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DANISH SUMMARY - DANSK RESUMÉ

 
Introduktion  

Glioblastoma multiforme (GBM) er den hyppigste og mest aggressive form for hjernekræft hos 

voksne. På trods af intensiv behandling er prognosen for patienter diagnosticeret med GBM 

dårlig med en median overlevelse på under 1,5 år.  Korrekt og tidlig vurdering af en 

behandlings-effekt er fundamentalt for at opnå bedst mulig sygdoms-kontrol for de fleste 

typer af kræft. Magnetisk resonans imaging (MRI) bruges til behandlings-monitorering af 

patienter med GBM. Da MRI primært måler ændringer i anatomisk tumorstørrelse, kan der 

først adskilles mellem responderende og ikke-responderende patienter efter typisk 1-2 

måneders behandling. Derudover er det ved brug af MRI vanskeligt at bestemme effekten af 

både anti-angiogenese behandling og radioterapi, begge behandlinger der bruges til patienter 

med GBM. I kliniske studier har positron emission tomography (PET) med aminosyre 

analogen O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET) i forhold til MRI vist sig at være bedre til at 

kunne skelne mellem tumorvæv og nekrose efter radioterapi. Ligeledes kunne 18F-FET PET, 

tidligere end MRI måle en behandlingseffekt af anti-VEGF. Evidensen for brug af 18F-FET PET 

til respons-monitorering er dog stadig begrænset, og mekanismerne for 18F-FET optaget i 

hjernen er kun delvist belyst.  

I denne afhandling blev anvendeligheden af 18F-FET PET til evaluering af GBM yderligere 

undersøgt. Dette blev gjort vha. en præ-kliniske GBM model og 18F-FET MicroPET, hvorved det 

var muligt at teste forskellige hypoteser vedrørende 18F-FET optag i GBM.  

Det specifikke formål med denne afhandling var dels at undersøge om 18F-FET MicroPET 

kunne bruge til at monitorerer tumorvæksten i en intrakraniel (orthotop) GBM xenograft 

model, og dels at undersøge, om 18F-FET MicroPET, sammenlignet med MRI og MicroPET med 

proliferations-traceren 3’-deoxy-3’-18F-fluorothimidine (18F-FLT), giver yderligere information 

om tumorvækst og behandlingseffekt i GBM.  

Metoder  

Humane GBM cancer celler blev injiceret ortotopisk ind i hjernen på mus og efter tumoranslag 

blev musene behandlet med kemoterapi (Irinotecan), angiogenese targeterende antistoffer 

(anti-VEGF eller anti-VEGF + anti-PLGF) eller kontrolbehandling. Tumorudviklingen og 

behandlingseffekten blev fulgt in vivo med 18F-FET MicroPET og sammenlignet med andre 

billeddannende teknikker (MRI, bioluminescence og 18F-FLT MicroPET). Desuden blev in vivo 
18F-FET optaget i hjernetumoren samt 18F-FET behandlingseffekten sammenlignet med 

molekylær-biologiske ændringer i tumor vævet ex vivo vha. hhv. gen-ekspression analyse (for 

aminosyre transportørerne LAT1 og LAT2 samt proliferations markøren Ki67) og 

immunohistokemi (for kvantificering af micro-vessel density (MVD) og Ki67 proliferations-

indekset). 
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Resultater og konklusion 

I studie I fandt vi, at 18F-FET MicroPET kan bruges til at monitorere tumorudviklingen samt til 

at vurdere en behandlingseffekt af Irinotecan i en ortotop xenograft GBM model. Derudover 

fandt vi, at 18F-FET optaget var negativ korreleret med gene ekspressionen af LAT1 og LAT2 i 

xenograft tumorerne. I studie II fandt vi, at 18F-FET og 18F-FLT MicroPET giver forskellig 

information om tumorvækst og behandlingseffekt. I studie III fandt vi, at 18F-FET MicroPET 

var bedre end MRI til at detekterer en behandlingseffekt. I alle 3 studier var behandling-

effekten og ændringerne i 18F-FET optaget ikke ledsaget af ændringer i Ki67 proliferations-

indekset, men i studie II og III afspejlede ændringerne i 18F-FET optaget ændringer i MVD. I 

studie II var der ingen overlevelses-gevinst i behandlingsgruppen, men i studie III blev 

ændringer i 18F-FET optaget som et mål for anti-cancer effekt, underbygget af 

overlevelsesanalysen. 18F-FET MicroPET kan således bruges til monitorering af 

tumorudviklingen samt til detektering af en behandlingseffekt i prækliniske ortotopiske GBM 

modeller. Yderligere studier er dog nødvendige for at bestemme, hvordan 18F-FET optaget 

bedst måles, kvantificeres og bruges til præcis vurdering af anti-cancer effekt i ortotope GBM 

xenograft tumorer.  
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ENGLISH SUMMARY

 
Introduction 

Glioblastoma multiforme (GBM) is the most common and aggressive type of brain-cancer in adults. 

Despite intensive treatment, the prognosis for patients diagnosed with GBM is poor with a median 

survival of less than 1.5 years. Accurate and early response assessment is fundamental to obtain 

optimal disease-control in most types of cancer. Magnetic resonance imaging (MRI) is used to 

monitor anti-cancer treatment in patients with GBM. As MRI primarily detects changes in 

anatomical tumour-size, differentiation between responding and non-responding patients requires 

typically 1-2 months of treatment. In addition, assessment of both anti-angiogenic treatment and 

radiotherapy (common treatments in GBM) is difficult using MRI. Compared to MRI, positron 

emission tomography (PET) with the amino-acid analogue O-(2-18F-fluoroethyl)-L-tyrosine (18F-

FET) was in clinical studies superior to differentiate between tumour-tissue and necrosis caused by 

radiotherapy. Similarly, in GBM patients 18F-FET PET detected anti-VEGF treatment-effects earlier 

than MRI. However, there is only limited evidence for the use of 18F-FET PET to assess treatment 

response, and the mechanisms responsible for 18F-FET uptake in GBM are only partly elucidated.   

In the present thesis the feasibility of 18F-FET PET to monitor GBM was further investigated. Using 

pre-clinical GBM models and 18F-FET MicroPET, it was possible to test different hypothesis 

regarding 18F-FET uptake in GBM. 

The specific aim of the present thesis was partly to investigate if it was feasibly to use 18F-FET 

MicroPET to monitor tumour-development in an intracranial GBM xenograft model, and partly to 

investigate if 18F-FET MicroPET, as compared to MRI and MicroPET using the proliferation tracer 

3’-deoxy-3’-18F-fluorothimidine (18F-FLT), reveal different information about tumour development 

and treatment response in GBM.  

Methods 

Human GBM cancer cells were orthotopically injected into the brain of mice, and at tumour take, 

mice were treated with chemotherapy (Irinotecan), antibodies targeting angiogenesis (anti-VEGF 

or anti-VEGF + anti-PLGF) or control-treatment. Tumour-development and treatment effect were 

monitored in vivo using 18F-FET MicroPET and compared to other imaging modalities (MRI, 

bioluminescence and 18F-FLT MicroPET). In addition, in vivo 18F-FET uptake in the brain tumour 

and the 18F-FET treatment response was compared to molecular changes in the tumour tissue ex 

vivo using gene expression analysis (for the amino-acid transporters LAT1 and LAT2 together with 

the proliferation-marker Ki67) and immunohistochemistry (assessing micro-vessel density (MVD) 

and the Ki67 proliferative index). 
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Results and conclusions 

In study I, we showed that 18F-FET MicroPET is feasible to monitor tumour-development and to 

assess a treatment response towards Irinotecan in an orthotopic xenograft GBM model. In addition, 

we found a negative correlation between 18F-FET uptake and LAT1 and LAT2 expression in the 

xenograft tumours. In study II, we found that 18F-FET MicroPET in comparison to 18F-FLT MicroPET 

reveals different information about tumour-development and treatment-efficacy. In all studies, 

treatment effect and changes in the 18F-FET uptake was undetectable when Ki67 proliferation was 

evaluated; however, in study II and III changes in 18F-FET uptake reflected changes in MVD. In study 

II, no survival gain was observed in the treatment group; however, survival analysis confirmed 

changes in 18F-FET uptake as a measure of anti-cancer efficacy in study III. In conclusion, 18F-FET 

MicroPET is feasibly to monitor tumour-development and can be used to assess treatment-efficacy 

in pre-clinical orthotopic GBM xenografts. Still, further studies are necessary to elucidate how 18F-

FET uptake should be measured, quantified and used to most accurately assess anti-cancer activity 

in orthotopic GBM xenograft tumours. 
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1 INTRODUCTION 

 
 

Cancer patients often respond differently although they harbour the same type of tumour. With an 

increased understanding of human genetics, it has become apparent that equal primary cancers are 

heterogeneous in terms of genotypes and hence, respond differently to anti-cancer treatment. The 

search for biomarkers, that can predict how individual patients will respond to treatment, has 

therefore accelerated over the last years. Identification of genetic alterations and molecular 

characteristic specific to each patient could potentially predict drug efficacy and help selecting 

patients who most likely will benefit from a certain anti-cancer treatment. However, as resistance is 

inevitable with most anti-cancer treatments, biomarkers of treatment response are also needed to 

guide anti-cancer treatment and differentiate responding from non-responding patients. Thereby 

can non-responding patients avoid unnecessary side-effects from ineffective treatments, and other 

therapies can be pursued, and in addition can expensive anti-cancer medicine be spared. The most 

common and aggressive primary brain tumour is Glioblastoma multiforme (GBM) and the 

prognosis for patients diagnosed with GBM is poor1. Although some advancement in treatment 

outcome has been documented over the last two decades, therapies remain mainly palliative. As 

such, additional research, aiming to identify new treatments in GBM and strategies to identify 

biomarkers of response or resistance, are urgently needed. Positron emission tomography (PET) is 

used for non-invasive imaging of molecular processes in vivo, and depending on which radiotracer 

is used, PET can be used to assess treatment response and potentially as an early imaging 

biomarker of anti-cancer activity.  

