumoren von Glioblastom-Patienten stammten. An diesem Modell wurde dann 

die Wirksamkeit einer Kombinationstherapie aus einem neuartigen hexavalenten TRAIL-

Rezeptor Agonisten (IZI1551) und einem, für die Blut-Hirn-Schranke (BHS) durchlässigen 

Proteasom-Inhibitor, marizomib (MRZ), getestet. Um die Eigenschaften der primären 

Tumorzellen zu erhalten, wurde hierbei sowohl für 2D- als auch für 3D-Zellkulturen serumfreies 

Medium eingesetzt und relativ kurze Kultivierungszeiten eingehalten. Die Fähigkeit von 

marizomib die BHS zu passieren, wurde außerdem in einem Modell aus menschlichen 

hCMEC/D3-Zellen verifiziert. Dieses Modell wurde im Anschluss auch dazu verwendet, die 

Kombinationstherapie aus IZI1551 und marizomib weiterführend zu untersuchen. 

Es zeigte sich, dass IZI1551 in Kombination mit marizomib, sowohl unter 2D- als auch unter 

3D-Kultivierungsbedingungen, synergistisch Apoptose in der Mehrzahl der untersuchten, 

kurzzeitig-kultivierten Glioblastom Zelllinien auslöste. Die Änderung des relativen Zeitpunkts 

der Medikamentenexposition, genauer gesagt die Vorbehandlung mit marizomib, führte zu 

einer noch stärkeren Sensitivierung und ermöglichte es, insgesamt niedrigere 

Medikamentenkonzentrationen zu verwenden ohne dass dies die Wirksamkeit der 

Kombinationsbehandlung beeinträchtigte. Dabei hervorzuheben ist, dass die Menge an 

marizomib, die die BHS im Modellversuch überwinden konnte, ausreichte, um die Krebszellen 

gegenüber IZI1551-induzierter Apoptose zu sensitiveren. In den wenigen Glioblastom-

Zelllinien, die sich als resistent gegenüber der Kombinationstherapie herausstellten, konnte 

durch eine Behandlung mit BH3 Mimetika, kleiner Moleküle die zu einer schnelleren 

Permeabilisierung der Mitochondrien führen, eine Resensitivierung der Krebszellen erreicht 

werden. 
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Zusammenfassend lässt sich sagen, dass marizomib ein potenter Sensibilisator für die durch 

TRAIL-Rezeptor-Agonisten ausgelöste Apoptose in Glioblastom ist. Der optimierte 

zytotoxische Effekt von marizomib und IZI1551 in zeitlich versetzten Behandlungsschemata 

sowie die Fähigkeit von marizomib, die BHS zu überwinden, lässt diese Kombinationstherapie 

sehr vielversprechend für Untersuchungen in der klinischen Praxis erscheinen. 

 

Im zweiten Teil dieser Arbeit wurde untersucht, ob in Apoptose-resistenten Glioblastom-

Zelllinien ein alternativer Zelltodweg, nämlich Ferroptose, ausgelöst werden kann. Ferroptose 

ist eine erst kürzlich identifizierte Form eines eisenabhängigen regulierten Zelltods, die sich 

von Apoptose unterscheidet und durch die Anhäufung toxischer Lipidperoxide gekennzeichnet 

ist. 

Es konnte hierbei gezeigt werden, dass der Ferroptose-auslösende Stoff RSL3 zytotoxisch auf 

eine klassische, TRAIL-resistente Glioblastom-Zelllinie, U-87 MG, wirkte. 

Überraschenderweise wurde des Weiteren festgestellt, dass BH3-Mimetika diese Zytotoxizität 

antagonisieren. Die unerwarteten Folgen der Kombination dieser Wirkstoffe machen deutlich, 

dass es notwendig ist, Wechselwirkungen zwischen diesen Medikamenten besser zu 

verstehen, um ihren Einsatz als Krebstherapeutika voran zu treiben.   

 

Insgesamt werden in dieser Arbeit verschiedene Behandlungsmöglichkeiten gegen 

Glioblastom vorgestellt, welche entweder klassisch Apoptose, oder den erst kürzlich 

beschriebenen Zelltodweg, Ferroptose, in den Krebszellen auslösen. In Anbetracht der 

begrenzten Verfügbarkeit zugelassener Behandlungen sind Studien wie diese, die darauf 

abzielen, die Auswahl an Glioblastom-Therapeutika zu erweitern, von höchster Wichtigkeit da 

sie den Weg für die Untersuchung dieser Medikamente in klinischen Studien ebnen. 
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1. Glioblastoma (GBM) 

1.1 GBM epidemiology and classification 

Glioblastoma is the most common form of primary malignancy of the central nervous system 

(CNS) in adults. It was described in 1863 by the German pathologist Dr. Rudolf Virchow 1, who 

identified it as is a form of glioma. Gliomas are tumours arising from glial or precursor cells and 

comprise astrocytomas - with glioblastoma being one of them -, oligodendrogliomas, 

ependymomas, oligoastrocytoma and a few other rare histologies. Although considered a rare 

tumour, with an incidence rate of less than 5 cases per 100,000 people, glioblastoma accounts 

for 14.5% of all brain and CNS tumours and for 48.6% of the malignant ones. According to 

recent statistics of the central brain tumour registry of the United States (CBTRUS; data for 

2014-2018) it affects men more than women, the median age at diagnosis being 65 and the 

five-years survival rate being of approximately 6.8% depending on patients’ characteristics and 

tumour histology 2.  

Glioblastoma is mostly found in cerebral hemispheres, especially in the frontal and temporal 

lobes, while only a few percent occurs in the cerebellum, brainstem and spinal cord 3. Its 

infiltrative properties are long known and difficulties in identifying a discrete border zone 

between the tumour and the normal brain parenchyma were already reported in 1928 4. 

Depending on the functional role of the area of the brain affected, clinical presentations include 

persistent weakness, numbness, loss of vision or alteration of the language. Headache is a 

very common initial symptom while seizure only occurs in approximately 25% of patients 5. 

The aetiology of this tumour type is still obscure. Only 20% of glioblastoma patients have a 

family history of cancer and susceptibility genes have not been clearly identified yet 6. 

However, some familial cases have been found to be associated with rare genetic syndromes 

like Li-Fraumeni syndrome and neurofibromatosis of types 1 and 2 7. Among all the risk factors 

analysed, only high doses of ionizing radiation have been confirmed as such, while no 

association was ever proved with lifestyles that include alcohol or drug consumption, cigarettes 

smoking or specific diets 8,9.  

The term glioblastoma was used for the first time in 1927 by the neuropathologist Dr. 

Percival Bailey and the neurosurgeon Dr. Harvey Cushing, who have provided the first 

systematic classification and histological description of gliomas  10. Since then, several updates 

on more appropriate classification and nomenclature systems followed. Most recently, in 2021, 

the world health organisation (WHO) revised the classification of CNS tumours (WHO CNS5) 

by including molecular parameters in addition to histological features for the definition of 
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diagnostic categories and a grading system 11. Of note, the nomenclature was already revised 

in the fourth edition of the WHO Classification of Tumours of the Central Nervous System and 

the term “multiforme” was abolished, even though the abbreviation “GBM” is still widely used 

and will also be utilized in this thesis 12. Based on the WHO CNS5 classification, a mutated 

IDH gene now separates astrocytomas (specifically astrocytoma, IDH-mutant of CNS WHO 

grade 4) from glioblastomas.  IDH1 is a protein found in the cytoplasm, peroxisomes and 

endoplasmic reticulum and its function is to catalyse the oxidative decarboxylation of isocitrate 

to α-ketoglutarate. IDH2 has a function similar to IDH1, but it is found in the mitochondria. In 

contrast to IDH mutated astrocytoma, glioblastomas are defined as an adult-type of diffuse 

astrocytic tumours displaying a wild-type status of the IDH gene (Glioblastoma, IDH-wildtype) 

and assigned to CNS WHO grade 4. More precisely, in the setting of an IDH-wildtype diffuse 

and astrocytic glioma in adults, a glioblastoma is diagnosed if microvascular proliferation or 

necrosis, TERT promoter mutation, EGFR gene amplification or a combined gain of the entire 

chromosome 7 and loss of the entire chromosome 10 [+7/−10] is observed. 

1.2 The challenges of GBM treatment 

The treatment of glioblastoma patients is extremely challenging. The difficulties in finding an 

effective therapy are mainly due to four reasons: its invasive properties, its heterogeneity, its 

rapid development of resistance to radio-chemotherapy, and the presence of the blood-brain 

barrier (BBB), which most drugs cannot cross. 

Glioblastoma cells have the ability to infiltrate into normal brain tissue, penetrating the brain 

parenchyma and the perivascular space by degrading the extra cellular matrix (ECM). Due to 

their aggressive migrative behaviour, glioblastoma cells escape the complete surgical 

resection and therefore, the tumour usually re-occurs within a few centimetres from its original 

location 13,14. Numerous studies have been conducted on glioblastoma invasiveness, trying to 

clarify patterns and directionalities as well as the mechanisms responsible for the invasive 

behaviour. For example, it was found that while certain brain regions are more frequently 

invaded by glioblastoma cells, others such as the hippocampus are normally spared 15. The 

processes that allow glioblastoma cells to invade the surrounding tissue have been extensively 

studied and are reviewed elsewhere 16. In general, they comprise peculiar cell-to-cell and cell-

to-ECM adhesion mechanisms, ECM and cytoskeletal remodelling and epithelial-

mesenchymal transition (EMT). Unfortunately, possibly due to the complex networks of the 

signalling pathways involved, this knowledge could not yet be translated into efficient 

therapeutic strategies in the clinic.  
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Tumour heterogeneity encompasses both inter-tumour heterogeneity, which refers to the 

distinct genetic alterations and differing tumour architectures found among different patients, 

and intra-tumour heterogeneity, which refers to the diversity of cell-to-cell and tissue contexture 

within an individual tumour. Genome wide transcriptome analyses of high-grade gliomas has 

led to the classification of three subtypes that could be prognostically relevant 17–19. These are 

referred to as proneural (PN), classic (Class), and mesenchymal (Mes) subtypes. An additional 

subtype, the so-called neural (Neu) subtype, has been removed from the classification as it 

could be traced by normal neural lineage contamination 20–22. Treatment outcomes among 

individuals of the same tumour subtype are not homogeneous, likely due to the 

abovementioned heterogeneities. One caveat of the subtyping process is that classification 

must be based on the analysis of a specific site of the tumour from which a biopsy is taken. 

However, biopsies from different regions of the tumour of a patient can result in the assignment 

to a different molecular subtype 23,24. Moreover, single-cell RNA analysis has shown that a 

patient tumours can comprise cells of all these three subtypes 25,26. Recent spatial analyses of 

tumour heterogeneity revealed that the peripheral (vascular) portion of the tumour core 

preferentially expresses the proneural genes while the central core portion (hypoxic region) 

more frequently consists of cells that can be assigned to the mesenchymal subtype 27. A more 

detailed description of the features of distinct regions of a glioblastoma tumor can be found in 

the anatomical atlas that was compiled in 2018 by Puchalski and colleagues, who integrated 

mutation and gene expression data obtained from morphologically distinct parts of the tumour 

28. Due to the pronounced intra-tumour heterogeneity, it is understandable that among the 

different sub-populations that coexist within a tumour some are spared from the treatment and 

can cause relapse. Hence, this adds another level of complexity to prognostication but at the 

same time exemplifies why interest in and understanding of intra-tumour heterogeneity 

continues to increase 29. In an effort to categorize this complexity, interesting work has been 

conducted by N. Bergmann and colleagues 30. Based on the immunoreactivity to nine relevant 

markers (AlDH1; CA-IX; EGFR; GFAP; MAP2; Mib1; Nestin; NeuN; Vimentin), they found that 

the different areas of a glioblastoma tumour could be clustered into five pathophysiological 

groups that reoccur throughout the tumour mass. Interestingly, the characteristic marker profile 

of these groups resembles that of the abovementioned glioblastoma subtypes (PN; Class and 

Mes), thereby offering means to bridge the divide between intra-tumour and inter-tumour 

heterogeneity classifications. Importantly, as the five groups do not exclude each other but 

rather co-exist in diverse regions of the same tumour, it needs to be noted that glioblastoma 

subtyping without spatial contexture can inappropriately homogenize the intra-tumour 

heterogeneity and will be dominated by tumour regions that are quantitatively predominant in 

the respective biopsies. 
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A common assumption was that the source of tumour heterogeneity could be ascribed to a 

population of cells referred to as cancer stem cells (CSCs), which thus became targets for the 

development of therapeutic strategies 31,32. Glioma stem-like cells (GSCs) owe their name to 

the similarities with normal neural stem cells (NSCs) in terms of self-renewal properties, ability 

of differentiate into different cell types, expression of neurogenic markers like CD133, CD15 

and Nestin and also transcriptional stemness factors including Sox2, Olig2, Nanog, and c-Myc 

33–37. By employing single-cell transcriptomics, A. Bhaduri and colleagues showed the 

existence of heterogeneous GSCs subtypes that coexist within a single tumour and among 

them they identified the outer radial glia (oRG) cells as an invasive population with a behaviour 

that is typically only observed during human development. Together with the presumed 

reactivation of developmental programs in these cells, they concluded that heterogeneous 

GSCs may be responsible for the aggressive invasive properties of glioblastoma 38. However, 

as reviewed by J.N. Rich, both the definition of cancer stem cell itself and also how they give 

rise to tumour heterogeneity are still matters of debate 39. The emergence of the concept of 

cellular plasticity implies a dynamic equilibrium between GSCs and differentiated non-GSCs, 

with a potential for non-GSCs to revert (dedifferentiate) to GSCs 40–42. For example, it has been 

reported that conditions like hypoxia- or radiation-induced stress can promote dedifferentiation 

into a stem-like cell state 43–45. That is why recent studies warn against the exclusive targeting 

of stem-like cell subpopulations, as these need to be considered “moving targets” with a state 

that adapts to changing microenvironments 46. Instead, efforts are underway to better 

understand the plasticity of tumour cells and the mechanisms that influence their state 

transitions 47. The process of these transitions, rather than aiming at the so-called stem cells, 

might indeed be promising targets for designing improved treatments to prevent tumour re-

occurrence and repopulation.  

Another feature that complicates the treatment of glioblastoma is the presence of the BBB. 

The BBB is a blood-to-brain interface that mechanically and biochemically segregates the brain 

from the parenchyma, strictly controlling the passage of substances in and out of the CNS. 

This physical separation is achieved by special brain capillary endothelial cells which do not 

have fenestrae and form a tight barrier that most polar, water-soluble molecules bigger than 

450 Da cannot cross 48. As such, the BBB also protects the CNS from harmful compounds or 

infections. Of note, the BBB endothelial cells express proteins of the ATP-binding cassette 

(ABC) superfamily that hydrolyse ATP to actively pump out substances against their 

concentration gradient. These integral membrane transporters can recognise a wide variety of 

substrates and thanks to such low specificity they carry out a crucial function in protecting the 

brain from diverse toxins. Unfortunately, since this can also impair the passage of therapeutics, 

ABC transporters can contribute to establishing drug resistance 49–51. In fact, ABC transporters 

at the BBB, but also in tumour cells, are often highly expressed and enhance the multidrug 
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resistance of glioblastoma 52–54. For example, P-glycoproteins (P-gp), that are encoded by the 

ABCB1 (or MDR1) gene, typically recognise hydrophobic substrates, including traditional 

drugs used for the treatment of glioblastoma such as the alkylating agent carmustine and the 

standard of care temozolomide (TMZ) 55,56. Many chemotherapeutics are also recognized by 

the breast-cancer resistance protein (BCRP), which is encoded by the ABCG2 gene. 

Interestingly, BCRP shares some substrate specificity with P-gp and with the multidrug 

resistance protein 1 (MRP1/ABCC1), a redundancy that has probably evolved to ensure 

protection also in case of mutations in any of these proteins 57,58. In summary, these 

transporters play a crucial role in preventing therapeutics from reaching the brain and the target 

sites of the tumour.   

1.3 GBM treatment options 

GBM patients are notoriously difficult to treat and progress towards novel and improved 

treatment options is slow. Currently, the standard of care is still based on the Stupp protocol 

which more than fifteen years ago proved that the addition of concomitant and adjuvant TMZ 

to fractionated focal irradiation of 60 Gy improves overall survival from 12.1 to 14.6 months 

compared to radiotherapy alone 59.  TMZ exerts its cytotoxicity by transporting a methyl group 

that attaches to guanines at their O6 position during the process of DNA replication. By this, an 

O6-methylguanine (O6-MG) is formed which then pairs with a thymine base nucleotide instead 

of a cytosine. Such a mismatched base pairing provokes DNA breaks, with consequent cell 

cycle arrest at the G2/M transition of the cell cycle, followed by apoptotic cell death. 

Radiochemotherapy with TMZ, followed by six cycles of adjuvant TMZ and preceded by 

maximal safe surgery, is nowadays still the first line treatment for glioblastoma. Unfortunately, 

the survival benefit provided by TMZ is very modest and many patients do not respond at all 

to such treatment. Innate or acquired resistance to TMZ has been investigated 

comprehensively 60. A follow-up report on the Stupp protocol study and also the more recent 

DIRECTOR trial on recurrent glioblastoma identified the methylation status of the promoter of 

the O6-methylguanine-DNA methyltransferase (MGMT) gene as a positive prognostic marker 

of TMZ responsiveness 61,62. MGMT is a DNA repair enzyme that removes alkyl and methyl 

adducts formed at the O6 position of guanines, therefore antagonising the lethal effects of 

alkylating agents like TMZ. MGMT protein expression is under epigenetic control, meaning that 

the methylation of its promoter results in the silencing of the gene. As it was found that MGMT 

promoter methylation correlates with improved progression-free and overall survival in patients 

treated with alkylating agents, several studies have focused on trying to modulate the 
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expression of this enzyme 63,64. Interestingly, the methylation status of MGMT changes 

throughout the progression of the tumour, and can be affected by TMZ treatment itself 65,66. In 

particular, it has been shown that tumours with an initial methylation of the MGMT promoter 

frequently reoccur with a decreased methylation if treated with TMZ 67,68. 

The resistance to TMZ, together with the practical infeasibility of surgically removing the entire 

tumour mass, inevitably leads to relapse. Although the treatment of recurrent glioblastomas is 

not standardised, a follow up surgery (when feasible) and/or radiotherapy (rare) represent the 

approaches most commonly applied. The second line chemotherapy consists of either 

nitrosourea-based regimens, like lomustine (CCNU) alone, or the combination of lomustine 

plus alkylating agents (like TMZ) plus bevacizumab, or bevacizumab alone 69–72. The use of 

lomustine in the treatment of recurrent glioblastoma provides a median overall survival of 8 to 

9 months and a median progression-free survival of almost 3 months 72,73. 

Bevacizumab (brand name Avastin®) is a recombinant humanized anti-vascular endothelial 

growth factor (VEGF) monoclonal antibody. By binding to circulating VEGFs, it inhibits their 

recognition by the respective cell surface receptors, therefore reducing the growth of blood 

vessels 74,75.  Bevacizumab was first studied for the treatment of metastatic colorectal cancer 

and in 2006 received the approval of the American food and drug administration (FDA) 76. 

Later, its use against glioblastoma has been evaluated in several clinical trials, both for 

recurrent cases and as a first line treatment, but with no reported improvement in the overall 

survival of patients 77,78. It was hypothesized that the limited efficacy of bevacizumab, as well 

as that of other monoclonal antibodies like the EGFR inhibitor cetuximab, might be due to their 

size and therefore difficulty in penetrating the BBB 79. 

Several studies have focused on common mutations in glioblastoma and the possibility to 

devise associated treatment regimens. For example, tyrosine kinase receptor pathways are 

among the most frequently mutated pathways in glioblastoma and strategies to target them 

with the small multi-kinase inhibitor Regorafenib are now being evaluated in the AGILE and 

Regoma studies (NCT03970447 and NCT02926222), with promising initial results 80. In the 

human genome, genes for three neurotrophic tyrosine receptor kinases (NTRK) can be found, 

and in cancer cells these can appear as fusion genes that lead to constitutively active TRKs 

that drive tumour cells proliferation 81. NTRK inhibitors targeting NTRK fusion-positive cancers 

are now under study in glioblastoma 82. 

Glioblastoma displays an overall strong resistance to conventional therapies. Hence, additional 

strategies to eradicate this tumour are under development. For example, oncolytic virotherapy 

is an approach that prospectively could provide advances to glioblastoma disease 

management and therapy 83. Oncolytic viruses (OVs) can destroy the tumour cells in which 

they are hosted (oncolysis), and the consequent release of tumour antigens stimulates the 

immune system. The possibility of modifying OV genomes allows arming them with cell suicide 
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genes 84. Since Martuza’s group in 1991 have engineered the first virus for oncolytic purposes, 

oncolytic virotherapy has further been explored 85. Apart from Herpes simplex, many other 

viruses have been trialled and this led, in 2015, to the first FDA-approved oncolytic virus for 

the treatment of melanoma 86,87. In glioblastoma, viruses from ten different families have been 

tested, some with very promising results 88. For example, PVS-RIPO is an engineered variant 

of the poliovirus type 1 vaccine whose internal ribosomal entry site (IRES) has been replaced 

with that of the human rhinovirus type 2 in order to reduce its neuro-toxicity. The entry site of 

the virus is the cell receptor CD155/NecI5 which, by being upregulated in glioblastoma cells, 

provides the necessary tumour specificity and safety profile that allows the use of a poliovirus 

as a therapeutic agent 89,90. This recombinant non-pathogenic polio-rhinovirus chimera proved 

to be very effective in early stages of clinical trials, with 20% of patients still being alive three 

years after initiating the treatment 91. 

Among the approved treatments against glioblastoma, it is also relevant to mention the Tumour 

Treating Fields (TTFields). This treatment modality consists of the delivery of low intensity (< 

3 V/cm) and medium frequency (200 KHz) electric fields that alter spindle formation and 

subsequently lead to mitotic arrest or cell division delay 92. The first FDA-approved TTF device 

was the NovoTTF-100A (Optune®), pioneered by the company Novocure. Clinical studies have 

shown that the addition of TTF to TMZ increased patients’ overall survival compared to 

chemotherapy alone, paving the way for more studies on this technology 93–95. 

As mentioned before, the difficulties in treating glioblastoma are also due to the presence of 

the BBB, a physical and biochemical obstacle to the delivery of drugs to the brain. Considering 

that the first line treatment of basically every glioblastoma patient involves a surgery, 

implantable polymers can be placed in the tumor cavity at this stage. In particular, implants 

loaded with the chemotherapeutic carmustine have been developed and are available as 

Gliadel® Wafer. These wafers have been clinically tested, also in combination with TMZ, and 

already received FDA approval 96–98. Nevertheless, modalities to improve drug delivery to the 

brain represent a growing area of research, with hydrogel and nanocarrier technologies being 

optimised in the last years for their use against glioblastoma 99. 

Finally, it is important to mention that non-invasive ways of temporarily opening the BBB to 

allow drug penetrance are also under investigation. In particular, the BBB can be disrupted in 

a controlled manner by using focused ultrasounds. The safety of this technology has started 

to be assessed in both mice and humans and ultrasound delivering devices, like the 

SonoCloud by CarThera, are currently under clinical evaluation (NCT02253212) 100,101. 

The above list of therapeutic options does not claim to be exhaustive, but serves to highlight 

the scarcity of approved therapies for glioblastoma and, thus, the urgent need to find new 

effective therapies. 
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2. GBM in vitro tumour models 

One of the reasons for the limited success of many drug candidates entering clinical trials is 

the poor correlation between their efficacy in in vitro tumour models and in in vivo scenarios. 

The cell culture methods currently in use fail to account for all the factors that are responsible 

for the complexity of glioblastoma. Hence, depending on the biological question to address, all 

the available experimental models should be examined to select for the most suitable ones. 

With regards to the pre-clinical in vitro models, multiple options are available. First, the cells to 

utilise can be either immortalised cell lines or patient-derived cell lines (PDCLs). Then, culturing 

conditions have to be selected. These include the choice of medium composition and the age 

of the culture that, for primary cells, should be limited by a defined number of cell passages. 

Additionally, depending on the cell-to-cell and cell-to-ECM interactions that are relevant to 

reproduce, plastic cultureware can be appropriately pre-treated and the cells can either be 

cultivated as monolayers or as 3D spheroids. 

The following paragraphs provide an overview of the experimental in vitro models that are 

available for glioblastoma research, with a focus on those adopted in this thesis.  

2.1 Immortalized cell lines 

Traditionally, cell-based studies on glioblastoma have been performed on immortalised cell 

lines, most commonly U-87 MG; U-251 MG; LN-229 and A172. Such widely used cell lines 

have been developed from patient tumours often decades ago, sometimes also by artificially 

manipulating the cells such that they would proliferate indefinitely. The advantage of these 

well-characterised cell lines is that they constitute a simple system comprising one single cell 

type that can be maintained easily in serum-containing medium. This supports experimental 

replicability and reproducibility, and also comparative studies between multiple international 

laboratories. Commercially available cell lines are a continuous source of cell material, 

therefore allowing large scale studies such as drug screens. Moreover, the content of so-called 

GSCs can be increased in such cells lines, for example when culturing these as spheroids, 

thereby allowing studies on stem-like subpopulations 102. Unfortunately, established cell lines 

come with drawbacks. First, as they have been established a long time ago, back tracing and 

authentication of such cell lines sometimes is difficult. Genetic analyses of the cell line U-87 

MG revealed, for example, that although it is considered to be a bona fide human glioblastoma 

cell line, its actual origin is uncertain 103. While established in 1966 at Uppsala University in 
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Sweden from what was thought to be the glioblastoma of a 44-year-old woman, fifty years later 

it is available in the American Type Culture Collection (ATCC) as an authenticated cell line 

derived from a male patient 104. Another important limitation is that such cell lines have been 

passaged in vitro uncountable times. As such, they have been selected over time for those 

with the highest proliferation rate, and at the expense of the genetic heterogeneity that is a 

hallmark of glioblastoma and that might have been present in the original isolates. Moreover, 

successive and prolonged passaging can lead to genetic drift, which may result in alterations 

in both the genotype and phenotype of these cells, thereby broadening the gap between the 

cell line model and the actual in vivo tumour 105,106. Nevertheless, established glioblastoma cell 

lines can be considered as a convenient model for a fast screening of drug candidates and for 

obtaining preliminary results. However, these would need further validations in other study 

systems.  

2.2 Patient derived cells 

The use of primary early passage cells obtained from fresh tumour samples is becoming more 

common and begins to replace the use of traditional cell lines. Such cell materials are often 

referred to as patient-derived cell lines (PDCLs), even though obviously also traditional cell 

lines are derived from patient materials. To obtain PDCLs, fresh biopsies are processed within 

2-3 h post-resection based on protocols that preserve the characteristics of the original tumour 

107,108. PDCLs are now considered state-of-the-art preclinical models for glioblastoma studies, 

as they have been found to maintain the gene expression profiles present in the parental 

tumour 109,110. However, depending on the conditions adopted for their subsequent culturing, 

the behaviour of these cells and, most importantly, the fraction of GSCs within the culture, can 

vary broadly 111. One major issue arises from the use of serum-supplemented media, which 

reduces the relative proportion of GSC subpopulations and appears to induce their 

differentiation into more committed cells 112,113. This can be avoided by culturing PDCLs in the 

absence of serum and, instead, in the presence of defined supplements. The most commonly 

used medium for this purpose is Dulbecco's Modified Eagle Medium (DMEM) in 1:1 ratio with 

Nutrient Mixture F-12, that contains high concentrations of D-glucose (3151mg/L), amino 

acids, vitamins and inorganic salts. The growth factors normally added to this medium 

comprise epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF), plus 

additional supplements such as N2 or B27, which contain lipid components that have been 

shown to promote the proliferation of glioblastoma cells 114. Compared to standard cell cultures, 

the maintenance of cells in serum-free, supplemented medium, has been shown to preserve 
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the genetic aberrations and gene expression profile of the tumour of origin 109,112. Nevertheless, 

besides the culturing medium, another crucial aspect for the maintenance of these cells is the 

life of the cultures. For a PDCL to be considered a reliable model of a glioblastoma tumour, its 

culture time should be limited to a maximum of about twenty passages. In fact, it has been 

reported that older cultures start to accumulate transcriptional changes that affect important 

signalling pathways like that of mTOR and Wnt 115.  

Glioblastoma PDCLs can be cultured either as monolayers (2D) or as spheroids (3D). 2D 

cultures are convenient as they allow an efficient propagation of the cells that are 

homogeneously exposed to the growth factors contained in the medium. Cells in 2D cultures 

exhibit a different morphology compared to those grown as 3D models and, therefore, drug 

sensitivities may differ between these conditions 116. However, this might not always be the 

case, so the requirement for 3D-cultured PDCLs as models for the screening of drug 

responsiveness in glioblastoma needs to be assessed on a case-by-case basis 117,118. 

The culture of PDCLs in 2D can be improved by treating the plastic of the culturing flasks with 

coating polymers that reduce the stiffness of the surfaces and allow cells to interact from 

multiple sides. Plastic indeed provides an unnaturally stiff environment to which cells react with 

an altered behaviour in terms of invasion properties and proliferation rates 119,120. To provide 

an environment that more closely resembles that of the tumour, hydrogels containing different 

ECM components have been developed. For example, Matrigel is a natural hydrogel derived 

from the ECM of mouse sarcoma tumours and it has been adapted for culturing glioblastoma 

cells. Matrigel, just like other ECM-derived hydrogels that have been developed, contains 

mostly laminin and collagen IV 121. This composition is well-suited to mimic the ECM of several 

tissues, but does not appropriately reflect that of the brain. Indeed, the brain ECM is richer in 

proteoglycans and glycoproteins, especially hyaluronic acid and heparan sulfate. On the other 

side, laminin is the main component of the wall of the blood vessels and GSCs are known to 

mostly reside in the perivascular niche 122. Therefore, the use of such coating polymers still 

provides a valid approximation of the brain environment and are surely preferable over plastic 

surfaces.  

Overall, the short-term cultivation of PDCLs in EGF and bFGF-supplemented serum-free 

medium and on ECM coatings represents the best and cheapest option to recapitulate the 

characteristics of the parental tumour. Moreover, PDCLs allow for the analysis of tumour cell 

diversity among individual patients, which is a step closer towards the study of inter-tumour 

heterogeneity. Considering that PDCLs can also grow as spheroids, 2D PDCL models can be 

complemented with 3D culture systems. This is described in the following paragraph together 

with the most advanced 3D culturing methods. 
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2.3 3D tumour models  

Bidimensional cultivation of cells, although an efficient way of expanding a culture, has the 

intrinsic drawback of oversimplifying the complex cell-to-cell interactions found in tumours 

123,124. In order to circumvent this problem, serum-free cultured glioblastoma PDCLs can be 

grown suspended in medium over non-adhesive substrates, such as ultra-low attachment 

plates or cultureware treated with anti-adherence rinsing solutions. GBM cells then form typical 

aggregates referred to as spheroids, or more specifically neurospheres (NS) or gliomaspheres. 

Spheroids kept under these conditions have been shown to maintain cellular subpopulations 

with stem-like properties125. Spheroids originate from the spontaneous aggregation of multiple 

single cells and can vary greatly in size and thus cell number, an aspect to be taken into 

account when analysing the differences or similarities in cellular responses between spheroids 

and between repeat experiments 126. If clonal identity between spheroid cells is required, 

limited dilution assays can be employed 127. These allow to grow spheres from individual 

starting cells and also provide an indication for the tumour initiating capacity of such cells 128. 

In a simplified view, cells that depend on cell-to-cell contacts for continued growth would be 

assumed to undergo anoikis, whereas GSCs would be expected to grow in suspension in 

serum-free medium and to form spheres. However, in conditions of low cell density paracrine 

signals are missing, cell growth can be very slow and can come at the cost of losing the cellular 

heterogeneity of the starting cultures or cell isolates. Nevertheless, PDCLs grown as 

spheres/spheroids are a cheap and relatively convenient model that, especially when used in 

combination with 2D PDCLs, represent a widely used standard employed in most of the 

laboratories for pre-clinical studies. 

More elaborated experimental models have been developed to overcome the limitations of 

neurospheres. For example, organotypic glioma spheroids are slice cultures directly derived 

from a biopsy that comprise several cell types and structures of the glioblastoma 

microenvironment like non-malignant cells, ECM and blood vessel structures. Because of 

these features, organotypic slice cultures are particularly suitable for studying migration and 

invasion properties of glioblastoma. Such spheroids not only reconstruct the tumour 

microenvironment, but they also appear to be genetically stable and could be used to test TMZ 

susceptibility 129,130. Unfortunately, as an ex-vivo system, slice cultures are cost and time 

consuming, individually unique and due to their nature as tissue samples do not lend 

themselves for repeat experiments or for well-controlled reference experimental systems.  

In order to study cell-to-cell as well as cell-to-matrix interactions in a 3D model, a variety of 

hydrogel-coated scaffolds have been developed with different biomaterials and coatings that 

try to mirror the brain ECM. The list ranges from the first Matrigel-coated polystyrene scaffolds 

to hyaluronic acid ones. Relatively cheap and easy to scale up for high-throughput 
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experiments, these scaffolds have already found several applications, such as drug response 

studies as well as proliferation and invasion experiments 116,131. However, the stiffness of the 

scaffold, that is known to influence cell behaviour, represents a limitation of these models. 

Additionally, throughout the cell passaging, an inevitable selection process takes place that 

favours those cells that attach more loosely to the matrix and that, therefore, are more easily 

retrieved, an effect that may bias invasiveness studies. 

A tumour is a dynamic entity that adapts to the changes of the microenvironment. 3D cultures 

instead, are far more static because the surrounding medium conditions remain largely stable. 

To better represent the variability of the tumour microenvironment, and therefore the variable 

conditions to which tumour cells are exposed, microfluidic systems like the “tumour-on-chip” 

have been developed. In such systems, cells are grown in hydrogel tubes filled with circulating 

media whose composition can be time-controlled in terms of nutrients and factors to be added. 

Also, brain-specific ECM components, like hyaluronic acid, can be included to create a more 

a realistic glioblastoma microenvironment. This technology has been applied for the long-term 

cultivation (>50 days) of glioblastoma tumour initiating cells (TICs), such that stem cell 

properties could be maintained. Cells can be pumped into alginate hydrogel tubes (AlgTubes) 

and continuously grown along them to form strands of spheres expressing GSC markers 132. 

Hence, this may represent an efficient and relatively cost-ineffective method for the mass 

production of TICs.  

A recently emerged platform for the study of glioblastoma development and its pathology is 

represented by brain organoids or “mini-brains”. Organoids are structures resembling a whole 

organ and are generated starting from stem cells that develop and differentiate in three-

dimensional systems. In 2013, M.A. Lancaster from the group of J.A. Knoblich, developed a 

protocol for deriving cerebral organoids from induced pluripotent stem cells (iPSCs), which 

were first cultured as embryoid bodies and then induced to differentiate towards the 

neuroectoderm. The cells, embedded in a Matrigel pellet, were cultured in a differentiation 

medium in the presence of EGF/FGF2 and then moved to a spinning bioreactor. These 

cerebral organoids developed different and interdependent brain regions such as the cerebral 

cortex, with progenitor cells that self-organised to originate mature cortical neurones 133,134. In 

2016, a pioneering work by C.G Hubert, applied this “mini-brain” model to glioblastoma in order 

to generate brain tumour organoids. These organoids grew for months and showed regional 

heterogeneity, with an outer region of quickly dividing cells that were positive for stemness 

marker such as SOX2, OLIG2, and TLX. Importantly, cells of this region were sensitive to 

radiotherapy, while senescent and quiescent cells of the hypoxic core were overall more radio-

resistant. Furthermore, a hypoxic gradient that spatially correlated with reduced SOX2 

expression could be observed within the organoid. Successful orthotopic implantation into 

mouse brains demonstrated the tumourigenic capacity of this model. This work showed that 
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brain tumour organoids can be employed to study tumour heterogeneity and drug sensitivity in 

a sophisticated model of the primary patient tumour, with a superior level of complexity 

compared to simple patient-derived sphere cultures 135. 

Recently, a biobank of patient-derived glioblastoma organoids, recapitulating the mutational 

profiles of the parental tumours, has been generated 136. This biobank can be interrogated to 

test personalised therapies by correlating the glioblastoma organoid mutational profiles with 

responses to certain drugs. Overall, compared to conventional cell cultures, tumour organoids 

better recapitulate the original tumour architecture and its microenvironmental gradients. 

Additionally, they preserve the cellular heterogeneity of the parental tumour and, for that, they 

represent a valid option for the pre-clinical research on glioblastoma.  

Due to the process of self-assembly, tumour organoids may have a variable cellular 

composition and structure. In order to gain a better control over both the cellular and the ECM 

components, 3D bio-printed models of glioblastoma tumours have been developed. This 

technology exploits novel biomaterials and recent advances of tissue engineering techniques 

to reconstruct 3D models that are based on clinical images of the tumour. These images are 

sliced into 2D sections such that a bioprinter can generate well-defined structures in all three 

dimensions. A variety of natural or synthetic biocompatible scaffolds that can reproduce the 

brain ECM are available, like hydrogels of chitosan-alginate and hyaluronic acid, or synthetic 

polymers like poly-lactide co-glycolide and polyethylene-glycol 137–139. The bio-printing can be 

performed using a so-called extrusion method, which consists of the continuous depositing, 

layer-by-layer, of filaments of biomaterial or of inkjet droplets released from a nozzle. 

Alternatively, photo-crosslinking can be used to induce the photopolymerization of the bioink 

to form 3D structures 140. Several cell types can be encapsulated into this bio-printed ECM, 

such that a “mini-brain” structure, replicating the tumour architecture and the interactions 

among different cell types, can be built. The choice of cellular components, biomaterial and 

bio-printing method depends on the biological issue that researchers want to address. For 

example, M.A. Heinrich and colleagues developed a brain model in which they first printed a 

scaffold that encapsulated mouse macrophages. These were placed such that a cavity was 

left empty for being filled with methacryloyl/gelatin bioink-embedded mouse glioblastoma cells. 

Finally, the whole construct was photo-crosslinked 141. In this 3D bio-printed mini-brain the 

location of the tumour allowed cellular cross-talk to occur similarly to that in an in vivo situation 

and, therefore, the model was used to study the interactions between cancer cells and 

macrophages. M.A Hermida and colleagues instead, used the extrusion method to established 

a model comprising glioblastoma cells and stromal cells co-printed in a matrix of alginate, 

hyaluronic acid and collagen-1 crosslinked with calcium 142. Although cost-effective and limited 

by the availability of suitable biomaterials that do not affect the normal tissue development, 
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3D-bioprinted models have the advantage of facilitating the study of the tumour 

microenvironment and its influence on the tumor cells. 

The experimental models described in this section have been developed in an effort to narrow 

the gap between in vitro and in vivo settings and all of them contributed to the understanding 

of different aspects of the glioblastoma biology. Depending on the scientific question that has 

to be addressed, the limitations and the advantages listed above should all be taken into 

account such that the most suitable model can be selected. Nevertheless, it has to be 

considered that reliable results are always those arising from comparative studies performed 

in more than a single model system. 
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3. Apoptosis 

Cell death, like cell proliferation, is a physiological process that is necessary for both tissue 

development and homeostasis 143. It occurs not only in multicellular organisms but, in simplified 

modalities, also in unicellular eukaryotes organised in colonies 144. According to the guidelines 

by the Nomenclature Committee on Cell Death (NCCD), cell death modalities can broadly be 

divided into regulated cell death (RCD) and accidental cell death (ACD) 145.  While ACD is an 

uncontrollable form of cell death that is due to a severe physical, chemical, or mechanical 

insult, RCD is a molecularly controlled cell suicide. RCD is induced in response to stress 

conditions or cell external cues. The first discovered and best characterised form of RCD is 

apoptosis 146. Apoptosis manifests with typical and unique morphological changes of the cell 

that include membrane blebbing, cell shrinkage, nuclear fragmentation, chromatin 

condensation, chromosomal DNA fragmentation and loss of adhesion to the ECM. Biochemical 

alterations include the activation of cysteine aspartyl proteases, named caspases, and the 

scramblase-mediated flipping of phosphatidylserine from the inner leaflet of the plasma 

membrane to the cell surface. The activation of caspases is the event ultimately leading to cell 

death, while the exposure of phosphatidylserine represents a phagocytosis signal for 

macrophages that remove dying cells 147. Depending on the origin of the activating stimulus, 

apoptosis initiation can follow the intrinsic (mitochondria-mediated) or the extrinsic (death 

receptor-mediated) pathway, with both routes eventually converging on the same execution 

phase. 

The extrinsic apoptosis pathway is activated by the binding of extracellular ligands to cell-

surface death receptors (DRs). Such DRs are type I transmembrane proteins that belong to 

the tumor necrosis factor (TNF) receptor superfamily, a group of almost thirty proteins involved 

in cell death as well as in cell survival, differentiation and also in immune functions 148. Most 

members of this superfamily are characterised, at their N-terminal, by the occurrence of a 

cysteine-rich extracellular domain while, at the C-terminus, a sixty amino acids-long 

cytoplasmic “death domain” (DD) is present  149. In the superfamily of TNF receptors, six 

members are counted as death receptors and they include: cluster of differentiation 95 

(CD95/Apo-1/Fas), TNF receptor 1 (TNFR1), TNF-related apoptosis-inducing ligand-receptor 

1 (TRAIL-R1/Apo-2/DR4), TNF-related apoptosis-inducing ligand-receptor 2 (TRAIL-R2/DR5), 

DR3 (TRAMP/Apo-3/WSL-1/LARD) and DR6 (TR7). The ligands of these receptors are: 

fibroblast associated surface antigen ligand (CD95L/FasL), TNF, TRAIL (Apo-2L) and TWEAK 

(DR3L/Apo-3L). The ligand of DR6 instead is not yet clearly defined 150. Based on the cell type 

and the DR signalosome composition, the binding of these ligands to their cognate receptors 
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can activate non-cytotoxic signalling pathways that regulate cell proliferation and 

differentiation, the production of chemokines, inflammatory responses and tumour-promoting 

activities 151. Additionally, in conditions where extrinsic apoptosis is blocked, an alternative cell 

death pathway named necroptosis can be initiated 152,153. Otherwise, the binding of DRs to their 

ligands leads to the activation of initiator caspases and apoptosis execution. 

The intrinsic pathway is activated by non-receptor-mediated stimuli that provoke an intrinsic 

cellular stress, like for example irradiations, viral infections, chemotherapeutics, reactive 

oxygen species (ROS) overload and others 154–157. In these cases, the key event is the 

permeabilization of the outer mitochondrial membrane (MOMP), which is governed by proteins 

of the Bcl-2 family. This results in the release of apoptogenic factors from the mitochondrial 

intermembrane space and in the subsequent activation of the apoptosis execution phase 158.  

3.1 TRAIL-mediated apoptosis signalling and its regulation 

TRAIL is a cytokine found as a soluble trimer or as a type II trans-membrane protein with an 

extra-cellular C-terminus. It is expressed on cells of the immune system like 

lipopolysaccharides (LPS)-activated monocytes and macrophages, IFN-α- or IFN-β-stimulated 

plasmacytoid dendritic cells (DCs), IFN-γ-stimulated natural killer (NK) cells and also on 

activated T-cells 159–163. 

