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ABSTRACT

Upon activation, CD4* T cells undergo substantial metabolic reprogramming to support clonal
expansion and effector function, largely promoted by T cell receptor (TCR) and CD28 signalling.
Whether T cell-derived inflammatory cytokines, such as tumour necrosis factor alpha (TNF-a),
amplify this process is not well understood but could be pertinent in chronic inflammatory
diseases, such as rheumatoid arthritis (RA), where abundant TNF-a expression and
dysregulated CD4* T cell metabolic phenotypes are present. TNF-a has been previously
identified to act as a co-stimulatory signal upon T cell activation, increasing proliferation and
cytokine production. Yet, whether TNF-a controls CD4* T cell metabolism has not been
interrogated. Here, it was shown that blocking T cell-derived TNF-a supressed the activation
of naive CD4* T cells and impaired their upregulation of glycolysis, amino acid uptake, and
mitochondrial oxidation of glutamine. Conversely, addition of TNF-a was able to increase
glycolysis in these cells. Interrogation of downstream signalling pathways identified that TNF-a
drives these changes not through NFkB, which is most commonly reported to be downstream
of TNF-a, but through the PI3K/Akt/mTOR pathway. T cell-derived TNF-a signalling was also
shown to be involved in driving inflammatory T helper (Th)1 and Th17 cell differentiation in a
partially Akt-dependent manner, whilst little effect on regulatory T cell (Treg) differentiation
was observed. Finally, to interrogate a role for this TNF-a/PI3K/Akt metabolic axis in chronic
inflammatory disease, peripheral blood CD4* T cells from RA patients and healthy controls
were analysed by flow cytometry. RA CD4* T cells exhibited higher levels of membrane-bound
TNF-a, mitochondrial mass, and Akt phosphorylation. These data implicate TNF-a signalling

via PI3K/Akt in the dysregulated metabolic phenotype of RA CD4* T cells.
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CHAPTER 1: INTRODUCTION

11 THE IMMUNE SYSTEM

The immune system is a complex combination of cells, inflammatory mediators, and biological
processes. In order to fulfil its role in protecting the body from invading pathogens, the
immune system has evolved two main branches, the innate and adaptive. These distinct
systems work in collaboration to discriminate between antigens of the body, termed “self”,
and those which have come from a foreign source, termed “non-self” (Iwasaki and Medzhitov,
2015). Once recognised as non-self-antigens, invaders are effectively cleared. However, in
some cases this process can go awry, and the immune system attempts to eliminate a
self-antigen, a process called autoimmunity (Szekanecz et al., 2021; Weyand and Goronzy,
2021). The innate immune system is the initial line of defence encountered by a pathogen,
made up of barrier sites and a range of effector cells. As part of this response, cells release a
spectrum of chemical mediators and cytokines which promote inflammation (Paludan et al.,
2021). Inflammation is characterised by redness, swelling, heat, and loss of tissue function. In
the acute phase, this is crucial for the removal of the harmful stimuli and is able to promote
healing once resolved. However, long-term induction of inflammation can result in excessive
tissue damage (Medzhitov, 2008; Szekanecz et al., 2021). Occasionally, the innate immune
system is able to effectively eliminate the pathogen alone, but in cases where this is not
achieved the adaptive immune system becomes engaged. Adaptive immunity encompasses a

range of immune cells which defend in an antigen-specific manner (Medzhitov, 2008;



Dominguez-Andrés et al., 2019). Additionally, cells of the adaptive immune system can form
memory, enabling a more rapid response upon re-infection with a specific pathogen (Iwasaki
and Medzhitov, 2015; Dominguez-Andrés et al., 2019). In autoimmune diseases, the
persistence of the adaptive immune response drives chronic inflammation to cause pain and

tissue destruction (Szekanecz et al., 2021; Weyand and Goronzy, 2021).

1.1.1 Innate immune system

The innate immune system reacts non-specifically to harmful stimuli and is unable to form
immunological memory. First, barrier sites, such as the gut, skin, and lungs, provide a physical
and chemical boundary to invading pathogens. Production of antimicrobial peptides and
mucus by the epithelial cell layer work in combination with the microbiota to ward off
potential breaches of the barrier (Guillot et al., 2013; Takiishi et al., 2017; Harris-Tryon and
Grice, 2022). Cells of the innate immune system recognise non-self, highly conserved,
pathogen associated molecular patterns (PAMPs) of bacteria, viruses, and fungi through
pattern recognition receptors (PRRs) (Medzhitov, 2008; Iwasaki and Medzhitov, 2015; Paludan
et al., 2021). In addition, danger associated molecular patterns (DAMPs), such as adenosine
triphosphate (ATP) and mitochondrial DNA, from cells in distress can be detected by PRRs on
the surface of innate immune cells (Paludan et al., 2021). Specific to each cell type, triggering
of a PRR induces a cascade of signalling pathways to promote phagocytosis, and the release
of antimicrobial and inflammatory molecules (lwasaki and Medzhitov, 2015; Paludan et al.,

2021).



1.1.1.1 The inflammatory response

A fundamental part of an effective inflammatory response involves recruitment of immune
cells from the blood to the site of injury. To elicit this, stromal cells, such as endothelial cells,
and immune cells release a range of cytokines and chemokines. These act in an autocrine or
paracrine manner, with cytokines able to modify the function and behaviours of the
responding cell whilst chemokines induce migration of cells down a gradient to the site of
release. During an inflammatory response a large cytokine and chemical milieu exists in the
local microenvironment, each with a unique role in modulating immunity. Pro-inflammatory
cytokines tumour necrosis factor alpha (TNF-a) and interleukin (IL)-6 drive endothelial cells to
upregulate adhesion molecules whilst chemical mediators such as histamine, released by mast
cells, promote vascular permeability (Griffin et al., 2012; Newton and Dixit, 2012; Ashina et al.,
2015). Chemokines such as CC-chemokine ligand (CCL)2 and CCL7 support the migration of
innate effector cells, including dendritic cells (DCs) and monocytes (Shiand Pamer, 2011;
Crowley, Buckley and Clark, 2018; Németh, Nagy and Pap, 2022). Once at the site of
inflammation, these recruited immune cells then produce their own cytokines and
chemokines, perpetuating the cycle. Cytokines are important for the activation, maturation,
and differentiation of multiple innate immune cells (Bernink et al., 2015; Lusty et al., 2017).
For example, macrophages are often described to have two main phenotypes, referred to as
M1-like and M2-like. M1-like macrophages are pro-inflammatory and induced by cytokines
such as TNF-a and interferon gamma (IFN-y), whereas pro-resolution M2-like macrophages
are induced by anti-inflammatory cytokines such as IL-10 and tumour growth factor beta

(TGF-B) (Martinez and Gordon, 2014; Yao et al., 2019). This dichotomy is representative of the



self-perpetuating inflammatory environment until a switch is made to pro-resolution, healing

mechanisms. Dysregulation of this balance leading to chronic inflammation.

1.1.1.2 Tumour necrosis factor alpha

One of the principal inflammatory cytokines, TNF-a is produced by cells of both the innate and
adaptive immune system, including macrophages and cluster of differentiation (CD)4* T helper
(Th) cells. To exert its effects, TNF-a can act in an autocrine or paracrine manner on cells
through binding to one of its two receptors, TNF receptor 1 (TNFR1) or TNFR2. TNF-a exists
first as a transmembrane protein, membrane-bound TNF-a (mTNF-a), which is then cleaved
into its soluble form (sTNF-a) by TNF-a converting enzyme (TACE; also called A disintegrin and
metalloprotease 17 (ADAM17)) (Yang et al., 2018; Wajant and Siegmund, 2019). Both forms
have biological activity when bound to either TNFR1 or TNFR2, although reports have
suggested a higher affinity for mTNF-a bound to TNFR2 and sTNF-a to TNFR1 (Grell et al.,
1995; Fischer et al., 2017; Su et al., 2022). TNFR1 is ubiquitously expressed on most cells and
has its main role in controlling apoptosis. Upon ligation, TNFR1 interacts with TNFR type
1-associated death domain (TRADD) to recruit TNF receptor-associated factor 2 (TRAF2) and
receptor interacting protein-1 (RIP-1), this complex is then able to activate the nuclear factor
kappa B (NFkB) signalling pathway which drives inflammation. However, association of this
complex is transient. Upon dissociation, TNFR1 binds Fas-associated death domain protein
(FADD) and activates the downstream caspase cascade, inducing apoptosis (Yang et al., 2018;
Wajant and Siegmund, 2019). Alternative activation of this pathway can also drive
necroptosis, a form of inflammatory cell death (He et al., 2009). In comparison, TNFR2 is

selectively expressed on certain immune cells including T cells and macrophages, and stromal



cells such as fibroblasts. The signalling pathways engaged by TNFR2 are less clear, although
there is evidence to suggest interactions with the NFkB and phosphoinositide 3-kinase
(P13K)/protein kinase B (PKB; here referred to as Akt) pathways, drivers of inflammation and

metabolism respectively (Yang et al., 2018; Wajant and Siegmund, 2019).

1.1.2 Adaptive immune system

The adaptive immune system is comprised of T and B cells, both able to exert antigen-specific
responses and form immunological memory. In order to recognise all self and
non-self-antigens, T and B cells exhibit an extremely broad repertoire of T cell receptors (TCRs)
and B cell receptors (BCRs) respectively. This is achieved through recombination of the
variable (V), diversity (D), and joining (J) regions of the TCR or BCR by recombination activating
genes (RAG) proteins early in development, with somatic hypermutation in B cells further
diversifying the repertoire (Briney and Crowe, 2013). To protect against autoimmunity, any
cells with a receptor recognising a self-antigen are removed by negative selection in the
thymus (Nemazee, 2017; Takaba and Takayanagi, 2017). B cells promote T cell responses
through their role as antigen presenting cells (APCs) and produce antigen-specific antibodies
to neutralise pathogens. T cells develop in the thymus as either CD4 or CD8 positive. CD8* T
cells express a range of cytotoxic granules which they release upon activation along with
cytokines, such as IFN-y. This cytotoxic activity is critical to their role in defence against
intracellular infections and cancer (Collier et al., 2021; Raskov et al., 2021). Additionally, CD8*
T cells can exert these cytotoxic effects against self-antigens, contributing to autoimmunity
(Collier et al., 2021). This thesis will focus on CD4* T cells and their role in chronic inflammatory

disease.



1.2 CD4* T CELLS

CD4* T cells are crucial for defence against pathogens and cancer, largely exerted through their
release of certain cytokines. However, when dysregulated, CD4* T cells are also instrumental
in the pathogenesis of autoimmune diseases, including rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE) (Park et al., 2005; Katsuyama, Tsokos and Moulton, 2018; Chemin,

Gerstner and Malmstrom, 2019; Kato et al., 2019).

1.2.1 Naive CD4* T cells

Following development in the thymus, naive CD4* T cells circulate the blood and secondary
lymphoid organs (SLOs), such as lymph nodes and tonsils, surveying for cognate antigen. To
enable this movement, naive CD4* T cells express CC-chemokine receptor (CCR)7 which binds
CCL19 and CCL21, chemokines present throughout lymphatic vessels and high endothelial
venules (HEVs), leading to SLOs. In addition, naive cells express CD62 ligand (CD62L) which
binds specialised glycoproteins on HEVs to further mediate trafficking (Yang et al., 2011;
Belikan et al., 2018; van den Broek et al., 2018). Within specialised T cell zones of SLOs, naive
CD4* T cells encounter APCs, most commonly DCs (Jenkins et al., 2001; Saxena et al., 2019).
APCs are able to phagocytose pathogens and cell debris which they then process and present
on major histocompatibility complex (MHC) molecules on their surface (Neefjes et al., 2011,
Tai et al.,2018). MHC class | molecules (MHCI) are present on nucleated cells and platelets and
are able to bind CD8* T cells through interaction with CD8. In comparison, MHC class Il (MHCII)
molecules are mainly restricted to expression on APCs and are able to bind CD4* T cells via

CD4 (Wieczorek et al., 2017). Binding of an antigen-specific naive CD4* T cell TCR to its



corresponding antigen presented by MHCIl on an APC triggers a cascade of signalling pathways

to induce T cell activation (Tai et al., 2018; Shyer, Flavell and Bailis, 2020).

1.2.2 CD4'T cell activation
1.2.2.1 Signal 1 -T cell receptor signalling

Naive CD4* T cell activation requires signalling through three major mechanisms, termed
signal 1-3 (Figure 1.1). To initiate signal 1, the TCR which exists in a complex with CD3, binds
its relevant MHCIlI-bound antigen on an APC with CD4 also docking on the MHCII molecule.
Ligation of the TCR complex drives lymphocyte-specific protein tyrosine kinase (LCK) to
phosphorylate zeta-chain-associated protein kinase 70 (Zap70) which then phosphorylates
linker for activation of T cells (LAT), a substrate for the binding of multiple signalling molecules.
From LAT, the main downstream pathways of TCR ligation are engaged, including mitogen
activated protein kinase (MAPK), NFkB, phospholipase C gamma (PLCy), and nuclear factor of
activated T cells (NFAT) (Gaud et al., 2018; Bhattacharyya and Feng, 2020; Hwang et al., 2020).
TCR triggering also induces the mobilisation of intracellular calcium (Ca?*) stores, which
subsequently promotes Ca?* entry into the cell through calcium release activated Ca?*
channels (CRAC) (Fracchia et al., 2013). Mitochondria then localise to the cellular point of
contact with the APC, termed the immunological synapse, and are able to increase Ca?* uptake
by preventing inactivation of the CRAC (Schwindling et al., 2010; Fracchia et al., 2013). Ca®* is
a crucial signalling molecule required throughout the cell for processes including metabolism,
activation, and proliferation, often mediated through interactions with calcineurin (Fracchia
et al., 2013; Trebak and Kinet, 2019). Ca?* and calcineurin are essential for NFAT signalling,

promoting its localisation to the nucleus. Additionally, several enzymes in the tricarboxylic



acid (TCA) cycle are Ca?*-dependent (Fracchia et al., 2013). Ca?* is also required for activation
of NFkB and activator protein 1 (AP-1), a transcription factor (TF) of the MAPK pathway (Feske
et al., 2001; Fracchia et al., 2013). These pathways, NFkB, NFAT, and MAPK mediated through
TFs JUN, FOS, and AP-1, interact to promote cell growth, survival, and gene expression for
effector function in activated CD4* T cells (Gaud et al., 2018; Trebak and Kinet, 2019;
Bhattacharyya and Feng, 2020). The strength of a TCR signal is graded and can have differential
effects on cell fate, exhaustion, metabolism, and expression of effector molecules based on
the stability and persistence of the interaction (Allison et al., 2016; Snook et al., 2018; Elliot et

al., 2021; Trefzer et al., 2021).

1.2.2.2 Signal 2 — Co-stimulatory molecules

Alongside the TCR, co-stimulatory molecules, referred to as signal 2, are able to lower the
threshold for TCR activation. This results in increased proliferation and cytokine production in
response to lower affinity antigens that would otherwise drive anergy, a state of inactivity in
the cell (Janardhan et al., 2011; Chen and Flies, 2013; Ross and Cantrell, 2018). The most
important of these molecules for T cell activation is CD28 which binds CD80/86 on an APC.
However, the exact contribution of CD28 signalling to this process remains to be fully
elucidated, with varied reports on its relative importance in naive and memory cells and in the
induction of different downstream pathways (Kane et al., 2001; Gargon et al., 2008; Xia et al.,
2018; Glinos et al., 2020). In essence, CD28 contains a direct binding site for PI3K. Activation
of the PI3K/Akt pathway then exerts effects on metabolism, survival, and effector function
(Boomer and Green, 2010; Chen and Flies, 2013). Although the PI3K/Akt pathway has also

been reported as downstream of TCR signalling, the CD28 pathway is essential in driving its



activity to a sufficient level for CD4* T cell activation (Harada et al., 2001; Kane et al., 2001,
Frauwirth et al., 2002; Buckler et al., 2006). CD28 also directly binds growth factor
receptor-bound protein 2 (Grb2) able to activate downstream NFkB, NFAT, and MAPK
signalling pathways (Janardhan et al, 2011; Chen and Flies, 2013). Moreover, other
co-stimulatory molecules, such as inducible T cell co-stimulator (ICOS), CD40 ligand (CD40L),
and OX40, are able to signal these pathways to mediate effects on cell survival, proliferation,
and effector function (Croft, 2003; Chen and Flies, 2013; Ward-Kavanagh et al., 2016).
Co-stimulation also induces the production of IL-2, an important regulator of CD4* T cell
activation, metabolism, and proliferation (Janardhan et al., 2011; Chen and Flies, 2013; Ross

and Cantrell, 2018).

TNF-a signalling through TNFR2 has been suggested to act as a co-stimulatory molecule on
CD4* T cells. Early studies showed a requirement for TNF:TNFR2 interactions to promote T cell
proliferation and survival upon activation (Yokota et al., 1988; Tartaglia et al., 1991, 1993).
Alongside its main role in apoptosis (Micheau and Tschopp, 2003; Kumar et al., 2022), some
studies have also reported a role for TNFR1 as a co-stimulatory molecule on T cells (Church et
al., 2005; Evangelidou et al., 2010), potentially due to impacts on Ca?* signalling (Church et al.,
2005). However, this observation is contradicted in other reports which show no effect of
TNFR1 on T cell activation (Tartaglia et al., 1991, 1993; Aspalter et al., 2003). TNFR2-mediated
co-stimulation is described to act similarly to CD28, exerting effects on cytokine production
and proliferation. Yet, CD28 was unable to fully recapitulate the effects of TNFR2 signalling in
CD4* and CD8* T cells (Kim and Teh, 2001, 2004; Aspalter et al., 2003, 2007). TNF-a has been
shown to directly downregulate CD28 expression on CD4* T cells (Bryl et al., 2001). In addition,
chronic TNF-a stimulation over several (8-17) days in vitro was shown to have inhibitory

9



effects on T cell activation, through impairment of TCR/CD28 signalling (Bryl et al., 2001;
Isoméki et al., 2001; Aspalter et al., 2005) and release of IL-2 and IL-10 (Aspalter et al., 2003).
In these studies, NFkB signalling is the most commonly reported downstream mechanism of
TNFR2-mediated co-stimulation (Aspalter et al., 2003, 2007; Kim and Teh, 2004; Banerjee et
al., 2005). Although, there is some evidence for the involvement of PI3K/Akt and MAPK
pathways (Aspalter et al., 2003; Kim and Teh, 2004). Collectively, these studies highlight a
unique and non-redundant role for both CD28 and TNF-a as co-stimulatory moleculesin T cell

activation.

1.2.2.3 Signal 3 — Cytokine-mediated CD4* T cell differentiation

Following activation, naive CD4* T cells require cytokine signals to polarise them towards
different Th cell subsets, each subset with a unique role in immunity (Sckisel et al., 2015).
These determining cytokines are largely provided by APCs, consequently APCs can bias CD4*
T cell differentiation by altering cytokine production (Jong et al., 2002; Ferreira et al., 2014,
Hafkamp et al., 2022). This control of Th cell fate is a key mechanism in promoting the
appropriate response to invading pathogens (Zhu and Paul, 2010). However, a dysregulated
balance of inflammatory cell subsets such as T helper 1 (Th1) and T helper 17 (Th17) cells, to
regulatory T cells (Tregs) is often a hallmark of chronic inflammatory disease (Niu et al., 2012;

Lee, 2018). Th cell subsets and their polarising cytokines are discussed below.
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Figure 1.1 The 3 signals of CD4* T cell activation

Three signals are required for activation of CD4* T cells. The antigen-specific T cell receptor
(TCR) with associated CD4 molecule bound to an MHC class Il (MHCII) molecule presenting the
relevant antigen constitutes signal 1. Signal 2 refers to co-stimulatory molecules, commonly
on CD4* T cells this is CD28 which binds to a CD80/CD86 complex on the antigen presenting
cell (APC). Once activated by these two signals, CD4* T cells are differentiated into a CD4* T
cell subset through cytokine signalling, termed signal 3.

1.2.3 CD4*'T helper cell subsets

In peripheral immune responses, four main Th cell subsets are currently described, Thi,
T helper 2 (Th2), Th17, and Treg cells (Figure 1.2) (Zhu and Paul, 2010). Although, other subsets
such as T helper 9 (Th9) and T helper 22 (Th22) cells have been suggested based on unique
cytokine profiles (Veldhoen et al., 2008; Eyerich et al., 2009). Increasing evidence for Th cell
plasticity has also introduced subsets such as T helper 17.1 (Th17.1) cells, also known as
ex-Th17 cells (Hirota et al., 2011; Basdeo et al., 2017). In addition, T follicular helper (Tfh) cells

are a specialised subset present in SLOs to aid B cell responses (Crotty, 2019).
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1.2.3.1 Th1 and Th2 cells

Identified by Mosmann et al. in 1986, Th1l and Th2 cells were the first Th cell subsets to be
recognised (Mosmann et al., 1986). Th1 cells are characterised by the expression of the TF
T-bet and production of IFN-y (Szabo et al., 2000). A predominant Th1 cell response is essential
for the eradication of intracellular pathogens, mediated largely through IFN-y driving the
activation of M1 macrophages and increasing phagocytosis, antigen-presentation, and the
release of inflammatory mediators (lvashkiv, 2018; Wang et al., 2018; Jorgovanovic et al.,
2020). Additionally, IFN-y is a potent anti-tumour cytokine, selectively promoting apoptosis in
tumour cells and enhancing anti-tumour activity of CD8* cytotoxic T cells (Ni et al., 2013; Bhat
et al., 2017; Jorgovanovic et al., 2020). In an autoimmune context, dysregulation of these
IFN-y-mediated effects instead cause excessive tissue damage and exacerbate the
pro-inflammatory environment (Leung et al., 2010; Luo et al., 2022). Th1 cells are polarised by
IL-12 with IFN-y able to synergise this effect (Hsieh et al., 1993; Smeltz et al., 2002). Th2 cells
are important mediators of anti-helminth immunity, B cell responses, and allergy through
their expression of signature cytokines IL-4, IL-5, and IL-13. Pathogenically, a dysregulated Th2
cell response is implicated in asthma, atopic dermatitis, and ulcerative colitis (Heller et al.,
2005; Tokura et al., 2018; Ledn and Ballesteros-Tato, 2021). A Th2 transcriptional programme
is induced by IL-4 and regulated by TF GATA binding protein 3 (GATA3) (Noben-Trauth et al.,

2002; Zhu et al., 2004).

1.2.3.2 Th17 cells

Several years after the discovery of Thl and Th2 cells, the Th17 cell subset was identified

(Harrington et al., 2005; Park et al., 2005). In health, Th17 cells accumulate largely at mucosal
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sites and are characterised by the expression of retinoic acid receptor-related orphan
receptor gamma (RORyt) and the production of IL-17, both IL-17A and IL-17F (Harrington et
al., 2005; Park et al., 2005; Ruan et al., 2011). Th17 cells also express I1L-22, which promotes
mucosal immunity through induction of antimicrobial peptide and cytokine release by
epithelial cells (Ouyang and Valdez, 2008; Lo et al., 2019). Additionally, IL-17 mediates the
protective effects of Th17 cells by indirectly promoting activation and migration of neutrophils
(Pelletier et al., 2010; Griffin et al., 2012). Consistent with their protective role, Th17 cell
differentiation has also been shown to be promoted by segmented filamentous bacteria in the
gut (Ilvanov et al., 2009; Goto et al., 2014). Multiple autoimmune diseases, including RA and
SLE, attribute Th17 cells to pathogenesis due to the production of inflammatory cytokines such
as IL-17 and TNF-a (Manara and Sinigaglia, 2015; Hirota et al., 2018; Taams, 2020; Koga et al.,
2021). Indeed, Th17 cells migrate towards and accumulate in the inflamed synovium of RA
patients via a CCL20 gradient and expression of CCR6 (Hirota et al., 2007; Church et al., 2010).
TGF-B, IL-6, IL-23, and IL-1B are all necessary for optimal Th17 cell differentiation (Manel et
al., 2008; Volpe et al., 2008). Perhaps due to their complex differentiation requirements, Th17
cells are prone to conversion to a Thl-like phenotype by IL-12, a process termed plasticity (Lee
et al., 2009). These cells are named ex-Th17 or Th17.1 cells (from here referred to as Th17.1
cells) and are characterised by the expression of both IFN-y and IL-17, and both T-bet and
RORyt (Lee et al., 2009; Hirota et al., 2011; Basdeo et al., 2017). Th17.1 cells are considered
potent drivers of inflammation based on their high expression of cytokine, and have been
implicated in the pathogenesis of chronic inflammatory diseases including RA, and multiple

sclerosis (MS) (Basdeo et al., 2017; van Hamburg and Tas, 2018; van Langelaar et al., 2018).
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1.2.3.3 Regulatory T cells

Tregs develop in the thymus during negative selection from T cells with TCRs that bind with
intermediate strength (too high resulting in apoptosis, and appropriately low resulting in
positive selection) to the corresponding antigen-presenting MHC molecule, referred to as
natural or thymic-derived (n/t)Tregs (here tTregs). Additionally, Tregs can be generated in the
periphery during naive CD4* T cell activation by TGF-f and IL-2, named induced (i)Tregs
(Schmitt and Williams, 2013). Tregs are potently anti-inflammatory, employing direct and
indirect mechanisms to restrict CD4* Th cell function. Suppressive mechanisms include
production of anti-inflammatory cytokines such as IL-10 and TGF-j3, sequestration of IL-2, and
production of inhibitory cyclic adenosine monophosphate (cCAMP) (Tamir et al., 1996; Schmidt
et al., 2012; Schmitt and Williams, 2013). In addition, co-inhibitory receptors such as cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) and lymphocyte activation gene-3 (LAG-3) bind
T cells to suppress function or bind APCs via co-stimulatory molecules, which reduces their
availability to T cells (Schmitt and Williams, 2013). Treg differentiation in the periphery is
driven by TGF-B and IL-2, promoting the master regulator forkhead box P3 (FoxP3) and
expression of IL-10. However, this method of FoxP3 induction in iTregs is less stable than in
tTregs (Baron et al., 2007; Floess et al., 2007; Q. Chen et al., 2011). TNF-a, through binding of
TNFR2, has been shown to have both suppressive and permissive effects on Treg function.
Several studies on human and murine Tregs have shown TNF-a signalling through TNFR2 to
inhibit Treg function and decrease FoxP3 expression (Zanin-Zhorov et al., 2010; Zhang et al.,
2013). Notably, two studies investigating this effect in the context of RA suggested anti-TNFa
treatment could rescue this suppression (Valencia et al., 2006; Nie et al., 2013). However,

several studies have also suggested that TNFR2 signalling improves Treg function and FoxP3
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expression (Nagar et al., 2010; Chen et al., 2013; Zaragoza et al., 2016; S. Yang et al., 2019;
de Kivit et al., 2020). One study highlighting this to be driven by TNFR2 preventing methylation
of the Foxp3 promoter (Tseng et al., 2019). Additionally, blockade of TNFR2 in vivo was shown
to abrogate the suppressive effects of Tregs in a model of graft-versus-host disease (Leclerc et
al., 2016). A subsequent study was then able to improve responses by driving TNFR2 signalling,
suggesting this as a viable therapeutic target (Moatti et al., 2022). Taken together, these
studies show that further work is required to fully understand the role of TNF-a on Treg
function. However, the effects are likely highly context dependent on factors such as other
cytokines in the local microenvironment, relative stability of the Treg phenotype, and
concentration of TNF-a. Reports on Treg function and development in autoimmunity are
inconsistent (Miyara et al., 2011). Taking RA as an example, there are studies showing reduced
numbers (Lawson et al., 2006; Kawashiri et al., 2011; Niu et al., 2012), increased numbers
(van Amelsfort et al., 2004; Pandya et al., 2017; Takeshita et al., 2019; Zhang et al., 2022), and
several showing their numbers to be unchanged in peripheral blood compared to controls
(Liu et al., 2005; Mo6ttonen et al., 2005). Furthermore, the balance between more resistant to
suppression CD4* Th cells and more suppressive Tregs in inflammatory conditions is hard to
determine (van Amelsfort et al., 2004; van Roon et al., 2010). Nevertheless, an overall defect

in the Treg response is clear.
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Figure 1.2 CD4* T helper cell subsets

Naive CD4* T cells are differentiated into CD4* T cell subsets through unique combinations of
cytokine signalling. Th1 cells, characterised by expression of T-bet and production of IFN-y, are
polarised by IL-12 with IFN-y also able to promote differentiation. Th2 cells express GATA3
and cytokines IL-4, IL-5, and IL-13 and are induced by IL-4. Th17 cells can be identified by
expression of RORyt and cytokines IL-17 and IL-22. Th17 cells also produce high levels of TNF-a
and can be polarised by a combination of IL-6, IL-1B, I1L-23, and TGF-B. Th17 cells have been
reported to undergo plasticity in presence of IL-12, adopting a more Thl-like phenotype,
resulting a subset of cells termed Th17.1 cells which express both RORyt and T-bet and
produce cytokines including IL-17, TNF-a, and IFN-y. Finally, naive CD4* T cells can be
differentiated into induced (i)Tregs by TGF-B, expressing master regulator FoxP3 and
regulatory cytokines IL-10 and TGF-pB.
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1.2.4 Memory CD4* T cells

During an immune response, large numbers of CD4* T cells are generated by clonal expansion.
Following resolution of the infection, the majority of these cells undergo apoptosis (MaclLeod
et al., 2009). Those remaining become memory CD4* T cells, characterised by expression of
CD45RO. Memory cells can be further subdivided into central (Tcm), effector (Tem),
tissue-resident (Trm), and effector re-expressing CD45RA (Temra) memory cells, each with
unique roles (MacLeod et al., 2009; Nguyen et al., 2019). Tcwm cells express CCR7 and CD62L,
which enable their migration through the blood and SLOs for continued surveillance of
re-exposure to known pathogens. Tewm cells, lacking CCR7 and CD62L expression, patrol the
peripheral circulation and tissue, primed for rapid expression of effector cytokines such as
IFN-y and TNF-a upon activation (MacLeod et al., 2009). Trm cells are recently identified as
another memory cell subset also unable to migrate through SLOs, instead remaining in tissues
to aid with tissue homeostasis and defence of barrier sites (Beura et al., 2019; Nguyen et al.,
2019). Lastly, a subset of terminally differentiated memory cells can be defined by their
re-expression of CD45RA, termed Temra (Sallusto et al., 1999; Tian et al., 2017). Although more
commonly found as a CD8* T cell subset, CD4* Temra cells have been detected in human
peripheral blood and are associated with increased numbers in individuals infected with
cytomegalovirus and dengue virus (Harari et al., 2004; Libri et al., 2011; Weiskopf et al., 2015;

Burel et al., 2017; Tian et al., 2017).

The generation of memory cells is an area of keen interest due to their protective roles
following vaccination and in cancer immunotherapy (Liu et al., 2020; Loyal et al., 2021;
Rostamian et al., 2021). IL-2 drives production of memory T cells by promoting expression of

IL-7 receptor (IL-7R), IL-7 signalling then promotes the maintenance of cellular metabolism for
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long-term memory cell survival (Kondrack et al., 2003; Dooms et al., 2007; Jacobs et al., 2010;
Li et al., 2022). Additionally, the strength of a TCR signal and engagement of specific
co-stimulatory molecules, such as OX40, have been implicated in determining the generation
and differentiation of memory T cell subsets (Soroosh et al., 2007; Keck et al., 2014; Snook et
al., 2018). Having already undergone naive CD4* T cell activation, memory cells are able to
activate rapidly upon TCR/CD28 engagement. Indeed, memory cells are known to require
CD28 signalling for optimal activation (Ndejembi et al., 2006); one study suggesting their
sensitivity to CD28 to be even higher than naive cells (Glinos et al., 2020). Memory cells
demonstrate a wide range of epigenetic modifications compared to naive cells (Bevington et
al., 2016, 2021; Barski et al., 2017). Acetylation and methylation of specific histones promote
open chromatin regions, which allow TF binding and result in the rapid transcription of
effector molecules such as IFN-y and IL-17. Conversely, methylation can also suppress
chromatin accessibility preventing transcription of genes (Fields et al., 2002; Morinobu et al.,
2004; Renaude et al., 2020). Additionally, memory CD4* T cells demonstrate metabolic
alterations, such as increased mitochondrial content, which promotes increased metabolic

capacity upon activation (Dimeloe et al., 2016).

13 CELLULAR METABOLISM

Cellular metabolism comprises the biochemical pathways in a cell responsible for the
breakdown of metabolic substrates to generate ATP and biosynthetic intermediates which
support effector function, growth, and survival. The metabolic requirements of a cell are
tightly linked to its function; anabolic, biosynthesis pathways driving cell growth and catabolic

pathways maintaining homeostasis in quiescent cells (Pearce, 2010). In T cells, the metabolic
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pathways most well described to support function are glycolysis and oxidative
phosphorylation (OXPHOS). Multiple other pathways such as fatty acid oxidation (FAO), the
pentose phosphate pathway (PPP), and glutaminolysis feed into and derive from these

(Figure 1.3) (Tang and Mauro, 2017; Martinez-Reyes and Chandel, 2020).