In animal models, new possible predictive biomarkers can be evaluated2,3, and animal models are 

fundamental to validate and help prioritize the development of novel anti-cancer compounds. 

Further, in animal models it is possible to thoroughly investigate different molecular aspect of a 

new PET tracers (e.g. transport mechanisms) or new anti-cancer agents2,4. 

In the present thesis, tumour uptake of the PET radiotracer 18F-FET was investigated preclinically 

in an intracranial (orthotopic) murine model of GBM. Primarily, we wanted to evaluate the 

feasibility of using 18F-FET PET to monitor tumour development in mice with orthotopic human 

derived GBM. In addition, we wanted to evaluate 18F-FET PET as a non-invasive imaging biomarker 

for early treatment response in GBM and further, to compare 18F-FET uptake with the uptake of the 

proliferation tracer 18F-FLT. When the present Ph.D. project was initiated, 18F-FET PET was already 

used increasingly in clinical studies of GBM; however, there was no available literature describing 
18F-FET uptake longitudinally in orthotopic murine models of glioma5-7. 
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2 AIMS AND HYPOTHESIS OF THE THESIS 

 
 

The overall hypothesis of the present thesis is that 18F-FET MicroPET can be used to monitor 

intracranial tumour development and furthermore, to evaluate response to anti-cancer treatments 

in vivo in an intracranial model of human GBM.  

Three experimental studies with specific aims were conducted and included in the present thesis.  

2.1 Specific aims 

2.1.1 Study I 
- To evaluate the feasibility of 18F-FET MicroPET to monitor tumour 

development in an orthotopic xenograft GBM model. 

- To evaluate 18F-FET MicroPET as an early biomarker of treatment response 

of chemotherapy in an orthotopic xenograft GBM model.  

- To evaluate if in vivo 18F-FET tumour uptake in orthotopic GBM xenografts 

correlated with the gene expression of the proliferative marker Ki67 and 

with the amino acid transporters LAT1 and LAT2 in tumours ex vivo. 

2.1.2 Study II 
- To compare the potential of 18F-FET and 18F-FLT MicroPET as early 

biomarkers of treatment response towards anti-VEGF treatment in an 

orthotopic xenograft GBM model. 

- To compare in vivo 18F-FET tumour uptake in orthotopic GBM xenografts 

with the Ki67 proliferative index and micro-vessel density (MVD) in the 

xenograft tumours ex vivo. 

2.1.3 Study III 
- To use 18F-FET MicroPET in combination with MicroMRI to evaluate 

treatment response of anti-VEGF monotherapy in an orthotopic xenograft 

GBM model. 

- To use 18F-FET MicroPET in combination with MicroMRI to evaluate 

combined treatment with anti-PlGF and anti-VEGF in an orthotopic 

xenograft GBM model. 

- To compare in vivo 18F-FET tumour uptake in orthotopic GBM xenografts 

with the Ki67 proliferative index and micro-vessel density (MVD) in the 

xenograft tumours ex vivo. 

- To correlate treatment response of combined treatment with anti-PlGF and 

anti-VEGF with the gene expression of PlGF and VEGFR-1 in the xenograft 

tumours. 
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3 BACKGROUND 

 
3.1 Glioblastoma multiforme 
Brain tumours can be of primary (intracranial) or secondary (metastatic) origin, among which 

gliomas are the most frequent type of the primary brain tumours (PBT) accounting for 

approximately 50-70%8. Gliomas are classified and graded according to the World Health 

Organization (WHO) classification system9. The classification of gliomas is based on the histological 

appearance and the similarity with the different glial cells of the central nervous system (CNS), and 

it includes astrocytoma, oligodendroglioma, mixed oliogoastrocytoma and ependymomas. The 

grading of gliomas into either low-grade (WHO Grades I-II) or high-grade (WHO Grade III-IV) is 

dependent on histological criteria like nuclear atypia, mitotic activity, microvascular proliferation 

and necrosis (Figure 1). Grade III and IV tumours are considered as malignant gliomas, and GBM, 

which is the main focus of the presented studies, is classified as a grade IV astrocytoma, the most 

common and aggressive type of PBT in adults. In western countries, the yearly incidence of GBM is 

3.5/100.0008, and every year about 260 new cases of GBM are diagnosed in Denmark10.   

 

 

 

 
 

Figure 1: Histology of GBM. A) HE staining from a patient GBM tumour specimen showing 

necrosis (black arrow) and pseudo-palisading cells around the necrotic foci (white arrows). B) HE 

staining from a xenograft tumour showing infiltrative tumour cells (black arrows). Both histological 

features are common in GBM. Image A was kindly lend from Helle Broholm.   

 

GBM arise either de novo as primary GBM or develops as secondary GBM from pre-existing lower 

grade gliomas, of which the majority is primary GBM that accounts for approximately 90%8. Despite 

a considerable heterogeneity of GBM in terms of pathology and gene expression, several common 

genetic alterations in the cellular pathways underlying GBM pathogenesis, growth and angiogenesis 

have been described. Amplification of the epidermal growth factor receptor (EGFR) gene and 

subsequent over-expression of EGFR is detected in about 40% of primary GBM, and it is the most 

frequent genetic alteration in primary GBM11,12. Additionally, mutation and inactivation in the 

phosphatase and tensin homolog (PTEN) gene and loss of heterozogosity (LOH) on chromosome 10 

are the most common genetic mutation in primary GBM. Mutations in the tumour suppressor gene 

TP53 is most common in secondary GBM and isocitrate dehydrogenase 1 (IDH1) mutations has 

been identified as a molecular marker of secondary GBM13,14.  Different treatment regimens are 
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aimed to target specific molecules in some of the molecular pathways involved in GBM15,16; 

however, because of the complex interconnection and cross-talk between different core oncogenic 

pathways the cancer cells are able to evade targeted therapy, and as written by Timothy Cloughesy 

and Paul Mischel: “Targeting the signal transduction pathways that a tumour needs to proliferate 

and survive is like trying to strike a moving target”1.  

 

The prognosis for patients diagnosed with GBM remains poor despite multimodal therapies, 

including maximal surgical resection and radiotherapy combined with chemotherapy as first-line 

treatment. The landmark phase III trial, published by Stupp et al. in 2005, demonstrated an 

improvement in median survival (14.6 vs. 12.1 months) and two-year survival rate (26.5% vs. 

10.4%) in patients receiving concomitant and adjuvant temozolomide (TMZ, Temodal®) with 

radiotherapy (RT) over those receiving RT alone17. Subsequently, the ”Stupp-regimen” became the 

new standard of care following debulking surgery for patients with newly diagnosed GBM. 

Recently, the anti-angiogenic agent Bevacizumab (Avastin®) has shown some promise with an 

increase in progression free survival in recurrent GBM; however, the effect on overall survival was 

only modest at best18. As such, advancements in the treatment of patients with GBM have occurred 

in the past decade, but they are modest and current therapies remain mainly palliative18,19.  

 

3.2 Targeting angiogenesis in GBM  
It is widely accepted that the formation of new blood vessel, a process known as angiogenesis is, a 

fundamental process for tumour progression and metastasis. As GBM is one of the most 

vascularized solid tumours it has been an attractive target for anti-angiogenic therapy20. The 

regulation of angiogenesis is much more complex than it was initially thought21. However, in a 

simplified and classical model a scale illustrates the angiogenic balance and initiation of 

angiogenesis - the ”angiogenic switch” - depends of the balance of pro-angiogenic molecules on one 

side and anti-angiogenic molecules on the other21.  

 

3.2.1 VEGF-A and PlGF signalling in GBM 
One of the most analysed angiogenic growth factors is vascular endothelial growth factor A (VEGF-

A), which is one of the five members of the VEGF gene family (VEGF-A, B, -C, -D and placental 

growth factor (PlGF )).The gene expression of VEGF-A is up-regulated in glioma tumour cells, and 

the level of VEGF-A production in astrocytomas correlate directly with the degree of 

malignancy15,22,23; therefore, VEGF-A is considered a major pro-angiogenic mediator in GBM24. 

Tumour cells are the main source of VEGF-A in GBM, and paracrine signalling, in which VEGF-A 

binds VEGF receptor 1 (VEGFR-1) and receptor 2 (VEGFR-2) located on endothelial cells, plays a 

crucial role in angiogenesis and progression of GBM25. Although VEGFR-1 and VEGFR-2 both are 

up-regulated in tumour endothelial cells in GBM26-28, VEGFR-2 is considered the major receptor 

involved in angiogenesis and it binds all members of the VEGF gene family26,29,30. Recent studies 

have demonstrated co-expression of VEGF-A and VEGFRs in GBM cancer cells, which imply the 

existence of an autocrin loop in which tumour derived VEGF-A stimulates VEGFRs expressed by the 

tumour cells themselves23,31. Autocrine VEGFR-2 signalling in GBM may partly explain the limited 
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impact of anti-VEGF treatment in GBM patients as the stage of free extracellular VEGF-A (accessible 

by anti-VEGF treatment) potentially is bypassed31. 