Among the death ligands, TRAIL is of particular interest in cancer research as it was shown to 

preferentially induce apoptosis in transformed cells 164. TRAIL can bind to various DRs but it is 

only the engagement of two of them that induces apoptosis, namely TRAIL-R1 and -R2 (figure 

1). These two contain the necessary intracellular death domain (DD) required for apoptosis 

induction and thus are considered agonistic receptors. Importantly, while TRAIL-R1 can be 

activated by the binding of both soluble TRAIL and membrane-bound TRAIL, TRAIL-R2 

requires a high order of receptor clustering, which is more efficiently induced by the membrane-

bound ligand 165,166. TRAIL-R3 is glycosylphosphatidylinositol (GPI)-anchored protein that 

lacks an intracellular domain, while TRAIL-R4 contains only a truncated C-terminal cytoplasmic 

DD and therefore it cannot transmit an apoptotic signal. TRAIL-R3 and TRAIL-R4 are also 

referred to as antagonistic or decoy receptors, respectively DcR1 and DcR2. According to D. 

Mérino and co-workers, when TRAIL-R3 is overexpressed, it competes with TRAIL-R1 and 

TRAIL-R2 for ligand binding. Instead, TRAIL-R4 interacts with DR5 to form heteromeric and 

apoptosis-incompetent receptor complexes, besides preventing the co-recruitment of DR4 to 

these sites 167. 
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Although a captivating principle, the ratio of agonistic versus antagonistic receptors is 

insufficient to explain resistance mechanisms to TRAIL-receptor activation, probably due to 

complex regulation at the level of receptor signalling and downstream apoptosis signal 

transduction 168,169. It also has to be considered that receptor expression is regulated at a 

transcriptional level as well as post-translationally, with modifications modulating their 

functionality. In particular, O- or N- glycosylation of TRAIL-R2 and TRAIL-R1 respectively, 

affect apoptosis signalling in a positive or negative way depending on the specific cell type 170–

172. In general, it is believed that O-glycosylation of DR4 and DR5 and palmitoylation of DR4 

increase their membrane stability and prevents endocytosis, thus facilitating their ligand-

induced clustering 149,172,173. Another level of regulation is represented by the transport of the 

death receptors to the cell surface, a process that has been reported to be impaired in many 

cancer cells in which it indeed can confer TRAIL resistance 174,175.  

The last TRAIL receptor, and the one with the lowest affinity to TRAIL, is the secreted 

glycoprotein Osteoprotegerin (OPG) 176. Discovered for its central role in the regulation of bone 

turnover through the inhibition of osteoclastogenesis, the function of OPG in the TRAIL 

pathway, although not completely clarified, seems to be that of a decoy receptor 177,178. Some 

studies reported indeed that OPG binds to TRAIL and prevents its interaction with the 

functional death receptors, therefore indirectly promoting cell survival 179. 

 

Figure 1: TRAIL receptors 

All TRAIL-R contain N-terminal cysteine-rich domain (in green) for ligand binding. TRAIL-R1, TRAIL-R2 and the 

decoy receptor TRAIL-R4 are transmembrane proteins and indeed contain a transmembrane domain (in yellow). 

TRAIL-3 is bound to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor while Osteoprotegerin 

(OPG) is a soluble protein. TRAIL-R3 and OPG no not contain a death domain (DD) while TRAIL-R4 contains a 

truncated and non-functional DD (tDD). Only the DD of TRAIL-R1 and TRAIL-R2 (in orange) can transmit a 

signalling cascade. Note that TRAIL-R2 is expressed as a long and a short isoform (not depicted). Adapted from 

Beyer, K. et al., (2019) 180. 
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Binding of TRAIL to TRAIL-R1 or TRAIL-R2 induces receptor trimerization and clustering, 

which results in conformational changes of the cytoplasmic DD. This allows the homotypic 

interaction with the C-terminal cytosolic DD of the adaptor protein FAS-associated death 

domain (FADD). Once recruited, FADD can interact through its N-terminal death effector 

domain (DED) with the DED of procaspase-8 (or FLICE: FADD-like interleukin-1β-converting 

enzyme); procaspase-10 and cellular FLICE-like inhibitory protein (c-FLIP), forming the death 

inducing signalling complex (DISC) 181,182. 

According to the hierarchical model of the DISC formation, procaspase-8 is required for the 

recruitment of c-FLIP at the DISC. c-FLIP exists in different isoforms that exert diverse 

functions. The two short isoforms, c-FLIPS (short) and c-FLIPR (raji), completely lack the 

protease domain and inhibit caspase-8 activation at the DISC, likely by forming inactive 

heterodimers with procaspase-8 through homotypic interactions of the DED domains. The long 

isoform of the protein, c-FLIPL (long), contains an inactive protease domain and at low 

concentrations can contribute to caspase-8 activation. This is due to the formation of c-FLIPL- 

procaspase-8 heterodimers that stabilise the catalytic domain of the caspase. At higher 

concentrations instead, c-FLIPL inhibits apoptosis as it might interfere with the formation of the 

tertiary DISC structure required for efficient caspase-8 activation 183–185. 

When recruited to the DISC, procaspase-8 molecules form filaments that allow a close 

proximity-driven dimerization of their protease domain, with consequent auto-activation by 

proteolysis 182. The first auto-cleavage of procaspase-8 (p55/53) occurs at an aspartate residue 

and results in the generation of large intermediates (p43/41) that stabilize the formation of 

catalytically active caspase-8 heterodimers 186. A further proteolytic cleavage at another 

aspartate residue generates the activated caspase-8 heterotetramer consisting of two large 

(p18) and two small (p10) subunits 187. Active caspase-8 is released from the DISC into the 

cytosol and in type I cells, the robust caspase-8 activation directly and sufficiently activate the 

effector caspases-3 and -7 for the execution phase of apoptosis to proceed 188. Nevertheless, 

if the mitochondrial apoptosis pathway is not blocked by high expression of anti-apoptotic Bcl-

2 family proteins, type I cells preferentially route their signalling through mitochondrial 

amplification 189. 

The apoptosis execution phase depends on the cleavage of the effector procaspases-3 and 7 

to activated caspases, a reaction that is catalysed by initiator caspases 190. The pro-forms of 

effector caspases differ from that of initiator caspases as they are already pre-assembled as 

homodimers. Active effector caspases proteolytically activate caspase-activated DNase 

(CAD). This results in CAD-dependent DNA fragmentation, and effector caspases likewise 

degrade numerous other proteins, including cytoskeletal structures and the poly (ADP-ribose) 

polymerase (PARP), which plays a crucial role in DNA repair. Finally, the formation of apoptotic 

bodies and the expression of ligands recognized by receptors of phagocytic cells, that 
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eventually take up the cell fragments, conclude the clearance phase. During apoptosis, the 

cell membrane maintains its integrity, preventing the release of damage-associated molecular 

patterns (DAMPs), such that apoptosis occurs largely in absence of inflammatory responses 

191–194. 

In cells classified as type II, the amount of active caspase-8 generated at the DISC platform is 

not sufficient to activate effector caspases. Moreover, high levels of X-linked inhibitor of 

apoptosis protein (XIAP) can block caspase-3 activation via the type I signalling route. In such 

cases, a mitochondrial amplification loop that links the extrinsic with the intrinsic apoptosis 

pathway is required for the full activation of executioner caspases 188. The link is provided by 

the proteolytic activity of active caspase-8 that can cleave the protein BH3-interacting domain 

death agonist (BID) into truncated BID (tBID). BH3-only proteins like tBID can mediate the 

formation of pores in the outer mitochondrial membrane by interacting with B cell lymphoma-2 

(Bcl-2) associated X protein (BAX) and Bcl-2 antagonist/killer (BAK), or by alleviating their 

repression by anti-apoptotic Bcl-2 family members. While BAK already resides at the 

mitochondria, BAX is normally located in the cytosol and only due to this interaction it exposes 

its transmembrane domain for being inserted into the mitochondrial outer membrane 195,196. 

Once activated, BAK and BAX form homo-dimers that aggregate into larger homo-oligomers. 

The minimum oligomerisation required for BAX or BAK to robustly form pores and induce 

MOMP has not been fully clarified yet. In most scenarios, MOMP proceeds as an all-or-nothing 

event. However, if the stimulus is not robust enough to trigger apoptosis, MOMP can contribute 

to carcinogenesis or cancer progression. In such scenarios, only a minority of mitochondria 

undergo MOMP, followed by sublethal caspase activation and DNA damage, with the latter 

promoting cellular transformation 197,198. 

Besides BAK and BAX, also other proteins of the Bcl-2 family play a role in MOMP regulation. 

Among them are the anti-apoptotic Bcl-2, Bcl-xL (extra large) and myeloid cell leukemia-1 (Mcl-

1), that directly bind BAX and BAK to prevent pore formation. These anti-apoptotic proteins 

can be sequestered, and therefore their function blocked, by BH3-only proteins. These are 

pro-apoptotic proteins of the Bcl-2 family and include the aforementioned BID, antagonist of 

cell death (Bad), Bcl-2 interacting mediator of cell death (Bim), p53 upregulated modulator of 

apoptosis protein (Puma) and phorbol-12-myristate-13-acetate-induced protein 1, also known 

as Noxa 199. The balance between pro- and anti-apoptotic members of the Bcl-2 family dictates 

the fate of the cell 200,201. An overview of Bcl-2 proteins and their structural domains is 

represented in figure 2. 
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Figure 2: Proteins of the Bcl-2 family and their domains 

Bcl-2 family proteins represented with their relative size for comparison. Bcl-2 proteins bear one to four Bcl-2 

homology (BH) domains. The anti-apoptotic members have multiple BH3 domains and, apart from BFL-1/A1, they 

also contain a transmembrane (TM) domain to be anchored on cellular membranes such as the mitochondrial outer 

membrane, nuclear membrane and endoplasmic reticulum. Pro-apoptotic members include the group of the multi-

domain effector molecules, such as BAX, BAK and BOK. These have multiple BH domains and also TM domains 

that allow their localization to the outer mitochondrial membrane. The other group is represented by BH3-only 

proteins that only bear the BH3 domain. Not all the BH3-only proteins are represented in this scheme. Modified 

from Opferman, J. T. et al., (2016) 202. 

Following MOMP, cytochrome c translocates from the mitochondrial intermembrane space into 

the cytosol where it interacts with the cytosolic adaptor protein apoptotic protease-activating 

factor 1 (APAF-1). APAF-1 undergoes a (deoxy) adenosine triphosphate ((deoxy)ATP)-

dependent conformational change and it oligomerizes to form an heptameric complex known 

as the apoptosome 203,204. On this platform, the caspase recruitment domains (CARD) of APAF-

1 interacts with that of the initiator procaspase-9 205,206. On the apoptosome, both the 

interaction between pro-caspase-9 monomers and the proximity-induced homodimerization of 

pro-caspase-9 allow for caspase-9 activity to manifest. Caspase-9 then activates effector 

caspases-3 and -7 as long as it remains bound to the apoptosome 205,207.  

In a positive feed-back loop that amplifies apoptosis execution, active caspase-3 can cleave 

caspase-9. By doing so, it does not activate the initiator caspase but it removes the short 

peptide motif that allows its interaction with the E3 ubiquitin-protein ligase XIAP (X-linked IAP), 
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therefore alleviating the XIAP inhibition of caspase-9  208,209. In addition, caspase-3 can cleave 

and activate BID, thereby contributing to the robustness of the MOMP decision. Subsequent 

to BAX/BAK pore formation, caspase-3 additionally proteolytically inactivates mitochondrial 

respiration and thereby aggravate the bioenergetic crisis of cells running into apoptotic cell 

death  210. 

Smac/DIABLO (second mitochondria-derived activator of caspase/direct IAP-binding protein 

with low PI) is an additional protein released from mitochondria to promote caspase activation 

211. In particular, Smac binds as a homodimer to inhibitor of apoptosis proteins (IAPs), freeing 

bound caspases and also promoting the assembly of complexes that serve to activate 

upstream caspase-8 212. 

The IAP family comprises proteins with different domains. XIAP contains three baculovirus IAP 

repeats (BIR) through which it interacts and inactivates the caspases 3,7 and 9. It also has a 

ubiquitin-associate domain (UBA) and a really interesting new gene (RING) domain that can 

target proteins like caspase-3 and Smac for degradation via the ubiquitin system 213,214. 

cIAP1/2 similarly bear three BIR domains and a RING domain and they function in accelerating 

the degradation of caspase-3, 7 and 9 214. Therefore, the anti-apoptotic role of IAP proteins is 

exerted not only via caspases inhibition but also via the targeting of pro-apoptotic 

Smac/DIABLO molecule for proteasomal degradation. 

Smac exposes an IAP-binding motif (IBM) and it dimerises to bind an IAP molecule with its 

BIR domains. As the same BIR domain of IAP is also used to bind the small subunit of caspase-

9, this allows Smac to displace caspase-9 from XIAP 215,216. 

The complexity of the apoptosis pathway is represented as a simplified scheme in figure 3. 
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Figure 3: Simplified scheme of the apoptosis signalling pathways 

Apoptosis activation can proceed through the extrinsic or the intrinsic pathway. The extrinsic pathway is 

initiated via stimulation of surface death receptors such as CD95 or TRAIL-R. The binding of homotrimeric 

Apo2L/TRAIL ligand to DR4 and DR5 drives the clustering of the receptors into complexes of higher molecular 

weight. In particular, this results in the recruitment of the adaptor molecule FADD, procaspase-8, procaspase-10 

and c-FLIP proteins, all together forming the death-inducing signalling complex (DISC). The activation of 

procaspase-8 at the DISC is regulated by c-FLIP proteins. Active caspase-8 cleaves and activates effector caspase-

3 and caspase-7 but also the Bcl-2 family protein BID. The truncated form of BID (tBID) translocates to the 

mitochondrial outer membrane where it allows its permeabilization. This leads to the release of the pro-apoptotic 

protein cytochrome c, that is involved in the formation of a cytosolic complex named apoptosome, where 

procaspase-9 gets activated. Active caspase-9 then activates procaspases 3 and 7, eventually resulting in cell 

death. Other pro-apoptotic proteins are also released from the mitochondria, such as Smac/DIABLO (not depicted). 

The release of Smac augments apoptosis by antagonizing the inhibitory effect of XIAP on effector caspases (not 

depicted). In cells classified as type I, efficiently activated caspase-8 is sufficient to trigger the execution phase of 

the apoptosis pathway. In type II cells instead, this signalling is less strong and therefore BID cleavage is necessary 

for apoptosis to be executed. The intrinsic pathway can be activated by diverse intracellular stimuli, like DNA 

damage or growth factor withdrawal. The members of the Bc-2 family of proteins tightly control apoptosis at the 

mitochondria. Of note, CD95 or TRAIL can additionally initiate non-apoptotic pathways, such as those of NF-κB or 

MAPK, leading to cell survival. Adapted from Schleich, K. & Lavrik, I. N. (2013) 217. 
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3.2 Non-canonical TRAIL-mediated pathways 

Besides classical apoptosis induction, many reports showed that TRAIL can also trigger 

additional pathways such as receptor-interacting serine/threonine-protein kinase 1 (RIP-1)-

dependent apoptosis, necroptosis or even cell survival pathways.  

Although less strongly than TNF, TRAIL can promote the association of a cytosolic secondary 

signalling complex, called complex IIb, subsequent to the assembly of DISC. Complex IIb does 

not contain death receptors but RIP-1, TNF receptor-associated factor 2 (TRAF2) and the NF-

κB essential modulator (NEMO)/IKKγ. Additionally, this complex also comprises FADD and 

caspase-8 and leads to RIP-1-dependent apoptosis 218. In certain cell types, it was shown that 

the clustering of TRAIL receptors outside of lipid rafts was the event responsible for the TRAIL 

signalling through RIP-1 219. According to other reports instead, acidic pH conditions are 

associated with the occurrence of this RIP1-dependent apoptosis 220. Finally, reviews by M. 

Feoktistova and A. Degterev explained how a depletion of cIAP, that would otherwise mediate 

the proteasomal degradation of RIP-1 and drive pro-survival signalling, allows this type of cell 

death 221,222. 

Interestingly, in conditions of caspase-8 inactivation, RIP-1 becomes a key player of a TRAIL-

triggered, caspase-independent mode of cell death termed necroptosis 223. Identified in mice 

under conditions of FADD and caspase-8 ablation, necroptosis was then found to be prevented 

by co-ablation of RIP-1 or receptor-interacting serine/threonine-protein kinase 3 (RIP-3) 224,225. 

In necroptotic death, RIP-1 phyosphorylates and interacts with RIP-3 to form a complex termed 

necrosome (also complex IIc) 226. Intramolecular auto- and trans-phosphorylation of RIP-1/RIP-

3 promote the recruitment of the mixed lineage kinase domain-like protein (MLKL) that is then 

phosphorylated by RIP-3. Phosphorylated MLKL is transferred from the cytosol to the inner 

leaflet of the plasma membrane where it oligomerizes and forms pores. This results in the 

destruction of membrane integrity and eventually leads to necroptotic death 227. 

In cells that fail to induce cell death upon TRAIL exposure, survival pathways are activated 

228,229.  Y. Lin and colleagues found that the death domain of RIP-1 is essential for TRAIL-

induced activation of IκB kinase (IKK) and JUN N-terminal kinase (JNK). IKK phosphorylates 

IκB leading to its degradation and NF-κB nuclear translocation 230. Among the target genes of 

the NF-κB transcription factor there are several anti-apoptotic proteins such as cIAP1/2, c-FLIP 

and Bcl-xL 231–233. Importantly, while NF-kB activation prevents apoptosis by the induction of 

anti-apoptotic proteins, active caspases can block NF-kB signalling by cleaving important 

components of its pathway such as RIP-1, IκBα, IKK2, TRAF1 and even ReIA (p65) itself 234. 

Moreover, as reviewed by S. von Karstedt and co-workers, the formation of the secondary 

intracellular signalling complex following DISC formation can activate not only NF-κB, but also 

the JUN N-terminal kinase (JNK) and the p38 MAPK pathways, contributing to cell proliferation 



Introduction 

25 
 

and pro-survival signalling 218,235,236. TRAIL can also activate the ERK1/2 kinases without 

inducing NF-κB activation, a mechanism that has been shown to be important for the 

proliferation of vascular endothelial cells 149,237. 

Finally, the linear ubiquitin chain assembly complex (LUBAC), that is the only known E3 

ubiquitin ligase that catalyses the generation of linear ubiquitin linkages de novo, was found to 

be part of both TRAIL-R-associated complex I as well as of the cytoplasmic TRAIL-induced 

complex II, regulating the balance between different outcomes of the TRAIL‐induced signalling. 

In both of these complexes, the LUBAC catalytic subunit HOIP prevents caspase-8 activation 

and consequently apoptosis, whilst being itself cleaved by caspase-8 during apoptosis. 

Another target of LUBAC is RIP-1, which when poly-ubiquitinated fails to form the RIP-1/RIP-

3/MLKL complex so that necroptosis is prevented. Moreover, LUBAC promotes the recruitment 

of the IKK complex to complex I, leading to TRAIL-induced NF‐κB activation 238. 

Taken together, the signalling pathways engaged by TRAIL appear to be multiple and 

interrelated, with outcomes as diverse as cell death and cell survival depending on the relative 

amounts and activities of the various regulators.  

3.3 TRAIL-based anti-cancer therapies and their limitations 

Initially identified for its sequence homology with CD95L and TNF, TRAIL preferentially kills 

cancer cells in absence of the systemic toxicities observed for other death ligands 164,239,240. As 

the status of the tumour-suppressor p53, which is mutated in many cancer cells and thus limits 

the efficacy of genotoxic therapies, appears to be mostly irrelevant for apoptosis induction via 

death receptors engagement, these findings boosted interest in exploiting TRAIL signalling for 

cancer therapy 241. However, recombinant TRAIL variants performed poorly in clinical trials. 

The reasons for such limited efficacy can be summed up in three main points: first, the lack of 

patient stratification based on reliable signatures or biomarkers that indicate TRAIL 

susceptibility. Second, the low efficacy of first-generation TRAIL therapeutics. Third, the 

intrinsic or acquired resistance of many cancer types to TRAIL monotherapy 

The absence of patient stratification is a limitation that needs to be addressed within the design 

of clinical trials. Strategies to identify which specific tumour cells may be most responsive to 

the targeting of death receptors is indeed urgently needed 242. 

Regarding the TRAIL-based therapies, these can substantially be distinguished in two groups: 

humanised recombinant TRAIL (rhTRAIL) and agonistic antibodies for TRAIL-R1 or TRAIL-

R2. rhTRAIL variants target both DR4 and DR5, potentially resulting in a stronger death signal 

compared to the engagement of a single receptor. A drawback of this strategy is that rhTRAIL 
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can also bind decoy receptors, consuming the TRAIL dose that actually induces apoptosis. 

Dulanermin was the first recombinant TRAIL variant tested in clinical trials. Unfortunately, with 

its short serum half-life (30–60 minutes) it achieved no significant improved anti-tumour activity 

compared to standard therapies 243–246. A more recent trial for patient with non-small-cell lung 

carcinoma (NSCLC) treated with Dulanermin in combination with chemotherapy 

(NCT03083743) showed improved progression-free survival (PFS) but no improvement in 

overall survival (OS) 247. The poor efficacy of soluble TRAIL when applied systematically 

seems to be due to its pharmacokinetic properties, as it gets rapidly cleared from the serum 

248. In contrast, agonistic and fully human TRAIL-R-specific antibodies exhibit longer half-lives 

and higher stability compared to recombinant forms of TRAIL, and at the same time remain 

well tolerated. Among the TRAIL-R1-specific agonistic antibodies, mapatumumab has reached 

phase II clinical trial and has been tested for patients with NSCLC, multiple myeloma, non-

Hodgkin’s lymphoma and hepatocellular carcinoma, in which it showed a very good safety 

profile. When administered as a monotherapy in patients with follicular non-Hodgkin’s 

lymphoma it caused complete or partial clinical responses. However, its efficacy was not 

reproducible in other phase II clinical trials, and phase III clinical trials have not commenced 

249. Conatumumab is a TRAIL-R1-specific agonistic antibody that has entered phase II of 

clinical testing for pancreatic, breast and lung cancers. Unfortunately, despite encouraging in 

vitro results, also this TRAIL-R agonistic antibody elicited disappointing effects in trials 249. An 

explanation for the poor efficacy of TRAIL-R agonists might be found in the mechanism of 

death receptors engagement. In fact, Bivalent antibodies stimulate only two death receptors 

molecules, thus that trimerization and higher oligomerisation, as required for proper DISC 

formation and apoptosis induction, are not achieved 250,251. In addition to this, the development 

of TRAIL-R antibodies should take into account the different activation modes required by DR4 

and DR5: while DR4 can get activated by both membrane-bound TRAIL and soluble TRAIL, 

DR5 requires membrane-bound TRAIL or soluble TRAIL secondarily cross-linked by 

antibodies 251,252. It also has to be noted that the fragment crystallizable (Fc) part of such 

antibodies can bind to cells in the blood stream, which contributes to lowering their 

concentration at the tumour site 236.  

In order to overcome the shortcomings of first generation of TRAIL-based therapeutics, several 

strategies have been adopted to improve their stability, pharmacokinetic, valency and 

cytotoxicity. In this respect, important contributions came from R.E. Kontermann and his group. 

In a first instance, they increased the stability of TRAIL molecules by fusing them with short 

peptide sequences to covalently link three extracellular domains of TRAIL. The resulting single 

chain TRAIL (scTRAIL) was a stable trimer that was further improved in subsequent studies. 

In particular, M. Siegemund and co-workers developed scTRAIL variants with rationally 

designed N- or C-terminal deletions and with specific linker sequences that led to fully bioactive 
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scTRAIL molecules with increased thermal stability, solubility and production rate 253. In a 

follow-up project, M. Hutt and colleagues worked on a molecule with improved valency, with 

the aim of augmenting its potential to induce apoptosis. They found that integrating two 

scTRAIL units in one molecule, by fusing them to dimerization modules, could achieve this 

goal. In particular, they fused scTRAIL to the C-terminus of the Fc part (Fragment crystallizable 

region) of a human IgG1, generating a dimeric protein covalently linked via disulfide bonds in 

the Fc region (Fc-scTRAIL). The resulting hexavalent molecule was named IZI1551 254. The 

use of the Fc region prolonged the half-life of the protein in vivo because it increased its size 

and it also allowed to exploit the FcRn-mediated recycling process 255. In this study they also 

reported the potent anti-tumour activity of their new construct in mice xenograft models. 

Overall, the development of new-generation TRAIL receptor agonists, such as the hexavalent 

fusion protein IZI1551 (represented in figure 4), provides a promising strategy to exploit the 

TRAIL potential in cancer therapy. Hexavalent TRAIL variants are currently tested in phase II 

clinical trials (NCT04570631, NCT03082209). 

 

Figure 4: Structure of Fc-scTRAIL (IZI1551) 

(A) Schematic representation of Fc-scTRAIL (IZI1551). (B) Fc-scTRAIL structure. L= Igκ chain leader sequence; 

L4=GGGGSGT linker; L5=GGSGGGSSGG linker; C =constant domain of the heavy chain. TRAIL subunits are 

connected by a glycine residue as linker. The Fc fusion protein forms covalently linked dimers due to disulfide 

bridges in the hinge region of the Fc part. Adapted from Hutt, M. et al., (2017) 254.  
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3.4 Need for anti-cancer combination therapies 

Many cancer types, and in particular glioblastoma, display an acquired or intrinsic resistance 

to TRAIL 256–259. The acquired resistance is due to adaptive mechanisms that arise in response 

to treatments and they result in the clonal expansion of already existing resistant cells 260. The 

intrinsic resistance instead, is due to a deregulation of the expression and/or the function of 

anti- or pro- apoptotic proteins 261. Such resistances, together with the limited efficacy that 

TRAIL-based monotherapy elicited in clinical trials, led to the development of rationally 

designed multi-drugs combinations that could boost the effect of this drug. Such designs are 

based on the continuously increasing understanding of signalling triggered by TRAIL receptors 

and on drug interaction studies conducted to identify TRAIL sensitisers 262,263.  Moreover, as 

previously described, stimulation with TRAIL does not necessary trigger cell death but can also 

engage survival pathways and become tumourigenic. For example, in NSCLC and pancreatic 

ductal adenocarcinoma (PDAC), it was found that the endogenous TRAIL/TRAIL-R-system 

promotes progression, invasion and metastasis of KRAS-mutated cancers 264. Hence, the use 

of TRAIL itself and the design of combination therapies should aim at blocking these unwanted 

pro-tumourigenic effects. 

Administering drugs as part of combination therapies is a very common clinical practice to 

maximize the therapeutic efficacy of cancer treatments and allows using lower doses of each 

drug in the cocktail. This would reduce their adverse effects, as well as minimize the induction 

of drug resistance. Also, a drug combination can trigger a synergistic effect, where the synergy 

is defined as a combined effect that is greater than the additive effect of each individual drug.  

Several TRAIL sensitisers have been identified and many combination treatments have 

entered clinical trials 265. These are wisely reviewed elsewhere and will not be described 

extensively here 263,266. Just as an example of the mechanisms by which TRAIL sensitisers can 

exert a synergistic effect in combination treatments and overcome the TRAIL resistance, it is 

interesting to mention the BH3 mimetics. These are small molecules that mimic BH3 proteins 

by binding to anti-apoptotic Bcl-2 family members, that are frequently overexpressed in solid 

tumours 267–269. In glioblastoma, as well as in other cancer types, targeting overexpressed Bcl-

2 proteins allowed to restore an apoptosis facilitating balance between pro- and anti- apoptotic 

proteins, thereby sensitising cancer cells for TRAIL-induced cell death 257,270. Among the Bcl-

2 antagonists developed, some resulted to be highly specific for their target protein and 

received FDA approval. In particular, ABT-199 (Venetoclax), a specific Bcl-2 inhibitor, was 

approved in 2016 for the treatment of chronic lymphocytic leukemia (CLL) 271. Other specific 

inhibitors include WEHI-539, a selective inhibitor of Bcl-xL, and S63845, that has proven to be 

a highly selective and potent Mcl-1 inhibitor that was also safe to use in in vivo studies 272,273. 
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Among the most potent TRAIL sensitisers are also proteasome inhibitors, a class of drugs in 

which various compounds already were approved as monotherapies in myeloma 274,275. 

Taken together, these considerations indicate that, thanks to combination treatments, the 

TRAIL anti-cancer potential can be exploited even in cancer types that appear resistant to 

TRAIL monotherapies. 
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4. The Proteasome 

The proteasome is a highly sophisticated protease complex that consumes ATP molecules for 

selectively breaking down most of the intracellular proteins, accounting for 80-90% of the 

normal protein turn-over of the cell. In contrast to lysosomal degradation, which mostly 

degrades long-lived and membrane proteins through the autophagy system, the proteasome 

degrades soluble proteins, especially also short-lived regulatory proteins. Furthermore, 

proteins damaged by oxidation or that are intrinsically unstructured (also known as natively 

unfolded proteins) or misfolded are likewise degraded by the proteasome 276–278 Importantly, 

the vast majority of proteasomal substrates need to be marked with polyubiquitin chains to be 

degraded. These can also be removed by the action of cellular cysteine-protease and 

metalloprotease deubiquitylating enzymes (DUBs), which consequently stabilise target 

proteins and make ubiquitin moieties available for recycling.  

The proteasome comprises two sub-complexes: the catalytic core particle (CP) and the 

regulatory particle (RP). The CP has a sedimentation coefficient of 20S and therefore it is 

referred to as 20S proteasome. The RPs can be one or two, their sedimentation coefficient is 

of 19S and they bind to both ends of the 20S proteasome. All together these particles form on 

holoenzyme of 2.5 MDa that, in density gradient centrifugation analysis, has a sedimentation 

coefficient of 26S. Hight resolution analysis of the proteasome architecture revealed that this 

complex has a highly conserved structure from yeast to human 279.  

The 20S proteasome has a cylinder-like structure with two outer α-rings and two inner β-rings, 

which are respectively made up of seven α and seven β subunits. The α subunits have 

structural functions while the two inner β-rings form the catalytic chamber. Each β-ring contains 

three catalytically active sites made of threonine residues at their N-termini and show 

hydrolase activity. These sites differ in their substrate specificity and activity and have been 

named after enzymes that show similar functions. In particular, β1 provides caspase-

like/PGPH (C-L/peptidyl-glutamyl-peptide hydrolysing) activity and cleaves peptide bonds at 

the C-terminus of acidic residues, β2 provides trypsin-like activity (T-L) and cleaves at basic 

residues and finally β5 is associated with a chymotrypsin-like (CT-L) activity that recognises 

hydrophobic amino-acid residues 280. These three catalytic subunits are threonine proteases 

and they cleave the substrates in a two-steps process: first, the threonine of the active site 

attacks the N-terminal of the substrate to form a covalent ester bond and then the intermediate 

gets hydrolysed for releasing the product and regenerate the active form of the protease.  

The centre of the α-ring is almost completely closed. The N-termini of the α subunits form a 

physical barrier that prevents bulky proteins to enter the inner chamber. Only substrates that 
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are able to pass the opening at the centre of the α-rings can access the active sites. Here, 

client proteins are degraded into oligopeptides of 3 to 15 amino-acids of length. These are 

subsequently hydrolysed to single amino acids by oligo-peptidases and/or amino-carboxyl 

peptidases that associate with the 26S proteasome 281,282. 

The RP comprises two sub-complexes, termed the base and the lid. The base contacts the CP 

directly but loosely and contains both a ring of AAA-ATPases (Rpt1-6) with unfoldase activity 

and non-ATPase subunits (Rpn1, Rpn2, Rpn10 and Rpn13) that function as ubiquitin-

receptors. Of these, Rpn10 recognizes ubiquitin via the ubiquitin-interacting motif (UIM) and 

Rpn13 via its N-terminal pleckstrin-like receptor for ubiquitin (PRU) domain. The C-terminal 

domain of this subunit binds to and activates a DUB that releases the ubiquitin moieties from 

poorly or wrongly ubiquitylated substrates, such that they are allowed to escape the 

proteasome. The lid is the more peripheral part and it is made up of 10 non-ATPase subunits 

with various functions, for example enforcing the lid-base contacts. Once client substrates are 

engaged, the association between CP and RP is enforced and their contact is also visually 

altered, such that engaged and non-engaged 26S proteasome can be distinguished. The ring 

of Rpt subunits hydrolyses ATP to unfold protein substrates. An important Rpt is Rpt11 that, 

together with other loosely associated DUBs, catalyses the release of poly-ubiquitin chains 

from protein substrates. This allows the subsequent degradation of the substrate, since 

ubiquitin links make the proteins particularly stable and unable to translocate into the CP 283.  

The RP exists in four main states, namely SA, SB, SC, and SD, that can undergo conformational 

transitions to subsequently progress from one state to the following one. While the CP remains 

unchanged, the base and the lid change their relative orientation. SA represents the ATP-bound 

proteasomes and it is the conformation at rest, which is ready to bind the substrate. The SA/SB 

transition consists in movements of the lid. SB/SC involves rearrangements of the ATPase 

subunits of the base that allows the opening of a wide central channel. Finally, during the SC 

to SD transition, interactions between the C-terminus of Rpt6 and the CP allow the opening of 

the gates to the CP, such that the substrate can pass through. These conformational transitions 

influence the affinity of the proteasome for the ubiquitin chains. They are sensed by the DUBs 

Usp14, that stimulates the ATPase activity of the Rpt motor 284. The gating of the RP channel 

controls not only the entrance of the substrate but also the release of products via the axial 

channel route out of the CP, a process that is specifically regulated by an ATPase in the base 

of the RP 285. A schematic representation of the proteasome is provided in figure 5. 
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Figure 5: Schematic representation of the proteasome with its subunits 

26S proteasome consisting of the CP, core particle (20S proteasome) with its α and β subunits and the RP, 

regulatory particle (19S) comprising the base and lid subcomplexes. Rpn, RP non-ATPase; Rpt, RP triple-ATPase. 

Modified from Tanaka, K. et al., (2009) 282. 

4.1 The ubiquitin-proteasome system (UPS) 

Ubiquitin is a small, ubiquitously expressed protein of 76 amino acids that is highly conserved 

in the eukaryotic kingdom. Several moieties of ubiquitin form a chain that gets covalently 

attached to target substrates. This occurs through an iso-peptide linkage between the 

protruding C-terminal glycine of a ubiquitin molecule and the ε-amino group on the side chain 

of a lysine residue exposed on the surface of the target protein. Depending on the specific 

lysine residue that gets ubiquitylated, the substrate is directed to a different fate (figure 6). 

Normally, K48-linked polyubiquitinated proteins are very unstable and are addressed to the 

20S proteasome. Responsible for this process are three enzymes that act sequentially to 

couple ATP hydrolysis with ubiquitin-substrate conjugation. These are: the ubiquitin activating 

enzyme or E1 enzyme, the ubiquitin conjugating enzyme or E2 enzyme and the ubiquitin ligase 

or E3 ligase 286. The number of conjugated ubiquitins needed for the recognition by the 

proteasome typically was considered to be about four molecules, yet small substrates between 

20 and 150 residues can be monoubiquitinated or even multi-monoubiquitinated and 

recognized by the proteasome 287.  
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The ubiquitin-proteasome pathway, depicted in figure 7, begins with a ubiquitin that needs to 

be activated. This is achieved by adding it to E1 in an ATP-dependent manner. Thereafter, 

activated ubiquitin is transferred to the ubiquitin-conjugating enzyme E2. E2 interacts with E3, 

the enzyme selecting the substrates that are ubiquitylated. From the E2-activated ubiquitin 

intermediate, the ubiquitin molecule gets conjugated to the target protein on E3. In this way, a 

ubiquitin chain gets polymerized and acts as a signal that shuttles target proteins to the 26 

proteasome286. Four main types of E3 enzymes, classified by their mechanisms of action, have 

been identified: HECT, RING, U-box, and RING-between-RING (RBR). In eukaryotes, there 

are more than six hundred different E3 ligases with different substrate recognition elements 

bound to a few common scaffolds. For example, the RING family of E3 ligases comprises the 

multi-subunit Cullin-RING ligases (CRLs) that exploit one of several Cullin isoforms to scaffold 

the complex 283. LUBAC instead, is a multi-subunit member of the RBR family of E3 ligases. 

Even though lysine attachment is the most frequently observed, in the case of LUBAC the 

peptide bond is formed between the N-terminal of a methionine residue in a ubiquitin molecule 

and the C-terminal glycine of the next chain, such that a linear ubiquitin chain is formed 288. 

 

Figure 6: Different ubiquitination modalities and their functions 

Several types of ubiquitination with specific roles. Ubiquitin forms iso-peptides linkages between a glycine in its C-

terminus and the ε-amino group of a lysine residue in the substrate or in another ubiquitin molecule. Substrates can 

be monoubiquitinated, multi-monoubiquitinated or polyubiquitinated in different conformations signalling a different 

fate as indicated in the figure. U: ubiquitin; S: substrate; K= lysine; M: methionine. Modified from Park, C. W. & Ryu, 

K. Y. (2014) 289. 
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Figure 7: Schematic representation of the ubiquitin-proteasome pathway 

The UPS pathway begins with the E1-activating enzyme that activates ubiquitin in an ATP-dependent manner. 

Activated ubiquitin is then transferred to the E2-conjugating enzyme that attaches it to the E3-ligating enzyme 

carrying the target protein. This results in a ubiquitin-protein conjugate where a C-terminal glycine of ubiquitin is 

linked through an iso-peptide bond to an ε-amino group of a lysine residue (K) exposed by the target protein (or 

another ubiquitin molecule for elongating the ubiquitin chain). Iterations of this process form the poly-ubiquitinated 

conjugate that can either be disassembled by DUBs or delivered to the 26S proteasome for degradation. In both 

cases, the ubiquitin molecules are released to be re-used. Modified from Marschall, R. S. & Viestra, R. D. (2019) 

283. 

4.2 Proteasome inhibition-mediated apoptosis 

As most of the cellular proteins are degraded via the UPS, the proteasome carries out a pivotal 

function in the maintenance of cell homeostasis (proteostasis) and such role can be exploited 

as a therapeutic target in cancer cells. Indeed, compared to normal tissues, cancer cells 

generally display a higher rate of protein turnover, meaning that they are more susceptible to 

proteasome inhibition. That is why, since 2003 when bortezomib (BTZ) gained accelerated 

FDA-approval as the first proteasome inhibitor (PI) for the treatment of relapsed and refractory 

multiple myeloma, several other PIs have been investigated as anti-cancer treatments 290. 

Additionally, other strategies to target the UPS for cancer therapy are under evaluation. These 

include inhibitors of the E3 ligase pathway, or alternatively proteolysis-targeting chimeric 

molecules (Protac) which are compounds that artificially and selectively target cancer-
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promoting proteins for ubiquitination and degradation 291,292. PIs exert their function by targeting 

the β catalytic subunits of the 20S proteasome. The main target is the β5 subunit (CT-L 

activity), although the other two activities can also be inhibited if PIs are used at higher 

concentrations 293–295. Once protein degradation is blocked, the downstream events that lead 

to cell death can be different, depending on both the specific mode of action of each PI and on 

the cell type-specific responses 296. PIs mediate their cytotoxicity by multiple mechanisms, 

such as the de-activation of survival pathways or the activation of apoptosis via induction of 

ER stress, accumulation of intrinsic or extrinsic apoptosis proteins or induction of p53-

dependent apoptosis.   

A well-studied mechanism by which PIs provoke the inactivation of survival pathways is the 

inhibition of IκBα (NF-κB inhibitor alpha) degradation. In fact, IκBα is an inhibitor of the 

transcription factor NF-κB and it needs to be degraded to allow its function. If IκBα is not 

degraded, it sequesters NF-κB such that pro-survival factors and anti-apoptotic genes like 

those encoding for Bcl-xL and IAPs proteins cannot be transcribed 297. This has been observed 

in cutaneous T-cell lymphoma (CTCL), which often displays a constitutive NF-κB activation 

that confers apoptosis resistance. Such resistance can be overcome upon bortezomib 

treatment, that induces nuclear translocation and accumulation of IκBα, which in turn 

associates with NF-κB p65 and p50 in the nucleus and inhibits their binding to the DNA 298,299. 

In conclusion, these and other reports proved that PIs can act as indirect inhibitors of the NF-

κB survival pathway via stabilisation of its inhibitor IκBα 300,301. 

Proteasome inhibition can also promote apoptosis activation, as many apoptosis regulators 

have been identified as proteasome targets. Indeed, preventing the degradation of pro-

apoptotic proteins alters the life/death stimuli balance towards cell death. For example, tBID is 

an unstable protein that is targeted by the proteasome. Increased tBID stability eases to reach 

the tBID threshold concentration required for cytochrome c release and apoptosis execution 

302. 

In many tumour cells, PIs trigger a p53-depend type of apoptosis, for example by inducing the 

expression of PUMA 303–305. However, the cytotoxicity of PIs is not necessarily mediated by 

p53 and even in cancer types that bear a mutated form of this protein, PIs can still induce 

apoptosis 306. The cellular levels of p53 are controlled by E3 ligases such as MDM2 that, alone 

or in concert with MDMX, mediates its ubiquitination and proteasomal degradation 307–309. 

Moreover, MDM2 induces a conformational change in p53 that inhibits its binding to the DNA, 

making MDM2 a master repressor of p53 310. Interestingly, not only MDM2 regulates p53 via 

ubiquitination but MDM2 itself undergoes self-ubiquitination and gets degraded by the 

proteasome. Therefore, the p53-MDM2 balance, on which the cell fate depends, overall is 

regulated by proteasomal activities 311. Among the target genes of p53 is also MDM2 itself 

such that, in normal cells, p53 induces MDM2 transcription, generating a negative feedback 
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loop between these two proteins that results in low levels p53 312. With MDM2 being 

upregulated in many cancer types, p53 gets degraded and cannot exert its anti-tumour activity, 

making MDM2 an oncogene 313–315. Upon PIs treatment, the short-life protein p53 is stabilised 

and the products of its target genes accumulate. Consequently, although MDM2 remains 

bound to p53, in the presence of a PI it can no longer prevent its nuclear translocation and 

activity 316.  

Among the important proteins of the apoptotic pathway affected by PIs is also DR5, which at 

high amounts can facilitate apoptosis execution. Multiple reports utilising different PIs have 

shown an upregulation of this death receptor on the cell surface, mostly due to ER stress-

induced upregulation of ATF4, ATF3 and CHOP that indeed regulate DR5 expression 317–319. 

It is also relevant to mention is that PIs can alter cell cycle progression because cyclins, whose 

balance is tightly and temporally regulated, are proteasome targets. Blocking cyclin D1 

degradation can prevent cell division and induces death in mantle cell lymphoma 320,321. The 

blockade of cell cycle progression can also be one of the reasons why proliferating cells are 

more susceptible to PI compared to normal cells 322,323. Indeed, the cyclin-dependent kinases 

(cdk) inhibitor p27, that in quiescent cells exhibits a smaller amount of ubiquitination compared 

to proliferative cells, gets stabilised upon proteasome inhibition, resulting in cell cycle arrest 

324. An extensive review of E3 ligases by I. Gupta and colleagues more comprehensively 

summarises important apoptotic targets of the UPS and describes the crosstalk between the 

UPS and apoptosis pathways 325. 

