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Abstract

Immunometabolism is a burgeoning field of study providing novel insights into the
mechanisms governing immune cell phenotype and function. However, most of this
research has been conducted in adults resulting in a paucity of research concerning
the metabolic features and requirements in early life including of human neonatal
immune cells. This is despite the documented differences between adult and
neonatal immune cell function. This thesis aims to address this by investigating the
following questions: are the metabolic characteristics and requirements of neonatal
immune cells different from adults and if so, do these unique characteristics and
requirements explain the differences in immune cell phenotype and function seen in
neonates? To explore these questions, immune cells, primarily naive CD4+ T cells and
neutrophils, were isolated from the peripheral blood of healthy adult donors and
umbilical cord blood from term elective caesarean sections and experimentally
interrogated ex vivo and in vitro. Functional assays, including bioenergetic flux,
functional assays and phenotyping by flow cytometry were all used to provide insight
into the metabolic and functional phenotype of adult and neonatal immune cells. For
the first time, this thesis shows a distinctly enhanced glycolytic program on anti-
CD3/28 activation in neonatal naive CD4+ T cells accompanied by increased amino
acid stabilised mTOR signalling highlighting an important role for metabolites in
governing naive CD4+ T cell activation. Furthermore, this thesis finds that failure to
produce neutrophil extracellular traps by neonatal neutrophils is likely a result of
reduced aerobic glycolytic capacity generating insufficient ATP to support this
function. Together, these findings reveal the unique immunometabolic landscape of
the neonate and begin to elucidate the mechanisms underpinning functional
differences with adults, making a strong case for further investigation of neonatal
immunometabolism, not only to provide novel therapeutic targets but also as a
natural model of adult immune dysfunction.
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Chapter One

Introduction



1 Introduction

Birth represents a relatively dramatic transition from an environment with a low
microbial burden to one abundant in commensal and potentially pathogenic
challenges that the neonatal immune system must be able to respond to. Immune
responses in preterm and term neonates differ from those of adults, generally being
characterised as diminished, tolerant or type Il skewed; although we must be mindful
that these are highly evolved, stage of life appropriate responses (Holm et al., 2021).
Efforts to clarify the phenotypes and mechanisms prevalent at this time are ongoing
so that we can better understand the significance of differences at this stage of
development for immediate and long term health. The need to understand how the
neonatal immune response differs to that of adults is driven by the mortality and
morbidity associated with infection and sepsis in newborns and infants and the need
for protective vaccine responses that can mitigate these. Recent decades have also
seen growing appreciation that neonatal immune phenotypes, shaped predominantly
by environmental factors during pregnancy, are linked to the later development of
non-communicable immunoinflammatory diseases (Herberth et al., 2012; Campbell
et al., 2015; Grieger et al., 2016). Finally, while the therapeutic capacity of umbilical
cord blood is already being harnessed through transplantation, there is growing
appreciation of the wider regenerative capacity of neonatal immune cells, for
example in the regeneration of heart tissue (Sattler and Rosenthal, 2016). Given this
diversity there is a real need to elucidate the mechanisms that uniquely programme

neonatal immune cell phenotype.

The development and maturation of lymphoid progenitors during fetal and early post-
natal life is influenced by a multitude of factors including cytokine profiles,
transcription factors, expression of surface proteins, prostaglandins produced by the
placenta and altered levels of metabolites, such as adenosine, in neonatal plasma
(Saito, 2000; Levy et al., 2006; Kan et al., 2018). It has been long recognised that
maternal and neonatal nutrition have lasting effects on immune development,
contributing to the development of allergic disease, metabolic syndrome and chronic
inflammatory conditions (Palmer, 2011). Energy demands in early life are extremely

high with little to no energy, especially fatty acids and proteins, reserves. The
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metabolic and energetic demands required for growth in early life severely limit
nutrient availability for highly energetically demanding immune responses (Shew and
Jaksic, 1999). Disease tolerance, wherein the goal is to limit disease
immunopathology versus the pathogen per se, is suggested as an evolved method of
host defence in early life to limit harm to the host in the face of these reduced energy
reserves (Shew and Jaksic, 1999; Butte, 2005; Brook et al., 2017; Harbeson et al.,
2018a; Harbeson et al., 2018b).

Immunometabolism is a relatively recently emerged field of research that seeks to
elaborate on the crucial role metabolic pathways have in shaping immune cell fate
and function. The activation and function of most immune cells is dependent on
metabolic reprogramming to a state of aerobic glycolysis to enable effector function.
In this setting, the primary fuel is glucose which is metabolised through the central
metabolism pathways of glycolysis to pyruvate or lactate to generate ATP and other
biosynthetic precursors. Additionally, the Krebs cycle, primarily supplied by pyruvate
or glutaminolysis, fuels ATP production through mitochondrial oxidative
phosphorylation. The differential utilisation of fuels, including in competition with
other cells in the tissue microenvironment, can impact on cell fate and function
(Geltink et al., 2018). This thesis suggests that immunometabolism provides a
framework for understanding phenotypic and functional differences in the neonatal
and adult immune response. While data supporting this are emerging these studies
are still very much in their early days and there are many unanswered questions. This
thesis will explore and discuss the differences between neonate and adult immune
responses, how metabolism may influence these changes and the further work that

is required.

1.1 A brief overview of the immune system

The immune system is a complex association of biological processes that protects the
organism from disease whilst maintaining homeostasis and tissue integrity (Sattler,
2017). This multilayered system is comprised of barriers, innate immunity and the
adaptive immune system, with all layers interacting and communicating in a tightly

regulated manner. Barriers form the first line of defence preventing pathogens from
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entering the body through both physical and chemical means such as mucous
membranes and lysozymes (Dupont et al., 2014). Additionally, barriers are under
constant surveillance by tissue resident immune cells and can release alarmins to
attract other immune cells, particularly innate immune cells, to the site of offence.
Innate immunity is the second layer of defence, with its ancient evolutionary origins
stretching back as far as simple invertebrate organisms and its key function of
phagocytosis reaching back to some of the first multicellular amoebas (Buchmann,
2014). This branch of the immune system is armed with powerful receptors capable
of recognising pathogen associated molecular patterns (PAMP)s, empowering a
rudimentary form of non-self recognition. Equipped with these receptors cells of the
innate immune system are able to recognise foreign entities and engage immune
functions such as degranulation and phagocytosis to kill and clear the threat.
Furthermore, these cells also respond to damage associated molecular patterns
(DAMP)s, supporting tissue repair and homeostasis. Evolution of the adaptive
immune system created a diverse and adaptable third layer of immunity. The
appearance of recombinase-activating gene (RAG) in the immunoglobulin
superfamily exon of jawed vertebrates enabled the creation of an expansive, diverse
and adaptable repertoire of antigen receptors (Cooper and Alder, 2006; Flajnik and
Kasahara, 2010). This, along with distinguishing of self and non-self, through major
histocompatibility complexes, creates a sophisticated system of defence and
surveillance, capable of responding to the continual development of novel threats in
the perpetual evolutionary arms race (Radwan et al., 2020). In this system, specialised
professional antigen presenting cells (APC)s bridge the gap between the innate and
adaptive immune systems, collecting and processing antigen from the environment
to display on surface MHCs and selectively activate T cells with complementary T cell
receptors (TCR)s which go on to clear pathogenic cells in response. Humoral immunity
is also induced in an antigen specific manner as T cells induce the differentiation of
plasma B cells which secrete large amounts of antibodies, activating phagocytes and
the classical complement pathway. Together these complex, multilayered and
integrated systems of surveillance and defence maintain tissue homeostasis and

protect the organism from a range of internal and external threats.
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1.2 Immunometabolism

1.2.1 Glycolysis and gluconeogenesis

From the Greek glykis for sweet and lysis for splitting, glycolysis describes the
degradation of glucose, through a series of enzyme catalysed reactions, to yield two
molecules of pyruvate, two molecules of NADH and a net production of two ATP
molecules (Figure 1.1). Glycolysis also serves as an entry point into other metabolic
pathways such as the tricarboxylic acid (TCA) cycle, also known as the Krebs cycle, and
the pentose phosphate pathway. In addition to its role in energy production, glycolysis

is an anabolic pathway providing precursors for various catabolic processes.

1.2.1.1 Glycolysis

Firstly, glucose enters the cell via glucose transporters (GLUTs), integral membrane
proteins encoded by solute carrier family 2 (SLC2) genes. GLUTs bind glucose inducing
a conformational change thus transporting the glucose or other carbohydrates
molecule across the plasma membrane. There are 13 isoforms of GLUTs which differ
in substrate specificity, transport kinetics and tissue expression (Roberts and
Miyamoto, 2015). For example, immune cells, including T cells, neutrophils and
monocytes primarily express GLUT1 which has been shown to support production of

proinflammatory cytokines and other effector functions (Macintyre et al., 2014).

Glycolysis is a two-phase operation, starting with an energy consuming preparatory
phase and ending with an energy producing payoff phase. In the first phase
hexokinase isoforms catalyse the conversion of glucose in the cytosol to glucose-6-
phosphate, consuming one molecule of ATP in the process. This first step regulates
the entry of glucose into the glycolysis pathway and prevents the glucose molecule
from exiting the cell. There are four hexokinase (HK) isozymes expressed in a tissue
dependent manner. Hexokinase-IV is specifically expressed in the liver and is a 50 kDa
protein with only one catalytic domain unlike other hexokinase isozymes. HK-Il is
unigue in containing two catalytically functional sites and is upregulated in many cells

with enhanced aerobic glycolysis (Roberts and Miyamoto, 2015). Glucose-6-
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phosphate conversion to fructose 6-phosphate (F6P), via phosphohexose isomerase
(GPI1), precedes the second ATP consuming reaction generating fructose 1,6-
bisphosphate, catalysed by phosphofructokinase-1 (PFK-1). This step is mostly
irreversible under normal cellular conditions and marks the first committed step in
glycolysis. Alternatively, F6P is converted to fructose 2,6-bisphosphate which is a
potent allosteric activator of PFK-1, even in the presence of ATP, essentially
uncoupling glycolysis from bioenergetics. Dysregulated allosteric control of PFK-1 is
associated with T cell exhaustion in rheumatoid arthritis (Yang et al., 2013b). Aldolase
then cleaves fructose 1,6-bisphosphate generating glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate. Only glyceraldehyde 3-phosphate is used directly in the
second phase of glycolysis, therefore, dihydroxyacetone phosphate is converted to
glyceraldehyde 3-phosphate, by triose phosphate isomerase, completing the first

phase of glycolysis.

The first reaction of the second, energy producing phase is a two-stage process
involving the oxidation of the aldehyde group of glyceraldehyde 3-phosphate to a
carboxylic acid by NAD+ and the subsequent joining of an orthophosphate to form
1,3-bisphosphoglycerate, a step catalysed by glyceraldehyde 3-phosphate
dehydrogenase. Substrate level phosphorylation of the energy rich molecule, 1,3-
bisphosphoglycerate, yields ATP. Phosphoglycerate mutase catalyses the formation of
2-phosphoglycerate which is then converted to phosphoenolpyruvate (PEP) in a
dehydration reaction by enolase. Both the enzyme and the product of this reaction
regulate T cell function with enolase translocation to the nucleus inhibiting
suppressor function of T regs and PEP promoting nuclear translocation of activated T
cells (NFAT) (De Rosa et al., 2015; Ho et al., 2015). Phosphoenolpyruvate has a very
high phosphoryl transfer potential enabling the transfer of the phosphoryl group to
generate ATP and a pyruvate in another substrate level phosphorylation reaction
catalysed by pyruvate kinase. Tuning of this rate limiting step is highly important and
can be achieved through various mechanisms including expression of different
isoforms and control of quaternary structure. The increased catalytic rate of
tetrameric pyruvate kinase M2 (PKM2) favours energy production from glycolysis

whilst dimeric or monomeric forms provides synthetic precursors for anabolic
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processes by slowing the conversion of PEP to pyruvate. Limiting metabolite exit from
glycolysis, through allosterically favouring the dimeric form of PKM2, is key to
metabolic reprogramming of both T cells and macrophages and supports cell division
and pro-inflammatory cytokine production (Palsson-McDermott et al., 2015; Angiari
et al., 2020). Whilst, in neutrophils the activity of PKM2 is implicated in the ability to
produce NETs (Awasthi et al., 2019).

Ultimately glycolysis consumes two molecules of ATP in the preparatory phase but
generates four molecules of ATP during the payoff phase via substrate level

phosphorylation resulting in a net gain of two ATP.

Additionally, glycolysis consumes two molecules of NAD+, per molecule of glucose, in
the reaction catalysed by glyceraldehyde phosphate dehydrogenase (GAPDH).
Maintaining sufficient levels of cellular NAD+ is crucial for cellular function and rapid
glycolysis. Pyruvate can be reduced to lactate by the enzyme lactate dehydrogenase
(LDH), regenerating NAD+ from NADH. This effect of reducing pyruvate to lactate in
the presence of oxygen was first described by Otto Warburg in cancer cells and
termed aerobic glycolysis (Heiden et al., 2009). Since its initial discovery in cancer cells
aerobic glycolysis has been described as a key metabolic pathway induced in immune
cells upon an activating stimulus. Whilst the pathway is highly inefficient, producing
only two molecules of ATP per molecule of glucose, it is extremely rapid allowing for
production of ATP at rate unmatched by the more efficient process of oxidative
phosphorylation (Lunt and Vander Heiden, 2011; Desousa et al., 2023). However, a
potentially more important role for glycolysis in actively dividing cells is to provide
biosynthetic precursors for growth, proliferation and effector functions. For example,
3-phosphoglycerate is required for proline synthesis, a key precursor for purine
nucleotide biosynthesis. This pathway is essential for the function of effector T cells
which rely almost entirely on de novo biosynthesis of nucleotides to meet the
demands of rapid cell division (Ma et al., 2019). Furthermore, glycolysis supplies both
the pentose phosphate pathway and TCA cycle which have anabolic roles in actively

dividing cells (Zhu and Thompson, 2019).
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Figure 1.1 Glycolysis and gluconeogenesis

Glucose is metabolised through a series of mostly reversible reactions to pyruvate and

lactate to produce ATP and NADH (shown in red). The reverse series of reactions
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converts pyruvate to glucose through the formation of oxaloacetate (shown in blue)

at the expense of 2ATP and 2GTP. Figure made using Biorender.com

1.2.1.2 Gluconeogenesis

Pyruvate can also be converted to glucose in a process called gluconeogenesis,
however, this is not an exact reverse of glycolysis as the steps of glycolysis catalysed
by hexokinase, phosphofructokinase and pyruvate kinase are essentially irreversible
(Figurel.1). To generate phosphoenolpyruvate from pyruvate, mitochondrial
pyruvate first must be converted to oxaloacetate through the action of pyruvate
carboxylase at the expense of one ATP. Next, the malate-aspartate shuttle transports
oxaloacetate from the mitochondria to the cytosol. In this shuttle system oxaloacetate
is converted to aspartate, in a reaction catalysed by aspartate amino transferase
which uses glutamate as an amine donor. Aspartate is transported from the
mitochondria to the cytosol via the glutamate aspartate transporter, importing
glutamate in return. Aspartate in the cytosol is converted back to oxaloacetate, by
donating its amine group to alpha-ketoglutarate (a-KG) generating glutamate.
Phosphoenolpyruvate  carboxykinase converts cytosolic oxaloacetate to
phosphoenolpyruvate consuming a molecule of GTP. From PEP, glycolysis is
performed in reverse until fructose 1,6 bisphosphate where fructose 1,6-
bisphosphatase catalyses its conversion to fructose 6-phosphate. Again, glycolysis is
run in reverse generating glucose 6-phosphate which can be converted to free glucose

via glucose 6-phosphatase.

Another fate of glucose 6-phosphate is to be transformed into glycogen, a branched
polysaccharide storage molecule for glucose, via a process called glycogenesis. Here,
the conversion of G6P to glucose 1-phosphate is catalysed by phosphoglucomutase
which reacts with the nucleotide uridine diphosphate (UDP) to form UDP-glucose.
This sugar nucleotide donates the glucose residue to the non-reducing end of
glycogen in the rate limiting reaction catalysed by glycogen synthase. On activation
neutrophils use gluconeogenesis to convert pyruvate to glycogen enabling them to
survive and function in tissues with limited nutrients and oxygen supply (Sadiku et al.,

2021). Stores of glycogen can be metabolised rapidly to glucose for glycolysis by the

24



actions of glycogen phosphorylase, which cleaves glycogen chains to give, glucose 1-

phosphate which in turn is converted to G6P by phosphoglucomutase.

1.2.1.3 Alternative entry and exit points for glycolysis.

Glycolytic/glucogenic intermediates can also be supplemented by other
monosaccharides and some amino acids and in some cases have been shown to have
immunomodulatory effects. D-Fructose, a commonly found monosaccharide in the
human diet, can enter glycolysis through two pathways. Fructose is converted to the
glycolytic intermediate fructose 6-phosphate by hexokinase at the expense of ATP. In
the liver, fructokinase converts fructose to fructose 1l-phosphate consuming a
molecule of ATP. Fructose 1-phosphate is then cleaved, by fructose 1-phosphate
aldolase, to give dihydroxyacetone phosphate (DHAP) and glyceraldehyde and triose
kinase converts glyceraldehyde to GAP at the expense of ATP. Fructose utilisation, in
human monocytes, induces a strongly pro-inflammatory response upon
lipopolysaccharides (LPS) stimulation (Jones et al., 2021). Galactose, a component of
lactose in milk, enters glycolysis at G6P. Galactokinase consumes ATP, converting
galactose to galactose 1-phosphate (G1P) which in turn is converted to G1P, by UDP-
glucose:galactose 1-phosphate uridyltransferase, utilising UDP-glucose as a cofactor.
Phosphoglucomutase converts G1P to G6P whilst the second product, UDP-galactose,
is recycled to UDP-glucose via UDP-glucose 4-epimerase. The carbon skeletons of
glucogenic amino acids, importantly glutamine and alanine, can enter glucogenic
intermediates directly at pyruvate or via acetyl-CoA and the TCA cycle in the
mitochondria. Furthermore, glycolysis is a central metabolic pathway that integrates
several catabolic and anabolic processes. Whilst sugars and amino acids entering
glycolysis can be catabolised to produce ATP for cellular processes, these molecules
can also form the fundamental building blocks of larger molecules such as proteins,
nucleotides and lipids. Carbons from glucose can be used for de novo lipid synthesis
via the pentose phosphate pathway (PPP), glycerol or acetyl-CoA as well as for de
novo nucleotide biosynthesis (Figure 1.2) which are required for cell growth and

proliferation.
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Figure 1.2 Glycolysis provides anabolic precursors.

Glycolysis is a central metabolic pathway that integrates anabolic and catabolic
processes. Carbon from glucose and amino acids can be metabolised to acetyl-CoA
and enter the TCA cycle producing ATP required for cellular processes. Alternatively,
these metabolites can be used in anabolic processes for de novo synthesis of lipids and

nucleotides. Figure made using BioRender.com

1.2.2 The pentose phosphate pathway

G6P derived from the first steps of glycolysis can enter into the PPP in a reaction
catalysed by glucose-6-phosphate dehydrogenase (G6PDH), in the rate limiting step,
producing 6-phosphogluconate (6PG) and NADPH. In a subsequent reaction 6-
phosphogluconate dehydrogenase (6PGD) oxidases 6PG to generate 5-ribulose
phosphate and a second molecule of NADPH. This oxidative phase of the PPP is
followed by a non-oxidative phase generating pentose sugars for nucleotide synthesis

(Figure 1.3).
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Figure 1.3 The pentose phosphate pathway

The Pentose phosphate pathway is a shunt off glycolysis starting at glucose-6-
phosphate. The first stage is an oxidative process generating ribulose-5-phosphate
and supports anabolic processes as well as the oxidative burst in innate immune cells.
The non-oxidative phase can cycle back into glycolysis at fructose-6-phosphate or

support nucleotide biosynthesis. Figure made using Biorender.com.

NADPH generated from the oxidative phase is used for fatty acid and cholesterol
biosynthesis, supporting proliferating cells. The NADPH-dependent glutathione
reductase (GR) utilises NADPH generated from the PPP to protect the cell from
oxidative stress. Conversely, M1 macrophages require NADPH for generation of ROS
by NADPH oxidase and for NO production (Pearce and Pearce, 2013). In neutrophils
the PPP shifts to a cyclical pathway favouring just the oxidative portion and recycling
PPP products through reversed GPI flux (Figure 1.3). This alternate PPP generates up

to six molecules of NADPH for every molecule of glucose. Such rapid production of
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large amounts of NADPH fuels the oxidative burst of neutrophils which consumes

NADPH and oxygen ultimately inducing lytic NETosis (Britt et al., 2022).

1.2.3  The link reaction

Pyruvate, generated by glycolysis, can enter the TCA cycle fuelling oxidative
phosphorylation and the highly efficient generation of ATP. Here, the pyruvate
dehydrogenase (PDH) enzyme complex, comprised of three subunits E1, E2 and E3,
catalyse the non-reversible oxidation of pyruvate to acetyl-CoA, carbon dioxide and
NADH. In this reaction five coenzymes (thiamine pyrophosphate, flavin adenine
dinucleotide (FAD), NAD, coenzyme A and lipoate) are required for the
decarboxylation of pyruvate, the subsequent conversion to an acetyl group and the

joining of the acetyl group to give acetyl-CoA.

The first step, catalysed by pyruvate dehydrogenase (E1), decarboxylates pyruvate
and is the rate limiting step, thus, it can act as a molecular switch controlling entry of
cytosolic pyruvate into TCA cycle as acetyl-CoA. In murine T cells, it has been
demonstrated that inactivation of PDH by pyruvate dehydrogenase kinase (PDK)

induces a rapid switch to aerobic glycolysis (Menk et al., 2018).

Alongside its role fuelling the TCA cycle, acetyl-CoA is also an important donor of the
acetyl group for histone acetyl transferase (HAT) enzymes. Acetyl-CoA, generated
from central carbon metabolism plays a crucial role in regulating the open chromatin

landscape controlling cell fate and function (Martinez-Reyes and Chandel, 2020).

1.2.4 The tricarboxylic acid cycle

Acetyl-CoA from the link reaction, donates its acetyl group to oxaloacetate to form
citrate at the start of the TCA cycle. In a series of following reactions citrate is oxidised
back to oxaloacetate so that one full cycle produces one FADH; and three NADH
supplying the electron transport chain (ETC) by vyielding electrons and protons

(Figurel.4).
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Figure 1.4 The TCA cycle

The tricarboxylic acid cycle (TCA cycle), also known as the Krebs cycle or citric acid
cycle, is a series of chemical reactions that occur in the mitochondria of cells. The cycle
consists of eight steps catalysed by eight different enzymes. The cycle is initiated when
acetyl CoA reacts with oxaloacetate to form citrate and releases coenzyme A (CoA-
SH). In a succession of following reactions, citrate is rearranged to form isocitrate by
aconitase; isocitrate is decarboxylated and then undergoes oxidation to form alpha-
ketoglutarate in a reaction catalysed by isocitrate dehydrogenase; alpha-
ketoglutarate dehydrogenase catalyses the loss of another a molecule of carbon
dioxide and oxidation to form succinyl CoA which is enzymatically converted to
succinate by succinyl-CoA synthetase; succinate dehydrogenase oxidises succinate to
fumarate which is then hydrated, by fumarase to produce malate; finally, to end the

cycle, malate dehydrogenase oxidises malate to oxaloacetate. Each cycle results in the
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regeneration of oxaloacetate and the formation of two molecules of carbon dioxide,
3 molecules of NADH, a molecule of FADH, and a molecule of ATP. [-fatty acid

oxidation fuels the TCA cycle. Figure made using Biorender.com.

1.2.4.1 P-oxidation of fatty acids fuels the TCA cycle

Fatty acids are an important fuel source that can be easily stored and mobilised to
meet demands. Fatty acid oxidation (FAO) is highly efficient, generating more energy
per gram than any other fuel source. Fatty acid transporters, such as CD36, facilitate
the uptake of fatty acids like palmitate into the cell. Fatty acids are then activated on
the surface of mitochondria by linking to coenzyme A and carnitine
palmitoyltransferase (CPT1) shuttles them into the mitochondria matrix for oxidation.
The sequential removal of two carbons completely oxidises the fatty acid generating
FADH,;, NADH and acetyl-CoA for oxidative phosphorylation and the TCA cycle

respectively.

Acetyl-CoA provided by FAO is required for cell growth and proliferation in various
immune cell types (Figure 1.5). However, utilisation of this pathway often differs
depending on the cells’ stage of function and differentiation. FAO is dependent on
mitochondrial fusion and morphology governed by optic atrophy type 1 (OPA1).
Effector T cells exhibit lﬁssed\ mitochondria with loose cristae and do not rely on FAO.
On the other hand, mitochondria are fused with tight cristate in FAO reliant memory

T cells (Buck et al., 2016).
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Figure 1.5 The Amphibolic TCA cycle

The TCA cycle is a central pathway in cell metabolism that converges the metabolism
of the three main energy sources, (sugars, fats and amino acids), with both sugars
and fats entering the TCA cycle via acetyl CoA whilst glutamine, the second most
abundant metabolite, enters via a-KG. TCA components can also be used at to
generate many of the essential building blocks of the cell fuelling growth and
proliferation. Additionally, the TCA cycle is fundamentally tied to cellular phenotype
through metabolite mediated control of the chromatin landscape. Figure made using

Biorender.com.

1.2.4.2 The amphibolic TCA cycle

Whilst the TCA cycle is central to ATP production it also serves a more extensive role
in cell growth, proliferation and function. For most quiescent immune cells, such as
naive T cells, the TCA cycle is primarily utilised to generate ATP for cell homeostasis.
However, in activated immune cells, such as effector T cells, the TCA cycle is

amphibolic, providing energy and anabolic precursors (Figure 1.5). Four and five
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carbon intermediates are used to generate amino acids for protein synthesis and
purines/pyrimidines for nucleotide synthesis. Whilst the six-carbon intermediate,
citrate, provides cytosolic acetyl-CoA for fatty acid and sterol synthesis. To balance
the loss of intermediates required for biosynthesis, the TCA cycle is replenished by
anaplerotic pathways. Pyruvate and glutamine are particularly important for
anaplerosis, feeding into oxaloacetate and alpha-ketoglutarate (atKG) respectively.
Glutaminolysis supports immune cell function, such as NETosis in neutrophils and IL-
2 production in T cells. Additionally, glutaminolysis is utilised to different extents
depending on the nature of the immune response. For example, M1 macrophage
antimicrobial responses preferentially require glutamine and metabolism of
glutamine to aKG is a defining factor in Th1 over Treg differentiation (Klysz et al., 2015;
Jiang et al., 2022)

1.2.4.3 Roles of the TCA cycle beyond metabolism

TCA intermediates demonstrate immunomodulatory effects thorough remodelling
the chromatin landscape, post translational modification and regulation of
transcription. As mentioned above citrate is exported to the cytosol where it provides
cytosolic citrate through the action of ATP citrate lyase (ACYL). Cytosolic citrate is used
for post translational acetylation of proteins including histones, via the action of HATs,
which is required to promote IFN-y production, for example. In DCs and macrophages
a truncated TCA cycle, upon LPS stimulation, results in a build-up of citrate along with
increased expression of ACYL and is associated with the production of
proinflammatory mediators (Infantino et al., 2013). a.KG is another TCA intermediate
required for epigenetic modification by the histone demethylase Jumonji C domain
containing lysine demethylases and DNA demethylases and ten-eleven translocation
hydroxylases (TET)s. In macrophages, a.KG derived from glutaminolysis, drives an anti-
inflammatory phenotype through chromatin remodelling contrasting the
proinflammatory role played by a.KG in regulatory T cells (Liu et al., 2017; Matias et
al., 2021). aKG is in careful equilibrium with succinate which acts as an allosteric
inhibitor of aKG utilising enzymes, including TETs and 2-oxoglutarate-dependent

dioxygenases (Laukka et al., 2016). Accumulation of succinate, by a perturbed TCA
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cycle, stabilises hypoxia inducible factor (HIF)1o. promoting the transcription of
glycolytic and pro inflammatory IL-1f (Tannahill et al., 2013). Succinate also couples
the TCA cycle directly with the electron transport chain and a in low ATP environment
can drive reverse electron transfer generating ROS from complex | stabilising
HIF1o and promoting proinflammatory responses (Garaude et al., 2016; Martinez-
Reyes and Chandel, 2020). Itaconate, derived from decarboxylated TCA intermediate
cis-aconitate, has an anti-inflammatory effect through inhibition of succinate
dehydrogenase (SDH) preventing reverse electron transfer (Cordes et al., 2016;
Lampropoulou et al., 2016). Interestingly this metabolite also has a direct

antimicrobial role through inhibition of the glyoxylate shunt (Kim et al., 2023).
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Figure 1.6 The electron transport chain couples cellular catabolism to ATP production.

The electron transport chain consists of four protein complexes, accepting electrons
from NADH and FADH,, that couple redox reactions, creating an electrochemical
gradient, through pumping protons across the inner membrane, that leads to the
creation of ATP in a system termed oxidative phosphorylation. Figure made using

Biorender.com.

1.2.5 Okxidative phosphorylation
Oxidative phosphorylation (OXPHOS) generates ATP from the catabolic processes of
the cell and is carried out across the inner mitochondrial membrane. A series of
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oxidation-reduction reactions (redox) transfer electrons from glycolysis, TCA cycle and
FAO, in the form of NADH and FADH,, to oxygen by a series of protein, metal and lipid
complexes known as the electron transport chain (ETC) (Figure 1.6). NADH supplies
electrons to complex | (NADH:ubiquinone oxidoreductase) reducing flavin
mononucleotide, and then through an iron-sulphate carrier to the ubiquinone pool.
FADH; reduces the ubiquinone pool through complex Il (SDH). Ubiquinone is a small
lipid soluble mobile carrier able to transfer electrons from complex | and Il through
the inner mitochondrial membrane to complex Il (cytochrome c reductase). The
ubiquinone Q cycle transfers a net of 2 electrons to cytochrome ¢ through the
intermediate cytochrome b in complex lll. Cytochrome c carries electrons along the
periphery of the membrane to complex IV (cytochrome ¢ oxidase) where they are
finally transferred to oxygen. The free energy released from these redox reactions is
used to pump protons across the inner mitochondrial membrane to the
intermembrane space, at complex |, lll and IV which establishes an energy potential
across the membrane in the form of a proton gradient. ATP synthesis is coupled to
the electron transport chain through chemiosmosis, whereby the electrical potential
and pH gradient generated across the inner membrane is used to generate ATP from
ADP. Movement of protons back into the mitochondrial matrix is restricted to
transmembrane proteins, allowing complex IV (ATP synthase) to harness this gradient
to drive ATP production. ATP synthase consists of two major components, FO, the
channel though which protons pass through the membrane and F1, which uses the
flow of proteins through F1 to mechanically drive the production of ATP. Thus,
electrons and protons from NADH and FADH; are coupled to the production of ATP
via the ETC.

Controlling the flow of electrons through the ETC and its chemiosmotic gradient is
utilised by immune cells to direct cell fate and function. The uncoupling protein
(UCP)2 is linked with the reduction of ROS generation and is more highly expressed in
M2 macrophages then M1 which require ROS for proinflammatory functions.
Additionally, UCP2 is required for M2 macrophages differentiation in response to IL-4

cytokine (De Simone et al., 2015). Loss of complex IIl in murine Treg cells impairs their
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suppressive function, highlighting the importance of a functioning ETC in these cells

(Weinberg et al., 2019).

1.2.6 Amino acid metabolism

As alluded to earlier, amino acids are essential for immune cell catabolic function
through glucogenic and anaplerotic reactions and as direct precursors for bio
synthesis. Despite glucose being the most abundant metabolite in circulation, amino
acids make up the majority of the biomass of rapidly dividing cells (Hosios et al.,
2016). Carbons from amino acids, particularly glutamine, primarily contribute to
protein synthesis whilst glucose has a more diverse fate within the cell. De novo
synthesis of purines, required by T cells for proliferation, is supported by extracellular
serine but can also be supplemented by glycolysis, as mentioned earlier (Hosios et al.,
2016). Additionally, serine is required by macrophages to suppress aberrant cytokine
production (Kurita et al., 2021). Arginine is another key metabolite for immune
function, providing NO for neutrophils and macrophages. In fact, arginine metabolism
is central to macrophage phenotype, with metabolism via nitric oxide synthase (NOS)
defining M1 phenotypes and arginase-1 metabolism defining M2 phenotypes (Rath
et al., 2014). In M2 macrophages, metabolism of arginine to spermidine allows for
hypusination of the eukaryotic initiation factor 5A (elF5a), a protein required for the
translation of some proteins including many of those associated with mitochondrial
metabolism that characterises the M2 phenotype (Puleston et al., 2019). The same
polyamine metabolic pathway is crucial for T cell lineage commitment through
remodelling of the chromatin landscape (Puleston et al., 2021). Some amino acids,
termed essential amino acids, cannot be synthesised by the body including
tryptophan, which is known to have immunomodulatory effects, suppressing T cell
proliferation through metabolism to kynurenine by APCs (Pour et al., 2019; Siska et
al., 2021). Additionally, metabolism of tryptophan to NAD via kynurenine maintains
the glycolytic phenotype of embryonic stem cells and could potentially play a similar

role in immune cell metabolism (Liu et al., 2019a).
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1.2.7 Integrating cell signalling and metabolism

As immune responses require considerable metabolic rewiring to exit the initial
quiescent state, effective immune activation necessitates the successful integration
of external stimuli and nutrients with intracellular cell state and function. Fulfilling
this requirement, the mechanistic target of rapamycin (mTOR) containing complexes,
(mTORC) 1 and 2, acts as a central hub integrating the external environment and
cellular metabolism (Figure 1.7). Immune signalling, such as T cell receptor (TCR) or
Toll-like receptor (TLR) engagement, and downstream signalling via cytokines, such as
IL-2 and IL-7, trigger the activation of mTOR (Marzec et al., 2008; Wofford et al., 2008;
Imanishi et al., 2020). In T cells, mTOR signalling is largely induced through TCR
engagement and co-stimulation via CD28 in a PI3K-AKT dependent signalling axis. This
series of signalling events results in the inhibition of the tuberous sclerosis complex
(TSC) which reverses the inhibition of the Ras homolog enriched in brain (RHEB) which
binds and promotes mTORC1 function. mTORC2 is also activated by TCR and
costimulatory engagement, through a separate mechanism involving

phosphatidylinositol 3 kinase (Chi, 2012; Huang et al., 2020).

Glucose, which is vital for maintain the energy balance of the cell acts through AMP
sensing protein AMP-activated protein kinase (AMPK). In this mechanism, when the
ATP/AMP ratio decreases, due to low glucose availability, AMPK promotes the
inhibition of mTOR through TSC (Figure 1.7) (Leprivier and Rotblat, 2020).
Additionally, lower rates of glycolysis allow aldolase to promote AMPK signalling
(zhang et al., 2017). Amino acids, including leucine, arginine and glutamine, regulate
mTOR activation via the Rag complex and RHEB (Duran et al., 2012; Carroll et al.,
2016; Wolfson et al., 2016). Transport of these amino acids into the cell are a known

important factor in naive T cell activation (Sinclair et al., 2013; Geiger et al., 2016).
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Figure 1.7 Metabolic signalling is integrated through mTOR

The mammalian target of rapamycin (mTOR) is a central signalling node controlling
cellular metabolism by integrating cell extrinsic factors with metabolite availability
and energy status. Signalling via cytokine receptors, Toll-like receptors and the T cell
receptor can induce mTOR signalling, often through the PI3K-AKT signalling axis. Once
activated mTOR drives the cellular metabolic programme to support growth,
proliferation and function by upregulating key glycolytic pathways, glycolysis and
glutaminolysis, required for rapid energy production. mTOR is inhibited by AMPK,
when the ATP/AMP ratio decreases indicating a low energy state, whilst amino acid
availability supports mTOR signalling. Thus, mTOR driven metabolic reprogramming
is regulated by energy status and metabolite availability. Figure made using

Biorender.com.
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Signalling via mTOR is critical for cell growth, proliferation, survival and
differentiation. mTORC1 and mTORC2 act via differing mechanisms to promote
cellular metabolism and anabolic processes needed for growth and proliferation
(Delgoffe et al., 2011; Zeng et al., 2016). mTORC1 promotes metabolic processes
through the transcription factors c-Myc, sterol regulatory element binding proteins
(SREBPs) and HIFla. c-Myc and HIF1a both support glycolysis by transcribing genes
for glycolytic enzymes and transporters whilst SREBPs support lipid synthesis (Huang
etal., 2020). In addition to its role in glycolysis, c-Myc supports anaplerosis of the TCA
cycle via glutaminolysis (Wang et al., 2011; Jones et al., 2019). Mitochondrial
oxidative function is also supported directly by mTORC1 through recruitment of a
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) and
inhibition of eukaryotic translation initiation factor 4E-binding protein (4E-BP)s
(Summer et al., 2019). Furthermore, inhibition of 4E-BPs and activation of the
ribosomal protein S6 by S6 kinase (S6K) supports protein translation essential not only
to cell growth and proliferation but also for production of effector molecules
(Magnuson et al., 2012). On the reciprocal side, mTORC1 signalling inhibits processes
related to autophagy by negatively regulating associated protein function and

inhibiting their transcription (Jiang et al., 2019).

mTORC2 primarily supports metabolism through phosphorylation and activation of
AKT which can activate mTOR and support glycolytic function. In synergy with
mTORC1’s function preventing autophagy and promoting cell growth, apoptosis is
inhibited by an mTOC2-AKT mediated inactivation of forkhead box transcription
factors (FOXO) and BCL2 associated agonist of cell death (BAD) (Datta et al., 1997;
Jacinto et al., 2006). mTORC2-AKT regulation of FOXOs also controls cellular trafficking
to lymph nodes via transcription of CCR7 and CD62L (Kerdiles et al., 2009; Kerdiles et
al,, 2010). The combined effects of mTORC1 and mTORC2 neatly integrate
extracellular signals with intracellular metabolism to drive cell growth, proliferation,
survival and function. Interestingly, there is growing evidence that the balance
between these two signalling pathways is an important factor for differentiation (Chi,
2012). mTORCL1 is essential for Thl, Th2 and Th17 differentiation however, some

evidence suggests that mTORC2 might be largely dispensable for Thl and Th17
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differentiation (Lee et al., 2010; Yang et al., 2013a). Conversely, T follicular helper cells
are less metabolically active and do not require metabolic reprogramming through
mTORC1 for differentiation (Ray et al., 2015). Similarly, both mTORC1 and mTORC2

are antagonistic to iTreg differentiation (Delgoffe et al., 2009).

Factors other than those related to mTOR also integrate cell signalling and
metabolism. Store operate calcium entry (SOCE) is essential to T cell activation
allowing translocation of the nuclear factor of T cell activation (NFAT) to the nucleus
needed for transcription of IFN-y (Kiani et al., 2001). Sarco/ER Ca2+-ATPase (SERCA)
channels mediated termination of calcium flux is dependent on the glycolytic
metabolite PEP, precisely integrating effector function, metabolism and TCR signalling
(Ho et al., 2015). SREBPs sense intracellular sterol stores and are essential for exiting
quiescence through supporting the lipid cholesterol and lipid metabolism required for
rapid proliferation (Bensinger et al., 2008; Kidani et al., 2013). Beyond the general
requirement of cholesterol for membrane stability, high density regions of cholesterol

in the membrane, termed lipid rafts, facilitate strong TCR signalling (Yang et al., 2016).

1.3 Neonatal immunometabolism

Thus far, the vast majority of studies into immune cell metabolism in humans has
been conducted in adults. This work has been instrumental in advancing our
understanding of how these cells function, their environmental requirements and the
mechanisms underpinning these parameters. However, cells of the neonatal immune
system are known to differ in significant ways from their adult counterparts
potentially serving in different roles and performing separate functions. Naturally, this
raises the question “is neonatal immune metabolic function comparable to adults or
specifically adapted to support time of life specific functions?”. At present, this is a
difficult question to answer as little to no work has been performed to characterise
the metabolic phenotype of neonatal immune cells or ascertain impact on effector
functions. This section explores the current understanding of neonatal immune

function and sets this against the backdrop of the immunometabolism.
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1.3.1 Innate immune responses

The innate immune system provides front line cellular and humoral defence, through
the release of cytokines and other mediators that amplify the immune response,
recruitment of first responders and education of the adaptive immune response to
help counter the threat and develop immunological memory. These processes
demand energy and biosynthetic intermediates that are generated via cellular

metabolic pathways (as above).

