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2. Introduc6on

Glioblastoma (GBM) is the most common and aggressive primary brain tumor in adults, 
characterized by rapid growth, diffuse infiltra=on, and marked gene=c and phenotypic 
heterogeneity (3–6). Despite advances in surgery, radiotherapy, and chemotherapy, the 
prognosis remains dismal, with a median survival of approximately 15 months, underscoring 
the urgent need for innova=ve therapeu=c strategies (7–9). 

2.1. Epidemiology and eSology 

Being the most aggressive and prevalent primary brain tumor, GBM accounts for 
approximately 49.1% of all malignant tumors of the central nervous system (CNS) and 14.3% 
of all primary brain tumors and other CNS tumors, including benign ones (10–12). Due to its 
high degree of malignancy, it is classified as grade IV according to the World Health 
Organiza=on (WHO) grading system (13). In the updated 2021 WHO classifica=on, GBM has 
been redefined, and the previous differen=a=on based on isocitrate dehydrogenase (IDH) 
muta=on status has been removed. GBM now exclusively refers to IDH wild-type cases, while 
astrocytomas with mutated IDH status are classified separately (13). 

In Europe and North America, the incidence of GBM is approximately 3.05 to 3.55 new cases 
per 100,000 people (12, 14). Although the majority of cases occur sporadically without a 
clearly iden=fiable cause, GBM is associated with several known risk factors (15–17). Age and 
sex are significant factors, since GBM is more common in older adults, with incidence peaking 
between 65 and 75 years (12, 14, 18), and it is slightly more frequent in males than females 
(4.04 new cases compared to 2.53 new cases per 100,000 people) (12). Certain hereditary 
condi=ons, such as Li-Fraumeni syndrome, Lynch syndrome, Turcot syndrome, and 
neurofibromatosis type 1, are linked to an increased risk of GBM due to muta=ons in tumor 
suppressor genes or deoxyribonucleic acid (DNA) repair pathways (15, 19, 20). Exposure to 
high-dose ionizing radia=on, whether from therapeu=c treatments to the head or accidental 
exposure, is a well-established risk factor for gliomas, including GBM (15–17). While the role 
of lifestyle and environmental factors is less clearly defined, some studies suggest a poten=al 
link to long-term exposure to pes=cides or petrochemicals (21–23). Addi=onally, GBM can 
develop as a progression from lower-grade gliomas, a process oEen associated with specific 
gene=c changes, such as TP53 muta=ons and IDH wild-type status (24, 25). Ethnicity also 
appears to play a role, since GBM is more frequently diagnosed in individuals of Caucasian 
descent compared to other ethnic groups (26, 27). Despite these factors, the majority of GBM 
cases arise without a clear underlying cause, underscoring the complexity of its development. 

2.2. Current standard of care 

GBM is a highly aggressive and lethal cancer (28, 29). 5-year survival remains limited to 5-10% 
with a median overall survival (OS) of 15 months (12, 30, 31). Despite intensive research, this 
dismal prognosis failed to improve over the past decades (32). Only few prognos=c factors are 
available, including age, Karnofsky performance status (KPS), tumor localiza=on, and extent of 
surgery/biopsy. These can be used to classify pa=ents into four risk groups. Tumor localiza=on 
is most relevant in younger pa=ents when assessing low or low-to-moderate risk. Briefly, low-
risk pa=ents (age ≤ 40 years, frontally located tumor) exhibit a 2-year survival rate of 65%, 
whereas the high-risk group (age ≥ 65 years or poor KPS or tumor biopsy only) is associated 
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with a considerably lower 2-year survival rate of 2% (33). In conjunc=on with the molecular 
pathology profile, these prognos=c factors should be considered when making treatment 
decisions (34). Standard treatment protocols involve maximal safe resec=on of the tumor mass 
followed by six weeks of concurrent treatment with temozolomide (TMZ) and radiotherapy 
(RTx) with a cumula=ve dose of 60 Gray (Gy). Subsequently, adjuvant TMZ treatment is 
con=nued for six cycles (30, 31).  
 
As an alkyla=ng agent, TMZ induces cross-linking and strand breaks of nucleic acids 
(deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)) via the forma=on of O6-methyl-
guanine (O6MeG) lesions, thereby disrup=ng DNA synthesis and poten=ally triggering cell 
death mechanisms (35, 36). Pa=ents with evidence of cysteine-phosphate-guanine (CpG) 
island hypermethyla=on of the promoter region of the DNA damage repair (DRR) enzyme O6-
methylguanine-DNA methyltransferase (MGMT) exhibit improved response to TMZ (37–39). 
Conversely, the cytotoxic effect of TMZ is impaired in the absence of MGMT promoter 
methyla=on, emphasizing the role of MGMT methyla=on status as an essen=al predic=ve 
marker (40, 41). Although methyla=on of the MGMT promoter appears homogeneous within 
a tumor, changes in methyla=on status may occur at recurrence, warran=ng reassessment 
when appropriate (42).  
 