 

In contrast to VEGFR-2, VEGFR-1 binds only VEGF-A, VEGF-B and PlG. The precise function of 

VEGFR-1 in angiogenesis and tumour growth is still under debate, and the downstream signalling 

events are not completely understood32,33. VEGFR-1 has been shown to mediate either anti- or pro-

angiogenic signalling depending on different conditions and the activating ligand type32. Under 

physiological conditions, it has been suggested that VEGFR-1 acts primarily as a non-signalling 

“decoy” receptor for VEGF-A, and due to higher affinity of VEGF-A for VEGFR-1 than VEGFR-2, 

binding to VEGFR-1 results in less VEGF-A binding to VEGFR-2 and thus less pro-angiogenic 

signalling32. PlGF binds selectively to VEGFR-1 and its soluble isoform, termed sVEGFR-1. Under 

pathological conditions as cancer or wound healing, the expression of PlGF is up-regulated, and 

binding of PlGF to VEGFR-1 is in general considered as pro-angiogenic signalling34,35; however, 

under normal physiological conditions the role of PlGF is negligible, which is in contrast to the 

essential role of VEGF-A in both physiological and pathological angiogenesis36.  

 

PlGF is one of several growth factors that have been implicated in resistance to anti-angiogenic 

therapies in GBM, due to up-regulation of PlGF plasma levels in response to hypoxia and VEGF-A 

inhibition37-39. Tumour cells and some stromal cells express PlGF, whereas a variety of cells like 

endothelial cells, tumour cells, macrophages, bone marrow progenitors and stromal cells, such as 

fibroblasts express VEGFR-139. As such, PlGF exerts multiple functions in malignant tumours; it is 

involved in migration and proliferation of VEGFR-1 expressing tumour cells, and it stimulates 

proliferation of endothelial cells and recruits VEGFR-1 expressing angiocompetent cells from the 

bone marrow, which promote neovascularization39.  

 

3.2.2 Anti-VEGF treatment  
Several drugs that target the tumour vasculature have been introduced into clinical practice the 

past years. Bevacizumab is a humanized monoclonal antibody that by binding to VEGF-A prevents it 

from interacting with its receptors and as such neutralizes some of its biological effects. 

Bevacizumab is the first commercially available anti-angiogenic agent for the treatment of cancer 

and in combination with chemotherapy it has been approved for the treatment of different cancer 

types40. The US Food and Drug Administration (FDA) granted in May 2009 accelerated approval to 

Bevacizumab as a single agent for the treatment of recurrent GBM41. In contradiction, The European 

Medicines Agency (EMA) rejected the marketing application in November 2009 as they questioned 

the activity of Bevacizumab in recurrent GBM42. Two large phase III trials recently investigated the 

benefit of adding Bevacizumab to standard treatment as first-line therapy in GBM43,44. Although no 

significant effect on overall survival (OS) was observed, the progression-free survival (PFS) was 

increased. In addition, contradicting results regarding the impact of Bevacizumab on quality of life 

were reported. As such, future investigations are necessary to define when and how patients with 

GBM will benefit from Bevacizumab. Despite the controversy of Bevacizumab in GBM, H. A. Fine 

recently wrote in an editorial of the New England Journal of Medicine: “Bevacizumab remains the 

single most important therapeutic agent for glioblastoma since Temozolomide”45. However, 
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because it is only a fraction of patients that respond to Bevacizumab, and as resistance seems 

inevitable29, there is a need for predictive and valid biomarkers that can identify responsive 

patients and detect emerging resistance. However, currently no predictive biomarkers have been 

validated46. Although VEGF pathway-targeting agents are the most clinically evaluated and 

developed of anti-angiogenic agents, and despite extensive pre-clinical research, the complex anti-

tumour mechanisms of anti-VEGF agents, and the mechanisms of treatment resistance, are 

incompletely understood. Therefore, further studies are also needed to gain a better understanding 

of these mechanisms and to identify predictive biomarkers of treatment response15,29. 

 

3.2.3 Anti-PlGF treatment 
Conflicting opinions exist on the value of neutralizing PlGF as a therapeutic target in oncology. 

Fischer et al. reported that anti-VEGF and anti-PlGF had an additive effect on tumour growth in 

several preclinical tumour models37, and later results, regarding additive effect of anti-PLGF, were 

supported by a different group47. Conversely, other groups have found either no effect of PlGF 

antibodies on tumour growth32, or even a suppressive effect of PlGF on tumour growth and 

angiogenesis38,48-50. Furthermore, it has been demonstrated that the expression of VEGFR-1 in 

cancer cells could determine the efficacy of anti-PlGF treatment; a hypothesis that was suggested as 

a possible explanation for the conflicting data in the literature51. Still, treatment efficacy of anti-

PLGF in combination with anti-VEGF has not been evaluated in an orthotopic model of GBM. 

 

3.3 Animal models of GBM 
Drug development in cancer research is a multistep process that initially requires an understanding 

of the mechanisms and common genetic alteration in the cellular pathways underlying the human 

disease, followed by identification of possible targets for cancer therapy. In vitro models, using 

human cancer cell lines, are usually one of the first steps in this process. Still, the complex 

interactions between a tumour and its surrounding micro-environment are impossible to imitate 

under in vitro conditions, and as such, it can be argued that in vivo animal models better 

recapitulate the tumour-stroma relations. 

 

In vivo models can be chemically induced, genetically engineered or be xenograft models. Rat and 

murine models of GBM are both used frequently and Barth and Kaur52 have summarized the 

relative advantages and disadvantages of murine glioma models as compared to rat glioma models. 

The most important advantage of the intracranial rat model is, the larger brain size, which allows 

brain tumour imaging, with an acceptable resolution, using a less powerful and more accessible 

MRI scanner53. The murine models have other advantages which include that murine models are 

easier to genetically manipulate, and in addition, mice are cheaper to purchase and maintain.  

 

For chemically induced brain tumour models, the rat has been the most widely used as brain 

tumours can be induced by exposure of N-nitroso compounds into the adult or pregnant rat54. In 

addition, cell lines derived from the chemically induced model subsequently can be used for the 

establishment of syngeneic, immunologically compatible models in immune-competent rats. 
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However, spontaneous rejection of the injected tumour cells, in addition to lack of the typical GBM 

histological characteristic like single cell invasion and microvascular proliferation, are some of the 

drawback of the chemically induced models in rats53,54. In contrast, a chemical induced murine 

model (GL261) demonstrate single-cell invasion and shared many histopathological markers with 

human GBM, which makes it a strong model for studying GBM therapies53.  

 

Genetically engineered models (GEMs) have primarily been studied in mice2, as the ability to 

manipulate the rat genome has, until recently, been limited due to the available gene targeting 

technologies55. As such, available genetically engineered rat models are very few, and the 

experience with these models is sparse. To elucidate the molecular mechanisms, involved in the 

initiation and progression of GBM, several murine GEM, reflecting some of the common genetic 

mutations in GBM (e.g. EGFR amplification, TP53 and PTEN mutation) and more sophisticated 

models with multiple genetic aberrations, have been developed2,54. A major strength of the GEM 

and the chemical induced models is the use of immune-competent rodents as these models better 

recapitulates the complex interaction between the tumour and the host stroma cells, including the 

host immune-system. A drawback with GEM is that they are costly and more time intensive to 

produce and study54. In addition, they cannot in full recapitulate the unknown reasons for GBM 

development in humans as only known aberrations can by studied. 

 

In xenograft models, human derived tumour cell lines or fresh human biopsies are injected or 

engrafted either orthotopically or subcutaneously into immune-deficient (nude or severe combined 

immunodeficiency (SCID) mice). A strength of the biopsy xenograft model is the ability to maintain 

the heterogeneity of the original patient tumour. However, these models are highly variable in 

terms of genetic alteration, growth rates and survival, which make standardization for 

experimental evaluation of new anti-cancer compounds difficult54. The prototypic xenograft model 

in GBM research was for many years to establish xenografts from the subcutaneous injection of 0.5-

1.0 million glioma cells grown in serum-containing media. This often is a very reproducible and 

simple way to establish subcutaneous tumours. However, a major drawback of using serum-

growing cancer cell lines is that the cancer cells lose important tumour hallmarks and may deviate 

from the original patient tumour after only a few in vitro passages56. Therefore, the traditional 

subcutaneous xenograft is not an optimal model to predict drug efficacy in humans57.  

 

As a consequence, new strategies of xenograft models have been investigated, and human glioma 

cells have been grown as spheres in well-defined serum-free media, with the addition of epidermal 

growth factor (EGF) and the basic fibroblast growth factor (bFGF). The so-called neurosphere 

cultures consist of both cells with stem-cell characteristic, known as brain cancer stem-like cells 

(bCSC), in addition to cells being more differentiated58 and have, as compared to traditionally 

serum-cultured cell lines, been shown to more closely resemble the original patient tumour, both 

under in vitro and in vivo growth conditions56. According to the cancer-stem cell theory the bCSC 

are responsible for tumour initiation, progression and treatment resistance; although some 

controversy regarding the theory exist59,60, and therefore, the bCSC represents a potential 

therapeutic target in GBM. Based on this, xenografts established with neurospheres (as compared 

to traditionally grown cell lines) is a more reliable model for preclinical investigations of new anti-

cancer treatment as the tumour, according to the theory, is eradicated at its roots when the bCSC 
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are targeted60. One the major drawback with the xenograft models is the use of the immuno-

compromised mice. The complex interaction between the cancer cells and the stromal micro-

environment (including immune-cells) in patients is not mimicked in xenograft models, and hence, 

xenograft models are often considered unreliable in predicting treatment outcome in patients54,57.  