1.3.1.1 Neutrophils

Neutrophils comprise 70% of the leukocytes in human blood. They extravasate from
the blood and quickly travel to the site of insult along a chemokine gradient typically
released by tissue resident macrophages. Once in the tissues, neutrophils engulf and
kill pathogens before undergoing controlled apoptosis. In neonates, there is a
transient rise in neutrophil frequency shortly before birth, as measured by neutrophil
derived soluble FcRIIl (CD16) levels in plasma of preterm and term infants. However,
neutrophil frequency reduces again shortly after birth to levels below that of adults,
contributing to diminished first responder function (Carr et al., 1992; Basha et al.,
2014). Neonatal neutrophils also have reduced functional capacity; their chemotaxis
response is reduced through slower velocities and lower expression of the surface
adhesion molecules L-selectin and Macl, contributing to a near 50% reduction in
neutrophil transmigration to the site of infection (Kim et al., 2003; Raymond et al.,
2018). Lower expression of TLR4 and defective downstream signalling by myeloid
differentiation primary response 88 (MyD88) and p38 MAPK from TLR4 and TLR2
impair neutrophil response (Al-Hertani et al., 2007). High levels of adenosine in
neonatal blood increases cyclic adenosine monophosphate (CAMP) leading to protein
kinase A (PKA)-dependent/ TLR-independent inhibition of tumour necrosis factor

(TNF)a (Levy et al., 2006).

Some reports also show reduced capacity, or entire loss, of the primary effector
functions of phagocytosis, neutrophilic oxidative burst and formation of neutrophil
extracellular traps in neonatal neutophils (Yost et al., 2009; Basha et al., 2014). These

are all energetically demanding requiring high levels of glycolysis, the main metabolic
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pathway in neutrophils and, to a lesser extent, glutaminolysis to support them
(Borregaard and Herlin, 1982; Rodriguez-Espinosa et al., 2015). Inhibition of these
metabolic pathways can entirely prevent effector functions of adult neutrophils
(Borregaard and Herlin, 1982; Rodriguez-Espinosa et al., 2015). For instance, NETosis
is suggested to be dependent on lactate derived from glycolysis in both NOX-
dependent and independent pathways (Awasthi et al., 2019) and, the key metabolic
modulator AKT is implicated in driving chemotaxis along a chemoattractant gradient
(Baruah et al., 2019). Cell polarised activation of the downstream target of AKT,
mTOR, and subsequent activation of mitochondrial function is required to drive
directional chemotaxis (Bao et al., 2015). Thus, mitochondria are required to perform
essential neutrophil functions. Interestingly mitochondrial function in neutrophils is
linked with developmental stage, as mature neutrophil precursors are more reliant
on glycolysis and neutrophil immaturity is correlated with early neonatal sepsis
(Riffelmacher et al., 2017; Saboohi et al., 2019). Whether changes in neonatal
neutrophil metabolism are responsible for their decreased effector functions has not

been elucidated but clearly warrants investigation.

1.3.1.2 Eosinophils

Elevated eosinophil counts, compared to the already high eosinophil count in the
neonatal period, have been reported with infection in preterm infants and have been
linked to later development of atopy (Juul et al., 2005). Little is known about the
metabolic functions of eosinophils in general though experiments in adults show that
eosinophils use glycolytic metabolism (Porter et al., 2018). However, eosinophil
metabolic plasticity was demonstrated recently with both increased glucose derived
lactate production, when reactive oxygen species are inhibited, and generation of TCA
intermediates from both glucose and glutamine, on cytokine stimulation (Jones et al.,
2020b). Although beyond the scope of this thesis, further work is needed to explore
the role of metabolism in determining eosinophil function and to evaluate if there is

any role for altered metabolism in eosinophilia in neonates.
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1.3.1.3 Innate lymphoid cells

Innate lymphoid cells (ILC) are a group of innate immune cells that functionally mirror
the CD4+ T helper populations, much the same way that natural killer cells mirror
CD8+ cytotoxic function (Eberl et al., 2015). In humans type 2 ILC (ILC2) is the most
functionally mature subset compared to ILC1 and ILC3 (Bennstein et al., 2021). ILC2
are found at epithelial barriers such as in the lung and are a major source of IL-5 that
can induce eosinophilia. In mouse models ILC2 numbers rapidly increase in the lungs
after birth, peaking at 3 times that of adults by day 10 but quickly decreasing to adult
levels (Steer et al., 2017). The alarmin IL-33, produced by epithelial cells, recruits
eosinophils and ILC2 to the lungs and acts as a potent activator of ILC2s (Steer et al.,
2017). Despite higher IL-33 levels in the neonatal lung, ILC2 activation is not as potent
as in adults. The high levels of endogenous IL-33 in the neonatal lung are suggested
to train the ILC2 response for a more efficient response to challenges in later life (Steer
etal., 2020). It is also worth noting that IL-33 signalling via ST2 under neonatal hypoxia
is important for the expression of asthma related genes (Cheon et al., 2018). Given
that HIFla strongly induces glycolysis, this suggests that a highly glycolytic

programme of ILC2s in early life might have harmful effects.

In adults, ILC2s have the capacity to augment mitochondrial respiration above basal
conditions when activated with IL-33. Argl is suggested as key to the function of ILC2s
as inhibition leads to decreased production of effector cytokines such as IL-5 and IL-
13 accompanied by significantly reduced glycolytic capacity (Monticelli et al., 2016).
Evidence indicating a glycolytic programme in ILC2 comes from experiments inhibiting
glycolysis via PD1 which resulted in decreased expression of effector cytokines and
reduced proliferation and cell survival (Helou et al., 2020). Conflicting evidence using
helminth infection in mouse models suggests fatty acid oxidation, rather than
glycolysis, is necessary for expansion and cytokine production by ILC2 (Wilhelm et al.,
2016). Differing methods of ILC2 activation as well as differences between mouse and
human responses may account for the conflicting results with further experiments
needed to clarify this. Furthermore, given that neonates exhibit less potent responses

than adults, despite increased IL-33 signalling, and the emerging role of metabolism
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in ILC2 effector cytokine production, an investigation into the metabolic function of

neonatal ILC2s is well warranted.

1.3.1.4 Monocytes/macrophages

Monocytes and macrophages perform key innate roles, clearing threats through
phagocytosis and oxidative killing and contribute to adaptive responses through
antigen presentation to T cells. Monocytes are better studied in neonates compared
to macrophages as they can be isolated from blood. Studies of pattern recognition
receptors (PRRs) are essentially restricted to TLRs and neonates have similar
expression levels compared to adults. However, depending on the TLR target,
neonatal monocytes demonstrate impaired TLR-mediated production of TNFa
protein and other pro-inflammatory cytokines (Levy et al., 2004). Reduced expression
of TNFa has been associated with high levels of adenosine, a metabolite with
immunomodulatory properties. Adenosine acts via the A3 adenosine receptor
inducing production of the secondary messenger cAMP which inhibits TLR-mediated
TNFa production (Levy et al., 2006). Reduced MyD88 expression has also been
implicated in failure to produce pro-inflammatory cytokines such as TNFa and IL-
12p70. Whilst limiting innate immune responses, this reduced capacity to produce
key cytokines along with reduced expression of human leukocyte antigen (HLA)-DR
and co-stimulatory molecules such as CD40, at the basal state, also affect the ability
to activate T cells (Han et al., 2004; Hegge et al., 2019). However, after LPS treatment,
expression of co-stimulatory molecules, MHC-Il and CD80, do not differ significantly

to adults (Hikita et al., 2019).

Altered cellular metabolism is now emerging as a critical regulator of neonatal
monocyte function, especially cytokine production. Whole blood transcriptomic data
suggests significantly increased activity of glucose and cholesterol metabolic
pathways. Three glycolytic regulatory nodes - glucose transporter GLUT3, glycolytic
enzymes 6 phosphofructo-2-kinase and hexokinase 3 - were upregulated in response
to infection, but the cellular provenance of these was not identified (Smith et al.,
2014a). Examination of the epigenetic landscape on monocytes revealed unique

histone modifications in the neonatal period with large differences in methylation at
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points associated with metabolic genes (Bermick et al., 2016). Monocytes isolated
from term and preterm umbilical cord blood have reduced glycolysis compared to
adults. Glycolysis was required for cytokine production but not for phagocytosis
which was unaffected by inhibition of glycolysis using 2-deoxy-D-glucose (2DG) (Kan
et al., 2018). In another study monocytes derived from cord blood showed greater
cytokine response one day post exposure to the BCG vaccine. However, by day 7 most
cytokines were much lower in cord derived monocyte supernatants, excluding IL-10,
and significantly less lactate was present. These findings suggest neonatal monocytes
underwent tolerisation rather than effective trained innate immunity (Angelidou et
al., 2021). More recently, umbilical cord blood monocyte derived macrophages were
also shown to be broadly defective in glycolysis and to exhibit reduced oxidative
phosphorylation compared to adult peripheral blood monocyte-derived
macrophages (Dreschers et al., 2019). IL-10 polarised umbilical cord blood derived
macrophages had adult-like levels of OXPHOS but reduced glycolysis. Recent evidence
suggests, that reduced glycolysis may impair trained innate immunity which
potentially utilises aerobic glycolysis for epigenetic reprogramming in marcrophages,
enhancing future protective function (Fang et al., 2024). As for adenosine, circulating
factors in umbilical cord blood seem to mediate this effect as treating adult peripheral
blood derived macrophages with cord blood plasma dramatically inhibited glycolysis.
This was attributed to high expression of the $S100 proteins S100A8/A9 in neonates
(Dreschers et al., 2019). Furthermore, cord blood monocyte derived macrophages
have reduced expression of costimulatory CD80 and CD86 and reduced capacity to

stimulate T cells (Dreschers et al., 2020).

Mammalian target of rapamycin (mTOR) and its downstream targets are essential for
metabolic reprogramming of macrophages, with signalling through this pathway
required for glycolytic reprogramming (Covarrubias et al., 2015). Surprisingly, mTOR
transcripts are elevated in cord blood compared to adult blood derived macrophages
but total mTOR protein expression and mTOR phosphorylation are both reduced
compared to adults. This disparity suggests post-transcriptional regulation of mTOR
expression in neonates. Downstream targets of mTORC1, ribosomal protein s6 and

eukaryotic translation initiation factor 4E-binding protein 1 also showed reduced
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expression and phosphorylation respectively compared to adults (Dreschers et al.,

2019).

The findings summarised above highlight that monocyte metabolism is critical to
regulating the neonatal immune response. As variation in TLR-mediated cytokine
production is linked to the development of allergic disease by the child (Prescott et
al., 2008; Tulic et al.,, 2011; Zhang et al., 2016) identifying possible metabolic
determinants of this might provide insight into why this occurs and how it might be
prevented or rectified. Therefore, links between metabolic control of innate cell
function in neonates and immediate and long-term health outcomes deserve further

investigation.

1.3.1.5 Natural Killer (NK) cells

Natural killer (NK) cells are crucial to the resolution of acute respiratory viral
infections such as those caused by influenza or respiratory syncytial virus. Mature NK
cells can be sub-divided into two main subsets, a CD56bright CD16dim subset which
produces high amounts of inflammatory cytokines and CD56dim CD16bright, which
are a highly cytotoxic subset (Vivier et al., 2008). NK cell function is regulated by the
balance of inhibitory and activating receptors expressed on the cell surface, especially
HLA-E binding members of the CD94/NKG2 family such as inhibitory NKG2A and
stimulatory NKG2C and NKG2D (Shereck et al., 2019). Neonatal NK cells have been
shown to consistently have reduced degranulation and cytotoxicity as well as
reduced IFNy production (Luevano et al., 2012; Strauss-Albee et al., 2017). This seems
to be despite high degrees of similarity in phenotypic markers in comparison to
adults, though upregulated expression of inhibitory NKG2A on cord blood CD56dim
NK cells has been suggested to contribute to these reduced responses although this
might be counterbalanced by upregulated NKG2D (Sundstrom et al., 2007; Shereck
etal., 2019).
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Emerging data about the role of metabolism in NK cell function identifies key
pathways that are influenced by metabolic phenotype. Murine NK cells rely on
OXPHOS for homeostatic function and acute responses such as cytokine production,
following short-term activation (Keppel et al., 2015). In human NK cells, early cytokine
responses can occur independent of glucose (Velasquez et al., 2020). Long-term
activation of NK cells upregulates both OXPHOS and glycolysis to meet the metabolic
demands of effector function (Keating et al., 2016), supported by increased
expression of nutrient transporters such as GLUT1, CD98 and CD71 following
stimulation (Keating et al., 2016; Jensen et al., 2017). Inhibition of OXPHOS limits NK
cell IFN-y production and degranulation, whereas glycolytic inhibition impairs
cytotoxic functions such as target cell killing and degranulation (Keating et al., 2016;
Wang et al., 2020). Regulatory factor mTORCL1 is required for successful NK cell
function — inhibition of its activity in murine NK cells prevents the upregulation of
glycolysis needed for granzyme B and IFNy production (Donnelly et al., 2014).
mTORC1 activity is also needed for NKG2D-mediated IFNy production in human NK
cell subsets (Jensen et al., 2017). Given the importance of metabolic reprogramming
for the function of NK cells as summarised here, metabolic differences may be a key

determinant of altered function of neonatal NK cells.

Given the possibility that metabolism might underpin changes in neonatal NK cell
function, this leads to the question of what local environmental factors might regulate
NK cell metabolism in early life. Various factors abundant in the neonatal circulation
like adenosine and S100A8/A9, as discussed above, might contribute to this along
with TGF-B which is a candidate for regulating NK cell metabolism. TGFf is abundant
in utero and during early life (Power et al., 2002; Singh et al., 2013; Frost et al., 2014)
and is known to affect NK cell function including inhibition of cytotoxicity (Trotta et
al., 2008; Wilson et al., 2011) and of CD16-induced IFNy production through SMAD3
repression of transcription (Trotta et al., 2008). These inhibitory effects of TGF-3 have
been attributed to its role in inhibiting cellular metabolism. In short term activation
assays, IL-15-stimulated mouse and human NK cells treated with TGF had reduced
mTOR signalling (primarily mTORC1), impaired cellular metabolism and reduced

cytokine production (Viel et al., 2016). While this also might be mTORC1 independent
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(Zaiatz-Bittencourt et al., 2018) it seems that TGFf inhibits metabolic pathways, such
as glycolysis and OXPHOS, in human NK cells. As efforts are made to understand
neonatal NK cell metabolism, parallel efforts should consider the role of TGFf3 and

similar immunomodulatory cytokines.

1.3.1.6 Dendritic cells

Dendritic cells (DCs) have a critical role in educating and priming the adaptive immune
response through integrating signals from the local microenvironment to modulate
MHC, co-stimulatory molecules and cytokine expression, thereby orchestrating T cell
activation and effector function. The two major groups of DCs in humans are classical
(cDCs) and plasmacytoid (pDCs). These are typically found in a ratio of around 3:1 in
adult peripheral blood but occur at a ratio of 1:3 (cDCs to pDCs) in umbilical cord
blood (Borras et al., 2001). Neonatal monocyte derived DCs have been described to
favour the Th2 biased cytokine effector function of neonates (Langrish et al., 2002).
This might reflect that, despite similar expression of TLRs to adult DCs, neonatal DCs
have altered cytokine responses after TLR stimulation. Reduced secretion of the Thl
inducing cytokine IL-12p70, along with decreased IFNy secretion (Langrish et al.,
2002) might underpin this. T cell activation by neonatal dendritic cells is further
limited by high expression of IL-27, in response to antigens such as those present in

the BCG vaccine (Bradford et al., 2023).

Upon stimulation with LPS, neonatal DCs also have attenuated expression of HLA-DR
CD86, CD80 and CD40 that might contribute to their reduced capacity to activate
naive cord blood T cells (De Wit et al., 2003). Similarly, in murine neonatal models,
DCs have been shown to efficiently migrate and be capable of antigen presentation
but fail to upregulate co-stimulatory molecules in response to IFNy (Lau-Kilby et al.,
2020). Indeed, early colonisation of tissues by regulatory dendritic cells might also
contribute to a tolerising environment whereby dendritic cells inhibit IFN-

y production and CD8+ T cell expansion (Silva-Sanchez et al., 2023).

In human adults, metabolic rewiring supports DC activation. During differentiation

from monocytes and from bone marrow progenitor cells, DCs use OXPHOS as the
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primary means of energy production (Wculek et al., 2019). On activation, DCs switch
to a glycolytic metabolism and inhibition of glycolysis decreases surface expression of
IL-12p70, MHC class | and class Il as well as costimulatory CD40 and CD86 (Everts et
al., 2014). When looking at specific subsets of DCs, pDCs use both glycolysis and
glutaminolysis fuelled OXPHOS to support activation with inhibition of these
pathways resulting in decreased expression of HLA-DR, CD80, CD86 and IFNc. (Bajwa
et al., 2016; Basit et al., 2018). However, cDCs rely more exclusively on glycolysis
which is crucial for CD40 and IL-12 expression. In contrast to pDCs TLR stimulation
reduces OXPHOS in cDCs (Basit et al., 2018). Given the known down regulation of co-
stimulatory molecules and reduced cytokine production in neonatal DCs and the
established links between these features and metabolism, it seems reasonable to
conclude altered metabolism in neonatal DCs has a significant role to play.
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Figure 1.8 Neonatal immune function and metabolism in selected innate cells.

In general, neonatal innate cells show reduced functional capacity compared to
adults. NET function in neutrophils is absent in the first days of life whilst monocytes/
macrophages and dendritic cells produce less inflammatory cytokines and express
fewer HLA-DR and co-stimulatory molecules required for T cell activation. The function
of these cells is dependent on the glycolytic pathway which is already known to be

diminished in neonatal monocytes and macrophages; naturally, raising the question
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of whether glycolysis plays a similar role in limiting the function of other neonatal

innate cells. Figure made using Biorender.com.

1.3.1.7 Myeloid derived suppressor cells (MDSC)

MDSC are a heterogeneous population of early myeloid derived progenitor cells
which share an immature state and the ability to suppress T cell activation. While
dichotomised into monocytic MDSC (M-MDSC) and granulocytic MDSC (G-MDSC)
subsets, in humans these phenotypes are poorly established. However, general
consensus defines these subsets as CD11b+ CD14+ HLA-DR-/low CD15- and CD11b+
CD14-CD15+, respectively (Sica and Strauss, 2017). In adults, MDSC are typically
associated with the proinflammatory environment of tumours and other chronic
inflammatory conditions. As such, MDSC have been studied primarily for their
immune suppressive role in the tumour microenvironment where they potently

suppress T cell expansion and effector functions.

Recently in humans, the suppressive capacity of M-MDSC has been linked to specific
metabolic adaptations. Compared to monocytes, the dicarbonyl metabolite
methylglyoxal is 30-fold higher in M-MDSC inhibiting glycolysis in these cells
(Baumann et al., 2020). M-MDSC also transfer cytoplasmic methylglyoxal to T cells in
a contact dependent manner and inhibit T cell metabolic reprogramming to suppress
their expansion and effector functions (Baumann et al., 2020). Methylglyoxal also
selectively depletes L-arginine and L-glutamine (Baumann et al., 2020), which are
both amino acids required for T cell function and might explain reports of depletion
of L-arginine by MDSC (Rodriguez and Ochoa, 2008). Other studies have
demonstrated that fatty acid uptake and FAO mediated by STAT3, STATS and lipid
uptake by CD36 is required for generation of highly suppressive MDSC in the tumour

microenvironment (Hossain et al., 2015; Al-Khami et al., 2017).

Compared to healthy adults, G-MDSC are transiently increased at birth with cord
blood levels equivalent to those of cancer patients (Gervassi et al., 2014). G-MDSC
frequency in neonates positively correlates with birth weight (Liu et al., 2019b). MDSC
from healthy weight neonates have greater suppressive capacity than those from very
low weight neonates, potentially indicating a link between nutrient availability and
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MDSC function. Interestingly, breast milk lactoferrin is key to generating M-MDSC and
G-MDSC able to suppress neonatal T cells, however, the same effect is not observed
in adult MDSC (Gervassi et al., 2014; He et al.,, 2018). Additionally, lactoferrin
treatment induced potent bacterial killing function in neonatal MDSC (Gervassi et al.,
2014) demonstrating potential roles beyond immune suppression. In mouse models
of neonatal necrotising enterocolitis lactoferrin treated MDSC are currently being
investigated as a potential therapeutic due to their ability to suppress T cell activation

and inflammation (Gervassi et al., 2014; Liu et al., 2019b).

1.3.2 Adaptive immune responses

The adaptive immune system of neonates is commonly described as immature. While
memory T cells populations can be identified within the fetus, possibly arising from
the fetal intestine (Zhang et al., 2014; Li et al., 2019b), nearly all neonatal T and B
lymphocytes display markers of antigen inexperienced naive cells (Basha et al., 2014;
Zhang et al., 2014; Li et al., 2019b). Recent studies have also revealed the failure of
human and mouse neonatal lymphocytes to differentiate into long lived memory cells
and their reduced secondary responses upon antigen re-exposure (Cossarizza et al.,

1996; Morbach et al., 2010; Tabilas et al., 2019).

1.3.2.1 BCells

Neonatal B lymphocytes are almost exclusively antigen inexperienced naive B cells.
Neonates have reduced class switched antibody production, with almost no IgG or
IgA antibody production on activation compared to adults which has been suggested
to contribute to greater susceptibility to infection of neonates (Glaesener et al.,
2018). Depending on the method of activation used, neonatal B cells exhibit either
enhanced or reduced proliferation, leading researchers to conclude that whilst
reduction in B cell proliferation may be observed in some settings; neonatal B cells do
not have a general defect in proliferation. However, survival of neonatal B cells, across

various subsets, is decreased across a range of activation methods using CpG-
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oligodeoxynucleotides in combination with cytokines, such as IL-4, or with anti-CD40
antibodies (Glaesener et al., 2018). While much less is known about the
immunometabolic features of B cells compared to other immune cells, we do know
that unlike most other immune cells the upregulation of glycolysis does not appear
to be crucial for their activation, proliferation or differentiation, despite increased
import of glucose after activation (Waters et al., 2018). Rather, B cells appear to rely
on OXPHOS to meet the demands of activation and proliferation, likely supported by
glutaminolysis rather than glucose metabolism (Waters et al., 2018). Recent work has
even demonstrated that germinal centre B cells can sustain proliferation through fatty
acid oxidation without the need for aerobic glycolysis (Weisel et al., 2020). However,
lactate dehydrogenase-A driven aerobic glycolysis is still a requirement for generation
of germinal centre B cells from their naive origins, demonstrating unique metabolic
requirements for transition between these two cells states (Sharma et al., 2023).
Additionally, glucose does seem to be required for class switch recombination which
is known to be impaired in neonates (Glaesener et al., 2018; Waters et al., 2018).
When assessing B cell subsets for enzymes related to glycolytic and oxidative
metabolic pathways, naive B cells were found to have the lowest expression across all
enzymes examined. Memory subsets had higher expression of metabolic enzymes
whilst plasma cells had the highest expression of all enzymes (Glass et al., 2020). A
recently identified subset of B cells, now termed regulatory B cells (Bregs),
characterised as CD25" CD38" perform important regulatory functions, promoting
tolerance during pregnancy (Lima et al., 2016). Bregs suppress the immune system
through direct cell to cell signalling via CD80/CD86, IL-10 and adenosine generation
by the purine ecto-enzyme CD73. Bregs preferentially down-regulate IFNy production
along with the differentiation of Th1 and Th17 cells but not regulatory T cells (Tregs)
(Blair et al., 2010; Flores-Borja et al., 2013). Increased frequency of Bregs in cord
blood of neonates has been suggested to play a role in the altered immune response
of neonates, with their suppressive role postulated to be primarily through
production of IL-10 and costimulatory CD80/CD86 signalling to T cells (Sarvaria et al.,
2016; Esteve-Sole et al., 2017). Alternatively, immune suppression can be achieved
through the activity of CD73 which generates immune suppressive adenosine from

ATP, in conjunction with CD39 (de Leve et al., 2019). However, adenosine production
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is unlikely to be a mechanism used by neonatal Bregs for immune suppression as

CD73 is markedly and selectively downregulated (Pettengill and Levy, 2016).

1.3.2.2 Tcells

T cells are highly diverse and perform a multitude of specialised functions
contributing to and orchestrating the immune response. Here the focus will be
primarily on CD4+ (T helper), CD8+ (cytotoxic T cells) and CD4+FoxP3+ regulatory T

cells.

1.3.2.3 CD4+ T helper cells

While the neonate is not devoid of memory CD4+ T cells, as already noted, neonatal
CD4+ T cells are predominantly naive (CD45RA+ CCR7+) and overwhelmingly display
characteristics of recent thymic emigrants (RTEs) (Hassan and Reen, 2001). Neonatal
CD4+ T cells that do not receive signals from IL-7 or other common y chain cytokines
are more susceptible to apoptosis leading to a high cell turnover rate (Hassan and
Reen, 2001; Thornton et al., 2004). IL-7 promotes the survival and maturation of CD4+
RTEs without inducing differentiation (Soares et al., 1998) and this is supported by
higher telomerase expression in neonates, which prevents shortening of the
telomeres in this early stage of development (Schonland et al., 2003). This high IL-7
induced proliferative capacity is suggested to help maintain diversity in the T cell
repertoire (Hassan and Reen, 1998) and, at least in mice, IL-7-induced neonatal T cell
proliferation is linked to higher STAT5 activation, a signalling pathway shared with
humans (Opiela et al., 2009). The metabolic requirements to support rapid T cell
proliferation in neonates is unknown however, in adults, aerobic glycolysis and
OXPHOS drive proliferation and differentiation of CD4+ T cells (Macintyre et al., 2014).
Jones et al (2019) have previously shown a requirement for STATS signalling in very
early adult naive T cell activation. Inhibiting STATS in naive but not effector or central
memory CD4+ T cells resulted in reduced glutamine-dependent anaplerosis and loss
of IL-2 production (Jones et al., 2019), highlighting the critical role of metabolic
reprogramming and the use of glutamine in the very earliest stages of T cell activation
in the periphery.
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As mentioned earlier, CD4+ T cell cytokine responses are considered to be Th2 skewed
in neonates in part due to altered functions of innate immune cells such as DCs.
Additional to antigen presenting cells influencing neonate T cell phenotype through
diminished IL-12-p70 (as discussed previously), monocyte derived pro-inflammatory
cytokines have been shown to suppress IL-2 production inducing non-classical Th2
cells (Zhang et al., 2016). However, characteristic interleukin production of naive
CD4+ T cells also has been linked to epigenetic modification. Hypermethylation at CpG
and non-CpG sites occurs within and adjacent to the IFNy promoter region in neonatal
naive CD4+ T cells and is accompanied by markedly reduced IFNy production by
neonates upon T cell activation (White et al., 2002). Although reduced IFNy
production is often reported in neonatal aff T cells it is however worth noting that
neonatal v T cells do not exhibit the same defect (Gibbons et al., 2009). Upon
activation substantial metabolic rewiring is required for differentiation into effector
cells capable of secreting lineage specific cytokines. Specifically, polyamine
metabolism is an essential requirement for increased translation of enzymes required
for the Krebs cycle. Loss of function in this pathway limits oxidative metabolism and
prevents the chromatin remodelling needed for T helper lineage commitment
(Puleston et al., 2021). This seminal study revealed a direct link between T helper
lineage commitment and metabolism potentially revealing a mechanisms by which

neonatal T cells might exhibit skewed helper functions.

In mice, neonates are poised for a Th2 type response. They exhibit pre-existing CpG
hypomethylation at the CNS-1 locus when resting and CpG methylation at the CNS-1
locus remains lower than in adult mice after 5 days, under Th2 polarising conditions
(Rose et al., 2007). In human neonates, the Th2 locus is extensively remodelled, with
hypomethylation and permissive histone modifications selectively in Th2 cells
cultured under Th2 polarising conditions (Webster et al., 2007). A novel subset of
neonatal naive CD31+ CD4+ T cells storing an unglycosylated isoform of IL-4, not
present in adults, has also been described however any unique function of these cells
has not yet been identified (Hebel et al., 2014). The relative balance of cytokines has
implications in early life programming of later immune function and allergic disease

risk in particular (Campbell et al., 2015). Greater expression of I1L-13 at birth, along
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with other epigenetic variations in metabolic genes such as RPTOR, PIK3D and
MAPK1, have been linked with subsequent susceptibility to atopic disease in
childhood (Webster et al., 2007; Martino et al., 2018). Reduced IFNy at this time is a
long-recognised hallmark of allergic disease risk (Tang et al., 1994). Therefore, there
is much value in elucidating the immunometabolic regulation of T cell effector
cytokine production at this stage of development to provide mechanistic insight and

therapeutic targets for mitigating non-communicable disease risk.

T cell effector function has been linked closely with metabolism in various studies
(Geltink et al., 2018) and may have a role to play in skewed T cell responses of
neonates. Glycolysis is a specific requirement for IFNy production in humans and in
mice through post transcriptional regulation by the glycolysis enzyme GAPDH (Chang
et al., 2013; Gubser et al., 2013; Jones et al., 2017). In vitro and in vivo blockade of
glycolysis is also known to reduce expression of Th2 cytokines, IL-4 and IL-13 whether
GAPDH has a role to play here too is still unknown (Tibbitt et al., 2019). Additionally,
inhibition of PDH also blocked Th2 cytokine production by inhibiting post translational
protein prenylation (Yagi et al., 2020). Furthermore, TGFf3 signalling significantly
inhibits mitochondrial complex V resulting in decreased ATP production and impaired
IFNy production in human CD4+ T cells (Dimeloe et al., 2019). Some work has begun
to explore how altered mitochondrial respiration in neonates might contribute to
altered T cell activity. So far, mitochondrial mass of neonatal CD4+ T cells has been
shown to be lower than adults and accompanied by reduced levels of ATP (Meszaros
et al., 2015; Aquilano et al., 2016). However, on activation of T cells from preterm
infants higher calcium flux into the mitochondria than adults is observed along with
increased ERK phosphorylation suggesting enhanced signalling for metabolic
reprogramming (Palin et al., 2013). Calcium signalling itself is regulated by the
glycolytic switch on TCR stimulation by PEP mediated inhibition of sarcoendoplasmic
reticulum calcium ATPase (SERCA) leading to calcium accumulation in the cytoplasm
and resultant NFAT signalling (Ho et al., 2015). However, despite greater calcium flux
from the ER on activation nuclear translocation of NFAT still failed resulting in
diminished IL-2 production (Schmiedeberg et al., 2016). Finally, nutritional regulation

of T cell development has been shown in mice where oligosaccharide diets were
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found to have a role in regulating neonatal Th1 type responses in respiratory syncytial
virus infection models (Schijf et al., 2012). Such approaches might offer therapeutic
strategies should immunometabolic signatures be found associated with disease

outcomes.

Unknown metabolic
phenotype

Impaired memory
formation

cD8+ —_—

T Glyolysis
{ Rapid proliferation
I Cytotoxic function

Figure 1.9 CD4+ and CD8+ T cell function and metabolism in neonates.

Neonatal T cells show are distinctly different from their adult counterparts. The
circulating T cell compartment is comprised predominantly of naive antigen
inexperienced cells. On antigen encounter CD4+ (T-helper) responses are often
described as diminished and Th2 skewed. Little is known about the metabolic
characteristics of CD4+ cells in neonates but CD8+ T cells are more glycolytic which

fuels rapid division but not cytolytic function. Figure made using Biorender.com.

1.3.2.4 CD8+ cytotoxic T cells

A number of features of neonatal CD8+ T cells have been associated with increased
susceptibility of neonates to infection. CD8+ T cell responses in neonates are
described as innate-like, with reduced cytotoxic capability and increased expression
of anti-microbial protein transcripts (Galindo-Albarran et al., 2016). Exploration of the

epigenomic landscape has revealed changes associated with lower TCR signalling and
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cytotoxicity but higher expression of genes involved in cell cycle (Galindo-Albarran et
al., 2016). In line with these findings, it is widely reported that neonatal CD8+ T cells
are highly proliferative through homeostatic proliferation (Le Campion et al., 2002;
Schonland et al., 2003; Schuler et al., 2004). This highly proliferative programme
extends into activation (Smith et al., 2014b). Neonatal CD8+ T cells divide more than
their adult counterparts over the first three days of activation with the cells entering
division sooner after initial activation and each division then happening faster in
neonates. Differentiation, measured by CD62L and Ly6C expression, also occurs faster
in neonates yet they become terminally differentiated, shown by CD127
downregulation and KLRG1 upregulation, and fail to differentiate into long lived
memory cells producing weak CD8+ T cell expansion on secondary challenge (Smith
etal., 2014b; Reynaldi et al., 2016). Rapid proliferation and differentiation in neonates
is suggested to impair the development of memory CD8+ T cells (Smith et al., 2014b).
Studies in mice suggests a role for the inhibitor of let-7 microRNA, lin28b, in

maintaining a naive-like phenotype by CD8+ T cells (Wang et al., 2016).

Carbon for de novo nucleotide synthesis is largely provided through metabolism of
glucose to serine (Ma et al., 2019). Hence, murine neonatal CD8+ T cells preferentially
rely on glycolysis to support their highly proliferative phenotype (Tabilas et al., 2019).
Indeed, neonatal mice exhibit higher glycolytic metabolism than adults, a response
attributable to functional programming by lin28b. High glycolytic metabolism was
also linked directly to the inability of neonates to form memory populations with
pharmacological inhibition of glycolysis with 2DG able to restore formation of
memory cells (Tabilas et al., 2019). In comparison to mice, our understanding of
human neonatal CD8+ T cell metabolism is not as well developed and what little
evidence there is contradictory. For example, human umbilical cord blood CD8+ T cells
have a propensity to differentiate into non classical T cytotoxic (Tc)2 cells when
activated and this was associated with a decrease in glycolysis and an increase in fatty
acid metabolism of Tc2 cells (Zhang et al., 2018). Much more work is needed to
properly understand the role metabolism has to play in the fate of human neonatal

CD8+ T cells.

56



1.3.2.5 Regulatory T cells

Regulatory T cells (Tregs) are crucial in preventing immune dysregulation and
promoting peripheral tolerance and the subset defined by expression of the
transcription factor forkhead box (FOX)P3 will be the focus here. It is also first worth
mentioning that CD4+FOXP3+ non Tregs exist in humans which are suppressed but do
not possess suppressor function (Miyara et al., 2009; Sada et al., 2016). Tregs have
emerged as critical to the success of pregnancy playing a vital role in maternal
tolerance of the fetus and immunoregulation more generally at the fetal-maternal
interface (Jorgensen et al., 2019). Furthermore, maternal factors such as allergy have
been suggested to reduce Treg suppressive function in the offspring (Cerny et al.,
2018). IL-2R-STATS and TGFB-SMAD signalling promote Treg differentiation through
recruitment to CNS2 and CNS1 of the FOXP3 locus, respectively (Xu et al., 2010; Feng
et al., 2014). Tregs have high mitochondrial mass, relying on OXPHOS via
mitochondrial oxidation of pyruvate and lipids upon activation, unlike conventional T
cells that primarily rely on aerobic glycolysis (Michalek et al., 2011; Beier et al., 2015).
While proliferation of Tregs is fuelled primarily through OXPHQOS, glycolysis appears
to be crucial to the suppressor function of and migration of Tregs (Kishore et al.,
2017). Enolase-1, a glycolytic enzyme, functions as a regulator of conserved non-
coding sequence (CNS)2, preventing the transcription of a FOXP3 splice isoform
containing exon-2 (FOXP3-E2) (De Rosa et al., 2015). Exogenous metabolites might
also affect the stability of Tregs. Tregs have increased cell surface expression of ecto-
nucleotidases CD39 and CD73, which convert ATP into immunosuppressive adenosine
(Borsellino et al., 2007). In neonatal T cells CD39 expression is highest on activated
Tregs, demonstrating the importance of their immunomodulatory function; the
frequency of this population of Tregs correlates inversely with clinical severity of
sepsis in neonates (Timperi et al., 2016). Intriguingly, neonatal CD4+FOXP3- T cells
display a natural propensity to differentiate into Tregs (Thornton et al., 2004) likely
reflecting suboptimal stimulation via TCR (Wang et al.,, 2010). Given the role
metabolism has in determining T cell fate, an intrinsic metabolic programme in naive
neonatal CD4+ cells linked to early post-TCR activation events might favour the
preferential generation of Tregs contributing to the development of immune

tolerance at this time.
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1.4 Thesis outline

As explored above, there is a growing understanding of immune cell metabolism and
how it relates to phenotype and function. Key metabolic pathways have been
identified in support of many of the functions of immune cells such as the
dependence of NETosis on glycolysis or the requirement of glutaminolysis for T cell
exit of quiescence (Awasthi et al., 2019; Jones et al., 2019). Furthermore, many of the
functions of neonatal immune cells differ significantly from adults, with these
functions often being diminished or entirely absent. Given the evident role of
metabolism in many of these functions it seems highly plausible that difference
between adults and neonates in many of these functions might be underpinned by
differences in metabolic pathways. However, immunometabolism of neonatal cells is
poorly understood. It is also worth considering that metabolic demands by the body
in early life are drastically different from those of adults, as they must support a high
growth rate and constant tissue remodelling. Thus, the metabolic function of
neonatal immune cells might be adapted to compensate for these high energy
demands. Indeed, differing metabolic profiles might even be necessary to support
immune cell function geared toward growth and tissue remodelling. Improving our
understanding of neonatal immune function and neonatal immunometabolism could
provide valuable insights into potential therapies to reduce neonatal mortality as a
result of disease and potentially elucidate new mechanisms for controlling adult

immune function in health and disease.

This thesis will explore the T cell compartment of neonates in which naive CD4+ T
cells are highly abundant, in comparison to adults, and for the first time characterise
the metabolic reprogramming of neonatal naive CD4+ T cells on immediate, early and
late stages of activation. The role of metabolite availability in defining CD4+ T cell
phenotype and how this might influence T-helper function will also be explored,
challenging the commonly held belief that neonatal T cells are poor IFNy producers.
Finally, this thesis will discuss differences in adult and neonatal neutrophil phenotype

and function, which are thought to play a role an important role in early neonatal
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health and disease, highlighting metabolism as key factor underlying impaired

neutrophil function in neonates.
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Chapter Two

2 Experimental procedures
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2.1 Adult human blood collection

Human venous blood samples were collected between from healthy non-fasted
volunteers, into heparinated Vacuettes™ (Greiner Bio-one, Frickenhausen, Germany)
and immediately processed ex vivo. All samples were collected with informed written
consent; ethical approval was obtained from Wales Research Ethics Committee 6
(13/WA/0190). Inclusion criteria were defined as healthy individuals aged 18-75 years
of age who proved informed written consent. Exclusion criteria were defined as any
blood borne infection; current cancer; pregnant breast feeding; diagnosed anaemia;
evidence or history of clinically relevant disease such as any autoimmune diseases or

type Il diabetes.

2.2 Cord Blood collection

Blood samples from the umbilical cord, of healthy women delivering by elective
Caesarean section, were collected into heparinated Vacuettes™ and immediately
processed ex vivo. All samples were collected with informed written consent and
ethical approval was obtained from Wales Research Ethics Committee 6
(11/WA/0140). Inclusion criteria were defined as healthy term women over the age
of 18 who provided informed written consent. Exclusion criteria were defined as any
blood borne infection; current cancer; diagnosed anaemia; evidence or history of

clinically relevant disease such as any autoimmune diseases or type Il diabetes.

2.3 Celllsolation
Cell populations were isolated from peripheral adult whole blood and umbilical cord

whole blood analysis using density gradient and magnetic associated cell sorting.

