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SUMMARY

Cancer cells can be distinguished from non-cancer cells by acquired characteristics, 

often referred to as the hallmarks of cancer. 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. 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. Metabolic reprogramming of cancer cells can also influence cells in the 

tumour microenvironment, such as tumour-associated fibroblasts and immune cells. 

Increased glycolysis rates of cancer cells result in increased secretion of lactate. 

Subsequently, the tumour microenvironment becomes acidic and nutrient-depleted 

leading to local immunosuppression and tumour immune evasion. The 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. In preclinical models, modulating glucose metabolism can reduce 

cancer cell growth and enhance the effect of radiotherapy, chemotherapy, targeted 

therapy and immunotherapy. Drugs targeting various glycolytic enzymes are in clinical 

development; however, no clear efficacy signals have been observed. Translation of 

the preclinical findings to the clinic may be supported by the development of tools for 

characterising metabolic hallmarks in patient tumours. 

The research described in this thesis aimed 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. The general introduction and outline of the thesis are provided in Chapter 1.

Type 2 diabetes mellitus is associated with a higher risk of cancer and cancer-related 

mortality. Increased blood glucose and insulin levels in patients with type 2 diabetes 

mellitus may, at least in part, be responsible for this effect. Observational studies 

showed that the most frequently prescribed oral glucose-lowering drug metformin 

reduced cancer risk. Studies investigating the influence of sulfonylurea derivatives, the 

other important class of oral glucose-lowering drugs, on cancer risk have provided 

conflicting results, partly due to comparisons with metformin. The aim of the systematic 

review described in chapter 2 was to analyse the available preclinical and clinical 

evidence on how the different sulfonylurea derivatives influence cancer development 

and risk. Databases including PubMed, Cochrane, Database of Abstracts of Reviews of 

Effects, and trial registries were systematically searched for available preclinical and 

clinical evidence on within-class differences of sulfonylurea derivatives and cancer 

risk. We found that preclinical and clinical evidence both suggest that the influence 

of sulfonylurea derivatives on cancer risk in patients with type 2 diabetes mellitus 

differs between the various types of sulfonylurea derivatives. Patients using gliclazide 

may have a lower cancer risk than those using glibenclamide. Differing affinities for 

the sulfonylurea receptor on β-cells of the pancreas and thus differential systemic 

insulin exposure is a potential mechanism by which sulfonylurea derivatives influence 

cancer risk. Off-target anticancer effects are another possible mechanism, for example, 

through inhibition of potassium transporters and drug export pumps. Preclinical 

evidence indeed supports potential anticancer effects of sulfonylurea derivatives and 

these are of interest from a mechanistic point of view and deserve further preclinical 

investigation. Currently, the evidence on differences in cancer risk between individual 

sulfonylurea derivatives is not strong enough to support a preference for one type 

above another in the treatment of type 2 diabetes mellitus. 

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

mortality rate, is notoriously therapy-resistant and is characterised by hypoxia and 

metabolic reprogramming. Accumulation of glycogen, the intracellular storage form 

of glucose, occurs in multiple cancer cell lines and increases in response to hypoxia. 

In chapter 3, we described the effects of inhibiting glycogen degradation, alone 

and in combination with radiotherapy, on glioblastoma cell growth and studied the 

subsequent intracellular effects. Inhibition of glycogen degradation, by knockdown 

of glycogen phosphorylase liver isoform, decreased clonogenic growth of primary 

glioblastoma cells and sensitised these cells to ionising radiation doses of 10-12 Gy. 

