
  Department of Radiation Biology 

 

 
 

 

 

 

 

PhD thesis 
Signe Regner Michaelsen, MSc 
 

 

Analysis of molecules related to angiogenesis  
for advancement of glioblastoma treatment 
 
 
 
 
 
 
 
 

 

 

 

Head Supervisor 

Hans Skovgaard Poulsen 

 

Submitted  

This thesis has been submitted October 2017 to the  

Graduate School of the Faculty of Health and Medical 

Sciences, University of Copenhagen 

F A C U L T Y  O F  H E A L T H  A N D  M E D I C A L  S C I E N C E S  

U N I V E R S I T Y  O F  C O P E N H A G E N  



 

 
 

Author 

Signe Regner Michaelsen, MSc 

Department of Radiation Biology, Finsen Center 

Rigshospitalet, Section 6321 

Blegdamsvej 9 

DK-2100 Copenhagen 

Denmark 

E-mail: signe.regner.michaelsen@regionh.dk, signerm@gmail.com 

 

 

Supervised by 

Hans Skovgaard Poulsen, MD, DMSc  

Department of Radiation Biology, 

Rigshospitalet 

 

Ulrik Lassen, MD, PhD 

Department of Oncology, 

Rigshospitalet 

 

Petra Hamerlik, MSc, PhD 

Brain Tumor Group 

The Danish Cancer Society Research Center 

 

 

Opponents 

Julia Sidenius Johansen, Professor, MD, DMSc (Chairman) 

Department of Clinical Medicine, 

Herlev Hospital, 

University of Copenhagen, DK 

 

Bjarne Winther Kristensen, Professor, MD, PhD 

Department of Clinical Pathology, 

Odense University Hospital, 

University of Southern Denmark, DK 

 

Simone Niclou, Professor, MSc, PhD 

NORLUX Neuro-Oncology Laboratory,  

Luxembourg Institute of Health, LU



 

I 
 

Preface 

The present thesis “Analysis of angiogenesis related molecules for advancement of 

glioblastoma treatment” has been submitted October 30, 2017, in order to achieve the PhD 

degree from the Faculty of Health and Medical Sciences, University of Copenhagen, Denmark.  

The thesis is based on work of which the majority was carried out at the Department of 

Radiation Biology, Rigshospitalet, while minor experimental parts were conducted at other 

sites at Rigshospitalet; at the Department of Experimental Medicine, Faculty of Health and 

Medical Sciences, University of Copenhagen; and at the Danish Cancer Society Research 

Center. 

 

The thesis covers three original manuscripts included in the result section: 

 
I. Michaelsen SR, Staberg M, Nedergaard MK, Majewski WW, Broholm H, Meulengracht C, Urup T, 

Villingshøj M, Lucacova S, Kjær A, Lassen U, Stockhausen MT, Poulsen HS, Hamerlik: VEGF-C 
sustains VEGFR-2 activation under bevacizumab therapy and promotes cellular maintenance in 
glioblastoma. Submitted. 
 

II. Staberg M*, Michaelsen SR*, Olsen LS, Nedergaard MK, Villingshøj M, Hamerlik P, Poulsen HS: 
Combined EGFR- and notch inhibition display additive inhibitory effect on glioblastoma cell 
viability and glioblastoma-induced endothelial cell sprouting in vitro. Cancer Cell International. Apr 
26;16:34. 2016. *shared first authorship. Manuscript has previously been part of PhD thesis by M. 
Staberg. 

 

III. Michaelsen SR, Urup T, Olsen LR, Broholm H, Lassen U, Poulsen HS: Molecular profiling of short-
term and long-term surviving patients identifies CD34 mRNA levels as prognostic for glioblastoma 
survival. Submitted. 

 

Financial support for the PhD study was granted from The Faculty of Health and Medical 

Sciences, University of Copenhagen; Arvid Nilssons Foundation; Torben and Alice Frimodts 

Foundation; King Christian X’s Foundation, Dansk Kraeftforsknings Foundation, Manufacturer 

Einar Willumsens Memorial Foundation and Sejer Perssons and Lis Klüwers Foundation. 

 

 

 



  

II 
 

Acknowledgements 

Making it as a PhD require a combination of hard work, some talent, a bit of luck and lots of 

support from good people, and in regard to the latter I would like to express my sincere 

gratitude to a number of persons that have been important during my PhD life: 

   

…My three supervisors for setting a frame that made this project possible. Specific thanks 

should go to Hans Skovgaard Poulsen for accompanying me in my science travel for many 

years and involving me in all sorts of research related work. Although, your high expectations 

and trust in my abilities have been very challenging at times, it has with no doubt also been 

highly developing. Ulrik Lassen should be especially acknowledged for always meeting me and 

my project with a positive mind and helping in establishing financial support for the project. 

Finally, huge thanks should go to Petra Hamerlik for stepping in with great supervision during 

difficult times and developing my science skills to a new level.   

 

…The team at the Department of Radiation Biology, which I consider as my extended family 

and with whom I have shared many good hours of both the scientific and not-so scientific kind. 

Special thanks should go to Thomas Urup for fantastic teamwork on our common projects, 

wise words when frustration level reached maximum and our many great (mostly too late in 

the night) scientific discussions; Mikkel Staberg for being my lab buddy as well as supportive 

friend during dark (lab) days and definitely making Fridays more fun; Mette Villingshøj for 

fantastic technical input, for turning the world in our office on daily basis and for decorating 

my desk with wonderful flowers; Dorte Nørøxe, Kirsten Grunnet and Camilla Bjørnbak Holst for 

bringing an uplifting positive attitude into the lab life and Medical students, Anders, Sofie, 

Sidsel, Sarah and Maria, for creating a fun and pleasant environment and still dropping by for 

a coffee to catch up. Also former members of the lab, including Karina Kristoffersen, Frederik 

Cramer, Marie Stockhausen and Pia Pedersen, for shaping my early science life in a good 

direction and for encouraging me to keep on in the tough process of establishing the funding 

for the this project.   



  

III 
 

 

…The team of the Brain Tumor Biology Group at the Danish Cancer Society, especially Kamilla 

Ellermann Jensen and Rikke Darling Rasmussen, for welcoming me in their lab and always 

being extremely helpful and kind.  

 

…My fantastic collaborators, in particular Helle Broholm, Mette Kjølhede Nedergaard and Ib 

Jarle Christensen, for great project input and educating me in each of their specialties.   

 

…Finally my parents for listening to my endless talk about my science world of which I guess 

you did not understand half and always helping me out when my life was struck by bad 

planning (which it often is). And last but not least my wonderful friends, especially Line, Malin, 

Mette, Sofie and Henriette, for cheering on me and remembering me on that there is a world 

besides science. 

 

Thanks to you all, 

 

Signe Regner Michaelsen 

Copenhagen, October 2017  



  

IV 
 

 

Table of Contents 

 

Preface ............................................................................................................................................ I 

Acknowledgements ....................................................................................................................... II 

Table of Contents .......................................................................................................................... IV 

Summary ....................................................................................................................................... VI 

Dansk Resumé .............................................................................................................................. VII 

Abbreviations ................................................................................................................................ IX 

1. Background ................................................................................................................................ 1 

1.1 Glioblastoma – prevalence, histological characteristics and risk factors ............................ 1 

1.2 Glioblastoma diversity.......................................................................................................... 2 

1.2.1 IDH1 status as a defining alteration .............................................................................. 2 

1.2.2 Glioblastoma subtyping ................................................................................................. 3 

1.3 Therapy and effect ............................................................................................................... 5 

1.3.1 Established treatment for glioblastoma ........................................................................ 5 

1.3.2 Factors associated with survival .................................................................................... 6 

1.4 Glioblastoma development, cancer stem cells and implication for preclinical modelling .. 6 

1.5 Targeting of the glioblastoma vasculature .......................................................................... 8 

1.5.1 Vasculature and angiogenesis in glioblastoma ............................................................. 8 

1.5.2 The VEGF family and its receptors ................................................................................. 9 

1.5.3 Efficacy of anti-angiogenic therapy ............................................................................. 10 

1.5.4 Anti-angiogenic therapy for glioblastoma – a telling about bevacizumab ................. 11 

1.5.5 Mechanisms behind bevacizumab resistance ............................................................. 12 

1.6 Putative molecular targets in glioblastoma ....................................................................... 15 

1.6.1 VEGF-C – processing and targets ................................................................................. 15 

1.6.2 VEGF-C – function in normal and malignant cells ....................................................... 15 

1.6.3 VEGF-C in glioblastoma ............................................................................................... 17 

1.6.4 Notch signaling, its role in glioblastoma and approaches for targeting ..................... 19 



  

V 
 

1.6.5 Signaling and targeting of EGFR and mutation EGFRvIII in glioblastoma ................... 22 

1.6.6 Cross-talk of Notch and EGFR signaling – rationale for concurrent targeting ............ 24 

2. Objectives and aims ................................................................................................................. 26 

3.1 Results - Study I ...................................................................................................................... 27 

3.2 Results - Study II ..................................................................................................................... 75 

3.3 Results - Study III.................................................................................................................... 90 

4. Supplement discussion .......................................................................................................... 118 

4.1 Choice of model for in vitro and in vivo examinations of glioblastoma .......................... 118 

4.2 Considerations regarding studies of clinical material ...................................................... 120 

4.3 Effective treatment strategy for glioblastoma – a difficult task ...................................... 121 

4.4 Potential of examined molecular targets in a clinical context ........................................ 122 

4.4.1 VEGF-C – a multifaceted treatment factor ................................................................ 122 

4.4.2 Notch and EGFR – improvement of therapeutic effect by a combinatory targeting 

strategy ............................................................................................................................... 126 

4.4.3 Clinical value of association of CD34 with glioblastoma patient survival ................. 128 

4.5 Angiogenesis as a target – does it have a future in glioblastoma management? ........... 129 

5. Conclusions ............................................................................................................................ 132 

6. Future Perspectives ............................................................................................................... 133 

7. References ............................................................................................................................. 134 

8. Co-author declarations .......................................................................................................... 148 

 

 

  



  

VI 
 

Summary 

Glioblastoma, the most malignant primary brain cancer in adults, is an aggressively developing 

disease presenting very short survival and hence, new treatment modalities are in great 

demand. Recent year’s research has improved the understanding of the genetic background 

and key phenotypic features in glioblastoma, but also unfolded how heterogeneous 

glioblastoma tumors are. One of the phenotypic traits of glioblastoma that have been greatly 

examined as a treatment target is tumor vascularization. However, although glioblastomas 

present a high level of formation of new blood-vessels, i.e. angiogenesis, very little effect has 

been achieved upon clinical testing of the anti-angiogenic drug bevacizumab in glioblastoma 

patients. Accordingly, the overall aim of this PhD dissertation was to examine molecules 

related to angiogenesis or efficacy of anti-angiogenic therapy for improvement of glioblastoma 

treatment. 

One of the studied molecules was the vascular endothelial growth factor (VEGF) – C, found to 

be heterogeneously expressed among glioblastoma patient tumors as well as cultured cells. 

VEGF-C was further shown to engage in autocrine activation of angiogenic- and oncogenic 

receptor VEGFR2 in glioblastoma cells and to promote cell survival, cell-cycle progression, 

invasion and tumor growth. The results thereby point at VEGF-C as a potential treatment 

target in glioblastoma, but also highlight the relevance of combination with other treatments 

like bevacizumab. In line with this recognition, a more closely exploration was conducted of 

the potential of combined targeting of several angiogenesis-related molecules overexpressed 

in subpopulations of glioblastoma cells. In specific, inhibition of signaling via epidermal growth 

factor receptor (EGFR) and Notch was examined via in vitro assays using relevant glioblastoma 

cell models. Data showed the combination of EGFR-targeting drug Iressa and Notch-pathway-

inhibitor DAPT to decrease pro-survival signaling, cell viability and angiogenic capacity more 

efficiently than single drug treatment, thereby highlighting the potential of this combination as 

a treatment strategy in glioblastoma. Finally, an explorative approach was used to identify 

molecules among 792 genes, for which a varying expression pattern correlated to the survival 

of glioblastoma patients treated with radiation-, chemo- and bevacizumab therapy. Analysis of 
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two independent datasets pointed at the vessel marker CD34 as an identifier of survival 

outliers and as being an independent prognostic variable in glioblastoma. These results 

encourage further study of CD34 level and vessel composition for treatment optimization in 

glioblastoma. 

