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SUMMARY 
 

Tumour cells reprogram their metabolism by boosting glycolysis and suppressing oxidative 

phosphorylation despite adequate oxygen levels; a phenomenon known as the Warburg effect. 

Innate immune cells such as macrophages and dendritic cells also mimic the Warburg effect 

following infection for immune activation. Up to 20% of all lethal cancers are associated with 

infection. Microbial oncogenic transformation has been shown to be elicited by chronic 

inflammation because of prolonged infection. Nonetheless, metabolic reprogramming associated 

with infection has received little attention as a possible promoter in microbial carcinogenesis. 

THP-1 (acute monocytic) and K562 (chronic myelogenous) leukaemia cells were treated with 

TLR4 agonist, bacterial lipopolysaccharides at 5, 10 and 20 ng/ml for 24 and 48 hours.  To evaluate 

cytokines synthesized, a multi-analyte ELISA array kit was used to investigate the expression of 

12 pro-inflammatory cytokines. To further validate cytokine expression at the transcriptional level, 

reverse RT-PCR using gene-specific primers of upregulated cytokines observed in ELISA was 

performed. L-lactate and mitochondrial membrane potential assays were used to investigate 

metabolic reprogramming. Cell cycle analysis and cell viability assays were done. Finally, two in 

silico tools (GeneMANIA and IMP) were used to investigate gene interaction pathways and 

biological processes using upregulated cytokines and some glycolytic genes. 

In the present study, it is demonstrated that, in THP-1 monocytes, LPS can enhance the glycolytic 

phenotype in a TLR4-dependent manner. Although this has also been demonstrated in 

macrophages, this is the first time in undifferentiated monocytes.  LPS also caused a decline in 

mitochondrial membrane potential which is characteristic decreased OxPhos. Furthermore, THP-

1 monocytes were shown to upregulate pro-inflammatory chemokines; RANTES, IL8, MIP-1 and 

MDC at mRNA and protein levels in a TLR4-dependent manner. Interestingly, this study showed 

that RANTES, which was highly upregulated in THP-1 monocytes was not expressed in another 

myeloid-derived line – the K562 erythroleukaemia cell line even after LPS stimulation. 

Furthermore, LPS-mediated glycolytic phenotype in THP-1 monocytes which is reminiscent of 

the Warburg effect, is not accompanied by increased cell proliferation in this study and instead 

cell death is noticed upon LPS treatment.  Furthermore, this study showed that the upregulated 

cytokines can be co-expressed and/or co-localised with certain glycolytic genes and glucose 
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transporters (GLUT1 and GLUT3) suggesting a pathway for the observed enhancement for the 

glycolytic phenotype. Most importantly, all the upregulated cytokines were co-expressed with 

HK3, an enzyme that catalyses the first, irreversible step of glycolysis and has been shown to be 

instrumental in leukaemia pathogenesis.  

These findings show that infection-induced cytokines may interact with glycolytic genes to 

upregulate a glycolytic phenotype. However, glycolysis is dispensable for cell proliferation in 

THP-1 cells given that induction of the Warburg effect is insufficient to drive cell proliferation in 

THP-1 cells. These results indicate that innate immune cells express important chemokines which 

may influence their metabolic program. Furthermore, the study proposes that chemokines 

influence the metabolic programme in THP-1 monocytes likely through mechanisms that involve 

the glucose transporters (GLUT1 and GLUT3), HK3 and other glycolytic proteins.  
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Chapter 1 –Literature review 

 

1.1 Cancer overview 

Cancer is a group of diseases characterised by unrestrained cell proliferation, invasion and 

metastasis, caused by genetic and epigenetic abnormalities (Bender et al., 1998; Hanahan and 

Weinberg, 2000). It is the second main cause of mortality worldwide according to the World 

Health Organisation (WHO); with approximately 9.8 million deaths in 2018 (WHO, 2018). 

According to the WHO, about 70% of cancer-related deaths occur in middle- and low-income 

countries.  Most worryingly, about 14 million new cancer cases are diagnosed every year 

worldwide, with more than 100 thousand South Africans diagnosed per annum. According to the 

Cancer Association of South Africa (2018), the global mortality rate for cancer exceeds that of 

HIV/AIDS, tuberculosis and malaria combined. About 20% of cancers worldwide are caused by 

micro-organisms, with a staggering 12% caused by oncoviruses and more than 80% of cases 

occurring in the developing world (Parkin, 2006). About 90% of all cancers are of epithelial origin 

(carcinomas) and it is known that infectious agents first come in contact to their host by adhering 

to epithelial surfaces. 

Carcinogenesis is a multi-stage process by which normal cells are transformed into cancer cells. It 

exhibits the following phases: initiation, promotion, progression and metastasis (Siddiqui et al., 

2015). The challenge with cancer remains our limited understanding of the molecular mechanisms 

involved in carcinogenesis. Even though our knowledge of such mechanisms and pathways is on 

the rise, the mortality from cancer does not seem to be slowing down. A faster pace of knowledge 

acquisition on molecular mechanisms involved in carcinogenesis and a corresponding boost in 

translational medicine is therefore imperative to combat cancer.  

 

1.2 Hallmarks of cancer 

Cancer hallmarks are phenotypic changes that differentiate cancer cells from normal cells. They 

were first proposed by Hanahan and Weinberg (2000) who suggested that cancers are characterised 

by hallmarks that are acquired during the multi-stage process of tumour development. These 

hallmarks include: Resisting cell death, sustaining proliferative signals, evading growth 
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suppression, activating invasion and metastasis, inducing angiogenesis, enabling replicative 

immortality, avoiding immune destruction, genomic instability, tumour-promoting inflammation 

and metabolic reprogramming (Warburg effect) (Colotta et al., 2009; Hanahan and Weinberg, 

2011). These hallmarks are depicted in Figure 1.1.  

 

Figure 1.1. The hallmarks of cancer. Modified from Hanahan and Weinberg (2000). The Warburg 

effect—the hallmark investigated in this study, is written in red. Tumours are characterised by several 

phenotypic changes (hallmarks) which differentiate them from normal cells.  

It appears that the process of drug discovery and development is dependent on our understanding 

of the mechanisms that underpin the hallmarks of cancer; given that these hallmarks differentiate 

normal from cancer cells. For example, the hallmark, “sustaining proliferative signals”, can be 

targeted using a tyrosine kinase inhibitor, imatinib mesylate in chronic myeloid leukaemia (CML) 

patients. Imatinib mesylate targets a constitutively active tyrosine kinase known as Bcr-Abl protein 

caused by a mutation which is common in more than 90% of patients suffering from CML (Dagher 

et al., 2002; Savage and Antman, 2002). Other examples include the use of angiogenesis inhibitors 

and chemotherapy-induced apoptosis which target the hallmarks “inducing angiogenesis” and 

“resisting cell death” respectively (El-Kenawi and El-Remessy, 2013; Kaufmann and Earnshaw, 

2000). 

This study will focus on the Warburg effect and its potential impact on infection-associated 

carcinogenesis. As a bioenergetic hallmark, the Warburg effect describes altered cellular ATP-

synthesising machinery in many cancers which shows upregulated glycolysis and suppressed 
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oxidative phosphorylation (OxPhos), despite adequate oxygen levels. It has been proposed that 

rapidly-dividing cells require enough energy and metabolites for biosynthesis and optimized 

energy supply. Hence, these metabolic changes are geared toward improving energy supply and 

metabolite synthesis which are required for proliferation (Heiden et al., 2009). However, it is 

important to review ATP synthesis mechanisms in normal cells before reviewing metabolic 

reprogramming in carcinogenesis.  

 

1.2.1 Metabolism of ATP synthesis: focusing on glycolysis and OxPhos 

Glycolysis is activated when glucose is transported into the cell by glucose transporters, known as 

the GLUT/SLC2A receptors (James et al., 1988). The glucose molecule binds to the receptor on 

the extracellular surface of the cell, leading to a conformational change in the transporter which 

enables the import of glucose into the cell (Cloherty et al., 1995, 1996; Oka et al., 1990).  Figure 

1.2 summarises the process of glycolysis.  

The process of glycolysis, which occurs in the cytosol through a series of enzyme-catalysed 

reactions, generates two 3-carbon molecules of pyruvate from a 6-carbon glucose molecule with a 

net production of 2 ATP molecules, and 2 NADH molecules.  In the presence of oxygen, pyruvate 

enters the mitochondrion and is oxidised to acetyl-CoA, while reducing NAD+ to NADH in the 

reaction and releasing carbon dioxide. Acetyl-CoA, a 2-carbon molecule, is then fed into the citric 

acid cycle and combines with oxaloacetic acid (4-carbon molecule) to form citrate (Cox et al., 

2013).  The citric acid cycle is a series of enzyme-catalysed reactions that essentially oxidise 

acetyl-CoA into carbon-dioxide (CO2) and generate ATP. In addition, the TCA cycle generates 

precursors for the synthesis of certain amino acids, reducing equivalents, NADH (three molecules 

per cycle) and one FADH2 molecule which get utilised subsequently in the electron transport chain 

(ETC) as electron acceptors for the synthesis of ATP. In most cancer cells, most of the pyruvate 

molecules are converted into lactate and exported out of the cell via monocarboxylate transporters 

(MCTs) (Figure 1.2) despite adequate oxygen supply. This lactate efflux leads to extracellular 

acidification of the tumour microenvironment which may stimulate immune evasion by cancer 

cells (Calcinotto et al., 2012; Lardner, 2001).  
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Following glycolysis, the preparatory phase and the citric acid cycle, 10 NADH and 2 FADH2 

molecules are produced per molecule of glucose. These high-energy electron carriers get reduced 

by sequentially donating their electrons to protein complexes (Complex I to Complex IV for 

NADH and Complex II to Complex IV for FADH2) studded in the mitochondrial inner membrane. 

The transfer of electrons from NADH, for example, to NADH dehydrogenase (Complex I), causes 

protons to be taken up from the mitochondrial matrix and pumped to the mitochondrial 

intermembrane space. In summary, the mitochondrial inter-membrane space becomes highly 

positively charged following the pumping of protons from electron transport chain protein 

complexes (Mitchell, 1974, 2011). Complex IV then transfers its electrons to molecular oxygen, 

the final electron acceptor, and reduces it to water. The high potential difference across the 

mitochondrial inner membrane (mitochondrial membrane potential (MMP)) causes protons to flow 

back through ATP synthase, a multi-subunit complex, into the matrix. This proton motive force 

drives ATP synthase which couples ADP via mechanical action to inorganic phosphate to generate 

ATP. The pumping of protons to the mitochondrial inter-membrane space creates a potential 

difference across the mitochondrial inner membrane which is critical for the chemiosmotic 

synthesis of ATP (Mitchell, 1974, 2011; Mitchell and Moyle, 1967). 

The mitochondrial membrane potential (MMP) is not only relevant for the chemiosmotic synthesis 

of ATP but is also an important parameter in overall cell viability. It is imperative that the inner 

mitochondrial membrane of eukaryotic cells be maintained at a hyperpolarised state.  In the event 

of the dissipation of the positive charge in the intermembrane space, voltage-sensitive permeability 

transition pores will be triggered to open, causing the release of pro-apoptotic mediators such as 

cytochrome C to the cytoplasm, eventually leading to apoptosis (Zamzami and Kroemer, 

2001).  Reactive oxygen species (ROS) such as superoxides, hydroxyl radicals, peroxides, and the 

singlet oxygen are generated primarily by the reaction of electrons with oxygen mainly at Complex 

I and Complex III. ROS are potentially DNA- and membrane-damaging molecules. This makes it 

necessary for the cell to convert ROS to less harmful intermediates.  

The MMP is tightly regulated by uncoupling proteins that are sensitive to excessive levels of 

reactive oxygen species (Boss et al., 2000). High levels of ROS, indicative of high OxPhos activity 

trigger uncoupling proteins to reduce the MMP by pumping protons back into the mitochondrial 
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matrix. This, in turn, leads to a drop in OxPhos, thereby protecting the cells from the damaging 

effects of excessive ROS (Boss et al., 2000; Valle et al., 2010).  

In the absence of glucose, however, fatty acids and certain amino acids (especially glutamine) can 

be converted and fed into the citric acid cycle at specific stages.  Fatty acids can be converted by 

beta oxidation to yield acetyl-CoA. Glutamine, on the other hand, can be converted into glutamate 

and further converted to α-ketoglutarate, an intermediate in the TCA cycle. These provide 

substrates for the citric acid cycle for further generation of electron carriers, NADH and FADH2 

which will be oxidised to generate ATP in the electron transport chain. Glutamine metabolism is 

deregulated in several cancers (Dang, 2010; Huang et al., 2014; Liu et al., 2014; Wise and 

Thompson, 2010).  

OxPhos is an efficient mechanism for generating ATP through protein complexes embedded in 

the mitochondrial inner membrane. Glycolysis which occurs in the cytosol is not as efficient; 

owing to the incomplete breakdown of glucose to large amounts of lactate. Glycolysis yields 2 

ATP molecules per molecule of glucose, compared to 36 ATP generated from OxPhos and the 

citric acid cycle. However, cancer cells and other proliferating cells prefer glycolysis to OxPhos, 

despite adequate oxygen levels, making them highly dependent on glucose availability. This 

frequently leads to rapacious glucose uptake via glucose transporters such as GLUT1 and GLUT3, 

whose expression is usually upregulated (Barron et al., 2012; Younes et al., 1997). This metabolic 

signature has been exploited in cancer diagnosis by using positron emission tomography (PET) 

imaging with fluorodeoxyglucose to monitor increased glucose uptake in cancer patients 

(Almuhaideb et al., 2011). Figure 1.2 summarises the process of glycolysis and OxPhos and 

highlights certain glucose transporters and glycolytic genes that are upregulated in several cancers. 
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Figure 1.2. Glycolysis and OxPhos: comparing normal and cancer cells. Modified from Pelicano et al. 

(2006) and Vousden and Ryan (2009). Glucose is taken up from the systemic circulation by glucose 

transporters (such as GLUT1, 3 and 4). The glucose molecule is phosphorylated by HK (hexokinase). A 

series of glycolytic steps continue, culminating in the production of 2 molecules of pyruvate per glucose 

molecule. Pyruvate is either converted to acetyl Co-A and fed into the tricarboxylic acid (TCA) cycle, 

which generates reducing equivalents NADH and FADH2. NADH and FADH2 are oxidised in the electron 

transport protein complexes, generating protons which are pumped across the inner mitochondrial 

membrane (IMM). At complex IV, where the final electrons are received, molecular oxygen is converted 

to water. The potential difference across the IMM generates a proton motive force which mechanically 

drives ATP synthase (Complex V) enabling it to produce ATP from the ADP and inorganic phosphate (Pi). 

Alternatively, and as preferred by most cancer cells, most of the pyruvate is converted into lactate and 

exported out of the cell via monocarboxylate transporters (MCTs). The red stars show some glycolytic 

genes that are upregulated in numerous cancers: HK (hexokinase), PGI (phosphoglycerate isomerase, 

enolase, and LDH (Lactate dehydrogenase). GAPDH (Glyceraldehyde-3-phosphate dehydrogenase, PDH 

(pyruvate dehydrogenase). 
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The Warburg effect, also known as aerobic glycolysis, is a cancer hallmark which describes 

elevated glycolysis and reduced OxPhos by cancer cells and other proliferating cells even in the 

presence of ample oxygen and healthy mitochondria.  

The Warburg effect was previously thought to occur as a result of impaired OxPhos due to 

malfunctioning mitochondria (Koppenol et al., 2011), which compelled the cell to boost glycolysis 

as a compensatory strategy to augment ATP synthesis. Growing evidence showed that, despite 

ample oxygen supply and properly functioning mitochondria, many cancer cells still prefer 

glycolysis to OxPhos for the synthesis of ATP (Fantin et al., 2006; Weinhouse, 1976).    

Contrarily, it is noteworthy that mitochondrial defects are also characteristic of some cancers 

(Alam et al., 2005; Baysal et al., 2000). This is not surprising, given that mitochondria are 

responsible for the synthesis of most of the energy required for cellular life processes, and at the 

same time mediators of the machinery of cell death (apoptosis). Why do cancer cells prefer a rather 

inefficient glycolytic mechanism, producing only 2 ATP molecules per glucose molecule, 

compared with OxPhos which generates up to 36 ATP molecules of ATP? The following have 

been suggested as the reasons cancer cells rewire their metabolism, preferring aerobic glycolysis.  

1.2.2 Why do cancer cells reprogram their metabolism? 

Despite reduced ATP synthesis in glycolysis compared with OxPhos, the speed at which ATP is 

generated in glycolysis is faster (Lodish et al., 2000; Pfeiffer et al., 2001). This faster rate is 

essential for cancer cells and other proliferating cells such as embryonic cells due to their high rate 

of cell division (Berridge et al., 2010; Pfeiffer et al., 2001).  

It is worthy of note that not all cell types that display a high rate of glycolysis are proliferative. 

Innate immune cells such as dendritic cells and macrophages also display high glycolytic rates in 

response to infectious agents such as bacterial lipopolysaccharides from Gram-negative bacteria 

(Krawczyk et al., 2010). However, this temporal surge in glycolysis is not accompanied by cell 

proliferation. It is required for immune activation which demands temporal bursts of energy in 

response to infection (Kelly and O’Neill, 2015). Furthermore, sites of inflammation are usually 

characterised by hypoxia (Bartels et al., 2013). This suggests that the predominant use of glycolysis 

for ATP synthesis may be an adaptive mechanism of innate immune cells which usually carry out 

their functions in hypoxic microenvironments. Tumour microenvironments are also sometimes 
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hypoxic in nature, usually owing to rapid tumour growth that exceeds angiogenesis. This causes a 

tumour to rapidly deplete its oxygen supply and likely to rely more on glycolysis for ATP synthesis 

(Brown, 2007). 

Meeting the biosynthetic demand 

Increased glycolysis may also serve to generate biosynthetic molecules that are required for cell 

proliferation. These include nucleotides synthesized via the pentose phosphate pathway which 

branches off at glucose-6-phosphate in the glycolytic pathway. The precursors of several 

nonessential amino acids are glycolytic intermediates. For example, alanine, valine, isoleucine, 

and leucine can be synthesised from pyruvate; while serine is synthesised from 3-

phosphoglycerate. 

 The role of lactate in carcinogenesis 

Furthermore, enhanced glycolysis is also accompanied by increased lactate secretion in cancer 

cells; as pyruvate is preferentially metabolised to lactate rather than acetyl co-A. Lactate is not 

merely a waste product of glycolysis but has several roles in carcinogenesis. The conversion of 

lactate to pyruvate is catalysed by lactate dehydrogenase-A (LDH-A) which is highly upregulated 

in many cancers (Girgis et al., 2014; Le et al., 2010; Miao Ping et al., 2013). In this reaction, 

pyruvate reacts with NADH to generate lactate, NAD+ and H+ catalysed by LDH-A. The NAD+ 

refuels glycolysis by converting glyceraldehyde-3-phosphate to 1,3-biphosphoglycerate.  

The excess lactate is exported along with H+ ions through proton-linked monocarboxylate 

transporters (MCTs) such as MCT1 and MCT4 (Andersen et al., 2016; Pinheiro et al., 2010). This 

lactate efflux leads to extracellular acidification of the tumour microenvironment which is known 

to stimulate immune evasion by cancer cells (Calcinotto et al., 2012; Lardner, 2001). Furthermore, 

Shime and colleagues (2008) also showed that lactate export fuels a local inflammatory reaction 

leading to the secretion of growth factors and cytokines by attracted inflammatory cells. These 

stimulate tumour proliferation and metastasis  (Shime et al., 2008). It appears, therefore, that 

tumour cells may upregulate glycolysis owing to the tumour-promoting consequences of lactate.  

Protection from reactive oxygen species (ROS) 

Furthermore, decreasing the amount of ATP generated via OxPhos may serve as a protective 

mechanism against reactive oxygen species (Heiden et al., 2009). ROS (superoxides, peroxides 

and the singlet oxygen anion) may cause damage to biological membranes and genetic material 
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which can lead to programmed cell death (Higuchi et al., 1998; Simon et al., 2000). Therefore an 

increased dependence of cancer cells in glycolysis, while avoiding OxPhos may serve to protect 

the cells against oxidative stress which could result to cell death (Heiden et al., 2009).  

Warburg effect-induced resistance to apoptosis 

Resistance to apoptosis has been attributed to enhanced glycolytic flux observed in cancer cells. 

The permeabilisation of the mitochondrial outer membrane which is mediated by pro-apoptotic 

BCl2 family of proteins is a key step in the intrinsic apoptotic process. Overexpression of 

hexokinase 2 (HK2) is observed in several tumours. HK2 is not only involved in the catalytic 

phosphorylation of glucose in the first step of glycolysis. It is known to inhibit apoptosis by binding 

to VDAC protein and preventing Bax-mediated cytochrome C release (Pastorino et al., 2002). 

Moreover, Akt-mediated antiapoptotic activities have been shown to rely on hexokinase-catalysed 

glucose phosphorylation in glycolysis. Hence mitochondrial membrane integrity which is 

important for cell viability is preserved by Akt and dependent on glucose availability and 

glycolysis (Gottlob et al., 2001). It is therefore not surprising that HK2 confers chemo- and radio-

resistance in various cancers (Zhang et al., 2018; Zhong and Zhou, 2017). Hence, targeting HK2 

is a promising therapeutic strategy in cancer (Krasnov et al., 2013). 

 

1.2.3 How cells reprogram their metabolism: Mechanisms involved in metabolic 

reprogramming 

As alluded to previously, cancer is a genetic disease at the cellular level. This implies that the 

cancer phenotype, expressed as several characterised hallmarks, has roots at the genetic level. The 

primary goal of the genetic defects which translate to cancer hallmarks is for cell 

survival, proliferation, and metastasis. Cancer is a complex and heterogeneous disease; with 

several mechanisms implicated in the carcinogenic process. In the same vein, the Warburg effect 

is caused by several mechanisms.  However, the key mechanisms seem to be oncogene-driven 

deregulation of glycolytic genes.      

Oncogene-mediated upregulation of glycolytic genes 

The tumour suppressor p53, well known for its apoptotic, cell cycle arrest and senescence 

induction strategies for tumour suppression, surprisingly also plays a metabolic regulatory role in 

carcinogenesis (Li et al., 2012; Valente et al., 2013). For example, p53 represses glucose uptake 
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by cells by blocking the expression of glucose transporters GLUT1 and GLUT4 (Schwartzenberg-

Bar-Yoseph et al., 2004). In addition, the p53 protein transcriptionally activates TIGAR (TP53-

induced glycolysis and apoptosis regulator). TIGAR directly decreases intracellular fructose-2,6-

biphosphate levels, hence suppressing glycolysis and thereby shunting glycolysis via the pentose 

phosphate pathway (Bensaad et al., 2006). The first rate-limiting enzyme in glycolysis, HK2 which 

catalyses glucose phosphorylation is also suppressed by p53 (Mathupala et al., 1997). p53 

enhances OxPhos by transcriptional activation of the synthesis of cytochrome c oxidase 2 (SCO2), 

a complex IV enzyme of the electron transport chain (Matoba et al., 2006). This is probably the 

reason some cancer cells with mutant p53 show diminished OxPhos (Levine and Puzio-Kuter, 

2010). Over 50% of cancers in humans have mutations in the TP53 gene (Petitjean et al., 2007; 

Vogelstein et al., 2000). This underscores its relevance as a tumour suppressor. Its impaired role 

is not limited deregulated apoptosis, cell cycle arrest, and senescence but also a metabolic 

reprogramming that promotes carcinogenesis. 