In addi=on to standard of care, treatment with tumor trea=ng fields (TTF) presents a promising 
therapeu=c op=on aEer comple=on of radiochemotherapy (RCTx), poten=ally leading to 
prolonged progression-free survival (PFS) (hazard ra=o 0.63; median 2.7 months) and OS 
(hazard ra=o 0.63; median 4.9 months) compared to TMZ alone (8, 43). In younger pa=ents (≤ 
70 years) with excellent performance status and evidence of MGMT promoter methyla=on, a 
combina=on of the nitrosourea CCNU (lomus=ne) in addi=on to RCTx with TMZ may result in 
prolonged median OS (hazard ra=o 0.6, 31.4 months vs. 48.1 months) (44). However, 
pseudoprogression and hematologic toxicity are poten=al drawbacks (45). In relapse, 
especially aEer failure of first-line therapy, CCNU is commonly u=lized (46, 47), although drug-
induced thrombocytopenia remains a major limita=on (48). The addi=on of the an=-vascular 
endothelial growth factor (VEGF) monoclonal an=body, bevacizumab (Avas=n), to RCTx may 
prolong PFS (10.7 months vs. 7.3 months; hazard ra=o for progression or death, 0.79) and 
steroid-free =me, but not OS (49). In relapsed stages and re-irradia=on scenarios, bevacizumab 
may prevent/improve radia=on necrosis or edema-related symptoms (50, 51), but again 
without impac=ng OS (52).  
 
Despite advances in cancer immunotherapy, immune-based therapies have not proven 
effec=ve in newly diagnosed and relapsed GBM (53, 54). This could be due to the 
immunologically privileged loca=on, the immunosuppressive environment of GBM (55, 56), 
the reduced frequency of soma=c muta=ons, and resistance mechanisms to checkpoint 
inhibitors (57).  
 
The lack of standardized recommenda=ons for recurrent GBM further complicates treatment 
decisions and requires individualized assessment to determine the most appropriate course of 
ac=on. Possible op=ons may include resec=on, re-irradia=on, or chemotherapy/targeted 
therapy, respec=vely (46, 58). 
 
2.3. Mechanisms of treatment resistance 
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Figure 1: Mechanisms of treatment resistance in GBM. 

GBM exhibits strong inherent treatment resistance, leading to limited response and frequent 
treatment failure with an average recurrence at only seven months aEer mul=modal standard-
of-care treatment (7). The infiltra=ng growth pa9ern oEen precludes complete resec=on 
despite high-quality intraopera=ve imaging and fluorescein guidance without risking severe 
cogni=ve impairment by compromising healthy brain parenchyma (59–61). Due to extensive 
inherent resistance, the response to RCTx is significantly impaired, resul=ng in local recurrence 
within the previously treated area in approximately 80-90% of cases (62–64) (Figure 1). 
Moreover, less than half of the pa=ents exhibit an adequate response to TMZ (65, 66), and the 
onset of adap=ve resistance, occurring in over 90% of cases, further a9enuates the drug's 
efficacy upon reapplica=on in cases of recurrent GBM (67). The unique tumor 
microenvironment and the presence of the blood-brain barrier addi=onally limit the 
accessibility of many therapeu=cs, resul=ng in the failure of several experimental drugs 
subjected to clinical trials (68) (Figure 1).  