2.3.1 Mononuclear cell isolation

Mononuclear cells (MNC)s were isolated by diluting whole blood 1:4 with phosphate

buffered saline (PBS; ThermoFisher, Massachusetts). 25-35 mL diluted whole blood

was layered onto 15 mL sterile Lymphoprep™ (STEMCELL Technologies, Cambridge,
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UK), before centrifugation at 400 x g for 40 min at room temperature. Separation by
density centrifugation results in four distinct layers; plasma/PBS, MNC layer,
Lymphoprep™ and red blood cells/ polymorphonuclear cells. Plasma/PBS was
removed with a sterile plastic Pasteur pipette prior to carefully removing the MNC
layer with a Pasteur pipette. Haemolysed samples, determined red colouration of the
plasma fraction, were discarded. MNCs were washed twice with RPMI 1640
GlutaMAX™ (ThermoFisher Scientific, Massachusetts, USA) by centrifugation at 515 x
g at room temperature. The resulting MNC pellet was resuspended in media
appropriate for the downstream assay and cell density and viability determined using
the Countess® automated cell counter (Life Technologies). Cell viability typically
exceeded 95% but accurate counts from umbilical cord blood samples was hindered

by the high abundance of red blood cells post density centrifugation.

2.3.2  Glycophorin depletion

Erythrocytes were depleted from isolated MNCs by positive selection using magnetic
activated cells sorting (MACS). Erythrocytes are labelled with microbeads against
glycophorin (CD235a). Counted MNCs were centrifuged at 300 x g for 10 min at room
temperature. MNCS were resuspended in 80 pL MACS buffer (2% (V/V) fetal calf
serum in PBS) per 107 cells and 10 pL, for adults, or 30 pL for neonates, per 107 cells
of glycophorin microbeads (Miltenyi) were added. The cell microbead mixture was
incubated for 15 min at 4°C then washed in MACS buffer by centrifugation at 300 x g
for 10 min at 4°C. Washed cells were completely aspirated and resuspended in 500
pL MACS buffer, before loading onto the autoMACS® Pro separator (Miltenyi) and
running a depletes separation whereby, the cell mixture is passed through two
magenteic MACS® Columns which trap labelled cells whilst the negative (unlabelled)
fraction is eluted (Miltenyi Biotech, 2024). Density and viability were again
determined as in 2.4 with viability typically exceeding 95% for both adults and
umbilical cords. Cell count for adults was usually in the range of 0.6 — 0.8 million cells
per mL of starting whole blood volume. MNC count from umbilical cord blood varied
substantially, depending on the quality of the sample but was typically between 2

million per mL of starting material.
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2.3.3 Naive CD4+ T cell isolation

CD4+ T cells were isolated via a negative selection MACS method. All other cell types
are labelled with a cocktail of microbeads against CD8, CD14, CD15, CD16, CD19,
CD25, CD34, CD36, CD45R0O, CD56, CD123, TCRy/6, HLA-DR, and CD235a. Counted
glycophorin-depleted MNCs were centrifuged at 300 x g for 10 min at room
temperature. MNCs were resuspended in 40 pL of MACS buffer per 107 cells and 10
uL of CD4+ T cell biotin-antibody cocktail (Miltenyi) per 107 cells and incubated at 4°C
for 5 min. Following the first incubation, 30 pL of MACS buffer per 107 cells and 20 pL
of CD4+ T cell microbead cocktail (Miltenyi) per 107 and incubated at 4°C for 10 min,
before loading cells onto the autoMACS® Pro separator and running a depletes
separation. The unlabelled eluted fraction was centrifuged at 300 x g for 10 min at
room temperature, before discarding the supernatant and resuspending in 1 mL PBS
or growth medium for cell counting and counted as described in 2.4). Viability
exceeded 95% and typical count for adults was around 90,000 naive CD4+ T cells per
mL of whole blood whilst the number was considerably higher from umbilical cord
blood which was typically around 300,000 per mL of starting material although, this

varied depending on the quality of the starting material.

2.3.4 Neutrophil isolation

Neutrophils were isolated using the MACSxpress” Whole blood Neutrophil Isolation
kit (Miltenyi) via untouched negative selection. Firstly, lyophilized magnetic beads
conjugated to monoclonal antibodies were reconstituted in 2 mL of buffer A.
Reconstituted beads were either used immediately or kept for up to one week at 4°C.
For labelling 4 mL of whole blood, 1 mL of reconstituted beads was mixed with an
equal volume of buffer B before incubating at room temperature for 5 min with gentle
mixing. The whole blood — magnetic bead mixture was then placed in the magnetic
field of MACSxpress® Separator (Miltenyi) for 15 min. Unlabelled cells were recovered

by carefully pipetting the supernatant into a new 15 mL falcon tube.
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2.3.5 Erythrocyte depletion

After neutrophil isolation any remaining erythrocytes were removed by positive
selection using MACSxpress® Erythrocyte Depletion Kit. Following collection of
supernatant from neutrophil isolation, 20 pL of magnetic beads were added per 1 mL
of supernatant and incubated for 5 min at room temperature with gentle mixing. The
falcon was then placed in the magnetic field of the MACSxpress® Separator for 10 min
before carefully pipetting of the supernatant into a new 15 mL falcon. The cell
suspension was centrifuged at 300 x g for 10 min at room temperature and
resuspended in 1 mL RPMI 1640 GlutaMAX™, or appropriate assay media, and cell
counting was performed (2.4). Viability exceeded 95% and typical retrieval was 1 -2

million neutrophils per mL of whole blood for both adult and umbilical cord samples.

2.4 Counting Cells

Determination of cell count and viability were conducted using the Countess™
automated cell counter (Life Technologies). 10 uL of isolated cells were diluted
appropriately and mixed with 10 pL of trypan blue (0.4%; Life Technologies). Cell
suspension/ trypan blue mixture as applied to a Countess™ cell counting slide (Life
Technologies); the image was focused, and density determined via equivalent
counting of four 1 mm x 1mm squares on a standard haemocytometer. Exclusion of
trypan blue was used for determining total live cell count. Downstream

experimentation used live cell count multiplied by dilution factor used.

2.5 Bioenergetic analysis

To examine various metabolic parameters of isolated leukocyte populations Seahorse
XFe24, XFe96, and XF HS mini analysers (Seahorse Bioscience) was used to measure
extracellular flux. The ATP producing metabolic pathways, oxidative phosphorylation
(OXPHOS) and glycolysis directly relate to two defined and measurable parameters,
oxygen consumption rate (OCR; pmol/min) and extracellular acidification rate (ECAR;
mpH/min) respectively. ECAR and OCR measurement was performed using an

adherent cell monolayer with a transient microchamber. Using a series of metabolic
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enhancer and inhibitor injections over time accompanied by measurements of
dissolved oxygen and pH change enabled calculation of metabolic parameters. 24 h
prior to the assay, the sensor cartridge was hydrated by the addition of XF calibrant
solution to each well and incubated in a 37 °C non-CO; oven. 15 min before cells were
ready for use in an assay, the calibration plate was loaded into the Seahorse analyser
and calibration measurements made. The calibration plate contains both oxygen and
pH sensors, linked to a fibre optic waveguide. Excitation signals are read as a
fluorescent signal which is transmitted to a photodetector, enabling dual

measurement of OCR and ECAR.

2.5.1 Adhesion to the Bioflux culture plate and initialisation of bioenergetic assays

The polyphenolic protein secreted by Mytilus edulis, Cell-Tak (Corning,
Massachusettes, USA) diluted in 0.1 M sodium bicarbonate (NaHCOs; Life
technologies) was used at 22.4 uM per well, to attach isolated leukocytes to the
bioflux plate (Seahorse, Bioscience, Copenhagen, Denmark). Cell-Tak was left to
adsorb to the plate for 20 min where upon each well was washed twice with 200 pL
of cell sterile, endotoxin free, water. All liquid was then removed from the plate and
the plate left to dry completely. Each prepared plate was used immediately or stored
for up to two weeks before use. Alternatively, a poly-D-lysine pre-coated 8 well plate

was used (Agilent).

On the day of the assay, the cell culture plate was pre-warmed in a non-CO; incubator
at 37°C. Assay media was prepared by supplementing either XF assay minimal media
DMEM or XF assay media RPMI to a concentration of 5.5 mM glucose (Agilent), 1 mM
pyruvate (Agilent) and 2 mM glutamine (Sigma), unless otherwise specified in each
chapter. Assay media was then warmed to 37°C in water bath and brought to a pH of
7.4 by titrating with 1 M sodium hydroxide (NaOH; Sigma), before filtering (Millex® 33
mm sterile filter unit with Millipore Express® PES membrane with 0.22 mM pore,
Ireland) and returning to the water bath. Isolated cells were resuspended in warm
assay media counted (as in chapter 2.4) and seeded onto the warmed cell culture
plate, leaving some wells to be filled with only assay media, as specified in each

chapter. The plate was centrifuged at 200 x g for 1 min at room temperature with no
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brake, to encourage the cells to adhere to the plate in a monolayer. Adhesion was
visually inspected by light microscopy. Additional assay media was added to each well
and the plate was transferred to a non-CO; incubator at 37°C for 45 min. At this time
assay injections were added to the injection ports in the sensor cartridge, as specified

in each chapter.

15 min prior to loading the cell culture plate, the calibration plate was loaded into the
machine and calibration/ quality control measurements were performed. On passing
calibration and quality control, the cell culture plate was loaded into the machine and

cells were acclimatised for 15 min.

2.5.2 Oxidative phosphorylation

Metabolic parameters of the mitochondria were determined using a mitochondrial
stress test. Firstly, oligomycin (Sigma) was added, at 1 uM, to block ATP synthase. This
was followed by the injection of 1 uM carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP; Sigma) an uncoupler of mitochondrial
oxidative phosphorylation, enabling the maximum rate of respiration to be
determined. Finally, 1 uM rotenone (Sigma), a complex I inhibitor, and 1 M antimycin
A (Sigmal), a complex Ill inhibitor were added to completely inhibit the electron
transport chain. Mitochondrial parameters, basal respiration, ATP production,
maximal respiration, spare respiratory capacity, proton leak and non-mitochondrial

respiration were calculated according to Table 1.

Table 1 Calculations for mitochondrial stress assay

Table shows the mitochondrial parameters assessed by the mitochondrial stress assay

and the formulas used to calculate each parameter.

Parameters Equation
Basal respiration [OCRinitiailmean - [OCRrotenone/as]median
ATP linked respiration [OCRinitiallmean - [OCRoligo]median
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Maximal respiration [OCRrccp]max - [OCRrotenone/anlmedian

Non-mitochondrial respiration [OCRrotenone/an]medain
Proton Leak [OCRolig)]mean - [OCRotenone/as]median
Spare respiratory capacity [OCRfccp]max - [OCRinitall mean

2.6 Flow cytometry

Flow cytometry was used to phenotype isolated MNCs and lymphocytes; determine
purity of isolated lymphocytes; measure expression of surface and intracellular
proteins and for functional assays. Experiments used either the Novocyte3000 or
CytekAroura. Quality controsl were performed on both machines every day before
use to ensure proper functional performance within expected parameters using

NovoCyte QC particles (Agilent) and SpectroFlo® QC Beads (Cytek) respectively.

Both cytometers use a three lasers system, consisting of an ultraviolet (405 nm), blue
(488 nm) and red (633 nm) laser, to excite antibody bound fluorophores, fluorescent
dyes and other fluorescent molecules. In the Novocyte3000 the emission spectra are
passed through dichromic mirrors to photo multiplier tube detectors to give a total of
eight fluorescent channels plus forward and side scatter. In contrast, the Cytek aroura
uses course wavelength multiplexing semiconductor detector arrays for a continuous

measure of the emission spectra.

2.6.1 Surface marker staining

Surface marker immunofluorescent staining was performed by aliquoting 100,000
cells to 5 mL FACS tubes. Appropriate fluorescently tagged antibodies were added
along with FACS buffer (0.2% (W/V) bovine serum albumin (BSA), 0.05% (w/v) sodium
azide (Sigma-Aldrich) in PBS) to bring the final volume of each FACS tube to 100 uL
which was then vortexed to mix the contents thoroughly. Additionally, unstained
controls without the addition of antibody were also prepared by adding 100 pL of
FACS buffer per tube. After incubating on ice for 30 min in the dark the cells were

washed by adding 2 mL of FACS buffer and centrifuging at 515 x g for 7 min at 4°C.
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Supernatant was tipped off and the tubes blotted on blue roll before being vortexed

and analysed on the Novocyte3000 or CytekAroura.

2.6.2  Cell purity monitoring

Flow cytometry was used to determine the purity of MACS isolated naive CD4+ T cells
and neutrophils. For purity monitoring of naive CD4+ T cells, isolated cells were
stained with Alexa Fluor™ 647 anti-CD4 (OKT4; Biolegend); FITC anti-CD45RO (UCHL1;
Biolegend); Brilliant Violet™ 605 anti-CD45RA (HI100; Bioleged) and anti-CCR7, as
described in chapter 2.6.1. In flow cytometry analysis, CD4+ cells were gated on and
the percentage of CD4+CCR7+CD45RA+ (naive CD4+ T cells) was determined with

purity >90% deemed satisfactory.

For neutrophil purity monitoring, isolated cells were stained with CD15-FITC (as
above). Followed by cell staining DRAQ7 staining (Chapter 2.6.3 below) and analysed
on the Novocyte3000. Debris was gated out and live cells were assessed for

expression of CD15. Purity of over 90% was deemed satisfactory.

2.6.3 Cell Death

Cell viability was determined by staining with DRAQ7™ (ThermoFisher) a membrane
impermeable dye that stains double stranded DNA of dead or permeabilised cells,
excited by a red (633 nm) laser with emission maxima at 678/697 nm. Post staining
of surface markers (as described above) cells were resuspended in 100 pL of FACS
buffer and DRAQ7™ was added at a concentration of 1 mM and the contents mixed
thoroughly by vortexing. Cells incubated in the dark at room temperature for 15 min
before washing in 2 mL of FACS buffer, centrifuging at 515 x g for 7 min at 4°C and

tipping of the supernatant.

2.6.4 Intracellular staining

Intracellular proteins can be assessed by flow cytometry by first fixing and then
permeabilising cells followed by staining with fluorescently tagged antibodies in
permeabilising conditions. Here, intracellular proteins were examined using the True-
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Nuclear™ buffer set (BioLegend®). Firstly, 1x10° cells were aliquoted to 1 mL of True-
Nuclear™ fix buffer in 5 mL FACS tubes, vortexed and incubated at room temperature
in the dark for 45 min. Next, 2 mL of True-Nuclear™ permeabilisation buffer was
added and the tubes were centrifuged at 300 x g for 5 min at room temperature. After
centrifugation, supernatant was discarded and the cells were washed in 2 mL of True-
Nuclear™ permeablisation buffer, as before. Supernatant was discarded and the cell
pellet was resuspended in 100 pL of True-Nuclear™ permeabilisation buffer before
adding the appropriate fluorochrome conjugated antibodies and incubating in the
dark at room temperature for 30 min. After staining, cells were washed once in True-
Nuclear™ permeablisation buffer and then a second time in FACS buffer. Prior to
analysis on the Novocyte3000 the cell pellet was resuspended in 100 uL of FACS buffer

and vortexed.

2.6.5 Mitochondrial mass

Mitochondrial content of cells was interrogated using the cell permanent
mitochondrial specific dye MitoTracker™ Green (ThermoFisher). To stain
mitochondria, 100,000 cells were incubated with 25 nM Mitotracker™ Green in 100
puL RPMI for 30 min in a CO: incubator at 37 °C. Cells were then washed twice by
adding FACS buffer and centrifuging at 515 x g for 7 min at 4°C and discarding the
supernatant. The cell pellet was resuspended in 100 pL of FACS buffer and emission

spectra in the FITC channel analysed on the Novocyte3000.

2.6.6 Mitochondrial superoxide stain

The mitochondrial superoxide stain MitoSox™ red (ThermoFisher) was used as an
indicator of mitochondrial activity. To stain mitochondrial superoxide, 100,000 cells in
100 pL were incubated with 1 uM of MitoSOX™ red for 15 min in a 5% CO2 incubator
at 37 °C for before being washed twice by addition of FACS buffer and centrifuging at
515 x g for 7 min at 4°C followed by discarding the supernatant. The cell pellet was
resuspended in 100 pL of FACS buffer and emission spectra in the PE channel analysed

on the Novocyte3000.
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2.7 Tcellculture

Cell culture plates were prepared in advance by coating with anti-CD3 antibodies
(OKT). Anti-CD3 was diluted in PBS to a final concentration of 2 ug/mL and 200 pL was
added to each well of a tissue culture treated 96 well flat bottom plate. Prior to
addition of cell suspension anti-CD3 coating solution was removed, and wells were
washed twice with PBS. Isolated naive CD4+ T cells (described above) were washed
into the appropriate culture medium, typically RPMI 1640 GlutaMAX™ or human
plasma-like medium, by filling the falcon tube with media and centrifuging at 300 x g
for 10 min at room temperature and counting as described above. Cells were added
to the wells of the 96 well plate with media and anti-CD28 (diluted in matching culture
media) to a final concentration of 1x10° cells per mL in a total volume of 200 pL after
addition of fetal calf serum 3 hours after initial plating. Cells were cultured in a 5%

CO; incubator at 37°C incubator.

2.8 Protein immunoblotting

Semi quantitative analysis of protein expression was achieved by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot. In this
process mixed protein samples are first separated by mass using SDS-PAGE. Proteins
are denatured by heat in the presence of SDS which coats the denatured protein with
a uniform negative charge. Negatively charged proteins can be separated in a
polyacrylamide gel with a charge applied across it. Proteins migrate down the gel
away from the negative cathode with the smallest mass proteins able to progress
through the gel matrix at a faster rate than the more massive proteins thus separating
the mixture of proteins by size. The negatively charged proteins in the gel can be
transferred to a membrane for interrogation by antibodies. A primary antibody is used
to target the protein of interest whilst a secondary antibody, conjugated to an
enzyme, recognises the primary antibody and is used to generate a measurable

chemiluminescent signal, on addition of enzyme substrates.
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2.8.1 Sample preparation

Cell lysates were prepared from isolated cell populations for later analysis by western
blot. Isolated cells were aliquoted into eppendorfs on ice and centrifuged at 515 x g
for 7 min in a pre-chilled (4°C) centrifuge, to pellet cells. Supernatant was removed
by pipette and 100 pL of phosphosafe™ (Sigma) was added per million cells to lyse
the cells whilst preventing degradation of the sample. Cell lysates were stored at -

20°C.

2.8.2 Protein quantification

A detergent compatible (DC) protein assay (Bio-Rad, Hemel Hempstead, UK) was used
to quantify protein content of cell lysates. Cell lysates were defrosted on ice and
centrifuged at 4°C for 5 min at 10000 x g and then returned to ice. A serial dilution of
a 2mg/ml protein standard (TheroFisher) was added in duplicate at 5 pL per well in a
flat bottom 96 well plate. 5 pl of cell lysate supernatant was added in duplicate to
sample wells. 25 ulL of a 2% v/v mixture of reagent A and reagent S were added to
each well. Finally, 200 pL of reagent B was added to each well before incubating in
the dark at room temperature with gentle agitation for 15 min. Absorbance was
measured at 750 nm using a plate reader (POLARstar Omega). A linear regression was

fit to the standard curve and used to determine protein content in the samples.

2.8.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

10 pg of protein lysates were added to x5 loading buffer (10% w/v SDS, 10mM B-
mercaptoethanol, 20% v/v glycerol, 0.2 M Tris-HCL (pH 6.8) and 0.05% w/v
bromophenolblue) and heated for 5 min at 95°C. Gel electrophoresis was performed
by submerging the Bio-Rad mini_PROTEAN Tetra system (Bio-Rad) in x1 SDS-PAGE
running buffer (25 mM Tris-HCL, 200 mM glycine and 0.1% w/v SDS; Sigma-Aldrich)
and loading samples into the gel. To aid cutting of the membranes, a Precision Plus
Protein All Blue Standard (Bio-Rad) molecular weight marker was added in parallel
lanes. Gel electrophoresis was performed at performed at 120 V for an hour using a

PowerpPack 300 (Bio-Rad).
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2.8.4 Semi-dry membrane transfer

Before completion of the gel electrophoresis, Amersham Hybond-P polyvinylidene
difloride (PVDF) membrane (GE Healthcare, Chicago, USA) was activated in methanol
for at least 20 seconds then transferred to x1 transfer buffer (10% x10 Tris-glycine and
20% methanol). Blot absorbent filter paper was soaked in transfer buffer for 10 min.
The SDS-PAGE gel was placed on the PVDF and sandwiched between the two pieces
of filter paper. A Trans-Blot Turbo transfer system (Bio-Rad) was used to transfer the
protein from the gel to the PVDF membrane at 25 V for 30 min. To prevent non-
specific binding the PVDF was blocked using 5% (w/v) bovine serum albumin (BSA,
Sigma-Aldrich) in Tris-buffered saline (TBS; Sigma-Aldrich) with 0.1% Tween 20 (pH

7.6; Sigma-Aldrich) at room temperature for an hour with gentle agitation.

2.8.5 Immunoblotting

Glycolytic proteins were examined by probing the membrane with antibodies against
hexokinase | (HKI; C35C4), hexokinase Il (HKIl; C64G5), pyruvate kinase (PKM2;
D78A4) and lactate dehydrogenase A (LDHA; C4B5). B-actin (8H10D10) was used to
assess protein loading and to normalise expression. Blocked PVDF membranes were
incubated with primary antibodies (diluted 1:1000 in block buffer) overnight at 4°C,
with gentle agitation. The following day PVDF membranes were washed three times
in TBST then incubated with either streptavidin-horse radish peroxidase (HRP) linked
anti-rabbit (7074S; Cell Signaling) or anti-mouse secondary antibody (7076S; Cell
Signalling), diluted 1:1000 in TBST, at room temperature for one hour. After incubation
with secondary antibody, membranes were washed three times with TBST. Blots were
imaged using the enhanced chemiluminescence (ECL; ChemiDoc XRS, Bio-Rad) by
applying a 1:1 mixture of Amersham™ ECL Select™ Western blotting detection
reagents A (luminol) and B (peroxide solution, Cytiva) to the membranes and exposing
the blots for a period of 0.5 to 240 seconds, depending on the expression levels if the

protein.

In some instances, typically for B-actin, antibodies were stripped from the blot with
stripping buffer (Thermofisher) for no longer than 10 min at room temperature. The
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PVDF membrane was washed three times with TBST, for 5 min each, before incubating
with blocking buffer for 1 hour at room temperature. Proteins were then labelled with

antibodies as described above.

2.8.6 Densitometry

Densitometry was used for semi-quantification of immune labelled proteins.
Immunoblots were exposed to maximise exposure without saturation of the sensor
and were then analysed with the Image Lab software (Bio-Rad). Lanes and bands were
gated on manually and background noise removed before determining the histogram

area and comparing to that of B-Actin loading control.

2.9 Microscopy
Cellular characteristics were assessed visually by microscopy using conventional

chemical dyes and fluorescent dyes for high contrast images.

2.9.1 Slide preparation

Cell-Tak (Corning, Massachusettes, USA) was used to adhere the suspension cells to
the surface of the glass slides. Initially Cell-Tak was diluted in 0.1 M sodium
bicarbonate (CHNaOs; Life technologies) to achieve a 22.4 uM solution and applied
to the slides. Cell-Tak was allowed to coat the surface at room temperature for 20 min
before the slides were washed three times by flooding with endotoxin free sterile

water (ThermoFisher). Cell-Tak coated slides were left to dry completely before use.

2.9.2 Fluorescence dye staining

To stain cell structures using fluorescent dyes, 1x10° cells were seeded onto Cell-Tak
coated slides (2.5.1), in RPMI or assay appropriate media. Cells were fixed on the
chamber slide in 10% formalin (Sigma) for 15 min at room temperature. Each chamber
was washed twice by flooding with PBS before adding 200 pL of 100 ng/mL DAPI (4',6-

diamidino-2-phenylindole; ThermoFisher) and incubating for 15 min at room
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temperature. After washing the chambers, a further three times by flooding each well
with PBS, the chamber compartment was removed from the glass slide and
VECTASHEILD® mounting medium (Vector laboratories, California, USA) was added. A

glass over slip was mounted onto the slide and the edges sealed.

2.9.3 Mitochondrial content staining

To image mitochondrial content 1x10° cells were seeded onto Cell-Tak coated slides
(2.5.1) in RPMI 1640 GlutaMAX™ and stained with MitoTracker™ Green in a 5% CO;
incubator at 37 °C. Following incubation, each chamber well was washed twice by

flooding with PBS before fixation and further staining as described in 2.9.2.

2.9.4 Mitochondrial superoxide staining

The mitochondrial specific superoxide stain, MitoSOX™ was used to image ROS
produced by mitochondria. Firstly, 1x10° cells were seeded onto Cell-Tak coated slides
(2.8.1) in RPMI 1640 GlutaMAX™ and stained with MitoSox™ for 15 min, in a 5% CO
incubator at 37 °C. Following incubation, each chamber well was washed twice by

flooding with PBS before fixation and further staining as described in 2.9.2.

2.9.5 Light Microscopy

For imaging of neutrophil nuclear structure, 1x10° isolated neutrophils from adults or
cords were seeded onto glass slides by cytospin centrifugation at 800 x g for 2 min.
Cells prepared by cytospin were then stained with Kwik-Diff by briefly dipping the
slides into reagent 1 five times and blotting the excess on absorbent paper. This
procedure was repeated for reagents two and three before rinsing, by briefly dipping
into distilled water. Slides were air dried at stored at 4 °C until imaging. Slides were

imaged with the EVOS imaging system in the visible spectrum (ThermoFisher).
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2.10 Enzyme linked immunosorbent assay (ELISA)

Specific cytokines or chemokines were measured in cell free culture supernatants
using a sandwich ELISA in accordance with manufacturer’s instructions. In a half area
96 well plate, capture antibody of interest was diluted to a working concentration in
PBS. On the morrow, excess capture antibody was tipped off and 150 L block buffer
(1% BSA in PBS) was added to each well, for 1 h at room temperature with gentle
agitation, to block the remaining protein binding sites. Block buffer was then
discarded, and the plate washed three times with 200 pL/well washing buffer (0.05%
Tween (Sigma-Aldrich) in PBS). Shortly before washing, samples and standards were
thawed. Samples were diluted appropriately, and a serial dilution was made of the
standard. Standards and samples were applied to individual wells and incubated at
room temperature for 2 h with gentle agitation. After which, the plate was washed
four times with washing buffer and detection antibody, diluted appropriately to a
working concentration was added to each well. Again, the plate was incubated a room
temperature for 2 h with gentle agitation. The plate was then washed four times with
washing buffer and an appropriately diluted working concentration of HRP was
applied to the plate for 20 min at room temperature with gentle agitation. After
washing the plate thoroughly six times, a 50 pL 1:1 mixture of hydrogen peroxide and
tetramethylbenzidine (TMB; BD Biosciences) was added to each well. The plate was
left to incubate, in the dark at room temperature, until a blue colour developed then
1M sulphuric acid (H2S04) was added 50 uL per well stopping the enzymatic function
and turning the solution yellow. Absorbance was measured at 450 nm using a plate
reader (POLARstar Omega, BMG, Germany) and the protein content calculated using

the standard curve.

2.11 Data analysis, presentation and statistics.

Data were processed and statistics calculated using the tidyverse (version 2.0.0) and
tidymodels (version 1.1) packages in RStudio (version 4.3.1) and graphs were
produced using the ggplot2 package (version 3.4.3). As the number of samples tested
did not reach a threshold for testing normality, the data could not be assumed to be

normal. Therefore, non-parametric tests were used for statistical comparisons. For
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comparing two unrelated groups, a Wilcoxon Rank Sum Test (also known as a Mann-
Whitney U Test) was employed using the R stats function (version 3.6.2) wilcox.test.
in cases where the data are paired, a Wilcoxon signed-rank test was employed using

the wilcox_test function from rstatrix (version 0.7.2).
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Chapter Three

3 Ex vivo characterisation of T cells
in neonates and a detailed
exploration of neonatal naive

CD4+ T cell metabolism
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3.1 Introduction

T cells are an extremely diverse group of lymphocytes that perform a wide variety of
functions throughout the body. Broadly, T cells can be categorised into two distinct
groups TCRof T cells, which comprise the vast majority of T cells in circulation, and
TCRyS T cells (Morath and Schamel, 2020). However, within these categories there is
a plethora of diversity for example mucosal associated invariant T cells, CD8+
cytotoxic T cells and invariant natural killer T cells are all examples of TCRaf cells
(Kaminski et al., 2021). This chapter will focus on conventional HLA restricted TCRo.3
T cells. All T cells begin life as a haematopoietic stem cell originating in the bone
marrow which differentiates into the common lymphoid progenitor and migrates to
the thymus becoming a lymphoid progenitor before becoming a committed T cell
progenitor, identifiable by the expression of CD1la (Cante-Barrett et al., 2017). As
these progenitor CD4-/CD8-, double negative, cells develop through various stages
the TCR-B loci are rearranged generating a pre-TCR. -selection selects only those
cells that have successfully rearranged their TCR-B chain which is paired with the pre
TCR-au chain to make a pre-TCR that complexes with CD3 promoting survival and
halting B-chain rearrangement. After maturation into double positive (CD8+ CD4+)
cells, rearrangement of the TCR-a. chain occurs, producing TCRaf3 T double positive
cells (vonBoehmer and Fehling, 1997). At this stage cells are positively selected by
interaction with peptides from self-antigens presented in major histocompatibility
complexes (MHC) | and Il. Cells that do not interact strongly enough with peptide in
MHC die via apoptosis (Spits, 2002). This is followed by a negative selection in the
medulla whereby antigen presenting cells (APC)s negatively select for TCR with overly
strong response to peptides from self-antigens presented in MHC (Spits, 2002). Whilst
the vast majority of self-reactive T cells die via apoptosis at this stage, a small but
important fraction of self-reactive T cells survive, some of which will go on to become
regulatory T cells, identified as CD25hi CD127lo FOXP3hi cells (Owen et al., 2019).
Surviving non-self-reactive T cells down regulate one or other of the MHC restrictive
co-receptors to become single positive - CD4+ or CD8+ naive (CD45RA+ CCR7+) T (Tn)

cell that enter the circulation and traffic to secondary lymphoid organs where they
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await activation by APCs from peripheral tissues to initiate an antigen-specific

immune response (Spits, 2002).

On activation T cells differentiate into effector cells (CD45RA+ CCR7-) that rapidly
divide and are capable of producing effector molecules such as cytokines that are
required for clearance of the initiating threat. This is followed by a contraction phase
where the effector cells die off by apoptosis, but some T cells will have differentiated
into long lived effector memory (CD45RA- CCR7-) or central memory (CD45RA-
CCR7+) T cells (Sallusto et al., 1999). The exact path of this differentiation is still
debated but strong in vivo evidence demonstrates a clear trajectory of differentiation
to terminally differentiated effector cells (Berger et al., 2008; Gattinoni et al., 2011;
Cano-Gamez et al., 2020) . The proportion of memory cells increases over the hosts
lifespan as fewer naive T cells are generated as thymic involution progresses with age
and more memory cells are generated from antigen encounter. At birth, nearly all
conventional T cells are antigen inexperienced naive cells and Tregs form the majority

of the memory T cell compartment (Kumar et al., 2018).

During differentiation T cells also take on a further set of functionally distinct
programs each suited to a different mode of defence. The most well characterised of
these are the T-helper phenotypes Thl, Th2, Thl7 and Th22. These helper
phenotypes are characterised by distinct transcription factors, cytokines and
chemokines aiding separate functions (Szabo et al., 2000; Corripio-Miyar et al., 2022).
Thl cells aid the clearance of intracellular pathogens and are defined by the
expression of transcription factor T-bet, IFNy production and the chemokine receptor
CXCR3. Th2 cells support humoral immunity, promoting B cell responses and are
identified by the expression of GATA3 transcription factor, IL-4 and IL-13 production
and the chemokine receptor CCR4 (Kim et al., 2001; Pai et al., 2004; Corripio-Miyar et
al., 2022). Th17 cells help with the clearance of large extracellular pathogens like fungi
but are also heavily involved in auto immune responses. RORyT and interferon
regulatory factor 4 (IRF4) are master transcription factors for Th17 cells; IL-17 is a
defining cytokine whilst co expression of CCR4 and CCR6 chemokine receptors can
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also be used to identify them (Szabo et al., 2000; Brustle et al., 2007; Annunziato et
al., 2012). Finally, Th22 cells support barrier integrity but are also implicated in allergic
responses. Aryl hydrocarbon receptor is the key transcription factor controlling
differentiation and IL-22 is a key cytokine product. Th22 cells can also be identified by
surface co expression of CCR4, CCR6 and CCR10 (Trifari et al., 2009; Jiang et al., 2021).
The ability to commit to one of these lineages is dependent on epigenetic remodelling
fuelled by metabolic reprogramming and upregulation of TCA enzymes (Puleston et
al., 2021). Interestingly, Tregs also show similar groupings of chemokine receptors
leading to the suggestion of Th-like Tregs (Duhen et al., 2012; Halim et al., 2017). The
distribution of Th-like Tregs has not been investigated in neonates though in general
Th2 cells are suggested to dominate the T cell response in neonates (Debock and

Flamand, 2014).

All of these T cell populations are fuelled by unique metabolic programmes that aid
the specific functional demands of the cell type. Regulatory T cells are the most
unique of these, relying primarily on fatty acid oxidation (FAO) and mitochondrial
metabolism to support survival proliferation and some effector functions (Newton et
al., 2016; Pacella et al., 2018; Field et al., 2020). However, Tregs still require glycolysis
for effective trafficking and during early activation, glycolysis might be required to
stabilise FOXP3 transcription (Sauer et al., 2008; Zeng et al., 2013). Likewise, memory
T cells utilise fatty acid oxidation to meet much of their energy demand but are still
dependent on other fuel sources such as glucose and glutamine to fuel expansion or
re-exposure to antigen (Pearce et al., 2009; Taub et al., 2013; van der Windt et al.,
2013). Naive T cells are the most reliant on glycolysis and the least metabolically
prepared for generating effector responses. All T cells are relatively metabolically
inactive when in a quiescent state. However, on antigen presentation TCR and
costimulatory receptors such as CD28 and 4-1BB induce metabolic reprogramming to
exit the quiescent state and provide the necessary energy and precursors for rapid
expansion (Gubser et al., 2013; Choi et al., 2017). Tcm and Tem have significantly
greater mitochondrial mass than naive T cells which supports a faster exit of

quiescence into proliferation enhancing the rapid recall response and accelerated
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pathogen clearance of memory responses (Jones et al., 2019). Naive T cells on the
other hand are more reliant on glycolysis, requiring a significantly greater glycolytic
switch on activation but also rapidly inducing glutamine anaplerosis of the TCA cycle
required for early IL-2 production (Gubser et al., 2013; Jones et al., 2019).
Furthermore, emerging evidence indicates that individual T helper phenotypes are
also underpinned by unique metabolic programmes driven by different metabolic
signalling pathways. mTORC1 signalling may favour Th1 differentiation whilst highly
glycolytic Th2 cells might be induced by greater mTORC2 signalling (Lee et al., 2010;
Delgoffe et al., 2011; Ray et al., 2015). Sophisticated algorithms have been developed
to take advantage of these distinct metabolic, and accompanying transcriptional
differences, to link function and phenotype of T cells in health and disease as well as
highlighting regulatory nodes (Wagner et al., 2021). Such tools exemplify the
importance and impact of understanding T cell metabolism and its relation to cell

function.

Despite its evident role in defining phenotype and function in adults little is known
about the metabolic characteristics of human neonatal CD4+ T helper cells, which are
known to exhibit a unique activation profile to adults (Holm et al., 2021). This chapter
explores the T cell compartment in neonates and distribution of T helper cells in
conventional and regulatory CD4+ populations. For the first time in the literature this
chapter characterises the metabolic switch, for neonatal naive CD4+ T cells
immediately on activation, the metabolic signalling pathways involved and the unique
factors governing these responses. Additionally, early metabolic reprogramming, as

naive cells exit quiescence is also explored here, for the first time.

3.1.1 Rationale

Neonatal T cells are predominantly naive with most of the memory population
emanating from the regulatory T cell compartment. Some evidence suggests that
neonatal CD4+ T cells are programmed to be Th2 skewed however, it is unknown if
the same holds true for regulatory T cells at this stage of development. Understanding
the distribution of T-helper phenotypes could provide a better understanding of the
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extent of Th skewing in neonates and whether this phenomenon is present before
birth, as reflected though the memory compartment. Furthermore, early metabolic
reprogramming of naive T cells is essential for exiting quiescence and the production
of effector molecules. However, the nature and extent of metabolic reprogramming
in neonates is mostly unknown. This chapter explores the early response to TCR/CD28
signalling including mTOR signalling events and metabolic reprogramming, with the
aim of shedding light on the mechanisms underpinning differences in neonatal versus

adult T cell responses.

3.1.2 Hypotheses
1) Th2 skewing is a feature of the total neonatal CD4+ population reflected in the

regulatory T cell population.

2) Metabolism is a distinctive feature differentiating adult and neonatal naive
CD4+ T cells.

3) Differences in early activation drive distinct metabolic programmes.

4) Metabolism underpins a unique functional profile of neonatal naive CD4+ T

cells, post activation.

3.2  Methods

3.2.1 MNC isolation

Non-pregnant adult human peripheral blood, from healthy non-fasted donors, or
umbilical cord blood from elective caesarean sections was collected into heparinised
Vacuettes™ (Greiner Bio-one. Frickenhausen, Germany), as described in sections 2.1
and 2.3. MNCs were isolated by density centrifugation, as in chapter 2.3.1, washed

and resuspended in PBS. MNC cell number was determined, as in chapter 2.4.

3.2.2 Characterisation of CD4+ and CD8+ T cells from MNCs by flow cytometry

0.5 x 108 MNCs in suspension were stained in 200 pL FACS buffer (as described in
2.6.1) with anti-CD4, anti-CD8, anti-CD45RA, anti-CCR7, anti-CXCR3, anti-CCR4, anti-
CCR6 and anti-CCR10 as detailed in Table 3.1. Stained cells were acquired with the

ACEA Biosciences Novocyte 3000 and data analysed in FlowJo version 10.9. To aid
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with placement of gates, initial fluorescence minus one experiments (FMO) for the
chemokine markers (CXCR3, CCR4, CCR6 and CCR10) were conducted in healthy adult

samples.

Table 2 Total T cell antibody panel

Indicating the antibody target, clone and fluorophores used.

Antibody Clone Fluorophore Supplier
Anti-CD4 REA623 VioGreen Miltenyi
Anti-CD8 BW135/80 VioBlue Miltenyi
Anti-CD45RA REA562 APC vio-770 Miltenyi
Anti-CCR7 REA108 PE Miltenyi
Anti-CXCR3 REA232 Viobright FITC Miltenyi
Anti-CCR4 L291H4 Brilliant violet 605 BioLegend
Anti-CCR6 REA190 PE vio-615 Miltenyi
Anti CCR10 REA326 APC Miltenyi

3.2.3 Characterisation of CD4+CD25"CD127" (Treg) cell populations from MNCs by
flow cytometry

0.5 x 108 MNCs in suspension were stained in 200 pL FACS buffer (as described in

2.6.1) with anti-CD4, anti-CD8, anti-CD45RA, anti-CCR7, anti-CXCR3, anti-CCR4, anti-

CCR6 and anti-CCR10 as detailed in Table 3.1. Stained cells were acquired with the

ACEA Biosciences Novocyte 3000 and data analysed in FLowJo version 10.9. To aid

with placement of gates, initial FMO for the chemokine markers (CXCR3, CCR4, CCR6

and CCR10) were conducted in healthy adult samples.

