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Summary 

Autoimmune diseases are characterised by augmented T cell function, ultimately leading to 

chronic inflammation and tissue damage. Altered T cell function is supported by metabolic 

dysregulation in the setting of autoimmunity, therefore targeting immunometabolism by 

repurposing clinically approved metabolic modulators, such as those used to treat type 2 

diabetes (T2D), is an attractive prospect. Canagliflozin – a member of the newest class of T2D 

drugs, sodium glucose co-transporter 2 (SGLT2) inhibitors – has known off-target effects 

including inhibition of mitochondrial glutamate dehydrogenase (GDH) and complex I of the 

electron transport chain. Importantly, these properties are not shared with other SGLT2 

inhibitors, particularly dapagliflozin which has very limited off-target effects. The effects of 

canagliflozin on human T cell function are unknown. 

This study revealed that canagliflozin, but not dapagliflozin, compromised the proliferation 

and effector function of human T cells. The inhibitory effect of canagliflozin was underpinned 

by reduced T cell activation. Proteomic analysis revealed that canagliflozin mediates changes 

on a global scale, inhibiting various aspects of T cell fitness including metabolism, 

mitochondrial function and protein translation. Specifically, MYC inhibition emerged as a 

predicted upstream regulator of the canagliflozin-induced changes in protein expression. 

Compromised cellular metabolism was confirmed in canagliflozin-treated CD4+ T cells, 

whereby oxidative phosphorylation and glycolysis were markedly impaired following 

inhibition of GDH and complex I. Mechanistically, canagliflozin inhibits early T cell receptor 

signalling, which subsequently impacted the downstream activity of signalling proteins 

including ERK, mTOR and MYC. 

Importantly, canagliflozin treatment of T cells derived from patients with autoimmune 

disorders – rheumatoid arthritis and systemic lupus erythematosus – significantly impaired 

their effector function. Again, these changes were underpinned by perturbed cellular 

metabolism and diminished activation. Together, this work provides a foundation for the 

repurposing of canagliflozin as a treatment for autoimmune disease. 
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1 Introduction 

 

1.1 General overview 

The human immune system comprises three layers of defence: anatomical barriers, 

innate immunity and adaptive immunity. Together, these diverse yet integrated mechanisms 

contribute to the maintenance of systemic equilibrium within the host – protecting against 

various pathogens such as bacteria, viruses and parasites. A central tenet of successful 

immune function is the ability to distinguish between self and non-self to maintain host 

tolerance. Leukocytes are arguably one of the fundamental components of the human 

immune system, straddling both innate and adaptive immunity. Circulating leukocytes, 

alongside those found in the lymphatic system, migrate to possible areas of infection where 

they begin to mount an immune response. Amongst this population of cells are T cells – 

lymphocytes within the adaptive immune system with specialised roles in the recruitment of 

other immune cell populations and the clearance of pathogens. The importance of T cell 

function will be explored comprehensively throughout this thesis. 

An appropriate immune response is underpinned by the ability to meet the energetic 

demands required for this process. Consequently, leukocytes have evolved to integrate a 

multitude of metabolic pathways to ultimately generate adenosine triphosphate (ATP), the 

primary cellular energy currency (O'Neill et al., 2016). For example, whilst T cells 

predominantly metabolise glucose to fuel their effector function, other substrates such as 

glutamine and fatty acids are also critical in maintaining their cellular processes (Buck et al., 

2015). Given the extreme bioenergetic demands of immune cell activation, metabolic 

reprogramming occurs under these conditions to generate the biosynthetic precursors 

necessary for cell growth and proliferation (Buck et al., 2015). Upon activation, T cells 

markedly increase their glucose metabolism, primarily through the upregulation of glycolysis, 

in a similar manner to cancer cells in a phenomenon typically known as the ‘Warburg effect’ 

(Macintyre & Rathmell, 2013). 

Autoimmunity is one of several complications that arise from the breakdown of 

immune system function. Conditions such as rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE) are characterised by the failure to properly recognise self-antigens, 

leading to chronic inflammation within host tissues (Ospelt, 2017; Tsokos, 2011). Given the 



3 
 

central role that aberrant T cell function plays in such conditions, this has subsequently led to 

their designation as T cell-meditated autoimmune diseases. Recent advances have revealed 

that there is a metabolic foundation to the proinflammatory T cell function that precipitates 

chronic inflammation in autoimmunity (B. Wu et al., 2020). As such, ongoing investigations 

have focused on identifying metabolic modulators that could alleviate autoimmune disease 

(Angiari et al., 2020), especially given the debilitating side effects associated with current 

medications (Li et al., 2017). Since the clinical translation of using novel drugs is challenging, 

given the toxicity of inhibiting cellular metabolism at a systemic level, other studies have 

considered repurposing already-approved drugs with established safety profiles in the setting 

of autoimmunity. For example, type 2 diabetes (T2D) drugs predominantly target cellular 

metabolism – a property which has been exploited to manipulate T cell metabolism in models 

of autoimmune disease (Kang et al., 2013; Yin et al., 2015). Consequently, the T2D drug 

metformin has shown therapeutic benefit in clinical trials of autoimmunity (Gharib et al., 

2021; Sun, Geng, et al., 2020), further underlining the potential of repurposing similar drugs 

in this disease setting. 

 

1.2 T cells 

 T cells are specialised lymphocytes that develop within the thymus that play an 

important role in the adaptive immune response. They are distinct from other immune cell 

types in their expression of the T cell receptor (TCR) on their cell surface, which is randomly 

rearranged in order to recognise a wide variety of antigen targets and generate an immune 

response. T cells can be classified into several different subsets based upon their unique 

effector function – the two major subtypes being CD4+ T helper (Th) cells and CD8+ cytotoxic 

T cells. For example, CD4+ T cells produce cytokines to recruit other immune cell populations 

to the site of inflammation, whilst CD8+ T cells are directly involved in the clearance of virally-

infected cells through the release of cytotoxic mediators. 

 

1.2.1 T cell receptor 

Most T cells express a TCR heterodimer consisting of an α and β polypeptide 

(Figure 1.1A). Both contain several random elements to provide wide variety for antigen 

recognition (Davis & Bjorkman, 1988). Only around 5% of T cells express a TCR containing γ 

and δ polypeptides (Figure 1.1B), making them rare in secondary lymphoid organs, but are 
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more readily found in the periphery in tissues such as the skin, lung and gut (Ribot et al., 

2021). Interestingly, γδ T cells perform functions characteristic of both the innate and 

adaptive immune system, including: antigen-sensing independent of MHC class I/II; killing of 

infected cells and microbes similar to NK cells; and acting as professional antigen-presenting 

cells (Gustafsson et al., 2020). Since γδ T cell responses are not restricted to MHC or tumour-

associated neoantigens, this has made them an interesting prospect in cancer 

immunotherapy research (Sebestyen et al., 2020; Silva-Santos et al., 2019). 

CD3 proteins also comprise the TCR complex, arranged as CD3γε and CD3δε 

heterodimers and a CD3ζζ homodimer. The association of CD3 proteins with the TCR are 

required for its cell-surface localisation (Shah et al., 2021). Further information surrounding 

the downstream signalling pathways engaged following TCR-dependent activation will be 

detailed during later sections (see Chapter 1.2.4 and 1.2.5). 

 

 

Figure 1.1 – Components of the T cell receptor 

(A-B) The T cell receptor complex consisting of either (A) TCRα and TCRβ chains or (B) TCRγ and 

TCRδ chains, alongside signalling molecules CD3ε, CD3γ, CD3δ and CD3ζ. 

  

1.2.2 T cell development 

T cells originate in the bone marrow as haematopoietic stems cells before 

differentiation towards a common lymphoid progenitor. They later migrate to the thymus 

where they progress to an immature stage of T cell development and are known as 

thymocytes. Here, these cells are committed to the T cell lineage and undergo a series of 

divisions, TCR rearrangements and positive- and negative-selection resulting in mature, 

functional T cells (Figure 1.2). 
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Figure 1.2 – Overview of T cell development 

Haematopoietic stems cells originating in the bone marrow migrate to the thymus and become 

developing thymocytes. Double negative (DN) thymocytes undergo several rounds of TCR 

rearrangement and division to generate a functional TCR. Upregulation of CD4 and CD8 gives rise 

to double positive (DP) thymocytes. Appropriate interaction with self-antigens expressed on MHC 

classes I and II is required for effective maturation. Double positive thymocytes that react with MHC 

class I successfully become CD8+ T cells, whilst those that react with MHC class II successfully 

become CD4+ T cells. Too weak an interaction (positive selection) and too strong an interaction 

(negative selection) results in premature apoptosis. Survival of these processes results in naïve T 

cells that are ready to migrate to the periphery. Adapted from (Germain, 2002). 

 

Initially, common lymphoid progenitors arrive in the thymus, becoming double 

negative thymocytes, whereby they lack the expression of a functional TCR, CD4 and CD8. 

Thymocytes can only mature to an active T cell if it survives the process of developing a 

functional TCR (Germain, 2002). This double negative phase of T cell development can be 

subdivided into four distinct stages based on the surface expression of CD25 and CD44: 

DN1, CD25-CD44+; DN2, CD25+CD44+; DN3, CD25+CD44-; DN4, CD25-CD44- (Godfrey et al., 

1993). Double negative thymocytes can develop into αβ-T cells or γδ-T cells, depending on 
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the TCR complex present (see Chapter 1.2.1). Cells progressing through the αβ pathway 

undergo several rounds of TCR rearrangement during the double negative phase in an 

attempt to generate a functional TCR. Initially, the TCR-β locus is rearranged following 

upregulation of recombination activating genes (RAG)-1 and -2 (Mombaerts et al., 1992; 

Shinkai et al., 1993). DN3 thymocytes later express an invariant α-chain called the pre-TCRα 

which pairs with the TCR β-chain to prevent any further rearrangement (Germain, 2002). 

Following successful β-selection, late-DN3 to DN4 thymocytes undergo several rounds of 

proliferation prior to recombination of the TCR-α locus and subsequent formation of the 

mature TCR. At this stage, thymocytes also begin to express both co-receptor proteins – 

initially CD8, followed by CD4 – and are termed double positive (Robey & Fowlkes, 1994). 

Double positive thymocytes migrate deeper into the thymic cortex where they interact with 

cortical epithelial cells that highly express self-antigens on both MHC class I and II (von 

Boehmer et al., 1989). Their survival requires an appropriate response following ligation of 

the TCR – thymocytes must react well following interaction with MHC ligands, therefore 

inadequate signalling in response to self-antigens results in apoptosis (positive selection) 

(Germain, 2002). However, too robust of a reaction to MHC ligands also consigns developing 

thymocytes to apoptosis, which is tested again deeper within the thymus by medullary 

epithelial cells or dendritic cells (negative selection) (Germain, 2002). Double positive 

thymocytes that form a suitable interaction between TCR and MHC class I become CD8+ 

T cells, whereas those that form a suitable interaction between TCR and MHC class II become 

CD4+ T cells. Most thymocytes fail to successfully endure positive selection, nevertheless 

those that successfully undergo this development process migrate to the periphery. 

 

1.2.3 T cell subset populations 

Whilst CD4+ and CD8+ T cells are selected within the thymus (see Chapter 1.2.2), 

T cells undergo further differentiation in the periphery to specialised cells with different 

functions. CD4+ T helper (Th) cells play an important role in the adaptive immune response 

through the secretion of cytokines and subsequent recruitment and activation of other 

immune cell types – including macrophages, B cells and CD8+ T cells – whilst also being 

particularly important in the maturation of B cells into either plasma cells or memory B cells. 

CD4+ T cells can be subdivided into distinct subsets based on the effector cytokines they 

produce (Table 1.1; Figure 1.3). 
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Figure 1.3 – Overview of the polarising conditions associated with each major T helper subset 

The four predominant T helper cell subsets: Th1, Th2, Th17 and regulatory T (Treg) cells. The 

cytokines present during T cell activation influence the differentiation of T cells. Development 

towards a specific lineage requires the expression of signature transcription factor: Tbet (Th1), 

GATA3 (Th2), RORγT (Th17) or FoxP3 (Treg). Adapted from (Zhu & Paul, 2008). 

 

Th1 cells play an important role in mediating the immune response against 

intracellular pathogens (Mosmann & Coffman, 1989; Zhu & Paul, 2008). CD4+ T cells become 

committed towards this lineage following activation of the transcription factor Tbet, which is 

favoured by several factors including IFNγ, IL-2 and IL-12, driving intracellular signalling 

through STAT1, -5 and -4, respectively (Raphael et al., 2015). Particularly important, 

expression of the IL-12 receptor complex is induced by robust TCR activation and is thereafter 

maintained by IL-2 and IFNγ stimulation, promoting further expression of IFNγ (Afkarian et 

al., 2002; Szabo et al., 1997). Characteristically, Th1 cells are potent producers of IFNγ and IL-

2, however, they have also more recently been associated with the production of 

lymphotoxin α (LTα), tumour necrosis factor (TNF) and granulocyte-macrophage colony-

stimulating factor (GM-CSF) (Raphael et al., 2015; Zhu & Paul, 2008). IFNγ production is 

important in the activation of macrophages and enhancing their phagocytic capacity 
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(Schroder et al., 2004; Suzuki et al., 1988), whilst the production of IL-2 is important for the 

induction of memory in both CD4+ and CD8+ T cells (Darrah et al., 2007; Williams et al., 2006). 