Collectively, thesis results provide novel insight into molecular signaling related to 

angiogenesis, which can be exploited in the battle against glioblastoma. Evidence is presented 

for a possible therapeutic value in glioblastoma of targeting VEGF-C, targeting of Notch- and 

EGFR-signaling in combination, and estimation of CD34 expression level as indicator of patient 

prognosis.  

 

 

Dansk Resumé 

Glioblastom, den mest ondartede primære hjernekræft hos voksne, er en aggressiv udviklende 

sygdom med meget kort overlevelse, hvorfor der er stort behov for nye 

behandlingsmuligheder. Senere års forskning har forbedret forståelsen af sygdommens 

genetiske baggrund samt af vigtige fænotypiske karakteristika, men har også påvist, hvor 

utroligt forskelligartede glioblastom kræftsvulster (tumorer) er. Et af de særegne karakteristika 

ved glioblastom, der er meget velundersøgt som behandlingsmål, er tumorernes 

blodforsyning. På trods af at glioblastomer har et højt niveau af blodkardannelse, såkaldt 

angiogenese, har effekten ved klinisk afprøvning af anti-angiogenese lægemidlet bevacizumab 

været ringe hos glioblastom patienter. Som følge heraf var det overordnede formål i denne 

ph.d.-afhandling at undersøge molekyler relateret til angiogenese eller effekt af anti-angiogen 

behandling, til forbedring af behandlingen i glioblastom. Et af de studerede molekyler var 

”vascular endothelial growth factor” (VEGF) – C, som blev vist at have et heterogent udtryk 

blandt glioblastom patienttumorer såvel som i cellekulturer. VEGF-C blev yderligere påvist i 

glioblastom tumorceller til at indgå i et aktiverings loop for receptoren VEGFR2 samt at 

fremme celledeling, celleoverlevelse, tumorvækst samt cellernes evne til at invadere 

omkringliggende miljø. Resultaterne peger derved på VEGF-C som et potentielt 
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behandlingsmål i glioblastom, men fremhæver også relevans af kombinationen med andre 

behandlinger såsom bevacizumab. I overensstemmelse med denne anerkendelse blev 

potentialet af en kombineret målrettet behandling mod flere angiogenese-relaterede 

molekyler, der er set overudtrykt i subpopulationer af glioblastomceller undersøgt. Helt 

specifikt blev hæmning af signalering via molekylerne ”epidermal growth factor receptor” 

(EGFR) og Notch undersøgt i glioblastom via cellebaserede forsøg i relevante modeller. Data 

viste, at der ved kombination af EGFR hæmmeren Iressa og Notch-signalvejs hæmmeren DAPT 

kunne opnås øget reduktion af cellevækst samt øget reduktion af kræftcellernes evne til at 

stimulere angiogenese i forhold til ved enkelt-stof behandling. Endeligt indeholder tesen et 

eksplorativt studie af 792 gener. Disse blev undersøgt for, hvorvidt et varierende 

ekspressionsmønster korrelerede med overlevelsen for glioblastom patienter behandlet med 

stråling, kemo- og bevacizumab-terapi. Analyser i to uafhængige datasæt viste, at genudtryk af 

blodkar markøren CD34 kan anvendes til at estimere overlevelsen for glioblastom patienter. 

Disse resultater fordrer yderligere undersøgelser af variation i CD34 udtryk og blodkarmønstre 

i glioblastom. 

Samlet set giver afhandlingens resultater et nyt indblik i molekylær signalering relateret til 

angiogenese, som kan udnyttes i kampen mod sygdommen glioblastom. De fremlagte data 

påviser en mulig terapeutisk værdi i glioblastom for behandling målrettet mod VEGF-C, 

behandling målrettet mod Notch og EGFR-signalering i kombination samt for estimering af 

CD34 udtryk som indikator for patient prognose. 
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1. Background 

1.1 Glioblastoma – prevalence, histological characteristics and risk factors 

Brain cancer can be of either primary origin arising in the brain or secondary origin 

metastasizing from lesion sites outside the cranial cavity. Primary brain tumors are subdivided 

according to the World Health Organization (WHO) grading system into low grade (grade I-II) 

and high grade (grade III-IV) tumors. This grading is based on histological features with 

increasing grade correlating to enhanced aggressiveness and poorer patient prognosis [1]. 

Among the primary brain tumors, glioblastoma (grade IV glioma) is the most malignant and 

frequent in adults, accounting for around 67% of cases and having an incidence rate of 3-4 

cases/100.000 population in western countries [2]. 

Histological characteristics of glioblastoma include high mitotic activity, nuclear atypia with 

presentation of multinucleated cells, as well as pleomorphic cells being irregular in shape and 

size and having varying level of differentiation. Further on, these tumors presents proliferating 

micro-vasculature and areas of necrosis often surrounded by dense accumulation of 

“palisading” tumor cells [1]. Upon diagnostic imaging analysis (typically by magnetic resonance 

(MR) imaging or computed tomography (CT) scans), patients most often present a single lesion 

appearing solid in form with relative defined borders. However, histological analysis of 

glioblastoma tumors have shown a high degree of diffusely spreading tumor cells into the 

surrounding brain parenchyma [3], suggestion that glioblastoma should be considered as a 

systemic disease within the brain.  

As summarized by Walsh et al., little is known regarding the causes leading to the 

development of glioblastoma with cases originating of hereditary familial genomic alterations 

being infrequent. The few recognized risk factors are increasing age, gender (male over 

female), race (White over African-American and Asian) and prior radiation of the head (e.g. for 

treatment of childhood tumors). In contrary, various allergic conditions and prior infection 

with varicella-zoster virus (i.e. chickenpox) are suspected for having a protective function, but 

this is less documented. Beside this, studies have pointed at influence of specific germline 

single-nucleotide-polymorphism (SNP) variants in known glioma associated onco- and tumor 
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suppressor genes as well as increased telomere length for being related to higher risk of 

developing glioma [2]. 

 

1.2 Glioblastoma diversity 

1.2.1 IDH1 status as a defining alteration 

Glioblastomas can arise de novo as a primary disease or as a secondary tumor developing from 

a lower grade glioma. Secondary glioblastomas are highly associated with mutations in the 

isocitrate dehydrogenase (IDH) -1 gene, while these mutations are only rarely seen in primary 

glioblastomas [4] and consequently IDH status rather than clinical history is today used to 

subdivide glioblastomas into two diagnostic entities [1]. Tissue of IDH wildtype and -mutated 

glioblastomas are practically indistinguishable based on histology [1], although the IDH 

mutated glioblastomas have some tendency towards being less necrotic and having focal areas 

with oligodendroglial tumor morphology [5]. In contrary, IDH wildtype and -mutated 

glioblastomas differ significantly in respect to their clinical profile with IDH1 mutated 

glioblastomas, comprising around 10 % of the patients, presenting younger age, a higher 

tendency of having a frontal tumor brain location, a more gender balanced ratio and longer 

survival [5-8]. Moreover, IDH wildtype and -mutated tumors separates by having distinct 

molecular features. Typically genomic alterations associated with IDH1 wildtype glioblastomas 

are mutation in the oncogene EGFR (epidermal growth factor receptor), the tumor-suppressor 

gene PTEN (phosphatase and tensin homolog) and in the promoter for the TERT (telomerase 

reverse transcriptase) gene, resulting in transcriptional activation of this telomerase 

component. Contrary, IDH mutated glioblastomas frequently presents loss of ATRX (alpha-

thalassemia/ mental retardation X-linked), a gene important for epigenetic and telomere 

maintenance, and inactivating mutation in the gene for tumor suppressor P53 [9-11]. 

Additionally, mutations in IDH mediates a glioma-CpG island methylator phenotype (G-CIMP) 

by generating highly increased levels of the oncometabolite 2-hydroxylglutarate (2-HG) 

inducing global DNA hypermethylation [12]. An overview of differences between IDH wildtype 

and -mutated tumors are shown in Table 1. 
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Table 1: Comparison of IDH-wildtype and –mutated glioblastomas. Modified from Louis 
et al. [1]. 

 

 

1.2.2 Glioblastoma subtyping  

A decade of huge effort to characterize genomic alterations and expression signatures in 

glioblastoma has led to realization that these tumors represent a heterogeneous population, 

widely differing in their molecular profiles. However, it has also shown that some order exist in 

the chaos by the identification of specific genetic subtyping profiles for grouping of 

glioblastoma tumors [13]. Based on examination of gene expression profiles from WHO grade 

III-IV gliomas, Phillips et al. suggested three subtypes termed proneural, mesenchymal and 
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proliferative [14]. This was later supplemented by analysis by Verhaak et al. based on genomic 

screenings of glioblastoma tumors from The Cancer Genome Atlas (TCGA), identifying and 

characterizing four subtypes (proneural, mesenchymal, classical and neural) [15]. These were 

further refined in a recent publication by Wang et al. specifically examining expression profiles 

of glioblastoma tumor cells by filtering out profiles supplemented from the microenvironment. 

This study suggested that the neural subtype is non-tumor specific and consequently that only 

the Verhaak subtypes proneural, mesenchymal and classical proved to be relevant [16]. Upon 

comparison of the Phillips and Verhaak subclassification systems, overlap is found [17] as 

shown in Table 2 and as also described below. Key features for proneural tumors are: 

Mutation in IDH1, P53 and PDGFRA (Platelet-derived growth factor receptor alpha) as well as 

OLIG2 (Oligodendrocyte transcription factor 2) overexpression; for mesenchymal tumors they 

are: Loss of chromosome (chr) 10, gain of chr 7, mutation in NF1 (Neurofibromatosis type 1) 

and PTEN and overexpression of CHI3L1 (Chitinase-3-like protein 1), CD44, MET as well as 

NFκB (Nuclear factor κB) pathway members; while for proliferative/classical tumors they are:  

Loss of chr 10, gain of chr 7, EGFR and PTEN mutation and increased activity of Akt-, Notch- 

and Shh- (Sonic Hedgehog) pathways [14, 15]. 

The Wang et al. study also confirmed previous findings of glioblastoma subtype plasticity 

during disease course, with around 50% of tumors presenting other subtype at recurrence as 

compared to time of diagnosis [14, 16]. However, it did not support a specific shift from 

proneural to mesenchymal subtype as previous suggested [14, 18], but found ability of all 

three subtypes to shift to all of the other profiles [16]. Further, intra-tumoral heterogeneity 

with mixture of tumor cells of variable subtypes within the single tumor has been shown via 

single cell sequencing analysis [19] and consequently fluctuation in tumor clonal composition 

 

 

Table 2: Genomic features of glioblastoma subtypes. 
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during disease course could likely be the founder of the observed subtype shifts. This 

instability and heterogeneity of the current subtypes also complicates clinical implementation, 

although specific subtypes have been linked to better outcome with certain therapies in 

glioblastoma patients [18, 20, 21].  

 

1.3 Therapy and effect 

1.3.1 Established treatment for glioblastoma 

Primary treatment for glioblastoma consists of maximal safe surgical resection followed by 

treatment according to Stupp’s regimen i.e. radiation therapy with concomitant and up to six 

cycles of adjuvant temozolomide, an alkylating chemotherapy agent. This therapy was 

established as standard of care for patients younger than 70 years following the NCIC-EORTC 

phase 3 clinical trial demonstrating increased median overall survival (OS) (14.6 versus 12.1 

months) and improved two year survival rate (27.5% versus 10.4%) upon combined radiation-

temozolomide therapy as compared to radiation therapy alone [22]. Contrary, treatment of 

elderly glioblastoma patients have for long been controversial. However, a recent report by 

Perry et al. from a clinical phase 3 trial in glioblastoma patients older than 65 years provide 

evidence that these patients should also be given the combination therapy. This study, which 

randomized for short course radiation with concomitant and adjuvant temozolomide therapy 

or radiation therapy alone, showed significantly increased OS (9.3 months versus 7.6 months) 

as well as two year survival rate (10.4% versus 2.8%) of the combination regimen in 

comparison to single treatment [23].  