2.3.1. Insights into the molecular complexity underpinning treatment resistance 

To understand the complex molecular landscape of GBM and to advance the treatment of 
GBM, the genomics and transcriptomics of GBM have been extensively studied, with whole 
genome and transcriptome sequencing of both primary and recurrent GBM documen=ng the 
coexistence of dis=nct molecular subtypes and delinea=ng inter- and intratumoral 
heterogeneity hallmarks of treatment resistance (69) (Figure 1). A comprehensive molecular 
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characteriza=on of 206 GBM tumors revealed that three major pathways are altered, the 
receptor tyrosine kinase (RTK)/RAS/phospha=dylinositol 3-kinase (PI3K) pathway in 88% of 
pa=ents, the tumorsuppressor protein TP53 pathway in 87% of pa=ents, and the 
re=noblastoma (RB) pathway in 78% of pa=ents, with frequent gene=c amplifica=on of 
epidermal growth factor receptor (EGFR), cyclin-dependent kinase 4 (CKD4), platelet-derived 
growth factor receptor alpha (PDGFRA), mouse double minute 2 homolog (MDM2), and mouse 
double minute 4 homolog (MDM4). The most prevalent gene=c dele=ons were found in cyclin-
dependent kinase inhibitor 2A/B (CDKN2A/B) and phosphatase and tensin homolog (PTEN) 
(70). These altera=ons in GBM perturb the regulatory mechanisms of cell growth, repair, and 
cell death, enhancing the tumor's resistance to treatment. Central to this is the RTK/RAS/PI3K 
pathway, which is involved in the regulaton of cell growth, survival, and prolifera=on. When 
dysregulated, it can promote uncontrolled cell growth and inhibit cell death, rendering 
therapeu=c approaches ineffec=ve (71). In addi=on, aberrant ac=va=on of mammalian target 
of rapamycin (mTOR), a downstream effector in this pathway, further enforces uncontrolled 
cell growth. mTOR acts through two complexes: mammalian target of rapamycin complex 1 
(mTORC1), which is ac=vated by AKT to drive protein synthesis and growth, and mammalian 
target of rapamycin complex 1 (mTORC2), which enhances AKT ac=vity, forming a feedback 
loop in the PI3K pathway (71–73). In turn, mTOR inhibitors have been developed to target 
tumors with hyperac=ve PI3K/AKT/mTOR signaling, such as GBM (74). The TP53 pathway is 
cri=cal for DNA repair, cell cycle regula=on and apoptosis. Deregula=ons here can affect DNA 
repair, cancer cell stemness and evasion of cell death, impairing the response to DNA-
damaging treatments, such as IR or TMZ (75, 76). Likewise, malfunc=on of the RB pathway can 
accelerate cell division, suppor=ng tumor growth and reducing the efficacy of treatments (77). 
Amplifica=on of EGFR, CKD4, PDGFRA, and MDM2 can fuel unrestrained cell prolifera=on, 
growth and survival, resul=ng in more aggressive tumors that become less responsive to 
treatment (78–81). Key to cell cycle regula=on is CDKN2A/B, while PTEN acts as 
counterregulator to the PI3K/AKT/mTOR pathway by dephosphoryla=ng PIP3 
(phospha=dylinositol (3,4,5)-trisphosphate) to PIP2 (phospha=dylinositol (4,5)-bisphosphate), 
which in turn suppresses AKT and mTOR ac=va=on (82). Loss of these regulators can enhance 
cell growth and therapy resistance (83, 84). 
Besides the discussed mechanisms, several other pathways and transcrip=on factors promote 
GBM treatment resistance by maintaining stem cell proper=es or by upregula=ng the DDR, 
repec=vely (85) (Figure 1). In this context, extracellular signaling pathways, such as WNT/β-
catenin, transforming growth factor-β (TGF-β)-SOX4-SOX2, HEDGEHOG and NOTCH, are key 
contributors. For example, the WNT/β-catenin signaling pathway promotes cell prolifera=on, 
invasion, angiogenesis, and stemness (86–89), while the TGF-β signaling pathway drives the 
expression of SOX4 and SOX2, which maintain stem cell-like proper=es and promote tumor 
progression (90–92). Similarly, the HEDGEHOG and NOTCH pathways, known for their roles in 
tumor growth, maintenance of glioblastoma stem cells (GSCs) and therapy resistance, are 
frequently dysregulated in GBM (93, 94). 
Another important contributor is the SONIC HEDGEHOG (SHH)/ glioma-associated oncogene 
(GLI) signaling axis, which supports tumor stemness and therapy resistance through ac=va=on 
of the GLI family of transcrip=on factors (95, 96). In addi=on, the JAK/STAT pathway, which also 
maintains GBM stem cell proper=es and enhances immune evasion, further strengthens GBM 
survival mechanisms under therapeu=c stress (97–101). 
In promo=ng therapy resistance, transcrip=on factors also play a pivotal role (Figure 1). 
Specifically, the stem cell transcrip=on factors oligodendrocyte transcrip=on factor 2 (OLIG2) 
and c-MYC (abbrevia=on for myelocytoma) drive self-renewal and prolifera=on of GSCs, 
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thereby contribu=ng to tumor growth and survival (102–104). NANOG, a regulator of stem cell 
pluripotency and regulated by SHH-GLI, promotes self-renewal and stem-like behavior (105), 
and nuclear factor kappa-light-chain-enhancer of ac=vated B cells (NF-κB) mediates many 
hallmarks of cancer, including inflammatory and stress responses that support tumor survival 
(106, 107). Similarly, SOX and OCT4 enhance the stemness and self-renewal capacity of GSCs, 
making them central to tumor aggressiveness and resistance to conven=onal therapies (92, 
108). 
In addi=on to the discussed signaling pathways and transcrip=on factors, epigene=c 
modifica=ons further complicate therapeu=c strategies by altering the transcrip=onal 
landscape of the tumor, thereby orchestra=ng key processes such as tumor survival, DDR, 
autophagy s=mula=on, and stemness maintenance (Figure 1). Altera=ons in DNA methyla=on 
pa9erns can silence tumor suppressor genes or ac=vate proto-oncogenes (109), while non-
coding RNAs such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) have been 
shown to regulate various biological processes in GBM, including tumor ini=a=on, progression 
and survival (110, 111). Histone modifica=ons and chroma=n remodeling may addi=onally 
affect gene accessibility and transcrip=onal ac=vity, thereby contribu=ng to adap=ve 
therapeu=c resistance (109). 

2.3.2. Failure of DNA-damaging treatment in the light of upregulated DNA damage repair 
mechanisms in GBM 

The DNA damage response (DDR) is another major driver of treatment resistance in GBM 
(Figure 1). While the DDR is essen=al for maintaining genomic integrity and preven=ng cancer 
progression, its upregula=on in GBM cells enhances resistance to DNA-damaging treatments 
and represents a therapeu=c obstacle (1, 112–114). Key regulators, such as ataxia 
telangiectasia mutated (ATM) and ataxia telangiectasia and RAD3 related (ATR) kinases, 
orchestrate the DDR. ATM responds to DNA double-strand breaks, while ATR is ac=vated by 
single-strand breaks and stalled replica=on forks, both of which trigger a cascade of cellular 
responses, including cell cycle arrest, DNA repair, and cell death. The checkpoint kinases CHK1 
and CHK2 func=on downstream of ATR and ATM, respec=vely, facilita=ng cell cycle arrest and 
DNA repair (115, 116). Non-homologous end joining (NHEJ) and homologous recombina=on 
(HR) are pivotal pathways for the repair of severe DNA double-strand breaks and 
overexpression of key proteins in these pathways, such as DNA-dependent protein kinase 
cataly=c subunit (DNA-PKcs) and DNA ligase 4 (LIG4) for NHEJ and RAD51 and breast cancer 
type 1/2 suscep=bility protein (BRCA1/2) for HR, enhances GBM resistance to DNA-targeted 
treatments (1, 117–121). 