1.3.1 Glycolysis

Glucose is a primary substrate utilised by cells to generate ATP and biosynthetic intermediate
molecules. Glucose is taken up into cells by a glucose transporter (GLUT), predominantly
GLUT1 on CD4* T cells (Macintyre et al., 2014), and converted to glucose-6-phosphate (G6P)
by hexokinase (HK) in the initial step of glycolysis. G6P is then converted to fructose-6-
phosphate (F6P) which in turn is phosphorylated by 6-phosphofructo-1-kinase (PFK1) to
become fructose-1,6-bisphosphate (F16BP) (Tang and Mauro, 2017; Zuo et al., 2021).
Alternatively at this point, the enzyme 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3) converts F6P into fructose-2,6-bisphosphate (F26BP), an allosteric
activator of PFK1 essential for driving sufficient glycolysis in CD4* T cells (Z. Yang et al., 2013).
F16BP is then converted to glyceraldehyde-3-phosphate (GAP) or dihydroxyacetone
phosphate (DHAP) by aldolase, with DHAP able to covert to GAP and vice versa via enzyme
triose phosphate isomerase. Following this, GAP is converted to 1,3-bisphosphoglycerate
(1,3-BPG) by glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Further steps convert
1,3-BPG to 3-phosphoglycerate, generating an ATP molecule, and then 2-phosphoglycerate
which is converted to phosphoenolpyruvate (PEP) by enzyme enolase. The final step, pyruvate
kinase converting PEP to pyruvate, generates an additional ATP molecule. Instead of

progressing though glycolysis, G6P can also be shunted into the PPP for the synthesis of
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precursor molecules to nucleotides and amino acids (Z. Yang et al., 2013; Salmond, 2018).
Pyruvate can then be utilised to generate acetyl-coenzyme A (CoA) for incorporation into the
TCA cycle (Martinez-Reyes and Chandel, 2020). Usually in the absence of oxygen, pyruvate is
converted to lactate by lactate dehydrogenase (LDH), in a process termed anaerobic glycolysis
(Tang and Mauro, 2017). However, more relevant to T cells, it was first observed in cancer
cells that pyruvate was also converted to lactate when oxygen was present, referred to as
aerobic glycolysis, or the Warburg effect. Aerobic glycolysis is beneficial to rapidly proliferating
cells due to its quick production of ATP and propensity for biosynthesis via the PPP (Vander

Heiden et al., 2009; Salmond, 2018).

1.3.2 Oxidative phosphorylation

OXPHOS refers to the production of ATP by ATP-synthase which requires a proton gradient
(i.e. mitochondrial membrane potential) that is generated through activity of the electron
transport chain (ETC). This process is tightly coupled to the TCA cycle by the
reduction-oxidation (redox) of nicotinamide adenine dinucleotide (NAD)H and flavin adenine
dinucleotide (FAD)H2, which in turn provide electrons to the ETC (Martinez-Reyes and
Chandel, 2020). OXPHOS is required in cells for the production of large amounts of ATP,
generation of reactive oxygen species (ROS) by the ETC, and production of TCA cycle
intermediates used for epigenetic modifications and cellular biosynthesis (Sena et al., 2013;
Peng et al., 2016; Bailis et al., 2019). In the TCA cycle, acetyl-CoA, as derived from pyruvate
following glycolysis but also from fatty acids, amino acids, ketone bodies, or lactate, combines
with oxaloacetate to form citrate (Tang and Mauro, 2017; Raud et al., 2018; Pucino et al.,

2019; Martinez-Reyes and Chandel, 2020; Kaymak et al., 2022; Luda et al., 2022). Citrate is
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converted to isocitrate, then to alpha-ketoglutarate (aKG) generating NADH. This is followed
by the conversion of aKG to succinate, again reducing NAD* to generate NADH which is then
oxidised by complex | of the ETC. Here, glutamine can be converted to glutamate and then
aKG via the glutaminolysis pathway to provide additional fuel for the TCA cycle (Clerc et al.,
2019). Next, succinate is converted to fumarate in a succinate dehydrogenase (SDH;
complex Il) -mediated reaction coupled to the redox of FADH,. Subsequent generation of
malate from fumarate is then converted to oxaloacetate which completes the cycle
(Martinez-Reyes and Chandel, 2020). ROS are generated by the ETC, particularly at complex
Il (Sena et al., 2013; Yarosz and Chang, 2018). Mitochondrial dysfunction is described to drive
excessive ROS production with damaging effects on DNA, metabolic enzymes, and cell
signalling. One study linking these effects to T cell exhaustion (Scharping et al., 2021). Despite
this, ROS have also been described to be essential for T cell activation and differentiation,
driving NFAT activity and IL-2 production, and supporting other metabolic pathways (Sena et

al., 2013; Abimannan et al., 2016; Bailis et al., 2019).
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Figure 1.3 Metabolic pathways in T cells

Glycolysis and oxidative phosphorylation (OXPHOS) comprise the central metabolic pathways
in CD4* T cells. Glucose in the cytosol is converted into glucose-6-phosphate (G6P) by
hexokinase (HK), here, G6P can also fuel the pentose phosphate pathway (PPP). G6P is then
converted to fructose-6-phosphate (F6P) before conversion to fructose-1,6-bisphosphate
(F16BP) by phosphofructokinase 1 (PFK1). Alternatively, F6P can be converted to fructose-2,6-
bisphosphate (F26BP) by 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3).
F26BP is an allosteric activator of PFK1 crucial for glycolysis in CD4* T cells. F16BP is then
converted to pyruvate, generating net 2 ATP molecules. Pyruvate can be converted to lactate
by lactate dehydrogenase (LDH) in aerobic glycolysis or converted to acetyl-CoA to drive the
tricarboxylic acid (TCA) cycle. Here, fatty acid oxidation can also fuel the TCA cycle through
acetyl-CoA production. Acetyl-CoA is combined with oxaloacetate to form citrate which is then
converted into a-ketoglutarate (aKG), generating NADH and CO.. At this point, glutamine can
also feed into the TCA cycle in a process termed glutaminolysis, where glutamine is converted
into glutamate and then aKG. Following this, aKG is converted to succinate, which generates
NADH. NADH is oxidised by the electron transport chain (ETC), which generates electrons to
pass down the chain and protons to efflux from the matrix creating membrane potential.
Succinate is then converted to fumarate by complex Il of the ETC, succinate dehydrogenase
(SDH), this also involves the oxidation of FADH; again donating electrons to the ETC. Fumarate
is further converted to malate, then oxaloacetate to restart the cycle. Oxaloacetate can also
be converted to aspartate outside of the TCA cycle. The proton gradient generated by the ETC
then drives ATP production by activity of complex V ATP-synthase, which utilises oxygen.
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14 CD4* T CELL METABOLISM

Distinct subsets of T cells exhibit unique metabolic activity, influenced by activation status and
stimuli from the local microenvironment (Munford and Dimeloe, 2019; Bishop et al., 2021).
Resting naive CD4* T cells rely on a catabolic metabolism, breaking down substrates such as
glucose and glutamine to drive OXPHOS. This homeostatic metabolism is maintained by IL-7
signalling which drives Akt to promote GLUT1 expression in support of low-level glucose
uptake (Wofford et al., 2008; Jacobs et al., 2010). Moreover, a baseline level of mammalian
target of rapamycin (mTOR) signalling downstream of Akt is essential for maintaining resting
metabolism in naive CD4* T cells (Myers et al., 2019). Sphingosine-1-phosphate (S1P), a
signalling molecule released by endothelial cells, has also been shown to be required in
maintaining naive CD4* T cell mitochondrial fitness (Mendoza et al., 2017). Although not
directly linked in this study, S1P is known to drive Akt/mTOR signalling, likely the mechanism
by which it exerts effects on metabolism (Schieke et al., 2006; Liu et al., 2009; Mendoza et al.,
2017). Similarly, resting memory T cells have a predominant dependence on OXPHOS, CD8* T
cells engaging IL-7 which promotes triacylglycerol synthesis to fuel FAO and the TCA cycle
(Cui et al., 2015). CD4* memory T cells have been shown to rely on Notch signalling to drive
Akt and GLUT1 expression (Maekawa et al., 2015). In addition, resting memory T cells exhibit
higher basal respiration levels, mitochondrial content, and ETC expression than naive CD4* T
cells (Dimeloe et al., 2016; Jones et al., 2019). Memory cells also have a higher expression of
glycolytic enzymes, GLUT1, and permissive epigenetic modifications on key metabolic genes
providing them the capacity to engage metabolic upregulation rapidly upon reactivation

(Dimeloe et al., 2016; Barski et al., 2017; Jones et al., 2019).
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1.4.1 Metabolic reprograming

Upon activation CD4* T cells undergo a significant shift in metabolism in order to meet the
energy demands of effector function (Figure 1.4) (Shyer et al., 2020). As described above, the
TCR and CD28 collectively induce a range of signalling pathways to promote activation. Most
importantly for metabolism is PI3K/Akt/mTOR, predominantly driven by CD28 but also by IL-2
(Frauwirth et al., 2002; lJacobs et al., 2008; Ray et al., 2015). Although metabolic
reprogramming in naive CD4* T cells involves upregulation of both OXPHOS and glycolysis,
effector T (Tesr) cells are characterised by their shift towards a reliance on aerobic glycolysis
from the prevailing OXPHOS dependence of naive cells, converting glucose-derived pyruvate
to lactate (Michalek et al., 2011; Sena et al., 2013; Macintyre et al., 2014). Critical for the
growth and survival of activated T cells, glucose uptake is increased by Akt-dependent GLUT1
recruitment to the cell surface. (Frauwirth et al., 2002; Jacobs et al., 2008). To support
heightened metabolic demands, Ter cells also increase amino acid uptake through
upregulation of multiple amino acid transporters, including alanine/serine/cysteine-preferring
transporter 2 (ASCT2; system L amino acid transporter family 1 member 5 (SLC1A5)) and large
amino acid transporter 1 (LAT1; SLC7A5). Glutamine, taken up by ASCT2, is essential for the
activation and proliferation of Test cells through glutaminolysis and its direct incorporation into
the TCA cycle to fuel OXPHQOS (Carr et al., 2010; Wang et al., 2011). Furthermore, glutamine
has been shown to indirectly influence mTOR activity through its role in leucine uptake (Wang
etal.,2011; Nakaya et al., 2014). LAT1 forms a complex with CD98 to enable amino acid uptake
(e.g. leucine) coupled with glutamine efflux. Studies have shown that leucine is essential for
mTOR activity, acting through suppression of the mTOR inhibitor Sestrin2 (Wolfson et al.,

2016). In Tes cells, studies reported that leucine activates mTOR via an Akt-independent
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mechanism and that deletion of LAT1 prevented cells from metabolically reprogramming upon
activation (Nicklin et al., 2009; Wang et al., 2011; Sinclair et al., 2013). Indeed, mTOR is a major
regulator of metabolic reprogramming, driving upregulation of glycolytic enzymes and glucose
flux through glycolysis (Shi et al., 2011; K. Yang et al., 2013; Salmond, 2018). In order to
mediate these effects, mTOR increases expression of the TFs c-Myc and hypoxia inducible
factor 1 alpha (HIF1a). Through its deletion, one study showed the absolute dependence of T
cells on c-Myc for upregulation of glycolysis and glutaminolysis in metabolic reprogramming.
Genes including Glutl, Slc7a5, Pfkfb3, and Ldha (encoding lactate dehydrogenase) were all
suppressed in the absence of c-Myc resulting in poor growth and proliferation (Wang et al.,
2011). This was further confirmed by another study showing that the c-Myc-induced
proteome includes multiple metabolic regulators, including LAT1, which then promotes
leucine uptake and mTOR activity to sustain c-Myc in a positive feedback loop (Marchingo et
al., 2020). Of note, c-Myc has a quick turnover in T cells due to its persistent targeting for
degradation. This enables careful control of c-Myc responses, as a cell must maintain sufficient
amino acid uptake for continued protein synthesis (Preston et al., 2015). HIF1a was shown to
be indispensable for metabolic reprogramming in T cells (Wang et al., 2011). However, its role
in driving glycolysis was essential for promoting Th17 cell differentiation over generation of
Tregs (Shi et al., 2011). In addition, mTOR drives upregulation of TF proliferator-activated
receptor gamma (PPARYy), required for fatty acid metabolism and mitochondrial biogenesis to
support OXPHOS (Angela et al., 2016). To prevent aberrant aerobic glycolysis, particularly in
environments of low-nutrient availability, adenosine monophosphate (AMP)-activated
protein kinase (AMPK) senses increasing ratios of AMP:ATP and acts to restore its balance.

AMPK promotes glutamine metabolism through the TCA cycle to drive OXPHOS and
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reciprocally inhibits mTOR activity. Limiting ROS was shown to impair mTOR-driven glycolytic
flux upon CD4* T cell activation through the upregulation of AMPK (Previte et al., 2017). This

self-regulation of T cell metabolism shown to be required for optimal T cell responses in mouse

models of inflammation (Gwinn et al., 2008; Blagih et al., 2015; Mayer et al., 2021).
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Figure 1.4 Metabolic reprogramming in CD4* T cells

Upon triggering of TCR/CD28 signalling, CD4* T cells undergo metabolic reprogramming. This
is largely mediated through the PI3K/Akt pathway which drives upregulation of glucose
transporter 1 (GLUT1) and glycolysis. Downstream mammalian target of rapamycin (mTOR)
signalling also drives increases in glycolysis whilst activating c-Myc, a transcription factor
required for glycolysis and glutamine metabolism through the tricarboxylic acid (TCA) cycle,
which drives oxidative phosphorylation (OXPHOS). With activation, mTOR promotes increases
in fatty acid metabolism and mitochondrial mass to support increased OXPHOS. In addition,
c-Myc drives uptake of amino acids, such as leucine, through increased expression of
transporters such as the LAT1/CD98 complex which acts as a glutamine antiporter. Glutamine
uptake is also increased through the ASCT2 transporter to fuel OXPHOS. Both leucine and
reactive oxygen species (ROS), generated by OXPHQOS, have been shown to activate mTOR.
Conversely, adenosine monophosphate (AMP)-activated protein kinase (AMPK) senses
increasing AMP concentrations in the cell and acts to inhibit mTOR activity.
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1.4.2 Metabolic profiles of CD4* T helper cell subsets

Broadly, effector CD4* Th cells, Th1, Th2 and Th17, are highly glycolytic compared to Tregs,
which instead rely on an OXPHOS-dominant metabolism (Michalek et al., 2011; Gerriets et al.,
2015). For Tesf cells, this is to enable sufficient biosynthesis required for production of effector
molecules and proliferation. Th1 cells selectively require mTOR complex 1 (mTORC1) signalling
to drive their glycolytic phenotype but are unaffected by the absence of mTORC2 (Delgoffe et
al., 2011). Moreover, mTORC1 was shown to promote T-bet phosphorylation, increasing its
activity and subsequent IFN-y expression in Thl cells (Chornoguz et al., 2017). In addition,
aerobic glycolysis alters IFN-y expression directly through increased glucose-derived
acetyl-CoA enhancing histone acetylation and IFN-y transcription (Peng et al., 2016).
Furthermore, increased activity of the glycolytic enzyme GAPDH leads to its decreased binding
of IFN-y messenger (m)RNA, thereby permitting translation (C.-H. Chang et al., 2013).
Furthermore, mannose, derived from glucose metabolism, was described to rescue the
inhibitory effects of glucose deprivation on IFN-y production (Zygmunt et al., 2018). In
comparison to Th1l cells, Th2 cells require mTORC2/protein kinase C theta (PKC-8) signalling
to drive GATA3 expression (Lee et al., 2010; Delgoffe et al., 2011). Although, another study
also implicated a role for mTORC1-driven metabolism in Th2 differentiation (K. Yang et al.,

2013).

Based on their prominent role in autoimmunity, many studies have focused on controlling the
balance between Th17 cells and Tregs. Like Thl cells, Th17 cells are highly glycolytic and
dependent on mTORC1 to drive this (Delgoffe et al., 2011; Michalek et al., 2011; Gerriets et
al., 2015). In contrast, Th17 cells also rely on glutamine metabolism through the TCA cycle. A

pathway that was detrimental to Th1l cell differentiation (Johnson et al., 2018). Additionally,

27



HIF1a has been shown to have a role promoting the glycolytic requirements of Th17 but not
Th1 cells, alongside direct upregulation of RORyt (Dang et al., 2011; Shi et al., 2011). Th17 cells
are additionally unique in their requirement for de novo fatty acid synthesis (FAS) to drive
differentiation and expression of RORyt and IL-17 (Berod et al., 2014; Endo et al., 2015; Young
et al., 2017; Cluxton et al., 2019). In comparison, Treg differentiation requires AMPK and
FoxP3, both acting to suppress aerobic glycolysis and promote FAO-driven OXPHOS (Michalek
et al., 2011; Berod et al., 2014; Angelin et al., 2017; Howie et al., 2017). Additionally, an
absence of factors that drive glycolysis, such as HIF1a and mTOR, has been shown to promote
Treg differentiation (Delgoffe et al., 2009; Dang et al., 2011; Shi et al., 2011; Priyadharshini et
al., 2018). Other studies have shown that low-level glycolysis and mTORC1 activity are still
required for Treg function, likely existing in a tightly controlled balance (Gerriets, Kishton, et
al., 2016; Shi et al., 2019; Tanimine et al., 2019). Indeed, differences in requirements for
glycolysis between tTregs and iTregs have been uncovered, with highly glycolytic tTregs
exhibiting increased suppressive function, whereas iTregs are inhibited by increases in
glycolysis (Delgoffe et al., 2009; Priyadharshini et al., 2018; Tanimine et al., 2019; de Kivit et
al., 2020). This is consistent with the improved phenotypic stability of tTregs compared to
iTregs (Baron et al., 2007; Floess et al., 2007; Q. Chen et al., 2011). Notably, the metabolism
of Th17.1 cells has not been investigated. Although previously, Th1l cells undergoing plasticity
towards a IFN-y*IL-10* regulatory phenotype were associated with the highest expression of
mTOR and metabolism in comparison to single cytokine producers, suggesting that plasticity

is associated with increased metabolic demands (Kolev et al., 2015).
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15 FACTORS AFFECTING T CELL METABOLISM

Owing to their high metabolic demands, CD4* T cells are susceptible to extrinsic determinants
of metabolism in the local microenvironment. For example, nutrient availability, hormones,
and cytokines can all impact the survival and metabolic profile of CD4* T cells (Munford and
Dimeloe, 2019; Bishop et al., 2021). Limited glucose availability, for example in cancer where
tumour cells are also significant consumers of glucose, permits a Treg dominant phenotype
and suppresses the function of Tesr cells (Chang et al., 2015; Ho et al., 2015; Angelin et al.,
2017). Chronic inflammatory environments, such as the rheumatoid synovium, also often
contain multiple highly metabolic cell types all competing for glucose, glutamine, and other
substrates (Cejka et al., 2010; Takahashi et al., 2017; Abboud et al., 2018; Koedderitzsch et al.,
2021). Another hallmark of cancer and inflammatory disease, hypoxia is a potent modulator
of T cell responses. TF HIF1a is stabilised in hypoxic conditions and acts to increase glycolysis,
yet in activated T cells, HIF1a also is upregulated irrespective of oxygen availability and drives
an inflammatory Th17 cell response (Dang et al., 2011; Shi et al., 2011). As a consequence of
heightened glycolytic activity, lactate builds up in local inflammatory environments (Haas et
al., 2015; Yang et al., 2015). Lactate has been shown to impair the CXC-chemokine receptor
(CXCR)3 and CCR6-mediated motility of CD4*T cells through its suppressive effects on
glycolysis and enhancement of FAS (Haas et al., 2015; Pucino et al., 2019). Taken up by
SLC5A12 on CD4* T cells, lactate can be converted to pyruvate in a reverse LDH reaction which
produces NADH, this overproduction of reduced NADH causes a deficiency in NAD* available
for glycolysis and consequential inhibition of the pathway (Pucino et al., 2019; Quinn et al.,
2020). Furthermore, lactate is suppressive of Thl cells, but perhaps in contradiction to its

effects on metabolism is able to drive a Th17 cell phenotype by increasing FAS and pyruvate
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kinase M2 (PKM2), both drivers of signal transducer and activator of transcription 3 (STAT3)
which promotes RORyt and IL-17 (Haas et al., 2015; Comito et al., 2019; Pucino et al., 2019).
However, another study reported that increased lactate metabolism through the TCA cycle
decreased the expression of IL-17 in Th17 cells due to increased ROS and subsequent IL-2
production which instead promoted FoxP3 expression (Lopez Krol et al., 2022). Several studies
have reported that Tregs metabolise lactate through the TCA cycle to improve their function
in inflammatory environments (Angelin et al., 2017; Watson et al., 2021; Gu et al., 2022).
Furthermore, an overabundance of succinate taken up by CD4* and CD8* T cells has recently
been implicated in the suppression of mitochondrial glucose oxidation leading to impaired
effector function (Gudgeon et al., 2022). Other environmental modulators of CD4* T cell
metabolism include hormones such as leptin and adiponectin, and the active metabolite of
vitamin D, 1,25-dihydroxyvitamin D3 (Gerriets, Danzaki, et al., 2016; Surendar et al., 2019;

Bishop et al., 2021, 2022).

1.5.1 Effects of cytokines on T cell metabolism

Of particular interest to this project, several cytokines have been implicated in modulating
CD4* T cell metabolism. As described above, through Akt signalling, IL-7 and IL-2 have
important roles in driving glycolysis in quiescent and activated naive CD4* T cells respectively
(Wofford et al., 2008; Jacobs et al., 2010; Ray et al., 2015). In studies focused on CD8* T cells,
IL-15 was found to promote expression of carnitine palmitoyl transferase 1-a (CPT1a) in
memory cells, an enzyme required for FAO, alongside increased mitochondrial biogenesis.
Increased mitochondrial content enabled increased OXPHOS capacity which was essential for

optimal memory responses (van der Windt et al., 2012; Richer et al., 2015). This was also
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matched with an increase in antioxidants to counterbalance increased ROS production (Kaur
et al., 2011). Furthermore, IL-21 has been reported to have IL-15-like effects on FAO and
mitochondrial capacity in CD8" T cells, implicating them both as therapeutic targets in
immunotherapy (Loschinski et al., 2018; Alizadeh et al., 2019; Hermans et al., 2020). However,
studies investigating the role of IL-15 and IL-21 on CD4* T cell metabolism are lacking and
require future investigation. IL-1B and IL-23 are both essential for the differentiation of Th17
cells, synergistically shown to drive sufficient, albeit reduced, metabolic reprogramming in
Th17 cells in the absence of CD28 (Revu et al., 2018). IL-1B acts through activation of
PI3K/Akt/mTOR to drive glycolysis early in the commitment to a Th17 cell lineage, with IL-23
engaging mTOR later (Gulen et al., 2010; J. Chang et al., 2013; Deason et al., 2018). Consistent
with the role of IL-23 in maintaining but not driving Th17 cell differentiation (Stritesky et al.,
2008). Furthermore, IL-1B was shown to inhibit iTreg differentiation through upregulation of
MTOR activity and downstream increases in HIF1la (Feldhoff et al., 2017). As both IL-1B and
HIF1a have been previously shown to drive Th17 cell differentiation, it may be hypothesised
that the induction of HIFla is an additional mechanism by which IL-1B induces a Th17 cell
phenotype. However, in this study they were unable to detect an increase in IL-17. Of note,
this study was performed on human CD4* T cells unlike the others which were performed on
murine CD4* T cells. Further studies are required to fully elucidate the role of IL-1B in
modulating CD4* T cell metabolism. TGF-B, a cytokine instrumental in Treg differentiation, has
been shown to inhibit PI3K/Akt/mTOR-driven glycolysis in favour of FAO-driven OXPHOS
(Delisle et al., 2013; Priyadharshini et al., 2018). TGF-B has also been reported to impair Tes
cell function in tumours, specifically targeting ATP-synthase (complex V), to suppress

ATP-coupled respiration and resulting in decreased IFN-y (Dimeloe et al., 2019). As highlighted
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here previously, TNF-a signalling via TNFR2 on Tregs is a subject with many context-dependent
nuances, yet to be fully understood. Just two studies from the same group have investigated
the role of TNF:TNFR2 signalling in Treg metabolism. They were able to show that TNFR2
ligation with a monoclonal antibody drives glycolysis and promotes a superior suppressive
capacity of tTregs but also promotes glutamine metabolism in Tefs cells, when in combination
with anti-CD3 stimulation (de Kivit et al., 2020; Mensink et al., 2022). Further studies are

required to fully elucidate the role of TNF-a on CD4* T cell metabolism and function.

1.6 RHEUMATOID ARTHRITIS

RA is a systemic, chronic inflammatory disease estimated to affect 0.5-1% of the population
worldwide (Yap et al., 2018; Chemin et al., 2019; Almutairi et al., 2021). Pathogenesis is often
localised to the joints where a significant immune infiltrate and highly invasive fibroblast-like
synoviocytes (FLS) cause progressive erosion of the articular cartilage and bone (Yap et al.,
2018; Chemin et al., 2019). Genome wide association studies (GWAS) have identified the
specific human leukocyte antigen (HLA), in humans encoding MHCII molecules, variant
HLA-DRB1 to predispose to RA (Hill et al., 2003; Scally et al., 2013; Chemin et al., 2016;
Gerstner et al., 2016). Citrullination involves the conversion of arginine to citrulline on
proteins such as fibrinogen, type Il collagen, and glycolytic enzyme alpha-enolase.
Anti-citrullinated protein antibodies (ACPA) against these antigens are detected in around
60-80% of RA patients dependent on disease stage (Matsui et al., 2006; loan-Facsinay et al.,
2008; Aggarwal et al., 2009; Kurowska et al., 2017). ACPA-positive RA is also associated with
smoking and the HLD-DRB1 allele (Hill et al., 2003; Scally et al., 2013; Chemin et al., 2016;

Gerstner et al., 2016). Additionally characteristic of RA, although reported to be less specific
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than ACPA, rheumatoid factor (RF) refers to antibodies against the Fc portion of
immunoglobulin (Ig)G itself (loan-Facsinay et al., 2008; Aggarwal et al., 2009). Presence of
these autoantibodies in the synovial joint then drives activation of innate cells such as

macrophages to potentiate inflammation (Kurowska et al., 2017).

1.6.1 CDA4*T cells in the pathogenesis of RA

As highlighted earlier, reports of Treg function and abundance in RA are contradictory. Studies
have suggested their increase (van Amelsfort et al., 2004; Zhang et al., 2022), unaltered
presence (Liu et al., 2005; Moéttonen et al., 2005), and decrease (Kawashiri et al., 2011; Niu et
al., 2012), in peripheral blood of RA patients compared to healthy controls (HC). Of note, these
studies characterise Tregs as CD4*CD25* cells, as CD25 is also known to be a marker of
activation, the specificity of this identifier may account for some of the variability in these
results. Indeed, studies have begun to further characterise the phenotype of Tregs in RA and
found them to be converted by the local inflammatory environment into both Thl- and
Th17-like Tregs with associated pathogenic functions (Komatsu et al., 2014; Wang et al., 2015;
Shevyrev et al., 2021; Zhang et al., 2022). Tregs are present in RA synovial fluid (SF) but reports
on their function are again inconsistent. An impairment of suppressive function has been
attributed to decreased co-inhibitory receptor expression (Flores-Borja et al., 2008; Sun et al.,
2017). However, studies have also implicated the increased activity of Tes cells causing

resistance to RA Treg-mediated suppression (van Amelsfort et al., 2004; Han et al., 2008).

Th1 cells have been identified in the SF of RA patients, with infiltration attributed to their
expression of CXCR3 and aberrant production of the CXCR3-binding chemokines,

CXC-chemokine ligand (CXCL)9 and CXCL10, by FLS in RA (Ueno et al., 2005; Aldridge et al.,
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2020). Furthermore, citrulline-specific CD4* T cells in RA peripheral blood were shown to be
of a predominantly Thl cell phenotype (James et al., 2014). However, overall Thl cell
percentages were unchanged (Shen et al., 2009; Kim et al., 2013). Mechanistically, IFN-y drives
inflammatory macrophage activation and production of CXCL10 by FLS (Aldridge et al., 2020).
Yet, IFN-y has also been shown to regulate Th17 cell responses, limiting RA pathogenesis (Lee

etal., 2013, 2017).

Both Th17 cells and IL-17 are upregulated in RA peripheral blood and SF and are strongly
correlated with disease (Raza et al., 2005; Zizzo et al., 2011; Wang et al., 2012; Penatti et al.,
2017). The migration of Th17 cells to the rheumatoid synovium is mediated by their expression
of CCR6 and high levels of CCL20 present in the tissue (Hirota et al., 2007; Aldridge et al.,
2020). Furthermore, Th17.1 cells, recruited to the RA synovium via their expression of CXCR3
and CCR6, express higher amounts of cytokine than Th17 or Th1 cells and were shown to be
more resistant to suppression by Tregs (Basdeo et al., 2017). Recent studies have begun to
correlate their presence with patient response to RA therapies (Maeda et al., 2019; Millier et
al., 2022). However, further research is required to fully understand the roles and therapeutic
potential for targeting Th17.1 cells in RA. Th17 cell-associated pathology is primarily attributed
to the release of inflammatory cytokines IL-17 and TNF-a. The effects of IL-17 in RA constitute
multiple mechanisms (Beringer and Miossec, 2019; P. Yang et al., 2019). IL-17 stimulates
osteoclastogenesis through the upregulation of receptor activator of NF-kB (RANK) ligand
(RANKL) on FLS and direct stimulation of osteoclasts which promotes excessive bone
resorption and destruction (Yago et al., 2009; Adamopoulos et al., 2010; Kim et al., 2015). FLS
are a potent mediators of inflammation and tissue destruction in RA (Németh et al., 2022).
IL-17 has been shown to drive their expression of inflammatory mediators and
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hyperproliferation (van Hamburg et al., 2011; Chang et al., 2019). This latter effect thought to
be induced by mitochondrial dysfunction causing impaired autophagy and a resistance to
apoptosis (Kim et al., 2018; Chang et al., 2019). Additionally, IL-17 is implicated in angiogenesis
and neutrophil recruitment (Pickens et al., 2010; Griffin et al., 2012). Of note, a recent study
identified a subset of pathogenic polyfunctional CD4* T cells, able to produce multiple
pro-inflammatory cytokines, present in the rheumatoid joint to precede clinical RA symptoms

(Floudas et al., 2022)

1.6.2 Roles of TNF-ain RA

The other major mediator of Th17 cell-driven inflammation in RA is TNF-a (Figure 1.5). TNF-a
is overexpressed by RA T cells compared to HC and is abundant in both peripheral blood and
SF (Tetta et al., 1990; Manicourt et al., 2000; Cai et al., 2020; Wu et al., 2021). TNF-a has been
shown to work synergistically with other cytokines including IL-1p and IL-17 to exert its effects.
In combination, these cytokines drive increased expression of cytokines, matrix
metalloproteinases (MMPs), and chemokines from FLS, whilst promoting a hyperproliferative,
migratory phenotype to augment cartilage destruction in RA pathogenesis (Goldberg et al.,
2008; Mu et al., 2016). Mechanistically, TNF-a has been shown to signal via the PI3K and NFkB
pathways to promote a pro-inflammatory and invasive phenotype in FLS (Shibuya et al., 2015;
Mu et al., 2016; Yu et al., 2018). In separate studies, both TNFR1 and TNFR2 signalling have
been implicated in inducing expression of inflammatory cytokines such as IL-6 and IL-8, and
chemokines such as CXCL10 (Zhang and Xiao, 2017; Suto et al., 2022). Treatment of FLS with
TNF-a was shown to increase both their glycolytic and mitochondrial metabolism, but alike to

metabolic reprogramming in CD4* T cells, predominantly inducing a transformation towards
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glycolysis through upregulation of GLUT1 and HIF1a. This metabolic shift was then shown to
be linked to their increased expression of pro-inflammatory mediators (Koedderitzsch et al.,
2021). Comparatively, tumour necrosis factor-like ligand 1A (TL1A), a tumour necrosis factor
superfamily member found to be upregulated in RA, was seen to signal through TNFR2 to drive
mitochondrial dysfunction and induce overproduction of ROS. Inhibition of this pathway was
able to dampen the FLS inflammatory phenotype (Al-Azab et al., 2020). It has also been shown
that TNF-a can stimulate FLS indirectly, through activation of CD4* T cells which then promote
IL-6 and IL-8 production by FLS (Povoleri et al., 2020). Indeed, as discussed above, TNF-a is
thought to act as a co-stimulatory molecule on CD4* T cells. Yet, chronic exposure to the
cytokine, as in RA, was seen to downregulate TCR/CD28 signalling and cytokine production
(Cope et al., 1994; Bryl et al., 2001; Aspalter et al., 2005). One study identified that a TNF-a
gradient from the inflamed RA synovium was able to recruit TNFR1-expressing CD4* T cells
(Rossol et al., 2013). It was seen that TNF-a could promote the differentiation of pathogenic
murine Th17 cells and that TNFR2 deficiency could protect against a mouse model of colitis.
Any effect on RA pathogenesis was not assessed, but due to the predominance of Th17 cells
in RA, a similar protective effect is feasible (Alam et al., 2021). A recent study on human CD4*
T cells also demonstrated that TNF-a could promote IL-17 production in Th17 cells but was
suppressive of IFN-y in Th1 cells (Pesce et al., 2022). Furthermore, TNF:TNFR2 interactions on
Tregs are in contradiction, reported to both enhance and suppress function (Chen et al., 2013;
Nie et al., 2013). These studies highlight a need to better understand the role of TNF-a
signalling on CD4*T cells, particularly in the context of RA. TNF-a has also been implicated in
driving an inflammatory macrophage phenotype and priming them for increased

osteoclastogenesis in response to RANK:RANKL signalling (Lam et al., 2000; Yarilina et al.,
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2011; Degboé et al., 2019). Indeed, TNF-a is a potent driver of bone resorption in RA, inducing
FLS to express RANKL and directly promoting osteoclast differentiation (Kobayashi et al., 2000;
Hashizume et al., 2008). Lastly, TNF-a is known to cause endothelial dysfunction which then

promotes immune cell recruitment and inflammation, further exacerbating disease (Rajan et

al., 2008; Steyers and Miller, 2014).
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Figure 1.5 Roles of TNF-a in rheumatoid arthritis

TNF-a has a multitude of roles in rheumatoid arthritis (RA) on multiple cell types. TNF-a
promotes differentiation and activation of osteoclasts, both directly and through increased
expression of RANK ligand (RANKL) on fibroblast-like synoviocytes (FLS). Furthermore, TNF-a
primes macrophages to respond to RANKL and promote osteoclastogenesis. TNF-a induces
inflammatory cytokine production from macrophages (IL-6, IL-12, TNF-a) and FLS (IL-6, IL-8).
FLS are also stimulated to release chemokines such as CXCL10 and matrix metalloproteinases
(MMPs). Moreover, TNF-a drives glucose uptake via glucose transporter 1 (GLUT1) and
glycolysis in FLS, as well as inducing a hyperproliferative, invasive phenotype. TNF-a drives
activation, a Th17 cell phenotype, and migration of CD4* T cells which are then able to induce
cytokine production in FLS. TNF-a enhances the differentiation and suppressive capacity of
regulatory T cells (Tregs). Endothelial dysfunction is also induced by TNF-a in RA, promoting
recruitment of immune cells to the inflamed site.
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1.6.3 Dysregulated CD4* T cell metabolism in RA

As described above, lactate uptake by CD4* T cells in RA promotes FAS to drive Th17 cell
differentiation (Pucino et al., 2019). Moreover, naive CD4* T cells in RA have an intrinsic defect
in expression of the glycolytic enzyme PFKFB3. Instead, naive CD4* T cells in RA demonstrate
increased activity of the PPP which results in overproduction of NADPH and overconsumption
of ROS (Z. Yang et al., 2013). This imbalance in ROS results in defective activation of the DNA
repair protein ataxia telangiectasia mutated (ATM), leading to hyperproliferation of the cell
but also increased sensitivity to apoptosis and limited autophagy (Shao et al., 2009; Z. Yang et
al., 2013; Yang et al., 2016). Overexpression of ATM was then shown to increase production
of meiotic recombination 11 homolog A (MRE11A) in RA CD4"* T cells which promotes telomere
damage and premature ageing of the cell (Shao et al., 2009; Li et al., 2016). Impaired ATM
activation was also shown to bias naive CD4* T cell differentiation towards inflammatory Th1
and Th17 cell phenotypes (Yang et al., 2016). Comparatively, activated CD4* T cells in RA have
been shown to have increased autophagy rendering them more resistant to apoptosis and
aiding their persistence in disease (van Loosdregt et al., 2016). RA naive CD4* T cells were
additionally shown to have a defect in N-myristoyltransferase 1 (NMT1) activity resulting in
impaired activation of AMPK and reciprocal hyperactivity of mTOR (Z. Wen et al., 2019). This
increased mTOR activity then promoting inflammatory Thl and Th17 cell differentiation.
Furthermore, defective expression of succinyl-CoA ligase was attributed to a reversal of the
TCA cycle resulting in accumulation of acetyl-CoA which was able to stabilise the microtubule
cytoskeleton and promote an invasive T cell phenotype (Wu et al., 2020). Most recently, the
same group identified that an impairment in mitochondrial aspartate production caused

dysregulated endoplasmic reticulum (ER) expansion and led to increased production of TNF-a
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in RA naive CD4* T cells compared to HC (Wu et al., 2021). These studies show a significant
metabolic dysregulation in RA CD4* T cells. However, little is known about the mechanisms
that drive this. Further work to understand these triggers and the subsequent impact on

pathogenic cell function will aid in the development of novel therapeutic targets in RA.