At disease relapse, which is nearly inevitable in glioblastoma, no standard treatment exists, 

with most of the many tested therapeutic options failing. Yet, selected trials have indicated 

positive effect of certain treatments [24], and accordingly patients in Denmark, if not 

participating in clinical protocols, are evaluated for relapse surgery, followed by therapy with 

the antiangiogenic agent bevacizumab in combination with chemotherapy, currently in form of 

the alkylating agent CCNU (lomustine) [25].   
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1.3.2 Factors associated with survival 

Besides IDH status, other factors have been established as prognostic for glioblastoma 

survival. This include clinical variables associated with worse prognosis such as increasing 

patient age, increasing performance status, limited extent of primary surgery, use of 

corticosteroids at therapy start, and presence of multiple lesion sites [26-28]. Although many 

molecular variables have been examined for association with survival, only promoter 

methylation of the O6-methylguanine-DNA methyltransferase (MGMT) gene have been 

validated repeatedly as being correlated with better survival in temozolomide treated 

glioblastoma patients [23, 29-32]. MGMT promoter methylation is inversely correlated to 

MGMT protein expression [30, 32], and influence of MGMT on clinical outcome is believed to 

result from ability of MGMT protein to inhibit DNA damaging from chemotherapy, by 

removing methyl-groups delivered to the DNA by the therapeutic agents [33].  

 

1.4 Glioblastoma development, cancer stem cells and implication for preclinical modelling 

The cell(s) of origin for glioblastoma is still not well defined, but as summarized by Jiang et al. 

literature suggests that these tumors arise from neural stem cells, glial precursor cells or more 

differentiated glial cells [34]. Also, different theories exist for tumor initiation and formation of 

heterogeneous cell populations within glioblastoma (Figure 1). One is a stochastic model 

where a given cell obtains tumorigenic potential through series of mutations enabling it for 

unlimited division. Acquisition of additional mutations later on in selected cells then give rise 

to sub-clones having other genetic profiles and consequently different proliferative abilities 

and treatment sensitivity. Accordingly, during disease course clonal composition will change as 

a result of selection of therapy resistant sub-clones. Elimination of the tumors will therefore 

require either the use of combinations of treatments enabling targeting of all clones or the use 

of treatment with ubiquitous sensitivity, e.g. by targeting early genetic events. Alternatively, 

the hierarchical model suggests existence of cancer cells with stem cell-like abilities, able to 

self-renew and give rise to a heterogeneous clonal population of more differentiated bulk 

cells. Consequently, if these cancer stem cells (CSCs), although only constituting a small subset 

of cells, are not eliminated, tumors will regrow following treatment [35, 36].  
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Figure 1. Models for glioblastoma development. In the stochastic clonal evolution model, 

heterogeneity is caused by a combination of cell expansion intervened by acquirement of multiple 

new mutations. Upon drug exposure selected clones will survive and expand to generate a relapse 

tumor with a new molecular profile. According to the hierarchical CSC model, cancer cells with stem 

cell properties are both able to self-renew and differentiate into a spectrum of different cells thereby 

generating tumor heterogeneity. Additional mutations can be acquired in the CSCs, also causing a 

heterogeneous population of CSCs. In this model, the CSCs possess high resistance to treatment and 

will expand the tumor following exposure to treatment. Modified from Bonovia et al. [36] 

 

The existence of glioblastoma stem-like cells (GSCs) is supported by identification of 

glioblastoma tumor cells expressing various stem cell markers including CD133, Oct4, Sox2 and 

Nestin. Moreover, these cells have been shown to be multipotent in nature with ability to 

differentiate into all of the three neural linages i.e. astrocytes, oligodendrocytes and neurons 

[37-39]. The cells further possess high tumor initiating capacity, as demonstrated by the ability 

of a few hundred CD133-positive glioblastoma cells to form orthotropic xenografts in immune-

deficient mice, whereas transplantation of up to several millions CD133-negative cells did not 

result in tumor formation [37]. As compared to their stem cell marker negative counterparts, 

GSCs also presents decreased sensitivity to radiation- and chemotherapy, related to elevated 

expression of genes important for multi-drug resistance, DNA mismatch repair and inhibition 
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of apoptosis [37, 40, 41]. Evidence for the existence of GCSs is further supported by the 

finding, that glioblastoma cell model establishment and maintenance in growth media 

normally used for neural-stem cells, give rise to cultures having expression profiles more 

similar to that of the parental tumor, as compared to culturing in traditional serum containing 

media [42]. Further, culturing in neural-stem cell media has been shown specifically to 

maintain glioblastoma cells in an undifferentiated state with preserved multipotent potential 

and expression of stem cell markers [42, 43]. Consequently, this way of culturing is today the 

state of the art within glioblastoma in vitro modelling, and accordingly used in studies of this 

thesis concerning glioblastoma cells.  

 

1.5 Targeting of the glioblastoma vasculature 

1.5.1 Vasculature and angiogenesis in glioblastoma 

Compared to normal brain and low grade brain tumors, glioblastomas harbors more extensive 

vascularization and ranks among the most vascularized cancers overall [44]. Glioblastoma 

vasculature is characterized by abnormal disorganized leaky vessels being irregular in diameter 

and perfusion [45], as well as by microvascular proliferation resulting in formation of so-called 

glomeruloid bodies, a histopathological hallmark of glioblastoma [1]. Consequently this leads 

to development of tumor regions with deprived oxygenation (hypoxia), blood-brain barrier 

(BBB) disruption and increased interstitial pressure ultimately causing edema [46].  

Angiogenesis is the formation of new vasculature via sprouting from already existing 

vessels, a process stimulated by a range of pro-angiogenic mediators secreted from the tumor 

cells or originating from other host sources such as immune cells [46]. The main driver of 

angiogenesis in glioblastoma is the hypoxic response [46], initiated in the tumor cells when 

oxygen levels reaches below 1-2%, which is significantly lower than the 3.4% normally 

observed in the brain [47]. During oxygen deprivation, hypoxia inducible factor (HIF) 1/2α 

proteins are stabilized from degradation allowing for complex formation with the 

constitutively expressed HIF1β protein and nuclear co-activator CBP/p300. This complex 

initiate transcription by binding to hypoxia response elements (HREs) in gene promoter 

regions, leading to the production of angiogenic promoting molecules, whereof vascular 
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endothelial growth factor (VEGF)-A is among the most prominent [48]. Besides hypoxia, VEGF-

A level in glioblastoma is also increased by acidosis [49, 50], mechanical stress from 

extracellular compaction [51], nitric oxide [52], and stimulation via growth factors such as 

transforming growth factor (TGF) -β [53].  

 

1.5.2 The VEGF family and its receptors 

In mammals five VEGF family members have been identified, comprising VEGF-A, VEGF-B, 

VEGF-C, VEGF-D and placental growth factor (PlGF). These are further subdivided into 

biologically distant isoforms as a result of alternative splicing (VEGF-A and –B and PlGF) or 

proteolytic processing (VEGF-C and VEGF-D) [54]. A common feature of all VEGF family 

members is the presence of a defined VEGF homology domain (VHD), a region containing the 

receptor binding sites. Additionally, most VEGFs contain accessory domains influencing their 

specificity [55]. Receptors binding the VEGFs include the VEGFR-1, -2, -3, being receptor 

tyrosine kinases (RTKs) - a type of receptors characterized by an extracellular ligand binding 

domain, a transmembrane domain and a cytoplasmic domain with the tyrosine kinase. Upon 

ligand binding, monomeric forms of the receptors undergo homo-dimerization and 

intracellular auto-phosphorylation, recruiting and activating downstream signaling pathways. 

Receptor activity is regulated via various co-receptors including neurophilin (NRP-1 and -2), 

heparan sulfate proteoglycans (HSPG) and integrins, as well as by existence of soluble receptor 

isoforms trapping available ligand [54]. Moreover, the receptors also form heterodimers, 

resulting in deviating phosphorylation patterns and thereby changed downstream signaling 

[56, 57]. Functionally, VEGFR2 is the main mediator of VEGF-A stimulated angiogenesis via 

extensive effects on adherence junctions, proliferation, motility and differentiation in 

endothelial cells. VEGFR-1 mainly mediates negative regulatory function on VEGFR2 signaling, 

whereas VEGFR3 is the main mediator of lymphangiogenesis (the formation of new lymphatic 

vessels from pre-existing lymphatic vessels), but may also play a role in angiogenesis given its 

expression on normal vascular endothelial cells [58]. Overview of receptor binding and 

function are shown in Figure 2.  
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Figure 2. VEGF-VEGFR signaling. Overview of VEGF family members, their receptors and 

downstream effect of signaling. Modified from Bae et al. [59]. 

 

 

1.5.3 Efficacy of anti-angiogenic therapy 

Originally anti-angiogenic therapy was believed to diminish vasculature development, leading 

to non-vascular dormant tumors with inhibited ability to grow [60]. Later on the theory of 

vasculature normalization was presented, in which the treatment initially result in a transient 

period of improved vessel integrity and perfusion. This creates a “therapeutic window” with 

better delivery of cytotoxic agents such as chemotherapy and increased sensitivity to radiation 

therapy due to elevated oxygenation levels [61]. This ability to normalize tumor vessels and 

thereby re-establish the BBB, presents a challenge for evaluation of treatment efficacy in 

glioblastoma, as it can result in decreased contrast enhancement on MR imaging without a 

real antitumor effect, a phenomena known as “pseudoresponse” [62]. 

Other proposed mechanisms of action for anti-angiogenic therapy in cancer, including 

glioblastoma, are induced immune reactivity due to increased recruitment of immune effector 
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cells and inhibition of VEGF-A mediated suppressive effect on maturation of immune cells [63]. 

Moreover, specific function of VEGFR-2 in glioblastoma tumor cells maintenance, including the 

GSC population [64-67], argue for direct cytotoxic effect of anti-angiogenic therapy in the 

glioblastoma tumor cells.  

 

1.5.4 Anti-angiogenic therapy for glioblastoma – a telling about bevacizumab 

Based on the high vascularity of brain tumors, Judah Folkman in 1971 proposed that “it is 

possible that “anti-angiogenesis” would be extremely important in the therapy of brain 

tumors” [60]. Multiple clinical trials of anti-angiogenic therapy have been conducted in 

glioblastoma, but survival benefit of tested agents has been limited. Strategies have mainly 

focused on VEGF-A targeting using the humanized monoclonal antibody bevacizumab, but also 

VEGF-A targeting by soluble decoy-VEGFRs and tyrosine kinase inhibitor (TKI)-driven VEGFR 

targeting have been examined [68].  

Functionally, bevacizumab binds all isoforms of VEGF-A, but not other VEGF members such 

as VEGF-B and -C, and neutralizes the biological activity by steric blocking the VEGFR binding 

site [69]. Bevacizumab was implemented at many clinical institutions for treatment of 

recurrent glioblastoma based on results from phase II clinical trials, showing high response 

rate as well as increased performance-free survival (PFS) and OS compared to historical data, 

upon treatment with bevacizumab combined with irinotecan, a topoisomerase I inhibitor [70, 

71]. More recently, two randomized placebo controlled phase III studies, AVAGlio and RTOG 

0825, tested addition of bevacizumab to first-line radiation and temozolomide therapy. These 

reported increased PFS of 3-4 months in the treatment arm receiving bevacizumab, but not 

improved OS [72, 73]. Similar results was found in the phase II randomized GLARIUS trial, 

testing combination of bevacizumab-, radiation- and irinotecan therapy versus standard 

radiation- and temozolomide therapy in the first-line setting for non-MGMT promoter 

methylated glioblastoma [74]. Further questioning the efficacy of bevacizumab is the recent 

EORTC 26101 phase III clinical trial comparing bevacizumab plus CCNU versus CCNU single 

therapy for recurrent glioblastoma. As the other phase III trials, this study did not show 

improved OS of the combinational regimen, although PFS was increased [75].  
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Still, published data argue for therapeutic benefit of bevacizumab treatment in a 

subpopulation of glioblastoma patient. Several studies have reported improved survival for 

patients experiencing a durable response as compared to non-responding patients [76-78]. 