None of the currently available animal models fully recapitulates the genomic, histopatological and 

phenotypic signatures of human GBM54, and each model has limitations. Therefore, depending on 

the nature of the experiments to be conducted, researchers must select the most appropriate 

model. However, whether it is a xenograft model or GEM mouse or rat model, orthotopic tumour 

models are considered better predictive models of drug efficacy than traditional subcutaneous 

models61. As such, more advanced imaging techniques like MRI and PET are necessary to monitor 

tumour development and response to anti-cancer treatment. 

 

3.4 Imaging of GBM 

3.4.1 Positron emission tomography (PET) 
PET scanning in conjunction with administration of radiolabeled agents is a method for non-

invasive assessment of metabolic processes or molecular targets, in vivo. Accordingly, PET is 

regarded as a “functional” imaging method, which is in contrast to the “anatomical” imaging using 

conventional magnetic resonance imaging (MRI). Radiolabeled agents, also termed radiotracers or 

tracers, are potential imaging biomarkers of treatment outcome, receptor status or different 

cellular processes depending on which molecules have been labelled. The radiotracers are used in a 

nano-molar amount to measure the biological target without disturbing the biological processes, 

which is a fundamental aspect of tracers62.  

Extensive research has been aimed at revealing disease specific targets, and subsequently, at 

developing tracers that are specific for these targets. Radiolabeled agents are composed of a short-

lived positron emitting isotopes e.g. 18F or 11C attached to a biologically active molecule like in 2’-

deoxy-2’-18F-fluoro-D-glucose (18F-FDG). Following intravenous injection, the tracer is distributed 

in the whole body and concentrated where the biologically active molecule is located. When the 

radiotracer undergoes decay a positron is emitted. Subsequently, the positron will travel a short 

distance (depending on the positron energy) and collide with an electron; creating a positron-

electron annihilation. As a result of the annihilation, two 511 keV gamma photons at an angel of 

nearly 180° are emitted. The PET technique depends on the simultaneous detection of the two 

annihilation photons, which are registered by two opposing detectors in the PET scanner. The 

coincidence data are converted into sinograms and mathematically reconstructed into 3-

dimensional images of tracer distribution63.  

The glucose analogue 18F-FDG is the most widely used PET tracer; however, there are limitations 

when 18F-FDG is used for imaging of brain tumours. A low tumour-to-background (T/B) uptake, due 

to the high physiological uptake in the brain, decreases the sensitivity of FDG, and uptake of glucose 

in inflammatory cells compromises the specificity of FDG in the brain64. Therefore, PET with 

radiolabeled amino acids like O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET) and the radiolabeled 
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thymidine analogue 3’-deoxy-3’-18F-fluorothimidine (18F-FLT) are among the most promising 

radiotracers in clinical neuro-oncology as they overcome some of the limitations of 18F-FDG PET64.  

3.4.1.1 18F-FET  

The radiolabeled amino acid 18F-FET has a low uptake in normal brain tissue, and therefore a high 

T/B ratio that increases the sensitivity and makes delineation of the tumour boundaries more 

precise65. Together with L-methyl-11C-methionine (11C-MET), 18F-FET are at present the most 

widely used amino acid tracers for brain tumour imaging64. Multiple clinical studies have evaluated 
11C-MET PET for the visualization of brain tumours, and it has been successfully used in clinical 

neuro-oncology66,67. However, in clinical practice, 18F-FET has logistic and economic advantages 

over 11C-MET, due to the longer physical half-life of 18Fcompared to 11C (109.8 min vs. 20.4 min). 

From several clinical studies, there is increasing evidence for the use of 18F-FET PET as an addition 

to MRI, as 18F-FET PET adds complementary information about tumour growth and response to 

therapy68-71. However, as 18F-FET only has become clinical available in recent years, data are still 

sparse and 18F-FET PET needs validation66. Despite that 18F-FET PET is widely used in the clinic, 

only a few animal studies (mostly in rats) have evaluated the bio-distribution and tumour 

accumulation of 18F-FET in GBM xenografts5-7,72.  

In order to interpret results from 18F-FET PET, it is essential to understand the mechanisms and the 

major factors that influence the transport and tumour uptake of 18F-FET. Accumulation of 18F-FET 

in brain tumour cells is presumable linked to high expression of the L-type amino acid transporters 

(LATs), which are the major transport system for large neutral amino acid72,73; however, the 

transport mechanisms of 18F-FET have not been thoroughly investigated73,74.  

3.4.1.2 18F-FLT 

Several preclinical and clinical studies, in many different cancer types, have evaluated the 

thymidine analogue 18F-FLT for detection of cell proliferation and anti-cancer activity. In a recent 

meta-analysis, it was concluded that there is evidence for a strong correlation between Ki67 

proliferative index and FLT uptake in lung, breast and brain cancer75-78. Dividing cells are supplied 

with nucleosides for DNA synthesis by two distinct pathways: the salvage pathway and the de novo 

pathway78. In the thymidine salvage pathway, plasma-membrane nucleoside transporters facilitate 

the transport of nucleosides including 18F-FLT and thymidine across the cell membrane79. 

Phosphorylation of thymidine by thymidine kinase 1 (TK1) is followed by incorporation of 

thymidine into DNA whereas phosphorylation of 18F-FLT results only in intracellular trapping. In 

the de novo synthesis pathway, thymidine is produced from deoxyuridine monophosphate (dUNM) 

and subsequently incorporated into DNA78. As 18F-FLT only enters the cells through the thymidine 

salvage pathway, 18F-FLT uptake potentially underestimate proliferations in de novo pathway 

dependent tumours78. 

In brain tumour imaging, 18F-FLT has low accumulation in the normal brain and thereby a high T/B 

ratio, which potentially could increase the sensitivity. Therefore, several studies have evaluated the 

potential of 18F-FLT PET in clinical neuro-oncology; as such, in malignant glioma 18F-FLT PET has 

been used to differentiate between radiation necrosis and tumour recurrence80 and for tumour 

grading81,82. In addition, a few small clinical studies have demonstrated that 18F-FLT PET could 

serve as a potential early imaging biomarker of treatment response in glioma83-86. Similarly, in a few 
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preclinical studies in orthotopic glioma xenografts, 18F-FLT MicroPET was an early marker of 

treatment efficacy87-91. However, a limited transport of FLT across the intact BBB has been 

demonstrated, which hampers the sensitivity of 18F-FLT and potentially affects anti-angiogenic 

response assessment92.  

 

3.4.2 Magnetic Resonance Imaging (MRI) 
Valid and reproducible response criteria are fundamental for clinicians to make decisions about 

continuation of effective therapy and conversely, modification or termination of ineffective 

treatment for individual patients and in clinical trials, as it enables response rates to be compared 

between different studies. Until recently, the “Macdonal criteria” have been the standard criteria for 

assessing GBM response, and the evaluation was based on magnetic resonance imaging (MRI) and 

relied on contrast enhancement and T1-weighted images as a proxy for tumour size. Because of 

important limitations in the Macdonal criteria, the Response Assessment Neuro-Oncology (RANO) 

working Group has developed new guidelines for treatment response in brain tumours. The new 

criteria also consider non-enhancement T2 and fluid-attenuated invasion recovery (FLAIR) images 

in addition to T1-weighted tumour size. Clinical status and corticosteroid dose are also considered 

in the criteria93. However, there are still difficulties in assessing true tumour response because 

contrast enhancing and non-enhancing regions are non-specific and are influenced by different 

processes, such as sub-acute radiation effects, postoperative changes, changes in glucocorticoid 

dosage as well as anti-angiogenic treatments that affect the permeability of the tumour vasculature 
94,95. In realization of the limitations of the RANO criteria, PET with various radiotracers (like 18F-

FET and 18F-FLT) have been investigates, to more accurately determine “true” tumour response. In 

the present thesis, the main focus was on the PET technique; however, development and 

investigation of various functional MR imaging techniques, such as perfusion-weighted imaging 

(PWI), diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI) or magnetic resonance 

spectroscopy (MRS), has emerged in parallel to the investigation of different PET tracers96. 

Although the potential of the advanced MRI techniques is promising, additional validation in large 

clinical trials, and reproducible analytical methods to quantify the different parameters, are 

required97-99.  

 

3.4.3 Bioluminescence Imaging (BLI) 
Bioluminescence imaging (BLI) is an experimental imaging technique, which relies on the emission 

and detection of light (photons) from living organisms. Fundamental for the technique is the 

biochemical reaction in which the enzyme Luciferase catalyses the oxygenation of its substrate 

Luciferin with the production of light. In a typical experimental setup, in vitro cancer cells are 

transduced with the luciferase gene (luc), and subsequently injected in mice to create an in vivo 

xengraft model. Standard gene transfer methods are used for the gene transfection, and the North 

American firefly luciferase (Fluc), and its substrate D-luciferin, is the most used luciferase-luciferin 

pair for in vivo imaging100. D-luciferin has a low molecular weight (318.41 g/mol), and therefore, it 

diffuses freely across membranes including the blood-brain-barrier (BBB), and it can be 
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administered intraperitoneally prior to imaging101. When the low energy photons are emitted from 

the luciferase-luciferin reaction in the mouse, a highly sensitive charged coupled device (CCD) 

camera is used to detect and quantify the diffuse 2D signal emitted from the surface of the mouse. 

In contrast to e.g. cells, tissue from mammals is not transparent and most bioluminescent light is 

absorbed by haemoglobin and melanin. As Firefly luciferase emits a large portion of light above 600 

nm it has an increased depth penetration, and it is therefore favourable for in vivo imaging101. 

However, due to absorption and scatter of the low energy photons, bioluminescence has limited 

spatial resolution (1-3 mm), and the intensity of the signal is dependent on the depth of the 

luciferase expressing cells102. With the ability to detect as few as 1,000 human tumour cells, BLI is 

among the most sensitive for small animal imaging (Figure 2). However, as the depth penetration of 

the emitted photons is only a few centimetres the use of BLI in patients is currently very limited102. 