1.7 THERAPEUTIC TARGETS IN RHEUMATOID ARTHRTIS

Therapies for RA include non-steroidal anti-inflammatory drugs (NSAIDs), which target
synthesis of inflammatory prostaglandins, and corticosteroids. However, these are
non-specific suppressors of inflammation and so also elicit side effects (Crofford, 2013;
Huang et al., 2021). More targeted to the specific pathogenesis of RA are a category of
therapies termed disease-modifying antirheumatic drugs (DMARDs). The most commonly
prescribed of these, methotrexate, inhibits dihydrofolate reductase which is essential for
purine and pyrimidine synthesis required in cell growth (Cutolo et al., 2001). Methotrexate is
also often used in combination with other DMARDs to promote a synergistic effect (Cronstein
and Aune, 2020). Other examples of DMARDs include leflunomide and hydroxychloroquine
which target pyrimidine synthesis and lysosome formation respectively (Fox, 1993; Fox et al.,
1999; Schrezenmeier and Doérner, 2020). Again, these treatments have multiple side effects
and varied responses in patients, eliciting the need for more specific therapeutic targets
(Mittal et al., 2012; Huang et al., 2021). More directed at modulating the CD4* T cell
compartment in RA are therapies such as baricitinib, small molecule inhibitor of signalling
molecule Janus kinase (JAK), and abatacept, an antibody against CD80/86 to limit CD28

signalling (Emery et al., 2015; Harrington et al.,, 2020; Huang et al., 2021). Largely,
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developments have been made targeting the action of the multiple inflammatory cytokines

implicated in RA with varying degrees of success.

1.7.1 Anti-cytokine biologic therapies

Several anti-cytokine biologic therapies are currently approved for the treatment of RA,
targeting IL-6 (e.g. tocilizumab), IL-1B (e.g. anakinra), and TNF-a (e.g. infliximab) (Huang et al.,
2021). Variations of these biologics target either the cytokine or the cytokine receptor. Yet,
some patients fail to respond adequately. Anti-cytokine biologic therapies against other
inflammatory mediators such as IL-17 and IFN-y have been halted at clinical trials due to lack
of clinical efficacy in RA (PDL BioPharma, Inc., 2008; Blanco et al., 2017; Huang et al., 2021),
whilst new targets such as CXCR3 are undergoing development in animal models (Bakheet et

al., 2019).

Of particular interest to the current study is the treatment of RA patients with anti-TNFa.
Clinically used anti-TNFa biologic therapies include etanercept, a soluble TNFR fusion protein,
and adalimumab and infliximab, monoclonal anti-TNFa antibodies (Ma and Xu, 2013). These
drugs are effective in improving RA outcomes due to suppression of the range of TNF-a effects
shown in Figure 1.5. Focusing on CD4* T cell effects, patients on anti-TNFa therapy often
present with a paradoxical increase in circulating Thl and Th17 cells compared to untreated
controls, despite an improvement in disease symptoms (Aerts et al., 2010; D.-Y. Chen et al.,
2011; Dulic et al., 2017). Some studies have reported that increases in circulating IL-17
correlate with patients not responding to treatment, whilst others have found no such
association (Aerts et al., 2010; D.-Y. Chen et al., 2011; Sikorska et al., 2018). Notably, one study

identified that anti-TNFa therapy downregulated expression of CCR6 on circulating Th17 cells
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in RA, likely preventing their recruitment to the inflamed synovium (Aerts et al., 2010).
Anti-TNFa is reported to increase the expression of IL-10 in Thl and Th17 cells in RA in a
FoxP3-independent manner (Evans et al., 2014; Roberts et al., 2017; Povoleri et al., 2020).
Alongside delayed activation and reduced ability to activate FLS, these data suggest
suppressed inflammatory function of CD4* T cells in RA but this is yet to be fully elucidated
(Povoleri et al., 2020). Additionally, modulating this key pro-/anti-inflammatory balance may
be reciprocal increases in numbers and suppressive capacity of Tregs (Dulic et al., 2017).
Anti-TNFa treatment has been shown to rescue the impaired function of Tregs in RA
(Ehrenstein et al., 2004; Valencia et al., 2006; Nie et al., 2013). This effect is in direct
contradiction to role described for TNF:TNFR2 in supporting Treg function. However, is
thought to be due to the paradoxical increased binding of anti-TNFa-treated monocytes to
Tregs via increased mTNF:TNFR2 interactions (Nguyen and Ehrenstein, 2016). Many patients
fail to mount an adequate response to anti-TNFa therapy and the reasons for this are
unknown. Better understanding of the pathogenic mechanisms of TNF-a in RA may aid in
future novel therapeutic targets and the ability to stratify patients into groups with the most

effective treatment approach.

1.7.2 Targeting metabolism

Leflunomide and methotrexate, both DMARDs used for RA treatment, target the metabolic
process of nucleotide synthesis. Furthermore, methotrexate has been implicated in the
generation of ROS and adenosine, an inhibitor of CD4* T cell function (Cronstein and Aune,
2020). Aside from these, few developments have been made in targeting cellular metabolism

for the treatment of RA, despite its central role in driving the pathogenic function of multiple
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cell types (Hanlon et al., 2022). Metformin, an agonist of AMPK and inhibitor of complex | of
the ETC, has shown promise in early stage clinical trials (Abdallah et al., 2021; Gharib et al.,
2021). Similarly, sirolimus, an inhibitor of mTOR, was shown to improve disease score and Treg
numbers (H.-Y. Wen et al., 2019). An agonist of PPARYy, a regulator of fatty acid metabolism
that is decreased in RA, has also shown clinical efficacy in a pilot trial (Ormseth et al., 2013; Li
et al., 2017). Elsewhere, modulators targeting PI3K and glutamine metabolism have been
proposed as potential novel therapeutic approaches (Ueda et al., 2019; Kim et al., 2020;
Hanlon et al., 2022). Future studies should investigate the modulation of cellular metabolism
as a treatment for RA, likely in combination with other immunomodulatory drugs such as
anti-TNFa. Interrogating the mechanisms of TNF-a signalling, how they link to cellular
metabolism, and how they then drive pathogenic CD4* T cell function in chronic inflammatory

disease will be crucial to these developments.
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1.8 AIMS AND HYPOTHESIS

Previous studies have highlighted the role of TNF-a in driving optimal activation of CD4* T cells.
However, a role for TNF-a in modulating CD4* T cell metabolism has not been described.
Therefore, this study sought to investigate the impact of TNF-a on CD4* T cell metabolism.
Furthermore, as cellular metabolism is linked to cell function, the functional impacts of these
metabolic alterations will be assessed. In particular, TNF-a is a major driver of inflammatory
responses but its full effects on CD4* T cell function are not completely understood. This may
be especially pertinent in chronic inflammatory diseases, such as RA, where TNF-a is abundant
and dysregulated metabolic phenotypes of CD4* T cells are present. Further investigation into
the mechanisms of action of TNF-a are required to better understand RA pathogenesis and

drive the development of novel therapeutic approaches.

This study will investigate the hypothesis that T cell derived TNF-a is required for the metabolic
reprogramming of CD4* T cells and that blockade of this signal will have downstream effects

on T cell function.

The aims of this study are as follows.

AIM 1: Investigate a role for T cell-derived TNF-a in the metabolic reprogramming of

CD4* T cells and understand the signalling pathways involved

AIM 2: Understand the functional impacts of the metabolic alterations driven by TNF-a

AIM 3: Explore the observed in vitro effects of T cell-derived TNF-a on CD4* T cell

metabolism and function in the context of RA
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CHAPTER 2: MATERIALS AND METHODS

2.1 MEDIA AND BUFFERS

The media and buffers listed here were used throughout the experiments in this study.

Table 2.1 MACS buffer

Reagents

Manufacturer (Cat#)

Final concentration

Phosphate-buffered saline (PBS)

Sigma-Aldrich (806544)

disodium salt solution

Foetal bovine serum — heat inactivated | Sigma-Aldrich (F9665) 5%
(FBS)
Ethylenediaminetetraacetic acid (EDTA) | Sigma-Aldrich (E7889) 2 mM

Table 2.2 T cell culture medium

Reagents

Manufacturer (Cat#)

Final concentration

Roswell Park Memorial Institute 1640
Medium (RPMI)

Sigma-Aldrich (R8758)

FBS Sigma-Aldrich 10%
Penicillin-Streptomycin solution (P/S; Sigma-Aldrich (P4333) 1%
10,000 U penicillin and 10 mg/ml

streptomycin)

Recombinant human (rh)IL-2 PeproTech (200-02) 50 IU/ml

Table 2.3 Staining buffer

Reagents Manufacturer Final concentration
PBS Sigma-Aldrich -
FBS Sigma-Aldrich 2%
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Table 2.4 Seahorse extracellular flux medium

Reagents

Manufacturer (Cat#)

Final concentration

Seahorse extracellular flux (XF) RPMI
Medium pH 7.4

Agilent (103576-100)

ethane sulfonic acid (HEPES)

D-glucose Sigma-Aldrich (G7021) 10 mM
Sodium pyruvate Thermo Scientific (J61840) 1 mM
L-glutamine Sigma-Aldrich (G8540) 2mM
N-2-hydroxyethylpiperazine-N-2- Gibco (15630056) 5mM

Table 2.5 Tracing medium

Reagents

Manufacturer (Cat#)

Final concentration

Stable isotope labelling with amino
acids in cell culture (SILAC) RPMI
1640 Flex Medium, no glucose, no
phenol red

Gibco (A2494201)

FBS Sigma-Aldrich 10%
rhiL-2 Sigma-Aldrich 50 1U/ml
L-arginine Sigma-Aldrich (A8094) 20 mg/ml
L-lysine monohydrochloride Sigma-Aldrich (L8662) 4 mg/ml

2.2 PERIPHERAL BLOOD SAMPLES

Fully anonymised leukocyte cones were obtained from NHS Blood and Transplant (NHSBT),
Birmingham, UK. Peripheral blood samples were collected from anonymised healthy
volunteers into Vacutainer K2EDTA 10 ml tubes (BD, Cat# VS367525). All volunteers signed a
consent form, and all studies were approved by the University of Birmingham STEM Ethics
Committee (Ref. ERN 17 _1743). Collection of RA patient peripheral blood samples was
arranged in collaboration with Professor Karim Raza at Sandwell and West Birmingham NHS
Hospitals Trust. Blood was collected in Vacutainer Lithium Heparin 3 ml tubes (BD,

Cat# VS367885) from patients with RA. Details of the patient cohort are listed in Table 2.6 and
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a summary of the patient and control cohorts detailed in Table 6.1. All patients provided

written informed consent and the study was approved by the West Midlands - Black Country

Research Ethics committee (Ref 12/WM/0258).

Table 2.6 Details of RA patient cohort

Sample | Sex* | Age | Age at | DAS28 | Medication

no. onset | (ESR)*

1 F 73 | 39 5.63 Methotrexate, Folic acid, Amlodipine,
Atorvastatin, Montelukast, Metformin,
Clopidogrel, Thyroxine, Frusemide, B12 injections,
Co-codamol 30/500, Cholecalciferol, Alendronate

2 F 84 |77 3.95 Methotrexate, Voltrol, Prednisolone,
Paracetamol, Tramadol, Mirbegron, Ibandronic
Acid, InVita D3, Lansoprazole, B12 injections

3 F 80 |75 5.31 Amlodipine, Indapamide, ProD3, Co-Codamoal,
Candesaratan, Furosemide, Bendroflumethazide,
Apixaben, Alendronate

4 F 51 |48 2.45 Methotrexate, Folic acid, Vitamin D, Codeine

5 F 60 |51 5.00 Baricitinib, Naproxen, Amitryptyline, Omeprazole,
Paracetamol

6 F 40 |38 2.77 Cimzia, Prednisolone, Folic Acid, Omeprazole

7 F 31 |27 411 Ibuprofen, Hydroxychloroquine, Prednisolone

8 F 29 |21 4.06 Hydroxychloroquine, Methotrexate, Adalimumab,
Folic Acid, Adcal D3, Lansoprazole, Colecalciferol,
Mebeverine

9 F 51 |50 4.83 Ibuprofen, Thyroxine, Fultium D3, Paracetamol

10 F 38 | 34 4.21 Methotrexate, Folic Acid, Omeprazole,
Amitryptyline

11 F 57 |42 4.79 Amlodipine, Aspirin, Atorvastatin, Bisoprolol,
Losartan, Omeprazole

12 M 52 |49 3.66 Methotrexate, Hydoxychloroquine, Folic Acid,
Amlodipine, Paracetamol, Lansoprazole,
Latanoprost

13 F 55 | 49 5.17 Baricitinib, Methotrexate, Folic Acid,

Esomeprazole, Paracetamol, Co-codamol, HRT
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14 F 57 | 47 0.49 Methotrexate, Hydroxychloroquine,
Prednisolone, Folic Acid, Thealoz Duo, Hylonight,
Beclomethason

15 F 52 |49 3.44 Methotrexate, Folic acid, Metformin,
Atorvastatin, Losaratan, Mometasone

16 F 58 |53 5.12 Methotrexate, Folic Acid, Atorvastatin,
Candesartan, Indapamide, Latanoprost, Sodium
Hyaluronate eye drops, Lercanidipine, Metformin,
Pregabalin, Toujeo, Co-amoxiclav

17 F 67 | 66 7.04 Naproxen, Omeprazole

18 F 59 |41 4.72 Hydroxychloroquine, Naproxen, Co-Codamol,
Amlodipine, Atorvastatin, Lansoprazole, AMT

19 M 53 |49 4.32 Methotrexate, Naproxen, Folic Acid, Adcal D3,
Dihydrocodeine

* F=Female; M=Male; DAS28 (ESR)=Disease Activity Score (using 28 joint counts) (erythrocyte
sedimentation rate)

2.3 PBMC ISOLATION
2.3.1 Leukocyte cones and peripheral blood donors

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using
Ficoll-Paque PLUS (GE Healthcare, Cat#f 17-1440-02) density gradient centrifugation. Samples
were stored at room temperature (RT) and processed in a sterile environment within 24 h.
Whole blood was diluted in sterile phosphate buffered saline (PBS) and layered onto
Ficoll-Paque PLUS using LeucoSEP tubes (Greiner Bio-One, Cat# 10349081). Samples were
centrifuged for 10 mins at 1,000 x g with the brake set to 3. After discarding the plasma layer,
the PBMC cell layer was collected into a 50 ml tube and resuspended in 50 ml sterile PBS, then
centrifuged at 300 x g for 10 mins with the brake back on the usual setting of 9 to remove
remaining Ficoll-Paque PLUS. PBMCs were washed for a final time in 50 ml PBS and centrifuged

at 300 x g for 5 mins, following centrifugation the supernatant was discarded. Isolated PBMCs
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were then counted using a Fast-Read 102 disposable counting slide (Biosigma, Cat# 630-1893)

and used immediately for flow cytometric staining or further cell isolation.

2.3.2 RA patient and matched healthy control peripheral blood

PBMCs from RA patients or matched HC were isolated as above with a few minor alterations.
At the first dilution, sterile Roswell Park Memorial Institute 1640 Medium (RPMI) + 1%
Penicillin-Streptomycin solution (P/S; 10,000 U penicillin and 10 mg/ml streptomycin)
pre-warmed to 37°C was used in place of PBS at a 1:1 ratio with the blood. This was done in
case the blood plasma was required for use in future cell culture experiments where presence
of RPMI would aid in maintaining cell viability. After Ficoll density gradient centrifugation
4 x1ml aliquots of blood plasma were collected into 1 ml cryovials (Greiner Bio-One,
Cat# 123280). Once PBMCs were isolated and counted, cells were resuspended in freezing
medium (90% heat-inactivated foetal bovine serum (FBS) + 10% filter-sterile dimethyl
sulfoxide (DMSO; Sigma-Aldrich, Cat# 472301)) at a density of 5-10 x 106 cells / ml and 1 ml
aliguoted into each cryovial. To optimise cell viability, PBMC aliquots were slowly frozen
to -80°C using a CoolCell (Corning, Cat# 432001), both PBMCs and plasma were stored at -80°C

before use. For long-term storage, PBMCs were transferred on dry ice to liquid nitrogen.

24 MAGNETIC-ACTIVATED CELL SORTING

2.4.1 CD4*T cell isolation
For CD4* T cell magnetic-activated cell sorting (MACS) separation, PBMCs were incubated with
CD4 MicroBeads (Miltenyi Biotec, Cat# 130-045-101), or CD4 MultiSort MicroBeads

(Miltenyi Biotec, 130-055-101), diluted in MACS buffer (Table 2.1) for 15 mins at 4°C, 200 ul

of beads were used for ~5 x 108 PBMCs, all reagents and dilutions used in MACS are detailed
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in Table 2.7. Following incubation with the beads, PBMCs were washed with MACS buffer by
centrifuging at 300 x g for 5 mins then discarding the supernatant. PBMCs were then
resuspended in 1 ml of buffer ready to be run through an LS column (Miltenyi Biotec,
Cat# 130-042-401) for separation. LS columns were inserted into a magnetic MidiMACS, or
QuadroMACS Separator attached to a MultiStand (all Miltenyi Biotec, Cat# 130-042-302,
130-091-051, and 130-042-303 respectively) and pre-washed by running through 3 ml of
MACS buffer just before use. PBMCs labelled with CD4 magnetic beads were passed through
the column resulting in the attachment of only CD4 cells to the column and the run through
of anything not labelled. Columns were washed 3 times further with 3 ml MACS buffer to fully
clear the negative fraction. Columns were then removed from the magnet and the positive
fraction (CD4-labelled cells) collected by forcing 5 ml MACS buffer through the column with a
syringe plunger, purity >97% (Figure 2.1A-B). In later experiments, due to the discontinuation
of the CD4 MultiSort MicroBead kit, the CD4 REAlease MicroBead kit (Miltenyi Biotec,
Cat# 130-117-037) was used to positively select for CD4* T cells. PBMCs were resuspended in
REAlease CD4-Biotin diluted in MACS buffer for 5 mins at RT, 100 ul of reagent was used for
~5 x 108 PBMCs. REAlease anti-Biotin MicroBeads were then added for an additional 5 mins at
RT to bind CD4-Biotin-labelled cells to magnetic beads. Following incubation, PBMCs were
immediately run through a pre-washed LS column and washed with 3 x 3 ml of MACS buffer,
ensuring all liquid had run through the column before the next 3 ml was added. To collect the
positive fraction, the column was removed from the magnet and 5 ml of REAlease Bead
Release Reagent diluted in MACS buffer was forced through the column with a plunger.
CD4-labelled cells were then incubated in REAlease Bead Release Reagent for 10 mins at RT

to remove the magnetic beads. Purified CD4* cells were washed, counted with a counting
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slide, and resuspended to a desired concentration in T cell medium for cell culture, or MACS

buffer for further separation.

2.4.2 Isolation of naive and memory cell subsets

For naive CD4* T cell isolation, CD4* T cells were purified from PBMCs as described above using
CD4 MultiSort MicroBeads (Table 2.7). After counting, CD4* cells were resuspended in
MultiSort Release Reagent, from the CD4 MultiSort MicroBeads kit, diluted in 5 ml MACS
buffer for 10 mins at 4°C, to release the magnetic CD4 MicroBeads bound to the cells. Cells
were washed (300 x g for 5 mins), the supernatant was discarded, and cells were resuspended
in @ mix of MultiSort Stop Reagent, to stop the Release Reagent, and CD45RA MicroBeads
(Miltenyi Biotec, Cat# 130-045-901) diluted in MACS buffer (100 pl total per 107 cells). After
15 mins of incubation at 4°C, cells were washed again, and resuspended in 1 ml MACS buffer.
CD4 cells labelled with CD45RA magnetic beads were then run through a pre-washed LS
column. Columns were washed with 3 ml MACS buffer 3 times more to wash through the
negative fraction (CD4*CD45RA" memory T cells) and the positive fraction (CD4*CD45RA* naive
T cells) was again eluted by forcing 5 ml MACS buffer through the column with a syringe
plunger, purity >70% (Figure 2.1A-B). Here, the negative fraction comprised of memory CD4* T
cells and was retained. In later experiments, due to discontinuation of the CD4 MultiSort Kit,
the CD4 REAlease MicroBead kit was used to positively select for CD4* cells and then
CD45RA* cells. After incubation with Release Reagent, bead-free CD4" cells were washed and
resuspended in CD45RA MicroBeads diluted in MACS buffer (100 pl total per 107 cells). As
before, cells were incubated with the beads for 15 mins at 4°C then separated using a LS

column, purity >75% (Figure 2.1A-B). Again, the negative fraction containing memory CD4* T
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cells was kept. Both naive and memory cell fractions were counted using a counting slide, then
centrifuged at 300 x g for 5 mins, the supernatant was discarded, and cells were resuspended

to a desired concentration in appropriate medium for cell culture.

Table 2.7 MicroBeads and reagents used in magnetic-activated cell sorting

MicroBeads and reagents Dilution Manufacturer
CD4 MicroBeads, human 1:5 Miltenyi Biotec
CD4 MultiSort MicroBeads, human 1:5 Miltenyi Biotec
MultiSort Release Reagent 1:50 Miltenyi Biotec
MultiSort Stop Reagent 3:10 Miltenyi Biotec
CD45RA MicroBeads, human 1:5-1:20 Miltenyi Biotec
REAlease CD4-Biotin 1:5 Miltenyi Biotec
REAlease Anti-Biotin MicroBeads 1:1 Miltenyi Biotec
REAlease Bead Release Reagent 1:50 Miltenyi Biotec

2.4.3 Analysis of cell purity

After MACS separation, a small number of cells (~200,000) from each desired fraction were
removed and stained immediately for flow cytometric analysis of cell purity. Analysis was
performed following the cell surface staining protocol described below in section 2.6.2. CD4*
T cells were stained with anti-CD4, and naive and memory T cell enrichments were stained
with anti-CD4 and anti-CD45RA (all BioLegend, antibodies listed in Table 2.12). First, a
lymphocyte gate based on forward (FSC-A) and side scatter (SSC-A) was identified, cells were
then gated as single cells based on their equal forward scatter area (FSC-A) and forward scatter
height (FSC-H). A dissimilarity here would indicate two cells stuck together with a low height
but increased area, these cells need to be removed from future analysis as they may generate

false data on co-expression. Cells were then gated as CD4* and further by expression of
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CDA45RA (Figure 2.1A). Purity was measured as the proportion of the desired population after

excluding d

ebris and gating on single cells (Figure 2.1B).
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Figure 2.1 Purity of T cell isolation
(A-C) Cell purity of the desired populations was assessed following each method of cell
separation. Forward (FSC-A) and side scatter (SSC-A) were first used to identify a lymphocyte
gate. Cells were then gated by height (FSC-H) and area (FSC-A) to exclude doublets. Cells were
gated on positive CD4 expression, then, for naive CD4* T cell isolation cells were further gated

as CD45RA". (B-C) Quantification of the percentage of (B) CD4*and (C) CD4*CD45RA* cells
isolated from PBMCs after CD4 T cell and naive CD4 T cell isolation respectively (A-C, n=3

independe

(B-C) Each

nt donors).

symbol represents a different donor. Data is presented as the mean + SD.
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2.5 CELL CULTURE
2.5.1 Thawing frozen PBMCs

Frozen PBMC aliquots were removed from the -80°C freezer on dry ice and transferred to a
water bath pre-warmed to 37°C. Once just thawed, PBMCs were transferred into 10 ml of
pre-warmed, sterile RPMI + 1% P/S + 10% FBS (RPMI/10% FBS) and centrifuged at 300 x g for
5 mins. The supernatant was discarded, and cells were again washed in 10 ml of warmed
RPMI/10% FBS. Following removal of the supernatant, PBMCs were resuspended in T cell
medium (Table 2.2) at a density of 2 x 10° cells/ml| and added to a 6 well plate. Cells were

rested overnight in an incubator at 37°C before staining for flow cytometry the next day.

2.5.2 T cell activation

CD4* T cells were cultured at a density of 1 x 10° cells/ml in T cell culture medium, unless
otherwise indicated. CD4* T cells were activated using 12 pl/ml ImmunoCult Human CD3/CD28
T Cell Activator (STEMCell, Cat# 10971), unless otherwise stated. For the studies utilising a low
dose of activation, 1.2 pl/ml of T cell activator was used. In experiments using anti-CD3
stimulation alone or in combination with anti-CD28, 1 ug/ml soluble anti-CD3 and 5 pg/ml

soluble anti-CD28 (both BioLegend) were added to cell culture (Table 2.8).

Table 2.8 Antibodies used in T cell activation

Antibody Clone | Isotype Stock conc. | Dilution | Manufacturer
(Cat#)
Ultra-LEAF Purified | OKT3 Mouse IgG2a, k | 1 mg/ml 1:800 BiolLegend
anti-human CD3 (317326)
Ultra-LEAF Purified | CD28.2 | Mouse 1gG1, k | 1 mg/ml 1:1000 | BiolLegend
anti-human CD28 (302934)
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2.5.3 Cytokine blocking antibodies

Blocking antibodies and the relevant isotype control were added at a working concentration
of 5 pug/ml immediately prior to T cell activation and remained present for the duration of cell

culture (Table 2.9).

Table 2.9 Cytokine blocking, and isotype control antibodies used in cell culture

Antibody Clone Isotype Stock Dilution | Manufacturer

conc. (Cat#)
Ultra-LEAF Purified | NIB42 Mouse 1gG1, k | 1 mg/ml 1:200 BioLegend
anti-human IFN-y (502405)
Ultra-LEAF Purified | MAbl Mouse 1gG1, k | 1 mg/ml 1:200 BioLegend
anti-human TNF-a (502806)
Ultra-LEAF Purified | MOPC-21 | Mouse IgG1, k | 2.5 mg/ml | 1:500 BiolLegend
Mouse IgG1, k (400166)
(Isotype control)

2.5.4 Inhibitors

To inhibit mTOR, rapamycin (Sigma-Aldrich, Cat# 553210) was added to cell culture
immediately prior to T cell activation. Rapamycin was prepared to a stock concentration of
5 mg/ml in DMSO and used at 20 ng/ml in the well. LY294002 (Cell Signalling, Cat# 9901) was
used in cell cultures to fully inhibit PI3K, LY294002 was dissolved in DMSO to a 50 mM stock
and used at 50 nM. Akt inhibitor (Akti-1/2) (abcam, Cat# ab142088) was dissolved in DMSO to
a stock concentration of 5 mM, concentrations in the well ranged from 0.3 - 2.5 uM, specific
details for each experiment are described in figure legends. To prevent the cleavage of
MTNF-a, TAPI-0 (Sigma-Aldrich, Cat # 579050), an inhibitor of TACE, was added to naive CD4*

T cell cultures at 10 uM. TAPI-0 was dissolved in DMSO to a stock concentration of 10 mM. All
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inhibitors were stored in aliquots at -20°C. Control wells were treated with the relevant

concentration of DMSO.

2.5.5 T cell differentiation

Purified naive CD4"* T cells were plated at a density of 1 x 108/ml in AIM V serum-free medium
(Gibco, Cat# 12055091) with 50 IU/ml recombinant human (rh)IL-2. Cells were activated with
ImmunoCult T Cell Activator, anti-CD3 and anti-CD28, or anti-CD3 alone, details for each
experiment can be found in figure legends. Cells in the Th1 condition were differentiated with
20 ng/ml rhiL-12, and 2.5 pg/ml anti-IL-4. Th17 cells with 30 ng/ml rhiL-23, 30 ng/ml rhiL-6,
20 ng/ml rhIL-1B, 2 ng/ml rhTGF-B, 2.5 pug/ml anti-IL-4, and 1 ug/ml anti-IFNy (all blocking
antibodies from BioLegend, detailed in Table 2.10). Treg cells were differentiated with 5 ng/ml
rhTGF-B (all cytokines from PeproTech, IL-12 Cat# 200-12H, IL-23 Cat# 200-23, IL-6
Cat# 200-06, IL-1P Cat# 200-01B, TGF-B Cat# 100-21). Cells were incubated for 3 days at 37°C.
On day 3, AIM V medium pre-warmed to 37°C was added at a volume equal to that in the well

and cells were incubated for a further 3 days at 37°C before analysis.

Table 2.10 Cytokine blocking antibodies used in T cell differentiation

Antibody Clone Isotype Stock Dilution | Manufacturer
conc. (Cat#)

Ultra-LEAF Purified | NIB42 Mouse IgG1,k | 1 mg/ml | 1:1000 | BiolLegend

anti-human IFN-y

Ultra-LEAF Purified | MP4-25D2 | Rat IgG1, « 1 mg/ml | 1:400 BioLegend

anti-human IL-4 (500837)

2.6 FLOW CYTOMETRY

For flow cytometry, ~200,000 cells per condition were added to a 96-well plate. For

assessment of TF and cytokine expression by intracellular staining, cells were first activated
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for 4 h by the addition of Cell Activation Cocktail with Brefeldin A (BioLegend, Cat# 423303),
containing phorbol 12-myristate-13-acetate (PMA) (40.5 uM), ionomycin (670 uM), and
brefeldin A (2.5 mg/ml), diluted 1:500 into the well. When analysing PBMCs from RA patient
and HC peripheral blood, cells were instead activated for 4 h with 12 pl/ml ImmunoCult
Human CD3/CD28 T Cell Activator in combination with 10 uM brefeldin A (Invitrogen,
Cat# 297140050) if analysing TF and cytokine expression, or without brefeldin A if analysing
surface TNF-a or phosphorylated (p)-Akt. Brefeldin A was reconstituted in DMSO to a stock

concentration of 10 mM.

2.6.1 Fluorescent mitochondrial probes

After culture, cells were resuspended in 200 pul of fluorescent mitochondrial probe cocktail
diluted in pre-warmed T cell medium and incubated for 20 mins at 37°C to maintain normal
metabolic function of the cells. Fixable Viability Dye eFluor 780 (eBioscience, Cat# 65-0865-14)
was included in the staining cocktail at a dilution of 1:1000 to assess cell viability. If using cell
surface antibodies for co-staining, these were also included in the cocktail with the fluorescent
mitochondrial probes. MitoView Green (MVG; Biotium, Cat# 70054) was used to measure
mitochondrial mass and MitoSpy Orange (MSO; Biolegend, Cat# 424803) was used to
measure mitochondrial membrane potential. Both were reconstituted in DMSO to the stock
concentration listed in Table 2.11, aliquots were stored at -20°C. As a negative control for
MSO, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; Cayman Chemical,
Cat# 15218) was also included to uncouple the membrane potential. FCCP was dissolved in
DMSO to a concentration of 100 mM then further diluted 1:10 to a stock concentration of

10 mM in PBS, aliquots were stored at -20°C. Fluorescent mitochondrial probes (Table 2.11)
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and antibodies (Table 2.12) used in flow cytometry are detailed in the tables below.
Immediately following incubation, 150 pl of ice-cold staining buffer was added to each well to
stop further metabolic reaction in the cells. The plate was centrifuged at 300 x g for 4 mins
and the supernatants were discarded. Cells were washed once more in 200 pl staining buffer
and supernatants removed. Cells were resuspended and transferred to fluorescent-activated
cell sorting (FACS) tubes in 200 pl of staining buffer. Samples were kept in the dark on ice and

analysed within the hour.