Also, clinical benefits have been reported for bevacizumab therapy re-challenging in patients 

previous treated with bevacizumab [79, 80]. Moreover, sub-analysis of two of the conducted 

clinical trials found indications for improved OS in the proneural and classical glioblastoma 

subtypes, respectively, upon bevacizumab combination therapy, despite no clinical benefit in 

the total trial population [20, 21].  

 

1.5.5 Mechanisms behind bevacizumab resistance  

Insensitivity towards anti-angiogenic drugs such as bevacizumab has been proposed to arise in 

several ways (Figure 3). One is the establishment of tumor vasculature in an angiogenesis 

independent manner for which different mechanisms have been described in glioblastoma. 

This includes vessel co-option, in which the cancer cells exploit the normal vasculature to 

migrate and grow along [81-83]. Also vascular mimicry with incorporation of glioblastoma 

tumor cells into the vessel lining has been suggested, a process driven by adaptation of 

vascular cell-like abilities of the GSC tumor subpopulation and found to be unaffected by 

VEGF-A blocking antibodies [84-87]. Moreover, neo-vascularization, vasculogenesis, initiated 

by recruitment and differentiation of circulating bone marrow-derived (vascular progenitor) 

cells (BMDCs) may contribute to the tumor vasculature in glioblastomas [88]. Although this 

process was found to be stimulated by VEGF-A, alternative molecular drivers were proposed 

to sustain it under anti-VEGF-A therapy [89].  

Additionally, covering of tumor vessels by pericytes has shown to protect the endothelial 

lining from anti-angiogenic therapy by supportive expression of endothelial stimulating factors 

such as VEGF-A [90]. Studies have also pointed at a bevacizumab-induced phenotypic shift in 

glioblastoma, from a vascularized towards a more invasive growth pattern. This shift has been 

linked to subclass transition from a proneural to a more mesenchymal subtype, increased 

immune infiltration and signaling via the RTK c-Met [91, 92]. Additionally, signaling by 

alternative pro-angiogenic factors can sustain or rebuild glioma vessel formation under 
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depression of active VEGF-A. This includes both alternative activators of VEGFR signaling or 

completely alternative pro-angiogenic pathways [93]. Finally, VEGFR2 signaling, including 

activation by VEGF-A, can possible occur within the intracellular compartments, not requiring 

available ligand outside the cell. This type of “intracrine” signaling has been shown in non-

small cell lung cancer and colorectal cancer [94, 95], but if this phenomenon also play a role in 

bevacizumab resistance in glioblastoma remains to be explored.  
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Figure 3. Modes of bevacizumab resistance. Proposed mechanisms cover alternative ways for 

establishment of tumor vessel network (by vessel co-option, vascular mimicry by tumor cells and 

vessel formation by recruited BMDC’s), protection for VEGF-A targeting (by pericyte vessel covering 

and intracrine signaling), vascular independency (by shift towards invasive phenotype) and VEGF-A 

independent stimulation of angiogenesis (by secretion of alternative pro-angiogenic factors from 

hypoxic tumor cells). Modified from Lu-Emerson et al. [68].     
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1.6 Putative molecular targets in glioblastoma 

The limited clinical efficacy of tested therapies directed toward VEGF-A signaling, emphasizes a 

need for identification of alternative strategies for targeting angiogenesis. The following 

section describes molecular targets examined in this thesis (VEGF-C and EGFR-Notch 

crosstalk); related to stimulation of angiogenesis, but also influencing other cancer hallmarks.  

 

1.6.1 VEGF-C – processing and targets 

VEGF-C is synthesized as a 419 aa precursor protein containing unique C- and N-terminal 

extensions flanking the VHD, and sharing sequence homology of 30% to VEGF-A (isoform 165) 

and 48% to VEGF-D [96, 97] (Figure 4). This precursor protein now undergoes a complex series 

of proteolytic processing, important for regulation of VEGF-C activity (Figure 4). Simplified, first 

the C-terminal is cleaved off inside the cell, followed by protein secretion and extracellular N-

terminal processing [98]. While immature precursor forms of VEGF-C can bind VEGFR3, the 

processing increases its receptor affinity and activating abilities, giving VEGF-C the capability to 

also bind VEGFR2 [98], with same potency as VEGF-A [96]. VEGF-C also interacts with NRP-1 

and NRP-2, but mainly in its partly processed immature form [99]. Functionally, participation 

of NRP-2 in the binding complex between VEGF-C and VEGFR2 and -R3, respectively, has been 

found to increase receptor sensitivity for ligand activation [100]. Further on, VEGF-C was 

demonstrated to co-internalize into the cell together with VEGFR3 and NRP-2 upon binding 

[99], indicating that signaling of mature VEGF-C occurs both extracellularly and intracellularly.  

 

1.6.2 VEGF-C – function in normal and malignant cells  

VEGF-C induces the proliferation and migration of endothelial cells [101]. During 

embryogenesis it is, via activation of VEGFR3, central for sprouting of lymphatic endothelial 

cells and thereby essential in formation of the lymphatic vessel-system [102]. In adults, it is 

also a main driver of physiological (e.g. upon wound healing) and pathological (e.g. under 

tumor development) induced lymphangiogenesis, but VEGF-C also possesses strong angiogenic 

potency via its ability to activate VEGFR2 and presumable also VEGFR3 [103, 104]. 
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Figure 4. Processing of VEGF-C. VEGF-C is synthesized as a 419 aa prepropeptide, which 

dimerize after removal of a N-terminal signal peptide. Subsequently the C-terminal is cleaved off 

by enzymatic processing (by enzymes furin, PC5 and PC7), but remains attached by disulfide 

bridges. The protein is then secreted and undergoes further enzymatic processing extracellularly 

in a multi-step process driven by enzymes (ADAMTS3 in complex with CCB1 and/or plasmin) 

located either at the plasma membrane, at the extracellular matrix (ECM) or being soluble in the 

extracellular space. With each proteolytic cleavage affinity for VEGFR3 increases and the mature 

form acquire ability to activate VEGFR2 [98, 105-107]. 

 

Besides being expressed by endothelial cell, expression is found in non-endothelial cells 

such as various immune- and tumor cells [103]. The mechanisms behind VEGF-C upregulation 

are poorly understood, although VEGF-C overexpression has been linked to multiple 

transcription factors, growth factors and ECM components as well as with pro-inflammatory 

interleukin-mediated stimuli [108]. While there is a clear link between tumor hypoxia and 

stimulation of VEGF-A expression, this is not the case for VEGF-C. In contrast to VEGF-A, no 

putative HREs are found upstream of the VEGF-C gene. However, an internal ribosome entry 

site (IRES) with increased activity under hypoxia is located in the 5’ UTR of VEGF-C mRNA 
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[109]. Accordingly while hypoxia actually resulted in decreased VEGF-C transcription, VEGF-C 

protein translation was found to be increased during hypoxia in murine carcinoma models 

[110]. Whether this is also the case in glioblastoma is currently unknown. But our own 

examinations of glioblastoma cells (unpublished data) and published data from C6 rat glioma 

cells [111] only finding very little if any increase in VEGF-C mRNA following hypoxic growth, are 

not arguing against this.  

Overexpression of VEGF-C has been described for a range of different cancers and is 

associated with adverse prognosis. There have been many reports directly linking increased 

VEGF-C tumor and serum levels with high lymphatic vessel density and through this promotion 

of metastasis to reginal lymph-nodes and distant organs [103]. Furthermore, VEGF-C has in 

preclinical studies of different cancer types, been shown to directly modulate tumor cell 

specific features important for cancer progression. This includes the stimulation of cell-

proliferation, -migration and -invasion as well as maintenance of a cancer stem cell phenotype 

[108, 112]. Additionally, studies of VEGF-C knockdown in various cancer cells have associated 

decreased VEGF-C level with increased sensitivity to a number of different chemotherapeutic 

agents [113-115]. Results also points towards a role for VEGF-C in the interaction of tumor 

cells with infiltrative immune cells. Macrophages been shown to express VEGF-C, enabling 

these cells to stimulate tumor and endothelial cells and thereby cancer progression [108]. 

Moreover, VEGF-C has been associated with modulating an immune tolerating phenotype in 

cancer by direct immunosuppressive effects on various types of immune cells (including 

Natural killer (NK) cells, dendrite cells and T cells) [108]. A summary of the role for VEGF-C is 

shown in Figure 5.  

 

1.6.3 VEGF-C in glioblastoma 

In comparison to normal brain, where VEGF-C levels in general are low [96], upregulated 

VEGF-C expression is observed in glioblastoma patient tumors [116-119], with VEGF-C 

positivity in tumor cells, endothelial cells and infiltrating macrophages [117-119]. Examinations 

of a few conventional glioblastoma cell lines, have furthermore confirmed the expression of  
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Figure 5. Expression and function of VEGF-C.  While VEGF-C mainly is of importance for 

lymphangiogenesis in normal tissue, it exerts multiple functions in malignant tissue, by promoting 

lymphangiogenic/angiogenic mediated tumor spread; suppressing immune cancer directed 

reactivity as well as stimulating growth and treatment resistance directly in tumor cells. 

Illustration is based on information in Wang et al. [108].   

 

VEGF-C in glioblastoma tumor cells [120, 121]. VEGF-C level has been found to be especially 

high in glioblastoma tumors and derived cultures with periventricular as compared to cortical 

brain location [122, 123]. Moreover, higher VEGF-C expression has been associated with a 

more angiogenic phenotype in glioblastoma tumors having high levels of a truncated variant of 

the glioma-associated oncogene homolog 1 (tGLI1) [116]. Same study also found higher VEGF-

C mRNA expression to correlate with worse glioblastoma patient prognosis [116]. Another 

study comparing survival of VEGF-C-high and -low expressing glioblastoma patients, as 

evaluated by immunohistochemistry (IHC), did not show significance, although a trend 

towards shorter survival for VEGF-C high expressing patients was observed. However, this 

study found that concurrent high expression of both VEGF-C and NRP-2 led to significant 

poorer survival, also in multivariate testing together with selected clinical markers [121].  
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The functionality of VEGF-C in glioblastoma, including its putative effect on bevacizumab 

sensitivity, is only sparsely studied. Grau et al., showed increased VEGF-C mRNA expression in 

glioblastoma culture cells following bevacizumab therapy. This study also demonstrated 

exogenous VEGF-C to have minor stimulating effect on cell proliferation under bevacizumab 

treatment of both glioblastoma cells and human brain microvascular endothelial cells 

(HBMVECs) [120]. In C6 rat glioma cells, stimulation with VEGF-C was likewise shown to 

increase cell proliferation as well as activity in transwell-migration assay [124]. Beside this, in 

vitro angiogenesis assay investigations have confirmed stimulation of HBMVECs by 

glioblastoma tumor cell derived VEGF-C [116, 120].   

 

1.6.4 Notch signaling, its role in glioblastoma and approaches for targeting 

In mammals four Notch receptors exist (Notch-1, -2, -3 and -4), which are transmembrane 

molecules expressed at the cell surface as non-covalently linked heterodimers. The receptors 

are activated via binding to its ligands (Delta-like (Dll) -1, -3, -4 and Jagged 1-2), also 

transmembrane proteins but located on the neighboring cell. This binding leads to a 

conformational change in the receptor, exposing two proteolytic sites. These sites are in turn 

cleaved by a disintegrin and metalloprotease (ADAM), proteases ADAM10 and -17 and a γ-

secretase complex, respectively, ultimately releasing the Notch intracellular domain (NICD) 

into the cytoplasm. NICD translocate to the nucleus where it forms a transcriptional activation 

complex with the DNA binding protein CSL (CBF1, Suppressor of Hairless, Lag-1) thereby 

stimulating gene transcription [125, 126]. Multiple targets are transcriptionally stimulated by 

Notch signaling, of which some of the best characterized belong to the Hairy/Enhancer of Split 

(Hes 1-7) and Hey (Hey 1-2, L) families of basic helix-loop-helix transcriptional repressors [126]. 