Table 2 Antibody panel for Treg cells.
Indicating the antibody target, clone and fluorophores used.
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Antibody Clone Fluorophore Supplier

Anti-CD4 REA623 VioGreen Miltenyi
Anti-CD45RO REAG611 VioBlue Miltenyi
Anti-CD127 REA614 APC vio-770 Miltenyi
Anti-CD25 REA945 PE Miltenyi
Anti-CXCR3 REA232 Viobright FITC Miltenyi
Anti-CCR4 L291H4 Brilliant violet 605 Biolegend
Anti-CCR6 REA190 PE vio-615 Miltenyi
Anti CCR10 REA326 APC Miltenyi

3.2.4 Analysis of naive CD4+ T cell transcriptomics

Data from published transcriptomic data of 12 adult and 12 umbilical cord blood naive
CD4+ T cells were accessed from the NCBI gene expression omnibus (GSE) repository
accession GSE135467. Data were read into R (version 4.3.1) using GEOquery
(Bioconductor 3.17). Raw counts were log2 transformed and examined for
normalisation using Biobase (version 2.32.0). Intra group correlation was determined
by Pearson correlation coefficient with the package stats (version 3.6.2). Following
the removal of background expression, determined as expression levels in the lower
quartile and/or expressed by two or less donors, and identification of unique
identifiable transcripts, a linear model was fit to the data to determine differentially

expressed genes (Limma; Bioconductor 3.17).

The KEGG database was accessed via the R package KEGGREST, to curate a list of genes
associated with the following KEGG metabolic pathways and selected T cell signalling
pathways "04010", "04350", "04630", "04066", "04020", "04070", "04024", "04024",
"04151", "04152", "04150", "00510", "00515", "00250", "00260", "00270", "00280",
"00290", "00300", "00310", "00220", "00330", "00340", "00350", "00360", "00380",
"00190", "00061", "00062", "00071", "00230", "00240", "00010", "00020", "00030",
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"00051", "00052", "00053", "000570", "000620", "000630", "000640", "000650",
"00562", "04110", "04660", "04648". Over representation of this gene set, in the
differentially expressed genes, was assessed in the total gene set using Fisher’s exact

test (stats version 3.6.2).

Gene set enrichment analysis (GSEA) was conducted using the set of differentially
expressed genes, ranked by log fold change and p value, present in the curated list of
genes described above. The WikiPathways repository, along with the rWikiPathways
(Bioconductor 3.17) and ClusterProfiler (Bioconductor 3.17) (Wu et al.,, 2021) R

packages were used to perform GSEA.

3.2.5 Naive CD4+ T cell isolation, purity monitoring and cell culture

Following Mononuclear cells (MNC) isolation (section 2.3.1), CD235a antibody
labelled magnetic microbeads were used to deplete erythrocytes (autoMACS;
Miltenyi Biotech; see section 2.3.2). Here, 10 pL of beads were used per 107 adult
MNCs whilst 30 uL of beads were used per 107 umbilical cord blood (UBC) MNCs.
CD235a depleted MNCs were resuspended in PBS before cell density was determined
(Chapter 2.4). Naive CD4+ T cells were isolated from MNCs by negative selection with
antibody labelled magnetic microbeads from Miltenyi’s Naive CD4+ T cell isolation kit
Il (autoMACS; Miltenyi Biotech; see chapter 2.3.3). Isolated naive CD4+ T cells were
resuspended in PBS and purity was determined using flow cytometry for Alexa Fluor™
647 anti-CD4 (OKT4; BiolLegend); FITC anti-CD45RO (UCHL1; BioLegend); Brilliant
Violet™ 605 anti-CD45RA (HI100; BioLegend) and BV421 anti-CCR7 (G043H7;

BioLegend) (see section 2.6.2).

Naive CD4+ T cells counted in PBS were washed into RPMI GlutaMAX media and
cultured at 1 x 10° cells/ mL with or with 2 pg/mL plate bound anti-CD3 (OKT3;
Biolegend) and 20 pg/mL soluble anti-CD28 (CD28.2; BioLegend) in a 24 well tissue
culture treated plate with a total volume of 1 mL after supplementation with 20%

fetal calf serum after 3 hours. Cells were cultured for 16 h at 37°C in 5% CO; before
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harvesting by gentle pipetting and centrifuged at 515 x g for 7 min at 4°C to separate
cells and supernatant. Cells were stained with 1 uM DRAQ7 (Thermofisher) and PE
anti-CD25 (REA945; Miltenyi), to determine cell death and activation by flow
cytometry (staining detailed in section 2.6.2) whilst culture supernatant was stored

at -20°C for later analysis.

3.2.6 Immunoblotting

Determination of protein by western blot was carried out as described in section 2.7.
In brief 1 x 108 ex vivo or cultured (section 2.2.5) naive CD4+ T cells were lysed in
Phosphosafe™ and stored at -20°C. Protein content was determined by DC assay
(chapter 2.7.2) and 10 pg of protein from each donor was separated by SDS-PAGE
(Chapter 2.7.3). Separated proteins were transferred to PVDF membrane through a
semi dry transfer (chapter 2.7.4). Glycolysis proteins of ex vivo and cultured cells were
examined by probing the membrane with antibodies against hexokinase | (HKI;
C35C4), hexokinase Il (HKII; C64G5), pyruvate kinase (PKM2; D78A4) and lactate
dehydrogenase A (LDHA; C4B5). For 16 h cultured cell lysates, blots were probed with
HKII (C64G5), LDHA (C4B5), mitochondrial pyruvate carrier protein (MPCP) 1 (D2L9l ),
MCP2 (D417G), glutaminase (GLS) 1 (E4T9Q) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a) (3G6). B-actin was used to assess
protein loading and to normalise expression. All antibodies were purchased from Cell

Signalling Technology.

3.2.7 Flow cytometry of naive CD4+ T cells

Cell death ex vivo was determined by 1 uM DRAQ7 staining and dead cells were
excluded when determining cell activation, as monitored by surface staining (see
chapter 2.6.1) of Pacific blue anti-CD25 (M-A251; Biolegend), FITC anti-CD44 (REA690;
Miltenyi Biotech) and PE anti-CD69 (FN50; Biolegend). Additionally isolated nCD4+ T
cells were stained separately with APC anti-CD98 (REA387; Miltenyi), to determine

surface expression of the large neutral amino acid transporter, or jointly with FITC
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anti-CD3 (OKT3; Biolegend) and APC anti-CD28 (REA612), to assess surface expression

of the target stimulatory markers, as described in section 2.6.1.

One hour post activation with plate bound anti-CD3 (2 pg/mL) and anti-CD28 (20
pg/mL), naive CD4+ T cells were fixed and permeabilised using the True-Nuclear™
buffer set (BioLegend®) and stained with intracellular Vio® B515 anti-pS473-AKT
(REAfinity™; Miltenyi), PE anti-Hu/Mo Phospho-mTOR-Ser2448 (MRRBY; Invitrogen)
and APC anti-pS235/pS236-S6 (REA454; Miltenyi), as described in chapter 2.6.4.

Mitochondrial mass of ex vivo and 16 h cultured cells was measured with the cell
permanent mitochondrial specific dye MitoTracker™ Green (ThermoFisher) by
incubating cells with the dye at 37°C for 30 min at 5% CO, (See chapter 2.6.5).
Mitochondrial superoxide production was determined, in naive CD4+ T cells ex vivo
and after 1 hour culture with or without anti-CD3 (2 pug/mL) and anti-CD28 (20 pug/mL)
with the stain MitoSox™ Red (ThermoFisher); cells were incubated with 1 uM of
MitoSOX™ Red for 15 min in a 5% CO; incubator at 37 °C and washed before analysis

by flow cytometry (see section 2.6.6)

Activity of the large neutral amino acid transporter 1 (SLC7A5) was assessed via
uptake of auto-fluorescent kynurenine (Sinclair et al., 2018). To begin, 2x10° freshly
isolated naive CD4+ T cells were aliquoted to each of five FACS tubes and washed with
2mL phenol red free Hanks buffered salt solution (HBSS; Gibco ) by centrifugation at
515 x g for 7 min at room temp. Cells in each FACS tube were resuspended in 200 pL
HBSS at 37°C. Reagents were added to each FACS tube according to the Table 4, with

kynurenine being added last, all reagents were kept at 37°C.

Table 4 Reagent combinations for Kynurenine uptake assay

Table showing the different conditions/ controls and the amounts of each reagent
used in the kynurenine assay.

87



HBSS Kynurenine BCH Lysine
(800UM) | (40 mm) | (20 mMm)
Negative control 200 pL - - -
Kynurenine uptake 100 pL 100 pL - -
Non-competitive Inhibitor - 100 pL 100 pL -
control
Competitive inhibitor - 100 pL - 100 pL
control
Kinetic (temperature) 100 pL 100 uL - -
control

The kinetic (temperature) control was placed immediately on ice. All tubes were
incubated for 4 min before 125 pL of Paraformaldehyde (37°C) was added to each
FACS tube, stopping the uptake of kynurenine. After incubation at room temperature
in the dark for 30 min, cells were washed twice with 0.5% BSA in PBS by centrifugation
at 515 x g for 7 min. Washed cells were resuspended in 200 pL and analysed on the

Novocyte3000 (ACEA biosciences) data was processed using FlowJo version 10.9.

3.2.8 Confocal microscopy

Mitochondria were visualised after MitoTracker™ and MitoSox™ staining by confocal
microscopy as described in sections 2.9.3 and 2.9.4. Briefly, 100,000 cells were seeded
in RPMI GlutaMAX™ onto Cell-Tak™ coated 8 well chamber slides. For mitochondrial
biomass staining, directly ex vivo cells were incubated with 25 nM MitoTracker™
Green for 30 min at 37°C and 5% CO,. For mitochondrial superoxide staining cells
were either left unstimulated or activated with 2 pg anti-CD3 and 20 pg anti-CD28 for
1 hat37°Cand 5% CO2, before 1 mM MitoSox™ Red was added for an additional 15
min. Following stimulation, cells were fixed with 10% formalin and washed twice with
PBS, followed by staining with DAPI (100nM; ThermoFisher) for 10 min at room
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temperature. Wells were washed thoroughly with PBS before adding mounting media
and cover slips for imaging at x63 magnification using a laser scanning confocal
microscope (Zeiss LSM710). Captured images were analysed using the Zen 3.4

software (Zeiss).

3.2.9 Bioenergetic assays

Bioenergetic analysis of nCD4+ T cells was conducted using the XFe8 and XFe96
Seahorse Extracellular Flux Analysers (Seahorse Bioscience), as detailed in chapter
2.5. For base line ex vivo experiments, freshly isolated naive CD4+ T cells were
resuspended in Seahorse XF RPMI assay medium supplemented with 5.5 mM glucose
(Sigma), 1 mM pyruvate (Sigma) and 2 mM L-glutamine (Sigma) and 70,000 cells
seeded onto a PDL coated XF microplate (Agilent). OCR (pmoles/min) and ECAR
(mpH/min) were measured simultaneously. Mitochondrial and glycolytic parameters
were determined by injections of oligomycin (0.75 uM; Sigma), FCCP (1 uM; Sigma)
and rotenone and antimycin A (both 1 uM; Sigma). Alternatively, to measure the
change in metabolic flux on in situ activation and assess the role of glutamine, ex vivo
naive CD4+ T cells were resuspended in Seahorse XF RPMI assay medium
supplemented with 5.5 mM glucose (Sigma), 1 mM pyruvate (Sigma) with or without
2 mM L-glutamine and seeded onto PDL microplates. ECAR/OCR were measured
simultaneously continuously for 15 min before injection of anti-CD3 (2 pug/mL; HIT3a,
BioLegend) and anti-CD28 (20 ug/mL; CD28.2, BioLegend) and thereafter for 2 h.
Immediately following this, mitochondrial and glycolytic parameters were
determined by injection of oligomycin, FCCP and rotenone/antimycin A, as described

above.

Realtime assessment of metabolite requirements for glycolysis and mitochondrial
respiration were determined after 16 h culture with anti-CD3 (2 pg/mL) and anti-CD28
(20 pug/mL). Harvested cells were counted (section 2.4) and resuspended in Seahorse
XF RPMI assay medium supplemented with 5.5 mM glucose (Sigma), 1 mM pyruvate
(Sigma) and 2 mM L-glutamine (Sigma) and 2 x 10° cells were seeded onto Cell-Tak
coated microplates (section 2.5.1). Baseline measurements of ECAR and OCR were
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recorded, continuously for 15 min before injection of UK5099 (2 uM; Sigma), BPTES
(3 uM; Sigma) or etomoxir (3 uM; Sigma), which inhibit MCP, GLS1 and CPT1la
respectively, and continuously measured for 40 min which was followed by injections
of oligomycin, FCCP and rotenone/antimycin A to determine glycolytic and

mitochondrial parameters.

3.2.10 Extracellular lactate assay

L-Lactate in cell culture supernatant was measured by colorimetric assay according to
the manufacturer’s instructions (L-Lactate assay Kit; abcam). Naive CD4+ T cells were
cultured with or without anti-CD3/28, described in chapter 3.3.5. Culture supernatant
was harvested by resuspending cells in culture and centrifuging at 300 x g for 10 min
and removing the supernatant for storage at -20°C for later analysis. On the day of
analysis, supernatant was defrosted on ice and centrifuged at 10,000 x g, 4°C for 10
min to remove any debris. To conduct the assay, the resulting culture supernatant was
diluted 10x with assay buffer and added to a reaction mix. A standard curve and
background wells were prepared at the same time. Samples and standards were
incubated at room temperature for 30 min, protected from light. The plate was read

at OD570nm, using the FLUORstar Omega Microplate Reader (BMG Labtech).

3.2.11 Protein array

43 proteins were assessed simultaneously in the culture supernatant using the
RayBio® C-Series human Angiogenesis antibody array C100 (RayBiotch; Georgia),
according to the manufacturer’s instructions (RayBiotech; Georgia), In brief, antibody
array membranes were blocked in blocking buffer for 30 min at room temperature.
After removing the blocking reagent, antibody array membranes were incubated with
culture supernatant overnight at 4 °C. The following day, supernatant was removed,
and membranes were washed four times in wash buffer, 5 min at room temperature
each time. Biotinylated antibody cocktail was added to each membrane and
incubated at 4°C overnight. The following morning, membranes were washed four
times in wash buffer for 5 minutes each at room temperature which was followed by
the addition of HRP-Streptavidin for 2 hours at room temperature and another 4
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washes in wash buffer for 5 min at room temperature. Following these procedures,
membranes were transferred printed side up to a blotting paper and a 1:1 mixture of
Amersham™ ECL Select™ Western blotting detection reagents A (luminol) and B
(peroxide solution, Cytiva) were added to the membranes and the membranes were
imaged using the ChemiDoc system (Model details; BioRad). Using Image Lab
(BioRad), intensity values were determined by densitometry and normalised to the

positive control and background reading was subtracted from all targets.

3.2.12 ELISA

IL-2, IL-10, CXCL8 and IFNy were measured in supernatants of naive CD4+ T cells
cultured for 16 h with or without anti CD3/28 (Chapter 3.3.5) by ELISA, as described
in chapter 2.9. Culture supernatant was harvested by resuspending cells in culture
and centrifuging at 300 x g for 10 min at 4 °C and removing the supernatant for storage
at -20°C for later analysis. On the day of analysis, supernatant was defrosted on ice
and cytokines determined separately by specific ELISAs for IL-2, IL-10, CXCL8, IFNy
(DuoSet; R&D Systems)

3.3 Results

3.3.1 The T cell compartment in adults and neonates

To assess the memory populations of CD4+ T helper and CD8+ cytotoxic PMCs from
adults and cord blood (representative of neonates) were stained for CD4, CDS,
CDA45RA and CCR7 and analysed by flow cytometry. Duplets were removed before
gating on lymphocytes followed by gating on CD4 and CD8 single positive populations.
(Figure 3.1A-C). Naive cells were identified as CD45RA+ CCR7+, central memory (CM)
as CD45RA- CCR7+ effector memory (EM) as CD45RA- CCR7- and effectors (EMRA)
(Figure3.1D). Similar CD4/CD8 ratios (p = 0.95) were seen in adults and cords with
larger CD4+ populations than CD8+ (Figure 3.1E). As expected, naive cells dominated
both CD4+ (93% + 1.6) and CD8+ (83% * 1.5) T cell compartments in neonates
however there was a noticeable population of CD8+ EMRA cells (7.8% + 0.8). Naive T

cells also represented the largest single population in adult CD4+ (61% + 3.4) and
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CD8+ (58% * 5.1) cells however adults also exhibited EM populations in both T cell
populations. Similar to cords the CD8+ fraction also contained a notable EMRA

population (11% + 2.7) and a very small CM compartment (4.4% + 0.5) (Figure 3.1F).

Cord

FSC-A
SSC-H

E
D cD8+ :
- p=095
- o -
o
i o,
89 | ¢ ww
O s :‘
°
A ]
oo "2 Aduit ord
F

CD45RA

% of Total

I Coe
phenotype
W e
oo
EM
EMRA
I T

Adult Cord

Narve. "t A Nwew
r ws
'y | 100
P #4
i i 75
Jou e jom o =
1 2 L 50
A &7 " o ! 't
25
Adult Cord

Figure 3.1 The T cell compartment human adult peripheral and umbilical cord blood.

MNCs from human adult peripheral blood and umbilical cord blood were
analysed using flow cytometry. Gating was determined manually for
identification of cell populations. A) Doublet cells were removed by comparing
FSC-H and FSC-A and B) total lymphocytes were gated on. C) Single positive CD4
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and CD8 cells were identified and gated. D) Naive, effector and memory
populations of CD4+ and CD8+ T cells were determined by expression of
CD45RA and CCR7. E) Summary plots of CD4+/CD8+ ratio. F) Summary plots
showing naive, CM, EM and EMRA as a percentage of total CD4+ or CD8+
population with mean + SEM. n = 10 adult and n = 6 cord. p value determined

by Wilcoxon rank sum test; p < 0.05 was deemed significant.

As neonates are thought to have a Th2 skewed helper phenotype (Hebel et al., 2014),
the CD4+ naive and memory compartments were further analysed for the chemokine
receptors CXCR3, CCR4, CCR6 and CCR10 to identify Th1l (CXCR3+ CCR4- CCR6- CCR10-
), Th2 (CXCR3- CCR4+ CCR6- CCR10-), Th17 (CXCR3- CCR4+ CCR6+ CCR10-) and Th22
(CXCR3- CCR4+ CCR6+ CCR10+) (Duhen et al., 2012; Halim et al., 2017). After gating
on CD4 single positive cells, naive, CM, EM and EMRA fractions were assessed
separately for chemokine receptor expression with the aid of FMO controls to guide
placements of threshold gates (Figure 3.2A). First, CXCR3+ CCR4- and CXCR3- CCR4+
positive populations were gated ahead of determination of Th1, Th2, Th17 and Th22,
according to CCR6 and CCR10 expression, as such Th helper phenotypes are reported
as a percentage of the total grandparent population, for which the lowest number of
defined cells was 305 (Cord CD4+ EM; Figure 3.2B-E). As expected, helper phenotypes
were nearly exclusively present in the memory compartments meaning that few
defined helper cells were seen in neonates (Figure 3.1E). Of the defined helper
phenotypes, Th1l was the largest sub-population present in all the adult subsets whilst
Th2 cells were the most frequently identified population of defined helper cells in
cords and Th1 cells formed only a very small fraction in each memory population
(Figure 3.1E). Th17 cells were observed most commonly in CM and EM populations
for both donor groups and Th22 cells were the least common in all fractions for both

groups (Figure 3.1E).
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Figure 3.2 T helper phenotypes in naive and memory CD4+ T cell populations in
adult peripheral and umbilical cord blood.

MNCs from human adult peripheral blood and umbilical cord blood were
analysed using flow cytometry. T-helper phenotypes in naive, CM, EM and

EMRA CD4+ populations were determined by expression of chemokine
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receptors. A) Representative FMO controls, here showing cells from an adult
effector memory population, used to set threshold gates for both adult and cord
chemokine markers. B) CXCR3+ CCR4- and CXCR3- CCR4+ cells gated for naive,
CM, EM and EMRA populations. C) Thl cells identified in the CXCR3+ CCR4-
fraction of naive, CM, EM and EMRA populations. D) Th2, Th17 and Th22 cells
identified in the CXCR3- CCR4+ fraction of naive, CM, EM and EMRA
populations. E) Summary plots showing percentage of helper phenotypes in
each naive and memory population (grandparent population). Summary plot
shows mean + SEM, n = 10 adult and n = 6 cord. p value determined by Wilcoxon

rank sum test; p < 0.05 was deemed significant.

Regulatory cells are the first to gain a memory population, forming relatively early in
fetal development and representing a substantial portion of the total memory
population in neonates. As T helper phenotypes are mostly confined to memory
populations, it stands to reason that regulatory T cells are a primary source of T helper
phenotypes in neonates. Duhen et. al. have previously described the presence of Th-
like regulatory T cell populations in adults, identified through the same chemokine
receptors used above, providing a basis to investigate T helper like phenotypes in the
regulatory T cell population of neonates (Duhen et al., 2012). To investigate this, adult
and cord MNCs were stained for memory CD4+ regulatory T cells and chemokine
receptors to identify Th-like Tregs. Doublets were removed before gating on total
lymphocytes and selecting CD4+ cells (Figure 3.3A-C). Regulatory T cells were
identified through a limited approach using surface markers CD25"&"CD127"" whilst
memory T cells were identified as CD45R0+ (Figure 3.3D-E). Regulatory T cells, as a
fraction of total CD4+ cells, were comparable between adults and neonates (p = 0.75;
Figure 3.3F), although more adult donors showed frequencies in the higher ranges.
The frequency of memory Tregs was significantly greater in adults (52% * 6.2 %; n =
10,) than cords (18.0 + 1.2 %; n = 6; p = 0.0006) revealing a reasonably large

population of memory Tregs in cords.
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Figure 3.3 CD4+ regulatory T cells in adult peripheral blood and umbilical cord
blood.

MNCs from adult human peripheral blood and umbilical cord blood were
analysed using flow cytometry. A) doublet cells were removed by comparing
FSC-H and FSC-A and B) gating on total lymphocytes. C) Gating of CD4+ T cells.
D) Gating on CD25"9"CD127"°% regulatory T cells, in total CD4+ fraction. E)
Gating on CD45R0O+ memory fraction of regulatory T cells. F) Summary plot
showing frequency of regulatory T cells (CD25"9"CD127"°%) in total CD4+
population. G) Frequency of memory (CD45R0+) reqgulatory T cells. n = 8 adults
and n = 6 cords. p value determined by Wilcoxon rank sum test; p < 0.05 was

deemed significant.
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Th-like Tregs were identified by expression of chemokine receptors, using an FMO
gating strategy as follows, Th1-like (CXCR3+ CCR4- CCR6- CCR10-), Th2-like (CXCR3-
CCR4+ CCR6- CCR10-), Th17-like (CXCR3- CCR4+ CCR6+ CCR10-) and Th22-like (CXCR3-
CCR4+ CCR6+ CCR10+). Using the gating strategy shown in Figure 3.4A-C, Th-like
phenotypes defined 58.0 + 0.8% of adult memory Tregs and 43.0 + 4.1% of cords
memory Tregs. Unlike in total CD4+ conventional T cells the Th2-like phenotype did
not dominate the Th-like subsets of Treg cells in adults and Th-like cells are a
substantially larger fraction of the total Treg pool (Figure 3.4D). In neonates, the Th2-
like phenotype was still the most dominant (19% + 5.1), but Th17-like cells were more
similar in frequency (15.0 + 2.8%) and again only a tiny fraction of cells were identified

as Th22-like (1.5 + 0.5%) (Figure 3.4D).
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Figure 3.4 Th-like regulatory CD4+ T cells in adult peripheral blood and umbilical
cord blood.

Th-like phenotypes were assessed in the CD45R0O+ Treg fraction of MNCs

isolated from human adult peripheral blood umbilical cord blood .A) Showing

FMO controls used as guides for setting threshold gates of chemokine receptors

in B-D. B) Gating for CXCR3+ CCR4- and CXCR3- CCR4+ cells. C) Th1 cells

identified in the CXCR3+ CCR4- fraction. D) Th2, Th17 and Th22 cells identified

in the CXCR3- CCR4+ fraction. E) Summary plots showing percentage of Th-like
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phenotypes in CD435R0O+ Tregs (Grandparent population). Summary plot

shows mean + SEM, n = 10 adult and n = 6 cord.

3.3.2 The transcription profile of ex vivo adult and cord naive CD4+ T cells

The nCD4+ T cell compartment from neonates form a unique time of life specific
phenotype, however, the factors driving this unique phenotype are still poorly
understood. Metabolism plays a decisive role in defining T cell phenotype and it was
hypothesised that it might play an important role in defining the unique nCD4+
phenotype of neonates. To explore the potential of this hypothesis the contribution
of metabolic genes to differences in T cell metabolism was assessed using a freely
accessible transcriptomic dataset of umbilical cord blood and adult nCD4+ T cells
accessed from the NCBI GSE repository (GSE135467). Firstly, data were log2
transformed and assessed for normalisation (Figure 3.5A). Then an initial clustering
of donors was performed by Pearson correlation and hierarchical clustering which
showed distinct clustering between donor groups (Figure 3.B), confirming the unique

phenotype of neonatal nCD4+ cells.
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Figure 3.5 Normalised data from transcriptomics of naive CD4+ T cells show
clustering on donor group.

Transcriptomic data of nCD4+ T cells from human adult peripheral and

umbilical cord blood, accessed via GSE135467, was assessed for normalisation and
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donor correlation determined by Pearsons tests A) Transcriptomic data of nCD4+
T cells from 12 umbilical cord blood donors and 12 healthy adult donors were
log2 transformed and visually assessed for normalisation. B) Correlation
between donors is determined by Pearson correlation’s test and displayed in a

clustered heatmap.

Atotal of 47,323 probes were present in the data set. Background expression, defined
as expression below the bottom quartile and/or not expressed by more 2 or less
donors, was excluded and the remaining 35,933 probes were matched to 17,261
unique known gene transcripts. A linear model fitted to these 17,261 genes
determined there are 4,830 significantly (adjusted p value <0.05) differentially
expressed genes. To determine whether metabolic genes were overrepresented in
these significantly differentially expressed genes a list of 1,214 metabolically
associated genes was curated from KEGG of which 1,034 genes were expressed in the
total 17,261 genes identified in the data (Figure 3.6A). A contingency table (Table 5)
of metabolic genes present in the differentially expressed and non-differentially
expressed genes used with Fisher’s exact test (Table 6) determined that metabolic
genes were overrepresented (p = 0.000007) in the list of differentially expressed
genes. Similarly, when principal component analysis (PCA) was performed using the
list of metabolic genes expressed in the dataset, adult and cord samples clearly
separated along PC1 (Figure 3.6B). Closer inspection of the loading scores for the
principal components explaining the majority of the variance in the data did not

reveal any individual genes responsible for the clustering (Figure 3.6C-D).

Table 5 Contingency table for differentially expressed metabolic genes in the total set
of genes.

Table shows the number of genes present in the total gene set and differentially

expressed genes from the list of metabolically associated genes.

In Differentially Expressed Not In Differentially Expressed

Gene List Gene List
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In Metabolic 352 682

Gene List

Not In Metabolic 4,478 11,731

Genes List

Table 6 Fisher’s exact test for over representation.
P values and descriptive statistics for Fisher’s exact test for over representation of

metabolic genes in total differentially expressed genes.

P value Odds ratio 95% CI

Fishers Exact Test  7x10° 1.35 1.20
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Figure 3.6 Umbilical cord blood nCD4+ T cells show a unique metabolic transcriptome.
The metabolic transcriptome of neonatal nCD4+ T cells was assessed within the
total transcriptomic data set. A) Volcano plot of differential expression of genes
with metabolically associated genes highlighted in red. B) Adult and cord
donors plotted in principal component space. C) Elbow plot showing the
variance explained by each principal component. D) Plot of loading scores
showing the contribution of each gene to each principal component. n = 12

adult and n = 12 cord.
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Given no single gene or genes was clearly responsible for explaining the metabolic
transcriptomic differences between adult and cords, next gene set enrichment
analysis (GSEA) was performed. The list of 1,034 metabolic genes were ranked
according to log2 fold change and significance and compared against the
WikiPathways repository to identify enriched pathways. The top 15 most significantly
enriched pathways included aerobic glycolysis (p = 0.003), purine metabolism related
disorders and purine metabolism (p = 0.004, p = 0.014) and fatty acid metabolism (p
= 0.015) (Figure 3.7A-E). Most of the top pathways were enriched in cords (Figure
3.7B) including aerobic glycolysis and purine metabolism, which both showed a
number of several genes in the pathways that were highly differentially expressed
(Figure 3.7C-D). Additionally, the IL-7 signalling pathway, is among the top significantly
enriched pathways in neonates, matching already established experimental data in

the field (Schonland et al., 2003) (Figure 3.7A-B).
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Figure 3.7 Key metabolic pathways are enriched in cord naive CD4+ T cells.

Metabolic associated genes were ranked according to log2 fold change and
significance and GSEA was performed using the WikiPathways repository. A)
The top 15 most significantly enriched pathways are shown along with the
number of genes present in the pathway and the gene ratio. B) Histograms of
the enrichment distribution of the 15 most significantly enriched pathways in
the ranked gene list. C-E) Running enrichment scores for aerobic glycolysis,

purine metabolism and fatty acid metabolism, respectively.

3.3.3  Exvivo neonatal naive CD4+ T cells are more glycolytic

As GSEA highlighted central metabolism of glucose as a defining feature of neonatal
nCD4+ T cells, real time extracellular flux assays that measure glycolysis alongside
oxidative phosphorylation were employed to determine the metabolic profile of
directly ex vivo nCD4+ isolated from adult peripheral blood and umbilical cord blood.
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Cells were left to equilibrate for approximately 2 h after in the XF bioanalyzer at 37°C
in assay RPMI media supplemented with 5.5 mM glucose 2mM glutamine and 1mM
pyruvate. After which ECAR and OCR were measured at baseline and in response to
injections of oligomycin, FCCP, rotenone and antimycin A to assess mitochondrial
respiration parameters (Figure 3.8A-B). Basal respiration and ATP production were not
significantly different between adults and cords (Figure 3.8C-D), although injection of
the uncoupler FCCP resulted in a significantly greater maximal respiration in cords (p
=0.044) and consequently a greater spare respiratory capacity, potentially suggesting
greater metabolic flexibility in cord nCD4+ T cells (Figure 3.8E-F). Cord nCD4+ T cells
showed greater baseline extra-cellular acidification rate (p = 0.027; Figure 3.8G-H)
and maximal ECAR (p = 0.01; Figure3.8), indicating a higher rate of glycolysis.
However, analysis of protein expression for key glycolytic enzymes HKI, HKII, PMK2
and LDHA did not show any significant differences between adults and neonates

(Figure 3.81-M).
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Figure 3.8 Ex vivo umbilical cord blood nCD4+ T cells are more glycolytic.

A,B) Mitochondrial and glycolytic stress profiles of freshly isolated ex vivo naive

CD4+ T cells isolated from human adults peripheral blood and umbilical cord

blood were determined by simultaneous measurements of OCR and ECAR,

before and after injections of oligomycin (0.75 uM), FCCP (1 uM) and antimycin
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A and rotenone (1 uM). C) Basal respiration, D) ATP linked respiration, E)
maximal respiration, F) spare respiratory capacity, G) basal ECAR and H)
maximal ECAR parameters were calculated for adults and cords. Data are
representative of n = 6-7 independent experiments. |) Representative
immunoblots from each donor group for HKI, HKIl, PKM2, LDHA, and S-Actin
and (J-M) respective densitometry normalised to f-actin. n = 3-4 adults and 3
cords. statistical comparison was performed using Wilcoxon rank sum test and

p values are as indicated on each figure; p < 0.05 was deemed significant.

Mitochondrial mass, determined by MitoTracker™ Green staining, showed no
difference in mitochondrial content with both donor groups showing homogenous
mitochondrial content across the population. Confocal images of MitoTracker™ Green
cells found similar results with diffuse small mitochondria sparsely populating the cell
(Figure 3.9A-C). Mitochondrial super-oxide is another indicator of mitochondrial
respiration. Staining with the mitochondrial superoxide specific dye MitoSox™ Red
suggested similarly low levels of mitochondrial respiration in quiescent adults and

cords nCD4+ T cells (Figure 3.9D-E).
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Figure 3.9 Mitochondrial mass does not differ between adult peripheral and
umbilical cord blood nCD4+ T cells.

A) ex vivo nCD4+ T cells from human adult and umbilical cord donors stained
with MitoTracker with representative histograms from flow cytometry
including unstained controls shown in grey, B) summary data from flow
cytometry and C) representative confocal images of mitochondria stained with
the nuclear stain DAPI (Blue) and the mitochondrial stain MitoTracker Green
(Green). Alternatively, nCD4+ T cells were stained with MitoSox™ Red and
measured by flow cytometry with D) showing representative histograms and E)
summary plots. A-B) n = 11 adult and 13 cord, C) n = 2 adult and 2 cord, D-E) n
=8 adult and n = 9 cord. P values determined by Wilcoxon rank test sum; p <

0.05 was deemed significant.

As nCD4+ T cells from cord donors exhibited increased basal glycolysis directly ex vivo
it was hypothesised nCD4+ T cells from umbilical cord blood might exist in a more
active resting state poised for antigen encounter. To assess this ex vivo nCD4+ T cells
from adult and cord donors were stained for the surface expression of classical
activation markers CD25, CD69 and CD44 (Figure 3.10A-F). CD25 (IL-2Ra) is the high

affinity receptor of IL-2 and supports T cell survival and proliferation but no difference
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in CD25 expression was seen between ex vivo adult and cord nCD4+ T cells (Figure
3.10). However, significantly increased expression of the adhesion molecule CD44
(p=0.047, Figure 3.10C-D) and near significantly increased expression of the galectin-
1 receptor CD69 (p=0.054; Figure E-F) were observed in cords (Figure 3.10). As these
activation markers were not uniformly upregulated in cords it is difficult to determine
whether these differences are representative of activation or if cord nCD4+ T cells are

more readily poised for activation.

A c E [ wnstaives convo
| M_,,/J\ .Curd
. Adult
CcD25 CD44 CD69
B . D F
p=075 p=0.047 p=0054 @ s
,:. ® | @
(]
£ £ *I ° £ E? °
2 3 w0 2
a a a
Q o o

Figure 3.10 Activation status of ex vivo nCD4+ T cells from adult peripheral blood
and umbilical cord blood, determined by flow cytometry of activation markers.

Ex vivo nCD4+ T cells, isolated from human adult peripheral blood and umbilical
cord blood were examined for activation markers by flow cytometry.
Representative histograms and summary plots, with unstained controls in grey,
are shown for A-B) CD25, C-D) CD44 and E-F) CD69. n= 6 adult and 6 cord. p

values determined by Wilcoxon rank sum test; p < 0.05 was deemed significant.

3.3.4 Greater glycolytic switch in cord nCD4+ T cells on CD3/28 stimulation.

Metabolic reprogramming to aerobic glycolysis on cognate antigen encounter is an
essential requirement for T cells to exit quiescence, proliferate and produce effector
molecules. On stimulation with CD3/28 an immediate switch to a glycolytic
metabolism is induced in T cells through the phosphorylation of pyruvate

dehydrogenase (PDH) by pyruvate dehydrogenase kinase (PDHK), preventing
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pyruvate from entering the TCA cycle through acetyl-CoA and leading to a build-up of
glycolytic intermediates and increased conversion to lactate (Menk et al., 2018). This
glycolytic switch appears specifically important to the activation of naive T cells
however, whether this switch is also induced in neonatal naive T cells is unknown. To
determine if the same metabolic switch is seen in cord nCD4+ T cells, directly isolated
ex vivo naive CD4+ T cells from adult and cords were activated in situ with
simultaneous injection of anti CD3 (2 ug/mL) and anti CD28 (20 pg/mL) during real
time monitoring of extracellular flux (Figure 3.11A-B). To measure the glycolytic
switch, baseline measurements of ECAR and OCR were taken for 15 min before
injection of anti-CD3/28 (Pre) and compared with the first 15 min peak measurements
after injection (Post). For the first time, these data show that umbilical cord naive
CD4+ T cells induce a glycolytic switch on activation with anti-CD3/28. ECAR and OCR
both increased immediately on injection of anti-CD3/28 but not the vehicle and most
notably the increase in ECAR for cords was much more prominent (Figure 3.11A-B).
Additionally, both donor groups maintained elevated ECAR and OCR for the
remainder of the ~2 h assay (Figure 3.11A-B). The increase in ECAR was significant for
both donor groups however, comparing the ECAR fold change in adults and cords
clearly shows a greater glycolytic switch in cords (p = 0.026; Figure 3.11C-D). Together
these data illustrate an immediate switch to increased glycolysis for naive CD4+ T cells

of a greater magnitude for umbilical cord derived cells (Figure 3.11).

110



A .aCD3/28
' : c D G
= T o008 °
E, /3 % o1
= z p=0.035 z 27
14 y £ Iy / H o o
AR e e e e eSS SN UINS SN g g/g g 8 o
w L R o = S PP, — &
P Post Adult Cord
: 6
B Time (minuets)
:aCD3/28
E F
: ooz
‘E ;x—i e s TGS SESSE g ] g G’/g &
8 +40 444 s el = £ - "o 5
H 3 = 5
" £ f H
G 2 5 §
© §
H
B

Time (minutes)
Adult + ant-CD328 @ Adult + Veh Cord + anti-CD3/28 & Cord + Veh

aCD3/28

K Veh
& B
| Adult
5
e}
,,o% ,,,,,
_ o
- --

Figure 3.11 Bioenergetic analysis for in situ activation of nCD4+ T cells from adult
peripheral and umbilical cord blood.

MitoSox fold change
(o]

A-B) Ex vivo nCD4+ T cells isolated from human adult peripheral blood and
umbilical cords were activated with anti-CD3/28 or vehicle in situ and changes
in ECAR and OCR were continuously measured. Pre and Post activation C-D)
ECAR, and E-f) OCR. G-H) Fold change in ECAR and OCR post activation. I-J)
representative and relative summary plots for MitoSox™ Red of nCD4+ T cells
activated for 1 hr with anti-CD3/28 or vehicle. K) Confocal images of activated
nCD4+ T cells with DAPI DNA staining (blue) and MitoSox™ Red. A-H) Data are
representative of 11 independent experiments n = 6 adult and 5 cord. I-K) n = 3
adult and 7 cord. C-F) p values were determined by Wilcoxon signed rank test,
(G,H) p values determined by Wilcoxon rank sum test; p < 0.05 was deemed

significant.
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Unlike ECAR, OCR fold change was comparable (p = 0.65) between both groups (Figure
3.11E-H). Mitochondrial superoxide production is often used as another measure of
mitochondrial activity and production of mitochondrial superoxide has been reported
previously as an important factor in T cell activation. Intriguingly, despite comparable
increases in OCR on stimulation, mitochondrial superoxide production after 1 h anti
CD3/28 stimulation measured using Mitosox™ Red was increased, relative to
unstimulated controls, in adults but neonates, suggesting unique mitochondrial
respiration in cords independent of OCR (Figure 3.111-J). The same finding was further

validated by confocal microscopy imaging of MitoSox stained cells (Figure 3.11K).

At 2 hours post activation another glycolytic/mitostress test was conducted by
injection of oligomycin, FCCP, rotenone and antimycin A (Figure 3.12A-B). Post
activation basal respiration and ATP linked respiration was greater in cords, though
this did not reach significance for basal respiration (p = 0.063; p = 0.029, Figure 3.12C-
D). However, maximal respiration and spare respiratory capacity were greatly
increased in cords (p = 0.016; p = 0.016, Figure 3.12E-F). Furthermore, due to the
greater glycolytic switch, basal ECAR and maximal ECAR were both significantly
greaterin cords (p =0.01; p =0.016; Figure 3.12G-H). Together these data show nCD4+
T cells from cords are significantly more metabolically active than adults immediately

upon and shortly after activation.
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Figure 3.12 Umbilical cord blood nCD4+ T cells are more metabolically active early
post activation.

Metabolic parameters of nCD4+ T cells isolated from human adult peripheral
blood and umbilical cord blood were assessed A-B) ~2 hours post in situ anti-
CD3/28 activation mitochondrial and glycolytic parameters were determined
by injections of oligomycin (1 uM), FCCP (1 uM) and antimycin A and rotenone
(1 uM). C) Basal respiration, D) ATP linked respiration, E) maximal respiration,
F) spare respiratory capacity, G) basal ECAR and H) maximum ECAR for adults
and cords. Data are representative of 9 independent experiments, n = 4 adults
and 5 cords. p values determined by Wilcoxon rank sum test; p < 0.05 was

deemed significant.