In addition to the abovementioned effects occurring upon PI treatment, the most direct and 

important consequences of blocking the proteasome are the induction of ER stress and the 

deprivation of amino acids. By preventing the degradation of ubiquitinated targets, PIs lead to 

the accumulation of misfolded proteins, including those normally translocating out of the ER to 

be degraded by the proteasome. The resulting ER stress activates the UPR (unfolded proteins 

response), causing the cell cycle arrest and ultimately apoptosis 326,327. Moreover, in the 

absence protein degradation, cells are deprived of their main source of recycled amino acids. 

A. Suraweera and colleagues showed that this shortage of amino acids, in particular the 

essential cysteine and asparagine, triggers the integrated stress response (ISR), a pathway 

that eventually leads to cell death328. 

It is important to note, that the assumption that the cytotoxicity of PIs arises from altered protein 

turnover is based on studies performed with concentrations and treatment regimens that often 

exceed those achievable clinically, raising the question which processes induce cancer cell 

toxicity in patients. For example, in primary human umbilical vein endothelial cells, bortezomib 

inhibits NF-κB activation with an IC50 of approximately 0.5 μM 329. In patients instead, a 

subcutaneous administration of bortezomib results in a peak plasma concentration of up to 50 

- 100 nM, which is only maintained for around 2 hours 330. These and other studies highlight 
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that the PI doses required to affect protein levels are actually higher than those necessary for 

exerting a cytotoxic effect, pointing to mechanism different from an altered protein turnover as 

the main reason for the clinical efficacy of these drugs. As critically reviewed by L.D. Fricker, 

an explanation could be that the proteins responsible for cell death upon bortezomib treatment 

might require only small changes in their turnover to elicit cytotoxicity, so that even moderate 

perturbance of cellular protein turnover might suffice to induce cell death 331. In fact, treating 

mantle cell lymphoma cell lines with a low bortezomib concentration (10 nM) resulted in 

substantial changes in the levels of the short-lived protein Noxa within the first 8 h, eventually 

leading to cell death 332. Still, the quick effects triggered by proteasome inhibition appeared 

paradoxical if considering the time required for altering the general protein amounts at a 

detectable level. The same author has interestingly discussed on the possible role of peptides 

released from the proteasome, which are found in tissue extracts as well as in cultured cells. 

Quantitative peptidomics analysis revealed an altered level of such peptides upon PI but their 

biological activity is still elusive and so far, there is only speculation as to whether they mediate 

the therapeutic or side effects of proteasome inhibition 333,334. 

Taken together, the crosstalk between the UPS and the apoptosis pathways is complex but 

highlight the proteasome as a relevant target in cancer therapy. The development of novel 

proteasome-targeting therapeutics is described in the following paragraph. 

4.3 Marizomib as a second-generation proteasome inhibitor 

In the early 90’s, the company MyoGenetics developed a compound named MG-341 for the 

treatment of muscle-wasting conditions but, unfortunately, its high toxicity prevented its use in 

patients with such diseases. Over the years, MyoGenetics became ProScript and the drug, 

renamed PS-341, was tested for its cytotoxic activity in MCF-7 human breast carcinoma cells, 

yielding an an IC90 of 0.05 µM upon 24 hours of exposure 335. With an optimised formulation, 

the drug subsequently entered clinical trials in 2002 as bortezomib (Velcade®) and became 

the first ever PI approved by the FDA 336. Initially used for the treatment of refractory multiple 

myeloma, it was later also approved for patients with relapsed or refractory mantle cell 

lymphoma 337. In solid tumours, however, bortezomib instead provided disappointing results 

338,339. Reasons for such resistance have been investigated and appeared to be multifactorial. 

For example, in hepatocellular carcinoma, an increased expression of the β1 and the β5 

proteasome subunits, as well as the loss of the ability to stabilize and accumulate pro-apoptotic 

proteins, were reported to be the among the contributors to the acquired bortezomib-resistance 

340.  
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The limitations of bortezomib-based therapies led to the formulation of second-generation PIs. 

Second-generation PIs exhibit improved binding and specificity, which increases their potency 

and reduces their off-target effects, such as the typical peripheral neuropathy induced by 

bortezomib 341–343.  

Natural and synthetic PIs differ in their chemical structure and interaction with the proteasome. 

A general distinction can be made between those that form a covalent bond with the threonine 

active site and those that instead form non-covalent bonds, with the latter being considered 

reversible. In the case of irreversible inhibitors, the recovery of normal cell activities following 

sublethal proteasome inhibition is slow, probably due to the need for de novo proteasome 

synthesis. Covalent binding is achieved through an electrophilic trap where the threonine of 

the active site interacts with a peptide moiety. Depending on the nature of the electrophilic 

traps employed, different classes of PI can be defined.  

Peptide boronates are the class of PI to which bortezomib belongs (figure 8). Peptide 

boronates form tetrahedral adducts with the threonine of the active site and these are further 

stabilized by a hydrogen bond between the N-terminal amino group of the threonine and the 

N-terminal of the hydroxyl groups of the boronic acid 280 (figure 9). Bortezomib primarily inhibits 

the CT-L activity of the proteasome (at small nanomolar concentrations - below 50 nM - and in 

very short times - within the first 15 minutes -) and only partially its C-L activity 344. The drug 

increases both OS and PFS in patients with relapsed multiple myeloma but side effects have 

been observed in 30% of cases, including thrombocytopenia and especially the 

abovementioned peripheral neuropathy 345–347. Bortezomib preferentially and with higher 

affinity inhibits the proteasome, but also serine proteases can be inhibited as off-targets, as it 

was shown for HtrA2, an ATP-dependent serine protease of the mitochondria. Due to the 

mitochondrial role of HtrA2 in neurons, this is considered to be a possible reason for 

bortezomib-associated neuropathies 341. Even though a reversible PI, the dissociation rate of 

the boronate-proteasome adduct formed by bortezomib is very slow (up to one day), so that 

bortezomib can be considered to be a slowly reversible inhibitor 348,349. To allow deeper tissue 

penetration, second-generation variants with higher off-rates and consequently larger volume 

of distribution were developed 350.  

To overcome the undesirable side-effects of boronic acids, more specific and potent PIs have 

been developed, such as peptide epoxyketones like carfilzomib (figure 8). The potent inhibitory 

effect of these class of PIs arises from a very specific catalytic mechanism. The catalytic 

hydroxyl first attacks the carbonyl group of the pharmacophore and then the free α-amino 

group of the threonine opens up the epoxide to complete the formation of the morpholino 

adduct 351 (figure 9). As catalytic residues of serine and cysteine proteases do not have α-

amino groups, they cannot form such adducts, which explains the specificity of the 

epoxyketone moiety for the proteasome. Therefore, carfilzomib produces less off-target effects 
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compared to bortezomib, which led to its clinical approval in 2012 352,353. Carfilzomib irreversibly 

inhibits the CT-L activity of the proteasome and and appears more potent than bortezomib in 

vivo. At highest dose, it achieved 88% of proteasome inhibition in a phase I trial, whereas the 

inhibition by bortezomib did not exceed 70% at the maximal tolerated dose 354,355. 

Another class of PIs are the β-lactones, which are naturally occurring non-peptide compounds. 

Compared to epoxyketones, β-lactones are less specific as they can also inhibit some serine 

proteases, such as the lysosomal cathepsin A and the cytosolic tripeptidyl peptidase II 356,357. 

Salinosporamide A, a secondary metabolite produced by the obligate marine actinomycetes 

bacteria of the genus Salinispora, species S. tropica, belongs to this class of PIs. It was 

discovered in 1989 in near-shore marine sediments of the Bahamas islands during 

explorations conducted by the Scripps Institution of Oceanography (SIO; University of 

California, San Diego) 358,359. Salinosporamide A was then processed by Nereus 

Pharmaceuticals (San Diego) under the names NPI-0052 and marizomib 359 (figure 8). The 

fact that a prokaryotic organism can generate a proteasome inhibitor raises the question of 

how this species can survive the effect of its own product. It was found that, although in S. 

tropica the proteasome is essential, the operon responsible for marizomib biosynthesis also 

encodes different β-subunits. Such variants bear ammino acid substitutions (A49V and M45F) 

that confer a reduced sensitivity to marizomib compared to the subunits encoded in other parts 

of the genome 360. Interestingly, point mutations in the β5 subunit of the 20S proteasome 

(PSMB5) resembling those in S. tropica were found in human cells with an acquired resistance 

to bortezomib or marizomib, pointing to a common mechanism by which resistance to 

proteasome inhibitors can arise 361. 

Marizomib inactivates the proteasome by a unique mechanism, which consists of the opening 

of the β-lactone ring followed by formation of a tetrahydrofuran ring as the result of the 

nucleophilic displacement of the chloride atom of the inhibitor 362 (figure 9). Normally, all β-

lactone adducts are slowly hydrolysed by water, resulting in the reactivation of the proteasome 

363. However, the tetrahydrofuran ring formed by salinosporamides stabilizes the adduct, 

resulting in a prolonged inhibition and enhanced potency, due to which marizomib is 

considered an irreversible PI 364,365. It seems that it is this irreversibility, rather than differences 

in cellular uptake, that explains the greater potency of marizomib compared to reversible 

analogues that do not bear a chlorine chemical-leaving group, such as the PI NPI-0047 366. 

Marizomib is a PI of particular interest for several distinctive characteristics. For example, it 

inhibits CT-L activity with very low IC50, which in certain cell lines is reported to be as low as 

2.5 nM. Additionally, while other PIs almost exclusively target the CT-L activity of the 

proteasome, marizomib also blocks the β2 subunit with an IC50 = 26 nM and the β1 subunit 

with IC50 = 330 nM 362,367. This feature is of particular relevance if considering that resistance 

to PIs like bortezomib frequently arises from hyperactivation of the β1 and β2 subunits as a 
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compensatory response to the blockade of the β5 proteolytic site, or from mutations of the β5 

subunit in the PI binding pocket 368,369. Studies conducted in patients with solid tumours or 

haematological malignancies revealed that one cycle of marizomib at therapeutic doses can 

be sufficient to achieve full inhibition of the CT-L activity, while C-L and T-L activities were 

initially unaffected or increased, suggesting a compensatory hyperactivation of these other 

subunits. Importantly, continued marizomib administration allowed, by the end of cycle 2, to 

overcome these compensatory responses, with up to 80% and 50% inhibition of the T-L and 

C-L activities respectively 368. All together, these effects might explain the efficacy of marizomib 

in patients that are resistant to the treatment with other PIs such as bortezomib 370. 

An additional advantage of marizomib compared to bortezomib is that it can be administered 

orally, as documented in mouse experiments 371. Although orally available, bortezomib is 

typically injected intravenously to improve its bioavailability and rapid distribution, and to 

prolong its half-life 372. Marizomib instead, even when administered orally, significantly and 

dose-dependently inhibits the CT-L activity of the proteasomes between 0.025 mg/kg and 0.50 

mg/kg. Additionally, under these conditions, marizomib also blocks the other two proteasome 

activities. All these analyses were conducted on whole blood lysates (WBL) from mice and 

demonstrated that orally administered marizomib inhibits proteasome activity in vivo 371. 

Among all the features of marizomib, the most interesting one is that it is a small molecule 

(317.77 Da) with a lipophilic structure that, despite its very short half-life (<30 minutes), is 

considered to penetrate the BBB and to block proteasome activity in the brain of cynomolgus 

monkeys, rats and in orthotopic glioblastoma mice models (0.1 mg/kg or to 0.6 mg/m2; i.v) 373–

375. M.J. Williamson and colleagues have similarly reported that salinosporamide A distributes 

to the brain of mice and Wistar rats in amounts sufficient to cause substantial proteasome 

inhibition in this organ 376. These findings contrast with the results obtained by A.V. Singha and 

colleagues who suggested that marizomib administered intravenously (0.15 mg/kg) in three 

doses does not cross the BBB of a Multiple Myeloma MM.1S murine model. Additionally, in 

this study, non-tumour bearing rats were intravenously injected with radiolabelled marizomib 

(3H-NPI-0052 at 0.1 mg/kg or 0.6 mg/m2) to find that radioactivity was barely detectable in the 

brain of the sacrificed animals, as measured by quantitative whole-body autoradiography 

(QWBA) 377. However, it should be considered that evidence of at least regional BBB disruption 

exists in all gliomas, such that drugs that would not cross a healthy BBB could instead reach 

the tumour site 378–380. In support of the BBB-permeability of marizomib, a very recent study 

was presented by D.A. Bota and colleagues in the 2019 annual meeting of “Proceedings of the 

American Association for Cancer Research”. Their study assessed proteasome activity in brain 

samples of 15 male Swiss Webster mice treated with marizomib or vehicle control (0.3 mg/kg, 

i.v). In these models, they found that the activity of all 3 proteasome subunits, and especially 
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the CT-L, was significantly reduced in the cerebellum and in the prefrontal cortex samples 

collected from 3 to 180 minutes post-marizomib administration 381.  

Finally, it is noteworthy that marizomib treatment did not induce relevant toxicities in vivo when 

studying mice 377. Dose limiting toxicities were reported in humans and include transient 

hallucinations, cognitive changes and loss of balance, probably due to its penetration into the 

CNS 382,383. 

Overall, with its tumour specific toxicity, its potent proteasome inhibition at low nanomolar 

concentrations and its prolonged activity, marizomib meets the requirements of novel 

generation PI that could be suitable for the treatment of aggressive and poorly accessible 

cancers such as glioblastoma.  

 

Figure 8: Chemical representation of three PIs from different structural classes 

The chemical structure of three PIs in clinical use is represented. (A) Bortezomib is a synthesized peptide boronate 

that inhibits the proteasome in a slow reversible way. (B) Carfilzomib is a synthesized peptide epoxyketones that 

inactivates the proteasome in a highly specific and irreversible manner. (C) Marizomib is a naturally occurring β-

lactone that irreversibly inhibits the proteasome. Modified from Cromm, P. M & Crew, C. M. (2017) 384. 
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Figure 9: Mechanisms of proteasome inhibition by covalent inhibitors 

Mechanism of action of three classes of structurally different PIs. The colours represent: blue for proteasome, black 

for PIs and red for electrophiles. (A) Boronates like bortezomib, form a tetrahedral adduct with the active site 

threonine. This has a slow dissociate rate, making boronates practically irreversible over several hours. (B) Peptide 

epoxyketones like the tetrapeptide carfilzomib comprise two components: a peptide portion that binds to the 

substrate binding pocket of the proteasome and an epoxyketone pharmacophore that interacts with the catalytic 

amino terminal threonine residue to irreversibly inhibit proteasome activity. More precisely, epoxyketones have two 

electron deficient carbon atoms that are susceptible to the attack by the proteasome’s threonine hydroxyl. Attack at 

the carbonyl carbon places the proteasome’s terminal amino group in close proximity to the highly electrophilic 

epoxide ring. The subsequent ring opening by the amino group results in the formation of a stable six-membered 

ring. (C) Marizomib is a β-lactone that inactivates the proteasome by esterifying the catalytic threonine hydroxyl. 

After the opening of the β-lactone ring, nucleophilic displacement of the chloride atom of the inhibitor allows the 

formation of a tetrahydrofuran ring that stabilizes the adduct resulting in prolonged proteasome inhibition. Modified 

from Kissel, A. F. et al., (2011) 385.  
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4.4 Proteasome inhibitors and TRAIL-based combination therapies 

As introduced in the previous chapter of this thesis (see introduction chapter 3 paragraph 4), 

cancer patients would benefit from therapies that combine the targeting of multiple tumour-

associated alterations that all together contribute to treatment resistance. The design of such 

combinations even for in vitro studies is complex, as multiple factors need to be taken into 

consideration. For example, the choice of the therapeutics to combine has to be driven by the 

knowledge of how they interact, such that synergistic cancer cell death can be triggered. 

Additionally, the duration and schedule of the drug exposure can be optimised if the kinetics 

by which treatment consequences arise in target cells are known. The rational design of cancer 

combination therapies that include PIs is challenging, since the inhibition of protein degradation 

leads to complex consequences. Indeed, as already highlighted in the previous paragraphs, 

treatments with PIs induce a general imbalance of protein amounts, besides activating the 

transcription of stress response genes 386. Targeting the proteasome, and therefore modifying 

the overall cellular proteome, could sensitise cancer cells to other targeted therapeutics or 

conventional cytotoxic agents in multiple ways 387. In fact, numerous examples can be found 

in the literature that show the synergistic anti-tumour effect of proteasome inhibitors combined 

with other drugs 388. In particular, many studies reported the synergistic apoptosis-inducing 

interaction between PIs and the previously described death ligand TRAIL, which can arise from 

multiple mechanisms. For example, it was shown that, in lung cancer cells, the PI MG132 

stimulates the expression of DR5 via activation of the p53 signalling. Specifically, MG132 

stabilizes the transcription factor p53 that can consequently translocate to the nucleus. Here, 

it binds elements of an intronic region in the DR5 gene, promoting its transcription 389. In 

primary chronic lymphocytic leukemia cells, bortezomib induces not only an up-regulation of 

the TRAIL receptors but surprisingly also a decrease in the levels of anti-apoptotic c-FLIP 228, 

which contradicts other studies that demonstrate c-FLIP accumulation 390–392. Importantly, 

similar sensitising effect of PIs on TRAIL-induced apoptosis have also been observed in highly 

resistant tumours like glioblastoma. Indeed, K. La Ferla-Brühl and colleagues reported that 

PIs, but not NF-kB inhibition, could enhance TRAIL-induced apoptosis in glioma cells 393. Here, 

PI-induced decreased expression of AKT and XIAP could be some of the reasons why glioma 

stem cells (GSCs) and TRAIL-resistant glioma cells could be re-sensitised to TRAIL 394. It is 

relevant that studies performed on more advanced in vitro models of glioblastoma provided 

similar results. In particular, T. Unterkircher from the group of S. Fulda found that in primary 

and in patient-derived glioblastoma cells, bortezomib allows the accumulation of tBID, which 

is required for synergistic cell death upon combining PIs with TRAIL 395. Finally, R. Koschny 

and the team of H. Walczak showed that, upon bortezomib-induced down-regulation of c-

FLIPL, highly TRAIL-resistant primary glioma cells could be sensitised to execute apoptosis 
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396. A detailed analysis of signal transduction at single cell level demonstrated that treatment 

with proteasome inhibitors allowed more cells to respond with caspase-8 activation upon 

TRAIL treatment, whereas in responding cells accumulated cFLIP and Mcl-1 delayed this 

activation and also elevated the threshold for apoptotic mitochondrial engagement 397. 

Although these pre-clinical studies provided evidence that glioblastoma cells are susceptible 

to PIs, the translation of these findings into clinical trials has been so far rather disappointing. 

For example, a trial evaluating the intra-tumour penetration of bortezomib in patients with 

recurrent glioblastoma, found indeed higher drug concentration in the tumour tissue compared 

to the plasma. However, all patients underwent relapse within six months, which led to the 

termination of the study 398. Trials of bortezomib in combination with other drugs, like histone 

deacetylase, bevacizumab or temozolomide plus bevacizumab, all failed to exert substantial 

therapeutic benefit 399,400. A PI like marizomib instead, with its ability to penetrate the BBB and 

whose safety profile has already been assessed in diverse trials (NCT03345095, 

NCT04341311, NCT02330562), might succeed where other PIs have failed in the treatment in 

glioblastoma, especially if appropriate drug partners are combined with it. 
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5. Ferroptosis 

In the landscape of all regulated cell death processes, one of the most recently identified is 

termed ferroptosis. Even before the definition of the ferroptosis concept, drugs inducing this 

previously undescribed form of cell death were discovered. Already in 2003, S. Dolma and 

colleagues from the group of B.R. Stockwell, performed a synthetic lethal high-throughput 

screening to search for genotype-selective anti-tumour agents that become lethal to tumour 

cells only in the presence of specific oncoproteins. In this way, they identified erastin 

(eradicator of RAS and small tumour antigen - ST - expressing cells), a compound that could 

sensitise BJ primary human foreskin fibroblasts cells overexpressing the mutant RAS 

oncogene to a form cell death not morphologically recognisable as apoptosis 401. The 

mechanism of action of this drug was later on clarified by S.J. Dixon, who found that erastin 

inhibits system Xc− and consequently leads to the transcriptional upregulation of genes linked 

to the ER stress response 402,403. System Xc− is a cell-surface cystine/glutamate antiporter 

composed of a catalytic and a regulatory subunit. The catalytic subunit is represented by the 

12-pass transmembrane transporter protein xCT (encoded by the gene SLC7A11: solute 

carrier family 7 member 11), that constitutes the light chain of the protein. xCT is linked, via a 

disulfide bridge, to the regulatory subunit that is the single-pass transmembrane protein 4F2hc 

(solute carrier family 3 member 2, encoded by the SLC3A2 gene), which constitutes the heavy 

chain 404. While xCT is responsible for the transport activity and is highly specific for glutamate 

and cystine, the function of the regulatory subunit is that of a chaperone protein and it is 

essential for regulating the trafficking of the catalytic subunit to the plasma membrane 405. 

System Xc− exchanges intracellular glutamate with extracellular cystine. Within the cell, cystine 

gets reduced to cysteine, a biosynthetic precursor of the antioxidant tripeptide glutathione 

(GSH), which is the necessary cofactor of enzymes such as glutathione peroxidases (GPx) 

(figure 10). GPx-4 in particular, is an enzyme containing eight nucleophilic amino acids (one 

selenocysteine and seven cysteines) and it is responsible for the elimination of intracellular 

lipid ROS 406,407. In fact, this enzyme differs from the other members of the GPx family as it is 

the only glutathione peroxidase identified in mammals that can scavenge ROS inside biological 

membranes 408. ROS are a chemical class that includes hydroxyl radicals (•OH), superoxide 

anions (•O2
-) and non-radical species such as hydrogen peroxide (H2O2). These are produced 

as part of the physiological metabolism of the mitochondria, as well as in the endoplasmic 

reticulum and in peroxisomes. ROS can arise from reactions catalysed by intracellular 

enzymes such as NADPH oxidases (NOXs), lipoxygenases (LOXs), cyclooxygenases (COXs), 

xanthine oxidases (XOs), nitric oxide synthases (NOSs) and cytochrome P450. However, ROS 
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can also be produced in non-enzymatic reactions. In particular, in conditions in which the 

amount of free iron in the cell exceeds homeostatic levels, the unbound metal may undergo a 

spontaneous Fenton, Haber-Weiss reaction (Equations 1, 2 and 3). This can happen due to 

the depletion, or to the autophagic turn-over (ferritinophagy), of the main iron-storage protein 

of the cell that is ferritin 409. With its ferroxidase activity, ferritin converts active ferrous cations 

(Fe2+, reduced state) to unreactive ferric cations (Fe3+, oxidised form) 410–413. When ferritin 

reaches its capacity, free Fe2+ reacts with the hydrogen peroxide in the Fenton reaction, 

generating hydroxyl radicals and oxidizing iron to its stable Fe3+ form. Fe3+ can then be reduced 

back into Fe2+ by molecular oxygen (O2) (Equations 1, 2 and 3) 414. The hydroxyl radicals 

generated in these reactions are very active and can attack not only the DNA in the nucleus 

and mitochondria, but they can also oxidise polyunsaturated fatty acids (PUFAs) of 

phospholipid bilayers, causing an altered permeability of the cellular membranes 415,416. 

However, it remains to clarify how an uncontrolled PUFAs oxidation process, like that 

generated by non-enzymatic reactions, can fit into the definition of ferroptosis as a regulated 

death pathway (Fearnhead et al., 2017; Lei et al., 2019). 
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Figure 10: System Xc− cystine/glutamate antiporter 

System Xc− exchanges intracellular glutamate for extracellular cystine to drive a cycle of redox reactions: the cystine 

that is taken up (Cys-S-S-Cys) is reduced to cysteine (Cys-SH), most likely by forming mixed disulfides with 

glutathione (GSH) (G-S-S-Cys). Cysteine can be again secreted to get oxidised back to cystine in the extracellular 

space. Intracellular cysteine instead is used for both protein and glutathione synthesis. GSH synthesis is a two-

steps reaction catalysed by the subsequent action of two enzymes. First, the rate-limiting enzyme γ-

glutamylcysteine synthetase (γ-GCS) conjugate glutamate to cysteine, forming γ-glutamylcysteine (Glu-Cys). Then, 

glutathione synthetase (GS) adds a glycine (Gly) to form GSH. GSH is the cofactors of enzymes such as glutathione 

peroxidases (GPx), glutaredoxins (Grx) and glutathione-S-transferases (GST). During the reactions catalysed by 

these enzymes, GSH gets converted into its oxidised form (G-S–S-G). Oxidised glutathione is recycled back to its 

reduced form at the expense of NADPH/H+ in a reaction catalysed by the enzyme glutathione reductase (GR). 

Modified from Conrad, M. & Sato, H. (2012) 406.  

Fenton reaction 

 [𝟏] 𝐹𝑒2+ + 𝐻2 𝑂2 = 𝐹𝑒3+ + 𝑂𝐻− + ∙ 𝑂𝐻 

[𝟐] 𝐹𝑒3+ + 𝑂2 = 𝐹𝑒2+ + 𝑂2
− 

Nett Haber-Weiss reaction 

[𝟑] 𝑂2
− + 𝐻2 𝑂2 =  𝑂2 + 𝑂𝐻− + ∙ 𝑂𝐻 

Equation 1: Fenton reaction (1) 

Free Fe2+ can react with hydrogen peroxide, generating a hydroxyl radical (•OH) and hydroxide ion (OH-) via the 

Fenton reaction, in which ferrous iron (Fe2+) is oxidized to ferric iron (Fe3+) [1].  

Equation 2: Fenton reaction (2) 

Fe3+ can be reduced back to Fe2+ by molecular oxygen (O2) [2].  

Equation 3: Nett Haber-Weiss reaction 

Nett Haber-Weiss reaction generating hydroxyl radicals (•OH) [3]  

Since the ferroptosis-inducer erastin was identified for the first time, further studies were 

conducted to elucidate its mechanism of action. In particular, it was N. Yagoda in 2007, who 

revealed that the mitochondrial voltage-dependent anion channels VDAC2 and VDAC3 are 

necessary for its lethality and that erastin alters the permeability of the outer mitochondrial 

membrane. Interestingly, he also observed that erastin induces a RAS-RAF-MEK-dependent 

oxidative cell death that does not involve cytochrome c release nor caspase-3 or PARP 

cleavage 417. Later on, W.S. Yang and B.R. Stockwell published another small molecule 

screening in which they identified two additional compounds displaying lethality in the presence 

of oncogenic RAS and they named them RSL5 and RSL3 (RSL: Ras-selective lethal small 

molecule). Similar to erastin, RSL5 needs VDACs to induce cell death, while RSL3 acts in a 

VDAC-independent manner. The same group also identified the specific target of RSL3 as the 

antioxidant enzyme GPx-4 407. From these studies, additional features of erastin or RSL3/5 

treated-cells emerged. For example, it was observed that, similarly to erastin-induced death, 

also in the presence of these compounds, BJ fibroblasts die in a caspase-independent manner. 
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Furthermore, iron chelators like deferoxamine (DFO) and antioxidants such as vitamin E were 

both effective in inhibiting the lethal effect of these drugs, suggesting the involvement of Fenton 

chemistry and ROS. Although all of these ferroptosis inducers were discovered in cells 

harbouring mutant RAS, suggesting that the RAS-RAF-MEK pathway was responsible for their 

lethality, subsequent studies contradicted this initial assumption 418. In particular, M. Gao and 

colleagues showed that inhibition of MEK1/2 with a more selective inhibitor than the one used 

by the Stockwell’s group failed to inhibit ferroptosis 419. Moreover, also cells that do not express 

mutant RAS were shown to undergo this kind of cell death 420,421. In line with these findings, C. 

Schott and colleagues provided evidence that cells overexpressing mutant RAS can display 

erastin resistance 422. Overall, these studies indicated that mutant RAS is actually dispensable 

for ferroptosis execution. 

Despite several findings already clearly pointed to a novel type of cell death, it was not until 

2012 that S.J. Dixon and colleagues of the B.R. Stockwell’s group formally named this cell 

death modality ferroptosis, owing to its iron dependency 403. Since then, other forms of cell 

death that had erroneously been identified as novel, were re-evaluated to merge them with the 

concept of ferroptosis 419,423. Subsequent studies finally helped to elucidate the non-apoptotic 

nature of ferroptosis, with its distinctive morphological features that include: swelling of the cell, 

shrinkage of the mitochondria with condensation of the membrane and a reduction of the 

cristae, rupture of the outer mitochondrial membrane and absence of condensed chromatin 

401,403,417,420,424. Biochemically, ferroptosis is characterised by iron and ROS accumulation, 

inactivation of GPx-4, overall reduced antioxidant defences and induction of lipid peroxidation 

403,407,418,425. 

Over the course of almost ten years of investigations on ferroptosis, diverse experimental and 

clinical compounds have been identified or re-discovered as triggers or inhibitors of this kind 

of cell death. Lists of both groups of compounds are provided in table 1 and table 2, which 

have been developed based on the information reviewed by Y. Xie and J. Li  and their 

respective groups (table 1 and table 2) 426,427.  
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Table 1: Common ferroptosis inducers grouped by mechanism of action 

Mechanisms Compounds Targets Ref. 

Class 1    

Inhibition of system 
Xc− causing GHS 

depletion 

Erastin System Xc− and 
VDAC2/3 

402,403,417 

 RSL5 System Xc− and 
VDAC2/3 

418 

 Sorafenib System Xc− (and 
VEGFR 1-3; 

PDGFR-β; FGFR1; 
RAF) 

402,428–430 

 Sulfasalazine 
(SAS) 

System Xc− (and 
NF-kB; TNF) 

431–434 

 Extracellular 
Glutamate 

System Xc− 403,435 

Class 2    

Direct inhibition of 
GPx-4 (covalent 

binding) 

RSL3 GPx-4 407,418 

 DPI7, DPI10, 
DPI12, DPI13, 
DPI17, DPI18, 

DPI19 

GPx-4 407 

Other mechanisms    

Degradation of GPx-
4, binding to squalene 
synthase (SQS) and 

depletion of 
antioxidant CoQ10 

FIN56 GPx-4 and SQS 436 

Direct oxidation of 
ferrous iron and lipids, 
indirect inactivation of 

GPx-4 

FINO2 Lipids and labile iron 437,438 

Inhibition of GSH 
synthesis 

Buthionine 
sulfoximine 

(BSO) 

γ-glutamyl cysteine 
synthetase 

407 

Induction of ROS, 
degradation of ferritin 

Artesunate 
(ART) 

HEME and V1 and V0 

domains of 
lysosomal V-ATPase 

439–442 
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Table 2: Common ferroptosis inhibitors grouped by mechanism of action 

Mechanisms Compounds Targets Ref. 

Inhibition of lipid 
peroxidation initiation 
(specific ferroptosis 

suppressors) 

Ferrostatin-1  
(Fer-1) 

Ferrous iron 
from lipid 

hydroperoxides 

403,443,444 

 Liproxstatin-1 ROS from lipid 
peroxidation 

420,444 

Chelation of iron 
(membrane 

impermeable and 
lipophilic) 

Deferoxamine 
(DFO) 

Iron 403,418 

 Ciclopirox Iron 403,445 

Protection against 
lipid peroxidation 
(reducing agent) 

β-Mercaptoethanol Cystine 403,446 

 Vitamin E ROS (LOX) 447,448 

 β-Carotene ROS 449,450 

 Glutathione ROS 451 

Inhibition of protein 
synthesis 

Cycloheximide System Xc− 417 

5.1 Ferroptosis execution and its study 

Each ferroptosis inducer or inhibitor is very different from the others for chemical nature, mode 

of action and targets (tables 1 and 2). This indicates that, likewise apoptotic death, also 

ferroptosis can be initiated by different pathways that eventually converge on the same 

execution phase. In particular, the pathways that lead to ferroptosis execution are all 

characterised by a ROS production that exceed the detoxifying capacity of the cell. Importantly, 

not all types of ROS, but specifically lipid peroxides are the hallmark of ferroptosis 452. Indeed, 

cytosolic ROS formation, induced by other compounds, would trigger different pathways rather 

than ferroptosis and iron-related toxicities different from ferroptosis are indeed well-known 

156,453. Therefore, a more accurate definition of ferroptosis includes the following three 

requirements: 1- iron-dependent oxidative stress; 2- generation of oxidised polyunsaturated 

fatty acid-containing phospholipids (PUFA-PLs); 3- loss of lipid peroxide repair capacity 

rescuable by lipophilic radical-trapping antioxidants 454. The accumulation of redox-active iron 

can be measured experimentally with probes that quantify the relative abundance and the ratio 
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of Fe2+ to Fe3+ 455. Lipid peroxidation is detected in ferroptosis studies with fluorescent probes 

such as C11-BODIPY 581/591 and Liperfluo. C11-BODIPY is a sensor of the production of 

ROS in a lipophilic environment (like membranes) as it is sensitive to reactive species formed 

from hydroperoxides, but not to hydroperoxides themselves. Oxidation of the polyunsaturated 

butadienyl portion of this dye results in a shift of its fluorescence emission peak from ~590 nm 

to ~510 nm (from red to green), which can be detected by flow cytometry instruments 456. The 

other dye sensitive to lipid hydroperoxides is Liperfluo. This probe is soluble in organic solvents 

and it directly reacts with lipid hydroperoxides to form the fluorescent Liperfluo-OX, which can 

be detected at long wavelengths 457. Regarding the loss of lipid peroxide repair capacity 

instead, this is commonly assessed in assays that measure the enzymatic activity of GPx-4 or 

the abundance of its substrate glutathione 458. More recently, in an attempt to specifically stain 

for ferroptotic cells, H. Feng and colleagues of the Stockwell’s lab have also suggested that 

the human transferrin receptor 1 protein (TfR1) can be used as a specific marker of ferroptosis 

459. Despite all this progress in defining ferroptotic death, many questions still remain. In 

particular, which lipids undergo peroxidation, what is the source of these ROS, how exactly 

ferroptosis gets executed downstream of lipid peroxidation and where exactly this 

phenomenon is localized within the cell are all unclear aspects.  

It is known that phospholipids bearing polyunsaturated-fatty-acids (PUFAs), like linoleic or 

arachidonic acid, are particularly susceptible to peroxidation due to their bis-allylic carbons 

(carbon atoms that are adjacent to two neighbouring carbon-carbon double bonds) that can be 

attacked by radicals, LOXs and oxygen 460. Such oxidants can abstract a hydrogen from the 

bis-allylic carbon and the insertion of oxygen results in the generation of  lipid peroxyl radicals 

(L-O-O•) and hydroperoxides (R-O-OH) 461. 

Both the ROS generated by LOXs and during the Fenton chemistry are considered responsible 

for the oxidative damage of PUFA and for triggering ferroptosis. Once ROS are generated, in 

the case of non-enzymatic reactions the lipid peroxidation process occurs in three phases: in 

the so-called “initiation” phase, a hydrogen atom of the fatty acid is lost to a ROS to form a lipid 

radical. In particular, the C–H bonds at the bis-allylic positions are the weakest bonds in the 

molecules and the hydrogen atoms at these positions are preferentially abstracted by a peroxyl 

radical. The following can be seen as a cycle phase called “propagation”, as the lipid radical 

cycles between the fatty acyl radical and the peroxyl radical. The latter is formed when the lipid 

radical gets oxidized by oxygen, while the oxidation of another lipid generates a lipid 

hydroperoxide and a new lipid radical, in a vicious circle of continuous increase of lipid radicals. 

The circle is only terminated when radicals are ‘quenched’ by antioxidants or when they react 

with another radicals (figure 11) 460,462,463. 

The role of non-enzymatic Fenton chemistry in the lipid peroxidation process that triggers 

ferroptosis is underscored by the inhibitory mechanism of the two aromatic amines ferrostatin-
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1 (Fer-1) and liproxstatin-1. In fact, these compounds are poor inhibitors of the 15-

lipoxygenase enzyme (ALOX15), a LOX isoform that has been implicated in ferroptosis 458. 

Instead, they act as potent radical trapping antioxidants (RTA) in lipid bilayers, where they 

effectively prevent autoxidation of PUFAs 444,464. However, also the lipid oxidation enzymes 

LOXs, which are non-heme, iron-containing proteins, can catalyse the dioxygenation of PUFAs 

465. The role of LOXs, and in particular that of the 5-lipoxigenase enzyme (ALOX5), is proven 

by the fact that, replacing the hydrogen at position seven of arachidonic acid molecules with 

its heavier isotope deuterium, has a protective effect against ferroptosis 458. In another study, 

LOX inhibitors were found to have a cytoprotective effect because they are effective radical-

scavenging antioxidants. This suggests that LOX activity may contribute to the cellular pool of 

lipid hydroperoxides that trigger ferroptosis, but that the cell death process is driven by an auto-

amplifying process of lipid autoxidation 466.   
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Figure 11: The three steps of non-enzymatic lipid peroxidation 

In the initiation phase, a ROS generated in Fenton reactions (hydroxyl radical •OH, here represented as X) attacks 

the weak hydrogen at a bis-allylic carbon of a fatty acid (in black), generating a lipid radical (L• in red). The lipid 

radical cycles between this form and the peroxyl radical form (OO• in red) generated by the fast oxidation of the lipid 

radical. The oxidation of another fatty acid (in blue), that transfers a hydrogen atom to the peroxyl radical, converts 

the latter in a hydroperoxide (OOH in blue) while this new fatty acid generates a new lipid radical (L• in red). The 

new lipid radical is ready to pick up oxygen and form the next peroxyl radical to repeat the cycle. As the net result 

of this propagation phase, oxygen and the fatty acid are fed into the cycle to produce a hydroperoxide (blue). 

Termination of the process occurs when either two radicals (R•) react with each other forming a non-radical product, 

or when an antioxidant (AH) reduces the peroxyl to a hydroperoxide, while being transformed into a stable radical 

(A•). Adapted from Schneider, C. (2009) 463. 

It is important to note that, for death to be executed, the free PUFAs need to be incorporated 

into phospholipids, for which two genes are essential: the acyl-CoA synthetase long-chain 

family member 4 (ACSL4) and the lysophosphatidylcholine acyltransferase 3 (LPCAT3). 

ACSL4 is an enzyme that preferentially acylates arachidonic acid, a fatty acid that has a highly 

unsaturated chain with four double bonds and that is prone to oxidation 467. LPCAT3 instead, 

catalyses the insertion of acylated arachidonic acid into membrane phospholipids, as it inserts 

acyl groups into lysophospholipids (which have one fatty acyl tail) such as phosphatidylcholine 

(PC) and phosphatidylethanolamine (PE) 468. Deleting ACSL4 and LPCAT3 suppresses 

ferroptosis probably due to the consequent reduction of the membrane-resident pool of 

oxidation-sensitive fatty acids 469. Indeed, pharmacological targeting of ACSL4 with the 

antidiabetic class of compounds thiazolidinediones protects cells from ferroptosis 470. A 

schematic overview of ferroptosis inducers and inhibitors is provided in figure 12.  
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Figure 12: Ferroptosis inducers and inhibitors associated with accumulation of (phospho) lipid 

hydroperoxides 

Schematic representation of the lipid peroxidation reaction with small molecules and enzymes that can induce it (in 

green) or suppress it (in red). RTAs inhibit auto-peroxidation by quenching lipid radicals. ACSL4 and LPCAT 

promote the insertion of oxidized lipids into cellular membranes while thiazolidinediones block their enzymatic 

activity. ALOX catalyses the oxidation of arachidonic acid, a reaction blocked by specific LOX inhibitors. In the 

absence of iron chelators, Fe2+ catalyses the formation of lipid radicals. Erastin and BSO inhibit the biosynthesis of 

the antioxidant GSH. RSL3 directly inhibits GPx-4 that would otherwise repair the oxidised PUFAs by reducing them 

to lipid alcohols. Adapted from Shah, R. et al., (2018) 466. 

Despite all this knowledge, it is still not clear what is the critical event in ferroptosis that marks 

the point of no return. The uncontrolled peroxidation of PUFA phospholipids described above 

is the most downstream step identified. It is possible that the insertion of oxidated lipids into 

the membranes, which is already known to decrease their fluidity, causes also a change in 

their shape and curvature, such that the access to oxidants is facilitated 471. This would 

increase lipid oxidation in a cycle of further oxidation and membrane curvature, until lipid 

bilayers are destabilized with micellization and pores formation. The final result would be an 

irreversible damage of the membrane integrity with consequent cell death 447,472. 

A remaining question to answer concerns the cellular localisation of the lipid peroxidation 

event, as not only the plasma membrane but also the mitochondria, the ER and the lysosomes 

are candidate sites for this lethal process. Mitochondria are an obvious target, as 

morphological changes of these organelles have been observed during ferroptotic death 

403,473,474. However, it has been shown that cells depleted of their mitochondria, via the induction 

of mitophagy, are still able to undergo ferroptosis, although their increase in ROS levels is 

inferior compared to that of control cells. This indicates that mitochondrial lipid peroxidation 

occurs but it is dispensable for ferroptosis execution 475. Another possibility is that the role of 

mitochondria is context-dependent. For example, in the case of cystine deprivation-induced 

ferroptosis, mitochondrial metabolism seems to be crucial, while upon GPx-4 inhibition, cells 

can undergo ferroptosis independently of this organelle 476. In general, it appears that the exact 

role of the mitochondria during ferroptosis is still unclear and a comprehensive analysis on this 

topic is provided in the review by H. Wu and colleagues from the group of W. Gao 477. Another 

candidate location of the ferroptotic lipid peroxidation is the ER. Indeed, inhibition of system 

Xc− leads to the activation of the ER stress response 402. However, the exact mechanism that 

drives lipid peroxidation in the ER until ferroptosis is triggered is not clear. Finally, as 

ferrostatins are known to accumulate in the lysosomes, also these organelles are being 

considered as the possible site of the lethal lipid peroxidation, although no prove exists that 

their involvement is somehow necessary for the ferroptotic process 475.  

In conclusion, several cellular locations could be involved in the lipid peroxidation process that 

leads to ferroptotic death. The specific features of each organelle, in terms of lipid composition 
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and expression level of GSH, LOXs and GPx-4, might contribute to the ferroptosis competence 

of their membranes 447. 

5.2 Ferroptosis in physiology and pathology: perspective for 

cancer therapy  

Ferroptosis has been identified through the discovery of synthetic compounds that induced this 

novel type of cell death, such as erastin and RSL3 401,418. However, natural conditions in which 

ferroptosis would take place still need to be fully characterised. Only recent studies are 

providing clearer evidence of the involvement of ferroptosis in diverse pathological situations. 