Table 2.11 Fluorescent mitochondrial probes and relevant control treatments used in
flow cytometry

Reagent Detection channel | Stock conc. Dilution Manufacturer
MVG FITC 200 uM 1:4000 Biotium

MSO PE 1mM 1:40000 BioLegend

FCCP - 10 mM 1:2000 Cayman Chemical

2.6.2 Surface staining

If using Zombie NIR Fixable Viability dye (BioLegend, Cat# 423105), cells were first washed
once in PBS (300 x g for 4 mins), the supernatants were discarded, then cells were
resuspended in 50 pl Zombie NIR Fixable Viability dye diluted 1:2000 in PBS. Cells were
Incubated for 15 mins in the dark at RT. To wash the cells following incubation, 150 ul of
ice-cold staining buffer was added to each well before centrifugation at 300 x g for 4 mins.
Supernatants were discarded and cells were washed once more in 200 pl staining buffer. After
the supernatants were removed, cells were resuspended in 50 pl of antibody cocktail diluted
in staining buffer. If using Fixable Viability Dye eFluor 780, cells were first washed twice in

staining buffer, then incubated with the antibody cocktail containing Fixable Viability Dye
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eFluor 780 (1:1000). After 30 mins incubation in the dark at 4°C, cells were washed as before
and either transferred to FACS tubes in 200 pl staining buffer for analysis or prepared for

intracellular staining.

2.6.3 Intracellular staining

After surface staining, cells were fixed and permeabilised using Foxp3 / Transcription Factor
Staining Buffer Set (eBioscience, Cat# 00-5523-00). Cells in each well were resuspended in
50 ul fixative solution, made up of 1 part Fixation Concentrate and 3 parts Fixation Diluent,
and incubated at 4°C for 20 mins. Permeabilisation (Perm) Buffer was diluted 1:10 in deionised
(d)H20 and 150 pl added to each well after fixation. Cells were centrifuged at 300 x g for 4 mins
and the supernatants removed. Cells were washed once more with 200 pl of Perm Buffer and
the supernatants discarded. To each well, 50 ul of intracellular antibody cocktail diluted in
Perm Buffer was added and cells were incubated for 30-60 mins in the dark at RT. Panels
including RORyt or T-bet antibodies were incubated in the dark overnight at 4°C to increase
signal intensity. Cells were washed as before and, if required, resuspended here in 50 pl of
secondary antibody, Donkey anti-rabbit IgG (BioLegend, Cat# 406410), diluted 1:100 in
staining buffer for 20 mins in the dark at 4°C. Fluorescent and primary, unconjugated
antibodies used in flow cytometry are detailed in Table 2.12 and Table 2.13 respectively. If
stained with a secondary antibody, cells were washed for a final two times as before. Cells
were resuspended in 200 ul staining buffer and transferred to FACS tubes for flow cytometric

analysis.
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2.6.4 Staining of phosphorylated proteins

Cells added to a 96 well plate straight from culture were centrifuged at 300 x g for 5 mins and
the supernatants discarded. Cells were then immediately resuspended in 100 pl of
pre-warmed fixative solution and incubated at 37°C for 20 mins. Following incubation, cells
were centrifuged at 300 x g for 4 mins and the supernatants discarded. Cells were then washed
once more with 200 ul of staining buffer and centrifuged at 300 x g for 4 mins. After the
supernatants were discarded, cells were resuspended in 50 pl of primary antibody diluted in
Perm Buffer and stained for 30 mins at RT. Following staining, cells were washed twice in Perm
Buffer as before. Cells were then resuspended in 50 pl secondary antibody, Donkey anti-Rabbit
IgG1, diluted 1:100 in staining buffer for 20 mins at RT. Primary antibodies used in intracellular
flow cytometry of phosphorylated proteins (phospho-flow) are listed in Table 2.13. Samples

were washed twice more and transferred to FACS tubes in 200 pl staining buffer.

2.6.5 Kynurenine assay

L-Kynurenine (Sigma-Aldrich, Cat# K8625) was reconstituted in DMSO to a stock solution of
80 mM, aliquots were stored at -80°C. An inhibitor of the kynurenine transporter, LAT1,
2-Amino-2-norbornanecarboxylic acid (BCH; Sigma-Aldrich, Cat# A7902) was dissolved in
Hanks’ Balanced Salt Solution (HBSS; Gibco, Cat# 24020117) to a stock concentration of
40 mM and stored at -20°C for up to one month. Kynurenine was diluted to a concentration
of 800 uM in HBSS and, along with an aliquot of BCH, was added to the incubator to pre-warm
to 37°C. Cells were resuspended in 100 pl pre-warmed HBSS, to each well, 50 ul of kynurenine
was added to reach a concentration of 200 uM in the well, then either 50 pl of 40 mM BCH

(final concentration 10 mM) was added to inhibit the transport of kynurenine, or wells were
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topped up with 50 pl HBSS to reach a total volume of 200 pl. Cells were incubated for 15 mins
at 37°C. Immediately following incubation, 70 ul of 4% formaldehyde (Thermo Scientific,
Cat#t J60401-AK) was added to each well to fix the cells. After 30 mins at RT, cells were washed
twice with staining buffer and supernatants discarded. Cells were resuspended in 200 pl

staining buffer and transferred to FACS tubes for analysis by flow cytometry.

2.6.6 Flow cytometric analysis

All samples were run on the BD LSRFortessa X-20 (BD Biosciences) and data collected using BD
FACSDiva Software (BD Biosciences). Compensation was calculated using single stain controls
for each fluorochrome, 1 pl of antibody was added to 1 drop of UltraComp eBeads (Invitrogen,
Cat# 01-2222-42) for 15 mins on ice before 400 pl of staining buffer was added and FACS tubes
were centrifuged at 300 x g for 5 mins. Supernatants were discarded and stained beads were
resuspended in 400 pl of staining buffer ready for use. All analysis was performed using FlowJo

version (v)10.8.1 (BD Biosciences), Microsoft Excel, and GraphPad Prism 9.
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Table 2.12 Fluorescent antibodies used in flow cytometry

. Stock —_— Manufacturer
Target Conjugate Clone conc. Dilution (Cat#)
_ BioLegend
CD4 BV785 OKT4 80 ug/ml | 1:50-100 (317422)
) BioLegend
CD69 APC FN50 100 pg/ml | 1:100 (985206)
) BioLegend
BV605 BC96 100 pg/ml | 1:100 (302610)
CD25 ]
) BiolLegen
AF700 M-A251 100 pg/ml | 1:100 (356118)
_ BioLegend
CCR4 Bv421 L291H4 50 pg/ml | 1:50-100 (359414)
1:50-100 | BiolLegend
CCR6 BV605 GO34E3 | 50 pg/ml (353420)
1:50-100 | BiolLegend
AF647 GO25H7 | 100 pg/ml (353712)
CXCR3 5
) BioLegen
AF700 GO25H7 | 100 pg/ml | 1:50-100 (353742)
) BioLegend
CD127 APC A019D5 200 pg/ml | 1:100 (351316)
TNFR1 ) BioLegend
(CD120a) APC W15099A | 100 pg/ml | 1:50 (369906)
TNFR2 ) BioLegend
(CD120b) PE/Dazzle 594 | 3G7A02 50 pg/ml | 1:50 (358414)
_ BioLegend
BV421 HI100 6 ug/ml | 1:100 (304130)
CD45RA 5
) BioLegen
BV650 HI100 25 pug/ml | 1:100 (304136)
_ BioLegend
CD45RO BV711 UCHL1 35 pug/ml | 1:100 (304236)
) BioLegend
IkBat PE 3D6C02 25 ug/ml | 1:50 (662412)
BD Biosciences
BV650 Q21-559 | 6 pg/ml 1:50 (563424)
RORyt —
AF647 Q21-559 | 50 pg/ml | 1:50 BD Biosciences

(563620)
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_ BioLegend
PE 4B10 200 pg/ml | 1:50 (644810)
T-bet 5
) BioLegen
BV605 4B10 200 pg/ml | 1:50 (644817)
) BioLegend
PE 206D 60 pg/ml | 1:100 (320108)
FoxP3 ]
) BiolLegen
AF647 206D 60 ug/ml 1:100 (320114)
) BioLegend
IFN-y FITC B27 50 pg/ml | 1:100 (506504)
BioLegend
- MAb11 1 | | 1:50-1
TNF-a BV650 b 00 pg/m 50-100 (502938)
_ BioLegend
PE JES3-9D7 | 25 pg/ml 1:50 (501404)
IL-10 "
) BioLegen
BV421 JES3-9D7 | 40 pg/ml 1:50 (501422)
_ BioLegend
AF488 BL168 30 pg/ml 1:50 (512308)
IL-17A "
) BiolLegen
BV711 BL168 30 pg/ml | 1:50 (512328)
Acetyl-Histone . Cell Signalling
H3 (Lys27) PE DSE4 25 pg/ml | 1:100 Technology (8173)
Donkey BiolLegend
[{1:1
anti-rabbit 1gG | BV 421 Poly4064 | 100 pg/m 00 | 406410)
Table 2.13 Primary, unconjugated antibodies used in flow cytometry
Target Clone Host | Dilution | Manufacturer (Cat#)
Phospho-Akt (T308) | C31ESE Rabbit | 1:100 Cell Signalling Technology (2965)
Phospho-p70S6K Polyclonal | Rabbit | 1:100 Cell Signalling Technology (9204)
(Thr421/Ser424)
c-Myc E5Q6W Rabbit | 1:200 Cell Signalling Technology (18583)
Akt (pan) 11E7 Rabbit | 1:100 Cell Signalling Technology (4685)
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2.7 MEASURING CYTOKINE LEVELS IN MEDIA
2.7.1 Enzyme-linked immunosorbent assay

Supernatants were collected from cells in culture into a 96 well plate at the time point stated
and stored at -20°C until analysis. Quantification of IFN-y and TNF-a production was
performed using standard human IFN-y and TNF-a enzyme-linked immunosorbent assay
(ELISA) respectively. For IFN-y quantification, 50 pl anti-human IFN-y capture antibody
(Bio-Rad, Clone AbD00676, Cat# HCA043) diluted in PBS (0.8 ug/ml) was added to each well
of a Nunc MaxiSorp 96-well plate (ThermoFisher, Cat# 44-2404-21) and incubated overnight
at 4°C to coat the plate. The following day, the antibody was removed and 200 ul of blocking
buffer (1% bovine serum albumin (BSA; Sigma-Aldrich, Cat# A2153) + 0.05% polysorbate 20
(Tween-20; Thermo Scientific, Cat# L15029-AP) in PBS) was added for 1 hour at RT. The plate
was washed 4 times with wash buffer (0.05% Tween-20 in PBS) before 50 ul of standard or
sample was added to each well for incubation either overnight at 4°C or for 2-3 h at RT. The
top rhIFN-y (Bio-Rad, Cat# PHP050) standard was made by diluting the stock solution
(200 ng/ml) 1:20, subsequent standards were prepared by serial dilution in blocking buffer for
10,000 — 312.5 pg/ml IFN-y. Supernatants were diluted appropriately in relevant cell culture
medium in order for the IFN-y concentration to sit within the standard curve. Wells were
washed 4 times and 50 pl of biotinylated detection anti-IFNy antibody (Bio-Rad, Clone 2503,
Cat# HCA044P) diluted in blocking buffer (0.4 ug/ml) was added to each well for 1 hour at RT.
The plate was again washed 4 times and 50 pl of ExtrAvidin-Peroxidase (Sigma-Aldrich,
Cat# E2886) diluted 1:1000 in blocking buffer was added for 30 mins at RT. The plate was
washed 6 times before the addition of 100 ul of TMB Substrate Reagent Set (1:1, Reagent
A:Reagent B; BD Biosciences, Cat# 555214) for 5-10 mins, until the blue colour developed.
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Once developed, 100 pl of 1M hydrochloric acid (HCI) was added to each well to stop the

reaction.

TNF-a was quantified using TNF alpha human matched antibody pair and ELISA buffer kit (both
Invitrogen, Cat# CHC1753 and CNBOO11 respectively). Anti-human TNF-a capture antibody
was diluted in Coating Buffer A (2 pg/ml) and 100 ul added to each well of a Nunc MaxiSorp
96-well plate. Plates were incubated overnight at 4°C to coat the wells. The next day, the
antibody was removed, and the plate washed once with Wash Buffer (diluted 1:25 in dH,0).
To each well, 300 pl of Assay Buffer (diluted 1:5 in dH,0) was added for 1 hour at RT to block
the plate. Lyophilised rhTNF-a was reconstituted to a stock concentration of 10,000 pg/ml in
Assay Buffer and stored in aliquots at -80°C. The top standard was prepared by diluting the
stock concentration 1:10, then subsequent standards were prepared by serial dilution of
TNF-a in Assay Buffer from 1,000 - 15.6 pg/ml. The plate was then washed 5 times with Wash
Buffer and 100 pl of standard or sample was added to each well followed immediately by 50 ul
of biotinylated TNF-a detection antibody diluted to 0.32 pg/ml in Assay Buffer. The plate was
gently agitated on a Vibrax-VXR plate shaker (IKA) at ~600 rpm for 2 h at RT. The plate was
washed 5 times and 100 ul of streptavidin-HRP diluted 1:625 in Assay Buffer was added for a
further 30 mins on the plate shaker at RT. The plate was again washed 5 times before addition
of 100 ul of Stabilised Chromogen. Once the blue colour of the assay was sufficiently
developed, 100 pul of Stop Solution was added to each well. Absorbance was measured using
a SpectraMax ABS Plus Microplate Reader (Molecular Devices) at 450 nm, data collected using

SoftMax Pro (Molecular Devices), and analysis performed using GraphPad Prism 9.
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2.7.2 LEGENDplex assay

Supernatants were harvested on day 6 of culture into a 96 well plate and stored at -20°C until
analysis. Concentrations of IL-6, 1L-22, IL-10, IL-17A, and IL-17F were analysed using the
LEGENDplex human Th17 panel kit (7-plex) (BioLegend, Cat# 741032) according to the
manufacturer’s instructions. A mix of Antibody-Immobilized Beads was made by adding each
individual bead reagent to the mix at a dilution of 1:13, the mix was then made up to the final
volume with Assay Buffer. Supernatants were added to a 96 well V-bottom plate at a volume
of 25 ul along with 25 ul of Assay Buffer and 25 ul of mixed beads. The plate was covered with
a film and aluminium foil to protect it from light. The plate was then gently agitated on a plate
shaker at ~800 rpm for 2 h at RT. The plate was washed once by adding 200 pl of Wash Buffer
(diluted 1:20 with dH,0) to each well and centrifuging the plate at 300 x g for 5 mins. The
supernatants were discarded and 25 ul of biotinylated Detection Antibodies were added to
each well before the plate was covered with a new film and foil and incubated for 1 h on the
plate shaker at RT. Immediately following this, 25 pl of streptavidin (SA)-PE was added to each
well, the plate covered with a new film and foil, and incubated for a further 30 mins on the
plate shaker at RT. The plate was washed again, the supernatants discarded, and samples
resuspended in 200 pl of staining buffer to be transferred to FACS tubes for flow cytometric
analysis. Samples were acquired on the BD LSRFortessa X-20 and analysed using the

LEGENDplex Data Analysis Software Suite (BioLegend).
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2.8 MEASURING GENE EXPRESSION
2.8.1 Preparation of RNA

From cell culture of 4 x 10° cells per condition, cells were harvested into 1.5 ml tubes and
centrifuged at 300 x g for 5 mins. The supernatant was discarded, and cell pellets were
resuspended in 1 ml of ice-cold PBS, the cells were centrifuged again, and the supernatant
removed. Immediately, the cell pellets were snap frozen on dry ice. Samples were stored
at -80°C until RNA extraction was performed using the NucleoSpin RNA Mini Kit
(Macherey-Nagel, Cat# 740955.50) according to manufacturer’s instructions. After thawing on
ice, 350 pl of RA1 buffer + 3.5 ul B-mercaptoethanol (Sigma-Aldrich, Cat# M6250) was added
to each cell pellet. Samples were vortexed to disrupt the pellet and all liquid transferred to a
NucleoSpin Filter tube before centrifuging at 11,000 x g for 1 min. To the filtered sample
collected in the 2 ml collection tube, 350 pl of 70% ethanol was added and mixed well until
clear, this lysate was then added to a NucleoSpin RNA Column and centrifuged at 11,000 x g
for 30 seconds. The column was added to a new 2 ml collection tube and 350 pl of membrane
desalting buffer was added. The samples were centrifuged for 1 min at 11,000 x g and the
column moved to a new collection tube. To remove DNA, a DNase reaction mixture was
prepared (1:10, recombinant (r)DNase:rDNase reaction buffer) and 95 pl added directly to the
bottom of the column, the samples were then incubated for 15 mins at RT. After incubation,
200 pl of RAW?2 buffer was added to the column and samples were centrifuged for 30 s at
11,000 x g. The column was moved to a new collection tube and 600 pl of RA3 buffer was
added. Samples were centrifuged again for 30 secs and the liquid in the collection tube was
discarded. A final wash of 250 ul RA3 buffer was added to the column and the tubes
centrifuged at 11,000 x g for 2 mins. The columns were then transferred to a 1.5 ml collection

66



tube and 30 ul of RNase-free water was added directly to the bottom of the column. The tubes
were centrifuged at 11,000 x g for 1 min to elute the RNA into the tube. RNA concentrations
were determined using the Nanodrop 1000 (ThermoFisher). RNA samples were stored

at -80°C.

2.8.2 RNA-sequencing

RNA samples were submitted to Genomics Birmingham for RNA-sequencing (RNA-seq). Each
sample was checked using Qubit High Sensitivity RNA assay (Invitrogen) and an RNA
ScreenTape on TapeStation (both Agilent). Sequencing libraries were prepared from 75 ng
RNA using QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen) then quantified using Qubit High
Sensitivity DNA assay and High Sensitivity D100 tape. Pooled libraries were sequenced using

the NextSeq 500 with a NextSeq High 75 v2.5 flow cell (lllumina).

FASTQ files were downloaded from BaseSpace (Illumina) and uploaded to BlueBEAR, the high
performance computing platform at the University of Birmingham, for further analysis. The
command line interface of the server was accessed using MobaXterm v21.5 (Mobatek). All 4
lanes were merged to create the final FASTQ file for each sample which were then quality
checked by FastQC v0.11.9 (Andrews, 2010). BBDuk v37.99 from the BBMap suite (Bushnell,
2014) was used for trimming low-quality reads, poly(A) tails, and ribosomal (r)RNA and
adapter contamination. Samples were then checked again by FASTQC. Quality trimmed FASTQ
files were aligned to the human GRCh83 genome with gencode v39 annotation using STAR
v2.7.2b aligner (Dobin et al., 2013). BAM files generated by STAR aligner were used with

HTSeq-count v0.13.5 (Anders et al., 2015) to generate raw read counts. The raw read counts
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were then used for further analysis by DESeq2 v1.30.1 (Love et al., 2014) in R v4.0.5 using

RStudio v2022.07.01.554.

Data were filtered to remove genes where less than 6 samples had a normalised count of 10
or higher. Differentially expressed genes (DEGs) were identified as those with an adjusted
p-value < 0.05, DESeq2 uses Benjamini-Hochberg method to minimise false discovery rate
(FDR). Principal component analysis (PCA) plots were made using DESeq2. Volcano plots
created using the R package ggplot2 v3.3.5 (Wickham et al., 2016). For individual genes, the
normalised counts generated by DESeq2 are presented. Heatmap analysis was performed on
the normalised count data using gplots v3.1.1 (Warnes et al., 2015). For gene ontology
pathway analysis, ENSEMBL IDs were converted to gene symbols using org.Hs.eg.db v3.12.0
(Carlson, 2019), then the ENTREZ IDs of the genes were found. Pathway analysis using the
ENTREZ IDs was performed by clusterProfiler v3.18.1 (Yu et al., 2012). Venn diagram

generated using Venny v2.1 (Oliveros, 2007).

2.9 MEASURING CELLULAR METABOLISM
2.9.1 Seahorse extracellular flux assay

Oxygen consumption rate (OCR, pmol/min) and extracellular acidification rate (ECAR,
mpH/min) were measured using the Seahorse XFe96 Metabolic Flux Analyzer (Agilent). Prior
to use, the sensor cartridge (Agilent, Cat# 102416-100) was hydrated overnight by placing it
in 200 ul of autoclaved dH;0 at RT. On the day of Seahorse assay, dH,O was removed from
the plate and 200 pl of Seahorse extracellular flux (XF) Calibrant Solution (Agilent,
Cat# 102416-100) pre-warmed to 37°C was added to each well. The probes were then

returned to the plate into the calibrant solution for a few hours before running the assay. In
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order for the probes to take measurements accurately, the cells must be in an even layer at
the bottom of the well. To adhere the cells, 30 ul of either poly-d-lysine (Gibco,
Cat# A3890401) or Cell-Tak (Corning, Cat# 10317081; diluted 1:15 in sterile sodium
bicarbonate (NaHCOs; Sigma-Aldrich, Cat# S6014) pH 8) was added to each well of the 96-well
cell culture plate (Agilent, Cat# 102416-100) for 1-2 h at RT. Before cells were added, wells
were washed twice with autoclaved dH,0 and left to dry at RT. From culture, (~3 x 108 cells
per condition) cells were harvested and washed twice in 2 ml unbuffered Seahorse XF medium
pH 7.4 (Table 2.4), pre-warmed to 37°C. To wash, cells were centrifuged at 300 x g for 5 mins
and the supernatants discarded. Each sample was counted using a haemocytometer and cells
were added to the 96-well cell culture plate at a density of 2.5 x 10° cells/well in 75 pl of
Seahorse XF medium. To ensure the cells were stuck in an even layer to the bottom of the
well, the plate was pulsed in a centrifuge at 50 x g with acceleration 3 and no brake until full
speed was reached. Each well was carefully topped up to 175 pl with Seahorse XF medium
and the plate was kept incubated at 37°C in a no CO2 incubator to prevent acidification of the
unbuffered medium. Mitochondrial respiration and glycolysis were measured using the
Seahorse XF Mito Stress Test (Figure 2.2A-B). Each port contained 25 pul of compound diluted
in Seahorse XF medium, which was injected sequentially during the assay to generate a
metabolic profile of the cells (Table 2.14). Basal respiration, ATP-coupled respiration, spare
respiratory capacity (SRC), maximal (max.) respiration, basal ECAR, and max. ECAR were all

calculated as demonstrated in Figure 2.2A-B.

After the assay finished running, the number of cells in each well was quantified by staining
the amount of DNA present using CyQUANT Direct Cell Proliferation Assay (Invitrogen,
Cat# C35011). From each well, 200 pl of medium was removed, leaving 50 ul. To this, 25 ul of
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CyQUANT reagent mix was added and cells were incubated for 1 h at RT. CyQUANT reagent
mix contained 1:50 background suppressor and 1:250 nucleic acid stain in unsupplemented
Seahorse XF medium. Following incubation, fluorescence was read from the bottom of the
well at 480 nm using a FLUOstar Omega Microplate Reader (BMG Labtech). Data collected
using MARS Data Analysis software (BMG Labtech). To account for differences in number of
cells plated, OCR and ECAR measurements for each well were normalised to CyQUANT values.

Analysis was performed using Wave Software and BD Biosciences FlowJo v10.
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Figure 2.2 Schematic diagram of Seahorse extracellular flux assay calculations

(A) Seahorse plot of oxygen consumption rate (OCR) detailing the four measurements
calculated as below. Arrows show time of injection of the indicated compounds: oligomycin
(oligo), BAM15, and rotenone/antimycin A (rote/AA). Basal non-corrected (nc) refers to the
initial 3 measurements before oligo injection. For each period after an injection the mean of
all 3 measurements is taken.

(1) Basal respiration (OCR) = [OCR(basal nc)] — [OCR(rote/AA)]

(2) ATP-coupled respiration = [OCR(basal nc)] — [OCR(oligo)]

(3) Maximal (max.) respiratory capacity = [OCR(BAM15)] — [OCR(rote/AA)]
(4) Spare respiratory capacity (SRC) = [OCR(BAM15)] — [OCR(basal nc)]

(B) Seahorse plot as in (A) of extracellular acidification rate (ECAR) detailing the two
measurements calculated as below.

(1) Basal ECAR = [ECAR(basal nc)]
(2) Max. ECAR = [ECAR(oligo)]
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Table 2.14 Compounds used in extracellular flux analysis

Compound Port Conc. in port Final conc. Manufacturer (Cat#)
Oligomycin A 8 uM 1uM Sigma-Aldrich (04876)
BAM15 B 27 uM 3uM Sigma-Aldrich (SML1760)
Rotenone C 20 uM 2 uM Sigma-Aldrich (R8875)
Antimycin A | C 20 uM 2 uM Sigma-Aldrich (A8674)

2.9.2 Stable isotope tracing

After culture of ~4 x 10° cells/well, cells were harvested into 15 ml tubes and centrifuged at
300 x g for 5 mins. The supernatant was discarded, and cells were resuspended in 2 ml of PBS,
then centrifuged again and the supernatant discarded. The cells were finally resuspended in
3 ml tracing medium (Table 2.5) and re-plated into a 6 well plate. For glucose tracing, 10 mM
U-13Ce-glucose (CK Isotopes, Cat# CLM-1396) and 2 mM L-glutamine (Sigma Aldrich) were
added to each well and cells were incubated for 4 h at 37°C. For glutamine tracing, 2 mM
13Cs-glutamine (CK lIsotopes, Cat# CLM-1822-H) and 10 mM glucose (Sigma Aldrich) were
added to each well before incubation for 6 h at 37°C. Following incubation, cells were
harvested into tubes kept on ice and counted using a haemocytometer. Cells were centrifuged
at 300 x g for 5 mins at 4°C and the supernatant removed. Cells were transferred to a 1.5 ml
tube in 1 ml of ice-cold saline (0.9% sodium chloride (NaCl; J.T.Baker) in dH,0) and washed
twice more, centrifuging at 300 x g for 5 mins at 4°C. After the final supernatant was discarded

the cell pellet was snap frozen on dry ice and stored at -80°C.

For extraction of metabolites, cell pellets were thawed on ice and mixed well with 500 ul
ice-cold methanol (Sigma-Aldrich, Cat# 34860) to disrupt the pellet and quench metabolic

activity. To this, 200 pl of pentanedioic-ds acid (C/D/N Isotopes Inc., Cat# D-5227) at a
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concentration of 8.75 pg/ml in high-performance liquid chromatography (HPLC)-grade H,0
(Thermo Scientific, Cat# 11338217) was added to ensure 1.75 pg of pentanedioic-ds acid was
present in each sample for use as an internal standard. Next, 500 ul of ice-cold chloroform
(Sigma-Aldrich, Cat# 366927) was added to each sample with the use of Solvent Safe tips
(Molecular BioProducts, Cat# 5079EB). Samples were repeatedly inverted with the use of a
Tube Rotator (Fisher Scientific) for 15 mins at 4°C, then centrifuged at 12,000 x g for 15 mins
at 4°C. The top layer, containing the polar metabolites, of the solution was transferred to a
1.5 ml tube and stored at -20°C. Samples were evaporated using a CentriVap Concentrator
(Labconco) under vacuum and submitted to the Metabolic Tracer Analysis Core at University
of Birmingham to be analysed by gas chromatography-mass spectrometry (GC-MS). Data were
provided as mass isotopomer distribution (MID), and metabolite abundance normalised to the

internal standard.

2.9.3 Glucose and lactate concentrations

Supernatants were harvested at 48 h and stored at -20°C before analysis. Analysis of glucose
and lactate concentrations in the supernatants were performed by Dr Jonathan Barlow at the
Mitochondrial Profiling Centre, University of Birmingham using Glucose-Glo (Promega,
Cat# J6021) and Lactate-Glo Assays (Promega, Cat #15021) respectively. Alternatively, glucose
was measured by adding 10 ul of supernatant to a glucose test strip inserted into a Safe-Accu 2
blood glucose monitor (both Sinocare). Lactate was also measured using a Lactate Assay Kit
(Sigma-Aldrich, Cat# MAKO064), according to the manufacturer’s instructions. A master
reaction mix was made by diluting Lactate Enzyme Mix (1:25) and Lactate Probe (1:25) in

Lactate Assay Buffer. Standards were added to the plate at 0, 20, 40, 60, 80, and
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100 pmole/well in 50 pl of assay buffer. Samples were diluted as required to fit within the
standard curve (1:50-1:200) and 50 ul was added to the appropriate well. To each well of
standard and samples, 50 ul of master mix was added and the plate incubated for 30 mins at
RT with gentle agitation on a plate shaker ~600 rpm. Absorbance was read at 570 nm using

the SPECTROstar OMEGA plate reader and analysis performed using GraphPad Prism 9.

2.10 STATISTICAL ANALYSIS
2.10.1 Normalisation of data

Due to inter-donor and inter-assay variations, some readouts are normalised. To calculate this,
the mean of all the values from each independent experiment was taken and then each value
was divided against the mean to generate the normalised value (Figure 2.3A). This variation is
due to natural biological variation within human data. Additionally, the flow-based fluorescent
mitochondrial probes used here, MVG and MSO, vary in mean fluorescence intensity (MFI)
between assays, despite consistent dilution and staining approaches (Figure 2.3B-C).

Therefore, data are normalised to the experiment mean to account for this variability.

2.10.2 Analysis of significance

Data were presented as mean * standard deviation (SD), unless non-normally distributed
where the median was presented. Normal distribution of data was assessed by Shapiro—Wilk
test and considered normally distributed if p-value > 0.05. Non-parametric statistical tests
were performed on all normalised data. Data with a normal distribution were analysed by
paired or unpaired t test. Paired data with more than two-groups were analysed by repeated
measures (RM) one- or two-way analysis of variance (ANOVA) with Holm-Sidak’s or Siddk’s

multiple comparisons test respectively. Unpaired data were analysed by one- or two-way
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ANOVA, with Tukey’s or Sidak’s multiple comparisons test respectively. Non-normally
distributed data were analysed by Wilcoxon test if paired, and Mann-Whitney test if unpaired.
Kruskal-Wallis with Dunn’s multiple comparisons test was used to analysed non-normally
distributed data with more than two groups. Correlations were assessed by Pearson’s

correlation coefficient. Analysis performed using GraphPad Prism 9, * p < 0.05, ** p <0.01,

#% 5 < 0.001.
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Figure 2.3 Variation in MVG and MSO mean fluorescence intensity by assay
(A) Example calculation for normalisation of data.

(B-C) Mean fluorescence intensity (MFI) of (B) MVG and (C) MSO staining of naive CD4* T cells
within assays performed on different dates in independent experiments (expt.) (B-C, n=6
independent donors).

(B-C) Each symbol represents a measurement from cells in a different treatment condition
measured on the same day. Data is presented as mean + SD.
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CHAPTER 3: TNF-A DRIVES METABOLIC
REPROGRAMMING IN NAIVE CD4* T CELLS

3.1 INTRODUCTION

TNF-a is expressed in its two forms, membrane-bound and soluble, by a range of cell types,
including CD4* T cells. Indeed, naive CD4* T cells express high levels of TNF-a upon activation
(Ohshima et al., 1999; Priyadharshini et al., 2010). Early studies identified autocrine TNF-a to
act as a co-stimulatory molecule on T cells, driving increased proliferation, survival, and
cytokine production upon activation (Yokota et al., 1988; Tartaglia et al., 1991, 1993; Aspalter
et al., 2003). More recently, a study has shown that the blocking of T cell-derived TNF-a with
clinically used TNF-a biologic, adalimumab, also suppresses CD4* T cell activation (Povoleri et
al., 2020). Of note, these studies have used either bulk lymphocytes, thymocytes, or CD4* T
cells; the specific effects of autocrine TNF-a signalling on naive and memory CD4* T cells are
yet undescribed. Upon activation, CD4* T cells integrate signals from the TCR, co-stimulatory
molecules such as CD28, and cytokines such as IL-2 to drive metabolic reprogramming

(Frauwirth et al., 2002; Jacobs et al., 2008; Ray et al., 2015).