To ensure that the greater glycolytic switch induced by stimulating with anti-CD3/28
was not simply due to greater expression either CD3 or CD28, ex vivo nCD4+ T cells
from both donor groups were examined for surface expression of these two antigens
using flow cytometry. CD3 and CD28 was homogenously expressed by cells in both
donor groups (Figure 3.12A,C) and no difference in expression was seen (Figure
3.13B,D), suggesting that the difference in glycolytic switch on activation is not

explained by increased expression of these molecules.
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Figure 3.13 Surface expression of CD3 and CD28 on adult peripheral and umbilical
cord blood naive CD4+ T cells ex vivo.

nCD4 + T cells isolated from human adult peripheral blood umbilical cord blood were
assessed by flow cytometry for CD3 and CD28 surface receptors. Representative
histograms and summary plots of A-B) CD3 and C-D) CD28 surface receptors on and
cord ex vivo Tn. n = 5 adult and n = 6 cord. p value determined by Wilcoxon rank sum

test; p < 0.05 was deemed significant.

3.3.5 The glycolytic switch in cords is accompanied by greater mTOR signalling.

Thus far, the data indicated a more prominent metabolic switch in cord nCD4+ T cells
and as it well documented that reprogramming in T cells is driven by the PI3K-AKT-
mTOR signalling axis (Finlay et al., 2012; Jones et al., 2019; Shyer et al., 2020) it was
hypothesised that this pathway might be more strongly induced on activation in
cords. On anti-CD3/28 stimulation mTOR is phosphorylated, at serine 2448 via a
signalling cascade involving PI3K and AKT (de Souza et al., 2016). mTOR integrates
nutrient availability with metabolic function by acting as an ATP and amino acid
sensor, only activating when the environment is sufficient to meet the energetic and
metabolite demands of the cell. As such, mTOR signalling can be repressed by
inhibition of glycolysis or amino acid deprivation. To measure the phosphorylation of
mTOR, nCD4+ T cells isolated from adults and cords were treated with vehicle or anti-
CD3/28, as well as the inhibitors 2DG or BCH, for 1 hour before determination of
phosphorylated proteins, compared to vehicle controls, using intracellular flow

cytometry (Figure3.14).
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Figure 3.14 Greater induction of mTOR in umbilical cord blood naive CD4+ T
cells.

Phosphorylation of intracellular proteins, assessed by flow cytometry, in nCD4+
T cells isolated from human adult peripheral blood and umbilical cord blood.
Plots showing Intracellular flow cytometry measuring phosphorylated proteins
after 1 h activation with anti-CD3/28 with representative histograms and
summary plots relative to vehicle controls for A-B) p-mTOR (Ser2448), C-D) pS6
(Ser235/Ser236) and p-AKT (ser473). Interquartile range (IQR) for vehicle
controls are shown by dashed lines red for adult and blue for cord. n = 3 adult
and n = 3 cord. p value determined by Wilcoxon rank sum test; p < 0.05 was
deemed significant.
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Phosphorylated mTOR increased, slightly for adults (p = 0.22) and significantly for
cords (= 0.023) on activation (Figure 3.14A-B) and a greater increase above vehicle
control was seen in neonates (p = 0.017) (Figure 3.14B). mTOR phosphorylation was
totally impaired in adults by 2DG inhibition however inhibition was only partial in
cords. Inhibition by BCH was more potent for both adults and cords with complete
inhibition in both cases (Figure3.14B) (Dennis et al., 2001; Nicklin et al., 2009).
Phosphorylated S6, a phosphorylation target of mTOR, in the mTORC1 complex, was
used as a measure of downstream mTOR signalling (Dieterlen et al., 2012). Again,
both donor groups showed increased phosphorylation of S6 on activation as
expected, although there was no significant difference between them (Figure 3.14C-
D). The same trends in inhibition with 2DG and BCH were observed as were seen with
mTOR phosphorylation (Figure 3.14C-D). mTORC2 is the other mTOR containing
signalling complex potentially induced on T cell activation and is known to
phosphorylate AKT at serine 473 (Pollizzi et al., 2015). Unlike mTOR and S6, there was
minimal phosphorylation of AKT indicating that mTORC2 did not increase significantly
compared to vehicle control though a small increase was seen for both groups which

was completely inhibited by 2DG and BCH (Figure 3.14E-F).

As BCH was a more potent inhibitor of mTOR signalling and its target LAT1/CD98 is
known to modulate metabolic reprogramming and immune function, the activity of
this amino acid transporter was investigated (Hodge et al., 2022; Kedia-Mehta et al.,
2023). Firstly, surface expression was examined using flow cytometry of CD98 and
found to increased dramatically in cords (p = 0.002; Figure 3.15A-B). Secondly the
activity of the transporter was assessed by measuring the specific uptake of the auto
fluorescent amino acid, kynurenine, using flow cytometry (Sinclair et al., 2018) to
reveal significantly greater kynurenine uptake in cords (p = 0.0045, Figure 3.15C-D).
Furthermore, uptake was inhibited by the addition of BCH as well as competitive

inhibition with lysine and kinetic inhibition at 4°C, (p < 0.002 for all comparisons)
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indicating that changes in fluorescence were indeed due to CD98 mediated uptake of

kynurenine.
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Figure 3.15

CD98 expression and kynurenine uptake is greater in umbilical cord blood
naive CD4+ T cells.

A-B) Representative histogram and summary plots of CD98 surface expression
on ex vivo human adult and umbilical cord nCD4+ T cells. C-D) Representative
histograms and summary box plot of median fluorescence intensity, showing of
kynurenine uptake determined by kynurenine fluorescence in the presence of
inhibitors indicated. A-B) n= 6 adult and 6 cord. C-D) n= 8 adult and 8 cord. p

value determined by Wilcoxon rank sum test; p < 0.05 was deemed significant.

3.3.6 Differential requirements of glutamine in umbilical cord blood nCD4+ T cells
metabolic reprogramming.

Interestingly 2DG was more effective at inhibiting mTOR signalling in adults than cords

(Figure 3.14B). As inhibition by 2DG blunts glycolysis to decrease in the ATP/ADP ratio

thereby activating AMPK mediated inhibition of mTOR it seems plausible that nCD4+

T cells from cords are able to derive more ATP from a source other than glucose
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metabolism. As OCR is greater in cords post activation, mitochondrial metabolism
might supply the ATP required to maintain a higher ATP/ADP ratio. Glutamine is a
major source of carbon for the TCA cycle and metabolic reprogramming after T cell
activation is known to be driven by mTOR signalling in human naive T cells (Jones et
al., 2019). To examine the role of glutamine in sustaining metabolic reprogramming
on activation, nCD4+ T cells from adult and cord donors were activated in situ with or
without glutamine present in the media and OCR/ECAR was recorded (Figure3.16A-
D).
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Figure 3.16 Glutamine fuels oxidative phosphorylation in umbilical cord

blood nCD4+ T cells.

A-D) OCR and OCR measurement of ex vivo nCD4+ T cells, from human adult
peripheral blood and umbilical cord blood, activated in situ with anti-CD3/28
with or without glutamine. E-H) OCR and ECAR measurements Pre and Post
injection of anti-CD3/28 and fold change 2 h post injection. Data are

representative of 7 independent experiments n = 3 adult and 4 cord. p values
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comparing glutamine supplementation within donor groups was determined by
Wilcoxon signed rank test and comparisons between donor groups were made

by Wilcoxon rank sum test; p < 0.05 was deemed significant.

As seen earlier in this chapter, ECAR and OCR increased on in situ activation with anti-
CD3/28 (Figure3.11). Activation in the absence of glutamine did not appear to affect
OCR in adults but a slight decrease in OCR after activation was seen in cords compared
to glutamine containing media where the increase in OCR diminished to basal levels
over the course of the assay, although this did not reach significance (p = 0.16;
Figure3.16B,E). However, when adjusting for donor variability by comparing fold
change in OCR activation on an individual basis no fold change increase in OCR was
seen in cords activated without glutamine, resulting in a significantly reduced OCR
fold change compared to donor matched cells activated in the presence of glutamine
(p =0.028, Figure 3.16F). No difference in OCR fold change was seen for adults (Figure
3.16F). Inversely, ECAR was slightly increased for adults when glutamine was absent
although this difference did not reach significance either in direct comparison of ECAR
or when comparing fold change (Figure 3.16G-H). The same trend was observed for

cords, although even less pronounced (Figure 3.16G-H).

3.3.7 Metabolicand activation profile of nCD4+ T cells 16 hours post initial activation.
Following on from these experiments, phenotype and fuel requirements of nCD4+ T
cells activated for 16 h in adults and neonates were examined. By this time point
significant metabolic reprogramming has occurred and many proteins associated with
metabolism and mitochondrial function have been significantly upregulated (Ron-
Harel et al., 2016; Tan et al., 2017; Mocholi et al., 2023). Additionally, T cells will have
begun to produce their first effector cytokines and activation related markers, which
at this stage are predominantly IL-2, CD69 and the IL-2 receptor CD25 (Sojka et al.,
2004; Soskic et al., 2022). There for changes to some of these markers and cytokines
were assessed by flow cytometry and ELSIA. CD25, IL-2 and IL-10 were chosen due to

their known relationship with cell growth and proliferation CD25 expression is known
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to correlate to glycolytic expression and IL-2 production is dependent on glutamine
metabolism (Jones et al., 2019; Ahl et al., 2020). The cytokine IFNy and chemokine
CXCL8 were included as previous work has demonstrated differing capabilities to
produce these cytokines between adults and neonates potentially indicating

divergent functions (Gibbons et al., 2014; Razzaghian et al., 2021).
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Figure 3.17 Activation profile of adult peripheral and umbilical cord blood
naive CD4+ T cells at 16 h.

The early activation profile of human adult and umbilical cord naive CD4+ T
cells cultured with anti-CD3/28 or vehicle was assessed at 16 h. A)
Representative histogram of DRAQ?7 live dead staining and summary plot of

percentage live cells. B) Representative histogram of CD25 and summary plots
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of CD25 MFI. Cytokines in culture supernatant C-F) IL-2, IL-10, CXCLS,
IFNy, respectively. A-B n = 4 adults and n = 4 cords. C-F) n= 5-6 adults and 6
cords. when comparing adults and cords p value determined by Wilcoxon rank
sum test and when comparing Vehicle to aCD3/28 treatment, within each
donor group, Wilcoxon signed rank test was used; p < 0.05 was deemed

significant.

After 16 h culture in RPMI + 10% FCS with or without anti-CD3 (2 pg/mL) and anti-
CD28 (20 pg/mL), minimal cell death was seen in both anti-CD3/28 and unstimulated
controls for both donor groups (Figure 3.17A). Both donor groups saw significant
increases in CD25 expression on the cell surface when stimulated (p = 0.028 adult and
p = 0.028 cord; Figure 3.17B) with CD25 expression significantly greater in cords (p =
0.029; Figure 3.17B). Examining known important cytokines (IL-2, IL-10, CXCL8 and
IFNY) by ELISA found little secretion in supernatants, except for IL-2 (Figure 3.17C-F).
However, both adults and cords secreted significantly more cytokines when
stimulated with anti-CD3/28 apart from IFNy in cord nCD4+ T cells where there was
no difference compared to unstimulated controls (Figure 3.17F). Adults secreted
significantly more IL-2 (p = 0.016; Figure 3.17C) and IFNy (p = 0.012; Figure 3.17F) than
cords, in keeping with other studies (Rudd, 2020; Razzaghian et al., 2021). Contrary
to this, cord nCD4+ T cells secreted more IL-10 then adults however, this did not reach
significance (p = 0.23; Figure 3.17D) whilst there was no noticeable trend for CXCL8
(Figure 3.17E).

The three inhibitors UK5099, BPTES and etomoxir impair the usage of common
metabolic fuels, glucose, glutamine and fatty acids, respectively. UK5099 is a
mitochondrial pyruvate carrier inhibitor, preventing further metabolism of glucose
derived pyruvate in the TCA cycle, by halting its entry into the mitochondria. BPTES
inhibits the activity of glutaminase 1 (GLS1) impairing glutaminolysis and etomoxir
inhibits carnitine palmitoyltransferase-1 (CPT1A), the primary entry point of fatty

acids into the TCA cycle. To examine the oxidative utilisation of the glucose, glutamine
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and fatty acids, anti-CD3/28 treated cells were harvested at 16 h, resuspended in
Seahorse XF RPMI assay media and real time bioenergetic parameters measured at
base line and following injections of UK5099 (2 uM), Bis-2-(5-phenylacetamido-1,3,4-
thiadiazol-2-yl)ethyl sulphide (BPTES; 3 uM), 2[6(4-chlorophenoxy)hexyl]oxirane-2-
carboxylate (etomoxir; 3 uM) and vehicle control as well as injections of oligomycin
(1 M), FCCP (1 uM) and antimycin (1 uM) and rotenone (1 uM), for a mito-stress
assay (Figure 3.18A).
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cells is comparable 16 h post stimulation.

Naive CD4+ T cells from human adults and umbilical cords were activated for 16 h
with anti-CD3/28 and mitochondrial parameters were assessed. A) Trace of mitostress
test in the after in situ inhibition of MCP with UK5099 (2 uM), GLSI1 with BPTES (3 uM)

and CPT1a with Etomoxir (3 pM). Mitochondrial parameters determined by injections
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of oligomycin (1uM), FCCP (1uM) and antimycin (1 uM) and rotenone (1 uM)
following injections of UK5099, BPTES and Etomoxir. B) Basal respiration, C) ATP linked
respiration, D) maximal respiration, E) spare respiratory capacity, F) non-
mitochondrial respiration, G) proton leak. H) Representative western blots of MPCP1,
MPC2, GLS1 and f-actin loading control. Summary densitometry plots normalised to
Pactin, 1) MCP1, J) MCP2, K) GLS1. Data are representative of 5 independent
experiments. n = 4 adults and 3 cords. p value determined by Wilcoxon rank sum test;

p < 0.05 was deemed significant.

Firstly, comparing adult and cord vehicle controls, barring non-mitochondrial
respiration and proton leak, no significant differences in most mitochondrial
metabolic parameters was seen between the donor groups (Figure 3.18B-G). The
same trends held true when cells were treated with the inhibitors UK5099, BPTES and
etomoxir suggesting similar reliance on these metabolic fuels for adult and cord
nCD4+ T cells (Figure 3.18B-G). To be sure these observations were not a result of
different expression of the enzymes targeted by the inhibitors, MPC1, MPC2 and GLS1
proteins were determined by western blot (Figure 3.18H). No significant difference
was seen between donor groups for any of the proteins examined (3.181-K). Exploring
the fuel requirements of Tn, no significant differences were seen in any of the
mitochondrial parameters measured, compared to vehicle control, for adults or cords

(Figure 3.18B-G).
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Figure 3.19 Mitochondrial biogenesis of activated nCD4+ T cells from adult
peripheral and umbilical cord blood.

Mitochondrial content was assessed in nCD4+ T cells, isolated from human adult
peripheral blood and umbilical cords, after 16 h culture with anti-CD3/28 or vehicle.
A) Mitochondrial mass determined by MitoTracker® MFI. B) Representative western
blot of PGC1c and f-actin loading control. C) Summary plots of PGC1« densitometry
normalised to f-actin. n = 4 adults and 3 cords. For comparisons between donor
groups p value determined by Wilcoxon rank sum test and for comparisons between
vehicle and aCD3/28 treatment within donor groups a Wilcoxon signed rank test was

used; p < 0.05 was deemed significant.

Compared to ex vivo (Figure 3.8), a much greater OCR was observed at 16 h (Figure
3.18) suggesting that mitochondrial mass may have increased to support the
increased metabolic demand. Surprisingly, on examining mitochondrial mass of anti-
CD3/28 treated and vehicle controls with MitoTracker™ Green, there was evidence of
significant mitochondrial biogenesis in cords but not adults (p = 0.01), resulting in a
greater mitochondrial mass for activated cord T, although this did not reach
significance (p = 0.4; Figure 3.19A). However, blotting for peroxisome proliferator-
activated receptor gamma coactivator 1l-alpha (PGCla), the master regulator of
mitochondrial biogenesis, did not show any significant difference between adults and

cords (p = 0.63; Figure 3.19B-C).
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Figure 3.20 Glycolysis of nCD4+ T cells from adult peripheral and umbilical
cord blood 16 h post activation.

Naive CD4+ T cells from adults and cords were activated for 16 h with anti-CD3/28
and glycolytic parameters were assessed. A) Trace of ECAR with in situ inhibition of
with UK5099 (2 uM), BPTES (3 uM) and Etomoxir (3 uM) followed by injections of
injections of oligomycin (1 uM), FCCP (1 uM) and antimycin (1 uM) and rotenone
(1 uM). B) Basal ECAR, C) maximal ECAR. Lactate in culture supernatant after 16 h
activation. D) Representative western blots of HKIl and LDHA compared to [-actin
loading control. Summary plots of densitometry normalised to [-actin, E) HKIl and F)
LDHA. Data are representative of 5 independent experiments. n = 4 adult and 3 cord.
p value determined by Wilcoxon rank sum test and for comparisons between vehicle
and inhibitor treatment within donor groups a Wilcoxon signed rank test was used ; p

< 0.05 was deemed significant.

Additionally, to determining mitochondrial metabolism, ECAR was simultaneously

measured and used as a determinant of glycolysis (Figure 3.20A). Contrary to the
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finding directly ex vivo, at 16 h cords showed significantly reduced ECAR, in situ
compared to adults in the vehicle control and on addition of UK5099, BPTES and
etomoxir (p = 0.034; Figure 3.20B). Additionally, treatment with UK5099 in situ
resulted in a significant decrease in ECAR, compared to vehicle, for cords but not
adults (p = 0.03; Figure 3.20B). Despite the decreased basal ECAR measured in situ,
total lactate in culture media supernatant at 16 h was comparable between adults
and cords (p = 0.63; Figure 3.20C) and no significant difference was seen in the
expression of glycolytic enzymes HKIl and LDHA, as determined by western plot (p =

0.4 and 0.23; Figure 3.20D-F)

The significantly different metabolic profile after ex vivo activation and at 16 hours
post activation, prompted measurement of a wider array of cytokines, to consider if
altered metabolic adaptation was associated with a differential cytokine response
tailored toward a unique role for umbilical cord blood T cells, in keeping with other
observations made around CXCL8 and IL-4 (Gibbons et al., 2014; Hebel et al., 2014).
To assess other potential roles of umbilical cord blood naive CD4+ T cells, a proteome
approach was taken using the Human Angiogenesis Array C1000 (RayBiotech). Along
with conventional cytokines such as IL-2 and TNFa this panel included any signalling
factors associated with tissue repair and wound healing and was used to test the
hypothesis that naive CD4+ T cells from the umbilical cord may have an enhanced
time of life specific role in this area (Li et al., 2019a; Chen et al., 2022; Dolejsi et al.,
2022).
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Figure 3.21 Proteome analysis of angiogenesis factors in adult peripheral
umbilical cord blood nCD4+ T cells activated for 16 hours.

nCDA4+ T cells from adult peripheral and umbilical cord blood were activated with anti
CD3/28 for 16 h and the presence of angiogenesis related factors was assessed in the
culture supernatant. Data shows log> transformed values minus background reading.
n =2 adult and 2 cord. p value determined by Wilcoxon rank sum test; p < 0.05 was

deemed significant.

43 targets were simultaneously detected in adult and cord naive CD4+ T cell
supernatant after 16 h in culture of which 9 targets (EGF, ENA-78, bFGF, I-309, MCP-
3, MCP-4, MMP-1, VEGF-R2 and VEGF-R3) were not detected above background levels
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in any of the samples measured. IL-8, TNFa. and Angiopoietin were the most highly
secreted targets in cord supernatant however, only I-TAC was significantly different
between the two donor groups which was higher in cords (p = 0.033). u-PAR and TNFa
both neared significance (p = 0.051 and p = 0.066) with u-PAR higher in cords and
TNFa higher in adults. It also appears that other targets such as IL-10, MMP-9, G-SCF
may also be higher in cords although, the high degree of individual donor variability

makes this hard to determine.

3.4 Discussion

At birth, the T cell repertoire is dominated by the naive compartment with only a
small fraction of memory cells at birth, which likely impacts the kinetics of the
immune response and pathogen clearance as the number of fast reacting antigen
experienced memory cells are greatly diminished compared to adults. Metabolic
reprogramming on antigen encounter is vital to exiting the quiescent state, expanding
cell number and producing effector molecules to perform their intended functions
(Bailis et al., 2019; Jones et al., 2019; Nastasi et al., 2021). For the first time, this
chapter explores the early activation events in neonatal umbilical cord blood derived
naive CD4+ T cells and finds a more strongly glycolytic switch induced on activation
and greater mTOR activation supported by increased uptake of leucine when
compared to adults. However, this comparatively elevated energetic state did not
extend into the later hours of activation (16 hours), where metabolic parameters were

largely comparable to adults.

Total T cells were first examined and similar ratios of CD4+:CD8+ cells were found and
both the CD4+ and CD8+ T cell populations were predominantly naive in cord blood
(~90%), in line with previous reports (Prabhu et al., 2016; Jacks et al., 2018).
Compared to other finding in the literature, a higher ratio of CD4 to CD8+ cells for
adults was reported here (Wikby et al., 2008). This result may have been caused by
not including the T cell lineage marker CD3 in the panel which would have excluded
CD4 expressing cell types such as dendritic cells, thus limiting the overall specificity of
the panel (Jardine et al., 2013). Of the few CD4+ memory cells present in cord, CM

cells were the most frequent with terminally differentiated EMRA cells being the least
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frequent, implying that the CD4+ compartment is in a mostly inactive and
undifferentiated state at birth. Contrary to others, a comparable population of CD8+
EMRA cells were seen in cords and adults (Prabhu et al., 2016). The discrepancies in
CD4+ and CD8+ effector gradients observed here might reflect the innate like function
of neonatal CD8+ T cells enabling more rapid responses (Galindo-Albarran et al.,
2016). A more detailed consideration of different T helper lineages was enabled by
examining the expression of chemokine receptors associated with these different T
helper lineages which are mostly confined to the memory compartment. Although
only a small fraction of the total cord CD4+ T lymphocytes, a distinctively Th2 skewed
phenotype was seen across all cord memory populations. However, the true validity
of these cell as Th2 differentiated cells is still up for debate here, as transcription the
lineage defining transcription factor GATA3 was not stained for and the low
frequencies of these populations confounds accurate determination of populations
(Halim et al., 2017). Whether or not human neonates are Th2 skewed is still under
debate with various conflicting pieces of evidence and much of the early foundational
evidence coming from mice (Chen and Field, 1995; Forsthuber et al., 1996; Halonen
et al., 2009; Jacks et al., 2018; Rudd, 2020). Obvious Th2 skewing at the time of birth,
at least in the memory compartment as shown here, might indicate a biased response
favouring the Th2 phenotype rather than a programmed cell intrinsic bias for Th2
differentiation and might reflect the repertoire of antigen experience at this point of
development. Another consideration is that the relatively antigen poor environment
during gestation provides little opportunity for the generation of antigen experienced
conventional memory T cells. On the other hand, regulatory T cells are generated
early in gestational development and go on to form a long-lived memory population
(Mold et al., 2008; Li et al.,, 2019b; Peterson et al., 2021). Here T-helper-like
chemokine phenotype was assessed in CD25"&8"CD127'°% population which are
indicative of regulatory T cells although limited by lack of intracellular FOXP3 staining
which can lead to an impure population or failure to capture the full population (Klein
etal., 2010). When using the same chemokine receptor expression, as used with total
CD4+, Th2-like Tregs were still the most abundant Th phenotype but the Tregs were
not overwhelmingly Th2 skewed suggesting that Th2 skewing may be confined to

conventional T cells. It must also be considered that these results are limited by the
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very small number of Th-like events recorded in some cord blood samples.
Additionally, further research would benefit from higher throughput and more
specific approaches, such as single cell sequencing, to more accurately and
definitively define T-helper and T-helper-like Tregs populations by also examining the
expression of master transcription factors known to be involved in the T-helper
lineages of T cells (Halim et al., 2017). One should also consider that these chemokine
receptors also govern trafficking of T cells to separate locations in the body so it stands
to reason that Tregs and conventional T cells are not distributed equally throughout
tissues. Uniquely in cords, there was a distinct lack of Th22-like Tregs, which perhaps
contributes to greater susceptibility of neonates to allergic immune reactions as
fewer regulatory T cells will traffic to epithelial sites (Koning et al., 1996; Prescott et

al., 2003; Smith et al., 2008).

Given that naive CD4+ T cells formed the largest T cell population in umbilical cord
blood collected at term birth further investigation focused on this subset. Although
the details of neonatal nCD4+ T cell activation differ by report it is commonly agreed
that the activation phenotype is distinct from adults (Rudd, 2020). There is now a
fairly broad consensus that metabolism has a defining role in T cell phenotype and
function, leading to the hypothesis tested here that the reported in differences in
adult and neonatal nCD4+ T cell activation are underpinned by distinct metabolic
profiles (Holm et al., 2021). Initial hypothesis testing used a freely available and
published transcriptomic data set which revealed differences in key metabolic
pathways associated with T cell activation, including glycolysis which is an essential
pathway required for exiting T cell quiescence on activation. Increased ECAR in
neonatal ex vivo nCD4+ T cells corroborated the in-silico findings. Although, elevated
levels of key glycolytic proteins were not seen in cords which may indicate that these
differences are instead due to differences the modulation of glycolytic rate through
modification of enzyme kinetics. This slightly elevated glycolytic rate when resting
might be indicative of a higher readiness state in neonatal nCD4+ T cell as early
activation markers CD69 and CD44 were also elevated, suggesting neonatal nCD4+ T
cells are poised for rapid responses. Supporting this possibility, the metabolic switch,

measured by in situ activation with anti-CD3/28, was considerably greater in
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neonates. This was accompanied by considerably greater spare respiratory capacity
in the hours immediately following activation providing neonatal nCD4+ T cells with
greater metabolic flexibility to meet growing demand as the immune response ensues
and might be fuelled by increased glutaminolysis (Matias et al., 2021). Interestingly,
despite increased mitochondrial activity in both groups, this was not accompanied by
increased mitochondrial superoxide production in the neonates in stark contrast to
the adult. The lack of mitochondrial superoxide signalling might have significant
ramifications for T cell activation as it supports NFAT translocation to the nucleus and
subsequent production of IL-2 (Sena et al., 2013) which was found to be reduced in

neonates at 16 h.

Matching the heightened metabolic switch in neonates, increased phosphorylation of
mTOR, a key metabolic regulator, and its downstream targets was also observed. As
there was no difference in AKT phosphorylation at ser473, it seems most likely that
mTORC1 is the key differentially regulated signalling protein. Mechanistically, greater
mTOR signalling might be supported by greater amino acid uptake through increased
surface expression of CD98, as inhibition of CD98 with BCH abrogated the increase in
mTOR phosphorylation. Similar mechanisms for controlling mTOR activation and
subsequent cell function have been reported in other cells including murine ILCs
(Panda et al., 2022). Furthermore, increased mTOR signalling may have resulted in
enhanced glutaminolysis, which fuels oxidative phosphorylation and spare
respiratory capacity through aKG entering the TCA cycle, (Jones et al., 2019) leading

neonatal nCD4+ T cells to be more sensitive to glutamine depravation on activation.

Going beyond the immediate hours after activation and examining nCD4+ T cell
characteristics at 16 h, a more conflicting story emerged. By this time ELISAs showed
a distinct activation profile of cord nCD4+ T cells with reduced IL-2 and IFNy secretion
and some donors showing much greater IL-10 secretion, which could result in reduced
functional and proliferative capacity (Canto et al.,, 2005). As it is currently not
established here whether the differences in early neonatal nCD4+ T cell responses are
a or whether some behave more like adults whilst another population behaves

differently, additional experiments examining cytokine production on a single cell
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basis, by staining intracellularly for flow cytometry, would provide more granular

detail of the differences in cytokine production seen between adults and cords.

It has also been suggested that neonatal T cells have a unique role in tissue
regeneration and homeostasis with evidence demonstrating an important role in
heart neonatal heart regeneration, not seen in adults, as well as the unique ability to
traffic in and out of non-lymphoid tissues (Mackay et al., 1988; Dolejsi et al., 2022).
However, in this chapter an initial analysis of this role, by examining over 40 targets
associated with angiogenesis, is inconclusive, potentially due to the small number of
samples studied. Although some factors associated with tissue remodelling and repair
appeared to be secreted in greater amounts by cord nCD4+ T cells such as MMP-9
(which was only secreted in cords), as well as angiopoietin and u-PAR. Further
experiments using more quantitative methods and larger sample numbers are

required to provide more clarity.

In comparison to the first hours of activation, mitochondrial parameters such as basal
respiration and spare respiratory capacity no longer differed between adults and
neonates, after 16 hours despite apparently greater mitochondrial biogenesis in
cords. Although, as there is no difference in PGCla. between donor groups and ex vivo
analysis had found comparable mitochondrial content between adults and cords, it
may be that mitochondrial content dropped in unstimulated controls, leading to the
appearance of increased biogenesis. Use of inhibitors, UK5099, BPTES and etomoxir
suggested that there are minimal differing fuel requirements in adults and neonates
although, glycolysis in neonates might be more sensitive to accumulation of pyruvate.
The results of these assays may also demonstrate the degree of metabolic flexibility
in both adult and cord naive T cells. This leaves increased ECAR in adults as the only
metabolic parameter measured here that differs dramatically between adults and
neonates. Whether this is sufficient to explain the differing cytokine production of
adults and cords is not clear and requires further investigation. However, there is
some supporting evidence in the literature that could support this outcome such as
the known reliance on glycolysis for IFNy secretion which is significantly reduced in
cords (Chang et al.,, 2013; Peng et al.,, 2016). Other metabolic pathways, not

interrogated here, are likely to also play a role in creating the unique activation profile
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of neonatal naive CD4+ T cells. In particular, time course analysis of adult T cell
proteomics during activation revealed one carbon metabolism as amongst the most
upregulated in the early stages of activation whilst the more commonly assessed
pathways of glycolysis and glutaminolysis were amongst the lowest upregulated (Ron-

Harel et al., 2016; Tan et al., 2017).

3.5 Conclusions

This chapter finds that neonatal T cells are primarily naive and that the CD4
compartment in particular exists in a highly undifferentiated state. The small fraction
of memory T cells in the total CD4+ population is distinctly Th2 skewed although the
same skewing is not evident in regulatory T cells, suggesting differing antigen
specificity and trafficking potential to separate sites of the body. Investigation of
immediate metabolic reprogramming of neonatal naive CD4+ T cells on activation
revealed a strong glycolytic switch and greater mTOR signalling driven by increased
amino acid uptake likely through CD98. However, the comparatively heightened
energetic state was not sustained by 16 h, at which point a lower glycolytic rate might
have contributed to a differing activation phenotype, defined by lower IL-2 and IFNy
production. The importance of this enhanced early metabolic switch in neonates
remains unclear and further work is required to elucidate how this initial metabolic
enhancement is diminished in the first hours post activation and how this relates to

altered T cell function.
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Chapter 4

4 The Effects of Physiologic Media
on Adult and Umbilical Cord Blood

Naive CD4+ T Cell Responses
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4.1 Introduction

A substantial body of literature demonstrates several differences in the T cell
compartment of neonates, usually represented by umbilical cord blood (UCB) T cells.
Perhaps most obviously, circulating human neonatal T cells are comprised almost
entirely of naive, antigen inexperienced, cells with more recent thymic emigrants
(Lorenzini and Toldi, 2023). Understanding the functions and mechanistic
underpinnings of human neonatal naive T cells has been confounded by limited
neonatal material leading the field to be largely driven by murine models which
demonstrate Th2 skewing in neonates (Adkins and Du, 1998; Rose et al., 2007).
However, it is unclear whether this phenomenon is true in humans as some reports
have shown no global Th2 skewing in human infants (Jacks et al., 2018). Ex vivo studies
of human neonatal naive T cells have revealed reduced chromatin accessibility and
increased hypermethylation at Th1 associated transcription sites (White et al., 2002;
Yu et al., 2021; Bermick et al., 2022). Furthermore, the highly permissive IL-13 locus
of neonatal naive T cells, even under Th1 skewing conditions suggests that human
neonatal naive T cells may also be Th2 skewed (Webster et al., 2007; Jacks et al.,

2018).

In vitro models of T cell activation utilising mammalian cell culture techniques have
enabled studies to further probe the intrinsic characteristics of neonatal T cells;
although, the findings from such studies vary considerably. Some early work reported
broad defects in neonatal T cell responses with decreased expression of both IL-4 and
IFN-y but similar expression of IL-2 (Lewis et al., 1991). In a later study, human
neonates were found to exhibit reduced activation markers and IFN-y production
when stimulated with anti-CD3 antibodies alone, however, when used in combination
with anti-CD28 this gap was reduced to the point of insignificance (Canto et al., 2005).
These data suggest that increased reliance on co-stimulatory signals might explain
previously reported defects in neonatal T cell function, although, subsequent studies
using anti-CD3/28 also have reported conflicting results. Some evidence increased
type 2 cytokine responses or diminished type 1 responses whilst others show little to
no differences in cytokine production (Lesniewski et al., 2008; Hebel et al., 2014;

Schmiedeberg et al., 2016; Yu et al., 2021; Bermick et al., 2022). Under skewing
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conditions, neonates are consistently able to generate Thl and Th2 cells with some
studies noting greater propensity for type 2 cytokine secreting cells under Thl
skewing conditions than seen in adults (Webster et al., 2007; Jacks et al., 2018;
Razzaghian et al., 2021). It has been suggested that neonatal T cells are as intrinsically
functional as their adult counterparts and the fault instead lies with altered priming
by DCs (Zaghouani et al., 2009). However, altered cytokine production can only
partially be explained by DC function, as illustrated by studies using adult DCs or cross
treatments of adult and umbilical cord blood APCs (Chen et al., 2006; Razzaghian et
al., 2021).

In recent years a growing body of evidence has begun to highlight the importance of
metabolism for cell function. In adult T cells, central metabolic programmes, such as
glycolysis and oxidative phosphorylation, are essential for exit of quiescence, rapid
expansion and production of effector molecules (Wang et al., 2011; Jones et al.,
2019). Metabolic control of cell function is facilitated through a number of
mechanisms including energy and anabolic precursor generation, post transcriptional
regulation and epigenetic regulation of the chromatin landscape (Peng et al., 2016;
Puleston et al., 2021). Whilst neonatal T cell metabolism is very poorly defined,
studies providing fish oil supplementation to mothers during pregnancy or increasing
arginine supplementation in cord blood CD4+ T cell culture have hinted at a role for
metabolism in defining the neonatal T cell responses (Harb et al., 2017; Yu et al.,

2021).

Given the evident role of metabolism in shaping T cell function, the metabolite
content of commonly used cell culture media has come under close scrutiny. Modern
culture techniques derived from the need to produce lower cost and more
standardised growth media than natural biological fluids. Animal cell culture was
pioneered in the early 20™ century, often using reptilian or amphibian embryos. By
the mid-1900s the first continuous cell cultures were established with a cervical
cancer biopsy from Henrietta Lacks, establishing the first human tumour cell lines
Hela, still in use to this day. Harry Eagle then described the essential nutrient
requirements of the Hela cells as well as a mouse fibroblast cell line L929, culminating

in the creation of Eagle’s Medium Base (Eagle, 1955b; c; d; a). This was shortly
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followed by Eagle’s Minimal Essential Media, which enabled longer culture times and
contained glucose, 13 amino acids, six inorganic salts, eight water-soluble vitamins
and dialyzed blood serum (Eagle, 1959). Numerous variations have since been
developed for more specialised use cases including Dulbecco’s Modified Eagle
Medium, Ham’s F12 Medium and other complete media which do not require serum
supplementation (Ham, 1965; Cantor, 2019). Among the many new media
formulations, in 1967, the Cell Laboratory at Roswell Park Memorial Institute (RPMI)
defined a cell culture medium for human leukocyte culture RPMI 1640 (Moore et al.,
1967). This media formulation, supplemented with fetal calf serum or fetal bovine

serum, is still commonly used today for a wide range of cell cultures, including T cells.
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Figure 4.1 Comparing culture media and plasma metabolites.

A) A comparison of metabolites present in RPMI, HPLM, adult human plasma and
umbilical cord blood plasma. White cells indicate non presence of the metabolite and

grey indicates no standard value identified in the literature. B) Schematic of
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experimental design to compare the effects of culture media on the activation of adult

and cord blood naive CD4+ (nCD4+) T cells. Figure made using Biorender.com.

Nearly 70 years later, most multipurpose culture medias are based on the original
observations by Harry Eagle and are designed to meet the needs of a handful of
specific cell lines. Given the pervasive role of metabolism in cell function efforts have
now been made to produce physiologic culture media, in hopes of creating better in
vitro models. Human Plasma Like Media (HPLM) and Plasmax are examples of
commercialised physiologic media that closely resemble human plasma in
metabolite, vitamin and ion concentrations (Cantor et al., 2017; Voorde et al., 2019).
It is worth noting, neither HPLM or Plasmax is a complete media and still requires
supplementation with dialysed serum to provide the other factors required for
healthy cell growth. Compared to RPMI, HPLM contains considerably less glucose and
glutamine however, HPLM contains other sugars, carbohydrates and amnio acids not
present at all in RPMI (Figure 4.1A). Work focusing on adult T cells has already found
significant differences in many aspects of CD4+ T cell activation, including metabolic
features proliferation and cytokine production, when cultured in HPLM compared to
RPMI 1640, (Leney-Greene et al., 2020; MacPherson et al., 2022). However, little is
known about the metabolic requirements of neonatal T cells or how physiologically
relevant media may affect their activation profile. To address this gap in the literature,
this study compared and contrasted nCD4+ T cell activation, from adults and umbilical
cords, in conventional culture media (RPMI 1640) and HPLM which more closely

replicates adult and umbilical cord blood plasma (Figure 4.1B).

4.1.1 Rationale

T cell culture is a vital tool in the study of neonatal immune responses. However, the
effects of recently developed physiologically relevant media have not been
investigated. The purpose of this study is to compare and contrast activation
responses of human nCD4+ T cells from adults and umbilical cord blood (UCB)
cultured in HPLM or RPMI 1640 and to better understand their metabolic function
and requirements. The results of this study will provide valuable insights into the use
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of physiologically relevant media for T cell culture and its potential applications in

neonatal immune response research.

4.1.2 Hypothesis

1. The use of more physiologically relevant media will significantly alter the
activation profiles of adult and cord derived nCD4+ T cells.

2. Adult and cord derived nCD4+ T cells are fuelled by distinctly different
metabolic phenotypes and culture in physiologic media will significantly alter
the metabolic phenotype.

3. Differing metabolic requirements of adult and cord derived nCD4+ T cells will

drive distinct activation profiles in response to physiologic media.

4.2 Experimental procedures

4.2.1 nCD4+T cell isolation

Adult human peripheral blood, from healthy nonfasted donors, or umbilical cord
blood was collected onto heparinised Vacuettes™ (Greiner Bio-one. Frickenhausen,
Germany), as described in 2.1 and 2.3. MNCs were isolated by density centrifugation,
as in chapter 2.3.1, washed and resuspended in PBS. MNC density was determined
(see chapter 2.4), prior to depletion of CD235a-bearing cells by antibody labelled
magnetic microbeads (autoMACS; Miltenyi Biotech; see chapter 2.3.2). Here, 10 pL of
beads were used per 107 adult MNCs whilst 30 uL of beads were used per 107
umbilical cord blood MNCs. CD235a depleted MNCs were resuspended in PBS before
cell density was determined. nCD4+ T cells were isolated from MNCs by negative
selection with antibody labelled magnetic microbeads (autoMACS; Miltenyi Biotech,
see chapter 2.3.3). Isolated nCD4+ T cells were resuspended in PBS and purity was

determined by flow cytometry (see chapter 2.6.2).
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4.2.2  Tcell culture in HPLM and RPMI

nCD4+ T cell counted in PBS were washed into either HPLM (ThermoFisher) or RPMI
GlutaMAX™ (ThermoFisher) by filling with the appropriate media and centrifugation
at 300 x g for 10 min at room temperature media. Cells were cultured at 1 x 10° cells/
mL in a total volume of 200 pl in a flat bottom 96 well tissue culture treated plate
with 2 pg/mL plate bound anti-CD3 (OKT3; BioLegend) and 20 pg/mL soluble anti-
CD28 (CD28.2; BiolLegend). Cultures were supplemented with 10% dialysed FCS
(ThermoFisher) 3 hours after initial plating (Chapter 2.7). Cells were cultured for 24 h
or 48 h at 37°C in 5% CO; before harvesting by gentle pipetting. Cell death (DRAQ7)
and activation (CD25, CD44 and CD69) were determined by flow cytometry whilst
culture supernatant was stored at -20°C for later cytokine analysis by LEGENDplex™

and ELISA.