Given their well-described proinflammatory function, Th1 cells have been closely associated 

with the induction of autoimmune disease (see Chapter 1.4). For example, LTα has been 

identified as a biomarker of disease severity in multiple sclerosis (MS) patients (Selmaj et al., 

1991), whilst LTα-deficient mice are resistant to experimental autoimmune encephalomyelitis 

(EAE; a murine model of MS) (Suen et al., 1997). 

Conversely, Th2 cells are involved in the clearance of extracellular parasites and 

contribute to allergy and atopic disease (Zhu & Paul, 2008). Differentiation towards the Th2 

phenotype occurs in response to weak TCR activation in the presence of IL-2 and IL-4, 

culminating in subsequent GATA3 and STAT6 signalling (DuPage & Bluestone, 2016). 

Expression of the IL-4 receptor is increased during Th2 differentiation, whilst IL-2 receptor 

expression is greater versus their Th1 counterparts (Zhu & Paul, 2008). Th2 cells are most 

associated with the production of IL-4, IL-5 and IL-13, but also known to produce IL-9, IL-10 

and IL-25 (Raphael et al., 2015). Crucially, IL-4 mediates antibody class switching in B cells – 

favouring IgE – which leads to the secretion of histamines and serotonin in the allergy 

response (Kopf et al., 1993). An additional role has been described for IL-4 in supporting the 

function of M2 macrophages involved in tissue repair following helminth infection (Chen et 

al., 2012). Moreover, IL-13 plays a similar role through the clearance of parasitic infection and 

promoting airway hypersensitivity (Urban et al., 1998), meanwhile IL-5 plays a critical role in 

the maturation and recruitment of eosinophils (Coffman et al., 1989). 

Th17 cells facilitate and shape immune responses to extracellular pathogens such as 

bacteria and fungi (Zhu & Paul, 2008). IL-23 was initially identified as the primary driver 

towards the Th17 lineage, however, shortly afterwards IL-6 and TGF-β were also implicated 

in this process, stabilising the expression of key transcription factor retinoic acid receptor-

related orphan receptor γT (RORγT) (Ivanov et al., 2006; Langrish et al., 2005; Veldhoen et al., 

2006). As their name suggests, this T cell subset produces proteins of the IL-17 family, whilst 

also producing IL-21 and IL-22, but are known primarily as a major source of both IL-17A and 

IL-17F (Zhu & Paul, 2008). The IL-17 receptor signalling pathway is engaged following ligation 

with either IL-17A or IL-17F, with the former displaying a greater binding affinity, suggesting 

that both cytokines facilitate similar effector functions (Hymowitz et al., 2001). Indeed, IL-17 

family members are involved in the activation of other immune cell types including 
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neutrophils and macrophages (Fossiez et al., 1998; Jovanovic et al., 1998). However, given the 

proinflammatory nature of Th17 cells, there is a wealth of evidence demonstrating their 

involvement in autoimmune disease pathogenesis (see Chapter 1.4). 

Regulatory T cells (Treg) are required for the maintenance of immunological self-

tolerance (Sakaguchi, 2004). As such, their expansion and function are important in settings 

such as autoimmune disease, where their immunoregulatory properties alleviate disease 

severity (Costantino et al., 2008). Expression of the signature transcription factor FoxP3 is 

essential for the development of both Treg cells derived directly from the thymus (tTreg) or 

Treg cells induced (iTreg) by the presence of IL-2 and transforming growth factor-β (TGF-β) 

(Chen et al., 2003; Sakaguchi, 2004). Immunosuppressive Treg cell function is primarily 

supported by their production of anti-inflammatory mediators such as IL-10 and TGF-β 

(Sakaguchi, 2004). 

 

Table 1.1 - Characteristics of CD4+ T helper subsets 

Subset Transcription 
Factor 

Effector cytokine(s) Function 

Th1 Tbet IFNγ 
Immunity against intracellular 
pathogens such as virus, microbes 
Autoimmunity and inflammation 

Th2 GATA3 IL-4, IL-5, IL-13 
Immunity against extracellular 
pathogens (parasites such as helminths) 
Allergy / asthma / IgE 

Th9 PU-1 IL-9 Allergy 
Autoimmunity 

Th17 RORγT IL-17A, IL-17F, IL-22 
Immunity against extracellular 
pathogens 
Autoimmunity and inflammation 

Th22 AHR IL-22 Infection 
Tissue regeneration and wound healing 

Tfh Bcl-6 IL-21 Antibody production 

Treg Foxp3 IL-10, IL-35, TGF-β Immunosuppression 
Tolerance 

 
adapted from (Jiang & Dong, 2013) 
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Other peripheral T helper subsets have more recently been identified. Previously 

characterised as Th2 cells, IL-9-producing T cells have now become a distinct Th9 subset, 

where they are primarily involved in allergic responses (Tan & Gery, 2012). Furthermore, 

recently identified Th22 cells predominantly produce IL-22 to maintain epidermal immunity 

(Duhen et al., 2009), but are also closely related to Th17 cells and therefore implicated in 

several autoimmune diseases (Tian et al., 2013). Finally, follicular T helper (Tfh) cells promote 

B cell activation and antibody production to trigger germinal centre formation (Jiang & Dong, 

2013). 

 

1.2.4 T cell activation 

T cells can be further classified in terms of their activation status. Successful T cell 

activation is initiated through the simultaneous engagement of the TCR (signal 1) and co-

stimulatory molecules (signal 2) at the immunological synapse (Figure 1.4). Ultimately, this 

results in cytokine-mediated T cell differentiation and expansion (signal 3; see Chapter 1.2.3). 

MHC-bound antigen peptides are presented to the TCR by professional antigen-

presenting cells (APCs), which also express co-stimulatory ligands that bind to CD28. 

Conversely, co-inhibitory ligands expressed on the surface of APCs engage their respective 

receptors on T cells to regulate the consequent immune response. Together, this interaction 

between T cell and APC determines which signalling pathways are activated downstream to 

shape the resulting effector functions (see Chapter 1.2.5). 

Initially naïve T cells (Tnv) are maintained in the periphery via TCR engagement with 

self-peptide MHC molecules and exposure to IL-7 (Sprent & Surh, 2011). Eventually, 

extrathymic Tnv cells migrate to secondary lymphoid organs, where they encounter various 

professional APCs, most notably dendritic cells (DCs) (Miller et al., 2004). Here, antigen 

peptides are presented to CD4+ T cells via MHC class II, thereby forming an immunological 

synapse (Miller et al., 2004). Further co-stimulatory ligands are presented on the surface of 

mature DCs, whereupon CD80 and CD86 probably represent the most important co-

stimulatory pathway (Hubo et al., 2013). Typically, CD80 and CD86 bind CD28, inducing a 

strong activation signal within T cells (Lenschow et al., 1996), however, the co-inhibitory 

receptor CTLA-4 is upregulated during T cell activation, competing with CD28 for interaction 

with CD80 and CD86 (Greene et al., 1996). Given that CTLA-4 binds both ligands with higher 
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affinity than CD28, this allows the regulation of T cell activation and aims to prevent 

hyperactivation (Hubo et al., 2013). 

 

 

Figure 1.4 – Stimulatory and inhibitory conditions regulating T cell activation 

Overview of the stimulatory and inhibitory molecules involved in T cell activation. Interaction 

between the T cell receptor (TCR) and the antigen peptide presented on MHC class I/II initiates 

activation (signal 1). This is further induced by the co-receptor CD4 (or CD8) and interaction 

between CD28 and co-stimulatory molecules CD80/CD86 (signal 2). In contrast, T cell activation is 

modulated by the interaction between inhibitory receptors PD-1 and CTLA-4 with PD-L1 and 

CD80/86, respectively. The cytokine milieu present during activation determines differentiation 

towards distinct lineages (signal 3). 

 

Co-stimulation is particularly important in T cell activation, as TCR engagement alone 

culminates in anergy (Smith-Garvin et al., 2009). The importance of CD28 co-stimulation is 

well-documented, previously shown to promote T cell proliferation, rewire cellular 

metabolism, and induce cytokine production (Acuto & Michel, 2003). Phosphoinositide 3-

kinase (PI3K) is a major downstream target of CD28, where it is involved in the Akt-mediated 
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nuclear localisation of NFAT and subsequent transcription of IL-2 (Burr et al., 2001; 

Okkenhaug et al., 2001). The resulting IL-2 produced further enhances T cell activation – 

especially Tnv cell activation – through binding to its associated receptor in an auto- or 

paracrine manner (Boyman & Sprent, 2012; Or et al., 1992). Alternatively, CD28 can also 

promote IL-2 production by inducing arginine methylation on VAV1 (Blanchet et al., 2005). 

Functionally related to CD28, the eponymous inducible co-stimulator (ICOS) becomes 

inducibly expressed on the surface of activated T cells and interacts with its cognate ligand 

(Hutloff et al., 1999; Yoshinaga et al., 1999). Although ICOS does not induce IL-2 gene 

transcription like CD28, several functions are shared between both molecules including the 

regulation of T cell proliferation and survival (Coyle et al., 2000; Harada et al., 2003). Members 

of the tumour necrosis factor receptor family are also involved in co-stimulation, amplifying 

T cell activation through similar mechanisms as CD28 and ICOS, albeit through alternate 

downstream signalling pathways (Watts, 2005). Given that a large number of the same genes 

are regulated by the aforementioned co-stimulatory receptors, the likely reason for such is a 

consequence of the timing of their expression. For example, CD28 is critical for early T cell 

activation, whereas ICOS, OX40 and 4-1BB are important in sustaining the immune response, 

with the latter two also pivotal in the generation of memory (Smith-Garvin et al., 2009). 

Necessary regulatory mechanisms are required to limit T cell activation to maintain 

self-tolerance and prevent the development of autoimmunity. Co-inhibitory molecules 

oppose the function of co-stimulatory molecules, which include cytotoxic T lymphocyte 

protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1), whereby their cell surface 

expression peaks 24-48 h post-activation (Smith-Garvin et al., 2009). CTLA-4 competes with 

CD28 for interaction with co-stimulatory ligands CD80 and CD86 (Greene et al., 1996). 

However, it is unclear how CTLA-4 dampens T cell function, with initial evidence suggesting 

the recruitment of phosphatases to the TCR complex that subsequently limit downstream 

signalling pathways (Lee et al., 1998). Alternatively, it has been proposed that CTLA-4 is able 

to facilitate the endocytosis of CD80 and CD86 from the surface of APCs, preventing any 

further stimulation through CD28 (Qureshi et al., 2011). On the other hand, PD-1 has 

specialised ligands, PD-L1 and PD-L2, with the former expressed on several immune and non-

immune cell types, whereas the latter is reserved for expression on professional APCs (Zhong 

et al., 2007). PD-1 functions by inhibiting PI3K – whose activation is induced by co-stimulation 

– leading to suppressed cytokine production, the loss of cell survival and the induction of 
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apoptosis (Keir et al., 2008). Together, these mechanisms demonstrate the delicate interplay 

that occurs in successful regulation of the induction, maintenance and modulation of T cell 

activation following engagement of the TCR and ligation of co-receptors. 

Upon recognition of the unique MHC class II peptide and simultaneous co-stimulation 

that is necessary to surpass the signalling threshold required for successful T cell activation, 

naïve T cells undergo rapid proliferation and cytokine production to become effector memory 

T cells that serve to eliminate the recognised pathogen (Figure 1.5). Following successful 

clearance of the immunological threat, these effector memory T cells either succumb to 

apoptosis, or transition into long-lived central memory T cells that can rapidly expand and 

perform effector functions following re-encounter with the cognate antigen (Figure 1.5). 

Individual subsets within the memory T cell compartment can be identified based upon their 

heterogenous expression of cell surface markers such as CD45RO, CCR7, CD28 and CD95 

(Mahnke, Brodie, et al., 2013). Naïve T cells are characterised as CD45RO-CCR7+CD28+CD95- T 

cells that also express high levels of the homing receptor CD62L to promote their localisation 

to the lymph nodes (Mahnke, Brodie, et al., 2013). Upon transition into effector memory T 

cells, CD62L becomes downregulated to allow migration into other regions within the 

periphery, whilst CD45RO and CD95 become upregulated prior to the loss of both CD28 and 

CCR7 (Mahnke, Brodie, et al., 2013). Central memory T cells exhibit a phenotype between 

that of effector memory and naïve subsets – CD45RO+CCR7+CD28+CD95+ T cells that also 

express CD62L for their containment within the lymph nodes and related secondary lymphoid 

organs (Mahnke, Brodie, et al., 2013). This highly dynamic process allows the conversion of T 

cells between hyperproliferative and functionally active states in order to support a successful 

immune response to both inexperienced and previously-experienced cognate antigens. 