2.3.3. Beyond geneScs: The intricate interplay of the tumor microenvironment (TME) and 
glioblastoma stem cells (GSCs)        

Focusing primarily on tumor cells may leave the crucial role of the tumor microenvironment 
(TME) in influencing treatment resistance unrecognized, possibly limi=ng therapeu=c progress 
(122–124) (Figure 1). The GBM TME is defined by dis=nct features, including endothelial cells 
and tumor-associated macrophages (TAMs) in the perivascular regions, as well as hypoxic and 
infiltra=ve zones, collec=vely referred to as tumor niches (122). While GSCs were ini=ally 
thought to reside specifically within these niches, recent research indicates a broader 
distribu=on in the tumor =ssue and an intricate crosstalk with different cell types of the TME 
(125). Indeed, GSCs play a pivotal role in shaping the TME by secre=ng factors that a9ract and 
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remodel their cellular components and s=mulate angiogenesis, while the TME promotes GSCs 
maintenance and development. This dynamic interplay con=nually refines the tumor 
ecosystem and is cri=cal for GBM progression, treatment resistance, and recurrence  (122, 124, 
126, 127). 
 
2.3.4. Fueling inflammaSon, favoring immune evasion: The role of the perivascular tumor 
microenvironment (TME) in treatment resistance 
 
The perivascular niche is characterized by a dynamic network of astrocytes, fibroblasts, 
immune cells, glioma stem cells, and pericytes (128). GBM cells s=mulate abnormal 
angiogenesis via VEGF, forming disorganized and leaky blood vessels that compromise the 
integrity of the blood-brain barrier (BBB) (129, 130). A9racted by the local inflamma=on 
induced by GBM cells, immune cells, including neutrophil granulocytes, monocytes, myeloid-
derived suppressor cells (MDSCs), and TAMs, infiltrate the perivascular niche through the 
permeable BBB, thereby enhancing angiogenesis and establishing an immunosuppressive 
environment. Moreover, these immune cells interact with GSCs and tumor cells, suppor=ng 
tumor growth and treatment resistance (131–133). TAMs, the predominant infiltra=ng 
immune cells, exhibit either the tumor-suppressing type-1 phenotype of classically ac=vated 
macrophages (M1) induced by lipopolysaccharides (LPS) and IFN-γ, or the glioma-promo=ng 
type-2 phenotype of alterna=vely ac=vated macrophages (M2) induced by interleukin-4 (IL-4) 
and IL-13 (134, 135). TAMs, typically situated near GSCs, are recruited by various 
chemoa9ractants and release TGF-β, which elevates matrix metalloproteinase 9 (MMP9) 
expression and enhances GSCs invasiveness (136). The extracellular matrix protein perios=n, 
released by GSCs, acts as a chemoa9ractant and correlates with tumor grade and recurrence 
(137, 138). 
 
2.3.5. Hypoxic signaling and metabolic reprogramming mediate treatment resistance 
 
Conversely, the tumor niche is located in hypoxic areas with inconsistent oxygen supply due to 
inadequate vasculariza=on and frequently occluded blood vessels (122). While necrosis occurs 
within these insufficiently supplied areas, marginal hypoxic glioma cells form pseudopalisades 
- a hallmark of GBM - and ac=vely migrate away from the necro=c region (139, 140). Although 
poor vascularisa=on, hypoxia, and necrosis may seem counterintui=ve to tumor growth, they 
are associated with poor prognosis and mark the characteris=c transi=on from high-grade 
astrocytoma to GBM (141). Indeed, hypoxia intensifies chemotherapy resistance not only by 
inducing an acidic pH that inac=vates pH-sensi=ve drugs but also by isola=ng the tumor niche 
cells from blood vessels, significantly impeding an=cancer drugs from reaching hypoxic areas 
and thus, markedly reducing their efficacy (142–144). Moreover, in vitro studies reveal that 
under hypoxic condi=ons, GBM cells demonstrate elevated cell migra=on, upregula=on of 
hypoxia-related genes, and elevated treatment resistance (145). Tumor cells in this niche are 
highly adapted to hypoxia and are resistant to cell death, while the tumor environment has 
been documented to influence tumor survival and progression in mul=ple ways (146). These 
include the metabolic shiE to aerobic glycolysis, commonly known as the Warburg effect, and 
one-carbon metabolism, as well as increased amino acid metabolism and fa9y acid oxida=on 
to meet high metabolic demands (147–149). However, hypoxia also facilitates the 
maintenance of stem cell proper=es, promotes tumor growth, and creates a protec=ve 
ecosystem that provides limited immune surveillance and sustained cell survival despite of 
radio-, immuno-, or chemotherapy (150–154). Since IR predominantly causes indirect DNA 
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damage and gene=c instability through the genera=on of reac=ve oxygen species (ROS) (155, 
156), cells of the hypoxic tumor niche exhibit strong inherent radioresistance mediated 
predominately by autophagy and hypoxia-inducible transcrip=on factors (HIFs) (157) (Figure 
1). HIFs, stabilized by PI3K-AKT ac=va=on and hypoxia, act as pivotal transcrip=on factors for 
numerous gene products (158, 159). Their expression is further amplified by the frequently 
abnormal ac=va=on of mitogen-ac=vated protein kinase (MAPK)/ extracellular-signal 
regulated kinase ERK or JAK2/ STAT3 signaling pathways in GBM cells (160). Specifically, HIF-
1α orchestrates metabolic processes by augmen=ng glucose uptake and amino acid 
metabolism while modula=ng various cellular processes, including cell prolifera=on and 
mobility (161). It enhances angiogenesis through amplifying VEGF expression (162) and 
influences oncogenic transcrip=onal pathways, including NOTCH signaling, EGFR, and 
MAPK/ERK, which directly impact GSCs maintenance, tumor cell migra=on, invasiveness, and 
survival (162–165). HIF-1α also markedly expresses inducible nitric oxide synthase (iNOS), a 
key enzyme that transforms L-arginine into nitric oxide (NO), thereby modula=ng 
radioresistance and governing various cellular processes, such as regula=on of cell cycle, 
angiogenesis, and tumor cell survival (166–169). HIF-1α and HIF-2α increase the expression of 
L-type amino acid transporter 1 (LAT1, also known as SLC7A5), a transporter for branched-
chain amino acids (BCAA), and branched chain amino acid transaminase 1 (BCAT1), a metabolic 
enzyme for BCAA, thus enhancing amino acid metabolism (170). Addi=onally, HIF-1α enhances 
the expression of DDR regulators, including MGMT, strengthening radio- and chemoresistance 
(171–174). HIF-1α expression in TMZ-resistant GBM cells is likely steered by the human 
epidermal growth factor receptor 2 (HER2)-dependent PI3K/AKT/mTOR pathway (175). 
Moreover, the reciprocal ac=va=on of CDKN1A and HIF-1α enforces radioresistance through a 
posi=ve feedback loop (176). Autophagy, a conserved catabolic process downstream of mTOR 
hyperac=va=on, replenishes components of damaged or unusable proteins into the nutrient 
cycle, strengthening tumor cell survival amidst resource depriva=on and sustained oxida=ve 
stress (177–179). In GBM cells, this mechanism is enhanced by hypoxic condi=ons and 
aberrant ac=va=on of NOTCH, WNT/β-catenin, and HEDGEHOG signaling pathways, together 
with autophagy-related 9A (ATG9A), fueling therapy resistance and sustaining GSCs by 
furnishing an energy source (180–182). At the same =me, inhibi=on of autophagy with 
quinacrine (which increases lysosomal pH) and TMZ (which is known to s=mulate autophagy) 
has been demonstrated to render GSCs suscep=ble to TMZ via accumula=on of autophagic 
vacuoles (183). Besides enhancing the cytotoxicity of TMZ, it may also cause mitochondrial 
damage through peroxida=on of membrane lipids, a hallmark of ferroptosis (183) - a form 
of nonapopto=c cell death characterized by Fe(II)-dependent lipid peroxida=on without 
oxida=ve stress-driven ROS accumula=on (184, 185). 
 
