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Abstract

Disruption of the homeostatic balance in the intestine of genetically sus-

ceptible individuals can lead to inflammatory bowel disease (IBD), such

as Crohn’s disease (CD) or ulcerative colitis (UC). Defects in glucose-6-

phosphate metabolism due to defects in glucose-6-phosphatase-β or glucose-

6-phosphate translocase cause a rare Mendelian form of congenital neu-

tropenia and CD like intestinal inflammation. The aim of this project is to

investigate the mechanisms by which defective metabolism in macrophages

might cause CD like intestinal inflammation via defective bacterial han-

dling. We used a chemical inhibitor model to study the effect of glucose-

6-phosphate-translocase inhibition in macrophages using a cholorogenic

acid derivative. Defective glucose-6-phosphate translocase caused a reduc-

tion in bactericidal activity by changing the metabolism in macrophages

and polarising them to M1 phenotype via the mTOR signalling pathway.

Blockade of mTOR using rapamycin reversed the defective bacterial han-

dling in macrophages with defective glucose-6-phosphatase enzyme. This

study provides a link between metabolic defect and immune-mediated

colitis that is associated with macrophage dysfunction. This might have

therapeutic implications for subgroups of patients with intestinal inflam-

mation.
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0.1 Abbreviation

• ACC: Acetyl CoA carboxylase

• ACO: Aconitase

• Akt: Protein kinase B

• ALDOC: Fructose-bisphosphate

• ATF-6: Activating transcription factor-6

• BPGM: Bisphosphoglycerate Mutase

• CAMs: Classically activated macrophages

• CARKL: Carbohydrate kinase-like protein

• CFU: Colony forming units

• CHOP: C/EBP homologous protein

• CIC: Citrate carrier

• CLRs: C-type lectin receptors

• CPT: Carnitine palmitoyltransferase

• CS: Citrate synthase

• CSF1: Colony stimulating factor 1

• DCA: Di-chloroacetate

• DDIT-3: DNA damage-inducible transcript 3

• 2-DG: 2-Deoxy-glucose

• DHR: Dihydrorodamine

• DLST: Dihydrolipoamide S-Succinyltransferase

• DMEM: Dulbeccos modified eagles medium

• ECAR: Extracellular acidification rate

• ENO1: Enolase 1
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• ETC: Electron transport chain

• ER: Endoplasmic reticulum

• FAD: Flavin adenine dinucleotide

• FAO: Fatty acid oxidation

• FAs: Fatty acids

• FASN: Fatty acid synthase

• FCCP: Carbonylcyanide-4 (trifluoromethoxy) phenylhydrazone

• FCS: Fetal calf serum

• FH: Fumarate Hydratase

• FSB: FACS staining buffer

• G6PT: Glucose-6-translocase

• G6P: Glucose-6-phosphate

• G6Pase: Glucose-6-phosphatase

• GABA: γ-aminobutyric acid

• GCK: Glucokinase

• GLUT-1: Glucose transporter type 1

• GM-CSF: Granulocyte-macrophage colony-stimulating factor

• GPI: glucose phosphate isomerase

• GPR: G protein-coupled receptor

• GSD: Glycogen storage disease

• GWAS: Genome-wide association studies

• HIF-1α: Hypoxia-inducible factor 1

• HK1: Hexokinase I

• HSPA5: Heat shock protein family A (member 5)
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• IBD: Inflammatory Bowel Disease

• ICL:Isocitrate lyase

• IDH: Iso-citrate dehydrogenase

• IFN-γ: Interferon-γ

• IL-1ra: IL-1 receptor antagonist

• IRE1: Inositol-requiring gene 1

• Irg1: Immuno responsive gene 1

• IRFs: Interferon regulatory factors

• Keap1: Kelch-like ECH-associated protein 1

• α-KG: α-ketoglutarate

• LPS: Lipopolysaccharide

• LRR: Leucine-rich repeat receptors

• MAPKs: The mitogen-activated protein kinases

• MFI: Mean fluorescence intensity

• MMP-9: Matrix metalloproteinase 9

• mTOR: Mammalian target of rapamycin

• NADP: Nicotinamide adenine dinucleotide phosphate

• NF-κ B : Nuclear factor kappa-light-chain-enhancer of activated B cells

• NO: Nitric Oxide

• NOD2: Nucleotide-binding oligomerization domain-containing protein 2

• Nrf2: NF-E2-related factor-2

• OCR: Oxygen consumption rate

• OXPHOS: Oxidative phosphorylation

• PAMPs: Pathogen-associated molecular patterns
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• PC: Pyruvate carboxylase

• PCK1: Phosphoenolpyruvate carboxykinase 1

• PDHA1: Pyruvate Dehydrogenase (Lipoamide) Alpha 1

• PDHB: Pyruvate dehydrogenase E1 component subunit beta

• PDK1: Pyruvate dehydrogenase kinase 1

• Pfkb3: Fructose-2,6-biphosphatase 3

• PFKL: 6-phosphofructokinase

• PGC1-α: PPARγ co-activator 1 α

• PGK: Phosphoglycerate kinase

• PGLS: 6-Phosphogluconolactonase

• PGM: Phosphoglucomutase

• PGs: Prostaglandins

• PHD: Prolyl hydroxylase

• PMA: Phorbol-12-myristate-13-acaetate

• PMN: Polymorphonuclear neutrophils

• PPAR-β: Peroxisome proliferator-activated receptor gamma

• PPP: Pentose phosphate pathway

• PRPS: Phosphoribosyl Pyrophosphate Synthetase

• RBKS: Ribokinase

• RIG-I : Retinoic acid-inducible gene 1

• RLRs: (RIG-I)-like receptors

• ROS: Reactive oxygen species

• RPE: Ribulose-5-Phosphate-3-Epimerase

• RPIA: Ribose 5-Phosphate Isomerase A
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• RPMI: Roswell Park Memorial Institute 1640 medium

• STAT1: Signal transducer and activation of transcription 1

• SERCAs: Sarcoplasmic/endoplasmic reticulum Ca2+ ATPases

• SREBPs: Sterol regulatory element-binding proteins

• SUGLG: Succinate CoA ligase

• TALDO1: Transaldolase 1

• TAMs: Tumour associated macrophages

• TCA: Tricarboxylic cycle

• TGF-β: Transforming growth factor-β

• TKT: Transketolase

• TLRs: Toll like receptors

• TRAF1: Tumour-necrosis factor (TNF) receptor associated factor 2

• UC: Ulcerative colitis

• VEFGA: Vascular Endothelial Growth Factor A

• YY1: Yin and yang 1
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Chapter 1

Introduction

Inflammatory bowel disease (IBD) is a disorder with various genetic predispositions,

immunological susceptibilities, and environmental triggers [1]. Genome-wide asso-

ciation studies (GWAS) have been conducted for IBD, identifying 215 risk loci [2]

[3][4]. Polygenic IBD, in particular CD, is associated with many genetic variants

that affect bacterial clearance and autophagy [1] [5]. The strongest risk factor for

CD are mutations in nucleotide-binding oligomerisation domain-containing protein 2

(NOD2), which is important for bacterial muramyl peptide sensing [5]. Mechanis-

tic pathways such as epithelial barrier function disruption, impaired phagocytosis,

T and B cell defects, hyper-and auto-inflammatory disorders, and impaired immune

regulation have been associated with the spectrum of monogenic diseases that lead

to IBD-like inflammation[6]. Additionally, a number of rare monogenic disorders

can also cause CD, one of which is a deficiency in Glucose-6-phosphate translocase

(G6PT) and glucose-6-phosphatase-β (G6Pase-β) [7].

In this chapter, we investigated the role of G6PT in bacterial clearance and in the

metabolism of macrophages using a chemical inhibitor model.
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1.1 Glycogen storage disease

In the year 1929, Edgar Von Gierke first described a glycogen storage disease (GSD),

which was initially named in his honour [8] [9]. It was found that a mutation in the

G6PC gene on chromosome 17q21, encoding the G6Pase [10] enzyme, is responsible

for causing this disease. Glycogen storage disease 1 (GSD-1) is classified into two

main forms: GSD 1a, caused by a mutation in the glucose-6-phosphatase α (G6Pase

α) which is encoded by G6PC1 [10] and GSD 1b, caused by a mutation in SLC37A4

gene which encodes G6PT [11]. The G6PT enzyme localises to the endoplasmic

reticulum (ER) and mediates the transport of glucose-6-phosphate (G6P) into the

lumen of the ER [12]. G6PT is an anti-porter that facilitates the transport of G6P

into the ER in exchange for a phosphate molecule [13]. Inside the ER lumen, G6P

acts as the substrate of two enzymes, namely glucose-6-phosphatase (G6Pase-α and

G6Pase-β) [10] [11], and hexose-6-phosphate dehydrogenase [12]. A characteristic

myeloid dysfunction is unique to patients with G6PT mutation [14]. Unlike G6Pase-

α, which is present only in gluconeogenic organs such as the liver, small intestine

and kidney [15] [14], G6PT enzyme is present ubiquitously [16] [14]. The myeloid

dysfunction in patients with GSD-1b is attributed to either the biological activities

of G6PT or due to a second G6pase that exists in myeloid tissues. The G6Pase-β

enzyme is encoded by G6PC3 and exhibits ubiquity similar to that of G6PT [17] [14].

The complex formed by the coupling of G6Pase-β and G6PT aids the hydrolysis of

G6P to glucose and inorganic phosphate. Hence, patients with functional mutations

in G6Pase-β and G6PT present with a severe congenital neutropenia syndrome [18]

[14].
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1.2 Clinical manifestation

Another distinct feature of GSD-1b, is the observation of IBD CD-like colitis [7].

Fever, diarrhoea, and perioral and anal ulcers are accompanying symptoms in pa-

tients with the G6PT mutation [19][14]. The severity of the primary disease does

not correlate with intestinal inflammation [14]. All patients with this mutation

have an absolute neutrophil count less than 1000 cell/ml. Although congenital neu-

tropenia is the most obvious phagocyte defect in this disorder, it is not directly

linked to IBD. Current treatments for GSD-1b consist of a combination of dietary

therapy [20][21] to correct symptoms of G6Pase deficiency, and human granulocyte-

macrophage colony-stimulating factor (GM-CSF) therapy [7]. GM-CSF is humoral

regulator of hematopoiesis that increases both the proliferation of myeloid precursors

and the functional capacity of neutrophils [19][14]. In GSD-1b patients [22], GM-CSF

treatment increases neutrophil counts and reduces the frequency of infection and in-

flammation [7] complications that are not manageable by dietary therapy alone [14].

This provides evidence that neutrophil dysfunction associated with GSD-1b is distinct

from the defect in G6P metabolism.

1.3 Competitive inhibitors for G6PT

G6Pase-α is a nonspecific phosphatase and its specificity for the substrate G6PT/G6P

complex is achieved by the high specificity of G6PT for G6P [23] [24]. Chlorogenic

acid, the ester of caffeic acid and quinic acid (Figure 1.1), is a reversible, competitive

inhibitor for G6PT [25][23] [24]. There are many derivatives of cholorogenic acid with

the most potent being S3483 [25] and S4048 [26] [24] (Figure 1.1). These inhibitors

have been used extensively in mechanistic studies of the metabolic defects in GSD 1

[24][27]. There is also further evidence demonstrating the inhibition of G6PT trans-

port activity in mouse hepatic microsomes [28] [29] and proteoliposomes containing
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Figure 1.1: Structure of cholorogenic acid This figure is adapted from [24]. This is a
representation of cholorogenic acid and its derivative S3483

recombinant G6PT by cholorogenic acid [30] [11]. The cholorogenic acid derivative

and G6PT inhibitor S3483 was also found to inhibit G6P transport in microsomes

isolated from polymorphonuclear neutrophils (PMN) and from differentiated promye-

locytic HL-60 cells [31]. Therefore, we used a derivative of cholorogenic acid S3483,

to inhibit the G6PT enzyme in monocytes derived macrophages to make our chemical

inhibitor model.

1.4 Solute carriers

In our study, we established that G6PT enzyme plays a significant role in bacterial

handling in monocyte derived macrophages (MDM). However, Hye-hyun Ahn et al.

showed that G6PT modulated autophagy independent of its transporter activity [32].

This is contradicting to our result on bacterial handling by macrophages treated with

S3483. Therefore, I explored the literature on the phenotype and the genotype of the

SLC37A4 gene to understand the effect of the transporter activity of the G6PT en-

zyme. The solute carrier (SLC) gene series consists of over 50 gene families which are

predicted to encode membrane-bound transporters [33] [24]. The SLC37 family con-

sists of four characterised sugar-phosphate exchange (SPX) proteins [33] [24] namely,

A1, A2, A3, and A4, which are positioned in the ER membrane [33] [24]. SLC37A1 is
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known as SPX1 [34], SLC37A2 [35] is known as SPX2, SLC37A3 is known as SPX3

[35], and SLC37A4 is known as SPX4 [22]. The most studied member of the SLC37

family is SLC37A4, also known as G6PT. SLC37A1, SLC37A2, SLC37A4 function as

phosphate (Pi)-linked G6P antiporters and help in the transportation of cytoplasmic

glucose-6-phosphate into the lumen of the ER and translocates inorganic phosphate

in the opposite direction [25]. However, SLC37A3 does not perform any of these

activities [36]. G6PT enzyme forms a complex with glucose-6-phosphatase enzymes

which is responsible for glucose production through either glycogenolysis or gluconeo-

genesis [24]. Therefore, this protein plays a central role in homeostatic regulation of

blood glucose levels [11] [13].

1.5 Functions of glucose-6-phosphate translocase

enzyme

G6PT transports glucose-6-phosphate G6P from the cytosol into the ER. A catalytic

subunit, G6Pase-α [15] or -β [16] hydrolyses G6P to glucose and transports it back

to the cytosol [24]. Both the G6Pases have their active sites located inside the ER

[24] and are functionally dependant on G6PT for their activity [24]. G6PT provides

a substrate for the G6Pases by transporting G6P into the ER lumen [12][24]. It also

increases G6P transport activity by providing a physical interaction by an allosteric

mechanism. [24].

1.6 Glucose-6-phosphatase-β deficiency

The human G6PC3 gene, comprising of 6 exons on chromosome 17q21 [16], encodes

the enzyme G6Pase-β. This gene is expressed ubiquitously, unlike the G6PC1 gene

which is expressed only in gluconeogenic organs. This mutation affects the myeloid
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population and patients with this mutation suffers severe congenital neutropenia [16],

just like patients with mutation in the SLC37A4 gene. Structurally, G6Pase-α and

G6Pase-β are very similar, but they share only 36 % amino acid homology [14]. Till

date, 11 mutations have been identified in G6Pase-β protein[14]. These include five

missense, three nonsense, and three insertions/deletions [37] [38] [39] [14]. Analysis

in the yeast expression system revealed the Arg253His mutant to have negligible or

no phosphorylase activity [39] [14]. Apart from this, there have been few studies that

have investigated the active site mutants of the G6Pase-β enzyme [14].

1.7 Transmembrane structure of G6PT

The G6PT model was thought to contain either 10 [40] or 12 transmembrane helices[41]

based on hydropathy profile analysis [24]. The X-ray crystallography model of Es-

cherichia coli glycerol-3-phosphate which belongs to the organo-phosphate: Pi an-

tiporter family suggested that G6PT contains 12 membrane helices (Figure 1.2) [42].