 

 

Figure 1.5 – Overview of T cell memory 

Upon recognition of their cognate antigen, naïve T cells undergo rapid clonal expansion to become 

highly-functional effector T cells. Following clearance of the encountered pathogen, effector T cells 

either become long-lived memory T cells or succumb to apoptosis. 
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1.2.5 T cell signalling 

Ligation between the TCR and peptide-MHC complexes, presented to T cells by 

professional APCs, initiates downstream signal transduction pathways to generate an 

immune response (Figure 1.6). This interaction results in the recruitment of CD4 or CD8 co-

receptors to the TCR complex, following binding to either MHC class II or I, respectively 

(Parnes et al., 1989). The SRC family protein tyrosine kinase Lck binds to the intracellular 

regions of either co-receptor, where it begins to phosphorylate the ITAM motifs within the 

intracellular CD3 domains of the TCR to enable the anchoring and activation of the protein 

tyrosine kinase ZAP70 (Barber et al., 1989; Chan et al., 1992; Samelson et al., 1986). Here, 

ZAP70 phosphorylates its major downstream target, transmembrane adaptor linker for 

activation of T cells (LAT), to allow aggregation and docking of further signalling molecules 

such as phospholipase Cγ (PLCγ), IL-2-inducible tyrosine kinase (ITK) and VAV1 (Horejsi et al., 

2004; Paz et al., 2001). Importantly, the LAT signalosome formed propagates signal 

transduction in three major pathways: nuclear factor of activated T cells (NFAT), nuclear 

factor-κB (NF-κB) and mitogen-activated protein kinase/extracellular signal-regulated kinase 

(MAPK/ERK). PLCγ is central to this process, whereby it hydrolyses phosphatidylinositol-4,5-

bisphosphate (PI-4,5-P2) at the plasma membrane to activate the secondary messengers 

diacylglycerol (DAG) and inositol triphosphate (IP3), which in turn activate several signalling 

mediators (Horejsi et al., 2004). 

Once mobilised, IP3 localises to the endoplasmic reticulum (ER) where it binds to its 

receptor to activate calcium channels on the ER membrane and induces the influx of calcium 

into the cytoplasm (Putney, 1987). Subsequently, low levels of calcium within the ER causes 

the clustering of stromal interaction molecules (STIM1) on the ER membrane, leading to the 

activation of calcium release-activated channels (CRAC) on the plasma membrane (Srikanth 

& Gwack, 2013). The resulting influx of calcium from the extracellular space into the cytosol 

aggregates and binds calmodulin and activates calcineurin, ultimately activating NFAT and 

facilitating its nuclear translocation. 

DAG is involved in the induction of multiple signalling pathways. One of these 

downstream targets is protein kinase C (PKC). Particularly important in T cells, DAG activates 

PKCθ, which phosphorylates CARMA1 to allow it to function as a scaffold protein (Wang et 

al., 2004). This allows the subsequent binding of BCL-10 and K63-ubiquitnated TRAF6 to the 

cytosolic domain, facilitating further recruitment of NF-κB signalling molecules such as TAK1 
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and IKK-β (Gaide et al., 2002; Sun et al., 2004). Phosphorylation events between TAK1, IKK-β 

and IκB eventually consign IκB to proteasomal degradation, leading to the nuclear 

translocation of RelA and p50 and their binding to the NF-κB response element (Hinz & 

Scheidereit, 2014). Together with NFAT signalling, activation of NF-κB allows the complete 

transcription of IL-2 (Shaw et al., 1988; Verweij et al., 1991). 

 

 

Figure 1.6 – T cell receptor signalling cascade 

Overview of the T cell signalling cascade. Upon engagement of the T cell receptor (TCR), Lck and 

ZAP70 are recruited and phosphorylated to establish the LAT signalosome. Here, several effector 

molecules are recruited to engage three major downstream signalling pathways: the NFAT, MAP 

kinase and NF-κB signalling pathways. Adapted from (Gaud et al., 2018). 

 

Simultaneously, DAG also engages the MAPK/ERK pathway, initially binding to the C1-

domain of RasGRP1 (Carrasco & Merida, 2004). There is a corresponding signalling cascade 

through Ras/Raf and ERK, culminating in the activation of activator protein 1 (AP-1) within the 

nucleus (D'Ambrosio et al., 1994; Roose et al., 2005). Ras/Raf signalling is also amplified by 
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interaction with SOS1, which is involved earlier in the TCR signalling pathway when it is 

recruited by the LAT signalosome (Zhang et al., 1998). Alternate constituents of the 

MAPK/ERK pathway are also engaged by TCR signalling. For example, VAV1 – also recruited 

following LAT phosphorylation – is a GTP exchange factor capable of activating RAC, as well 

as possibly CDC42 (Gaud et al., 2018). Phosphorylation of these Rho family GTPases plays an 

important two-pronged role, inducing actin polymerisation, in addition to the downstream 

activation of the transcription factors JUN and FOS. Collectively, the activity of the 

aforementioned transcription factors results in, but is not limited to, T cell proliferation, 

migration and effector function. 

 

1.3 T cell metabolism 

The influence of cellular metabolism on leukocyte phenotype and function is a 

burgeoning area of immunology. Termed ‘immunometabolism’, this provides a framework 

for understanding the dynamic adaptations in leukocytes upon activation and engaging 

effector functions. Critically, metabolic adaptations are induced to meet the energetic 

demands of the immune response, which is achieved through the production of ATP, the 

energy-providing molecule of the cell (O'Neill et al., 2016). ATP can be derived through the 

metabolism of numerous substrates – including glucose, amino acids and lipids – through a 

number of integrated cellular pathways. The breakdown of ATP to ADP and inorganic 

phosphate is an exothermic reaction, whereby the hydrolysis of the phosphoanhydride bond 

releases the energy required for cellular function. However, cellular metabolism is not only 

required for the production of ATP, but is also essential in the generation of biosynthetic 

intermediates needed in various cellular processes (O'Neill et al., 2016). 

T cells primarily metabolise glucose for their energy production, wherein ATP is 

typically derived from either glycolysis only, or complete glucose metabolism through 

glycolysis, the link reaction, the TCA cycle and oxidative phosphorylation (OXPHOS) (Buck et 

al., 2015). The ATP generated through these pathways is used to drive cellular functions such 

as proliferation and cytokine production, particularly following activation through the TCR 

(see Chapter 1.3.6). However, T cells are not restricted to glucose metabolism, where they 

can utilise alternative substrates such as amino acids and lipids to fuel these metabolic 

processes (Buck et al., 2015). Importantly, there are several unique metabolic programmes 
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that underpin distinct aspects of T cell fate and function, which will be outlined throughout 

the coming sections.  

 

1.3.1 Substrate transportation 

Metabolites are taken up by T cells through a range of transporters spanning the 

plasma membrane (Figure 1.7). Glucose uptake is regulated by solute carrier protein family 

2A (SLC2A), more commonly referred to as glucose transporters (GLUT). Murine CD4+ T cells 

express GLUT1, -3, -6 and -8 (Macintyre et al., 2014). Of these GLUT family members, GLUT1 

and GLUT3 are the most abundant on T cells, with relatively low expression of the other two 

transporters, comparatively (Macintyre et al., 2014). Inhibition of GLUT1 reduced the 

proliferation and cytokine production of activated T cells, underlining the importance of 

glucose uptake in T cell effector function (Macintyre et al., 2014). Upon activation, the 

upregulation of GLUT1 is an mTORC1-dependent process (Howden et al., 2019), with MYC 

inhibition having little effect on the activation-induced expression of GLUT1, exceeding 

normal expression in some cases (Marchingo et al., 2020). Additionally, activated T cells also 

express the transporters necessary for lactate export – SLC16A1, SLC16A3 and SLC16A6 

(Howden et al., 2019; Pucino et al., 2017). 

Amino acid uptake is controlled by a series of different transporters. Most 

importantly, large neutral amino acids are taken up by SLC7A5, through the ‘leucine-

preferring’ system L transporter (Sinclair et al., 2013). Failure to take up amino acids through 

this transporter prevents the metabolic reprogramming necessary upon T cell activation, 

ultimately impairing T cell function (Sinclair et al., 2013). Sustained amino acid uptake via 

SLC7A5 is essential for the expression of the key metabolic modulators mTORC1 and MYC 

(Sinclair et al., 2013). Single-cell assays have been developed to monitor uptake through 

SLC7A5, where it has been found that kynurenine, the immunomodulatory tryptophan 

metabolite, can enter T cells via this transporter (Sinclair et al., 2018). Likewise, SLC1A5 is 

another critical amino acid transporter expressed by T cells (Nakaya et al., 2014). Also known 

as ASCT2, this transporter facilitates rapid glutamine uptake following T cell activation 

(Nakaya et al., 2014). In the absence of glutamine uptake, T cells fail to upregulate mTORC1 

upon activation and cannot properly differentiate towards typical effector lineages (Nakaya 

et al., 2014). Proteomic analyses have revealed that numerous other amino acid transporters 
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are expressed on activated T cells to facilitate the substrate uptake needed for biosynthesis 

(Howden et al., 2019; Marchingo et al., 2020). 

In contrast, fatty acid transportation is not restricted to solute carrier proteins. 

Instead, fatty acid uptake is controlled at the plasma membrane by multiple methods 

including fatty acid transport proteins, fatty acid binding proteins and the transporter CD36 

(Glatz et al., 2010). Some studies have demonstrated that fatty acids might readily diffuse 

across the plasma membrane in T cells (Rossetti et al., 1997; Szamel et al., 1989). Passive 

diffusion appears to be possible by both short-chained fatty acids (SCFAs) and long-chained 

fatty acids (LCFAs), although some transporter proteins might also be involved in these 

processes (Park et al., 2015; Rossetti et al., 1997; Szamel et al., 1989). 

 

 

Figure 1.7 – Summary of the substrate transporters used by T cells 

Overview of the main substrate transporter proteins utilised by T cells. Glucose is primarily taken 

up from the extracellular space via GLUT1 and GLUT3 – particularly following T cell activation. 

SLC1A5 and SLC7A5 are primarily responsible for the uptake of the amino acids glutamine and 

leucine, respectively. Fatty acids (FAs) can be taken up via transporter proteins including CD36 and 

FA transporter proteins (FATPs), whilst there is some evidence to suggest that they can readily 

diffuse across the plasma membrane. SLC16A1 is essential for the export of the glycolytic product, 

lactate, to maintain increased flux through this pathway. 

 

1.3.2 Glycolysis 

Glycolysis is a metabolic pathway that involves the breakdown of a six-carbon 

monosaccharide – usually glucose, although not limited to – through a series of tightly-

regulated enzyme-catalysed reactions, resulting in the net generation of two molecules of 

pyruvate, two molecules of NADH + H+ and two molecules of ATP (Figure 1.8). These reactions 

occur in the cytoplasm and are generally regarded as inefficient due to the low number of 

ATP molecules produced per glucose molecule. Although four ATP molecules are produced 
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during glycolysis, two molecules of ATP are expended throughout this series of enzymatic 

reactions, hence only a net gain of two ATP molecules. 

The first reaction in the glycolytic pathway is the phosphorylation of glucose, which is 

catalysed by hexokinase and serves to retain glucose within the cell. However, this is an 

energy-intensive process, requiring the expenditure of one ATP molecule. Subsequently, 

glucose 6-phosphate, the phosphorylated product, is converted into fructose 6-phosphate in 

a reaction catalysed by phosphoglucose isomerase. Alternatively, glucose 6-phosphate can 

act as a substrate for the pentose phosphate pathway (PPP), wherein pentoses, nucleotide 

precursors and NADPH are generated. In the following glycolytic reaction, fructose 6-

phosphate is further phosphorylated by phosphofructokinase (PFK) to form fructose 1,6-

bisphosphate. This is the second and final energy-dependent reaction, in which one ATP 

molecule is required. The phosphorylation of fructose 6-phosphate to fructose 1,6-

bisphosphate is irreversible and signifies the commitment of the initial glucose substrate 

towards glycolysis. Destabilisation of the hexose ring in the previous reaction allows the 

enzyme aldolase to catalyse the conversion of fructose 1,6-bisphosphate into two three-

carbon molecules: glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. 

Triosephosphate isomerase rapidly converts dihydroxyacetone phosphate into a second 

molecule of glyceraldehyde 3-phosphate, therefore all succeeding reactions and their 

products are duplicated. Glyceraldehyde 3-phosphate is oxidised and phosphorylated by 

glyceraldehyde phosphate dehydrogenase (GAPDH), which yields one molecule of 1,3-

bisphosphoglycerate and one molecule of NADH + H+ per reaction (i.e., two per glucose 

molecule). The next step involves the transfer of a phosphate group from 1,3-

bisphosphoglycerate to an ADP molecule, catalysed by phosphoglycerate kinase to yield 3-

phosphoglycerate and a molecule of ATP per reaction. Phosphoglycerate mutase then 

isomerises 3-phosphoglyerate into 2-phosphoglycerate. The enzyme enolase next catalyses 

the conversion of 2-phosphoglycerate to phosphoenolpyruvate, releasing water as a by-

product. Finally, a phosphate group is transferred from phosphoenolpyruvate to an ADP 

molecule in a reaction catalysed by pyruvate kinase, resulting in the formation of one 

molecule of pyruvate and one molecule of ATP. Together, the enzymatic breakdown of 

glucose to pyruvate via the glycolytic pathway results in the net gain of two ATP molecules 

and two NADH + H+ molecules. 
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Quiescent T cells engage low levels of glycolysis in both mice and humans (Cao et al., 

2014; Jones et al., 2017). Whilst CD8+ Tnv cells exhibit elevated levels of glycolysis versus their 

CD4+ counterparts in murine models (Cao et al., 2014), this appears to be reversed in humans 

whereby basal rates of glycolysis are higher in CD4+ T cells (Jones et al., 2017). However, it is 

more important to consider the importance of glycolysis upon T cell activation, where their 

metabolism is rewired to substantially drive flux through this pathway (see Chapter 1.3.6). 