To understand this sensitising effect, we studied the intracellular effects of ionising 

radiation in control and glycogen phosphorylase liver isoform knockdown glioblastoma 

cells. Five days after ionising radiation, mitotic catastrophe and a senescence-

like morphology developed in glycogen phosphorylase liver isoform knockdown 

glioblastoma cells. Since there were no differences in double-strand DNA break repair 

between the control and knockdown cells, other mechanisms were investigated. The 

excess glycogen accumulation, due to inhibition of glycogen degradation, caused 

defective autophagy and mitophagy and lysosomal stress. This resulted in metabolic 

deficiencies and likely contributed to the observed mitotic catastrophe following 

ionising radiation in glycogen phosphorylase liver isoform knockdown glioblastoma 

cells. Expression of glycogen phosphorylase liver isoform mRNA was high in 518, 

predominantly primary, human glioblastomas compared to normal brain tissue. Low 

glycogen phosphorylase liver isoform mRNA expression was correlated with improved 

overall survival of 518 patients with, predominantly primary, glioblastoma (hazard ratio 

1.32, 95% confidence interval 1.08-1.61, p = 0.006). Immunohistochemical expression 

of glycogen phosphorylase liver isoform in 91 human primary glioblastomas was 
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heterogeneous but increased compared to normal brain tissue. In conclusion, inhibition 

of glycogen degradation sensitised primary glioblastoma cells to high dose ionising 

radiation, the cornerstone of glioblastoma treatment, and may provide a new target 

for the treatment of primary glioblastomas. 

In clinical trials testing drugs targeting glycolytic enzymes, patient inclusion has 

not been enriched for patients with tumours highly dependent on glucose uptake. 

Moreover, these trials have excluded patients with concurrent type 2 diabetes mellitus, 

who may be especially likely to have tumours highly dependent on glycolysis. In 

chapter 4, we investigated which patient and tumour characteristics, including 

concurrent type 2 diabetes mellitus, are related to high tumour lesion glucose uptake 

in non-small cell lung cancer. This was measured by 2-deoxy-2-[fluorine-18]fluoro-D-

glucose (18F-FDG) positron emission tomography (PET) / computed tomography (CT) 

scans. Routine primary diagnostic 18F-FDG PET/CT scans of consecutive patients with 

non-small cell lung cancer were studied. Mean standardised uptake value (SUVmean) 

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. Patient characteristics potentially determining the degree of tumour lesion 

glucose uptake in the majority of tumour lesions per patient were investigated. The 

cohort consisted of 102 patients, 28 with and 74 without type 2 diabetes mellitus. 

The median SUVmean per patient ranged from 0.8 to 35.2 (median 4.2). Patients with 

concurrent type 2 diabetes mellitus had higher median glucose uptake in individual 

tumour lesions and per patient compared to non-small cell lung cancer patients 

without diabetes (SUVmean 4.3 versus 2.8, p < 0.001 and SUVmean 5.4 versus 3.7, 

p = 0.009, respectively). However, in multivariable analysis, high tumour lesion glucose 

uptake was only independently determined by the number of tumour lesions ≥ 1 mL 

per patient (odds ratio 0.8, 95% confidence interval 0.7-0.9). We concluded that 18F-FDG 

PET/CT scans could identify subgroups of patients with non-small cell lung cancer 

with high glucose uptake (SUVmean > 5) in the majority of their tumour lesions. Patients 

with type 2 diabetes mellitus had higher tumour lesion glucose uptake than patients 

without diabetes. However, this was not independent of other factors such as the 

histological subtype and number of tumour lesions per patient. 

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

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

3-kinase / protein kinase B pathway are common in high-grade serous ovarian 

cancer and both stimulate glycolysis. 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 composition of the 

tumour microenvironment is likely tissue-specific. 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 determined 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 had different expression 

patterns of these proteins than paired metastases. A tissue microarray comprising 

two or three tissue cores of paired primary and metastatic samples of 70 patients 

with high-grade serous ovarian cancer was stained for glucose transporter 1, glucose 

transporter 4, hexokinase 2, monocarboxylate transporter 1, monocarboxylate 

transporter 4, phosphorylated pyruvate dehydrogenase and carbonic anhydrase 9. 