To address the transmembrane structure of G6PT, protease analysis and mutational

glycosylation of the G6PT protein was performed [24] [14]. The region of G6PT

corresponding to amino acid residues 50-71 was predicted to form a transmembrane

segment in a 12-domain model and was shown to be resistant to glycosylation [24]

[42]. The 51-residue luminal loop is available for glycolsylation in a 10-domain model

[43] [44]. It has been shown that glycosylation of membrane protein is crucial for

membrane folding and a disruption in glycolysation can lead to misfolding and degra-

dation of misfolded proteins [45] [24]. T53N and S55N glycoprotein mutants would

be misfolded and degraded in the ER [46] if there were 12 helices, but would be

expressed without any disruption if the 10 helix model were correct [24]. Analy-

sis of the expression of the T53 and S55N gene showed similar levels of expression

bolstering the 10-membrane model theory [24]. There are in total 429 amino acid
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residues spanning the transmembrane helices of the G6PT protein [24]. There are 39

missense SLC37A4 mutations, altering 34 amino acid residues, identified in GSD-1b

patients [24]. The signature motif constitutes the amino acids 133-149, of which the

residues Q133, A148, and G149 are altered by missense SLC37A4 mutations identified

in GSD-1b patients [24] (Figure 1.2).

1.8 Mutations in the SLC37A4 gene

Patients with a mutation in the SLC37A4 gene predominantly develop neutropenia.

Delineation of missense and codon deletion mutations that result in single amino

acid alterations provide valuable information on functionally important residues in a

protein [24]. To date, 110 separate mutations have been identified in the SLC37A4

gene (Table 1.1) in patients with GSD-1b/non GSD-Ia [24] (HGMD database) (Table

1.1). These include 61 missense, 17 nonsense, 19 small deletions (including 2 codon

Mutation Type Number of mutations
Missense/nonsense 61
Splicing substituent 17

Regulatory Substituents 1
Small deletions 19

Small insertions/duplicates 8
small indels 2

Gross deletions 2
Gross deletions/duplicates 0
Complex rearrangements 0

Repeats variants 0
Total 110

Table 1.1: Mutation in SLC37A4. There are a total of 110 mutations observed in the
SLC37A4 gene. Table derived from EXAC and HGMD database.

deletion mutations), and 19 splicing mutations that are distributed across the entire

coding and exon intron junction regions (Table 1.1). In G6PT, 31 missense and

2 codon deletion mutations have been characterised functionally via site-directed

mutagenesis and transient expression assays and were shown to obliterate microsomal
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G6P uptake activity [11] [47] [24]. The mutations in the SLC37A4 gene are grouped

into the following three categories: helical (H), nonhelical that includes cytoplasmic

(C) and luminal (L) loops, and terminal that includes N- (MIV) and C- (R415X)

terminal domains [48] [24] (Figure 1.2).

Figure 1.2: Mutations in SLC37A4 gene This figure represents the summary of
different mutations that affect G6P uptake activity. The 10-helical transmembrane domains
are marked from H1 to H10. The cytoplasmic loops are marked as C1 to C4 and the luminal
loops are marked as L1 and L4. Mutations that completely eliminate G6PT activity are
represented in red. Mutations that retain residual function are listed with the percentage
of wild type activity retained noted in parentheses. The mutations in blue represent the
signature motifs mutations in which Q133P and G149E are characterised by proteosomal
assays. The boxed mutations are not functionally characterised. Mutations that have been
characterised by both cell-based assays and proteoliposomal assays are shown in green. This
figure is adapted from [24]

Complete loss in G6P uptake is observed among the 18 helical mutations, 9 mis-

sense and 2 codon deletion mutations, while 7 missense mutations retain residual

activity [48]. Among the 7 missense mutations characterised in luminal loop-1, 6

are null mutations a finding consistent with this loop being critical for G6P uptake

activity [24].
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1.9 N and C terminal domains of G6PT

The N-terminal consists of 7 amino acids and plays a crucial role in G6PT activity.

The MIV N-terminal mutation lacks the N-terminus, leading to a complete loss in

G6PT uptake [30] [24]. However, the R415X mutation lacking C-terminal retains 47%

of G6PT activity [49] [24]. The G20D, F93del, C176R, V235del, I278N, G339C and

G339D mutations are located in helix 1, 2, 4, 5, 6, 8 and 8, respectively and G50R is

located within luminal loop 1. These mutations reduce the uptake of G6P [30] [24].

The C-terminal domain consists of 15 amino acids (from 415-429) in human G6PT

[24] enzyme. This domain has been reported for its importance in protein stability

[14]. Chen et al. reported that the R415X mutant that lacks the entire cytoplasmic

tail is degraded more rapidly compared to that of the wild type [49]. The initial three

residues (R415X, N416X, I417X) are considered stable when compared to wild type

G6PT stability [49]. R415X is less stable compared to N416X, and N416X is less

stable compared to the I417X [24]. [24]. This suggests that structural integrity of

these helices is crucial for the stability of the G6PT protein [24].

1.10 Analysis of the signature motif in human G6PT

The mammalian G6PT enzyme is a highly conserved, microsomal transmembrane

protein consisting of 429 amino acids [41] [22]. The G6PT proteins, including the

other organo-phosphate antiporters family such as GlpT, and uhpT, the G6P recep-

tor (uhpC), and the phosphoglycerate transporter (PgtP), share a signature motif

(ProSite PDOC00726) which lies between amino acids 133 and 149 in human G6PT

[50]. There are only 28 missense mutations identified within the signature motif [24].

A mutation in Q133P at the start of the motif, and G149E at the end of the motif,

completely abolish G6P transport activity [30]. This suggests a functional role for

the signature motif in G6PT protein.
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1.11 Metabolic phenotype of patients with SLC37A4

mutations

There have been 120 patients identified thus far with a mutation in the SLC37A4 gene

and 90 of these patients have developed GSD-1b (HGMD database). The metabolic

phenotype of GSD-1a and GSD-1b is very similar. Patients suffering from these con-

ditions have hypoglycemia after a short fast and exhibit increased levels of G6P in

the cytoplasm [14]. This increase in G6P level leads to the synthesis and excessive

accumulation of glycogen in the liver and kidney, a process that promotes progressive

hepatomegaly and nephromegaly [14]. More than 90 % of the patients with deficien-

cies in SLC37A4 have hepatomegaly (Figure 1.3) There was no genotype-phenotype

Figure 1.3: Mutations in SLC37A4 causing hepatomegaly This graph is plotted
between amino acid and allele frequencies of 100 patients with deficiencies SLC37A4 gene.
The allele frequencies are derived from EXAC database. Each dot represents one patient.
Red dots represent patients with hepatomegaly and the black dots represent the patients
without hepatomegaly. n=100

correlation observed between mutations in the SLC37A4 gene and hepatomagaly

(Figure 1.3).

Hypercholesterolemia, hypertriglyceridemia, hyperuricemia, and lactic acidemia

are other major complications reported in patients with GSD-1b[14] [51]. GSD-1b

patients were found to have impaired growth hormone (GH)-insulin-like growth factor

(IGF) production[14] [52]. There is an increased incidence of short stature in these
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patients due to growth hormone deficiency (GH) [24].

1.12 Myeloid phenotype in SLC37A4 mutations

Neutropenia, or neutrophil dysfunction, is a major clinical phenotype observed in

patients with GSD-1b. As a result, recurrent bacterial infections are common in these

patients [14]. A sub-population of patients with neutropenia also are susceptible

to inflammatory bowel disease [7]. However, a complete literature analysis of 120

patients [53] [11][54] [55] [22] [19] with SLC37A4 mutations revealed no correlation

between the individual mutation and the presence of neutropenia, bacterial infections,

and systemic complications (Figure 1.4) (Figure 1.5)

Figure 1.4: Mutations in SLC37A4 causing nuetropenia This graph is plotted
between amino acid and allele frequencies of 100 patients with deficiencies SLC37A4 gene.
The allele frequencies are derived from EXAC database. Each dot represents one patient.
Red dots represent patients with neutropenia and the black dots represent patients without
neutropenia. n=100

A study on two Japanese patients with GSD-1b without neutropenia suggested

that neutropenia is not manifested in all GSD-Ib patients [56]. It was reported that

it may have been caused due to residual G6PT activity [56]. Chen et al. showed

that the mutation R415X was shown to retain 47% of the wild type activity and it

has been proposed that the 23.5 % of normal G6PT activity in the compound het-

erozygote is sufficient to maintain the patients’ myeloid function [19] [49]. According
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Figure 1.5: Mutations in SLC37A4 causing IBD This graph represents amino acid
and allele frequencies of 100 patients with mutations in the SLC37A4 gene. The allele
frequencies are derived from EXAC database.Each dot represents one patient. Red dots
represent patients with IBD and the black dots represent the patients without IBD. n=100

to this study, the mutations are divided into leaky mutations retaining some residual

activity and mutations completely inactivating the transporter G6PT [49] [19]. The

authors concluded that a close relationship exists between the residual activity of the

G6PT protein retained by the patients and the susceptibility of GSD-1b patients to

neutropenia as well as myeloid dysfunctions [49]. However, this is not consistent with

the data currently available in the literature [19].

A study conducted on 14 patients with GSD-1b, 1c, or non-a, detected 13 dif-

ferent mutations in the SLC37A4 gene [53]. This study provided evidence that the

same mutation in the G6PT gene is not necessarily associated with the appearance

of a clinically evident neutrophil impairment. One patient with a homozygous muta-

tion (12111212delCT) was diagnosed with neutrophil dysfunction [53] [19]. However,

another patient with GSD-1c with the same mutation did not show symptoms of neu-

trophil impairment [53][19]. A previous report showed that a GSD-1 non-a patient

affected by severe neutropenia was found to be homozygous for the Gly-149-Glu mu-

tation [11], whilse another study on a different patient [53], who was also homozygous

for Gly-149-Glu mutation, had no evident neutrophil dysfunction. These observations

indicate that neutrophil impairment, which has often been assumed to be a distinctive
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feature of GSD-1b, cannot be considered so anymore (Figure 1.4).

A recent study of Korean patients with GSD-1b identified a novel variant: 148G>A

(Gly50Arg) [57]. This mutation has been shown to completely abolish microsomal

G6P uptake activity, and compromise G6PT stability [57] (Figure 1.4). This mutation

is classified as a pathogenic variant in accordance with American College of Medical

Genetics and Genomics standard guidelines for the interpretation of sequence variants

[57]. This provides further evidence that microsomal transport activity is important

for bacterial handling.

A complete data analysis of all patients with SLC37A4 mutation showed 400X to

be the most prevalent mutation and was present in 67 (23.6%) of the 284 independent

alleles (Figure 2.2, Figure 2.3). All GSD-1b patients with IBD have neutropenia [19],

but there is no distinct correlation between these two diseases [19] (Figure 2.4 and

2.5). Granulocyte colony-stimulating factor (G-CSF) is used to restore neutrophil

count and improve neutrophil function in GSD-1b patients. All the patients with IBD

were on G-CSF treatment whereas 6/10 patients without IBD involvement were also

treated with G-CSF [19]. This observation suggests that the severity of neutropenia

and neutrophil dysfunction and not the duration of neutropenia are important risk

factors for IBD [19].

1.13 Functions of the intestinal macrophages

The intestinal macrophages contribute to gut homoeostasis by eliminating invading

pathogens without inducing an inflammatory response of the lymphocytes within the

lamina propria [58]. They are positioned under the surface epithelium in the intestinal

tissues and are the first immune cells to encounter any foreign material passing the

epithelial barrier [58][59]. Intestinal macrophages and dendritic cells (DCs) sense con-

served molecular patterns such as pathogen-associated molecular patterns (PAMPs)
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on microbes via germ-line encoded pathogen recognition receptors (PRRs) [60] [59]

[58]. These PRRs are classified into five families on the basis of shared functional

domains [58] [61];

• toll-like receptors (TLRs)

• Nucleotide-binding oligomerization domain (NOD) like receptors (NLRs),

• Leucine-rich repeat (LRR) receptors,

• C-type lectin receptors (CLRs), and

• Retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs)

Signalling downstream of each family of PRRs leads to the activation of central im-

mune response pathways such as nuclear factor kappa-light-chain-enhancer of acti-

vated B cells (NF-κB), the mitogen-activated protein kinases (MAPKs), and the in-

terferon regulatory factors (IRFs) [62]. Upon activation of PRRs, immune and non-

immune cells produce inflammatory cytokines, type I interferons, chemokines, and

antimicrobial peptides [62]. As a result, neutrophils are recruited and macrophages

are activated, leading to the direct killing and clearance of microbes [58]. Addi-

tionally, these inflammatory products induce the maturation of DCs, promoting the

induction of adaptive immune responses [62]. This is a carefully synchronised process

where microbial sensing and subsequent immune responses are highly regulated [61].

Disregulation of these pathways can lead to both enhanced susceptibility to infections

and development of chronic inflammatory diseases such as IBD [61] [58].

1.14 Endoplasmic stress Regulation in macrophages

ER is an organelle that facilitates protein modification, folding, and maturation of

transmembrane, secretory, and ER-resident proteins [63]. Disruption of any of these
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processes lead to ER stress. Unfolded protein response (UPR) is a signalling pathway

that attenuates global protein translation and degradation in response to ER stress

[63]. Activating transcription factor-6 (ATF-6) is a gene that encodes a transcrip-

tion factor that activates target genes for the UPR during ER stress. It has been

shown that the ER chaperone binding immunoglobulin protein (Bip/GRP78) binds

to ATF6 and dissociates in response to ER stress [64]. Heat shock protein 5 (HSPA5)

also known as immunoglobulin (Ig) heavy (H) chain Binding protein (Bip), is encoded

by heat shock protein 70 (HSP70). This is located at the lumen of ER and is associ-

ated with folding and assembly of proteins in ER [65] [66]. ER stress activates both

a mitochondrial-dependent and a mitochondrial-independent apoptotic pathway [67].

DNA damage-inducible transcript 3 (DDIT-3), also known as C/EBP homologous

protein (CHOP), is a multi-functional transcription factor that plays a crucial role

in various cellular stresses and induces cell cycle arrest and mitochondrial dependent

apoptosis in response to ER stress [68] [69]. Mitochondrial independent apoptotic re-

sponse is signalled by the activation of inositol-requiring gene 1 (IRE1) which recruits

tumour-necrosis factor (TNF) receptor associated factor 2 (TRAF2), thus activating

procaspase-14 (in mouse) and procaspace-4 (in humans) [67]. The ER undergoes

structural and functional reorganisation when monocytes derived macrophages in the

presence of macrophage colony stimulating factor (M-CSF). This results in ER stress

with an upregulation of UPR [70][63]. In insulin resistant and atherosclerosis mouse

models, there was an upregulation of UPR in macrophages at early stages of vascular

inflammation [71][63]. Cholesterol uptake in macrophages accelarates the ER stress

through peroxisome proliferator-activated receptor-γ (PPAR-γ)-signalling activation

[72]. Stimulation of PPAR-γ and -δ also allows the undifferentiated macrophages to

acquire the alternatively activated (M2) phenotype[63]. Therefore, ER stress is an

important parameter in differentiation and polarisation of macrophages.
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1.15 Polarisation of macrophages

Polarisation of macrophages is a process by which macrophages obtain different phe-

notype. The phenotype of the macrophage relates to the micro-environment they

reside in [73]. They can constantly switch their phenotype both in vivo and in vitro

[74] [75]. Analogous to T-helper (Th) distinction, where Th1 cells are associated

with the response against bacteria or viruses, and Th2 cells are associated with the

response to parasitic infection and tissue remodelling, macrophages can be denoted

as M1 and M2 macrophages with similar function to that of Th1 and Th2 phenotype

respectively [73]. The polarisation of macrophages is dictated by the activation of

stimulus-specific transcription factors (Table 1.2) [73]. This activation is achieved

through the effects on inducible gene promoters with specific features (Figure 1.6).