Figure 6 illustrates signaling via Notch.  

Notch signaling play an important role in maintenance of neural progenitor cells in an 

undifferentiated state, but can also promote glial differentiation and accordingly correct Notch 

signaling is critical for brain development during embryogenesis [126-128]. In the adult brain, 

expression of Notch molecules is strongly reduced. However in adult gliomas, including 

glioblastomas, overexpression of Notch and its ligands is commonly observed [129-133]. High 



1. Background  

20 
 

  

Figure 6. Activation of Notch signaling. In the absence of Notch signaling, CSL is bound to co-repressors 

at the promoter of target genes, thereby inhibiting gene transcription. Binding between Notch and its 

ligands allow for proteolytic processing of Notch releasing the NICD, which traverses to the nucleus. 

Here it interacts with CSL, resulting in exchange of the co-repressors with co-activators for interacting 

molecules for CSL, thereby initiating transcription of target genes. Modified from Stockhausen et al. 

[126]. 

 

expression of Notch downstream targets Hey-1, Hes-1 and Hes-4 as well as ligands Dll-4 and 

Jagged-1 have been associated with inferior survival of glioblastoma patients [133-136]. 

Functional studies in glioblastoma have found Notch signaling to be important for maintaining 

the tumor cells in an undifferentiated fast proliferating state. Concordantly, overexpression of 

NICD results in decreased expression of differentiation markers for astrocytes (glial fibrillary 

acidic protein, GFAP), oligodendrocytes (CNPase) and neurons (βIII-tubulin) [38], while 

inhibited Notch signaling has been shown to upregulate GFAP expression [131] and deplete 

expression of stem cell markers such as CD133, Nestin and Sox2 [137-139]. Further on, 

expression of Notch-1 and -3 were shown to be increased in GSCs subpopulation in 

glioblastoma tumors [139, 140]. In line with this, as compared to monolayer serum cultured 

cells, increased expression of Notch 1-4 was found in cells grown under stem cell conditions 
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and specifically upregulated in these cells under hypoxic growth [134], a condition known to 

increase expression of various stem cell markers in glioblastoma [141].  

Besides being an important stimulator of viability, clonal capacity and cell cycle progression 

of glioblastoma cells [38, 130, 133, 137, 142] members of the Notch signaling pathway play 

pivotal functions in regulation of angiogenesis. This includes opposing roles of Dll-4 and 

Jagged-1 in vascular tip versus stalk fate decision of endothelial cells under initiation of 

angiogenesis sprouting [143]. Along with this, inhibition of the Notch pathway led to 

dysregulated VEGFR signaling and vessel formation in glioblastoma [144] and overexpression 

of either Dll-4 or Jagged-1 were associated with presence of specific microvascular patterns in 

glioblastoma tumors [135]. Further on, a tight link between Notch signaling and angiogenesis 

is indicated by studies finding a positive correlation between expression of several Notch 

signaling cascade members and HIF1α and VEGF-A, respectively, in glioblastoma tumors [134, 

135]. 

For clinical targeting of Notch signaling, several strategies are under development. These 

include blocking antibodies directed against specific Notch- or Dll-variants as well as soluble 

ligand- or receptor decoys. However, the by far most studied approach is the abrogation of 

Notch downstream signaling by γ-secretase inhibitors (GSIs) [127]. While these GSIs have the 

advantages of targeting signaling from all Notch receptors, they are not specific for Notch 

inhibition, as γ-secretase also has a range of other targets [145]. Further on, systemic delivery 

of GSIs can lead to gastrointestinal toxicity, related to accumulation of goblet cells in the 

intestine as a result of increased differentiation of stem cells located in this tissue [146]. The 

potential of GSIs for glioblastoma targeting, has been shown by preclinical studies finding GSI 

therapy to decrease glioblastoma xenograft growth substantially and sensitize glioblastoma 

cells for radiation- and chemotherapy [138, 147-149]. Recently published early clinical testing 

of the GSI RO4929097 in glioblastoma patients in combination with radiation- plus 

temozolomide therapy or bevacizumab therapy, respectively, further showed that the 

treatment was well tolerated. However, the survival data, although inconclusive, indicated 

that effect of the treatment was minimal [150, 151].  
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1.6.5 Signaling and targeting of EGFR and mutation EGFRvIII in glioblastoma  

The epidermal growth factor receptor (EGFR) is a RTK of the ErbB/HER receptor family. Ligands 

are several, including EGF and TGF-α, and ligand binding results in receptor homodimerization 

with another EGFR monomer or heterodimerization with other ErbB family members. This 

promotes autophosphorylation of the cytoplasmatic domain, initiating intracellular 

downstream signaling pathways, including PI3K-Akt, RAS-MAPK, PLCγ-PKC and JAK-STATs [152, 

153]. EGFR is  overexpressed in over 50% of glioblastomas [154, 155] compared to normal 

adult brain tissue, where EGFR expression is low and restricted to areas of neurogenesis in the 

subventricular zone [156]. Overexpression is most often a result of gene amplification with 

expanding number of genomic copies, but can also be caused by increased EGFR promoter 

activity or deregulation at the translational or post-translational level [153]. Alternatively 

mutations in the extracellular domain, given rise to constitutive activated truncated receptors 

are frequently seen in glioblastoma. Most common is the variant EGFRvIII, resulting from an 

in-frame deletion of exon 2-7 of the EGFR gene, leading to a receptor lacking most of the 

ligand binding area [153]. Despite being unable to bind ligands, EGFRvIII exhibits constitutive 

low activation, given rise to constitutive downstream signaling [157, 158]. EGFRvIII further 

escapes receptor degradation via a lowered internalization rate combined with recycling to 

the membrane rather than to lysosomes, thereby avoiding the control mechanism normally 

terminating receptor signaling [159]. Moreover, the EGFRvIII mutation modifies the 

downstream signaling pattern of the receptor [158], presumably related to the generation of a 

new amino acid at the fusion junction causing a tumor specific epitope [160]. While EGFR 

amplification is often seen alone, EGFRvIII almost exclusively is observed in tumors also 

harboring EGFR amplification with around 40 % of EGFR amplified gliomas harboring EGFRvIII 

[155]. Figure 7 shows signaling via EGFR. 

Functionally, EGFR signaling adds to the aggressive growth in glioblastoma via stimulation 

of cell proliferation and survival pathways [161]. Additionally highlighting EGFR as an attractive 

target in glioblastoma is involvement of EGFR signaling in maintenance of the GSC 

subpopulation [162-164]. Moreover, EGFR signaling stimulates angiogenesis. Besides, that EGF 

and TGF-α directly can stimulate endothelial cells and thereby trigger angiogenesis [165], EGFR 
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Figure 7. EGFR signaling. While the wildtype EGFR need ligand binding to dimerize and undergo 

autophosphorylation, the EGFRvIII mutated receptor missing large parts of the extracellular domain is 

constitutively activated. Receptor activation stimulates downstream signaling pathways promoting 

cancer cell proliferation, invasion and survival, besides playing a role in promotion of angiogenesis and 

maintenance of the GSC subpopulation. Amplification and mutation in EGFR is an important event in 

initiation and progression of glioblastoma [153, 166-168].   

 

signaling in glioblastoma cells promotes VEGF-A expression, via both direct stimulation of its 

transcription and indirect via stimulation of HIF1α expression [169, 170]. Finally, EGFR 

signaling has, in studies of glioblastoma, been shown to induce upregulation of ECM 

modulating molecules such as matrix metalloproteases, important for both invasion and 

angiogenesis [168].  
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The most advanced and best studied targeting strategies for EGFR are TKIs, preventing 

auto-phosphorylation of the cytoplasmatic tyrosin kinase domain, of which Iressa (gefitinib) is 

an example [161]. Other strategies include monoclonal antibodies targeting the extracellular 

domain, including cetuximab, which competes for the ligand binding site, hindering EGFR 

dimerization and reducing receptor expression on cell surface [171, 172]. However, common 

for all EGFR targeting strategies is, that despite promising pre-clinical data, they have not been 

successful in clinical trials in glioblastoma patients [161, 173]. This lack of effect has been 

linked to inadequate drug delivery presumably related to problems with BBB penetration [161] 

and heterogeneity within the tumors presenting both positive (EGFR signaling dependent) and 

negative (EGFR signaling independent) cell clones [154]. Also, the EGFRvIII add to the resistant 

phenotype, as it was shown for Iressa, where EGFRvIII positive cells did not respond at doses 

efficiently inhibiting signaling of wildtype EGFR cells [174]. A recent study also showed ability 

of EGFRvIII positive tumor cells to protect EGFR wildtype cells from targeted therapy via a 

mechanism involving secretion of interleukin-6 from the EGFRvIII positive cells, promoting 

anti-apoptotic signaling in the wildtype cells [175]. Mechanisms behind decreased sensitivity 

towards EGFR inhibiting drugs moreover include activation of redundant signaling pathways of 

which multiple have been described [166]. Also, receptor relocation to intracellular 

compartments can give rise to resistance by protecting the receptors from drugs aimed for 

targeting at the membrane and by enabling new kinase independent functions, such as direct 

effects on transcriptional regulation [166].  

 

1.6.6 Cross-talk of Notch and EGFR signaling – rationale for concurrent targeting 

Several lines of evidence indicate synergy between the EGFR and Notch pathways in 

glioblastoma suggesting a rationale for increased therapeutic efficacy for dual targeting of 

both pathways (Summarized in Figure 8). At the level of expression, Purrow et al. 

demonstrated in glioblastoma cells, EGFR to be under transcriptional control of Notch-1 

signaling via a p53 dependent mechanism [176]. On the contrary, the EGFR downstream 

signaling mediator Akt was found to sustain Notch-1 expression in a mouse glioma model 

[177]. Ability of the EGFR pathway to induce Notch levels was likewise supported by results 
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demonstrating increased Notch-1 level in Ras (also a EGFR downstream mediator) -

transformed human astrocytes as compared to their untransformed counterparts [131]. This 

study further indicated direct interplay between the pathways, as inhibition of notch signaling 

reduced the aggressive phenotype of the transformed cells. In line with this, several studies in 

glioblastoma cells have demonstrated Notch-1 activation being capable of inducing Akt 

phosphorylation, and conversely Notch inhibition to decrease Akt activity [142, 178]. Further 

on, treatment of glioma cells with the TGF-α, an EGFR ligand whose expression is also 

stimulated by EGFR signaling, resulted in upregulation of the Notch pathway member Hes-1 

[179]. Likewise EGFR was indirectly demonstrated to stimulate Hes-1 expression via inhibition 

of a Hes1 targeting micro RNA [180]. Underlining the potential of combined EGFR and Notch 

inhibition in glioblastoma, are results from other cancer types finding increased growth 

inhibitory effect of the combination compared to single pathway inhibition [181, 182].  

 

Figure 8. Cross-talk between EGFR and Notch signaling. EGFR and Notch receptors influence activity of 

each other by both stimulating increased protein levels as well as being able to activate down-stream 

mediators of the other pathway. Reprint from Stockhausen et al. [183]. 
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2. Objectives and aims 

Overall objective of this thesis is to examine biomarkers related to angiogenesis or efficacy of 

anti-angiogenic therapy for potential in therapeutic optimization for treatment of glioblastoma 

patients. 

Aims of the three included studies were: 

I) Evaluate VEGF-C as therapeutic target by examine its role for glioblastoma autocrine 

VEGFR2 signaling, bevacizumab efficacy and glioblastoma cell phenotype. 