For example, accumulation of the excitatory neurotransmitter glutamate in the nervous system 

is known to exert toxic effects. Consistently with the role of extracellular glutamate in inhibiting 

the transport of cystine inside the cells, it was found that indeed ferroptosis occurs in neurons 

upon high concentrations of this neurotransmitter 478.  Another pathological condition in which 

ferroptosis seems to be involved is the case of ischemia-reperfusion injury (IRI). This provokes 

a direct and synchronized necrosis of renal tubules that is reported to be suppressed by stable 

and potent third-generation ferrostatins 479. Also, inhibition of ferroptosis in neurons protects 

from intracerebral haemorrhage (ICH) 480. In general, the number of pathologies with a link to 

ferroptosis is continuously increasing, comprising conditions as diverse as neurodegenerative 

diseases and autoimmune disorders 481–483. Moreover, key ferroptosis regulators appear 

essential for cell survival. For example, the knockout of GPX4, the gene encoding for the GPx-

4 enzyme, results in ferroptosis induction in neurons and renal tubule cells in vivo, suggesting 

that active ferroptosis suppression is needed to maintain cell viability 420,484. As regulation of 

lipid peroxidation, antioxidant defences and ferroptosis itself can be found in diverse species, 

X. Jiang, B.R. Stockwell and M. Conrad speculated that the ferroptosis program is inherent to 

life and that its counteraction through the development of anti-ferroptotic mechanisms is 

necessary for cell survival 485,486. This is also consistent with the hypothesised evolutionary 

origin of ferroptosis. In fact, the first organisms on Earth that began to use oxygen inevitably 

also produced potentially toxic ROS and the development of defence mechanisms against lipid 

peroxidation must have been an early selective event for the life on our planet 452. 

Ferroptosis also seems to play a physiological role in tumour suppression. Indeed, an 

emerging evidence indicates that p53 exerts its tumour suppressor role not only by regulating 

apoptosis but also other cellular processes such as the anti-oxidant defences and ferroptosis 

487. In particular, SLC7A11, the gene encoding the catalytic subunit of system Xc−, is a direct 

target of p53. The binding of p53 to its respective responsive element in the promoter region 
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of SLC7A11 represses the expression of this gene, such that cells are more sensitive to 

ferroptosis induction 488. Based on finding of this kind, ferroptosis induction can be seen as a 

promising novel approach in cancer treatment. In fact, its own discovery is the result of a 

search for compounds lethal to RAS-mutant cancer cells 401. The rationale for exploiting 

ferroptosis susceptibility in cancer therapy relies on the logical assumption that tumour cells 

have a more active metabolism compared normal cells. This results in a ROS overload that 

makes them more prone to ferroptotic death. However, cancer cells often adopt compensating 

strategies to deal with such ROS burden. For example, the transcription factor Nrf-2 (nuclear 

factor erythroid 2-related factor 2), a master regulator of the cellular antioxidant response, is 

often upregulated in cancer, hindering ferroptosis susceptibility 489. In fact, Nrf-2 induces the 

expression of genes involved in the resistance to oxidants and electrophiles, including 

SLC7A11 and glutathione peroxidases 490,491. In the case of glioblastoma cells, it was shown 

that, compared to non-tumour tissue, they often display higher levels of Nrf-2 and that this 

condition seems to correlate with a poor clinical outcome 492. The importance of ferroptosis 

suppression for cancer cells survival is also suggested by the role that iron plays in their 

metabolism. In particular, high levels of the transferrin receptor 1 (TFRC1) have frequently 

been reported. This is a transmembrane glycoprotein that binds transferrin (the protein binding 

plasma iron) in its diferric form and that is essential for iron uptake 493,494. As iron fuels the Wnt 

signalling, cancer cells seem to display an addiction to this metal and they correspondently 

express decreased levels of the iron efflux pump ferroportin 495,496. Hence, some of the most 

aggressive tumours might depend on ferroptosis-suppression for their survival, indicating that 

targeting this pathway could  allow their eradication when other types of therapies are 

unsuccessful 497,498.  

Glioblastoma is one of the cancer types that displays increased levels of both TFRC1 and 

ferritin. High levels of TFRC1 have been shown to drive sphere formation in vitro and tumour 

growth in vivo, while ferritin seems to indirectly regulate cell cycle progression. The mechanism 

underlying this latter effect is probably the induction of STAT3 that, in turns, regulates the 

expression of the transcription factor FoxM1. This not only plays a pivotal role in cell cycle 

signalling but promotes also the nuclear translocation of β-catenin and controls the expression 

of the Wnt target-genes 499,500. Besides the elevated iron level and its important role in 

glioblastoma metabolism, another indication of glioblastoma susceptibility towards ferroptotic 

death is provided by the reported upregulation of SLC7A11 and its predictive role of 

glioblastoma patient survival. In particular, S.M. Robert examined 41 glioblastoma patients and 

found that more than half of them expressed higher levels of SLC7A11 in the tumour samples 

compared to the matched peritumoural brain tissue. Interestingly, reduced expression of 

SLC7A11 conferred an improved clinical outcome, with patients living on average 9 months 

longer 501. Due to SLC7A11 upregulation, glutamate export is increased and this activates the 
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Ca2+-permeable AMPA receptor with consequent oscillation of intracellular Ca2+ that promotes 

cell migration. Conversely, decreasing glutamate release, for example via the pharmacological 

inhibition of system Xc-, decreases chemotactic invasion and migration of glioblastoma cells 

502. Regarding the importance of SLC7A11 in glioblastoma, it is worth noting that 

overexpression of this protein results in changes in the distribution of actin in the cytoskeleton, 

with a morphology resembling epithelial-like cells. Additionally, it also induces the cells to 

assume a CSC-like phenotype, indicated by the ability to form more numerous and larger 

(∼300 μm in diameter) tumor spheres compared to parental cells 503. 

All together, these studies highlight that ferroptosis induction, and in particular system Xc- 

targeting, can be a promising approach against highly resistant tumours such as glioblastoma. 

GPx-4 might be seen as the most obvious target to promote ferroptosis induction, as it is 

important for the survival of many cancer cells, such as diffuse large B cell lymphomas and 

renal cell carcinomas 407. However, it has to be considered that this protein is also essential 

for healthy cells like kidney tubular cells and spinal motor neurons 420,504. Therefore, 

administering GPx-4 inhibitors at a systemic level might result in unacceptable side effects, 

unless a more specific delivery of these class of drugs is developed. On the other side, system 

Xc- knockout mice have been generated without causing major side effects, pointing to the 

targeting of SLC7A11 as a better option than GPx-4 inhibition 505,506. Indeed, some drugs 

inhibiting system Xc- already received FDA approval and their applicability to glioblastoma has 

also been tested. Sulfasalazine for example, an FDA-approved drug used for the treatment of 

Crohn's disease, caused a dose-dependent inhibition of glioma growth 507,508. Moreover, it 

appeared not to be toxic to neurons and brain tissue, while it reduced glioma-derived edema 

and consequently the total volume of tumour burden 509. These encouraging results should 

boost ferroptosis research in the direction of its clinical exploitation against cancer.  
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 Aims of the thesis 

 

Glioblastoma patients are notoriously difficult to treat and their prognosis remain poor even 

when they receive the standard of care treatment. Novel therapies are therefore urgently 

needed.  

TRAIL is a potential anti-cancer treatment that shows a favourable profile of safety and 

tolerability. However, extensive investigations revealed its poor efficacy in clinical trials. 

Bioavailability and potency of TRAIL-based therapeutics have since been improved, resulting 

in second-generation TRAIL receptor agonists such as IZI1551, an antibody-TRAIL fusion 

protein that was developed at the Institute of Cell Biology and Immunology (IZI) of the 

University of Stuttgart. 

Because TRAIL treatment has proven ineffective as a single agent in most cancers, and 

monotherapies in general often have limited success, sensitising agents can be strategically 

combined with it in order to achieve synergistic apoptosis-inducing effects.  

A literature review on the effect of proteasome inhibitors in priming cancer cells to TRAIL-

induced apoptosis, via up- respectively down-regulation of pro- and anti-apoptotic proteins, 

provided the rationale to investigate this combination in translationally-relevant glioblastoma 

models, such as low-passage patient-derived cell lines (PDCLs). In particular, it was 

hypothesised that the limitations of first-generation drugs could be overcome by combining 

IZI1551 with marizomib, a proteasome inhibitor that displays the advantageous feature of 

permeating the BBB. 

Alternatively, novel cell death pathways that bypass the intrinsic apoptosis resistance of certain 

tumour cells have been considered. 

Hence, the aims of this thesis were: 

• To assess the therapeutic efficacy of IZI1551 and marizomib in a panel of glioblastoma 

PDCLs and to evaluate their possible synergistic interactions in inducing apoptotic cell 

death. 

• To design an improved treatment schedule based on the kinetic of action of the 

individual drugs. 

• To investigate the mechanism of apoptosis resistance of non-responder cell lines and 

to identify sensitisation strategies to overcome them. 

• To evaluate ferroptosis induction as an alternative cell death pathway to eradicate 

TRAIL-resistant glioblastoma cells and to characterise the interaction between 

ferroptosis inducers and BH3 mimetics.  
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1. Cell lines and cell culture media 

1.1 GMB PDCLs 

Table 3: GBM PDCLs and their characteristics 

PDCL Description Source 

GTCC9 Recurrent. Male patient, 44 years old. EGFR amp. PTEN loss EMC 

GTCC10 Recurrent. Male patient, 50 years old. NA EMC 

N150385 Primary. Male patient, 66 years old. Tp53 mutant ICM 

N150661 Primary. Male patient, 24 years old. EGFR amp, wt ICM 

N151027 Primary. Male patient, 42 years old. EGFR amp, VIII ICM 

N160125 Primary. Female patient, 47 years old. Tp53 mutant ICM 

N160240 Primary. Male patient, 65 years old. IDH mutant ICM 

1.2 Other cell lines 

Table 4: Other cell lines and their characteristics 

Cell line Description Source 

DH5α E. coli competent cell IZI 

HEK P2 Suspension HEK293 with DR5 KO Dr. Martin Siegemund 

HeLa Cervical adenocarcinoma RCSI 

HT1080 Fibrosarcoma IZI 

U-87 MG GBM RCSI 

1.3 Cell culture media and supplements 

Table 5: Media and supplements for cell culture 

Cell culture media and Supplements Manufacturer/Composition 

B27 Thermo Fisher Scientific, Gibco, 

Waltham, MA, USA 

Basic Fibroblast Growth Factor (bFGF) Peprotech, Hamburg, Germany 

Collagen type I, Rat Tail   Thermo Fisher Scientific, Gibco, 

Waltham, MA, USA 

Dulbecco's Modified Eagle Medium (DMEM) Life Technologies Corporation, Carlsbad, 

CA, USA 
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DMEM/Nutrient Mixture F-12 (DMEM/F-12)  Thermo Fisher Scientific, Gibco, 

Waltham, MA, USA 

Endothelial Cell Growth (EGF) Peprotech, Hamburg, Germany 

Endothelial Cell Growth Basal Medium MV 2 Promo cell GmbH, Heidelberg, Germany 

F17 Freestyle Expression Medium Thermo Fischer Scientific Inc., Waltham, 

USA 

Fetal Bovine Serum (FBS) PAN-Biotech GmbH, Aidenbach, 

Germany 

GlutaMAX Thermo Fisher Scientific, Inc., Waltham, 

USA 

Heparin  Alfa Aesar, Ward Hill, MA, USA 

Koliphor P188 Sigma Aldrich, Merck KGaA, Darmstadt, 

Germany 

LB medium 1% (w/v) peptone, 0.5% (w/v) yeast 

extract,  

0.5% (w/v) NaCl in ddH2O, pH 7 

LB amp, glc agar plates LB medium, 2% (w/v) agar; after 

autoclaving: 1% (w/v) D-glucose and 100 

μg/ml ampicillin 

Penicillin-Streptomycin 100x Thermo Fisher Scientific, Waltham, MA, 

USA 

Reduced Growth Factor Basement 

Membrane Extract (BME) Cultrex® 

Trevigen, Wiesbaden-Nordenstadt, 

Germany 

RPMI 1640 medium Life Technologies, Gibco, Karlsruhe, 

Germany 
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2. Antibodies and drugs 

2.1 Antibodies for flow cytometry 

Table 6: List of antibodies used in flow cytometry experiments 

Antibody   Species Concentration Manufacturer 

Alexa Fluor 488- 

conjugated anti-mouse  

IgG (H+L) 

goat  2 mg/ml Thermo Fisher Scientific 

Inc., Waltham, USA 

Anti-TRAILR1 (MAB347) mouse IgG1 4 µg/ml R&D Systems, 

Wiesbaden-Nordenstadt, 

Germany 

Anti-TRAILR2 (MAB6311) mouse IgG2b 4 µg/ml R&D Systems, 

Wiesbaden-Nordenstadt, 

Germany 

Isotype control mouse IgG1 4 µg/ml BD Pharmingen, 

Heidelberg, Germany 

Isotype control  mouse IgG2b 4 µg/ml BD Pharmingen, 

Heidelberg, Germany 

2.2 Antibodies for western blotting 

Table 7: List of antibodies used in western blot experiments 

Antibody   Species Dilution Manufacturer 

Anti-Bcl-2  rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-Bcl-2 (100) mouse 1:1000 Santa Cruz Biotechnology, Heidelberg, 
Germany 

Anti-Bcl-xL (54H6) rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-BID (7) mouse 1:1000 BD Bioscience, Heidelberg, Germany 

Anti-BID rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-caspase-3 mouse 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-caspase-8 (1C12) mouse  1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-caspase-8 
(D35G2) 

rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-caspase-8 (B9-2) mouse 1:1000 BD Bioscience, Heidelberg, Germany 

Anti-DR4 (D9S1R) rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 
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Anti-DR5 (D4E9) rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-DR5 rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-FADD rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-FADD (1) mouse 1:1000 BD Bioscience, Heidelberg, Germany 

Anti-c-FLIP (D5J1E) rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-c-FLIP (D16A8) rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-GAPDH (D4C6R) mouse 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-GAPDH (6C5) rabbit 1:1000 Merck Millipore, Darmstadt, Germany 

Anti-Mcl1 (D2WE9) rabbit 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Anti-PARP (4C10-5) mouse 1:1000 BD Bioscience, Heidelberg, Germany 

Anti-Vinculin (7F9) mouse 1:1000 Santa Cruz Biotechnology, Heidelberg, 
Germany 

Anti-XIAP (28/hILP) mouse 1:1000 BD Bioscience, Heidelberg, Germany 

Anti-α-Tubulin  mouse 1:1000 Cell Signaling Technology, Danvers, 
MA, USA 

Horse radish 
peroxidase 
(HRP)-conjugated goat 
anti-mouse IgG+IgM 

 
1:10000 Dianova GmbH, Hamburg, Germany 

Horse radish 
peroxidase 
(HRP)-conjugated goat 
anti-rabbit IgG+IgM 

 
1:10000 Dianova GmbH, Hamburg, Germany 

2.3 Drugs 

Table 8: List of drugs 

Drug Manufacturer 

ABT-199 Active Biochemicals Co., Limited, Hong Kong, China 

Bortezomib Millenium Pharmaceutical, Cambridge, MA, USA 

Erastin Sigma-Aldrich, Munich, Germany 

Ferrostatin-1 Sigma-Aldrich, Munich, Germany 

IZI1551 Produced in house, IZI, Stuttgart, Germany 

Marizomib Sigma-Aldrich, Munich, Germany 

Q-VD-Oph Selleckchem, Houston, Texas, USA 

RSL3 Sigma-Aldrich, Munich, Germany 

S63845 APExBIO Technology LLC, Houston, Texas, USA 

WEHI-539 APExBIO Technology LLC, Houston, Texas, USA 
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3. Buffers and solutions 

Table 9: List of buffer and solutions with their composition 

Buffer and Solutions Composition/Manufacturer 

Accutase® ThermoFisher Scientific, MA, USA 

Annexin V binding buffer 10x BD Pharmingen, BD Biosciences, San Diego, 

USA 

Anti-Adherence Rinsing Solution  STEMCELL Technologies, Cologne, 

Germany 

Blocking reagent 10x Roche Diagnostics AG, Basel, Switzerland 

Bolt MES SDS Running Buffer 20x Thermo Fisher Scientific Inc., Waltham, USA 

Coomassie staining solution 0.008% (w/v) Coomassie Brilliant Blue G-

250, 35 mM HCl 

Dulbecco’s phosphate-buffered saline 

(DPBS) 1x 

Thermo Fisher Scientific, Waltham, MA, USA 

HPLC running buffer 0.1 M Na2HPO4/NaH2PO4, 0.1 M Na2SO4, pH 

6.7 

Laemmli loading buffer 5x 312.5 nM Tris-HCl pH 6.8, 25% (v/v) 

glycerine, 10% (w/v) SDS, 500 mM DTT, 

0.05% (w/v) 

Lysis buffer 27 mM Tris-HCl (pH 6.8), 5% glycerol, 1.6% 

SDS, 0.83% β-mercaptoethanol, 0.002% 

bromophenol blue  

PBA  PBS, 0.05% (w/v) BSA, 0.02% (w/v) NaN3 in 

ddH20 

Phosphate buffered saline (PBS) 2.67 mM KCl, 1.47 mM KH2PO4, 137.9 mM 

NaCl, 8.06 mM Na2HPO4, pH 7.4 

Ponceau S 0.1% Ponceau S solution, 5% acetic acid 

TBS with Tween-20 (TBST) 0.1% (v/v) Tween-20 in TBS 

TCM buffer 10 mM Tris-HCl, pH=8, 10 mM CaCl2, 10 

mM MgCl2 

Tris buffered saline (TBS) 20 mM Tris-HCl, 150 mM NaCl in ddH20, pH 

7.4 

Trypsin/EDTA 10x Life technologies, Gibco, Karlsruhe, Germany 
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4. Chemicals and reagents 

Table 10: List of chemicals and reagents 

Chemicals and Reagents Manufacturer 

Annexin V-GFP Produced in-house by Nathalie Peters 

Bovine serum albumin (BSA) Sigma-Aldrich, Munich, Germany 

Bovine serum albumin (BSA) standard Paesel+Lorei GmbH & Co. KG, 

Rheinberg, Germany 

Bradford reagent Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Calcein AM  Thermo Fisher Scientific, MA, USA 

CHAPS Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Coomassie Brilliant Blue G-250 SERVA Electrophoresis, Heidelberg, 

Germany 

Crystal violet powder Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Digitonin SEVA Electrophoresis GmbH, 

Heidelberg, Germany 

Dimethyl sulfoxide (DMSO) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Dithiothreitol (DTT) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

ECL substrate (Pierce™ Plus) Thermo Fisher Scientific, Ulm, 

Germany 

ECL substrate (SuperSignal™ West Dura) Thermo Fisher Scientific, Ulm, 

Germany 

EDTA Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

EGTA Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

HEPES Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Hoechst 33342 Thermo Fisher Scientific, Ulm, 

Germany 

Magnesium chloride (MgCl2) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Potassium chloride (KCl) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Propidium iodide (PI) Sigma-Aldrich, St. Louis, Missouri, USA 

Protease inhibitor (cOmplete, EDTA free) Roche Diagnostics AG, Basel, 

Switzerland 

Sodium azide (NaN3) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
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Sodiumdodecylsulfate (SDS) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Suc-LLVY-AMC  Merck Millipore/Calbiochem, 

Darmstadt, Germany 

Tris-(hydroxymethyl)-aminomethane (Tris) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Triton® 100x Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Tryptone N1  Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

Tween-20 Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 

WST-1 cell proliferation reagent ThermoFisher Scientific, MA, USA 

Zinc chloride (ZnCl2) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
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5. Laboratory supply and special implements 

Table 11: List of supply materials and special implements 

Supply materials and Special Implements Distributor 

Anti-FLAG® M2 affinity gel Sigma-Aldrich, St. Louis, MO, USA 

Bottle Top Filter (Low Protein binding, 0.2 

μm/0.45 μm) 

Corning Incorporated, Tewksbury, 

MA, USA 

Cell Culture Flask (Cell Star®, 25 cm² and 75 

cm²) 

Greiner Bio-One, Frickenhausen, 

Germany 

Cell Culture Plate (Cell Star®, with lid, 96-well, 

F and U bottom) 

Greiner Bio-One, Frickenhausen, 

Germany 

Centrifuge tubes Greiner Bio-One, Frickenhausen, 

Germany 

Chromatography columns (Poly-Prep®) Bio-Rad, Munich, Germany 

Cryobox Thermo Fisher Scientific, Ulm, 

Germany 

Cryovial (Cell Star®) Greiner Bio-One, Frickenhausen, 

Germany 

Dialysis membrane (MWCO 12.400) Sigma-Aldrich, St. Louis, MO, USA 

Electrophoresis chamber (Bolt™ mini gel tank) Thermo Fisher Scientific Inc., 

Waltham, USA 

Erlenmeyer flasks  Thermo Fisher Scientific, Ulm, 

Germany 

FLAG peptide Peptides&Elephants, Potsdam, 

Germany 

FPLC column (Superdex 200 10/300 GL) GE Healthcare, Little Chalfont, UK 

HPLC column (Yarra™ 3 μm SEC-2000/SEC-

3000) 

 Phenomenex, Torrance, CA, USA 

NucleoBond® Xtra Midi Macherey-Nagel, Düren, Germany 

Pipettes Eppendorf AG, Hamburg, Germany 

Pre-cast gels (Bolt™ 4-12% Bis-Tris Plus) Thermo Fisher Scientific Inc., 

Waltham, USA 

Prestained protein ladder (PageRulerTM 

#26616) 

Thermo Fisher Scientific Inc., 

Waltham, USA 

Reaction tubes Eppendorf AG, Hamburg, Germany 

Syringe filter (Acrodisc® 13 mm, 0.2 μm) Pall Corporation, Port Washington, 

NY, USA 

Transfer Stacks (IBlot®2 NC Mini) Thermo Fisher Scientific Inc., 

Waltham, USA 

Transwell (PET 6-well ThinCert™, pores of 0.4 

μm) 

Greiner Bio-One, Frickenhausen, 

Germany 

Ultrafiltration spin columns (Vivaspin™ 500, 

PES) 

Sartorius, Göttingen, Germany 
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6. Laboratory instruments and software 

6.1 Laboratory instruments 

Table 12: List of laboratory instruments 

Instrument Distributor 

-20 °C freezer Comfort NoFrost, Liebherr, Bulle, 

Switzerland 

-80 °C freezer Hettich lab technologies, Tuttlingen, 

Germany 

Cell counter CASY OLS OMNI Life Science, Bremen, Germany 

Centrifuge (Eppendorf centrifuge 5415R) Hettich lab technologies, Tuttlingen, 

Germany 

Centrifuge (Heraeus Multifuge 3-LR) Hettich lab technologies, Tuttlingen, 

Germany 

Counting chamber (Neubauer) Paul Marienfeld, Lauda-Königshofen, 

Germany 

ECL imager (Amersham Imager 600) GE Healthcare Europe GmbH, Freiburg, 

Germany 

Electrophoresis power supply (EPS 601) GE Healthcare Europe GmbH, Freiburg, 

Germany 

Electrophoresis power supply (EPS 301) GE Healthcare Europe GmbH, Freiburg, 

Germany 

Flow cytometer (MACSQuant Analyser 10) Militneyi Biotec, Bergisch Gladbach, 

Germany 

Flow cytometer (BD LSRII SORP HTS) BD Biosciences, New York, USA 

Heat block (HBT-1-131) Haep Labor Consult, Bovenden, Germany 

Heat block (Eppendorf Thermomixer 

compact) 

Merck KGaA, Darmstadt, Germany 

iBlot 2 Dry Blotting System Thermo Fisher Scientific Inc., Waltham, 

USA 

Incubator (Varocell) Varolab GmbH, Giesen, Germany 

Incubator (Forma Reach-In CO2 

Incubator) 

Thermo Fisher Scientific Inc., Waltham, 

USA 

IncuCyte® S3  Essen BioScience, Ann Arbor, USA 

Inverted digital microscope (EVOS M5000) ThermoFisher Scientific Waltham, MA, USA 

Inverted microscope (Eclipse TE300) Nikon Europe BV, Amsterdam, Netherlands 

Microplate reader (SPARKTM) Tecan, Meannedorf, Switzerland 

Microplate reader (GENios) Tecan, Weymouth, UK 

Mini Gel Tank Thermo Fisher Scientific Inc., Waltham, 

USA 

Scanner (Epson Perfection V200) Saiko Epson Corporation, Amsterdam, 

Netherlands 
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Shaking platform (Sarstedt TPM-2) Gemini, Nuembrecht, Germany 

Spectrophotometer (NanoDrop ND-1000) Thermo Fisher Scientific, Ulm, Germany 

Voltohmmeter (EVOM)  World Precision Instruments, Sarasota, FL, 

USA 

Vortex Mixer VF2 IKA®-Werke GmbH & CO. KG, Staufen, 

Germany 

6.2 Software 

Table 13: List of softwares 

Software Distributor 

Fiji ImageJ 

Flowing software 2.5.1 Cell Imaging Core, Turku Centre for Biotechnology,  

University of Turku and Åbo Akademi University 

GraphPad Prism 9 GraphPad Software Inc., San Diego, CA, USA 

IncuCyte® S3 Software Essen BioScience, Ann Arbor, USA 

MACSQuantify MACS Miltenyi Biotec, Bergisch Gladbach, Germany 

Microsoft Excel 2016 Microsoft Corporation, Redmond USA 
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1. Production of IZI1551 

The vector construct for IZI1551 (Flag/Fc (Q, G)-scTRAIL-pSecTag) was provided by Prof. Dr. 

Roland Kontermann and its production and purification were performed according to the 

method developed by M. Hutt and co-workers and optimized by V. Vetma as part of her PhD 

thesis work 254,510. 

1.1 Transformation of DH5α competent bacteria with IZI1551 

plasmid DNA and purification 

10 ng of IZI1551 plasmid DNA was diluted in 20 μl of H20 and placed on ice. 40 μl of TCM 

buffer and 100 μl of DH5α competent bacteria cells were added to the plasmid dilution and 

incubated on ice for 30 minutes. This was followed by a two minutes heat-shock at 42 °C and 

an additional one minute on ice. 640 μl of prewarmed LB medium were immediately added to 

the suspension and this was incubated on a shaker at 250 rpm and at 37 °C for one hour. 50 

μl of the transformed bacterial suspension were plated onto LB agar plates containing 25 μg/ml 

of kanamycin and plates were incubated at 37 °C overnight. The next day a colony was 

transferred into 1200 ml of LB medium containing 1% (w/v) glucose and 100 μg/ml ampicillin 

and it was incubated overnight on an orbital shaker at 37 °C. Finally, the plasmid DNA was 

purified using a NucleoBond® Xtra Midi kit (midi-preparation) according to the manufacturer’s 

protocol. The DNA concentration was determined by measuring the absorbance at 260 nm 

using the NanoDrop™ ND-1000 spectrophotometer. 

1.2 Culturing of the HEK P2 cell line for the production of IZI1551  

IZI1551 was produced in the human embryonic kidney (HEK) P2 suspension cell line with a 

DR5 knockout generated by Dr. Martin Siegemund. The cell line was cultured in F17 

Expression Style medium supplemented with 4 mM GlutaMAX, 0.1% Koliphor P188 and with 

the addition of 4 μg/mL puromycin. Erlenmeyer flasks containing the suspension HEK P2 cells 

were incubated on an orbital shaker at 37 °C and 5% CO2. The cell number was counted daily 

with a CASY cell counter and it was maintained lower than 2 x 106 cells/ml.  
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1.3 Transient transfection with polyethyleneimine (PEI) 

24 hours prior to transfection, 1.2 x 106 cells were spun down at 500 g for 10 minutes and the 

supernatant with antibiotic-containing medium was aspired. The cell pellet was resuspended 

in 360 ml of F17 Expression Style Medium supplemented with 4 mM GlutaMAX, 0.1% Koliphor 

P188 and in absence of antibiotics. Transfection was done when the cells were in their 

exponential growth phase (1.5-2 x 106 cells/ml). For that, on the day of transfection, the 

morphology of the cells was inspected under the microscope and the cells were counted to 

verify that the viability was higher than 90%. 400 μg of plasmid DNA were prepared with 20 ml 

of F17 medium. 1mg/mL of PEI was prepared in 20 ml of F17 medium. Both solutions were 

incubated for five minutes at room temperature (RT). Then, the PEI solution was added to the 

DNA mixture and the resulting solution was further incubated at RT for 20 minutes. This mixture 

was then added to 360 ml of HEK P2 cells in their exponential growth phase and the cells were 

placed back on the orbital shaker at 37 °C and 5% CO2. 24 hours after the transfection, 0.5% 

of tryptone N1 (TN1) and 10 μM ZnCl2 were added to the cell suspension. The cells were then 

incubated for additional four days on the orbital shaker and proteins were finally harvested 

from the supernatant and further purified. 

1.4 Protein harvesting and purification by anti-FLAG 

chromatography 

On the fifth day post-transfection, the transfected cells from the suspension were discarded by 

spinning them down at 2000 g for 30 minutes at 4 °C and the supernatant containing the 

proteins was collected to be sterile filtered (using filters with pores of 0.45 μm in diameter). In 

parallel, an anti-FLAG M2 Affinity Gel was loaded with PBS into a purifying column and it was 

equilibrated with three washing steps using 100 mM glycine-HCl at pH=3.5. Additional four 

washing rounds with DPBS were performed. To capture the target protein, the protein solution 

and the affinity resin (in PBS) were incubated together on a rolling platform at 4 °C overnight.  

The affinity gel was then collected by centrifugation at 2000 g for 30 minutes and transferred 

to a chromatography column. DPBS was used in three steps to wash away excess gel. Bound 

proteins were eluted with DPBS containing 100 μg/ml FLAG peptide. Washing and elution 

steps were qualitatively analysed with the dye Coomassie brilliant blue G-250. The protein-

containing eluate was then dialyzed in 5 litres of PBS overnight at 4 °C. The affinity gel was 

recovered for future use by repeating the equilibration and it was stored at 4 °C in 50% (v/v) 

glycerol in PBS containing 0.02% sodium azide. 
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1.5 Size-exclusion HPLC 

The purified protein was analysed by size exclusion high-performance liquid chromatography 

(HPLC). The protein eluate contained aggregates, fractions with diverse oligomerization status 

or cleavage products and it was further purified by fast protein liquid chromatography (FPLC). 

The concentrated protein was applied to a Superdex 200 10/300 GL column using PBS as 

mobile phase and a flow rate of 0.5 ml/min. Protein was collected in 100 μl to 250 μl fractions. 

Fractions containing the desired protein configuration were pooled. These steps were all 

performed by Doris Göttsch. 100 μl aliquots of IZI1551 in PBS were stored at -80 °C. 

1.6 Determining the concentration of IZI1551  

The concentration of the recombinant IZI1551 was determined for each thawed vial prior to 

use. For that, 10 μl of highly concentrated protein were diluted in 15 μl of PBS. 5 μl of this mix 

were used to determine the protein concentration (mg/ml) by measuring the absorption at 280 

nm with a NanoDropTM ND-1000 spectrophotometer. The Beer-Lambert equation was used to 

calculate the concentration of the protein: 

[𝟒] 𝐶 =
𝐴280 × 𝑀𝑤

 Ɛ × 𝑙
 

Equation 4: Beer-Lambert equation 

The Beer-Lambert equation was used to calculate the concentration of IZI1551, given its known molecular weight 

(Mw = 169.18 kDa) and its extinction coefficient (ε = 239.14 × 103 M-1 cm-1). 

where: 

C = concentration (mg/ml) 

A280 = absorption at 280 nm 

Mw = molecular weight of the protein (mg/μmol) 

Ɛ = extinction coefficient (ml/(μmol×cm)) 

l = optical path length (cm) 

Afterwards, the protein concentration (mg/ml) was divided by the molecular weight (mg/mmol) 

to convert the units from mg/ml to mol/l (molarity). 
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1.7 Biochemical characterisation and quality control of IZI1551 

To confirm the purity of the produced protein, an SDS-PAGE was performed. 5 μg of the protein 

were resolved in a Bolt 4-12% Bis-Tris Plus Gel under reducing and non-reducing conditions. 

The gel was boiled in ddH2O and incubated in Coomassie staining solution for one hour at RT 

and the gel was then visualised with the photo scanner Epson Perfection V200.  A band of 

approximately 170 kDa, corresponding to the size of the full length IZI1551 (dimer of 169.18 

kDa), was detected under non-reducing conditions and one band of approximately 85 kDa 

(reduced disulfate bonds) was detected under reducing conditions (figure 13). 

 

Figure 13: SDS-PAGE of IZI1551 for biochemical characterisation 

SDS-PAGE to examine the purity of the produced protein. Full length protein and protein with reduced disulfate 

bonds were detected, but not degradation products. M: protein ladder. Reducing: with β-mercaptoethanol. Non-

Reducing: without β-mercaptoethanol. 

To test the efficacy of the protein produced, its ability to reduce the viability of an IZI1551-

sensitive cell line such as HeLa was compared to that of a previous batch. For that, serial fold 

dilutions of the protein, from 10 nM to 10-6 nM, were prepared. These were applied in triplicates 

on HeLa cells seeded at a density of 104 cells/well in an F-bottom 96-well plate 24 hours prior 

to the experiment. A negative control consisting of untreated cells was also included. Following 

24 hours of IZI1551 treatment, a 2% Triton solution was added onto three wells as a positive 

control and the viability of the cells was determined: the treatment was removed and 100 μl of 

0.5% Crystal Violet solution were added to each well. Following one hour of incubation at RT, 

the crystal violet staining was removed, the cells were rinsed with tap water and the plate was 

left to dry at RT overnight. The next day, 200 μl of methanol were added in each well and the 
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absorption was measured at 570 nm with a SPARKTM microplate reader. The obtained values 

were normalised to that of the untreated control. The reduced viability of HeLa cells upon 

treatment with the newly produced IZI1551 was compared to that upon treatment with a 

previously produced batch. 
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2. Cell culture 

Cell culture of all non-PDCLs was performed according to standard operating procedures in 

the laboratory of Prof. Dr. Markus Morrison (Rehm). 

2.1 2D GBM PDCLs cultures 

All glioblastoma PDCLs were cultivated in neurosphere medium (NS) freshly prepared once 

every two weeks as follows: DMEM/F-12 supplemented with 2% B27; 20 ng/ml of bFGF; 20 

ng/ml of EGF; 5 μg/ml of heparin and 1% Pen/Strep. Flasks for the maintenance of 2D cultures 

were rinsed with PBS for reducing their surface tension and they were freshly coated BME in 

a ratio 1:100 with NS medium and in a sufficient volume to cover the whole culturing surface 

(2.5 ml for T75 flasks, 1.5 ml for T25 flasks, 1 ml for 6-well plates and 40 µl for 96-well plates). 

The coated flasks were incubated for 30 minutes at 5% CO2, 37 °C and 96% relative humidity 

in an incubator and cells were seeded onto it. To maintain a proliferative cell culture, dilutions 

were carried out every four to 20 days depending on the growth rate of each cell line. For this 

purpose, as well as for harvesting, cells were detached by treating them with an amount of 

Accutase® sufficient to cover the cell surface for 10 to 20 minutes in the incubator at 5% CO2, 

37 °C and 96% relative humidity. The detachment reaction was stopped by diluting Accutase® 

with PBS in a ratio 1:5. The cell suspension was spun down for five minutes at 400 rcf and the 

cell pellet was either diluted as necessary in NS medium and placed back into the flasks or 

prepared for counting. During the passaging routines, cells were never discarded but a cell 

suspension of at least 1 million cells in a ratio 1:10 with DMSO was always stored for long term 

in sterile cryovial at -80 °C.  Cell counting was performed using a Neubauer counting chamber 

(hemocytometer). 10 μl of the cell suspension were mixed with 10 μl of a trypan blue solution 

to exclude the dead cells from the count. 10 μl of the solution were loaded onto the counting 

chamber and the cell number was calculated as the mean number of cells counted in the four 

squares of the chamber. This was then multiplied by the volume of the cell suspension loaded 

onto the hemocytometer and multiplied by 104 as conversion factor to obtain the number of 

cells per millilitre. A different number of cells was seeded according to the surface area of the 

cultureware and to the requirements of the experiment. Attachment of the cells to the 

culturware was allowed to occur overnight in an incubator at 37 °C and 5% CO2. Medium was 

changed every two or three days. Cells were only used until passage number 25 (short-term 

cultures) unless differently stated. All cell lines were regularly tested for mycoplasma infection. 



Methods 

77 
 

2.2 3D GBM PDCLs cultures 

Glioblastoma PDCLs were cultivated in NS medium prepared as described in paragraph 2.1. 

Flasks for the maintenance of 3D cultures were pre-rinsed with the surfactant solution Anti-

Adherence Rinsing Solution that reduces the surface tension and prevents cell adhesion. For 

splitting or harvesting, glioblastoma spheroids were spun down and thoroughly resuspended 

in Accutase® for both enzymatic and mechanical dissociation. After 20 minutes, the enzymatic 

reaction was stopped by diluting the cell suspension in PBS. Passaging and counting of the 

single cell suspension was carried out as for the 2D glioblastoma PDCLs. An appropriate 

number of single cells was seeded onto cultureware pre-rinsed with Anti-Adherence Rinsing 

Solution and spheroids were allowed to form for 24 hours in an incubator at 5% CO2, 37 °C 

and 96% relative humidity. For the maintenance of a proliferative spheroids culture, medium 

was changed every two or three days and splitting was performed every 7 to 10 days 

depending on the growth rate of the cell lines and always before the formation of a necrotic 

core could occur. All cell lines were regularly tested for mycoplasma infection. 

2.3 hCMEC/D3 cell culture 

Blood-brain barrier hCMEC/D3 endothelial cells were cultured in Endothelial Cell Growth Basal 

Medium MV 2 with the following supplements: 0.05 ml/ml FBS, 0.004 ml/ml Endothelial Cell 

Growth Supplement, 10 ng/ml Epidermal Growth Factor, 90 μg/ml Heparin, 1 μg/ml 

Hydrocortisone and 1 ng/ml bFGF. Culturewares were coated with 10 μg/cm2 Collagen type I, 

Rat Tail in acetic acid for one hour at 5% CO2, 37 °C and 96% relative humidity. Flasks were 

rinsed with PBS before the cell seeding. Cell cultures were maintained until passage number 

10 and a 1:5 or 1:10 dilution was prepared every four or five days. For harvesting, cells were 

washed with PBS and detached from the surface by treating them with 1 x trypsin/EDTA in 

PBS for 10 minutes in the incubator. Thereafter, the reaction was stopped with the same 

culturing medium in a volume 10 times higher than that of trypsin. The cell suspension was 

spun down for five minutes at 400 rcf, the supernatant was discarded and the cell pellet was 

resuspended in an appropriate amount of medium for either counting the cells as described in 

paragraph 2.1 or for splitting them. For the long-term storage, around one million cells were 

pelleted by centrifugation (300 g for five minutes), supernatant was removed and cells were 

resuspended in freezing medium (10% (v/v) DMSO in FBS) before finally transferring them to 

sterile cryovials and freezing them at -80 °C. 
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2.4 U-87 MG; HT1080 and HeLa cell culture 

The cell line U-87 MG was cultured in DMEM medium and the cell lines HT1080 and HeLa 

were cultured in RPMI1640 + L-Glutamine medium, both supplemented with 10% FBS. 

Culturewares were kept in an incubator at 37 °C with 5% CO2 and 95% relative humidity. To 

harvest the cells, the medium was thoroughly removed via aspiration, the cells were washed 

with PBS and detached using 1x trypsin/EDTA in PBS. After five to 10 minutes in the incubator, 

the trypsin was inactivated via addition of FBS-containing medium (8 ml of medium every 2 ml 

of trypsin) and the cells were spun down for five minutes at 400 rcf. The cells were 

resuspended in an appropriate amount of fresh medium and either counted using a Neubauer 

chamber as described in paragraph 2.1 or, every three to five days, they were split in a ratio 

1:5 or 1:10 for the maintenance of a proliferative culture. Alternatively, the cell pellet was 

resuspended in freezing medium (10% (v/v) DMSO in FBS) and conserved at -80 °C in 

cryovials. 
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3. Cell death measurements 

3.1 Cell death measurements by flow cytometry  

Flow cytometry-based measurements of cell death were performed according to standard 

operating procedure of the laboratory of Prof. Dr. Markus Morrison (Rehm). Briefly, 1,5 × 104 

(glioblastoma PDCLs) or 1,0 × 104 (hCMEC/D3, HT1080, U-87 MG) cells per well were seeded 

in a 96-well F-plate in the respective culturing medium 24 hours prior to experiments. For 

glioblastoma PDCLs the surface of the well was either coated with 1:100 BME (2D condition) 

or washed with Anti-Adherence Rinsing Solution (3D condition). Cells were treated in triplicates 

for 24 hours or 48 h and with the drug concentrations stated in the results section. Pre-

treatment conditions consisted of 30 minutes (Q-VD-OPh) or 24 hours (marizomib) incubation 

prior to the addition of other drugs. Following treatments, dead cells in the supernatant were 

collected and combined with detached or dissociated living cells or spheroids (40 μl of 

Accutase® for 10-20 minutes or 40 μl of 1x trypsin/EDTA in PBS for five minutes at 37 °C). All 

cells were transferred to a 96 U-well plate and spun down at 400 rcf for five minutes. The 

supernatant was removed and cells were resuspended in 100 μl of Annexin V Binding Buffer 

with 1:100 Annexin V-GFP and 1 μM Propidium Iodide (PI). Measurements were done on a 

MacsQuant flow cytometer using a laser with excitation at 488 nm (emission from 655-730 nm; 

PI) and a laser with excitation at 488 nm (emission from 500-550 nm; GFP). Single staining 

was used to compensate the spectrum overlap of the two fluorochromes. Gating was 

performed to exclude cell debris, cell clumps or non-cellular particles. To analyse the data 

generated by the flow cytometer, the software MACSQuantify and the flowing software 2.5.1 

were used. 

3.2 Cell death measurements with the IncuCyte system 

1,0 × 104 cells/well were resuspended in the corresponding cell culturing medium containing 1 

μM PI. Cells were seeded in a 96-well F-bottom plate (pre-coated with 40 μl of 1:100 BME/well 

for 2D-cultured glioblastoma PDCLs) 24 hours prior to the experiment. Plates were placed in 

the incubator of a IncuCyte S3 device at 37 °C and 5% CO2 and they were imaged once prior 

to the first treatment. Then, cells were treated or pre-treated in triplicates as stated in the results 

section and imaged at regular intervals as indicated. Two images from two fields of view per 

well were obtained at a magnification of 20x with both transmitted light and at 585 nm 
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wavelength to detect the fluorescence emitted by PI. In the case of glioblastoma PDCLs, 0.1 

μg/μl digitonin were added onto the cells at the end of the treatment in order to permeabilize 

the cell membranes and images were taken for one additional hour at intervals of 10 minutes. 

The images from all the time points were analysed with the semi-automated IncuCyte S3 

software for the percentage of cell-covered area (confluence) and the percentage of PI-

covered area in each well and average values from the two captures per well were calculate 

by the software. For the glioblastoma PDCLs, cell death was calculated as the percentage of 

PI-covered area normalized to the percentage of cell covered area that was further normalized 

to the PI-positive cell area in the digitonin-treated wells. In the case of HT1080 and U-87 MG 

cell lines instead, due to technical difficulties for the software to accurately detect the cell-

covered area and to the swift membrane disruption upon digitonin treatment, the ratio between 

PI-covered area and cell-covered area was calculated and considered as indicator of cell 

death. Plotting of the data and statistical analysis was conducted with GraphPad Prism 9. 
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4. Staining methods for live cell imaging 

4.1 Hoechst and PI staining for microscopy 

 

Glioblastoma PDCLs were seeded at a density of 1,0 × 104 cells/well in an F-bottom 96-well 

plate pre-coated with 40 μl of 1:100 BME in NS medium and allowed to attach for 24 hours. 