 

Oncogenes such as the phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt), and c-Myc 

play vital roles in inducing the Warburg effect in carcinogenesis. The PI3K/Akt pathway controls 

the cell cycle, proliferation, and cellular metabolism. The PI3K/PκB pathway is deregulated in 

several tumours (Elstrom et al., 2004; Shukla et al., 2007; Yoeli-Lerner and Toker, 2006). PI3K 

activates Akt which induces the expression of GLUTs, HK2 and phosphofructokinase 

(DeBerardinis et al., 2008). The activity of Akt directly upregulates glycolysis; with a higher 

activity correlating with a more aggressive tumour phenotype in glioblastoma cells in vivo 

(Elstrom et al., 2004). 

 

The c-Myc phosphoprotein is a multi-functional transcription factor that controls numerous aspects 

of cell physiology including apoptosis, cell cycle progression and cell is involved in oncogenic 

transformation. c-Myc is constitutively expressed and often deregulated in many cancers (Dang, 

2012) and has even been shown to be a hallmark involved in cancer initiation and maintenance 

(Gabay et al., 2014). c-Myc activation enhances glycolytic gene expression in many cancer cells 

(Dang et al., 1997). For example, c-Myc increases the expression of pyruvate dehydrogenase 

kinase-1 (PDK1) (Kim et al., 2007). PDK1 is known to phosphorylate pyruvate dehydrogenase 
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(PDH) hence blocking the synthesis of acetyl CoA from pyruvic acid. Furthermore, it was shown 

that c-MYC transcriptionally upregulates lactate dehydrogenase-A isoform (LDH-A) in cancer 

cells (He et al., 2015; Shim et al., 1997). Glutamine metabolism plays a significant role in 

carcinogenesis (Yuneva et al., 2007). c-Myc boosts glutamine metabolism as well as NADPH 

synthesis which are needed for anabolism. HIF-1α cooperates with c-Myc to promote the Warburg 

effect; enabling cancer cells to thrive in hypoxic tumour microenvironments (Dang et al., 2008; 

Gordan et al., 2007). 

 

1.3 Metabolic and non-metabolic functions of glycolytic genes 

According to the public database for expression of genes and Expressed Sequence Tags (dbESTs) 

from the NIH (National Institutes of Health) (Boguski et al., 1993), glycolytic genes are 

upregulated in about 70% of all cancers globally (Altenberg and Greulich, 2004). This observation 

accentuates the importance of increased glycolysis and the Warburg effect in cancer cells. 

Furthermore, glycolytic genes are involved in several tumour-promoting activities besides 

increasing glycolytic rate. It has been recently shown that some glycolytic enzymes can translocate 

into the nucleus and transcriptionally upregulate genes involved in survival, epigenetic 

modifications, protein kinase activity and control of transcription factors and co-factors (Yu and 

Li, 2016). A typical example is the M2 isoform of pyruvate kinase (PKM2) in which I highlight 

both metabolic and non-metabolic functions in carcinogenesis. Pyruvate kinase (PK) catalyses the 

last step of glycolysis: the transfer of a phosphate group from phosphoenolpyruvate to ADP, 

yielding pyruvate and ATP. The expression of the M2 isoform of PK, PKM2 is upregulated in 

cancer, making it an attractive target for therapy (Christofk et al., 2008). It was also shown that 

PKM2 can lead to the Warburg effect and promote tumour growth. Switching from the M2 to the 

M1 isoform was shown to reverse the Warburg effect and slow tumour growth in mouse xenografts 

(Christofk et al., 2008).  

 

Furthermore, mTOR-mediated transactivation of PKM2 has also been shown to activate the 

Warburg effect and promote tumour growth; showing how important PKM2 is in carcinogenesis 

(Sun et al., 2011). PKM2 was also shown to be a poor prognostic marker and also a therapeutic 

target in ovarian and hepatocellular carcinomas (Chao et al., 2017; Wong et al., 2014). 
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With regards to non-metabolic roles of PKM2 in carcinogenesis, recent findings show another 

mechanism by which PKM2 promotes carcinogenesis in a p53-dependent manner in MCF7 breast 

carcinoma cells exposed to a DNA-damaging agent. It was shown that PKM2 transcriptionally co-

represses p53; preventing it from binding to the p21 gene promoter, thereby stimulating a 

continuous G1 phase (Xia et al., 2016). This mechanism provided favourable growth conditions 

to cancer cells exposed to a DNA-damaging drug (Xia et al., 2016). It is likely that such a strategy 

could confer PKM2-mediated resistance to chemotherapy in PKM2 expressed cancer cells. 

Moreover, it has been recently shown that shRNA-mediated knockdown of PKM2 resulted in a 

marked decrease in resistance to cisplatin in bladder cancer (Wang et al., 2017). Xia and colleagues 

(2016) also showed that PKM2 inhibits p53 phosphorylation at serine 15 which is critical for p53 

activation and stability by serine/threonine kinase, ATM. 

 

Another example is hexokinase 2 (HK2). HK2 is a highly expressed enzyme in numerous cancers 

which are poorly differentiated and highly glycolytic (Altenberg and Greulich, 2004; Smith, 2000). 

In addition to its role in phosphorylating glucose, it stimulates tumour initiation, promotes cell 

proliferation and metastasis; induces resistance to chemotherapeutics, confers resistance to 

apoptosis and correlates with poor prognosis in certain cancers (Ho and Coomber, 2016; Patra et 

al., 2013; Wolf et al., 2011).  

 

HK2 interferes with outer mitochondrial membrane (OMM) permeability by binding to voltage-

dependent anion channel (VDAC) proteins. This effect prevents VDAC from interacting with t-

Bid, a proapoptotic member which helps in permeabilising the OMM. These actions culminate in 

preventing the release of cytochrome C, a key initiating step in apoptosis (Pastorino et al., 2002).  

In a nutshell, the properties of glycolytic enzymes which encompass glycolytic and non-glycolytic 

roles are important in carcinogenesis. It is therefore not surprising that cancer cells may incorporate 

high expression and activity of glycolytic enzymes in their arsenal to maintain survival, 

proliferation, and invasiveness.  

 

1.4 Metabolic reprogramming in innate immune cells 

It is important to note that metabolic reprogramming is not limited to cancer cells. Innate immune 

cells such as macrophages and dendritic cells, in response to infection, also display metabolic 
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reprogramming reminiscent of the Warburg effect seen in tumour cells (Krawczyk et al., 2010; 

West et al., 2011). Moreover, glycolysis, fatty acid metabolism, and TCA cycle reactions have an 

important role to play in the activation and function of innate immune cells such as macrophages 

and dendritic cells (O’Neill and Pearce, 2016). These innate immune cells are important in 

protecting the body from invasion by microorganisms.  

1.4.1 Infection and cancer: an intimate relationship 

The burden of infection-associated cancers is highest in Africa when compared with other 

continents (Plummer et al., 2016). South Africa has one of the highest prevalence rates of 

HIV/AIDS which is known to increase the risk of several cancers (AIDS-defining malignancies) 

especially Kaposi's sarcoma, non-Hodgkin lymphoma, cervical cancer and primary central nervous 

system lymphoma (Rubinstein et al., 2014). Parasitic infestations such as schistosomiasis are 

associated with high risk in bladder carcinomas (Mostafa et al., 1999; Rambau et al., 2013). The 

Epstein - Barr virus is a causative agent of Burkitt's lymphoma (Brady et al., 2007; Pannone et al., 

2014), a common cancer in children that affects B lymphocytes. Furthermore, chronic malarial 

infection induced by Plasmodium chabaudi in mice was also shown to favour the development of 

mature B cell lymphomas lacking p53 (Achtman et al., 2003). Still, most cervical cancers are 

caused by the human papillomavirus (HPV). About 70% of cervical cancers that are related to the 

Human papillomavirus (HPV) are caused by 2 strains: HPV-16 or HPV-18 (Braaten and Laufer, 

2008). The HPV vaccine was the first vaccine developed for the prevention of cervical cancer 

among adolescent females (Basu et al., 2013). The uses of certain vaccines such as those against 

HPV have shown a reduction in the incidence of cervical cancer (Basu et al., 2013; Hestbech et 

al., 2015). This has led to the approval by the WHO and several international organisations as a 

preventive strategy against cervical cancer (Basu et al., 2013). This directly implicates the HPVs 

as the cause of cervical cancers. Furthermore, several reports show that Hepatitis B and C viruses 

are involved in hepatocellular cancer (Cho et al., 2011; Liao, 2006; McLaughlin-Drubin and 

Munger, 2008). In a similar vein, Hepatitis B vaccines are effective in combating hepatocellular 

carcinomas (Chang et al., 2000; Kao, 2015). The afore-mentioned examples directly incriminate 

HPV and hepatitis B virus as causative agents of cervical cancer and hepatocellular cancer 

respectively. However, the link between bacterial infections and cancer is poorly understood. 

Several mechanisms have been proposed in Helicobacter pylori-induced gastric cancer and some 

virus-induced cancers. Interestingly, recent studies show that certain FDA-approved antibiotics 
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are effective in killing cancer cells, even though the mechanisms still remain elusive (De Francesco 

et al., 2017; Lamb et al., 2015).  

How does the human body respond to the invasion of microbes? The innate immune system is the 

first line of defense against invading pathogens. These infectious agents such as viruses and 

bacteria stimulate chronic inflammation which has been described recently as one of the hallmarks 

of carcinogenesis (Coussens and Werb, 2002; Parkin, 2006). Furthermore, inflammation is 

associated with several types of cancer (Vetrano et al., 2010). A typical example is Helicobacter 

pylori-mediated gastritis which represents the important risk factor in stomach adenocarcinomas 

(Peek and Crabtree, 2006). Importantly, up to one in five cancers are caused by infection, making 

it crucial to understand the mechanisms of infection-induced carcinogenesis.  

 

1.4.2 Mechanisms of infection-associated carcinogenesis 

Inflammation is at the core of mechanisms that drive infection-related cancer (Colotta et al., 2009; 

Coussens and Werb, 2002; Wu et al., 2014). For example, chronic inflammation may lead to the 

activation of redox-related transcription factors such as NF-κB and STAT3 (signal transducer and 

activator of transcription 3) which stimulate the constitutive expression of inflammatory cytokines, 

production of ROS, reactive nitrogen species (RNS) and growth factors to the tumour 

microenvironment. These molecules with neoplastic consequences are largely responsible for 

infection-mediated carcinogenesis (Wu et al., 2014).  

 

Inflammation-induced STAT3 and NF-κB activation 

NF-κB is a heterodimeric transcription factor protein which shows constitutive expression in 

several tumours. STAT3 is a redox-sensitive transcription factor that can be activated by 

phosphorylation at tyrosine 705 (Tyr705) following specific stimuli such as cytokines.  This 

activation causes the protein to dimerise and translocate to the nucleus where transactivates genes 

involved in cell cycle progression, inflammation, angiogenesis, and metastasis. STAT3 can be 

activated by numerous cytokines and growth factors such as, including IL-6, EGFs (epidermal 

growth factors), VEGF (vascular endothelial growth factor), PDGF (platelet-derived growth 

factor), IL-23, and IL-21(Akira et al., 1994; Yoshimura et al., 2007; Yu et al., 2009a). Oncogenic 
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proteins (including Ras, and Src) can also activate STAT3. STAT3 activation has been observed 

in many cancers such as colon, gastric and breast (Yuan et al., 2004). 

  

Role of ROS and NADPH oxidases in carcinogenesis 

Partial reduction of oxygen results in the generation of ROS and RNS which include hydrogen 

peroxide (H2O2), the superoxide anion (O2
-) and hydroxyl radical (OH-). Inflammatory tumour 

microenvironments are usually characterised by the increased generation of ROS (Mittal et al., 

2014; Wiseman and Halliwell, 1996). An oxidative tumour microenvironment is usually observed 

in several solid tumours due to many factors: a hypoxic milieu, increased basal metabolic rate of 

cancer cells, overexpression of NADPH oxidase (Nox) and COX enzymes which generate ROS 

and deregulated cytokine/growth factor signalling. Furthermore, downregulated expression of 

antioxidant enzymes also contributes to increased ROS generation and subsequent oxidative stress 

which is characteristic of carcinogenesis.   

ROS and RNS can lead to DNA damage and genomic instability which can promote initiation and 

progression of tumours (Wiseman and Halliwell, 1996). Second, it can promote cell survival and 

proliferation signalling pathways (Gupta et al., 2012; Waris and Ahsan, 2006). Third, ROS can 

stimulate tumour cell metastasis, angiogenesis, and invasiveness (Reczek and Chandel, 2017; 

Ushio-Fukai and Nakamura, 2008). Fourth, chemotherapeutic resistance has been attributed to 

ROS release in cancer cells (Kim et al., 2017).  

 

Immunosuppression-induced tumour progression 

Chronic inflammatory microenvironments are characterised by constitutive cytokine and 

chemokine synthesis. Inflammatory cytokines such as IL-5, IL-6, IL-7, IL-13, TNF-α, and 

chemokines such as IL8, RANTES (CCL5) are involved in oncogenesis. These cytokines recruit 

monocytes, T cells, mast cells, and eosinophils to the tumour microenvironment, stimulating 

tumour proliferation (Foss et al., 1993, 1995; Samoszuk and Nansen, 1990; Tedla et al., 1999).  

Furthermore, viruses (such as Herpes virus) synthesise viral homologues of human proteins 

important in carcinogenesis. For example viral IL6 and viral FLIP (Fas-associated death domain-

like IL-1-converting enzyme inhibitory protein) (Holzerlandt et al., 2002). 
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Role of specific bacterial and viral oncogenic proteins  

Bacterial and viral oncogenic proteins play an important role in infection-associated 

carcinogenesis.  For example, the product of the Cag A gene (cytotoxin-associated gene A) is a 

cytotoxic protein produced from H. pylori which is known to induce peptic ulcer, gastritis, and 

poses a high risk of gastric cancer (Backert and Blaser, 2016; Blaser et al., 1995). Furthermore, 

the E6 oncoprotein synthesised by HPV is believed to drive cell proliferation by stimulating p53 

degradation through the formation of a complex comprised of E6, E6-AP (a cellular ubiquitination 

enzyme) and p53. E6-induced p53 degradation suppresses p53 tumour suppressor functions such 

as apoptosis, cell cycle arrest and metabolic regulation (Crook et al., 1991). Another oncoprotein 

from HPV, E7, binds to the pocket domains of Rb a tumour suppressor thereby abrogating the 

interaction between Rb and E2F. Activated E2F unbound to Rb induces unrestrained replication 

and cell division characteristic of transformed cells (Chellappan et al., 1992). 

 

Infection-mediated epigenetic modification: methylation 

Chronic inflammation induced by viral and bacterial infections has been also shown to inactivate 

tumour suppressors by inducing aberrant DNA hypermethylation at CpG islands. Examples 

include some patients with Epstein-Barr- and H. pylori-associated cancers (Kang et al., 2002, 

2003). 

 

Infection-associated cancers 

Table 1.  shows the diversity of cancers that are associated with infection, brief mechanisms 

involved and references. Virtually all groups of micro-organisms are involved. They include 

bacteria, viruses, and protozoa.  
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Table 1. Infection-associated cancers 

Infection Cancer  Mechanism(s) References 

Helicobacter pylori Gastric cancer Inflammation 

 

Oncogenic protein: Cag A  

(Backert and Blaser, 2016; Ding et 

al., 2010; Peek and Crabtree, 

2006) 

Gut pathogens 

(Inflammatory bowel 

disease) 

Colorectal cancer Inflammation (O’Connor et al., 2010) 

Human papilloma virus 

(Strains: HPV 16 and HPV 

18) 

Cervical cancer Oncogenic viral proteins: E5, 

E6, E7 

Inflammation  

(Ishiji, 2000; Münger et al., 2004)  

Schistosoma haematobium Bladder cancer Inflammation (Mostafa et al., 1999; Rambau et 

al., 2013) 

Hepatitis B and C viruses Hepatocellular 

carcinoma 

Inflammation  (Chang et al., 2000; Cho et al., 

2011; McLaughlin-Drubin and 

Munger, 2008) 

HIV/AIDS  Kaposi sarcoma 

Non-Hodgkin 

lymphoma  

Invasive cervical 

cancer. 

 

Immunosuppression 

Inflammation 

(Franceschi et al., 1998; Goedert 

et al., 1998) 

Epstein-Barr virus Burkitt’s 

lymphoma 

 

Non-Hodgkin 

lymphoma   

 

Oncogenic viral proteins 

Inflammation 

(Brady et al., 2007; Pattle and 

Farrell, 2006; Thompson and 

Kurzrock, 2004) 

Kaposi's sarcoma-

associated herpesvirus 

(KSHSV) 

Kaposi's sarcoma Oncogenic viral proteins 

Co-infection with HIV 

dramatically increases the risk 

(Delgado et al., 2010; Mesri et al., 

2010) 

 

1.5 Pathogen recognition in innate immunity 

Upon exposure to infectious pathogens, the immune system responds aptly to protect the host. The 

immune system is divided into the innate and adaptive arms. While the innate immune system 

responds rapidly to the immediate threat of a pathogen invasion, the adaptive immune system takes 

longer to develop pathogen-specific, lasting effects. Innate immune cells include macrophages, 

monocytes, dendritic cells, neutrophils, basophils, mast cells, and eosinophils. Their primary roles 

include phagocytosis, antigen presentation and cytokine production (Janeway et al., 2001).  

During infection, innate immune cells respond to specific signature molecules on pathogens known 

as pathogen-associated molecular patterns (PAMPs). This critical response is effected by specific 
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evolutionarily-conserved host receptors known as pattern-recognition receptors (PRRs). Binding 

of PRRs with their cognate PAMPs rapidly elicits a cascade of signalling events which culminate 

in the expression of pro-inflammatory cytokines, chemokines and type 1 interferons. These 

effector molecules are also used for the initiation of pathogen-specific, long-term adaptive 

immunity via B and T lymphocytes. PRRs, which are critical for host defence, are classified into 

a few families: Nucleotide oligomerisation domain (NOD)-like receptors (NLRs) (recognise 

bacterial peptidoglycan), Retinoic acid-inducible gene-I (RIG)-like receptors (RLRs) (respond to 

dsRNA), C-type lectin receptors (CLRs) (recognise fungal pathogens) and Toll-like receptors 

(TLRs) (recognise a wide variety of PAMPs). TLRs are the most extensively studied of all PRR 

families.  

 

1.5.1 Toll-like receptors in innate immunity 

The TLRs have attracted a lot of attention because of their diverse roles in numerous immune 

disorders, metabolic diseases and cancer.  TLRs remain the most explored and characterised PRRs 

in innate immunity, with up to 11 TLR homologs found. 

Discovery of TLRs 

The Toll protein was first discovered in Drosophila and was shown to be responsible for 

dorsoventral patterning in embryonic development (Morisato and Anderson, 1994; Schneider et 

al., 1994). It was later shown to be involved in protection against fungal infection (Lemaitre et al., 

1996). The discovery that the Drosophila Toll protein controls anti-fungal immune responses was 

pivotal in identifying Toll-like receptors as important regulators of host defence against infection 

in mammals (Lemaitre, 2004).  

Structure and diversity of TLRs 

Toll-like receptors are type I transmembrane pattern recognition receptors containing an N-

terminal with a leucine-rich repeat extracellular domain forming a horseshoe structure, a 

transmembrane domain and a highly conserved intracellular C-terminal Toll/interleukin 1 (TIR) 

domain which is shared by TLRs and interleukin-1 receptor (Medzhitov, 2001; Takeda et al., 

2003). The LRR of TLRs forms a horseshoe structure, on whose concave surface pathogens are 

thought to bind during the recognition process. Remarkably, even though LLR domains in TLRs 

are highly conserved, different TLRs are able to recognise various ligands that are structurally 
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unrelated (Janeway and Medzhitov, 2002; Medzhitov, 2001). Based on their ability to recognise 

different ligands leading to a cascade of signalling events, TLRs have been segregated into 

different groups as shown in Table 2.  

 

Table 2. Diversity of TLRs, adaptor proteins, transcription factors, and effector cytokines 

TLR PAMP Adaptor 

molecule 

recruited  

Transcription 

factors 

activated 

Effector molecules  References 

TLR1/TL

R2 

Bacterial lipopeptides Mal/MyD88 NFκB Proinflammatory cytokines (Takeuchi et 

al., 2002) 

TLR2/TL

R6 

 
Mal/MyD88 

 
Proinflammatory cytokines (Takeda et al., 

2003) 

TLR3 dsRNA TRIF NFκB/IRF3 IFNβ and IFN inducible genes/ 

Proinflammatory cytokines 

(Alexopoulou 

et al., 2001) 

TLR4 Bacterial 

lipopolysaccharides 

MyD88/MA

L/TRAM/TR

IF 

NFκB/IRF3 Proinflammatory cytokines/ 

IFNβ and IFN inducible genes 

(Takeda et al., 

2003) 

TLR5 Bacterial flagellin MyD88 NFκB Proinflammatory cytokines (Hayashi et 

al., 2001)  

TLR7 ssRNA/imiquimod MyD88 IRF7/ NFκB IFNα and IFN inducible genes/ 

Proinflammatory cytokines 

(Diebold et 

al., 2004)  

(Jurk et al., 

2002) 

TLR8 Viral and bacterial 

ssRNA 

MyD88 IRF7/ NFκB IFNα and IFN inducible genes/ 

Proinflammatory cytokines 

(Jurk et al., 

2002) 

TLR9 Unmethylated CpG 

dinucleotides from 

bacterial and viral 

DNA 

MyD88 IRF7/ NFκB IFNα and IFN inducible genes/ 

Proinflammatory cytokines 

(Hemmi et al., 

2000) 

(Hemmi et al., 

2000) 

TLR10 Influenza A virus, 

Listeria, H. pylori 

LPS 

MyD88 Unknown Unknown (Lee et al., 

2014) 

 

TLR signalling mechanisms 

Following receptor binding to their cognate ligands, a cascade of signalling events ensues, 

depending on which TLR was activated. Figure 1.3 shows the diversity of PAMPs and the TLR 

signalling pathways which they activate. 
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Figure 1.3. TLR signalling. Adapted from Takeda and Akira (2005) and Wang et al. (2014). The binding 

of microbial structures to the extracellular leucine-rich repeat region of their cognate TLRs leads to a homo-

dimerisation of the intracellular Toll/Interleukin 1 receptor (TIR) domain which recruits specific adaptor 

proteins such as MyD88, TRAM, Mal or TRIF. These adaptor proteins bind to IRAK kinases which trigger 

a suit of signalling cascades, culminating in the translocation of transcription factors such as NF-κB, IRF3 

or IRF7 to the nucleus. These transcription factors activate the expression of specific cytokines which 

neutralise the infection and prompts the adaptive arm of the immune system.   