In the present thesis, we used BLI to monitor tumour growth, and the BLI signal was used to 

quantify variable tumour cells. 

 

 

 

 

Figure 2: Sensitivity of BLI and 18F-FET MicroPET. A) BLI image showing viable tumour-cells 14 

days after intracranial tumour-cell injection in a mouse, while the same mouse had no measurable 

brain-tumour using 18F-FET MicroPET  in B).  
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4 METHODOLOGICAL CONSIDERATIONS 

 
4.1 GBM tumour models and anti-cancer treatments 
In this thesis we used human GBM cancer cells grown as neurospheres to create intracranial 

xenograft models. When the Ph.D. study was initiated, the neurosphere cells had only been used to 

establish subcutaneous xenografts; thus, establishment of the orthotopic GBM models was part of 

the present thesis. As the primary focus was to investigate the potential of 18F-FET PET as an early 

biomarker of response, we only used two GBM neurosphere cell lines, established from to different 

patients with GBM at our hospital. Limited activity of Bevacizumab was observed when we used the 

cell culture GBM048 in study I and II; hence, we chose to shift to another model system and used 

the cell culture GBM017 in study III. Previous examinations of these cell cultures have revealed that 

they differ both in regard to in vitro growths pattern and in the expression of a number of genes 

(e.g. EGFR)103.  As such, models with different genomic characteristic were evaluated; however, we 

did not compare treatment efficacy between the two models. If anti-cancer activity of new 

compounds is the focus of future studies, considerations regarding the most reliable animal model 

must be undertaken (as described in section 3.3 and in future perspectives).   

In manuscript I, we used Irinotecan (CPT-11) as an example of a chemotherapeutic agent often used 

for anti-cancer treatment, in several types of cancers and in GBM. Hence, based on other preclinical 

studies in orthotopic GBM, we expected anti-cancer activity of Irinotecan104,105; thus, Irinotecan was 

not the focus of the manuscript. Still, in clinical studies in recurrent GBM, Irinotecan is mostly used 

in combination with other anti-cancer agents106.  The active metabolite of Irinotecan (SN-38) 

inhibits the enzyme topoisomerase 1, which is an essential nuclear enzyme that ensures DNA 

relaxation during DNA transcription and replication107.  

In manuscript II, we used the anti-angiogenic agent B20-4.1, which is an antibody against vascular 

endothelial growth factor A (VEGF-A). Unlike Bevacizumab, B20-4.1 has affinity for both the human 

and the murine VEGF-A108, and therefore, B20-4.1 activity in mice better reflects Bevacizumab 

activity in patients. As described in section 3.2.2, Bevacizumab has demonstrated activity in 

recurrent GBM, and anti-cancer activity of B20-4.1 has similarly been demonstrated in several 

xenograft tumours32,109.  

In manuscript III, we combined B20-4.1 with RO5323441 or TB403, which is a humanized 

monoclonal antibody that binds both PlGF-1 and PlGF-2 and has affinity for both the murine and 

the human PlGF-2110. The present Ph.D. thesis was initiated in parallel to a phase I-II clinical trial of 

Bevacizumab in combination with TB403 in patients with recurrent GBM as the preclinical 

investigation potentially could add additional information about response- or resistance-

mechanisms of TB403 and B20-4.1.  
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4.2 Small-animal PET/CT 
In manuscript I, the MicroPET/CT acquisition and image analysis is described in detail. In study I 

and II, we chose to express tracer uptake as a T/B ratios instead of absolute SUVs, as this is most 

commonly used in recent literature on GBM111-113. In study III, we additionally included FET uptake 

calculated as SUVmax values in the tumour region as results were highly significant and in line with 

quantification of the T/B ratio. In a recent study, SUVmax was as a prognostic parameter in patients 

with different glioma grade; however, T/B ratios of 18F-FET have mostly been used to evaluate 

treatment response114. Clinical studies often calculate T/B ratios, different from the quantification 

of T/B ratios in the present thesis, using the SUVmax and SUVmean values of the brain tumour and the 

SUVmean value of the background; although different ratios have been calculated and different 

methodologies applied115,116. As such, standardization of 18F-FET PET protocols and reporting of 
18F-FET PET results are therefore needed114. In clinical studies, a cut-off value of ≥ 1.6 in T/B ratio is 

often used to differentiate tumour from non-tumour tissue, which is based on results from a biopsy-

controlled study117. In the present thesis, the aim was to evaluate 18F-FET PET to detect a treatment 

response in a murine model, and therefore, we wanted to detect tumours early to make the 

treatment window as wide as possible. Based on pilot studies, we initially established a threshold 

T/B ratio ≥ 1.3 for tumour take, as this threshold had 100% specificity for TT with at least a 30% 

increase in the T/B ratio at the following 18F-FET PET. Results from study I allowed us to lower the 

threshold value to a T/B ratio ≥ 1.2 to increase the treatment window in study II and III; however, as 

treatment groups were matched according to the T/B ratio at TT, the threshold value is less 

important. 

The spatial resolution of the MicroPET scanner used in the present thesis is 1.2 mm full-width-at-

half-maximum (FWHM) using the MAP algorithm. Due to the limited spatial resolution of the PET 

system, small objects appear to have lower activity in comparison to larger objects with equal 

activity; which is described as the partial volume effect (PVE)118. Spillover is another phenomenon 

caused by the limited spatial resolution, and it causes an overestimation of the activity due to 

activity spillover from surrounding areas. As the tumour to brain contrast of 18F-FET is high, 

spillover is not considered an important bias in the presented studies. In contrast, PVE is only 

considered negligible, if the tumour size is approximately twice the FWHM. In study III, we used 

MRI to evaluate tumour volume, and a few small tumours (2 mm3) were included, which potentially 

could bias our results due to PVE. However, as mice with small tumours were equally represented 

in the different treatment group, bias introduced due to partial volume effect or spillover were 

similar between treatment groups, and therefore, results regarding quantification of activity are 

considered reliable.  
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4.3 Small-animal MRI 
In manuscript III, the MRI experiments are described in detail. We used a Bruker Biospec 7.0 MRI 

scanner (Bruker Biospin, Ettlingen, Germany) and a TurboRareT2-weighted protocol. We chose not 

to use gadolinium contrast as several MRI scans were performed, and we were afraid it would lead 

to toxicity in the xenografts. As it was difficult to differentiate between surrounding oedema and 

the true tumour margins, it is possibly that the MRI volume measurements were less accurate 

which potentially could influence our results. However, in contradiction to this reasoning, in 

response to anti-angiogenic treatment, a lack of correlation between decreased tumour growth and 

loss of contrast enhancement was recently demonstrated, which limits the interpretation of 

contrast enhancement as a predictor of tumour growth119. 

 

4.4 Bioluminescence 
In study II and III, the neurosphere cells were transduced using a lentiviral construct. The stability 

of the LUC-expression was confirmed with repeated measurements of the BLI signal during a 

month in cell culture and 3 months in vivo. A limitation with BLI imaging, as a quantitative measure 

of viable cancer cells, is the use of potentially unstable LUC-transduced cell populations. Results 

from a study in leukaemia cell populations demonstrated unstable BLI signals in heterogeneous cell 

populations, and conclude that monoclonal cell lines are critical to develop robust and reproducible 

xenograft models120.  However, as xenograft models with selected monoclonal cell lines have other 

drawbacks (e.g. loss of heterogeneity) we choose to use non-selected neurospheres; thus, the 

reliability of the BLI signal could be compromised in studies II and III in the present thesis.  

 

4.5  Molecular analysis of tumour tissue 
In the present thesis, the process of getting tissue samples was laborious, as the xenograft tumours 

were intracranial. In manuscript I, we used a surgical microscope and isolated the brain tumour 

from the brain, extracted RNA and performed qPCR (Figure 3). As a surgical microscope was 

needed, the brain tumour isolation procedure was rather complicated. Further, in manuscript I, we 

did not detect a treatment-induced difference in the gene expression of the proliferative marker 

Ki67, which made us question if changes in the protein expression was reflected at the mRNA 

level121. Therefore, in manuscript II, we chose to isolate the whole brain and performed 

immunohistochemistry (IHC). In manuscript III, we explored the possibility to divide the brain in 

the tumour injection site before PFA fixation. Thus, we used one half of the brain for IHC with the 

tumour in situ, and we isolated the brain tumour from the other half of the brain and performed 

qPCR. As we had some concern about how the technique would impact the tissue quality and IHC 

results, and if the small amount of isolated brain tumour were sufficient for qPCR, we only explored 

this method in a subset of the xenografts in manuscript III.  
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Figure 3: Isolation of the brain tumour. A) The picture shows an intact xenograft brain with the 

brain tumour in situ (white arrow). B) The picture shows the isolated brain tumour (white arrow). 

 

4.5.1 Gene expression analysis 
Several steps are involved in the process from tissue sample to gene expression data: Tissue 

handling, RNA extraction and RNA quality testing, reverse transcription of mRNA into cDNA, 

amplification of the target cDNA and finally, detection and quantification of the qPCR product. In 

the present thesis the Nanodrop 100 (Thermo Fischer Technologies, CA, US) was used to measure 

the quantity of mRNA, and RNA quality and RNA integrity numbers (RIN) were calculated using 

2100 Bioanalyser (Agilent Techmologies, CA, US). In study I and III, a few patient samples with RIN 

≤ 5 were excluded from gene expression analysis, as low quality mRNA could impact the qPCR 

results122. To create reliable qPCR results, qPCR assays must be optimized. In the present thesis, all 

assays were optimized to have an efficiency between 90 and 110%, melt-curve analysis were 

performed on each plate to confirm primer specificity, samples were in the linear range of the 

assays, and all samples were run in duplicates to assess and confirm reproducibility. In order to 

reduce operator variability and workload, all experiments were set up using the JANUS® 

automated workstation (Perkin Elmer, MA, US). 