Although glycolysis is reasoned to be an ineffective energy-generating process – given the 

disparity in ATP produced versus other metabolic pathways such as OXPHOS – it plays an 

important role in T cell activation due to its ability to more quickly utilise glucose (Macintyre 

& Rathmell, 2013). This enables T cells to rapidly produce ATP to support energy-demanding 

processes such as cytokine production upon their activation. 

Additionally, there are a number of horizontal metabolic pathways associated with 

glycolysis, including the pentose phosphate pathway (PPP), glycogen synthesis pathway, 

glucosamine pathway and serine synthesis pathway. Here, glycolytic intermediates can 

branch off from glycolysis and can instead be used as the intermediates of these other 

metabolic pathways. For example, glucose-6-phosphate can initiate the PPP in the oxidative 

phase, whilst fructose-6-phosphate and glyceraldehyde-3-phosphate can enter at various 

points during the subsequent non-oxidative phase. Ultimately, the PPP serves to generate 

NADPH and pentose sugars, in addition to forming the precursors for nucleotide synthesis 

such as ribose-5-phosphate. Glucose 6-phosphate can also feed into glycogenesis, wherein it 

is initially converted into glucose 1-phosphate by phosphoglucomutase before subsequent 

conversions to UDP-glucose and finally glycogen. When required, glycogen is mobilised 

through the reverse of these reactions, termed glycogenolysis, where the glucose that is 

generated can re-enter metabolic pathways such as glycolysis. Meanwhile, fructose 6-

phosphate and 3-phosphoglycerate make up the precursors of the glucosamine and serine 

synthesis pathways, respectively. 
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Figure 1.8 – The glycolysis pathway 

One molecule of glucose is converted to two molecules of pyruvate through a number of reactions 

occurring outside the mitochondria. In addition to the formation of pyruvate, there is a net 

production of two molecules of ATP, 2 NADH and 2 H+. GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase. 

 

1.3.3 Fates of pyruvate 

The conversion of pyruvate to acetyl-CoA is known as the link reaction (Figure 1.9). 

This multi-step reaction occurs within the mitochondria and is catalysed by the pyruvate 

dehydrogenase complex, which is composed of enzymes referred to as E1 (pyruvate 

dehydrogenase), E2 and E3. Together, components of the pyruvate dehydrogenase complex 

catalyse the decarboxylation of pyruvate, generation of NADH + H+ and the transfer of 

coenzyme A to form acetyl-CoA. Importantly, pyruvate dehydrogenase is allosterically 

regulated by pyruvate dehydrogenase kinase – a kinase that is activated by ATP, NADH and 

acetyl-CoA, but inhibited by ADP, NAD+ and pyruvate. 
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Alternatively, under certain conditions – for example, hypoxia or following T cell 

activation – pyruvate is instead converted to lactate by lactate dehydrogenase (Figure 1.9). 

Importantly, this reaction facilitates the regeneration of NAD+ for use in further rounds of 

glycolysis – it is a cofactor in the reaction catalysed by GAPDH. Following T cell stimulation, 

the production of lactate increases up to 40-fold of basal rates (Kominsky et al., 2010) in a 

process known as the Warburg effect or ‘aerobic glycolysis’. Moreover, activated T cells 

maintain their elevated levels of glycolysis through efficient export of the lactate through 

SLC16A1, -3 and -6 (Howden et al., 2019; Marchingo et al., 2020). Aside from its primary role 

as a substrate for subsequent cellular metabolism, acetyl-CoA can be utilised for other 

functions including fatty acid synthesis and histone/protein acetylation. Additional roles for 

lactate include posttranslational modification in the form of lactylation, which has recently 

been associated with metabolic reprogramming (Liu et al., 2022), as well as recently being 

described as a carbon source to fuel CD8+ T cell metabolism (Kaymak et al., 2022). 

 

 

Figure 1.9 – The fates of pyruvate 

In the presence of oxygen, pyruvate is typically converted to acetyl-CoA in a 3-step reaction 

catalysed by the pyruvate dehydrogenase complex within the mitochondria. Alternatively, in the 

absence of oxygen, pyruvate is converted to lactate by lactate dehydrogenase to regenerate NADH. 

However, upon T cell activation, the generation of lactate is preferred for rapid ATP generation, 

even in oxygen replete conditions in a process known as ‘aerobic glycolysis’. 

 

1.3.4 Tricarboxylic acid cycle 

The tricarboxylic acid (TCA) cycle is a series of enzymatic reactions that occur within 

the mitochondria that involves the initial conversion of acetyl-CoA and oxaloacetate into 

citrate (Figure 1.10). A complete round of the TCA cycle results in the generation of reducing 

equivalents that fuel downstream OXPHOS: three molecules of NADH + H+ and one molecule 

of FADH2. By-products such as CO2 and GTP are also formed during this set of reactions. Given 
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that one molecule of glucose generates two molecules of pyruvate, two complete cycles are 

realised per glucose molecule. 

Acetyl-CoA becomes committed to the TCA cycle through the irreversible conversion 

of acetyl-CoA, oxaloacetate and H2O to citrate and CoA-SH, which is catalysed by citrate 

synthase. Citrate is next isomerised to isocitrate in a coupled dehydration and hydration 

reaction catalysed by aconitase. Isocitrate dehydrogenase catalyses the next set of coupled 

reactions, in which isocitrate is initially oxidised, yielding oxalosuccinate and one molecule of 

NADH + H+, before oxalosuccinate is then decarboxylated to generate α-ketoglutarate and 

one molecule of CO2. These reactions are followed by a further oxidative decarboxylation 

reaction, whereby α-ketoglutarate dehydrogenase catalyses conversion of α-ketoglutarate, 

NAD+ and CoA-SH to succinyl-CoA, NADH + H+ and CO2. Next, succinyl-CoA is converted to 

succinate in a reaction catalysed by succinyl-CoA synthetase, also yielding one molecule of 

GTP by substrate-level phosphorylation. The next step of the TCA cycle is the oxidation of 

succinate in a reaction catalysed by succinate dehydrogenase, yielding fumarate and one 

molecule of FADH2. There is subsequent hydration of fumarate to malate, catalysed by 

fumarase, before malate dehydrogenase catalyses the regeneration of oxaloacetate to fuel 

the next round of the TCA cycle. 

 

 

Figure 1.10 – The tricarboxylic acid cycle 

The reactions of the tricarboxylic acid (TCA) cycle occur within the mitochondria. Acetyl-CoA and 

oxaloacetate are converted to citrate which initiates the cycle. Therefore, two cycles occur per 

glucose molecule metabolised via this pathway. The reactions of the TCA cycle result in the 

reduction of cofactors (three NADH and one FADH2) and the formation of GTP and carbon dioxide. 
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During quiescence, murine and human T cells exhibit relatively low metabolic rates 

through the TCA cycle (Cao et al., 2014; Jones et al., 2017). Glucose is typically incorporated 

into the TCA cycle (Jones et al., 2019), however, under glucose-limiting conditions T cells 

compensate for this loss through the anaplerosis of other metabolites such as glutamine 

(Blagih et al., 2015). Alternatively, T cells can also engage the TCA cycle with acetyl-CoA 

derived from the fatty acid oxidation pathway (O'Sullivan et al., 2014). Alternate fuel usage 

becomes particularly important upon T cell activation, whereby glucose becomes re-routed 

towards aerobic glycolysis and oxidative metabolism is sustained by glutaminolysis and the 

anaplerosis of metabolic substrates (see Chapter 1.3.6). 

 

1.3.5 Oxidative phosphorylation 

Oxidative phosphorylation (OXPHOS) is the second main cellular energy-producing 

pathway. Alongside the link reaction and the TCA cycle, OXPHOS occurs within the 

mitochondria, generating greater than 30 molecules of ATP per glucose molecule 

(Figure 1.11). The reducing equivalents produced during glycolysis (NADH + H+) and the TCA 

cycle (NADH + H+ and FADH2) produce the protons and electrons necessary to drive a series 

of redox reactions at the inner mitochondrial membrane. Here, the electrons are transferred 

along a group of proteins known as the electron transport chain, made up of the following 

complexes: NADH-ubiquinone oxidoreductase (complex I), succinate dehydrogenase 

(complex II), coenzyme Q : cytochrome c oxidoreductase (complex III), and cytochrome c 

oxidase (complex IV). The subsequent reduction of oxygen by complex IV makes it the 

terminal electron acceptor. Importantly, the transfer of electrons between these 

mitochondrial complexes facilitates proton pumping across the mitochondrial membrane into 

the intermembrane space by complexes I, III and IV. This establishes a proton gradient, 

whereby a greater number of protons are present in the intermembrane space versus the 

mitochondrial matrix. Consequently, protons are transported via this electrochemical 

gradient through ATP synthase (complex V), a protein consisting of two significant regions, FO 

and F1. Protons transported through the FO region generates the proton-motive force to 

rotate elements of the F1 region, resulting in the energy required to catalyse the conversion 

of ADP and Pi into ATP. 
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Figure 1.11 – The electron transport chain 

The electron transport chain is located on the inner mitochondrial membrane and is the site of 

oxidative phosphorylation. Electrons are transferred from reduced cofactors to their respective 

complexes, before transfer through the complexes of the electron transport chain in a series of 

redox reactions to finally reduce oxygen. Through electron transfer, protons are pumped across the 

inner mitochondrial membrane by complexes I, II and IV to create a greater concentration of 

protons within the intermembrane space. Protons return to the mitochondrial matrix down the 

electrochemical gradient through ATP synthase, resulting in the generation of ATP from ADP + Pi. 

Complex I, NADH:ubiquinone oxidoreductase; complex II, succinate dehydrogenase; complex III, 

coenzyme Q:cytochrome c oxidoreductase; complex IV, cytochrome c oxidase; complex V, ATP 

synthase; Cyt c, cytochrome c; Q, coenzyme Q. 

 

1.3.6 Metabolic rewiring upon T cell activation 

T cells undergo extensive metabolic rewiring upon their activation to support the 

biosynthetic pathways necessary for effector function (Figure 1.12). Early studies 

demonstrated that engagement of the TCR, alongside CD28 co-stimulation, increased glucose 

uptake to sustain elevated levels of glycolysis (Frauwirth et al., 2002). Augmented glucose 

metabolism was underpinned by activation of the AKT and upregulation of the glucose 

transporter GLUT1 – both processes regulated by the inhibitory ligand CTLA-4 (Frauwirth et 

al., 2002). Likewise, high levels of glutamine metabolism are also required for successful T cell 
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activation (Carr et al., 2010). Upon activation, T cells selectively increase glutamine uptake 

and downstream anaplerotic metabolism in an ERK-dependent manner to perpetuate 

proliferation and cytokine production (Carr et al., 2010). Further studies have demonstrated 

that activation-induced metabolic reprogramming also includes – in addition to elevated 

glycolysis and glutaminolysis – reduced levels of fatty acid β-oxidation, reduced levels of 

pyruvate oxidation via the TCA cycle and increased flux through the PPP (Wang et al., 2011). 

Interestingly, these metabolic changes were supported by MYC-dependent upregulation of 

the enzymes involved in glycolysis and glutaminolysis (Wang et al., 2011). Inhibition of AKT 

and ERK – the aforementioned kinases implicated in T cell metabolic reprogramming (Carr et 

al., 2010; Frauwirth et al., 2002) – limited the expression of MYC, which might suggest that 

these pathways regulate activated T cell metabolism, at least partially, through their 

regulation of MYC expression (Wang et al., 2011). The absence of MYC in activated T cells 

results in blunted T cell growth and proliferation (Wang et al., 2011). These findings have 

recently been complemented by quantitative proteomic analyses, wherein MYC was 

demonstrated to control cell growth by selectively remodelling the T cell proteome upon 

activation (Marchingo et al., 2020). The importance of MYC in maintaining augmented 

glycolysis and glutaminolysis was also further explored, confirmed to control the rate-limiting 

steps of each pathway, lactate transporter expression and glutamate dehydrogenase 

expression, respectively (Marchingo et al., 2020). Moreover, MYC enhanced amino acid 

transporter expression in activated T cells to establish a positive feedback loop to maintain 

its own expression and drive further metabolic reprogramming (Marchingo et al., 2020). 