 

As shown in Figure 1.3, TLRs initiate signalling by forming homo-, or heterodimers after binding 

to their respective cognate ligands. MyD88 is recruited via its TIR domain to the TIR domain of 

TLRs. The TIR-TIR interaction causes a conformational change in the adaptor which recruits 

IRAK4 via homophilic death domain-death domain interaction. IRAK4 phosphorylates IRAK1, 

leading to IRAK1 autophosphorylation and subsequent recruitment of TRAF6. The IRAK1-

TRAF6 complex disengages from the receptor and translocates to the cell membrane where it 
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associates with TAK1, TAB1, TAB2/TAB3.  This large protein complex dissociates from the cell 

membrane and translocates to the cytosol. Activated TAK1 phosphorylates IKKs. The IKKs are a 

group of kinases that phosphorylate inhibitory kB (IkB) molecules. The IKK complex is made up 

of IKKα, IKKβand IKKγ. IKK-mediated IκB phosphorylation results in conformational changes 

that expose the nuclear localization signal of NF-κB. NF-κB is normally sequestered in the 

cytoplasm by IkB proteins. The exposure of the nuclear localisation (NLS) of NF-κB results in its 

nuclear translocation allowing NF-κB to bind to specific response elements on DNA and induce 

gene transcription of cytokines (Medzhitov, 2001; Takeda and Akira, 2005; Takeda et al., 2003). 

The expressed cytokines through interaction with their cognate receptors,  ward off the infection 

by activating innate immune cells to attack the infectious agents or stimulate the adaptive arm of 

the immune system which may produce antibodies from B cells or activate T cells (helper or 

cytotoxic) which leads to T-cell-mediated cell death (Medzhitov, 2001). 

The recognition mechanism of TLR4 is rather complex compared with the others. This is because 

accessory proteins are required before signalling through TLR4 can occur. In summary, bacterial 

lipopolysaccharides from Gram-negative bacteria following an infection, are recognised and 

bound to by LPS-binding protein (LBP) (Pugin et al., 1993). The LBP transports LPS to CD14 (a 

protein which could either be soluble or membrane-bound).  CD14 then transports the LPS to the 

interface of MD2 (a small accessory protein), and the leucine-rich repeat extracellular domain of 

a TLR4 monomer (Pugin et al., 1993). TLR4, with the aid of MD2, recognises LPS. LPS 

recognition leads to dimerization of two TLR4 monomers. The dimerized TIR-TIR domains lead 

to the recruitment of adaptor proteins and further downstream signalling as described above.  

Also, unique about TLR4 signalling is the fact that it can recruit different adaptor proteins for 

signalling which leads to the activation of different transcription factors.  TLR4 signals through 

the Myd88-dependent pathway and the TRIF-dependent (Takeda et al., 2003). 

Regulation of TLR signalling  

Excessive TLR-dependent cytokine signalling could lead to deleterious effects such as 

inflammatory and autoimmune disorders. Stringent control mechanisms exist for cytokine 

signalling.  Negative regulatory molecules such as ST2825 and suppressor of cytokine signalling 

1 (SOCS1) inhibit MyD88-dependent TLR signalling (Loiarro et al., 2007; Prêle et al., 2008) while 
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SARM and TAG can suppress the TRIF-dependent pathway (Belinda et al., 2008; Palsson-

McDermott et al., 2009).  

1.5.2 Cytokines and cytokine signalling 

The effector molecules from TLR signalling are mainly cytokines. Cytokines are low molecular 

weight proteins (>30 kDa) which have a high affinity for specific receptors in the picomolar range. 

The term is used to incorporate interleukins, interferons and chemokines and other similar 

molecules. Cytokines signal via autocrine, paracrine and endocrine mechanisms depending on 

cytokine receptor expression, cell type, and cell context. Cytokines could be pleiotropic, 

redundant, are often produced in a cascade, and may display synergistic or antagonistic activity 

with other cytokines (Zhang and An, 2007). The mode of signalling is usually dependent on the 

type of receptors expressed by the intended target cells. Following the binding of a cytokine ligand 

to its cognate receptor, the Janus activation kinases (JAKs) are activated. Following signalling 

cascades, STATs (signal transducers and activators of transcription) are activated, causing them 

to dimerise and translocate to the nucleus to activate transcription (Kisseleva et al., 2002). 

Chemokines (chemotactic cytokines) on the other hand, signal through G-protein-coupled 

receptors.  

Cytokines are involved in a diverse array of physiological functions including growth, 

differentiation, and apoptosis. Mechanisms by which cytokines are involved in carcinogenesis 

have been discussed in chapter four. However, of interest to this study is their ability to influence 

the metabolic program, thereby stimulating the Warburg effect. The following table shows 

examples of cytokines that can boost cellular glucose intake and glycolysis, presenting a possibility 

to boost the Warburg effect: 

Table 3. Glycolysis-inducing cytokines 

Cytokine Glycolytic function References 
TNF-α Lactate transport, GLUT1 expression and increased glycolysis in MCF7   (Taylor et al., 1992; Vaughan 

et al., 2013)  
IL-1β Glucose influx and glycolysis rat ovaries (Ben-Shlomo et al., 1997; 

Taylor et al., 1992)   
IL6 Enhances expression of hexokinase 2 and 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase-3  

(Ando et al., 2010; Han et al., 

2016) 

IL17A In association with TNF-α, stimulates glucose metabolism and growth 

factor production in colorectal cells. Stimulates HK2 

(Straus, 2013) 

IL22 Upregulates HK2 in colon cancer cells (Liu et al., 2017) 
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1.6 Rationale of study 
 

Bacterial infection may cause constitutive expression of pro-inflammatory cytokines and 

chemokines by TLR-dependent pathways. The sustained expression of cytokines has been 

associated with carcinogenesis, albeit the possibility of cytokines inducing metabolic 

reprogramming and promoting carcinogenesis has received little attention. The main drivers of 

metabolic transformation are mutations of tumour suppressors and oncogenes, which stimulate 

increased expression of glycolytic genes (DeBerardinis et al., 2008; Ward and Thompson, 2012). 

In a similar vein, innate immune cells such as dendritic cells and macrophages also rewire their 

metabolism following infection in a TLR-dependent manner, by boosting glycolysis and inhibiting 

OxPhos (Krawczyk et al., 2010b).  Nevertheless, the metabolic shift observed in normal innate 

immune cells is for immune activation and not cell proliferation as seen in cancer cells. If the 

innate immune cells were cancerous or transformed, would they proliferate following a further 

reprogramming of their metabolism? It is therefore imperative to examine the metabolic 

phenotypes and growth profiles of transformed innate immune cells following infection. The 

molecular basis by which infection and the metabolic program are mediated, along with the impact 

of the metabolic state on cell viability, will be the basis of this study. This study further probes the 

likelihood of a "double metabolic reprogramming" following infection of cancer cells (given that 

most cancer cells already show metabolic reprogramming and infection can induce metabolic 

reprogramming). Elucidating the potential pathways that connect oncogenesis and innate 

immunity would serve as the groundwork for future studies in these subjects. LPS has been shown 

to reprogram metabolism in normal macrophages and dendritic cells to the Warburg-like 

phenotype. However, this metabolic reprogramming did not induce cell proliferation or cell cycle 

progression. It is postulated that this metabolic reprogramming in transformed innate immune cells 

may aggravate the Warburg effect and lead to cell cycle progression and proliferation.   
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1.7 Aim 

To investigate the molecular mechanisms involved in the metabolic reprogramming of infected 

immune cancer cells in the context of TLR4 signalling, and further probe the impact on 

carcinogenesis.  

1.8 Objectives 

1. To investigate the expression of TLR4 on THP-1 and K562 cells using RT-PCR 

2. To probe the role of TLR4 in metabolic reprogramming by inhibiting LPS-TLR4 

interaction using polymyxin B. 

3. To investigate the cytokines profile results following LPS stimulation using an ELISA 

array and RT-PCR. 

4. To investigate LPS-induced glycolytic flux by colorimetric lactate measurements. 

5. To assess LPS-induced mitochondrial membrane potential using JC-10 staining and flow 

cytometry. 

6. To investigate LPS-induced cell cycle changes of THP-1 and K562 cells using flow 

cytometry and assess proliferation by computing proliferative indices. 

7. To evaluate molecular information obtained using GeneMANIA and IMP webservers 

thereby underpinning molecular pathways. 
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Chapter 2 –Materials and Methods 

 
2.1 Background 

This chapter describes the materials and methods used to acquire results in this study, in as much 

detail as possible to allow for reproducibility. I succinctly explain the principles involved in each 

method or technique that was used and highlight any modifications where necessary. Thereafter, 

the detailed protocol is outlined. The following techniques were used: 

i) Reverse transcription polymerase chain reaction (RT-PCR) 

ii) Enzyme-linked immunosorbent assay (ELISA) arrays 

iii) Cell cycle analyses and calculation of proliferative indices 

iv) Cell viability assay 

v) Glycolysis (Lactate) assay 

vi) Mitochondrial membrane potential assay 

vii) Bioinformatic gene interaction analysis using GeneMANIA and IMP  

2.2 Summary of materials and methods 

Two cell lines were used in this study: THP-1 cells (acute monocytic leukaemia cells) and K562 

cells (chronic myeloid leukaemia cells). The expression of Toll-like receptor 4 (TLR4), at different 

LPS concentrations (5, 10 and 20 ng/ml) was investigated using RT-PCR. Next, an ELISA array 

was used to assay the cytokine expression profile of the cells following stimulation of TLR4 

agonist, LPS. The differential expression of the cytokines of interest was further confirmed by RT-

PCR. To investigate the potential effects of the overexpressed cytokines on energy metabolism, a 

glycolysis (L-lactate) assay was performed. Thereafter, bioinformatic pathway analysis was done 

using GeneMANIA and IMP to ascertain possible associations between upregulated cytokines and 

glycolytic genes in silico. To investigate mitochondrial health, the mitochondrial membrane 

potential was assessed using the JC-10 dye in flow cytometry. To evaluate the impact of altered 

metabolism following treatment with 5, 10 and 20 ng/ml LPS over 24- and 48-hour time points on 

the cell cycle and proliferation, cell cycle analysis using propidium iodide in flow cytometry was 

done. The proliferation index was finally computed by considering the average percentages of cells 

in various phases of the cycle. Figure 2.1 shows a summary of methods used in this study. 
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Figure 2.1. Summary flow chart of methods used in this study. Gene/protein expression assays, 

metabolic assays, bioinformatic analysis, and cell cycle assays and cell proliferation assessment were used 

to address the aim of this study.  

 

2.3 Materials 

Materials used in this study are shown in the appendix section, including kits (Table A2.1), 

instruments (Table A2.2), reagents and chemicals (Table A2.3).  All manufacturers and catalogue 

numbers accompany the tables.  Table A2.4 shows web servers, and software used. The main cell 

stimulant treatments and controls are discussed in section 2.3.1 
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2.3.1 Cell stimulation and treatments 

Bacterial lipopolysaccharide (LPS) 

Bacterial lipopolysaccharides (LPS) from Escherichia coli was used in this study mimic bacterial 

infection and as a TLR4 agonist. LPS is a potent endotoxin which is known to activate TLR4  

(Chow et al., 1999). In this study, LPS was dissolved in 1X phosphate-buffered saline (PBS) by 

vortexing intermittently for about 5 minutes. Final concentrations of 5, 10 and 20 ng/ml were used.  

Polymyxin B sulphate  

Polymyxin B sulphate (hereafter referred to as polymyxin B) was used to block the effects of LPS. 

Polymyxin B is a potent cyclic cationic polypeptide antibiotic, particularly active against Gram-

negative bacteria (Viljanen and Vaara, 1984). Polymyxin B inhibits the biological effects of Gram-

negative LPS by binding to the toxic, negatively charged component of LPS known as Lipid A 

(Morrison and Jacobs, 1976; Cardoso et al., 2007). Hence, polymyxin B was used because of its 

ability to inhibit LPS-induced TLR4 signalling through its binding to LPS. Polymyxin B sulphate 

was dissolved in deionised water. All LPS-polymyxin B co-treatments were first pre-incubated at 

37°C for 2 hours before cells were treated. Polymyxin B was used at a final concentration of 10 

µg/ml. 

Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) 

FCCP was used as a positive control for the mitochondrial membrane potential assay. FCCP is an 

ionophore uncoupling agent that inhibits ATP synthesis by transporting hydrogen ions through 

the mitochondrial membrane back to the mitochondrial matrix by causing proton leaks, thereby 

disrupting OxPhos (Heytler and Prichard, 1962). FCCP effectively depolarises the mitochondrial 

membrane making it a good positive control in measuring the mitochondrial membrane potential. 

Since the FCCP was dissolved in 95% ethanol, a vehicle-only control (cells treated with 95% 

ethanol only) was used.   

2.3.2 Cell lines 

Acute monocytic leukaemia (THP-1 ATCC® TIB-202™) and chronic myeloid leukaemia (K-562 

ATCC ® CCL-243™) cell lines were obtained from American Type Culture Collection (ATCC), 

Virginia, USA.  
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2.4 Methods 

2.4.1 Cell culture conditions 

THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium, 

supplemented with 10% foetal bovine serum (FBS) and 1% Penicillin/Streptomycin. K-562 cells 

were cultured in a 50:50 mixture of Dulbecco's Modified Eagle's Medium (DMEM) and Hams F-

12; supplemented with 10% FBS and 1% Penicillin/streptomycin. Both cell lines were cultured at 

37°C, at 5% CO2 and at 95% relative humidity. THP-1 cells were seeded at 1X105 cells/ml while 

K562 cells were seeded at 5X104 cells/ml; unless otherwise stated.  

2.4.2 Investigation of Toll-like receptor 4 (TLR4) expression  

RNA Extraction 

RNA was extracted using the acid guanidinium thiocyanate-phenol-chloroform method adapted 

from Chomczynski and Sacchi (1987). The suspension cells were transferred into 15 ml tubes and 

pelleted by centrifugation at 1500 rpm for 5 minutes. The supernatant was carefully discarded and 

350 µL of Trizol reagent was added to each pellet and resuspended several times for cell lysis.  

The cell lysates were transferred to 2 ml microcentrifuge tubes and incubated on ice for 5 minutes 

for complete cell lysis. Sixty microliters of chloroform was added to each cell lysate and samples 

were shaken vigorously until a milky pink suspension was formed. The samples were then 

incubated for 10 minutes at room temperature for initial phase separation. The samples were then 

centrifuged at 12000 g for 15 minutes at 4°C for phase separation. The aqueous phase (which 

contained nucleic acids) was carefully aspirated and transferred into new 2 ml microcentrifuge 

tubes. Isopropanol (250 µL) was added to the aqueous phase, tubes shaken vigorously and then 

incubated for 10 mins at room temperature RT. The samples were centrifuged at 12000 g for 10 

mins at 4°C to pellet the RNA. The supernatant was then discarded. The RNA pellet was washed 

by resuspension in 500 µL of 75% ethanol and vortexed briefly. The samples were centrifuged at 

10000 g for 5 mins at 4°C. 

 The supernatant was discarded, and RNA pellet was air-dried for 10 mins at RT. The RNA pellet 

was resuspended in 50 µL of nuclease-free water and incubated at 60°C on a heating block for 10 

minutes for complete solubilisation of the RNA. The samples were then chilled on ice and RNA 

concentrations and purity accessed using a Nanodrop spectrophotometer. The samples were then 

stored at -70°C until further use.  
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 Reverse transcriptase polymerase chain reaction (RT-PCR) 

RNA yield was determined using the Nanodrop spectrophotometer (Thermofischer Scientific, CA, 

USA). Complementary DNA was synthesized from 1 µg of total RNA per sample, using the Revert 

Aid first strand cDNA synthesis kit. Oligo (dT) primers, which prime at the poly A tail of mRNA 

molecules, were used in the reaction. The reaction was run in a PCR thermal cycler at 42°C for 1 

hour. After cDNA synthesis, the TLR4 PCR reaction was carried out in a final volume 25 µL 

containing: 200 nM forward and reverse primers (Forward primer: 

CCAGTGAGGATGATGCCAGAAT, reverse primer: GCCATGGCTGGGATCAGAGT), 1.5 uL 

of cDNA, 12.5 µL of 2X PCR Mastermix and 10 µL of nuclease-free water.  Thermal cycling 

parameters were set as follows: Initial denaturation at 94°C for 30 seconds, followed by 30 cycles 

of 94°C (30 seconds), 60°C (60 seconds), and 68°C (30 seconds). Finally, the product was subject 

to extension at 68°C for 5 minutes.  

The PCR products were run, alongside a 1kb DNA ladder, on a 1% agarose gel containing 0.5 

µg/ml of ethidium bromide at 110 volts for one hour. The gels were imaged using the ChemiDoc™ 

MP Imaging machine. Densitometric analysis was performed on the bands using 

MyImageAnalysis™ software. The bands were normalized against GAPDH and RPL01 used as 

reference genes. 

2.4.3 Analysis of cytokine expression using ELISA array 

Enzyme-linked immunosorbent assays (ELISAs) is a technique that combines the sensitivity of 

enzyme assays with the specificity of antibodies for qualitative and quantitative detection of a 

protein of interest in biological samples such as serum, plasma, tissue culture supernatant, tissue 

homogenate, and others. In an ELISA assay, an antigen is immobilised to a solid surface and then 

complexed with an enzyme-linked antibody. The detection is carried out by measuring the activity 

of the conjugated enzyme through incubation with a suitable substrate which produces a 

measurable product. The absorbance of the product is finally measured at a specific wavelength 

by spectrophotometry.  

The Human, bacterial Toll-like receptor Multi analyte ELISA array kit was used to assess cytokine 

production following LPS treatment. The kit is used for the concurrent detection of 12 cytokines 

or chemokines in several biological samples using an ELISA assay. The kit contains screened and 
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certified capture and detection antibodies, shows high sensitivity and linearity and uses standard 

ELISA equipment. All the buffers used for the ELISA array were supplied by the manufacturer.  

Sample collection and processing 

After 24 hours treatment, 1 mL of cell culture medium was pipetted from LPS-treated and 

untreated samples and dispensed into 1.5 mL centrifuge tubes and centrifuged at 1500 rpm at 4°C 

for 10 minutes. The supernatants were immediately aliquoted into 1.5ml centrifuge tubes and 

stored at -80°C until required. 

Reagent preparation 

Five-hundred millilitres of 1X wash buffer was prepared by diluting 50 mL of the wash buffer in 

450 mL of dH2O to a final. The 1X wash buffer was transferred to a wash bottle and kept at room 

temperature. A working solution of BSA was prepared by diluting 0.6 ml of 10% BSA into 30 mL 

of assay buffer stock solution and kept at room temperature. Sample dilution buffer (1X) was 

prepared by diluting 2 ml of 10% BSA into 18 ml of sample dilution buffer stock to a final volume 

of 20 mL. 

 Sample addition and assay 

The wells of rows 1 to 12 contained antibodies that were pre-coated by the manufacturer. Fifty 

microliters of assay buffer was loaded into each well. Fifty microliters of each sample was added 

to appropriate ELISA array microtitre plate wells onto which specific monoclonal antibodies had 

been coated. Using a multi-channel pipettor, 50 µL of sample dilution buffer was added to all the 

wells of row A to set up the negative control. The microplate was then covered, gently agitated for 

10 seconds and incubated for 2 hours at room temperature on a bench top. The stop solution was 

thawed at room temperature, in a drawer protected from light. At this time, the 12 

secondary/detection antibodies were thawed on ice for 30 minutes and prepared by adding 855 µL 

of sample dilution buffer and gently mixed. Each diluted detection antibody was then transferred 

to its corresponding tube in a strip of 12 tubes. The ELISA plate was washed by adding 350 µL of 

1X wash buffer into each well, shaken gently for 10 seconds and the contents of each well were 

gently aspirated. The plate was then blotted up-side-down to remove any residual buffer. The 

process was repeated twice for a total of three washes.  

Using a 12-channel pipettor, 100 µl of the dilute detection antibody from the strip of 12 tubes were 

added to their corresponding rows in the ELISA plate. The plate was covered, gently agitated for 
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10 seconds and incubated for an hour at room temperature. Just before the second wash following 

the one-hour incubation, Avidin-HRP conjugate was thawed on ice for 20 minutes and gently 

vortexed to mix properly. Eleven microlitres of the Avidin-HRP conjugate was added to 11 ml of 

assay buffer and kept in the dark. The ELISA plate was washed as previously described. The 

Avidin-HRP conjugate (100 µL) was added to all wells. The plate was then covered, gently tapped 

for ten seconds to mix, and incubated for 30 mins at room temperature in the dark.  

The plate was washed as previously described; however, the number of washes was increased to 

four. Twelve millilitres of the development solution was transferred to a multi-channel pipettor 

reservoir and 100 µL the solution was added to all wells and the plate was incubated in the dark 

for 15 mins at room temperature. One hundred microlitres of stop solution was added to each well 

and a colour change was observed from blue to yellow. The absorbance was read at a wavelength 

of 450 nm and at 570 nm after about 20 minutes of stopping the reaction. The readings at 570 nm 

were subtracted from those at 450 nm for wavelength correction. For each antigen, the corrected 

absorbance values were calculated by subtracting the absorbance of the negative control from the 

absorbance of test samples and the results were plotted on a bar graph. 

2.4.4 RT-PCR for cytokine expression 

To further validate ELISA array cytokine screening, gene-specific primers for upregulated 

cytokines were designed (NCBI Primer Blast, NCBI) and synthesized (Inqaba Biotec, Pretoria, 

South Africa). Table 4 shows the primers used and their predicted PCR product sizes in base pairs. 