Activated CD4* T cells undergo a substantial shift from an OXPHOS predominant, catabolic
metabolism to a highly glycolytic, anabolic metabolism. Specifically, naive CD4* T cells, which
previously relied on a low-level OXPHOS metabolism supplied by glucose-derived pyruvate,
upregulate the uptake of substates from the environment. Increases in glucose uptake

support conversion of glucose-derived pyruvate to lactate in aerobic glycolysis, which drives
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rapid ATP production and biosynthesis of effector molecules via the PPP. Additional
upregulation of mitochondrial biogenesis and uptake of glutamine and fatty acids support
increased OXPHOS to maintain production of ATP, TCA cycle intermediates, and ROS (Wang et
al., 2011; Angela et al., 2016; Jones et al., 2019). Alongside the increased uptake of amino
acids, such as leucine, these molecules support the signalling, metabolism, and effector
function of activated CD4* T cells (Sinclair et al., 2013; Previte et al., 2017). Similarly relying on
OXPHOS at rest, memory CD4* T cell also undergo this significant metabolic reprogramming
(Maekawa et al., 2015). However, having previously experienced naive cell priming,
mitochondrial and epigenetic changes result in memory cells exhibiting increased metabolic
capacity and rapid engagement of effector function upon activation (Bevington et al., 2016;
Dimeloe et al., 2016). Predominantly, CD28 signalling drives metabolic reprogramming. Yet,
any role for T cell-intrinsic TNF-a signalling in the modulating CD4* T cell metabolism is
relatively unknown. Studies have shown that CD28 and TNF-a have comparable but
non-redundant roles in driving optimal CD4* T cell activation with full mechanisms not yet
described (Aspalter et al., 2003, 2007). One study had previously investigated the metabolic
effects of infliximab, a clinically used anti-TNFa treatment on CD4* T cells. Measurements of
a range of metabolites by liquid chromatography-mass spectrometry (LC-MS) after 24 h of in
vitro treatment revealed subtle trends but no significant changes (Chimenti et al., 2013).
However, variation in the data was substantial, analysis of individual CD4* T cells subsets may
improve this in future studies. Additionally, TCA cycle intermediates were not analysed here
(Chimenti et al., 2013). Further investigation is required to better understand the metabolic

effects of TNF-oc on CD4* T cells.
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3.1.1 AIMS

TNF-a is known to act as a co-stimulatory molecule on T cells, driving increased cell function
upon activation. Despite this, it is not described whether TNF-a has any role in the modulation
of T cell metabolism. This chapter aims to identify and interrogate a role for T cell-derived
TNF-a in the metabolic reprogramming of naive and memory CD4* T cells. Using in vitro culture
of purified naive and memory CD4* T cells in presence of increased TNF-a, a neutralising
anti-TNFa antibody, or relevant isotype control, the hypothesis that TNF-a signalling drives

CD4* T cell metabolic reprogramming will be interrogated.
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3.2 RESULTS
3.2.1 Intrinsic TNF-a signalling in CD4* T cells

To begin to understand the role of intrinsic TNF-a signalling in naive and memory CD4* T cells,
expression levels of the TNF receptors, TNFR1 and TNFR2, were first assessed. Purified CD4* T
cells were activated with anti-CD3/28 and stained for surface expression of CD45RA, TNFR1,
and TNFR2 (Figure 3.1A-C). Single cells were gated as naive (CD45RA*) or memory (CD45RA")
CD4* T cells (Figure 3.1A). TNFR1 stained at comparable levels to the unstained control (US)
on both naive and memory CD4* T cells with no change in expression after 4 h of activation
(Figure 3.1B). In contrast, TNFR2 was highly expressed (Figure 3.1C-D). Naive CD4* T cells
expressed a lower level of TNFR2 than memory CD4* T cells, yet the dynamics of TNFR2
expression were comparable. After 4 h of activation, TNFR2 expression on naive cells trended
towards a decrease, and in memory cells this downregulation reached significance. Yet, in
both subsets at 48 h expression was significantly upregulated to a level above that at rest
(Figure 3.1C-D). RNA-seq of non-activated (NA) and activated naive CD4* T cells confirmed that
TNFR1 transcripts were expressed at very low levels compared to that of TNFR2 (Figure 3.1E).
In agreement with protein expression on the surface of the cell, TNFR2 transcript levels
increased after 48 h of activation of naive CD4* T cells. Next, cells were again activated for 4 h
or 48 hrs and the supernatants were assessed for concentration of sSTNF-a. NA cells were used
as a control and did not produce detectable levels of TNF-a (Figure 3.1F). TNF-a could be
detected at a similar level in both naive and memory cell supernatants at 4 h. TNF-a
concentration increased by 48 h but remained comparable between naive and memory cell
cultures. Together, these data show that TNFR2 is the primary TNF receptor expressed by CD4*
T cells, and that a monoculture of naive CD4* T cells is able to produce and respond to TNF-a.
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Figure 3.1 TNF receptor and TNF-a expression in CD4* T cells

(A) Purified CD4* T cells were gated as lymphocytes, then single cells; dead cells were then
gated out and cells put into naive (CD45RA*) or memory (CD45RA") subsets (representative
plot of n=6 independent donors).

(B) Purified CD4* T cells were either non-activated (NA) or activated for 4 h with anti-CD3/28
(Act.) then analysed by flow cytometry. Cells were gated as in (A) and assessed for expression
of TNFR1, US=unstained control (representative plot of n=6 independent donors).

(C-D) Cells were cultured as in (B) with the addition of a 48 h condition and cells gated as in
(A) were assessed for expression of TNFR2, US=unstained control (representative plot of n=4
independent donors). (D) Mean fluorescence intensity (MFI) of TNFR2 in naive and memory
cell subsets (n=4 independent donors).

(E) Transcript abundance of TNFRSF1A (TNFR1) and TNFRSF1B (TNFR2) in NA and activated
(Act.) purified naive CD4* T cells from RNA-seq data, a.u.=arbitrary units (n=6 independent
donors).

(F) Concentration of TNF-a in the supernatants of purified naive and memory CD4* T cells
either NA or activated for 4 h or 48 h (NA n=5, 4 h n=5, and 48 h n=7 independent donors)
n.d=non-detectable.

(D-F) Each symbol represents a different donor. Data is presented as the mean * SD.
Significance was assessed by two-way ANOVA with Siddk’s multiple comparisons test,
*p<0.05 **p<0.01, *** p<0.001.
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3.2.2 Blocking TNF-a suppresses activation of CD4* T cells

Having established the potential for T cell-intrinsic TNF-a signalling in CD4* T cells, the effect
of blocking this signal during T cell activation was assessed. Cells were activated and treated
with an anti-TNFa antibody or isotype control for 48 h then analysed by flow cytometry. Cells
first gated as lymphocytes and single cells, were then gated on expression of CD45RA
(naive: CD4A5RA*CD45R0") and CD45R0O (memory: CD45RA'CD45R0") (Figure 3.2A). TNFR1
signalling is associated with cell death pathways (Micheau and Tschopp, 2003); in accordance
with its low expression on CD4* T cells, both naive and memory cell populations showed no
difference in cell viability (typically >90%) when treated with anti-TNFa or the isotype control
(Figure 3.2A-B). Anti-TNFa treatment did suppress forward scatter of naive CD4* T cells
compared to the isotype control, this is a measurement which correlates with cell size and
may be indicative of reduced blasting, an effect which in turn can often signal a lower
metabolic capacity in a cell (Rathmell et al., 2003; Jacobs et al., 2008). No such effect was seen
on memory cells (Figure 3.2A and C). As this analysis relied on the gating of naive and memory
CD4* T cells based on CD45RA and CD45RO staining, the percentage of naive and memory cell
populations after 4 and 48 hrs of activation was assessed to ensure there were not substantial
changes in the proportion of these populations during time in culture (Figure 3.2D). Although
a reciprocal increase in memory cells and decrease in naive cells was seen between 4 h and
48 h, a considerable proportion of both subsets remained. It was therefore reasonable to

continue with the use of this gating strategy at this time point.
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Figure 3.2 Effect of anti-TNFa on cell viability and size

(A-C) Purified CD4* T cells were activated and cultured for 48 h in presence of an anti-TNFa or
isotype control antibody. (A) Cells were gated into a naive (CD45RA*CD45R0O’) or memory
(CD45RACD45R0") subset and assessed for viability by live/dead stain. Within these gates,
cells were then assessed for the mean fluorescence intensity (MFI) of forward scatter (FSC-A)
(representative plots of n=3 independent donors). (B) Percentage of live cells within naive and
memory cell subsets, comparing anti-TNFa treatment to the isotype control. (C) MFI of FSC-A
as a measurement of cell size (B-C, n=3 independent donors).

(D) Purified CD4* T cells were activated for 4 or 48 h and assessed for the proportion of naive
and memory cells (n=4 independent donors).

(B-D) Each symbol represents a different donor with the line between denoting matched pairs.
Significance was assessed by RM two-way ANOVA with Sidak’s multiple comparisons test,
* p<0.05, ** p <0.01.
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Blocking T cell-derived TNF-a signalling in naive CD4* T cells suppressed the expression of T

cell activation markers, CD69 and CD25 (Figure 3.3A-B). Memory cells showed a reduction in

CD25 with anti-TNFa treatment but no change in CD69 (Figure 3.3C-D). These data suggest

that TNF-a signalling is crucial for the full activation of CD4* T cells, identifying a role in both

naive and memory cell subsets.

CD69

Figure 3.3 Anti-TNFa suppresses CD4* T cell activation

Anti-TNFa

CD69

Isotype

Anti-TNFa

(A-D) Purified CD4* T cells were activated and cultured for 48 h in presence of an anti-TNFa or
isotype control antibody. Cells were gated into a (A-B) naive (CD45RA*CD45RO") or
(C-D) memory (CD45RACD45R0O*) subset and assessed for expression of CD69 and CD25
(A and C, representative plot of n=5 independent donors; B and D, n=5 independent donors).

(B and D) Each symbol represents a different donor with the line between denoting matched

pairs. Significance was assessed by paired t test, ** p < 0.01, *** p < 0.001.

82



3.2.3 Blocking TNF-a prevents full metabolic reprogramming of naive CD4* T cells

Next, to further understand the effects of blocking TNF-a, the metabolic profile of the cells
upon activation was assessed. For levels of mitochondrial mass, cells were stained with MVG
and analysed by flow cytometry (Figure 3.4A). MVG staining was increased upon activation,
however this increase was largely blunted in naive CD4* T cells treated with anti-TNFa. MSO
is a fluorescent mitochondrial probe that stains cells based on mitochondrial membrane
potential, this is then paired with FCCP, a membrane potential uncoupler able to depolarise
the membrane and provide a baseline level of MSO staining. The ratio of MSO staining alone
to MSO in combination with FCCP (MSO:MSO+FCCP) provides a readout for mitochondrial
activity. A lot of variability could be seen in the ratio of MSO:MSO+FCCP, with little difference
between NA and activated cells (Figure 3.4B). It was therefore difficult to see any effect of
anti-TNFa in comparison to isotype treated as no initial increase upon activation was
apparent. To interrogate further the potential metabolic suppression suggested by decreased
mitochondrial mass, purified naive CD4* T cells were activated and treated for 48 h then
assessed for OCR and ECAR by Seahorse XF assay (Figure 3.4C-F). Consistent with
mitochondrial mass, activation increased OCR upon activation, but this was blunted in
presence of anti-TNFa. Both basal and max. respiration (OCR), which is induced when cells are
treated with membrane potential uncoupler BAM15, were lower in the anti-TNFa treated
group. ATP-coupled respiration, calculated from the addition of ATP-synthase inhibitor,
oligomycin, and spare respiratory capacity (SRC), the available increase in for cells between
basal and max. OCR, were also reduced in those cells treated with anti-TNFa compared to
isotype controls (Figure 3.4C-D). In addition, blocking TNF-a suppressed both basal and max.

glycolytic ECAR in naive CD4* T cells upon activation, again to a level between that of NA and
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isotype control-treated cells (Figure 3.4E-F). As a control for this being a general effect of
blocking cytokine signalling, cells were also treated with anti-IFNy which had no effect on the
OCR or ECAR of naive CD4* T cells. Taken together, these data confirm that TNF-a promotes

the upregulation of mitochondrial OXPHOS and glycolysis in naive CD4* T cells upon activation.

In contrast to the effects seen with naive cells, MVG staining of memory cells showed no effect
of anti-TNFa treatment on mitochondrial mass compared to the isotype control (Figure 3.5A).
Mitochondrial activity, as assessed by MSO:MSO+FCCP, was variable and again showed little
increase upon activation making any differences in treatment difficult to identify (Figure 3.5B).
Analysis of OCR in memory CD4* T cells demonstrated a clear upregulation with activation.
However, in accordance with little effect on mitochondrial mass, anti-TNFa had no effect on
basal, ATP-coupled, or max. respiration or SRC compared to the isotype (Figure 3.5C-D).
Blocking TNF-a also had no impact on the glycolytic ECAR of memory CD4*T cells upon
activation (Figure 3.5E-F). As on naive cells, no metabolic effect was seen when blocking IFN-y
signalling on memory cells (Figure 3.5C-F). Overall, these data show that blocking T

cell-derived TNF-a upon activation of memory CD4* T cells has little effect on metabolism.
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Figure 3.4 Blocking TNF-a signalling suppresses metabolism in naive CD4* T cells

(A-B) Purified CD4* T cells were non-activated (NA) or activated and cultured for 48 h in
presence of an anti-TNFa or isotype control antibody. Cells within the naive CD4* T cell gate
were assessed for the mean fluorescence intensity (MFI) of (A) MVG to measure
mitochondrial mass, and (B) the ratio of MSO with and without FCCP to measure
mitochondrial membrane potential (MSO:MSO+FCCP) (A-B, n=7 independent donors).

(C-F) Purified naive CD4* T cells were cultured as in (A-B) with the addition of an anti-IFNy
condition. Following treatment, cells were measured for (C-D) oxygen consumption rate (OCR)
and (E-F) extracellular acidification rate (ECAR) by Seahorse XF analysis. (C and E) Seahorse
plots of (C) OCR and (E) ECAR (representative plots of NA, isotype, and anti-TNFa n=6
independent donors, and anti-IFNy n=3 independent donors). Arrows show time of injection
of the indicated compounds: oligomycin (oligo), BAM15, and rotenone/antimycin A (rote/AA).
Error bars indicate technical replicates. (D and F) For isotype, and anti-TNFa-treated cells
(D) basal OCR, maximal (max.) OCR, ATP-coupled OCR, and spare respiratory capacity (SRC)
and (F) basal and max. ECAR were calculated (D and F, n=6 independent donors).

(A-B, D, and F) Data are normalised to the mean of each experiment. Each symbol represents
a different donor, and the median is presented. Significance was assessed by (A-B) Kruskal
Wallis with Dunn’s multiple comparisons test (D and F) Mann-Whitney test, * p <0.05,
** p<0.01, *** p<0.001.
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Figure 3.5 Anti-TNFa has no effect on memory CD4* T cell metabolism

(A-B) Purified CD4* T cells were non-activated (NA) or activated and cultured for 48 h in
presence of an anti-TNFa or isotype control antibody. Cells within the memory CD4* T cell gate
were assessed for the mean fluorescence intensity (MFI) of (A) MVG to measure mitochondrial
mass, and (B) the ratio of MSO with and without FCCP to measure mitochondrial membrane
potential (MSO:MSO+FCCP) (A-B, n=7 independent donors).

(C-F) Purified memory CD4* T cells were cultured as in (A-B) with the addition of an anti-IFNy
condition. Following treatment, cells were measured for (C-D) oxygen consumption rate (OCR)
and (E-F) extracellular acidification rate (ECAR) by Seahorse XF analysis. (C and E) Seahorse
plots of (C) OCR and (E) ECAR (representative plots of NA, isotype, and anti-TNFa n=4
independent donors, and anti-IFNy n=3 independent donors). Arrows show time of injection
of the indicated compounds: oligomycin (oligo), BAM15, and rotenone/antimycin A (rote/AA).
Error bars indicate technical replicates. (D and F) For isotype, and anti-TNFa-treated cells
(D) basal OCR, maximal (max.) OCR, ATP-coupled OCR, and spare respiratory capacity (SRC)
and (F) basal and max. ECAR were calculated (D and F, n=4 independent donors).

(A-B, D, and F) Data are normalised to the mean of each experiment. Each symbol represents
a different donor, and the median is presented. Significance was assessed by (A-B) Kruskal
Wallis with Dunn’s multiple comparisons test (D and F) Mann-Whitney test, * p <0.05,
** p<0.01, *** p <0.001.

88



3.2.4 Understanding the different effects on naive and memory CD4* T cells

Following these observations, the next aim was to understand why effects of blocking TNF-a
were seen on naive but not memory cells. Firstly, it is known that TNFR2 has significant roles
in driving Treg responses, including increasing glycolysis (Chen et al., 2013; de Kivit et al.,
2020). To make sure that a contamination of Tregs in the naive or memory cell population was
not accountable for the effects reported here, CD4* T cells were stained for CD45RA and FoxP3
to identify the T cell subsets and the respective proportion of FoxP3* Tregs present
(Figure 3.6). Overall, the percentage of FoxP3* cells was largely <20%. In particular, the naive
cell population, in which the effects of anti-TNFa are seen, trended to have fewer FoxP3* cells
than the memory cell population. These data confirm that there is not an overrepresentation
of Tregs in the naive CD4* T cell cultures and therefore effects on Tregs are unlikely to be

responsible for the changes seen here in naive CD4* T cells.
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Figure 3.6 Percentage of FoxP3* Tregs in CD4* T cell subsets

Purified total, naive, and memory CD4* T cells were assessed for the percentage of FoxP3*
Tregs present (n=5 independent donors). Each symbol represents a different donor. Data is
presented as the mean * SD. Significance was assessed by one-way ANOVA with Tukey’s
multiple comparisons test.
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As memory cells have previously undergone activation, epigenetic modifications, and
metabolic adaptations, the threshold for the next TCR activation is lowered (Dimeloe et al.,
2016; Barski et al., 2017; Bevington et al., 2021). Therefore, it was hypothesised that memory
CD4* T cells may be more sensitive to the in vitro anti-CD3/28 stimulation given. To test this,
CD4* T cells were activated as before (norm. act) but also with a 10-fold lower dose of
anti-CD3/28 (low act.). Cells stimulated with the lower dose were then assessed for their level
of activation when treated with an anti-TNFa or isotype control antibody (Figure 3.7A-D). With
the lower activation strength, naive cells maintained the decrease in CD25 expression with
anti-TNFa treatment and no changes in memory cell activation were indicated. To understand
if this lower dose could reveal a metabolic effect of blocking TNF-a signalling on memory CD4*
T cells, Seahorse XF assay was employed to measure OCR and ECAR (Figure 3.7E-H). Firstly
looking at naive cells, the effect of strength of stimulation on metabolic reprogramming was
clear with isotype and low dose-treated cells increasing OCR and ECAR slightly over NA cells
but remaining much lower than normally activated isotype-treated cells (Figure 3.7E-F). In the
normal activation conditions, the suppressive effect of anti-TNFa was apparent on both
mitochondrial OXPHOS and glycolysis measurements as before. A reduction was also clear
between anti-TNFa and isotype-treated cells in the low activation condition with anti-TNFa
treatment suppressing OCR and ECAR to a level comparable with NA cells. In memory cells,
the three levels of activation also separated clearly in both OCR and ECAR measurements into
NA, low act., and norm. act. (Figure 3.7G-H). As before, no consistent difference in max. OCR
was seen between anti-TNFa and isotype-treated memory CD4* T cells at the normal level of
activation. Although a decrease in basal OCR was seen in the representative plot shown here,

this was not a consistent observation and is feasibly due to human donor variability
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(Figure 3.7G and Figure 3.5C-D). No effect of blocking TNF-a was seen on OCR or ECAR
measurements of memory cells at the lower activation (Figure 3.7H). In summary, under
reduced activation strength anti-TNFa still had little effect on memory CD4* T cell metabolism.
From this, it was resolved to continue the project focusing on the role of T cell-derived TNF-a

signalling in naive CD4* T cells only.
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Figure 3.7 Effect of a lower dose stimulation on anti-TNFa treatment of CD4* T cells

(A-D) Purified CD4* T cells were activated with a 10-fold lower activation compared to previous
experiments (low act.; 1.2 pl/ml T cell activator) and cultured for 48 h in presence of an
anti-TNFa or isotype control antibody. Cells were gated as lymphocytes, then single cells; dead
cells were then gated out and cells put into (A-B) naive (CD45RA") or (B-C) memory (CD45RA")
subsets and assessed for expression of CD69 and CD25 (A and C, representative plots of n=4
independent donors; B and D, n=4 independent donors).

(E-H) Purified (E-F) naive and (G-H) memory CD4* T cells were cultured as in (A-D) with the
addition of a non-activated (NA) and activated as normal condition (norm. act.; 12 pl/mI T cell
activator) then assessed for (E and G) oxygen consumption rate (OCR) and
(F and H) extracellular acidification rate (ECAR) by Seahorse XF assay (representative plots of
n=3 independent donors). Arrows show time of injection of the indicated compounds:
oligomycin (oligo), BAM15, and rotenone/antimycin A (rote/AA). Error bars indicate technical
replicates.

(B and D) Each symbol represents a different donor with the line between denoting matched
pairs. Significance was assessed by paired t test, * p < 0.05.
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3.2.5 Anti-TNFa suppresses glutamine metabolism through the TCA cycle

To further investigate the metabolic perturbations caused by blocking TNF-a upon activation
of naive CD4* T cells, stable isotope tracing of 3Cs-labelled glucose was employed for naive
CD4* T cells activated in presence of an anti-TNFa or isotype control antibody (Figure 3.8).
Stable isotope tracing of a substrate, here '3Cs-glucose, enables the metabolism of the
substrate to be tracked based on the number of labelled carbons incorporated into
downstream intermediates, i.e. citrate M+2 indicating that two carbons from the original
labelled glucose molecule are present in the metabolite. Based on the incorporation of
different labelling patterns, how the cell is utilising the labelled substrate through each

metabolic pathway can then be inferred.

Following conversion into pyruvate (which remained unchanged with anti-TNFa treatment)
the majority of glucose was incorporated into lactate. Lactate incorporation into glucose
trended towards a decrease in anti-TNFa-treated cells compared to the isotype but this was
not a significant effect. Additionally, some glucose-derived pyruvate was converted into
alanine, yet this was again unchanged in presence of anti-TNFa. In the TCA cycle, glucose
incorporation into citrate was present with most of this then being converted into glutamate
via aKG. No difference between anti-TNFa and isotype-treated cells was seen. Overall, very
little incorporation of labelled glucose can be seen into the TCA cycle, suggesting usage of

other substrates to maintain oxidative metabolism in activated naive CD4* T cells.
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Figure 3.8 13C¢-glucose tracing in naive CD4* T cells treated with anti-TNFa

Purified naive CD4* T cells were activated for 48 h with an anti-TNFa antibody or isotype
control, then cultured for an additional 4 h in presence of 10 mM 3C¢-labelled glucose and
assessed for mass isotopomer distribution (MID) of indicated metabolites (n=4 independent
donors). Centre diagram represents the likely metabolism of fully labelled glucose into the
indicated metabolites and the resulting MID (black circles indicate a labelled carbon and white
circles an unlabelled carbon). Each symbol represents a different donor with the line between
denoting matched pairs. Significance was assessed by RM two-way ANOVA with Sidak’s
multiple comparisons test ***p < 0.001.
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Assessing the total abundance of each metabolite, a trend towards lower pyruvate and alanine
could be seen in the anti-TNFa condition (Figure 3.9A). Intracellular lactate levels were
comparable between the two groups. A trend towards a decrease in several TCA cycle
intermediates could be seen, in particular citrate, in the anti-TNFa condition (Figure 3.9B). This
observation provided further evidence to suggest that the metabolism of a different substrate

through the TCA cycle was being affected by blocking TNF-a.
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Figure 3.9 Abundance of total and labelled metabolites in 3Cs-glucose tracing of
anti-TNFa-treated naive CD4* T cells.

(A-B) Purified naive CD4* T cells were activated for 48 h with an anti-TNFa antibody or isotype
control, then cultured for an additional 4 h in presence of 10 mM *3Cs-labelled glucose and
assessed for total and labelled abundance of (A) alanine, pyruvate, and lactate (B) indicated
TCA cycle metabolites (A-B, n=4 independent donors). White bars represent total abundance
and black bars represent the proportion of the total abundance that was labelled, calculated
as total abundance multiplied by fraction labelled, a.u.=arbitrary units. Error bars show
mean + SD. Significance was assessed by RM two-way ANOVA with Siddk’s multiple
comparisons test.
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To probe this hypothesis, the experiment was repeated with 3Cs-labelled glutamine, a
substrate also required by T cells for activation (Wang et al., 2011; Klysz et al., 2015; Jones et
al., 2019) (Figure 3.10). As expected, there was very little incorporation of labelled
13Cs-glutamine into alanine, pyruvate, or lactate. However, compared to glucose, glutamine
showed a much higher incorporation into TCA cycle metabolites, often >50% fractional
labelling. Substantial incorporation of glutamine into glutamate was present at M+5,
indicating direct conversion from glutamine. In addition, a detectable amount of M+3 was
present, indicating the production of glutamate through another pathway, e.g. conversion
from aKG. Incorporation of glutamine in both these cases was reduced with anti-TNFa
treatment causing a reciprocal increase in the amount of unlabelled glutamate, M+O.
Following glutamine into the TCA cycle and through oxidative decarboxylation of aKG,
fractional labelling of succinate was decreased in all detectable mass isotopomers in the
anti-TNFa condition. For intermediates of the TCA cycle, M+4 is the most abundant mass
isotopomer and indicates the metabolism of glutamine through one pass of the TCA cycle.
Additional mass isotopomers are suggestive of further metabolism of the glutamine molecule
through the TCA cycle and other associated metabolic pathways. Similar to succinate, a
reduction in almost all mass isotopomers of fumarate was present with anti-TNFa treatment.
Labelling into M+4 was decreased with anti-TNFa treatment for malate and aspartate.
Furthermore, labelling of M+3 and M+4 citrate was decreased in anti-TNFa treated cells.
Taken together, these data suggest that blocking TNF-a upon activation of naive CD4* T cells
results in a decrease in glutamine metabolism, initially in its conversion to glutamate, then

further through the TCA cycle.
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Figure 3.10 13Cs-glutamine tracing in naive CD4* T cells treated with anti-TNFa

Purified naive CD4* T cells were activated for 48 h with an anti-TNFa antibody or isotype
control, then cultured for an additional 6 h in presence of 2 mM *3Cs-labelled glutamine and
assessed for mass isotopomer distribution (MID) of indicated metabolites by GC-MS (n=3
independent donors). Centre diagram represents the likely metabolism of fully labelled
glutamine into the indicated metabolites and the resulting MID (black circles indicate a
labelled carbon and white circles an unlabelled carbon). Each symbol represents a different
donor with the line between denoting matched pairs. Significance was assessed by RM
two-way ANOVA with Siddk’s multiple comparisons test * p < 0.05, ** p < 0.01, ***p < 0.001.
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Consistent with previous data, a reduction in the total abundance of alanine was seen with
anti-TNFa treatment (Figure 3.11A). Here, a decreased total abundance of intracellular lactate
was also seen in anti-TNFa-treated cells compared to isotype control-treated. Furthermore, a
substantial trend towards reduced glutamine abundance in anti-TNFa-treated cells could be
seen, indicating reduced uptake (Figure 3.11B). There was also lower abundance of TCA cycle
intermediates in the anti-TNFa condition compared to the isotype control, although this did
not reach significance for fumarate or citrate (Figure 3.11C). For glutamate, succinate, and
aspartate a significant decrease was also seen in the abundance of labelled metabolite. Taken
with reduced labelling of glutamine into glutamate and the TCA cycle, these data propose that
anti-TNFa mediates its effects by suppressing glutamine uptake, glutamine conversion to
glutamate, and metabolism through the TCA cycle, albeit little change in glucose incorporation
into the TCA cycle suggests that this final mechanism may be less important. These effects
likely cause the decreased activity of the ETC and associated mitochondrial oxygen

consumption observed by Seahorse XF analysis.

Considering the perturbations of the TCA cycle under anti-TNFa-treatment may suggest a
decreased availability of acetyl-CoA, cells were assessed for their levels of histone acetylation
on histone H3 at lysine 27 (H3K27Ac), an epigenetic marker of active transcription (Creyghton
et al., 2010) (Figure 3.12A). A clear upregulation of H3K27 acetylation was seen upon
activation of naive CD4* T cells but there was no difference between anti-TNFa treatment and
the isotype control. These data suggesting that the metabolic suppression seen here at 48 h

has little epigenetic effect on the cells.
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Figure 3.11 Decrease in the abundance of glutamine and TCA cycle intermediates in
anti-TNFa-treated naive cells

(A-B) Purified naive CD4* T cells were activated for 48 h with an anti-TNFa antibody or isotype
control, then cultured for an additional 6 h in presence of 2 mM *3Cs-labelled glutamine and
assessed for total and labelled abundance of (A) alanine, pyruvate, and lactate (B) glutamine
(C) indicated TCA cycle metabolites (A-C, n=4 independent donors). White bars represent total
abundance and black bars represent the proportion of the total abundance that was labelled,
calculated as total abundance multiplied by fraction labelled, a.u.=arbitrary units. Error bars
show mean * SD. Significance was assessed by RM two-way ANOVA with Siddk’s multiple
comparisons test, total: white bars * p < 0.05, ** p < 0.01, labelled: black bars # p < 0.05.
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3.2.6 Anti-TNFa suppresses amino acid uptake in activated naive CD4* T cells

Elevating the uptake of amino acids is a key process during naive CD4* T cell activation to
promote metabolic reprogramming and differentiation (Sinclair et al., 2013). Therefore, the
intracellular abundance of different amino acids in cells treated with an anti-TNFa or isotype
control antibody was assessed by GC-MS (Figure 3.12B). Decreased leucine, phenylalanine,
isoleucine, and serine levels were all observed in the anti-TNFo-treated cells. Leucine,
phenylalanine, and isoleucine are taken up by the transporter LAT1. To confirm the reduced
activity of this transporter, the kynurenine uptake assay was employed (Sinclair et al., 2018).
Kynurenine is a naturally fluorescent molecule also transported by LAT1, allowing its use as a
readout for LAT1 activity and amino acid uptake capacity. BCH, an inhibitor of LAT1, was used
to establish a baseline fluorescence and validate the assay. Anti-TNFa inhibited the uptake of
kynurenine in naive CD4* T cells compared to the isotype control (Figure 3.12C). These data
show that blocking T cell-intrinsic TNFa signalling suppresses activity of the LAT1 transporter

and uptake of multiple amino acids by activated naive CD4* T cells.

100



o " T

8 O|NA 2

% * O|Isotype 3

2 - =

3. Ofant-TNFa &

2 S

2 4

g 5n 2

z S

o 4

W ' )

T

H3K27Ac
B

Leucine Phenylalanine Isoleucine - Serine

*%

[e2}
N

Y

o

Metabolite abundance (a.u.)
N oW
Metabolite abundance (a.u.)
N ~

o

Metabolite abundance (a.u.)
N o
3
@

o

Metabolite abundance (a
o o
®

2 g & N
SS &S & & &S
& S X AS ¥ N
?S\
C
Control +BCH
w0 6 * K
3. '
= O Isotype 5 %g
L Anti-TNFa @ 4
_qc) I:I -é O-\O
n w @ X
3 €2 =
€= <
S
Z .,

o

o
L L T T T Ll
A 2 N 4 s N

o3

Kynurenine

P
()
O,
y
%,
s
>
o

Figure 3.12 Effects of anti-TNFa on amino acid abundance in naive CD4* T cells

(A) Purified naive CD4"* T cells were non-activated (NA), or activated for 48 h with anti-CD3/28
in the presence of an anti-TNFa antibody or isotype control and assessed for the expression
of histone H3 lysine 27 acetylation (H3K27Ac) by flow cytometry (n=5 independent donors).

(B) Cells were cultured as in (A) without the NA condition and for an additional 4 h or 6 h in
presence of 10 mM 3Ce-labelled glucose or 2 mM 3Cs-labelled glutamine respectively. Cells
were then assessed for the intracellular abundance of indicated amino acids by GC-MS (n=7
independent donors).

(C) Cells were cultured as in (A) without the NA condition and assessed uptake of kynurenine
(kyn) by flow cytometry. BCH is an inhibitor of the kyn transporter and was used to establish
a baseline fluorescence. The ratio of the mean fluorescence intensity (MFI) of kyn with and
without BCH was calculated (Kyn:Kyn+BCH) (n=6 independent donors).

(A-C) Each symbol represents a different donor. (A) Data were normalised to the experiment
mean and the median is presented. (B-C) The line between symbols denotes matched pairs.
Significance was assessed by (A) Kruskal Wallis with Dunn’s multiple comparisons test
(B-C) paired t test or Wilcoxon test * p <0.05, ** p <0.01.
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3.2.7 Investigating the effects of mMTNF-a and sTNF-a on naive CD4* T cells

From the conclusion that blocking TNF-a suppresses the activation and metabolic
reprogramming of naive CD4* T cells, the next approach was to increase levels of TNF-a in the
system and assess whether this could drive the opposite effect. TNF-a exists in two forms,
membrane-bound and soluble, yet the distinct mechanisms of action of each are not fully
understood with most studies focusing on the soluble form (Ardestani et al., 2013; Su et al.,
2022). To start, cells were activated and cultured with or without 50 ng/ml exogenous, sTNF-a
for 48 h and assessed by flow cytometry. In agreement with blocking TNF-a, no change in cell
viability was seen with the addition of sTNF-a (Figure 3.13A-B). There was also no difference
in cell size between the conditions (Figure 3.13A and C). STNF-a had no effect on CD69
expression but did increase CD25 levels on naive CD4* T cells, indicating increased activation
(Figure 3.13D). Next, the effect of sSTNF-a on naive CD4* T cell metabolism was assessed. MVG
staining indicated no difference in mitochondrial mass between cells treated with or without
sTNF-a upon activation (Figure 3.14A). Additionally, mitochondrial activity, as measured by
MSO:MSO+FCCP, was unchanged with sTNF-a treatment (Figure 3.14B). As no changes could
be seen with the fluorescent mitochondrial probes, the cells were next analysed by Seahorse
XF assay in order to determine any subtler alterations in metabolism (Figure 3.14C-F). OCR
remained broadly unaffected by the addition of sTNF-a, consistent with MVG and MSO
staining (Figure 3.14C-D). However, this was accompanied by an increase in glycolytic ECAR in
naive CD4* T cells treated with sTNF-a (Figure 3.14E-F). Together, these data suggest that
exogenous sTNF-a can further increase activation and aerobic glycolysis of naive CD4* T cells

but has little effect on mitochondrial oxidation.
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Figure 3.13 Addition of sTNF-a increases activation of naive CD4* T cells

(A-D) Purified CD4* T cells were activated and cultured for 48 h in presence or absence of
soluble TNF-a (50 ng/ml) and analysed by flow cytometry. (A) Cells were gated into a naive
(CD45RA*CD45R0") subset and assessed for viability by live/dead stain. Within this gate, cells
were then assessed for the mean fluorescence intensity (MFI) of forward scatter (FSC-A)
(representative plots of n=5 independent donors). (B) Percentage of live cells within the naive
cell subset. (C) MFI of FSC-A as a measurement of cell size. (D) Percentage of CD69* and CD25*
cells within the naive cell gate (B-D, n=5 independent donors).