II) Test potential of combined Notch and EGFR targeting as therapeutic approach for 

inhibition of glioblastoma cell maintenance and angiogenesis stimulation. 

III) Identifying biomarkers for identification of survival outliers of glioblastoma patients 

treated with radiation-, chemo- and bevacizumab therapy.  
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3.1 Results - Study I 
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Summary study I: 

This study examined the role of VEGF-C as an alternative activator of VEGFR2 as well as an 

oncogenic driver in glioblastoma. Examinations of VEGFR2/ VEGF-A/VEGF-C positive GSC 

cultures found a growth inhibiting effect of VEGFR2 targeting, while cells were nearly 

unaffected by bevacizumab therapy. Interaction between VEGF-C and VEGFR2 were 

demonstrated in GSCs via an antibody directed visualization technique (proximity ligation 

assay) and increased levels of activated VEGFR2 as well as secretion of VEGF-C were found 

under bevacizumab therapy of the cells. This implied ability of VEGF-C to maintain VEGFR2 

signaling under bevacizumab therapy via involvement in autocrine activation of the receptor. 

Results were further supported by IHC and proximity ligation assay staining demonstrating 

VEGF-C expression and VEGF-C/VEGFR2 interaction in glioblastoma patient tumor samples 

from surgery before and after bevacizumab treatment. Although, these analyses 

demonstrated a heterogeneous expression pattern for VEGF-C with both positive and negative 

tumor cells, VEGF-C positivity were also found in endothelial and immune cells, indicating 

abundant VEGF-C levels in glioblastoma tumors. Treatment of cells with VEGF-C protein were 

found to promote activation of pro-survival signaling and contrary expression analysis 

conducted following siRNA mediated VEGF-C knockdown in glioblastoma cells downregulated 

genes important for cellular growth. In line with this, VEGF-C knockdown reduced cell viability, 

increased apoptotic signaling and abrogated cell cycle progression. Moreover, invasive 

capacity of glioblastoma cells was found to be reduced following VEGF-C knockdown. Finally, 

findings of central influence of VEGF-C for cell maintenance translated into reduced tumor 

growth and prolonged survival of VEGF-C knockdown versus control tumor cells upon 

orthotopic transplantation into brain of mice. Overall, this preclinical study highlight VEGF-C as 

a driver of VEGFR2 signaling as well as bevacizumab resistance and suggest VEGF-C directed 

therapy as a mean to target glioblastoma tumor cells. However, data also points to that VEGF-

C targeting may only be relevant in selective cell clones of glioblastoma tumors, suggesting the 

possibility of VEGF-C targeting therapy to be most effect in combination with other 

treatments.   
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Summary study II: 

This preclinical study tested the effect of targeting of EGFR and Notch signaling in combination 

on cellular viability and angiogenesis in glioblastoma. Two GSC models were used and an initial 

characterization showed positivity of EGFR or EGFRvIII as well as various Notch pathway 

components. Additional the GSCs were shown to express VEGF-A and other proangiogenic 

factors and conditioned media from the cells were found to stimulate endothelial cell 

sprouting in an in vitro angiogenesis assay. Results thereby verified that the models were of 

relevance for evaluation of study endpoints. Exposure to single-line therapy with EGFR 

inhibitor Iressa and GSI DAPT showed direct inhibition of the respective pathways. These 

analyses also verified previously findings of crosstalk between the Notch and EGFR pathways, 

including effect of EGFR signaling for Hes1 expression and Notch signaling for Akt activity. 

Upon combinational therapy, we found in comparison to single-line therapy, increased 

inhibition of Hes-1 expression and decrease of activity of pro-survival mediators Akt and Erk. In 

line with this, combination of both drugs was also found to reduce cell viability more than 

upon treatment with either drug alone. Single-line therapy with both drugs was further found 

to abrogate glioblastoma induced endothelial cell sprouting, with reduction of both length and 

number of sprouts, and additive effect was demonstrated upon combined drug treatment. 

This effect could at least partly be attributed to drug induced reduction in VEGF-A expression 

and -secretion in the glioblastoma cells. Overall, study data confirm crosstalk between Notch 

and EGFR pathways and effect of both pathways in stimulation of angiogenesis in 

glioblastoma. Further, data imply therapeutic benefit of combinational targeting of the two 

pathways, both via direct effect on glioblastoma tumor cells and indirectly via inhibition of 

angiogenesis. However, more studies are needed, including thorough in vivo testing, to verify 

potential for clinical implementation.    
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3.3 Results - Study III 
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Summary study III:  

This study examined RNA expression level of 792 genes for prognostic value for OS of 

glioblastoma. A study cohort of 93 patients was selected from a population of patients 

previously examined for gene expression in the diagnostic tumor specimen using the 

NanoString platform. All included patients had primary glioblastomas and all had been treated 

with concomitant radiation- and chemotherapy therapy as well as bevacizumab in either the 

first-line or relapse setting. For identification of potential biomarkers an analysis strategy was 

applied with an initial screening in patients being extreme in regards to survival. Among the 93 

patients, 14 short-term survivors (STS, OS ≤ 12 months) and 6 long-term survivors (LTS, OS ≥ 

36 months) were identified, all confirmed being IDH wildtype. Comparison of these patients 

found no differences between the STS and LTS groups in regard to glioblastoma subtype, but 

14 single genes were significantly differently expressed; a number reduced to 12 upon 

univariate analysis in whole patient cohort. In multivariate analysis in the patient cohort 

adjusting for known prognostic markers (age, corticosteroid use, performance status and 

MGMT status) increased IFNG, CXCL9, LGALS4, CD34 levels and decreased MGMT level 

remained significant associated with prolonged OS. Lastly, these genes were tested in an 

independent validation cohort consisting of 349 patients participating in the AVAglio study. 

These patients had been examined with a similar NanoString platform as in our study cohort. 

Upon multivariate analysis of the candidate genes in the validation cohort, CD34 and MGMT 

level remained significantly associated with OS, but only CD34 were significantly differently 

expressed between STS and LTS patients in the validation cohort. Besides confirming 

previously findings for association of MGMT expression with survival in glioblastoma, study 

support increased CD34 mRNA level as an identifier of LTS patients as well as an independent 

prognostic marker for increased OS in newly diagnosed glioblastoma. CD34 is a vessel marker 

and data therefore argue for further analysis of vessel architecture for treatment effect and 

survival in glioblastoma. 
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4. Supplement discussion 

 

4.1 Choice of model for in vitro and in vivo examinations of glioblastoma 

Thoughtful choice of study material is essential for obtaining clinical relevant research results.  

For many years dominating cellular model systems in preclinical glioblastoma research were 

the same few conventional cell lines established and managed in serum-containing media and 

used without considering of passage number or comparability to the original tumor. An 

example of this is the U87MG cell line, for which a recent study found that the commercial 

available version do not match the genetic profile of the original tumor and that these cells 

only was likely to be of glioblastoma origin [184]. Others are the U118MG and U138MG cell 

lines as well as the U251 and U373 cell lines, shown to be pair-wise identical [185], indicating 

cross-contamination. Besides being questionable in regard to their origin, these traditional cell 

models have been found to be poor representatives of glioblastoma tumors [42]. 

Consequently many research groups today have developed new advanced cell models. 

Similarly, cells used in Study I and -II were derived from subcutaneous xenografts on immune-

deficient mice established from glioblastoma patient tumor material [186, 187]. Serum lacking 

neural-stem cell media were utilized for culturing based on the theory that this will maintain 

characteristics of the original tumor including the GSC phenotype [42, 43], and cells were only 

used in limited number of passages to avoid phenotypic and genotypic drifting. This method 

has been shown, in previous studies from our laboratory, to conserve molecular features of 

the original tumor in the model cultures, such as expression of EGFR, EGFRvIII and Notch-1 [38, 

186].  

Although the examined cell cultures used in Study I and -II displayed relevant molecular 

features, only two cultures were used in most experiments due to lack of time to include more 

models. While a very limited number of tested models are often the reality in preclinical cell 

based studies, it is also a major limitation as variation between glioblastoma patients cannot 

be properly recapitulated.  

 



4. Supplement discussion  

119 
 

In vitro cell models do not capture the complexity of human tumors including interaction of 

tumor cells with environmental features such as infiltrative blood-vessels, and in vivo studies 

are therefore often necessary to complement in vitro findings. In Study I the effect of VEGF-C 

knockdown was investigated in a xenograft mouse model. Advantages of this type of model is 

that tumors develop relatively fast, it is highly reproducible and it allows for studying material 

of human origin, and thereby the full range of molecular alteration found in such tumors 

[188]. Tumor cells were transplanted orthotopically into the mouse brain, a method which in 

comparison to the subcutaneous xenograft model is more laborious both in regard to tumor 

establishment and measurement of tumor size [188]. However, this model allow for study of 

interaction of tumor cells with surrounding brain parenchyma and has been shown to 

reproduce the specific pathological features of human glioblastomas, although this is 

dependent of type of cell transplanted [189]. A disadvantage of the xenograft models is that 

they use immune-deprived animals, and therefore interaction between tumors and the 

immune system cannot be examined. Given previous demonstrated influence of VEGF-C on 

immune cells [108] as well as Study I findings of VEGF-C expression in infiltrative immune cells 

and upregulation of an immune regulatory expression profile upon VEGF-C knockdown, this 

presents a limitation for the conducted in vivo study. As such, this issue could have been 

overcome by use of chemically induced models or genetically modified models, in which 

tumors are developed in host cells. But these models have other limitations, such as low 

comparability with human glioblastoma or being more laborious [188, 189]. We found the 

orthotropic xenograft model as optimal for in vivo examination in Study I, as it allowed us to 

investigate how human glioblastoma cells being highly positive for VEGFR2 and VEGF-C behave 

in the brain. Furthermore, the CPH017 cell model had in a previous in vivo study using same 

setup [190] been found to recapitulate bevacizumab sensitivity observed in the patient from 

which the cells were originally derived (unpublished data), indicating clinical relevance of this 

model.  
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4.2 Considerations regarding studies of clinical material 

Retrospectively analysis of clinical patient data and tissue are strong methods for examining 

variations in molecular and clinical markers, and test hypothesis of correlation between these 

and survival endpoints. However, while being valuable for studying patient heterogeneity, 

such analyses are restricted by several factors. Among these, incorrect selection of study 

cohort can largely limit what conclusion that can be drawn. Moreover, improperly registered 

clinical information or highly limited amount of tissue, will result in an incomplete dataset with 

missing data reducing the statistical power. Study III examined primary glioblastoma patients 

all treated with radiation- , chemo- and bevacizumab therapy. Only a few missing values were 

found for the clinically characteristics of these patients, which distributed closely to those of a 

previous analyzed cohort of 225 consecutive non-selected glioblastoma patients treated 

according to Stupp’s regimen at Rigshospitalet, Copenhagen [191]. Accordingly, we believe the 

Study III patients to be suitable for modelling the general population of newly diagnosed 

glioblastoma patients. Contrary, selection of patients for tissue examination in Study I 

depended on availability of paired tissue samples before and after bevacizumab therapy. As 

these patients are rare, only few were examined and additional analysis by other methods, as 

also presented in the manuscript, is necessary to draw conclusions. 

Moreover, quality of tumor material can be varying depending on how it was handled as 

well as the way and time of storage. In both Study I and -III, material was formalin-fixed 

paraffin embedded (FFPE) tumor blocks from routine operations and consequently tissue 

storage time was varying. While this have been shown not to affect protein analysis by IHC as 

conducted in Study I, quality of RNA as analyzed in Study III, decline with prolonged storage 

time [192]. In general RNA analysis based on FFPE material is challenging, as this type of tissue 

preservation can result in RNA degradation, fragmentation and covalent modifications, 

compromising the quality and quantity of the RNA as well as inhibit its conversion to cDNA 

[193]. The NanoString method used in Study III is a barcode based technology, partly meeting 

these challenges by not requiring cDNA conversion and only using small amount of input 

material, thereby avoiding gene amplification bias from fragmented RNA [193]. Still, 

conclusions based on this technique should be drawn with care as varying comparability have 
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been found between NanoString data from FFPE material and RNA analysis made on fresh 

frozen material from same tumor tissue [194, 195]. Besides quality of tissue, also varying 

amount of normal tissue in the tissue blocks can influence results based on RNA quantification 

and accordingly material for Study III underwent laser microdissection removing non-

malignant cells prior to the purification of RNA.  