Table 4. PCR primers used and predicted product sizes 

Gene Forward primer Reverse primer Product 

size (base 

pairs) 

IL8 

(CXCL8)  

5’-AAGGTGCAGTTTTGCCAAGG-3’ 5’-CAACCCTCTGCACCCAGTTT-3’ 204 

RANTES 

(CCL5) 

5’-CTGCCTCCCCATATTCCTCG-3’ 5’-TCGGGTGACAAAGACGACTG-3’ 137 

MIP-1β 

(CCL4) 

5’-GCACCAATGGGCTCAGAC-3’ 5’-GCTCAGTTCAGTTCCAGGTC-3’  211 

MDC 

(CCL22) 

5’-GCGTGGTGTTGCTAACCTTC-3’ 5’-AGGGCCAGGGGACATCTAAT-3’  649 

RPL01  5’-GGCAAGAACACCATGATGCG-3’ 5’-TCGAACACCTGCTGGATGAC-3’  416 

  
GAPDH  5’-GAA GGT GAA GGT CGG AGT C-3’  5’-GAAGATGGTGATGGGATTTC-3’  226  
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cDNA synthesis and RT-PCR reactions were carried out as previously described in section 2.4.1. 

2.4.5 L-Lactate assay  

Naturally, lactate exists in two stereoisomers: L-lactate and D-lactate. L-lactate is the main 

stereoisomer of lactate produced during glycolysis and more pathophysiologically significant. This 

is due to the abundant presence of L-lactate dehydrogenase enzyme, producing almost exclusively 

L-lactate. Both stereoisomers of lactate are produced from the metabolism of pyruvate by the 

enzyme lactate dehydrogenase. L-lactate, the end product of glycolysis provides a reliable method 

of assessing the rate of glycolysis as shown in several studies  (Elstrom et al., 2004; TeSlaa and 

Teitell, 2014; Zhao et al., 2009) making it the method of choice used in this study.  

After 48-hour treatments with LPS and polymyxin B, 10 μL of cell culture supernatant was 

carefully aspirated from samples to be used for the assay. A glycolysis reaction solution (6 ml) 

was made containing 60 μL each of glycolysis assay substrate and co-factor into 5.82 ml of assay 

buffer. L-lactate standards (10, 5, 2.5, 1.25, 0.625, 0.313, 0.156 and 0 mM) were prepared from 

the 10mM stock solution to generate a standard curve. Ten microlitres of each sample, in 

duplicates, were transferred into appropriate wells in a clear, flat-bottomed 96-well plate. Two 

wells were allocated for the blank, into which culture medium was transferred. An equal volume 

of L-lactate standards was also transferred into appropriate wells on the 96-well plate in duplicates. 

One hundred microliters of the reaction solution was added using a multi-channel pipette to all 

wells. The plate was incubated at room temperature on an orbital shaker for 30 minutes. The 

absorbance was read at 490 nm using a Multiskan™ GO Microplate spectrophotometer. The 

average absorbance values were computed, and the blank absorbance was subtracted from all 

values to obtain the corrected absorbance values. The corrected absorbance values for each of the 

standards were plotted against their corresponding concentration values to obtain a standard curve. 

The L-lactate concentrations for experimental samples were finally computed using the formula 

below: 

[𝐿 − 𝐿𝑎𝑐𝑡𝑎𝑡𝑒] = (𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒/𝑆𝑙𝑜𝑝𝑒) − 𝑦_𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝t 

2.4.6 Gene interaction analysis 

In order to investigate possible relationships between upregulated cytokines and enhanced 

glycolysis observed from increased lactate levels following LPS treatment, pathway analysis was 
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done using GeneMANIA (Mostafavi et al., 2008; Warde-Farley et al., 2010) and IMP (Wong et 

al., 2012, 2015). GeneMANIA and IMP predict the function of genes of interest as well as possible 

protein-protein interaction networks.  

IMP enables the analysis of candidate gene sets in the setting of functional networks. The 

functional interactions are predicted from integrated high-throughput data. IMP also further 

investigates enriched biological processes from the input gene set (Wong et al., 2012). 

GeneMANIA on the other hand, analyses a set of input genes and finds other genes that are related 

to it, by means of a large set of functional association data. These data include protein domain 

similarity, protein, and genetic interactions, co-expression, pathways and protein co-localization 

(Mostafavi et al., 2008).  

GeneMANIA was shown to be the most accurate when compared with other web servers, and also 

generally faster in analysing inputs (Mostafavi et al., 2008; Peña-Castillo et al., 2008). The default 

settings for both web servers were used after entering the input genes. Table 5 shows the input 

genes in both web servers: 

Table 5. Input genes for GeneMANIA and IMP pathway analysis webservers 

NCBI 

Gene ID 

Gene  Common name 

 

Upregulated cytokines 

3576 CXCL8  Interleukin 8 (IL8) 

6352 CCL5  Regulated Upon Activation Normal T-cell Expressed Sequence 

(RANTES) 

6351 CCL4  Macrophage inflammatory protein-1 beta (MIP-1β) 

6367 CCL22  Macrophage-Derived Chemokine (MDC) 

Glycolytic genes investigated 

NCBI 

Gene ID 

Gene  Common name 

3099 HK2 Hexokinase, isoform 2 

3101 HK3 Hexokinase, isoform 3 

3939 LDHA Lactate dehydrogenase A 

5224 PGAM2 Phosphoglycerate mutase, isoform 2 

6513 SLC2A1 Glucose transporter 1 (GLUT1) 

6517  SLC2A4 Glucose transporter 4 (GLUT4)  

2023 ENO1 Enolase 1 

5163 PDK1 Pyruvate dehydrogenase kinase1 

5315 PKM Pyruvate kinase 

3091 HIF-1α Hypoxia-inducible factor 1 alpha 

5209 PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
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2.4.7 Investigation of biological processes 

Gene Ontology (GO) is defined as “a structured, precisely defined, common, controlled vocabulary 

for describing the roles of genes and gene products in any organism” (Ashburner et al., 2000). GO 

comprises three ontologies: cellular component, molecular function, and biological process. A 

biological process is a recognised chain of molecular functions which is essential for life.  It was 

observed from GeneMANIA gene interaction networks that certain cytokines may co-express or 

be co-localised with glycolytic proteins (See Figure 3.8 and Table 6). I postulated that the 

upregulated cytokines in this study could be involved in similar biological processes with certain 

glycolytic proteins.  Each upregulated cytokine was used as an input gene in the IMP web server 

alongside the glycolytic proteins previously investigated. Next, “process network” was selected. 

Under the “network filters”, “Only show shared processes’ box was checked and “only show 

predictions” was unchecked. The prediction confidence cutoff was left at the default 0.5 value. 

The resulting images were processed and saved. 

 

2.4.8 Mitochondrial membrane potential assay using JC-10 dye 

Flow cytometric use of JC-10 dye provides a robust method for observing variations in 

mitochondrial membrane potential. This test is based on the detection of the mitochondrial 

membrane potential changes in cells by the lipophilic, cationic dye, JC-10. In healthy cells, JC-10 

concentrates in the mitochondrial matrix where it forms aggregates with red fluorescence. 

However, during mitochondrial depolarisation, JC-10 disperses out of mitochondria. This causes 

the dye to change to its monomeric form and stain cells in green fluorescence.   

Following 48-hour treatments, cells were pelleted by centrifugation at 1500 rpm for 5 minutes. 

Positive control and negative control samples were FCCP (Sigma-C2920) - and 95% ethanol-

treated samples respectively.  

 The supernatant was discarded, and the pellet resuspended gently in 400 µL of JC-10 dye-loading 

solution (MAK160-1KT). The cells were incubated at 37°C, 5% CO2, and 95% humidity for 60 

minutes. Fluorescence intensity was monitored using FL1 (green) and FL2 (orange) fluorescent 

channels in a BD Acuri C6 flow cytometer (BD Biosciences, CA, USA). Fluorochrome spillover 

between FL1 and FL2 channels was corrected by fluorescence compensation.  FL1 was corrected 
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by subtracting 3.2 units from FL2, while FL2 was corrected by subtracting 7.5 from FL1. All 

samples were run in triplicates. 

 

2.4.9 Cell cycle analysis 

Cell cycle analysis assesses the percentage of cells at sub G0/G1, G0/G1, S and G2M phases of 

the cell cycle. In this study, propidium iodide (PI), a fluorescent and DNA-intercalating dye was 

used to assess DNA content in ethanol-fixed cells following treatments at 24 and 48-hour time 

points. Firstly, the cells had to be fixed and permeabilised using 70% ethanol, permitting PI to 

enter the cells and bind to DNA. DNA contents change as a cell progresses from one phase of the 

cell cycle to another. At G0/G1 the DNA content is 2n (where n denotes the haploid DNA content 

of the genome). As S-phase during which DNA synthesis occurs, cellular DNA content ranges 

between 2n and 4n. At G2/M phase where DNA is fully synthesised, and cells are ready for mitosis, 

the DNA content is 4n. Any cells undergoing death would have DNA content less than the diploid 

number, 2n (Evan and Vousden, 2001). This means that cells at G2/M are about twice as 

fluorescent as those at the G0/G1 phase since PI binds proportionately to the amount of DNA 

present.  

Somatic cells proliferate through mitosis which is determined by cell cycle progression (Alenzi, 

2004). Given that a glycolytic flux, characteristic of the Warburg effect was observed following 

LPS treatments, I decided to investigate any possible changes in the cell cycle following LPS 

treatments at 24- and 48-hour time points. It was expected that, since the Warburg effect observed 

is a hallmark of cancer, LPS-induced metabolic reprogramming could lead to cell proliferation.  

 

Cell fixation 

Following treatment with LPS and Polymyxin B for 24 and 48 hours, cells were transferred from 

6 well plates into 15 ml falcon tubes and centrifuged to pellet at 1500 rpm for 5 minutes. The 

supernatants were discarded, and 1 ml of PBS was added to the pellets. The pellets were then 

resuspended, and mixture transferred to labelled 1.5 ml Eppendorf tubes. The cells were then 

washed by centrifuging at 1500 rpm for 5 minutes. The supernatant was discarded and 1 ml of 
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70% prechilled (at -20°C) ethanol was added to each cell pellet slowly, while gently 

vortexing.   The cells were then stored at -20°C for 24 hours. 

 

Propidium iodide (PI) staining 

A PI in RNase solution was used in this study. RNase was used because PI is a nucleic acid-binding 

dye. However, since only DNA content is representative of the different phases of the cell cycle, 

RNase was used to degrade all RNA present and give an accurate assessment of DNA content.  

The cell suspensions were centrifuged at 3000 rpm for 5 minutes to pellet the cells. The ethanol 

supernatant was discarded, and the pellet washed by adding 1 ml of 1X PBS to the cell pellet, 

resuspending and centrifuging for 5 minutes. The wash step was repeated, to completely remove 

any ethanol which may interfere with the staining procedure. Three hundred microliters of 

FxCycle™PI/RNase solution was added to each pellet. Each tube was vortexed gently to resuspend 

the pellet. The samples were incubated at room temperature in the dark for 30 minutes. Thereafter, 

samples were analysed using a BD FACS Aria III flow cytometer with wavelength set at 488 nm. 

The sample flow rate was set to ‘slow’, for proper interrogation at the flow cell. Ten thousand 

events were acquired, and the sample population was gated by identifying singlet populations on 

the forward scatter versus side scatter plot. PI intensity was read on an FL3 channel at a wavelength 

of 488 nm. 

 

2.5 Statistics 

A two-tailed student t-test was used on the GraphPad Prism web server. Significance was 

calculated by comparing the means and standard deviations of three or two independent 

experiments at 95 % confidence interval (p<0.05). p-values less than 0.05 were considered 

statistically significant.  
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Chapter 3 -Results 
 

Overview 

This study showed that TLR4 was expressed in both THP-1 and K562 cells. However, there was 

a dose-dependent change in TLR4 expression following LPS treatments in THP-1, and not K562 

cells. Furthermore, it was observed that RANTES, IL8, MIP-1β, and MDC, were upregulated 

following LPS treatment at both mRNA and protein levels. Moreover, LPS induced increased 

lactate production, indicative of enhanced glycolysis in THP-1 cells. This enhanced lactate 

production was inhibited by polymyxin B. Hence, glycolytic flux observed in THP-1 cells was 

TLR4 dependent, given that polymyxin B is an inhibitor of LPS-induced TLR4 signalling. 

Nevertheless, LPS was not able to induce an increase in glycolysis with 5, 10 and 20 ng/ml 

concentrations in K562 cells.  

The function of proteins is largely determined by protein-protein co-expression and subcellular 

co-localisation.  Analysis of possible relationships between upregulated cytokines and glycolysis, 

using IMP and GeneMANIA suggested that the upregulated cytokines in this study are co-

expressed and co-localised with key glycolytic proteins. This shows that receptors for the 

upregulated cytokines are expressed, suggesting that the cytokines utilise an autocrine mechanism 

to induce LPS-mediated upregulation of glycolysis in THP-1 cells. It was found that Interleukin-

8, MIP-1β, and RANTES showed co-expression with Hexokinase 3 (HK-3). IL8 in addition being 

co-expressed with HK-3 also showed co-expression with GLUT1 (SLC2A1) and PGM and co-

localised with enolase 1 (ENO1). MDC showed co-expression with the LDHA, which is usually 

upregulated in several types of cancer. Both IL8 and MIP-1β are co-expressed with PFKFB3. 

Furthermore, both HIF-1α, GLUT3 (SLC2A3) are co-expressed and co-localised with IL8. The 

afore-mentioned protein-protein co-expression and co-localisation are presented in Table 6. Still, 

an investigation of the biological processes shared by the upregulated cytokines (IL8, RANTES, 

MDC, and MIP-1β) with glycolytic proteins, using IMP web server showed that several processes 

are shared; most of which are innate and adaptive immune responses.  

Assessment of mitochondrial health using the JC-10 dye showed that LPS induced mitochondrial 

membrane depolarisation in both cell lines. Following an increase in glycolysis after LPS 

treatment, it was expected that the cells would proliferate, given that glycolytic flux is a metabolic 
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signature of the Warburg effect. After 24 hours of LPS treatments, a G0/G1 cell cycle arrest was 

observed, accompanied by a decrease in S-phase populations. However, after 48 hours, THP-1 

cells showed an accumulation of sub/G0/G1 cell populations following LPS treatments. No cell 

cycle progression was observed. In K562 cells, an increase in G0/G1 was observed following 24 

hours of treatment with LPS, however, after 48 hours, no significant change was observed between 

cell subpopulations. Proliferative indices are important determinants of cell proliferation. 

Following computation of proliferative indices of cell cycle sub-populations, no proliferation was 

observed in both cell lines. Overall, THP-1 displayed LPS-induced elevated glycolysis, 

mitochondrial membrane depolarisation, and upregulated chemokines; IL8, RANTES, MIP-1β, 

and MDC. Bioinformatic predictions showed that the upregulated chemokines are co-expressed 

with glucose transporters and glycolytic proteins. Especially, all upregulated chemokines were co-

expressed with HK3.  

 

3.1 TLR4 is expressed in both THP-1 and K562 cells 

TLR4 plays an important role in pathogen recognition and innate immune activation; making its 

expression in innate immune cells critical for their functions. TLR4 responds to bacterial LPS, a 

PAMP which is present on the cell wall of Gram-negative bacteria, as well as other endogenous 

molecules released from tissue damage. Following TLR4 recognition of LPS, the receptor 

mediates the production of inflammatory cytokines necessary for mediating innate and 

subsequently influencing adaptive immunity. This work investigated the effects of LPS-induced 

TLR4 signalling on the metabolic program of THP-1 and K562 cells. 

Since bacterial LPS was used to simulate infection in transformed innate immune cells (THP-1 

and K562), it became necessary to investigate the expression of its cognate receptor, TLR4 in these 

cells. To investigate LPS-induced TLR4 receptor expression, the cells were treated with varying 

doses (5, 10 and 20 ng/ml) of LPS for 24 hours. It was observed that TLR4 was expressed in both 

THP-1 and K562 cell lines (Figure 3.1). However, LPS treatment of THP-1 cells for 24 hours 

showed a maximal expression of TLR4 at the lowest concentration of LPS (5 ng/ml), compared 

with higher concentrations (10 and 20 ng/ml). On the other hand, the lowest expression of TLR4 

was observed at the highest concentration of LPS (20 ng/ml); suggesting an inverse relationship 

between the dose of LPS and TLR4 expression in THP-1 cells (Figure 3.1A). In contrast, in K562 
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cells, the highest expression was observed at 20 ng/ml of LPS concentration. Compared with the 

untreated cells, there was only a slight increase in TLR4 expression in K562 cells following 

treatment. Unexpectedly, there was a marked downregulation of TLR4 in K562 cells after 

treatment with 10 ng/ml LPS for 24 hours.  

 

 

 

Figure 3.1. THP-1 and K562 cells express Toll-like receptor 4. THP-1 and K562 cells were treated with 

5, 10 and 20 ng/ml LPS for 24 hours, total RNA was extracted, 1 µg of RNA was reverse-transcribed and 

TLR4 was amplified by PCR. The PCR products were run, on a 1% agarose gel. The gels were imaged 

using the ChemiDoc™ MP Imaging machine. Densitometric analysis was performed using 

MyImageAnalysis™ software.  A and B show RT-PCR gel images for THP-1 and K562 respectively while 

and C and D show THP-1 and K562 densitometry results, respectively. TLR4 was normalised with 

reference genes (GAPDH and RPL01).  
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3.2 LPS upregulates IL8, RANTES, MIP-1β, and MDC protein expression THP-1 cells 

After confirming the expression of TLR4, the function of TLR4 signalling pathway was 

investigated following LPS treatment. LPS, the main structural constituent of the cell wall of 

Gram-negative bacteria is a macromolecule having a molecular mass between 10 and 20 kDa. LPS 

is made up of lipid A, which is a hydrophobic lipid component responsible for its endotoxic 

properties. It also possesses a hydrophilic polysaccharide chain in the core region and a repeating 

hydrophilic oligosaccharide side chain which confers bacterial specificity (Rietschel et al., 1994).  

To further investigate the signalling pathway activated by LPS in THP-1 cells, the cells were 

stimulated with LPS (5 ng/ml) and polymyxin B (10 μg/ml) for 24 hours and measured 

downstream effector cytokine expression using a TLR-induced multi-analyte ELISA array kit. The 

array simultaneously profiled the expression of 12 inflammatory cytokines namely: TNF-α, IL1β, 

IL6, IL12, IL17A, IL8, MCP-1, RANTES, MIP-1α, MIP-1β, MDC and eotaxin in a single 

detection experiment. It was found that IL8 and RANTES were highly upregulated after treatment 

with LPS. MIP-1β and MDC were slightly upregulated when compared with the untreated and 

samples co-treated with polymyxin B (Figure 3.2).  When compared to LPS-treated cells, these 

findings also showed that the expression of RANTES, IL8, MIP-1β, and MDC were abrogated by 

polymyxin B. Interestingly, all upregulated cytokines in this study were chemokines. Surprisingly, 

TNF-α and IL-1β, which are known to be induced by LPS in monocytes and macrophages, were 

not detected in this study. Notably, untreated cells appear to secrete basal amounts of chemokines 

prior to LPS-mediated stimulation which may be required for other housekeeping functions.  
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Figure 3.2. RANTES (CCL5) and interleukin 8 are highly upregulated following LPS treatment. 

Expression of 12 cytokines in THP-1 cells following LPS (5 ng/ml) treatment for 24 hours in a single 

detection ELISA array experiment. Polymyxin B (PmB) was used at 10 µg/ml to inhibit LPS-induced 

TLR4 signalling. Absorbance was read using a microplate spectrophotometer (Multiskan™ GO) at   450 

nm and 570 nm. The readings at 570 nm were subtracted from those at 450 nm for wavelength correction. 

The Key insert shows various treatments. 

 

3.2.1 RT-PCR validation of cytokine expression 

Upon LPS binding to TLR4, conformational changes in TLR4 leads to the recruitment of 

intracellular adaptor proteins, subsequent activation of kinases (IRAK4 and IRAK1), followed by 

a cascade of signalling events which culminate in the translocation of transcription factors such as 

NF-κB to the nucleus (Chen et al., 2007; Medzhitov, 2001; Takeda and Akira, 2005).  Next, NF-

κB triggers the expression of specific cytokines by binding to their DNA promoter regions. To 

validate the ELISA, RT-PCR was performed on highly upregulated cytokines. Samples were 

treated for 24 and 48 hours with LPS alone and LPS and polymyxin B in biological duplicates. 

Gene-specific primers for RANTES, IL8, MIP-1β, and MDC were designed using the NCBI 

Primer blast software. In THP-1 cells, it was observed that there was an increased expression of 

RANTES, IL8, MIP-1β, and MDC which could be inhibited partially by polymyxin B (Figure 

3.3). In K562 cells, IL8, MDC, and MIP-1β were upregulated. But, no RANTES was detected in 

K562 cells prior to and post LPS stimulation (Figure 3.4).   
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The lowest concentration of LPS, 5 ng/ml (compared with 10 and 20 ng/ml of LPS), showed the 

highest expression of mRNA for upregulated cytokines in both cell lines after 24-hour treatment 

as seen in Figures 3.3 and 3.4. Furthermore, there was a constitutive expression of IL8, RANTES, 

MIP-1β, and MDC in THP-1 cells as evidenced by mRNA expression in the untreated samples.  

Additionally, polymyxin B inhibited LPS-induced cytokine synthesis at 24 hours when 5 ng/ml of 

LPS was used, but not a clear inhibitory pattern when higher concentrations (10 ng/ml and 20 

ng/ml) were used. At 48-hour treatments in THP-1 cells, both IL8 and RANTES mRNA were 

upregulated following LPS treatments (Figure 3.3 E and F), albeit apparently not inhibited by 

polymyxin B. Moreover, there was no apparent change in IL8 mRNA expression in K562 cells at 

48-hour treatments with LPS (Figure 3.4 B), when compared with the untreated, and independent 

of co-treatment with polymyxin B. As seen in Figure 3.4 C, MDC expression in K562 cells was 

the same at all LPS treatment concentrations and showed polymyxin B-mediated inhibition. MDC 

mRNA levels in K562 at 48-hour LPS treatments only showed an increase in expression when the 

highest concentration (20 ng/ml) of LPS was used (Figure 3.4 D).   

TLR4 expression results that were obtained showed that 5 ng/ml of LPS showed maximal TLR4 

expression. ELISA array using 5 ng/ml of LPS indicated that IL8 and RANTES were highly 

upregulated at protein levels while MIP-1β and MDC were moderately upregulated. All 

upregulated cytokines were confirmed both at mRNA and protein levels. However, further 

comparing the pattern of expression between cytokines indicated that there was a lack of similarity. 

For example, it would have erroneously been expected IL8 mRNA expression levels in THP-1 to 

be highest when compared with MDC and MIP-β, judging from their protein expression levels.  

By contrast, the relative mRNA expression of MDC was higher than that of IL8 as seen in Figure 

3.3 A and 3.3 C respectively. Furthermore, even though RANTES protein expression was 

dramatically higher than that of MDC, their mRNA levels were more or less the same as seen in 

Figure 3.3 B and C respectively.  
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Figure 3.3. LPS-induces transcription of RANTES and IL8, MIP-1β and MDC in THP1: inhibited 

by polymyxin.  RT-PCR illustrating changes in gene expression of IL8, RANTES, MDC, and MIP-1β 

mRNA. After LPS treatment, 1 µg of extracted total RNA was reverse-transcribed and amplified by PCR. 