(B-D) Each symbol represents a different donor with the line between denoting matched pairs.
Significance was assessed by paired t test, ** p < 0.01.
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Figure 3.14 Addition of sTNF-a increases glycolysis in naive CD4* T cells

(A-B) Purified CD4* T cells activated and cultured for 48 h in presence or absence of soluble
(s)TNF-a (50 ng/ml). Cells within the naive CD4* T cell gate were assessed for the mean
fluorescence intensity (MFI) of (A) MVG to measure mitochondrial mass (n=5 independent
donors), and (B) the ratio of MSO with and without FCCP to measure mitochondrial membrane
potential (MSO:MSO+FCCP) (n=4 independent donors).

(C-F) Purified naive CD4* T cells were cultured as in (A-B) and assessed for (C-D) oxygen
consumption rate (OCR) and (E-F) extracellular acidification rate (ECAR) by Seahorse
extracellular flux analysis. (C and E) Seahorse plots of (C) OCR and (E) ECAR (representative
plots of n=4 independent donors). Arrows show time of injection of the indicated compounds:
oligomycin (oligo), BAM15, and rotenone/antimycin A (rote/AA). Error bars indicate technical
replicates. (D and F) For control and sTNFa-treated cells (D) basal OCR, maximal (max.) OCR,
ATP-coupled OCR, and spare respiratory capacity (SRC) and (F) basal and max. ECAR were
calculated (D and F, n=4 independent donors).

(A-B, D, and F) Each symbol represents a different donor, and the median is presented. Data
are normalised to the mean of each experiment. Significance was assessed by Mann-Whitney
test, ** p < 0.01.
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Owing to the fact that naive CD4* T cells produce substantial levels of TNF-a upon anti-CD3/28
stimulation (Ohshima et al., 1999; Priyadharshini et al., 2010) (Figure 3.1F), it was
hypothesised that the system may already be saturated with near sufficient levels of TNF-a,
explaining the minimal effects seen when adding additional amounts of sTNF-a into culture.
CD3 alone is able to activate T cells but CD28 is required for full T cell activation and cytokine
production (Kane et al., 2001; Frauwirth et al., 2002; Boomer and Green, 2010). Furthermore,
it is reported that CD28 and TNF-a have similar roles as co-stimulatory molecules (Aspalter et
al., 2003; Kim and Teh, 2004). Based on this rationale, naive CD4* T cells were activated with
anti-CD3 only to investigate the role of sSTNF-a in the absence of CD28 and in the presence of
reduced levels of endogenous TNF-a. First, it was confirmed that anti-CD3 only stimulated
cells produce significantly less sTNF-a than those activated with anti-CD3/28 (Figure 3.15A).
Cells were then activated with anti-CD3 and treated with 50 ng/ml sTNF-a for 48 h. The
addition of sTNF-a had no effect on cell viability but increased cell size (i.e. FSC-A) indicative
of improved blasting and heightened metabolic activity (Figure 3.15B-C). STNF-a-treated cells
also showed increased expression of T cell activation markers, CD69 and CD25, compared to
untreated controls (Figure 3.15D). Next assessing fluorescent mitochondrial probes MVG and
MSO, sTNF-a did not increase either mitochondrial mass or activity in anti-CD3 activated cells
(Figure 3.15E-F). The data here suggest that exogenous sTNF-a is able to support naive CD4*
T cell activation in the absence of CD28 co-stimulation but is unable to induce the upregulation

of mitochondrial metabolism.
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Figure 3.15 Addition of sTNF-a drives activation in anti-CD3 stimulated naive cells

(A) Purified naive CD4* T cells were activated with either anti-CD3 only or anti-CD3/28 for 48 h
and the supernatants analysed by ELISA for TNF-a concentration (n=4 independent donors).

(B-F) Purified naive CD4* T cells were activated with anti-CD3 and treated in presence or
absence of soluble TNF-a (50 ng/ml) for 48 h then assessed by flow cytometry for (B) viability
(C) cell size by forward scatter (FSC-A) mean fluorescence intensity (MFI) (D) CD69 and CD25
expression, (E) MFI of MVG to measure mitochondrial mass, and (F) ratio of MFI of MSO with
and without FCCP to measure mitochondrial membrane potential (MSO:MSO+FCCP) (B-C, n=6
independent donors; D, n=5 independent donors; E-F, n=6 independent donors).

(A-F) Each symbol represents a different donor with the (A) mean + SD (E-F) median presented.
(B-D) The line between symbols denotes matched pairs. (E-F) Data were normalised to the
experiment mean. Significance was assessed by (A) unpaired t test (B-C) Wilcoxon test
(D) paired t test (E-F) Mann-Whitney test, * p < 0.05, ** p < 0.01.
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Having investigated the effect of increasing sSTNF-a in the cultures, the next approach was to
increase mTNF-a. TNFR2, the predominant TNF receptor on naive CD4* T cells (Figure 3.1B-E),
has a higher affinity for mTNF-a than sTNF-a (Grell et al., 1995). To increase levels of mTNF-q,
cells were treated with an inhibitor of TACE, the cleavage enzyme responsible for conversion
of mMTNF-a to sTNF-a, TAPI-0 (Figure 3.16A). It was confirmed by ELISA that treatment with
TAPI-0 at 10 uM (concentration based on a previous study (Haney et al., 2011)) for 48 h
profoundly decreased the concentration of sTNF-a released by activated naive CD4* T cells
(Figure 3.16B). This was matched with a substantial increase in the percentage of naive CD4*
T cells expressing surface-level TNF-a after 48 h. These data collectively certify the efficacy of

TAPI-0 in increasing the ratio of mTNF-a to sTNF-a (Figure 3.16C).

A consistent but minimal decrease was seen in cell viability with TAPI-0 treatment, however
percentage of live cells remained >90% which is unlikely to have any significant biological or
experimental impact (Figure 3.16D). Compared to vehicle-treated controls, TAPI-0 also caused
a decrease in cell size, although cells did still appear to be well blasted (Figure 3.16E). At odds
with a decrease in cell size, cells treated with TAPI-O exhibited a slight increase in CD69
expression, an early activation marker (Figure 3.16F). However, these cells also showed
impaired upregulation of CD25 expression upon activation, an intermediate activation marker.
To test effects of TAPI-0 on metabolic capacity, fluorescent probes of mitochondrial capacity
were again utilised. In accordance with a reduced cell size, TAPI-O-treated naive cells showed
lower MVG staining than controls (Figure 3.17A). However, this was not accompanied by any
change in mitochondrial activity, as measured by MSO:MSO+FCCP (Figure 3.17B). Seahorse XF
analysis was then employed to better understand the effect of TAPI-0 on the metabolism of
naive CD4* T cells (Figure 3.17C-F). In agreement with a decrease in mitochondrial mass, both
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basal and max. levels of OCR in TAPI-O-treated cells were reduced compared to the control
(Figure 3.17C-D). However, no significant change in ATP-coupled OCR or SRC was recorded.
Basal and max. levels of glycolytic ECAR were also lower in TAPI-O-treated cells than control
cells (Figure 3.17E-F). Together, the Seahorse XF assay data suggest a global decrease in the
metabolic capacity of TAPI-O-treated naive CD4* T cells compared to the control, this is
corroborated by a decrease in mitochondrial mass and cell size. TAPI-O did cause a slight
increase in CD69 but was suppressive of CD25. Overall, shifting the balance of mTNF-a and
sTNF-a towards increased levels of mTNF-a but reduced levels of sTNF-a was inhibitory of

activation and metabolism in naive CD4* T cells.
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Figure 3.16 Effect of TAPI-0 on naive CD4* T cells

(A) Diagram detailing TNF-a release from the cell and the action of TAPI-0 on TNF-a converting
enzyme (TACE).

(B-F) Purified naive CD4* T cells were activated in presence of TAPI-0 (10 uM) or a DMSO
control for 48 h and assessed for (B) TNF-a concentration in the supernatant by ELISA (n=5
independent donors), and (C) surface expression of TNF-a (n=7 independent donors),
(D) viability, (E) cell size by forward scatter (FSC-A) mean fluorescence intensity (MFI)
(D-E, n=10 independent donors) and (F) CD69 and CD25 expression by flow cytometry (n=11
independent donors).

(B-F) Each symbol represents a different donor with the line between denoting matched pairs.
Significance was assessed by paired t test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3.17 Effect of TAPI-0 on naive T cell metabolism

(A-F) Purified naive CD4* T cells were activated in presence of TAPI-0 (10 uM) or a DMSO
control for 48 h and assessed for mean fluorescence intensity (MFI) of (A) MVG to measure
mitochondrial mass and (B) the ratio of MSO with and without FCCP to measure mitochondrial
membrane potential (MSO:MSO+FCCP) by flow cytometry (A-B, n=11 independent donors).
(C-F) Cells were also assessed for (C-D) oxygen consumption rate (OCR) and (E-F) extracellular
acidification rate (ECAR) by Seahorse XF analysis. (C and E) Seahorse plots of (C) OCR and
(E) ECAR (representative plots of n=5 independent donors). Arrows show time of injection of
the indicated compounds: oligomycin (oligo), BAM15, and rotenone/antimycin A (rote/AA).
Error bars indicate technical replicates. (D and F) For control and TAPI-O-treated cells (D) basal
OCR, maximal (max.) OCR, ATP-coupled OCR, and spare respiratory capacity (SRC) and (F) basal
and max. ECAR were calculated (D and F, n=5 independent donors).

(A-B, D, and F) Each symbol represents a different donor, and the median is presented. Data
are normalised to the mean of each experiment. Significance was assessed by Mann-Whitney
test, * p <0.05, ** p<0.01, *** p< 0.001.

110



3.3 DISCUSSION

Expressed upon activation of CD4* T cells, T cell-intrinsic TNF-a has previously been reported
to act as a co-stimulatory molecule, driving increased proliferation and cytokine production
(Kim and Teh, 2001; Aspalter et al., 2003). It was also shown that blocking T cell-derived TNF-a
suppressed the activation of CD4* T cells (Povoleri et al., 2020). Activation of CD4* T cells is
accompanied by a significant metabolic reprogramming, mainly driven by co-stimulatory
molecule CD28 (Frauwirth et al., 2002; Jacobs et al., 2008). Yet, any role for TNF-a in the
metabolic reprogramming of CD4* T cells had not been investigated. Here, using in vitro
culture of purified naive and memory CD4*T cell populations activated in presence of
increased TNF-a, a neutralising TNF-a antibody, or isotype control antibody, these data
confirm that TNF-a is essential for full naive and memory CD4* T cell activation. Furthermore,

T cell-derived TNF-a is required for the metabolic reprogramming of naive CD4* T cells.

3.3.1 TNFR1 and TNFR2 on CD4* T cells

Initially, expression of TNFR1 and TNFR2 was assessed. In both naive and memory CD4* T cell
populations, either resting or activated, TNFR1 could not be detected above the level of the
unstained control (US). These data were corroborated by RNA-seq which showed TNFR1
transcripts in naive CD4* T cells to be much lower than that of TNFR2 and unchanged upon
activation. Similar observations of low to undetectable TNFR1 expression on CD4* T cells have
been made in other studies using flow cytometry (Rossol et al., 2007, 2013; Pesce et al., 2022).
Nevertheless, future experiments should confirm the efficacy of this antibody using a positive
control of cells known to express higher levels of TNFR1, such as monocytes (Rossol et al.,

2007). Of note, these described studies also highlight that CD4* T cells in RA express increased

111



levels of TNFR1 (Rossol et al., 2013; Pesce et al., 2022). TNFR1 is associated with FADD and a
subsequent caspase cascade to induce apoptosis (Micheau and Tschopp, 2003). In accordance
with the low expression of TNFR1, data presented here also showed that blocking TNF-a had
no effect on cell viability. In contrast, other studies have previously identified roles for
TNF:TNFR1 signalling in co-stimulation and apoptosis of CD4* T cells (Church et al., 2005;
Evangelidou et al., 2010; Kumar et al., 2022). TNFR2 was present at the gene and protein level
in all resting naive CD4* T cells and was significantly increased upon activation after 48 h.
Memory CD4* T cells expressed a higher level of TNFR2 compared to naive cells, also
upregulating expression by 48 h. Notably, in both naive and memory cells there was a decrease
in TNFR2 protein expression between rest and 4 h of activation. Reasons for this are unclear
but may be due to the delay between upregulation of transcript (seen at 4 h), subsequent
increases in protein translation at the ER, and trafficking to the cell membrane (Wu et al.,
2021). Based on the predominant expression of TNFR2 on naive and memory CD4* T cells, it is
hypothesised that T cell-derived TNF-a is signalling through TNFR2 to induce effects on
metabolism. Nevertheless, future studies selectively blocking activity of TNFR1 and TNFR2 are

required to confirm the specific role of each receptor in mediating the effects of TNF-a.

3.3.2 TNF-a drives full activation of naive and memory CD4* T cells
Studies before have shown that T cell-derived TNF-a is essential for full CD4* T cell activation,
through assessment of proliferation, cytokine production, and expression of T cell activation
markers CD69 and CD25 (Aspalter et al., 2003; Povoleri et al., 2020). However, these studies
have used either bulk lymphocytes or bulk CD4* T cells. Here, expression of CD45RA and

CD45R0O were used to gate naive and memory cells by flow cytometry and assess their
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expression of CD69 and CD25 upon activation in presence of an anti-TNFa or isotype control
antibody. It was seen that blocking TNF-a impaired the upregulation of CD25 on both naive
and memory CD4* T cells but the upregulation of CD69 on only naive cells. This effect is
consistent with previous studies using bulk CD4* T cells which showed anti-TNFa to have no
effect on CD69 expression but to suppress CD25 expression (Aspalter et al., 2003; Povoleri et
al., 2020). By assessing naive and memory cells individually, these data were able to confirm
that T cell-derived TNF-a is required for full activation of both subsets. In addition, it was
revealed that blocking T cell-derived TNF-at upon activation suppressed the expression of CD69
on naive CD4* T cells. CD69 is an early activation marker induced by TCR ligation and
downstream MAPK signalling, as well as HIFla (Castellanos et al., 1997; Das et al., 2009;
Labiano et al., 2017). In comparison, CD25 is downstream of NFAT signalling induced by the
TCR (Schuh et al., 1998; Kim and Leonard, 2002). It is unclear why CD25 is affected but not
CD69 in memory cells. Future studies may interrogate the induction of MAPK and NFAT
pathways upon TCR activation of naive and memory CD4* T cells and the effects of blocking
T cell-intrinsic TNF-a on these. It is possible that naive CD4* T cells have an increased
requirement for induction of MAPK signalling, whereas memory cells, having already
undergone activation, no longer require an additional TNF-a signal to promote this pathway

and CD69 expression.

3.3.3 A novel role for TNF-a in the metabolic reprogramming of naive CD4* T cells

This current study is the first to demonstrate that T cell-intrinsic TNF-a is required for the
metabolic reprogramming of naive CD4* T cells. It has been recently demonstrated that

TNF:TNFR2 interactions can drive glycolysis in tTregs (de Kivit et al., 2020). This study
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described there to be very little effect of TNFR2 ligation on CD25 expression, proliferation, and
glycolytic flux of T conventional cells (Tconv) above that of anti-CD3 activation alone. This lack
of effect on proliferation and CD25 expression is in contrast to other reports (Kim and Teh,
2001; Aspalter et al., 2003). Additionally in contradiction, an increase in CD25 expression on
anti-CD3 only activated cells in presence of exogenous sTNF-a was observed here. The largest
difference between the study by de Kivit et al. and the results described here is the use of
CD28 co-stimulation, known to be essential for increasing metabolism upon naive CD4* T cell
activation (Frauwirth et al., 2002; Jacobs et al., 2008). As TNF-a and CD28 have similar yet
non-redundant effects on T cell activation (Aspalter et al., 2003, 2007), it is possible that TNF-a
requires CD28 signalling to synergistically induce metabolic reprogramming. Furthermore,
de Kivit et al. used direct binding of TNFR2 in their experiments compared to the blocking of
T cell-derived TNF-a used here. As Tconv but not Tregs produce TNF-q, it is plausible that the
system is already saturated with TNF-a, resulting in no additional effect of TNFR2 ligation.
Indeed, this was observed in the current study as blocking TNF-a had a more profound effect
on metabolic reprogramming than the addition of TNF-a. However, in their study, anti-CD3
only activation was used, which is shown here to induce much lower levels of TNF-a than
anti-CD3/28 activation. The use of direct TNFR2 ligation in place of TNF-a additionally
highlights the possibility for a TNFR1-dependent role which may be investigated in future
studies. Similar to naive CD4* T cells described here, Tconv cells in their study were identified
as CD4*CD25'°“CD127"e"CD45RA*GPA33intermediate  Of note, de Kivit et al. excluded
CD25MehCD127'°" Tregs from the analysis of Tconv cells which was not done here. However, it

is unlikely that any effects on Tregs are contributing to the results seen in the current study as
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Tregs only made up 7.5% of the naive CD4* T cell compartment, compared to 14.5% of memory

cells where no change in metabolic reprogramming was observed.

More recently the same research group performed very similar experiments, this time
analysing glutamine metabolism (Mensink et al., 2022). In the data presented here, the
blocking of T cell-intrinsic TNF-a under anti-CD3/28 stimulation was shown to suppress
glutaminolysis and metabolism through the TCA cycle. In agreement with this, Mensink et al.
showed that anti-CD3/TNFR2 stimulation induced higher levels of glutamine metabolism
compared to anti-CD3/28. These data suggesting TNF:TNFR2 signalling to be essential for
driving glutaminolysis to fuel OXPHOS in the metabolic reprogramming of naive CD4* T cells.
In the current study, it was seen that cells in the anti-TNFa treatment group trended towards
a lower intracellular abundance of glutamine, suggestive of decreased uptake. In addition,
unaltered incorporation of 3C-glucose through the TCA cycle may suggest that the defect was
not primarily within TCA cycle metabolism but before. However, these data were limited by
low proportions of 3 C-labelled carbons present in the TCA cycle intermediates. Future studies
assessing activity of the glutamine transporters and glutaminolysis enzymes may confirm the

specific mechanisms by which TNF-a promotes glutamine-driven OXPHOS.

3.3.4 Comparing requirements of naive and memory CD4* T cells

In comparison to naive CD4* T cells, no effect of blocking T cell-derived TNF-a could be seen
on the metabolic reprogramming of memory CD4* T cells. As memory CD4* T cells expressed
higher levels of TNFR2 than naive cells, it was clear that the defect was not in the capacity of
the cells to respond to TNF-a. Memory CD4* T cells are primed for rapid activation upon

restimulation, having undergone the epigenetic and transcriptional changes associated with
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T cell activation previously (Bevington et al., 2016; Barski et al., 2017). Relevant to metabolic
reprogramming, memory cells have increased mitochondrial content, expression of the ETC,
and expression of glycolytic enzymes, each driving increased metabolic capacity (Dimeloe et
al., 2016; Jones et al.,, 2019). In order to understand if the difference was due to
overstimulation by the anti-CD3/28 dose given, experiments were repeated with a 10-fold
lower concentration of anti-CD3/28. Suppressive effects of anti-TNFa were still present in the
naive cell subset but were again not present on memory cells. One study has shown that naive
cells increase their metabolism to a greater extent than memory cells upon activation (Jones
etal., 2019). Perhaps reflecting an increased need in naive cells for pathways driving metabolic
reprogramming. It is possible that there is still a role for TNF-a in modulating the metabolic
reprogramming of memory CD4* T cells under different conditions. For example, the provision
of MHCII molecules and CD80/86 by an APC to bind the TCR and CD28 respectively, instead of
artificial ligation by antibody, may elicit varying degrees of activation and reveal a requirement
for the additional TNF-a co-stimulatory signal. Moreover, it has been suggested that memory
cells have an increased dependence on CD28 for proliferation and effector function compared
to naive cells (Glinos et al., 2020). Future studies may investigate the role of TNF-a signalling

on memory CD4* T cell metabolic reprogramming in absence of CD28 stimulation.

3.3.5 Comparing soluble and membrane-bound TNF-a

TNF-a exists in two biologically active forms, first mTNF-a from which it is then cleaved by
TACE to become sTNF-a. Data presented here showed a small effect of exogenous sTNF-a on
increasing glycolysis compared to a more significant decrease in glycolysis and OXPHOS when

blocking T cell-derived TNF-a. Firstly, with naive cells producing TNF-a upon activation, it was
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hypothesised that the system was already near saturation. Indeed, when naive cells were
activated with anti-CD3 only and so produced much less endogenous TNF-a, exogenous
sTNF-a was able to increase expression of CD69 and CD25 to a greater extent. Yet, perhaps
due to a lack of CD28 stimulation, little change in metabolism was seen. Next, as it is known
that TNFR2 has a higher affinity for mTNF-a than sTNF-a, which had been added previously, a
selective upregulation of mTNF-a was tested (Grell et al., 1995; Fischer et al., 2017; Su et al.,
2022). To do this, cells were treated with TAPI-0, an inhibitor of TACE used previously by one
study to increase levels of mTNF-a on CD4* T cells (Haney et al., 2011). The membrane-bound
form of TNF-a is not routinely measured by flow cytometry, papers instead focusing on
intracellular levels by flow cytometry and concentrations released into the culture medium by
ELISA (Wu et al., 2021), but has been described in a few studies (Rossol et al., 2007; Haney et
al., 2011; Ripoll et al., 2018). Using surface staining of TNF-a it was confirmed that naive CD4*
T cells activated in a monoculture for 48 h expressed mTNF-a, with staining appearing
consistent with previous studies (Haney et al., 2011; Ripoll et al., 2018). Levels of mTNF-a
could also be significantly increased by the addition of TAPI-0. This increase was accompanied
by a substantial loss in the amount of TNF-a released into the culture medium. In contrast to
the expected increase in activation and metabolism with a higher amount of mTNF-a present
to bind TNFR2, CD25 expression, glycolysis, and OXPHOS were decreased. As an exception,
CD69 expression was increased. Reasons for this are unclear, but along with a lack of change
in memory cells, adds evidence to the suggest that CD69 expression is uniquely controlled by
TNF-a in naive CD4* T cells. These data would suggest that mTNF-a is redundant for the action
of TNF-a on naive cells, effects instead being driven by sTNF-a which is reduced by TAPI-0.

However, this would contradict the hypothesised signalling through TNFR2 which is known to
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preferentially bind mTNF-a. Unfortunately, TACE is not specific to TNF-a cleavage and has a
range of other targets including the IL-6 receptor, CD62L, co-stimulatory molecule CD40, and
co-inhibitory molecule LAG-3 (Saad et al., 2019). Effects on one or multiple of these molecules
may have confounded the results seen here. Future studies may approach a selective increase
in mTNF-a differently to ensure there are no off-target effects. Mice overexpressing mTNF-a
have been developed and utilised previously in studies aiming to delineate the effects of
sTNF-a and mTNF-a (Alexopoulou et al., 2006; Kaaij et al., 2020). In these mice, TNF-a is
mutated at the cleavage site to prevent conversion to sTNF-a. Culture of naive CD4* T cells
from these mice may elucidate the relative contribution of mTNF-a and sTNF-a in driving the

observed metabolic effects of TNF-a on activating naive CD4* T cells.

3.3.6 Conclusion

Overall, data in this chapter have demonstrated a novel role for T cell-derived TNF-a in the full
activation and metabolic reprogramming of naive CD4* T cells. TNF-a promotes aerobic
glycolysis, amino acid uptake, and glutamine-fuelled OXPHOS in presence of TCR and
CD28-driven activation. Despite a role in driving the full activation of memory CD4* T cells,
T cell-intrinsic TNF-a is redundant for their metabolic reprogramming. The next chapters will
describe the work carried out to interrogate the signalling pathways downstream of TNF-a in
naive CD4* T cells able to drive these effects and aim to understand the functional impacts of

TNF-a-driven metabolism.
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CHAPTER 4: TRANSCRIPTIONAL AND
SIGNALLING EFFECTS OF BLOCKING TNF-A

4.1 INTRODUCTION

Data in the previous chapter have highlighted a role for T cell-intrinsic TNF-a in the activation
and metabolic reprogramming of naive CD4* T cells. These effects were observed through
protein staining and metabolic assays. Yet, activation of CD4* T cells is also tightly controlled
by significant changes to the transcriptional landscape (Cano-Gamez et al., 2020). This includes
upregulation of key TFs such as c-Myc and PPARy, and of key metabolic genes. Currently, the
full effect of T cell-intrinsic TNF-a signalling on the activated naive CD4* T cell transcriptome
is unknown. However, previous studies have begun to investigate the transcriptional effects
of several anti-TNFa biologics on CD4* T cells (Takeshita et al., 2019; Ho et al., 2021). One
study identified adalimumab treatment of bulk CD4* T cells to decrease transcripts of effector
cytokines including IL-17A and IL-2, yet no metabolic genes were identified (Ho et al., 2021).
In another study evaluating the transcriptional effects on RA peripheral CD4* T cells of patients
treated with infliximab or no treatment, pathways of OXPHOS and MYC targets were found to
be downregulated in the naive CD4* T cell compartment of RA patients treated with infliximab

(Takeshita et al., 2019).

In addition, the signalling pathways driving these effects downstream of TNF-a ligation are not
fully elucidated. The most reported pathway downstream of the TNF receptors is NFkB

(Wajant and Siegmund, 2019). Previous studies investigating the co-stimulatory action of
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TNF-a identified NFkB signalling to be essential for mediating the effects of TNFR2 ligation
(Aspalter et al., 2003; Banerjee et al., 2005). The NFkB pathway is known to induce
inflammation and proliferation but has not previously been implicated in driving metabolism
of T cells. Of particular interest due to its known role in driving T cell metabolic
reprogramming, some studies have also shown evidence to implicate the activity of PI3K/Akt
in TNF-a-mediated co-stimulation of T cells (Aspalter et al., 2003; Kim and Teh, 2004). The
PI3K/Akt pathway and associated mTOR activity is induced primarily by CD28 co-stimulation
but also modulated by IL-2 and TCR signalling. This pathway is essential for naive CD4* T cell
metabolic reprogramming, increasing glycolysis, glutamine metabolism, and OXPHOS
(Frauwirth et al., 2002; Jacobs et al., 2008; Ray et al., 2015). It is presently unclear which
pathways downstream of TNF-a drive its effects on the activation and metabolic

reprogramming of naive CD4* T cells.

4.1.1 AIMS

Having established a role for TNF-a signalling in the metabolic reprogramming of naive CD4*
T cells upon activation, it was next sought to employ RNA-seq to investigate the effects of
blocking T cell-intrinsic TNF-a signalling on the global transcriptional landscape changes
induced upon activation. Additionally, this chapter will aim to understand which signalling
pathways act downstream of TNF:TNFR ligation to drive the TNF-a-mediated effects on

activation and metabolism, utilising phospho-flow to assess pathway activity.
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4.2 RESULTS

4.2.1 RNA-sequencing reveals a failure of activated naive CD4* T cells to upregulate

key metabolic genes under TNF-a blockade

In order to better understand the impact of blocking TNF-a signalling on the global
activation-induced transcriptome, RNA-seq was performed on naive CD4* T cells, either NA or
activated in presence of an anti-TNFa or isotype control antibody for 48 h (Figure 4.1A-E). PCA
plots identified that samples clustered mainly into activated and NA (Figure 4.1A). Comparing
only anti-TNFa and isotype conditions, samples did not cluster, but a separation based on
treatment could be seen (Figure 4.1B). Further PCA showed that samples from the same donor
also remained close together in variance (Figure 4.1C). These data confirm that the cells in the
anti-TNFa and isotype conditions are well activated compared to the NA condition and no
samples required removal as outliers. DEG analysis was first applied to isotype control-treated
(activated) vs. NA samples to validate the process. Genes were considered differentially
expressed if the adjusted p-value was < 0.05. A volcano plot represents the large number of
DEGs (in blue) present between activated and NA naive CD4* T cells (Figure 4.1D). Overall,
6523 DEGs were found with 3377 upregulated and 3146 downregulated in activated cells
compared to NA cells. Notable upregulated genes related to metabolic reprogramming
highlighted on the volcano plot include the glycolytic enzyme Gapdh; Slc2al, encoding the
glucose transporter GLUT1; Slc7a5, encoding amino acid transporter LAT1; and MYC, a key TF
promoting glycolysis and glutamine metabolism in T cells. Next, despite not clustering
together, DEG analysis revealed that samples treated with anti-TNFa were transcriptionally
distinct to their isotype control-treated counterparts. Comparing anti-TNFa treatment with
the isotype control, 285 DEGs were identified, 191 of these upregulated and 95
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downregulated (Figure 4.1E). The most highly upregulated of these included Mx2, Ifi44l, and
Gbp2, genes primarily associated with antiviral activity (Figure 4.2A). Indeed, performing gene
ontology pathway analysis on the upregulated genes in anti-TNFa vs. isotype control-treated
cells identified pathways such as response to virus, regulation of viral process, and type |
interferon (IFN) signalling (Figure 4.2B). Transcripts for CD38, an NAD consuming enzyme,
were also higher in anti-TNFa-treated cells (Figure 4.2A). Of note, /I7r was upregulated on
anti-TNFa cells compared to the control, IL-7R is downregulated following T cell activation,

again indicating that blocking TNF-a signalling impairs activation of naive CD4* T cells.
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Figure 4.1 RNA-sequencing of naive CD4* T cells

(A-E) Purified naive CD4* T cells were either not activated (NA) or activated and cultured in
presence of an anti-TNFa or isotype control antibody for 48 h and assessed by RNA-seq.
(A-C) Principal component analysis (PCA) plot of samples from the (A) NA, isotype, and
anti-TNFa conditions coloured by treatment and (B-C) isotype and anti-TNFa conditions
coloured by (B) treatment and (C) donor. (D-E) Volcano plots showing differentially expressed
genes (DEGs) in (D) Act. (isotype control-treated) vs. NA (E) anti-TNFa vs. isotype (A-E, n=6
independent donors).

(A-C) Each symbol represents an individual donor. (D-E) Each dot represents a gene, blue dots
represent DEGs if adjusted p-value < 0.05. Red dots represent those genes below the
threshold.
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Figure 4.2 Viral and type | interferon responses, alongside CD38 and IL-7R, are upregulated
by anti-TNFa

(A-B) Purified naive CD4* T cells were activated and cultured in presence of an anti-TNFa or
isotype control antibody for 48 h and assessed by RNA-seq. (A) Normalised transcript
abundance of selected upregulated DEGs in the anti-TNFa condition compared to isotype
control, a.u.=arbitrary units (B) Gene ontology biological pathways analysis of all upregulated
DEGs in anti-TNFa-treated cells compared to the isotype control. The top 10 pathways are
shown based on GeneRatio, which denotes the proportion of DEGs in a given gene ontology
term (A-B, n=6 independent donors).

(A) Each symbol represents an individual donor with lines between denoting matched pairs.
Significance assessed by paired t test or Wilcoxon test, * p < 0.05, ** p < 0.01, *** p <0.001.
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As the data so far have pointed towards a defect in the upregulation of metabolism when
blocking TNF-a signalling, downregulated DEGs in the anti-TNFa condition compared to
isotype control -treated cells were of particular interest to this current study. Of these, several
key metabolic DEGs were seen including Ldha, the enzyme able to convert pyruvate to lactate
or lactate to pyruvate in glycolysis; Sdhc, a subunit of TCA cycle enzyme SDH; Gata3, a key TF
for Th2 cell differentiation also recently implicated in mitochondrial fitness (Callender et al.,
2021); and metabolic TF MYC (Figure 4.1E and Figure 4.3A). Additionally, a reduction in c-Myc
at the protein level was detected by flow cytometry in cells treated with an anti-TNFa antibody
compared to an isotype control (Figure 4.3B). Top hits in gene ontology biological pathway
analysis of these downregulated genes included ATP metabolic process, oxidative
phosphorylation, and respiratory electron transport chain, again confirming a profound effect

of anti-TNFa on naive CD4* T cell metabolism (Figure 4.3C).
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Figure 4.3 Key metabolic genes downregulated by anti-TNFa

(A) Purified naive CD4* T cells were activated and cultured in presence of an anti-TNFa or
isotype control antibody for 48 h and assessed by RNA-seq. Normalised transcript abundance
of selected downregulated DEGs in the anti-TNFa condition compared to isotype control,
a.u.=arbitrary units.

(B) Cells were treated as in (A) and assessed for expression of c-Myc by flow cytometry,
MFI=mean fluorescence intensity (n=6 independent donors).

(C) Downregulated DEGs as in (A) were assessed by gene ontology biological pathway analysis.
The top 10 pathways are shown based on GeneRatio, which denotes the proportion of DEGs
in a given gene ontology term (n=6 independent donors).

(A-B) Each symbol represents an individual donor. (A) Lines between symbols denote matched
pairs (B) data normalised to the mean MFI of the experiment and presented as the median.
Significance assessed by (A) paired t test or Wilcoxon test (B) Mann-Whitney test, * p < 0.05,
** p<0.01, *** p<0.001.