2.3.6. Tumor dynamics and temporal and spaSal heterogeneity as a hallmark of treatment 
resistance 
 
In the vascular invasive tumor niche, infiltra=on occurs either of individual tumor cells or 
collec=vely along white ma9er or basement membrane pathways - as along vessels - into the 
adjacent healthy brain parenchyma (122, 186, 187). Noteworthy, invasion within the vascular 
invasive tumor niche happens independently of MMPs (188). Invasiveness contributes 
significantly to the strong temporal and spa=al heterogeneity and describes a hallmark of 
treatment resistance (6, 69); cells that infiltrate healthy brain parenchyma evade surgery or 
radia=on and induce a new cycle of necro=c and vascular prolifera=ve areas (122) (Figure 1). 
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2.4. TargeSng GBM's treatment resistance 

GBM exhibits robust inherent treatment resistance mechanisms that frequently lead to 
therapeu=c failure, facilitate relapse, and hamper the advancement of novel therapeu=c 
strategies. Consequently, amidst ongoing efforts to refine GBM treatment, the mechanisms 
underlying treatment resistance have moved into the focus of GBM research (167–169). 
Despite their promise, small molecule inhibitors have achieved limited clinical success in the 
treatment of GBM. Challenges include non-specific targe=ng resul=ng in significant toxicity 
and side effects, the BBB preven=ng op=mal drug concentra=ons within the CNS, and the 
inherent immune-privileged nature of the CNS hindering immune-based therapies (Figure 1). 
While many GBM inhibitors focus on kinases, only a few, such as specific EGFR (AZD3759 and 
NT113) and PI3K (GDC-0084) inhibitors, have been designed for effec=ve brain penetra=on 
(92). To be effec=ve, a CNS drug must not only have strong target specificity but also 
demonstrate op=mal brain permeability. The drug's efficacy is further influenced by the 
complex interplay between its therapeu=c targets, the TME, and the inherent features of 
cancer cells. These cancer cells exemplify the marked intra- and intertumoral heterogeneity 
seen in GBM, underscoring that a one-size-fits-all therapeu=c approach may not be sufficient 
(170). Combined modality therapy is emerging as a poten=al solu=on that aims to address this 
heterogeneity by simultaneously targe=ng both pre-exis=ng tumor cell popula=ons and 
evolving resistant clones. Such an approach may minimize the chances of treatment failure 
and improve therapeu=c outcomes. Indeed, previous findings from our research group have 
demonstrated that inhibi=ng heat shock protein 90 (HSP90), crucial for the proper folding and 
func=onality of numerous gene products, including DDR regulators, induces potent 
radiosensi=za=on in soE =ssue sarcomas (171), colorectal tumors (172), and most recently in 
GBM (90).  

2.5. ObjecSves and key findings of this thesis 

The pronounced resistance of glioblastoma (GBM) to conven=onal therapies, driven by 
complex molecular mechanisms and an immunosuppressive microenvironment, underscores 
the urgent need for innova=ve therapeu=c strategies. To this end, the present work aimed to 
advance the understanding of GBM treatment resistance while expanding the range of 
ac=onable resistance regulators for small-molecule inhibitor-driven radio-/chemosensi=za=on 
and their poten=al use as predic=ve biomarkers. 