M1 macrophages (or classically activated macrophages, CAMs) are pro-inflammatory

and have potent microbicidal and tumoricidal activity (Table 1.2), whereas the M2

macrophages (or alternatively activated macrophages, AAMs) are involved in tumour

progression and tissue remodelling, including fibrosis (Table 1.2) [76] [77]. Classical

Polarising stimulus IFN-γ, LPS, IFN-γ+LPS
Phenotype Proinflammatory

In vitro morphology Round oval
Products/markers TNF-α, IL-1β, IL-6, IL-12, IL-23, CXCL10, pSTAT1, MMP9

Phagocytic activity High
Antigen presentation High
Arginine metabolism iNOS: Arginine to NO
Antibacterial capacity High

Effect on tumours Tumericidal

Table 1.2: M-1 phenotype macrophages. This is table representing the various
properties of M1 polarised macrophages. This table is adapted from [78]

macrophage activation requires stimulation with IFN-γ, the standard cytokine gen-

erated by Th1 cells, and activation of downstream transcription factors, such as sig-

nal transducer and activation of transcription 1 (STAT1), nuclear factor-kappa light

chain-enhancer of activated-B cells (NF-κB), and interferon regulatory factor 5 (IRF-
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5) [73]. M1 macrophages usually express inflammatory genes such as, TNF-α, IL-1β,

and IL-6 (Table 1.2) [73]. The alternate macrophage activation requires Th2 associ-

ated cytokines such as IL-4 or IL-13 [79]. M2 macrophage produce cytokines such as

IL-10, IL-1 receptor antagonist (IL-1ra), and transforming growth factor-β (TGF-β)

[73][76]. These cytokines are closely related to their ability to attenuate inflammation

and promote extracellular tissue remodelling [76]. Transcription factors involved in

M2 polarisation include STAT3, STAT6, IRF-4, and peroxisome proliferator-activated

receptor-γ (PPAR-γ) [76](Table 1.3). Differential metabolism of L-arginine is char-

acteristic of M1 and M2 macrophages. L-arginine is metabolized by inducible nitric

oxide (iNOS) to generate nitric oxide (NO) in M1 macrophages (Table 1.1) [77]and

by arginase-1 in M2 macrophages to augment the production of polyamines and L-

proline, which are essential substrates for collagen synthesis (Table 1.3). [80] [81].

Signalling pathways implicated in M1 and M2 macrophage polarisation is indicated

in the figure 1.6. This figure shows the main genes that are characteristic of either

the M1 and M2 phenotype macrophages (Figure 1.6).

Polarising stimulus IL-4, IL-13, Ic, IL-10, GC, TGF-β
Phenotype Anti-inflammatory

In vitro morphology Elongated fibroblast like
Products/markers IL-10, TGF-β, CCL17, CCL22, CD163, CD206, pSTAT3/6

Phagocytic activity Low
Antigen presentation Low
Arginine metabolism Arg1: Arginine to ornithine
Antibacterial capacity Low

Effect on tumours Protumerigenic

Table 1.3: M-2 phenotype macrophages. This is table representing the various
properties of M2 polarised macrophages. This table is adapted from [78]

Therefore there is strong evidence supporting the fact that macrophages pheno-

typically adapt to the environmental setup, and is strongly associated with radical

changes in the transcriptional landscape, although this effect is rather scattered and

does not follow a systematic route. Moreover, the molecular determinants driving the
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Figure 1.6: Schematic overview of signal transduction in macrophages This
figure is adapted from [79] The figure illustrates different polarised macrophage popu-
lations in specific physiological contexts and gives examples of the transcription factors
associated with these phenotypes. Abbreviations: Arginase 1 (Arg1); CCAAT/enhancer-
binding protein-β (C/EBPβ); chitinase 3-like 3 (Chi3l3); MHC class II transactivator (Ci-
ita); cAMP-responsive element-binding protein (CREB); colony-stimulating factor (CSF);
interferon-γ (IFNγ); interleukin (IL); interferon-regulatory factor (IRF); Janus kinase
(JAK); lipopolysaccharide (LPS); macrophage mannose receptor 1(Mrc1); mitogen- and
stress-activated kinase (MSK);nuclear factor-κB (NF-κB);nitric oxide synthase 2 (Nos2);
phosphoinositide 3-kinase (PI3K); peroxisome proliferator-activated receptor-γ (PPARγ);
resistin-like-α (Retnla); signal transducer and activator of transcription (STAT); Toll-like
receptor 4 (TLR4).

change in macrophage phenotype and their plasticity still remains elusive.

1.16 mTOR, metabolism and polarisation

There are studies that show seemingly contrasting roles of mTOR in individual cells

or models [82] [83]. This can be attributed to the species-specific differences between

mice and humans highlighting the importance of arginine and NO system [84]. Cy-

tokines play a crucial role and can influence the overall interpretation of the data. It
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has been shown that inhibition of mTOR promotes the expression of IL-12 expression

and blocks IL-10 expression [84]. This suggests an anti-inflammatory role for mTOR.

However, TNF-α and IL-6 are often blocked by mTOR inhibitors such as rapamycin

[84]. This suggests a pro-inflammatory role for m-TOR. The complexity of the path-

way itself could also account for differential outputs [84]. For example, inhibition of

mTORC1 activates the PI3K-Akt pathway through a feedback loop via ribosomal

protein S6 kinase 1 (S6K1) [84]. mTORC1 is negatively regulated by the tuberous

sclerosis complex comprised of TSC1 and TSC2 [85]. AKt functions upstream of

mTORC1 and downstream of mTORC2. Individual Akt isoforms promote distinct

macrophage polarisation states, and Akt phosphorylation status changes substrate

specificity [86]. TSC−/− macrophages have a marked defect in M2 polarisation in

response to IL-4, while the inflammatory response to LPS is enhanced [83]. Aberrant

polarisation is due to mTORC1-mediated attenuation of Akt activity, which renders

TSC−/− macrophages resistant to the immunomodulatory effects of Akt downstream

of IL-4 and LPS signalling. Akt favours the polarisation of macrophages to M2 pheno-

type [83]. Pharmacological inhibition of Akt leads to induction of M2 macrophages-

associated genes [83], but the role of Akt in M1 macrophages is not lucid, with

many studies indicating Akt and its upstream regulator PI3K as the negative regula-

tors, and others reporting positive regulation of M1 activation [87]. The mammalian

genome encodes 3 Akt proteins, of which Akt1, and Akt2 are thought to be expressed

in macrophages [86]. In one study, analysis of genetic models specifically deficient

in Akt protein suggests that Akt1 inhibits while Akt2 promotes M1 activation [86]

(Table 1.4). The different results obtained by pharmacological inhibition of Akt may

be due to inhibition of both the AKt proteins (Akt1 and Akt2) [86]. Activation of

mTORC1 drives an anabolic response through hypoxia-inducible factor-1α (HIF-1α),

PPARγ, sterol regulatory element-binding proteins (SREBPs) and MYC that induces

the synthesis of nucleic acids, proteins and lipids [88]. This enhances glucose import by
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Figure 1.7: Metabolic control by mTOR in innate immunity This figure is adapted
from [84]. This is a schematic representation of metabolic regulation of mTOR in in-
nate cells. Abbreviations: Mammalian target of rapamycin (mTOR); glucose trans-
porter (GLUT); hypoxia-inducible factor-1α (HIF-1α); peroxisome proliferator-activated
receptor-γ (PPARγ); sterol regulatory element-binding proteins (SREBPs); tricarboxylic
acid (TCA); PPAR co-activator 1 α (PGC1 α); yin and yang 1 (YY1); nitric oxide (NO);
interferon (IFN)

Macrophage
polarization phenotype

TSC-deficient BMDMs Increased M1
Reduced M2

TSC-deficient
DCs

Decreased M; Mixed
phenotype

Rictor-deficient
DCs and BMDMs (mTORC2 deficiency)

Increased M1

Myeloid
specific deficiency in Raptor (mTORC1 deficiency)

Not identified

Akt1-deficient
peritoneal macrophages

Increased M1

Akt2-deficient
peritoneal macrophages

Reduced M1

Table 1.4: Macrophages with genetic knockout of mTORC1 and Akt reveal the
critical role of polarisation of macrophages. This table is adapted from [86]
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increasing the expression and surface translocation of glucose transporter 1 (GLUT1)

and increasing the expression of glycolytic genes (Figure 1.7). Activation of mTORC1

promotes cholesterol and fatty acid synthesis from tricarboxylic acid (TCA) cycle in-

termediates through a pathway involving sterol regulatory element-binding proteins

(SREBPs) and PPARγ, and induces mitochondrial biogenesis through the transcrip-

tion factors PPAR co-activator 1 α (PGC1 α) and yin and yang 1 (YY1) [89] (Figure

1.7). The mTORC2 also enhances glycolytic metabolism by activating Akt and pro-

moting an inactivating phosphorylation of class IIa histone deacetylases [90]. Lactate,

the end product of aerobic glycolysis, can directly re-programme macrophages and

reduce the expression of IL-12, while enhancing the production of IL-10 [84]. These

outcomes explain the complexity of PI3K-Akt-mTOR pathway.

1.17 Metabolism in macrophages

Macrophages have PRRs on the surface that recognise the PAMPS present in the

invaders. As a result, these cells activate intracellular signalling cascades, leading to

induction of a pro-inflammatory response [60] [91]. This results in increased gene ex-

pression [60]. Interestingly, these cells activated by PRRs undergo profound metabolic

changes [60][62]. Early work on metabolism in immune cells were explained with the

Warburg effect. In tumour cells, the glycolysis cycle predominates despite the pres-

ence of ample oxygen to proceed to oxidative metabolism [91]. Pyruvate, the final

product of glycolysis, gets metabolised into lactate instead of feeding into TCA (also

known as Kreb’s or citric acid cycle) and subsequent oxidative phosphorylation [91]. A

similar phenomenon is observed in myeloid cells such as neutrophils and macrophages.

Activation of macrophages with various stimuli such as IFN-γ or LPS [92] switches

the metabolism from OXPHOS to glycolysis, a phenomenon similar to the Warburg

effect [92]. This leads to reduction in TCA cycle activity and enhanced lactate pro-
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duction [92]. Furthermore, M1 and M2 macrophages show clear metabolic difference

(Figure 1.8).

Figure 1.8: Functions of M1 and M2 macrophages This figure demonstrates the
difference in functions of macrophage with different phenotype. This figure is adapted from
[93]

Classically activated M1 macrophages primarily use aerobic glycolysis to generate

energy and molecules for biosynthetic processes [94]. This causes an increase in flux

through the pentose phosphate pathway (PPP), leading to an increase in NADPH

which is an energy substrate for redox homeostasis and the production of reactive

oxygen species (ROS) by NADPH oxidases (Figure 1.9) [91]. In macrophages with

M1 phenotype, rapid ATP production from the glycolysis process fuels the activa-

tion in acute inflammation and anti-bacterial defense[91]. However, ROS are also

produced by mitochondria. Although the TCA cycle is mainly fuelled by pyruvate
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Figure 1.9: Schematic representation of metabolism in M1 macrophages Clas-
sically activated macrophages favours glycolysis to generate ATP and produces ROS via
the PPP pathway. These cells have a broken TCA cycle. The intermediates are removed
from mitochondria and moved to cytosol for to fuel the biosynthetic pathways. This fig-
ure is adapted from [91]. Abbreviations: tri-carboxylic cycle (TCA); glucose transporters
(GLUT); pentose phosphate pathway (PPP); reactive oxygen species (ROS); Nicotinamide
adenine dinucleotide phosphate (NADP); Flavin adenine dinucleotide (FADH2); electron
transport chain (ETC)

from glycolysis and acetyl-CoA or succinyl-CoA from fatty acid oxidation, TCA in-

termediates removed from the mitochondria for use in biosynthetic pathways have

to be replenished by glutamine in M1 macrophages due to the interruption of the

TCA cycle at two positions [93]. The first break in the TCA cycle leads to the ac-

cumulation of citrate, a substrate for the synthesis of itaconic acid and fatty acids

(including the generation of prostaglandins) [93]. Anabolic synthesis of fatty acids

generates NADPH and, subsequently, ROS via NADPH oxidases. The second break

leads to the accumulation of succinate, which activates hypoxia-inducible factor-1α

(HIF-1α) induced inflammatory gene expression and increases the rate of glycolysis

[91]. The argininosuccinate shunt replenishes levels of fumarate and malate, required

28



Figure 1.10: Schematic representation of metabolism in M2 macrophages Alter-
natively activated macrophages favours OXPHOS to generate ATP and favours increased
fatty acid oxidation. Acetyl-CoA generated by fatty acid oxidation enters the intact TCA
cycle for oxidative metabolism. This figure is adapted from [91]. Abbreviations: Electron
transport chain (ETC); glucose transporter type 1 (GLUT1); pentose phosphate pathway
(PPP); Nicotinamide adenine dinucleotide phosphate (NADP); Flavin adenine dinucleotide
(FADH2)

for citrate production, thereby generating nitric oxide (NO), which inhibits succinate

dehydrogenase activity (Figure 1.9) [91] [93].

Alternatively activated M2 macrophages are characterised by increased fatty acid

oxidation, low glycolysis activity and reduced flux through the PPP [91]. Acetyl-CoA

generated by fatty acid oxidation enters the intact TCA cycle for oxidative metabolism

[93]. Glutamine is mainly used for the synthesis of amino-sugars and nucleotide sugars

but also fuels the TCA cycle [91]. In M2, metabolism favours a complete TCA cycle.

In these macrophages, oxidative phosphorylation occurs in the more long-term process

of resolution and repair or in anti-parasitic immunity (Figure 1.10) [91]. It is still not

fully understood why these differences occur, or indeed how the metabolic rewiring is

regulated [93]. The metabolites accumulating in both phenotypes are shown to be ex-
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tremely crucial for functions of M1/M2 polarised macrophages, providing compelling

evidence to understand the immuno-metabolism in immune cells. Treatment of can-

cers is thought to be enhanced by drugs that modulate these metabolic pathways [93].

It may be possible that modulation of macrophage differentiation to a regulatory phe-

notype by the inhibition of metabolic pathways also contributes to cancer treatment,

because tumour-associated macrophages exhibit regulatory macrophage phenotype

and play critical roles in tumor progression by constituting its microenvironment [95]

[96].

1.18 Glycolysis in macrophages

The glycolytic pathway has a profound effect on the differentiation of macrophages to

a regulatory phenotype. Macrophages activation in response to TLR agonists causes

a marked increase in glucose consumption and lactic acid production [97]. Previous

literature shows that inhibition of glycolysis during the differentiation of monocytes

to macrophages results in major change in its cytokine pattern [98]. Macrophages

are very plastic and they can change their phenotype from an inflammatory to a

regulatory phenotype in response to their environment [74] [75]. Macrophages skew

towards IL-10 producing phenotype when glycolysis process is inhibited. M2 activa-

tion of macrophages is achieved with enhanced mitochondrial respiration. Microarray

data of macrophages with impaired glycolytic pathway show down-regulation of genes

such as colony stimulating factor 1 (CSF1), pyruvate dehydrogenase kinase 1 (PDK1),

and matrix metalloproteinases (MMP-9) and up-regulation of the gene vascular en-

dothelial Growth Factor A (VEFGA) [99] [98]. Glycolysis metabolism affects the dif-

ferentiation and cellular migration by down-regulating the gene CSF1, which encodes

M-CSF, and MMP-9 [98]. PDK1 is a key regulatory enzyme in the glycolysis process.

A knockdown of PDK1 polarises the macrophages to M2 phenotype [99]. Metabo-
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lites such as succinate and lactate regulates cytokine production in macrophages [100].