126



To further interrogate the observed failure of anti-TNFa-treated cells to fully upregulate
metabolism at the transcriptional level, DEG lists were compared for isotype-treated vs. NA
cells and anti-TNFa-treated vs. NA (Figure 4.4A). The intention here was to identify genes only
upregulated upon activation in isotype control-treated cells, and not in anti-TNFa-treated
cells. The majority of DEGs (5493 genes) in these lists overlapped, but certain genes were
uniquely present in each list, 1030 and 467 respectively. As interest was focused on those
genes which were failing to increase upon activation in anti-TNFa-treated cells, upregulated
genes only present in isotype vs. NA were identified and analysed by gene ontology pathway
analysis (Figure 4.4B). These genes only induced in isotype-treated and not anti-TNFa-treated
cells upon activation were strongly associated with metabolic pathways, the top 8 pathways
identified including electron transport chain, oxidative phosphorylation, and aerobic
respiration. Abundance of transcripts identified as differentially expressed in the oxidative
phosphorylation pathway are displayed in a heatmap (Figure 4.4C). A clear increase in gene
transcripts could be seen upon activation from NA to isotype control-treated. Although still
appearing slightly increased compared to NA, cells in the anti-TNFa condition failed to
upregulate these metabolic genes to the level of the isotype control. Altogether, these data
support the finding that blocking TNF-a suppresses metabolic reprogramming at a
transcriptional level, with anti-TNFa-treated cells showing impaired upregulation of multiple

genes in key metabolic pathways.
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Figure 4.4 Anti-TNFa-treated cells fail to upregulate multiple genes in key metabolic
pathways

(A-C) Purified naive CD4* T cells were either not activated (NA) or activated and cultured in
presence of an anti-TNFa or isotype control antibody for 48 h and assessed by RNA-seq.
(A) Venn diagram comparing DEG lists of isotype-treated cells vs. NA and anti-TNFoa-treated
cells vs. NA. (B) Upregulated DEGs only present in the isotype vs. NA list were assessed by
gene ontology biological processes pathway analysis. Top 8 pathways identified are shown
based on GeneRatio, which denotes the proportion of DEGs in a given gene ontology term.
(C) Relative transcript abundance of DEGs identified to be only upregulated in isotype vs. NA
and part of the oxidative phosphorylation pathway are represented in a heatmap comparing
relative transcript abundance of genes in NA, isotype, and anti-TNFa conditions, each column
represents an individual donor (A-C, n=6 independent donors).

128



4.2.2 Effects of TNF-a on naive CD4* T cells are not driven through NFkB

Next, the signalling pathways through which TNF-a may promote metabolic reprogramming
of naive CD4* T cells upon activation were interrogated. As the most widely reported
downstream pathway of TNF-a (Aspalter et al., 2003; Banerjee et al., 2005), NFkB pathway
activity was first assessed (Figure 4.5A). IkBa is a suppressor protein bound to NFkB until
induction of the pathway drives IkB kinase (IKK) to phosphorylate IkBa and target it for
degradation (Shi and Sun, 2018). Therefore, measuring IkBa levels in a cell provides a readout
for NFkB pathway activity. At 4 h post-activation, this degradation of IkBa could be seen with
lower protein abundance detected in activated cells, both isotype and anti-TNFa-treated,
compared to NA. No difference in IkBa expression was seen between cells treated with an
anti-TNFa or isotype control antibody (Figure 4.5B). At 24 h post-activation, all conditions
exhibited the same level of IkBa expression (Figure 4.5C). Taken together, the data here
suggest that TCR/CD28 engagement is sufficient to drive the transient activation of the NFkB

pathway in naive CD4* T cells, even in the absence of T cell-intrinsic TNF-a signalling.
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Figure 4.5 NFkB is not driven by TNF-a in naive CD4* T cell activation
(A) Schematic to represent NFkB signalling and the role of IkBa.

(B-C) Purified CD4* T cells were either not activated (NA) or activated and cultured in presence
of an anti-TNFa or isotype control antibody for (B) 4 h or (C) 24 h and cells in the naive cell
gate (CD45RAY) assessed for expression of IkBa by flow cytometry, MFI=mean fluorescence
intensity (B-C, n=4 independent donors).

(B-C) Each symbol represents an individual donor, data presented as mean # SD. Significance
assessed by RM one-way ANOVA with Holm-Sidak’s multiple comparisons test, ** p < 0.01.
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4.2.3 TNF-a drives PI3K/Akt/mTOR signalling in naive CD4* T cells

The PI3K/Akt pathway is crucial for regulation of metabolism in T cells (Shyer et al., 2020),
therefore, to assess activity of this pathway cells were stained for levels of p-Akt by
phospho-flow (Figure 4.6A-B). Phosphorylation of the threonine 308 (T308) residue was
measured as the specific residue phosphorylated by PI3K (mTORC2 is also able to
phosphorylate Akt at a different position (Bozulic and Hemmings, 2009)). To understand the
dynamics of the pathway, p-Akt was measured after 24 and 48 h of activation under treatment
conditions. At 24 h, naive CD4* T cells treated with anti-TNFa upon activation had reduced
p-Akt levels compared to isotype control-treated cells (Figure 4.6B). LY294002 is a potent
inhibitor of PI3K and used here as a control treatment. Consistently, at 48 h a similar level of
impaired Akt phosphorylation was seen in anti-TNFa-treated cells (Figure 4.6C). Levels of
p-Akt with anti-TNFa treatment were still slightly increased compared to LY294002-treated
cells suggesting this was not a full inhibition of PI3K activity but a reduction (Figure 4.6B-C).
Total levels of Akt were also assessed to ensure this effect was due to a decrease in PI3K
activity and not overall suppression of Akt protein levels (Figure 4.6E). In agreement with Akt1
being identified as a DEG in the RNA-seq analysis (Figure 4.1E), a slight decrease in total Akt
expression was observed with anti-TNFa treatment. Nevertheless, the difference in p-Akt
levels between isotype and anti-TNFa was greater than the difference in total Akt
(Figure 4.6E-F). So, although a decline in total protein may partially contribute to the decrease

in p-Akt seen, there was also an impairment in PI3K/Akt pathway activity driven by anti-TNFa.
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Further downstream, Akt drives mTOR activity which modulates cellular metabolism and
differentiation (Frauwirth et al., 2002; Delgoffe et al., 2011; Shyer et al., 2020). To measure
this pathway, cells were stained by phospho-flow for levels of p-S6 kinase (S6K), an enzyme
phosphorylated by mTOR (Figure 4.6A). The inhibitor of mTOR, rapamycin, was used as a
control treatment. At 24 h and 48 h, phosphorylation of S6K was lower in anti-TNFa-treated
cells compared to isotype control-treated, although not to a level comparable to rapamycin
treatment. The effect of anti-TNFa was, in this case, greatest at 48h, reflecting the position of
MTOR and S6K further down in this signalling cascade than Akt (Figure 4.6F-G). In combination,
these data show that blocking T cell-intrinsic TNF-a signalling supresses activity of the

PI3K/Akt/mTOR pathway upon naive CD4* T cell activation.

To assess the effect of increased sTNF-a or mTNF-a on the PI3K/Akt pathway, cells were
treated with 50 ng/ml sTNF-a or TAPI-O respectively, along with relevant controls
(Figure 4.7A-D). The soluble form of TNF-a had no effect on p-Akt levels in naive CD4* T cells
but did increase levels of p-S6K upon activation compared to the control (Figure 4.7A-B).
TAPI-0, which causes an increase in mTNF-a, had no effect on either p-Akt or p-S6K levels
compared to the control (Figure 4.7C-D). These data show little effect of increasing levels of

sTNF-a or mTNF-a on the PI3K/Akt signalling pathway in naive CD4* T cells.
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Figure 4.6 Blockade of TNF-a suppresses PI3K/Akt/mTOR signalling in naive CD4* T cells

(A) Schematic diagram showing the PI3K/Akt/mTOR pathway and indicating the role of
phosphorylated (p)-Akt and p-S6K.

(B-G) Purified CD4* T cells were activated and cultured in presence of an anti-TNFa or isotype
control antibody for (B and F) 24 h or (C-E and G) 48 h. An additional condition of cells treated
with (B-C) LY294002 or (F-G) rapamycin was included to inhibit PI3K and mTOR signalling
respectively, as a control. Cells in the naive cell gate (CD45RA*) were assessed for expression
of (B-C) p-Akt (D) Akt or (F-G) p-S6K by flow cytometry, MFI=mean fluorescence intensity.
(E) Fold change of p-Akt and total Akt MFI between isotype and anti-TNFa conditions (B, n=10
independent donors; C, n=8 independent donors; D, n=6 independent donors; F-G, n=9
independent donors; B-C, LY294002 representative plot of n=3 independent donors;
F-G rapamycin representative plot of n=3 independent donors).

(B-G) Each symbol represents an individual donor and data presented as the median.
(B-D and F-G) Data normalised to the mean of the experiment. Significance assessed by
Mann-Whitney test, ** p < 0.01, *** p <0.001.
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Figure 4.7 Increasing soluble and membrane-bound TNF-a has little effect on PI3K/Akt

signalling in activated naive CD4* T cells

(A-D) Purified naive CD4* T cells were activated and cultured in presence of (A-B) exogenous,
soluble TNF-a (50 ng/ml) (C-D) TAPI-0 (10 uM) or a relevant control for 48 h and assessed for
expression of (A and C) p-Akt (B and D) p-S6K by flow cytometry, MFI=mean fluorescence

intensity (A-D, n=5 independent donors).

(A-D) Each symbol represents an individual donor, data normalised to the mean of the
experiment and presented as the median. Significance assessed by Mann-Whitney test,

* p < 0.05.
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4.2.4 TNF-a induces metabolic reprogramming through PI3K/Akt

Thus far, the data have shown that blocking TNF-a suppresses both the metabolic capacity of
naive CD4* T cells and signalling through the PI3K/Akt pathway. As PI3K/Akt is a known
regulator of T cell metabolism, it is likely that through its inhibition, anti-TNFa is suppressing
metabolic reprogramming. To directly confirm this, anti-TNFa and isotype control-treated
cells were additionally cultured with an Akt inhibitor (Akti) or relevant DMSO control. Firstly,
the Akti was titrated to find the appropriate dose, the aim was to mimic the inhibitory effects
of anti-TNFa and not completely ablate the cell of Akt activity. The range of Akti doses tested
(0.3-2.5 uM) was based on a previous study using human CD4* T cells (Revu et al., 2018)
(Figure 4.8A-G). After culture, cells were stained and analysed by flow cytometry. None of the
doses used had any effect on cell viability confirming them as non-toxic (Figure 4.8A and C). A
dose-dependent decline in both CD69 and CD25 expression highlighted the role of Akt in T cell
activation (Figure 4.8B and D-E). A dose-dependent inhibition of p-Akt levels could be seen,
along with a steady decrease in p-S6K, confirming both the efficacy of the Akti and the
dependence of S6K phosphorylation on upstream PI3K/Akt function (Figure 4.8F-G). From
these data, the lowest dose of 0.3 uM, was chosen for the following experiments, as this
concentration was effective at decreasing all appropriate parameters and was most

comparable to the degree of inhibition seen with anti-TNFa-mediated suppression.
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Figure 4.8 Dose-dependent effects of the Akt inhibitor

Akti (M)

Akti (M)

(A-G) Purified naive CD4* T cells were activated and cultured in presence of increasing
indicated doses of Akt inhibitor (Akti; 0.3-2.5 uM) for 48 h and assessed for (A and C) cell
viability and the expression of (B and D-E) CD25 and CD69 and abundance of
(F) phosphorylated (p)-Akt and (G) p-S6K.

(C-G) Each symbol represents an individual donor. (C-E) Data presented as mean * SD.
(F-G) Data normalised to the mean of the experiment and presented as the median.
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Substantial variability among donors meant a significant decrease in CD69 with
anti-TNFa-treatment was not replicated here, however a clear trend was still apparent
(Figure 4.9A-B). Indeed, this decrease could be seen in both the control and Akti conditions.
The same was true of CD25 expression, with the suppressive effect of anti-TNFa present in
both control and Akti-treated cells. These data suggest that blocking TNF-a is able to suppress
CD4* T cell activation independently of Akt. As observed previously, anti-TNFa treatment
suppressed an increase in mitochondrial mass in naive CD4* T cells upon activation. However,
this suppressive effect was completely blunted in presence of the Akti (Figure 4.10A). Notably,
the Akti was able to decrease mitochondrial mass slightly further than anti-TNFa, suggesting
this concentration of the Akti was inhibiting Akt to a slightly greater extent than blocking
T cell-derived TNF-a. As before, no difference could be seen in mitochondrial activity between
anti-TNFa-treated and isotype control-treated cells, there was also no difference within the
Akti condition. Although, compared to the control the Akti did cause a reduction in
MSO:MSO+FCCP (Figure 4.10B). As a readout for glycolytic activity, concentrations of glucose
and lactate in the cell culture supernatants were measured after 48 h (Figure 4.10C-D). In
accordance with decreased glycolysis as measured by Seahorse XF assay, anti-TNFa-treated
cells had consumed less glucose from the medium during 48 h of culture than the isotype
control-treated cells, resulting in a higher concentration of glucose in the supernatant
(Figure 4.10C). Comparatively, no difference in glucose concentration was seen between
anti-TNFa and the isotype control with the addition of the Akti. A similar trend was seen with
lactate, less lactate in the supernatant after 48 h suggesting a lower rate of aerobic glycolysis,

but this did not reach significance (Figure 4.10D). Altogether, these data give evidence to
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suggest that TNF-a-mediated changes in mitochondrial mass and glycolysis are driven through

induction of the PI3K/Akt pathway.
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Figure 4.9 Anti-TNFa suppresses CD69 and CD25 expression independently of Akt

(A-B) Purified naive CD4* T cells were activated and cultured in presence an anti-TNFa or
isotype control antibody and with an Akt inhibitor (Akti; 0.3 uM) or DMSO control for 48 h and
assessed for expression of CD69 and CD25 (A-B, n=5 independent donors).

(B) Each symbol represents an individual donor with the line between denoting matched pairs.
Significance assessed by RM two-way ANOVA with Siddk’s multiple comparisons test,

* p <0.05.
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Figure 4.10 Anti-TNFa inhibits metabolism via suppression of PI3K/Akt

(A-D) Purified naive CD4* T cells were activated and cultured in presence an anti-TNFa or
isotype control antibody and with an Akt inhibitor (Akti; 0.3 uM) or DMSO control for 48 h and
assessed for mean fluorescence intensity (MFI) of (A) MVG to measure mitochondrial mass
and (B) the ratio of MSO with and without FCCP to measure mitochondrial membrane
potential by flow cytometry (MSO:MSO+FCCP) (A, n=6 independent donors; B, n=5
independent donors). (C-D) Cell culture supernatants were assessed for the concentration of
(C) glucose and (D) lactate after 48 h (C-D, n=7 independent donors).

(A-D) Each symbol represents an individual donor. (A-B) Data normalised to the experiment
mean and the median is presented. (C-D) The line between symbols denotes matched pairs.
Significance assessed by (A-B) two-way ANOVA with Siddk’s multiple comparisons test
(C-D) RM two-way ANOVA with Sidak’s multiple comparisons test, * p <0.05.
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To confirm the role of Akt in driving mTOR activity in naive CD4* T cells, cells were analysed by
flow cytometry for phosphorylation of S6K (Figure 4.11A). In accordance with previous data,
anti-TNFa-treated cells had lower levels of S6K phosphorylation than isotype controls.
However, when Akt was inhibited, anti-TNFa had no effect on p-S6K levels compared to the
isotype. In fact, anti-TNFa decreased p-S6K to a level comparable with the Akti. Kynurenine
uptake, which was decreased by anti-TNFa treatment, also showed no change in presence of
the Akti (Figure 4.11B). By comparison, the anti-TNFa-driven decrease in c-Myc expression
was still present when cells were also treated with the Akti, although to a slightly lesser extent
(Figure 4.11C). Taken together, these data confirm that blocking T-cell derived TNF-a upon
naive CD4* T cell activation suppresses PI3K/Akt signalling and downstream mTOR activity
which results in the suppression of metabolic reprogramming. Anti-TNFa inhibits the
upregulation of glucose uptake, amino acid uptake, glycolysis, mitochondrial mass, OXPHOS,
and metabolism of glutamine through the TCA cycle. Anti-TNFa was also able to suppress
naive CD4* T cell expression of activation markers CD69 and CD25, and TF c-Myc in an

additional manner, independent of Akt (Figure 4.12).
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Figure 4.11 Anti-TNFa suppresses mTOR activity and kynurenine uptake via Akt

(A-C) Purified naive CD4* T cells were activated and cultured in presence an anti-TNFa or
isotype control antibody and with an Akt inhibitor (Akti; 0.3 uM) or DMSO control for 48 h and
assessed for mean fluorescence intensity (MFI) of (A) phosphorylated (p)-Akt (n=7
independent donors) (B) ratio of kynurenine (kyn) uptake with and without BCH, an inhibitor
of the kyn transporter (Kyn:Kyn+BCH) (C) c-Myc by flow cytometry (B-C, n=6 independent
donors).

(A-C) Each symbol represents an individual donor. Data normalised to the experiment mean
and the median is presented. Significance assessed by (A and C) two-way ANOVA with Sidak’s
multiple comparisons test (B) RM two-way ANOVA with Sidak’s multiple comparisons test,
* p <0.05, ** p <0.01.
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Figure 4.12 Summary diagram of TNF-a-driven metabolic reprogramming

Schematic diagram to represent the role of TNF-a in driving the activation and metabolic
reprogramming of naive CD4* T cells. TNF-a exists first membrane-bound (mTNF-a) and is
then cleaved by TNF-a converting enzyme (TACE) to its soluble (sTNF-a) form. TNF-a acts on
CD4* T cells through the TNFRs. Observed effects of blocking TNF-a are shown by red arrows.
TNF-a drives expression of activation markers CD69 and CD25 on naive CD4* T cells. The
metabolic effects of TNF-a, including increased glucose uptake, amino acid uptake, glycolysis,
mitochondrial mass, glutamine metabolism, and OXPHOS are mediated through
PI3K/Akt/mTOR signalling. TNF-a also drives c-Myc upregulation through mechanisms
dependent and independent of PI3K/Akt/mTOR.
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4.3 DISCUSSION

The effects of blocking TNF-a on the activation-induced transcriptome of naive CD4* T cells
are yet to be described but could aid in understanding the mechanisms by which TNF-a drives
activation and metabolism. Using RNA-seq, it was shown that anti-TNFa-treated naive CD4* T
cells fail to upregulate multiple key metabolic genes upon activation compared to isotope
control-treated cells. Furthermore, TNF-a-mediated effects on T cells have been most
commonly attributed to activation of the NFkB pathway (Kim and Teh, 2001; Aspalter et al.,
2003; Banerjee et al., 2005). However, studies have also shown evidence for interactions with
PI3K/Akt (Kim and Teh, 2001; Aspalter et al., 2003). Here, it is demonstrated that T cell-derived
TNF-a is not required for activation of the NFkB pathway upon naive CD4* T cell activation but
is essential for PI3K/Akt signalling and through induction of this pathway, TNF-a drives its

metabolic effects.

4.3.1 RNA-sequencing suggests TNF-a upregulates metabolic genes

RNA-seq was performed on naive CD4* T cells activated with anti-CD3/28 in presence of an
anti-TNFa or isotype control antibody for 48 h. Comparisons between anti-TNFa and isotype
control treatment revealed several genes upregulated by the blockade of TNF-a signalling.
Pathway analysis of these genes primarily identified control of virus and type | IFN response
pathways. This increase in type | IFN responses by anti-TNFa has been observed previously in
psoriasis patients, attributed to effects on DCs (Conrad et al., 2018). Additionally, in a study
assessing the effect of adalimumab on the activated CD4* T cell transcriptome, IFN signalling
was the most significantly upregulated pathway (Ho et al., 2021). Investigating this effect was

beyond the scope of the current study. However, further work on this potentially antiviral role
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of anti-TNFa may aid understanding the risk factors and comorbidities for RA patients on

TNF-a blockade therapy (Domm et al., 2008; Kim and Solomon, 2010).

Relevant to the current study, pathway analysis of the genes downregulated by anti-TNFa
treatment compared to the isotype control revealed multiple metabolic pathways including
OXPHOS and the ETC. Comparison of the DEG lists from isotype control-treated vs. NA and
anti-TNFa-treated vs. NA also revealed similar pathways enriched for downregulated genes,
such as OXPHQOS, the ETC, and cellular respiration. These data suggest impairment in the
transcriptional upregulation of genes involved in these key metabolic pathways as one
mechanism by which anti-TNFa suppresses both glycolysis and OXPHOS. Included were genes
such as Ldha and Sdhc, components of aerobic glycolysis and the TCA cycle respectively. These
data are consistent with a previous study assessing the transcriptome of different peripheral
CD4* T cell subsets from RA patients on infliximab therapy or no treatment (Takeshita et al.,
2019). In contrast to the experiments described here, cells in the study by Takeshita et al. were
analysed directly ex vivo and were not stimulated. Therefore effects on metabolic
reprogramming may not have been detected. Nonetheless, in patients treated with infliximab,
peripheral naive CD4* T cells were enriched for downregulated genes associated with
OXPHOS. Also consistent with the data here, Tem cells were not associated with differences in
metabolic pathways under anti-TNFa treatment. In the study by Ho et al. mentioned
previously, RNA-seq of adalimumab-treated CD4* T cells revealed increases in IFN signalling
similar to the results described here. However, downregulated genes in this study were largely
effector molecules such as IL-17A, IL-2, and IFN-y (Ho et al., 2021). This discrepancy may be
due to presence of naive and memory cells in the sample, with functional suppression of
memory cells by anti-TNFa dominating any effects on naive cells. Indeed, Gata3 transcription
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in this study was seen to be unchanged by adalimumab. This contrasts with the decrease in
Gata3 seen here in naive CD4* T cells activated in presence of anti-TNFa. GATA3 has recently
been shown to have a role in inducing mitochondrial biogenesis and OXPHOS in CD4* T cells
under conditions of DNA damage induced by ROS (Callender et al., 2021). It is possible that
lower levels of OXPHOS in anti-TNFa-treated naive CD4* T cells results in reduced ROS
production and impaired induction of GATA3. Additionally, anti-TNFa-driven suppression of

GATA3 upregulation may suppress mitochondrial biogenesis and OXPHOS in these cells.

Also identified to be downregulated by anti-TNFa in RNA-seq was TF c-Myc. This was then
confirmed at the protein level by flow cytometry. C-Myc is a crucial regulator of glucose and
glutamine metabolism in CD4* T cells, required for proliferation and effector function (Wang
etal., 2011). The deficiencies seen here in glucose uptake, glycolysis, amino acid uptake, and
glutaminolysis are all consistent with reduced activity of c-Myc (Wang et al., 2011; Marchingo
et al., 2020). Use of the Myc inhibitor OMO-103 may be used in similar experiments to those
performed here with the Akti, to confirm the role of c-Myc in driving TNF-a responses
(Garralda et al., 2022). Additionally, future studies on naive CD4* T cells overexpressing c-Myc,
for example by vector insertion (Preston et al., 2015), and treated with anti-TNFa could
investigate whether re-establishing c-Myc activity is able to rescue the metabolic suppression
driven by anti-TNFa. It has been observed in CD8* T cells that c-Myc is rapidly degraded, so
requires a high rate of protein synthesis to increase its expression (Preston et al., 2015). High
levels of protein synthesis require energy and amino acid uptake, both seen to be suppressed
by anti-TNFa treatment of naive CD4* T cells upon activation. It is possible that this
metabolically suppressed state of the cells induced by anti-TNFa is contributing to the
impairment in c-Myc upregulation. Of note, this study by Preston et al. also identified IL-2 to
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control c-Myc expression in CD8* T cells through increasing amino acid uptake and protein
synthesis. IL-2 is also known to drive glycolysis through PI3K/Akt signalling (Ray et al., 2015).
Additionally, impaired IL-2 production by CD4* T cells in presence of anti-TNFa has been
reported (Ho et al., 2021), although another study showed no effect of TNF-a on IL-2
production (Aspalter et al., 2003). Here, exogenous IL-2 was added consistently to the cell
cultures and so is unlikely to be contributing to the observed effects on either c-Myc or

metabolism.

4.3.2 PI3K/Akt-driven TNF-a effects on metabolism

It is reported in multiple studies that NFkB signalling is induced downstream of TNF-ain T cells
(Kim and Teh, 2001; Aspalter et al., 2003; Banerjee et al., 2005). Here, the activity of the NFkB
pathway was assessed by flow cytometric analysis of IkBa protein levels. IkBa is an inhibitor
of NFkB which is targeted for degradation upon activation of the pathway (Liu et al., 2016). In
accordance with this, a decrease in IkBa was observed after 4 h of activation in naive CD4* T
cells. By 24 h, levels of IkBa were comparable in NA and activated cells, suggesting that the
induction of the NFkB pathway in naive CD4* T cell activation occurs early and transiently. This
is consistent with another study in Jurkat cells (a CD4* T cell line) which showed decreases in
IkBa at around 30 mins to have increased again by 60 mins (Liu et al., 2016). Additional time
points of 5 mins and 1 h were also tested but not shown here as no difference in IkBa levels
were seen between NA and activated cells. In the current study, anti-TNFa was unable to
affect levels of IkBa, indicating that TCR/CD28 stimulation alone is sufficient to drive the NFkB
pathway upon activation of naive CD4* T cells. Validation of this result may be performed by

analysis of phosphorylation levels of other proteins in the NFkB pathway, such as p65 (Liu et
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al., 2016), or of complexes formed in the pathway by co-immunoprecipitation (Banerjee et al.,
2005). These experiments do not rule out a role for TNF-a-driven NFkB signalling in naive CD4*
T cell activation. However, along with little reported association between NFkB and T cell
metabolism in the literature, these data were sufficient for the following investigations to be

focused on a different pathway.

Here, by flow cytometry of p-Akt and p-S6K, it was demonstrated that activity of the
PI3K/Akt/mTOR pathway was suppressed by anti-TNFa. These data are in agreement with a
previous study which showed blockade of PI3k/Akt to partially inhibit the action of TNFR2
co-stimulation (Aspalter et al., 2003). Additionally, a recent study showed TNF:TNFR2 ligation
in tTregs to drive PI3K/Akt signalling and subsequent increases in glycolytic metabolism
(de Kivit et al., 2020). A following study by this group identified TNFR2 binding in naive CD4* T
cells to drive glutaminolysis, yet the relevant signalling pathway was not investigated
(Mensink et al., 2022). This TNF-a-driven PI3K/Akt metabolic axis has also been reported in
other cell types such as FLS (Koedderitzsch et al., 2021). In the current study, culture of cells
in presence of an Akti and anti-TNFa demonstrated that anti-TNFa suppresses metabolic
reprogramming in naive CD4"* T cells through the inhibition of PI3K/Akt signalling. This effect
was shown by MVG staining as a readout for mitochondrial mass and levels of glucose
remaining in the cell culture medium as a readout for glucose uptake. Further work could
confirm this effect with Seahorse XF analysis, which is more sensitive to changes in glycolysis
and OXPHOS. Stable isotope tracing of *Cs-glutamine should also be performed to understand
if the effect of TNF-a on mitochondrial oxidation of glutamine is also dependent on Akt
signalling. It was seen here that inhibition of c-Myc, the major TF controlling glutamine
metabolism in T cells, was only partially blunted by the Akti, suggesting the use of other
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mechanisms by anti-TNFa to control its expression. Reported in several cancer studies, TNF-a
has previously been shown to induce c-Myc through mechanisms such as NFkB signalling and
expression of TF pituitary tumour transforming gene 1 (PTTG1) (Zhong et al., 2018; Lin et al.,
2019). Further studies should identify the additional mechanisms of c-Myc induction by TNF-a
in naive CD4* T cells, initially investigating potential involvement of the NFkB pathway. C-Myc
inhibition by anti-TNFa was at least partially blunted by the Akti, likely due to the suppression
of PI3K/Akt-driven mTOR signalling by anti-TNFa which is known to promote c-Myc
expression. Of note, no transcriptional change in HIF1a was detected by RNA-seq, another TF

reported to be induced by mTOR (Wang et al., 2011).

Inhibition of MTOR signalling by anti-TNFa was found to be Akt-dependent, suggesting a direct
induction of mTOR activity by Akt. However, mTOR is also known to be dependent on leucine
uptake via LAT1, expression of which is controlled by c-Myc (Sinclair et al., 2013; Marchingo
et al., 2020). It was shown here that anti-TNFa suppresses activity of the LAT1 transporter in
an Akt-dependent manner, it is likely that reduced availability of leucine is also contributing
to the suppression of mTOR activity. The mechanism by which TNF-a promotes LAT1 is not
elucidated but may be attributed to induction of c-Myc. Additionally, LAT1 is an antiporter of
glutamine, which trended towards lower abundance in anti-TNFa-treated cells compared to
isotype control-treated cells. Reduced uptake of glutamine induced by anti-TNFa may also
regulate LAT1 activity. Furthermore, mTOR is stabilised by ROS, although not measured here,
ROS are produced during OXPHOS (Sena et al., 2013; Scharping et al., 2021). It is likely that
with a reduced level of OXPHQS, less ROS are present in anti-TNFa-treated cells compared to
isotype controls. In the current study, it was shown that exogenous sTNF-a was able to
increase p-S6K levels, indicating increased mTOR activity, but did not induce any change in
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p-Akt. It is possible that one or several of these mechanisms of mTOR induction were
promoted by sTNF-a and contributed to increased p-S6K. Collectively, these studies suggest
that TNF-a promotes mTOR activity through multiple mechanisms, future work should confirm
this effect and elucidate the contribution of each process to TNF-a-driven metabolic

reprogramming.

Suppressive effects of anti-TNFa on CD4* T cell activation, assessed by expression of CD69 and
CD25, were here shown to be Akt-independent. These data are consistent with the known
role of TCR-driven MAPK and NFAT pathway induction promoting CD69 and CD25 expression
respectively (Castellanos et al., 1997; Schuh et al., 1998; Kim and Leonard, 2002; Das et al.,
2009). The effect of TNF-a on TCR signalling was not addressed in the current study. It has
been shown previously that chronic TNF-a stimulation of CD4* T cells downregulates TCR
signalling (Cope et al., 1994; Bryl et al., 2001; Aspalter et al.,, 2005), yet the role of
T cell-derived TNF-a on TCR signalling upon naive CD4* T cell activation is not described. Future
work on naive CD4* T cells activated in presence of an anti-TNFa or isotype control antibody,
may assess TCR signalling by flow cytometry of phosphorylated proteins in the pathway such
as Zap70 and LCK. Additional analysis of extracellular signal-related kinase (ERK)
phosphorylation in the MAPK pathway and NFAT nuclear localisation could work towards

understanding the effects of T cell-derived TNF-a on TCR signalling pathways and activation.

4.3.3 foConclusion

Overall, this chapter has shown that blockade of T cell-derived TNF-a prevents activated naive
CD4* T cells from fully upregulating a range of key metabolic genes. Furthermore, it was shown

that TNF-a promotes the metabolic reprogramming of naive CD4* T cells through induction of
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the PI3K/Akt/mTOR pathway. In comparison, expression of CD69, CD25, and c-Myc are
regulated by Akt-independent mechanisms. Work presented in the next chapter will

interrogate the functional effects of the TNF-a/PI3K/Akt metabolic axis on naive CD4* T cells.
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CHAPTER 5: FUNCTIONAL IMPACT OF TNF-A
BLOCKADE ON CD4* T CELLS

5.1 INTRODUCTION

Cellular metabolism is tightly linked to a cell’s functional capacity. As data in the previous
chapters have identified a TNF-a-driven PI13K/Akt metabolic axis in the activation of naive CD4"*
T cells, the next approach was to investigate the functional impacts of this. TNF-a is known to
increase proliferation and cytokine production in T cells upon activation, identified as part of
its role in co-stimulation (Aspalter et al., 2003, 2007). A study investigating the transcriptional
effects of adalimumab on CD4* T cells showed decreases in IL-17A, IL-17F, and IFN-y but no
change in TFs (Ho et al., 2021). Furthermore, another study on the effects of infliximab on
CD4* T cells from patients with Behcet’s disease, a disease causing inflammation of the blood
vessels, showed blocking TNF-a to suppress Th17 cell differentiation, seen by reduced IL-17
expression but also reductions in RORyt (Sugita et al., 2012). A recent study on purified Th1
and Th17 cells from peripheral blood showed that TNF-a could promote IL-17 production but
was inhibitory of IFN-y (Pesce et al., 2022). In comparison, TNF-a was shown to be essential
for the proliferation and inflammatory Th1 cell phenotype of CD4* T cells in a mouse model of
colitis (Chen et al., 2016). This study however, did not look at T-bet expression, only IFN-y. An
additional study looking at the role of TNFR2 in mouse models of colitis and MS, found that
TNFR2 signalling drove the expansion of inflammatory Th1l and Th17 cells, increasing both TF
and cytokine production, and again showing that TNFR2 deficiency was protective in these

disease models (Alam et al., 2021). This work also highlighted a requirement for TNFR2 in Treg
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differentiation, an effect that has been considered by previous studies. It remains unclear
whether TNFR2 is able to promote or suppress Treg function, with studies showing it to both
enhance and inhibit FoxP3 expression (Zhang et al., 2013; Tseng et al., 2019). Of note, tTregs
exhibit a more stable FoxP3 phenotype; TNF:TNFR2 binding in this subset has been shown to
promote glycolysis and an increased suppressive capacity (Baron et al., 2007; Q. Chen et al.,
2011; de Kivit et al., 2020). In comparison, iTregs differentiated from naive CD4* T cells, are
less phenotypically stable and more prone to plasticity (Komatsu et al., 2014; Wang et al.,
2015). The blockade of TNF-a has also been shown to induce the production of
anti-inflammatory IL-10 by CD4* T cells independently of FoxP3 expression (Evans et al., 2014;

Roberts et al., 2017; Povoleri et al., 2020).