Seeding medium was then removed and replaced with 100 μl of fresh medium containing the 

drug concentrations indicated in the results section as well as 1 μM PI and 1 μg/ml Hoechst 

33342. Following 24 hours of treatment, cells were imaged at a 10x magnification with an 

EVOS M5000 digital inverted microscope using the transmitted light as well as the blue light 

cube (excitation at 357/44 nm and emission at 447/60 nm) to detect the Hoechst signal and 

the orange light cube (excitation at 531/40 nm and emission at 593/40 nm) to detect the PI 

signal.  

4.2 Calcein AM staining for viability assay 

A Calcein AM stock solution (1 mg/ml) was prepared at a working concentration of 4 μM in 

DMEM-F12 medium (NS medium without supplements) and equilibrated by incubating it for 15 

minutes in the dark at 5% CO2, 37 °C and 96% relative humidity. Following equilibration, the 

Calcein solution was used to stain the spheroids as described in paragraph 5.2.  
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5. Cell viability assays 

5.1 WST-1 assay 

Glioblastoma PDCLs were plated in a number of 3 × 103 cells/well in 96-wells F-plates either 

pre-coated with 40 μl of 1:100 BME in NS medium (2D cultures) or washed with Anti-

Adherence Rinsing Solution (3D cultures). Cells were allowed to attach or to form spheroids 

for 24 hours in an incubator at 5% CO2, 37 °C and 96% relative humidity. Drugs were added 

onto the cells as indicate in the results section and after 24 hours the WST-1 (2-(4-Iodophenyl)-

3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium sodium salt) reagent was added in a 

1:10 final dilution, according to the manufacturer’s instructions. The WST-1 salt is cleaved to 

a soluble formazan dye by the succinate-tetrazolium reductase system of the respiratory chain 

of the mitochondria in a reaction requiring NAD(P)H.  

Plates were incubated for three hours in the incubator and the absorbance of each sample 

was measured at wavelengths of 450 and 620 nm using a microplate reader (GENios or 

SPARK®, Tecan). The background signal (620 nm) was subtracted from the 450 nm reads and 

the absorbance was expressed relatively to DMSO-treated control cells. 

5.2 Calcein AM staining 

3 × 103 cells/well of the N160125 cell line were seeded in duplicates in a 96-well plate washed 

with Anti-Adherence Rising Solution. Cells were allowed to form spheroids for 24 hours. 

Treatments were added for the duration and concentration indicated in the results section. 

Following treatment, the spheroids were spun down for 10 minutes at 400 rcf and the 

supernatant was removed. The spheroids were then resuspended in 4 μM of an equilibrated 

Calcein AM solution prepared as described in paragraph 4.2. 100 μl of a Calcein AM solution 

were added in each well and incubated for 30 minutes at 37 °C prior to imaging with an Eclipse 

TE300 inverted microscope using the FITC channel. Fluorescence was recorded using a 490 

nm excitation filter and a 520 nm emission filter. Fluorescence intensity is proportional to the 

number of viable cells and it was expressed as a fold change compared to untreated controls.  
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6. Calculation of the synergy scores 

The synergy scores of drug interactions between IZI1551 and marizomib were assessed based 

on the calculation of the combination index (CI). The calculation was done on the cell viability 

data generated by WST-1 assay. The CI was calculated according to the formula:  

[𝟓] 𝐶𝐼 =
𝑎 + 𝑏

𝑐
 

Equation 5: Calculation of the combination index (CI) 

In the formula of the CI the following is represented: a = Percentage of alive cells after the single treatment with 

drug a. b = Percentage of alive cells after the single treatment with drug b. c = Percentage of alive cells after the 

combination treatment with drugs a and b. 

The calculated CI values represent: 

CI>1.0 indicates an antagonistic effect 

CI = 1.0 indicates an additive effect 

CI<1.0 indicates a synergistic effect 

(The lower the CI value, the stronger is the synergy). 

In this thesis, an operational threshold of 0.9 was chosen to discriminate CI values indicative 

of synergistic apoptosis-inducing effects. 
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7. Long term survival assay 

1,5 × 104 cells/well of N160125 or GTCC10 cell lines were seeded in an BME-coated 96-well 

F-plate 24 hours prior to experiments. Cells were then treated in triplicates with 1 nM of 

IZI1551, 80 nM of marizomib or the combination thereof. Alternatively, cells were pre-treated 

with 50 µl of Q-VD-Oph for 30 minutes prior to the addition of the combination treatment. 

Following 24 hours of treatment, the supernatant with the dead cells was discarded and alive 

cells were detached using Accutase® as described in paragraph 2.1. Cells were counted and 

triplicates of 500 survivor cells per each condition were re-seeded in a BME-coated 96 well 

plate. Cells were placed in an incubator at 5% CO2, 37 °C and 96% relative humidity for six 

days. On the sixth day, cells were imaged at 10x magnification using an EVOS M5000 

microscope and their viability was assessed with a WST-1 assay as described in paragraph 

5.1. Cells were counted in an exact volume of 100 μl per condition using a MACSQuant flow 

cytometer and proliferation capacity was normalized by relating the numbers of cells in each 

condition to that of untreated controls. 
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8. Western blotting 

Western blotting was performed according to standard operating procedures in the laboratory 

of Prof. Dr. Markus Morrison (Rehm). 

8.1 Preparation of whole cell extracts for western blotting  

The cell monolayers were detached with Accutase® (2D glioblastoma PDCLs) or 1x trypsin 

(HT1080, HeLa, U-87 MG) and glioblastoma spheroids were dissociated in Accutase®. Cells 

were harvested as described before, either in untreated condition for quantifying the basal 

protein expression or treated as indicated in the results section. The cell pellets were washed 

with 1 ml of PBS and transferred in 1.5 ml reaction tubes to be spun down at 500 g for 5 

minutes at 4 °C. Cell pellets were resuspended in an appropriate amount of lysis buffer + 

protease inhibitor cocktail cOmplete (EDTA free) and incubated for 15 minutes on ice, followed 

by centrifugation at 1.6 × 104 g for 15 minutes at 4 °C to pellet the crude cell components. The 

supernatants were then transferred to new 1.5 ml reaction tubes and either frozen at -20 °C or 

directly used for protein determination and sample preparation. Pellets were discarded.  

8.2 Determination of the protein concentration with the Bradford 

assay 

The protein concentration of the generated cell lysates was determined with the Bradford 

assay. This is based on the dye Coomassie brilliant blue G-250 that forms complexes with 

proteins in an acidic environment, causing a shift in the absorbance maximum from 465 nm to 

595 nm. 10 μl of pre-diluted lysates (1:10 with ddH2O), a BSA standard (0.0, 0.125, 0.25, 0.5, 

0.75, 1.0, 1.5, 2.0 mg/ml BSA diluted in ddH2O) and a blank (lysis buffer diluted 1:10 and 1:20 

with ddH2O) were transferred in duplicates to a 96-well plate (F-bottom, clear). 200 μl of the 

Bradford reagent were added in each well and following five minutes of incubation at RT 

absorbance was measured at a wavelength of 595 nm with a SPARKTM microplate reader. The 

protein concentration in whole cell lysates was calculated by comparing the absorbance of the 

samples of a known concentration to that of samples of unknown concentration. The protein 

samples were either further prepared for Western blotting or stored at -20 °C for later analysis. 
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8.3 Protein sample preparation and SDS-PAGE  

From the previously obtained cell lysates, samples were prepared for the sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The protein samples consisted of the 

required volume of cell lysate containing 20 or 15 μg of protein, 1:5 of Laemmli loading buffer 

5x and H2O. The protein samples were incubated for five minutes at 95 °C on a heat block and 

finally, either frozen at -20 °C or directly loaded onto the gel. 

The protein samples, together with a protein standard, were loaded on a Bolt™ 4-12% Bis-Tris 

Plus precast gel and separated in a Bolt™ mini gel tank electrophoresis chamber filled with 

Bolt™ MES SDS running buffer 20x at 150 Volts for 40 minutes following the manufacturer’s 

instructions. 

8.4 Semi-dry protein transfer 

After the SDS-PAGE, proteins were transferred to a nitrocellulose membrane using the iBlot 2 

Dry Blotting System following the manufacturer’s instructions (transfer settings: 20 Volts; 7 

minutes). Membranes were stained with a Ponceau S solution to examine the quality of the 

protein transfer. Membranes were then washed with TBS and incubated for one hour at RT 

with 1:10 blocking reagent in TBS. 

8.5 Protein detection 

Following blocking, membranes were incubated overnight at 4 °C with a primary antibody 

diluted in 1:20 blocking reagent in TBST. Afterwards, the membranes were washed three times 

for 10 minutes with 1x TBST at RT and then incubated with the secondary antibody diluted in 

TBST with blocking reagent (1:20), for one hour at RT. Following other three washing steps, 

proteins were detected by incubating the membrane with an HRP substrate and detecting the 

signals with an ECL imager. In the case of re-probing, membranes were washed three times 

with TBST before incubating them with additional antibodies. The brightness and contrast of 

the protein bands were adjusted with the Fiji software. 
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9. Marizomib permeability assay 

9.1 BBB model 

0.4 × 106 cells/well of hCMEC/D3 cells were grown in 1.5 ml of supplemented Endothelial Cell 

Growth Basal Medium MV 2 (see paragraph 2.3) on PET (polyethylene terephthalate) 6-well 

ThinCert™ Cell Culture Inserts with a 0.4 μm pore size coated with 10 μg/cm2 of Gibco™ 

Collagen type I, Rat Tail as described in paragraph 2.3. The bottom side of chamber was filled 

with 2 ml of supplemented Endothelial Cell Growth Basal Medium MV 2 and cells on the insert 

were allowed to grow until forming a confluent layer (additional five days). The resistance in 

each well, including a control empty well, was measured daily starting 24 hours after initial 

seeding (day 1) by an EVOM voltohmmeter combined with STX-2 electrodes. Recorded 

resistance was related to the surface area of the transwell insert (Ω × cm2) and the resistance 

of cell-free inserts was subtracted from the measured values. On day 2, the medium from both 

the upper and bottom chambers were replaced with 2 ml of fresh medium. Experiments were 

performed when the transendothelial electrical resistance (TEER) exceeded 80 Ω × cm2. 

 

9.2 Assessing Marizomib penetrance 

On the fifth day, when a tight barrier was considered to be formed (TEER>80 Ω × cm2), medium 

from both chambers was replaced: 2.5 ml of fresh medium were added in the bottom 

compartment, and 2.5 ml of medium containing 40 μM of marizomib or DMSO were added in 

the upper one. Following 24 hours of treatment (day 6), the medium from the bottom chamber 

was collected and applied onto N160125 cells grown at a density of 1.5 × 104 cells/well of a 

BME-coated F-bottom 96-well plate. Alternatively, a separately prepared marizomib solution 

at 40 nM of concentration and in the same volume as the medium collected from the bottom 

chamber of the transwell, was added onto the N160125 cells. After 24 hours of pre-treatment, 

1 nM of IZI1551 was added in both conditions and after additional 24 hours cell death was 

measured flow cytometrically as described in paragraph 3.1.  
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10. Proteasome activity assay 

The inhibitory activities of marizomib and bortezomib in vitro were determined with a 

fluorescent reporter assay using the peptide suc-LLVY-AMC (N-(3-carboxy-1-oxopropyl)-L-

leucyl-L-leucyl-L-valyl-N-(4-methyl-2-oxo-2H-1-benzopyran-7-yl)-L-tyrosinamide) that is a 

substrate of the CT-L activity of the proteasome, the main target of both marizomib and 

bortezomib. The tetrapeptide LLVY quenches the fluorescence of AMC when the reporter 

peptide is intact. Instead, when the tetrapeptide gets cleaved, AMC is released and the 

fluorescence emission increases proportionally to the activity of the 26S proteasome. 

The protocol for assessing proteasomal activity was adapted from the PhD thesis of M. A. 

Laussman 511. 

10.1 Preparation of stock solutions for the proteasome activity 

assay 

• 0.1 M HEPES buffer, pH 7.4: 2.38 g HEPES initially dissolved in 80 ml of ddH2O. After 

adjusting the pH to 7.4, ddH2O was added up to 100 ml of final volume. The HEPES buffer 

was sterile filtered and kept at 4 °C. 

• 1 M KCl buffer: 14.91 g KCl dissolved in 200 ml of ddH2O and autoclaved. 

• 1 M MgCl2 buffer: 10.2 g of magnesium chloride hexahydrate added to 50 ml of ddH2O 

and autoclaved. 

• 0.25 M EDTA buffer, pH 8: 9.3 g EDTA disodium salt dihydrate dissolved in 80 ml of 

ddH2O. After adjusting the pH to 8, ddH2O was added up to 100 ml of final volume and the 

buffer was autoclaved. 

• 0.25 M EGTA buffer, pH 8: 9.5 g EGTA added to 80 mL ddH2O. After adjusting the pH to 

8, ddH2O was added up to 100 ml of final volume and the buffer was autoclaved. 

• 1 M DTT stock solution: 3.1 g DTT dissolved in 20 ml of ddH2O under the fume hood. The 

DTT solution was sterile filtered and 1 ml aliquots were prepared to be stored at -20 °C. 

• CHAPS lysis buffer: 10 ml of 0.1 M HEPES, pH 7.4 was mixed with 4.2 ml of 1 M KCl; 0.5 

ml of 1 M MgCl2, 40 μl of 0.25 M EDTA, pH 8; 40 μl of 0.25 M EGTA; 0.5 g CHAPS and 

ddH2O up to a final volume of 100 ml (85 ml). The lysis buffer was sterile filtered and 10 

ml aliquots were kept at -20 °C. For use, an aliquot was thawed and 10 μl of 1 M DTT was 

added.  
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• 2x reaction buffer: freshly prepared by mixing 5 ml of 0.1 M HEPES buffer with 40 μl of 

0.25 M EDTA, pH 8 and ddH2O up to 10 ml.  

10.2 Measurement of the CT-L activity of the 26S proteasome 

4 × 104 cells/well were seeded in 24-well plates coated with 50 μl of BME 1:100 in NS medium. 

Cells were treated in triplicates for 24 hours with the concentrations of proteasome inhibitors 

indicated in the results section. At the time of harvesting, the medium was discarded from the 

cells and 200 μl/well of CHAPS lysis buffer were added. To facilitate the lysis procedure, the 

cell pellets were incubated for 10 minutes at 37 °C in a heat block shaker at 1000 rpm. Cell 

lysates were then transferred into pre-cooled 1.5 ml reaction tubes and kept on ice. From each 

lysate, triplicates were prepared by pipetting 50 μl of lysate per well into a black F-bottom 96-

well plate. The remaining lysates were used for determining the protein concentrations via the 

Bradford assay. The 50 μl of lysate were incubated with 150 μl of a reaction solution containing: 

1x reaction buffer (100 μl of the 2x reaction buffer for a total volume of 200 μl); 20 μM suc-

LLVY-AMC substrate (final concentration per well, 6.11 μl from the 20 μM stock in DMSO 

prepared according to manufacturer instruction) and H2O up to 200 μl (43.89 μl).  

An autofluorescence control was included by mixing 50 μl of CHAPS lysis buffer with 150 μl of 

a reaction solution (100 μl of 2x reaction buffer and 50 μl of H2O). 

After five minutes of incubation in the dark at RT, the plate was placed in a pre-warmed 

SPARKTM microplate reader at 37 °C and the fluorescence emission at 465 nm was measured 

every 10 minutes for 20 times upon excitation of 380 nm. 

The obtained fluorescence signals were normalised to the protein concentrations determined 

via the Bradford assay as described in paragraph 8.2. The remaining CT-L activity of the 

proteasomes after marizomib or bortezomib treatments was analysed as the mean fluorescent 

emission from each cell lysate triplicate subtracted of the autofluorescence values. The 

resulting values were plotted over time and slopes of marizomib- or bortezomib-treated 

samples were normalized to untreated controls whose slope was set to 100% activity. 
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11. Flow cytometric analysis of death receptor 

surface expression 

The surface expression of death receptors was measured according to standard operating 

procedures in the laboratory of Prof. Dr. Markus Morrison (Rehm). Briefly, cells were seeded 

at a density of 1.5 × 104 in F-bottom 96-well plates pre-coated with BME 1:100 in NS medium 

24 hours prior to the experiments. Cells were then treated in duplicates for the time duration 

and drug concentrations indicated in the results section. The supernatant with dead cells was 

transferred into a U-form plate and attached cells were harvest in Accutase® as described in 

paragraph 2.1. Detached cells were combined with dead cells in the U-plate and spun down 

for five minutes, at 400 g and at 4 °C. The supernatant was removed and the cells were 

resuspended in 100 µl of cold PBA containing 4 μg/ml/sample of the primary antibody (anti-

human DR4 or DR5) or of the isotype control (IgG1 k or IgG2b k). After 30 minutes of incubation 

on ice, cells were washed with 150 µl of PBA and resuspended in PBA containing 10 μg/ml of 

the secondary antibody (goat anti-mouse IgG - Alexa Fluor 488). Following 45 minutes of 

incubation on ice in the dark, cells were spun down for five minutes, at 400 g and at 4 °C. The 

supernatant was removed and the cells were first washed with PBA, then resuspend in 100 µl 

PBA and finally transferred to a U-form plate. Measurements were performed on a 

MACSQuant instrument using a laser with excitation at 488 nm and emission from 500-550 

nm (GFP) and analysis was performed using the flowing software 2.5.1. Gating was performed 

to exclude cell debris, cell clumps or non-cellular particles as well as to select for IgG1 or IgG2 

positive events. The median of IgG1 or IgG2 positive events was calculated and normalised to 

the DMSO control for determining the marizomib-induced death receptors accumulation. 

Alternatively, the median of IgG1 or IgG2 positive events was normalised to the median values 

calculated for the N160125 cell line in order to compare the basal expression levels of death 

receptors among different cell lines.  
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12. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 9. Data are shown as mean values 

plus or minus the standard deviation (SD), standard error of the mean (SEM) or range as stated 

in the figure legends. Statistical significance of differences between groups was verified using 

the stated significance tests. Significance level were denoted with asterisks: *p ≤ 0.05; **p ≤ 

0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Unless otherwise stated, data are from three independent 

experiments. 
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1. Chapter One: GBM PDCLs show heterogeneous 

phenotypes and respond differentially to IZI1551 and 

marizomib  

In this chapter, a panel of seven glioblastoma PDCLs from both primary and recurrent cases 

have been analysed. In particular, they have been characterised for their morphology and for 

their responsiveness to the hexavalent TRAIL receptor agonist IZI1551 alone, or in 

combination with the brain-penetrant proteasome inhibitor marizomib (MRZ). These PDCLs 

were established according to the methods described by the groups of M.L.M Lamfers and 

A. Idbaih and they were cultivated according to the most recent protocols that ensure the 

maintenance of the tumour characteristics 109,112,512. In particular, the cells were only utilised 

for short term and they were cultivated in the absence of serum. Under these conditions, 

phenotypes and growth behaviours were very diverse among the different cell lines, reflecting 

the expected inter-tumour heterogeneity found in glioblastoma patients. The relevance of 

limited cultivation times for drug responsiveness studies was proven in experiments in which 

cells from short- and long- term cultures displayed very different sensitivities to the same 

dosage of IZI1551.  

Dose-combination matrices of IZI1551 and marizomib revealed that the two drugs acted 

synergistically in inducing apoptosis in the majority of PDCLs, with marizomib also reducing 

the long-term proliferation capacity of cells surviving the combination treatment. This first 

screening provided promising results on the efficacy of combination therapies based on 

TRAIL and proteasome inhibition in glioblastoma. 

1.1 GBM PDCLs show heterogeneous phenotypes that are 

maintained within low passage cultures 

The experiments shown in this and in the following paragraphs were performed on PDCLs of 

which five came from primary glioblastoma cases and two originated from recurrent tumours. 

These cell lines were established at the Institut du Cerveau et de la Moelle épinière (ICM) or 

at the Erasmus Medical Center (EMC) and provided to the Institute of Cell Biology and 

Immunology (IZI) at a passage number below nine. The peculiar morphology of each cell line, 

cultured both in 2D and 3D, was documented as soon as their cultivation was started at the 
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IZI. The micrographs shown in figures 14A and 14B should therefore be taken as a reference 

for the morphology of these cells, that kept on being monitored throughout the project to 

detect changes and alterations possibly occurring over time. 
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Figure 14: Morphology of 2D and 3D cultures of glioblastoma PDCLs 

Transmitted light pictures of primary and recurrent glioblastoma PDCLs at a passage number below nine taken 

with an inverted digital microscope (EVOS). (A) 2D cell cultures cultivated on BME-coated flasks. (B) 3D cell 

cultures cultivate on flasks pre-treated with Anti-Adherence Rinsing Solution. 

1.2 Long term cultivation alters the responsiveness of GBM 

PDCLs to IZI1551 

In this project, the cytotoxicity of the translationally relevant second-generation TRAIL 

receptor agonist IZI1551 against glioblastoma PDCLs was assessed. PDCLs are a superior 

in vitro model for drug responsiveness studies when compared to established cell lines that 

are routinely passaged an uncountable number of times in most laboratories. To prove that 

such latter culturing routine can alter cells sensitivity to at least certain drugs, cells of one of 

the glioblastoma PDCLs of the aforementioned panel were parallelly cultivated for different 

time durations: in one case cells were only passaged less than 20 times while the other 

culture was maintained for longer periods until exceeding passage 30. Both cultures were 

then exposed to increasing concentrations of IZI1551 comprising 10 pM; 100 pM and 1 nM. 

Next, cells were stained with both Annexin V-GFP and propidium iodide (PI) and cell death 

was assessed flow cytometrically (figure 15). While short term-cultured cells were completely 

resistant to IZI1551 (figure 15A), cells that had been passaged several times (P>30) 

manifested a dose-dependent response to the drug (figure 15B). 
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Figure 15: Long term cultivation alters the responsiveness of cells to IZI1551 

2D-cultured N160125 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment 

and then treated for 24 h with the indicated concentrations of IZI1551.  Cell death was measured by Annexin V/PI-

based flow cytometry. (A) Low-passaged N160125 cells (P<20). (B) High passage N160125 cells (P>30). Data 

represent mean ± range of two independent experiments. 

This experiment showed that prolonged cultivation times altered the characteristics of the 

cells and determined different responses to the TRAIL receptor agonist. Such different TRAIL 

sensitivities between short- and long- term cell cultures underlined the need to use patient 

derived cells only for limited times before their divergence from the tumour of origin would 

weaken the clinical relevance of drug responsiveness studies. For this reason, all the 

experiments shown from here on in this thesis have only been performed on cells kept in 

culture for less than 25 passages.   

1.3 PDCLs of a representative GBM panel are mostly sensitive to 

the combination treatment of IZI1551+MRZ 

In order to evaluate the efficacy of IZI1551 and marizomib as possible treatment options for 

glioblastoma patients, a representative panel of seven glioblastoma PDCLs, comprising both 

primary and recurrent cases, has been screened for responsiveness to these drugs as single 

agents and in combination treatments. To this end, the PDCLs were cultured in monolayers 

and their viability in response to 5x5 dose-combination matrices of IZI1551 and marizomib 

was assessed by WST-1 assays. Cells were exposed to the different combinations for 24 

hours before absorbance was recorded. As shown in figure 16, single drug treatments 

exerted no or very limited efficacy while combination treatments, especially at higher 

dosages, resulted in a substantially lowered viability in the majority of cell lines tested. This 

result allowed to distinguish the panel in a group of five responder cell lines and a group of 

two cell lines classifiable as non-responders. From here on in this thesis, these five responder 

cell lines, namely GTCC9; N160240; N160125; N150385 and N150661 will be indicated in 

green while the two non-responder cell lines N151027 and GTCC10 will be indicated in red. 

Of note, the two cell lines derived from recurrent glioblastoma cases behaved very differently, 

with GTCC9 being highly sensitive and GTCC10 being strongly resistant to high doses of 

IZI1551 and marizomib in combination. 
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Figure 16: Most GBM PDCLs are sensitive to combination treatments with IZI1551 and MRZ 

3 × 103 cells/well were cultivated in 2D and stimulated with the indicated concentrations of IZI1551 and MRZ for 

24 h. Cell viability was assessed by a WST-1 cell proliferation assay. The percentage of cell viability was plotted 

in heat maps where the red colour intensity was proportional to the percentage of viability loss. The percentage 

of cell viability in each condition was normalised to untreated controls. Data are mean values from three 

independent experiments. SEMs across the repeat experiments and conditions were <20%. Data on N150385; 

N150661; N151027 and GTCC10 cells were generated by Emily Kolbe under the author’s supervision. 

Next, drug interactions were analysed by calculating the CI as described in the methods 

section. The calculation of the synergy scores revealed that for conditions where the 

combination of IZI1551 and marizomib substantially reduced cell viability, the two drugs acted 

synergistically, with the highest response corresponding to the highest synergy score (figure 

17).  
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Figure 17: IZI1551/MRZ interactions evoke synergistic responses in sensitive cell lines 

Synergy scores of drug interactions were determined by calculating the CI from the data shown in figure 16. The 

scores were plotted as heat maps in which the deeper blue colours represented stronger synergies.  

To prove that loss of viability correlated with actual cell death induction, one of the PDCLs 

was analysed for Annexin V-GFP and PI positivity following treatment with the 25 drug 

combinations previously shown. Such measurements were then compared with the results 

of the WST-1 assay (figure 18A and 18B). This comparison indeed showed that the reduced 

viability induced by IZI1551+MRZ treatments mostly corresponded to cell death represented 

by phosphatidylserine exposure and PI permeability.  

 

Figure 18: IZI1551+MRZ-induced loss of viability correlates with cell death induction 

Comparison between cell viability and cell death measurements of 2D-cultured N160125 cells. (A) Cell death was 

assessed via flow cytometry of cells stained with both Annexin V-GFP and PI. (B) The heat map showing the cell 

viabilities is from the experiment in figure 16 and is shown here for the purpose of comparison. Cell death data 

are mean values from three independent experiments. SEMs across the repeat experiments and conditions were 

<10%. 

All together these findings showed that IZI1551 and marizomib as single agents were too 

weak to substantially affect the viability of glioblastoma PDCLs and that combination 

treatments were necessary to evoke robust responses. It was also shown that IZI1551+MRZ 

treatments lowered the viability of glioblastoma cells in a way that correlated with cell death 

induction. Moreover, the interaction of these two drugs provoked highly synergistic responses 

in terms of reduced cell viability.  
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absence of the pan-caspase inhibitor Q-VD-Oph. Following 24 hours of treatment, cells were 

stained with both Annexin V-GFP and PI and cell death was measured flow cytometrically. 

As shown in figure 19, both IZI1551 and marizomib as single agents failed to trigger cell death 

at a significant level. The combination of the two drugs instead led to caspase-dependent 

death, as proven by the addition of Q-VD-Oph that brought cell death amounts back to 

background levels (figure 19). 

 

Figure 19: IZI1551+MRZ co-treatment induces caspase-dependent death of GBM PDCLs 

1.5 × 104 cells/well were cultivated in 2D and treated for 24 h with IZI1551 (1 nM), MRZ (80 nM) or with the 

combination thereof in presence or absence of the pan-caspase inhibitor Q-VD-Oph (50 μM, 30 minutes of pre-

exposure). Cell death was measured by Annexin V/PI-based flow cytometry. Data represent mean ± SEM from 

three independent experiments. ** = p ≤ 0.01; *** = p ≤ 0.001 **** = p ≤ 0.0001. When not specified cell death 

differences were not significant. One-way ANOVA followed by Tukey’s post hoc test. Experiments on GTCC9; 

N150385 and N150661 cells were performed together with Emily Kolbe. 

The co-staining of cell nuclei with both PI and Hoechst 33342 was also indicative of apoptotic 

death, as the increased PI signal upon combination treatment was reversed by caspase 

inhibition. Moreover, nuclei condensation and cellular rounding were observed in 

IZI1551+MRZ-treated cells and both effects were prevented by the addition of Q-VD-Oph 

(figure 20). 
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Figure 20: Cellular and nuclear morphologies of N160125 cells upon IZI1551 and MRZ treatments 

Representative micrographs of 2D-cultured N160125 cells taken with an inverted digital microscope (EVOS) after 

24 h of treatment as in figure 19. Nuclei were stained with Hoechst 33342 and PI. Nuclear condensation and 

membrane blebbing indicated apoptotic cell death. 

All together these experiments indicated that the co-administration of IZI1551 and marizomib 

on glioblastoma cells evoked a caspase-dependent death that was morphologically 

recognizable as apoptosis.  
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1.5 IZI1551+MRZ co-treatment can reduce the long-term 

proliferation capacity of GBM PDCLs 

The results shown in the previous paragraphs provided evidence that co-treatment with 

IZI1551 and marizomib triggered apoptotic death in most of the glioblastoma PDCLs 

examined and that such a response was lethal to a significant part of the cell population 

(above 60% in most of the PDCLs). Next, it was investigated whether the combination 

treatment could also impair the proliferation capacity of the surviving cells. To study this 

effect, a representative cell line of the panel, classified as responsive, was examined for its 

continued proliferation following treatment. In detail, cells were treated with IZI1551, 

marizomib or their combination in presence or absence of Q-VD-Oph. Following 24 hours of 

treatment, the exact same number of surviving cells from each condition was re-plated and 

their viability was assessed after six days by a WST-1 assay. In figure 21A the morphology 

of surviving cells on the sixth day was documented and in figure 21B the percentage of cell 

viability, normalised to cell counts on the sixth day and further to the untreated control, was 

measured. It appeared evident that upon marizomib as a single agent the long-term 

proliferation capacity of the surviving cells was reduced by 30% and that the combination 

treatment even more potently impaired their proliferation on a long term. These effects were 

all prevented by caspase inhibition (figure 21).  
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Figure 21: MRZ decreases the long-term proliferation capacity of a responder PDCL both as single agent 

and in combination with IZI1551 

Long term proliferation capacity (six days) of the responder cell line N160125 treated for 24 h with IZI1551 (1 nM), 

MRZ (80 nM) or with the combination thereof in presence or absence of the pan-caspase inhibitor Q-VD-Oph (50 

μM, 30 minutes of pre-exposure). (A) Transmitted light pictures of survivor cells taken with an inverted digital 

microscope (EVOS) on the sixth day of growth. (B) Viability of the surviving cells measured after 6 days of recovery 

by WST-1 assays and normalised to the cell number on the same day. Viability was further normalised to the 

untreated control. Bar graphs show mean ± range of two independent experiments. 

Considering the effect that occurred in responsive cells, it was next investigated if the 

combination of IZI1551+MRZ, although not lethal to GTCC10 cells, could at least impair their 

long-term proliferation capacity. For that, resistant cells were re-plated in identical numbers 

following 24 hours of treatment and their viability was measured after six days as described 

previously. In figure 22A it is shown that the proliferation of these cells did not appear to be 

affected by the combination of IZI1551+MRZ. Indeed, as quantified in figure 22B, GTCC10 

cells remained equally viable regardless of the treatments.  
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Figure 22: Long-term proliferation capacity of a resistant PDCL is not impaired by IZI1551+MRZ co-

treatment 

Long term proliferation capacity (six days) of the resistant cell line GTCC10 treated for 24 h with IZI1551 (1 nM), 

MRZ (80 nM) or with the combination thereof, in presence or absence of the pan-caspase inhibitor Q-VD-Oph (50 

μM, 30 minutes of pre-exposure). (A) Transmitted light pictures taken with an inverted digital microscope (EVOS) 

on the sixth day of growth. (B) Viability measured after 6 days of recovery by WST-1 assays and normalised to 

the cell number on the same day. Viability was further normalised to the untreated control. Bar graphs show mean 

± range of two independent experiments. This experiment was performed by Emily Kolbe under the author’s 

supervision. 

Collectively, the results shown in this chapter proved that TRAIL receptor activation together 

with proteasome inhibition triggered the execution of apoptotic death in most of glioblastoma 

patient-derived cell lines. Furthermore, it was shown that IZI1551 and marizomib acted 

synergistically in inducing cell death and that, in a responsive PDCL, they reduced the long-

term proliferation capacity of the surviving portion of cells. 
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2. Chapter Two: IZI1551+MRZ responsiveness 

profiles of 3D tumour cell spheroids resemble 2D 

sensitivity 

The analysis of 2D-cultured PDCLs provided promising results regarding the potency of the 

IZI1551+MRZ combination treatment in inducing apoptosis in glioblastoma. On the other 

hand, monolayers of in vitro-cultured cells might oversimplify the complex cell-to-cell contacts 

and communications that characterise tumours in vivo, with the risk of undermining the 

validity of the findings obtained with such models 123,124. It was therefore necessary to validate 

this results in settings that more closely mimic cell interactions within a 3D microenvironment. 

Hence, 3D tumour spheroids were employed to study the effectiveness of IZI1551+MRZ 

treatments and their synergistic apoptosis induction in glioblastoma PDCLs. The results 

gathered in this chapter showed that the drug responsiveness data obtained in 2D conditions 

were qualitatively reproduced also in more complex 3D settings. 

2.1 The combination of IZI1551+MRZ reduces the viability of GBM 

PDCL 3D tumour spheroids and disrupts their integrity  

As mentioned in the introduction of this chapter, drug resistance mechanisms that do not 

appear in 2D cultures could occur in more complex three-dimensional tumour spheroids.  For 

this reason, preliminary microscopy experiments were conducted to investigate if the 

combination of IZI155 with marizomib affected the viability of glioblastoma PDCLs also in a 

3D setting. Cells of a PDCL that according to 2D data was classified as a responder, namely 

the N160125, (see chapter 1 paragraph 1.3) were here cultivated as spheroids and then 

treated with the IZI1551+MRZ combination already tested in 2D conditions. The spheroids 

were then stained with the cell-permeant fluorescent dye Calcein AM and imaged. The 

Calcein AM staining is used to determine the cell viability, as this non- fluorescent dye can 

only be converted into the green-fluorescent Calcein by the cellular esterases of living cells. 

The phase contrast micrographs in figure 23A clearly show the disintegration of N160125 

spheroids upon the combination treatment. The decreased fluorescent signal emitted by the 

cleaved dye in treated spheroids revealed the loss of viability induced by the IZI1551+MRZ 

combination (figure 23A). The fluorescence signals were also quantified: a reduced viability 
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was indeed measured already upon single drug treatment (micrographs not shown) and this 

effect was even enhanced in the double treatment (figure 23B). 

 

Figure 23: The combination of IZI1551+MRZ induces the disintegration of PDCL spheroids  

(A) Representative micrographs of N160125 spheroids stained with Calcein AM (green; live cells) following 24 h 

of exposure to 1 nM of IZI1551 and 80 nM of MRZ. (B) Decrease of Calcein AM fluorescence signals normalised 

to the untreated control. Bar graph represents the mean of two technical repetitions ± range. Representative 

example of two independent experiments. 

This experiment provided an encouraging result on the reliability of the 2D data already 

obtained. Hence, the whole panel was analysed in order to fully validate those results. For 

that, the seven PDCLs of the panel were cultured as tumour spheroids and treated with 5x5 

escalating dose combination matrices of IZI1551 and marizomib for 24 hours. The viability of 

the spheroids was then assessed by WST-1 assays as previously described. In figure 24 it 

is shown that spheroids from different PDCLs responded differentially to the treatment. 

According to such differences, the PDCLs could be distinguished into a group of responders 

and non-responders, reflecting the exact same separation obtained from 2D data. When 

looking at the sensitivity of each cell line to a specific treatment dose, only very small 

discrepancies with 2D data were observed and these were mostly restricted to the N150661 

PDCL that was the least responsive cell line of the panel (figure 16 and 24). 
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Figure 24: Most PDCL spheroids respond to the combination treatment with IZI1551 and MRZ 

One-day-old PDCL spheroids originated from 3 × 103 single cells/well were stimulated with the indicated 

concentrations of IZI1551 and MRZ for 24 h. Cell viability was assessed by WST-1 cell proliferation assay. The 

percentage of cell viability was plotted in heat maps where red colour intensity correlated with the percentage of 

viability loss. The percentage of cell viability in each condition was normalised to untreated controls. Data are 

mean values from three independent experiments. SEMs across the repeat experiments and conditions were 

<20%. Data on N150385; N150661; N151027 and GTCC10 cells were generated by Emily Kolbe under the 

author’s supervision. 

2.2 IZI1551+MRZ combinations trigger synergistic responses in 

3D tumour spheroids with patterns comparable to those of 2D 

cultures 

In the previous paragraph it was shown that PDCLs cultivated as tumour spheroids 

responded to IZI1551 and marizomib treatments similarly as they did when cultivated in 2D. 

It was therefore next studied if the synergistic apoptosis induction that occurred in 2D PDCLs 

could also be triggered in 3D scenarios. To this purpose, synergy scores for the escalating 

doses of drug combinations tested in the previous paragraph were calculated for all 3D-

cultured PDCLs (figure 25). It appeared that IZI1551 and marizomib synergistically reduced 

the viability of tumour spheroids, with the only exception of N150661 cells in which the two 

drugs did not trigger any synergistic effect. 
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Figure 25: IZI1551/MRZ interactions evoke synergistic responses in most PDCLs spheroids 

Synergy scores of drug interactions were determined by calculating the CI from the data shown in figure 24. The 

scores are plotted as heat maps where the deeper blue colours represented stronger synergies. 

2.3 IZI1551+MRZ-induced cell death in 3D tumour spheroids 

depends on caspase activation 

Stimulation with IZI1551 together with marizomib reduced the viability of five out of seven 3D-

cultured PDCLs of the panel here considered. It was next investigated whether the lowered 

viability of the spheroids corresponded to cell death induction. To test that, five PDCLs grown 

as spheroids were exposed to single drug treatments; to their combination or to IZI1551+MRZ 

together with the caspase inhibitor Q-VD-Oph. Following 24 hours of treatment, spheroids 

were dissociated and stained with both Annexin V-GFP and PI for flow cytometry 

measurements of cell death. The results showed that while single drug treatments were not 

significantly lethal to any of the PDCLs, their combination induced a cell death type that was 

completely rescued by caspase inhibition (figure 26).  
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Figure 26: IZI1551+MRZ co-treatment induces caspase-dependent death of PDCL spheroids 

One-day-old PDCL spheroids generated from 1.5 × 104 single cells/well were stimulated for 24 h with IZI1551 (1 

nM), MRZ (80 nM) or with the combination thereof, in the presence or absence of the pan-caspase inhibitor Q-

VD-Oph (50 μM, 30 minutes of pre-exposure). Following spheroids dissociation, cell death was measured by 

Annexin V/PI-based flow cytometry. Data represent mean ± SEM from three independent experiments. ** = p ≤ 

0.01; *** = p ≤ 0.001 **** = p ≤ 0.0001; when not specified cell death differences were not significant. One-way 

ANOVA followed by Tukey’s post hoc test. Experiments on GTCC9; N150385 and N150661 cells were performed 

by Emily Kolbe under the author’s supervision. 

The results of this paragraph indicated that the combination of IZI1551+MRZ, rather than 

treatment with the single drugs, was necessary to impair the vitality of 3D glioblastoma 

spheroids grown from PDCLs. In addition, this drug combination led to the disintegration of 

the spheroids and to a cell death type that, similarly to the situation in 2D, was of caspase-

dependent nature. Overall, these findings demonstrated that 3D-grown PDCLs responded to 

IZI1551/MRZ in the same manner as 2D cultures, making the latter a valid model to further 

investigate death mechanism in glioblastoma. 
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3. Chapter Three: Marizomib pre-treatment 

enhances IZI1551-induced cell death and accelerates 

its kinetic 

The previously reported findings demonstrated the effectiveness of combining TRAIL 

receptor activation with proteasome inhibition to induce robust caspase-dependent death in 

glioblastoma PDCLs. These results, together with the knowledge that death receptor 

engagement and proteasome inhibition trigger apoptosis with differential mechanisms 513–515, 

provided the rationale to design a treatment schedule that exploits the individual properties 

of the drugs to further enhance the cytotoxicity of their combination. Such improved efficacy 

would allow to lower drug doses by still maintaining the lethality of the IZI1551+MRZ 

combinatorial treatment. In this way, possible drug-induced toxicities that might emerge when 

translating this study to in vivo settings would be minimised. To investigate all these aspects, 

the death kinetics of different treatment regimens were assessed.  

The last part of this chapter tackles the obstacle represented by the blood-brain barrier (BBB) 

to the treatment of glioblastoma. It was shown that marizomib penetrated a simple in vitro 

model of the human BBB and that a time-shifted exposure to the drugs induced a significant 

amount of cell death also in the presence of this barrier. 

Finally, it has to be noted that all the results shown in this chapter were obtained from 2D 

cultures, that previously in this thesis were shown to be a reliable model for investigating the 

behaviour of glioblastoma PDCLs in response to IZI1551 and marizomib. 

3.1 IZI1551 induces swift apoptosis responses that precedes the 

effects of marizomib  

To gain a first insight into the different timing of IZI1551 and marizomib actions, cell death 

responses were here investigated at an early time point. For these studies, two representative 

glioblastoma PDCLs that were sensitive to the treatment, namely the recurrent cell line 

GTCC9 and the primary cell line N160125, were considered. At first, a hallmark of apoptosis 

such as caspase processing was analysed at a time point as early as four hours post-

treatment. In particular, the initiator caspase-8, the effector caspase-3 and its substrate 

PARP, were detected via western blotting both as pro-forms and as cleaved fragments. After 
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four hours, the cleavage of caspase-8; caspase-3 and PARP occurred partially upon IZI1551 

single treatment and, in a more pronounced way, upon combination treatment, but not upon 

exposure to marizomib alone. Importantly, the addition of Q-VD-Oph to the combination 

treatment totally abolished the cleavage of caspases and that of their substrate, indicating 

once again the occurrence of apoptotic cell death (figure 27). 

 

Figure 27: IZI1551 treatment leads to early activation of apoptotic caspases 

Responder cell lines N160125 (A) and GTCC9 (B) were treated for 4 h with IZI1551 (1 nM) or MRZ (80 nM) or a 

combination of both, in the presence or absence of the pan caspase inhibitor Q-VD-Oph (30 minutes pre-

incubation; 50 µM). For each sample, 20 μg of whole-cell lysates were analysed for the indicated proteins by 

western blotting. GAPDH or α-Tubulin served as loading controls. Similar results were obtained in independent 

repeat experiments. c=cleaved. Casp=caspase. Procasp=procaspase. GTCC9 data were obtained by Emily 

Kolbe under the author’s supervision. 

Having demonstrated the early cleavage of apoptotic caspases by IZI1551 and by the 

combination of IZI1551+MRZ, it was next investigated whether this corresponded to actual 

cell death induction. N160125 and GTCC9 cells were hence treated with single drugs or their 

combination for four hours before being stained with both Annexin V-GFP and PI for flow 

cytometry-based cell death measurements. As expected, the stimulation with IZI1551 and 

the combination treatment exerted a similar effect. Furthermore, at this early time point, a 

certain portion of cells started to expose phosphatidylserine without taking up PI yet (figure 

28). 
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Figure 28: IZI1551+MRZ treatment induces early apoptotic responses 

Responder cell lines N160125 (A) and GTCC9 (B) were treated for 4 h with IZI1551 (1 nM) or MRZ (80 nM) or a 

combination of both. Cell death was measured by Annexin V/PI-based flow cytometry following 4 h of treatment. 

