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CHAPTER 1
General introduction
and outline of the thesis 
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1BACKGROUND

Cancer incidence and mortality continue to increase, and cancer is expected to be the 

leading cause of death globally in the 21st century.1 In 2018, an estimated 18.1 million new 

cancer cases occurred worldwide and there were 9.6 million cancer-related deaths.1 

Cancer burden can be reduced by altering or avoiding risk factors, and implementing 

evidence-based prevention strategies and effective treatments. Approximately 200 

different cancer types have been recognised.2 Although these cancer types share the 

characteristic of uncontrolled cell division resulting from DNA alterations, they differ 

in their mechanisms of cancer initiation, promotion and progression. 

Over the last decade, cancer treatment strategies have improved considerably, and 

treatment modalities are chosen depending on cancer type, location and stage. When 

cancer has spread beyond the local lymph nodes, systemic treatment is often required. 

Systemic treatment can involve chemotherapy, hormonal therapy, targeted therapy 

and/or immunotherapy. All these approaches can be highly effective in selected cases, 

but ultimately fail in the majority of patients with metastatic solid tumours. A major 

challenge is the fact that not all tumours within a patient and not all cancer cells within 

a tumour lesion have the same features. Distinctive subclones can coexist within a 

patient and a tumour. This is referred to as intrapatient and intratumour heterogeneity, 

respectively. These different subclones can respond differently to therapy and can 

thereby contribute to drug resistance.3 Understanding which tumour characteristics 

can be targeted in the majority of tumour lesions in a patient and how to deal with 

resistant subclones is important.

Cancer cells differ from non-cancer cells due to acquired characteristics, often referred 

to as the hallmarks of cancer, which enable cancer cells to grow into a tumour and to 

metastasise.4 One of these hallmarks is metabolic reprogramming, which is essential 

to meet energy requirements, synthesise building blocks and maintain the redox 

balance of rapidly dividing cells.5 The best-known metabolic adaptation of cancer cells 

is aerobic glycolysis. This is defined as increased glucose uptake and high glycolysis 

rates despite the presence of sufficient oxygen.4 Metabolic reprogramming of cancer 

cells can also influence cells in the tumour microenvironment, such as tumour-

associated fibroblasts and immune cells.5 Increased glycolysis rates of cancer cells 

result in increased secretion of lactate. Subsequently, the tumour micro-environment 

becomes acidic and nutrient-depleted leading to local immunosuppression and 

tumour immune evasion.5,6 Antitumour efficacy of immunotherapy might therefore be 

influenced by the tumour’s metabolic profile.
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1The metabolic characteristics of tumour cells and their microenvironment are 

considered important for understanding cancer development and treatment resistance, 

and are of interest as treatment targets.5 In preclinical models, modulating glucose 

metabolism can reduce cancer cell growth and enhance the effect of radiotherapy, 

chemotherapy, targeted therapy and immunotherapy.7 Drugs targeting various glycolytic 

enzymes are in clinical development; however, no clear efficacy signals have been 

observed so far.7 Multiple trials are currently recruiting patients to study the effects of 

metabolic interventions both alone and in combination with other treatments such as 

immunotherapy.6 Translation of the preclinical findings to the clinic may be supported 

by the development of tools for characterising metabolic hallmarks in patient tumours.

AIM OF THE THESIS

The research described in this thesis aims to improve understanding of glucose 

metabolism in human tumours through characterisation and modulation of specific 

metabolic pathways, and by studying metabolic heterogeneity in tumours of cancer 

patients. 

OUTLINE OF THE THESIS

Sufficient supply of fuel, e.g. glucose, is necessary to feed the dominant metabolic 

pathways in cancer cells. Increased blood glucose and insulin levels are associated 

with cancer risk and cancer-related mortality.8 Observational studies showed that the 

most frequently prescribed oral glucose-lowering drug metformin reduced cancer 

risk.9 Studies investigating the influence of sulfonylurea derivatives, the other important 

type of oral glucose-lowering drugs, on cancer risk have provided conflicting results, 

partly due to comparisons with metformin.10 Furthermore, little attention has been 

paid to differences in systemic and off-target effects between the various sulfonylurea 

derivatives. A critical discussion of the available preclinical and clinical evidence on 

how the different sulfonylurea derivatives influence cancer development and risk 

is provided in chapter 2. Relevant studies were identified by systematic searches in 

databases including PubMed, Cochrane, Database of Abstracts of Reviews of Effects, 

and clinical trial registries. 

Glycogen is the intracellular storage form of glucose and consists of long branched 

polymeric chains of glucose. When no external supply of glucose is available, cells can 

use the internally stored glycogen to meet energy requirements, synthesise building 

blocks and maintain redox balance. Glycogen storage increases in response to 

hypoxia in multiple cancer cell lines.11 In brain tumours, the cycling of glucose through 

glycogen to subsequently fuel glycolysis, the “glycogen shunt”, appears important.12–14 

Glioblastoma, the most common central nervous system tumour with a high patient 

mortality rate, is characterised by hypoxia and metabolic reprogramming.15,16 High 

dose radiotherapy is the cornerstone of glioblastoma treatment; however, currently, 

almost all patients eventually relapse. In chapter 3 we describe the effects of 

inhibiting glycogen degradation, alone and in combination with radiotherapy, on 

glioblastoma cell growth by knockdown of the liver isoform of the enzyme glycogen 

phosphorylase. Furthermore, we studied intracellular effects of combining inhibition of 

glycogen breakdown and radiotherapy by investigating DNA damage repair efficiency, 

mitosis and senescence in vitro. Metabolic effects of this combination strategy were 

investigated by studying mitochondrial morphology, autophagy, metabolic signalling, 

oxygen consumption and cellular acidification. Publicly available gene expression data 

were used to study associations between enzymes involved in glycogen metabolism, 

hypoxia and patient survival, and to identify underlying regulatory processes. Finally, 

immunohistochemical expression levels of glycogen, glycogen phosphorylase liver 

isoform, glycogen phosphorylase brain isoform, glycogen synthase 1 and the surrogate 

hypoxia marker glucose transporter 1 were studied. This was done by using a tissue 

microarray composed of human glioblastoma samples from 123 well-annotated 

patients. 