4.2.3  Flow cytometry

nCD4+ T cell purity was determined, as described in chapter 2.6.2, using Alexa Fluor™
647 anti-CD4 (OKT4; Biolegend); FITC anti-CD45RO (UCHL1; Biolegend); Brilliant
Violet™ 605 anti-CD45RA (HI100; BiolLegend) and anti-CCR7. T cell death was
determined using 1 uM DRAQ7 staining and excluded when determining cell
activation, as monitored by surface staining (see chapter 2.6.1) using Pacific blue anti-
CD25 (M-A251; Biolegend), FITC anti-CD44 (REA690; Miltenyi Biotech) and PE anti-
CD69 (FN50; Biolegend). Intracellular signalling of select pathways was determined
by intracellular flow cytometry with Vio® B515 anti-pS473-AKT (REA359™; Miltenyi),
PE anti-pSTAT5-Tyr694 (A1701B; Biolegend) and APC anti-pS235/pS236-S6 (REA454;
Miltenyi). Briefly, cells stimulated from 48 hours (as above) were fixed for 1 hour and
permeabilised before adding the antibodies under permeabilising conditions for 30
min in the dark at room temperature. Stained cells were washed, and staining
assessed using the NovoCyte3000, as detailed in chapter 2.6.4. Data were analysed in

FlowJo version 10.8.1.
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4.2.4  Cell proliferation assay

Cell proliferation in culture was determined over 72 h using CellTrace™ violet
(ThermofFisher), according to the manufacturer’s instructions. Isolated nCD4+ T cells
were resuspended in PBS at 0.5 x 108 cells/mL and stained with CellTrace™ violet at 5
1M for 20 min at 37°C temperature protected from light. The stained cells were split
across two tubes and excess dye was quenched by washing in either HPLM or RPMI
media containing 1% FBS. Quenched cells were rested for 10 min before plating at 1
x 10° cells/mL in HPLM or RPMI for a total volume of 200 pL in a flat bottom 96 well
tissue culture treated plate. Cultured cells were activated with precoated anti-CD3 (2
ug/mL) and soluble anti-CD28 (2 pug/mL) or left unactivated. After 3 h of incubation
at 37°C and 5% CO; cultures were supplemented with 10% FBS. After 72 h of culture,
cells were harvested by gentle pipetting and CellTrace violet intensity examined by

flow cytometry. Cell proliferation was analysed in FlowJo version 10.8.1.

4.2.5 Bioenergetic analysis

Bioenergetic analysis was conducted using an Extracellular Flux Analyzer XF®96
(Seahorse Biosciences), as described in detail in chapter 2.5.1 and 2.5.2. In brief,
nCD4+ T cells cultured in different media for 48 h (as described above) were harvested
from the culture plate by gentle pipetting. Harvested cells where then washed and
resuspended in PBS before cell density was determined. After counting, cells were
divided and washed into XF assay media supplemented with 5.5 mM glucose, 0.05
mM pyruvate, and 0.55 mM glutamine (HPLM-like) or supplemented with 11 mM
glucose and 3 mM glutamine (RPMI-like). 0.15 x 10° cells were seeded into each well
of a Cell-Tak (Corning) coated culture plate. A mitochondrial stress assay was
performed using of oligomycin (1 uM), FCCP (1 uM), rotenone (1 pM) and antimycin
A (1 uM) prepared in HPLM-like or RPMI-like assay media.

4.2.6 LEGENDplex™
The LEGENDplex™ HU Th cytokine panel (Biolegend) was used to measure

concentration of IL-2, 4, 5, 6, 9, 10, 13, 17A, 17F, IFN-y and TNFa in cell culture
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supernatants, according to manufacturer’s instructions as summarised below. To
begin, a 1:4 serial dilution of standards was prepared from the lyophilised human
cytokine panel 2 standard bead mix. Standards and samples were added to a v-
bottom 96 well plate, together with LEGENDplex™ assay buffer and premixed capture
beads. The plate was sealed and incubated on a plate shaker set to 800 rpm for 2 h
protected from light. The beads were pellet by centrifugation at 250 x g for 5 min and
the supernatant carefully removed. Next, the beads were washed twice by
resuspending in LEGENDplex™ wash buffer and centrifuging at 250 x g for 5 min. After
washing detection antibody was added to each well and the plate was sealed,
protected from light and incubated at room temperature for 1 h, on a plate shaker set
to 800. LEGENDPLEX™ SA-PE was added to each well and the plate was incubated, as
detailed before, for 30 min. Following this incubation, the beads were pelleted and
washed, as described above, before resuspending in LEGENDplex™ wash buffer and
acquiring by flow cytometry (Novocyte3000, Agilent). Data were analysed in Flowlo

version 10.8.1.

4.2.7 Enzyme linked immunosorbent assay
Secretion of CXCL8 in cell culture was measured by specific ELISA as per the

manufacturer’s instructions (DuoSets; R&D Systems; as in chapter 2.9).

4.2.8 Data analysis
Flow cytometry data analysis was performed using FlowJo version 10.8.1. Further

data analysis was performed in R using the Tidy verse and Tidy models packages.

4.3 Results

To understand the effects of using physiologically relevant media on early activation,
nCD4+ T cells were isolated from the peripheral blood of adults and from the umbilical
cord (to represent neonates). Isolated cells were cultured in HPLM or RPMI for 24 or
48 h with or without plate bound anti-CD3 (2 pg/mL) and soluble anti-CD28 (20

pg/mL). After culture cells were harvested and viability, proliferation, activation
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markers, metabolic parameters and cytokine profile were determined. These
readouts were compared between the medias and differences between adults and
neonates compared and contrasted. Additionally, unstimulated controls were used to
assess the differences in impact of CD3/28 stimulation between the medias and

between adults and neonates, providing a baseline comparison.

4.3.1 HPLM improves cell survival in culture.

Growth medium is specially formulated to allow continued survival and growth of
cells, once removed from the host organism. Whilst RPMI is known to perform this
role well for adult nCD4+ T cells others have previously reported poor survival of
unstimulated cord blood nCD4+ T cells in culture(Thornton et al., 2004). To assess if
the non-physiologic conditions of cell culture is a contributing factor to increased cell
death of cord blood nCD4+ T cells, cell death was determined ex vivo and after culture
in HPLM or RPMI (Figure. 4.2). Cell death was determined by flow cytometry, using
the non-membrane permeable DNA dye DRAQ?7. Firstly, debris and doublets (Figure
4.2a-b) were gated out followed by gating on live DRAQ7 negative and dead DRAQ7
positive cells (Fig 4.2D). Little to no cell death was seen ex vivo for both adults and
cords at first isolation, however, cell death increased with the length of unstimulated
culture for cords whilst there was only a moderate increase in cell death observed for
adults (Figure 4.2D). HPLM culture reduced cell death for unstimulated cords and
adults with cell survival becoming significantly greater by 48 h (Figure 4.2D; p = 0.003
and p = 0.01 in adults and cords respectively). When stimulated with anti-CD3/28, cell
death became comparable between the donor groups as both showed little death in

anti-CD3/CD28 stimulated culture (Figure 4.2E).
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Figure 4.2 HPLM improves survival in cell culture.

Isolated nCD4+ T cells from human adult and umbilical cord blood were stimulated
with anti-CD3/CD28 or left unstimulated. Cell viability at 24 and 48 h was determined
using DRAQY staining with assessment by flow cytometry. (A) Gate applied to plot
excluding debris. (B) Gate applied to exclude doublets. (C) Representative histogram
plot of DRAQY stained cells with gates on DRAQ7 positive and DRAQ7 negative cells.

(D) Summary of cell DRAQ7 positive cells ex vivo immediately on isolation of nCD4+ T
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cells or after culture, compared between adults and cords. (E) Percentage DRAQ7
positive cells compared between different culture medias. n = 8 adult and 8-11 cords.
For comparisons made between donor groups p-values were determined by Wilcoxon
rank sum test (D) and comparisons of paired donors in different media conditions were

determined by Wilcoxon signed rank test (E). p < 0.05 was deemed significant.

4.3.2 Growth and proliferation of adults and cords in HPLM and RPMI

Growth medium provides the essential molecules required for the catabolic and
anabolic processes that drive cell growth and proliferation. Previous studies have
demonstrated that various extracellular metabolites are necessary for T cell
proliferation including glucose and glutamine, which are present at considerably
lower concentration in HPLM (Carr et al., 2010; Ma et al., 2017; Ma et al., 2019). This
raised the question of how growth and proliferation may differ in HPLM and RPMI
cultures. To address this, cell growth was determined by forward scatter at 24 and 48
hours and proliferation was examined using cell trace violet (CTV) at 72 h. Cells only
grew in size when stimulated with anti CD3/28 and continued to increase in size from
24 to 48 hours (p = 0.01for adult HPLM; p = 0.01 for adult RPMI, p = 0.00028 for cord
HPLM and p = 0.00027 for cord RPMI). No significant differences in cell size were
observed between stimulated HPLM and RPMI cultures nor between adults and cords
(Figure.4.3A-C). However, proliferation at 72 h was profoundly reduced in HPLM
cultures in both adults and cords with only a single division observed in most HPLM
cultures compared to at least three division in RPMI. When comparing proliferation
between adults and cords, a similar distribution across the generations was observed
in HPLM. In RPMI cultures the percentage of cells seen in generations 2 and 3 were
slightly higher in cords but this difference was not significant (p = 0.4 for generation 2

and p = 0.7 for generation 3) (Fig 4.3D-E)
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Figure 4.3 HPLM culture media restricts cell proliferation.

Human adult peripheral and umbilical cord blood naive CD4+ T cells were assessed for

cell growth and proliferation. (A) Size of naive CD4+ T cells cultured with or without

anti-CD3/28 for 24 and 48 hours was determined by flow cytometry forward scatter

(FSC) representative histograms are shown in (B) summary graphs, represented as box

and whisker plots, comparing median FSC values in adults and cords (C) comparing

cells median FSC values for HPLM and RPMI cultured cells within each donor group.

Cellular proliferation as determined with cell trace violet shown in representative

histogram (D) and summary box plots showing each cell division as a percentage of
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the total number of cells. n = 8 adults and 8-11 cords (A-C); n = 3 adults and 3 cords
(D-E). For comparisons made between donor groups p-values were determined by
Wilcoxon rank sum test (B,E) and comparisons of paired donors in different media
conditions were determined by Wilcoxon signed rank test (C). p < 0.05 was deemed

significant.

4.3.3 Activation profile of adults and cords in HPLM and RPMI

To assess how culture in HPLM and RPMI affected nCD4+ T cell activation and how
activation might differ between adults and cords, a selection of surface activation
markers was examined on live (DRAQ7-negative) cells harvested after culture at 24
and 48 hours with or without anti-CD3/28. When stimulated with anti-CD3/28, there
was a noticeable increase in CD25 expression compared to unstimulated controls. MFI
of CD25 increased between 24 and 48 hours, in all groups and expression was
consistently higher in cords (p = 0.009 in HPLM at 24 h; 0.006 for RPMI at 24 h and
0.02 for RPMI at 48 h; Figure 4.4A-B). Anti-CD3/28 treated cultures increased
expression of CD44 (compared to unstimulated controls) which increased over time
in adults but remained constant in cords. When left unstimulated CD44 expression
was comparable for both media conditions in adults, but in cord RPMI culture CD44
expression was significantly decreased by 48 hours compared to adults (p = 0.002).
No difference in expression between adults and cords was seen at 24 hours. However,
unlike adults, expression of CD44 did not increase in cords by 48 hours resulting in
significantly greater expression in adults by this time point (Figure 4.4C-D; p = 0.0003
for HPLM and p = 0.001 for RPMI). Like the other activation markers, CD69 expression
increased when cells were stimulated with anti-CD3/28 but no significant differences
in median expression were observed between adults and cords. However, when left
unstimulated expression decreased in cords, compared to the 24 hour timepoint,
leading to a significantly lower expression than adults at 48 h although, this was not

significant (Figure 4.4E-F).
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Figure 4.4 Adults and cords exhibit different activation profiles.

Activation of nCD4+ T cells from adult peripheral and umbilical cord blood, cultured in
HPLM or RPMI with or without anti-CD3/28, determined by flow cytometry analysis
at 24 and 48 hours. CD25 showing (A) example histogram and (B) summary box plots
comparing CD25 MFI for adult and cord samples rested or activated in HPLM or RPMI
for 24 and 48 hours. CD44 showing (C) example histogram and (D) summary box plots
comparing CD44 MFI for adult and cord samples rested or activated in HPLM or RPMI
for 24 and 48 hours. CD69 showing (E) example histogram and (F) summary box plots
comparing CD69 MFI for adult and cord samples rested or activated in HPLM or RPMI
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for 24 and 48 hours. n = 8 adults and 8-10 cords (A-D); n = 6 adults and n = 6-8 cords
(E-F). Comparisons made between donor groups, p-values were determined by

Wilcoxon rank sum test (B,D,F). p < 0.05 was deemed significant.

When directly comparing culture media conditions for each donor group at both 24
and 48 hours it can be seen that culture media has consistent effects on both adults
and cords despite significant differences in expression markers between the two
groups. Culture and activation in RPMI increased the expression of CD25 for both
donor groups, with the effect becoming more prominent by 48 hours (p = 0.03 and
0.04 for adults and cords respectively at 24 hours and p = 0.02 at 48 hours for cords).
The reverse was true for unstimulated cultures where a general trend to slightly
greater CD25 expression in HPLM cultures, although this was significance at 24 hours
for cords (Figure 4.5A; p = 0.02 at 24 hours for cords). CD44 and CD69 expression were
generally greater in stimulated HPLM cultures reaching significance in cords for CD44
at 24 and 48 hours (p = 0.004 and p = 0.006, for 25 and 48 hours respectively; Figure
4.5B-C). Unstimulated RPMI cultures also showed reduced CD44 and CD69 expression
from 24 to 48 hours, resulting in significantly greater expression in HPLM cultures by
48 hours for both donor groups (Figure 4.5C; for CD44 p = 0.007 for cords and p =0.01
for adults. for CD69 p = 0.007 for adult and p = 0.03 for cords).
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Comparison of nCD4+ T cell activation from adult peripheral and umbilical cord blood,

cultured in HPLM or RPMI with or without anti-CD3/28. Summary graphs showing
donor matched MFI values for (A) CD25, (B) CD44 and (C) CD69, cultured in HPLM or
RPMI. n =8 adults and 8-10 cords (A-B); n = 6 adults and n = 6-8 cords (C). Comparisons

of paired donors in different media conditions were determined by Wilcoxon signed

rank test (A-C). p < 0.05 was deemed significant.

4.3.4 Cytokine production of adults and cords in HPLM and RPMI
Cytokines direct the immune response, and their production is a key effector function
of CD4+ T cells. Cytokines perform many functions such as promotion of cell growth

by IL-2 or priming immune responses in the case of IFNy and IL-4 and their production
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is dependent on metabolic processes and the availability of specific metabolites
including such as the requirement of glutamine for IL-2 production or glucose for IFNy
(Chang et al., 2013; Jones et al., 2019; Qiu et al., 2019). However, to date the vast
majority of studies looking at cytokine production of human nCD4+ T cells have used
non-physiologic media containing highly elevated levels of metabolites like glucose
whilst lacking all other sugars. Additionally, specific cytokines are associated with
distinct programmes of immune response such as IFNy and IL-4 with type one and
type-Il responses respectively. Increasing evidence suggests metabolism has a central
role in determining nCD4+ T cell fate and cytokine production (Kouidhi et al., 2016;
Puleston et al., 2021). Differences in metabolism have also been postulated to explain

differences in cytokine production between adults and cords (Holm et al., 2021).

To examine how cytokine production is affected by physiologic media and how this
might differ between adults and neonates, secreted cytokines in culture
supernatants, of stimulated or unstimulated nCD4+ T cells, were measured at 24 and
48 hours. Here a multiplexed cytokine detection approach was used to maximize the

data generation from limited sample volume.

In general, greater cytokine secretion was measured in HPLM cultures at 24 hours and
this effect was more pronounced in cords than adults. However, by 48 hours cytokine
production was generally lower in HPLM with IFNy and CXCL8 in cords being notable
exceptions (Figure 4.6; p = 0.039 and p = 0.0009 for IFNy and CXCL8 respectively).
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Figure 4.6 Cytokine production differs in CD4+ T cells when cultured in HPLM.
Summary plot showing fold change in cytokine production of HPLM cultures
compared to RPMI, for nCD4+ T cells from adults or umbilical cords, stimulated with

CD3/28 for 24 or 48 hours. Data are representative of n = 4-5 adults and 4-5 cords.

Cord blood nCD4+ T cells are often cited as poor producers of Thl associated
cytokines, responsible for driving cell mediated immunity against intracellular
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pathogens. Here, these data show a reduction in TNFa in both medias, in cords
compared to adults at 48 hours (Figure 4.7A). However, more secreted IFN-y was
measured in cord supernatant with this increase being significantin HPLM cultures (p
= 0.03 and p = 0.03 at 24 and 48 hours respectively; Figure 4.7B). Culture in HPLM
significantly increased anti-CD3/CD28 stimulated IFNy production for cords compared
to RPMI (p =0.02 and p = 0.03 for 24 and 48 hours respectively). The same trend was
generally true for adults, though, this did not reach significance. No discernible trends
for differing TNFa secretion were observed between HPLM and RPMI cultures.

Unstimulated cells did not secrete TNFa or IFNy at any meaningful level (Figure 4.7A,
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Figure 4.7 Culturing in HPLM increases IFNy production.

Th1 associated cytokine production of nCD4+ T cells, from human adult peripheral or
umbilical cord blood, cultured in HPLM or RPMI with or without anti-CD3/28 for 24 or
48 hours showing (A-B) summary box plots comparing cytokine secretion in adults and

cords and (C-D) showing data as donor matched cytokine secretion in HPLM and RPMI
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culture media. n = 4-5 adults and 4-5 cords. For comparisons made between donor
groups p-values were determined by Wilcoxon rank sum test (A-B) and comparisons
of paired donors in different media conditions were determined by Wilcoxon signed

rank test (C-D). p < 0.05 was deemed significant.

nCD4+ T cells from cord blood are suggested to be preprogramed for production of
Th2 cytokines, IL-4 and IL-13, with the literature often citing them as Th2 skewed
(Debock and Flamand, 2014). Additionally, neonatal nCD4+ T cells possess a unique
IL-4 variant in secretory granules allowing for rapid IL-4 secretion however, this IL-4
variant is not assessed in this panel(Hebel et al., 2014). This study finds increased
expression of some Th2 cytokines in cords; however, this difference is often only slight
and only sometimes significant. These data, show no difference in adult and cord IL-
4 secretion with neither group secreting substantial amounts of this cytokine at either
time point (Figure 4.8A). However, increased secretion of IL-5, IL-9 and IL-13 was often
measured in cord supernatants with this often being more significant for HPLM
cultures (Figure 4.8B-D). E.g. IL-13 secretion is significantly increased in cord HPLM
cultures, compared to adults, but not in RPMI cultures (p = 0.01 and 0.007 for HPLM
cultures at 24 and 48 hours respectively). For the most part, culture media did not
significantly alter secretion of type 2 cytokines and what effects were observed
differed by cytokine (Figure 4.8E-H). No type 2 cytokines were measured in

unstimulated cultures (Figure 4.8A-D).
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Figure 4.8 nCD4+ T cells from cord blood produce more Th2 associated cytokines
than adults.

Th2 associated cytokine production of nCD4+ T cells, from human adult peripheral and

umbilical cord blood, cultured in HPLM or RPMI with or without anti-CD3/28 for 24

and 48 hours showing (A-D) box plots comparing cytokine secretion of adults and

cords and (E-H) showing data as donor matched cytokine secretion in HPLM and RPMI
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culture media. n = 4-5 adults and 4-5 cords. For comparisons made between donor
groups p-values were determined by Wilcoxon rank sum test (A, D) and comparisons
of paired donors in different media conditions were determined by Wilcoxon signed

rank test (E-H). p < 0.05 was deemed significant.

Little to no secretion of type 3 associated cytokines, typically linked with Th17 and
Th22 cells in support of barrier immunity, was detected in culture supernatant.
Secretion of IL-17a was negligible across all groups, with only three samples showing
secreted cytokine levels above the limit of quantification (1.22 pg/mL), whilst small
amounts of IL-17f and IL-22 were detected in some samples (Figure 4.9A-C). IL-17f
secretion was generally lower for cords, where secretion was also reduced in RPMI

cultures at 24 hours (Figure 4.9B-H; p = 0.028).
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Figure 4.9 Little type 3 associated cytokines are secreted during early activation.

Th 17 associated cytokine production of nCD4+ T cells, from human adult peripheral
and umbilical cord blood, cultured in HPLM or RPMI with or without anti-CD3/28 for
24 and 48 hours, showing (A-C) summary box plots comparing cytokine production by
adults and cords and (D-F) showing data as donor matched cytokine production in
HPLM and RPMI culture media. n = 4-5 adults and 4-5 cords. For comparisons made
between donor groups p-values were determined by Wilcoxon rank sum test (A,C) and
comparisons of paired donors in different media conditions were determined by

Wilcoxon signed rank test (D-F). p < 0.05 was deemed significant.
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Anti-CD3/28 resulted in expression of IL-2, a positive regulator of growth and
proliferation, in all groups. Less IL-2 was measured in cord RPMI supernatant than
their adult counterparts though this only neared significance at 48 hours (p = 0.09)
and no notable differences were observed in HPLM cultures (Figure 4.10A). This might
be as a result of increased IL-2 secretion in HPLM which is most pronounced at the
earlier stages of cord activation (Figure 4.10D; p = 0.03 for cords at 24 hours). As is
reported in the literature (Canto et al., 2005), these data show increased secretion of
proliferation antagonist, IL-10, in cords and almost no IL-10 secreted in adult cultures
(Figure 4.10B). Culture media had no discernible effect on IL-10 secretion (Figure

4.10E).

CXCL8 is another cytokine uniquely associated with cord blood nCD4+ T cells and acts
a potent chemoattractant for neutrophils (Gibbons et al., 2014). Data here shows
increased CXCLS8 secretion in cord cultures with this effect being considerably more
exaggerated when cultured in HPLM (p = 0.01 and p = 0.007 of HPLM cultures at 24
and 48 hours respectively and p = 0.03 in RPMI cultures at 24 hours; Figure 4.10C). At
24 hours, more CXCL8 was secreted by cords in RPMI than HPLM (p = 0.02; Figure
4.10F); however, this was dramatically reversed by 48 hours where CXCL8 expression
had increased several fold in HPLM but remained roughly the same in RPMI cultures
(p = 0.03; Figure 4.10F). As expected, unstimulated cells did not secrete IL-2, IL-10 or
CXCL8 (Figure 4.10A-C).
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Figure 4.10 nCD4+ T cells from cord blood favour the production of different
cytokines.

Other associated cytokine production of nCD4+ T cells, from human adult peripheral
and umbilical cord blood, cultured in HPLM or RPMI with or without anti-CD3/28 for
24 and 48 hours showing (A-C) summary box plots comparing cytokine production by
adults and cords and (D-F) showing data as donor matched cytokine production in
HPLM and RPMI culture media. n = 4-5 adults and 4-5 cords. For comparisons made
between donor groups p-values were determined by Wilcoxon rank sum test (A, C) and
comparisons of paired donors in different media conditions were determined by

Wilcoxon signed rank test (D-F). p < 0.05 was deemed significant.
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To assess the overall difference for nCD4+ T cell activation between adults and cords
and the effect of culture media, PCA was used across all the parameters measured
excluding the cytokine IL-17a as there was no detectable secretion of this cytokine in
culture. PCA dimensionality reduction was carried out separately for samples at 24

and 48 hours (Figure 4.11).

At 24 hours, PC1 and PC2 explained the majority of the variance in the data with
donor samples separating predominantly across PC1 which was driven by a mostly
uniform difference in cord nCD4+ T cell activation response. Culture media separated
across PC2 and was much more distinct for cord donors, being driven largely by
differences in IL-2, TNF, IFNy and IL-17F secretion, however actual levels of IL-17f
secreted in culture media was very low (Fig4.11A-D; Figure 4.9B). At 48 hours, PC1
explained the majority of the variance in the data however, the donor and culture
media groups clustered on PC1 and PC3 respectively, indicating that PC2 likely
accounted for donor variability. Differences between adults and cords at 48 hours
were explained by many factors including CD25/CD44 expression and IL-2/IL-5
secretion whilst differences in media groups were driven largely by IFNy production

and cell death (Figure 4.11E-H).
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Figure 4.11 Culture media has a greater effect on nCD4+ T cells from cord blood.

The overall difference between nCD4+ T cell activation, from human adult peripheral
and umbilical cord blood, and the effect of culture media was assessed by PCA
analysis, of cytokines, cell death and surface activation markers, at 24 and 48 hours.
Scree plot, loading scores and PCA plots are shown for samples at 24 hours (A-D) and

48 hours (E-H)
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4.3.5 Metabolic characterisation of adult and cord nCD4+ T cells cultured in HPLM or
RPMI
Given the many differences in metabolite concentrations between HPLM and RPMI
and the key role metabolism plays in shaping phenotype and function, metabolic
characteristics were assessed after 48 hours in RPMI or HPLM. Determination of
glycolytic and oxidative metabolism was made using a real time extra-cellular flux
assay and mitochondrial function was interrogated with a Mito Stress test (Figure
4.12A). To better replicate culture conditions during the assay, XF culture media was
supplemented with glucose, glutamine, and pyruvate to match the media the cells

were cultured in.

In Chapter 3 cord blood derived nCD4+ T cells initially showed greater ECAR and OCR
on activation but by 16 hours there was no significant difference between adults and
cords. Here, after 48 hours in culture, basal respiration (p = 0.07 and p = 0.050 for
HPLM and RPMI respectively) and ATP linked respiration (p = 0.05 and p = 0.05)were
considerably lower in cords for both HPLM (p = 0.07 and p = 0.05 for basal respiration
and ATP linked respiration, respectively) and RPMI (p = 0.05 and p = 0.05 for basal
respiration and ATP linked respiration, respectively) cultures (Figure 4.12B-C). In
HPLM, adults showed consistently higher maximal respiration rates (p = 0.05) whilst
in RPMI maximal respiration varied considerably between cord blood donors and no
significant difference was seen between adults and neonates (Figure 4.12D).
Interestingly, adults showed a severely limited capacity for spare respiratory capacity
in RPMI cultures, which was not seen in cords (Figure 4.12E). Other sources of oxygen
consumption were fairly low for all groups though slightly greater in cords than adults
when cultured in RPMI (Figure 4.12F). Finally, proton leak was lower in cords but only

nearing significance in the RPMI culture group (p = 0.05) (Figure 4.12G).
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Figure 4.12 Oxidative metabolism is reduced in cord blood nCD4+ T cells.

nCD4+ T cells, from human adult peripheral and umbilical cord blood, were activated
for with anti-CD3/28 for 48 hours in HPLM or RPMI, before metabolic flux and
mitochondrial parameters were determined by real time extra-cellular flux. (A)
Oxidative phosphorylation of adult and neonatal nCD4+ T cells cultured in HPLM or
RPMI for 48 h was measured at baseline and in response to oligo (1 M), FCCP (1 1iM)
and rot (1 uM) and AA (1 uM). (B) Basal respiration, (C) ATP linked respiration, (D)
maximal respiration, (E) spare respiratory capacity, (F) non mitochondrial respiration
and (G) proton leak parameters were compared between adults and cords. Data are

representative of 6 independent experiments; n = 3 adults and 3 cords. For
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comparisons made between donor groups p-values were determined by Wilcoxon

rank sum test (B-G). p < 0.05 was deemed significant.

Contrary to what was seen at on activation and at 16 h (Chapter 3) cord blood derived
nCD4+ T cells cultured for 48 h are more glycolytic than adults (Figure 4.13A). This
effect is more prominent for RPMI cultures as basal ECAR was equivalent between
adults and cords in HPLM cultures (Figure 4.13B; p = 0.05). Overall, cords were less
oxidative than adults but with RPMI cultured cords being particularly glycolytic whilst

HPLM cultured cords were the most quiescent (Figure 4.13C).
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Figure 4.13 Cord blood nCD4+ T cells are more glycolytic than adults.

nCD4+ T cells, from adult peripheral and umbilical cord blood, were activated for with
anti-CD3/28 for 48 hours in HPLM or RPMI, before metabolic flux and mitochondrial
parameters were determined by real time extra-cellular flux. (A) Extracellular

acidification of adult and neonatal nCD4+ T cells cultured in HPLM or RPMI for 48 h
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was measured at baseline and in response to oligo (1 pM), FCCP (1 uM) and rot (1
M) and AA (1 uM). (B) Basal ECAR and (C) OCR and ECAR were plotted against each
other for adults and cords in a quadrant plot. Data are representative of 6
independent experiments; n = 3 adults and 3. For comparisons made between donor
groups p-values were determined by Wilcoxon rank sum test (B). p < 0.05 was deemed

significant.

Alongside the differences in adult and cord nCD4+ T cell metabolism these data also
highlight the metabolic programming effect of culture medium composition. Basal
oxidative metabolism, ATP production and glycolysis are all slightly but not
significantly greater, for both adults and cords, when cultured in RPMI (Figure 4.14A-
B, G). On the other hand, metabolic plasticity, as indicated by spare respiratory
capacity, was reduced in adult RPMI cultures (Figure 4.14C-D; p = 0.0003). It is also
worth noting, these metabolic differences were usually more pronounced in adults
than cords (except in the case of basal ECAR) although the same trends were seen for
both. Culture medium did not seem to appear to affect other cellular oxidative
processes but did slightly increase proton leak for cords (Figure 4.14E-F). Overall,
culture media affected the glycolytic to oxidative metabolic balance differently in
adults and cords. In adults, a general trend toward favouring glycolytic metabolism
was seen in HPLM whilst the reverse was seen for cords; although, neither difference

reached significance (Figure 4.14H).
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Figure 4.14 Culture media alters metabolic parameters.

nCD4+ T cells, from adult peripheral and umbilical cord blood, were activated for with
anti-CD3/28 for 48 hours in HPLM or RPMI, before metabolic flux and mitochondrial
parameters were determined by real time extra-cellular flux. (A) Basal respiration, (B)
ATP linked respiration, (C) maximal respiration, (D) spare respiratory capacity, (E) non-
mitochondrial respiration and (F) proton leak parameters were compared between
culture medias for adults and cords. Data are representative of 6 independent
experiments; n = 3 adults and 3 cords. Comparisons of paired donors in different media
conditions were determined by Wilcoxon signed rank test (A-H). p < 0.05 was deemed

significant.

As other studies had demonstrated different metabolic parameters, measured by
extra-cellular flux assays, in response to altered metabolite availability (Zhu et al.,
2021), it was possible that differences between the two culture medias were not
representative of a programmed metabolic phenotype but rather a result of
environmental factors. To assess the contributions of culture medium and assay

medium to metabolic parameters a cross treatment experiment was devised. In this
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experiment, HPLM and RPMI cultures were divided after harvesting, with half washed
into HPLM-like assay media and the other half washed into RPMI-like assay media,
before running the XF assay. To illustrate the effect assay media metabolic parameters
of cells cultured and assayed in alternate medias are plotted relative to the same

donor cultured and assayed in matching medias (Figure 4.15A-D).

Overall, significant differences in metabolism as a result of assay media were not seen
for either adults or cords. Basal OCR, ATP production and ECAR were comparable
when cells were assayed in matching or alternate media (Figure 4.15E-F,I). However,
assaying RPMI cultured adult cells in HPLM-like media increased maximal respiration
and spare respiratory capacity although not significantly (Figure 4.15G,J; p = 0.06).
Additionally, cords cultured in HPLM and assayed in RPMI consistently favoured a less

glycolytic program which neared significance (Figure 4.15H; p = 0.07).
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Figure 4.15 Metabolic differences are not explained by assay media.

nCD4+ T cells, from adult peripheral and umbilical cord blood, were activated for with
anti-CD3/28 for 48 hours in HPLM or RPMI, before metabolic flux and mitochondrial
parameters were determined by real time extra-cellular flux in closely matching assay
media or opposing assay media. (A-D) Oxidative phosphorylation and ECAR of adult
and neonatal nCD4+ T cells cultured in HPLM or RPMI for 48 h and assayed in HPLM-
like or RPM-like media, was measured at baseline and in response to oligo (1 uM),
FCCP (1 uM) and rot (1 uM) and AA (1 uM)). Relative (E) basal respiration, (F) ATP
linked respiration, (G) maximal respiration, (H) spare respiratory capacity, (1) Basal
ECAR and (J) ECAR/OCR ratio were compared to matching culture and assay media
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conditions. Data are representative of 6 independent experiments; n = 3 adults and 3
cords. Comparisons of paired donors in different media pre-conditions, relative to
assay conditions, were determined by Wilcoxon signed rank test (E-J). p < 0.05 was

deemed significant.

Alongside, measurements of physical metabolic parameters key metabolic signalling
pathways were interrogated by intracellular flow cytometry. Phosphorylation of signal
transducers like ATK and functional proteins, STATS and ribosomal protein S6 act like
on off switches in circuity and provide valuable information on the current functional
status of the cell (Shyer et al., 2020). Phosphorylated S6, indicative of mTOR signalling
(lwenofu et al., 2008; Scholz et al., 2016), showed no significant differences between
adults and cords for either culture media (p = 0.3 for HPLM and p = 0.4 for RPMI), and
culture media had no significant effect either donor group (p = 0.14 for adults and b
=0.8 for cords). In HPLM, cords exhibited consistent but non-significant increased AKT
phosphorylation, compared to adults, (p = 0.09) whilst no difference was observed in
RPMI cultures (p = 0.7). Again, culture media had no significant effect (p = 0.2 for
adults and p = 0.8 for cords). Cords also showed increased phosphorylated STATS,
which is known to be induced by IL-2 signalling (Jones et al., 2020a) reaching

significance in HPLM cultures (Figure 4.16A-E; p = 0.01).
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Figure 4.16 HPLM does not significantly alter central metabolic signalling pathways.

Adult peripheral and umbilical cord nCD4+ T cells cultured for 48h with anti-CD3/28
were assessed by intracellular flow cytometry for (A-B) representative histogram and
summary plots of phospho-S6 (pS3245/pS236), (C-D) representative histogram and
summary plots of phospho-AKT (pS473) and (E-F) representative histogram and
summary plots of phospho-STAT5 (pTyr694). Data are representative of 3-5 adults and
5-6 cords. For comparisons made between donor groups p-values were determined by

Wilcoxon rank sum test (B, D, F). p < 0.05 was deemed significant.

4.3.6 Assessing the contribution of altered glucose and calcium concentrations in
RPMI to cord blood nCD4+ T cell activation.
Much of the data above showed an altered activation profile when cultured in HPLM,
compared to conventional RPMI. Perhaps most interestingly in cords this alternate
activation profile appeared to break with the conventional wisdom that neonatal
naive CD4+ T cells are poor IFN-y producers. Both calcium dependent NFAT and the
glycolytic metabolism of glucose are implicated in regulating IFNy production, and
both differ greatly between HPLM and RPMI (Table 7) (Palmer et al., 2015; Klein-
Hessling et al., 2017; Menk et al., 2018). To assess how these two media components
contribute to the altered activation profile seen in cord HPLM, cord cells were
activated and cultured in RPMI media, supplemented to 5.5mM glucose or 2.39 mM
Ca?*as found in HPLM or a combination of both, along with standard RPMI and HPLM

173



controls. After 24 hours activation, surface markers were assessed by flow cytometry

and cytokine secretion in culture determined by ELISA.

Table 7 Glucose and Calcium ion concentration in HPLM and RPMI.

Table showing the concentration in mM for glucose and Ca?* in HPLM and RPMI

media.

HPLM RPMI
Glucose 5.5mM 11 mM
Ca? 2.39 mM 0.424 mM

Relative to HPLM there was no significant difference in CD25 expression for any of the
culture media groups (Figure 4.17A; p = 0.38, p = 0.076, p = 0.82, p = 0.79 for RPMI,
2.29mM Ca?, 5.5 mM glucose and combined 2.29mM Ca?"; 5.5 mM glucose,
respectively). Supplementation of RPMI with either Ca?* and or glucose appeared to
partially increase expression of CD44 relative to HPLM, showing considerably less
significant difference than RPMI (Fig4.17C, D; p=0.07,p=0.21,p=0.35and p=0.19
for RPMI, 2.29mM Ca?*,5.5 mM glucose and combined 2.29mM Ca?*;5.5 mM glucose,
respectively). Glucose and Ca?* supplementation differentially effect the secretion of
cytokines IL-2 and IFN-y. Lower glucose appears to increase relative IL-2 compared to
RPMI although not significantly (Figure4.17E). Ca%*, but not in combination with lower
glucose, increased relative secretion of IFNy (p = 0.07) compared to RPMI (Fig4.17F).
However, IFNy secretion, in RPMI when supplemented with additional calcium, was

still not equivalent to culture in HPLM (p = 0.021; Figure 4.17F).
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Figure 4.17 IFNy production is dependent on extra-cellular calcium.

Anti-CD3/28 activation of nCD4+ T cells, from umbilical cord blood, cultured for 24 h
in HPLM, RPMI or RPMI modified with 5.5 mM glucose, Ca?* or both as measured by
(A-B) CD25 expression and (C-D) CD44 expression. n = 3. (E-F) IL-2 and IFNy cytokine
production in culture supernatant. n = 3-4 cytokine. Summary data are plotted relative
to the donor matched HPLM group. Comparisons, of donor matched relative fold
change, between different RPMI supplemented media were determined by Wilcoxon

signed rank test (D-F). p < 0.05 was deemed significant.

4.4 Discussion

CD4+ T cells direct effective and appropriate immune responses and a growing body
of evidence highlights the importance of metabolic function in relation to the ability
of T cells to perform this function (Shyer et al., 2020). To date, the vast majority of T
cell immune metabolism research has been conducted in adults with little to no
understanding of how metabolism may govern neonatal T cell responses which are
often reported to vary from their adult counter parts (Holm et al., 2021).
Furthermore, the majority of this work, in humans, has been conducted through in
vitro cell culture using non physiologically relevant culture media such as RPMI 1640.
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This study aimed to characterise and compare naive CD4+ T cell responses from adults
and neonates when using physiologic and non-physiologic media and, assess the
metabolic activation profile for neonatal naive CD4+ T cells. These data reveal
significantly different activation profiles of adult and cord derived nCD4+ T cells
accompanied by differing metabolic phenotypes and provide useful insights into the

use of physiologic media in T cell culture.