Ninety-five per cent or more of primary tumours (n = 60) had membranous glucose 

transporter 1, cytoplasmic hexokinase 2 and cytoplasmic phosphorylated pyruvate 

dehydrogenase expression, of which expression was strong in 67%, 24% and 93%, 

respectively. Membranous monocarboxylate transporter 4 was detected in 69% of 

primary tumours (n = 59), with strong expression in 37%. In contrast, less than 20% of 

primary tumours (n = 61 and n = 62, respectively) had membranous monocarboxylate 

transporter 1 and membranous carbonic anhydrase 9 expression. Glucose transporter 

4 was not detected on cell membranes. Expression patterns were similar in primary 

tumours and paired omental metastases for all proteins, and this was confirmed in 

core-to-core cluster analysis. In conclusion, glucose transporter 1, hexokinase 2, 

phosphorylated pyruvate dehydrogenase and monocarboxylate transporter 4 were 

highly expressed in both the primary tumour and metastases in most patients with 

high-grade serous ovarian cancer. This suggests high glycolysis rates in these tumours, 

which may be an interesting novel therapeutic target.

Although we found no heterogeneity in the tumoural expression of glucose 

metabolism-related proteins in high-grade serous ovarian cancer, this may exist in 

other cancer types. This is of relevance as existence of tumour lesions with different 

characteristics within one patient can contribute to treatment resistance. A deeper 

understanding of intrapatient tumour heterogeneity might provide more insight into 

why some melanoma 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. Data 

on the patient outcome after local treatment (mainly surgery or radiotherapy) of a 
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single progressive tumour lesion after initial tumour response to immune checkpoint 

inhibition (solitary progression) 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 determined outcome 

of patients with metastatic melanoma experiencing solitary progression after initial 

response to immune checkpoint inhibition and described the role of local therapy in 

this setting. For this purpose, patients with stage IV melanoma were retrospectively 

included from 17 centres in nine countries. We identified 294 patients with solitary 

progression after experiencing stable disease in 15%, partial response in 55% and 

complete response in 30%. The median follow-up was 43 months; the median time to 

solitary progression was 13 months, and the median time to subsequent progression 

after treatment of solitary progression was 33 months. The estimated 3-year overall 

survival was 79%; median overall survival was not reached. Treatment consisted of 

systemic therapy (18%), local therapy (36%), both combined (42%) or active surveillance 

(4%). In 44% of patients treated for solitary progression, no subsequent progression 

occurred. For solitary progression during immune checkpoint inhibition (n = 143), the 

median time to subsequent progression after treatment solitary progression was 29 

months. For these patients, both time to subsequent progression after treatment of 

solitary progression and overall survival were similar for local therapy, continuation 

of immune checkpoint inhibition and both combined. For solitary progression post 

immune checkpoint inhibition (n = 151), the median time to subsequent progression 

after treatment solitary progression was 35 months. Time to subsequent progression 

after treatment of solitary progression was higher for recommencement of immune 

checkpoint inhibition plus local therapy than for local therapy or recommencement of 

immune checkpoint inhibition alone (p = 0.006), without differences in overall survival. 

In conclusion, almost half of patients with melanoma treated for solitary progression 

after initial response to immune checkpoint inhibition had no subsequent progression. 

This study suggests that local therapy can benefit patients and is associated with 

favourable long-term outcome. Further characterisation of solitary progressive tumour 

lesions might provide insight in the underlying mechanisms to be addressed. 

DISCUSSION AND FUTURE PERSPECTIVES

Drugs targeting glucose metabolism have not shown convincing anticancer 

efficacy signals in clinical trials. Three drugs targeting glycolysis have been tested 

as monotherapy in cancer patients, namely 3-bromopyruvate, 2-Deoxy-D-glucose 

(2-DG) and lonidamine. The development of 3-bromopyruvate was hampered by 

severe toxicity in patients.1 One phase I study with 2-DG monotherapy in 12 patients 

with various cancer types is published. This study showed that oral administration of 

2-DG is tolerable for patients and described a recommended 2-DG dose for phase 

II trials.2 This study did not report whether any effects of 2-DG treatment were seen 

on tumour growth. In addition, four phase I or II studies were performed combining 

2-DG treatment with chemotherapy or radiotherapy, in which no convincing anticancer 

effects were observed.3–6 Treatment of patients with lonidamine was reported to be 

safe.7 Lonidamine was tested as a single agent in one phase II trial with 22 patients of 

whom three had a partial response and three had a minor response.8 No convincing 

anticancer effects were observed when lonidamine was combined with chemotherapy 

or radiotherapy in phase III trials.7 However, most clinical trials with glycolysis inhibitors 

were studies with methodological problems in non-selected patients with different 

cancer (sub)types and patients with concurrent type 2 diabetes mellitus were often 

excluded. Furthermore, no potential biomarkers were explored in these trials.