2.5.1. Paper I: IntegraSve analysis of therapy resistance and transcriptomic profiling data in 
glioblastoma cells idenSfies sensiSzaSon vulnerabiliSes for combined modality 
radiochemotherapy 

To iden=fy new strategies for op=mized TMZ-based radiochemotherapy of GBM, we designed 
an integra=ve approach combining clonogenic survival-based resistance scores with 
quan=ta=ve real-=me PCR (qRT-PCR)-derived transcriptomic expression profiles of DDR 
regulators from a well-established panel of human GBM cell lines. This approach iden=fied 
numerous DDR targets, including PARP1 and HSP90, both supported by readily available 
advanced pharmacological inhibitors and their well-documented capacity to facilitate radio- 
and chemosensi=za=on (112, 189–193). Addi=onally, novel targets emerged, including ATR 
and LIG4 for radiosensi=za=on and ATM for sensi=za=on to TMZ treatment.  Although no 
radiosensi=zing effect was observed for the poly-DNA ligase inhibitor L189, AZD-6738-
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mediated pharmacological inhibi=on of ATR resulted in potent and significant 
radiosensi=za=on. ATM inhibi=on with KU-60019 led to a cell line-dependent sensi=za=on to 
TMZ treatment which did not reach sta=s=cal significance. Collec=vely, these results validate 
the feasibility of our integra=ve approach and highlight its poten=al to unravel ac=onable 
therapeu=c targets, while at the same =me revealing the limita=ons of its correla=ve nature.  
 
2.5.2. Paper II: SystemaSc in vitro analysis of therapy resistance in glioblastoma cell lines 
by integraSon of clonogenic survival data with mulS-level molecular data 
 
Subsequently, we used the previously assessed resistance scores in a mul=-level integra=on 
workflow with global microarray-based transcrip=onal data of the same GBM cell line panel to 
iden=fy poten=al drivers of treatment resistance in various biological processes. This included 
correla=on analyses at the single gene level as well as a targeted analysis of genes preselected 
from the Cancer Gene Consensus (CGC) collec=on (194). Indeed, suscep=bility to TMZ 
treatment showed the strongest correla=on with MGMT expression, confirming our 
hypothesis that drivers of treatment resistance can be systema=cally iden=fied using this 
integra=ve approach. Furthermore, our approach iden=fied numerous druggable targets, such 
as the androgen receptor (AR), mitogen-ac=vated protein kinase 4 (MAP2K4), and signal 
transducer and ac=vator of transcrip=on 5B (STAT5B). Gene set enrichment analysis (GSEA) 
and gene set variance analysis (GSVA) using the molecular signatures database (MSigDB) 
Hallmarks collec=on further linked overarching biological processes to treatment resistance 
(195). Out of the 50 hallmark gene sets, ROS pathway was the only one to correlate with 
radia=on resistance in both modes examined (single-shot and frac=onated IR), while MTORC1 
signaling showed the most posi=ve and TNF-alpha signaling via NF-kB the most nega=ve 
correla=ng intersec=ons with treatment resistance. Leading edge analyses (LEA) were 
performed to iden=fy key contributors within these three enriched gene sets, and ROS 
detoxifica=on emerged as the most promising target for sensi=za=on in combined treatment 
approaches, given the availability of pharmacological agents. Druggable targets iden=fied 
include genes involved in thioredoxin/peroxiredoxin metabolism (e.g., TXNRD1, PRDX1) and 
glutathione (GSH) synthesis (e.g., GSR, ABCC1, GCLC). 
In addi=on to these findings, the study provides a comprehensive, mul=-omics 
characteriza=on of the used GBM cell line panel, encompassing transcriptomics, epigenomics, 
and genomics. Via mul=-level cytogene=c and molecular characteriza=on, the cell lines have 
been classified into classical, proneural, and mesenchymal subtypes, with some exhibi=ng 
mixed and/or transi=onal features most likely due to chromosomal instability (CIN) and the 
molecular and phenotypic plas=city of GBM. However, our data revealed no clear associa=on 
between treatment resistance, major transcriptomic differences, and/or a dis=nct molecular 
subtype, underscoring the complexity of GBM biology. 
 
2.5.3. Closing knowledge gaps: contribuSons to glioblastoma research 
 
Given the limited efficacy of current treatment op=ons for glioblastoma (GBM), the 
development of innova=ve therapeu=c strategies is cri=cal to improving pa=ent survival. 
Understanding the mechanisms underlying treatment resistance is essen=al for the 
development of targeted combined modality therapies to address these challenges (196–198). 
The present work validates previous findings on a variety of known drivers of treatment 
resistance, including MGMT (40), PARP1, and HSP90, where pharmacological inhibi=on has 
demonstrated radio-/chemosensi=za=on (112, 189–193). In addi=on, we achieved significant 
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radiosensi=za=on with the BBB-penetrant agent AZD6738 targe=ng ATR, a DDR regulator 
associated with radioresistance and s=ll underrepresented in research (199, 200). Another 
promising therapeu=c target iden=fied is the androgen receptor (AR), which has been 
successfully targeted in prostate cancer and warrants further inves=ga=on in GBM (201–203). 
Our results provide proof-of-concept for the integra=ve approach used in this work, which not 
only validates established targets but also iden=fies novel ones, providing a framework that 
can be applied to other tumor en==es and large molecular datasets for therapeu=c advances. 
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3. Summary

Background: Despite immense clinical and preclinical efforts, the prognosis of GBM has not 
been improved over decades, emphasizing the need to discover and establish new therapeu=c 
op=ons. A major obstacle in this regard is the strong inherent therapy resistance related to 
enhanced DDR signaling, subclonal heterogeneity, adapta=on to hypoxia, and ferropto=c and 
autophagic regulatory hubs. To this end, the present thesis was conceptualized to 
comprehensively analyze treatment resistance of GBM at mul=ple molecular levels in vitro and 
to develop an integra=ve approach by which poten=al vulnerabili=es for targeted op=miza=on 
of radio- /chemotherapy can be iden=fied. 