Data represent mean ± SEM from three independent experiments. * = p ≤ 0.05; ** = p ≤ 0.01. ns = not significant. 

Also, wherever not specified cell death differences were not significant. Statistical significance was calculated by 

one-way ANOVA followed by Tukey’s post hoc test on the total amount of cell death (Annexin V+ cells + PI+ cells). 

GTCC9 data were obtained by Emily Kolbe under the author’s supervision. 

The extremely limited amount of PI positive cells at this early time point was further confirmed 

by IncuCyte-based live cell imaging of PI-stained cells (figure 29). 
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Figure 29: GBM PDCL are mostly PI-impermeable following short treatment periods 

Responder cell lines N160125 (A) and GTCC9 (B) were treated with IZI1551 (1 nM), MRZ (80 nM) or a 

combination of both in presence of PI and imaged at 0 h and 4 h with an IncuCyte system. Micrographs are 

representative of three independent experiments. GTCC9 data were obtained by Emily Kolbe under the author’s 

supervision. 

These results showed that IZI1551 as a single agent and the combination treatment exerted 

a very similar effect at early time points, confirming the assumption that longer exposure to 

the IZI1551+MRZ combination was required to trigger the synergistic response shown in 

figure 17 of chapter one of this thesis. Importantly, the experiments of this paragraph also 

showed that IZI1551-induced responses are swift and precede that of marizomib. Such data 

provided the rationale to exploit the different kinetics of IZI1551 and marizomib-induced death 

in order to improve the cytotoxicity of their combination. This aspect was investigated in the 

following paragraph. 

3.2 MRZ pre-treatment enhances IZI1551-induced apoptosis and 

accelerates its kinetic 

It was shown that IZI1551-induced apoptotic responses manifested faster than that of 

marizomib. As proteasome inhibition required longer times to exert its effects, it was 
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hypothesised that, within a combination treatment, a pre-exposure to marizomib might 

increase the responses to IZI1551 stimulation. To study the effect of prolonged marizomib 

exposure, both as a single agent and in combination with IZI1551, kinetic studies were 

performed. The purpose was to compare the kinetic and also the efficacy of the simultaneous 

combination treatment versus a combined treatment in which the cells were pre-exposed to 

marizomib. For that, cells were pre-treated with marizomib for 24 hours before IZI1551 was 

added. PI was included in the culture medium and its uptake was monitored for the following 

24 hours using an IncuCyte system (figure 30A and B). The percentage of PI-covered area 

normalised to the cell-covered area (confluence) was calculated and considered as an 

indicator of cell death, here indicated as “% PI positive area” (figure 30C and D). The 

micrographs of figure 30A and B clearly showed that for both cell lines, marizomib pre-

treatment led to increased cell death compared to the condition where drugs were co-

administered at the same time. Furthermore, marizomib as a single agent did not appear to 

augment the number of PI-positive cells compared to the simultaneous treatment with both 

drugs, even when employed for longer time periods (figure 30A and B). The kinetic analysis 

shown in figure 30C and D highlighted how, in the combined treatment scenario, marizomib 

pre-exposure not only enhanced cell death induction but was also effective in speeding up 

PI uptake as compared to the simultaneous administration of the two drugs (red triangles 

versus blue triangles traces in figure 30C and D). The quantification of the PI-covered area 

also allowed to confirm that such improved effect was not achievable upon a prolonged 

stimulation with marizomib as a single agent (red triangles versus green hexagons traces in 

figure 30C and D). This indicated that, also under these conditions, both IZI1551 and 

marizomib are required to trigger strong responses.  
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Figure 30: MRZ pre-treatment accelerates and enhances IZI1551-induced cell death 

Responder cell lines N160125 (A and C) and GTCC9 (B and D) were co-treated with IZI1551 (1 nM) and MRZ 

(80 nM) simultaneously or were pre-treated with MRZ for 24 h (MRZ -24 h) in presence of PI. (A and B) IncuCyte-

recorded images at 0 h and 24 h post IZI1551 addition. (B and D) Quantification of cell death kinetics, calculated 

as percentage of PI positive cell areas. Representative results from one out of three independent experiments are 

shown. Error bars represent SD of 3 technical replicates. GTCC9 data were obtained by Emily Kolbe under the 

author’s supervision. 

The increased cell death induction upon combination treatment with marizomib pre-exposure 

compared to the simultaneous treatment was also confirmed via flow cytometry 

measurements. For that, the N160125 and GTCC9 cell lines were co-treated with IZI1551 (1 

nM) and marizomib (80 nM) simultaneously or pre-treated with marizomib for 24 hours (MRZ 

-24 h) before stimulation with IZI1551. Cells were collected after four or 24 hours following 

the addition of IZI1551 and co-stained with Annexin V-GFP and PI for cell death 

measurements via flow cytometry. Of note, the four hours intermediate time point was 

considered because, as shown in figure 28, this was the point in time when the IZI1551+MRZ 

simultaneous treatment started to induce apoptosis. Moreover, as shown in figure 30, in the 

co-treatment scenario with the marizomib pre-exposure condition, the cells started to take up 

PI following four hours of combined stimulation. It was confirmed that pre-treatment with 

marizomib triggered earlier and enhanced apoptotic responses compared to the 

simultaneous treatment with IZI1551 and marizomib (figure 31) (note that in the recurrent 
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glioblastoma PDCL GTCC9, the pre-treatment strategy did not result in an improved 

response because the simultaneous addition of the drugs was already almost totally lethal at 

the concentrations used). 

 

Figure 31: MRZ pre-exposure enhances and accelerates IZI1551-induced apoptosis compared to 

simultaneous treatment 

Annexin V/PI-based flow cytometry of N160125 (A) and GTCC9 (B) cells co-treated with IZI1551 (1 nM) and MRZ 

(80 nM) simultaneously or pre-treated with MRZ for 24 h (MRZ -24 h). Data represent mean ± SEM from three 

independent experiments. ** = p ≤ 0.01; *** = p ≤ 0.001 ****. ns = not significant. Two-way ANOVA followed by 

Tukey’s or Sidak’s post hoc test. GTCC9 data were obtained by Emily Kolbe under the author’s supervision. 

As the time-shifted administration of the drugs resulted in a considerably enhanced apoptosis 

induction compared to the co-stimulation, it was next important to show that, in the marizomib 

pre-treatment scenario, lower drug concentrations still led to significant cell death induction. 

To provide such evidence, cells were stimulated with only 40 nM of marizomib (low) either 24 

hours before, or concomitantly with 100 pM of IZI1551 (low) treatment. Following Annexin V-

GFP and PI co-staining, apoptosis was quantified from flow cytometry measurements (figure 

32A and B). For both cell lines tested it was shown that, even at low drug concentrations, the 

pre-treatment strategy was still more effective than the concomitant treatment in inducing 

apoptosis. 
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Figure 32: MRZ pre-treatment enhances apoptosis induction even at low drug concentrations 

Annexin V/PI-based flow cytometry of (A) N160125 and (B) GTCC9 cells co-treated with reduced concentrations 

of IZI1551 (100 pM) and MRZ (40 nM) simultaneously or pre-treated with a low MRZ concentration (40 nM) for 24 

h (MRZ -24 h). Data represent mean ± SEM from three independent experiments. * = p ≤ 0.05; ** = p ≤ 0.01; *** 

= p ≤ 0.001; **** = p ≤ 0.0001; ns = not significant. One-way ANOVA followed by Tukey’s post hoc test. 

Overall, these results showed that IZI1551 and marizomib display differential death kinetics 

and that these are exploitable to enhance cell death induction in glioblastoma PDCLs. 

Furthermore, within a treatment regimen of time-shifted marizomib application, it was 

possible to reduce the doses of both drugs without losing treatment efficacy.  

3.3 MRZ crosses the BBB and primes GBM cells to IZI1551-

induced cell death 

In the previous paragraph it was shown that pre-stimulating glioblastoma cells with marizomib 

prior to treatment with IZI1551 optimised apoptotic responses even at low drug doses. 

Importantly, marizomib is the only proteasome inhibitor so far described to cross the BBB 

373,375. Taking all of this into account, it was here studied if the amount of marizomib that can 

cross the BBB is sufficient to sensitise glioblastoma PDCLs to IZI1551. To test that, a simple 

in vitro model of the human BBB, grown from hCMEC/D3 human brain endothelial cells, was 

employed. In order to use this model for studies of marizomib penetrance, it was first 

necessary to determine whether such treatment was toxic to the cells of the BBB. Hence, 

flow cytometry-based cell death measurements of hCMEC/D3 cells exposed to marizomib 
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for 24 hours were performed. Importantly, it was shown that marizomib treatment was mostly 

well tolerated by these cells (figure 33).  

 

Figure 33:BBB cells are mostly resistant to MRZ treatment 

Human BBB hCMEC/D3 cells were investigated for their sensitivity to 24 h of MRZ treatment (40 nM (low); 80 

nM) by Annexin V/PI-based flow cytometry. Data represent mean ± SEM from three independent experiments. * 

= p ≤ 0.05; ns = not significant. One-way ANOVA followed by Tukey’s post hoc test. 

Next, hCMEC/D3 cells, grown on collagen-coated inserts of transwells, were cultured until 

the formation of a tight cell layer, as verified by the daily monitoring of transendothelial 

electrical resistance (TEER) (figure 34 and figure 35A). On the fifth day of growth, TEER 

values were high enough for the BBB to be considered formed (figure 35A). At this point, a 

non-toxic marizomib concentration (40 nM) (see figure 33) was added onto the hCMEC/D3 

cells from the apical side of the transwells (figure 34). Following 24 hours of treatment, it was 

shown that marizomib did not compromise the integrity of the BBB, as TEER values remained 

unaltered during such treatment (figure 35A). After 24 hours of marizomib treatment, the 

medium from the basolateral compartment of the transwells was collected and added onto 

glioblastoma cells for a 24 hours pre-exposure (figure 35B “MRZ low BBB (-24 h)”) prior to 

the addition of IZI1551. As a control of the BBB-permeability of marizomib, a condition was 

also included in which this drug was directly added onto the glioblastoma cells before adding 

IZI1551 (last condition of figure 35B, “MRZ low direct (-24 h)”). In figure 35B it is shown that 

even though the presence of an intact layer of BBB cells partially reduced the efficacy of the 

IZI1551+MRZ combinatorial treatment, cell death could still be clearly induced under these 

conditions.  
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Figure 34: In vitro model of the human BBB 

Schematic representation of the BBB model used for MRZ penetration studies. hCMEC/D3 cells were seeded 

onto collagen pre-coated PET membranes of transwell inserts. The basolateral compartment of the transwell was 

filled with medium. Cells were grown for five days until a tight barrier was established. On the fifth day, MRZ was 

added onto the cells from the apical side of the transwell and collected from the basolateral compartment 24 h 

later (sixth day). 

 

Figure 35: MRZ sufficiently penetrates a human BBB model to sensitise GBM cells to IZI1551-induced 

apoptosis 

(A) TEER was measured daily for 5 days following 24 h of growth of hCMEC/D3 on culture inserts. On the fifth 

day, 40 nM of marizomib (low) were added and the TEER was monitored for an additional 24 h. Data represent 

mean ± range of n = 2 measurements. (B) Cell death in N160125 cells measured by Annexin V/PI-based flow 

cytometry. Where indicated, cells were pre-treated with marizomib (40 nM) directly or with medium from the 

basolateral compartment of the hCMEC/D3 BBB model in (A) for 24 h. Data represent mean ± SD of three 

measurements. *** = p ≤ 0.001; **** = p ≤ 0.0001. One-way ANOVA followed by Tukey’s post hoc test. 

Taken together, the results shown in this chapter showed that the strategy of pre-stimulating 

glioblastoma PDCLs with marizomib before IZI1551 treatment allowed to trigger significant 

apoptotic responses even with low amounts of drugs and in conditions where marizomib 

needed to penetrate a simple model of the human BBB. 
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4. Chapter Four: Antagonising Mcl-1 sensitises 

IZI1551+MRZ resistant cells to apoptosis 

In this chapter, the glioblastoma PDCLs that in the beginning of this project (chapter one) 

were classified as non-responders to the combination treatment of IZI1551 with marizomib 

were studied. In view of the results of chapter three, where a strategy for optimising treatment 

responsiveness was identified, it was here tested whether the same approach could sensitise 

highly resistant glioblastoma cells to IZI1551 and marizomib stimulation. However, even upon 

marizomib pre-exposure, these cells remained insensitive to the treatment. Thus, possible 

reasons for their resistance, as well as strategies to reactivate apoptosis induction in such 

cells, were investigated. In particular, both the efficacy of marizomib in blocking proteasome 

activity and the competence of these cells in executing TRAIL-induce apoptosis were 

examined. Expression levels of key proteins of both the extrinsic and intrinsic apoptotic 

pathway were analysed and compared between responsive and non-responsive cells lines 

in order to identify differences in the proteins expression patterns that could explain the 

differential responses. The specific protein expression signature of resistant cells suggested 

that lowering the threshold for mitochondrial apoptosis could restore treatment susceptibility. 

Indeed, both in 2D- and 3-cultured PDCLs, the addition of a BH3 mimetic allowed to re-

sensitise highly resistant glioblastoma cells to apoptosis induced by the combination of 

IZI1551+MRZ.  

4.1 MRZ pre-treatment does not sensitise highly resistant GBM 

cells to IZI1551-induced apoptosis 

The cell line GTCC10, derived from a recurrent glioblastoma tumour, and the cell line 

N151027, derived from a primary glioblastoma case, are the two PDCLs of the representative 

panel examined in this study that showed complete resistance to both IZI1151 and marizomib 

as single agents and in combination. In chapter three it was shown that marizomib pre-

exposure can enhance responsiveness to IZI1551-induced death in sensitive glioblastoma 

PDCLs. It was therefore hypothesized that the same strategy could allow to restore treatment 

sensitivity in resistant PDCLs. To test that, a kinetic analysis of marizomib pre-treated 

N151027 and GTCC10 cells was performed. Cells were treated with marizomib before or 

concomitantly to IZI1551 in presence of PI and they were then imaged using the IncuCyte 
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system (figure 36A and B). PI signals were analysed as described in the methods section. 

The micrographs in figure 36A and B showed that neither N151027 nor GTCC10 cells died 

upon treatment. Quantitative analysis of the PI signal correspondently revealed no 

substantial difference between marizomib pre-treated and simultaneously treated cells over 

time (figure 36C and D). 
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Figure 36: MRZ pre-treatment does not restore IZI1551+MRZ sensitivity in highly resistant GBM cells 

Time lapse monitoring of cell death in N151027 (A and C) and GTCC10 (B and D) 2D-cultured PDCLs. Cells were 

co-treated with IZI1551 (1 nM) and MRZ (80 nM) simultaneously or pre-treated with MRZ for 24 h (MRZ -24 h) 

before the addition of IZI1551. (A and B) Representative micrographs of cells imaged at time point 0 h and 24 h 

in presence of PI. (C and D) Quantifications of cell death kinetics, calculated as percentage of PI positive cell 

areas. Representative results from one out of three independent experiments are shown. Error bars represent SD 

of 3 technical replicates. GTCC10 data were obtained by Emily Kolbe under the author’s supervision. 

It was concluded that longer periods of proteasome inhibition do not alter the responsiveness 

of highly resistant glioblastoma cells to the combinatorial treatment with IZI1551, questioning 

the very efficacy of marizomib in blocking proteasome activity in these cells. This issue was 

addressed in the following paragraph. 

4.2 MRZ efficiently inhibits proteasome activity in GBM cells 

Marizomib has been described as a potent inhibitor of all three enzymatic activities of the 

proteasome both in pre-clinical and clinical studies 371,377, yet the results presented in the 

previous parts of this thesis showed that some glioblastoma cells are strongly resistant to it. 
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To verify that the proteasome is effectively blocked upon marizomib treatment in glioblastoma 

PDCLs, especially in the resistant ones, its CT-L activity was measured. A representative 

responsive cell line, namely N160125, and the two resistant cell lines of the panel, namely 

GTCC10 and N151027, were treated for four hours with marizomib or alternatively with 

bortezomib for comparison. The fluorescent signal of the cleaved form of the CT-L substrate 

suc-LLVY-AMC was then analysed (see methods section for details). It appeared that 

marizomib efficiently blocked proteasome activity both in responder (figure 37A) and resistant 

cells (figure 37B and C). Of note, the comparison with the inhibition capacity of bortezomib 

indicated that marizomib had a stronger effect, even at lower concentrations.   

 

Figure 37: MRZ inhibits proteasome activities both in responder and non-responder cell lines 

The 2D-cultured responsive cell line N160125 (A) and the resistant cell lines N151027 (B) and GTCC10 (C) were 

treated with 40 nM (low) or 80 nM of MRZ or BTZ for 4 h and CT-L activities of the proteasomes were measured 

from total cell lysates based on the cleavage of Suc-LLVY-AMC. Bars indicate percentage of activity related to 

untreated controls. Data are shown as mean ± range of n = 2 measurements. 

As the proteasome appeared to be effectively inhibited in the cell lines that did not respond 

to the combination of IZI1551+MRZ, other reasons for the resistance of N151027 and 

GTCC10 cells to such treatment were investigated. 
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4.3 The protein expression signature of highly resistant GBM 

PDCLs is associated with low competence to induce extrinsic 

apoptosis 

In this section, reasons for the apoptosis incompetence of GTCC10 and N151027 cells upon 

IZI1551 and marizomib treatment were investigated. As marizomib efficiently blocked 

proteasome activity in these cells, it was next studied if the pathway of TRAIL-induced 

apoptosis was impaired. At first, the IZI1551-induced apoptosis initiation phase was studied. 

In particular, key apoptotic proteins of this part of the pathway were examined for their 

expression levels in responder versus non-responder cell lines. Western blot analysis of total 

cellular expression of DR4 and DR5, both at basal level and upon marizomib treatment, were 

conducted. The comparison among two responsive cell lines and one or the other of the 

resistant ones did not allow to identify a reason for the difference in treatment sensitivity. 

Indeed, while the responsive cell line GTCC9 expressed high amounts of DR5 and clearly 

detectable levels of DR4, the second responsive cell line N160125 showed a very different 

expression pattern, with undetectable DR4 and lower level of DR5. Interestingly, both 

resistant cell lines, GTCC10 and N151027, shared similar expression levels of death 

receptors with N160125, indicating that the total amounts of death receptors do not allow to 

allocate the cell lines to the responder or non-responder group (figure 38).  It was also 

interesting to observe that, upon marizomib treatment, no obvious upregulation of total 

amounts of death receptors was detectable, neither for responsive nor for resistant cells 

(figure 38).  

 

Figure 38: Total amounts of DR4 and DR5 do not correlate with IZI1551+MRZ sensitivity of GBM PDCLs 

2D-cultured cells were treated with MRZ (80 nM) for 4 h or 24 h and 15 μg of whole-cell lysates from each sample 

were analysed for the indicated proteins by western blotting. (A) Comparison of death receptors expression 
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between responders and GTCC10 cell lines. α-Tubulin served as loading control. (B) Comparison of death 

receptors expression between responders and N151027 cell lines. Vinculin served as loading control. Similar 

results were obtained in independent repeat experiments. 

However, to accurately conclude on the correlation between the amount of TRAIL receptors 

and treatment sensitivity, the levels of the formers were further evaluated flow cytometrically 

with regards to their surface expression. The relative basal expression levels of death 

receptors in responders versus non-responder cell lines, as well as their relative amount upon 

marizomib treatment, were analysed. It was shown that non-responder cell lines tended to 

express lower basal amounts of the receptors compared to the responder cell line GTCC9. 

The comparison with the N160125 responder cells provided similar results as the western 

blot detections, with non-responder cells expressing indeed low levels of death receptors also 

on the cell surface (figure 39). 

 

Figure 39: Resistant PDCLs display lower surface expression of death receptors than responsive cells 

Surface expression of (A) DR4 and (B) DR5. 2D-cultivated cells were analysed by flow cytometry. Population 

medians, normalized to the median values calculated for N160125 cells, were used to calculate the differences in 

relative surface expression among responder and non-responder cell lines. Bar graphs show mean values ± SEM 

of three independent experiments. * = p ≤ 0.05; ** = p ≤ 0.01; ns = not significant; one-way ANOVA followed by 

Tukey’s post hoc test. This experiment was conducted by Nathalie Peters. Data analysis was performed by the 

author. 

Importantly, when examining the effect of proteasome inhibition on the levels of death 

receptors on the cell surface, it appeared that resistant cells failed or only partially 

accumulated DR4 and DR5, while marizomib-induced death receptors accumulation was 

much more enhanced in responsive cells (figure 40).   
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Figure 40: Resistant PDCLs mostly fail to accumulate DR4 and DR5 upon marizomib treatment 

Surface expression of DR4 and DR5 in 2D-cultivated responsive (A and B) and resistant (C and D) cells analysed 

by flow cytometry. Population medians, normalized to the median values of untreated controls, were used to 

calculate the differences in relative surface expression upon MRZ treatment at 4 h and 24 h. Bar graphs show 

mean values ± SD of three technical repetitions. Similar results were obtained in independent repeat experiments. 

This experiment was conducted by Nathalie Peters. Data were analysed and plotted by the author. 

Since differences explaining responsiveness and resistance could not be fully identified in 

the amount of death receptor expressions, other components of the DISC complex, as well 

as the caspase-8 substrate BID, were compared for their differential expression levels in the 

sensitive and the resistant cell lines (figure 41). Detection of FADD by western blotting 

showed that its levels were mostly comparable between the responsive cell line N160125 

and either GTCC10 or N151027. Instead, the amounts of procaspase-8 and c-FLIP splice 

variants were consistently lower respectively higher in both resistant cell lines compared to 

N160125. Moreover, basal levels of BID were lower in the resistant GTCC10 cells than in 

N160125. When looking at the amounts of these proteins upon marizomib treatment, no 

notable change was detected, with the exception of the anti-apoptotic and short-lived protein 

c-FLIP that accumulated upon proteasome inhibition, and of BID levels that decreased only 

in responsive PDCLs following marizomib treatment (figure 41).  

 

Figure 41: Components of the DISC complex are differentially expressed in responsive and resistant cell 

lines 

2D-cultured cells were treated with 80 nM of MRZ for 4 h and the indicated proteins were detected in whole-cell 

lysates by western blotting. Vinculin served as loading control. (A) Comparison of FADD; procaspase-8; c-FLIP 

(L/S) and BID expression in the responder N160125 and in the non-responder GTCC10 cell lines.  (B) Comparison 

of protein expression as in (A) between N160125 and N151027 cell lines. Procasp=procaspase. Similar results 

were obtained in independent repeat experiments. 
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Overall, for the proteins here examined, the particular expression signature shared by 

resistant cell lines distinguished them from the responsive PDCL N160125 and appeared 

associated with low competence to induce the extrinsic pathway of apoptosis. These 

observations led to the hypothesis that sensitisation strategies targeting elements 

downstream of caspase-8 activation could restore apoptosis competence in these highly 

resistant glioblastoma cells. The following paragraph addresses this possibility. 

 

4.4 Lowering the mitochondrial apoptosis threshold allows 

apoptosis execution upon IZI1551+MRZ treatment in highly 

resistant GBM cells 

In the representative panel of glioblastoma cell lines examined in this thesis, the two PDCLs 

N151027 and GTCC10, generated from a primary respectively recurrent tumour, showed 

high resistance to the combination treatment with the second-generation TRAIL receptor 

agonist IZI1551 and the proteasome inhibitor marizomib, regardless of the dosage and 

treatment scheduled tested. Even though the expression level of no specific single protein 

could be identified as responsible for such resistance, a protein signature that appeared 

associated with poor apoptosis competence emerged from western blot analysis. Compared 

to the sensitive PDCLs, the two non-responder cell lines showed lower basal levels of 

caspase-8 and higher amounts of the anti-apoptotic protein c-FLIP that further accumulated 

upon marizomib treatment. Based on this protein expression profile, it is conceivable that 

IZI1551-induced apoptosis initiation was impaired in N151027 and GTCC10 resistant cell 

lines. In order to compensate for this insufficient apoptosis initiation signal, a sensitisation 

through the mitochondrial pathway of apoptosis was tested. The threshold for mitochondrial 

apoptosis execution depends on the balance between pro- and anti- apoptotic proteins of the 

Bcl-2 family 516. Hence, the expression of three important anti-apoptotic members of this 

family, namely Mcl-1; Bcl-xL and Bcl-2, was analysed by western blotting (figure 42). 

Comparing their basal expression levels between two responsive cell lines and the resistant 

ones did not allow to identify a specific pattern to distinguish the two categories. More 

precisely, Bcl-xL was equally expressed in all cell lines here examined and Bcl-2 was barely 

detectable or undetectable in both a sensitive cell line and the two resistant PDCLs. 

Interestingly, Mcl-1 slightly accumulated upon treatment with marizomib in all three cell lines 

(figure 42). 
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Figure 42: Anti-apoptotic Bcl-2 family proteins were detected in different cell lines 

2D-cultured cells were treated with 80 nM of MRZ for 4 h or 24 h and the indicated proteins were detected in 

whole-cell lysates by western blotting. Comparison of Mcl-1; Bcl-xL and Bcl-2 expressions between responders 

and (A) GTCC10 or (B) N151027 cell lines. α-Tubulin or vinculin served as loading controls. Similar results were 

obtained in independent repeat experiments. 

The MOMP threshold can be modulated by using targeted therapeutics that have been 

developed against each of these Bcl-2 family members, namely S63845 for Mcl-1, WEHI-539 

for Bcl-xL and ABT-199 for Bcl-2 517,518. Therefore, considering the expression levels of these 

proteins, it was evaluated if their antagonists could sensitise resistant cells to IZI1551+MRZ-

induced apoptosis. Bcl-2 was expressed at very low levels in resistant cell lines and indeed, 

flow cytometric measurements of GTCC10 cells treated with the Bcl-2 specific inhibitor ABT-

199 showed that this drug was mostly ineffective in inducing apoptosis, both as a single agent 

and in a triple combination with IZI1551 and marizomib (figure 43). 

 

Figure 43: Antagonising Bcl-2 does not restore apoptosis competence in a highly resistant GBM PDCL 

Annexin V/PI-based flow cytometry of 2D-cultured GTCC10 cells treated with 10 μM ABT-199; 1 nM IZI1551 plus 

80 nM MRZ or the combination thereof for 24 h. Data represent mean ± SD of triplicate samples. Similar results 

were obtained in an independent repeat experiment. 
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treatments targeting Bcl-xL have been questioned because of their associated effects of 

platelets toxicity, making this protein an overall non-optimal candidate for specifically and 

safely restoring apoptosis competence in these highly resistant glioblastoma cells 519.  

Mcl-1 is a high-turnover anti-apoptotic protein of the Bcl-2 family that slightly accumulated 

upon marizomib treatment. Therefore, antagonising this protein could shift the life/death 

signal balance toward apoptosis execution in cells that are resistant to other treatments. 

Specifically, it was investigated if lowering the MOMP threshold with the Mcl-1 antagonist 

S63845 would allow to re-sensitise GTCC10 and N151027 cell lines to apoptosis. Annexin 

V/PI-based flow cytometry measurements of cells treated with either S63845 alone or with a 

triple combination of the Mcl-1 inhibitor together with IZI1551 and marizomib provided 

promising results. Indeed, while S63845 alone only had a limited effect on these cells, the 

triple treatment with IZI1551+MRZ very effectively induced apoptosis, both in 2D-cultured 

cells (figure 44A and B) and in 3D tumour spheroids (figure 44C).  
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Figure 44: Mcl-1 inhibition restores apoptosis competence in highly resistant GBM PDCL 

Annexin V/PI-based flow cytometry of cells treated with 10 μM S63845; 1 nM IZI1551 plus 80 nM MRZ or the 

combination thereof for 24 h. (A) 2D-cultured N151027 cells. (B) 2D-cultured GTCC10 cells. (C) 3D-cultured 

N151027 cells. Data represent mean ± SEM of three independent experiments. * = p ≤ 0.05; ** = p ≤ 0.01; **** = 

p ≤ 0.0001; one-way ANOVA followed by Tukey’s post hoc test. 

These results proved that lowering the mitochondrial apoptosis threshold is an effective 

strategy for restoring IZI1551+MRZ sensitivity and allowing apoptosis execution in highly 

resistant glioblastoma PDCLs. 
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5. Chapter Five: Ferroptosis as an alternative path 

to death in GBM  

Many cancer types, including glioblastoma, are highly resistant to conventional therapies that 

are based on the induction of apoptotic cell death 520,521. For this reason, alternative strategies 

that can eradicate tumour cells have been explored in the past recent years 522–524. In this 

final chapter, a recently identified form of regulated cell death termed ferroptosis was 

investigated. Ferroptosis is known to present distinctive characteristics compared to other 

death pathways, such as the lack of caspase activation 417. Many cancer cells have been 

described to be ferroptosis-sensitive, with glioblastoma being one of them 525–527. Here, the 

characteristics of ferroptosis, including morphological features, death kinetics, and the 

general cell death mechanism, were studied. The interactions of ferroptosis inducers with 

inhibitors of Bcl-2 family proteins were also investigated in this chapter, providing a glimpse 

into the interplay between ferroptosis and other cellular pathways. As ferroptosis is still a 

relatively poorly characterised form of cell death, its study in this chapter was first performed 

on a typical ferroptosis model, namely the HT1080 fibrosarcoma cell line, and then extended 

to U-87 MG, a prototype TRAIL-resistant glioblastoma cell line 528–530. The findings gathered 

here comprise the surprising feature of caspase activation induced by the typical ferroptosis 

inducer RSL3 in HT1080 cells. Importantly, instead of synergising with ferroptosis inducers 

in triggering cell death, BH3 mimetics rather had a protecting effect on both erastin and RSL3-

induced death across different cell lines and Bcl-2 family antagonists. 

5.1 Erastin induces death in the HT1080 cell line in a dose-

dependent manner and its effect is antagonized by Bcl-2 inhibition 

The fibrosarcoma cell line HT1080 is the traditional cell line model in ferroptosis studies 403. 

In order to assess HT1080 cells sensitivity to the ferroptosis inducer erastin (Era), cells were 

treated with concentrations of the drug ranging from 0.125 μM to 1 μM in the presence of PI 

and imaged for 24 hours at intervals of 1 hour using the IncuCyte system. It was shown that 

cells died of erastin in a dose-dependent manner, with the lowest drug concentration tested 

not being toxic to the cells until the latest time point recorded (figure 45B). To obtain kinetic 

data on erastin-induced death, IncuCyte recorded pictures were analysed in terms of 

increased PI-positive cell area: the percentage of PI-stained area over the percentage of cell-
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covered area (confluence) in each well was calculated and plotted over time. Considering 

this ratio as an indicator of cell death, it was shown that death onset was gradually delayed 

when lowering erastin concentrations (figure 45A and B). Of note, the morphology of the 

dying cells was characteristic of ferroptosis, with swelling or “ballooning phenotype” being 

evident before cell death (figure 45B) 424. 

 

Figure 45: HT1080 cells die of erastin in a dose-dependent manner 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with the indicated concentrations of erastin in presence of PI. (A) Quantification of death kinetic 

calculated as PI positive area over confluence recorded by the IncuCyte system at intervals of 1 h for 24 h. (B) 

Phase contrast and red fluorescence images taken at time points 0 h and 24 h. Data are presented as mean ± 

SD of three technical replicates. Similar results were obtained in independent repeat experiments.  

Besides its morphological peculiarity, the ferroptotic nature of erastin-induced death was also 

characterised in its mechanistic features. For that, HT1080 cells were treated with erastin in 

presence of the pan-caspase inhibitor Q-VD-Oph or the ROS-scavenger ferrostatin-1 (Fer-

1). PI positivity was captured and analysed as described above.  While blocking caspases 

did not prevent erastin-induced death, reducing the amount of ROS with ferrostatin-1 
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protected all the cells, as indicated by their morphology (figure 46B) and by the PI/confluence 

ratio that was kept at the level of DMSO-treated cells (figure 46A). 

 

Figure 46: ROS scavenging but not caspase inhibition protects HT1080 cells from erastin-induced death 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h in presence of PI. Treatments included 1 μM of erastin alone or in combination with either 2 μM 

of Fer-1 or 50 μM of Q-VD-Oph (30 minutes pre-exposure). (A) Quantification of PI positive area over confluence 

recorded by the IncuCyte system at intervals of 1 h for 24 h. (B) Phase contrast and red fluorescence images 

taken at time points 0 h and 24 h. Data are presented as mean ± SD of three technical replicates. Similar results 

were obtained in independent repeat experiments. 

As a negative control of erastin-induced ferroptosis, the cervical adenocarcinoma cell line 

HeLa was exposed to the highest erastin concentration tested on HT1080 cells. Consistently 

with other reports, it was found that 1 μM erastin did not induce death nor changed the 

morphology of these cells (figure 47A and B) 531. 
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Figure 47: HeLa cells are resistant to erastin treatment 

HeLa cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 18 h in presence of PI. Treatments included 1 μM of erastin alone or in combination with either 2 μM 

of Fer-1 or 50 μM of Q-VD-Oph (30 minutes of pre-exposure). (A) Quantification of PI positive area over 

confluence recorded by the IncuCyte system following 18 h of treatment. (B) Phase contrast and red fluorescence 

images taken at time points 0 h and 18 h. Data are presented as mean ± SD of three technical replicates. Similar 

results were obtained in independent repeat experiments. 

The data presented so far confirmed HT1080 cells as a reliable model for in vitro studies on 

erastin-induced ferroptosis, with dose-dependent responsiveness to the drug and caspase 

involvement not being required for death execution. The ROS-scavenger ferrostatin-1 instead 

provided full protection from the highest erastin concentration tested here.  

As it is reported that erastin leads to the accumulation of lipid ROS with consequent 

mitochondrial damage, a possible convergence with the intrinsic apoptotic pathway was 

investigated 473,532. In particular, it was hypothesized that ferroptosis-induced mitochondrial 

stress might prime the mitochondria to BAK and BAX pore formation, with consequent 

cytochrome c release and cells eventually dying of apoptosis. Combining ferroptosis inducers 

with antagonists of anti-apoptotic Bcl-2 family proteins, that would otherwise prevent 

mitochondrial outer membrane permeabilization, could represent a promising co-treatment 

strategy to enhance cell death induction, as both pathways converge on the same organelle. 

As diverse tumour cells depend on anti-apoptotic Bcl-2 family proteins for survival, the 

sensitivity of HT1080 cells to the Bcl-2 antagonist ABT-199 as a single agent was tested 

533,534. For that, cells were treated with increasing concentrations of ABT-199 in presence of 

PI. The PI-stained area and the cell-covered area were recorded every hour for 24 hours with 

an IncuCyte system and cell death analysis was performed as described previously. Even at 
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a concentration as high as 10 μM, ABT-199 did not have any effect on HT1080 cells within 

the 24 hours here recorded (figure 48). However, in combination with erastin, ABT-199 could 

still be able to provoke a potentiating effect. To test this hypothesis, HT1080 cells were co-

stimulated with 1 μM of erastin together with 10 μM of ABT-199 in presence of PI and cell 

death was assessed using an IncuCyte system from the images recorded during 24 hours of 

treatment. Surprisingly, such combination did not potentiate cell death induction but rather 

resulted in a mild protecting effect of ABT-199 on erastin-induced cytotoxicity (figure 49). 

 

Figure 48: HT1080 cells are resistant to ABT-199 treatment 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with the indicated concentrations of ABT-199 in presence of PI. Phase contrast and red 

fluorescence images were recorded with the IncuCyte system at intervals of 1 h for 24 h. Cell death, measured 

as PI uptake, was analysed with the corresponding software. Data are presented as mean ± SD of three technical 

replicates. Similar results were obtained in independent repeat experiments. 

 

Figure 49: ABT-199 protects HT1080 cells from erastin-induced death 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with 1 μM of erastin; 10 μM of ABT-199 or the combination thereof in presence of PI. Quantification 

of PI positive area over confluence was recorded by the IncuCyte system after 24 h of treatment. Data are 

presented as mean ± SD of three technical replicates. Similar results were obtained in independent repeat 

experiments. 

These unexpected results suggested a complex interaction between ferroptosis and 

apoptosis and required validations with different ferroptosis inducers and apoptosis 

modulators in both HT1080 cells as well as in other cell lines. Also, the remaining fraction of 
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dead cells after the mitigating effect of ABT-199 on erastin-induced death still had to be 

characterised in terms of cell death mechanism. These aspects are investigated in the 

following paragraphs.  

5.2 RSL3-induced death can involve caspases activity 

Among the various substances that can induce ferroptosis, RSL3 belongs to the group of the 

direct GPx-4 inhibitors 407,535. Differently from erastin, that provokes cysteine starvation and 

also interacts with VDAC2/VDAC3, RSL3-induced ferroptosis does not depend on these 

factors 536. Therefore, investigating ferroptosis induced by RSL3 allows to restrict the range 

of possible other interactions that might occur upstream of GPx-4 inhibition and permits to 

identify more conserved downstream events that are necessary for ferroptosis execution. In 

this paragraph, the response to RSL3 of HT1080 cells was analysed and the death 

mechanism investigated.  

To verify a dose-dependent effect of RSL3 in inducing cell death, HT1080 cells were exposed 

to increasing concentrations of the drug until 4.5 μM in presence of PI. PI uptake and 

phenotypic changes were captured with an IncuCyte system (figure 50B) and the kinetic of 

PI/confluence ratio was analysed from the 24 micrographs recorded (figure 50A). Upon the 

lower RSL3 concentrations tested, cells started to die following 8 hours of treatment. The 

lethal effect of 4.5 μM of RSL3 started to manifest after around 5 hours, reaching its maximum 

at around 14 hours, followed by a plateau phase until the last time point recorded (figure 

50A). Similar to the morphological changes of erastin-treated cells (see figure 45B), swelling 

was observed also upon RSL3 treatment (figure 50B). 
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Figure 50: HT1080 cells die of RSL3 in a dose-dependent manner 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with the indicated concentrations of RSL3 in presence of PI. (A) The kinetic of cell death was 

calculated over 24 h as the ratio of PI positive area over confluence from micrographs recorded by the IncuCyte 

system at intervals of 1 h. (B) Phase contrast and red fluorescence images were taken at time point 0 h and 24 

h. Data are presented as mean ± SD of three technical replicates. Similar results were obtained in independent 

repeat experiments. This experiment was conducted together with Jessica Sieger. 

Next, the caspase inhibitor Q-VD-Oph or the ROS scavenger ferrostatin-1 were added to the 

RSL3 treatment in order to gain an insight into the mechanism of RSL3-induced death. For 

that, HT1080 cells treated in presence of PI were imaged by the IncuCyte system for 24 hours 

and PI positivity was analysed as previously described. The kinetic of ferrostatin-1 action 

surprisingly revealed that its protecting effect was limited to the first 12 hours of RSL3 

treatment and became less efficient after this time point (figure 51).  
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Figure 51: Ferrostatin-1 only partially protects HT1080 cells upon RSL3 treatment 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h in PI-containing medium with 4.5 μM of RSL3 in presence or absence of 2 μM of Fer-1. 

Quantification of PI positive area over confluence was calculated from IncuCyte-recorded images at intervals of 

1 h for 24 h. Data are presented as mean ± SD of three technical replicates. Similar results were obtained in 

independent repeat experiments. This experiment was conducted together with Jessica Sieger. 

As the RSL3 concentration used in this experiment (4.5 μM) was higher than what is reported 

to robustly induce death in HT1080 cells (~0.5 μM), it could be that the continuous ROS 

production induced by this high dosage of RSL3 led to ferrostatin-1 depletion within the first 

12 hours and that radicals generated after this time point could no longer be scavenged 

418,537,538. To investigate this possibility, HT1080 cells were seeded in two 96-well plates 24 

hours prior to experiments and then the two plates were treated in parallel with 4.5 μM of 

RSL3 in presence or absence of 2 μM of ferrostatin-1 (time point 0 h). Following Annexin V-

GFP and PI double staining, one plate was analysed via flow cytometry after 5 hours of 

treatment, which is a time point that preceded the loss of effectiveness of ferrostatin-1 

according to the kinetic study performed with the IncuCyte (see figure 51). Compared to 

controls, almost no cell was counted as dead at this early time point (figure 52A). The second 

plate was analysed 24 h following the initial treatment and it included a condition in which 

cells had been treated with a second dose of ferrostatin-1 after 5 hours from the first one 

administered at time point 0 hours. It was observed that the addition of extra ferrostatin-1 did 

not rescue more cells compared to the condition where only one initial dose of the ROS-

scavenger was included (figure 52B).  
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Figure 52: Subsequent ferrostatin-1 treatments do not provide further protection from RSL3 compared to 

a single dose 

HT1080 cells were seeded at a density of 104 cells/well in two 96 well plates 24 h prior to the experiment and then 

treated with 4.5 μM of RSL3 in presence or absence of 2 μM of Fer-1 (Fer-1 0 h). (A) Cell death was measured 

by Annexin V/PI-based flow cytometry following 5 h of treatment. (B) 2 μM of freshly prepared Fer-1 (Fer-1 5 h) 

were added after 5 h from the initial RSL3 + Fer-1 treatment and cell death was measured by Annexin V/PI-based 

flow cytometry 19 h later. Data are presented as mean ± SD of three technical replicates. Similar results were 

obtained in independent repeat experiments. 

As RSL3-induced lethality was not fully prevented by ferrostatin-1, this well-known ferroptosis 

inducer must be responsible for an unreported mechanism of cell death in addition to its 

documented ferroptosis-inducing production of lipid ROS. To explore if apoptotic death plays 

a role in RSL3-induced lethality, the pan caspases inhibitor Q-VD-Oph was included in the 

experiment shown in figure 51. Interestingly, while in the first hours Q-VD-Oph exerted no 

effect, at later time points (from 8 hours onwards) the blocking of caspases partially rescued 

RSL3-treated cells (figure 53). 
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Figure 53: Q-VD-Oph partially protects HT1080 cells from RSL3 treatment 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated in presence of PI for 24 h with 4.5 μM of RSL3 with or without 30 minutes of pre-incubation with 50 μM of 

Q-VD-Oph. Quantification of PI positive area over confluence was calculated from images recorded by the 

IncuCyte system at intervals of 1 h for 24 h. Data are presented as mean ± SD of three technical replicates. Data 

points for DMSO control and RSL3-treated cells are reported from the experiment shown in figure 51. Similar 

results were obtained in independent repeat experiments. This experiment was conducted together with Jessica 

Sieger. 

In order to better visualize the effect of both ferrostatin-1 and Q-VD-Oph on HT1080 cells 

treated with 4.5 μM of RSL3, their respective traces from the experiment already shown in 

figure 51 and figure 53 were merged in figure 54A and the micrographs captured by the 

IncuCyte are shown in figure 54B.  
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Figure 54: Ferrostatin-1 and Q-VD-Oph partially and sequentially protect HT1080 cells from RSL3 

treatment 

(A) Merged kinetic traces from the experiment in figure 51 and 53. (B) Representative micrographs of phase 

contrast and red fluorescence images taken with an IncuCyte system at time points 0 h; 7 h and 24 h for the 

indicated conditions.  