The probability of anticancer effects of existing or new glucose metabolism inhibitors 

in patients may be higher when these drugs are administered to patient populations 

enriched for tumours with a high glucose dependency. Markers are needed to identify 

such patients. In chapter 4 we showed large heterogeneity of tumour lesion glucose 

uptake between and within patients with non-small cell lung cancer. A subset of 42% 

of patients had high glucose uptake in the majority of tumour lesions. Given the higher 

tumour lesion glucose consumption in this subset of patients, tumour lesions of these 

patients might be more sensitive to targeting glycolysis. In the development of novel 

drugs inhibiting glycolysis, incorporation of baseline 18F-FDG PET/CT scans in early 

clinical studies may be considered. This might help us understand why certain patients 

respond to antiglycolytic therapy and other do not. Another potential tool for this 

purpose is immunohistochemical staining of tumour biopsies for glucose metabolism-

related proteins. In chapter 5 we showed that seven glucose metabolism-related 

proteins were uniformly expressed in primary tumours and metastases of patients 

with high-grade serous ovarian cancer. Future research is needed to determine how 

these expression patterns correlate to the dominant metabolic pathways of high-

grade serous ovarian cancer tumours. Lastly, patient characteristics might also be 

useful to identify patients with tumours highly dependent on glucose metabolism. 

For example, our data described in chapter 4 may suggest that non-small cell lung 

cancers from patients with type 2 diabetes mellitus have a different biology with a 

higher glycolytic dependency compared to such tumours in non-diabetics. Knowledge 

about the effects of type 2 diabetes mellitus on cancer is limited but hyperglycaemia 

and hyperinsulinaemia, which both characterise this disease, appear to increase 

cancer risk and progression, and may reduce the efficacy of anticancer therapy.9 The 

incidence of both cancer and type 2 diabetes mellitus is increasing, which makes 
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further understanding of how type 2 diabetes mellitus influences cancer biology 

and response to anticancer therapy of interest. On the other hand, knowledge on 

how cancer influences the diagnosis and regulation of diabetes mellitus and the 

subsequent long-term consequences is also lacking. If glucose metabolism inhibitors 

are indeed used to treat cancer in the future, studies will be needed to investigate 

whether the toxicity profile of such drugs differs in diabetic and non-diabetic patients. 

When targeting glucose metabolism as anticancer therapy, resistance might 

be expected due to the metabolic plasticity of cancer cells.1,10,11 When glycolysis 

is inhibited, cancer cells can become more dependent on the tricarboxylic acid 

cycle and oxidative phosphorylation.12 Besides, cancer cells treated with glucose 

metabolism inhibitors can use alternative energy sources, such as glutamine, 

to fuel the tricarboxylic acid cycle.13 Furthermore, it is becoming increasingly 

clear that adjacent cells, such as cancer-associated fibroblasts, can exchange 

metabolites with cancer cells.14 Therefore, when developing metabolic drugs, it is 

important to identify which metabolic pathways are dominant in tumours of specific 

cancer types. An elegant method to do this is by metabolite analysis using non-

radioactive uniformly labelled 13C-glucose. Uniformly labelled 13C-glucose can 

be administered intravenously before surgery or biopsy. Analysis of 13C-labelled 

metabolic intermediates and end products in cancer tissue in vitro can subsequently 

give a snapshot of the actual metabolic profile within a tumour. This has already 

been safely performed in patients with cancer revealing unexpected metabolic 

features of tumours.15–18 For example, non-small cell lung cancers not only used 

glucose but also other nutrients, such as lactate, as a carbon source.17 Similarly, by 

using 13C-labelled glucose it was found that less than 50% of the acetyl-coenzyme 