Interestingly, even without anti CD3/28 stimulation, when cells were rested in culture,
growth medium had significant effects on cell survival and maintenance of surface
activation markers CD25, CD44 and CD69 between 24 and 48 hours, especially for
cord blood derived cells where survival improved dramatically. Despite the typical
focus on metabolite requirements post activation, these data showcase the
importance of metabolite availability in resting T cell homeostasis. Such observations
may be of consequence to modern technologies such as gene editing which might
require in vitro culture without activation. When examining the phenotype of anti-
CD3/28 stimulated cells, principle component analysis, across the 16 included
parameters, revealed clearly distinct activation profiles with adults and cords
clustering separately in PCA space regardless of the culture media used. At both 24
and 48 hours donor groups separated along PC1, which explains the most variance of
any principle competent in the data set, showcasing the unique activation profile of
neonatal nCD4+ T cells. Expression of surface activation markers increased on
activation compared to rested cells however, neither donor group or culture media
exhibited a clearly enhanced or diminished activation profile as no group displayed
consistently higher or lower expression of activation markers. CD25 expression, part
of the IL-2 receptor complex and driver of cell growth and proliferation, was among
the largest factors contributing to differing nCD4+ T cell activation profiles. Increased
CD25 expression was not strongly reflected in the growth and proliferation profile
which exhibited only subtle differences on activation. However, as has been reported
elsewhere IL-2 secretion was equivalent between the donor groups with further
expansion from cord donors possibly hampered by heightened IL-10 secretion (Canto

et al., 2005; Lesniewski et al., 2008) although this was not formally tested here.
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Culture media appeared to have a more discernible overall effect on cord nCD4+ T
cells in culture, as these clustered more clearly than their adult counterparts. At 24
hours culture media was the second largest contributor to variance in the data
however, by 48 hours its effect was trumped by donor variability as groups did not
cluster along PC2. Again, IL-2 was a notable contributor to group clustering. IL-2
secretion inversely correlated with CD25 expression, which was greater in RPMI
cultures though, it is unclear whether this is due to reduced IL-2 secretion or
increased autocrine uptake promoting greater proliferation in RPMI cultures (Redeker
etal., 2015; Toumi et al., 2022). Reduced proliferation in HPLM might be attributed to
the IL-2/CD25 axis, but it is also plausible that the reduced quantities of essential
metabolites, such as glucose and glutamine, in HPLM are inadequate to support
continued T cell expansion. Studies have shown that T cell proliferation is impaired in
nutrient-limiting conditions and that T cells can rapidly deplete media of glucose upon
activation (MacPherson et al., 2022). The impaired expansion of T cells in HPLM might
be of particular concern to novel therapeutics such as CAR T cells that require in vitro
expansion but aim to balance expansion with desired phenotypic characteristics. To
more accurately determine the effect of HPLM on T cell expansion, further
experiments with regular media changes are required to reduce the effect of

metabolite depletion (Quinn et al., 2020).

Cytokine secretion by nCD4+ T cells is a central tool in their arsenal to direct effective
immune responses and the types of cytokines they secrete can be used to categorise
the responses. It is often stated that neonatal T cells favour type 2 responses,
producing cytokines such as IL-4 and IL-13, but fail to produce effective type 1 IFNy
responses. Evidence for this is largely based on mouse models with conflicting reports
in humans (Zaghouani et al., 2009; Rudd, 2020). Data in this study finds no evidence
for impaired type 1 responses from cord donors. Indeed, when cultured in HPLM, IFN-
Y secretion was greater in cords compared to adults. This might be explained by the
relatively calcium deficient composition of RPMI, as cord blood nCD4+ T cells may
require greater exogenous calcium influx for activation (Schmiedeberg et al., 2016).

This study goes further to show RPMI supplemented with additional calcium
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increases IFN-y secretion considerably, even nearing HPLM culture levels. Some
evidence was found to support reports of cord blood nCD4+ T cells exhibiting greater
type 2 responses. However, secretion of type 2 associated cytokines was very low
with the exception of IL-13, which is known to have a very accessible chromatin
landscape in ex vivo cord blood nCD4+ T cells (Webster et al., 2007). These data did
not show substantial IL-4 secretion, despite IL-4 containing nCD4+ T cells in cord blood
having been previously reported. This is likely due to these cells containing a non-
classical isoform not measured by this study. Unlike type 1 responses culture media
did not substantially or consistently affect the production of type 2 cytokines. The
same held true for type 3 cytokines which were only secreted in small quantities.
Additionally, the neutrophil chemoattractant CXCL8 is suggested to play a uniquely
important role in neonatal nCD4+ T cell responses, as it is secreted in significantly
greater quantities compared to adults (Gibbons et al., 2014). This study shows similar
results and highlights a metabolic axis to regulating secretion of CXCL8, as significantly

more CXCL8 was secreted in HPLM cultures.

Given the ever-mounting body of evidence demonstrating a central role for
metabolism in governing immune responses, this study, for the first time,
characterises the bioenergetic profile of neonates during the days after initial
activation (48 h) and the effects of culture in physiologic concentration of a broad
range of metabolites. Perhaps unsurprisingly, considering the greater amounts of
glucose and glutamine, baseline ECAR and mitochondrial respiration were both
greater in RPMI cultured cells. Similarly, other studies using mouse models,
comparing in vitro cultured T cells to ex vivo T cells, also found reduced metabolic
parameters suggesting that metabolite availability can reprogram T cell metabolism
(Ma et al., 2019). As greater CD25 expression has previously been correlated with
increased glycolysis in T cells (Ahl et al., 2020). In the higher glucose concentrations
of RPMI culture, greater glycolysis might have driven the increased expression of
CD25, particularly in cord nCD4s which had greater CD25 expression than adults. This
in turn may have maintained greater IL-2/STAT5 mediated signalling promoting

proliferation, although this did not correlate with greater mTOR signalling at these
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later time points, as determined by phosphorylation of the downstream target S6.
Energy and anabolic precursors, from greater glycolysis and mitochondrial
respiration, likely also supported greater proliferation in RPMI. Cytokine production
was likely impacted by these differences in metabolism, as the role of both metabolic
pathways in regulating cytokine production is well documented (Chang et al., 2013;
Peng et al.,, 2016; Qiu et al., 2019; Soriano-Baguet and Brenner, 2023). Here,
modification of RPMI with physiologic glucose resulted in greater IL-2 being present
in the culture supernatant of cord nCD4s however the mechanism behind this

requires further elucidation.

As these assay results were gathered using glucose, glutamine and pyruvate
concentrations matching the those of the culture media there was a very real
possibility that the differences observed were simply a result of metabolite availability
during the course of the assay. To address this a cross culture and assay media
experiment was devised whereby cells cultured in HPLM or RPMI were then assayed
in DMEM either supplemented to match the original culture media or to match the
culture media of the opposing group. As little difference was observed in most
oxidative parameters it seems most plausible that culture media had a significant
programming effect on cellular metabolism that could not be overcome by
modifications to metabolite availability. This is with the exception of SRC, in adult
RPMI cultured cells assayed in HPLM-like media, which was likely augmented by the

addition of pyruvate, which is lacking in RPMI.

4.5 Conclusions

Together these data demonstrate the importance of physiologic media in activation
models of human nCD4+ T cells. Physiologic culture media altered the bioenergetic
program and subsequent production of effector molecules for both adult and cord
derived cells, with this effect being more pronounced in cords. These findings add to
the growing body of literature defining the distinct activation profile of umbilical cord

blood derived nCD4+ T cells, highlighting their altered metabolic phenotype and
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greater dependence on exogenous calcium for IFNy production. Finally, this model of
activation was limited to culture media representative of adult plasma, as no cord
blood plasma analogue was available. Therefore, further studies should explore the

effects of a more relevant culture media for cord derived nCD4+ T cells.
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5 Impaired neutrophil metabolism

prevents NETosis in neonates.
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5.1 Introduction

Neutrophils are part of the innate immune response and are the most abundant
leukocyte in circulation making up 50-70% of all the circulating lymphocytes. These
vast numbers support the neutrophils as first responders, quickly trafficking to the
site of insult to mount a rapid defence to stem the possibility of infection. Neutrophils
also have a very high turnover rate, with an approximate half-life of around 6 — 19
hours, though some estimated put it at around 3 days (Lahoz-Beneytez et al., 2016;
Rosales, 2018; Koenderman et al., 2022). To support such a rapid turnover of cells
new neutrophils are generated in the bone marrow, originating from hematopoietic
stem cells (Borregaard, 2010). The hematopoietic stem cells in bone marrow first
differentiate into myeloblasts which retain the ability to differentiate into other
polymorphonuclear cells (PMNCs) and monocytes (Hidalgo et al., 2019). In turn,
myeloblasts differentiate through promyelocytes, myelocytes and metamyelocytes to
form immature band neutrophils. In times of stress, stores of promyelocytes and
myelocytes, formed through differential rates of cell division within the population,
are able to support rapid mobilisation of neutrophils although this often leads to an
increase in the number of immature circulating neutrophils. (Dresch et al., 1986;
Manz and Boettcher, 2014; Daix et al., 2021). At the promyelocyte to metamyelocyte
stages of development many of the essential components required for neutrophil
function are acquired, such as myeloid peroxidase and neutrophil elastase, required
for neutrophil extra-cellular trap (NET)s, and granule contents in readiness for
degranulation (McKenna et al., 2021). At the point of band cell differentiation, cell
division stops and differentiation into segmented neutrophils marks the final step in
neutrophil maturation, whereon neutrophils exit the bone marrow and go into

circulation (Lieschke et al., 1994; Summers et al., 2010; Evrard et al., 2018).

Neutrophils appear in the bone marrow of the developing fetus in the first trimester
of pregnancy with mature neutrophils only seen in peripheral blood by the beginning
of the second trimester and increasing exponentially with developmental age (Davies
et al., 1992; Slayton et al., 1998). Following the rapid increase in neutrophil count in

the lead up to birth, term neonates have neutrophil counts that are comparable to
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adults but a lower total mass of neutrophils compared to total body mass (Erdman et
al., 1982; Schmutz et al., 2008). Additionally, in the days following birth, neutrophil
count decreases before stabilising around 5 days after birth and factors such as birth
weight, sex and mode of delivery can all effect neutrophil count (Schmutz et al., 2008;

Proytcheva, 2009).

Alongside differences in neutrophil content, neutrophils of term neonates are also
functionally immature. Most functions essential to neutrophil function are deficient
in neonates at the time of birth, including the ability to traffic, transmigrate and
produce NETs (Lawrence et al., 2017). Specifically, reduction of adhesion molecules
Mac-1 and L-selectin at the time of birth impair the ability of neutrophils to firmly
adhere and transmigrate to sites where they are needed (Nussbaum et al., 2013).
Trafficking in response to chemokines is also reduced compared to adults, which is
thought to be a result of reduced chemoattractant signalling via phosphatidylinositol
3-kinase and NF-xB (Weinberger et al., 2001). Atop the impaired ability to move to
the site of inflammation, neonatal neutrophils display a reduced capacity for
pathogen clearance due to lower azurophil granule content and loss of NET function
(Levy et al., 1999; Yost et al., 2009; Lawrence et al., 2017). Low neutrophil count and
dysfunctional neutrophils are both risk factors for sepsis which is still one of the
biggest killers in hospitalised patients, with a mortality rate of around 32 % in high
income countries (Arraes et al., 2006; Sonego et al., 2016; Bauer et al., 2020; Michael
et al.,, 2023). Along with pregnant women the elderly and patients receiving
chemotherapy, neonates are a particularly at risk group for sepsis with an estimated
worldwide incidence rate of 2824 neonatal sepsis cases per 100 000 live births (Greer
et al., 2019; Kochanek et al., 2019; Martin-Loeches et al., 2019; Fleischmann et al.,
2021). However, there is little evidence linking neutrophil activation markers with
sepsis and some studies in mice have even suggested that NETosis in neonatal mice
may exacerbate sepsis although, this work focused on the role of NETosis after
induction of sepsis and did not consider the role of NETosis in preventing the initial

infection (Stiel et al., 2020; Denorme et al., 2023). Despite the well-known
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dysfunction of neonatal neutrophils and the associated risks, the mechanisms behind

the loss of some functions such as NETs are poorly understood.

NETosis is a special form of programmed cells death separate from apoptosis, first
described by Brinkmann et al in 2004 and is characterised by the release of unravelled
DNA, coated in granule enzymes like neutrophil elastase, into the cytosol (Brinkmann
et al., 2004). Now it is understood that there are two fundamentally distinct types of
NETosis that can occur, lytic and non-lytic NETosis (Yipp and Kubes, 2013). Lytic NETs,
also known as classical or ROS-induced NETs, are induced by PMA or IL-8 and formed
around 3 h post activation, requiring the presence of strong ROS signals (Fuchs et al.,
2007). The exact mechanisms underpinning lytic NET formation are not fully clear but
it is commonly suggested that NE and myeloperoxidase (MPO) degrade the nuclear
membrane and peptidylarginine deiminase 4 facilitates chromatin decondensation by
converting histone arginine residues to positively charged citrulline (Wang et al.,
2009; Papayannopoulos et al., 2010). Non-Lytic NETosis, also known as vital or ROS-
independent NETosis, is non-terminal and much more rapid, occurring within 20-30
min post activation. It is triggered by some bacteria, lipopolysaccharide, granular
macrophage colony stimulating factor (GM-CSF) and the complement factor C5a
(Pilsczek et al., 2010; Amini et al., 2018). In adults both lytic and non-lytic NETs are
largely dependent on glycolysis with stimulation increasing the surface expression of
GLUT1 and increased influx of glucose and inhibition of glucose inhibiting NETosis
(Rodriguez-Espinosa et al., 2015; Awasthi et al., 2019). However, there are multiple
proposed mechanisms through which glycolysis supports NETosis, including through
lactate production, ATP provision or fuelling the pentose phosphate pathway
(Azevedo et al., 2015; Awasthi et al., 2019). Whilst all the mechanistic reasoning for
why glycolysis is required for NETosis is still debated, the clear reliance of NETosis on
this pathway provides a target that could potentially explain the failure of neonatal

neutrophils to produce NETs.

5.1.1 Rational
Neutrophils are a critical first line of defence but many key functions of neutrophils,

including NETs, are either diminished or absent in neonates. Impaired neutrophil
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function is linked to increased sepsis susceptibility which is still a leading cause of
neonatal mortality. Glycolytic metabolism fuels NETosis in adults although the
underlying mechanisms for this are not fully elucidated. Little is known about the
metabolic function of neonatal neutrophils, but studies of other neonatal innate
immune cells have suggested that glycolytic metabolism may be impaired. Thus,
glycolysis likely represents a good target for investigating impaired NET function in

neonates.

5.1.2 Hypothesis

Impaired formation of NETs by neonatal neutrophils is a result of reduced glycolysis.

5.2 Methods

5.2.1 Neutrophil isolation

As detailed in chapter 2.34 neutrophils were isolated from adult and umbilical cord
whole blood by an untouched magnetic associated cell sorting system (MACSxpress®
Whole Blood Neutrophil isolation kit, human; Miltenyi). Whole blood was incubated
with magnetically labelled beads and magnetically labelled cells were removed by
placing the mixture in a strong magnetic field (MACSxpress® separator) and collecting
off the supernatant. Remaining erythrocytes were removed from by magnetically
labelling (MACSxpress® Erythrocyte depletion reagent) and placing the mixture in a
strong magnetic field (MACSxpress® separator) to deplete labelled erythrocytes.

Supernatant was collected and centrifuged at 300 x g for 10 min.

5.2.2  Flow cytometry

5.2.2.1 Purity monitoring and cell death

Neutrophils isolated from whole blood were stained with anti-CD15-FITC to check
purity and DRAQ7 to monitor cell death. 100000 cells were stained with anti-CD15;
FITC (W63D; BioLegend) for 30 min on ice in the dark before washing with FACS buffer
(Chapter 2.5.3). Following staining with CD15 cells were stained with 1 uM DRAQ?7 for

15 min at room temperature in the dark then washed in FACS buffer (detailed in
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chapter2.5.4). Live, DRAQ7 negative cells, were gated on and assessed for CD15
expression. After gating on live, DRAQ7 negative cells, CD15 expression was assessed

after acquisition on the NocoCyte3000.

5.2.2.2 Phenotyping

Isolated neutrophils were stained for surface markers with anti-CD10 VioBlue
(REA877; Miltenyi), anti-CD16 (REA423; Miltenyi) VioGreen, anti-CD35 APC-
Vio770(REA1133; Miltenyi) and anti-CD66b PE (REA306, Miltenyi), on ice for 30 min
in the dark (as detailed in chapter 2.6.1). Stained cells were washed twice with FACS

buffer and analysed by using flow cytometry (Cytek Aroura).

5.2.2.3 Mitochondrial mass.

Mitochondrial mass was determined by staining with 25 nM MitoTraker™ Green for
30 min in a dark incubator at 37°C and 5% CO; in RPMI GlutaMAX media. Cells were
washed twice in FACS buffer and median fluorescence intensity (MFI) of MitoTracker™

Green determined using flow cytometry (detailed in chapter 2.6.5).

5.2.3  Microscopy

5.2.3.1 Light microscopy

For imaging of neutrophil structure, 1x10° isolated neutrophils from adults or cords
(5.2.1) were seeded onto glass slides by cytospin centrifugation at 800 x g for 2 min.
Cytospun cells were then stained with Kwik-Diff by briefly dipping the slides into
reagent 1 five times and blotting the excess on absorbent paper. This procedure was
repeated for reagents 2 and three before rinsing, by briefly dipping into distilled
water. Slides were air dried at stored at 4 °C until imaging. Slides were imaged with

the EVOS imaging system in the visible spectrum (ThermoFisher).
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5.2.3.2  Fluorescence microscopy

8 well glass microscopy chamber slides were prepared in advance by coating with 200
puL of Cell-tak (Corning) in 0.1 M sodium bicarbonate solution (Na(CO),; Life
Technologies) at 22.5 uM per well for 20 min at room temperature, as described in

chapter 2.8.1 and prepared slides were kept at 4 °C until use.

Isolated neutrophils from adults and cords (chapter 5.2.1) were seeded at 50,000 cells
per well onto Cell-tak coated 8 well chamber slides and cultured in RPMI GlutaMAX,
with vehicle control (DMSO), 2-deoxyglucose (2DG; 100 mM; Sigma), Glucose free
RPMI, glycogen phosphorylase inhibitor CP-91149 (GPi; 10 uM; Sigma), RPMI — D-
glucose and GPi, lactate dehydrogenase inhibitor GSK 2837808A (LDHi; 10 uM;
Sigma), for 15 min in an incubator at 5 % CO,, 37 °C. In other experiments Isolated
neutrophils (chapter 5.2.1) were cultured in RPMI GlutaMAX with adenosine
triphosphate (ATP; 200 uM; Sigma) or nicotinamide mononucleotide (NMN; 500 uM)
for cords and oligomycin (1 uM; Sigma) or rotenone (1 uM; Sigma) for adults. Cells
were cultured at in an incubator at 5 % CO,, 37 °C for 30 min. Following the initial 15-
or 30-min incubation, phorbol 12-myristate 13-acetate (PMA) was added at 50 nM to
all wells or vehicle control. Cells were returned to a 5 % CO; incubator at 37 °C for 3
hours. Subsequently culture supernatant was removed by pipette from each well and
cells were fixed by adding 10 % formalin (Sigma) to each well for 10 min at room
temperature. After fixation, wells were washed twice with PBS before adding DAPI
staining solution for 15 min at room temperature protected from light. Staining
solution was removed, and wells were washed three times by flooding the wells with
PBS. Finally, all remaining PBS was removed, and the chamber compartments
disassembled before VECTASHEILD® mounting medium (Vector laboratories) was
added and a cover slip applied on top. Prepared slides were imaged using a laser
scanning confocal microscope (Zeiss LSM710) or the EVOS imaging system

(ThermorFisher). Captured images were analysed using the Zen 3.4 software (Ziess).

Images of mitochondrial content were taken using confocal microscopy of
MitoTracker™ Green stained neutrophils. Neutrophils from adults or cords were
incubated in RPMI glutaMAX with 25 nM MitoTracker™ green for 30 min at 37°C and

5% CO,. Following staining cells were stained with DAPI (Chapter 2.8.2). Cells were
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fixed with 10% formalin (Sigma) and washed twice with PBS, followed by staining with
DAPI for 10 min at room temperature. Wells were washed thoroughly with PBS before
mounting cover slips with mounting media and imaged and at x63 magnification using
a laser scanning confocal microscope (Zeiss LSM710). Captured images were analysed

using the Zen 3.4 software (Ziess).

5.2.4 Extracellular flux analysis
Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were
measured ex vivo in resting isolated neutrophils under mitostress conditions and on

activation with PMA in the presence of various inhibitors.

5.2.4.1 Mitochondrial stress test

Ex vivo neutrophils were examined for mitochondrial function using the mitostress
assay ECAR (chapter 2.5.2). 2x10° neutrophils were seeded in assay media (5 mM
glucose, 2 mM glutamine 2 mM pyruvate, pH7.4) onto a 24 well cell-tak coated plate.
The plate was loaded into the Seahorse bioanalyzerXF24 (Agilent) and allowed to
equilibrate for 15 min before starting the assay. During the assay simultaneous
measurements of OCR and were made at baseline and on injections of oligomycin (1

uM), FCCP (1 uM), rotenone (1 uM) and antimycin-A (1 pM).

5.2.4.2 Activation assays

Isolated neutrophils were seeded at 2 x 10° cells per well onto Cell-Tak coated 24 well
XF assay culture plates in minimal media supplemented with 5.5 mM glucose (unless
otherwise stated), 2mM glutamine and 2mM pyruvate, adjusted to pH 7.4 with
sodium bicarbonate (Na(CO)y; Life Technologies) and incubated in a non-CO; oven at
37 °C for 1 hour prior to conducting the assay. Injections were also prepared and
placed in the non-CO; oven. Injections were loaded into the injection ports before the
assay plate was placed in the Seahorse bioanalyzerXF24 (Agilent) and allowed to
equilibrate for 15 min before the first measurements were taken. Three baselined

measurements were taken before injection of vehicle, 2DG (100 mM), GPi (10 uM) or
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LDHi (10 uM), where on another three measurements were taken before injection of
vehicle or 50 nM PMA. Measurements were recorded for a further 80 min before the

plate was unloaded.

5.2.5 Lactate assay

L-Lactate in cell culture supernatant was measured by colorimetric assay (L-Lactate
assay Kit; abcam) according to the manufacturer’s instructions. 500,000 neutrophils,
from adults or cords, were left untreated or activated with 50 nM PMA in 1 mL RPMI
or RPMI without glucose or activated in the presence of 10 uM LDHi for 15 or 60 min,
at 37°C 5% CO.. At the designated time point, culture plates were placed immediately
on ice and harvested by pipetting. Cell-free supernatant was collected by
centrifugation at 300 x g for 10 min at 4°C and removing the supernatant from the
cell pellet for storage at -20°C. On the day of analysis, supernatant was defrosted on
ice and centrifuged at 10,000 x g, 4°C for 10 min to remove any debris. To conduct the
assay, culture supernatant was appropriately diluted with assay buffer and added to
reaction mix. A standard curve and background wells were prepared at the same time.
Samples and standards were incubated at room temperature for 30 min, protected

from light. The plate was read at OD570 nm.

5.3 Results

5.3.1 Isolation of viable neutrophils

Untouched magnetic activated cell sorting (MACS) was used to isolate neutrophils
from whole peripheral adult blood and cord blood. Neutrophils are highly sensitive to
mechanisms inducing cell death, as such cell death was determined after isolation to
ensure the collection and isolation process had not caused excess cell stress and
death. Total Isolated cells were stained with the lineage marker CD15, to determine
purity and DRAQ7 as a measure of cell death. In the total cells population of MACS
isolated neutrophils purity was very high for both adults and cords (Figure 5.1). All
donors used had a purity of >90 %. Additionally, little to no cell death was observed

in the CD15+ population of any donors (Figure 5.1).
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Figure 5.1 Isolated Neutrophils are viable.

CD15+ purity and cell viability were monitored by flow cytometry after MACS
isolation from healthy adult or umbilical cord blood. Total cells were gated on
(left column) and CD15 expression examined and compared to unstained
controls (middle column). Cell death in CD15+ cells was assessed with DRAQ7

staining, with DRAQ7 negative cells considered to be live.

5.3.2 Neutrophils in cord blood represent a distinct intermediate population.

As early neonatal neutrophils are known to be impaired in their ability to perform
some functions it seemed logical to first assess the maturation state of the cord blood
neutrophils as there might be higher proportions of immature band neutrophils in
circulation explaining these reported differences (Lawrence et al., 2017). Neutrophil
maturation occurs primarily within the bone marrow starting from myeloblasts which
are negative for most neutrophil markers but express CD15. This first stage of

differentiation is followed by promyelocytes, myelocytes and metamyelocytes which
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all express CD66b and CD15 but not CD35. These cells mature into band and mature
neutrophils, of which mostly mature CD16" CD10" neutrophils exit the bone marrow
into circulation (McKenna et al., 2021). In some circumstances such as severe disease
and neonatal sepsis significantly greater proportions of the immature neutrophil
populations are seen in circulation (Newman et al., 2010; Hornik et al., 2012). To
assess the proportions of these neutrophil populations in adult and cord blood, MACS
isolated neutrophils were stained with a panel containing CD66b, CD35, CD16 and
CD10 and analysed by flow cytometry. Polymorphonuclear cell (PMNC)s were first
gated on and then doublets excluded (Figure 5.2A). Gating of the following neutrophil
differentiation markers were determined in adult samples and the same thresholds
applied to cord blood samples. Next CD66b and CD35 expression was used to identify
a mixed population of promyelocytes, myelocytes and metamyelocytes, defined as
CD66b+CD35- (Figure 5.2A). The CD35+ fraction was gated on and further assessed
for expression of CD10 and CD16. Band neutrophils were identified as CD10" and
CD16'" whilst mature neutrophils were defined as CD10"and CD16". In adults, nearly
all cells were mature neutrophils (96.8% + 0.8) with little to no promyelocytes
myelocytes (0.9% * 0.3) and metamyelocytes present (Figure 5.2B-C). Similarly, only
a very small population (0.6% + 0.2) of CD10" and CD16' band cells was seen. In cord
however, there was a significantly larger population of promyelocytes, myelocytes
and metamyelocytes (p = 0.0019) ranging from around 5 to 10 % of circulating PMNCs
(Figure 5.2B). Additionally, a smaller fraction of the CD35+ cells were identified as
mature CD10" CD16" neutrophils (55.5% + 7.3; p = 0.019) and significantly more band
neutrophils were seen (p = 0.003). Interestingly there also appears to be a large
population with intermediate expression of CD10 and CD16 between band and
mature neutrophils which is not seen in significant numbers in adults (36.6 % + 7.6; p
= 0.0019). To provide more clarity on the maturation state of this intermediate
population identified in cords, isolated neutrophils from adults and cords, were
prepared by cytospin for Kwik Diff™ staining. Mature neutrophils can be identified
clearly by their highly segmented nucleus whilst band neutrophils contain a semi-
circular band shaped nucleus (Marini et al., 2017). As expected, on visual inspection

of Kwik Diff™ staining, adult neutrophils were highly segmented whilst some band
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neutrophils were seen in cords most were still segmented suggesting the

intermediate population may represent a unique maturation phenotype in cords.
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Figure 5.2 Developmental phenotype of cord blood neutrophils.

Developmental phenotype of MACS isolated neutrophils from human adult
peripheral blood and umbilical cord blood was determined by flow cytometry
and Kwik Diff™ staining. A) Manually determined gating for adult and cord
neutrophils, top left panel shows gating on total PMNCs, top right panel shows
single cell gating, bottom right panel shows identification of CD35+ myeloblasts
(bottom left gate) combined promyelocytes, myeloblasts and metamyelocytes
(bottom left gate) and the bottom right panel identifies band neutrophils,
mature neutrophils and an intermediate population. B) summary plots of
neutrophil populations. C) Summary plots of mature, intermediate and band
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CD35+ neutrophil populations. D) Light microscopy images of Kwik Diff™
stained neutrophils prepared by cytospin. A-C) n = 8 adult and n = 6 cord; D) n
=3 adult and n = 3 cord. p-values were determined by Wilcoxon rank sum test

(B, C). p < 0.05 was deemed significant.

5.3.3 Mitochondrial metabolism

As the neutrophil population was more diverse in cords and contained a large fraction
of intermediately mature neutrophils it seemed reasonably likely that metabolic
function might differ between adult and cord neutrophils. Realtime extracellular flux
with a mitochondrial stress test was used to examine the metabolic parameters of ex
vivo neutrophils. Baseline OCR and ECAR were recorded ahead of injections of
oligomycin, FCCP and rotenone/antimycin A and metabolic parameters were
calculated from these results (Figure 5.3A). Basal respiration and ATP linked
respiration were very low and comparable between adults and cords (Figure 5.3B-C).
However, maximal respiration and spare respiratory capacity were significantly
greater in adults (p = 0.0096 and p = 0.0019 respectively) suggesting adults possess a
significantly greater metabolic reserve able to meet greater demand when needed
(Figure 5.3D-E). Additionally, a large amount of non-mitochondrial respiration was
seen in both adults and cords with nearly equal OCR compared to basal respiration
(Figure 5.3F). Basal ECAR was comparable between adults and cords and overall
neutrophils from both donor groups were more glycolytic than oxidative (Figure

5.3G).
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Figure 5.3 Basal mitochondrial metabolism is comparable between adult and
cord neutrophils.

Metabolic function of 2 x 10° ex vivo neutrophils from human adult peripheral
blood and umbilical cord blood were assessed by measuring OCR and ECAR in
response to a mitochondrial stress test. A) Trace of OCR during mitostress test
by injection of 1 uM oligomycin, 1 uM FCCP, 1 uM antimycin A and 1 uM
rotenone. Summary plots of B) basal respiration, (C) ATP linked respiration, (D)
maximal respiration, (F) spare respiratory capacity, (G) Basal ECAR calculated
for adults and cords. n = 5 adults and 4 cords. p-values were determined by

Wilcoxon rank sum test (B-G). p < 0.05 was deemed significant.
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In concordance with the findings from extra-cellular flux analysis no differences were
seen in mitochondrial content of adult and cord blood derived neutrophils.
MitoTracker™ staining and analysis by flow cytometry found high and fairly uniform
mitochondrial content across the neutrophil population in adults and cords which was
comparable between the donor groups (Figure 5.4A-B). Furthermore, confocal
images of neutrophils stained with DAPI (blue) and MitoTracker™ Green showed

similar mitochondrial content spread throughout the cell (Figure 5.4C).

MitoTracker (log MFI)

MitoTracker (MF1)

Adult Cord

Figure 5.4 Mitochondrial content of adult and cord neutrophils.

Mitochondrial content of neutrophils from human adult peripheral blood and
umbilical cord blood determined by MitoTracker™ Green staining using flow
cytometry and confocal microscopy. A) Representative histograms of
MitoTracker™ staining by flow cytometry with B) summary plots. C)

Representative confocal microscopy images of neutrophils stained with
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Mitotracker™ Green. A-B) n = 6 adult and 4 cord; C) n = 4 adult and 3 cord. p

value determined by Wilcoxon rank sum test. p < 0.05 was deemed significant.

5.3.4 Neonatal neutrophils fail to produce NETs

NET formation is an essential mechanism of neutrophil mediated defence, able to
trap and destroy invading pathogens (Yipp and Kubes, 2013). Neonates are
particularly vulnerable to sepsis potentially due to reduced protective functionality
such as trafficking and low expression of the Fc receptor CD16, as shown earlier (Yost
et al., 2009; Melvan et al., 2010; Fleischmann et al., 2021). Furthermore, it has been
reported that the ability to form lytic NETs is absent from cord blood neutrophils (Yost
et al,. 2009). To validate this described lack of NET formation observed in the
literature, neutrophils from adult and cord blood were isolated by MACS and
activated with 50 nM PMA for 3 h in RPMI cultures. NETs were visualised using the
DNA binding dye DAPI. DMSO vehicle was used as a negative control and 2DG, a
known inhibitor of NETosis, was used as an additional control (Rodriguez-Espinosa et
al., 2015). When left unstimulated (DMSO control) no NETs were seen in either adults
or cords however, when stimulated with PMA NETs were observed only in adults
(Figure 5.5). The formation of NETs in adults could be completely inhibited by

pretreatment with 2DG (Figure 5.5).
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Figure 5.5 Cord neutrophils do not produce NETs in response to PMA.

Neutrophils isolated from human adult peripheral blood and cord blood
stimulated with (top) vehicle control, (middle) PMA (50 nM) or (bottom) PMA
after pre-treatment with 2DG (100 mM) for 3 h. Left column shows
representative images from n = 5 adults and right column shows representative

images from n = 5 cords

5.3.5 Oxidative and glycolytic burst is reduced in neonates.
Lytic NET formation is dependent on ROS production by the surface protein NOX2

which leads to the release of NE and MPO stored in granules and the breakdown of
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the nuclear envelope followed by the release of extracellular DNA (Yipp and Kubes,
2013). On activation NOX2 rapidly consumes 0, and NADPH in a respiratory burst,
which can be measured as the extracellular oxygen consumption rate (Rice et al.,
2018; Awasthi et al., 2019). The oxidative burst of neutrophils is often measured by
detection of reactive oxygen species with the aid chemiluminescent probes. Whilst in
common use, these approaches suffer from a number of drawbacks including
selectivity of ROS species and their ability to detect extra-cellular and intracellular
ROS (Murphy et al., 2022). In this thesis, consumption of oxygen from the assay
media, required by NOX2 for the formation of ROS, was utilised as an alternative
method for assessing the oxidative burst of neutrophils. Oxygen consumption was
measured in real time, using the seahorse extra-cellular flux platform which also
provided the benefit of simultaneous measurements of extra-cellular acidification.
Whilst, this method does provide some advantages over traditional
chemiluminescent approaches, non-ROS specific sources of oxygen consumption,
such as mitochondria, may impact on measurements of the oxidative burst. Although
mitochondria are not thought to play a significant role in the oxidative burst of

neutrophils (Grudzinska et. al., 2023).

As the ROS production via NOX2 is required for NET formation and NETs were
distinctly absent in cord neutrophils it seemed likely that cord neutrophils may
possess some deficiency in the oxidative burst. To test this, real time extra-cellular
flux as measured in adult and cord neutrophils stimulated with 50 nM PMA.
Additionally, as NETs also show a requirement for a functional glycolysis pathway
(Rodriguez-Espinosa et al., 2015) some wells were also treated with 2DG. Baseline
OCR and ECAR remained stable prior to the first injection with ECAR then decreasing,
for cells treated with 2DG whilst the vehicle treated cells were unaffected (Figure
5.5A-B). Following injection of PMA, OCR and ECAR rapidly and dramatically increased
before reaching a peak and dropping back down, whilst little to no increase in OCR or
ECAR was seen in cell pre-treated with 2DG before PMA stimulation or unstimulated
cells (Figure 5.5A-B). Whilst similar trends were seen across both adults and neonates
in response to PMA and 2DG treatment the magnitude of the responses differed

significantly. Maximum OCR was significantly reduced in cord PMA stimulated cells (p
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= 0.014) and this maximum was reached around 10 min earlier (p = 0.061) and the
total oxygen consumption was also significantly less in cords (p = 0.014; Figure 5.5C,
E). Maximum OCR and total 0, consumption did not differ between adult and cord
neutrophils when left untreated whilst both parameters were greater when
stimulated after pre-treatment with 2DG with adults showing slightly greater basal
OCR (p = 0.077) and total 02 consumption (p = 0.054). Similarly, maximum ECAR was
significantly reduced in PMA stimulated cord neutrophils (p = 0.014) and peak ECAR
was reached slightly faster. No differences were observed between adult and cord
neutrophils that were left untreated or treated with 2DG prior to PMA stimulation.
Although ECAR is often used as a measure of glycolysis there are also other sources
of extracellular acidification some of which may come from degranulation of
neutrophils. To determine if differences in ECAR were reflective of differing glycolytic
rates lactate in supernatant was measured at 15 and 60 min after addition of PMA or
vehicle (Figure 5.5H). At 15 min after addition of PMA lactate in culture supernatant
was slightly but significantly increased compared to unstimulated controls (p =0.022)
whilst only a slight difference was seen between unstimulated or stimulated cord
neutrophils (Figure 5.5H). Interestingly, at this early time point post activation, more
lactate was present in the culture supernatant of cord neutrophils (p = 0.063; Figure
5.5H). Lactate increased with time for all donor groups under unstimulated and
stimulated conditions. Lactate in culture supernatant increased significantly between
15 and 60 min for both donors when left unstimulated; though, this only reached
significance in adults (p = 0.006; Figure 5.6H). Showing that PMA stimulation
increased aerobic glycolysis, at 60 min, significantly more lactate was present in
stimulated culture supernatant, for both donor groups (p = 0.002 and 0.003
respectively) and there was significantly less lactate in cord culture supernatant (p =

0.021; Figure 5.5H).
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Figure 5.6 Cord neutrophils show reduced oxidative burst on activation with
PMA.

The oxidative burst of 2 x 10° PMA activated neutrophils from adult peripheral
blood and umbilical cord blood was measured in real time by extra-cellular flux
analysis. A) OCR and B) ECAR traces at baseline, after injection of 2DG or vehicle
and after injection of 50 nM PMA. Summary plots comparing C) maximum OCR,
D) time to peak OCR, E) total 02 consumption, F) maximum ECAR and, G) time
to peak ECAR for adults and cords. Measurement of lactate in supernatant after
15 and 60 minutes culture with or without 50 nM PMA. A-G) n = 5 adult and n
=4 cord; H) n = 3 adult and n = 3 cord. For comparisons between donor groups
p values were determined by Wilcoxon rank sum test and for comparing donor
matched treatments, p values were determined by Wilcoxon signed rank test.

p < 0.05 was deemed significant.
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5.3.6 Increased ECAR on activation is largely due to factors other than extracellular

flux of lactate but LDHA activity is required for NETosis.

Next the role of lactate production and the activity of LDHA, in the formation of NETs
was assessed, as some evidence in the literature suggests that lactate formation is
sufficient for NETosis (Awasthi et al., 2019). The role of both LDHA and lactate were
assessed separately by adding lactate to culture with neutrophils or activating
neutrophils in the presence of the LDHA specific inhibitor GSK 2837808A (LDHi).
Contrary to other published reports lactate alone was not sufficient to induce NETosis
even at the highest concentration of 20 mM (Figure 5.7A). In contrast and confirming
some aspects of the literature, inhibition of LDHi impaired the formation of NETs in

adults (Figure 5.7B).
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B) PMA PMA +LDHi

Figure 5.7 LDHA activity is required for NETosis in adults.

The role of lactate and the enzyme lactate dehydrogenase A was assessed using
by fluorescence imaging. A) Adult neutrophils were cultured with 5-, 10- or 20-
mM lactate and stimulated with PMA for 3 hours and NETosis assessed by DAPI
staining (blue). B) Adult neutrophils were stimulated with PMA (50 nM) alone
or pretreated with a lactate dehydrogenase inhibitor (GSK 2837808A; 10 uM)
for 15 min followed by PMA stimulation. NET formation visualised by DAPI
staining (blue). A) images representative of n= 2 donors and B) images

representative of n= 7 donors.

The effect of LDH inhibition on the oxidative burst was also assessed in adults and
neonates using real time measurements of OCR and ECAR before and after injections
of LDHi/Veh and PMA (Figure 5.8A-D). Initially on injection of LDHi, OCR increased

compared to vehicle for both adults and cords (p = 0.009 and p = 0.052, respectively;
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Figure 5.8E). Despite inhibition of LDHA impairing NETosis the maximum oxidative
burst, as measured by OCR, actually increased when cells were pretreated with LDHi
although this, increase did not reach significance in either donor group (p = 0.063 for
adults and p = 0.1 for cords; Figure 5.8F). The kinetic of the oxidative burst were also
affected by pretreatment with LDHi, where peak OCR was reached later however, this
was only significant in adults (p = 0.013; Figure 5.8G). As one would expect, injection
of LDHi decreased initial ECAR for both adults and cords (p = 0.01 and p = 0.0062,
respectively; Figure 5.8H) however, maximum ECAR was unaffected in either donor
group (Figure 5.81). And the time taken to reach peak ECAR was only decreased
slightly (Figure 5.8)). As there are other sources of extracellular acidification, a lactate
assay was also performed, at 15- and 60-min post PMA activation with or without
LDHi, to more specifically consider glycolysis (Figure 5.8K). 15 min post activation
lactate production was significantly reduced in both adults and cords (p =0.01 and p
= 0.02, respectively) and the same was true at 60 min (p = 0.04 and p = 0.01; Figure
5.8K). When treated with LDHi lactate in culture supernatant did not significantly
increase, between 15 and 60 min, for either donor group (p = 0.6 for adults and p =

0.2 for cords), between 15 and 60 min (Figure 5.8K).
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Figure 5.8 LDH inhibition reduces the oxidative burst but does not reduce
ECAR.