 

4.3 Effective treatment strategy for glioblastoma – a difficult task 

Successful treatment for glioblastoma is subject to tremendous challenges. Given their 

location in the brain, these tumors are hardly accessible for surgery as well as drug treatment 

due to the only semi-permeable BBB. Further, these tumors are surrounded by delicate 

normal tissue prone for off-target effect. Also, an issue is heterogeneity among glioblastoma 

tumors with presentation of a pleomorphic range of inter-tumor gene expression differences, 

as shown by the identification of glioblastoma subtypes [14-16]. This makes discovery of one 

ubiquitous treatment for all glioblastoma patients extremely difficult, if not impossible. An 

approach to overcome this challenge could be development of programs for individualized 

treatment regimens (personalized therapy) for glioblastoma based on tumor specific 

molecular profile [196]. However, large heterogeneity is also present within the single 

glioblastoma tumor having both cells of varying subtype [19] and differentiation level [39, 

197]. This supports that a polytherapeutic approach may be most effective; further underlined 

in the case of targeted drugs by high level of redundancy between different molecular 

pathways [196], e.g. as described in Section 1.6.6 for the Notch and EGFR pathways. Also, as 

glioblastomas are extremely aggressively growing, there is very little time for decision on 

choice of treatment and the number of different treatments that can be tried is very 

restricted. Consequently, having easy measurable, reliable markers for patient selection in 

regard to personalized therapy will improve chance for successful results.  

With basis in angiogenesis, this thesis examined molecular markers that could prove useful 

for such nuancing in glioblastoma treatment.  
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4.4 Potential of examined molecular targets in a clinical context 

4.4.1 VEGF-C – a multifaceted treatment factor 

Study I findings regarding the role of VEGF-C for promotion of glioblastoma tumor cell growth, 

survival signaling and invasion fits generally well with description from other tumor types 

indicating VEGF-C as an oncogenic driver in cancer cells [108]. The study thereby enlightens an 

area which until date has been very sparsely covered, with only few studies indicating function 

of VEGF-C for glioblastoma cell proliferation and motility via limited in vitro experiments 

examining effect of treatment with VEGF-C protein [116, 120, 124]. Also, our study support 

more global effects of VEGF-C in glioblastoma tumors. Although being far from conclusive, our 

data indicate involvement of VEGF-C for interaction between cancer- and immune cells in 

glioblastomas. Data is thereby consistent with previous reported expression of VEGF-C in 

tumor infiltrating macrophages in glioblastomas [118] and studies from models of other 

cancers demonstrating involvement of VEGF-C as a modulator of interplay between immune- 

and tumor cells [198, 199]. Further Study I verifies previously findings of VEGF-C expression in 

vascular endothelial cells in glioblastoma tumors [119, 120]. Together with demonstrated role 

of VEGF-C for stimulation of HBMVECs in in vitro angiogenesis assay [116, 120], this indicates 

an important role of VEGF-C for blood-vessel formation in glioblastoma. Collectively, this 

highlight a potential of VEGF-C directed treatment strategies in glioblastoma beyond tumor 

cell targeting.  

A specific drug for clinical targeting of VEGF-C has been developed known as VGX-100, 

which is a humanized antibody. Early (phase I) clinical evaluation of this therapy in cancer 

patients reported that the drug was well tolerated and found some anti-tumor effect [200], 

but currently no testing has been conducted in glioblastoma patients. However, the treatment 

potential of VGX-100 for use in glioblastoma has been shown in a subcutaneous xenograft 

mouse model, where large reduction in tumor growth was found upon combinational 

treatment with VGX-100 and bevacizumab in comparison to control treatment [201, 202]. 

Notably, this examination did not find any effect of VGX-100 single treatment, being in 

contrast to our results from Study I, where VEGF-C knockdown had large anti-tumor effect on 

itself. A reason for this contradiction could be that VGX-100 was tested in U87MG, that in 
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despite of being positive for both VEGF-C [120, 

203] and VEGFR2 [66, 86] is problematic for 

glioblastoma modelling as described in Section 

4.1. Further on, pharmacological targeting in 

animals is limited by in vivo drug stability, drug 

clearance and side effects restricting drug dose; 

elements avoided when testing cells treated 

before transplantation. Another possibility that 

partly could explain less effect of VGX-100 as 

compared to effect of knockdown is that VEGF-

C, besides having autocrine and paracrine 

effects involving its secretion out of the cells, 

also has direct intracrine effects. Function of 

VEGF-C in glioblastoma would thereby be in line 

with findings regarding VEGF-A in colorectal cancer, where intracrine signaling was shown to 

promote pro-survival signaling, migration and invasion [95, 204]. Although no conclusions 

regarding this can be drawn from Study I, IHC positivity for VEGF-C both in cytoplasm as well 

as in nucleus of glioblastoma cells could point in this direction (see Figure 9 for zoom in on 

Study I figure 2e). Also in support of intracrine VEGF-C signaling, is the prediction of nuclear 

localization signals (NLSs) in the VEGF-C sequence (Figure 10). Should intracrine signaling be of 

major importance for tumor promoting function of VEGF-C, an antibody based targeting 

strategy could be problematic as these bulk molecules cannot enter the cell, and alternative 

strategies should be investigated.  

Intra-tumor heterogeneity in glioblastoma demonstrated for VEGF-C in Study I and in a 

previous study for its target VEGFR2 [65], further indicate that targeting VEGF-C will only have 

direct effect on a subset of glioblastoma cells. This argues for combination of anti-VEGF-C with 

other treatments. Our findings in Study I together with the study of VGX-100 [201, 202], 

support the use of combined anti-VEGF-C treatment with bevacizumab. Although bevacizumab  

Figure 9. VEGF-C localization in glioblastoma 

tumor cells. Zoom in on Study I figure 2e 

(Patient 6 Post-Bev) showing VEGF-C IHC 

staining of glioblastoma tumor tissue.  While 

staining was mainly cytoplasmic (black arrows), 

reaction was in selected cells also located over 

the nucleus (red arrows). 
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Figure 10. NLSs in VEGF-C. Prediction of NLSs in the full VEGF-C 419 aa sequence using the cNLS mapper 

software (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). Higher scores indicate stronger 

NLS activity. A score of 5-6 (shown in turquoise) are mainly nuclear, but also localize to the cytoplasm, a 

score of 4 (shown in light blue) localize equally to the nucleus and cytoplasm, while a score of 3 (shown in 

grey) localize mainly in the cytoplasm, but are also partly nuclear.   

 

is known not to cross react with VEGF-C [69], the treatment has been shown to change tumor 

gene expression profile and phenotype [65, 91, 92, 205]. Accordingly, VEGF-C level could in 

theory be decreased under long-term bevacizumab exposure making this combination less 

attractive. However, Study I data demonstrated that this was not the case indicated by 

presence of VEGF-C protein in patient tumors exposed to bevacizumab treatment. This was 

although bevacizumab drug, and thereby VEGF-A sequestration, presumable still was present 

in a proportion of samples as documented half-life of bevacizumab in patients is around 20 

days [206] and mean time from treatment stop until surgery for Study I samples was 23 days. 
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Therefore, we find further preclinical testing of the combination of VEGF-C targeting and 

bevacizumab in more models attractive.  

Finally, extended preliminary RNA analysis conducted in ten glioblastoma tumor samples 

showed large inter-tumor heterogeneity for VEGF-C expression (Figure 11 A). Similarly analysis 

of the TCGA dataset found varying expression for VEGF-C with significantly higher expression 

in tumors of mesenchymal subtype (Figure 11 B). This could indicate that potential effect of 

anti-VEGF-C therapy would vary considerably among patients, and patient selection based on 

either VEGF-C expression or subtype could increase treatment efficacy upon clinical testing of 

VEGF-C targeting.  

Figure 11. Heterogeneous VEGF-C expression in 

glioblastoma tissue. A) RNA expression in 10 

glioblastoma tumor samples from diagnostic surgery 

measured by Q-RT-PCR. Sample T1 is patient sample 

from which the CPH017 cell culture used in Study I was derived. Mean ± SD is shown. B) Boxplot of VEGF-C 

mRNA levels in the glioblastoma patient tumors of the classical (n=59), mesenchymal (n=51) or proneural 

(n=46) subtype. Results are based on RNA sequencing data from TCGA glioblastoma dataset and obtained 

from the GlioVis website (http://gliovis.bioinfo.cnio.es/). Statistics are a result of a Tukey's Honestly 

Significant Difference Test. *** P≤0.001, NS: non-significant. 
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4.4.2 Notch and EGFR – improvement of therapeutic effect by a combinatory targeting 

strategy 

Given fundamental roles of EGFR and Notch in glioblastoma maintenance, signaling via these 

molecules presents attractive treatment targets. However, the described redundancy between 

these pathways argues that a combinational approach may be necessary to obtain clinical 

effect. Accordingly, Study II found that combined inhibition of Notch and EGFR signaling to be 

superior in limiting viability and angiogenic potential in vitro of glioblastoma cells. Study II 

findings also confirmed direct interaction between the Notch and EGFR pathways in 

glioblastoma. This included verification of decreased Akt activation upon inhibition of Notch 

signaling [142, 178] and finding of lowered Hes-1 levels under EGFR inhibition, correlating with 

shown EGFR stimulatory effect on Hes-1 expression [180]. Moreover, we found in line with 

previous studies [142, 176], decreased EGFR expression when targeting the Notch signaling. 

Contrary, the EGFRvIII level was unaffected, proposing that the mutated receptor is not 

regulated via this mechanism. Correspondingly, the EGFRvIII positive cells were less sensitive 

in regard to cell viability when the two pathways were inhibited, consistent with previous 

results showing the EGFRvIII mutation to reduce the sensitivity towards Iressa treatment 

[174]. Still, we found efficient inhibition of VEGF-A level as well as angiogenic capacity of DAPT 

and Iressa in the EGFRvIII positive cells, suggesting that dual targeting of EGFR and Notch 

pathways should not be excluded as a potential treatment strategy for EGFRvIII positive 

tumors.  

Following publication of Study II, we conducted an in vivo study testing the combination of 

Iressa and DAPT. As seen in Figure 12, we did not observe a corresponding combinatory effect 

for tumor development as seen in our in vitro experiments. This could be a consequence of the 

combination being without effect in glioblastoma tumors due to compensatory effect by yet 

other mechanisms than Notch and EGFR.  Alternatively, it could be a result of choice of study 

setup (e.g. inadequate dosing and drug delivery method) and therefore more in vivo studies 

testing other setups are needed to draw conclusions. 
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Figure 12. In vivo testing of DAPT and Iressa 

combinatory therapy. NMRI nude mice with 

subcutaneous xenografts established from the 

CPH036 glioblastoma cell culture, were 

divided in groups of 6 mice each. Mice were 

treated by oral gavage with control treatment 

(DMSO), DAPT (20 mg/kg), Iressa (40 mg/kg) 

or DAPT plus Iressa treatment diluted in corn 

oil. Treatment was given 4 days a week from 

tumor take until sacrifice and tumor size were 

measured by caliper every day. Doubling time 

was calculated as time for tumor to growth 

from 500 mm3 to 1000 mm3.   

 

 

Of interest a recent preclinical study from non- small cell lung cancer found that a dual-

targeting antibody, CT16, simultaneously inhibiting EGFR and Notch, to be superior over single 

targeting drugs for the two genes, both when used alone or in combination [207]. Testing of 

an identical strategy in glioblastoma is therefore intriguing. Moreover, this study found that 

effect of both single and dual targeting therapy was higher, when simultaneous combined with 

radiation therapy [207]. Due to the specific association of EGFR and Notch to the GSC 

population [139, 140, 162, 163, 167], Notch and EGFR targeting therapies could in theory be 

especially efficient in eliminating the GSC population, while other treatments such as 

radiation- or chemotherapy might be needed for eradicating more differentiated cells. 