Also, recent studies have described the anti-inflammatory properties of pyruvate or

ethyl pyruvate [101]. Ethyl pyruvate is a hyperpermeable analog of pyruvate [101] and

these molecules are reported to inhibit the production of pro-inflammatory cytokines

(IL-6, TNF, etc.) [99].

1.19 TCA cycle in M1-activated macrophages

Activation of macrophages by IFN-γ and LPS gives rise to a broken TCA cycle at the

level of isocitrate dehydrogenase (IDH) and succinate dehydrogenase (SDH), leading

to the accumulation of succinate and citrate metabolites (Figure 1.5). The build-up

of citrate is the result of transcriptional downregulation of IDH1, the enzyme respon-

sible for the conversion of isocitrate (an isomer of citrate) into α-ketoglutarate [102].

The accumulated citrate serves as a precursor for the synthesis of the macrophage-

specific metabolite itaconic acid, which is a major feature of IFN-γ/LPS-polarized

macrophages [102].

1.19.1 Role of citrate in M1 macrophages

The LPS activated macrophages lead to an excessive accumulation of citrate [93].

Citrate is only metabolised once in the cytosol in M1 activated macrophages and exit

the mitochondria [103]. The mitochondrial citrate carrier (CIC) is responsible for

the transport of citrate from the mitochondria to the cytosol [93]. CIC expression

was increased in macrophages following LPS stimulation [103], most likely via NFκB

as the CIC promoter contains two NFκB binding sites. CIC was required for the

induction of ROS, NO and prostaglandins (PGs) in macrophages treated with LPS

[103]. This accumulation leads to excessive production of NO, ROS, and PGs [103].

LPS induces the expression of the mitochondrial citrate carrier, and depletion of this
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protein by gene silencing decreases the production of NO, ROS, and PGs. Citrate

accumulation in M1 macrophages is important for mediators, leading to production

of various pro-inflammatory cytokines (Figure 1.9). Citrate is used to synthesise

phospholipids which are a source of arachidonic acid that are needed for PGs synthesis

[103]. Citrate can also generate NADPH using malic acid enzyme and pyruvate, and

this NADPH can be used by iNOS to generate NO [103]. NADPH oxidase uses

NADPH to generate ROS.

Furthermore, there is a marked increase in itaconic acid synthesis (Figure 1.9).

Itaconic acid is generated through the decarboxylation of aconitate (which is produced

from citrate) by the enzyme encoded by immunoresponsive gene 1 (Irg1) [94] [102].

The levels of these are enhanced in both M1 macrophages and macrophages treated

with LPS [93]. Itaconic acid has also been shown to inhibit the enzyme isocitrate

lyase (ICL), a component of the glyoxylate shunt [104]. This is an essential metabolic

pathway required for the survival of bacteria growing on fatty acids (FAs) [102] or

acetate as their primary carbon source, such as Escherichia coli and Yersinia pestis,

which is responsible for bubonic plague [103]. Therefore, itaconic acid is a metabolite

with unique signalling properties which is elevated in LPS-activated macrophages

where it plays an important anti-microbial role.

1.19.2 Role of succinate in M1 macrophages

Inflammatory macrophages show an increased mitochondrial accumulation of succi-

nate [91]. This metabolite expression is also increased in mouse models of obesity

and diabetes [105], metabolic disorders associated with inflammation. The increase

in succinate levels in LPS-stimulated macrophages is due to the dampened system in

reponse to LPS and does not origanate from the TCA cycle [92] [100]. The glutamine

metabolism provides the source for the generation of succinate which is followed by

α-ketoglutarate (α-KG) [106], and via the γ-aminobutyric acid (GABA) shunt [100].
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Succinate is also generated from glyoxylate shunt. This system is conserved in bac-

teria, fungi, protists, and plants [107] [108]. The first enzyme of this shunt, isocitrate

lyase (ICL), converts isocitrate to succinate and glyoxylate [100]. It is unclear whether

LPS increases succinate production via the ICL pathway in mammals upon micro-

bial infection. Macrophages highly express immunoresponsive gene 1 (Irg1) during

inflammation, which catalyses the generation of itaconic acid from the TCA cycle

intermediate cis-aconitate [109]. As mentioned previously, itaconic acid has a strong

anti-microbial activity. Interestingly, succinate stabilises HIF-1α, thus promoting the

switch to glycolysis leading to inflammation [100][91]. It achieves this by inhibiting

the activity of the prolyl hydroxylase (PHD) enzymes, thus destabilising HIF-1α [100].

As a result, HIF-1α can interact with co-activators and induce glycolytic metabolism

program and drives inflammation by increasing the production of the cytokine IL-1β

[100]. Extracellular succinate signals via the G protein-coupled receptor (GPR) [110].

GPR91 is highly expressed by DCs, and can interact with TLR signaling leading to

the induction of the pro-inflammatory cytokines TNF-α by the TLR3 ligand poly(I:C)

or the TLR7 ligand imiquimod [111]. Clearly, succinate is an important signalling

molecule in innate immune cells, and may also represent a therapeutic target in a

variety of pathologies.

1.20 TCA cycle in M2 macrophages

While M1 macrophages obtain their energy from glycolysis, M2 macrophages mainly

produce ATP through an oxidative TCA cycle coupled to OXPHOS (Figure 1.6)

[94]. In order to fuel an oxidative TCA cycle, IL-4-stimulated macrophages rely

on fatty acid oxidation (FAO) (also known as β-oxidation) [112] and glutamine

metabolism [102]. Glutamine fuels the TCA cycle through anaplerotic generation of

α-ketoglutarate [102]. Furthermore, glutamine contributes to UDP-GlcNAc synthesis
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via the hexosamine pathway. UDP-GlcNAc leads to protein glycosylation, including

the M2 markers macrophage mannose receptor (MMR) and macrophage galactose

binding lectin (Mgl1) [102]. In IL-4/IL-13-stimulated macrophages, the upregula-

tion of FAO and mitochondrial biogenesis is orchestrated by the combined action of

STAT6, PPARs, and PGC-1β [113].

1.21 Pentose phosphate shunt in macrophages

The pentose phosphate pathway (PPP) takes place in the cytosol. It helps various

process that support cell proliferation and survival. The important protagonist in

PPP is the nucleotide production. This happens mainly during cell production [114].

The other important outcome of PPP is NADPH production [115]. NADPH is respon-

sible for various functions in immune cells. For example, it generates ROS during the

macrophage respiratory burst [115]. During infection, macrophages and neutrophils

are dependent on NADPH functions [114]. They require rapid ROS production to

clear the infections and produce antioxidants to prevent excessive tissue damage. This

pathway has been found to be elevated in M1 macrophages. It is highly regulated by

the enzyme carbohydrate kinase-like protein (CARKL; also known as SHK), which is

a sedoheptulose kinase-33 [115]. This enzyme limits the flux through the PPP, and it

has been shown to be highly expressed in M2 macrophages [115]. The PPP represents

a prime example on how increased carbon-flux can contribute to mount the specific

effector functions of LPS-activated macrophages by complementing their appropriate

demands through supplying both redox-power and ribose moieties [116]. Inhibition

or suppression of CARKL favours the polarisation of macrophages to M1 [115]. In

summary, these findings indicate that during macrophage activation the cellular de-

mands are covered by a precisely coordinated interplay of many pathways to sustain

such profound polarisation events [115]. The PPP presents a versatile hub to reroute
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carbon moieties primary carbohydrate metabolism while independently controlling

cellular redox-states [116].

1.22 Fatty acid oxidation in macrophages

The fatty acid synthesis pathway helps cells to generate lipids that are necessary

for cellular growth and proliferation from precursors derived from other cell intrinsic

metabolic pathways. As mentioned earlier, M2 polarised macrophages rely on FAO

[94]. Mitochondria-dependent β-oxidation of long-chain fatty acids requires the car-

nitine palmitoyltransferase (CPT) system, which consists of one transporter and two

mitochondrial membrane enzymes: CPT1 and CPT2 [113] [112]. Its proved to be

consistent with the known requirement for CPT2 in FAO, it has been shown that

macrophages lacking CPT2 were unable to achieve β-oxidation of fatty acids yet still

seemed to fully polarise toward an M2 state after stimulation with IL-4 in vitro and

in vivo [112] [102]. The fatty acid synthesis is also coupled to the mTOR signalling

pathway and promotes the fatty acid synthesis pathway [114]. This is done through

regulation of main enzymes responsible for de novo lipid synthesis, such as SREBP,

fatty acid synthase (FASN), and acetyl CoA carboxylase (ACC) [114].

1.23 Aim

• Investigate the role of glucose-6-phosphate translocase (G6PT) on the functions

of monocytes derived macrophages. This study was aimed to determine whether

the inhibition of G6PT enzyme function has an effect on viability, superoxide

production, bacterial handling and differentiation of macrophages.

• Elucidate the metabolic process that influence the performance of macrophages.

This study was aimed to understand the immunologic-metabolic interface in
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G6PT deficient macrophages and explore the plausible mechanism by which

G6PT influences intestinal inflammation.

• Determining polarisation of macrophages (M1/M2) with G6PT enzyme inhibi-

tion. This study was aimed to investigate how G6PT enzyme influences the

polarisation of the macrophages and how change in the phenotype affects the

metabolism.
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Chapter 2

Materials and methods

2.0.1 Bacteria

Non-invasive bacteria were used for performing bacterial killing assays which in-

clude Salmonella enterica serovar typhimurium (S. typhimurium)-expressing GFP

(NCTC12023).

2.0.2 Cell culture media

For all the cell culture, the following solutions were used; Roswell Park Memorial In-

stitute 1640 medium (RPMI) (Sigma-Aldrich, Gillingham, UK) and Dulbeccos mod-

ified eagles medium (DMEM) (Sigma-Aldrich, Gillingham, UK). These media were

supplemented with 10 % fetal calf serum (FCS) (Gibco, Life Technologies, Paisley,

UK). For cellular washing, as well as in multiple assays, Dulbeccos phosphate buffered

saline (PBS) was used (Sigma-Aldrich, Gillingham, UK). For cell dissociation, versene

solution (Gibco, Life Technologies, Paisley, UK) was used. Chlorogenic aid deriva-

tive S3483 (Sigma-Aldrich, Gillingham, UK) was used as the inhibitor of G6PT. For

macrophage differentiation M-CSF (R&D Systems) was used. For bacteria culture,

Luria Bertani (LB) broth (Lennox) was used.
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2.0.3 Macrophage Differentiation

peripheral blood mononuclear cell (PBMC) were isolated by using standard method

of Ficoll gradient (Lymphoprep, Axis-Shield) centrifugation. PBMC were plated in

a 10 cm dish with RPMI for a period of 2 hours. Cells were washed twice with PBS)

and monocytes were differentiated to monocyte derived macrophages (MDM) over

a period of 5 days in RPMI 1640 medium supplemented with 10 % fetal calf serum

(FCS), 100 ng/ml M-CSF, and G6PT inhibitor S3483 (30 µM, 50 µM, 70 µM and

100 µM).

2.0.4 Bacterial cultures

Bacterial strain (S. typhimurium-expressing GFP (NCTC12023) was cultured using

LB broth (Lennox) and maintained using agar plates which were autoclaved, in ac-

cordance to standard bacterial culture technique. For an overnight incubation, the

bacterial colony was cultured using a pipette tip in three ml of LB broth and incubated

overnight at 37 ◦C and 200 rpm.

2.0.5 Viability assay

Live dead stain: MDM (25× 104) in one mL of RPMI 1640 medium supplemented

with 10 % FCS was added to a BD Falcon 12 × 75 mm tube. LIVE/DEAD Red

fluorescent fixable dye Cell Stain Kit (Cat. No. L23102) was diluted by adding 50 µl

of Dimethyl sulfoxide (DMSO). Red fluorescent dye was used, this distinguishes live

cells from dead cells based on cell membrane integrity and access to available amines.

The cells were stained with 1 µl of diluted stain and incubated for 30 minutes at 37 ◦C.

Following incubation, the cells were spun at 1700 rpm for 5 minutes. Supernatant was

aspirated and re suspended in 250 µl of FSB. Samples acquisition and data analysis

was done using the LSR Fortessa flow cytometry system and FlowJo software (Version
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10.0.8.r1) respectively.

2.0.6 Bacterial killing assay

Gentamicin protection assay: Bacterial killing ability of MDM was tested in

gentamicin protection assay (GPA) using S. typhimurium. Drug treatment was done

throughout the duration of assay. MDM were infected with S. typhimurium at a

multiplicity of infection (MOI) of 10 bacteria per macrophage cell for 1 hour. Post

infection MDM were washed with PBS and new complete medium supplemented

with gentamicin 100 µg/ml was added for additional two hours to kill extracellular

bacteria. MDM were washed twice before lysis using 1% Triton X-100 in deionized

water. Samples were diluted (1:10 and 1:100) and plated onto square LB agar plates

by track method, plate is tilted (around 45 ◦angle) to allow flow down the agar. Once

the plate is dried, they were sealed with Parafilm and were placed in an incubator

overnight at 37 ◦C. Following day, colony forming units (CFU) recovered from the

lysed macrophages were counted. The CFU for each inhibitory condition was then

normalised as a percentage of the mean CFU for the untreated condition: % CFU=

(mean of condition/mean of untreated condition)x100. Each assay was performed in

experimental duplicates or triplicates and all the conditions were assayed side by side

on the same plate.

2.0.7 Reactive oxygen species assays

Dihydrorodamine FACS: 400 µl MDM (30 × 104) in RPMI 1640 medium supple-

mented with 10 % fetal calf serum were taken in a BD Falcon 12 × 75mm tube. 100

µl of working dihydrorodamine (DHR) solution (2.5 µg/ml) was added to each 400 µl

sample. The staining was performed for a period of 15 minutes at 37 ◦C. Phorbol-12-

myristate-13-acaetate (PMA) (100 µg/ml) stimulation was performed for 15 minutes

at 37 ◦C. Following incubation, the cells were spun at 1700 rpm for 5 minutes at 22
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◦C. The pellet was resuspended with 250 µl of FACS staining buffer (FSB). Three

different conditions, cells only, cells treated with DHR and cells treated with both

DHR and PMA were assayed. Samples acquisition and data analysis was done using

the LSRFortessa flow cytometry system and FlowJo software (Version 10.0.8.r1) re-

spectively. Data was represented as ∆MFI (Mean fluorescence Intensity) measuring

the mean of fluorescence of DHR stain comparing the condition treated or untreated

with S3483.

2.0.8 Surface marker expression on MDM

MDM were differentiated in the presence or absence of S3483 for a period of 5 days.

MDM (10× 104) were plated in a 96-well V-bottom plate. The cells were centrifuged

at 1700 rpm for 3 mins at 4 ◦C and washed using FACS staing buffer (FSB) twice.

Working solution of antibodies was made by mixing 200 µl of FSB with 5 µl of the

following antibodies: CD172 (FITC, eBioscience) , CD11c (PET-R, eBioscience ),

CD14 (BV650, eBioscience ), HLA-DR (BV711, eBioscience) , CD40 (PerCP-Cys5.5,

eBioscience ) CD64 (BV421, eBioscience) , CD86 (BV605, eBioscience ), CD163 (PE,

eBioscience ) for 20 mins on ice. MDM were stained with 50 µl of the working

solution for 20 mins. Following the staining, cells were washed with 200 µl of FSB

and centrifuged at 1700 rpm for 3 mins at 4 ◦C. The supernatant were aspirated and

MDM were re-suspended with 200 µl of FSB. Samples acquisition and data analysis

was done using the LSRFortessa flow cytometry system and FlowJo software (Version

10.0.8.r1) respectively.