PCR products were run on a 1% agarose gel. The gels were imaged using the ChemiDoc™ MP Imaging 

machine. Densitometric analyses were performed using MyImageAnalysis™ software. The densitometry 

results (bar graphs) were normalised with reference gene RPL01. The top panel, A to D shows 24-hour 

mRNA expression for IL8, RANTES, MDC, and MIP-1β respectively. The lower panel, E to G indicates 

mRNA expression for IL8, RANTES, and MDC respectively. LPS* (5 ng/ml LPS), LPS** (10 ng/ml LPS), 

LPS*** (20 ng/ml LPS). Polymyxin B (PmB) at 10 µg/ml was used as an inhibitor of LPS-induced TLR4 

signalling. The data is represented as mean ± SD from 2 independent experiments.  
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Figure 3.4. LPS-induces transcription IL8, MIP-1β, and MDC in K562: inhibited by polymyxin B. 

RT-PCR showing changes in gene expression. Cells were treated with LPS, 1 µg of extracted total RNA 

was reverse-transcribed and amplified by PCR. PCR products were run on a 1% agarose gel. The gels were 

imaged using the ChemiDoc™ MP Imaging machine. Densitometric analyses were performed using 

MyImageAnalysis™ software. The densitometry results (bar graphs) were normalised with reference gene 

RPL01. A and B show IL8 expression after 24 and 48-hour LPS treatments respectively while C and D 

depict MDC expression after 24- and 48 hours respectively. LPS* (5 ng/ml LPS), LPS** (10 ng/ml LPS), 

LPS*** (20 ng/ml LPS). RANTES was not expressed in K562. Polymyxin B (PmB) at 10 µg/ml was used 

as an inhibitor of LPS-induced TLR4 signalling. The data is represented as mean ± SD from 2 independent 

experiments.  

An overall comparison of THP-1 and K562 mRNA expression (as seen in Figure 3.3 and 3.4) 

shows that although MDC and IL8 were expressed in K562 at mRNA level, RANTES, a potent 

pro-inflammatory chemokine, was not expressed. However, RANTES was highly expressed in 

THP-1 cells at both mRNA and protein levels.   
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3.3 LPS induces glycolytic flux in THP-1 cells which can be inhibited by 

polymyxin B 

The mechanisms that underlie infection-induced carcinogenesis are limited to direct oncogenic 

transformation by oncogenic viruses; inflammation etc. However, the possibility of microbes 

aggravating the Warburg effect and causing cell proliferation has not been elucidated. This was 

investigated by simulating infection in THP-1 and K562 cells using bacterial LPS. To determine 

the rate of glycolysis, lactate levels, which usually indicate the rate of glycolysis, were measured. 

It has been reported that lactate, the preferred end product of glycolysis in tumour cells, is primarily 

the cause of the acidification of the tumour microenvironment (Gottfried et al., 2006; Rogatzki et 

al., 2015). 

 An increase in the production of lactate was observed in THP-1 cells following treatment with 5 

and 10 ng/ml of LPS (p values ± SD: 0.0299±0.03195 and 0.0211 ± 0.0012 respectively) as shown in 

Figure 3.5. There was also a nearly significant secretion of lactate in the sample treated with 20 

ng/ml LPS when compared with the untreated sample (p-value ±SD: 0.054±0.019). However, there 

was a slight decline in lactate production when LPS was increased to 20 ng/ml. The fact that LPS-

induced glycolytic flux was inhibited by polymyxin B suggested that such a change is likely TLR4-

dependent.  

 There was no significant change in lactate production following treatments with LPS and co-

treatments with LPS and polymyxin B in K562 cells (Figure 3.5). Even though there was only a 

slight increase following LPS treatments, a similar scenario was observed when co-treatment with 

polymyxin B was carried out. Overall, there was no appreciable increase in lactate production 

following LPS treatments in K562 cells. This implied that LPS did not affect the metabolic 

program of K562 cells when compared to THP-1 cells. Despite increasing LPS concentration from 

5 ng/ml to 20 ng/ml in K562 cells, no significant change in L-lactate production was observed.  
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Figure 3.5. LPS induces glycolytic flux in THP-1, but not K562 cells. THP-1 (blue bars) and K562 (red 

bars) cells were treated for 48 hours. 10 uL of each sample was used to run the lactate assay. Absorbance 

values were read at 490 nm using a Multiskan™ GO Microplate reader. The data is represented as mean ± 

SD from 2 independent experiments. * indicates nearly statistically significant (p-value ±SD: 0.054±0.019) 

** indicates statistically significant (0.0299±0.03195), *** indicates very statistically significant (0.0211 ± 

0.0012). GraphPad Quick Calcs software was used to compute all statistics.  

 

3.4 RANTES, IL8, MIP-1β, and MDC show co-expression and other possible 

interactions with glycolytic proteins 

Many proteins function in multi-protein complexes, which are vital in virtually all cellular 

processes. Proteins rely on the properties and stoichiometry of their interacting partners for proper 

activity (Kerrigan et al., 2011). This is because the co-expression of interacting protein partners is 

critical for proper folding and stability which influences the activity of a protein. Hence, the study 

of protein-protein co-expression is important in elucidating biological systems in health and 

disease.  

Following increased glycolytic flux observed during LPS treatment in silico gene interaction 

analysis was done to investigate possible relationships between cytokines and glycolysis. Hence, 

possible interactions between the upregulated cytokines in this study and glycolytic proteins were 
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investigated. A list of input genes comprising of upregulated cytokines in this study and glycolytic 

proteins (Table 5, section 2.4.6) were entered to the IMP web server.  

IMP data showed a network of predicted interactions between upregulated cytokines and some 

glycolytic proteins. For example, CCL4 (MIP-1β) is predicted to interact with HK3. It is also 

predicted to interact strongly with several cytokines and cytokine receptors as shown in Figure 

3.6. CCL-5 (RANTES) relates with IL10RA (Interleukin 10 receptor A), which in turn is predicted 

to interact with HK3. CXCL8 (IL8), in addition to its vast interaction with cytokines and cytokine 

receptors, also shows a relationship between certain genes which relate to glycolytic enzymes. For 

example, IL8 relates with BHLHE40 (Basic Helix-Loop-Helix Family Member E40), which shows 

a relationship with LDHA and ENO1. CCL22 (MDC) relates with IL10RA and CCR5 (a RANTES 

receptor). Both IL10RA and CCR5 are predicted to interact with HK3.  Furthermore, HIF-1α 

which is known to transcriptionally upregulate several glycolytic genes is also predicted to interact 

with IL8 which showed marked upregulation in this study. HIF-1α also interacts with PLAUR 

(Plasminogen Activator, Urokinase Receptor) whose activation influences several cytokines and 

cytokine receptors as seen in Figure 3.6. 

 

Figure 3.6. Predicted gene interaction network of cytokines and glycolytic genes from IMP 

webserver. The interaction networks were generated by entering upregulated cytokines and glycolytic 



48 
 

genes into the IMP web server. A node represents a gene and an edge represents the probability based on 

high throughput data that a pair of genes participates in a biological process. The relationship confidence 

bar shown on the figure gives the strength of the interaction based on network weights. Meaning red edges 

represent stronger interaction confidence while green interactions show weaker confidence. The red nodes 

represent input genes while the black nodes represent other interacting genes in the network. 

 The web of interactions predicted by IMP and depicted in Figure 3.6 above warranted further 

investigation of the nature of interactions. It therefore became imperative to use another gene 

interaction web server. To further validate the predicted interactions made by the IMP webserver 

and probe the nature of such relationships, GeneMANIA was used. Of all the input genes (as shown 

in Table 5), GeneMANIA (Mostafavi et al., 2008) data showed further multiple interactions 

between upregulated cytokines in this study and glycolytic proteins as seen in Figures 3.7 and 

3.8.   

 

Figure 3.7. Complete GeneMANIA pathways: interaction of cytokines and glycolytic genes. The 

interaction networks were generated by entering upregulated cytokines and glycolytic genes into the 

GeneMANIA web server. The striped nodes represent the input genes while the unstriped nodes represent 

other interacting genes in the network. The edges represent the interactions: The purple edges: co-

expression, pink: physical interactions, yellow: predicted interactions, blue: co-localisation and green: 

genetic interactions. The key on the left gives a proper colour coding for the interactions shown by the 

edges. Interactions were considered statistically significant when an FDR (False discovery rate) value is < 
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0.05. FDR<0.05 represents a 5% chance of getting a false statistically significant result. GeneMANIA 

computes FDR values using the Benjamini-Hochberg procedure which is in-built to the web server. 

GeneMANIA network uses weights that indicate the predictive value of each selected data set for the query. 

Weights are assigned to networks based on how significant they are to the query genes. Non-relevant 

networks have zero weights and are not shown in the results. 

It was observed that, IL8, RANTES, MIP-1β and MDC show co-expression (purple edges) with 

several glycolytic proteins and co-localisation (blue edges) with a few glycolytic proteins. IL8, 

RANTES, MIP-1β, and MDC also showed physical interactions (pink edges) among themselves 

and with other cytokines and cytokine receptors such as “physical interactions” (pink edges). To 

better analyse each of the interactions between the upregulated cytokines and glycolytic proteins, 

the cytokines were selected in the GeneMANIA web server, thereby highlighting interactions 

(Figure 3.8). 

 

Figure 3.8. Interleukin 8, RANTES, MIP-1β and MDC show co-expression and other potential 

interactions with glycolytic genes. The interaction networks were generated by entering upregulated 

cytokines and glycolytic genes into the GeneMANIA web server. A shows a focus on IL8 interactions. B, 

C and D show MDC, MIP-1β and RANTES interactions respectively. The nodes represent genes while the 

edges represent interactions. All striped nodes show input genes while unstriped nodes represent other 

interacting genes.  Striped nodes with blue outlines represent the focus gene in the interaction network. The 

edge colour denotes the type of gene interaction: The purple edges: co-expression, pink: physical 



50 
 

interactions, yellow: predicted interactions, blue: co-localisation and green: genetic interactions. The key 

on the left gives a proper colour coding for the interactions shown by the edges (see the key 

inserted).  Interactions were considered statistically significant when an FDR (False discovery rate) value 

is < 0.05. FDR<0.05 represents a 5% chance of getting a false statistically significant result. GeneMANIA 

computes FDR values using the Benjamini-Hochberg procedure which is in-built to the web server. 

GeneMANIA network uses weights that indicate the predictive value of each selected data set for the query. 

Weights are assigned to networks based on how significant they are to the query genes. Non-relevant 

networks have zero weights and are not shown in the results. Table 6 shows interactions, corresponding 

network weights, and references.  

IL8, MIP-1β, and RANTES showed co-expression with HK-3, (white blood cell-type isoform 3-

which phosphorylates glucose in the first step of glycolysis) IL8, in addition being co-expressed 

with HK-3, also showed co-expression with GLUT1 (SLC2A1) and PGM, and co-localised with 

ENO1. MDC showed co-expression with the LDHA which is usually upregulated in several types 

of cancer. Both IL8 and MIP-1β are co-expressed with PFKFB3. Furthermore, both HIF-1α, 

GLUT3 (SLC2A3) are co-expressed and co-localised with IL8. Table 6 summarises the 

interactions, supported by appropriate references. 
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Table 6. Cytokines co-express and co-localise with glycolytic proteins and glucose transporters 

Cytokine-Glycolytic 

protein pair 

Interaction Network weights* References 

IL8 (CXCL8) 

IL8-GLUT1 Co-expression 

 

0.006498751 (Burington et al., 2008) 

IL8-GLUT3 Co-expression 

Co-expression 

 

 

 

 

Co-localisation 

 

0.015069837 

0.010163048 

0.027028402 

0.019684862 

0.012002146 

 

0.009628404 

 

(Wang et al., 2006) 

(Ramaswamy et al., 2001) 

(Roth et al., 2006) 

(Boldrick et al., 2002) 

(Innocenti et al., 2011) 

 

(Johnson et al., 2003) 

IL8-HIF1-α Co-localisation 

 

Co-expression 

0.022712165 

 

0.020582383 

 

(Schadt et al., 2004) 

 

(Boldrick et al., 2002) 

 

IL8-HK3 Co-expression 0.010228073 

 

(Roth et al., 2006) 

 

IL8- PFKFB3 Co-expression 0.012226868 

0.013425241 

(Ramaswamy et al., 2001) 

(Noble et al., 2008) 

IL8-ENO1 Co-localisation 0.010370574 (Schadt et al., 2004) 

RANTES (CCL5) 

RANTES-GLUT3 

 

 

RANTES-ENO2 

RANTES-HK3 

Co-expression 

Co-expression 

Co-expression 

Co-expression 

Co-expression 

 

0.01901005 

0.012890254 

0.019818643 

0.01997907 

0.008441823 

 

(Boldrick et al., 2002) 

(Burington et al., 2008) 

(Wu et al., 2007) 

(Rieger et al., 2004) 

(Bild et al., 2006) 

MIP-1β (CCL4) 

MIP-1β-HK3 Co-expression 0.011541992 

 

(Bild et al., 2006) 

MIP-1β- PFKFB3 Co-expression 0.018491235 (Ramaswamy et al., 2001) 

 

MDC (CCL22) 

MDC-LDHA Co-expression 0.007362005 (Wang et al., 2015) 

 

*GeneMANIA network uses weights that indicate the predictive value of each selected data set for 

the query. Weights are assigned to networks based on how significant they are to the query genes. 

Non-relevant networks have zero weights and are not shown in the results. The network weighting 

algorithms used by GeneMANIA have been validated in previous studies (Mostafavi et al., 2008; 

Warde-Farley et al., 2010). 
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RANTES, IL8, MIP-1β, and MDC are involved in similar biological processes as some 

glycolytic genes 

The IMP web server was used to further investigate shared biological processes of each of the 

upregulated cytokines (IL8, RANTES, MIP-1β, and MDC) with each of the glycolytic proteins 

previously stated (Table 5). It was found that several biological processes are shared by the afore-

mentioned cytokines and some glycolytic proteins. Examples include T cell activation, regulation 

of cellular homeostasis and regulation of cytokine production (Figure 3.9 A to D, and Table 7).  

As seen in Figure 3.9 IL8 is involved with HK3 in regulating CD8+ T cell activation (A); is 

involved with ENO1 in regulating cellular homeostasis (B) and participates with the glucose 

transporter SLC2A3(GLUT3) to regulate the response to nitrogen compounds (C). HIF-1α, a 

master regulator of glycolysis participates with IL8 in several processes such as immune 

regulation, angiogenesis, and receptor metabolic processes.  
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Figure 3.9 Network diagram showing biological processes shared by IL8 and glycolytic genes from 

IMP web server. Each upregulated cytokine was used as an input gene in the IMP web server alongside 

the glycolytic proteins previously investigated and “Biological processes” was run. A shows processes 

shared by IL8 and HK3 while B shows shared processes between IL8 and ENO1; C: IL8 and SLC2A3 

(GLUT3); D: IL8 and HIF-1α. Big nodes show input genes while smaller nodes represent enriched 

biological processes. The edges represent links to shared biological processes; with the colour intensity 

indicating the strength of the interaction.  

It was also observed that RANTES participated in several biological processes with HK3, a 

hexokinase isoform involved in glucose phosphorylation in the first step of glycolysis. These 

processes included T-cell regulation and cytokine production (Figure 3.10A). RANTES was also 
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involved in several biological processes with HIF-1α (Figure 3.10B), which is known to regulate 

both immune and metabolic processes (Haddad and Harb, 2005). 

 

Figure 3.10. Network diagram showing biological processes shared by RANTES from IMP web 

server. Each upregulated cytokine was used as an input gene in the IMP web server alongside the glycolytic 

proteins previously investigated and “Biological processes” was run. A shows processes shared by 

RANTES and HK3 while B shows shared processes between RANTES and HIF-1α. Big nodes show input 

genes while smaller nodes represent enriched biological processes.  

 MIP-1β participates in biological processes with HK3 (A), HIF-1α (B) and ENO1 (C) As shown 

in Figure 3.11. MDC is involved in biological processes with HIF-1α (E) and HK3 (F). An 

interesting observation was that HK3 was involved in biological processes with all upregulated 

cytokines: IL8 (Figure 3.9 A) RANTES (3.10 A), MIP-1β (3.11 A) and MDC (3.11 E). It should 

be noted that HK3 was also co-expressed with all the upregulated cytokines (Table 6).  
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Figure 3.11 Network diagram showing biological processes shared by MDC and MIP-1β from IMP 

web server. Each upregulated cytokine was used as an input gene in the IMP web server alongside the 

glycolytic proteins previously investigated and “Biological processes” was run. A shows processes shared 

by MIP-1β and HK3 while B shows shared processes between MIP-1β and HIF-1α; C: MIP-1β and ENO1; 

D: MDC and HIF-1α; and E: MDC and HK3.  Big nodes show input genes while smaller nodes represent 

enriched biological processes. The edges represent links to shared biological processes; with the colour 

intensity indicating the strength of the interaction.  
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The shared biological processes between IL8, RANTES, MIP-1β and MDC and glycolytic proteins 

depicted in Figures 3.9, 3.10 and 3.11 above are summarised in Table 7.   

Table 7. Shared biological processes between cytokines and glycolytic proteins 

Cytokine-glycolytic protein pair Shared biological processes  

IL8-HK3 • CD8 positive alpha beta T-cell activation 

• Negative regulation of alpha beta T-cell activation 

IL8-GLUT3 • Response to nitrogen compound 

IL8-ENO1 • Cellular homeostasis 

RANTES-HK3 • CD8 positive alpha beta T-cell activation 

• Negative regulation of CD8 positive alpha beta T-cell activation 

• Regulation of CD8 positive alpha beta T-cell activation 

• Negative regulation of cytokine production involved in immune response 

• Regulation of secretion by cell 

MIP-1β-HK3 • CD8 positive alpha beta T-cell activation 

• Negative regulation of cytokine production involved in immune response 

• Regulation of CD8 positive alpha beta T-cell activation 

• Negative regulation of alpha beta T-cell activation 

• Regulation of secretion by cell 

MIP-1β-ENO1 • Regulation of protein secretion  

• Cellular homeostasis 

MDC-HK-3 • Negative regulation of alpha beta T-cell activation 

 

Some cytokines (IL8, RANTES, MIP-1β, and MDC) are co-expressed with glycolytic proteins 

(Table 6) and these proteins also share important biological processes with glycolytic proteins and 

glucose transporters (Table 7).  However, most of the enriched biological processes are found in 

the innate and adaptive arms of the immune system. Another important finding is that IL8, 
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RANTES, and MIP-1β are all involved with HK3 in regulating CD8+ T-cell activation. To further 

understand the significance of such relationships, the role of the afore-mentioned glycolytic 

enzymes were further probed in normal leukocyte physiology and leukaemia carcinogenesis. The 

findings are discussed in chapter four.  

3.5 LPS downregulates mitochondrial membrane potential (MMP) in both 

THP-1 and K562 cells 

Otto Warburg initially proposed that the reduced oxidative phosphorylation observed in tumours 

was as a result of dysfunctional mitochondria (Warburg, 1956). However, except for a few tumour 

types that show deregulated or mutated genes such as succinate dehydrogenase and fumarate 

hydratase (Alam et al., 2005; Astuti et al., 2001), a majority of tumours show properly functioning 

mitochondria despite reduced OxPhos. Even though a handful of mechanisms for ATP generation 

exist, a boost in glycolysis is usually accompanied by a corresponding compensatory decrease in 

OxPhos (which is highly dependent on MMP) that keeps ATP levels relatively constant. To 

improve understanding of the metabolic picture, changes in MMP were investigated. MMP can be 

used as a measure of ATP synthesis (Duchen et al., 1993; Krippeit-Drews et al., 2000). Moreover, 

MMP is an important determinant of a cells capacity to synthesise ATP by OxPhos (Perry et al., 

2011). The assay used the JC-10 dye to probe the percentage of cells with polarized mitochondrial 

membranes compared with those showing depolarized mitochondrial membranes after LPS 

treatments.  These data indicate that LPS induced a drop (depolarisation) in the MMP suggestive 

of a decline in the rate of mitochondrial respiration (OxPhos). Figure 3.12A and 3.12B show 

MMP data for K562 and THP-1 cells respectively. The original cytograms for the MMP assay are 

shown in the appendix section (Figure A3.6 and Figure A3.7). 
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Figure 3.12. LPS depolarises the mitochondrial membrane in both THP-1 and K562 cells. Following 

treatments for 48 hours, JC-10 assay was performed, and fluorescence intensity was monitored using FL1 

(green) and FL2 (orange) fluorescent channels in a BD Acuri C6 flow cytometer. A represents THP-1 cells 

while B depicts K562 cells. The red bars show the percentage of depolarised cells while blue bars indicate 

polarised cells. FCCP dissolved in 95% ethanol as used as the positive control while those treated with the 

95% ethanol-treated cells were used as the negative control. The data represent mean ± SD of 3 independent 

experiments. (* indicates p <0.05, ** indicates p <0.01, *** indicates p <0.001). GraphPad Quick Calcs 

software was used to compute all statistics. Polymyxin B (PmB) concentration used was 10 µg/ml. 

Both cell lines showed a significant, dose-dependent decrease in MMP, with maximal 

depolarisation observed at 10 ng/ml LPS. There was a significant increase in membrane 

depolarisation at 5 ng/ml (p-value ± SD=0.0001 ± 0.01323) and 10 ng/ml (p-value ± SD= 0.0001 

± 0.0144) following treatment of THP-1 with LPS (B). In K562 cells (A), all changes were 
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statistically significant (shown with three asterisks) with p values less than 0.0001 following LPS 

treatment. P-values±SD: 0.0001±0.0326, 0.0001±0.0419 and 0.0001±0.0255 for 5, 10 and 20 

ng/ml LPS treatments respectively. Further details such as gating strategy and various quadrants 

can be seen in the cytograms in the appendix (Figures A3.7 (THP-1) and A3.8 (K562)) 

 

3.6 LPS does not drive cell cycle progression in THP-1 and K562 cells 

Following an enhancement of the glycolytic phenotype in THP-1, a progression in the cell cycle 

was expected because the Warburg effect is one of the hallmarks of cancer (Hanahan and 

Weinberg, 2011). In addition, after observing the upregulated expression of IL8, RANTES, MIP-

1β, and MDC, it was postulated that these may be able to drive cell cycle progression. It has been 

reported that cytokines/chemokines are able to drive cell cycle progression in several cell types 

(Grivennikov and Karin, 2011).  