Previous studies have implicated dysregulated metabolism as a driver of the pathogenic
function of inflammatory T cell subsets. Lactate build-up in the local microenvironment
promotes Th17 cell differentiation through FAS (Pucino et al., 2019). An intrinsic glycolysis
defect in naive CD4* T cells in RA promotes ROS overproduction, leading to a Thl and Th17
cell differentiation bias (Yang et al., 2016). Also demonstrated in RA naive CD4* T cells,
impairments in succinyl-CoA ligase and mitochondrial aspartate production drive an invasive
phenotype and overproduction of TNF-a respectively (Wu et al., 2020, 2021). Furthermore, it
is known that increased inflammatory function is often coupled with higher metabolic
demands (Peng et al., 2016; Cluxton et al., 2019). Indeed, Th1 and Th17 cells are known to be
more reliant on glycolysis than Tregs (Delgoffe et al., 2009; Michalek et al., 2011; Gerriets et

al., 2015),

IL-12 is a known inducer of a Th1 cell phenotype with IFN-y able to enhance differentiation

(Hsieh et al., 1993; Smeltz et al., 2002). For Th17 cells, IL-1B, IL-6, IL-23, and TGF-B are all
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implicated in promoting differentiation (Manel et al., 2008; Volpe et al., 2008; Revu et al.,
2018). Inflammatory cytokines, IL-17, IFN-y, and TNF-a, produced by these cell types then
promote immune cell migration, pro-inflammatory phenotypes in neighbouring cells, and
further release of inflammatory mediators to exacerbate disease. The differentiation of naive
CD4* T cells into a Thl and Th17 cell phenotype is a crucial process in the pathogenesis of
inflammatory disease, yet the role of TNF-a in the induction of these subsets is not completely
understood and effects are inconsistently reported. Moreover, the mechanisms by which
TNF-a drives inflammatory CD4* T cell differentiation are not known, particularly in relation
to the TNF-a-driven metabolic effects described here. Better insight into these effects which
promote pathogenic cell function will aid in the understanding and use of anti-TNFa therapy

in inflammatory disease.

5.1.1 AIMS

With previous analyses focusing on naive CD4* T cells, this chapter will assess their ability to
differentiate in vitro into inflammatory Th1 and Th17 cell subsets and iTregs in presence of an
anti-TNFa or isotype control antibody. First, a differentiation protocol will be developed for
human Th1, Th17, and Treg cells. Next, the effects of anti-TNFa on CD4* T cell differentiation
will be assessed by flow cytometry and ELISA. Further experiments again utilising the Akti, will
then assess whether the effects of blocking TNF-a on CD4* T cell differentiation are
Akt-dependent. These experiments will test the hypothesis that the suppressive metabolic
effects of anti-TNFa on naive CD4* T cells will cause an impairment in the differentiation of

Th1l and Th17 cells.
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5.2 RESULTS
5.2.1 CD28 stimulation suppresses in vitro differentiation of human Th17 cells

To interrogate a role for TNF-a in the differentiation of naive CD4* T cells into effector subsets,
naive cells, treated with an anti-TNFa or isotype control antibody, were polarised into Th1,
Th17, and Treg cells. A ThO condition with no additional cytokines or blocking antibodies was
used as a control (Figure 5.1A-E). Naive CD4* T cells were activated and cultured for 6 days
under polarising conditions and assessed by flow cytometry on days 3 and 6. By day 3, around
50% of cells polarised towards a Th1 cell phenotype expressed IFN-y, with cells in all other
conditions remaining at around 12% IFN-y* (Figure 5.1A). At day 6, the percentage of IFN-y*
cells in the Th1 condition had increased slightly to 58.6% with cells under ThO, Th17, and Treg
cell differentiation remaining between 6-11% IFN-y*. In agreement with this, Thl cells
exhibited the highest expression of the Thl cell hallmark TF T-bet on both days 3 and 6
(Figure 5.1B). For Th17 cell differentiation, although the highest percentage of IL-17A* cells
was present in the Th17 condition, this was only around 3% on day 3 with other conditions at
around 2% IL-17A* cells. IL-17A expression then globally dropped by day 6 with positive cells
in the Th17 condition reduced to 1.5% (Figure 5.1C). Appropriately, Th17 cells did have higher
RORyt expression than Thl and ThO cells on day 3 (Figure 5.1D). However, by day 6, this
difference was reduced and levels of RORyt were comparable between Tregs and Th17 cells.
Tregs were well differentiated by day 6 with over 50% of cells expressing FoxP3, more than
30% higher than other conditions (Figure 5.1E). From these data, day 6 was chosen as a
suitable time point for differentiation of human naive CD4* T cells into effector subsets. Both
Th1 and Treg cells were well differentiated under these conditions. However, Th17 cells were

unable to produce much IL-17A and did not have a distinctly high expression of RORyt.
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Figure 5.1 Differentiation of CD4* T cell subsets

(A-E) Purified naive CD4"* T cells were activated with anti-CD3/28 and differentiated into ThO,
Thl, Thl7, or Treg cells over 6 days, then assessed on days 3 and 6 for the expression of
(A) IFN-y (B) T-bet (C) IL-17A (D) RORyt (E) FoxP3 by flow cytometry (A-E, representative plots

of n=3 independent donors).

(B and D) Numbers on the plot denote mean fluorescence intensity, US=unstained control.
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One study has previously identified that CD28 signalling is suppressive of human Th17 cell
differentiation through an Akt-dependent mechanism (Revu et al., 2018). These findings are
consistent with the poor expression of IL-17A seen here, as cells in the Th17 condition were
activated with anti-CD3/28. To explore the effect of CD28 in our experiment, naive CD4* T cells
were cultured as before for 6 days but activated with anti-CD3 only (Figure 5.2A-E). Th1 cells
remained well differentiated with the highest amount of IFN-y and T-bet compared to the
other conditions (Figure 5.2A-B). Overall, the levels of both IFN-y and T-bet were slightly lower
in Th1 cells with anti-CD3 only stimulation compared to anti-CD3/CD28 (Figure 5.1A-B and
Figure 5.2A-B and F). In comparison, IL-17A* Th17 cells reached over 8% compared to 1.5%
when activated with anti-CD28 (Figure 5.2C and G). IL-17A was also increased in ThO, Th1, and
Treg conditions compared to their anti-CD28-stimulated counterparts but remained around
5% lower than in Th17 cells. RORyt expression was also clearly highest and well expressed in
Th17 cells under anti-CD3-only stimulation (Figure 5.2D). FoxP3* cells were only able to reach
just over 22% in the Treg condition, compared to 53.5% when activated with anti-CD28,
suggesting that CD28 signalling is important for FoxP3 induction in Treg differentiation
(Figure 5.2E and H). Taken together, the optimisation of these differentiation conditions
shows that CD28 signalling is suppressive of human Th17 cell development but promotes
Th1 cell and Treg differentiation. Polarisation of naive CD4* T cells under these conditions for

6 days is sufficient for the in vitro generation of a Th1, Th17, or Treg cell population.
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Figure 5.2 Polarisation of T cell subsets under CD3-only stimulation improves Th17 cell
differentiation

(A-E) Purified naive CD4* T cells were activated with anti-CD3 only and differentiated into ThO,
Th1, Th17, or Treg cells over 6 days then assessed on day 6 for the expression of (A) IFN-y
(B) T-bet (C) IL-17A (D) RORyt (E) FoxP3 by flow cytometry (A-E, representative plots of: ThO
n=2 independent donors; Th1l, Th17 and Treg n=3 independent donors).

(F-H) Comparison of percentage of cells positive for (F) IFN-y in Th1 cells (G) IL-17A in Th17
cells (H) FoxP3 in Tregs under anti-CD3 only or anti-CD3/CD28 stimulation as indicated, ThO
control included for reference (F-H, ThO n=2 independent donors; Thl, Th17 and Treg n=3
independent donors).

(B and D) Numbers on the plot denote mean fluorescence intensity, US=unstained control.
(F-H) Each symbol represents an individual donor, data presented as the median.
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5.2.2 Blocking TNF-a has little effect on Treg development

Under both anti-CD3 and anti-CD3/28 activation the effect of blocking TNF-a signalling was
assessed on the generation of iTregs from a naive CD4* T cell population (Figure 5.3A-F).
Consistent with earlier observations during short-term cultures, anti-TNFa had no effect on
the viability of the cells, even after 6 days in culture (Figure 5.3A-C). Additionally, anti-CD3
only stimulation maintained a similar level of cell viability compared to anti-CD3/28. As seen
before, the levels of FoxP3 induction in the anti-CD3 only condition were considerably less
than when anti-CD28 was also present (Figure 5.3D-F). However, in this condition, anti-TNFa
was able to further inhibit FoxP3 expression. This suppressive effect could not be seen in the
anti-CD3/28 stimulated cells, suggesting that CD28 co-stimulation is sufficient to drive FoxP3
upregulation during iTreg differentiation from naive CD4* T cells in vitro, but in its absence

T cell-derived TNF-a also contributes to FoxP3* iTreg development.
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Figure 5.3 Anti-TNFa has little effect on Treg differentiation

(A-F) Purified naive CD4* T cells were activated with either (A-B and E) anti-CD3 only or
(A, Cand F) anti-CD3/28 and differentiated into Tregs in presence of an anti-TNFa or isotype
control antibody over 6 days then assessed on day 6 for (A-C) cell viability (D-F) the expression
of FoxP3 by flow cytometry (A and D, representative plots of: anti-CD3 n=5 independent
donors; anti-CD3/28 n=8 independent donors; B and E, n=5 independent donors; Cand F, n=8
independent donors).

(B-C and E-F) Each symbol represents an individual donor with the line between denoting
matched pairs. Significance assessed by paired t test, * p < 0.05.
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5.2.3 TNF-a has redundant roles with CD28 in Th1 cell differentiation

Next, development towards a Th1 cell phenotype was assessed. Under anti-CD3 activation,
the percentage of IFN-y* cells decreased in presence of anti-TNFa compared to the isotype
control antibody (Figure 5.4A). This was matched with a reduction in IFN-y release over 6 days
of culture with anti-TNFa treatment, as measured in the supernatant by ELISA (Figure 5.4B).
Expression of T-bet was also decreased when blocking TNF-a signalling during differentiation
(Figure 5.4C). Detection of IL-10 by flow cytometry was limited with only up to 3% of cells
positive for IL-10 expression (Figure 5.4D). Nonetheless, a consistent increase in IL-10* cells
was seen with anti-TNFa treatment. In order to better measure IL-10 expression by these cells,
concentration of IL-10 in the supernatant was assessed by multiplex cytokine assay
(Figure 5.4E). These data confirmed that detectable levels of IL-10 were being released by Th1
cells in culture, despite the low percentage of IL-10* cells present in flow cytometric analysis.
However, the inductive effect of anti-TNFa on IL-10 appeared more variable here, with no
overall clear increase. Having seen a potential increase in IL-10 expression, FoxP3 levels were
also assessed to interrogate for changes towards a FoxP3-expressing Treg phenotype
(Figure 5.4F). Anti-TNFa induced no change in the percentage of FoxP3* cells in the Thil
condition. Altogether, these data suggest that in the absence of CD28 co-stimulation
T cell-derived TNF-a signalling is required for the development of a Thl cell phenotype.

Blocking TNF-a was also able to induce IL-10 production without an effect on FoxP3.

In contrast, anti-TNFa had no effect on IFN-y expression in Thl cells when activated with
anti-CD3/CD28 (Figure 5.5A-B). T-bet expression also remained unaffected by the blocking of
TNF-a during Thl cell differentiation (Figure 5.5C). Compared to expression in the anti-CD3

only conditions of up to 3%, IL-10 was barely detectable by flow cytometry when cells were
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also activated with anti-CD28 (Figure 5.5D). Added to this, the concentration of IL-10 detected
in the supernatants was around 10-fold lower in Th1 cells activated with anti-CD3/28 than
anti-CD3 alone (Figure 5.5E). Despite the low levels, a trend towards an increase in I1L-10
release by anti-TNFa-treated Th1l cells was still present. Again, this was not accompanied by a
change in FoxP3 expression (Figure 5.5F). Taken together, these data suggest that CD28
co-stimulation is required for optimal Thl cell differentiation and is able to suppress IL-10
expression. However, in the absence of this signal, T cell-intrinsic TNF-a drives IFN-y and T-bet

expression and suppresses IL-10 release.
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Figure 5.4 Anti-TNFa suppresses Th1 cell differentiation under anti-CD3-only activation

(A-F) Purified naive CD4* T cells were activated with anti-CD3 only and differentiated into Th1
cells in presence of an anti-TNFa or isotype control antibody over 6 days then assessed on day
6 for the expression of (A) IFN-y* cells by flow cytometry (n=11 independent donors) (B) IFN-y
concentration in the supernatant by ELISA (n=11 independent donors) (C) T-bet expression by
flow cytometry, MFI=mean fluorescence intensity (n=9 independent donors) (D) IL-10* cells by
flow cytometry (n=11 independent donors) (E) IL-10 concentration in the supernatant by
multiplex cytokine analysis (n=5 independent donors) (F) FoxP3* cells by flow cytometry (n=7
independent donors).

(A-F) Each symbol represents an individual donor with the line between denoting matched
pairs. Significance assessed by (A-E) paired t test (F) Wilcoxon test, * p < 0.05, ** p < 0.01,
*** p <0.001.
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Figure 5.5 TNF-a blockade has little effect on Th1l cell polarisation under anti-CD3/CD28
stimulation

(A-F) Purified naive CD4* T cells were activated with anti-CD3/28 and differentiated into Th1
cells in presence of an anti-TNFa or isotype control antibody over 6 days then assessed on day
6 for the expression of (A) IFN-y* cells by flow cytometry (n=13 independent donors) (B) IFN-y
concentration in the supernatant by ELISA (n=11 independent donors) (C) T-bet expression by
flow cytometry, MFI=mean fluorescence intensity (n=11 independent donors) (D) IL-10* cells
by flow cytometry (representative plots of n=11 independent donors) (E) IL-10 concentration
in the supernatant by multiplex cytokine analysis (n=5 independent donors) (F) FoxP3* cells
by flow cytometry (n=11 independent donors).

(A-C and E-F) Each symbol represents an individual donor with the line between denoting
matched pairs. Significance assessed by paired t test, * p < 0.05, ** p <0.01, *** p < 0.001.
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5.2.4 TNF-a is required for full differentiation of Th17 cells

Initially looking at the anti-CD3 only condition, where the best Th17 cell differentiation was
present, anti-TNFa had no effect on the percentage of IL-17A expressing cells (Figure 5.6A).
This was further confirmed by multiplex cytokine analysis which showed no effect of anti-TNFa
on IL-17A or IL-17F production compared to the isotype control (Figure 5.6B-C). A decrease
was observed in IL-22 expression but was not seen in IL-6 (Figure 5.6D-E). Blocking TNF-a
signalling during Th17 cell differentiation was also able to suppress the expression of RORyt
(Figure 5.6F). In similar fashion to Th1 cells, even though a low percentage of IL-10* cells were
measured, there was a consistent increase with anti-TNFa treatment (Figure 5.6G). No
significant change in IL-10 concentration was evident from analysis of the supernatants, yet a
trend towards increased IL-10 in the anti-TNFa condition could be seen (Figure 5.6H). Again,
there was no change in FoxP3 expression with anti-TNFa treatment (Figure 5.61). Together,
these data show that T cell-derived TNF-a is required for the upregulation of RORyt and IL-22

in Th17 cell differentiation but not for IL-17.
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Figure 5.6 Blocking TNF-a impairs Th17 cell differentiation under anti-CD3 stimulation

(A-F) Purified naive CD4* T cells were activated with anti-CD3 only and differentiated into Th17
cells in presence of an anti-TNFa or isotype control antibody over 6 days then assessed on
day 6 for the expression of (A) IL-17A* cells by flow cytometry (n=12 independent donors)
(B) IL-17A (C) IL-17F (D) IL-22 (E) IL-6 concentration in the supernatant by multiplex cytokine
analysis (B-E, n=8 independent donors) (F) RORyt expression by flow cytometry, MFl=mean
fluorescence intensity (n=9 independent donors) (G) IL-10* cells by flow cytometry (n=11
independent donors) (H) IL-10 concentration in the supernatant by multiplex cytokine analysis
(n=8 independent donors) (I) FoxP3* cells by flow cytometry (n=8 independent donors).

(A-1) Each symbol represents an individual donor with the line between denoting matched
pairs. Significance assessed by (A and D-H) paired t test (B-C and |) Wilcoxon test, * p < 0.05,
*** p<0.001.
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Furthering this investigation with the polarisation of naive CD4* T cells into a Th17 cell
phenotype in presence of CD28 co-stimulation, again no change in IL-17A or IL-17F was
measured (Figure 5.7A-C). Of note, despite the low percentage of IL-17A* cells compared to
those in the anti-CD3 only condition (Figure 5.6A), the concentration of IL-17A and IL-17F in
the supernatant of the anti-CD3/28 activated Thl7 cells was substantially higher
(Figure 5.6B-C and Figure 5.7B-C). Although a trend could be observed, the decrease in IL-22
driven by blocking TNFa did not reach significance under anti-CD3/CD28 activation
(Figure 5.7D). As before, no change in IL-6 with anti-TNFa treatment was recorded
(Figure 5.7E). Yet, a consistent decrease in RORyt expression was apparent in the anti-TNFa
condition compared to the isotype control (Figure 5.7F). In agreement with the Th1 cell data,
IL-10* cells were not detectable by flow cytometry in the anti-CD3/28 conditions (Figure 5.7G).
However, analysis of IL-10 concentration in the supernatant showed that anti-TNFa promoted
IL-10 production in Th17 cells under anti-CD3/28 activation, albeit at a relatively low
concentration (Figure 5.7H). Consistent with other data, this was not accompanied by a
change in FoxP3 (Figure 5.71). As a whole, the data here suggest that optimal in vitro Th17 cell
differentiation requires T cell-derived TNF-a signalling, with the exception of IL-17 expression.
Additionally, although limited by measurement techniques, blocking TNF-a does appear to

increase levels of IL-10 expression in Th1 and Th17 cells.
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Figure 5.7 Anti-TNFa limits full Th17 cell differentiation under anti-CD3/28 stimulation

(A-F) Purified naive CD4* T cells were activated with anti-CD3/28 and differentiated into Th17
cells in presence of an anti-TNFa or isotype control antibody over 6 days then assessed on day
6 for (A) IL-17A* cells by flow cytometry (n=12 independent donors) (B) IL-17A (C) IL-17F
(D) IL-22 (E) IL-6 concentration in the supernatant by multiplex cytokine analysis (B-E, n=10
independent donors) (F) RORyt expression by flow cytometry, MFl=mean fluorescence
intensity (n=9 independent donors) (G) IL-10* cells by flow cytometry (representative plots of
n=11 independent donors) (H) IL-10 concentration in the supernatant by multiplex cytokine
analysis (n=9 independent donors) (I) FoxP3* cells by flow cytometry (n=11 independent
donors).

(A-F and H-I) Each symbol represents an individual donor with the line between denoting
matched pairs. Significance assessed by (A-B, D, and F-1) paired t test (C and E) Wilcoxon test,
*

p < 0.05.
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5.2.5 Akt-dependent effects of anti-TNFa on CD4* T cell differentiation

Next, it was investigated whether these functional effects of blocking TNF-a were also
mediated through the suppression of PI3K/Akt signalling. To do this, naive CD4* T cells were
cultured as before under Th1 and Th17 cell polarising conditions with an anti-TNFa or isotype
control antibody, this time also with the addition of the Akti or vehicle control. Cells were
activated with anti-CD3 only, as this was where the largest effects of anti-TNFa had been
observed previously. As evident in earlier data, analysis of IFN-y production by flow cytometry
and ELISA showed a trend towards a decrease in IFN-y with anti-TNFa treatment of Th1l cells
(Figure 5.8A-B). However, particularly for the concentration of IFN-y released, this suppressive
effect was blunted in presence of the Akti, suggesting some Akt-dependence. Indeed, the Akti
was suppressive of IFN-y production in comparison to the control (Figure 5.8A-B).
Contrastingly, the inhibitory effect of anti-TNFa on T-bet expression was greater with the
added presence of the Akti (Figure 5.8C). These data suggesting that the anti-TNFa effect on
T-bet regulation is mediated through an Akt-independent mechanism. In contrast to the other
functional effects of TNF-a blockade during Th1 cell differentiation, IL-10 was increased. Here,
Akt inhibition alone suppressed IL-10 expression, and correspondingly the increase in IL-10

driven by anti-TNFa was reduced (Figure 5.8D-E).

These findings give some evidence to the involvement of the PI3K/Akt pathway in mediating
the functional effects of anti-TNFa on Th1 cell cytokine production following differentiation.
However, this is not a complete abrogation of the effect, so it is likely that other mechanisms
also play a role. Additionally, a synergistic effect of anti-TNFa and the Akti could be seen on

the suppression of T-bet, indicating two unique systems of inhibition.
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Figure 5.8 Effects of anti-TNFa on Th1 cells are partially Akt-dependent

(A-E) Purified naive CD4* T cells were activated with anti-CD3 only and differentiated into Th1
cells in presence of an anti-TNFa or isotype control antibody and an Akt inhibitor (Akti) or
DMSO control. Following 6 days of culture, cells were then assessed for the expression of
(A) IFN-y* cells by flow cytometry (n=6 independent donors) (B) IFN-y concentration in the
supernatant by ELISA (n=6 independent donors) (C) T-bet expression by flow cytometry,
MFI=mean fluorescence intensity (n=4 independent donors) (D) IL-10* cells by flow cytometry
(n=6 independent donors) (E) IL-10 concentration in the supernatant by multiplex cytokine
analysis (n=5 independent donors).

(A-E) Each symbol represents an individual donor with the line between denoting matched
pairs. Significance assessed by RM two-way ANOVA with Siddk’s multiple comparisons test,
%

p <0.05.
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Analysis of Th17 cell differentiation under these conditions again confirmed that anti-TNFa
had no effect on IL-17A or IL-17F expression (Figure 5.9A-C). On the contrary, the Akti was
suppressive of both IL-17A and IL-17F when compared to the control. Consistent with previous
experiments, IL-22 trended towards a decrease with anti-TNFa treatment. This decrease was
not completely abrogated by the Akti, but partially blunted (Figure 5.9D). IL-6, as before,
showed no clear change with anti-TNFa treatment and was also unaffected by the addition of
the Akti (Figure 5.9E). Similar to the observed effects on Th1 cell expression of T-bet, RORyt
was equally reduced by anti-TNFa in both Akti and control conditions (Figure 5.9F). Under
Th17 cell differentiation conditions, the increase in IL-10 seen in the anti-TNFa-treated group
was not affected by presence of the Akti. Indeed, the Akti had no effect on the expression of
IL-10 in Th17 cells (Figure 5.9G-H). Of note, the levels of IL-10 production by Th17 cells were
again around 10-fold less than that of Th1 cells. Overall, these data indicate that suppression
of IL-22 expression by anti-TNFa in Th17 cells may be Akt-dependent, whereas effects on

RORyt and IL-10 are Akt-independent.
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Figure 5.9 Effects of anti-TNFa on Th17 cell differentiation have little Akt-dependence

(A-H) Purified naive CD4* T cells were activated with anti-CD3 only and differentiated into Th1
cells in presence of an anti-TNFa or isotype control antibody and an Akt inhibitor (Akti) or
DMSO control. Following 6 days of culture, cells were then assessed for the expression of
(A) IL-17A* cells by flow cytometry (B) IL-17A (C) IL-17F (D) IL-22 (E) IL-6 concentration in the
supernatant by multiplex cytokine analysis (F) RORyt expression by flow cytometry,
MFl=mean fluorescence intensity (G) IL-10* cells by flow cytometry (H) IL-10 concentration in
the supernatant by multiplex cytokine analysis (A-H, n=5 independent donors).

(A-H) Each symbol represents an individual donor with the line between denoting matched
pairs. Significance assessed by RM two-way ANOVA with Sidak’s multiple comparisons test,
*

p < 0.05.
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5.2.6 Th1 and Th17 cells differentiated with anti-TNFa exhibit reduced glycolysis

Having established the effects of anti-TNFa on CD4* Th cell differentiation, the next aim was
to interrogate the whether the metabolic perturbations induced by anti-TNFa extended to
6 days of in vitro differentiation culture and accompanied these changes. After 6 days of
culture, supernatants were collected from Th1 and Th17 cells in the anti-CD3 only conditions
and analysed for concentration of glucose and lactate (Figure 5.10A-B). Differentiated
Thl cells did not show any clear change in the amount of glucose in the supernatant
(Figure 5.10A). However, this was coupled with a decrease in the amount of lactate produced
by anti-TNFa-treated cells, indicative of reduced aerobic glycolysis. Furthermore, Th17 cells
exhibited both a higher concentration of glucose, suggesting reduced glucose consumption,
and a lower concentration of lactate present when cultured in presence of the TNF-a
neutralising antibody (Figure 5.10A-B). These data suggest that the blockade of T cell-derived

TNF-a during Thl and Th17 cell differentiation induces a suppressed glycolytic phenotype.

As short-term metabolic effects were seen to be dependent on PI3K/Akt signalling,
supernatants from the control and Akti conditions were also analysed for glucose
concentration (Figure 5.10C-D). In this case, no clear effect of the Akti was seen, particularly
in the Th17 condition where a significant increase in glucose concentration was present with
anti-TNFa treatment. Notably, the Akti alone had little impact on glucose uptake compared to
the control. Taken together, these data suggest that during longer-term culture anti-TNFa may
involve mechanisms other than the PI3K/Akt pathway to suppress metabolic activity in CD4* T

cells.
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Figure 5.10 T cells differentiated with anti-TNFa have reduced metabolic capacity

(A-B) Purified naive CD4* T cells were activated with anti-CD3 only and differentiated into
(A) Th1 cells (B) Th17 cells in presence of an anti-TNFa or isotype control antibody for 6 days
and the cell culture supernatants then assessed for concentration of glucose and lactate
(A-B, n=9 independent donors).

(C-D) Cells were cultured as in (A-B) (C) Th1 cells and (D) Th17 cells with the addition of an Akt
inhibitor (Akti) or DMSO control and the cell culture supernatants assessed for concentration
of glucose (C-D, n=5 independent donors).

(A-D) Each symbol represents an individual donor with the line between denoting matched
pairs. Significance assessed by (A-B) paired t test (C-D) RM two-way ANOVA with Sidak’s
multiple comparisons test, * p < 0.05, ** p < 0.01.
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5.3 DISCUSSION

Having established that T cell-intrinsic TNF-a is essential for naive CD4* T cell metabolic
reprogramming through induction of PI3K/Akt/mTOR activity. This chapter aimed to
understand the functional effects of TNF-a blockade on activated naive CD4* T cells. Previous
studies have implicated TNF-a in the differentiation of Th1 and Th17 cells (Sugita et al., 2012;
Chen et al., 2016; Alam et al., 2021; Ho et al., 2021; Pesce et al., 2022). However, results are
inconsistent. Here, using in vitro differentiation of naive CD4* T cells into Thl and Th17 cells
in presence of an anti-TNFa or isotype control antibody, it was shown that blocking
T cell-derived TNF-a suppressed the differentiation of Thl and Th17 cells, yet had little effect
on Tregs. Anti-TNFa also induced production of IL-10 in Thl and Th17 cells. Effects on IFN-y
and IL-10 production in Th1 cells and IL-22 production in Th17 cells were shown to be partially
Akt-dependent. This impaired differentiation driven by anti-TNFa was accompanied by a

reduction in aerobic glycolysis in both Thl and Th17 cells.

5.3.1 Differentiation of human CD4* T cell subsets in vitro

The first aim of this chapter was to develop a protocol for the differentiation of human naive
CD4* T cells into Thl, Th17, and Treg cells. It has been shown previously that murine and
human Th17 cells require different conditions for differentiation, with the factors essential for
Th17 cell generation from human naive CD4* T cells less clear (de Jong et al., 2010). Due to
this, other studies have each approached in vitro differentiation using different concentrations
and combinations of polarising cytokines, neutralising antibodies, and methods of activation.
Additionally, the type of medium used, and time taken to culture the cells varies (Manel et al.,

2008; Volpe et al., 2008; de Jong et al., 2010; Revu et al., 2018). Overall, IL-23, IL-6, IL-1B, and
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TGF-B are all implicated in driving a Th17 cell phenotype with anti-IFNy and anti-IL-4 aiding by
suppressing the generation of Thl and Th2 cell subsets respectively. Following optimisation
of the protocols, naive CD4* T cells were differentiated into Th1l, Thl7, and Treg cells over
6 days. It was resolved to use serum-free AIM V medium to prevent the addition of any
exogenous cytokines, in particular TGF-B (Manel et al., 2008; Volpe et al., 2008). Cells were
activated with anti-CD3/28 on day 0 and not stimulated again but topped up with medium on
day 3 to replace nutrients and rebalance the pH, all cytokines and blocking antibodies were
added on day 0. This method of differentiation was sufficient for Th1 cells and Tregs, however
Th17 cells produced very little IL-17A and comparable levels of RORyt to Tregs. This finding is
consistent with another study which showed CD28 ligation to inhibit human Th17 cell
differentiation, in particular IL-17A production. Of note, this was reported to not be true of
murine Th17 cell differentiation (Revu et al., 2018). Repeating the differentiation with
anti-CD3 only stimulation resulted in a higher percentage of IL-17A* Th17 cells and a more
distinct RORyt expression. In contrast, increased concentrations of IL-17A and IL-17F were
measured in the supernatants of Th17 cells in the anti-CD3/28 condition, compared to the
anti-CD3 condition with the higher percentage of IL-17A* cells. Reasons for this are unclear
but may suggest that although fewer cells express IL-17 under anti-CD3/28 stimulation, those
that do release significant amounts of cytokine. For Thl and Treg cells, differentiation was

reduced compared to anti-CD3/28 stimulation but still present.

5.3.2 Little requirement for T cell-intrinsic TNF-a in Treg differentiation

In comparison to other studies reporting TNF-a to improve FoxP3* Treg differentiation

(Chen et al., 2016; Zaragoza et al., 2016; S. Yang et al., 2019), and contradictory studies
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reporting anti-TNFa to improve Treg differentiation (Valencia et al., 2006; Zanin-Zhorov et al.,
2010; Nie et al., 2013; Zhang et al., 2013), data here showed anti-TNFa to have no effect on
the generation of iTregs when naive CD4* T cells were activated with anti-CD3/28. This is
however, in agreement with another study which showed TNF-a to have no effect on Foxp3
transcription in human Tregs when activated with anti-CD3/28. This study did later
demonstrate TNF-a to improve suppressive function of Tregs by increased expression of
co-stimulatory receptors OX40 and 4-1BB (Nagar et al., 2010). Function of anti-TNFa-treated
Tregs was not assessed in the current study but may be investigated in future work to better
understand the role of T cell-derived TNF-a on Tregs. When activated with anti-CD3 alone
anti-TNFa was able to suppress FoxP3 expression compared to the isotype control, yet the
percentage of FoxP3* cells was already lower in the isotype control condition when compared
to anti-CD3/28 stimulation. These data are in accordance with the well appreciated role for
CD28 in promoting FoxP3* Treg generation (Salomon et al., 2000; Tai et al., 2005; Guo et al.,
2008) but also highlight a role for T cell-intrinsic TNF-a in driving Treg differentiation in the
absence of anti-CD28. Tregs are known to rely predominantly on an OXPHOS metabolism and
are comparatively less glycolytic than Th1l and Th17 cells (Michalek et al., 2011; Angelin et al.,
2017; Howie et al., 2017). Consistent with this observation, the metabolic suppression driven
by anti-TNFa did not affect Treg differentiation but also did not promote it. Recently, a
heightened glycolytic phenotype driven by TNF:TNFR2 in tTregs has been shown to improve
FoxP3 expression and function (de Kivit et al., 2020). Data presented here confirm that
T cell-derived TNF-a and accompanying metabolic reprogramming is not required for the
differentiation of iTregs. However, several of these previous studies were performed with

direct TNFR2 binding (Valencia et al., 2006; Chen et al., 2016; S. Yang et al., 2019; de Kivit et
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al., 2020), as Tregs produce less endogenous TNF-a than Tesf cells it is possible that the Treg
culture system did not have sufficient levels of TNF-a present to drive effects above that of
CD28. Further characterisation of the Treg response to TNF-a was beyond the scope of the
current study. Future studies are required to fully elucidate the role of TNF-a on Treg

metabolism and the consequences for fate and function.

5.3.3 Requirement for T cell derived TNF-a in Thl and Th17 cell differentiation

Consistent with murine studies suggesting that TNF-a drives Th1 cell differentiation (Chen et
al., 2016; Alam et al., 2021), anti-TNFa was seen here to suppress IFN-y production and T-bet
expression in Thl cells activated with anti-CD3 only. However, when stimulated with
anti-CD3/28, the suppressive effects of anti-TNFo were abrogated. This effect is consistent
with a recent study which shows IFN-y expression in human Th1l cells to be unaffected by
infliximab treatment, those cells also stimulated with anti-CD28 (Pesce et al., 2022). As CD28
and TNF-a both drive PI3K/Akt and metabolism and have similar roles in co-stimulation, this
effect of CD28 is likely reflective of redundancy between the two signals in driving Th1 cell

differentiation.

Anti-TNFa was able to suppress RORyt expression in Th17 cells but had no effect on IL-17A.
This observation is in contrast to other studies on CD4* T cells which have shown TNF-a to
promote IL-17 and clinical anti-TNFa biologics to inhibit IL-17 (Sugita et al., 2012; Ho et al.,
2021; Pesce et al., 2022). Reasons for this discrepancy are unclear. Seve