However, in despite of preclinical studies suggesting increased in vitro and in vivo growth 

limiting effect for combining GSI treatment with radiation- and temozolomide therapy [138, 

149], early clinical testing of GSI RO4929097 together with radiation- and temozolomide in 

glioblastoma patients indicated only modest survival efficacy [151]. Likewise, clinical phase I/II 

study in glioblastoma patients did not find improved survival of adding Iressa to radiation 

therapy [208]. Still, this does not exclude that simultaneous EGFR and Notch inhibition could 

display combinatory effect when applied in combination with radiation- or chemotherapy in 
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glioblastoma. Both Iressa and RO4929097 have been shown to enter human brain tumors and 

in these to modulate their respective targets [151, 209]. This suggests that the absence of 

effect, upon single targeted therapy of either Notch or EGFR, could be due to alternative 

mechanism sustaining down-stream signaling rather than inefficient drug function. In this 

light, more testing of the combination is relevant.  

 

4.4.3 Clinical value of association of CD34 with glioblastoma patient survival 

Reliable prognostic models can be an important tool for obtaining optimal patient balancing 

under randomization into treatment arms in clinical trials and therefore for correct evaluation 

of new therapeutic modalities. Likewise such models can be useful in daily decision making, 

selecting patients for available therapies or palliative care, thereby avoiding unnecessary 

treatment morbidity in patients where imminent death is expected. Among variables 

suggested for inclusion in such models for glioblastoma survival from retrospectively analysis 

conducted by us and others are: Patient age, performance status, corticosteroid use and 

MGMT promoter methylation status [26, 27, 191]. Study III propose higher gene expression 

level of CD34 as independently associated with prolonged glioblastoma survival and 

accordingly that estimation of CD34 level could improve prognostic modelling for OS in 

glioblastoma. Reason for this association can only be speculated, but given CD34 is a vessel 

marker [210], it could be a result of higher vascularization in glioblastomas allowing for better 

therapeutic efficacy. Alternatively, following the concept of glioblastomas expressing varying 

degree of angiogenesis dependent phenotype or invasive (angiogenesis independent) 

phenotype [211], the effect could simply be related to slower tumor growth rate and 

intracranial spread of more angiogenic tumors than of the more invasive tumors.  

Correct assessment of CD34 expression level will be critical for its utilization as prognostic 

variable. As glioblastomas have been demonstrated being highly plastic over time, with 

changing expression pattern [14, 16], examination of tissue from surgery just prior to 

treatment start will be of importance for correct CD34 evaluation. Moreover, a recent study by 

Morrissey et al. showed that estimation of gene expression based on a single biopsy, which is 

most often what is used in today’s clinical routine for glioblastoma diagnosis, is unreliable for 



4. Supplement discussion  

129 
 

detection of gene expression [212]. By analyzing multi-region biopsies from glioblastoma 

tumors, the study found that 20% of regional biopsies presented a different subtype from the 

most common observed for each patient, and consequently that more biopsies are needed for 

correct marker assessment [212].  

An alternative to direct measurement of CD34 level, could be estimation of tumor 

vascularity, but here again analysis of material not properly capturing regional heterogeneous 

vascularization of glioblastomas would be problematic. This could have caused failure in 

previous studies attempting to associate number of vessels, micro vascular density (MVD), to 

glioblastoma patient outcome [213-215]. Other reason could be that estimation of MVD is 

difficult, shown by low agreement and consequently inconsistent association of hot-spot 

assessed MVD with survival, in study having glioblastoma tumors independently evaluated by 

different observers [216]. Among alternative methods suggested for refinement of estimation 

in glioblastoma vascularization is tumor microvessel area (MVA), but although MVA has been 

significantly associated with survival in high grade glioma [217], this method is not easily 

assessable as it require analysis by optimized computer software. Also, vascular mimicry 

identified as CD34 negative, periodic acid-Schiff (PAS) positive vessel structures, has been 

correlated with inferior survival of glioblastoma patients [214]. Later studies have expanded 

this concept by subdividing glioblastoma tumors into two types based on five distinct 

microvascular patterns identified by dual CD34/PAS staining, which have been associated with 

different patient survival [135, 218]. Comparative studies of CD34 mRNA level and this range 

of suggested methods for vascular assessment are needed to shed light on how relevant the 

various vascular detection methods are as prognostic measures in glioblastoma.  

 

4.5 Angiogenesis as a target – does it have a future in glioblastoma management? 

The high level of vascularity in glioblastomas [44] denotes targeting of angiogenesis as an 

interesting treatment strategy. However, with later years failure of clinical trials testing 

bevacizumab in the upfront or recurrent setting [72-75], prospects of pursuing this strategy 

further is questionable. 
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With increasing insights into the complexity of blood-vessel formation in glioblastoma 

including description of multiple angiogenic drivers besides VEGF-A [219], a strategy of only 

targeting this marker may have been naïve and caused the lack of effect. In this regard Study I 

and -II, via studying alternative angiogenesis related molecules, display the tumor 

heterogeneity and redundant signaling which can affect efficacy of molecular targeting and 

consequently support a strategy of combinational targeted treatment. Moreover, it is 

important to have in mind that many angiogenesis related molecules are multi-functional as 

described in this thesis for VEGF-C, VEGFR2, EGFR and Notch. Consequently effect on both 

tumor cells, tumor vessels and infiltrative immune cells should be considered.  

Also, further optimization of bevacizumab administration should be considered in order to 

improve an anti-angiogenic treatment approach. Based on preclinical investigations it has 

been suggested that higher bevacizumab dosing induces an aggressive phenotype in 

glioblastoma. This is avoided by use of a lower dose, thereby prolonging the therapeutic 

window suggested to arise as response to anti-angiogenic therapy [220]. In support of this 

hypothesis, retrospective analysis have found longer survival in glioblastoma patients exposed 

to reduced bevacizumab dosing compared to patients treated more intensively with 

bevacizumab [221, 222]. However, a recent phase II clinical trial comparing low dose 

bevacizumab plus CCNU with high dose bevacizumab monotherapy for recurrent glioblastoma 

found no significant differences of PFS and OS between these groups [223]. Although this 

argues against improved effect upon lowering the bevacizumab dose, more studies testing 

other dose setups are necessary to fully enlighten this hypothesis.   

Indications of some survival benefit from bevacizumab in subpopulations of glioblastoma 

patients experiencing a durable response [76-78], encourage that improvement in 

bevacizumab success can be obtained via biomarker driven patient selection. However, 

attempts to correlate bevacizumab efficacy to specific subtypes have been inconsistent. 

Retrospective studies have pointed at different subtypes for having best effect from 

bevacizumab therapy [20, 21], while a study from our laboratory did not find any significant 

association between subtype and bevacizumab response [224]. Consequently, based on 

current knowledge, patient selection for bevacizumab based on the molecular glioblastoma 
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subtypes is at present not a reliable method. Single tumor tissue biomarkers proposed of 

being associated with increased bevacizumab response include increased VEGF-A level [225] 

and decreased level of angiotensinogen, an effector of the renin-angiotensin system [224]. As 

such, also the association of CD34 with survival of glioblastoma patients found in Study III 

could be related to increased efficacy of bevacizumab therapy in CD34/vascular high patients; 

an association previously shown in breast cancer patients [226]. Alternatively early detection 

of blood biomarkers, such as VEGF-A, soluble VEGFR’s and PlGF, or information from MRI and 

positron emission tomography (PET) scans, have been suggested usable for identifying which 

patients will benefit from anti-angiogenic therapy [68]. This information will be usable for 

deciphering, in which patient bevacizumab treatment should be continued or terminated. In 

general though, validation studies preferably via prospective trials are needed to evaluate if 

these markers are relevant for clinical implementation.    

Per se, the era of ubiquitous distribution of bevacizumab for glioblastoma patients might be 

coming to its end. Yet, results presented and discussed in this thesis of angiogenesis related 

molecules and approaches for optimization of anti-angiogenic treatment, highlight that 

continued research within the field of angiogenesis in glioblastoma is meaningful and can 

bring important knowledge for improvement of glioblastoma management. But as also 

emphasized, to be effective such strategies will presumable have to take tumor composition, 

tumor expression pattern and clinical presentation of the individual patient into account.  
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5. Conclusions 

Data presented in this thesis overall support that improvement in glioblastoma management 

can be obtained by employing molecules related to tumor blood-vessel formation. Specifically 

the thesis concludes: 

 

VEGF-C is implicated in autocrine activation of VEGFR2 in glioblastoma tumor cells and of 

importance for sustaining VEGFR2 activation in glioblastoma under bevacizumab therapy. 

VEGF-C is a driver for cellular survival signaling, cell cycle progression, invasion and 

proliferation in glioblastoma tumor cells. Consequently, VEGF-C represents a therapeutic 

target for future investigation. In this regard a combinational treatment strategy will 

presumable be most effective given that VEGF-C is heterogeneously expressed in 

glioblastoma. 

 

Crosstalk between the Notch and EGFR signaling pathways is present in glioblastoma tumor 

cells. This crosstalk signaling sustains cellular proliferation as well as angiogenesis-stimulating 

signaling of glioblastoma tumor cells upon single targeting of either pathway. Combined 

targeting of Notch and EGFR signaling results in additive inhibitory effects in glioblastoma 

tumor cells and is an appealing treatment strategy for further investigation in glioblastoma.  

 

CD34 RNA expression is specifically upregulated in LTS compared to STS among newly 

diagnosed primary glioblastoma patients treated with radiation-, chemo- and bevacizumab 

therapy. CD34 is a prognostic marker associated with patient survival independently of patient 

age, corticosteroid use, performance status and MGMT status. Study of glioblastoma CD34 

expression and tumor vessel composition represents a potential area of development for 

utilization in prognostic modelling of glioblastoma.    

 

 



  

133 
 

6. Future Perspectives 

Results in this thesis suggest interesting perspectives for future investigations.  

For VEGF-C appealing questions is, if VEGF-C besides having autocrine and paracrine 

function also has exclusively intracrine functions, and if so, whether this also involves VEGFR2. 

Besides given mechanistic insights into the effect of VEGF-C downregulation, this will shed 

light on the clinical potential of available antibody based method for VEGF-C targeting. Also, if 

and how VEGF-C influence interaction between glioblastoma tumor cells and immune cells is 

highly relevant to obtain a full picture of the potential for targeting VEGF-C. Moreover, it 

would be relevant to perform in vivo studies examining influence of VEGF-C for the growth- 

and vessel pattern of glioblastoma tumors. Lastly, testing of VEGF-C targeting in vivo together 

with bevacizumab and chemotherapy, will show if a combinatory approach should be 

examined as a potential future clinical therapy.  

For the combinatory inhibition of Notch and EGFR signaling, additional in vivo testing is 

needed to examine if this strategy hold a future for treatment in glioblastoma patients. For 

such studies clinically relevant intracranial xenograft models should be employed. These 

should be established from glioblastoma cell models with varying expression of the molecular 

targets, including models with and without EGFRvIII, to test if possible efficacy is restricted to 

specific EGFR and Notch expression patterns. Different targeting drugs and optimized dosing 

schedules should be tested and efficacy at the expression level in the tumors should be 

confirmed. Finally, besides testing the combination of EGFR and Notch targeting alone, testing 

of combination with radiation- or chemotherapy would be relevant to investigate.  

For the finding of CD34 association with glioblastoma survival, further studies of CD34 

protein expression and vessel structures of glioblastoma tumors are needed to understand the 

underlying cause for this correlation. In this regard, tumor material from the LTS and STS 

patients of the Study III cohort, being extreme in regard to CD34 expression and survival, 

would be ideal for an initial study. Focus of such analysis should also be to identify a simple 

quantification method providing objective and robust results, as this will be necessary for 

utilization in the daily clinical routine. 
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