Other metabolic modulators have also been implicated in T cell activation. Glucose 

uptake and glycolysis are regulated by mammalian target of rapamycin complex 1 (mTORC1) 

in activated CD8+ T cells (Finlay et al., 2012). Changes in glucose metabolism were mediated 

by the interaction of mTORC1 with hypoxia-inducible factor 1α (HIF-1α) in an AKT- and PI3K-

independent manner, which promoted glycolytic enzyme expression to sustain the elevated 

glycolytic rates necessary for downstream migration and function (Finlay et al., 2012). 

mTORC1 expression and activation, like MYC, requires sustained uptake of the amino acid 

leucine (Sinclair et al., 2013). Under glucose limiting conditions, there is a metabolic 

checkpoint controlled by AMP-activated protein kinase (AMPK) which ensures that T cells 

adapt to meet the metabolic demands of activation (Blagih et al., 2015). This enables 

switching to alternative fuels such as glutamine to power mitochondrial metabolism and 
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maintain T cell fitness (Blagih et al., 2015). Interestingly, there are slight differences in the 

metabolic programmes of CD4+ and CD8+ T cells. Whilst both subsets enhanced their 

glycolytic metabolism following activation, CD4+ retain a more oxidative phenotype versus 

CD8+ T cells, displaying an increased respiratory capacity and associated with increased 

mitochondrial content (Cao et al., 2014). However, the enhanced glycolytic metabolism of 

CD8+ T cells allowed an increased capacity for ensuing cell growth and proliferation (Cao et 

al., 2014). 

 

 

Figure 1.12 – T cell metabolism upon activation 

Overview of the metabolic programmes underpinning T cell activation. During quiescence, T cells 

typically maintain their function through oxidative metabolism, whereby OXPHOS is primarily 

fuelled by glucose metabolism, but also supplemented by the oxidation of fatty acids. Upon 

activation, a ‘glycolytic switch’ is engaged – glucose is primarily used to fuel glycolysis even in 

oxygen replete conditions. Moreover, the amino acid glutamine enters the TCA cycle to fuel 

OXPHOS. These changes occur to meet the increased energetic demands of T cell effector function. 

ETC, electron transport chain; FAO, fatty acid oxidation; TCA, tricarboxylic acid. 

 

 

 



28 
 

Importantly, enhanced glucose metabolism also fuels human T cell activation. 

Consistent with murine studies, activation thorough TCR ligation promotes rapid glucose 

uptake to power enhanced glycolytic flux (Macintyre et al., 2014). Whilst oxidative glucose 

metabolism is also promoted following T cell activation, levels of glycolysis supersede 

OXPHOS to preferentially utilise aerobic glycolysis (Macintyre et al., 2014). Once more, 

metabolic programming is paramount to T cell fate and fitness, driving cell growth and 

proliferation (Macintyre et al., 2014). Similar observations were also made in CD8+ T cells, 

whereby the activation-induced ‘glycolytic switch’ was required for optimal IFNγ production 

(Gubser et al., 2013). In both human CD4+ and CD8+ T cell subsets, increased glycolysis is 

driven by marked upregulation of the glycolytic enzymes hexokinase II, PFK and GAPDH, 

alongside an increase in the expression of GLUT1 (Jones et al., 2017). Moreover, increased 

expression of lactate dehydrogenase following activation supports the switch to aerobic 

glycolysis (Jones et al., 2017). Whilst both subsets are reliant on glucose metabolism for 

optimal activation and cytokine production, CD8+ T cells appear to be more reliant on 

mitochondrial metabolism to carry out these processes than their CD4+ counterparts (Jones 

et al., 2017). This early metabolic switch in human T cells is orchestrated by a combination of 

AKT and STAT5, which are essential in upregulating glycolysis and glutaminolysis, respectively 

(Jones et al., 2019). The activation of mTORC1 is intertwined in both of these signalling 

pathways (Jones et al., 2017; Jones et al., 2019), highlighting the importance of all three 

pathways in the metabolic reprogramming of human T cells. Importantly, perturbed 

glutamine metabolism culminated in a loss of IL-2 production by human T cells (Jones et al., 

2019). Previous work has demonstrated that under glutamine-limiting conditions, activated 

human T cells displayed a regulatory phenotype, characterised by elevated FoxP3 expression, 

but also readily produced proinflammatory cytokines including IL-17 and IFNγ (Metzler et al., 

2016). Together, these data elucidate the metabolic reprogramming that occurs in murine 

and human T cells upon their activation, which is characterised by a switch to elevated rates 

of glycolysis, further supported by enhanced glutamine metabolism. 

Regulatory mechanisms are required to limit T cell activation and maintain 

immunological tolerance (see Chapter 1.2.4). Early work revealed that there might be a 

metabolic underpinning to this dampening of the activation response, demonstrating that 

CTLA-4 inhibited the activation-induced upregulation of glucose metabolism in T cells 

(Frauwirth et al., 2002). Specifically, CTLA-4 prevents the glycolytic reprogramming needed 
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upon T cell activation, whereby glycolytic enzyme expression remained similar to that of 

unstimulated human T cells (Patsoukis et al., 2015). In a similar vein, PD-1 also inhibits 

activation-induced glucose metabolism (Patsoukis et al., 2015). Human CD4+ T cells activated 

in the presence of PD-1 fail to upregulate their glucose or glutamine metabolism, instead 

pivoting towards a metabolic programme characterised by enhanced fatty acid oxidation 

(Patsoukis et al., 2015). Consequently, PD-1 signalling in CD4+ T cells unlocks an enhanced 

respiratory capacity versus activated T cells, mediated by inhibition of the AKT and ERK 

pathways downstream of the TCR signalling cascade (Patsoukis et al., 2015). Thus, metabolic 

programmes are in place within T cells to regulate their activation and prevent the 

development of autoimmunity. 

The progression of naïve T cells towards effector T cells, and ultimately, central 

memory T cells is further supported by underlying changes in metabolism. Numerous 

investigations have outlined the importance of fatty acid metabolism, amongst other 

metabolic changes, in this process. Initially, it was demonstrated that murine CD8+ T cells 

displaying defective fatty acid oxidation failed to generate long-lived memory populations 

after immunisation (Pearce et al., 2009). These changes were driven by aberrant AMPK 

activation, which could be restored by metformin to re-establish fatty acid oxidation and 

memory cell formation (Pearce et al., 2009). Moreover, CD8+ memory T cells have an 

increased capacity for mitochondrial respiration, facilitated by an IL-15-induced increase in 

mitochondrial biogenesis (van der Windt et al., 2012). Importantly, this spare respiratory 

capacity in memory T cells is dependent on fatty acid oxidation, further supported by 

upregulation of the rate-limiting enzyme carnitine palmitoyl transferase (CPT1a) (van der 

Windt et al., 2012). Additionally, glycolytic inhibition enhances memory formation (Sukumar 

et al., 2013). Interestingly, memory T cells do not acquire considerable levels of extracellular 

fatty acids to fuel these processes, instead using extracellular glucose to generate the 

substrates necessary to sustain elevated rates of fatty acid oxidation and OXPHOS (O'Sullivan 

et al., 2014). Indeed, enhanced lipolysis is characteristic of T cell memory, supporting their 

development and survival (O'Sullivan et al., 2014). Changes in mitochondrial dynamics also 

play an important role in mediating the metabolic adaptations necessary for memory 

formation (Buck et al., 2016). For example, memory T cells have mitochondria that are 

characterised by fused networks – maintained by OPA1 – that arranges the electron transport 

chain complexes in a configuration biased towards enhanced fatty acid oxidation and OXPHOS 
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(Buck et al., 2016). In contrast to these findings, a recent study demonstrated that T cell 

memory generation did not require CPT1a, instead suggesting that etomoxir – a drug that 

inhibits CPT1a activity – perturbs memory formation through ‘off-target’ effects on 

metabolism (Raud et al., 2018). Whilst low doses of etomoxir inhibit CPT1a activity in murine 

and human T cells, higher doses (> 100 μM) disturbed the TCA cycle and subsequent OXPHOS 

independent of fatty acid oxidation (Raud et al., 2018). Together, there is a wealth of data 

supporting the importance of fatty acid oxidation in T cell memory formation, however, 

experiments involving etomoxir must be interpreted with caution given the recently 

described ‘off-target’ effects on other areas of metabolism. 

The rapid recall ability of memory T cells is underpinned by another metabolic 

programme. Upon activation, the resulting secondary effector T cells generate increased 

levels of ATP versus their primary effector counterparts (van der Windt et al., 2013). Here, 

memory T cells sustained rates of glycolysis and OXPHOS at greater levels than naïve T cells, 

supported by their increased mitochondrial mass (van der Windt et al., 2013). Moreover, 

these metabolic adaptations allow the secondary effector T cells generated to proliferate 

more rapidly and produce more cytokines than primary effector T cells (van der Windt et al., 

2013). Further evidence has highlighted the importance of a rapid glycolytic switch following 

memory T cell stimulation to support the production of IFNγ (Gubser et al., 2013). Signalling 

via the AKT pathway promoted elevated levels of glycolytic flux, which was driven by greater 

GAPDH activity versus naïve T cells activated under comparable conditions (Gubser et al., 

2013). Enhanced GAPDH activity has since been associated with post-translational 

modification of the enzyme in memory T cells (Balmer et al., 2016). Increased acetate 

concentrations contribute to optimal memory function through expansion of acetyl-CoA 

pools, whilst also promoting the acetylation of GAPDH, culminating in enhanced glycolytic 

metabolism and effector function (Balmer et al., 2016). Most recently, it has also been shown 

that memory T cells activate glycogen phosphorylase B upon TCR signalling, mobilising 

glycogen stores as an alternative carbon source for glycolysis during rapid recall function 

(Longo et al., 2022). Thus, whilst oxidative metabolism supports the survival of long-lived 

memory T cells, their rapid effector function following recall is fuelled by a shift towards 

predominantly glycolytic metabolism (Figure 1.13). 
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Figure 1.13 – T cell metabolism during memory formation 

Naïve T cells typically exhibit a quiescent phenotype, which is primarily driven by oxidative glucose 

metabolism. Upon activation and downstream effector T cell formation, metabolism is 

reprogrammed to meet the energetic demands of effector function. Following clearance of the 

immunological threat, effector T cells are either committed to apoptosis (not shown) or progress to 

become memory T cells. The survival of long-lived memory T cells is underpinned by a return to 

oxidative metabolism using fatty acids as their fuel. 

 

It is now understood that the asymmetric cell division T cells undergo following 

activation is governed by disparate metabolic programmes. During the process of mitotic 

division, the daughter cell positioned closest to the APC, also known as the ‘proximal’ 

daughter cell, is most likely to inherit an effector phenotype, whereas the ‘distal’ daughter 

cell progresses towards memory (Verbist et al., 2016). Interestingly, this is mediated by an 

uneven distribution of the metabolic modulator MYC, wherein the proximal daughter T cell 

receives greater levels of the protein (Verbist et al., 2016). MYC expression is sustained in 

proximal daughter cells by elevated amino acid transporter expression, increased uptake of 

amino acids through these channels, and subsequent increased mTORC1 activity (Verbist et 

al., 2016). Moreover, the partitioning of mTORC1 activity leads to elevated levels of glycolysis 

within the proximal daughter cell to drive their effector function (Pollizzi et al., 2016). In 

contrast, the distal daughter cells exhibit increased rates of fatty acid metabolism, 

concomitant with the expression of several anti-apoptotic proteins to support the long-term 

survival of these memory cells (Pollizzi et al., 2016). Together, these metabolic changes induce 

the differences in effector function and differentiation between the two populations. 

Whilst T cell metabolism is well-tuned for their numerous states and functions, 

external factors can also cause metabolic alterations. For example, transforming growth 

factor (TGF)-β derived from the tumour microenvironment was able to suppress T cell 

metabolism, preventing the generation of ATP required to meet the demands of effector 

function (Dimeloe et al., 2019). More recently, the TCA cycle metabolite, succinate, which 
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accumulates within the tumour microenvironment, has been demonstrated to impair flux 

through the TCA cycle (Gudgeon et al., 2022). Inhibition of the enzyme succinyl-CoA 

synthetase prevents the progression of metabolites through the TCA cycle, thus inhibiting 

oxidative glucose metabolism, culminating in defective cytokine production and 

degranulation in human CD4+ and CD8+ T cells (Gudgeon et al., 2022). Following these 

advances in understanding the integration of T cell metabolism in downstream effector 

function, efforts are being made to improve our knowledge of how T cell metabolism 

underpins other facets of T cell biology. 

 

1.3.7 Metabolic regulation of T cell lineage 

Given that metabolism underpins T cell function – particularly following activation – 

its influence on differentiation towards different lineages has been explored (Figure 1.14). 

Early experiments determined that glutamine availability influenced expression of Th1-

associated cytokines, whilst the production of Th2-associated cytokines did not dependent 

on optimal glutamine levels (Chang et al., 1999). This concept was developed further, wherein 

the metabolic regulator mTOR was required for differentiation towards effector lineages, 

including Th1, Th2 and Th17 cell subsets (Delgoffe et al., 2009). These changes were 

associated with a failure to express the necessary transcription factors, arising from impaired 

STAT activation in mTOR-deficient cells (Delgoffe et al., 2009). Interestingly, CD4+ T cells 

lacking mTOR instead differentiated into Treg cells, displaying hypersensitivity towards TGF-

β, a key Treg cell inducer (Delgoffe et al., 2009). This mechanism was further elucidated, 

whereby mTORC1 activation is required for differentiation into Th1 and Th17 subsets, whilst 

mTORC2 activation is necessary for differentiation into the Th2 subset (Delgoffe et al., 2011). 