Quantification of the qPCR results is another fundamental step in gene expression analysis, and two 

strategies can be applied: absolute quantification usually using a calibration curve or relative 

quantification using normalization123. As we examined gene expression between different 

treatment groups, the relative quantification method was applied. When the concept of 

normalization was introduced, Cq values were converted into normalized relative quantities 

(NRQs) using the classical delta-delta-Cq method (NRQ = 2-ΔΔCq), a single reference gene and a 

calibrator sample123.  However, as considerable variation was observed in commonly used 

reference genes, the use of several reference genes are currently considered to be the most robust 

method for normalization124,125. In the present thesis, we used the geNorm algorithm integrated in 

the software qBasePlus to determine the most stable reference genes from pre-fabricated panels of 
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common reference genes (TATA Biocenter, Sweden and the geNorm Kit, PrimerDesign, UK). In 

addition, the optimal number of reference genes was evaluated. Raw data from the qPCR analysis 

were imported into the qBasePlus and the stability of the reference genes were re-evaluated and 

confirmed calculating the gene-stability measure (M) and the coefficient of variation (CV). In 

heterogeneous samples, reference genes with M ≤ 1 and CV ≤ 0.5 are acceptable to get reliable gene 

expression results using the qMasePlus  software125. I study I, M = 0.66 and CV = 0.23, and in study III, 

M = 0.82 and CV = 0.28 which confirms stable reference genes and hence, robust normalization in 

the studies. 

To encourage better experimental practice and increase transparency and reproducibility in qPCR, 

the MIQE Guidelines (Minimum Information for Publication of Quantitative Real-Time PCR 

experiments) were recently defined126. The guidelines consider the important steps in qPCR among 

which some important steps have been discussed above. 

 

4.5.2 Immunohistochemistry (IHC) 
In IHC, antibodies linked to a dye are used for detection of specific antigens in a tissue sample. The 

technique consist of two main phases: 1) tissue and slide preparation (fixation, paraffin embedding 

and tissue sectioning) including stages required for the immune-staining (antigen retrieval, 

blocking of endogen peroxidase activity, non-specific blocking using serum, primary and secondary 

antibody incubation, antigen detection and counterstaining and 2) interpretation and quantification 

of the immunostains127. As the final quantification of antigen expression is influenced and possibly 

biased by differences in all the above-mentioned steps, IHC is only regarded as a semi-quantitative 

method to analyse antigen expression127,128.  

In this thesis, brains were fixed and processed uniformly and according to standard methods. We 

used standardized assays for detection of the nuclear antigen Ki67 and the endothelial cell marker 

CD31 and in addition, specimens from treatment and control tumours were stained in the same run 

reducing bias due to daily variation in staining assays. To standardize the quantification of the Ki67 

labelling index, we used computer-assisted image analysis ImmunoRatio129, which is easy to use 

and validated in breast cancer specimens. In the study described in manuscript II, we used the 

CAIMAN (Cancer Image Analysis: htpp://www.caiman.org.uk) online automatic algorithm to 

quantify MVD; however, in manuscript III, we used the Image J 1.47 software and counted the 

vessels manually, as the intensity of the DAB background in the slices was too high for digital image 

analysis. In summary, as all steps are optimized and performed uniformly, and as we make relative 

comparison of protein expression between tumour specimens from treated and untreated mice, the 

relative quantification of the antigen expression is regarded as rather robust 127. 

 

4.6 Statistics 
The ability to measure a statistically significant difference, between a control and a treatment 

group, depends on the variability in the groups and the magnitude of the difference between the 

groups130. The variability in the group is calculated as a coefficient of variation (CV), and it is the 
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ratio of the standard deviation (SD) to the mean: CV = SD/mean. In the present thesis, sample size 

calculations were performed to determine the appropriate sample size necessary to detect a 

treatment effect of 25-30% in mean T/B ratio with a CV of 20%. The type I error (or significance 

level) was set to 5%, and the risk of type II error was set to 20%, (equal to a power of 80%). 

Therefore, in study I and II the number of animals needed in each treatment group was 5-6130,131. In 

study III, we compared three treatment groups, and therefore, we needed a larger sample size, as 

we in the final analysis would correct for multiple comparisons. Sample size in study III was 

calculated to 9 mice132.  Although we intended to include a specific number of mice in each 

treatment group, the ambition was impeded due to unexpected exclusion of xenografts in the 

experiments. However, if the CV in the treatment groups were smaller or/and if the difference 

between the treatment groups were larger than estimated, we still detected significant differences. 

However, when we failed to detect a significant difference between treatment groups, lack of power 

due to the small sample size could be an explanation.  
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5 RESULTS 

 
5.1 Summary of the studies 

5.1.1 Study I 
“The use of longitudinal 18F-FET MicroPET imaging to evaluate response to Irinotecan in orthotopic 

human glioblastoma multiforme xenografts” 

Manuscript I is the first published report demonstrating the feasibility of using 18F-FET MicroPET to 

follow tumour growth and to monitor a treatment response toward chemotherapy in an orthotopic 

murine model of human GBM. In addition, in study I we wanted to characterize the intracranial 

growth of the GBM048 neurosphere cells which has amplification of EGFR; the most common found 

genetic alteration in primary GBM. The main focus of the study was 18F-FET as an imaging 

biomarker of treatment response. Hence, Irinotecan (CPT-11) and the GBM048 neurosphere cells 

were only used as examples of a chemotherapeutic agent and of an orthotopic GBM model, 

respectively. Figure 4 shows tumour development and longitudinal imaging of 18F-FET uptake in an 

orthotopic human GBM xenograft.  

 

 

 

Figure 4: Fused 18F-FET MicroPET/CT images showing tumour progression 6-9 weeks after 

tumour cell injection. Transverse views through the brain of the same mouse. Illustrated in the 

figure is a ROIT drawn round the tumour region with maximum tracer uptake and a 4mm3 ROIB 

drawn in the contralateral hemisphere (background). Scale bar: 0.0-2.0 SUVmax. 
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The intracranial growth of GBM048 neurospheres was diverse in different xenografts and a wide 

range in time to TT (3-11 weeks) was observed, and therefore, several 18F-PET scans were 

performed before TT was evident. A total of 16 mice were available for Irinotecan or control 

treatment, and tumour development was followed by 18F-FET PET/CT after one and two weeks of 

treatment. 18F-FET uptake was quantified using T/B ratio of SUVmax and SUVmean. In figure 5, T/B 

ratios relative to baseline are plotted versus time after TT. A significant difference in 18F-FET 

uptake in the Irinotecan group as compared to the control group is observed and only minor 

differences between the two different quantification methods (T/B ratio of SUVmax or SUVmean). 

 

 

 

 

Figure 5: 18F-FET uptake in xenografts. A) The relative T/B ratio of SUVmax versus time after 

tumour take. B) The relative T/B ratio of SUVmean versus time after tumour take. Values are 

expressed as mean ± SEM in the CPT-11 (n=5-7) and in the control group (n=4-7), *p<0.05 and 

**p<0.01. 

 

To confirm results from18F-FET PET quantification, we wanted to investigate anti-cancer activity at 

the molecular level.  Following two weeks of treatment, mice were sacrificed and brain tumours 

were isolated and used to quantify gene expression using qPCR. We failed to detect a significant 

difference in the Ki67 gene expression between the two treatment groups, and, as we did not 

perform survival analysis, it is difficult to determine if changes in the 18F-FET uptake reflect “true” 

anti-cancer activity. 

In study I, we further wanted to evaluate the gene expression of the amino acids transporters LAT1 
and LAT2 as these transporters previously have been related to 18F-FET uptake. In figure 6, the FET 

uptake is negatively correlated to the gene expression of LAT1 and LAT2, which was in 
contradiction to our expectations. However, we also found a much lower expression of especially 
LAT2 in xenograft tumours as compared to human tumours, which could indicate that LAT2 

primarily are located in tumour vessels and as such not detected using human-specific primers. In 
manuscript I, we discuss the results in detail.  
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Figure 6: Univariate linear regression analysis of gene expression (n=11). A) LAT1 expression 

relative to T/B ratio of SUVmax. B) LAT2 expression relative to T/B ratio of SUVmax. The 95% CI is 

indicated by the broken lines.  

 

5.1.2 Study II 
“Comparison of 18F-FET and 18F-FLT MicroPET for the assessment of anti-VEGF efficacy in an 

orthotopic model of glioblastoma” 

Based on results from study I, we wanted to evaluate if 18F-FET PET additionally could be used to 

evaluate response towards anti-angiogenic treatment. Furthermore, as the experimental setup in 

study I was demanding and introduced unnecessary stress to xenografts (due to several 18F-FET 

MicroPET scans before TT), we transduced the GBM048 neurosphere cells with luciferase to 

optimize the experimental setup. Thereby, BLI could be applied to monitor tumour development 

and to screen mice for possible TT before 18F-FET MicroPET was performed. At TT, mice were 

treated with anti-VEGF or control, and, as we wanted to compare the potential of 18F-FLT and 18F-

FET as biomarkers of treatment response, weekly 18F-FLT in addition to weekly 18F-FET were 

performed. In study II, we additionally investigated survival in the treatment groups, and mice were 

sacrificed when they had tumour-related symptoms. However, we only performed PET scans after 

one and two weeks of treatment even though some mice lived longer. 