Methods: The first publica=on assessed the inherent treatment resistance of selected well-
established human GBM cell lines by measuring clonogenic survival upon treatment with 
single or frac=onated IR and TMZ treatment w/op=onal concurrent IR. Clonogenic survival 
data were subjected to principal component analysis (PCA) using the first principal component 
as the respec=ve resistance score to the corresponding treatment. The mRNA expression levels 
of 38 DNA damage response regulators were assessed by quan=ta=ve real-=me polymerase 
chain reac=on (qRT-PCR) and subsequently subjected to correla=on analysis with the obtained 
resistance scores. Determina=on of MGMT expression was based on sodium dodecyl sulfate – 
polyacrylamide gel (SDS-PAGE) and Western blot analyses, whereas methylome arrays 
assessed the methyla=on status of the MGMT promoter. The top hit candidates were further 
validated by determining clonogenic survival and DNA repair kine=cs in response to 
(chemo-)irradia=on by staining gamma H2A histone family member X (γH2AX)/ TP53-Binding 
Protein 1 (53BP1) foci following pharmacological inhibi=on. For the second publica=on, cell 
line characteriza=on was enriched with mul=-level molecular data, including spectral 
karyotyping, array-based compara=ve genomic hybridiza=on, DNA methyla=on analysis, and 
microarray-based global gene expression profiling. To break down treatment resistance from 
single gene to gene set/pathway level, a mul=step integra=on of our clonogenic survival-based 
resistance scores with transcriptomic profiling data was performed, followed by gene set 
enrichment analysis (GSEA), gene set variance analysis (GSVA), and leading edge analysis (LEA). 

Results: Examined cell lines exhibited variable but substan=al treatment resistance, with those 
deficient in MGMT expression responding to TMZ, as expected. Consistently, there was robust 
upregula=on of DDR regulators and corresponding correla=on with treatment resistance, 
including PARP1, HSP90AB1, and nibrin (NBN), for which pharmacological inhibitors are readily 
available and whose impact in GBM is well-accepted. ATR and LIG4 emerged as previously 
underappreciated DDR regulators related to radioresistance, while ATM expression correlated 
with chemoresistance. Func=onal valida=on showed strong radiosensi=za=on upon inhibi=on 
of ATR, in contrast to LIG4, and documented slight but non-significant sensi=za=on to TMZ 
treatment upon inhibi=on of ATM. In the second publica=on, the spectrum of poten=al targets 
for pharmacological inhibi=on was comprehensively broadened. Integra=ng resistance scores 
with global transcriptome profiling data pinpointed 14 molecular correlates with treatment 
resistance, such as proteasome 20S subunit beta 3 (PSMB3), lactosylceramide alpha 1,4-
galactosyltransferase (A4GALT), and DNA polymerase alpha 1 cataly=c subunit (POLA1). By 
matching our mRNA expression data with the Cancer Gene Consensus (CGC) gene collec=on, 
we iden=fied androgen receptor (AR), STAT5B, and MAP2K4, which posi=vely correlate with 
treatment resistance and are known contributors to GBM progression, with readily available 
inhibitors. At gene set level, GSEA iden=fied 21 posi=vely and 14 nega=vely enriched gene sets, 
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with the ROS pathway, mTORC1 signaling, and TNFα via nuclear factor kappa B (NF-κB) 
signaling emerging as key drivers of inherent treatment resistance, implicated in the ROS-
autophagy-ferroptosis axis. This confirmed the involvement of the ROS-autophagy-ferroptosis 
axis in treatment resistance, and LEA of these gene sets revealed 14 poten=al drug targets, 
including glucose-6-phosphate dehydrogenase (G6PD), solute carrier family 7 member 11 
(SLC7A11), proteasome assembly chaperone 1 (PSMG1), proteasome 20S subunit alpha 1 
(PSMA1), and thioredoxin reductase 1 (TXNRD1). 

Conclusion: In this study, we provide an in-depth inves=ga=on of the molecular drivers behind 
therapy resistance in human GBM cells, broadening the scope for targeted therapeu=c 
strategies and valida=ng the efficacy and feasibility of our mul=-level integra=ve approach. The 
data sets suppor=ng this work are of poten=al value for in-depth research in treatment 
resistance. Beyond this, our systema=c workflow can be readily applied to other data sets and 
tumor types.
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4. Zusammenfassung 
 
Hintergrund: Trotz intensiver klinischer und präklinischer Bemühungen hat sich die Prognose 
des Glioblastoms über Jahrzehnte nicht verbessert, was die Dringlichkeit unterstreicht, neue 
Therapieop=onen zu iden=fizieren und zu evaluieren. In diesem Kontext stellt die starke 
inhärente Therapieresistenz ein signifikantes Hindernis dar, das mit verstärkter DNA-
Schadensantwort, subklonaler Heterogenität, der Anpassung an Hypoxie sowie 
ferropto=schen und autophagischen regulatorischen Achsen in Zusammenhang steht. Die 
vorliegende Arbeit wurde konzipiert, um die Behandlungsresistenz von Glioblastomzellen auf 
mehreren molekularen Ebenen in vitro umfassend zu analysieren und einen integra=ven 
Ansatz zu entwickeln, mit dem potenzielle Schwachstellen für eine gezielte Op=mierung der 
Radiochemotherapie iden=fiziert werden können. 
 