Together, these findings developed a framework linking metabolic signalling pathways and T 

cell differentiation. 

Subsequent studies have built upon this model, dissecting the relationship between 

metabolism and differentiation into distinct T cell subsets. These analyses, mostly performed 

using murine models, have unearthed intriguing metabolic checkpoints that regulate 

diverging pathways in commitment towards opposing T cell subsets (e.g., Th1 versus Th2, 

Th17 versus Tregs). Focussing firstly on Th1 and Th2 cell differentiation, both subsets are 

dependent on high glycolytic activity, but are also inhibited by increasing levels of lipid 

oxidation (Michalek et al., 2011). Both subsets also express high levels of GLUT1, which is 
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necessary to maintain elevated rates of glycolysis to support their survival and effector 

function (Macintyre et al., 2014). Interestingly, in human T cells, stimulation of the 

complement receptor CD46 has been associated with enhanced expression of GLUT1 and 

increased glycolysis, both of which were necessary for successful Th1 cell function (Kolev et 

al., 2015). Another link was also established between the complement system and increased 

amino acid transporter expression – subsequent upregulation of an amino acid-sensing Rag-

mTOR complex, ultimately fuelling OXPHOS as well as glycolysis (Kolev et al., 2015). 

Additionally, aerobic glycolysis has been demonstrated to promote Th1 cell differentiation via 

an epigenetic mechanism, whereby lactate dehydrogenase A maintains high concentrations 

of acetyl-CoA, which enhances histone acetylation and transcription of signature cytokine 

IFNγ (Peng et al., 2016). Most recently, there is further evidence to suggest the importance 

of OXPHOS, however, distinct nodes of this process are associated with different Th1 cell 

functions (Bailis et al., 2019). For example, the activity of complex II is required for effector 

function such as the production of IFNγ, yet this also suppresses proliferation via an 

epigenetic mechanism, thus the balance of this network acts to determine cell state (Bailis et 

al., 2019). In an interesting clinical study, dietary carbohydrates shaped the Th1 / Th2 balance 

towards a Th1-associated phenotype, represented by increased IL-2 production and 

concomitant reductions in IL-4 production (Caris et al., 2014). Collectively, these data outline 

that there are shared and subset-specific metabolic uses of glucose, established to optimise 

lineage functions. 

Peroxisome proliferator-activated receptor (PPAR)γ – the master regulator of lipid 

metabolism – connects lipid metabolism to Th1 / Th2 balance and effector function. Murine 

memory Th2 cells upregulate several metabolic enzymes and transporters involved in lipid 

metabolism following activation (Angela et al., 2016). PPARγ mediates this upregulation of 

lipid-associated pathways, which are required for further metabolic reprogramming in Th2 

cells – such as increasing the glycolytic output of these cells – to further support activation 

and proliferation (Angela et al., 2016). Genomic analyses have also revealed that pathways 

associated with lipid metabolism are enriched in Th2 cells, possibly due to the increased 

number of PPARγ binding sites present at these loci compared to other subsets (Tibbitt et al., 

2019). In addition, there were similar dependencies on both glucose metabolism and lipid 

metabolism in Th2 cells isolated from an in vivo model of airway inflammation, thus 

metabolism underpins pathogenic functions such as eosinophil recruitment (Tibbitt et al., 
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2019). Additionally, PPARγ has been found to be a driver of Th2 function in other disease 

settings such as asthma and nematode infection (T. Chen et al., 2017). Further genomic 

analyses have determined that signature Th2 markers – e.g., IL-5, IL-13 and GATA3 – are also 

included amongst target genes for PPARγ binding (Henriksson et al., 2019). Despite these 

findings outlining that PPARγ promotes Th2 responses, its contribution to IL-4 production is 

unclear, as there is evidence to suggest that PPARγ increases, decreases or has no significant 

effect on IL-4 expression (T. Chen et al., 2017; Nobs et al., 2017; Park et al., 2014). Together, 

these data demonstrate that PPARγ – through its action of cellular metabolism and 

downstream effector function – drives Th2-mediated responses in health and disease. 

Another clear metabolic checkpoint between Th1 / Th2 cell fate emerges in their 

utilisation of glutamine. Early work using a murine model of asthma determined that 

glutamine inhibited Th2-mediated responses – including eosinophilia and mucus formation – 

by limiting the activation of the enzyme cytosolic phospholipase A2 (Ko et al., 2008). Indeed, 

deletion of the glutamine transporter ASCT2 enhanced the generation of Th2 cells, with 

concomitant increases in the expression of the signature transcription factor GATA3 and 

effector cytokine IL-4 (Nakaya et al., 2014). Contrastingly, Th1 responses were highly 

dependent on glutamine, whereby ASCT2-deficient cells displayed reduced Tbet expression 

and markedly reduced IFNγ expression (Nakaya et al., 2014). Thus, these data present a 

paradigm in which Th1 versus Th2 responses are sensitive to glutamine uptake and 

metabolism. Supplementation of glutamine-deprived Th1 cells with the membrane 

permeable analogue of the glutamine-derived metabolite α-ketoglutarate is sufficient to 

rescue Tbet expression and IFNγ production, alongside a concomitant increase in mTOR 

activity (Klysz et al., 2015), which provides further evidence that it is the anaplerotic 

metabolism of glutamine that drives differentiation in the direction of the Th1 lineage. 

However, it is important to consider that dimethyl-α-ketoglutarate has distinct effects on 

metabolism (Parker et al., 2021), so these analyses should be interpreted with caution. 

Interestingly, the changes resulting from altered glutamine availability are realised 

physiologically, as dietary glutamine tips the Th1 / Th2 balance in favour of the former in 

human clinical studies, evidenced by increased IL-2 production and reduced IL-4 production 

(Caris et al., 2014). Other amino acids have also been implicated in Th1 versus Th2 

differentiation, albeit to a lesser extent than glutamine. Initially investigated in the setting of 

pregnancy, reduced levels of the tryptophan-catabolising enzyme IDO (indoleamine 2,3-
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dioxygenase) were correlated with increased ratios of Th1 / Th2 cells, ultimately resulting in 

murine pregnancy failure (Clark et al., 2005). The absence of IDO within the lung has since 

been associated with impaired Th2-mediated responses in the inflamed airway, whereby the 

production of IL-4, IL-5 and IL-13 were all reduced (Xu et al., 2008). Furthermore, IDO 

deficiencies appeared to have a less marked impact on Th1 responses (Xu et al., 2008), 

therefore tryptophan metabolism appears to differentially modulate differentiation and 

function in both subsets. Together, these data highlight numerous metabolic mechanisms – 

involving various aspects of glucose, lipid and amino acid metabolism – that are involved in 

maintaining the balance of Th1 / Th2 cells in health and disease. 

A similar dichotomy is observed between Th17 / Treg cell fate and function. Early 

murine work demonstrated distinct metabolic programmes were utilised by Teff cells 

compared to Treg cells to support their separate functions. Th1, Th2 and Th17 cells all 

exhibited high levels of glycolytic activity, whereas Treg cells engaged minimal glycolysis, 

instead opting for increased lipid oxidation (Michalek et al., 2011). Consequently, inducing 

GLUT1 expression selectively expanded Teff cell populations, whilst AMPK activation 

promoted the expansion of Treg cells, demonstrating that manipulation of these metabolic 

pathways is sufficient to alter T cell lineage (Michalek et al., 2011). Increased glycolytic 

function is driven by increased expression of HIF-1α in CD4+ T cells, whereby Treg cells 

expressed the lowest levels (Shi et al., 2011). In particular, Th17 cells expressed markedly 

increased levels of HIF-1α, suggesting that it is especially important in polarisation towards 

the Th17 lineage (Shi et al., 2011). Indeed, inhibition of HIF-1α prevented the necessary 

upregulation of the glycolytic machinery, resulting in blunted Th17 development whilst 

promoting Treg cell generation (Shi et al., 2011). Thus, elevated levels of glycolysis, driven by 

the increased activity of HIF-1α and its upstream activator mTOR, illustrates an important 

metabolic checkpoint in the differentiation of Th17 and Treg cells. In settings such as 

inflammatory disease, GLUT1 deficiencies can suppress the expansion of Teff cells in vivo, 

skewing differentiation towards Treg cells (Macintyre et al., 2014). This improved disease 

outcomes (Macintyre et al., 2014), highlighting the therapeutic potential of manipulating 

differentiation programmes through their underpinning metabolic profiles. Importantly, 

similar mechanisms have been demonstrated in human T cells, whereby Th17-polarising 

conditions were associated with upregulation of glycolysis, whilst inhibition of this process 

through either glucose deprivation or mTOR inhibition reduced the number of Th17 cells 
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(Cluxton et al., 2019). Although human Treg cells also display increased levels of glycolysis, 

they do not depend on glycolysis, instead more reliant on increased levels of OXPHOS and 

lipid oxidation (Cluxton et al., 2019). However, another investigation in human Treg cells 

stressed that optimal expression of functional regulatory molecules requires glycolytic 

metabolism (Tanimine et al., 2019). More recently, murine models have highlighted the 

importance of OXPHOS in differentiation towards the Th17 lineage. Under Th17-polarising 

conditions, extensive metabolic reprogramming drives increased levels of OXPHOS to fuel 

murine T cell metabolism (Shin et al., 2020). In the absence of mitochondrial metabolism, 

there is a loss of pathogenic effector function following inhibition of the expression of Th17 

signature genes (Shin et al., 2020). Moreover, OXPHOS-inhibited CD4+ T cells preferentially 

express the transcription factor FoxP3 to become suppressive Treg cells (Shin et al., 2020). 

Mechanistically, STIM1 downstream of the TCR signalling cascade is responsible for the 

upregulation of OXPHOS in Th17 cells, whereby deletion of STIM1 results in attenuated 

OXPHOS and the development of non-pathogenic Th17 cells (Kaufmann et al., 2019). Most 

recently, these mechanisms have been investigated in the context of cancer. Interestingly, 

lymphoma tumour burden skewed CD4+ T cell function towards a regulatory phenotype, 

preceded by downregulation of glucose uptake and mitochondrial metabolism (Hesterberg et 

al., 2022). This demonstrates how poorly immunogenic cancers manipulate underlying T cell 

metabolism to their advantage to suppress immune function. Together, these data establish 

glucose metabolism – involving both glycolysis and OXPHOS – as an important metabolic 

checkpoint in the regulation of Th17 and Treg cell differentiation. 

Fatty acid metabolism has also been demonstrated to play a critical role in controlling 

differentiation between Th17 and Treg cells. Initially, the dependence of Th17 cell fate on 

fatty acid synthesis was demonstrated in both murine and human CD4+ T cells (Berod et al., 

2014). Inhibition of acetyl-CoA carboxylase 1 (ACC1) – a key enzyme in the regulation of fatty 

acid metabolism – interfered with Th17 cell development, impairing the expression of 

signature transcription markers and effector molecules (Berod et al., 2014). Interestingly, 

inhibition of ACC1 also perturbed cellular glycolysis, impairing flux through the glycolytic-

lipogenic pathway (Berod et al., 2014), again highlighting the importance of glycolysis in 

deciding Th17 / Treg fate. Meanwhile, Treg cells are not dependent on fatty acid synthesis, 

expanding even under conditions favouring Th17 polarisation when this pathway was 

inhibited (Berod et al., 2014). Changes in T cell fatty acid metabolism are regulated by AMPK, 
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which is highly active in Treg cells. Pharmacological activation of AMPK using the AMP 

analogue AICAR strongly enhanced Treg cell induction, whilst concomitantly inhibiting Th17 

cell polarisation (Gualdoni et al., 2016). This AMPK-dependent mechanism enhanced both 

mitochondrial respiration and lipid oxidation (Gualdoni et al., 2016), in keeping with some of 

the previous findings discussed. Critically, similar mechanisms have also been observed in 

human CD4+ T cells, wherein inhibition of fatty acid synthesis diminished the Th17 cell 

population (Cluxton et al., 2019). On the other hand, Treg cells were not reliant on fatty acid 

synthesis and thrived under conditions promoting fatty acid oxidation (Cluxton et al., 2019). 

Other aspects of fatty metabolism have also been explored. For example, murine CD4+ T cells 

treated with SCFAs such as sodium butyrate were skewed towards a regulatory phenotype 

versus Th17 cells, mechanistically associated with inhibition of haem oxygenase 1 and IL-6 

receptor-related processes (X. Q. Chen et al., 2017). Cholesterol metabolism has also been 

implicated in deciding Treg / Th17 fate, whereby liver kinase B1 (LKB1) supported Treg 

function through AMPK-independent activation of the mevalonate pathway (Timilshina et al., 

2019). Interestingly, LKB1 supports several other metabolic pathways in Treg cells, including 

OXPHOS and lipid oxidation, which are critical to their fitness and survival (He et al., 2017; 

Yang et al., 2017).  Most recently, investigation of fatty metabolism in T cell differentiation 

has focussed primarily on Treg cells. To this end, fatty acid binding protein 5 (FABP5) has been 

implicated in the maintenance of mitochondrial integrity, OXPHOS and lipid metabolism – all 

of which supported Treg cell function (Field et al., 2020). Furthermore, the fatty acid 

translocase CD36 modulates the mitochondrial fitness of Treg cells to support their 

immunosuppressive function (Wang et al., 2020). Both mechanisms have been demonstrated 

to orchestrate the function and survival of intratumoural Treg cells (Field et al., 2020; Wang 

et al., 2020). Collectively, murine models demonstrate the importance of differential 

carbohydrate and lipid metabolism in deciding Th17 versus Treg cell development. 