Following the kinetic of ferrostatin-1 treatment it emerged that its protective effect against 

RSL3-induced death started to decrease approximately when the Q-VD-Oph mitigating effect 
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first slow phase lasting 8 hours that depended on lipid ROS production and that was indeed 

inhibited by ferrostatin-1. The second one was instead a rapid caspase-depended phase that 

culminated with maximal cell death at 14-16 h and continued with a plateau in which Q-VD-

Oph still exerted its partial protecting effect. While the nature of the first phase seemed 

clearer, as it could be fully prevented by ferrostatin-1 and no effect was exerted by Q-VD-

Oph, pointing to a fully ferroptotic mechanism of death, the second phase remained more 

elusive as both inhibitors only partially protected the cells from RSL3-induced death. This 

suggested a mixed mechanism of death that required further investigation. The results of 

such investigation are not reported in this thesis but in the master thesis by J. Sieger that the 

author has co-supervised 539. It is only relevant to highlight here that the biphasic RSL3-

induced death is a result obtained with a specific concentration of RSL3 (4.5 μM) and it could 

not be reproduced at lower concentrations, as shown in figure 55 where upon 2.25 μM of 

RSL3 no caspase-dependent death occurred and ferrostatin-1 provided full protection at all 

the time points tested.  

 

Figure 55: ROS scavenging fully protects HT1080 cells from a low dose of RSL3 

HT1080 cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated in presence of PI for 24 h. Treatments included 2.25 μM of RSL3 alone or in combination with either 2 μM 

of Fer-1 or 50 μM of Q-VD-Oph (30 minutes of pre-exposure). PI positive area over confluence was quantified 

from micrographs recorded by an IncuCyte system at intervals of 1 h for 24 h. Data are presented as mean ± SD 

of three technical replicates. Similar results were obtained in independent repeat experiments. 

5.3 Ferroptosis induction in the U-87 MG GBM cell line is 

antagonised by BH3 mimetics 

Since its discovery, ferroptosis has always been described as distinct form of death with a 

different execution pathway compared to that of apoptosis 540. Still, in this work, a typical 

apoptosis feature, that is caspase activation, has been found to occur upon a ferroptotic 

stimulus. Also, the combination of ferroptosis inducers with Bcl-2 family antagonists, had the 

effect of mitigating cell death induction, indicating a complex interplay between the ferroptosis 
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and the apoptosis pathway. The intricated findings of the previous paragraphs had to be 

validated in different cell lines in order to formulate a more generalised hypothesis on how 

ferroptosis can be related to apoptosis and specifically to players of its intrinsic branch. This 

is of particular importance in the case of glioblastoma, against which very limited approved 

compounds are available and exploring the role of ferroptosis could pave the way to increase 

the number of therapeutic options. 

Here, the U-87 MG human glioma cell line was used as a model to investigate the sensitivity 

of glioblastoma cells to ferroptosis induction. In particular, the response of this cell line to the 

ferroptosis inducer RSL3 was systematically studied. To determine the magnitude of the 

response to RSL3, U-87 MG cells were exposed to increasing concentrations of the drug up 

to 4.5 μM. By using the IncuCyte system, pictures of PI-stained cells were captured for 24 

hours at intervals of 1 hour and a quantitative analysis of the recorded images was performed 

as already described in order to obtain kinetic data (figure 56). Morphological observations 

revealed that cell swelling, a typical feature of ferroptotic cell death, occurred already after 4 

hours of treatment (figure 56B). The dose-response curve plotted in figure 56A showed a 

positive correlation between the amount of drug applied and the increase of PI to confluence 

ratio. Of note, a plateau phase was reached following 8 hours of treatment and no further 

increase in cell death was detectable after this time point upon any of the RSL3 

concentrations applied (figure 56A).  
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Figure 56: RSL3 induces death in U-87 MG cells in a dose-dependent manner 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with the indicated concentrations of RSL3 in presence of PI. (A) Quantification of death kinetics 

calculated as PI positive area over confluence based on IncuCyte-recorded images taken at intervals of 1 h for 

24 h. (B) Phase contrast and red fluorescence images taken at time point 0 h; 4 h and 24 h. Data are presented 

as mean ± SD of three technical replicates. Representative example of one out of three independent experiments. 

This experiment was conducted together with Karen Kresbach. 

Either the ROS-scavenger ferrostatin-1 or the caspases inhibitor Q-VD-Oph were added to 

RSL3 to determine if a purely and classical ferroptotic death was induced or if caspases were 

involved in the death mechanism as reported for HT1080 cells in the previous paragraph. To 

test that, the IncuCyte system was used: it was shown that ferrostatin-1 fully prevented cell 

death while Q-VD-Oph did not (figure 57). 

4 h

0 h

24 h

Phase 

contrast

Phase 

contrast

Phase 

contrast

PI

PI

PI

U-87 MG

100 μm

B

4 h

0 h

24 h

Phase 

contrast

Phase 

contrast

Phase 

contrast

PI

PI

PI

U-87 MG

100 μm

B

4 h

0 h

24 h

Phase 

contrast

Phase 

contrast

Phase 

contrast

PI

PI

PI

U-87 MG

100 μm

B



Results 

147 
 

 

Figure 57: ROS scavenging but not caspases inhibition protects U-87 MG cells from RSL3-induced death 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h in presence of PI. Treatments included 1.125 μM of RSL3 alone or in combination with either 2 

μM of Fer-1 or 50 μM of Q-VD-Oph (30 minutes of pre-exposure). The PI positive area over confluence was 

calculated from images recorded by the IncuCyte system at intervals of 1 h for 24 h. Data are presented as mean 

± SD of three technical replicates. Representative example of 1 out of 3 independent experiments. This 

experiment was conducted by Karen Kresbach under the author’s supervision. 

To rule out that the lack of caspase activity in response to RSL3 was due to a general 

incompetence to execute apoptosis, U-87 MG cells were stimulated with typical apoptosis 

inducers, specifically the combination of IZI1551 (TRAIL) and bortezomib. It was proven that, 

upon this combination treatment, apoptosis occurred as indeed Q-VD-Oph, but not 

ferrostatin-1, exerted a protective effect (figure 58). These results indicated that, even though 

U-87 MG cells are able to activate caspases, these are not involved in RSL3-induced death. 

 

Figure 58: U-87 MG cells are competent to execute apoptosis 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with the combination of 3 μM of IZI1551 (TRAIL) and 250 ng/ml of BTZ in presence of PI. Either 

2 μM of Fer-1 or 50 μM of Q-VD-Oph (30 minutes of pre-treatment) were added to the combination treatment. PI 

positive area over confluence was quantified from micrographs recorded by the IncuCyte system at intervals of 1 

h for 24 h. Data are presented as mean ± SD of three technical replicates. Representative example of one out of 

three independent experiments is shown. This experiment was conducted by Karen Kresbach under the author’s 

supervision. 

With RSL3 inducing ferroptosis in U-87 MG cells, the crosstalk between ferroptotic stress and 

intrinsic apoptosis was next studied. It was hypothesised that antagonising anti-apoptotic Bcl-
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2 family proteins could serve as a tool to fine-tune RSL3-induced death. In view of the 

preliminary results gathered on HT1080 cells and presented in the beginning of this chapter, 

it was first investigated how a ferroptosis inducer and BH3 mimetics relate to each other in 

terms of cell death induction. Following, the nature of the stress induced by this combination 

treatment was studied in order to gain a better understating of how ferroptosis execution 

interacts with key players of other death pathways. 

Based on micrographs captured by the IncuCyte system, the death kinetic of the combination 

treatment with RSL3 and increasing doses of the Bcl-2 antagonist ABT-199 was quantified 

(figure 59A) and the changing morphology of U-87 MG cells was documented (figure 59B). 

This analysis revealed that ABT-199, even at high dose (10 μM), was not toxic to U-87 MG 

cells. Interestingly, the addition of ABT-199 partially protected the cells from RSL3-induced 

cell death. Death onset for the different combination treatments was the same as for RSL3 

single agent and determined to be at 4 hours. After this time point, the increasing ABT-199 

doses lowered the toxicity of RSL3 in a dose-dependent manner (figure 59A). 
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Figure 59: ABT-199 protects U-87 MG cells from RSL3 lethality in a dose-dependent manner 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h in presence of PI with 1.125 μM of RSL3, or 10 μM of ABT-199, or with the combination of 1.125 

μM of RSL3 plus 1.25 μM; 2.5 μM; 5 μM or 10 μM of ABT-199. (A) Quantification of PI positive area over 

confluence calculated from images recorded by the IncuCyte system at intervals of 1 h for 24 h. (B) Phase contrast 

and red fluorescence images were taken at time point 0 h; 4 h and 24 h. Data are presented as mean of three 

technical replicates. Error bars were omitted for clarity of visualisation. Representative example of one out of three 

independent experiments. This experiment was conducted by Karen Kresbach under the author’s supervision. 

To determine if ABT-199 altered the death mechanism induced by RSL3, either ferrostatin-1 

or Q-VD-Oph were added to the combination treatment and the increase of PI covered area 

was monitored with the IncuCyte system for 24 hours (figure 60). It was shown that while 

ferrostatin-1 rescued all the cells, caspase inhibition did not affect the amount of cell death 

occurring upon combination treatment with RSL3 and ABT-199. This proved that, even 

though the inhibition of Bcl-2 partially protected the cells from the cytotoxicity of RSL3, this 

did not change the mechanism of cell death that remained purely ferroptotic. 
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Figure 60: Antagonising Bcl-2 does not alter the ferroptotic nature of RSL3-induced death in U-87 MG 

cells 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with 1.125 μM of RSL3, or 10 μM of ABT-199 or the combination thereof in presence of PI. Either 

2 μM of Fer-1 or 50 μM of Q-VD-Oph (30 minutes of pre-treatment) were added to the combination treatment. PI 

positive area over confluence was quantified from micrographs recorded by the IncuCyte system at intervals of 1 

h for 24 h. Data are presented as mean ± SD of three technical replicates. Representative example of one out of 

three independent experiments is shown. This experiment was conducted by Karen Kresbach under the author’s 

supervision. 

It was next tested if antagonising Mcl-1 would lead to similar results. Therefore, the same 

RSL3 dose that was used in the previous experiment was combined with increasing 

concentrations of the Mcl-1 inhibitor S63845. PI to confluence ratio was calculate from 

IncuCyte recorded images (figure 61A) and representative micrographs are shown in figure 

61B.  A high dose of S63845 (10 μM) had no effect on U-87 MG cells while its combination 

with RSL3 decreased the amount of cell death compared to the treatment with RSL3 alone. 

The protective effect was enhanced with higher S63845 concentrations, until reaching full 

protection at the highest dose tested. This showed that Mcl-1 inhibition, like Bcl-2 inhibition, 

can mitigate ferroptosis triggered by RSL3. 

 

 

 

 

0 4 8 12 16 20 24

0.00

0.05

0.10 DMSO

RSL3

ABT-199

RSL3 + ABT-199

RSL3 + ABT-199 + Fer-1

RSL3 + ABT-199 + Q-VD-OPh

U-87 MG

P
I 
/ 

C
o

n
fl
u

e
n

c
e

Time (h)

100 μm

4 h

0 h

24 h

U-87 MG
B

0 4 8 12 16 20 24

0.00

0.10

0.20

0.30
DMSO

RSL3

S63845 10 μM

RSL3 + S63845 1.25 μM

RSL3 + S63845 2.5 μM

RSL3 + S63845 5 μM

RSL3 + S63845 10 μM

U-87 MG

P
I 
/ 

C
o

n
fl
u

e
n

c
e

Time (h)

A



Results 

151 
 

 

 

 

Figure 61: S63845 protects U-87 MG cells from RSL3 lethality in a dose-dependent manner 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h in presence of PI with 1.125 μM of RSL3, or 10 μM of S63845, or with the combination of 1.125 

μM of RSL3 plus 1.25 μM; 2.5 μM; 5 μM or 10 μM of S63845. (A) Quantification of PI positive area over confluence 

calculated from images recorded by the IncuCyte system at intervals of 1 h for 24 h. (B) Phase contrast and red 

fluorescence images were taken at time point 0 h; 4 h and 24 h. Data are presented as mean ± SD of three 

technical replicates. Representative example of one out of three independent experiments is shown. This 

experiment was conducted by Karen Kresbach under the author’s supervision. 

To find out if the cell death mechanism induced by the combination of RSL3 and S63845 was 

still that of ferroptosis, an apoptosis or a ferroptosis inhibitor were employed and the cell 

death kinetic was monitored with the IncuCyte (figure 62). Similar to the effect observed in 

RSL3+ABT-199 co-treated cells, Q-VD-Oph provided no (or barely detectable) protection 

from RSL3+S63845 treatment, while ferrostatin-1 fully saved the cells.  
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Figure 62: Antagonising Mcl-1 does not alter the ferroptotic nature of RSL3-induced death in U-87 MG 

cells 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with 1.125 μM of RSL3, or 10 μM of S63845 or the combination thereof in presence of PI. Either 

2 μM of Fer-1 or 50 μM of Q-VD-Oph (30 minutes of pre-treatment) were added to the combination treatment. PI 

positive area over confluence was quantified from micrographs recorded by an IncuCyte system at intervals of 1 

h for 24 h. Data are presented as mean ± SD of three technical replicates. Representative example of one out of 

three independent experiments is shown. This experiment was conducted by Karen Kresbach under the author’s 

supervision. 

Finally, also the effect of Bcl-xL inhibition on RSL3-treated cells was tested with the IncuCyte 

system (figure 63). U-87 MG cells appeared to be totally resistant to antagonists of the Bcl-2 

family of anti-apoptotic proteins as 10 μM of the Bcl-xL inhibitor WEHI-539, similarly to the 

inhibitors of Bcl-2 and Mcl-1, induced no cell death (figure 63B). When exposing these cells 

to increasing concentrations of WEHI-539 in presence of a lethal dose of RSL3 (1.125 μM), 

the calculation of the PI to confluence ratio revealed a dose-dependent decrease of cell 

death. Furthermore, the addition of WEHI-539 slowed down death onset compared to RSL3 

treatment alone (figure 63A).  
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Figure 63: WEHI-539 protects U-87 MG cells from RSL3 lethality in a dose-dependent manner 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h in presence of PI with 1.125 μM of RSL3, or 10 μM of WEHI-539, or with the combination of 1.125 

μM of RSL3 plus 1.25 μM; 2.5 μM; 5 μM or 10 μM of WEHI-539. (A) Quantification of PI positive area over 

confluence calculated from images recorded by the IncuCyte system at intervals of 1 h for 24 h. (B) Phase contrast 

and red fluorescence images taken at time point 0 h; 4 h and 24 h. Data are presented as mean ± SD of three 

technical replicates. Representative example of one out of three independent experiments is shown. This 

experiment was conducted by Karen Kresbach under the author’s supervision. 

In presence of ferrostatin-1, the remaining cell death after the mitigating effect of WEHI-539 

on RSL3-treated cells was fully abolished until the latest time point recorded (24 hours). 
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Interestingly, caspase inhibition partially rescued RSL3+WEHI-539-treated cells after 

approximately 12 hours of combination treatment (figure 64).   

 

 

Figure 64: Ferrostatin-1 fully protects and Q-VD-Oph partially rescues RSL3+WEHI-539-induced cell death 

in U-87 MG cells 

U-87 MG cells were seeded at a density of 104 cells/well in a 96 well plate 24 h prior to the experiment and then 

treated for 24 h with 1.125 μM of RSL3, or 2.5 μM of WEHI-539 or the combination thereof in presence of PI. 

Either 2 μM of Fer-1 or 50 μM of Q-VD-Oph (30 minutes of pre-treatment) were added to the combination 

treatment. PI positive area over confluence was quantified from micrographs recorded by an IncuCyte system at 

intervals of 1 h for 24 h. Data are presented as mean ± SD of three technical replicates. Representative example 

of one out of three independent experiments is shown. This experiment was conducted by Karen Kresbach under 

the author’s supervision. 

Taken together, the results shown here proved that the U-87 MG cell line is a valid model for 

studying ferroptosis in glioblastoma. The general antagonistic relationship between 

ferroptosis inducers and inhibitors of the anti-apoptotic Bcl-2 family proteins reported in 

HT1080 cells was confirmed also in this cell line. These results highlight the need to further 

study how ferroptosis induction could be modulated in GBM cells.  
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1. The combination of hexavalent TRAIL-R agonist 

with a 2nd generation proteasome inhibitor induces 

apoptosis in optimised GBM pre-clinical models 

Pre-clinical research on cancer therapeutics should guarantee a sufficient probability of 

success in clinical trials. However, although many candidate drugs show great promise at the 

in vitro stage, the majority of them fail in the early phases of clinical studies 541. One of the 

reasons for such disappointing results can be found in inappropriate pre-clinical models. In 

general, long-term in vitro culturing of cell lines applies a selective pressure that leads to a 

genetic drift, with alterations of both genotype and phenotype that undermine the reliability of 

these cells to model the original tumours 105,106,542. The inability of over-passaged cell lines to 

recapitulate the source material of their origin has been documented for several cancer models 

and led to the establishment of improved culturing routines in the most recent and clinically 

relevant studies 112,543,544. 

Glioblastoma is a highly resistant tumour with very limited treatment options 545. In order to 

identify new therapeutic strategies, cell-based models with improved predictive power are 

particularly urgent in this type of cancer. In this work, three main limitations of glioblastoma in 

vitro models have been addressed. To represent the tumour heterogeneity among different 

patients that many studies don’t account for, here a panel of seven patient samples, from both 

primary and recurrent glioblastoma cases and comprising the most typical alterations found in 

this type of cancer, have been analysed (table 3) 12. Secondly, as general evidence exists that 

limited subculturing better mimics the characteristics of the tumour of origin, the cells used 

here were of a low passage number (P< 25) 546. Moreover, their morphologies were 

documented since the beginning of their cultivation and kept on being monitored throughout 

the project (figure 14). Thirdly, rather than immortalised cell lines maintained in serum-

supplemented medium, that is known to have pro-differentiating properties, here primary 

cultures have been adopted 37,125. These were kept in serum-free, bFGF and EGF-

supplemented medium, in order to preserve their cancer stem-like properties 112,547. 

In this work, the inconsistent drug responsiveness between glioblastoma cells at low and high 

passage numbers has been confirmed. More precisely, upon escalating doses of the 

hexavalent TRAIL-R agonist IZI1551, glioblastoma cells derived from a primary tumour case 

that were sub-cultured less than twenty times displayed no response. In contrast, culturing 

these cells for more than thirty passages resulted in a dose-dependent cell death induction 

(figure 15). Such an altered drug responsiveness of long-term glioma cultures has already 
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been reported by Garcia-Romero and colleagues, who have compared early and late 

passages of CSC-enriched cultures for their sensitivity to a variety of clinical and pre-clinical 

drugs 546. In the case of IZI1551, the reasons for this phenomenon might be multiple, but one 

hypothesis is that long-term cultures are subjected to a selection that favours high TRAIL 

receptor-expressing cells and that these are eventually more sensitive to IZI1551-induced 

apoptosis. Several reports exist on the pro-survival functions engaged by the TRAIL/TRAIL-R 

signalling, justifying the frequent upregulation of TRAIL receptors in cancer cells 235,548–550. 

Importantly, S. Von Karstedt and colleagues have demonstrated a role of TRAIL-R2 in 

mediating cell migration via its MPD (membrane-proximal domain). They also reported that, 

blocking the endogenous TRAIL/TRAIL-R interaction, reduced the activation of Rac1 kinase 

and delayed tumour growth of NSCLC cell lines with an oncogenic KRAS mutation 264. 

Therefore, cancer cells might display high amounts of TRAIL receptors to benefit from the pro-

proliferative stimulation by endogenous TRAIL. These findings require validations in the 

settings of the PDCLs panel here examined and could be the subject of a follow-up study. 

 

TRAIL has been identified as a promising cancer therapeutic as it triggers apoptosis 

independently of the p53 status of a cancer cell and is very well tolerated by healthy tissues 

164,239. To exploit its potential, several TRAIL formats, as well as TRAIL-inducing compounds 

such as ONC201, have been designed to enter clinical trials 551. ONC201 is a small molecule 

that induces the expression of both TRAIL and DR5 and is being tested for the treatment of 

recurrent glioblastoma (NCT02525692). Among the TRAIL formats, Eftozanermin alfa (ABBV-

621) is a hexavalent agonistic fusion protein that recently entered clinical trials for the treatment 

of hematologic cancers and its structure is very similar to that of IZI1551 552 (NCT03082209). 

IZI1551 is a TRAIL-R agonist designed on the scTRAIL format but with the addition of an Fc 

region as a dimerization module. The resulting fusion protein has an increased size and 

consequently improved pharmacokinetic properties (14.5 hours of terminal half-life compared 

to 2.2 hours of scTRAIL), as well as a better stability that augments its capacity to engage and 

cluster its cognate receptors 254. Despite these properties, all the glioblastoma PDCLs of the 

analysed representative panel were largely resistant to IZI1551 as a single agent (figure 16), 

confirming a general trend of glioma cells to poorly respond to TRAIL treatment 257,553. To 

overcome such resistance, TRAIL is usually combined with sensitiser drugs that can re-

establish the apoptosis susceptibility of cancer cells 257,262.  

Among the most promising anti-glioma drugs are proteasome inhibitors 554. Pharmacological 

profiling of 100 genetically characterised patient-derived glioblastoma cell cultures established 

that these cells, that are proven to recapitulate the known molecular heterogeneity of this 

tumor, are primarily grouped by their sensitivity to proteasome inhibitors, and only secondarily 

by response to other classes of drugs 555. Moreover, compared to their differentiated 
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counterparts, glioma stem cells appeared to be particularly sensitive to inhibition of the protein 

degradation pathway 556,557. 

Marizomib is a novel-generation proteasome inhibitor approved by the FDA for the treatment 

of multiple myeloma, in which it showed higher cytotoxicity compared to the first-generation 

proteasome inhibitor bortezomib 371. It has also been shown that marizomib as a single agent 

effectively reduced the viability of immortalised glioblastoma cell lines at nanomolar doses 375. 

In the glioblastoma panel analysed here instead, marizomib exerted no significant effect on 

the viability of PDCLs, that represent a better model to predict patient’s responsiveness (figure 

16). Mechanisms of resistance to marizomib have been investigated by D. Niewerth and 

colleagues, who have identified an A49V point mutation in the β-subunit of the 20S proteasome 

as its major determinant 361. This indeed, would reduce the affinity of marizomib for the 

proteasome and it could also explain the lack of responsiveness of the glioblastoma panel 

examined here. Remarkably, the combination of marizomib and IZI1551 substantially reduced 

the viability of five out of seven PDCLs, with different escalating doses determining a 

decreased viability ranging from 15% to 90%. This result highlighted the need for combination 

therapies that, thanks to the potential of triggering synergistic responses, are now an 

established strategy to treat glioblastoma 558. Of note, according to their sensitivity to the 

combination treatment, the PDCLs of the panel studied here could be sub-grouped into a class 

of sensitive cells and a class of resistant ones. This is consistent with the knowledge that 

serum-free PDCLs cultures maintain patient-specific traits and inter-tumour heterogeneity, also 

in terms of drug sensitivity. Overall, such finding validated this kind of cultures as an improved 

model for anti-cancer drugs screening 559,560. 

Activators of death receptors such as TRAIL are long known to synergize with proteasome 

inhibitors to induce apoptosis 561. Here, it was shown that IZI1551 and marizomib interacted 

synergistically to reduce the viability of the five responsive glioblastoma PDCLs (figure 17). As 

proteasome inhibitors do not act through a single mechanism but they affect multiple cellular 

pathways, the synergy between this class of drugs and TRAIL cannot be attributed to the 

alteration of a single protein or process. Specifically, examples of mechanisms explaining the 

synergy comprise: suppression of NF-κB pro-survival signalling by IκBα stabilization, 

accumulation of death receptors, suppression of IAP-mediated degradation of Smac and 

caspases, stabilisation of otherwise short-lived pro-apoptotic proteins and/or convergence of 

extrinsic and intrinsic apoptosis branches at the level of mitochondria 256,317,562,563. The 

synergistic interactions between these two classes of drugs have been reported in both 

glioblastoma immortalized cell lines and primary cells. For example, the proteasome inhibitors 

MG132 and epoxomicin could re-activate apoptosis in TRAIL-resistant U343 and U373 cell 

lines thanks to an enhanced transcription and surface expression of DR5 564. Furthermore, the 

proteasome inhibitor bortezomib has been shown to be capable of potentiating TRAIL-induced 
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apoptosis in a panel of otherwise TRAIL-resistant glioblastoma cell lines via blocking of the 

p65-NF-κB DNA-binding activity 565. Also another boronic acid peptide, namely the proteasome 

inhibitor PS-341, has been shown to enhance TRAIL-induced apoptosis in glioblastoma cell 

lines 306. Importantly, T. Unterkircher and colleagues reported that bortezomib and TRAIL 

synergistically induced apoptosis in clinically relevant glioblastoma models such as PDCLs, 

CD133 and Nestin positive cells, as well as in semi-in vivo conditions of tumours grown on a 

chorioallantoic membrane (CAM) model. Moreover, they identified the stabilisation of tBID in 

the cytosol as a key event responsible for the synergy 395. In other studies, different 

mechanisms have been identified to determine the synergy between TRAIL and proteasome 

inhibitors. In particular, proteasome inhibitors have been reported to block NF-κB activity by 

stabilising its repressor IκBα. This results in the blockage of pro-survival NF-κB signalling 

branches that can be triggered by death receptor activation, determining the synergistic 

lethality between proteasome inhibitors and TRAIL 228,566. On the contrary, a peculiarity of 

glioblastoma is that, in these cells, the NF-κB signalling does not seem to have a prominent 

pro-survival function. In fact, there are studies showing that the DNA-binding activity of NF-κB 

appeared modest in glioblastoma cell lines compared to other cancer types. Consistently, K. 

La Ferla-Brühl and colleagues found that inhibiting NF-κB via overexpression of its super-

repressor IκBα neither enhanced spontaneous apoptosis nor TRAIL-induced apoptosis of 

glioblastoma cells 393. More recently, it was also reported that, in glioblastoma cells, NF-κB 

might actually have a pro-apoptotic function in TRAIL-induced death. This is seemingly due to 

its effect in facilitating DISC formation, as proven by a decreased TRAIL-R2 redistribution into 

lipid rafts upon IκBα overexpression 567. This concept is not completely new as S. Karl and 

colleagues from the laboratory of S. Fulda have reported that, in glioblastoma cell lines, a pulse 

exposure to DNA-damaging anticancer drugs, such as Temozolomide and Doxorubicin, led to 

NF-κB activation. Importantly, they also showed that, in these settings, NF-κB exerted a pro-

apoptotic function during the recovery phase from the initial formation of DNA breaks. The 

mechanism behind such effect remains obscure but it is attributable to a still unclear role of 

NF-κB in regulating DNA damage and repair in glioblastoma cells 568. Overall, it can be 

concluded that, depending on the specific cell type, NF-κB activation can result in pro- or anti-

apoptotic responses. For this reason, in other cancer types, proteasome inhibitor-induced 

blockage of NF-κB pro-survival activity can account for the synergistic apoptosis induction 

upon co-treatment with TRAIL. Instead, this might not be the case in glioblastoma, as NF-κB 

seems to have a pro-death rather than a pro-survival function. 

 

The therapeutic efficacy of a drug can be evaluated based on its effect on cell viability, 

proliferation, or death. Here, the effect of IZI1551 and marizomib combination treatments has 

been assessed via a cell viability assay based on the NAD(P)H-dependent reduction of the 
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WST-1 tetrazolium salt into its formazan dye (figure 16). As NAD(P)H is generated during the 

glycolytic reactions occurring in metabolically active cells, the amount of formazan dye 

produced, quantified with a spectrophotometer, is an indirect indicator of the number of viable 

cells. As such, the colorimetric assay allowed to easily retrieve high-throughput data like the 

effectiveness of a 5x5 combination matrix of drug doses. However, viability assays do not 

distinguish between cytotoxicity, cytostasis and slow growth rates, as a low viability readout 

can be due to the presence of dead cells, or of healthy but metabolically inactive (or  less 

active) cells 569. For this reason, it was necessary to verify whether the reduced viability 

measured via the WST-1 assay was due to an actual cytotoxic effect of the treatments. 

Therefore, in a representative responsive cell line and for the same dose combination matrix, 

cell death was determined flow cytometrically as number of cells stained with GFP-conjugated 

Annexin V and with PI. These measurements were then compared with the decreased viability 

assessed via the WST-1 assay. As loss in viability indeed correlated with cell death, it could 

be concluded that IZI1551+MRZ have a cytotoxic effect at all the concentrations tested (figure 

18).   

 

While proteasome inhibition is known for inducing mostly intrinsic apoptosis, the engagement 

of death receptors might result in the induction of extrinsic apoptosis as well as of necroptosis 

145,277,303,570. To characterise the cell death mechanism underlying the toxicity of the 

IZI1551+MRZ combination, Annexin V-GFP/PI-based flow cytometry measurements were 

performed on cells treated in presence or absence of Q-VD-Oph. As caspase inhibition entirely 

rescued the cells, it was concluded that the IZI1551+MRZ combination induced apoptosis with 

no alternative cell death mechanism being involved (figure 19). Consistently, proteasome 

inhibition is actually known to impair necroptosis competence also in cells with an intact 

necroptotic machinery and to favour instead apoptosis execution 571,572. Apoptosis induction 

was also confirmed in microscopy experiments in which cells were co-stained with Hoechst 

33342 and PI: upon combination treatment indeed, not only the fraction of PI-stained cells was 

considerably increased, but also nuclear and cellular changes characteristic of apoptotic death 

were observed, such as karyopyknosis, cellular rounding and blebbing. As also in this 

experiment, Q-VD-Oph reversed all of IZI1551+MRZ-induced effects, it was confirmed that 

such a combination treatment resulted in caspase-dependent cell death (figure 20).  

 

The IZI1551+MRZ combination induced apoptosis in a significant part of the cell population, 

mostly above 60%. Although not lethal to the remaining fraction of cells, the combination 

treatment might have impaired their long-term proliferation capacity. To test that, the surviving 

cells of a representative glioblastoma PDCL classified as responsive, were re-plated in an 

identical number from each treatment condition and, following six days, their viability was 
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assessed with a WST-1 assay. This revealed that the combination of IZI1551+MRZ 

substantially reduced the proliferation of the surviving cells. Interestingly, marizomib as single 

treatment moderately affected their proliferation capacity, while IZI1551 alone did not exert any 

effect (figure 21). This appears consistent with the irreversible nature of the proteasome 

inhibition carried out by marizomib 368. In fact, although not lethal as a single agent, marizomib 

might impair the long-term viability of the cells due to the fact that only newly-produced 

proteasomes would be active, while those already targeted by this drug would remain inhibited. 

Considering the slow metabolic rate of the PDCLs, the synthesis of new proteasomes might 

have not yet occurred in the six days-time of this experiment, such that marizomib-treated cells 

could not recover until their viability was assessed.  

Differently from sensitive PDCLs, cells re-plated from a non-responsive cell line showed no 

treatment-induced alteration of their proliferation capacity. This revealed that some 

glioblastoma PDCLs are highly resistant to the combination of IZI1551+MRZ and highlighted 

the need to employ a different strategy to eradicate them (figure 22).  

 

Drug screenings are preferentially performed on 2D-cultured cells because monolayers are 

easy to maintain and ensure a uniform drug penetration with overall improved experimental 

reproducibility. However, two-dimensional cell cultures might oversimplify the complexity of 

cell-to-cell interactions, with the inherent danger of underestimating drug resistance 

mechanisms that potentially can manifest from more natural 3D microenvironments 123,124. 

Hence, drug responsiveness data obtained from 2D-cultured cells required validation under 

better in vivo-mimicking conditions. Glioblastoma PDCLs were therefore grown as tumour 

spheroids and the panel was interrogated for IZI1551 and marizomib sensitivity also in this 

setting. Microscopy experiments already revealed that the combination of IZI1551+MRZ 

caused the disintegration of tumour spheroids (figure 23). Additionally, viability measurements 

showed that, in 3D-cultured glioblastoma PDCLs, the data already obtained in the 2D model 

could qualitatively be reproduced. In particular, the PDCLs of the panel were still separable 

into the same groups of five responsive cell lines and two non-responsive ones. Quantitatively, 

responses in 3D slightly differed from those of cells monolayers but remarkably, the overall 

effectiveness of the IZI1551+MRZ combination was confirmed (figure 24). This indicated that, 

although the size and architecture of the spheroids might impede the full penetration of the 

drugs until their inner core, this aspect did not substantially affect the responses of the PDCLs 

here examined 573.  

Importantly, synergistic apoptosis induction was confirmed in 3D settings and only in the 

N150661 cell line this kind of interaction between IZI1551 and marizomib was lost (figure 25). 

Moreover, the reduced viability of glioblastoma PDCLs spheroids upon IZI1551+MRZ 

treatment correlated with apoptosis induction, as determined by Annexin V-GPF/PI-based flow 
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cytometry measurements. As Q-VD-Oph reversed these effects, it was confirmed that, also in 

the 3D scenario, cell death remained caspase-dependent (figure 26). Hence, 3D cultures of 

glioblastoma PDCLs recapitulated the response pattern of PDCLs monolayers and confirmed 

that the combination of IZI1551+MRZ induced apoptosis also in more complex cancer cell 

models.  

 

All together, these data demonstrated that, limited cultivation times of glioblastoma PDCLs 

maintained as monolayers in serum-free medium, recapitulated responsive and resistant 

properties of more complex tumour spheroids. For that, they can be considered a valuable 

model for the pre-clinical assessing of the therapeutic efficacy of cancer drugs. Furthermore, 

based on this model, treatment with the hexavalent TRAIL receptor agonist IZI1551 and the 

novel-generation proteasome inhibitor marizomib, resulted in synergistic apoptosis induction 

in the majority of the glioblastoma PDCLs of a panel that represents the most common genetic 

alterations found in glioblastoma patients. Additionally, in cell lines classified as responsive, 

the combination of IZI1551 and marizomib reduced the proliferation capacity of the surviving 

fraction of cells, while a representative non-responsive cell line remained totally unaffected by 

this treatment, also on a long term. This last result highlighted the need to identify alternative 

strategies to treat highly resistant glioblastoma cells. For the responsive cell lines instead, 

combining IZI1551 and marizomib appeared promising both in terms of efficacy and of safety 

profile. Indeed, data from the clinical literature indicated that combination of this proteasome 

inhibitor with the glioblastoma standard of care therapy (TMZ plus radiotherapy) resulted in 

manageable toxicities, suggesting that a further treatment with IZI1551 could be considered 

574. 
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2. An improved treatment regimen enables MRZ to 

sufficiently penetrate a BBB model to prime GBM 

PDCLs to IZI1551-induced apoptosis  

The engagement of TRAIL receptors and the inhibition of the proteasome trigger apoptosis 

through distinct pathways and with diverse kinetics: TRAIL induces primarily extrinsic 

apoptosis, even if in type 2 cells mitochondrial involvement is required 188. Proteasome 

inhibition instead, mostly induces intrinsic apoptosis even though, under certain 

circumstances, it is also responsible for death ligands-independent activation of caspase-8 

within cytoplasmatic platforms 575,576. While the response to TRAIL receptors engagement is 

known to be rather quick, requiring only 15 minutes from caspase-8 activation to the 

permeabilization of the mitochondrial outer membrane, the cellular responses to proteasome 

inhibitors are complex and employ longer times until death is executed 513,514,577. These 

different cell death modalities and kinetics are possibly exploitable to enhance the efficacy of 

IZI1551+MRZ combination treatments. For that, it was first of all verified that initiation of cell 

death signalling is indeed kinetically different upon IZI1551 or marizomib stimulation. Western 

blot analysis of caspase processing showed that, at early time points such as four hours post-

treatment, IZI1551 already induced a partial cleavage of initiator caspase-8 and of effector 

caspase-3, as well as of its substrate PARP. Cleavage of caspase-3 and PARP were further 

enhanced upon combination treatment and these effects were totally abrogated by co-

treatment with Q-VD-Oph, confirming the caspase-dependent nature of IZI1551+MRZ-induced 

responses. In contrast, at this early stage, marizomib as a single agent failed to induce any 

caspase processing in both responsive cell lines examined (figure 27). Accordingly, following 

four hours of treatment, also apoptosis induction was kept at control levels upon marizomib 

alone, as revealed by Annexin-GFP/PI-based flow cytometry (figure 28). Instead, both the 

treatment with IZI1551 alone or in combination with marizomib, caused the exposure of similar 

amounts of phosphatidylserine in the responsive cell lines N160125 and GTCC9, while PI 

uptake mostly did not yet occur within the first four hours of treatment (figure 28). Overall, these 

results validated that initiation of apoptosis is slower upon stimulation with marizomib than 

upon IZI1551 treatment. This provided the rationale to test whether a time-shifted exposure to 

the drugs, particularly a pre-exposure to marizomib, could enhance the overall induction of 

apoptosis compared to the simultaneous treatment. Indeed, IncuCyte-based cell death 

recordings, as well as flow cytometry measurements, showed that cells exposed to marizomib 

alone for 24 hours before the addition of IZI1551, displayed an increased amount of apoptosis 
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compared to cells simultaneously treated with both drugs (figure 30 and 31). Additionally, in 

the pre-treatment scenario, death kinetic was accelerated as PI uptake was already detected 

at four hours post IZI1551 addition (figure 30). Of note, the enhanced apoptosis induction in 

the pre-treatment scenario was not solely due to the prolonged exposure to marizomib, as 

marizomib single treatment, even when applied for longer times, did not augment the number 

of cells taking up PI at the same level as the combinatorial treatment (figure 30). This indicated, 

once again, that monotherapies are unsuccessful against glioblastoma and that synergistic 

drug interactions need to be triggered in order to eradicate these cells. Importantly, these 

experiments also highlighted that the sequence in which drugs are applied greatly affects the 

efficacy of their combination. Hence, the mechanism and kinetic of action of each therapeutic 

should be taken into account to design optimal treatment schedules 578. One example of how 

a specific regimen significantly altered treatment outcome is the case of NSCLC studied by 

M.M. Mortenson and colleagues. In particular, they reported that administering bortezomib 

prior to the standard of care gemcitabine/carboplatin, abrogated the apoptotic effect of the 

chemotherapy but conversely, a sensitising effect was achieved upon delayed bortezomib 

addition. Mechanistically, this is due to the different biologic effect of each drug and the specific 

phase of the cell cycle in which they are functioning. Precisely, bortezomib affects the cell cycle 

causing a G2/M arrest, while both gemcitabine and carboplatin interfere with correct DNA 

synthesis. Therefore, if bortezomib is administered first, the consequent G2/M arrest prevents 

the cells from entering the cell cycle phase in which the chemotherapy would exert its toxicity. 

Instead, if chemotherapy is given first, it induces a G0 arrest and secondary targets affected 

by bortezomib can enhance gemcitabine/carboplatin-induced apoptosis 579. In vitro 

experiments of this kind are important as they provide information on the biochemical and 

molecular mechanisms of interaction of the drugs used in combination treatments. Clinical 

studies instead, typically fail to systematically address such questions and also modifications 

of the relative timing of drug exposure cannot reasonably be integrated into trial designs. 

Hence, the kinetic study of this work, that proved the enhanced lethality of IZI1551+MRZ 

treatment upon time-shifted drug administration, is particularly valuable and should guide the 

design of future trials in glioblastoma.  

 

Given the improved efficacy of the IZI1551+MRZ combination when the proteasome inhibitor 

was applied first, it was tested if such enhanced toxicity was sufficient to eradicate glioblastoma 

cells also at lower drug doses, as it is desirable when translating a study into clinical settings. 

The cell lines N160125 and GTCC9 were treated with concentrations as low as 100 pM of 

IZI1551 and 40 nM of marizomib, either simultaneously or with the latter drug administered 24 

hours earlier. Flow cytometry measurements showed that apoptosis induction was indeed 

higher in the pre-treatment scenario and that lower drug doses still induced a significant 
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amount of cell death thanks to the altered drug administration sequence (figure 32). Having 

identified a treatment schedule that allowed to lower drug concentrations without losing 

treatment efficacy is of particular importance for at least two reasons: the first, is the possibility 

of minimizing the toxicity that might arise from high dosages of a drug when translating pre-

clinical studies to clinical settings. The second, is the presence of the BBB that could reduce 

the amount of a drug that actually reaches glioblastoma tumour cells in vivo. Therefore, testing 

the efficacy of a drug combination in a reduced dosage regiment is a way to mimic a potential 

in vivo scenario.  

 

The BBB is the primary obstacle to the treatment of CNS diseases, as it is impermeable to 

most drugs. In the case of glioblastoma patients, the BBB is traditionally assumed to be 

disrupted, although emerging clinical evidence demonstrates that regions of intact barrier are 

always present 48,379. Due to this regional integrity, treatments with poor BBB permeability 

cannot guarantee a therapeutically effective exposure of the drugs to all cancer cells, 

especially to those within the deeper tissues of the tumour.  

Marizomib is a second-generation proteasome inhibitor with improved pharmacodynamic and 

pharmacokinetic properties 366,580. Most importantly, there is evidence of its ability to cross the 

BBB 373,375,376. 

Here it was studied if the amount of marizomib that crosses the BBB is sufficient to prime 

glioblastoma cells to IZI1551-induced apoptosis. As treatments targeting glioblastoma should 

selectively kill tumor cells and spare that of the BBB, it was first of all verified that marizomib 

was tolerated by hCMEC/D3 cells (figure 33). The cell line hCMEC/D3 is derived from cerebral 

microvessel endothelial cells and it is the most commonly used model to mimic the human 

BBB in vitro 581,582. It is especially employed in drug transport assays as it expresses a variety 

of ABC transporters. Moreover, in appropriate growth conditions, it displays the presence of 

tight junction proteins, such as PECAM-1, JAM-2, VE-cadherin, claudin-3, -5, occludin, beta 

catenin and zonula occludens proteins, even if claudin-5, occludin and JAM-2 are at lower 

levels compared to freshly isolated primary human cerebral microvessel endothelial cells 582,583. 

A simple model of the human BBB was built by growing hCMEC/D3 cells as a confluent 

monolayer on collagen-coated polyethylene terephthalate (PET) membranes of a transwell, a 

scaffold ensuring higher expression of tight junction proteins compared to plastic coverslips 583 

(figure 34). The cells were grown for five days and the resistance values of the cell monolayer 

was recorder daily until the calculated TEER was constant and high enough for the barrier to 

be considered formed (figure 35A) 583,584. At this point, from the apical side of the transwell, a 

low dose of marizomib was applied on the tight layer of hCMEC/D3 cells (figure 34). 

Importantly, resistance measurements performed 24 hours post-treatment, showed that 

marizomib did not alter the integrity of the formed barrier (figure 35A). The medium recovered 
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from the basolateral side of the transwell, containing marizomib that had crossed the barrier, 

was applied on glioblastoma cells 24 hours before the addition of IZI1551. Compared to the 

condition in which marizomib did not have to cross the hCMEC/D3 monolayer and was directly 

added onto the glioblastoma cells, the presence of the barrier reduced the efficacy of the 

IZI1551+MRZ co-treatment. However, thanks to the pre-treatment strategy, cell death could 

still clearly be detected, indicating that the amount of marizomib that crosses a simple BBB 

model is sufficient to prime glioblastoma cells to IZI1551-induced apoptosis (figure 35B). This 

result is in line with other studies reporting on the ability of marizomib to permeate the BBB 

and therefore further confirmed this novel proteasome inhibitor as a promising drug against 

glioblastoma 373,580. 