Methoden: In der ersten Publika=on wurde die inhärente Behandlungsresistenz ausgewählter 
etablierter humaner Glioblastomzelllinien durch Messung des klonogenen Überlebens nach 
Behandlung mit einzei=ger oder frak=onierter Bestrahlung sowie nach Temozolomid-
Behandlung mit op=onaler gleichzei=ger Bestrahlung evaluiert.  Die Daten zum klonogenen 
Überleben wurden einer Hauptkomponentenanalyse unterzogen, wobei die erste 
Hauptkomponente als Resistenzwert für die entsprechende Behandlung verwendet wurde. 
Die mRNA-Expressionsniveaus von 38 Regulatoren der DNA-Schadensantwort wurden durch 
quan=ta=ve qRT-PCR bewertet und anschließend einer Korrela=onsanalyse mit den 
erhaltenen Therapie-Resistenzwerten unterzogen. Die Bes=mmung der MGMT-Expression 
basierte auf SDS-PAGE und Western-Blot-Analysen, während Methylom-Arrays den 
Methylierungsstatus des MGMT-Promotors bewerteten. Die Top-Treffer wurden weitergehend 
validiert, indem das klonogene Überleben und die DNA-Reparaturkine=k nach 
Radio(chemo)therapie durch Anfärben von γH2AX/TP53-BP1-Foci bes=mmt wurden. Für die 
zweite Publika=on wurde die Zellliniencharakterisierung um mul=-level molekulare Daten 
erweitert, darunter spektrale Karyotypisierung, Array-basierte vergleichende genomische 
Hybridisierung, DNA-Methylierungsanalyse und Microarray-basierte Genexpressionsprofile. 
Um die Behandlungsresistenz vom einzelnen Gen bis zur Ebene der Gensets/Signalwege 
aufzuschlüsseln, wurde eine mul=-level Integra=on unserer auf dem klonogenen Überleben 
basierenden Resistance Scores mit transkriptomischen Profildaten durchgeführt, gefolgt von 
einer Geneset-Enrichment-Analyse(GSEA), einer Geneset-Varia(on-Analyse (GSVA) und einer 
Leading-Edge-Analyse (LEA). 
 
Ergebnisse: Die untersuchten Zelllinien wiesen eine variable, jedoch signifikante 
Behandlungsresistenz auf, wobei diejenigen mit niedriger MGMT-Expression, wie erwartet, auf 
TMZ ansprachen. Zudem konnte eine konsistente, robuste Hochregulierung von DNA-
Schadensreparatur-Regulatoren beobachtet werden, die in einer entsprechenden Rela=on zur 
Behandlungsresistenz stand. Hierzu zählten u.a. PARP1, HSP90AB1 und NBN, für die 
pharmakologische Inhibitoren bereits verfügbar sind und deren Bedeutung beim Glioblastom 
allgemein anerkannt ist. Darüber hinaus konnten ATR und LIG4 im Zusammenhang mit der 
Strahlenresistenz bzw. ATM-Expression mit der Chemoresistenz als bisher unterschätzte DNA-
Schadensreparatur-Regulatoren iden=fiziert werden. Die funk=onelle Validierung ergab eine 
starke Radiosensibilisierung nach der Hemmung von ATR (anders als bei LIG4) und 
dokumen=erte eine leichte, allerdings nicht signifikante Sensibilisierung für TMZ-Behandlung 
nach ATM-Hemmung. In der zweiten Publika=on wurde das Por�olio potenzieller Ziele für die 
pharmakologische Hemmung umfassend erweitert. Durch die Integra=on von Resistance 
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Scores mit globalen Transkriptom-Daten wurden 14 molekulare Korrelatoren der 
Behandlungsresistenz ermi9elt, darunter PSMB3, A4GALT und POLA1. Der Abgleich unserer 
mRNA-Expressionsdaten mit der CGC Gensammlung ermöglichte zudem die Iden=fizierung 
von AR, STAT5B und MAP2K4, die mit der Therapieresistenz korrelieren und bekannt sind, für 
Ihre Bedeutung bei der Progression des Glioblastoms. Außerdem sind pharmakologische 
Hemmstoffe für diese Ziele verfügbar. In Bezug auf die Signalwege iden=fizierte die GSEA 21 
posi=v und 14 nega=ve angereicherte Gensets. Dabei traten der ROS-Signalweg, der mTORC1-
Signalweg und der TNFα/NF-κB-Signalweg hervor. Diese stehen in Verbindung mit der ROS-
Autophagie-Ferroptose-Achse, was die Beteiligung der ROS-Autophagie-Ferroptose-Achse an 
der Therapieresistenz bestä=gt. Mi9els der LEA der Gensets konnten 14 weitere potenzielle 
Targets iden=fiziert werden, darunter G6PD, SLC7A11, PSMG1, PSMA1 und TXNRD1. 

Schlussfolgerung: In der vorliegenden Studie wurde eine umfassende Analyse der 
molekularen Faktoren, die die Therapieresistenz in menschlichen Glioblastomzellen 
beeinflussen, durchgeführt. Ziel war es, den Anwendungsbereich gezielter therapeu=scher 
Strategien zu erweitern und die Effek=vität und Durchführbarkeit des mul=-level integra=ven 
Ansatzes zu validieren. Der umfangreiche Datensatz, der diese Arbeit stützt, ist potenziell 
wertvoll für weiterführende Forschungen zur Therapieresistenz in Glioblastomzellen. Darüber 
hinaus kann unser systema=scher Arbeitsablauf ohne weiteres auf andere Datensätze und 
Tumorarten angewendet werden.
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