Importantly, the overarching findings of these studies have also been replicated in human 

CD4+ T cells. 

Amino acid metabolism has also been implicated in controlling Th17 / Treg cell fate. 

Multiple murine studies have centred around the importance of glutamine in CD4+ T cell 

differentiation, since it is critical during T cell activation. Early studies determined that the 

availability of amino acids was a key determinant of T cell differentiation, where increased 

extracellular amino acid concentrations were associated with increased mTOR activity 
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(Cobbold et al., 2009). To this end, amino acid starvation limited mTOR activity, which 

promoted Treg cell differentiation (Cobbold et al., 2009). Subsequently, glutamine uptake – 

and the downstream activation of mTOR – was demonstrated to be essential for 

differentiation towards the Th17 lineage (Nakaya et al., 2014). A later study observed that 

glutamine-deprived CD4+ T cells adopt a regulatory phenotype, even under conditions that 

would normally induce proinflammatory function (Klysz et al., 2015). Furthermore, these data 

indicated that decreased levels of intracellular α-ketoglutarate, caused by limited glutamine 

availability, skewed the balance of differentiation towards Treg cells (Klysz et al., 2015). 

However, a similar study using human T cells determined that supplementation with α-

ketoglutarate did not rescue the development of inflammatory FoxP3lo T cell subsets 

following glutamine deprivation (Metzler et al., 2016), suggesting that glutamine might 

influence T cell differentiation through alternative mechanisms outside of its entry into the 

TCA cycle. Indeed, the accumulation of α-ketoglutarate within murine T cells can influence 

epigenetic modifications related to Th17 / Treg cell balance (Xu et al., 2017). The expression 

of FoxP3 is inhibited by hypermethylation within its demethylated region; this process is 

facilitated by 2-hydroxyglutarate, derived from GOT1-mediated transamination of α-

ketoglutarate (Xu et al., 2017). Additionally, recent work in CD8+ T cells has demonstrated 

that GOT1 promotes glycolytic metabolism through regulation of HIF1α (Xu et al., 2023), 

which could also explain the role of GOT1 in controlling Th17 / Treg cell fate. Interestingly, 

glutamine could also affect T cell differentiation independent of glutaminolysis. Whilst 

deficiency in glutaminase, an enzyme critical in glutamine anaplerosis, reduced differentiation 

towards the Th17 lineage, this had no effect on the Treg cell population (Johnson et al., 2018). 

Together, these data demonstrate that glutamine – through processes dependent and 

independent of glutaminolysis – also modulates the balance of Th17 / Treg cells. Accordingly, 

Th17 cell versus Treg cell responses are controlled by multiple aspects of cellular metabolism, 

highlighting the importance of immunometabolism in the context of inflammatory disease. 
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Figure 1.14 – T cell metabolism in differentiation 

Overview of the distinct metabolic programmes engaged by T helper subsets. The function of 

effector T cells (i.e., Th1, Th2 and Th17) is primarily driven by increased levels of glycolysis, whilst 

not as dependent on oxidative metabolism. Contrastingly, regulatory T (Treg) cell function is highly 

dependent on OXPHOS and fatty acid oxidation. 

 

1.4 T cell-mediated autoimmune disease 

T cell-mediated autoimmune diseases are characterised as chronic inflammatory 

conditions, in which the T cell compartment is responsible for hyperinflammation, which 

ultimately leads to local tissue damage. Examples of such diseases (non-exhaustive list) 

include rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and multiple sclerosis 

(MS). Collectively, autoimmune disease affects around 4-5% of the population (Vyse & Todd, 

1996), where incidence is greater in females compared to males – for example, RA (three-

fold) (Alamanos & Drosos, 2005), SLE (nine-fold) (Danchenko et al., 2006) and MS (two-fold) 

(Pugliatti et al., 2006). Unfortunately, relapse to current treatments is commonplace. Given 

the earlier outlined functional differences between individual T helper cell subsets 

(see Chapter 1.2.3), it is important to understand their distinct contributions towards 

autoimmune disease pathogenesis. Understanding which aspects of T cell function can be 

targeted would be beneficial in the development of new therapeutic strategies. 
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1.4.1 Rheumatoid arthritis 

Rheumatoid arthritis (RA) is a chronic condition characterised by peripheral 

inflammation, predominantly localised within the joint. Pain and deformity arise following 

bone erosion mediated by fibroblast-like synoviocytes that rapidly proliferate within the 

synovium (Ospelt, 2017). However, the inflammatory environment synonymous with disease 

pathogenesis is primarily established by the various immune cell populations – including T 

cells, B cells and macrophages – that infiltrate the synovial fluid. Attempts to suppress the 

activation of T cells within the inflamed synovium have previously shown therapeutic benefit 

(Kremer et al., 2003), which outlines the contribution of the T cell compartment towards RA 

pathogenesis. Indeed, memory CD4+ T cell populations, including effector and central 

memory phenotypes, are abundant in the synovial fluid of RA patients (Thomas et al., 1992). 

Furthermore, the inflammatory milieu within the RA joint encourages clonal CD4+ T cell 

expansion during early disease (Klarenbeek et al., 2012). Genetic studies have further 

underlined the pathogenic role of T cells in RA. Polymorphisms affecting the interaction 

between the human leukocyte antigen (HLA) and T cell receptor – especially within the HLA-

DRB1 allele – confer the strongest risk (Viatte et al., 2015). Several of these HLA-DRB1 alleles 

have been associated with the formation of anti-citrullinated protein antibodies (ACPAs) 

critical in RA pathogenesis (Chemin et al., 2016; Gerstner et al., 2016). Outside of HLA-

associated alleles, other genes that increase susceptibility towards RA are involved in T cell 

activation and function (Hu et al., 2014). 

IFNγ-producing CD4+ T cells are enriched within the human synovium during RA, 

whilst IL-4 production by the CD4+ T cell compartment is minimal (Dolhain et al., 1996; 

Miltenburg et al., 1992). This is further supported by the presence of IL-12, IL-18 and IFNγ – 

cytokines typically associated with differentiation towards the Th1 lineage – in the RA 

synovium (Gracie et al., 1999; Morita et al., 1998). As such, skewing the Th1 / Th2 dichotomy 

in the direction of a Th2 phenotype – either through inhibition of Th1 cell differentiation and 

function, or promoting Th2 differentiation – is expected to be favourable in RA (Schulze-Koops 

& Kalden, 2001). For example, it has been proposed that the efficacy of disease-modifying 

antirheumatic drugs (DMARDs) stems from the immunomodulatory effect that they have on 

T cell function. Sulfasalazine downregulated IL-12 production by mouse macrophages, 

subsequently reducing their ability to induce IFNγ-producing CD4+ T cells, whilst increasing 

their ability to induce IL-4 production by CD4+ T cells (Kang et al., 1999). Similarly, 
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methotrexate treatment of patient-derived PBMCs in vitro suppressed the production of IFNγ 

and IL-2 and concomitantly induced the production of IL-4 and IL-10 (Constantin et al., 1998). 

Further studies have demonstrated that ciclosproin and bucillamine primarily inhibit the 

function of Th1 cells, with no effect observed on Th2 cell function (Kim et al., 2000; Morinobu 

et al., 2000). Despite our understanding of the CD4+ T cell populations that are typically 

localised to the inflamed joint in human RA, our insight into their antigen-specificity is limited. 

Citrulline-specific T cells are more abundant in the peripheral blood of RA patients versus 

healthy controls (James et al., 2014). Interestingly, a greater proportion of these autoreactive 

T cells exhibited a Th1 memory phenotype (James et al., 2014), further highlighting the 

influence of Th1 cell in the pathogenesis of RA. Indeed, the presence of ACPAs in established 

RA are associated with worsened disease severity, whilst their presence prior to clinical 

diagnosis has significant predictive value (Avouac et al., 2006). Surprisingly, the 

proinflammatory cytokine response profile of synovial CD4+ T cells appears to be increased 

in ACPA- RA patients compared to their counterparts in ACPA+ patients (Floudas et al., 2021).  

Naturally, the increased activity of Th1 cells within the synovial fluid impacts the 

function of other immune cell populations. For example, Th1 effector cytokines are typical 

drivers of macrophage activation, which induces the production of proinflammatory 

cytokines such as IL-6 and TNFα (Maruotti et al., 2007). In the context of RA, IFN-activated 

macrophages are associated with TNFα production, playing a central role in the induction of 

chronic inflammation within the synovium (Weyand & Goronzy, 2021; Zhang et al., 2019). 

Despite the clear link between IFNγ production by Th1 cells and disease pathogenesis, 

attempts to target this in RA have proven unsuccessful. A clinical trial assessing the use of 

fontolizumab, a monoclonal antibody treatment directly targeting IFNγ, in the setting of RA 

was discontinued as it did not meet the clinical endpoint (National Library of Medicine [NLM], 

NCT00281294). Efforts in murine models have also been unsuccessful, whereby IFNγ receptor 

knockout exacerbated disease severity in collagen-induced arthritis (Vermeire et al., 1997). 

Interestingly, further work using this model indicated that IFNγ was necessary in regulating 

proinflammatory Th17 cell function (Lee et al., 2013). 

At first, IL-17 was detected within RA patient-derived synovial tissues and synovial 

fluid (Chabaud et al., 1998; Ziolkowska et al., 2000). As understanding of the Th17 subset 

advanced, these IL-17-producing CD4+ T cells were detected in high frequency within the 

human synovium during RA (Pene et al., 2008). Indeed, the cytokine milieu within the 
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circulation of RA patients is favourable for differentiation towards the Th17 lineage, with 

increased levels of key polarising cytokines IL-1β and IL-6 compared to healthy individuals 

(Cascao et al., 2010). 

Previously, IL-17 has been demonstrated to enhance the production of the 

proinflammatory IL-6, alongside it’s related cytokine leukaemia inhibitory factor, by RA 

patient-derived synoviocytes (Chabaud et al., 1998). Furthermore, the synergistic effect that 

IL-17 has with other proinflammatory cytokines, particularly IL-1β, appears to shape the 

proinflammatory cytokine profile of the inflamed synovium (Chabaud et al., 1998). When 

directly assessing the influence of Th17 cells, those that infiltrate the synovium during RA 

maintain an arsenal of cytokines that includes well-known influencers of disease 

pathogenesis, TNFα and lymphotoxin-β, in addition to classic Th17 cytokines IL-17 and IL-22 

(Pene et al., 2008). Their expression of the chemokine receptor CCR6, with concomitant 

production of its ligand CCL20, further underlined the tissue-infiltrating ability of rheumatic 

Th17 cells (Pene et al., 2008). The presence of IL-17+/TNFα+/CCR6+ CD4+ T cells can be 

detected in the peripheral blood of RA patients during early disease, where they are able to 

maintain their phenotype even in the absence of Th17-associated polarising cytokines (van 

Hamburg et al., 2011). Moreover, Th17 cells closely synergise with synovial fibroblasts, 

establishing a proinflammatory cytokine-based feedback loop that promotes the tissue-

destructive function of the latter (van Hamburg et al., 2011). Additionally, the production of 

IL-17 and TNFα by Th17 cells likely plays an important contribution towards the recruitment 

of neutrophils to the site of inflammation (Griffin et al., 2012). 

However, it is important to consider that Th17 responses are dependent on the 

cytokines present within that microenvironment. For example, anti-TNF treatment induces 

the production of IL-10 by patient-derived CD4+ T cells – including IL-10 expression by Th17 

cells (Evans et al., 2014). Attempts to directly inhibit Th17 cell function for therapeutic benefit 

have been limited in RA. Nevertheless, existing treatments such as ciclosporin A appear to 

indirectly inhibit pathogenic Th17 cell function, preventing their production of IL-17 

(Ziolkowska et al., 2000). 

Other subsets within the CD4+ T cell compartment also contribute towards RA 

pathogenesis. Early work demonstrated that synovial T cells are involved in B cell activation 

(Thomas et al., 1992). Moreover, germinal centres have been described in the synovium of 

some RA patients (Kim et al., 1999; Schroder et al., 1996). Importantly, most RA patients 
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possess ACPAs and are seropositive for rheumatoid factor (RF). Together, these findings 

suggest a role for follicular helper T (Tfh) cells in RA. Recently, studies have identified 

increased frequencies of circulating Tfh cells in RA patients, correlated with disease severity 

and serum anti-cyclic citrullinated protein levels (Ma et al., 2012; Wang et al., 2013). 

Surprisingly, relatively few Tfh cells are found within RA synovium, where peripheral T helper 

(Tph) cells instead primarily interact with B cells (Chu et al., 2014; Rao et al., 2017). 