Representative MicroPET/CT images of an orthotopic GBM048_LUC tumour from a single mouse 

are shown in Figure 7 for visual comparison. A small increase in 18F-FLT uptake and a larger 

increase in 18F-FET uptake are observed every week. In the 18F-FET PET images, the tumour 18F-

FET uptake is higher at week 7 and week 8 as compared to 18F-FLT uptake images; however, the 

background activity is also higher leading to higher T/B ratios in the 18F-FLT images compared to 

the 18F-FET PET images.  
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Figure 7: Fused 18F-FLT (top) and 18F-FET MicroPET/CT (bottom) images showing tumour 

progression in the same mice 6-8 weeks after tumour cell injection. ROIT and ROIB are illustrated. 

Scale bar: 0-1.5 SUVmax. 

 

In figure 8, 18F-FET and 18F-FLT uptake quantified using T/B ratios are plotted versus time after 

tumour take showing a significant difference between the treatment groups using 18F-FET T/B 

ratios, although there was no significant difference between treatment groups when 18F-FLT T/B 

ratios were quantified. 

To validate results from the 18F-FET and 18F-FLT quantifications in study II, we performed IHC and 

investigated the Ki67 proliferative index and MVD as molecular markers of anti-cancer activity. In 

line with results from study I, we failed to detect a significant difference in the Ki67 proliferative 

index and in addition; we did not demonstrate a survival benefit of anti-VEGF treatment. However, 

we found a significant lower MVD in the anti-VEGF treated group indicating that results from the 
18F-FET PET reflect changes in MVD. Results from study II are discussed in detail in manuscript II. 
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Figure 8: 18F-FET and 18F-FLT uptake in xenografts. A) FET SUVmax T/B ratio. B) FET SUVmean T/B 

ratio. C) FLT SUVmax T/B ratio. D) FLT SUVmean T/B ratio. Control group (n=4-5), B20-4.1 group 

(n=5-6). Values are expressed as mean ± SEM, *p<0.05, **p<0.01. 
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5.1.3 Study III 
“18F-FET MicroPET and MicroMRI for anti-VEGF and anti-PlGF response assessment in an orthotopic 

murine model of human glioblastoma” 

In study III, we wanted to further explore the potential of 18F-FET MicroPET as an early biomarker 

of treatment response in a different GBM models, and therefore, we used the luciferase-transduced 

neurosphere cell line GBM017_LUC that, as compared to the GBM048 neurospheres, formed 

tumours with a more similar and shorter time to TT (range 3-4 weeks). In study III, we combined 

anti-VEGF treatment with anti-PlGF treatment and included MRI to monitor treatment response. At 

TT, mice were followed with 18F-FET MicroPET and MicroMRI for two weeks and sacrificed when 

they had tumour-related symptoms. Figure 9 shows representative MRI and 18F-FET MicroPET/CT 

images. 34 mice were included in the study of which 13 mice were included in the control group, 11 

mice in the anti-VEGF group and 10 mice in the anti-VEGF + anti-PlGF group.  

In line with results from study I and II, 18F-FET could be used to detect a treatment response after 

one and two weeks of treatment. In contrast, no measurable anatomical changes were observed 

using MicroMRI (Figure 10).  

In study III, we further observed increased survival in the treatment groups, which was supportive 

of results from the 18F-FET PET quantification indicating “true” anti-cancer activity. In line with 

results from study II, MVD was additionally decreased in response to anti-VEGF treatment, and also 

here the treatment effect was not reflected in a difference in the Ki67 proliferative index. Further, 

adding anti-PlGF to anti-VEGF monotherapy did not result in an additional effect on 18F-FET 

uptake, survival or MVD. In addition, and in line with study I, we demonstrated a much lower gene 

expression of PlGF and VEGFR-1 in xenografts as compared to a panel of GBM patients, which could 

indicate a stromal contribution of PlGF and VEGFR-1 in patients and in xenografts. In manuscript 

III, we discuss the results in detail. 
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Figure 9: MRI and fused 18F-FET MicroPET/CT images showing tumour progression 3-5 weeks 

after tumour cell injection. Transverse views through the brain of a mouse from the B20-4.1 group 

and a mouse from the control group. Scale bar: 0-1.4 SUVmax. 
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Figure 10: A) 18F-FET uptake in the treatment groups expressed as T/B ratio and B) SUVmax C) 

MRI volume in the treatment groups. All values are expressed as mean ± SEM relative to baseline 

(week 0) after 1 week of treatment in the control (n=13), the B20 group (n=11) and in the 

B20+TB403 (n=9); and after 2 weeks of treatment in the control (n=5), the B20 group (n=8) and in 

the B20+TB403 group (n=6), *p<0.05, **p<0.01. 
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6 SUPPLEMENTARY DISCUSSION 

6.1 How do we measure “true” anti-cancer activity? 

 

The overall aim of the present thesis was to investigate if 18F-FET PET could be used to monitor 

anti-cancer activity, which leads to an important question: what is “true” anti-cancer activity and 

how should we measure it? In the three experimental studies included in the present thesis, we 

have demonstrated that 18F-FET PET can be used to monitor tumour development in an orthotopic 

xenograft model of GBM. Furthermore, 18F-FET PET, in comparison to MRI and 18F-FLT PET, ads 

additional information about tumour growth, which supports the findings in clinical studies68-71,85. 

In addition, we have demonstrated that 18F-FET PET can be used to follow treatment-induced 

changes in MVD; however, we were unable to detect a significant decrease in the Ki67 level neither 

using IHC in study II or III, nor using qPCR in study I. In manuscript I, we speculated that the anti-

proliferative activity of Irinotecan, and thus changes in the Ki67 protein level, were undetectable at 

the gene expression level, which we investigated. Hence, in study II and III, we investigated Ki67 at 

the protein level; however, we failed to detect significant changes using IHC to quantify the Ki67 

labelling index. In study II and III, we performed survival analysis in addition to quantifying the 

Ki67 proliferative index, as overall survival (OS) in clinical phase 2 and 3 trials is the gold-standard 

endpoint for the measurement of treatment effectiveness. Therefore, regrowth of treatment-

resistant cancer cells is possible, and hence, a plausible explanation for diminished anti-

proliferative activity and no changes in the Ki67 proliferative index, when brain tumours were 

investigated at the end of the study-period. However, either no anti-proliferative effect or only a 

minor effect, which failed to reach statistical significance, is other explanations for the unchanged 

Ki67 gene expression and proliferative index. 

Although OS is considered the most relevant end-point in clinical trials it is confounded by post-

study treatments, and therefore, time to progression (TTP) or progression-free survival (PFS) using 

MRI based RANO criteria as imaging end points, are often used as surrogate markers of OS133. In the 

few clinical studies, investigating the ability of 18F-FET PET to assess treatment response, the best 

threshold to differentiate responders (PFS ≥ 6 months) from non-responders (PFS ≤ 6 months) was 

a 45% reduction in the metabolically active tumour volume being defined as a T/B ratio of ≥ 1.6 at 

follow-up69,113,134. In addition, a 5% reduction or a 16% reduction in the mean T/B ratio was 

predictive values of treatment response68,113,116. In the studies presented in the present thesis, we 

evaluated mean 18F-FET T/B ratios in the different treatment groups and demonstrated a tumour 

growth delay; although no decrease in mean 18F-FET T/B ratios were observed. In addition, we 

demonstrated no response using non-contrast enhanced MRI in study III. However, in study III a 

significant survival benefit was observed, which confirmed “true” anti-cancer activity according to 

the clinical standards.  

To summarize, as we demonstrated limited anti-cancer activity in study II (although a decreased 
18F-FET uptake was observed) it is impossible to draw any firm conclusions regarding 18F-FET 

uptake as a measure of anti-cancer activity. However, the definition of response in clinical studies is 

not directly transferrable to the murine model as the brain tumour in xenografts initially is very 
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small (2-3 mm3), and the resolution of the PET scanner is limited. Furthermore, rapid tumour 

growth prevents the inclusion of mice with larger tumours in preclinical treatment studies, as the 

treatment window in the control group often is narrow and only about 2 weeks. However, the 

narrow treatment window, due to rapid metabolism and tumour growth in mice, could compromise 

OS as the most valid measurement of “true” anti-cancer activity in preclinical trials. In order to 

establish the most accurate and reproducible threshold value to define an 18F-FET response in 

orthotopic GBM models, further investigation of 18F-FET uptake in response to different types of 

anti-cancer agents with different potency is necessary. 

During the past decades we have realized that GBM (and primary cancers in general) is a 

heterogeneous disease and hence, respond differently to different anti-cancer agents. Therefore, 

different treatments presumable produce diverse molecular changes and feedback mechanisms in 

the individual patients; thus, it seems likely that accurate response assessment is unachievable with 

only one imaging method as the golden standard64. In study II, two different conclusions regarding 

anti-VEGF efficacy could be applied: either anti-cancer activity or no anti-cancer response 

depending on which PET tracer that were used. We speculated that 18F-FET PET and 18F-FLT PET 

demonstrated different aspect of the tumour and response to anti-VEGF treatment. Theoretically, 

multimodal imaging including PET with different tracers presumably permits the most accurate 

response assessment, although, it is not practical or economical achievable. However, it was 

recently demonstrated that MRI in conjunction with 18F-FET PET could be cost-effective in GBM135. 

To establish how and/or when 18F-FET and 18F-FLT PET could aid in in the decision-making 

process, regarding response assessment and in the general management of GBM patients, further 

investigation of these two tracers are necessary in preclinical and clinical studies. 