2.0.9 Metabolism Assay

To understand the glycolysis and OXPHOS mechanism, glucose stress and mito stress

assay was performed on MDM differentiated in the presence or absence of S3483.
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2.0.9.1 Glucose stress assay

Glucose gets converted to pyruvate (referred to as glycolysis), finally getting con-

verted to lactate in cytoplasm or CO2 and water in mitochondria. The subsequent

conversion of glucose to lactate in the cytoplasm results in a net production and extru-

sion of protons into the extracellular medium leading to acidification of the medium.

The agilent seahorse XF instrument directly measures the acidification rate in the

extracellular medium (ECAR). In this assay, the cells were incubated with glycolysis

stress test medium (free of glucose or pyruvate) primarily and ECAR is measured

at this time point. Glucose was injected following this, converting glucose inside the

cells to pyruvate producing ATP, NADH, water and protons. This results in increase

in ECAR, measuring the glycolysis at basal conditions. The second injection was

oligomycin which is an ATP synthase inhibitor. Oligomycin inhibits mitochondrial

ATP production thus shifting the energy production to glycolysis, with the subse-

quent increase in ECAR revealing the cellular maximum glycolytic capacity. The

final injection was 2-deoxy-glucose (2-DG), a glucose analog, that inhibits glycoly-

sis through competitive binding to glucose hexokinase. This results in decrease in

ECAR confirming that the ECAR produced in the experiment is due to glycolysis

(Table 2.1).

Compound(s) Target Effect on ECAR
Glucose Glycolysis Increase

Oligomycin Inhibits ATP synthase Complex V Increase
2-DG Inhibits Hexokinase Decrease

Table 2.1: Effect of glucose stress modulators on glycolysis pathway

The Aligent Seahorse XF Analyser was switched on the previous night. The MDM

(100 × 104 − 200 × 104) were plated in triplicates using the Seahorse XF cell culture

Microplate in the RPMI medium. The Sensor cartridge in Seahorse Calibrant was

hydrated at 37 ◦C in a non-CO2 incubator. The assay medium was prepared by

supplementing Seahorse XF Medium with 1 mM glutamine. The assay medium was
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warmed and maintained at 37 ◦C and the pH was set to 7.4 with 0.1 N NaoH. Stocks of

Glucose (100 mM), Oligomycin (100 µM), and 2-DG (500 mM) were prepared. A final

concentration of 10 mM of Glucose was injected into Port A, 10 µl of Oligomycin was

injected into Port B, and 50 mM of 2-DG was injected into Port C. The microplate

with the cell culture that was incubated the previous night was removed from the

incubator. The RPMI media was removed from the the microplate and warmed

assay medium was added to these cells with the help of a multichannel pippet. The

microplate with the assay medium was incubated for 37 ◦C in a non-CO2 incubator for

45 minutes prior to the assay. The glycolysis stress kit was run using the XF software.

The utility plate with the loaded sensor cartridge was placed on the instrument tray.

The assay was run following the calibration. The Seahorse XF Glycolysis Stress

Test Report Generator automatically calculated the Seahorse XF Glycolysis Stress

Test.The parameters from the Wave data were exported to Excel.

2.0.9.2 Mitostress assay

The Agilent Seahorse XF cell Mitostress kit was used to measure the mitochondrial

function. The mitochondrial respiration is measured by directly quantifying the oxy-

gen consumption rate (OCR). The assay measures the basal respiration, spare respi-

tory capacity, and non-mitochondrial respiration. The compounds used in this assay

are directly used to target the components of electron transport chain. The workflow

of the assay was performed as follows; Oligomycin was injected, which is used to mea-

sure ATP production. This was followed by Carbonyl cyanide-4 (trifluoromethoxy)

phenylhydrazone (FCCP) injection, which is used to measure the maximal respira-

tion and finally a mixture of rotenone and Antimycin A was added to measure the

non-mitochondrial respiration. Oligomycin is used to inhibit ATP synthase (Complex

V) leading to a decrease in OCR. FCCP uncouples oxygen consuption from ATP pro-

duction disrupting the mitochondrial membrane potential and collapses the proton
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gradient. This results in uninhibited electron flow through the ETC, leading to an in-

crease in OCR. Rotenone and Antimycin A inhibits complexes I and III respectively.

This combination shuts down mitochondrial respiration (Table 1.5).

Compound(s) Target Effect on OCR
Oligomycin Inhibits ATP synthase Complex V Decrease

FCCP collapses the proton gradient Increase
Antimycin A and Rotenone Inhibits complex I and III Decrease

Table 2.2: Effect of mito stress modulators on mitochondrial respiration

The Aligent Seahorse XFe/XF Analyzer was switched on the previous night. The

MDM (100 × 104 − 200 × 104) were plated in triplicates using the Seahorse XF cell

culture Microplate in the RPMI medium. The Sensor cartridge in Seahorse Calibrant

was hydrated at 37 ◦C in a non-CO2 incubator. The assay medium was prepared by

supplementing Seahorse XF Base Medium by using 1 mM pyruvate, 2 mM glutamine,

and 10 mM glucose which was used as a starting point. The medium was Warmed

and maintained at 37 ◦C and the pH was adjusted to 7.4 with 0.1 N NaOH. Stocks

of Oligomycin (100 µM), FCCP (100 µM), and mixture of Rotenene and Antimycin

A (5o µM) were prepared. A final concentration of 1 µM of oligomycin was injected

into Port A, 1 µM of FCCP was injected into Port B, and 0.5 µM of Rotenone and

Antimycin was injected into Port C. The microplate with the cell culture that was

incubated the previous night was removed from the incubator. The RPMI media was

removed from the microplate and warmed assay medium was added to these cells

with the help of a multichannel pippet. The microplate with the assay medium was

incubated for 37 ◦C in a non-CO2 incubator for 45 minutes prior to the assay. The

Mito stress kit was run using the XF software. The utility plate with the loaded

sensor cartridge was placed on the instrument tray. The assay was run following

the calibration. The Seahorse XF Mito Stress Test Report Generator automatically

calculated the Seahorse XF Mito Stress Test.The parameters from the Wave data

were exported to Excel.

43



2.0.10 pS6 estimation

MDM (30 × 104) in RPMI 1640 medium supplemented with 10 % FCS were taken

in a BD Falcon 12 × 75 mm tube. The cells were centrifuged at 1700 rpm for 3

minutes at 4 ◦C. The supernatant was aspirated out and the cells were re suspended

in 100 µl of Fix-Perm buffer and were incubated in ice for 20 minutes. Following the

incubation, 300 µl of BD perm wash buffer was added to the cells and were spun at

1700 rpm for 3 minutes at 4 ◦C. The supernatant was aspirated and the cells were

stained with pS6 antibody (eBioscience) (1:200 dilution in BD perm wash buffer) for

a period of 40 minutes. Following the incubation, 200 µl of BD perm wash buffer

and centrifuged at 1700 rpm for 3 minutes at 4 ◦C. Supernatant was aspirated and

the cells were re suspended in 250 µl of FSB. Samples acquisition and data analysis

was done using the LSRFortessa flow cytometry system and FlowJo software (Version

10.0.8.r1) respectively. Intracellular ∆ pS6 was calculated as the difference between

the frequency of MDM unstained and stained with pS6 antibody.

2.0.11 Quantitative Real-Time PCR

Total m-RNA was extracted from MDM (1 − 2 × 106) in accordance to the Quiagen

kit protocol and 1µg of RNA was reverse transcribed using the High capacity cDNA

Reverse Transcription kit (Applied Biosystems), according to the manufacturer’s in-

struction. ATF-6, DDIT-3, HSPA5, GLUT-1, GLUT-3, NRF-2, and HIF-1α ex-

pressions were evaluated using quantitative real-time PCR (q-RT-PCR). PCR am-

plifications reactions were prepared using Taqman probes (ATF-6, DDIT-3, HSPA5,

GLUT-1, GLUT-3, NRF-2, HIF-1α (Applied biosystems). Reactions were performed

in triplicates and relative quantification was calculated using ∆CT method. Quanti-

tative PCR was performed using Bio rad software system. The results were expressed

relative to the expression of house-keeping gene RPLPO.
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2.0.12 PCR array analysis

Total m-RNA was extracted from MDM (1 − 2 × 106) in accordance to the Quiagen

kit protocol and 0.5µg of total RNA was reverse transcribed using RT2 first strand

kit (Qiagen) for 96-well plate. Quality control analysis was done using the RT2 RNA

QC PCR Array in accordance to the protocol provided in the RT2 RNA QC PCR

Array Handbook using a 6µl aliquot of the diluted cDNA template. RT2 SYBR

green master mix was made which contains hot start DNA Taq Polymerase. PCR

components mix was prepared using the RT2 profiler PCR Array format (Qiagen). A

volume of 25µl PCR components mix was added to each well of the RT2 Profiler PCR

Array using an 8-channel pipettor. The plate was carefully sealed using an Optical

Adhesive Film. Quantitative PCR was performed using Bio rad software system. The

relative quantification was calculated using ∆CT method and results were expressed

relative to the expression of house-keeping gene RPLPO.

2.0.13 Metabolomics sample preparation

MDM (1 − 2 × 106) from five different healthy controls were differentiated in the

presence or absence of S3483 inhibitor in a 10 cm2 dish under tissue culture conditions

in the incubator. The cells were washed twice with 5ml of PBS buffer and the excess

media was removed. This was repeated twice. A volume of 100 ml of ice cold 80

percent methanol solution with milli-Q water was prepared and 500 µl of ice cold 80

percent methanol was added to the cells (500 µl per 1-3 ×106 cells) helping the cells to

detach from the 10 cm2 dish. The resulting lysate solution was pippeted and the cell

debris was transferred into an 1.5ml Eppendorf tube and kept on ice. The mixture

was centrifuged at 14,000 rpm for 30 minutes at 4 ◦C. The supernatent obtained was

filtered using a 10kD molecular weight cut-off filter (Amicon ultra 0.5ml centrifugal

filters UFC501024) which helps in removing the soluble protein from the metabolite

solution. The filters were prepared prior to their use by washing off the glycerol with
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milli-Q water and centrifuged for 30 minutes. The samples were normalised with the

addition of a volume of MeOH equivalent to the number of cells present (1-3 ×106

cells). A volume of 300 µl of the filtered and normalised extract was transferred

into a LCGC (Liquid and gas chromatography) certified clear glass 12× 32mm screw

neck total recovery vial, with pre-slit Polytetrafluoroethylene cap. The samples were

frozen at -80 ◦C until the day of analysis. A quality control (QC) of sample was

made by mixing equimolar concentration (10-20 µM of each sample) of all samples

across all experimental groups. Liquid chromatography/mass spectrometry (LC-MS)

was used to analyse the samples. This is powerful analytical technique that combines

the resolving power of liquid chromatography with the detection specificity of mass

spectrometry. Anion exchange chromatography was used to perform the analysis

for the metabolites from glycolysis and other phosphor-sugars, TCA cycle, Pentose

phosphate pathway and additional organic acids. Data acquisition and analysis was

done in Prof James McCullagh lab from the chemistry department, in accordance to

their standardised protocol. The compounds that changed between the two groups

significantly (*p<0.05) were plotted as a heatmap associated with major metabolic

pathways.

2.0.14 Cytokine assay

MDM were differentiated in the presence or absence of S3483 for a period of 5 days.

MDM (10×104) were plated in a 96-well V-bottom plate. MDM were stimulated with

200 ng/ml of LPS for 6 hours at 37 ◦C. The cells were treated with the GolgiPlug

immediately after the LPS stimulation. Following the 6 hours incubation, the cells

were centrifuged at 1700 rpm for 3 mins at 4 ◦C and washed using FACS staing

buffer (FSB) twice. LIVE/DEAD Red fluorescent fixable dye Cell Stain Kit (Cat.

No. L23102) was diluted by adding 50 µl of DMSO. The cells were stained with 1

µl of diluted stain and incubated for 15 minutes at 37 ◦C. The cells were centrifuged
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at 1700 rpm for 3 minutes. Following this, the cells were washed twice with FSB.

The supernatant was aspirated out and 400 µl of BD perm wash buffer was added

to the cells and centrifuged at 1700 rpm for 3 minutes at 4 ◦C. Supernatant was

aspirated and the cells were re-suspended in 100 µl of fix-Perm on ice for 20 minutes.

Following the incubation, 300 µl of BD perm wash buffer was added to the cells and

were spun at 1700 rpm for 3 minutes at 4 ◦C. The supernatant was aspirated and

the cells were stained with the following antibody; IL-1α (1:100 in BD perm wash

buffer, PE), IL-1β (1:50 in BD perm wash buffer, FITC), IL-4 (1:30 in BD perm wash

buffer, APC ), IL-6 (1:30 in BD perm wash buffer, AF700), IL-10 (1:30 in BD perm

wash buffer, PE-CY7), and TNF-α (1:150 in BD perm wash buffer, BV605) antibody

(eBiosciences) for a period of 20 minutes on ice. The cells were centrifuged following

the staining for 3 minutes at 1700 rpm and washed twice with FSB. The supernatant

was aspirated and the cells were re-suspended in 200 µl of FSB. Samples acquisition

and data analysis was done using the LSRFortessa flow cytometry system and FlowJo

software (Version 10.0.8.r1) respectively.

2.0.15 Statistical analysis

All statistical analyses were performed using Graphpad Prism software (version 5.0a).

For normally distributed data, the mean and standard error of mean is presented, and

statistical comparison between groups is assessed using a students t test (one-tailed)

and statistical comparison between two groups is assessed using a non-parametric

Mann Whitney test.
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Chapter 3

Results and discussion

3.1 Results

In order to understand the effect of the enzyme G6PT in macrophages, we used a

chemical inhibitor model to mimic the G6PT enzyme defect in macrophages. we used

the derivative of cholorogenic acid S3483 [25] to inhibit this enzyme.

3.1.1 Viability of macrophages treated with S3483

Monocytes derived macrophages (MDM) were differentiated in the presence of the

inhibitor for 5 days at the following concentrations: 0 µM, 30 µM, 50 µM, 70 µM,

and 100 µM. To study the viability of cells, LIVE/DEAD staining was performed.

This assay measures the fluorescent reactive dye with cellular proteins (Amines).

There was an increase in the amount of dead cells with the increase in concentration

of G6PT inhibitor (S3483) (Figure 3.1). Because of the decrease in viable cells to

work with at a higher concentration (70 µM and 100 µM), 50 µM was chosen as the

ideal working concentration to perform future experiments.
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Figure 3.1: Viability of MDM when treated with S3483. MDM differentiated in
the presence of S3483 at various concentrations (30 µM, 50 µM, 70 µM, and 100 µM). The
cells were stained with 1 µl of diluted stain and incubated for 30 minutes at 37 ◦C. Samples
acquisition and data analysis was done using the LSR Fortessa flow cytometry system and
FlowJo software (Version 10.0.8.r1) respectively.(n=6, *p<0.05, Mann-Whitney U test).