Exogenous lactate has been shown to stimulate the progression into the S phase of the cell cycle 

and also induce proliferation in mouse fibroblasts (Rutz and Little, 1995). Increased glycolytic 

flux which is characteristic of the Warburg effect is also associated with cell cycle progression 

(Bao et al., 2013). Furthermore, enhanced glycolysis as seen from increased lactate flux is partly 

because of increased activity of glycolytic enzymes; many of which have non-glycolytic, survival 

and proliferative functions (Yu and Li, 2016).  After 24 hours of LPS treatments, no cell cycle 

changes were observed (Figure 3.13A). However, after 48 hours, a significant decrease of cells in 

the G2/M phase of the cell cycle (p-value: 0.0392) was observed in cells treated with 5 ng/ml LPS, 

but no cell cycle progression was seen in all LPS treatments in THP-1 cells. There was also a 

significant increase in sub-G0/G1 (dead) cells following LPS treatments at 48 hours (5, 10 and 20 

ng/ml LPS (p values:  0.0302, 0.0072 and 0.0161 respectively), indicating that LPS induces cell 

death in THP-1 cells.  Furthermore, treatment with polymyxin B only showed a significant amount 

of sub-G0/G1 population of cells, indicating that polymyxin B induces cell death in THP-1 cells 

(Figure 3.13B).  
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Figure 3.13. Cell cycle analysis in THP-1 cells following dose-dependent LPS treatment. A represents 

24-hour treatments while B shows 48-hour treatments. The cell cycle analysis data was acquired using the 

BD FACS Aria III flow cytometer. G0/G1 phase in blue, S-phase in red, and G2/M phase in green and 

the Sub G0/G1 phase is shown in purple. Data is represented as mean ± SD from 3 independent 

experiments and was considered statistically significant when p <0.05 (* indicates p <0.05, ** indicates p 

<0.01, *** indicates p <0.001). GraphPad Quick Calcs software was used to compute all statistics. Original 

cell cycle histograms are shown in the appendix (Figure A3.3 and A3.4). 

In K562 cells however, after 24 hours, a significant G0/G1 cell cycle arrest was observed (p values: 0.0256, 

0.0177 and 0.0073; for 5, 10, and 20 ng/mL of LPS treatment respectively), accompanied by a significant 

decrease in S-phase populations (p values: 0.0001, 0.0061 and 0.0104) (Figure 3.14A). Nevertheless, the 
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cells seemed to recover from LPS-induced cell cycle changes after 48 hours, as no significant changes in 

the cell cycle were observed (Figure 3.14B).   

 

Figure 3.14. Cell cycle analysis in K562 cells following dose-dependent LPS treatment. A represents 

24-hour treatments while B shows 48-hour treatments. The cell cycle analysis data was acquired using the 

BD FACS Aria III flow cytometer. G0/G1 phase in blue, S-phase in red, and G2/M phase in green and 

the Sub G0/G1 phase is shown in purple. Data is represented as mean ± SD from 3 independent 

experiments (* indicates p <0.05, ** indicates p <0.01, *** indicates p <0.001). GraphPad Quick Calcs 

software was used to compute all statistics. Original cell cycle histograms are shown in the appendix 

(Figure A3.4 and A3.5). 
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3.7 LPS induces cell death in THP-1 but no changes in K562 cell viability 

Cells at the G0/G1 phase of the cell cycle show a diploid number (2n) of chromosomes while those 

in the S-phase show between 2n and 4n. Cells that are at the G2/M phase of the cell cycle are 

characterized by a 4n chromosome number. In a cell cycle histogram, some cells sit below the 

G0/G1 peak. These are characterized by DNA content less than 2n. These cells have fragmented 

DNA (dead cells). This sub G0/G1 population of cells was analysed to determine the amount of 

cell death observed following treatments with LPS and PMB.  Untreated cells were used as 

negative control. 

THP-1 cells showed a significant amount of sub-G0/G1 cells following LPS treatments at 48 hours, 

indicating increased cell death (p-values ± SD: 0.0302±1.3, 0.0072±0.680 and 0.0161±0.462 for 

5, 10 and 20 ng/ml LPS). Co-treatments showed approximately the same amount of cell death 

compared to LPS treatments. Treatment with polymyxin B only showed a significant amount of 

cell death in THP-1 cells after 48 hours (p-value ± SD 0.037 ± 1.87). This shows that polymyxin 

B had effects on cell viability (Figure 3.15A). However, it was observed that there was no 

significant difference in cell death following LPS treatments after 24 and 48 hours in K562 cells 

(Figure 3.15B). 
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Figure 3.15.  LPS induces cell death in THP-1 and not in K562 cells. Sub G0/G1 populations were 

computed following cell cycle analysis. A depicts THP-1 while B shows K562 cells. The blue and red 

bars show 24- and 48-hour treatments respectively. Polymyxin B (PmB) was used at 10 µg/ml. Data is 

represented as mean ± SD from 3 independent experiments (* indicates p <0.05, ** indicates p <0.01, *** 

indicates p <0.001). GraphPad Quick Calcs software was used to compute all statistics. 

 

3.8 Cell proliferation is not induced in THP-1 cells following LPS treatment 
Exogenous lactate has been shown to stimulate the progression into the S phase of the cell cycle 

and also induce proliferation in mouse fibroblasts (Rutz and Little, 1995). I used a proliferation 

index calculation by analysing the percentage of the ratio between S-phase and G2/M phase cells, 

versus the cells in G0/G1, S, and G2/M phases. Since enhanced glycolysis which is characteristic 

of the Warburg effect was observed, it was expected that THP-1 cells would proliferate, given that 

the Warburg effect is a hallmark of cancer.   The proliferative index can be used to provide a more 

comprehensive understanding of how rapidly cancer cells are growing. Proliferation indices were 

calculated using the formula: Proliferation index: [(G2M+S)/(G0G1+S+G2M)]X100 (Huang et 
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al., 2012; Ying et al., 2010; Yu et al., 2009b).  However, no significant changes were observed at 

the different phases of the cell cycle following treatments as shown in Figure 3.16.  

 

Figure 3.16. LPS treatment does not lead to cell proliferation in both THP-1 and K562 cells. Following 

cell cycle analysis, the Proliferation Index was computed using the following formula: 

[(G2M+S)/(G0G1+S+G2M)]X100. A and B show K562 cells’ proliferative index in 24 and 48-hour time 

points respectively; while C and D indicate the proliferative indices of THP-1 cells in 24 and 48 hours 

respectively. The blue bars show 24-hour treatments while the red bars indicate 48-hour treatments.  

Even though most proliferating cells, especially cancer cells are associated with enhanced 

glycolysis characterised by increases lactate production, no proliferation was observed in both cell 

lines. These data indicate that the increase in glycolysis in THP-1 cells following LPS treatment 

served a purpose other than for cell proliferation.    
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3.9 Summarised differences between THP-1 and K562 cells, and in response to 

LPS 

The afore-mentioned results showed several differences between THP-1 and K562 cells in 

response to LPS which are summarised in Table 8.  

 

Table 8. Experimental differences between THP-1 and K562 in this study 

 THP-1 K562 

Cytokine 

expression 

Express IL8, RANTES, MIP1-β and MDC Express IL8 and MDC (No RANTES 

expressed) 

TLR4 

expression 

Express TLR4, LPS dose-dependent Express TLR4, not LPS dose-dependent 

Glycolysis Upregulate glycolysis following LPS treatment Glycolysis unchanged  

Cell cycle Few cell cycle changes, with increased sub 

G0/G1 following LPS treatment 

No notable cell cycle changes 

Cell 

proliferation 

No cell proliferation following infection Cell proliferation at higher concentrations 

(20 ng/ml)  

Mitochondrial 

membrane 

potential 

Depolarises mitochondrial membrane Higher MMP depolarisation 

 

The key observations were that K562, unlike THP-1 did not express RANTES with or without 

LPS treatment. Furthermore, LPS did not induce an increase in glycolysis in K562 cells. This was 

evident in THP-1 cells.  
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Chapter 4 -Discussion 
 

4.1 Summary  

Carcinogenesis is characterized by at least 10 hallmarks, which are in turn influenced by complex 

molecular mechanisms. These mechanisms, which are hardwired in cells, are developed during the 

multi-stage process of carcinogenesis (Hanahan and Weinberg, 2011). Elucidating molecular 

mechanisms contributes to basic scientific knowledge and is indispensable to the discovery of 

novel diagnostic and therapeutic targets and to the overall management of disease.  

In the present study, it is demonstrated that, in THP-1 monocytes, LPS can enhance the glycolytic 

phenotype in a TLR4-dependent manner. Although this has also been demonstrated in 

macrophages, this is the first time in undifferentiated monocytes.  LPS also caused a decline in 

mitochondrial membrane potential which is characteristic of decreased OxPhos. Furthermore, 

THP-1 monocytes were shown to upregulate pro-inflammatory chemokines: RANTES, IL8, MIP-

1, and MDC at mRNA and protein levels in a TLR4-dependent manner. Interestingly, this study 

showed that RANTES, which was highly upregulated in THP-1 monocytes was not expressed in 

another myeloid-derived line – the K562 erythroleukaemia cell line even after LPS stimulation. 

Furthermore, LPS-mediated glycolytic phenotype in THP-1 monocytes which is reminiscent of 

the Warburg effect, is not accompanied by increased cell proliferation in this study and instead 

cell death is noticed upon LPS treatment.  Furthermore, this study showed that the upregulated 

cytokines can be co-expressed and/or co-localised with certain glycolytic proteins and glucose 

transporters (GLUT1 and GLUT3) suggesting a pathway for the observed enhancement for the 

glycolytic phenotype. Most importantly, all the upregulated cytokines were co-expressed with 

HK3, an enzyme that catalyses the first, irreversible step of glycolysis. HK3 has been shown to be 

instrumental in leukaemia pathogenesis. 

 

4.1.1 LPS stimulates a dose-dependent change in TLR4 expression in THP-1 and not K562 

cells 

LPS was first discovered as a TLR4 ligand via studies in mice. It was shown that macrophages 

and B cells from TLR4 deficient mice were unresponsive to LPS and that LPS endotoxin-tolerant 

mice had mutations of the TLR4 gene (Hoshino et al., 1999; Qureshi et al., 1999). Moreover, it 
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has been shown that inflammatory signalling by LPS is mediated by TLR4 (Chow et al., 1999; 

Hoshino et al., 1999; Kalis et al., 2003). Hence, I decided to investigate TLR4 expression prior to 

and post LPS stimulation in THP-1 and K562 cells. In this study, it was observed that LPS 

stimulated the expression of TLR4 in THP-1 cells in a dose-dependent manner. The highest 

expression of TLR4 was observed at the lowest concentration, 5 ng/ml, followed by a 

downregulation of TLR4 mRNA at higher concentrations of LPS. A previous study also showed 

that LPS upregulates the expression of TLR4 in human peripheral blood monocytes (Muzio et al., 

2000). In K562 cells, there was a weaker stimulation of TLR4 expression observed following LPS 

treatment when compared with THP-1 cells. Similar to THP-I cells, expression was downregulated 

at higher concentration of 10 ng/ml but again upregulated at 20 ng/ml. This anomaly might have 

been an experimental flaw, given that several replicates of the experiment were not carried out. 

Overall, TLR4 appeared to be constitutively expressed in K562 cells but only weakly stimulated 

by LPS compared to THP-1 cells.  

The reason for the difference in LPS-induced TLR4 expression in THP-1 and K562 cells is not 

clear. However, K562 cells are highly undifferentiated erythroleukaemic cells previously 

classified under the granulocytic series while THP-1 cells are acute monocytic cells (Andersson et 

al., 1979; Klein et al., 1976; Lozzio and Lozzio, 1975).  Hence, K562 cells may be less equipped 

to handle bacterial infection; thereby leading to a weaker response to LPS. Nevertheless, 

monocytes are equipped to protect the body against invasion by micro-organisms; some of which 

are Gram-negative pathogens. The expression of co-receptor proteins in THP-1 is different from 

that of K562, leading to a difference in responsiveness to LPS — an important factor in TLR4 

expression. It has been reported that CD14, a marker for monocytes is required for LPS- stimulated 

TLR4 signalling (Tobias et al., 1993). CD14 is not expressed in K562 (Funda et al., 2001; Sullivan 

et al., 2007). This may explain the weak signal observed. Furthermore, MD-2 expression which is 

also important for TLR4 expression and function is expressed in THP-1 and not in K562 cells 

(Shimazu et al., 1999; Zarember and Godowski, 2002). This result would also require to be 

replicated to determine its significance.  
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4.1.2 LPS-induced glycolytic flux does not induce cell proliferation in THP-1 cells 

Glycolytic flux, as evidenced by high levels of lactate production, is characteristic of the Warburg 

effect. Following LPS-induced enhancement of glycolysis in THP-1 cells, this study finds that 

THP-1 cells did not proliferate as expected. In support of the present study, previous studies have 

shown that dendritic cells and macrophages which are differentiated monocytes, in response to 

infection, reprogram their metabolism, reminiscent of the Warburg effect; but do not proliferate 

(Everts et al., 2014; Krawczyk et al., 2010b). The primary difference is that, the present study used 

transformed monocytes, THP-1 cells, and not normal, differentiated monocytes as shown in the 

previous study. Therefore, the present study suggests that the LPS-induced enhancement of 

glycolysis is required primarily for immune activation which demands temporal surges of energy 

in response to infection rather than cell proliferation.  

THP-1 cells, in addition to being innate immune cells are also transformed cells. This gives them 

the possibility to respond to LPS-induced metabolic reprogramming as innate immune cells or as 

cancer cells or both: making their response somewhat unpredictable. First, a THP-1 cell may 

respond as a normal monocyte which gets activated by boosting glycolysis for defence against 

infection. In this case, monocytes do not proliferate. Second, it may respond as a typical cancer 

cell which proliferates following a glycolysis-inducing signal, given that glycolytic flux, a 

signature of the Warburg effect, is often accompanied by cell proliferation. Third, the response 

could be an entirely new metabolic and/or proliferative phenotype arising from the combination 

of a normal monocyte and that of a transformed monocyte (cancer cell).  

Nevertheless, I hypothesised that LPS-induced glycolytic flux in THP-1 cells would be 

accompanied by proliferation, given that metabolic reprogramming is a hallmark of cancer. 

However, even though LPS induced a glycolytic flux consistent with the Warburg phenotype in 

THP-1 cells, no proliferation was observed when proliferative indices of both cell lines were 

observed. Furthermore, analysing sub G0/G1 populations, THP-1 cells rather exhibited some cell 

death following LPS treatment, despite upregulated glycolysis.  Hence, this study showed that 

observing one hallmark of cancer and attempting to predict its significance in cancer progression 

is misleading.  This is because at least 10 hallmarks are known to date as drivers of carcinogenesis; 

even though the relative influence of each hallmark to cancer progression has not been explored. 
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Cancer metabolism is rewired primarily to support biosynthesis of growth metabolites which is 

essential for proliferation, rather than for efficient energy production. Targeting metabolic 

vulnerabilities in cancer remains a promising avenue for therapy. However, even though it is 

tempting to generalise that the Warburg effect is a metabolic signature in cancer, several studies 

show that different tumours show varying degrees of dependence on glycolysis and OxPhos for 

ATP synthesis (Suganuma et al., 2010; Wolpaw and Dang, 2018). This implies that the Warburg 

effect may not be as important in the malignancy of one cancer when compared to another. A 

previous study showed that inhibition of glycolysis in THP-1 cells with 2-deoxyglucose had no 

significant effect in proliferation, showing no dependence on glycolysis for proliferation. They 

showed that THP-1 cells predominantly depend on OxPhos for ATP synthesis, based on their 

sensitivity to mitochondrial beta-oxidation inhibitors (Suganuma et al., 2010). A possible reason 

for their oxidative nature is that monocytes may function in inflammatory microenvironments with 

drastically reduced glucose concentrations; forcing them to adapt to mitochondrial respiration for 

energy requirements. Proliferation was not observed in this study following a boost in glycolysis, 

a Warburg phenomenon, likely because monocytes do not depend on glycolysis for proliferation.  

Recent studies on THP-1 cells in our laboratory showed that exogenous pyruvate can reverse LPS-

induced metabolic reprogramming and induce cell cycle arrest at the S-phase. Nevertheless, this 

reversal of metabolism did not lead to cell death; showing that enhanced glycolysis observed in 

THP-1 cells is to fulfill other cellular requirements other than induce cell proliferation. Reversing 

the Warburg effect is emerging as an attractive strategy for combatting cancer. For example, 

reversing the metabolic program of non-haematopoietic cancer cells such as A549 (lung 

adenocarcinoma) using exogenous pyruvate induced apoptosis when used with a genotoxic agents 

or alone but protected a normal lung fibroblast cell line, the MRC5 from genotoxic stress 

(Monchusi and Ntwasa, 2017). Another study using methylene blue (MB) to reverse the Warburg 

Effect in glioblastoma cells supports this approach (Poteet et al., 2013). MB inactivates acetyl-

CoA-carboxylase which catalyses irreversible carboxylation of acetyl CoA to malonyl-CoA and 

fatty acid biosynthesis. In the glioblastoma cells, MB induced S-phase arrest and apoptosis, 

making it a promising strategy for glioblastoma.  
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To further understand the relationship between the glycolytic profile of a cell and its proliferative 

state, different cell types and their rate of proliferation were investigated from existing literature 

as shown in Table 9.  

 

Table 9. The glycolytic potential of different cell types and their proliferative abilities 

Cell type Glycolytic 

rate 

Proliferative 

rate 

References 

Normal (fully differentiated adult) cells  Low Low (Hume et al., 1978; WANG et al., 

1976) 

Embryonic cells  High High (Kondoh et al., 2007; Krisher and 

Prather 2012) 

Activated T-helper cells: Th1, Th2, Th17 High High (Fox et al., 2005; Jones and 

Thompson) 

Haematopoietic cells Very High High (Bauer et al., 2004) 

Activated macrophages/monocytes (M1) High Low (Newsholme et al., 1987) 

Activated macrophages/monocytes (M2) Low Low (Sag et al., 2008; Vats et al., 

2006) 

Dendritic cells (Resting) Low Low (Krawczyk et al., 2010) 

Dendritic cells (Activated) High Low (Krawczyk et al., 2010) 

Most cancer cells High High (Heiden et al., 2009) 

Murine colon carcinoma cells MC26 

(Untreated) 

Not 

investigated 

High (Huang et al., 2005) 

Murine colon carcinoma cells MC26 (LPS-

treated) 

Not 

investigated 

Very high (Huang et al., 2005) 

Transformed acute monocytic cells (THP-1 

cells) (Untreated) 

Low High (Suganuma et al., 2010) 

Transformed acute monocytic cells (THP-1 

cells) (LPS-treated) 

High  Low Present study 

 

The table above shows that the glycolytic state of a cell may or may not influence its viability or 

proliferation. Otto Warburg (1956) erroneously assumed that the trigger for carcinogenesis was 

dysfunctional mitochondria, which led to high glycolytic rates even in the presence of oxygen to 

compensate for energy production (Warburg, 1956). Nevertheless, several studies have shown that 
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many cancer cells have fully functional mitochondria, but still prefer increased glycolysis; while 

others do not display enhanced glycolysis for ATP synthesis but utilise their mitochondria for most 

ATP synthesised.  

This study shows that metabolic processes in carcinogenesis, even though co-occur with cell 

viability and proliferation in many cancer cell types, can still occur independently in some innate 

immune cells such as monocytes — whether they are cancerous or not. Bauer and colleagues (2015) 

showed that haematopoietic cells displayed a rate of glycolysis that exceeded what was required 

for cell proliferation (Bauer et al., 2004). Other studies showed that glycolysis is not a requisite 

for proliferation as in normal dendritic cells (Everts et al., 2014; Krawczyk et al., 2010b). However, 

most studies show that proliferation generally requires increased glycolysis as seen in most cancer 

cells and other proliferating cells (Krisher and Prather, 2012; Heiden et al., 2009).  

I suggest that the afore-mentioned observations should guide cancer diagnosis and therapy, given 

that tumours vary in their mode of energy metabolism. Therapeutic inhibitors of glycolysis may 

not be effective in specific tumour types because their metabolic profiles have not been fully 

evaluated.  

 

4.1.3 LPS induces over-expression of largely pro-inflammatory cytokines in THP-1 and K562 

cells.  

The role of the inflammatory tumour microenvironment has been explored in several manuscripts 

(Coussens and Werb, 2002; Grivennikov et al., 2010; Landskron et al., 2014; O’Connor et al., 

2010); firmly establishing inflammation as a hallmark of cancer (Hanahan and Weinberg, 2011). 

Inflammatory cytokines are involved in several aspects of cancer progression in both myeloid- and 

non-myeloid-derived cancers. Examples of such carcinogenic processes include tumour growth, 

metastasis and angiogenesis (Kupsa et al., 2012; Vicari and Caux, 2002). 

In this study, the chemokines, IL8, RANTES, MDC and MIP-1β were upregulated following LPS 

treatment.  In particular, IL8 and RANTES were markedly upregulated and both have been 

reported to promote carcinogenesis. These are chemokines which are generally intended to attract 

neutrophils, T-cells and other immune cells to sites of infection. This study showed a marked 
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TLR4-dependent upregulation of RANTES and IL8 expression. In addition, MIP1-β and MDC 

were slightly upregulated in THP-1 cells.  

Previous studies have focused on cytokine production in macrophage- or dendritic cell-

differentiated monocytes and peripheral blood monocytes. Furthermore, none of the studies 

explored so far showed that LPS-induced expression of such chemokines was dependent on TLR4 

expression (Locati et al., 2002). To the best of my knowledge, this is the first study that shows that 

THP-1 monocytes, when stimulated with LPS, produce IL8, RANTES, MIP-1β and MDC in a 

TLR4-dependent manner (as they were inhibited by polymyxin B).   

Unexpectedly, IL-1β and TNF-α, which are known to be induced by LPS in monocytes and 

macrophages were not detected in this study. Nevertheless, further analysis of previous reports 

showed that either the concentration of LPS or the duration of incubation with LPS differed when 

compared with those in the current study (Segura et al., 2002; Wataha et al., 1996). Such factors 

are important in the production of cytokines after exposure to PAMPs (Barksby et al., 2009; Hamza 

et al., 2017).  

After observing elevated LPS-induced expression of IL8 and RANTES, it was postulated that there 

would be increased cell survival or proliferation observed since both cytokines have been 

implicated in cancer progression. The following paragraphs explore the roles of IL8, RANTES 

MIP-1β, and MDC in carcinogenesis. 

IL8 (CXCL8) 

As reviewed by Waugh and Wilson (2008), IL8 has been associated with cancer progression in 

several reports (Waugh and Wilson, 2008). For example, IL8 signalling stimulates angiogenesis 

in endothelial cells, survival, and proliferation of endothelial and cancer cells, and enhances the 

migration adhesion, migration and invasion of gastric cancer cells  (Kuai et al., 2012). IL8 also 

activates the infiltration of neutrophils to the tumor microenvironment. IL8 has been shown to 

promote the proliferation of prostate cancer cells in an androgen-independent manner. 