 

6.2 What are the mechanisms responsible for FET uptake in 

GBM? 
 

In study I, we evaluated the gene expression of the amino acid transporters LAT1 and LAT2 and 

demonstrated strong negative correlations to 18F-FET uptake, which were in contradiction to our 

expectations. However, the correlations were based on only 11 xenografts, which affect the 

reliability of the correlations as described in detail in manuscript I. In addition, we used human 

specific primers, and therefore, LATs located to the murine tumour vasculature were not measured. 

Although it is impossible to draw any firm conclusion regarding FET uptake in relation to the gene 

expression of LAT1 and LAT2, study I indicates that the expression of LAT1 is higher than the 

expression of LAT2 in tumour cells. However, in order to further elucidate the correlations between 

LATs and 18F-FET uptake, and to fully establish the potential of 18F-FET PET as an imaging 

biomarker in clinical and preclinical studies, further investigation is needed to elucidate the 

complex transport and retention mechanisms of 18F-FET. 
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6.3 Dynamic 18F-FET PET in glioma? 
 

In manuscript I, we performed dynamic 18F-FET PET in two mice with confirmed TT and we 

demonstrated accumulation and retention of 18F-FET in both the normal brain and in the brain 

tumour. In figure 11, it is evident that although there are minor fluctuations in 18F-FET uptake 

expressed as a T/B ratio, there is a clear trend and almost horizontal line demonstrating a stable 

T/B ratio 20-90 minutes after 18F-FET injection. Several clinical studies have indicated that 18F-FET 

kinetic analysis may provide additional diagnostic information about glioma grading136-138. High-

grade gliomas are frequently characterized by an early peak of 18F-FET followed by a decreasing 

pattern and an early wash out of 18F-FET, while low-grade gliomas typically show a steadily 

increasing 18F-FET uptake136-138. However, different kinetic patterns are observed in GBM patients, 

and the prognostic value of dynamic 18F-FET PET needs to be further evaluated in clinical and 

preclinical studies68,116,136. In study I in the present thesis, we observed a constant 18F-FET uptake; 

however, a decreasing kinetic pattern was observed when dynamic 18F-FET was evaluated in the 

other preclinical study in orthotopic GBM5. The different kinetic patterns observed in the two 

preclinical studies in different GBM models are interesting, as it demonstrates some diversity in 

xenografts that may be partly similar to the heterogeneity in GBM patients. As such, the prognostic 

value and the molecular mechanism behind the different kinetic patterns could possibly be 

elucidated in future preclinical studies using dynamic 18F-FET PET. However, our data do not 

indicate that much additional information is to be gained using kinetic analysis compared to static 

imaging. 

 

 

 

Figure 11: Time-activity curves of 18F-FET in two different mice (M01, M02) presented as SUVmax in 

the tumour ROI (A) and tumour-to-brain (T/B) ratio (B). 
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6.4 Are murine models reliable to evaluate human cancer? 

 

Having conducted three experimental studies of 18F-FET PET in orthotopic murine models, it seems 

appropriate to ask a fundamental question:  Is it possible to use murine models to study different 

molecular variations and to predict treatment efficacy in human patients, or is it a waste of mice, 

time and money? To answer this question some considerations must be explored: In study I and III, 

we compared the gene expression of several human genes (LAT1, LAT2, Ki67, PlGF and VEGFR-1) 

in patients and xenografts. Surprisingly, we demonstrated an extremely low expression of LAT2, 

PLGF and VEGFR-1 in xenografts as compared to human patients, although the expression of Ki67 

and LAT1 were more comparable. We speculated that the proteins were located to the tumour 

vasculature or stroma cells, which hindered the detection using qPCR and human specific primers. 

In addition, we designed primers specific for murine VEGFR-1; however, this hindered the 

comparison of the gene expression between human and xenograft tumours. When performing the 

studies, we considered designing primers specific for both the human and the murine GOI; 

however, this process is complicated and not available in the Beacon primer designing software 

(Beacon DesignerTM, PREMIER Biosoft, US). As such, in xenograft murine models the cancer cells are 

human and the stroma cells are murine, which is an important concern when the xenograft model is 

used to answer scientific questions. Although we used an orthotopic GBM models to make the brain 

microenvironment more similar to the microenvironment in GBM patient, the model does not fully 

mimic the complex tumour-stroma interactions in human patients. As mentioned in paragraph 3.3, 

the missing immune response is probably the most important limitation using xenograft models; 

however, apart from the lack of immune-cells the complex molecular interactions in humans are 

not fully reflected in the xenograft model.  

As such, anti-cancer activity of several upcoming anti-cancer agents in xenograft studies have failed 

to predict activity when tested in clinical trials57, and only 5% of anti-cancer agents with activity in 

preclinical development get final FDA approval139. Therefore, in the light of the high attrition rate in 

the development of new anti-cancer compounds, the answer to the fundamental question would be 

that murine xenograft models are a waste of both mice and resources. However, only a limited 

number of patients are available for clinical evaluation of new anti-cancer agents, and therefore, 

accurately designed murine models that reflect the heterogeneity of the primary cancers under 

investigation, is probably a sufficient, feasibly and economical model for investigation of anti-

cancer activity; although murine models are far from perfect4,57. Murine models can be used to help 

prioritize new anti-cancer agents and to investigate hypothesis regarding molecular mechanism or 

genetic alterations involved in resistance towards new anti-cancer agent. Murine models can 

additionally be used to evaluate and determine possible predictive imaging biomarkers like e.g. 

new PET tracers and further, to elucidate transport mechanism and molecular changes involved in 

the distribution and tumour uptake of new tracers. 
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7 CONCLUSION 
 

In agreement with the overall hypothesis of the present thesis, our studies demonstrated that 18F-

FET MicroPET can be used to monitor tumour development and anti-VEGF induced changes in MVD 

in an intracranial GBM xenograft model. Furthermore, 18F-FET can be used to evaluate anti-cancer 

activity of anti-VEGF and Irinotecan in some orthotopic GBM xenograft models; however, in order 

to establish the potential of 18F-FET as an early biomarker of treatment response, further 

investigations are necessary to determine threshold values to accurately assess 18F-FET PET 

treatment response in orthotopic GBM xenograft models. In addition, we found strong negative 

correlations between the 18F-FET uptake and the gene expression of the amino acid transporters 

LAT1 and LAT2, which could be caused by an export transport function of LAT1 and LAT2. Further, 

we demonstrated a much lower expression of several human genes in xenograft tumours as 

compared to the original human tumour specimen, which could indicate that these genes mainly 

are expressed by murine stromal cells in the xenograft models. If this is not the case, difference in 

gene expression in xenografts as compared to the original patient tumour represents a limitation of 

the xenograft model. Lastly, and in contradiction to our hypothesis, the combination of anti-VEGF 

and anti-PlGF, as compared to anti-VEGF monotherapy, did not result in an additive effect on 

tumour growth or survival, in orthotopic GBM xenografts. 
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8 FUTURE PERSPECTIVES 
 

The historical term “glioblastoma multiforme” was introduced in the initial grading of gliomas from 

1926140, and with the term “multiforme” the histopathological diversity of GBM was acknowledged. 

However, we are only now beginning to elucidate the complex heterogeneities that exist at the 

cellular and molecular level of GBM. Intra-patient heterogeneity was initially accepted; however, it 

has later been demonstrated that different subpopulations or clones of tumour cells exists within 

the same patient tumour, thus, in addition to intra-patient heterogeneity, there is heterogeneity at 

the intra-tumoural level141. The concept of “personalized medicine” has been described as “a form 

of medicine that uses information about a person’s genes, proteins and environment to prevent, 

diagnose and treat disease”142, although “molecular medicine” or “genomic medicine” may more 

accurately reflect the novelty of the concept143. Knowledge of intra-tumoural heterogeneity 

complicates the concept of personalized medicine, but it is crucial to acknowledge it when 

designing and evaluating new personalized treatment strategies141. In the present thesis we have 

used two different GBM models as initial models to explore 18F-FET PET in orthotopic GBM 

xenografts. However, accurately designed animal models that reflect both the intra-patient and 

intra-tumour heterogeneity should be used in future preclinical studies of new anti-cancer 

compounds.   

 

New concepts of mouse models have emerged as an attempt to integrate the mouse model in the 

concept of personalized medicine. “Mouse Avatars” or patient-derived tumour xenograft models 

(PDX) are created when tumour samples from a patient is transplanted to immunocompromised 

mice (using the biopsy method as described in section 3.3) and used for subsequent drug efficacy 

studies. Commercialization of PDX models could potentially eliminate time and resources required 

to generate xenograft models that reflect the heterogeneity of the original patient tumour and 

therefore, accelerate cancer research4. In the “Co-clinical Trials concept” GEM models are used to 

guide therapy in ongoing clinical trials in patients. Typically, a new anti-cancer agent is evaluated in 

GEM models simultaneous with a phase I/II trial in patients, allowing for comparison and 

integration of data regarding e.g. mutational background, responsiveness to the treatment and 

tumour imaging. In addition, PDX models can be established as a part of the Co-clinical Trial 

concept. It was recently concluded that the new models “have the potential to revolutionize the 

drug development and health care process”; however, several challenges remains to be solved and 

addressed4,144.  Accurately response assessment is fundamental to make robust conclusions about 

anti-cancer activity of new compounds in more sophisticated GBM animal models. 18F-FET PET in 

combination with MRI could be used to more accurately determine treatment response, and future 

evaluation of 18F-FET PET in diverse murine models will further elucidate the value of 18F-FET PET 

as a predictive imaging biomarker of treatment response.   
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