3.1.2 S3483 impairs bacterial handling in macrophages dif-

ferentiated in the presence of S3483

The patients with deficiencies in G6PT enzyme have frequent intestinal inflamma-

tion and infection. This implicates a possible role for G6PT enzyme in bacterial

handling. In order to understand the role of S3483 in macrophage bacterial han-

dling, MDM were treated with S3483 at two different periods of time; MDM were

treated or untreated with the inhibitor (50µM) for 24 hours following their differ-

entiation or, MDM were differentiated in the presence of the inhibitor for a period
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Figure 3.2: Impaired bacterial handling by MDM when differentiated with S3483
for 5 days (a) MDM were differentiated in the presence of M-CSF for 5 days. Bacte-
rial killing assay on MDM treated with S3483 (50 µM) for 24 hours after differentiation.
MDM treated with S3483 were infected with Salmonella enterica serovar typhimurium (S.
typhimurium)-expressing GFP (NCTC 12023). Experiment was performed in duplicates
(each dot represents each donor). CFU is plotted as a percentage CFU of mean con-
trol.(n=5) (b) MDM were differentiated in the presence of m-CSF and S3483 for 5 days.
Bacterial killing ability of MDM differentiated with S3483 (50µM) Experiment was per-
formed in duplicates (each dot represents each donor). CFU is plotted as a percentage
CFU of mean control. (n=48, **P<0.005, Mann-Whitney U test).

of 5 days. A gentamicin protection assay (GPA) was performed to assess bacterial

killing of intracellular replicating invasive bacteria S.typhimurium. Bacterial killing

of S.typhimurium was analysed in two different conditions of treatment with S3483.

No difference was observed in bacterial killing mediated by MDM on treatment with

S3483 for 24 hours following differentiation (Figure 3.2). In contrast to this, the MDM

differentiated in the presence of S3483 showed a significant increase in the number

of bacterial colonies compared to the untreated condition (Figure 3.2) (Figure 3.3).

Thus, inhibiting G6PT enzyme affects the macrophages during their differentiation

and affects their bacterial handling ability.
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Figure 3.3: Representative LB agar plate of GPA on MDM treated with S3483
Plate containing the colonies of S.typhiurium from MDM differentiated in the presence or
absence of S3483.

3.1.3 MDM treated with S3483 is independent of ER stress

G6PT enzyme is located in the lumen of the ER. Inhibiting this enzyme may affect the

expression of genes associated with ER. Further to this, impaired bacterial handling

by macrophages has also been shown to increase stress associated with ER. Therefore,

we hypothesised that the impaired bacterial killing in MDM differentiated in the

presence of S3483 causes increase in ER stress. To test this, the monocytes were

differentiated into macrophages in the presence of S3483 (50 µM) for 5 days.

The transccription factors ATF-6 (Activating transcription factor-6), DDIT-3

(DNA damage-inducible transcript 3) and HSPA5 (Heat shock protein family A

(member 5)) were quantified to detect the ER stress. This experiment demonstrated

that there is no difference in ER gene expression in MDM differentiated in the pres-

ence of the inhibitor compared to the control (Figure 3.4).
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Figure 3.4: Effect of S3483 on ER stress in MDM with G6PT enzyme. MDM
were differentiated in the presence and absence of S3483 for 5 days. Taqman probe for
human (a) ATF-6, (b)DDIT-3, and (c) HSPA5 were used to detect ER stress. Results
were expressed relative to the expression of the house-keeping gene RPLPO. Quantitative
PCR (qPCR) was performed using a Bio Rad software detection system. Abbreviation:
Activating transcription factor-6 (ATF-6), DNA damage-inducible transcript 3 (DDIT-3),
and Heat shock protein family A (member 5) (HSPA5)

3.1.4 The effect of S3483 on MDM differentiation is inde-

pendent of ROS production

ROS derived from superoxide are essential for microbial killing. We hypothesised

that impaired bacterial killing by MDM maybe due to reduced superoxide produc-

tion. In order to investigate this hypothesis, DHR staining was performed on MDM

differentiated in the presence or absence of S3483. NADPH oxidase activity was mea-

sured through the DHR flow cytometry assay. No difference was observed in the ROS

generated from the MDM differentiated in the presence of inhibitor compared to the

control when gated on the live cells (Figure 3.5). This experiment suggests that the

effect S3483 on bacterial killing is independent of ROS production.
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Figure 3.5: The effect of S3483 on MDM is independent of ROS production.
MDM was differentiated with S3483 for 5 days. MDM was treated with DHR solution (2.5
µg/ml) for 15 minutes and assay was performed under 3 different conditions; control, MDM
treated with DHR and MDM treated with both DHR and PMA (n=5). The ∆MFI was
calculated as the difference between the cells stimulated or unstimulated with PMA. FACS
plot shows MDM stained or unstained with DHR. Sample acquisition and data analysis was
done using the LSR Fortessa flow cytometry system and FlowJo software (Version 10.0.8.r1)
respectively.Abbreviations: Dihydrorhodamine 123 (DHR), and Phorbol myristate acetate
(PMA)

3.1.5 S3483 polarises MDM to M1 phenotype

The previous study demonstrates that treatment with the inhibitor (S3483) during

differentiation of monocytes to macrophages for 5 days impairs bacterial handling.

This suggested a possible differentiation effect of S3483 on MDM. In order to un-

derstand the surface marker expression of MDM with defective G6PT enzyme the

following anti-bodies were analysed: CD172, CD163, CD11c, HLA-DR, CD64, CD86,

CD14, and CD40. MDM were differentiated in the presence of S3483 for 5 days and

surface staining was performed on these cells. Samples acquisition and data analysis

was carried out using the LSR Fortessa flow cytometry system and FlowJo software

(Version 10.0.8.r1) respectively.

MDM treated with S3483 showed a trend towards the expression of HLA-DR and
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Figure 3.6: Surface marker expression in MDM treated with S3483 MDM were
differentiated in the presence of S3483 for 5 days. Following surface markers were analysed;
CD11c, CD172, CD14, HLA-DR, CD40, CD64, CD86, and CD163. Samples acquisition and
data analysis was done using the LSRFortessa flow cytometry system and FlowJo software
(Version 10.0.8.r1) respectively.The FACS plots represent MDM stained or unstained with
the respective antibodies (n=6, *p<0.05, student’s t-test (one-tailed))

a significant decrease in CD163 (Figure 3.6). M1-macrophages, the classically acti-

vated macrophages can be distinguished from the M2-type by having a high HLA-DR

expression [117]. Likewise, M2-macrophages or alternatively activated macrophages

have a higher expression of CD163 and CD204 (both scavenger receptors) [118]. This
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experiment demonstrated that macrophages gets polarised to M1-phenotype in MDM

with defective G6PT enzyme. Further to this, the previous study on bacterial han-

dling defect in MDM treated with S3483 is evident from reduced CD163 surface

marker expression (Figure 3.6).

3.1.6 S3483 activates mTOR in MDM

The mTOR (Mammalian target of Rapamycin) mechanism plays a crucial role in

the polarisation of macrophages. This pathway also regulates the metabolism and

bacterial handling in macrophages. This led to the hypothesis that impaired bac-

terial handling and polarisation of macrophages with G6PT inhibtion influences the

mTOR pathway. Therefore, we aimed to investigate the role to mTOR mechanism

in MDM treated with S3483. The protein pS6, an active marker of mTOR pathway

was quantified in MDM differentiated in the presence of S3483. The protein pS6 was

over-expressed a trend in S3483 treated MDM compared to the untreated condition.

This suggests that the activity of enzyme influences the mTOR mechanism (Figure

3.7). Data was represented as MFI (Mean Fluorescence Intensity) measuring the shift

in fluorescence intensity of population of MDM stained or unstained with pS6 anti-

body. To understand how mTOR affects the impaired bacterial handling by MDM

treated with S3483, we performed a gentamicin protection assay using mTOR path-

way inhibitor, rapamycin. The impaired bacterial handling defect in MDM treated

with S3483 was rescued by mTOR inhibitor rapamycin (Figure 3.8). This assay was

also performed on patient cells with G6PC3 functional mutation. Consistent with

the chemical model, the bacterial handling defect was also rescued when the MDM

from the patient with G6PC3 mutation were treated with rapamycin (Figure 3.8).

Experiment was performed in duplicates in chemical model (each dot represents a

donor) and in the patient sample, each dot represents a replicate. CFU for each

inhibitory condition was then normalised as a percentage of the mean CFU for the
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Figure 3.7: MDM treated S3483 is dependent on mTOR pathway (a) MDM dif-
ferentiated in the presence or absence of S3483 for 5 days.The amount of pS6 was quantified
in MDM differentiated in the presence or in the absence of S3483. (b) FACS plot of MDM
stained or unstained with pS6 antibody. Samples acquisition and data analysis was done
using the LSR Fortessa flow cytometry system and FlowJo software (Version 10.0.8.r1) re-
spectively. Data was represented as MFI (Mean Fluorescence Intensity) measuring the shift
in fluorescence intensity of population of MDM stained or unstained with pS6 antibody.
FACS plot representation of MDM stained or unstained with the antibody pS6. (n=4)

Figure 3.8: Impaired bacterial killing in MDM treated with S3483 and
G6PC3−/− patient rescued by rapamycin (a) MDM treated with S3483 were in-
fected with (S. typhimurium)-expressing GFP (NCTC 12023). Experiment was performed
in duplicates (each dot represents a donor). CFU for each inhibitory condition was then
normalised as a percentage of the mean CFU for the untreated condition. (n=5, *P<0.05,
mann-whitney U test) (b) MDM from patient with G6PC3−/− functional mutation were in-
fected with (S. typhimurium)-expressing GFP (NCTC 12023). Experiment was performed
in duplicates (each dot represents a replicate). (n=1, *P<0.05, Mann-whitney U-test))

untreated condition.
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3.1.7 Cytokines production in MDM treated with S3483

The surface marker expression in MDM treated with S3483 demonstrated that S3483

polarises the macrophages to M1 phenotype. M1 macrophages express pro-inflammatory

cytokines, while M2 express anti-inflammatory cytokines. Hence we hypothesised that

Figure 3.9: Cytokines production in MDM treated with S3483. MDM were differ-
entiated in the presence of S3483 for 5 days. The cells were stained with 1 µl of live-dead
stain and incubated for 15 minutes at 37 ◦C. Intracellular staining was performed using the
following antibodies; IL-1α, IL-1β, IL-4, IL-6, IL-10, and TNF-α. The ∆MFI was calculated
as the difference between the MFI of MDM stimulated and unstimulated with LPS. Samples
acquisition and data analysis was done using the LSR Fortessa flow cytometry system and
FlowJo software (Version 10.0.8.r1) respectively (n=6). FACS plot representation of MDM
stimulated or unstimulated with LPS and stained with respective antibodies.

MDM treated with S3483 will show a higher expression of pro-inflammatory cytokines.

We quantified both pro-inflammatory and anti-inflammatory cytokines in MDM dif-

ferentiated in the presence or absence of S3483 inhibitor for 5 days. Live/Dead
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staining was performed prior to intracellular staining to distinguish and gate on the

live cells from the dead population. Intracellular staining was performed using the

following antibodies; IL-1α, IL-1β, IL-4, IL-6, IL-10, and TNF-α. No variation was

observed in the production of IL-1α, IL-6, IL-10, TNF-α. We observed a descend-

ing trend in IL-4 production in MDM with G6PT enzyme inhibition (Figure 3.9).

However, the expression of these cytokines by the macrophages is dependent var-

ious intricate pathways and it cannot necessarily provide lucid information of the

polarisation of the macrophages.

3.1.8 Increase in glycolytic rate and decrease in mitochon-

drial respiration in MDM treated with S3483

Metabolism regulation in macrophages plays a crucial role in determining their phe-

notype. In order to understand the metabolic changes in MDM treated with S3483,

we performed glycolytic stress and mito stress assays on MDM differentiated in the

presence or absence of S3483. The glycolytic flux was quantified by measuring the glu-

cose uptake and lactate production. The extracellular measurements were quantified

using seahorse extracellular analyser (Seahorse Bioscience). Glycolysis was measured

through quantifying the extracellular acidification rate (ECAR) of the surrounding

media. This is from the excretion of lactic acid per unit time after its conversion

from pyruvate.Glycolysis rate was measured as the difference between ECAR after

the addition of Glucose and ECAR after the addition of 2-DG. Glycolysis capacity

was measured as ECAR after the addition of oligomycin and ECAR after the addition

of 2-DG. Glycolytic reserve was measured as the difference between ECAR after the

addition of oligomycin and ECAR after the addition of glucose. Similarly, Mitostress

was performed to analyse the oxygen consumption rate. In the assay, modulators of

respiration are used to target the components of ETC in the mitochondria. ATP pro-

duction was measured as the difference between OCR (oxygen consumption rate) after
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Figure 3.10: Increase in ECAR in the MDM differentiated in the presence of
S3483. MDM were differentiated in the presence or absence of S3483 for 5 days. Dot plot
represents mean of ECAR over 3 different time points after glucose injection. Glycolysis
rate was measured as the difference between ECAR after the addition of Glucose and ECAR
after the addition of 2-DG. Glycolysis capacity was measured as ECAR after the addition
of oligomycin and ECAR after the addition of 2-DG. Glycolytic reserve was measured as
the difference between ECAR after the addition of oligomycin and ECAR after the addi-
tion of glucose. (n=6, ***P<0.0005, mann-Whitney U test) Abbreviations: Extracellular
acidification rate (ECAR), and 2-deoxyglucose (2-DG)

the addition of Oligomycin and OCR after the addition of antimycin and rotenone.

Mitochondrial respiration was measured as OCR after the addition of FCCP and

OCR after the addition of antimycin and rotenone. Analysis of this assay revealed

an increase in ECAR and decrease in OCR in MDM treated with S3483 compared to

that of the untreated condition (Figure 3.10) (Figure 3.11). This suggests that S3483

modulates glycolytic flux and mitochondrial respiration in MDM. MDM treated with

S3483 derives its energy from glycolysis rather than from oxidative phospharylation

(OXPHOS). Increased ECAR and decreased OCR has also been been observed in

LPS activated macrophages, which drives an M1-like or classical activation pathway.

This results further provides evidence that S3483 polarises MDM to M1 phenotype.
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Figure 3.11: Decrease in OCR in the MDM differentiated in the presence of
S3483. Dot plot represents mean of OCR over 3 different time points after oligomycin
injection. ATP production was measured as the difference between OCR after the addi-
tion of Oligomycin and OCR after the addition of antimycin and rotenone. Mitochondrial
respiration was measured as OCR after the addition of FCCP and OCR after the addition
of antimycin and rotenone. (n=6, **P<0.005, mann-whitney U test) Abbreviations: Oxy-
gen consumption rate (OCR), and Carbonylcyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP)

3.1.9 Increase in GLUT 3 expression in MDM treated with

S3483

In macrophages, the glucose uptake is through either GLUT 1 or GLUT 3. The

previous experiment demonstrated a significant increase in ECAR explaining an in-

crease in glycolytic rate. Increase in glycolysis may contribute to increase in glucose

uptake by the overexpression of glucose transporters. This led to the hypothesis that

MDM treated with S3483 can lead to an upregulation of glucose transporters. To test

this, the monocytes were differentiated into macrophages in the presence of S3483 (50

µM) for 5 days. This experiment showed no variation in the expression of GLUT 1

and a trend suggesting an over-expression in GLUT 3 expression in MDM treated

with S3483 compared to the untreated condition (Figure 3.12). Studies also indicate
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Figure 3.12: Increase in GLUT 3 expression in MDM with defective G6PT de-
fect. MDM were differentiated in the presence and absence of S3483 for 5 days. Taqman
probe for human (a) SLCA2, and (b) SLCA3 were used to analyse glucose transporters.
Results were expressed relative to the expression of the house-keeping gene RPLPO. Quanti-
tative PCR (qPCR) was performed using a Bio Rad software detection system. (c) 2-NBDG
was quantifies in MDM with G6PT defect. Samples acquisition and data analysis was done
using the LSRFortessa flow cytometry system and FlowJo software (Version 10.0.8.r1) re-
spectively. Data was represented as MFI (Mean Fluorescence Intensity) measuring the shift
in fluorescence intensity of population of MDM stained or unstained with 2-NBDG anti-
body. Abbreviation: Glucose transporter 1 (GLUT 1), Glucose transporter 3 (GLUT 3),
and 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2 (2-NBDG)

that LPS stimulated macrophages shows over-expression of GLUT 3 compared to

that of GLUT 1 [119]. This experiment also suggests that MDM treated with S3483

behaves similar to LPS activated macrophages. Following this, we further wanted

to test if the increase in GLUT 3 leads to increase in uptake of glucose in these

cells. The uptake of glucose in MDM was measured by quantifying the uptake of

2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2) in these cells. 2-NBDG

is a fluorescent glucose analog that has been used to monitor glucose uptake in live

cells (Figure 3.12). However, there was no difference in the glucose uptake in MDM

treated with S3483 compared to that of the control (Figure 3.12).
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3.1.10 Redox transcription factor expression in MDM treated

with S3483

The transcription factor HIF-1 α plays a key role in the regulation of glycolytic

capacity and energy metabolism in myeloid cells [120]. The increase in glycolytic rate

Figure 3.13: Redox transcription factor expression in MDM treated with S3483
MDM were differentiated in the presence and absence of S3483 for 5 days. Taqman probe
for human (a) HIF 1α, and (b) NRF2 were used to analyse glucose transporters. Results
were expressed relative to the expression of the house-keeping gene RPLPO. Quantitative
PCR (qPCR) was performed using a Bio Rad software detection system. Abbreviations:
Hypoxia-inducable factor-α (HIF-1α); NF-E2-related factor-2 (Nrf2)

in MDM treated with S3483 may be due to HIF-1α transactivating genes involved in

extracellular glucose import (such as GLUT 3).