Furthermore, IL8 was also shown to induce chemotherapeutic resistance in cancer cells (Kuai et 

al., 2012). 

IL8 activates two main proliferative kinase pathways: PI3K and mitogen-activated protein kinase 

(MAPK) signalling. IL8–dependent stimulation of PI3K promotes chemotaxis of neutrophils, as a 
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result of resulting in increased phosphorylation of Akt, the PI3K substrate (Knall et al., 1997).  By 

stimulating NF-κB transactivation, IL8 is also known to enhance melanoma growth through the 

MEKK1/p38 MAPK signalling network (Wang and Richmond, 2001).  

Cytokines are quite instrumental in modulating myelopoietic activities by either stimulating or 

inhibiting the proliferation of myeloid progenitor cells. In contrast to its growth-promoting 

activities, IL8 inhibits the proliferation of myeloid progenitor cells by ligating one of its GPCRs,  

CXCR2 (Sanchez et al., 1998). Furthermore, expression of IL8 was associated with etoposide or 

the nitric oxide (NO) donor DETA-NO-induced apoptotic cell death in U937 cells and peripheral 

blood mononuclear cells (Mühl et al., 1999).  

Despite the overwhelming proliferative and pro-survival activities of IL8 discussed in the above 

paragraphs, no proliferation was observed in this study following LPS-induced IL8 expression. 

This suggests that the role of anti-proliferative signals was dominant, leading to cell death as 

observed in THP-1 cells. Furthermore, the role of the tumour microenvironment is important in 

carcinogenesis. Many tumours occur in environments with high microflora which also possess 

cytokine-secreting immune cells. IL8, for example, is involved in promoting carcinogenesis via its 

action on the tumour microenvironment (Waugh and Wilson, 2008). Since THP-1 and K562 cells 

used in this study were cultured in isolation in vitro, the role of the IL8 in the tumour 

microenvironment could not be evaluated.  

 

RANTES (CCL5) 

RANTES promotes invasion and migration of pancreatic cancer cells (Singh et al., 2018). 

Inhibition of RANTES retards growth in both colorectal and triple negative breast cancer cells 

(Cambien et al., 2011; Lv et al., 2013). Furthermore, RANTES is expressed in ovarian cancer stem 

cells and induces invasion and migration (Long Haixia et al., 2012; Tsukishiro et al., 2006). Along 

with CCL3 and CCL4, RANTES was also shown to be upregulated in ascetic fluids of ovarian 

cancer patients; with high expression correlating with increased T-cell infiltration. RANTES 

increases lung cancer migration through PI3K/Akt and NF-κB signalling pathways (Huang et al., 

2009).   
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It is not surprising that both RANTES and IL8, which were upregulated in this study, promote 

migration in carcinogenesis; given that these are potent chemokines responsible for attracting 

innate immune cells to inflammatory sites. Still, it has been shown that glycolysis is the main 

source of ATP required for migrating neutrophils and T-cells to sites of inflammation (Bao et al., 

2014; Chan et al., 2012). This could explain, at least in part the upregulated glycolysis observed 

in this study. Incidentally, RANTES upregulates the same pathway (PI3K/Akt) involved in both 

in proliferation/migration and glycolysis. Besides, glycolysis has been shown to be the primary 

ATP-generating pathway for tumour migration in prostate, breast and other cancers (Beckner et 

al., 1990; Shiraishi et al., 2015). 

 

MIP-1β 

Macrophage inflammatory protein-1β (MIP-1β), also known as CCL4 is a CC chemokine which 

acts via CCR5and CCR8 receptors. MIP-1β is expressed by B cells, T cells, monocytes, endothelial 

cells, fibroblasts, and epithelial cells and it induces chemotaxis in monocytes, natural killer cells, 

and other immune cells. MIP-1β, as well as RANTES and MIP-1α,  is a major HIV-suppressive 

factor produced by CD8+ T cells (Cocchi et al., 1995). Serum levels of MIP-1β, MIP-1α and IL8 

are significantly high in breast cancer patients (Li et al., 2017).  Macrophages and hypoxia 

stimulate cell invasion in glioblastoma via the CCL4/CCR5 axis, upregulating their expression 

(Wang et al., 2016) 

In contrast, a clinical study suggested that CCL4 polymorphisms have a role to play in oral 

carcinogenesis: associating increased risk in oral squamous cell carcinoma cancer to mutations in 

the CCL4 gene (Lien et al., 2017), thereby suggesting a protective role for fully functional CCL4 

in cancer.  

MDC (CCL22) 

MDC (CCL22) is a constitutively expressed CC chemokine which can be upregulated by pro-

inflammatory stimuli such as microbial products and other cytokines such as IL-4, IL-13 and type 

I interferons (Andrew et al., 1998). As seen in this study, MDC was constitutively expressed in 

both THP-1 and K562. MDC expressed mainly by macrophages and dendritic cells and exerts its 

action by binding to GPCR chemokine receptors, especially CCR4 on the cell surfaces of its target 

cells. It is a potent chemoattractant of T-cells, dendritic cells and natural killer cells (Guo et al., 
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2002). MDC expression shows an inverse correlation in cancer progression. After profiling the 

expression of MDC in 40 patients, Nakanishi and colleagues (2006) found that upregulated MDC 

mRNA expression in lung cancer patients was significantly correlated with longer survival and 

reduced risk of relapse after tumour resection.  MDC gene transfer to mice also showed anti-

tumour activity in by inducing anti-tumour immunity in lung carcinoma (Guo et al., 2002). 

Furthermore, a large clinical study involving 1,208 glioma cases and 976 controls showed that 

reduced serum levels of MDC correlate with lowered CD4 counts, and decreased survival in 

glioma patients. MDC expression was further proposed as a prognostic marker in glioma and in 

tumour-related suppression of immune function (Zhou et al., 2015). 

The expression of MDC and MIP-1β has been studied in macrophage-differentiated THP-1  

monocytes (Harrison et al., 2005). Nevertheless, no study has shown TLR4-dependent LPS-

induced THP-1 expression in undifferentiated monocytes. Both MDC and MIP-1β appear to 

induce anti-tumour effects by suppression of immune function. This effect can only be appreciated 

in an in vivo setting given that several immune regulatory cells and a cocktail of cytokines are 

involved in immunosuppression as seen in cancer.   

Moreover, many tumours occur in a microenvironment which is also dominated by 

microorganisms which could constitute normal flora or pathogenic micro-organisms. Examples 

are gut microbiota which co-occur with colorectal and gastric tumours. It is well known that 

monocytes are attracted to sites of infection or inflammation; meaning that several tumours exist 

in a microenvironment having immune cells which are secreting cytokines. Monocytes leave the 

blood and enter tissues via leukocyte extravasation before subsequently differentiating to tissue 

macrophages. Since both immune and non-immune cells also express cytokine receptors, it is 

plausible that the generation of cytokines by monocytes to the tumour microenvironment may not 

only influence other immune cells but also neighbouring tumour cells. In other words, the 

paracrine activity of chemokines produced by monocytes stimulated by infectious pathogens could 

aggravate tumour progression. It is possible that presence of IL8 and RANTES in a tumour 

microenvironment could lead to cell proliferation. However, this possibility was not tested since 

this study was not performed in vivo.  

 



76 
 

4.1.4 LPS-mediated TLR4 signalling induces cell death in THP-1 cells 

There is increased evidence, that TLR signalling in innate immune and cancer cells may act as a 

double-edged sword (Huang et al., 2008; O’Neill et al., 2009). While inducing TLR signalling 

with specific agonists may alleviate symptoms in certain inflammatory disorders or promote 

apoptosis in specific tumour types, the reverse may be true in other scenarios (O’Neill et al., 2009; 

Shi et al., 2016). Following a boost in the Warburg effect upon LPS treatment, it was expected that 

THP-1 cells would proliferate. However, this study shows that LPS stimulation   induces some 

limited cell death in THP-1 cells after 48 hours. In K562 cells however, no cell death was observed.  

The mechanisms of LPS-induced cell death are quite diverse and seem dependent on cell type, 

cellular context, and concentration.  These mechanisms include apoptosis and necrosis. For 

example, LPS induces apoptosis in alveolar macrophages through CD14 and P2X7 receptors.  

LPS-induced ROS release through NAD(P)H oxidase enzymes (Nox2 and Nox4) causes necrosis 

in endothelial cells of the human umbilical vein (Simon and Fernández, 2009). LPS binding to 

TLR4 also induces TNF-α-independent, receptor-interacting kinase-3 (RIK3)-dependent 

programmed necrosis in mouse macrophages (He et al., 2011). In contrast, another study showed 

that LPS induced apoptosis in human macrophages via autocrine TNF-α release and iNOS-

mediated NO release (Xaus et al., 2000). These studies show that LPS may induce TNF-α-

dependent and –independent apoptosis in macrophages. Another study using a higher 

concentration of LPS (500 ng/ml) on THP-1 monocyte cells showed that LPS could not induce 

apoptosis based on sub G0/G1 populations (Li et al., 2005).  

A study conducted in our laboratory showed that most of the cell death induced by LPS on THP-

1 cells was via the necrotic pathway. Surprisingly, TNF-α which is a key mediator of necrosis was 

not detected following LPS stimulation for 24 hours. Further studies need to be performed to 

ascertain the mechanism LPS-induced cell death in THP-1 cells.  

Several factors influence the fate of a cell following treatment with LPS. LPS concentration, 

treatment exposure time, cell line, cytokine and cytokine receptor, and co-stimulatory molecule 

expression, p53 status and other oncogenes or tumour suppressor gene expression may regulate 

the fine balance between survival and death.  
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LPS-mediated cell death is cell type-dependent. LPS treatment for 48 hours led to cell death in 

THP-1 cell but not K562 cells. This has profound implications given that several mechanisms are 

involved in LPS signalling in different cell types, leading to different effects on viability (Suzuki 

et al., 2004). For example, LPS-mediated activation of extracellular regulated kinase (ERK) 

promotes survival in neutrophils (Klein et al., 2001). LPS also prevents apoptosis in human 

peripheral blood monocytes (Mangan et al., 1991). Contrarily, LPS induces apoptosis in 

thymocytes, lymphoid organs (Kato et al., 1997) and B cells (Yokochi et al., 1996) and necrotic 

cell death in alveolar macrophages (Dagvadorj et al., 2015). This further complicates our 

comprehension infection-cancer relationship due to the variety of LPS-containing Gram-negative 

bacteria that are associated with cancer. Noteworthily, several types of LPS molecules have been 

found in different bacterial species. The LPS molecule is made up of three main components: the 

highly variable O antigen region, core oligosaccharide and a highly conserved Lipid A region 

(endotoxic region) (Tzeng et al., 2002). Although the Lipid A component which considered to be 

is highly conserved, structural differences still occur between species and strains of different 

bacteria, which may affect their toxicity (Khan et al., 2018; Matsuura, 2013). It is therefore 

probable that a different repertoire of effector molecules could result from LPS from different 

species of micro-organisms.  

Both cell lines (THP-1 and K562) expressed TLR4 as shown in this study. However, the repertoire 

of cytokines synthesized, and cytokine receptors expressed may be responsible for the differences 

in cell viability upon LPS treatments observed in both cell lines. For example, prior to and post 

LPS treatment, THP-1 cells in this study expressed RANTES while K562 cells did not. Although 

RANTES has been shown to be involved in tumour progression (Cambien et al., 2011; Huang et 

al., 2009; Zhou et al., 2015), other studies show that it may also stimulate apoptosis in certain cell 

types such as T-cells  (Chang et al., 2012; Murooka et al., 2006). 

 

4.1.5 Polymyxin B, alone or in complex with LPS induces cell death in THP-1 cells, not in 

K562 

In this study, it was observed that even though PmB effectively inhibited LPS-induced lactate 

production, it did not enhance or inhibit any stages of the cell cycle, which may be dependent on 

glycolysis.  There was a significant amount of cell death at 48 hours in THP-1 cells following 
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treatment with increasing concentrations of LPS as seen in Sub G0/G1 populations. However, 

polymyxin B co-treatment with LPS was unable to promote or prevent cell death. This study shows 

that PmB has death inducing properties in THP-1 cells independent of the LPS-TLR4 signalling 

pathway. PmB has been implicated in several reports as being responsible for cell death via diverse 

mechanisms. For example, PmB induces apoptosis in rat kidney tubule cells via induction of Fas 

ligand, caspase 3, 8 and 9 and altering mitochondrial morphology to the fragmented, stressed state 

(Azad et al., 2013, 2015). PmB also induces cell death in regulatory T cells via its interaction with 

purinoceptor 7 (P2X7) (Cappelli et al., 2012). P2X7  is known to act as a PRR for extracellular 

ATP-induced apoptosis (Kawano et al., 2012). DNA damage is a typical biochemical hallmark of 

apoptosis; and PmB induces DNA damage in mice and HK-2 (human kidney cells (Yun et al., 

2018).  

However, the viability of K562 cells was unaffected by PmB; suggesting that other unknown 

mechanisms could be preventing PmB-mediated induction of cell death in K562 cells.  Subjecting 

TLR4 to siRNA-mediated ablation could further give insights into the impact of inhibiting LPS- 

mediated signalling on the viability of THP-1 and K562 cells. 

 

4.1.6 THP-1 and K562 lineages may explain their differences in terms of TLR4 expression, 

cytokine profile, glycolytic profile, and viability 

To understand cell-type specific differences between THP-1 cells and K562 cells, it was important 

to trace their lineages and differentiation status in context with haematopoiesis (Figure 4.1).  This 

is important because the function of a cell is highly dependent on its differentiation or 

specialisation. Besides, the differentiation of haematopoietic cells requires the synergistic and 

concerted effort of distinct groups of cytokines acting in a temporal fashion.  
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Figure 4.1. THP-1 and K562 cell lines in the context of haematopoiesis. The pluripotent haematopoietic 

stem cell branches off myeloid and lymphoid progenitor cells. Both THP-1 and K562 cell lines belong to 

the myeloid progenitor lineage. 1. Shows the lineage of K562 described as being an erythroleukaemia cell 

line. 2. Represents the first description of K562 cells as being in the granulocytic series. 3. Shows THP-1 

cells in the monocytic series, better differentiated than K562 cells. A. indicates the erythroid series which 

is a non-immune lineage while B. shows the myeloblast series which is an immune cell lineage.  

 

K562 cells were characterised as chronic myelogenous cell line positive for the Philadelphia 

chromosome (Lozzio and Lozzio, 1975). They were reported as highly undifferentiated cells in the 

granulocytic series (Klein et al., 1976; Lozzio and Lozzio, 1975). However, further investigation 

by immunofluorescence and immunoprecipitation showed that they expressed a major red blood 

cell sialoglycoprotein, known as glycophorin, displaying a striking semblance to erythrocytes. 

Furthermore, K562 cells can synthesize embryonic and foetal haemoglobin. This led to their 

classification as an erythroleukemic cell line (Andersson et al., 1979). Being an erythroleukaemia 
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cell line with high undifferentiated status makes K562 cells less able to respond to infection (LPS). 

As seen in Figure 4.1 above, cells in the erythroid series of the myeloid arm are in the process of 

differentiation to mature erythrocytes. Erythrocytes are specialised in haemoglobin-aided oxygen 

transport to tissues and transport of carbon-dioxide from tissues to the lungs. This means that cells 

in the erythroid lineage may not be involved in defence against infection. It is therefore not 

surprising that K562 cells showed a poorer cellular response to LPS stimulation as compared to 

THP-1.  K562 cells were shown in this study to stimulate TLR4 expression. Nevertheless, the LPS 

stimulation of TLR4 expression in K562 cells was quite weak.    

THP-1 cells, on the other hand, are acute monocytic leukaemia cells classified under acute myeloid 

leukaemia (Tsuchiya et al., 1980). These are already committed monocytes which are well able to 

carry out their immune functions of responding to infection which include phagocytosis, antigen 

presentation, and cytokine production. Furthermore, a key characteristic of monocytes is their 

expression of CD14, which has been shown to be important in LPS-mediated TLR4 signalling. By 

contrast, K562 cells are CD14 negative; suggesting one of the reasons for their poor response to 

LPS (Table 10). This study also showed that RANTES was highly upregulated in THP-1 cells and 

virtually absent in both unstimulated and LPS-stimulated K562 cells. Table 10 summarises several 

differences between THP-1 and K562 (Bosshart and Heinzelmann, 2016; Klein et al., 1976; Lozzio 

and Lozzio, 1975; Tsuchiya et al., 1980). 
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Table 10. Differences between THP-1 and K562 

 
 THP-1 K562 

Progenitor Myeloid, monocytic series Myeloid, granulocytic series 

Karyotype Diploid Triploid 

Disease Acute monocytic leukaemia Chronic myeloid leukaemia 

Mutations Bcrb-abl negative Bcrb-abl gene positive 

Origin Peripheral blood of a 1-year old male human 

with acute monocytic leukaemia  

53-year old female with chronic myelogenous 

leukaemia in blast crisis 

Adherence Non-adherent Non-adherent 

Morphology Large, Rounded, single celled-monocytic Rounded 

 Phagocytic Non-phagocytic 

Receptors Fc and 3cb receptors, lack immunoglobulin 

receptors 

Express MHC class I, A2 and A3 

Antigen 

expression 

HLA A2, A9, B5, DRw1, DRw2[58053] I and l-antigens 

Differentiation 

agents 

phorbol 12-myristate 13-acetate to 

macrophages 

 

Deacetylases 

Polarisation Can be polarised to M1 macrophages using 

LPS and IFN gamma or to M2 macrophages 

by IL-4 

None 

P53 status Mutant  Mutant 

   

 

CD14 status CD14+ CD14- 

 

It was also shown in this study that LPS induces a TLR4-dependent upregulation of glycolysis in 

THP-1 cells which was abrogated by polymyxin B. Nevertheless, no increase in glycolysis was 

seen in K562 cells. LPS-induced upregulation of glycolysis has been reported in macrophages and 

dendritic cells previously, however, this is the first study that shows that THP-1 monocytes can 

also enhance their glycolysis in a TLR4-dependent fashion to cope with infection.  
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4.1.7 Chemokine interaction with glycolytic proteins may constitute one of the mechanisms 

involved in LPS-induced glycolytic flux and may be important for leukaemia carcinogenesis 

 

A question raised in this study is whether the upregulated cytokines could interact with glycolytic 

enzymes and boost glycolysis. This is because some cytokines are known to boost glycolysis, or 

proliferation (which usually co-occurs with increased glycolysis). For example, interleukin 6 is 

known to boost glycolysis through expressing glycolytic enzymes hexokinase 2 and 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 through the transcription factor STAT3 

(Ando et al., 2010) and also induces aerobic glycolysis by activating PFKFB3 at the primary stage 

of colorectal cancer (Han et al., 2016). IL-1β also increases glucose consumption and stimulates 

aerobic glycolysis in cultured murine ovarian cells (Ben-Shlomo et al., 1997) while RANTES 

boosts glucose uptake to facilitate chemotaxis in activated T-cells (Chan et al., 2012). Interleukin 

22 stimulates aerobic glycolysis, via targeting hexokinase 2, correlating with increased 

proliferation in colon cancer cells (Liu et al., 2017). Chemokines are associated with chemotaxis; 

which utilises glycolysis as the main source of ATP production (Borregaard and Herlin, 1982), 

further justifying why it was speculated that the upregulated chemokines in this study could be 

partly responsible in the boost of glycolysis observed following LPS treatment.  

Analysis of gene interaction networks and shared biological processes using IMP and 

GeneMANIA webservers showed several relationships (co-expression, co-localisation and shared 

biological processes) between upregulated cytokines in this study and glycolytic proteins. These 

postulated interactions have profound implications. For example, it can be suggested that, 

following an infection, monocytes temporally produce cytokines which may interact with 

glycolytic genes to boost glycolysis which is necessary for immune activation.   

It is pertinent to understand the role played by each glycolytic gene that appears to be associated 

with the upregulated cytokines and elucidate their potential role in boosting glycolysis and in acute 

myeloid leukaemia carcinogenesis. The observations from this exercise led to the elucidation of 

the role of key transcription factors that regulate both cytokines and glycolytic genes in leukaemia 

carcinogenesis. The result is a proposed pathway map that conceptually predicts the mechanisms 

of AML carcinogenesis and the potential roles of RANTES, IL8, MDC, and MIP-1β glycolytic 

genes and glucose transporters in context. Furthermore, the potential role of infection, as simulated 

by LPS in this study in AML carcinogenesis is proposed.  
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This study showed that GLUT1 and GLUT3 were co-expressed with both IL8 and RANTES and 

GLUT3 further co-localised with IL8. GLUT3 is further involved with IL8 in a biological process 

known as “response to nitrogen compound”. LPS is known to trigger nitric oxide via inducible 

nitric oxide synthase gene (iNOS), which is involved in the activation of immune cells. 

Furthermore, the glycolytic phenotype is necessary for immune activation in normal monocytes 

and dendritic cells (Kelly and O’Neill, 2015; Krawczyk et al., 2010b) and it was shown that 

monocytes (THP-1 cells) express GLUTs; mainly GLUT1, GLUT3. However,  while GLUT1 

expression was markedly increased following LPS treatment, GLUT3 expression declined (Fu et 

al., 2004). GLUT1 has further been shown to be the primary rate-limiting GLUT in pro-

inflammatory macrophages; strongly mediating metabolic reprogramming (Freemerman et al., 

2014) Nevertheless, GLUT3 has been shown to induce metabolic reprogramming in xenograft 

mice harbouring glioblastoma, which correlated with resistance to antiangiogenic therapy (Kuang 

et al., 2016). This further highlights the specialised role of GLUTs in facilitating glucose transport 

in different tissue types.  

Glucose phosphorylation by hexokinases (HKs) is necessary to maintain the glucose concentration 

gradient required for facilitated glucose import to the cell. It has been shown that HK3, a 100 kD 

isoform is upregulated in several tumours and may promote cell survival by boosting ATP 

production, mitigating antioxidant stress, maintaining mitochondrial membrane potential and 

promoting mitochondrial biogenesis (Wyatt et al., 2010). HK3 is commonly expressed in myeloid 

cells and represents 70-80% of HK activity in granulocytic cells (Federzoni et al., 2012; Rijksen 

et al., 1982).  