Aerobic glycolysis is a characteristic feature of cancer cells. Therefore, glycolysis 

is a potentially attractive therapeutic target, particularly in tumour types with high 

glucose uptake such as non-small cell lung cancer. No clear efficacy signals have 

been observed in clinical trials with drugs targeting glycolysis.7 However, in these trials, 

patient inclusion has not been enriched for patients with tumours highly dependent 

on glucose uptake.17–24 Moreover, these trials excluded patients with concurrent 

type 2 diabetes mellitus, a disease that is characterised by hyperglycaemia and 

hyperinsulinaemia. Therefore, these diabetic patients may be especially likely to 

have tumours highly dependent on glycolysis. A potential method to enrich study 

populations for patients with highly glucose-dependent tumours, is the 2-deoxy-

2-[fluorine-18]fluoro-D-glucose (18F-FDG) positron emission tomography (PET) / 

computed tomography (CT) scan. 18F-FDG is phosphorylated to 18F-FDG-6-phosphate 

but cannot be further metabolised and therefore accumulates in cells. In this way, 
18F accumulation reflects the amount of glucose entering the cell and glucose 

phosphorylation, and can therefore be considered as an indirect measure of the 

rate of glycolysis. In chapter 4 we describe a study that investigated whether patient 

and tumour characteristics, including type 2 diabetes mellitus, relate to high tumour 
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1lesion glucose uptake in patients with non-small cell lung cancer using 18F-FDG PET/

CT scans. Furthermore, interpatient and intrapatient heterogeneity in tumour lesion 

glucose uptake were assessed. 18F-FDG PET/CT scans of 102 consecutive patients, 

28 with and 74 without type 2 diabetes mellitus, were retrospectively studied. The 
18F-FDG PET/CT scans were performed as part of routine staging. Mean standardised 

uptake value of 18F-FDG was determined for all evaluable tumour lesions and corrected 

for blood glucose levels according to the European Association of Nuclear Medicine 

Research guidelines.25

Attempts to find novel therapeutic targets in high-grade serous ovarian cancer have 

so far been disappointing. Functional p53 loss and activation of the protein kinase 

B pathway are common in high-grade serous ovarian cancer and both stimulate 

glycolysis.26,27 Tumour dependence on glycolysis may provide novel therapeutic 

leads. However, cancer cells can adapt metabolically to the nutrient availability in the 

tumour microenvironment and the tumour micro-environment composition is tissue-

specific.3,28–30 These aspects make metabolic heterogeneity of tumour lesions within 

one patient likely. Therefore, identifying which glucose metabolism-related proteins 

are highly expressed and how stable their expression is across tumour lesions within 

one patient is required to determine whether these proteins are potential targets for 

therapy in high-grade serous ovarian cancer. In chapter 5 we describe a study that 

investigated the expression levels of seven glucose metabolism-related proteins in 

tumours of patients with high-grade serous ovarian cancer. Additionally, we studied 

whether primary tumours have different expression patterns of these proteins than 

paired metastases. A tissue micro-array comprising tumour samples of 70 patients 

was immunohistochemically stained for glucose transporter 1, glucose transporter 

4, hexokinase 2, monocarboxylate transporter 1, monocarboxylate transporter 4, 

phosphorylated pyruvate dehydrogenase and the hypoxia marker carbonic anhydrase 

9. Expression levels of these proteins in primary tumours and paired metastases were 

compared and clustered. 

A deeper understanding of intrapatient tumour heterogeneity might provide more 

insight into why some tumour lesions respond to immune checkpoint inhibition while 

other tumour lesions in the same patient do not. To study this, access to patient data 

and tumour samples of patients with a so-called dissociated response to immune 

checkpoint inhibition are of interest. Patients with metastatic melanoma can achieve 

long-term disease control through treatment with immune checkpoint inhibition.31 

Data on the patient outcome after local treatment (mainly surgery or radiotherapy) 

of a single progressive tumour lesion (solitary progression) after initial response to 

immune checkpoint inhibition was not collected in registration trials. In clinical practice, 

solitary progression is currently regularly treated with local therapy aiming to eliminate 

presumably drug-resistant subclones. In chapter 6 we describe an international, 

multicentre study that investigated outcome of patients with metastatic melanoma 

experiencing solitary progression after initial response to immune checkpoint 

inhibition. Furthermore, the role of local therapy in the treatment of solitary progression 

after initial response to immune checkpoint inhibition was studied. This retrospective 

study included 294 patients with stage IV melanoma from 17 medical centres in nine 

countries. Patients achieving stable disease, partial response or complete response 

as best overall response before first solitary progression occurring during or post 

immune checkpoint inhibition between 2010 and 2019 were included. Patient and 

tumour characteristics were analysed. Progression-free survival, time to subsequent 

progression after treatment of the solitary progressive lesion and overall survival were 

determined for the total cohort and for patients with solitary progression during or post 

immune checkpoint inhibition. Outcome data were compared across subgroups based 

on treatment modality, site of the progressive tumour lesion and whether solitary 

progression occurred in a pre-existing or newly developed metastasis.

Finally, the results of the thesis are summarised in chapter 7 followed by a general 

discussion of the interpretations and future perspectives. A summary in Dutch is 

provided in chapter 8.
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