NF-E2-related factor-2 (Nrf2) is a transcription factor which regulates oxida-

tive/xenobiotic stress response and also has been shown to represses inflammation

[121]. Hence, it negatively regulate M1-induced genes by inhibiting pro-inflammatory

cytokines gene expression. Therefore, we hypothesised that MDM treated with S3483

causes an upregulation in HIF-1α expression and downregulation in the NRF2 expres-

sion. To test the hypothesis on HIF 1α and NRF2 expression, q-PCR was performed.

The m-RNA was extracted from MDM from healthy donors differentiated with the
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presence or absence of S3483 for a period of 5 days. There was no significant difference

observed in the expression of HIF-1α and NRF2. This experiment demonstrated that

the regulation of glycolytic capacity and polarisation of macrophages is independent

of HIF-1α expression and NRF2 respectively. (Figure 3.13).

3.1.11 Gene profiling of central metabolic pathways in MDM

treated with S3483

We have demonstrated in metabolic assay an increase in glycolysis rate and decrease

in mitochondrial respiration in MDM treated with S3483. Hence, there is a metabolic

reprogramming in MDM when they are differentiated with S3483. In order to un-

derstand how the metabolism is regulated, we performed a metabolic gene profiling

in MDM treated with S3483. An array of genes associated with glycolysis, TCA,

and PPP were analysed using RT 2 profiler pathway signature PCR Arrays in 96 well

plate. Data Analysis was performed Using the ∆CT classification algorithm using the

protocol provided by the sabioscience web portal PCR array gene analysis. Analysis

of the expression of the genes associated with glycolysis showed a trend suggesting

an increase in expression of the genes for the enzymes hexokinase I (HK1) and glu-

cokinase (GCK) (Figure 3.14).HK1 and GCK are critical for glucose metabolism and

inhibition of these enzymes have been proven to increase OCR and decrease ECAR.

This is consistent with the result we observed in MDM treated with S3483.

Analysis of the expression of the genes associated with TCA showed a trend

suggesting an increase in expression of genes such as citrate synthase (CS), iso-citrate

dehydrogenase (IDH), Succinate CoA ligase (SUCLG1),and malate dehydrogenase

(MDH1B) (Figure 3.15). All of these genes are very important in the formation

of citrate, α-ketoglutarate, succinate, and malate respectively. Recently it has been

shown that in M1 macrophages, there is an accumulation of citrate, succinate, malate,

and fumerate associated with a fragmented TCA cycle. Increase in the expression
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Figure 3.14: Analysis of genes associated with glycolysis in MDM with defective
G6PT enzyme. (a) Graph representing the Gene expressions associated with the glycoly-
sis pathway.(b) Schematic diagram representing the Glycolysis pathway with essential genes
involved. All the letters in red denotes the genes used in the analysis. Abbreviations: Hexok-
inase (HK); glucokinase (GCK); glucose phosphate isomerase (GPI); 6-phosphofructokinase
(PFKL), fructose-bisphosphate (ALDOC); phosphoglycerate kinase (PGK); phosphogluco-
mutase (PGM); bisphosphoglycerate Mutase (BPGM); enolase 1 (ENO1).

of genes such as CS, IDH1, and SUCLG1 suggests an increase in the expression of

the metabolites associated with these genes, therefore explaining a fragmented TCA

cycle in MDM treated with S3483.
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Figure 3.15: Analysis of genes associated with TCA in MDM with defective
G6PT enzyme. (a) Graph representing the Gene expressions associated with the TCA
pathway.(b) Schematic diagram representing the TCA cycle with essential genes involved.
All the letters in red denotes the genes used in the analysis. Abbreviations: Pyruvate
Dehydrogenase (Lipoamide) Alpha 1 (PDHA1); Pyruvate dehydrogenase E1 component
subunit beta (PDHB), dihydrolipoamide S-Succinyltransferase (DLST); citrate synthase
(CS); aconitase (ACO); isocitrate Dehydrogenase (IDH); succinate CoA ligase (SUCLG1);
fumarate Hydratase (FH); malate dehydrogenase (MDH1B); pyruvate carboxylase (PC);
phosphoenolpyruvate carboxykinase 1 (PCK1).

Analysis of expression of genes associated with PPP showed a trend suggest-

ing an increase in the expression of hexose-6-phosphate dehydrogenase/glucose 1-

dehydrogenase (H6PD), Phosphoribosyl Pyrophosphate Synthetase 1 (PRPS1), RPIA,

transketolase (TKT), and transaldolase (TALDO1) genes. H6PD encodes for the en-
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Figure 3.16: Analysis of genes associated with PPP in MDM with defective
G6PT enzyme. (a)Graph representing the Gene expressions associated with the PPP
pathway.(b) Schematic diagram representing the Pentose-phosphate shunt pathway with
essential genes involved. All the letters in red denotes the genes used in the analysis. Abbre-
viations: Glucose-6-phosphate dehydrogenase (G6PD); hexose-6-phosphate dehydrogenase
(H6PD); 6-Phosphogluconolactonase (PGLS); phosphoribosyl Pyrophosphate Synthetase
(PRPS); ribokinase (RBKS); ribulose-5-Phosphate-3-Epimerase (RPE); ribose 5-Phosphate
Isomerase A (RPIA); transketolase (TKT); transaldolase 1 (TALDO1)

zyme glucose-6-phosphate dehydrogenase (G6PD). G6PD, the first and rate-limiting

enzyme of the PPP, is a key enzyme in the generation of cytosolic NADPH. Increase

in the expression of H6PD may suggest polarising the macrophage to M1 phenotype

(Figure 3.16). The PRPS1 gene provides instructions for making an enzyme called

phosphoribosyl pyrophosphate synthetase 1, or PRPP synthetase 1. This enzyme

helps produce a molecule called phosphoribosyl pyrophosphate (PRPP) and is in-

volved in making purine and pyrimidine nucleotides. This may suggest an increase
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in the metabolites associated with purines and pyramidines synthesis in MDM with

defective G6PT enzyme.

The gene expression analysis demonstrates that metabolism in MDM with G6PT

enzyme inhibition is reprogrammed by genes associated with glycolysis, TCA, and

pentose phosphate pathway.

3.1.12 Quantification of metabolites in macrophages treated

with S3483

The gene profiling in MDM suggested a trend in the expression of genes associated

with glycolysis, TCA, and PPP. The metabolites accumulating are shown to be im-

portant for various functions of M1 and M2 macrophages. In order to quantify the

metabolites in MDM treated with S3483, metabolomics was performed in collabora-

tion with Prof James McCullagh. Around 3000 compounds were measured related to

metabolic signalling pathways. Around 130 of these compounds were identified from

the analysis, and the abundances of all the samples were compared between both

the experimental groups; control and S3483 treated conditions. The compounds that

changed between the two groups were plotted as a heatmap associated with major

metabolic pathways.

The metabolomic analysis revealed an increase in expression of metabolites in-

volved in glycolysis; with a significant increase in pyruvate (Figure 3.17). Further-

more, a significant increase in the expression of citrate, malate, and fumerate was ob-

served; which are metabolites pertaining to TCA cycle (Figure 3.17). These metabo-

lites have been shown to accumulate, suggesting a broken TCA cycle in M1 polarised

macrophages. This provides evidence that S3483 fragments the TCA cycle in MDM.

In addition, the treatment of MDM with S3483 induce a decrease in the expres-

sion of the metabolite sedoheptulose-7-phosphate (S7P) in MDM treated with S3483.

CARKL is a sedoheptulose kinase which converts sedoheptulose to S7P. This enzyme
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Figure 3.17: Quantification of metabolites in MDM treated with S3483. The
metabolites were processed using an anion-exchange chromatography. Around 130 of the
compounds associated with glycolysis, TCA, and pentose phosphate shunt were identified
and the abundances of all the samples were compared between both the experimental groups;
control and S3483 conditions (n=5 (individual donors), *p<0.05, student’s t-test (one-
tailed)) were plotted as a heatmap associated with major metabolic pathways.

is highly expressed in M2-phenotype macrophages. Inhibiting G6PT enzyme affects

the metabolism in macrophages (Figure 3.17). It has a profound effect in altering

glycolysis and TCA pathway. This may also contribute to the polarisation effect of

macrophages to M1 phenotype. In summary, our results highlight the fundamen-

tal nature of metabolic reconfiguration in macrophage activation and define unique

metabolic demands of distinct activation states.
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3.1.13 Quantification of metabolomes associated with purines

and pyramidines in MDM treated with S3483

In our gene expression array, the levels of PRPS1L1 showed a trend suggesting an

increase in gene expression in MDM treated with S3483 (Figure 3.16). This gene

is very important in the synthesis of purine and pyrimidine synthesis. Therefore,

Figure 3.18: Pyrimidine metabolomes in MDM with defective G6PT enzymeThe
metabolites were processed using an anion-exchange chromatography. Compounds associ-
ated with pyrimidine were identified and the abundances of all the samples were com-
pared between both the experimental groups; control and S3483 conditions (n=5 (individ-
ual donors), *p<0.05, student’s t-test (one-tailed)) were plotted as a heatmap associated
with major metabolic pathways

we performed a metabolomic analysis to quantify intermediates pertaining to the

purine and pyrimidine metabolism in MDM treated with S3483. We observed a

significant increase in the expression of uridine-5-triphosphate (UTP) (Figure 3.18).

UTP has been shown to modulate inflammatory events in macrophages aiding in

the release of in the release of NO, PGE2. We also observed a significant increase
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Figure 3.19: Purine metabolomes in MDM with defective G6PT enzymeThe
metabolites were processed using an anion-exchange chromatography. Compounds asso-
ciated with pyrimidine were identified and the abundances of all the samples were com-
pared between both the experimental groups; control and S3483 conditions (n=5 (individual
donors), p<0.05, student’s t-test (one-tailed)) were plotted as a heatmap associated with
major metabolic pathways

in cytidine triphosphate (CTP), 2-deoxy cytidine diphosphate, and 2-deoxy cytidine

triphosphate. But, the effect of this metabolite has not been studied extensively in

macrophages.

Analysis of metabolites pertaining to purine metabolism revealed an increase

in the expression of guanosine triphosphate in MDM treated with S3483 (Figure

3.19). Past literature suggests that GTP upregulation may lead to calcium release in

saponin-treated macrophages [122]. But there is no further evidence to understand

how GTP modulates the function of macrophages. Therefore, the effect of metabolites

in purine metabolism still requires more study and investigation.
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3.2 Discussion

In this chapter, we investigated the functional effects of G6PT enzyme in MDM

using a chemical inhibitor model. The enzyme was inhibited with a derivative of

cholorogenic acid S3483 [28]. G6PT is expressed ubiquitously and a mutation in

the gene encoding this enzyme (SLC37A4) has been shown to affect the myeloid

population. G6PT and G6Pase-β activities are known to be functionally co-dependent

[14] and this complex is responsible for maintaining intracellular glucose homoeostasis

in neutrophils [123] and macrophages [124]. Apart from neutropenia, G6PT and

G6Pase-β deficient patients present with neutrophil dysfunction, impaired respiratory

burst, chemotaxis and calcium immobilisation [124] [123]. The underlying mechanism

of this myeloid dysfunction is still not well understood [14].

Investigation of bacterial handling in MDM with G6PT inhibition showed a signif-

icant increase in the number of colonies compared to that of the untreated condition

(Figure 3.2). This was shown to be a differentiation effect since there was no variation

in the number of colonies of bacteria when G6PT was inhibited in macrophages for

only 24 hours following 5 days of differentiation. Studies on macrophages and neu-

trophils from G6PC3−/− mice show reduced phagocytic activities [124] and chemo-

taxis [123]. Previous literature also provides evidence that patients with GSD-Ib

have frequent intestinal infection [19], implicating a possible role of G6PT enzyme in

bacterial handling.

Macrophages from G6PC3−/− mice showed a marked reduction in superoxide pro-

duction on exposure to PMA, compared to the wild-type macrophages; implying that

G6Pase-β expression is important for the respiratory burst activity [124]. This sug-

gests that impaired bacterial killing by macrophages is due to reduced superoxide

production. However in our chemical inhibitor model, there was no variation in

the amount of ROS generated by the macrophages with G6PT enzyme inhibition.

Therefore, the impaired bacterial handling in these cells independent of ROS produc-
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tion(Figure 3.5). The diminished ROS production in mice might be specific to the

G6PC3 gene mutation. Alternatively, species-specific differences between mice and

humans in the function of G6PT enzyme, might explain this result.

G6Pase-β and G6PT enzymes, located in the lumen of the endoplasmic reticulum,

is critical for neutrophil glucose homeostasis and normal neutrophil function in GSD-

Ib mice [123]; a defect in either of these enzymes may affect the genes associated with

the ER. The neutrophils from the G6PC3−/− mice model showed a significant increase

in ER stress compared to the wild type cells [123]. However, there was no variation in

ER stress in macrophages from G6PC3−/− [124]. Similar to this result, no variation

was observed in the expression of ER stress associated genes (ATF-6, DDIT-3, and

HSPA5) in the macrophages with G6PT enzyme inhibition in the chemical inhibitor

model (Figure 3.4).

Our previous experiment on bacterial killing by macrophages demonstrated a dif-

ferentiation effect. The fate of the recruited monocytes and their subsequent differen-

tiation into macrophages, is a key issue because inflammatory monocytes have been

shown to cause tissue damage [125]. MDM with G6PT inhibition showed an increase

in the expression of HLA-DR and a decrease in the expression of CD163 (Figure 3.6).

M1-macrophages, the classically activated macrophages, can be distinguished from

the M2-type by having a high HLA-DR expression [117]. Likewise, M2-macrophages,

or alternatively activated macrophages, have a higher expression of CD163 and CD204

(both scavenger receptors) [118]. A previous report shows that CD163 functions as a

surface receptor for bacteria, including gram negative and gram positive species [126].

Recognition of bacteria by CD163, potently enhanced inflammatory cytokine produc-

tion in monocytic THP-1 cells and cytokine production by freshly isolated human

monocytes [127]. This suggests that there is a possible polarisation of macrophages

to M1-phenotype in macrophages with a defective G6PT enzyme.