 

Combination therapies against glioblastoma that include the use of proteasome inhibitors are 

numerous in the clinical trials. However, many of such studies were stopped because of the 

poor efficacy of the proteasome inhibitors used. For example, a trial evaluating the use of 

bortezomib prior to surgery of malignant gliomas and followed by TMZ treatment, was ended 

as it did not result in an improved progression free survival compared to TMZ alone 

(NCT00990652). While bortezomib seems to not be effective enough against this tumour, data 

from this study and from the literature point to the second-generation proteasome inhibitor 

marizomib as a more promising drug candidate against glioblastoma. In fact, not only it 

displays a potent inhibiting potential but, as mentioned above, it also has a documented ability 

to cross the BBB. Marizomib has a peculiar chemical structure, with a chlorine leaving-group 

that gets rapidly eliminated to form a very stable adduct. The resulting β-lactone ring cannot 

be regenerated as the C-3O is confined within the cyclic ether ring and produces a steric 

interference with the protonated N terminus (Thr1NH3+) that does not allow aqueous 

hydrolysis (figure 9C). This structural feature ensures a persistent inhibitory activity and is 

responsible for the higher cytotoxicity of marizomib compared to analogous compounds with a 

non-leaving group 366,367,585. Additionally, studies on its cellular uptake and efflux rate revealed 

interesting properties. While cellular uptake, occurring by both diffusion and a saturable 

transport mechanism (carrier-mediated), has a transport efficiency comparable to that of 

analogous drugs, efflux assays showed that marizomib is mostly retained inside the cells after 

two hours from the washout, indicating a much slower dissociation rate. Importantly, studies 

on multiple myeloma and prostate adenocarcinoma cell lines showed that marizomib is not a 

substrate of any major ABC transporter of the multidrug resistance-associated protein family, 

making it unlikely that overexpression of these transporters would generate resistance to this 

compound 366. Conversely, bortezomib has been shown to be a substrate of the P-glycoprotein 

efflux pumps and that this is one of the reasons for the resistance to it 586,587. Overall, it is 

therefore conceivable that the limitations of several clinical trials on brain tumours would be 
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overcome by replacing other proteasome inhibitors with the more promising brain-penetrating 

marizomib.  

 

While marizomib can reach the tumour site, biologics of the size of IZI1551, with its 169.18 

kDa, are not expected to be BBB-permeant. As the varying extent of BBB destruction in 

glioblastoma patients cannot guarantee the penetration of most drugs at a therapeutically 

effective concentration, strategies to circumvent this obstacle must be adopted, especially for 

drugs of bigger molecular weight 379. Considering that the first line intervention for glioblastoma 

cases always involves a maximal safe surgery, implantable carriers appear to be a reasonable 

solution for the delivery of large biomolecules in these patients. For that, carmustine wafers, 

commercially available as Gliadel®, have been developed. These are implants soaked with a 

chemotherapeutic and they can be safely placed in the tumour site during the debulking 

surgery 96,98. Technologies to expand this strategy to other compounds are under investigation 

and also IZI1551 can potentially be accommodated in the tumour cavity following systemic 

marizomib treatment 99. In fact, as shown in this study, treatment responsiveness benefits from 

a marizomib pre-exposure. For that, in the frame of a shifted drug administration, it is important 

that marizomib can reach the tumor prior to the standard surgery, as this would prime 

glioblastoma cells to the IZI1551 treatment that can be delivered via the above-mentioned 

implants.  

In addition to these wafers, other strategies to overcome the delivery impediment represented 

by the presence of the BBB are under development. In particular, upon recurrence, a second 

surgery is often not recommended because the infiltrating nature of this tumor does not allow 

its safe removal. In such cases, alternatives to the implantable wafers and that do not require 

a surgical intervention should be considered. Among the applicable approaches, some are 

more invasive and consist of the injection, or intraventricular infusion of therapeutics, directly 

into the cerebrospinal fluid (CSF). The advantage of such solutions is that, as the drugs are 

given locally, the concentrations to be used are reduced, as are possible side effects that could 

manifest upon systemic administrations 588,589. However, in the case of TRAIL receptor 

agonists like IZI1551, whose safety profile, improved stability and half-life would allow an 

efficient systemic delivery, the use of such an invasive technique does not appear to be 

necessary 164,254. A less invasive approach is represented by the temporary disruption of the 

integrity of the BBB that, as already mentioned, is at least regionally intact in all glioblastoma 

cases, hampering more or less severely the delivery of therapeutics to the brain of these 

patients 379. The opening of the BBB can be achieved, for example, via an ultrasound-mediated 

breaking of the tight junctions among the endothelial cells, allowing various molecules to pass 

through and reach the brain. Technologies of this kind are already being tested for safety and 

efficacy, with promising initial results 101. Alternatively, drugs can be specifically modified in 
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order to allow their transport across the BBB. In particular, non-transportable compounds can 

be coupled to small peptides that are substrates of endogenous receptors, such that the 

receptor-mediated transcytosis mechanism can be exploited. Examples of such receptors are 

the human BBB transferrin receptor (TfR) and the LDL-related protein receptor type 1 (LRP1), 

that can respectively recognize the iron binding protein transferrin (Tf) and the small peptide 

Angiopep-2 590,591. However, the directionality of the transport, as well as the release of the 

ligand to the brain side, are aspects that required careful consideration. For example, 

transferrin-mediated transport is reported to occur both from the blood to the brain and vice-

versa and, in the case of LRP1, endocytosis seems to prevail over transcytosis 592–594. Hence, 

engineered molecules should be designed with an affinity that is high enough to allow their 

uptake from the blood side. At the same time, such affinity should be low to the point that the 

ligands can be released to the brain tumor. Efforts to tackle this aspect of receptor-mediated 

transcytosis are currently underway and could provide, in the near future, candidate BBB-

permeable versions of TRAIL receptor agonists. In this way, even in the presence of a partially 

intact BBB, drugs of the size of IZI1551 could be delivered to glioblastoma cells in vivo. 

 

Taken together, these data demonstrated that the initiation of cell death signalling is slower 

upon marizomib than upon IZI1551 treatment. Such differential cell death kinetics should be 

taken into account to design a treatment schedule that exploits the mechanistic properties of 

each drug and improves the outcome of their combination. Here it was found that a time-shifted 

administration of the drugs enhanced the response to the treatment compared to the 

simultaneous combination. Importantly, such increased cell death responses manifested also 

when lowering drug concentrations, a desirable condition to minimize possible toxicities 

emerging in translational settings. Although the bioavailability of marizomib to the tumour site 

is expected to be decreased due to the presence of the BBB, here it was found that, thanks to 

the pre-treatment strategy, the amount of marizomib that crossed a simple BBB model was 

sufficient to prime glioblastoma cells to IZI1551-induced apoptosis. In the case of biologics of 

the size of IZI1551 instead, strategies for a local administration are under development, with 

few solutions such as implantable wafers already being approved for clinical use. 
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3. Lowering the mitochondrial apoptosis threshold 

re-stores IZI1551+MRZ sensitivity of highly resistant 

GBM cells 

Glioblastoma is a tumor that is highly resistant to conventional therapies, so that alternative 

therapeutic strategies are urgently needed 595. In this study, seven glioblastoma PDCLs were 

analysed for their responsiveness to the combination of IZI1551+MRZ and two of them, namely 

N151027 and GTCC10, have been identified as non-responders (figure 16 and 24). The 

reasons underlying their resistance might be multiple, including a non-optimal exploitation of 

the apoptosis-inducing potential of IZI1551 and marizomib, for example due to an inadequate 

sequence of drug administration. Here, it was shown that a time-shifted exposure to each drug, 

specifically with marizomib preceding the combination with IZI1551, enhanced the apoptotic 

response of cell lines classified as sensitive (figure 30 and 31). For that, it was hypothesised 

that the marizomib pre-treatment strategy would be successful also in re-sensitising the 

N151027 and GTCC10 PDCLs to IZI1551-induced apoptosis. However, IncuCyte-based cell 

death measurements indicated that, in the pre-treatment scenario, no further increase in the 

total amount of PI-stained cells occurred in comparison to the simultaneous administration of 

both drugs (figure 36). Hence, the ability of marizomib itself to block proteasomal activity in 

these cells was questioned. To investigate this further, the CT-L activity of the proteasomes 

was measured both in the two resistant cell lines and in one of the responsive PDCLs. Upon 

stimulation with marizomib, both at a low (40 nM) and a high (80 nM) dose, the proteasome 

was blocked in all the cell lines tested. Of note, marizomib was even slightly more potent than 

bortezomib in blocking the CT-L activity of the PDCLs, as similarly reported for chronic 

lymphocytic leukemia and multiple myeloma cells 370,371 (figure 37).  

Although in the resistant cell lines proteasomal activity was efficiently inhibited by marizomib, 

this appeared insufficient to sensitise them to TRAIL-induced apoptosis. This suggested that 

the resistance mechanism lied within the apoptotic signalling network. In fact, many cancer 

types, especially glioblastoma, display an innate resistance to TRAIL. Reasons for this 

comprise caspase-8 deficiency, high levels of c-FLIP and altered expression of pro- and/or 

anti- apoptotic molecules that regulate this pathway, such as proteins of the Bcl-2 family 261,596.  

Here, it was studied if the expression of key proteins of the IZI1551-induced initiation phase of 

apoptosis differed between responsive and non-responsive cell lines. Western blot analysis of 

total cellular level of TRAIL receptors showed that both non-responder cell lines had low 

amounts of DR5. Regarding DR4 instead, this was either not expressed or not detectable in 
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these PDCLs. However, such an expression profile of TRAIL receptors was similar to that of 

the responder cell line N160125 (figure 38).  

Conclusions about the correlation between the amount of TRAIL receptors and sensitivity to 

the treatment would be premature without assessing the surface levels of DR4 and DR5 597. 

Precisely, regardless of their total protein expression, TRAIL receptors might be deficient on 

the plasma membrane due to an accelerated internalisation or to defects in the cargo transport 

proteins that regulate their trafficking 597–599. To evaluate if any discrepancy in the cell 

membrane levels of DR4 and DR5 existed between responsive and non-responsive cell lines, 

their expression was assessed flow cytometrically. This analysis revealed that both resistant 

cell lines displayed overall lower surface receptor amounts compared to the sensitive cell lines, 

confirming the trend already reported in the western blot data (figure 39). To further investigate 

why N151027 and GTCC10 PDCLs did not respond to the combination treatment, it was 

studied if marizomib could altered the expression of DR4 and DR5 in these cell lines as well 

as in the responsive ones. In fact, proteasome inhibitors are known to upregulate the 

expression of death receptors as a mechanism that enables their synergistic interaction with 

TRAIL in inducing apoptotic death 318,600,601. Indeed, the responsive PDCLs displayed 

increased surface amounts of both DR4 and DR5 after stimulation with marizomib, even 

though this effect was less pronounced for DR4 in the cell line N160125 (figure 40), which 

already showed a low baseline level of this receptor (figure 39). Instead, the accumulation of 

DR4 and DR5 in response to proteasome inhibition was only modest in the resistant PDCLs 

(figure 40), which could be one of the reasons why IZI1551 and marizomib did not 

synergistically induce apoptosis in these cell lines.  

Western blot detection of additional components of the DISC complex revealed also other 

proteins to be differently expressed in responsive and non-responsive cell lines, with the 

exception of FADD levels that were comparable in all the PDCLs tested (figure 41). Instead, 

the amounts of procaspase-8 and c-FLIP isoforms were respectively lower and higher in the 

resistant cell lines, with marizomib further up-regulating c-FLIP in GTCC10 and N151027 

(figure 41). Of note, the basal expression of BID, a substrate of caspase-8, was lower in the 

PDCL GTCC10 than in N160125. Also, marizomib treatment decreased the level of full-length 

BID exclusively in the responsive cell line N160125, possibly indicating its cleavage into tBID 

(not shown).  

Caspase-8 is essential for initiating TRAIL-induced apoptosis and consistently with this role, 

its deficiency is frequent in many tumour cells 602–604. In the case of marizomib-induced cell 

death, caspase-8 seems to play a prominent role. In fact, it was reported that its biochemical 

inhibition, but not that of caspase-9, significantly reduced marizomib cytotoxicity in multiple 

myeloma cell lines 371. Similar results using peptide inhibitors of either caspase-8 or caspase-

9 were obtained also in human leukemia cell lines by C.P Miller and colleagues. They 



Discussion 

171 
 

additionally showed that, upon marizomib treatment, BID cleavage and the accompanied drop 

of mitochondrial membrane potential occurred in responsive Jurkat cells. Instead, marizomib 

stimulation did not result in MOMP induction in cells depleted of caspase-8 and FADD. 

Importantly, in wild-type cells, marizomib-induced BID cleavage was also followed by an 

increased caspase-3 activity, all together supporting a model in which this proteasome inhibitor 

exerts its cytotoxicity through the caspase-8-tBID-mitochondrial axes. 605.  

The activation of procaspase-8 is regulated by the ratio of c-FLIPL/S that is bound to it. In fact, 

c-FLIPS lacks the protease domain and antagonises caspase-8 activity, probably by forming 

inactive heterodimers with it 606. c-FLIPL instead, has a dual role: at low physiological 

concentrations it stabilises the catalytic domain of the caspase by forming with it highly active 

heterodimers and indeed, procaspase-8 seems to have higher affinity for c-FLIPL than for itself 

607. On the contrary, overexpressing c-FLIPL can block procaspase-8 activation, as c-FLIPL 

would form homodimers that saturate FADD molecules 183,608. 

Overall, in the cell lines here examined, the low procaspase-8 level and the high expression of 

both c-FLIPS and c-FLIPL in resistant versus responsive PDCLs, constitute a signature of 

impaired competence to execute extrinsic apoptosis. Thus, it was examined whether targeting 

elements downstream of caspase-8 activation would compensate for the insufficient apoptosis 

initiation signal of IZI1551+MRZ. The engagement of the intrinsic apoptotic pathway depends 

on a balance between pro- and anti- apoptotic proteins. In particular, decreased levels of three 

main anti-apoptotic members of the Bcl-2 family, namely Bcl-2, Bcl-xL and Mcl-1, can lower 

the threshold for MOMP execution. The expression of these proteins is frequently altered in 

cancer cells and overexpressing anti-apoptotic Bcl-2 family proteins confers resistance against 

apoptosis-inducing therapies 609. In order to shift this balance toward apoptosis induction, 

pharmacological inhibitors for each of these three proteins have been developed 517,518.  

Here, the expression levels of Bcl-2, Bcl-xL and Mcl-1 were determined via western blotting 

and were compared between the responsive and non-responsive cell lines (figure 42). It was 

found that both resistant PDCLs displayed very low levels of Bcl-2 (figure 42). Consistently, 

treatment with the FDA-approved Bcl-2 inhibitor ABT-199 did not induce apoptosis in these 

cells, neither as a single agent nor in a triple combination with IZI1551 and marizomib (figure 

43) 610. Bcl-xL instead, was equally expressed in all the cell lines tested, which did not point to 

the levels of this protein as a reason for the differential sensitivity between responsive and 

resistant PDCLs. Additionally, Bcl-xL is essential for platelet survival and the systemic 

administration of drugs targeting this protein has been shown to induce thrombocytopenia, 

making Bcl-xL a non-optimal target to specifically and safely restore apoptosis competence in 

highly resistant glioblastoma cells 519,611,612. The last anti-apoptotic member of the Bcl-2 family 

examined here was Mcl-1, a short-lived anti-apoptotic protein that is reported to accumulate 

upon proteasome inhibition, further contributing to apoptosis resistance 613,614. Also, the MCL1 
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gene is one of the most commonly amplified genes in cancer, for which the targeting of the 

Mcl-1 protein is a frequently used strategy to allow apoptosis induction in Mcl-1-dependent 

tumour cells 615. Here, Mcl-1 expression was detected in both the resistant cell lines and it was 

also shown that it tended to accumulate upon stimulation with marizomib (figure 42). This 

provided the rationale to test an anti-Mcl-1 approach to lower the threshold for MOMP and re-

sensitise these cells to apoptosis. S63845 is a highly selective and potent inhibitor of the Mcl-

1 protein. By binding to its BH3 binding groove, this small molecule inhibits the activity of Mcl-

1 as it displaces the BH3 proteins bound to it. Importantly, S63845 has been proven to be well 

tolerated in in vivo studies 272. The treatment of both resistant PDCLs with S63845 as a single 

agent exerted a modest effect, while the triple combination of the Mcl-1 antagonist with IZI1551 

and marizomib potently induced apoptosis in these highly resistant glioblastoma cells (figure 

44A and B). Remarkably, the effectiveness of the Mcl-1 targeting strategy was confirmed in 

more complex 3D settings (figure 44C).  

 

Overall, these data highlighted once again the general ineffectiveness of monotherapies in 

eradicating glioblastoma cells. Mechanisms of resistance to IZI1551 or to marizomib have 

been discussed in chapter 1 of this section while the poor efficacy of BH3 mimetics as single 

agents might depend on different factors. For example, in some cases, mutations in the BH3 

binding domain of the Bcl-2 protein have been reported to be responsible for the resistance to 

ABT-199 616. However, such mutations are generally uncommon, with the exception of specific 

cancer types, such as diffuse large B-cell lymphoma 617,618. Another possible reason for the 

resistance to BH3 mimetics as single agents might be found in the redundant function that 

diverse anti-apoptotic proteins, specifically Mcl-1, Bcl-2 and Bcl-xL, collaborate to exert. Due 

to that, antagonising only one of the anti-apoptotic proteins of the Bcl-2 family might not result 

in a lethal effect, as its inactivity can be compensated by the functionality of the other members 

619. Here, the responses to the treatment with ABT-199 or with S63845 as single agents were 

indeed poor in the PDCLs examined. For that, a triple treatment including IZI1551, marizomib 

and S63845 was found to be necessary to effectively induce apoptosis in these cells. Although 

these agents are overall considered safe as monotherapies, with the clinical derivate of 

S63845 (MIK665/S64315) being tested in clinical trials for AML (NCT03672695, 

NCT02979366), the risk of administering them as part of a triple combinatorial treatment 

should be evaluated.  

 

Taken together, the results reported in this work demonstrated that inhibition of the proteasome 

activity is not, per se, an effective apoptosis-inducing stimulus in the PDCLs of the panel here 

examined. Nevertheless, the combination of the proteasome inhibitor marizomib with IZI1551, 

synergistically induced apoptosis in the majority of glioblastoma PDCLs.  
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Considering the crucial role that caspase-8 activation is reported to have in both marizomib- 

and TRAIL- induced apoptosis, the particular protein expression profile of the resistant PDCLs, 

and in particular the low levels of procaspase-8 and the high amounts of c-FLIP, might account 

for the differential responsiveness between these cell lines and the responsive ones.  

Studies aiming at specifically enhancing caspase-8 activation and/or inhibiting anti-apoptotic 

c-FLIP have not yet translated into the design of drugs for clinical use, as it happened instead 

for therapeutics that can directly trigger the mitochondrial pathway of apoptosis, such as BH3 

mimetics  268,620–622. Remarkably, the data presented here demonstrated that the specific Mcl-

1 inhibitor S63845, although mostly not efficacious as a single agent, allowed to sensitise both 

2D and 3D-cultured resistant glioblastoma PDCLs to apoptosis induced by the combination of 

IZI1551+MRZ. This indicated that lowering the MOMP threshold is a promising approach to 

re-store apoptosis competence of highly resistant glioblastoma cells. 
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4. Bcl-2 antagonists counteract ferroptosis 

induction in U-87 malignant glioblastoma cells 

Cancer cells often exhibit a dysfunctional regulation of the apoptotic pathway, such that 

therapies based on the reactivation of this cell death modality are somtimes unsuccessful 

520,521. Strategies that can bypass the obstacle of such apoptosis resistance represent an 

alternative to target otherwise highly refractory tumour cells. 

Ferroptosis is a form of regulated death that has been identified through a synthetic lethal high-

throughput screening of small molecules selectively targeting cells that express oncogenic 

RAS 403. Importantly, many cancer types that are resistant to conventional therapies have been 

found to be sensitive to this novel cell death modality 525–527. This has boosted the pre-clinical 

research on ferroptosis, with studies aiming at elucidating its molecular mechanisms to 

possibly exploit them for cancer treatment.  

The fibrosarcoma cell line HT1080 is one of the most common ferroptosis models and it is 

reported to be resistant to TRAIL-induced apoptosis 623. U-87 MG is a widely used glioblastoma 

cell line that, likewise HT1080, displays the TRAIL-resistance that characterises many tumour 

cells 103,528,529. Because of these features, U-87 MG has been considered here as a prototype 

to study the susceptibility to ferroptotic death of glioblastoma cells that do not respond to 

TRAIL.  

Here it was shown that, similarly to the cell line HT1080 that responded dose-dependently to 

erastin or RSL3 treatment, also U-87 MG is a ferroptosis-competent cell line (figure 45, 50 and 

56). The morphological features of the dying cells, here recorded with an IncuCyte device, 

recalled the peculiar “ballooning” phenotype that has also been documented elsewhere and 

that distinguishes ferroptotic cells from the shrinking apoptotic ones 424 (figure 45B, 50B and 

56B). Mechanistically, RSL3- and erastin- induced death were ROS-depend in both HT1080 

and U-87 MG cell lines, as proven by the cytoprotective effect of the ROS-scavenger 

ferrostatin-1 (figure 46, 55 and 57). Conversely, the pan-caspase inhibitor QVD-Oph, typically 

used to block apoptotic death, had no effect on HT1080 and U-87 MG cells treated with erastin 

or with doses of RSL3 up to 2.25 μM (figure 46, 55 and 57).  

Intriguingly, upon a dose as high as 4.5 μM of RSL3, HT1080 cells displayed an unexpected 

behaviour revealed by a cell death kinetic analysis performed with an IncuCyte device: the 

inhibitory effect of ferrostatin-1 on RSL3-treated cells only manifested during the first 8 hours 

and appeared attenuated at following time points (figure 51). QVD-Oph instead, a drug 

supposedly unrelated to the ferroptotic death pathway, exerted a partial protective effect on 
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these cells (figure 53), remarkably starting at the same time point when the effect of ferrostatin-

1 ceased 403 (figure 54). Therefore, two phases of cell death were distinguishable when 

HT1080 cells were treated with high doses of RSL3: a first phase that solely depended on 

ROS and that could be considered purely ferroptotic and a second phase in which both ROS-

related stress and caspase activation were involved (figure 54A). Consistently, only the cells 

dying during the first phase (t<8 h) were all morphologically recognizable as ferroptotic, while 

in the second phase distinct phenotypes were observed (figure 54B). RSL3 is a typical 

ferroptosis inducer and caspase activation is not expected to occur in this cell death modality 

407,418. In a first instance, it was hypothesised that the decreased protective effect of ferrostatin-

1 during the second phase was due to its depletion during the first phase. Hence, it was tested 

whether a second dose of ferrostatin-1, prior to the end of so-called phase one, would rescue 

the cells in the following phase. However, flow cytometry-based cell death measurements 

performed 24 hours post-RSL3 treatment, revealed no difference between the single 

administration of ferrostatin-1 and the condition in which two subsequent doses, at time point 

0 h and 5 h, were applied onto HT1080 cells (figure 52).  As a double administration of 

ferrostatin-1 did not result in an increased cytoprotective effect, the consumption of ferrostain-

1 could not be identified as the reason for the reported effects. Consistently, recent insights 

into the mechanism of action of ferrostatin-1 revealed that this does not get consumed while 

inhibiting iron-dependent lipid peroxidation 443. Moreover, if the only reason for the lower 

protective capacity of ferrostatin-1 was its partial depletion, then the remaining amount of cell 

death in the second phase would have been expected to be purely ferroptotic. Instead, the 

inhibitory effect of QVD-Oph clearly pointed to a “conversion” into a different cell death modality 

that involved caspases. These results suggested that RSL3 might interfere with pathways 

distinct from ferroptosis. Besides that, off-targets effects might arise when applying RSL3 at 

specific concentrations or in specific cells. Additional experiments on a broader panel of cell 

lines are required in order to validate these findings. Most importantly, the cellular role of GPx-

4 needs to be further investigated to clarify whether the effects reported in this work are specific 

to RSL3 or if they can be extended to GPx-4 inhibition in general. This could be done both by 

directly targeting the GPX4 gene, with knockout or silencing experiments, or by utilising 

compounds, different from RSL3, that inhibit the enzymatic activity of this protein. An 

interesting work in this direction that partially confirms the findings reported here, is the one by 

the group of Q. Zhang on triple negative breast cancer (TNBC) cells lines. They have identified 

DMOCPTL, a parthenolide analogue in clinical study for the treatment of acute myeloid 

leukemia (AML), as an inducer of both apoptosis and ferroptosis 624. Precisely, they found that 

both the caspase inhibitor Z-VAD-FMK and ferroptosis inhibitors, like deferoxamine (DFO) and 

ferrostatin-1, partially protected TNBC cells treated with DMOCPTL. Apoptosis induction was 

confirmed by exposure of phosphatidylserine and cleavage of caspase 9, caspase 3 and 
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PARP. The occurrence of ferroptosis instead, appeared evident because DMOCPTL treatment 

determined a time- and dose-dependent increase of lipid ROS, detected by flow cytometric 

measurements of BODIPY 581/591 C11 oxidation 456,624. However, their study had some 

limitations that did not allow to fully clarify how apoptosis and ferroptosis relate to each other 

upon GPx-4 inhibition. In fact, no kinetic analysis but only end-point measurements were 

performed at a late time point (48 hours), so that no information was provided as to whether 

the two cell death modalities occurred subsequently or concomitantly. To verify if apoptosis 

takes place during the first hours following GPx-4 inhibition, it would be necessary to prove 

that both phosphatidylserine exposure and caspase processing occur in this early phase and 

that both events are rescuable by caspase inhibition. In fact, PS exposure alone should neither 

be considered a real “early” event during apoptosis nor an exclusive feature of this cell death 

modality 625. In fact, PS exposure was reported to occur also prior to the loss of plasma 

membrane integrity during necroptosis and, most importantly, upon RSL3 treatment in Jurkat 

cells 626–628. Similarly, the results reported in this thesis showed that, upon stimulation with a 

hight dose of RSL3 (4.5 μM), a portion of HT1080 cells were stained with Annexin V-GFP 

(figure 52). However, also in this case, the absence of a co-treatment with a caspase inhibitor 

does not allow to rule out the possibility that the flipping of PS was independent of apoptosis. 

Another important point of the study by the group of Q. Zhang was that neither Z-VAD-FMK 

nor ferrostatin-1 fully rescued the cells treated with DMOCPTL. This effect recalled the partial 

protection that both ferrostatin-1 and Q-VD-Oph provided to HT1080 cells upon prolonged (> 

10/12 hours) treatment with RSL3 (figure 54). However, the two inhibitors should be used in 

combination to verify that this would save the complete cells population. Only by including such 

a control it could be concluded that both apoptosis and ferroptosis are responsible for the 

reported cell death induction, without any other mechanism being involved. Finally, it is 

relevant to highlight that DMOCPTL-induced ferroptosis mechanistically differed from that 

triggered by RSL3, as this novel compound directly binds and ubiquitinate GPx-4, thereby 

leading to its degradation 624. This indicated that not only RSL3 treatment, but in general 

targeting GPx-4 could activate death pathways distinct from ferroptosis. Interestingly, the 

apoptosis-inducing effects of typical ferroptotic drugs are not limited to direct GPx-4 inhibitors 

but were reported to occur also upon erastin treatment. In particular, a recent study on gastric 

cancer cell lines by Y. Sun and colleagues, showed that the amount of ROS accumulated upon 

a specific dose of erastin, corresponding to the 30% of its inhibitory concentration, did not 

cause ferroptosis but an arrest of the cell cycle in G1/G0 phase. Additionally, this also led to 

an increased proportion of Annexin V+/PI- and Annexin V+/PI+ cells, as detected in flow 

cytometry experiments. Importantly, these effects were rescued by co-treatment with the 

caspase inhibitor Z-VAD-FMK but not by co-treatment with the ferroptosis inhibitor ferrostatin-

1. Detections of hallmarks of apoptosis such as cleaved PARP and cleaved caspase-3 
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confirmed the evidence of apoptotic death 532. Similarly, an earlier study by H. Huo and co-

workers already showed that erastin has a pro-apoptotic effect in colorectal cancer cells. This 

was demonstrated by Annexin V-based flow cytometric analysis and by caspase activity 

assays, interestingly showing an increased activity of caspase-3 and caspase-9 but not of 

caspase-8 629. 

Overall, the findings of this thesis support recent data from the literature and indicate that the 

same stress-inducing signal can result in different types of cell death that even share the same 

initiation steps. Conceptually, this is a well-known notion if considering that, for example, 

TRAIL can trigger both apoptosis and necroptosis depending on the specific cellular context 

223. It is conceivable that, the ROS-related stress induced by a high concentration of RSL3 

specifically in HT1080 cells overcomes, or lies outside, the protective capacity of ferrostatin-1 

and that cells already committed to dye find their way through the engagement of an alternative 

caspase-dependent cell death modality. However, the “switch” regulating the shift between 

ferroptosis and other cell death pathways is unclear and also the cellular role of GPx-4 requires 

further elucidations.  

In this work, features of apoptotic death induced by typical ferroptosis inducers were only 

observed upon RSL3 doses that exceeded the concentrations typically used in other studies. 

418,537,538. Importantly, these results could not be reproduced in the glioblastoma cell line U-87 

MG. Hence, no further investigations on the role of GPx-4 during apoptotic death was 

conducted in the frame of this work. 

 

Ferroptotic cell death is known to induce morphological and functional alterations of the 

mitochondria, with an accumulation of ROS that points to the involvement of such organelles 

in this cell death modality 477,630. This is consistent with the role of the mitochondria as the main 

cellular source of ROS and as the central hub of iron metabolism 631,632. At the same time, 

mitochondria are also important in the apoptosis pathway, during which their membrane 

integrity gets corrupted due to BAX/BAK-depend pore formation 633. This process is regulated 

by proteins of the Bcl-2 family and can be modulated by BH3 mimetics, small molecules that 

antagonise the anti-apoptotic members thereby facilitating MOMP execution 268. While 

apoptosis is a relatively well characterised cell death pathway, with identified key players and 

drugs to target them, ferroptosis remains still elusive and strategies to modulate its execution 

are less defined. Indeed, besides experimental drugs, only very few clinically approved 

compounds exist that can induce this type of cell death, such as sorafenib, sulfasalazine, 

artemisinin and, indirectly, also statins 430,431,498,634. As ferroptosis is emerging as an alternative 

cell death modality to target apoptosis-resistant tumour cells, understanding its connections 

with other cell death pathways is crucial to possibly exploit it for cancer therapy. Indeed, 

combinatorial treatments are being explored through the integration of ferroptosis induction 



Discussion 

178 
 

into conventional cancer therapies, in order to identify synergistic sensitisation strategies 

and/or drug-resistance reversal effects 635.  

Given the convergence of both the ferroptotic and the apoptotic cell death pathways on the 

same organelle, namely the mitochondria, it was here investigated how modulators of the 

BAX/BAK-dependent mitochondrial pore formation, such as BH3 mimetics, relate to ferroptosis 

inducers and whether they can be exploited to enhance ferroptosis execution.  

As mentioned before in this thesis, diverse tumour cells depend on anti-apoptotic proteins of 

the Bcl-2 family for their survival 533,534. Hence, the sensitivity to Bcl-2 antagonists of the 

ferroptosis cell line model HT1080 and that of the ferroptosis-competent glioblastoma cell line 

U-87 MG was evaluated. None of the BH3 mimetic used, namely ABT-199; S63845 and WEHI-

539 that antagonise Bcl-2; Mcl-1 and Bcl-xL respectively, was lethal to HT1080 or U-87 MG 

cells when applied as single agents (figure 48, 59, 61, and 63). Intriguingly, when combined 

with ferroptosis inducers such as erastin or RSL3, BH3 mimetics attenuated cell death 

induction (figure 49, 59, 61 and 63). Remarkably, in U-87 MG cells, this protective effect was 

enhanced when progressively increasing the concentrations of the BH3 mimetic drug (figure 

59, 61 and 63). This finding is in stark contrast with the assumption that combining diverse cell 

death-inducing stimuli would result in higher toxicity. In particular, other reports indicated that 

the combination of ferroptosis inducers and BH3 mimetics synergistically triggered cell death 

636,637. However, the study by K.H. Lin and colleagues refers to Bcl-2-dependent AML cell lines 

in which ABT-199 treatment already induced MOMP-dependent apoptosis and GPx-4 

dysfunction further contributed to the mitochondrial stress 637. Instead, in the cell lines analysed 

here, BH3 mimetics did not provoke a lethal effect and also the extent of the mitochondrial 

damage was not assessed under these conditions. For that, besides their role in inducing 

MOMP, other functions of anti-apoptotic Bcl-2 proteins should be considered. For example, a 

plausible explanation for the reversal proportionality between BH3 mimetic doses and cell 

death upon a constant ferroptosis stimulus, might be found in the role that Bcl-2, Mcl-1 and 

Bcl-xL play in autophagy induction. In particular, these proteins are interaction partners of 

Beclin-1, a key protein in autophagy 638,639. The use of BH3 mimetics might therefore free 

Beclin-1, with consequent pro-survival autophagic responses that attenuate the pro-death 

function of ferroptosis inducers. Although yet to be tested, this hypothesis is supported by 

findings such as the identification of a natural BH3 mimetic compound, named gossypol ((-)-

enantiomer), that functions as a pan-inhibitor of the anti-apoptotic members of the Bcl-2 family. 

Gossypol indeed, induced autophagy in prostate cancers, an effect attributable to the 

interruption of the interaction between these proteins and Beclin-1 640,641. Similarly, also the 

BH3-mimetic ABT-737 was reported to induce autophagy, as it competes with Bcl-2 or Bcl-xL 

for the binding to Beclin-1 642. 
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To mechanistically characterise the cell death modality triggered by the addition of a BH3 

mimetic to a ferroptosis inducer, the caspase inhibitor Q-VD-Oph or the ferroptosis suppressor 

ferrostatin-1 were added to the combinatorial treatments. In the case of the glioblastoma cell 

line U-87 MG, ferrostatin-1 completely rescued the cells, while Q-VD-Oph did not (figure 60, 

62 and 64). This indicated that the cytotoxic effect of the combination treatment was 

independent of caspase activity, meaning that cell death remained purely ferroptotic. An 

exception to that, was the partial protective effect of Q-VD-Oph on the WEHI-539+RSL3-

induced death in the same cell line (figure 64). However, how exacly a purely ferroptotic cell 

death would switch into a caspase-dependent one upon the addition of a Bcl-xL antagonist 

remained unclear. 

Overall, the finding that BH3 mimetics exert a protective effect on ferroptosis induction, 

although inconvenient in the treatment of glioblastoma, can be of high relevance for all of those 

conditions whose pathogenesis is linked to this kind of cell death. For example, the brain in 

general with its high metabolic activity, and especially neuronal membranes which are rich in 

PUFA, are particularly prone to oxidative stress. To counteract such condition, the production 

of antioxidants is tightly balanced in this organ 643. Consistently, ferroptotic cell death is now 

emerging to be involved in different types of brain injuries, such as those caused by cerebral 

stroke or by neurodegenerative diseases 504,644–646. In particular, in animal models of the 

Alzheimer's disease and of both ischemic and hemorrhagic stroke, it has been shown that anti-

ferroptotic approaches can reduce neuronal death 480,647–651. Because this study demonstrated 

that BH3 mimetics can counteract ferroptotic death, drugs such as ABT-199, which has been 

shown to be safe and is already used in the clinic, could be re-purposed as an anti-ferroptosis 

therapy in the treatment of neurological diseases.  

 

Taken all together, these results showed that, similarly to the HT1080 cells line, the U-87 MG 

is also a valid model for ferroptosis studies and therefore it can be used as a prototype to 

investigate this cell death modality in glioblastoma cells. The scarcity of clinically relevant 

ferroptosis-inducing compounds and the dose-limiting toxicities of the available ones pushes 

towards the design of combinatorial treatments with already approved drugs 652,653. In this way 

ferroptosis execution could be modulated via exploitation of other cellular pathways. However, 

the data shown here revealed an antagonistic interaction between ferroptosis inducers and 

inhibitors of Mcl-1, Bcl-2 and Bcl-xL. This indicated that further elucidations on how ferroptosis 

inducers relate to other cellular pathways are required for the knowledge-driven design of 

therapies that rationally combine, or rather exclude, drugs that would promote cell survival 

instead of cell death. Nevertheless, the observed protection from ferroptosis execution 

suggested that BH3 mimetics could be employed to attenuate the damages caused by 

pathological conditions in which this cell death modality is involved. A more profound 
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understanding of these interactions is anyways necessary in order to balance combinatorial 

treatments for clinical use. 
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The current study provided evidence that, in agreement with data from the literature, the long-

term cultivation of glioblastoma cell lines alters their responsiveness to cancer therapeutics.  

In contrast, in clinically relevant in vitro models, such as low-passage glioblastoma PDCLs 

maintained under stemness-preserving conditions, the combination of the hexavalent TRAIL 

receptor agonist IZI1551 with the proteasome inhibitor marizomib resulted in synergistic 

apoptosis induction in most of the cell lines tested. The IZI1551-induced responses expectedly 

manifested earlier than the more complex ones exerted by marizomib, as revealed by the 

earlier processing of caspases. The differential apoptosis-initiation kinetics of the two drugs 

could be exploited to enhance the responsiveness to their combination, with marizomib pre-

treatment priming glioblastoma PDCLs to IZI1551-induced apoptosis. The improved 

cytotoxicity achieved with the time-shifted drug exposure also allowed to reduce the doses of 

each agent by still maintaining treatment efficacy. This is of particular relevance in a clinical 

setting as it would minimize the possible toxicity induced by high concentrations of the 

individual drugs. 

Marizomib is reported to be a blood-brain barrier (BBB) permeant compound. Here it was 

shown that, in a representative sensitive glioblastoma PDCL, the amount of marizomib that 

was able to cross a simple model of the human BBB, was sufficient to confer sensitisation to 

IZI1551-induced cell death when the pre-treatment strategy was applied. 

Among the seven glioblastoma PDCLs examined, two emerged as highly resistant to the 

IZI1551+MRZ treatment, although marizomib efficiently inhibited their proteasomal activity. 

One reason for such resistance was found in a protein expression signature associated with 

poor competence to initiate extrinsic apoptosis. Specifically, compared to responsive cell lines, 

these PDCLs expressed lower basal amounts of TRAIL receptors that even failed to 

accumulate upon marizomib exposure. In addition to that, the reduced expression of 

procaspase-8 and the higher amount of anti-apoptotic c-FLIP, contributed to define a protein 

profile that underlies the need to sensitise resistant PDCLs through an alternative pathway. 

Indeed, increasing the mitochondrial apoptosis sensitivity with S63845, a BH3 mimetic 

antagonising the anti-apoptotic Mcl-1, allowed to restore IZI1551+MRZ responsiveness of 

otherwise highly resistant glioblastoma PDCLs. Importantly, both the response patterns to the 

IZI1551+MRZ combinatorial treatments as well as the effectiveness of sensitising resistant 

PDCLs thought a reduction of the mitochondrial apoptosis threshold, were confirmed in the 

more complex 3D glioma spheroids model, validating all the key findings of this study. 

The safety of marizomib has already been clinically tested in both multiple myeloma and 

glioblastoma. In the latter case, toxicities were manageable also when combining it with 

temozolomide-based radiochemotherapy, suggesting that further combinations could be 

considered. In this preclinical study, it was shown that the addition of the hexavalent TRAIL 

receptor agonist IZI1551 to marizomib treatment is a promising approach to treat glioblastoma. 
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The safety of TRAIL as an anti-cancer agent has long been established and the limitations of 

its clinical use lie primarily in its low efficacy. Remarkably, IZI1551 is an improved TRAIL format 

similar to Eftozanermin alfa (ABBV-621), a compound that, both alone and in combination with 

bortezomib, is currently in phase II clinical trial for the treatment of relapsed or refractory 

multiple myeloma patients. However, in the case of glioblastoma, the presence of the BBB 

represents a further obstacle for the successful application of anti-cancer drugs. While 

marizomib was reported to cross this barrier, big biologics, such as TRAIL fusion proteins, are 

not expected to permeate it. To overcome this limitation, attempts to engineer TRAIL variants 

that exploit the receptor-mediated transport mechanisms of endothelial cells should be 

considered. Additionally, technologies using injectable or implantable hydrogels are under 

development for the delivery of large drugs to the brain, with carmustin wafers already been 

tested at a clinical level.  

It remains to verify, how the combination of IZI1551 with marizomib and the treatment regimen 

tested here, could be integrated into, or even replace, the current standard of care for 

glioblastoma patients. Ideally, following marizomib treatment, IZI1551 implants could be placed 

in the tumour site at the moment of the debulking surgery. 

Overall, the results shown in this thesis demonstrated that, an appropriate drug combination 

and an optimised treatment schedule, allow the anti-cancer potential of TRAIL to be exploited 

even against highly resistant tumours, such as glioblastoma. All of this, lays the basis to 

forward this study to in vivo settings. 

 

The treatment of glioblastoma patients is currently almost exclusively limited to the use of TMZ. 

At the moment, the most commonly studied therapeutic interventions to eradicate this tumor 

are based on the induction of apoptotic death. However, glioblastoma cells manifest a high 

degree of resistance to apoptosis, in particular to that induced by TRAIL. Hence, besides 

investigating combinatorial treatments with compounds that can sensitise cells to TRAIL-

induced apoptosis, alternative cell death modalities should be explored in order to expand the 

landscape of glioblastoma treatment options. A possible strategy is represented by ferroptosis, 

one of the most recently identified forms of regulated death that differs from apoptosis for the 

cellular components involved in its execution. Here it was hypothesized that, in order to 

eliminate TRAIL-resistant glioblastoma cells, ferroptotic death could be exploited as a 

substitute, or as an adjuvant, of apoptosis induction. It was shown that a bona-fide glioblastoma 

cell line, namely U-87 MG, died dose-dependently upon treatment with the ferroptosis inducer 

RSL3, setting the basis to further investigate the applicability of this cell death-inducing 

strategy against glioblastoma. However, the side effects of the few clinically approved 

compounds that have been shown to trigger ferroptosis require to carefully dose their use. 

Hence, it was studied how ferroptosis inducers related to treatments targeting other death 
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pathways, such that their combination could allow to reduce the dosage of ferroptotic drugs by 

still maintaining, or even enhancing, cell death. As ferroptotic death is driven by lipid 

peroxidation, with consequent damage of cellular membranes such as those of the 

mitochondria, it was hypothesised that the stress on this organelle could have been further 

augmented upon exposure to BH3 mimetics. Intriguingly, it was found that BH3 mimetics 

reduced, rather than enhanced, the ferroptosis susceptibility of U-87 MG cells, making this 

combination unsuitable as an anti-cancer therapy. However, considering the emerging role of 

ferroptosis in the pathogenesis of neurological diseases, these findings open up the possibility 

of re-purposing BH3 mimetics for the treatment of ferroptosis-induced brain injuries. In general, 

a deeper understating of how ferroptosis integrates into other cellular pathways is necessary 

to advance its exploitation at a clinical level.
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