As can be seen in Table 6 and 7, HK3 showed co-expression and shared biological processes with 

all the upregulated cytokines in this study. This observation warranted further investigation. A 

literature search from PubMed for transcription factors regulating HK3 showed that 

haematopoietic differentiation factors regulate its expression. Both PU-box-binding protein 1 

(PU.1) and Acute Promyelocytic Leukaemia-retinoic Acid Receptor alpha fusion gene 

(PML/RARα) showed in vivo binding to HK3 promoter (Federzoni et al., 2012). It was found that 

HK3 is transcriptionally activated by PU.1 and repressed by PML-RARα  (Federzoni et al., 2012), 

both master regulators of haematopoietic myeloid and B-cell cell differentiation (McKercher et 

al., 1996). PML/RARα, which is frequently mutated in several AML cell lines represses the 
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expression of PU.1 (Wang et al., 2010). These findings suggest that HK3 is involved in the 

mechanisms that control AML differentiation and hence carcinogenesis. Furthermore, HK3 which 

showed increased expression in the myeloid lineage was upregulated during the differentiation of 

neutrophils and showed lower expression in most AML cell lines (Federzoni et al., 2012). Hence, 

HK3 expression is critical for differentiation, whose deregulation is common in AML 

carcinogenesis.  

The disruption of the normal process of haematopoiesis is critical in leukaemia carcinogenesis, 

since most AML leukaemias occur because of aberrant haematopoietic differentiation of myeloid 

progenitor cells (Lindner et al., 2003; Olsson Inge et al., 1996). HK3 was further found to be 

regulated by the transcription factor CCAAT/enhancer binding protein α (CEBPA), which codes 

for a protein that is involved in myeloid cell priming and neutrophil differentiation (Avellino et 

al., 2016). CEBPA activates HK3 and mutations of CEBPA are important in haematological 

malignancies (Wouters et al., 2009). CEBPA, which is known to be frequently mutated in AML, 

is known to be important in myeloid cell differentiation (Avellino et al., 2016). Importantly, HK3 

which was co-expressed with all upregulated chemokines in this study and co-localised with IL8 

further showed a close association with key regulators of myeloid differentiation: PU.1, PLM-

RARα, and CEBPA, which are important factors for leukaemia carcinogenesis.  

Another glycolytic protein that showed an association with some of the upregulated cytokines in 

this study is PFKFB3. PFKFB3 is highly expressed in several cancers (Atsumi et al., 2002) and 

thought to contribute to metabolic reprogramming macrophages and dendritic cells (Kelly and 

O’Neill, 2015). In this study, PFKFB3 showed co-expression with IL8 and MIP-1β following 

GeneMANIA gene network analysis (Table 6). It has been shown that overexpression of PKFKB3 

boosts lactate production which activates TLR4 signalling, producing IL6 and IL8 which promotes 

cell proliferation in MCF-7 breast cancer cells and is thought to contribute to paclitaxel resistance 

(Ge et al., 2016).  mTOR-mediated upregulation of PFKFB3 promotes myeloid leukaemia cell 

survival (Feng and Wu, 2017). Nevertheless, no cell cycle progression or cell proliferation was 

observed in THP-1 cells.  

Enolase 1 (ENO1) is another glycolytic protein that showed co-expression with IL8 as well as 

shared biological processes with IL8 and MIP-1β in this study. ENO1 is an HIF-1α target gene 

that participates in glycolysis and gluconeogenesis. It catalyses the reversible dehydration of 2-
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phosphoglycerate to phosphoenolpyruvate. ECM degradation is known to be important in 

carcinogenesis. Furthermore, ENO1 is expressed on the cell surface of several tumour types and 

is therefore considered a potential therapeutic target (Capello Michela et al., 2011; Principe et al., 

2015). Moreover, it has been shown that H. pylori CagA protein upregulates ENO1 through 

stimulating the Src and MEK/ERK signalling pathways (Chen et al., 2014). Since CagA is 

important in H. pylori-induced carcinogenesis, upregulating ENO1 shows a new mechanism in 

microbial carcinogenesis.  

Interestingly, soluble ENO1 showed similar cytokine stimulatory profile like LPS by activating 

TLR4 in a CD14-dependent manner on monocytes in rheumatoid arthritis (Guillou et al., 2016). It 

seems plausible to suggest that LPS-induced activation of ENO1, in a bid to boost glycolysis 

following infection, may also inadvertently promote ENO1-mediated cytokine release.  These 

seemingly unrelated roles of ENO1 makes it important in innate immunity and carcinogenesis.  

 

4.1.8 Proposed mechanisms based on in vitro and in silico studies 

An analysis of predicted gene network interactions from IMP (Figure 3.6) showed that the basic 

helix-loop-helix protein Family Member E40 (BHLHE40) interacts with glycolytic genes ENO1 

and LDHA, a glycolytic gene regulator (HIF-1α) and cytokines shown to be upregulated in this 

study (IL8 and MIP-1β), and other proinflammatory cytokines such as IL-1β. Further probing of 

the possibility of BHLHE40 in AML carcinogenesis in literature showed a possible involvement 

through circadian rhythm genes Clock and Bmal1 (Puram et al., 2016). BHLHE40 is a 

transcriptional repressor which is thought to be involved in the regulation of circadian rhythms, 

cell growth and differentiation (Honma et al., 2002; Sato et al., 2016).  It is also known to regulate 

the production of several cytokines in T cells (Lin et al., 2014). BHLHE40 and BHLHE41 have 

been shown to control tumour progression and circadian rhythms. They regulate apoptosis, cell 

proliferation, hypoxia response, and epithelial-to-mesenchymal transition of tumour cells (Sato et 

al., 2016). 

It has been shown recently that circadian control transcription factors (TFs) such as PU.1, 

BHLHE40, and CEBPA have a role to play in leukaemia carcinogenesis (Puram et al., 2016; Sato 

et al., 2016). Remarkably, these circadian transcription factors (TFs) which typically downregulate 
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circadian rhythm-related genes are also critical in myeloid cell differentiation which is a key 

controlling factor in myeloid leukaemia carcinogenesis (Puram et al., 2016; Rahman et al., 2017). 

My study further suggests an association between each of the proposed transcription factors that 

control the circadian rhythm and differentiation into a proposed gene regulatory network in 

myeloid leukaemia. Furthermore, this study embraces the potential role of certain beta 

chemokines, their connection with glycolytic genes and overall potential association with the 

afore-mentioned TFs. The proposed role of simulated infection with LPS also puts microbial 

carcinogenesis in context with the overall proposed mechanism (Figure 4.2).  The overall proposal 

is that key genes regulating the circadian rhythm may additionally utilise glycolytic genes in 

regulating leukaemia carcinogenesis.  

 

Figure 4.2 Proposed role of chemokines and glycolytic genes in acute myeloid leukaemia progression. 

The red broken arrows indicate proposed associations as observed in this study, while black solid arrows 

show established associations from literature. 1. Binding of LPS to TLR4 activates transcription factors 

such as NF-κB which transactivates proinflammatory chemokines RANTES, IL8, MDC, and MIP-1β. 

While RANTES and IL8 are frequently associated with tumour progression, MDC and MIP-1β are rather 

associated with cell death. ENO1 which showed co-expression and co-localisation with IL8 is known to be 

involved in myeloid and pancreatic cancer progression. By contrast, nuclear ENO1 can inhibit cMYC, 

thereby inhibiting tumour progression.  iNOS is also important in LPS-mediated cell death, through the 
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production of nitric oxide or TNF-α. 2. Transcription factor PU.1 is activated by LPS, and PU.1, in turn, 

induces TLR4 expression. PU.1 activates HK3 which is known to stimulate myeloid differentiation, 

inhibiting carcinogenesis. 3. LPS upregulates glycolysis through PI3K/Akt/mTOR-mediated activation of 

glycolytic genes. Additionally, PKFKB3, GUT1/3, and LDHA are promoters of carcinogenesis. 

Upregulated cytokines showed co-expression with the glycolytic genes shown by red broken arrows. HK3 

is co-expressed with RANTES, IL8, MIP-1β, and MDC. 4. and 5. PML-RARα and CEBPA are both 

regulators of the circadian rhythm by activating CLOCK1, BMAL1, and BHLHE40 genes. Interestingly, 

both genes are critical in myeloid cell differentiation by interacting with HK3: PML-RARα represses HK3 

while CEBPA activates HK3 expression 5. Further shows that CEBPA is negatively regulated by LPS. 

 

Finally, HIF-1α, a key transcriptional activator of glycolytic genes showed co-expression co-

localisation with IL8 and shared biological processes with all the upregulated cytokines in this 

study (IL8, RANTES, MIP-1β, and MDC). The expression of HIF-1α is regarded as a general 

occurrence in infection and the inflammatory microenvironment (Werth et al., 2010; Zinkernagel 

et al., 2007).   However, further probing of its expression and function in innate immune cells 

following infection showed that it was dependent on the differentiation status of the cells. For 

example, HIF-1α has been shown to be upregulated following LPS stimulation of monocyte-

derived dendritic cells in normoxic conditions (Spirig et al., 2010). Furthermore, LPS induces HIF-

1α in macrophage-differentiated THP-1 cells in a TLR4-dependent manner (Frede et al., 2006; 

Nishi et al., 2008), but not in THP-1 monocytes (Nishi et al., 2008). HIF-1α also increases the 

expression of several glycolysis-related genes such as GLUT1, PFKFB3, ENO1 and LDHA (Chen 

et al., 2001; Cui et al., 2017; Obach et al., 2004; Semenza et al., 1996) and is involved in metabolic 

reprogramming in carcinogenesis in lung cancer, glioma and hepatoma (Lu et al., 2002; Zhao et 

al., 2014). However, it appears that LPS-induced metabolic reprogramming in THP-1 cells used 

in this study may be HIF-1α -independent; even though HIF-1α is a key transcriptional activator 

of glycolytic gene expression and metabolic reprogramming. This is because previous reports have 

shown that LPS-mediated activation of HIF-1α only occurs in differentiated macrophages and 

dendritic cells, and not undifferentiated ones (Frede et al., 2006; Spirig et al., 2010).  
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4.2 Model proposal 
 

It can be suggested that, if every hallmark that controls the malignancy of a tumour can be 

adequately defined, and the relative effect it has on proliferation quantified, more effective 

diagnostic and targeted combination therapies can be developed.  

Why did a boost in the Warburg effect in this study not promote cell viability or proliferation? It 

is likely because other hallmarks of cancer may have been more critical in determining the 

malignancy of THP-1 cells. Nevertheless, it is beyond the scope of this work to individually assess 

possible changes in the other cancer hallmarks which could answer our question.  

By designing a model that incorporates strategies to individually evaluate the influence of various 

hallmarks on proliferation, we could contribute to cancer diagnosis and likely propose more 

effective therapeutic strategies. This study proposes a model for the assessment of the hallmarks 

of cancer, using distinctive features and molecular markers. It can be suggested that cancers could 

be classified based on an assessment of all known cancer hallmarks which they exhibit. Such 

evaluations could be performed using cellular, molecular and biochemical methods in cell lines, 

3D cultures, organoids and genetically engineered animal models such as xenograft mice. 

Thereafter, the relative influence of each of the hallmarks on the severity of a cancer could be 

assessed. By differentially inhibiting/enhancing each hallmark and evaluating tumour malignancy, 

the dominant hallmarks for each tumour type can be deciphered. This model may provide insight 

into the mechanisms which are critical in carcinogenesis for different cancers, based on the most 

critical hallmarks observed. This may open a new vista of diagnostic and therapeutic significance.  

The malignancy of a tumour is dependent on specific hallmarks: these hallmarks have varying 

degrees of influence on the overall malignancy of a tumour. In the case of THP-1 cells, boosting 

glycolysis, a signature of the Warburg phenotype which is a hallmark of cancer, could not induce 

cell proliferation; indicating that the Warburg effect may not be critical in the malignancy of THP-

1 cells. It is likely that other hallmarks may be have been more important for cell proliferation.  

4.3 Prospects 

In this study, polymyxin B was used to inhibit LPS-mediated TLR4 signalling. Even though its 

effects were potent enough to block LPS induced glycolysis, it did not show any significant 
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differences in the cell cycle when administered alone or in combination with LPS. Polymyxin B 

effectively inhibited glycolysis in a TLR4-dependent manner. However, the cell cycle profile 

differed from the untreated cells. This is not surprising given that polymyxin B has been shown to 

have cytotoxic effects and is only used as an antibiotic in resistant Gram-negative bacterial 

infections (Duwe et al., 1986; Vattimo et al., 2016; Viljanen and Vaara, 1984). Subjecting TLR4 

to siRNA ablation could provide better clues than using inhibitors which also have the potential to 

interact through other pathways.  

LPS is one of several pathogen-associated molecular patterns (PAMPs): molecular signatures on/in 

infectious agents (bacteria, viruses, fungi, and protozoa) that can be recognised by pattern-

recognition receptors (PRRs). Figure 1 in the introductory section showed nine TLRs responding 

to different PAMPs. It would be interesting to investigate the metabolic profiles and proliferative 

states of THP-1, K562 and other cell types following treatment with other PAMPs such as dsRNA 

(TLR3 ligand), bacterial lipopeptides (TLR1, 2 and 6 ligands) and others. This is because their 

signalling mechanisms and effector molecules could have different effects on the metabolism and 

viability of various cells.  

Moreover, the inflammatory microenvironment is quite complex: teeming with inflammatory cells 

(such as infiltrating leukocytes, neutrophils), cytokines and co-stimulatory molecules with one 

agenda: to neutralise the infection via innate, and subsequently adaptive immune mechanisms. 

This complexity which is typical of an in vivo environment is impossible to replicate in vitro. This 

necessitates the use of an in vivo environment. For example, infecting xenograft mouse models 

with bacterial LPS and investigating the metabolic profile and proliferative state of the tumour 

cells would give a better inference. 

Finally, TP53, dubbed ‘the guardian of the genome” (Lane, 1992) and “cellular gatekeeper” 

(Levine, 1997) because of its potent tumour-suppressive effects may also employ metabolic 

control strategies for tumour suppression (Puzio-Kuter, 2011; Vousden and Ryan, 2009). p53 is 

mutated in about 50% of all cancers. It is tempting to propose that, at least part of the metabolic 

reprogramming observed in several tumours is mutant-p53-dependent. Previous findings about the 

response of innate immune cells to PAMPs in the context of metabolism and proliferation have 

been focused on normal macrophages and dendritic cells with wild type p53. It would be pertinent 

to investigate the effect of PAMP-mediated metabolic reprogramming on malignant innate 
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immune cells with wild-type p53; since both cell lines used in this study (THP-1 and K562) had 

mutant p53 status.  

An interesting finding in breast cancer cells was that TLR4 modulated cell proliferation in a 

manner dependent on the presence of wild type p53. Activation of TLR4 in wild type p53 cells 

impeded cell proliferation but enhanced proliferation in p53-mutant cells (Haricharan and Brown, 

2015). This further accentuates the importance of unravelling the mechanisms involved in 

controlling carcinogenesis in the context of p53 status and TLR4 activity.  

 

4.4 Conclusion 

This study has shown that LPS enhances the Warburg Effect in the monocytic cancer cell line, 

THP-1, but induces cell death. In other words, a glycolytic phenotype that is characteristic of 

cancer cells is not required for cell proliferation in the immune-related cancer cell line. 

Furthermore, simulating infection in THP-1 monocytes using bacterial LPS upregulates the 

expression of IL8, RANTES, MDC, and MIP-1β in a TLR4-dependent manner. Importantly, this 

study further showed that RANTES was not expressed in the erythroleukaemia cell line K562 

derived from the same lineage as THP-1 but less differentiated. Bioinformatic analyses show that 

IL8, RANTES, MDC, and MIP-1β may interact with glycolytic enzymes which may explain, at 

least in part, the observed boost in glycolysis in THP-1 monocytes. Moreover, enhanced glucose 

uptake which is characteristic of glycolytic flux is carried out by glucose transporters. This study 

showed that GLUT1 and GLUT3 co-express with IL8 while GLUT3 is co-expressed with 

RANTES. Furthermore, biological processes such as the regulation of CD8+ T-cell activation, is 

shared by IL8, RANTES, MIP-1β and glycolytic genes. 

These results show that innate immune cells have an important temporal expression of chemokines 

of important functional significance. The study further suggests that these chemokines influence 

the metabolic programme in THP-1 monocytes probably through mechanisms that involve the 

glucose transporters (GLUT1 and GLUT3), HK3 and other glycolytic proteins.  
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Appendix 

Table A2.1. Kits, manufacturers and catalogue numbers 

 
Kit Manufacturer and Catalogue number 

Revert Aid first strand cDNA synthesis kit  Thermofischer Scientific, K1622 

FxCycle™PI/RNAse  Molecular Probes, F10797 

The Human, bacterial Multi analyte ELISA array kit  Qiagen, MEH-008A  

JC-10 Mitochondrial Membrane Potential Kit Sigma Aldrich, MAK160-1KT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 
 

Table A2.2. Instruments, manufactures and product catalogue numbers 

 
Instrument Manufacturer and Catalogue number 

Nanodrop spectrophotometer ND-1000 UV 

Electrophoresis tank Scieplus VG Sys 30020529 

Power supply Sigma techware PS250-2 

Chemi-Doc imaging Bio-Rad Gel Doc XR+ 

BD Acuri C6 Flow cytometer BD Biosciences 

BD FACSAria™ III Flow cytometer BD Biosciences 

Microcentrifuge, Sigma 1-15 Sigma 

Multiskan™ GO Microplate Spectrophotometer Thermofischer Scientific,  

Varioskan Flash Multimode microplate reader Thermofischer Scientific, 5250030 

PCR thermal cycler Geneamp PCR system 2400 
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Table A2.3 Chemicals/reagents, manufactures and catalogue numbers where appropriate 

 
Reagent/Chemical Manufacturer and Catalogue number 

Agarose Lonza 50004 

Oligonucleotide primers Inqaba Biotec 

Bacterial lipopolysaccharides (LPS) from Escherichia coli Sigma, O111:B4 

polymyxin B  Sigma-81334 

Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) Sigma-C2920 

Phosphate-buffered saline (PBS) Sigma, P4417 

Trizma base Sigma T1503-500G 

Foetal Bovine Serum (FBS) Biowest S1815-500 

Penicillin-Streptomycin Sigma P433-20ml 

DMEM Sigma D5796-500ml 

Hams F12 Biowest, L0136-500 

RPMI 1640 Sigma, 51536C 

RNase-free water Qiagen, 129317 

Ethidium bromide Sigma, E1510 

DNA Molecular weight marker Thermofischer scientific, SM1333 

6X DNA loading dye Thermofischer scientific, R0611 

2X PCR Mastermix  New England Biolabs, M0270 

Glycolysis assay substrate  Cayman Chemicals, 600451 

Glycolysis assay co-factor  Cayman Chemicals, 600454 

L-lactate standards 10mM stock solution  Cayman Chemicals, 600455 
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Table A2.4 Bioinformatics and other websites and software used  

 
Software used Purpose Website  

NCBI PCR Primer 

design 

https://www.ncbi.nlm.nih.gov/pubmed 

GeneMANIA Pathway analysis https://genemania.org/ 

IMP  Pathway analysis http://imp.princeton.edu/ 

MyImageAnalysis™ 

software  

Densitometry https://www.thermofisher.com/order/catalog/product/62237 

GraphPad Quick Calcs 

Prism  

Statistical 

significance test 

https://www.graphpad.com/quickcalcs/ttest1/?Format=SD 

 
 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed
https://www.thermofisher.com/order/catalog/product/62237
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Figure A3.1. L-Lactate standard curve. L-lactate standards (10, 5, 2.5, 1.25, 0.625, 0.313, 0.156 and 0 

mM) were prepared from the 10 mM stock solution.10 uL of each sample was used to run the lactate assay. 

Absorbance values were read at 490 nm using a Multiskan™ GO Microplate reader. The average 

absorbance values were computed, and the blank absorbance was subtracted from all values to obtain the 

corrected absorbance values. The corrected absorbance values for each of the standards were plotted against 

their corresponding concentration values to obtain a standard curve. 
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Figure A3.2. THP1-Cell cycle histograms, 24-hour treatments. THP-1 cells were treated for 24 hours 

and stained with propidium iodide (PI)/RNAse. Cell cycle data was acquired using the BD FACS Aria III 

flow cytometer. The sample flow rate was set to ‘slow’, and 10,000 events were acquired. Sample 

populations were gated by identifying singlet populations on the forward scatter versus side scatter plot. PI 

intensity was read on an FL3 channel at a wavelength of 488 nm. Results are representative of three 

biological replicates. 
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Figure A3.3. THP1-Cell cycle histograms, 48-hour treatments. THP-1 cells were treated for 48 hours 

and stained with propidium iodide/RNase. Cell cycle data was acquired using the BD FACS Aria III flow 

cytometer. The sample flow rate was set to ‘slow’, and 10,000 events were acquired. Sample populations 

were gated by identifying singlet populations on the forward scatter versus side scatter plot. PI intensity 

was read on an FL3 channel at a wavelength of 488 nm. Results are representative of three biological 

replicates. 
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Figure A3.4. K562-Cell cycle histograms, 24-hour treatments. K562 cells were treated for 24 hours and 

stained with propidium iodide/RNase. Cell cycle data was acquired using the BD FACS Aria III flow 

cytometer. The sample flow rate was set to ‘slow’, and 10,000 events were acquired. Sample populations 

were gated by identifying singlet populations on the forward scatter versus side scatter plot. PI intensity 

was read on an FL3 channel at a wavelength of 488 nm. Results are representative of three biological 

replicates. 
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Figure A3.5. K562 Cell cycle histograms, 48-hour treatments. K562 cells were treated for 24 hours and 

stained with propidium iodide/RNase. Cell cycle data was acquired using the BD FACS Aria III flow 

cytometer. The sample flow rate was set to ‘slow’, and 10,000 events were acquired. Sample 

populations were gated by identifying singlet populations on the forward scatter versus side scatter 

plot. PI intensity was read on an FL3 channel at a wavelength of 488 nm. Results are representative 

of three biological replicates. 
 

 

 



100 
 

 

Figure A3.6. Mitochondrial membrane potential assay, THP-1 cells. Cytograms show mitochondrial 

membrane depolarisation following LPS treatment. Following LPS and combination treatments with 

polymyxin B for 48 hours, the mitochondrial membrane potential assay was performed, and fluorescence 

intensity was monitored using FL1 (green) and FL2 (orange) fluorescent channels in a BD Acuri C6 flow 

cytometer. Quadrants showing green fluorescence (lower right) indicate depolarised cells while blue (upper 

right) shows polarised cells. Black dots indicate unstained cells as seen in the lower left quadrants. FCCP 

was used as a positive control. Data are representative of 3 independent experiments.  
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Figure A3.7. Mitochondrial membrane potential assay, K562 cells. Cytograms show mitochondrial 

membrane depolarisation following LPS treatment. Following LPS and combination treatments with 

polymyxin B for 48 hours, the mitochondrial membrane potential assay was performed, and fluorescence 

intensity was monitored using FL1 (green) and FL2 (orange) fluorescent channels in a BD Acuri C6 flow 

cytometer. Quadrants showing green fluorescence (lower right) indicate depolarised cells while blue (upper 

right) shows polarised cells. Black dots indicate unstained cells as seen in the lower left quadrants. FCCP 

was used as a positive control. The data are representative of 3 independent experiments.  
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