The mTOR, a central metabolic pathway, plays a key role in polarising the
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macrophages to M1 phenotype. TSC is an inhibtitor of mTORC1. TSC−/− macrophages

have a marked defect in M2 polarising and they increase the expression of pro-

inflammatory cytokines [83]. The TSC-mTOR pathway may alter cytokine secretion

to regulate the monocyte-macrophage system [128]. We observed an increase in the

expression of protein pS6 (Figure 3.7), a key mTOR marker, in MDM with defective

G6PT, which suggests that the activity of the enzyme is influences the mTOR mech-

anism. Furthermore, the impaired bacterial handling defect was rescued using the

mTOR inhibitor, rapamycin, in MDM with G6PT inhibition. In patients with the

G6PC3 mutation, the bacterial handling defect was also rescued when the MDM were

treated with rapamycin. This result from the patient samples, validates our findings

in the chemical inhibitor model. The mTORC1 inhibits autophagy by phosphorylat-

ing UNC-51-like kinase 1 (ULK1) at Ser758 and at multiple sites on ATG14 [129].

After activation, mTORC1 phosphorylates a range of substrates, of which the best

characterised are S6K (ribosomal S6 kinase), 4E-BP (eIF4E-binding protein 1) and

ULK1 (UNC-51-like kinase 1) [130] [131] [132] [129]. Also, TNF-α and IL-6 are often

blocked by mTOR inhibitors such as rapamycin [84] suggesting a pro-inflammatory

role for mTOR. Increase in pro-inflammatory cytokines is also observed in MDM with

G6PT inhibition. But, it has also been shown that inhibition mTOR promotes the

expression of IL-12 expression and blocks IL-10 expression [84]. This suggests a anti-

inflammatory role for mTOR. These observations suggest that the PI3K-Akt-mTOR

network is not a simple linear pathway that transmits a single signal when activated

but integrates diverse intracellular and extracellular cues to regulate a multiple set

of basic biological processes within the cell to adapt a given effector response to the

environment [84].

In reality, the distinction between the subsets (M1/M2) is not lucid, although it

is thought that M1 and M2 macrophages have different metabolic profiles and phe-

notypes. Nevertheless, it is poorly understood how metabolism contributes to the
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control of gene expression during the activation of macrophages. In order to un-

derstand the metabolic changes that G6PT inhibition induces on macrophages, we

assessed the glycolysis rate and mitochondrial respiration in macrophages with de-

fective G6PT enzyme. This analysis revealed an increase in the glycolytic rate and

a decrease in mitochondrial respiration in MDM with G6PT inhibition (Figure 3.10)

(Figure 3.11). MDM with G6PT inhibition acquires their energy from the glycolysis

process. Metabolic gene profiling of MDM with G6PT inhibition revealed a trend

suggesting an increase in the expression of the genes HK1 and GCK (Figure 3.14).

HK1 and GCK are vital for glucose metabolism and inhibiting these enzymes has

been proven to increase the OCR and decrease the ECAR. Treatment with 2-DG, an

inhibitor of HK enzyme, shifts the cellular rates of OCR and lactate production by

extracellular acidification to a predominantly oxidative phosphorylation-dependent

metabolism [133]. M1-polarised macrophage activation by LPS is dependent on gly-

colysis [133]. The inhibition of glycolysis by 2-DG significantly decreases the inflam-

matory response of M1 macrophages [134]. GCK mutation has been associated with

diabetes mellitus and involved in maintaining blood glucose levels. This mutation

inhibits the production of the pro-inflammatory cytokine IL-1β [135] [133]. However,

its effect on the metabolic shift in macrophages still requires investigation.

The metabolic gene profiling also showed a trend suggesting an increase in ex-

pression of citrate synthase (CS), iso-citrate dehydrogenase (IDH), succinate CoA

liage(SUCLG1),and malate dehydrogenase (MDH1B) (Figure 3.15). CS is an impor-

tant enzyme that converts acetyl CoA and oxaloacetate to citrate. IDH catalyses

the third step of the cycle, the oxidative decarboxylation of isocitrate, producing α-

ketoglutarate and CO2 while converting NAD+ to NADH. SUCLG1 catalyses the

formation of succinate. Quantification of the metabolites showed an increase in the

expression of proteins involved in glycolysis, with a significant increase in pyruvate.

Pyruvate dehydrogenase kinase (also pyruvate dehydrogenase complex kinase, PDC
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kinase, or PDK), is a kinase enzyme which acts to inactivate the enzyme pyruvate de-

hydrogenase by phosphorylating it using ATP [99]. PDK1 is a key regulatory enzyme

in the glycolysis process. A knockdown of PDK1 polarised the macrophages to the

M2 phenotype [99]. This explains the increase in the glycolytic rate in macrophages

with G6PT inhibition. This also provides further evidence that the G6PT enzyme

inhibition skews the macrophage to M1 phenotype. Metabolomics analysis also shows

a significant increase in the expression of citrate, malate, and fumerate; which are

metabolites pertaining to the TCA cycle. In M1 phenotype macrophages, two breaks

are observed in the TCA cycle; appearing like a cycle that is completely fragmented

[93]. The first break occurs at isocitrate dehydrogenase (IDH) and the other after

succinate, with a novel variant of the pathway (termed the aspartate-arginosuccinate

shunt) being evident [93]. Citrate in mitochondria gets transported to the cytosol

via the citrate transporter. This causes citrate to build-up in the cytosol, which fur-

ther gets converted to itaconic acid. The citrate built up, will also be withdrawn for

fatty acid biosynthesis, which is a characteristic of the M1 phenotype macrophage

[93](Figure 3.17). The second break-point in the TCA cycle occurrs after succinate.

In the TCA cycle, succinate is converted to fumarate, which is then converted to

malate [93]. A moderate increase in succinate was observed in M1 macrophages

[109], a large increase in malate was also observed, indicating that the conversion of

succinate to fumarate was inefficient [93]. The increase in malate was explained by

an enhanced arginosuccinate shunt, which fed into fumarate leading to its build up

[93]. The accumulation of citrate, malate, and fumerate in macrophages with G6PT

enzyme inhibition confirms a broken citric acid cycle in these cells.

There was also an increase in genes associated with the PPP such as hexose-

6-phosphate dehydrogenase/glucose 1-dehydrogenase (H6PD), Phosphoribosyl Py-

rophosphate Synthetase 1 (PRPS1), RPIA, transketolase (TKT), and transaldolase

(TALDO1) genes. H6PD is a gene that encodes for the enzyme glucose-6-phosphate
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dehydrogenase (G6PD). G6PD participates in multiple metabolic pathways, such

as reductive biosynthesis, regulation of oxidative stress, and cellular growth. In

macrophages, G6PD regulates glucose flux, is elevated in the fat tissue of obese

mice, and promotes oxidative stress and pro-inflammatory responses, accompanied

by p38 MAPK and NF-κB activation [136]. G6PD, the first and rate-limiting en-

zyme of the PPP, is a key enzyme in the generation of cytosolic NADPH. Increase

in the expression of H6PD may suggest polarising the macrophage to M1 pheno-

type. It was shown that there is an increase in the expression of genes aiding in

the formation of succinate [100]. Interestingly, increased succinate levels may also

increase succinylation of metabolic enzymes such as transaldolase (TALDO) [100].

In the metabolomic analysis, there was a significant decrease in the expression of

the metabolites, sedoheptulose-7-phosphate (S7P), in MDM with G6PT inhibition.

CARKL is a sedoheptulose kinase which converts sedoheptulose to sedoheptulose-7-

phosphate. Metabolomics performed after LPS activation revealed S7P, X-5P, R5P,

malate, and fumerate levels linked to CARKL expression. An apparent build up of

S7P, X5P, R5P, G3P, and G6P/F6P was observed, concomitant with marked reduc-

tion in some TCA cycle intermediates and, importantly, NADH but not NAD+ levels

[115]. Therefore, an increase in intermediates in the TCA cycle leads to a decrease in

S7P, X5P, R5P, G3P, and G6P/F6P. Furthermore, CARKL is identified as a possi-

ble repressor of LPS-induced macrophage activation [115] and orchestrates pro- and

anti-inflammatory immune responses through metabolic control.

The PRPS1 gene provides instructions for making an enzyme called phosphoribo-

syl pyrophosphate synthetase 1, or PRPP synthetase 1. This enzyme helps produce

a molecule called phosphoribosyl pyrophosphate (PRPP) and is involved in mak-

ing purine and pyrimidine nucleotides. Quantification of intermediates pertaining to

purine and pyrimidine metabolism in MDM treated with S3483 revealed a signifi-

cant increase in the expression of uridine-5-triphosphate (UTP). UTP can stimulate
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arachidonic acid release and the formation of prostaglandin E2 (PGE2). UTP has

been shown to modulate inflammatory events in macrophages. Furthermore, simulta-

neous treatment of the macrophages with lipopolysaccharide (LPS) and UTP results

in a synergistic stimulation of NO [137], PGE2 formation and IL-6 production [138].

Therefore, increase in UTP leads to the production of more inflammatory cytokines

leading to the M1 phenotype. Increased amounts of these enzymes has been observed

in predominant pathways leading to various malignancies in T-cells [139]. Increase

in supply of glutamine has been found to be required for the induction of IL-1 by

macrophages in response to LPS stimulation [140]. Glutamine can be metabolised

via several steps into uridine-5-phosphate (UMP), which in turn can be phosphory-

lated to uridine-5-diphosphate (UDP) and uridine-5-triphosphate (UTP). Analysis of

metabolites pertaining to purine metabolism revealed an increase in the expression

of guanosine triphosphate (GTP) in MDM treated with S3483 (Figure 3.19). It is

used as a source of energy for protein synthesis and gluconeogenesis [91]. GTP is

essential to signal transduction, in particular with G-proteins, in second-messenger

mechanisms where it is converted to guanosine diphosphate (GDP) through the ac-

tion of GTPases [94] [140]. Past literature suggests that GTP up-regulation may lead

to calcium release in saponin-treated macrophages [122]. But, there is no further

evidence to understand how GTP modulates the function of macrophages.

3.3 Summary

The G6PT enzyme has been shown to be an important protagonist in the bacte-

rial handling of macrophages. Beyond diminished bacterial handling by macrophages

with a dysfunctional G6PT enzyme, I was unable to demonstrate the other functional

defects associated with inhibition of the enzyme, such as diminished ROS production

and ER stress. A complete literature study on 120 patients provides evidence that
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mutations which lead to complete loss of activity of the G6PT enzyme can result in se-

vere intestinal inflammation. Several mutations in SLC37A4, such as M1V, Gly50Arg,

etc., leading to a complete loss in G6PT transport activity, cause severe intestinal

inflammation and an increased frequency of infection in patients. We have also shown

that inhibiting the transport activity of the G6PT enzyme leads to impaired bacterial

handling (figure 3.2) in MDM. Mutations causing loss in G6PT transport activity can

cause defective bacterial handling by the macrophages in patients leading to severe

infection and inflammation.

Figure 3.20: Predicted signalling pathway in MDM treated with S3483 The
G6PT enzyme is inhibited by S3483, thus inhibiting the entry of G6P into the ER. Glucose
enters the cytosol via the glucose transporter (GLUT) and gets converted into pyruvate
by the process of glycolysis. Pyruvate initiates the TCA cycle. This cycle is interrupted
in these cells leading to an accumulation of citrate, malate, and fumerate. The rewiring
of the TCA cycle leads to the generation of pro-inflammatory cytokines, polarising the
macrophages to M1 phenotype. The mTOR signalling pathway also activates the glycolysis
pathway, leading to the release of pro-inflammatory cytokines. Inhibiting mTORC1 by
rapamycin can reverse the phenotype observed in macrophages with G6PT inhibition

Inhibition of G6PT in MDM leads to accumulation of G6P in the cytosol instead

of it being transported into the ER. This increases the glycolytic rate leading to an
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accumulation of pyruvate (Figure 3.20). Pyruvate is then transported into the mito-

chondria in exchange for OH− and undergoes conversion to acetyl CoA. This in turn

is converted to citrate, thus initiating the tri-carboxylic acid (TCA) cycle. Instead

of citrate being converted into succinate, it is transported via citrate (CIC) from the

mitochondria into the cytosol. Citrate accumulates in the cytosol and initiates fatty

acid synthesis, thereby generating pro-inflammatory cytokines. Succinate is gener-

ated from α-ketoglutarate (α-KG) rather than from citrate, and this occurs via the

γ-aminobutyric acid (GABA) shunt. Similarly, the increased levels of malate and

fumerate do not originate from the TCA cycle. The arginosuccinate shunt (path-

way linking the urea and TCA cycles) provides the substrate for the synthesis of

malate and fumerate (Figure 3.20). MDM with G6PT inhibition acquire energy from

glycolysis and have a fragmented TCA cycle (Figure 3.20). The increased expres-

sion of pro-inflammatory cytokines suggests polarisation of macrophages to the M1

phenotype. The polarisation and impaired bacterial handling of MDM with G6PT

inhibition occurs via the mTOR pathway. The impaired bacterial handling in MDM

with G6PT inhibition can be rescued by treatment with the mTORC1 inhibitor,

rapamycin (Figure 3.20).

3.4 G6PT chemical inhibition

The chlorogenic acid derivative, SLC37A4, was used to chemically inhibit the G6PT

enzyme. This was chosen for use on the basis of the demonstrated specificity of its

inhibition, cost, and ease of use. However, there are certain predicaments associated

with a chemical inhibitor model. Primarily, despite S3483 being a specific inhibitor of

G6PT, it is very toxic to the cells (Figure 1.7). Furthermore, as the killing experiment

demonstrates, the duration of inhibition is variable and has a profound impact on

bacterial killing in MDM. Therefore, using a chemical inhibitor model limits the
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interpretation of our results. In the future, it will be appropriate to test our results

with more patient samples and also by constructing a G6PT knockout model using

CRISPR/Cas 9 technology.
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Chapter 4

Conclusions and future directions

We were able to show that inhibiting G6PT enzyme impairs bacterial handling in

macrophages. Inhibiting the transport activity may skew the macrophage polarisation

to the M1 phenotype. The G6PT inhibition in MDM may influence the mTOR

signalling pathway. These macrophages acquire their primary source of energy from

the process of glycolysis. There is an accumulation of metabolites - citrate, malate,

and fumerate - in these macrophages, suggesting a broken TCA cycle. Inhibiting

the transporting activity in MDM influences purine and pyramidine metabolism by

increasing the expression of UTP and GTP metabolites. It is still unclear how the

change in metabolism in these macrophages affects their bacterial handling. This

study helps to bridge the gap between metabolic and immune mediated diseases,

thus providing an alternative treatment option for patients with diabetes, obesity,

and cancer. In order to understand the link between the G6PT/Gpase-β variant and

bacterial handling, we propose the following experiments:

• Generation of appropriate G6PT/G6pase-β knock-out cells using CRISPR/Cas

technology.

• Validation of all experiments using the chemical inhibitor model with macrophages

from patients with G6PT and G6pase-β deficiences

81



• Analysis of the impact of the defective G6PT/G6pase-β enzymes on autophagy

• Investigation of the role of rapamycin as a treatment option for patients with

intestinal inflammation and deficiencies in G6pase-β and G6PT enzymes.

• Investigation of the role of small molecule inhibition of metabolic pathway in-

termediaries may determine key targets for other such interventions in MDM.

• Investigation of the mechanism of T cell metabolism in patients with glucose-6-

phosphate metabolism defect to understand and extend our findings in adaptive

immunity.
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