Oxidative burst (OCR) of2 x 10° neutrophils per well isolated from adult
peripheral blood and umbilical cord blood measured in real time on activation
with or without lactate dehydrogenase inhibitor. A-D) OCR and EACR traces of
neutrophils at baseline, after injection of LDHi (10 uM) vehicle and after

204



injection of 50 nM PMA for adult and cords. Summary plots comparing E) initial
OCR (post injection of LDHi/vehicle), F) Maximum OCR, G) time to peak OCR, H)
initial ECAR (post injection of LDHi/ vehicle), 1) maximum ECAR and, J) time to
peak ECAR. K) Measurement of Lactate in culture media after PMA stimulation
+/- 10 uM LDHi for 15 or 60 minutes. A-J) n = 6 adult and n = 5-6 cord; K) n = 3
adult and n = 3 cord. For comparisons between donor groups p values were
determined by Wilcoxon rank sum test and for comparisons of donor matched
treatment conditions, p values were determined by Wilcoxon signed rank test.

p < 0.05 was deemed significant.

5.3.7 NETosis is dependent on extracellular glucose.

It has already been established that lytic NETosis is dependent on glycolysis however
the source of glucose fuelling NETosis is less clear (Awasthi et al., 2019). As well as
expressing glucose transporters, neutrophils also contain large glycogen stores, likely
to support function in low glucose environments such as wound sites (Rodriguez-
Espinosa et al., 2015; Sadiku et al., 2021). Furthermore, on activation with LPS adult
neutrophils begin generating more glycogen by running glycolysis in reverse (Sadiku
et al., 2021). As glycogen clearly plays a significant role in neutrophil energy
metabolism and function, the role of both extracellular glucose and glycogen were

assessed in NETosis and the oxidative burst.

To examine the role of both intracellular and extracellular glucose sources in NETosis,
adult neutrophils were stimulated with PMA in complete RPMI media, RPMI without
glucose, pretreated with the glycogen phosphorylase inhibitor CP-91149 (GPi) or
pretreated with GPi and cultured in RPMI without glucose. Removing exogenous
glucose from the media completely impaired NETosis whilst inhibition of glycogen
phosphorylase had no effect and a combination of glucose free media and GPi also

completely impaired NETosis (Figure 5.9).
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Figure 5.9 Exogenous glucose is required for NETosis.

The requirements of exogenous glucose and glucose from glycogen stores for
NET formation were assessed by activating adult neutrophils with or without
glucose and the glycogen phosphorylase inhibitor CP-91149. Neutrophils were
cultured stimulated with PMA (50 nM) for 3 hours in RPMI or glucose free RPM|
(-Glu) with or without GPi pretreatment for 15 min. NET formation was

visualised by DAPI staining (blue). Images representative of n = 3-5 donors.

Next, to examine the role of these two glucose sources in the oxidative burst, real
time OCR and ECAR were measured in neutrophils assayed in minimal assay media
supplemented with 2 mM glutamine, 1 mM pyruvate and with or without 5.5 mM
glucose. OCR and ECAR were measured in response to injections of GPi/Veh and PMA
(Figure 5.10A-D). Lack of extracellular glucose or injection of GPi resulted in increased

initial OCR for both adults and cords (In adults p = 0.003 for -Glu, p = 0.02 for +GPi,
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and for cords -Glu p = 0.005 and +GPi p =0.05). However, removal of exogenous
glucose and injection of GPi only increased initial OCR in adults (p = 0.009; Figure
5.10E). Maximum OCR, for both adults and cords, was reduced significantly whenever
there was no exogenous glucose in the assay media (in adults, -Glu p = 0.001, -
Glu/+GPi p = 0.004 and in cords -Glu 0.005 and -Glu/+GPi p = 0.01, Figure 5.10F) and
the average maximum OCR was lowest in glucose free GPi treated conditions (Figure
5.10F). Kinetics of the oxidative burst were largely unaffected except in the glucose
free condition for adults where peak OCR was reached earlier than in glucose
supplemented media (p = 0.03; Figure 5.10G). Initial ECAR was decreased significantly
in both adult and cord neutrophils assayed in glucose free media conditions (for
adults -Glu p = 0.01, -Glu/+GPi 0.008 and for cords -Glu p = 0.002 and -Glu/+GPi p =
0.01; Figure 5.10H) and the average ECAR was lowest when neutrophils were cultured
in glucose free media and treated with GPi. Injection of GPi, when glucose was
present in the assay media, did not result in any change in ECAR for either donor
group (Figure 5.10H). Similarly, maximum ECAR was reduced in all glucose free
conditions (for adults -Glu p = 0.003, -Glu/+GPi p = 0.008, and for cords -Glu p = 0.008,
-Glu/+GPi p = 0.01, respectively; Figure 5.101) and the average maximum ECAR was
lowest in GPi treated neutrophils assayed in glucose free media (Figure 5.10l). As with
OCR, the kinetics were largely unaffected by glucose deprivation or GPi treatment
(Figure 5.10J). As only exogenous glucose appeared to be required for NETosis and
was largely responsible for reduced oxidative burst, the effects of exogenous glucose
deprivation on metabolic function were further assessed using a lactate assay. Here,
neutrophils were activated with PMA for 15 or 60 min with or without exogenous
glucose in the media and lactate in the culture supernatant was measured. At both
15- and 60-min, adult and cord neutrophils activated in glucose free media produced
significantly less lactate (p = 0.002 and 0.01 for adults and p = 0.01 and 0.02 for cords;
Figure 5.10K). Adult neutrophils appeared better able to compensate for the lack of
exogenous glucose as the amount of lactate increased significantly between 15 and
60 min (p = 0.002) whilst no significant increase was observed in cords (p = 0.8; Figure
5.10K). Glycogen content in resting adult and cord neutrophils was also measured,

but no difference was observed (p = 0.69; Figure 5.10L).
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Figure 5.10 Exogenous glucose fuels the oxidative burst.

Oxidative burst, of 2 x 10° peripheral blood adult neutrophils and umbilical cord
blood neutrophils, measured in real time on activation with or without glucose

or in the presence of a glycogen phosphorylase inhibitor. A-D) Shows trace OCR
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and ECAR traces for neutrophils in media +/- glucose (5.5mM) at baseline; after
injection of GPi (10 mM)/vehicle and after injection of 50 nM PMA for adult and
cords. Summary plots comparing treatment conditions across E) initial OCR
(post injection of GPi/vehicle), F) Maximum OCR, G) time to peak OCR, H) initial
ECAR (post injection of GPi/ vehicle), 1) maximum ECAR and J) time to peak
ECAR. k) summary plots of lactate in culture media after PMA stimulation in
media +/- glucose (5.5mM) and/or 10 mM GPI, for 15 and 60 min. L) Glycogen
content in mg/million cells. A-J) n = 5-6 adult and n = 4-6 cord; K) n = 3 adult
and n =3 cord and L) n = 5 adult and 5 cord. For comparisons between donor
groups p values were determined by Wilcoxon rank sum test and for comparing
donor matched treatment conditions, p values were determined by Wilcoxon

signed rank test. p < 0.05 was deemed significant.

5.3.8 Restoring energy production in neonatal neutrophils restores NET function.

Thus far the exact mechanism linking glycolysis with NETosis remained elusive
although a requirement for exogenous glucose and functioning LDHA had been
demonstrated. Aerobic glycolysis is the very rapid conversion of glucose to lactate in
the presence of oxygen, and whilst highly inefficient it is able to generate ATP at a
faster rate than metabolism to pyruvate and subsequent mitochondrial oxidative
phosphorylation (Desousa et al., 2023). LDHA serves as an important mechanism for
regenerating NAD+ from NADH generated during glycolysis, maintaining the redox
balance of the cell and enabling continued aerobic glycolysis (Xu et al., 2021).
Complex | of the mitochondrial electron transport chain (ETC) performs the same
function and therefore may show a similar effect on NETosis (Luengo et al., 2021). To
determine whether complex | activity is required for NETosis neutrophils from adults
were stimulated with PMA in the presence of the complex | inhibitor rotenone. To
ensure that any differences observed were not due to impaired ATP production on
disrupting the ETC, neutrophils were also activated in the presence of ATP synthase

inhibitor oligomycin. Additionally, the ability of these inhibitors alone to generate
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NETosis was also determined. Inhibition of complex | or ATP synthase did not impair
NETosis in adults (Figure 5.11). Furthermore, the inhibitor compounds rotenone and

oligomycin did not cause any spontaneous NETs (Figure 5.11).

PMA Veh
- -

Figure 5.11 Complex | is not required for NETosis.

Veh

Rotenone

Oligomycin

Dependence of NETosis on complex 1 and ATP synthase was determined by
activating adult neutrophils in the presence of rotenone or oligomycin.
Neutrophils were pretreated with vehicle, rotenone (1 uM) or oligomycin (1

1M) for 30 min before addition of PMA (50 nM; left column) or vehicle (right
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column). Images representative of n = 5-6 donors for PMA treatment; n = 2 for

vehicle treated Oligomycin and Rotenone conditions.

Impaired NETosis in adults with LDHA inhibition suggests that ATP, derived from
aerobic glycolysis, is required for NET formation. This is likely due to reduced capacity
to restore the NAD+ pool. Furthermore, reduced lactate, in the culture supernatant
of activated cord neutrophils compared to adults, suggests that the rate of aerobic
glycolysis is lower in cords. This led to the hypothesis that NET formation in cord
neutrophils may be impaired due to insufficient ATP production from glycolysis which
has already been shown in some other settings (Amini et al., 2018). To test if the
slower rate of NAD regeneration in cords is responsible for failure to produce NETSs,
neutrophils from cords were stimulated for 3 h with PMA (50 nM) after pretreatment
with extracellular ATP (200 puM) for 30 min. Additionally, neutrophils from cords were
stimulated with PMA (50 nM) with or without extracellular nicotinamide
mononucleotide (NMN; 500 uM). The ability of these compounds to induce
spontaneous NETs was also assessed. As seen previously, neutrophils from cord blood
did not produce NETs in response to PMA treatment alone. However, when
pretreated with ATP or NMN for 30 min, before addition of PMA (50 nM), neutrophils
from all cord blood donors produced NETs. (Figure 5.12). No NET formation was seen

when neutrophils were cultured with ATP or NMN alone.
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Figure 5.12 Increasing energy availability of cord neutrophils enables NET
function.

Assessing the ability of umbilical cord blood neutrophils to produce NETs when
given exogenous ATP or NMN when stimulated with PMA. Neutrophils were
pretreated with vehicle, ATP (200 uM) or NMN (500 M) for 30 min before
addition of PMA (50 nM; left column) or vehicle (right column). Images
representative of 5-6 donors for PMA treated conditions; n = 2 for vehicle

treated NMN and ATP conditions .
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5.4 Discussion

Neutrophil extracellular traps are an important feature of host defence, trapping and
killing pathogens, thus limiting further infection. However, along with other functions
that are diminished in the first days of life, the production of NETs is absent,
potentially leaving neonates even more vulnerable to infection and sepsis (Yost et al.,
2009; Melvan et al., 2010). In other published work, a link between the ability of adult
neutrophils to form NETs and metabolic function has already been established
(Awasthi et al., 2019). Specifically lytic NETosis is known to rely primarily on glycolysis,
although the exact mechanism through which glycolysis supports NETosis is still
debated with some evidence suggesting glycolysis supports NETosis via feeding into
the pentose phosphate pathway and fuelling the oxidative burst whilst others have
suggested that the end product of aerobic glycolysis, lactate, is a key requirement for
NETosis (Awasthi et al., 2019; Britt et al., 2022). As the metabolic function of neonatal
neutrophils is not well studied, but a link between metabolic function and NETosis
had already been established in adults, this chapter sought to understand the
metabolic characteristics of neonatal neutrophils and explore metabolism as an
underpinning mechanism for lack of NET formation in neonates. As such this chapter
finds that NETosis in neonatal neutrophils is impaired as a result of insufficient ATP
generation from glycolysis due a reduced ability to regenerate the NAD+ pool needed

for rapid glycolysis and the oxidative burst.

Firstly, analysis of the neutrophil content of cord blood, using a flow cytometry based
maturation panel, revealed greater proportions of circulating neutrophil precursors
and immature band neutrophils in cord blood compared with adult peripheral blood.
Furthermore, “intermediately mature” neutrophils, characterised by intermediate
expression of CD10 and CD16 were identified as a large proportion of circulating cord
blood neutrophils which was not present to any significant degree in adults. As Kwik
Diff™ stained images of cord blood neutrophils showed mostly segmented nuclei
structures, indicative of mature neutrophils, it seems most likely that a large fraction
of the cord blood neutrophil exists in an intermediary developmental phase and

therefore may not possess the same functional characteristics as their mostly mature
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adult counterparts. Similarly, low expression of CD16 and CD10 has been identified as
a feature of immunosuppressive low density neutrophils in diseases settings, sepsis
and pregnancy, further adding to the possibility that the function of neonatal
neutrophils may differ significantly from that of adults however, whether these
neutrophils were low density neutrophils was not determined here (Dumitru et al.,
2012; Kostlin et al., 2014). Further experiments in this chapter utilised the whole
neonatal neutrophil compartment, despite it differing significantly from adults. As
this study aimed to characterise the metabolic function of neonatal neutrophils, with
the aim of understanding how metabolic function may relate to effector function in
neonates, it was reasoned that the whole neutrophil compartment would be most
representative of what is seen in the neonate. Sorting of mature neutrophils from
neonatal populations to make a like for like comparisons with adults was beyond the
scope of this thesis but is likely worth future investigation to understand if differences

in neonatal neutrophil function can be accounted for by a simple lack of maturity.

Exploring the basal metabolic status of adult and cord blood neutrophils did not show
many significant differences, with basal respiration, ECAR and mitochondrial content
all being comparable. However, reduced maximal respiration and almost no spare
respiratory capacity in cord neutrophils indicates poor metabolic flexibility and
suggests there is little scope for cord blood neutrophils to rapidly augment metabolic

function to meet heightened demand (Marchetti et al., 2020).

One such function that likely requires significant augmentation of the resting
metabolic state is NETosis which is driven by the oxidative burst and is an essential
tool in the neutrophils arsenal of defensive capabilities. Here the oxidative burst of
neutrophils was measured using the oxygen consumption rate from the media which
provides some advantages over common use probe-based methods which often

suffer from issues of specificity (Murphy et al., 2022).

Confirming the literature, no NET formation was observed in cord blood neutrophils
on PMA stimulation which was accompanied by lower maximum OCR and total
oxygen consumption suggesting a reduced oxidative burst, compared to adults.
Glycolysis fuels the pentose phosphate pathway which generates NADPH consumed
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by NOX2 in the oxidative burst causing lytic NETosis (Rice et al., 2018; Britt et al.,
2022). The combined reduction in oxidative burst and lactate production suggested
that cord blood neutrophils may be unable to form NETs due to a reduced capacity to

augment glycolysis when stimulated.

To better understand the mechanisms linking glycolysis with NETosis, further
experiments on were conducted on NETosis capable adult neutrophils. Glucose is a
known requirement for NETosis however, neutrophils contain large glycogen stores
that enable function in oxygen deprived environments or potentially low glucose
environments but whether the use of glycogen stores has any impact on NET
formation was not known (Sadiku et al., 2021). This chapter confirms that glucose and
specifically exogenous glucose is an essential requirement for NETosis. Furthermore,
real time metabolic flux analysis showed that exogenous glucose is the primary fuel
source for the oxidative burst, for both adult and cord blood neutrophils, as removing
glucose reduced maximum OCR but inhibition with a glycogen phosphorylase
inhibitor did not affect the maximum OCR. These data suggest that glycogen might be
able to fuel a reduced glycolytic burst as the oxidative burst was not blocked entirely
by removing exogenous glucose and inhibition by GPi in glucose free conditions
further reduced the maximum OCR and total oxygen consumption. Some of these
differences in readings for oxidative burst, using OCR, may also have been impacted
by other sources of oxygen consumption which were not properly controlled for in
these experiments. Addition of mitochondrial inhibitors, rotenone and antimycin A in
prior to PMA stimulation should be used in future experiments to provide clearer
results and increase resolution by reducing background reading. Bearing this in mind,
and as there was no difference in glycogen content between adults and neonates it
seems unlikely that differences in glycogen metabolism could explain the failure of
cord blood neutrophils to produce NETs. Additionally, impaired lactate production in
both donor groups, when exogenous glucose was removed, suggest that glucose is

the primary source fuelling aerobic glycolysis on PMA stimulation.
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As cord blood neutrophils produced less lactate after PMA stimulation, the role of
lactate dehydrogenase in NETosis and the oxidative burst was investigated in adults.
Firstly, it is worth noting that no change in maximum ECAR was observed after PMA
stimulation of LDHi treated neutrophils, compared to vehicle controls for either donor
group. As LDHi treatment prevented significant increase in lactate production and
ECAR initially dropped on injection of LDHi, before the addition of PMA, it was
concluded that the inhibitor successfully impaired LDHA activity and that the increase
in ECAR seen on PMA injection was largely due to sources other than lactate, such as
degranulation or H,O, produced from NOX2 activity during the oxidative burst.
Surprisingly maximum OCR and total oxygen consumption of PMA stimulated
neutrophils increased with LDHi treatment for both donor groups. The exact reason
for this is still unclear though it may be that inhibiting the LDHA resulted in a build-up
of glycolytic intermediates expanding the pool of metabolites (glucose-6-phosphate,
fructose-6-phosphate and glyceraldehyde-3-phosphate) able to fuel the pentose
phosphate pathway and hence the oxidative burst. Together with the evidence these
LDHA activity is required for NETosis, these results suggest that a strong oxidative
burst can occur independently from NETosis and that the oxidative burst is not the
soul factor responsible for NETosis. Additionally, the product of LDHA activity, lactate,
is not sufficient to induce NETosis despite contrary findings in the literature (Awasthi
etal., 2019). However, this does not seem that unlikely given that high concentrations
of lactate can often appear under normal physiological conditions such as heavy
exercise and spontaneous NETosis under these conditions would not be advantageous
(Li et al.,, 2023). It seems more likely that the role of lactate dehydrogenase in
restoring NAD+ pools during rapid aerobic glycolysis is the mechanism underpinning
the impaired NET formation observed in umbilical cord blood neutrophils.
Furthermore, regeneration of NAD+ for NETosis is not dependent on complex |,
another major source of NAD+ regeneration in the cell. Applying this understanding
of NETosis to cord blood neutrophils revealed that reduced ATP production as a result
of the inability to rapidly regenerate the NAD+ pool appears to be the mechanism
impairing NETosis in cord blood neutrophils as supplementation with exogenous ATP

or NMN was able to induce NETosis in PMA stimulated cord blood neutrophils.
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5.5 Conclusion

In agreement with the literature, this chapter finds that lytic NETosis and the oxidative
burst is indeed dependent on glycolysis, which is fuelled specifically by exogenous
glucose although the oxidative burst can be partially sustained by mobilisation of
glycogen stores. Additionally, this chapter finds a strong oxidative burst can occur
independently of NETosis showing that this function of neutrophils has more complex
requirements. The production of ATP from rapid aerobic glycolysis is one of these
additional requirements and the ability to produce enough ATP through aerobic
glycolysis is the limiting factor preventing NET formation in cord blood neutrophils.
However, the factors resulting in reduced ATP production from aerobic glycolysis
requires further exploration. These findings might provide valuable insight into the
mechanisms behind the loss of neutrophil function seen in sepsis and could provide
a basis for preventative treatments in neonates at severe risk of infection and sepsis.
To confirm the applicability of these findings further work needs to be conducted
exploring if similar results are seen in response to other stimuli and other types of

NETosis associated with pathogen encounter.
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Chapter 6

Discussion



6 Discussion

This thesis describes the relatively understudied metabolic phenotype of neonatal
immune cells, especially naive T cells and neutrophils, and explores how differential
metabolic activity might explain the distinct functional characteristics of neonatal
immunity. Over the past two decades a large and growing body of literature has
sprung up to describe the metabolic phenotype of immune cells which has delivered
a keen appreciation of how metabolic function is an underwriting force, defining cell
fate and function in health and disease (O'Neill et al., 2016; Palsson-McDermott and
O'Neill, 2020; Shyer et al., 2020; Bittner et al., 2023). Very early experiments
demonstrated a strong demand for glucose in activated macrophages and T cells as
well as demonstrating a role for metabolites in immune cell function (Wang et al.,
1976; Hamilton et al., 1986; Newsholme et al., 1986). More recent work has revealed
how, in addition to ATP generation, metabolic reprogramming provides the molecular
building blocks needed for proliferation, which is largely sourced from glutamine and
glucose (Hosios et al.,, 2016; Ma et al., 2017). Other experiments began to
demonstrate that metabolism not only fuels the energetic and anabolic demand
required for immune responses but also has a role in governing the functional
phenotype and differentiation path of immune cells (Pearce et al., 2009; Chang et al.,
2013; Gubser et al., 2013; Wang et al., 2018). Metabolic enzymes regulate the
transcription and translation of cytokines (Chang et al., 2013; Peng et al., 2016).
Additionally, cell signalling, and transcription factors are modulated through
metabolites, enzymes, and their products (Sinclair et al., 2013; De Rosa et al., 2015;
Ho et al., 2015). More recently still, innovative work has begun to unravel the links
between metabolism and epigenetic regulation of phenotype and newly developed
advanced machine learning algorithms are capable of predicting phenotype and
function from metabolic data (Matias et al., 2021; Puleston et al., 2021; Mocholi et
al., 2023). As there is a wealth of evidence demonstrating the central role of
metabolism in defining cell function, it is a candidate ripe for understanding the
numerous differences reported between adult and neonatal immune cells, where

metabolic function is highly understudied (Holm et al., 2021).
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Other initial considerations leading to the hypothesis that metabolic function might
differ in neonates came from the understanding that mounting an immune response
is an extremely metabolically demanding undertaking. This protective trade-off is
potentially more manageable in adults that no longer need to fuel rapid and
energetically costly growth however, balancing the energetic needs of defence and
growth might be more complicated in the early stages of life (Scrimshaw, 1977;
Bresnahan and Tanumihardjo, 2014). To fill the gap in the first stages of life, passive
immunity from maternal antibodies, passed across the placenta and via breast milk,
provides lower energy cost as pathogen clearance which can be achieved more
quickly by antibody neutralisation, classical complement activation and other
antibody mediated mechanisms of innate immunity (Niewiesk, 2015; Cinicola et al.,
2021; Demers-Mathieu, 2023). Additionally, differences in reported blood plasma
metabolites in neonates, such as glucose and pyruvate, might contribute to the
distinct immune phenotype observed in neonates (Trindade et al., 2011). For this
thesis, umbilical cord blood, from term elective caesarean sections, was used as a
ready and accessible source of immune cells, representative of the neonate,
especially at the time of birth, in order to study their immunometabolic features.
Vaginal delivery can have significant impacts on neonatal immune cell function and
umbilical cord blood is only representative of the immune function at the time of birth
whilst the neonatal period 28 day timespan in which considerable developments in
neonatal immunity occurs (Thornton et al., 2003; Lawrence et al., 2017; Olin et al.,

2018).

Chapters 3 and 4 of this thesis were centred around CD4+ T cells and provided the
first detailed examination of their metabolic characteristics in comparison with
adults, ex vivo and over the first days of activation. This work showed that ex vivo
umbilical cord blood naive CD4+ T cells were more energetically active than their
adult counterparts and demonstrate a greater metabolic switch immediately on
activation which was accompanied by increased amino acid stabilised mTOR

signalling. These chapters also show that the metabolic state of umbilical cord blood
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CD4+ T cells post activation, is not static in comparison with adults. By 16 hours after
first activation, with anti CD3/28, oxidative metabolism became roughly comparable
with adults with glycolytic function relatively decreased by 48 hours, umbilical cord
blood T cells were more glycolytic but less oxidative than adults. No difference was
seen in the surface expression of T cell receptor (TCR) associated stimulatory CD3 or
co-stimulatory CD28. Whether the same increased glycolytic reprogramming is seen
with more natural TCR ligand induced activation still needs to be determined.
However, TCR binding strength is modulated by the micro-RNA-118 which is highly
expressed in neonatal T cells and work by Jones et al. has shown that glycolytic
reprogramming is dependent on TCR binding strength, together suggesting that
stronger glycolytic reprogramming may be seen in neonates by TCR induced activation
(Li et al., 2007; Yu et al., 2016; Jones et al., 2017). Increased aerobic glycolysis on
activation of cord blood naive CD4+ T cells, observed in chapter 1, might also explain
increased store operated calcium entry (SOCE), reported elsewhere, as calcium flux is
dependent on the glycolytic metabolite phosphoenolpyruvate (Palin et al., 2013; Ho
et al., 2015; Schmiedeberg et al., 2016). Further evidence also suggests that SOCE
might represent an early metabolic cell cycle checkpoint controlling the exit of
quiescence through effects on glycolytic and oxidative metabolism, making it an
essential pathway for T cell activation and ripe for further investigation in neonates
which provide a natural model of enhanced SOCE (Klein-Hessling et al., 2017; Vaeth
et al., 2017). A better understanding of how increased SOCE can be induced could
have wider applications, such as in cell mediated cancer treatments where both
insufficient and prolonged SOCE are associated with poor T cell function and tumour
clearance (Shao et al., 2022). However, despite initial increased SOCE, neonates show
reduced nuclear translocation and subsequent transcription by nuclear factor of
activated T cells (NFAT) (Schmiedeberg et al., 2016) likely explaining the reduced
expression of IL-2 seen at 16 hours post activation in chapter 3. The additional
mechanisms involved in, preventing NFAT translocation and transcription, are not yet
clear and further research is required to understand this mechanism as it likely plays
a central role in defining early neonatal T cell responses. One possible explanation for
this dichotomy, between early and late activation strength, is the need to control a

promiscuous TCR that has strong affinity for MHC presenting self-peptide (Dong et al.,
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2017). Other controlling mechanisms such as up regulation of CTLA-4, a competitive
inhibitor of co-stimulatory CD28, is not seen in neonates which may lead to increased
T cell proliferation (Dietz et al., 2023). Neonatal T cells have been observed to express
relatively high levels on FOXP3 on activation leading to the suggestion that induction
of regulatory T cells may be a programmed feature in early life to limit over exuberant
T cell responses (Thornton et al., 2004; Wang et al., 2010). Production of Tregs, in the
first days of life, is also required for early seeding of the periphery with these
peripheral Tregs responding to gut derived microbial antigens providing systemic
control of related immune responses during early microbial colonisation (Li et al.,
2020). Similarly to findings reported here on CD4+ T cells, greater glycolysis is thought
to drive rapid expansion and terminal differentiation of murine neonatal CD8+ T cells
(Tabilas et al., 2019). However, neonatal CD8+ T cells are less cytotoxic and show
reduced expression of genes associated with CD8+ effector related transcription
factors, rather displaying an innate like phenotype with many similarities to
neutrophils (Galindo-Albarran et al., 2016; Tabilas et al., 2019). Detailed time course
proteomic studies, such as those conducted in adult mice, should be conducted to
provide a broader understanding of the differences in early activation of neonatal T
cells. Such data could provide detailed natural models of how T cell activation can be
modulated which could prove useful in diseases settings such as auto immunity (Tan
etal., 2017; Howden et al., 2019). Whilst most metabolic studies (including this thesis)
focus on pathways such as glycolysis, glutaminolysis and oxidative phosphorylation
(including this thesis) large scale proteomic analysis has highlighted the need to
broaden the scope of metabolic analysis by demonstrating that other metabolic
pathways such as one carbon metabolism are among the most upregulated in early

activation (Ron-Harel et al., 2016).

One carbon metabolism is associated with mitochondrial function which in turn is an
important factor for memory T cell differentiation (Raud et al., 2018; Corrado and
Pearce, 2022). Specifically, fatty acid oxidation by the mitochondria appears to be
essential for memory formation and mitochondrial diseases and mutations in

carnitine palmitoyl transferase 1A are associated with recurrent infection and poor
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vaccine protection (Edmonds et al., 2002; Pearce et al., 2009; Gessner et al., 2013;
Kapniciz et al., 2018). Generation of lasting memory T cells is impaired in early life,
which has important implications for designing vaccination strategies for neonates
and infants (Rudd et al., 2013; Pieren et al., 2022). This thesis shows greater reliance
of umbilical cord blood CD4+ T cells on glycolysis, matched in the literature for CD8+
T cells, which is suggested to impair memory formation and thus might provide a
target for therapeutic intervention to increase vaccine efficacy which is reliant on
formation of long-term memory cells (Tabilas et al., 2019). To date, the exact
mechanisms leading to the differentiation of memory T cells is not well understood
with competing ideas of how this is achieved. Some have proposed asymmetric
division as the underlying mechanism whilst others have highlighted the role of
mitochondrial succinate dehydrogenase and orotate in memory formation (Arsenio
et al., 2015; Scherer et al., 2023). Additionally, a role for epigenetic remodelling has
been demonstrated in memory T cell formation. High acetate production from
glucose metabolism in the effector stages of activation encourages acetylation of
histones increasing accessibility and translation whilst glutamine metabolism to aKG
reduces the activity of DNA methyltransferase both of which support memory
differentiation and function (Araki et al., 2008; Youngblood et al., 2017). Given the
time of life specific impaired memory formation in neonates, umbilical cord blood T
cells might provide a very useful natural model for further elucidating the

mechanisms that govern long lasting immune memory in humans.

Alongside impaired memory formation studies have suggested that neonatal naive
CD4+ T cells are poor IFN-y producers instead favouring the formation of type 2
cytokines such as IL-4 and IL-13 and some have gone as far as describing them as
defective or immature T cells (Webster et al., 2007; Hebel et al., 2014; Fike et al.,
2019; Razzaghian et al.,, 2021). However, as more evidence has emerged
demonstrating T cell responses in human neonates have time of life specific
adaptations, there have been recent calls to reconsider this paradigm (Rudd, 2020;
Semmes et al., 2021). Data from this thesis, does not provide strong evidence in

favour of previously reported Th2 skewing, rather adult comparable production of
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IFNy were found in some RPMI ex vivo cultures whilst the use of physiologically
relevant media, with comparatively higher concentrations of calcium, saw greater
IFN-y production by umbilical cord blood CD4+ T cells. Furthermore, little evidence of
Th2 skewing could be seen in the circulating memory T cell population or in the
production of type 2 cytokines apart from IL-13. However, assessing whether
neonatal T cells showed any defects in the ability to differentiate into classically
defined T helper subsets or a detailed analysis of their function was beyond the scope
of this thesis which focused on the first 48 hours of activation which is considerably
before the time T cells are thought to reach peak effector function (Williams and
Bevan, 2007). A more prominent cytokine feature at these earlier stages of activation
and division is marked by decreased IL-2 and increased IL-10 seen in culture
supernatant at 16, 24 and 48 hours. These two cytokines have opposing roles during
activation with IL-2 pressing on the accelerator and IL-10 applying the break.
Decreased IL-2 might be explained by reduced nuclear translocation of NFAT but the
mechanisms behind increased IL-10 present more of a mystery although there is
some evidence that mitochondrial complex Il has some important roles in IL-10
production (Nastasi et al., 2021). The purpose of increased IL-10 production might be
yet another mechanism for controlling neonatal T cell function (Jankovic et al., 2010;

Tao et al,, 2011; Ng et al., 2013).

It is also worth considering the wider effects that the altered cytokine profile of
neonates may have. As part of its role as general regulator of inflammation, IL-10
inhibits glycolysis in M1 macrophages thereby preferentially selecting M2
macrophages which have a central role in tissue remodelling and homeostasis
(Duffield et al., 2005; Brancato and Albina, 2011; Dowling et al., 2021; Miki et al.,
2021). Increased CXCL8 secretion, reported here and elsewhere, likely results in the
recruitment of more neutrophils (Gibbons et al., 2014) which are broadly defective in
pathogen clearing functions raising the obvious question of what function does this
serve. In chapter 5, this thesis reports an intermediate mature like phenotype with
lower CD16 and CD10 expression not found in adults. Whether this population is

attracted by CXCL8 secreted from T cells or has some non-immunological role to play,
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such as tissue regeneration and inflammation resolution, is yet to be determined but
provides an inviting target for future research (Jones et al., 2016). Intriguingly,
neonatal CD4+ T cells also have some role to play in tissue regeneration not matched
by adults, as demonstrated by their role in regeneration of the neonatal heart (Bae et
al., 2019; Li et al., 2019a; Dolejsi et al., 2022). Allogenic transfer of umbilical cord
blood T cells could also prove useful in cancer therapies. Umbilical cord blood
transplantation for treatment of lymphopenia induced by chemotherapy, more
rapidly reconstitutes the T cells compartment in comparison to bone marrow
transplants and provide more effective anti-tumour protection without the need for
stringent tissue matching (Lee et al., 2011; Hiwarkar et al., 2015; Hiwarkar et al.,
2017). Furthermore, umbilical cord blood or cord blood plasma transfusions are
gaining attention as a possible new regenerative therapy as there is some evidence
that they have the potential to reduce or reverse the characteristics of ageing and
reverse tissue damage (Yang et al., 2010; Cao et al., 2017; Lee et al., 2019). This thesis
began to explore the other potential roles of T cells in the neonate through the use
of an angiogenesis cytokine panel, but few conclusive results were obtained and
further, more detailed studies are required to assess the potential non-classical roles

of umbilical cord blood CD4+ T cells.

This thesis also investigates the role of metabolite availability in culture,
demonstrating how in vitro culture using physiologically relevant media changes the
activation phenotype of naive CD4+ T cells compared to culture in conventional RPMI
media. Chapter 4 demonstrates that use of physiologically relevant media results in
significant changes in the expression of cell surface receptors, cytokine production,
cell proliferation and cellular metabolism, for both adult and umbilical cord blood
naive CD4+ T cells. This work raises important questions about in vitro models of T
cell activation which are heavily relied on in the human context but mostly carried out

in non-physiologically relevant media.

Strong evidence in the literature demonstrates that environmental metabolites
possess immunomodulatory effects (Park et al., 2022; Soriano-Baguet and Brenner,
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2023). For example, glucose is a well-known requirement for T cell activation,
supporting growth and effector functions (Jacobs et al., 2008; Ma et al., 2017). Other
metabolites, including amino acids and carbohydrate metabolites (besides glucose),
not present in conventional culture media, also have immunomodulatory effects. T
cell exhaustion can be induced by kynurenine metabolism whilst a-ketoglutarate
metabolism is linked with impaired Treg function (Pour et al., 2019; Matias et al.,
2021). Data from this thesis, and the wider literature, advocate for considering how
the culture media conditions used should be adjusted to better model the system
under investigation. Chapter 4 showcases that neonatal CD4+ T cells are capable INF-
Y producers under more relevant media conditions whilst others have demonstrated
how T cell metabolic plasticity enable utilisation of extracellular lactate in the tumour
microenvironment to overcome glucose restriction (Qiu et al., 2019; Wenes et al.,
2022). Adding to this, other researchers have elucidated roles for L-arginine and
succinate in T cell mediated clearance or persistence of tumours, respectively (Geiger
et al., 2016; Gudgeon et al., 2022). The recent move of T cell culture into the clinical
setting, as the number of T cell based therapies continues to grow, raises some
important questions about what culture media is best and how media can be tailored
to achieve desired outcomes (MacPherson et al., 2022). Culture media, can affect the
production and expression of cytokines, cell surface receptors, exhaustion markers
and proliferation, all of which could be specifically optimised to meet the demands of
the product (Leney-Greene et al., 2020; MacPherson et al., 2022). For example,
differentiating T memory stem cells has been a long term goal for CAR T cell therapy
and recent findings suggest this could be achieved through metabolic manipulation
of one carbon metabolism (Rafiq et al., 2020; Lopez-Cantillo et al., 2022; Cheng et al.,
2023). Overall, data presented here, and in the literature, demonstrate the need for

careful thought about the effects of metabolites in T cell culture media.

Lastly, chapter 5 moved away from T cells and adaptive immunity to explore the
innate immune response through studying umbilical cord blood neutrophils. Here,
umbilical cord blood neutrophils were characterised by high frequencies of

intermediate mature cells with lower CD10 and CD16 expression. Umbilical cord
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blood neutrophils failed to produce neutrophil extracellular traps (NET)s in response
to phorbol 12-myristate 13-acetate (PMA) stimulation, because of reduced ability to
regenerate NAD+ and rapidly produce ATP via aerobic glycolysis. More broadly in the
literature, the functional ability of umbilical cord blood neutrophils are reported to
be deficient compared to adults, potentially leaving the neonates more vulnerable to
infection. However, in a perplexing dichotomy of physiology and function neutrophil
numbers rapidly rise in the weeks leading up to birth suggesting that they are required
in the early days of life despite their diminished function (Erdman et al., 1982; Carr et
al., 2010; Peterson et al., 2021).

One possible explanation is that this is a precise and carefully evolved time of life
specificimpairment of activation. The birthing process is a highly traumatic procedure
both physically and physiologically resulting in inflammation in the tissues of the
neonate (Kiilerich et al., 2021; Kyathanahalli et al., 2022). Excessive inflammation can
be seriously harmful, and neutrophils act as rapid responders to inflammation,
secreting reactive oxygen species, proteolytic enzymes, NETs and cytokines all of
which act as positive reinforcers of inflammation (de Oliveira et al., 2016; Herrero-
Cervera et al., 2022). As such, selective impairment of these abundant rapid
responders at the time of birth may be a protective mechanism to limit tissue damage
in response to labour induced inflammation. Furthermore, birth represents a
transition from an antigen poor to an antigen rich environment. As seen here and
elsewhere neonatal T cells display a strong immune suppressive phenotype with
increased expression of IL-10 and FOXP3, suggesting that controlling inflammation is
an important function in the early days of life (Thornton et al., 2004). Furthermore,
organs of the body are only colonised by regulatory T cells in the days after birth in
response to microbial colonisation of the gut (Li et al., 2020). Thus, in the first days of
life, before Treg colonisation occurs, neonates may be highly vulnerable to systemic
inflammation in response to commensal bacteria. Together, these factors make a
strong evolutionary case for limited neutrophil function in the early neonatal period.
Indeed, many of the impaired neutrophil functions of neonates are restored in the

days and weeks following birth (Lawrence et al., 2017). Although neonatal neutrophil
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dysfunction is perhaps a necessary adaptation at the time of birth, insights gained
from neutrophil dysfunction in this setting can be usefully extrapolated to improve
our understanding of neutrophil function in pathology. Neutrophils are critical
mediators in the pathology of rheumatoid arthritis and sepsis both of which represent
a social and monetary cost to society (Birnbaum et al., 2010; Wright et al., 2014; Shen
et al., 2017). This thesis demonstrates that metabolic pathways can be targeted to
modulate neutrophil function providing molecular targets for drug development to

combat neutrophil related diseases.

In summary, this thesis sought to answer two questions. Firstly, are there significant
immunometabolic differences between adults and neonates and secondly, if there
are immunometabolic differences can they explain the functional differences
between cells of the adult and neonatal immune systems. To this end, naive CD4+ T
cells, of the adaptive immune system and neutrophils of the innate immune system
were isolated from adult peripheral blood and umbilical cord blood and interrogated
experimentally ex vivo and in vitro using a range of methods and assays. The results
show distinctly different phenotypes and metabolic requirements for immune
function in neonates that differ temporally and by cell type. Broadly, naive CD4+ T
cells were more glycolytic but produced more immunoregulatory cytokines whilst
neutrophils were less glycolytic and failed to produce NETs as a result. For the first
time, these results characterise the metabolic phenotype of neonatal human naive
CD4+ T cells throughout the first days of activation providing a basis for further study
in the field and showcase how and why metabolic function should be considered in
future studies of neonatal T cell immunity. This work also provided a mechanism by
which control of NETosis and loss of this function could be understood in the neonatal
setting. Although a useful model, providing valuable insight into neonatal immune
function with wider implications throughout immunology, these experiments can
only approximate organism level biology and immune function and might not be
representative of later neonatal developmental stages. Future research should take
advantage of increasingly powerful flow cytometry tools and single cell sequencing

techniques to study neonatal immunity in vivo and throughout a broader timespan of

228



neonatal development. Furthermore, central carbon metabolism of glucose was the
primary metabolic pathway studied in this thesis but increasingly, other less well
studied pathways are proving just as important to immune cell function thus warrant

further investigation in the neonatal setting.
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