A pool was generated from blood-borne glucose in gliobastomas.16 This makes it 

plausible that other sources than glucose contribute to tumour bioenergetics in 

glioblastoma, such as glycogen as described in chapter 3. Non-radioactive uniformly 

labelled 13C-glucose in vitro analyses can be combined with RNA sequencing, which 

enables analyses of gene expression patterns in cells. This might provide insight into 

the metabolic drivers of a tumour lesion. Hyperpolarised 13C magnetic resonance 

imaging is an emerging molecular imaging method enabling non-invasive whole 

body in vivo analysis of enzyme-mediated metabolic processes.19 For example, 

tumours of patients with prostate cancer had increased [1-13C]pyruvate-to-lactate 

conversion compared to adjacent normal prostate tissue.19 Uniform standards for 

probe production, image acquisition and data analysis need to be established to 

achieve clinical implication of hyperpolarised 13C magnetic resonance imaging.19 

Subsequently, the reproducibility of this technique has to be demonstrated in future 

clinical trials.19 18F-FDG PET/CT scans, immunohistochemistry, 13C-labelled glucose 

analyses and clinical implication of hyperpolarised 13C magnetic resonance imaging 

can hopefully contribute to our understanding of tumour metabolism and metabolic 

adaptation in response to metabolic inhibitors.19 Clinical trials testing metabolic 

drugs as anticancer agents have so far not characterised these features.20 

When drugs targeting glucose metabolism show antitumour activity as monotherapy, 

combination of such drugs with current anticancer treatment strategies, to achieve 

improved efficacy of the latter, is also of interest. In chapter 3 we showed that 

glioblastomas highly express glycogen phosphorylase liver isoform. Inhibition of 

this enzyme, which indirectly inhibits glycolysis, resulted in increased sensitivity 

of glioblastoma cells to radiotherapy. Future research is needed to determine 

whether this synergistic effect also exists in patients. Furthermore, combining 

metabolic drugs with immunotherapy is an interesting strategy. Increased tumour 

glycolysis rates in patients with multiple cancer types have been related to low 

T-cell infiltration and impaired response to immune checkpoint inhibition.21 In clear 

cell renal cell carcinomas, high expression of glucose transporter 1 correlated with 

low CD8 T-cell infiltration in tumours as assessed by immunohistochemistry.21 

Acidification and nutrient depletion of the tumour microenvironment due to 

metabolic reprogramming in cancer cells indeed resulted in immunosuppression 

and tumour immune evasion in murine tumour models.22 Moreover, in melanoma 

models, T-cells had higher antitumour activity after inhibition of glutamine 

metabolism, lactate production or lactate secretion.23–25 Together this raises the 

hypothesis that failure of immunotherapy might occur in tumour lesions with high 

glycolytic rates. This makes further research into the specific metabolic signature 

in lesions that fail to respond to immunotherapy of interest. In that context, it will 

be interesting to metabolically map the surgically resected solitary progressive 

melanoma tumour lesions identified in chapter 6. In addition, it will be insightful to 

correlate the metabolic signatures of the high-grade serous ovarian cancer primary 

tumours and metastases described in chapter 5 to immune cell infiltration. This 

will teach us whether certain metabolic phenotypes are associated with immune 

cell infiltration in tumours and whether this is tissue-specific. 

In conclusion, tumour glucose metabolism is of interest for understanding cancer 

development and treatment resistance, and as a potential target for anticancer 

therapy. To date, translation of the interesting preclinically observed anticancer 

effects of glucose metabolism inhibitors into the clinic has not yet been successful. 

Different cancer (sub)types are likely to have different metabolic dependencies and 

metabolic heterogeneity exists between and within patients. Several tools, such 

as 18F-FDG PET/CT scans, immunohistochemistry, 13C-labelled glucose analyses 
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and hyperpolarised 13C magnetic resonance imaging can increase our knowledge 

on dominant metabolic pathways in patient tumours. Furthermore, these tools can 

help elucidate the metabolic effects of glucose metabolism inhibitors and can help 

to identify patients that are most likely to benefit from such drugs as anticancer 

therapy. 
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