Interestingly, in contrast to Tfh cells, Tph cells are able to produce effector cytokines such as 

IFNγ, which suggests they are able to influence multiple aspects of RA pathogenesis (Rao et 

al., 2017). Although Tph cells are the predominant population within the synovium of patients 

with RA compared to Tfh cells, the latter subset is still present within the tissue and display a 

polyfunctional phenotype (Floudas et al., 2022). However, the importance of this CD4+ T cell 

population requires further investigation. Collectively, these findings outline the contribution 

of T cells – both directly, and indirectly through the activation of other immune cell 

populations – towards the inflammatory environment of the synovium that is characteristic 

of the pathogenesis of RA. 

Alternatively, the function of Treg cells would contribute towards alleviating 

inflammation within the synovium during RA. CD4+ T cells expressing classical Treg cell 

markers are readily identified in patient-derived synovial fluid and synovial tissues (Cao et al., 

2003). Early in vitro experiments determined that synovial Treg cells isolated from RA patients 

were functional, maintaining their ability to suppress the proliferation of T cells originating 

from either peripheral blood or synovium (Cao et al., 2003). Further studies demonstrated 

that in fact patient-derived Treg cells had increased suppressive capacity, however, this was 

counterbalanced by increased resistance to this function by T cells isolated from inflamed 

synovial fluid (Basdeo et al., 2015; van Amelsfort et al., 2004). Specifically, it appears that a 

population of CD4+ T cells expressing CD161 are more resistant to Treg-mediated 

suppression, as depletion of this subset restores the regulatory capability of synovial Treg 

cells (Basdeo et al., 2015). In contrast, other studies have established that the inflammatory 

cytokine profile of the rheumatic joint is detrimental to Treg cell function, whereby 

proinflammatory cytokines such as IL-6 and TNFα markedly reduced suppression of other T 

cell populations (Herrath et al., 2011). Additionally, further characterisation of Treg cells 

isolated from the synovium identified a CD39-expressing population that is enriched in RA 

(Herrath et al., 2014). Interestingly, CD39+ Treg cells displayed greater suppressive function 
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than their counterparts lacking the expression of CD39 – readily suppressing the production 

of proinflammatory cytokines such as IFNγ and TNFα (Herrath et al., 2014). However, CD39+ 

Treg cells were unable to influence the production of IL-17A (Herrath et al., 2014). Whilst Treg 

cell frequency is increased in the synovial fluid of patients with RA versus their peripheral 

blood, there is almost an absence of naïve Treg cells within inflamed tissue (Floudas et al., 

2022), which could be detrimental to regulatory responses given that FoxP3 expression is not 

stable in memory Treg cells (Hoffmann et al., 2006). Although the origin of Treg cells found 

within the synovium is currently unclear, this could be supported by TGF-β – critical for the 

induction of Treg differentiation – which is abundant in RA synovial fluid (Fava et al., 1989). 

Consequently, treatment strategies that promote or restore the function of synovial 

Treg cells are likely to alleviate inflammation within the rheumatic joint. For example, RA 

patients responding to anti-TNFα therapy displayed an expansion of the Treg cell population 

(Ehrenstein et al., 2004). Similarly, IL-6 receptor blockade treatment resulted in ameliorated 

disease severity, associated with an increase in the Treg cell population, with a concomitant 

reduction in the Th17 cell population also observed (Samson et al., 2012). Recently, clinical 

trials have explored the use of low-dose IL-2 treatment – which aims to drive Treg cell 

differentiation. Promisingly, low-dose IL-2 selectively expanded the Treg cell population 

across several autoimmune diseases, including but not limited to RA, improving patient 

outcomes (Rosenzwajg et al., 2019). 

Most recently, polyfunctional T cells have been identified within the synovium of 

patients with RA, whilst also being present in individuals at risk of RA (IAR), showing that 

dysregulation of T cell function towards polyfunctionality precedes clinical onset of the 

disease (Floudas et al., 2022). Initially, CD161+/CD4+ Th cells were identified in RA synovial 

fluid, displaying increased expression of cytokines such as TNFα, GM-CSF and IL-17 (Basdeo 

et al., 2015). Importantly, these polyfunctional CD4+ T cells are enriched within the synovium 

of patients with RA compared to the peripheral blood of both RA patients and healthy controls 

(Basdeo et al., 2015). Functionally, CD161+ Th cells typically produce at least three or more 

cytokines, making them more capable of inducing proinflammatory synovial fibroblast 

function, and are also more resistant to Treg-mediated suppression (Basdeo et al., 2015). 

Whilst a small population of polyfunctional T cells with heightened cytokine production were 

present in the synovium of healthy controls, this included high expression levels of IL-4 and 

GM-CSF, which were poorly expressed by both patient groups (Floudas et al., 2022). This 
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demonstrates that it is the proinflammatory polyfunctionality of T cells in IAR and RA, rather 

than just polyfunctionality in general, that supports RA pathogenesis (Floudas et al., 2022). 

This is further supported by the observed correlation between the frequency of CD4+/CD8+ 

double-positive T cells within the synovial fluid and disease severity (Floudas et al., 2022). 

Together, these data demonstrate that aberrant T cell effector function and an imbalance in 

typical subset frequencies underpins the chronic inflammation within the synovium during RA 

(Figure 1.15). 

 

 

Figure 1.15 – An example of T cell pathogenesis in autoimmune disease 

Overview of how T cell function contributes to pathogenesis in the T cell-mediated autoimmune 

disease, rheumatoid arthritis (RA). Hyperactivated T cells predominate the inflamed synovium, 

typically exhibiting Th1 and Th17 phenotypes. Their production of proinflammatory cytokines such 

as IFNγ, IL-17 and TNFα drives the activation of other immune cells to ultimately damage the 

surrounding tissues. Moreover, T cells can also recruit B cells to the inflamed synovium, which can 

lead to further production of autoantibodies. Similar mechanisms underpin disease pathogenesis 

in other T cell-mediated autoimmune diseases. 
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1.4.2 Systemic lupus erythematosus 

Although initially thought to primarily damage skin tissue, systemic lupus 

erythematosus (SLE) is an autoimmune condition affecting numerous organs and tissues 

through aberrant immune cell activity (Tsokos, 2011). Given the heterogeneity between SLE 

cases, this presents a challenge in both the diagnosis and clinical management of the 

condition. However, it is widely accepted that aberrant T cell function plays a major 

contribution in the pathogenesis of SLE. Characteristically, T cells isolated from SLE patients 

display aberrant TCR signalling patterns. It is understood that expression of TCRζ is either 

absent or significantly reduced on patient-derived T cells, which increases intracellular 

tyrosine phosphorylation and Ca2+ influx (Liossis et al., 1998). These findings have been 

subsequently linked to altered lipid raft formation, which facilitates the heightened activation 

of T cells in SLE (Krishnan et al., 2004). Indeed, the expression of the tyrosine-protein kinase 

Syk – previously shown to associate with lipid rafts – is increased in the T cells of SLE patients 

(Krishnan et al., 2008). Here, Syk takes the place of ZAP70 within the TCR signalling cascade, 

where it is enzymatically 100-fold more potent than the latter (Krishnan et al., 2008). 

Consequently, measures to either silence Syk, or restore TCRζ expression, have been shown 

to normalise SLE T cell function (Krishnan et al., 2008; Nambiar et al., 2003). The described 

changes to the TCR signalling pathway primes T cells to enhanced activation towards disease 

autoantibodies. 

There is an accumulation of memory CD4+ T cells in SLE patients, ascribed to the 

protective effects of increased PI3K activity against cell death (Suarez-Fueyo et al., 2011). 

Additionally, Th17 cells are enriched amongst the CD4+ T cell compartment of SLE patients, 

with concomitant downregulation of Th1 and Treg subsets (Talaat et al., 2015). Numerous 

studies have demonstrated the increased presence of circulating IL-17 in SLE patients, with 

accompanying increases in IL-6 and IL-23 further emphasising the involvement of Th17-driven 

inflammation in disease pathogenesis (Vincent et al., 2013; Wong et al., 2000; Wong et al., 

2008). Indeed, the number of circulating Th17 cells are significantly increased in SLE versus 

healthy controls (Wong et al., 2008). Mechanistically, CD4+ T cells from SLE patients express 

TLR2 through an FCγRIIIa / pSyk-mediated co-stimulation pathway (Chauhan et al., 2016). 

Activation through TLR2 in vitro enhances the secretion of IL-6, IL-17 and TNFα by patient-

derived CD4+ T cells (Liu et al., 2015). TLR2-mediated changes in CD4+ T cell function are 

facilitated via either epigenetic mechanisms involving increased histone acetylation and 
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reduced DNA methylation at IL-17 promoter regions, or activation of the NF-κB pathway (Liu 

et al., 2015; O'Gorman et al., 2015). Additionally, another controller of the IL-17 promoter, 

protein phosphatase 2A, is upregulated in SLE and through its epigenetic modulatory function 

could regulate the activation of another promoter of Th17 cell differentiation, rho-associated 

proteins kinase (Isgro et al., 2013; Sunahori et al., 2013). In contrast, deletion of TLR7 can 

induce a lupus-like condition in mice, characterised by increases in the frequency of CD4+ Teff 

cells and Tfh cells in an MyD88-dependent manner (G. J. Brown et al., 2022). 

Despite the considerable involvement of Th17 cells in SLE pathogenesis, therapies 

targeting the IL-17 axis have been scarce. Manipulation of important Th17-associated 

pathways in vitro in CD4+ T cells isolated from SLE patients – more specifically, silencing of 

calcium/calmodulin-dependent kinase IV (CAMK4) – inhibited Th17 cell differentiation (Koga 

et al., 2014). Murine models have demonstrated that activation of CAMK4 increases 

expression of CCR6, a chemokine receptor important in the homing of CD4+ T cells to the 

kidney (Koga et al., 2016). In humans, CCR6 expression is correlated with the extent of tissue 

damage observed in SLE (Koga et al., 2016), which suggests that therapeutically targeting this 

pathway could be beneficial. Furthermore, the use of the anti-IL-17 monoclonal antibody, 

secukinumab, alleviated disease severity in SLE (Satoh et al., 2018), however it must be 

considered that these data only included a single case patient. These data propose that 

therapies inhibiting Th17-driven immune responses warrant further investigation in the 

context of SLE. 

As with many other autoimmune diseases, the production of autoantibodies is 

implicated in SLE pathogenesis, where anti-dsDNA antibodies confer the greatest 

susceptibility to severe disease (Tsokos, 2011). Subsequently, numerous studies have shown 

increased circulating frequencies of CD4+ T cells exhibiting a Tfh cell-like phenotype in SLE 

patients (Choi et al., 2015; Wang et al., 2014). This CXCR5+ / CD4+ T cell population have 

demonstrated CD40L-mediated interaction with B cells in vitro, which is required for 

downstream autoantibody production (Xu et al., 2015). Interestingly, PD-1 expression 

correlated with disease severity, indicating the influence that Tfh-like cells possess in active 

SLE (Choi et al., 2015). The aberrant Tfh cell response is driven via an OX40-dependent 

mechanism, whereby patient-derived myeloid APCs express high surface levels of OX40L in 

active disease, which when recognised by CD4+ T cells induces the generation of the Tfh 

phenotype (Jacquemin et al., 2015). Moreover, the cytokine milieu observed in SLE – namely 
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decreased levels of IL-2, in combination with increased levels of both IL-6 and IL-21 (Ohl & 

Tenbrock, 2011) – is generally favourable for the generation of Tfh cells. 

Changes in CD4+ Treg cell responses – which play an important immunosuppressive 

role – are not yet fully understood in SLE. There are conflicting reports about whether the 

number of circulating Treg cells is reduced (Lyssuk et al., 2007), increased (Lin et al., 2007) or 

remains unchanged (Alvarado-Sanchez et al., 2006) in SLE. This conflict likely stems from 

inconsistency in the markers used to identify the Treg cell population in such studies (Ohl & 

Tenbrock, 2015). Functionally, there is a breakdown in the ability to suppress effector T cell 

activity, where several studies have reported that the immunosuppressive capability of Treg 

cells is impaired in patients with active SLE. Primarily, these analyses identified an inability to 

suppress effector T cell proliferation by patient-derived CD4+/CD25+ Treg cells (Alvarado-

Sanchez et al., 2006; Bonelli et al., 2008; Valencia et al., 2007). Interestingly, defective Treg 

cell function was only observed in active SLE (Alvarado-Sanchez et al., 2006; Valencia et al., 

2007). However, there is other evidence to suggest that Treg cell function remains intact in 

SLE patients (Miyara et al., 2005). Instead, it has been demonstrated that whilst normal 

suppressive Treg cell function is maintained, patient-derived effector T cells become more 

resistant to suppression, leading to defects in the Treg-effector cell interaction in SLE (Vargas-

Rojas et al., 2008). As such, the extent of Treg cell-mediated regulation observed has been 

inversely correlated to disease in SLE patients (Venigalla et al., 2008). Nonetheless therapies 

that improve Treg cell function would be favourable in SLE. Initially, low-dose IL-2 treatment 

was shown to be effective in a patient with a long history of SLE (Humrich et al., 2015). 

Furthermore, a more recent clinical trial involving 6 SLE patients also found low-dose IL-2 

treatment beneficial, further outlining the potential of this treatment strategy (Rosenzwajg 

et al., 2019). In vitro analyses determined that low-dose IL-2 treatment rescued the 

phenotype and function of patient-derived Treg cells (von Spee-Mayer et al., 2016). 

Furthermore, low-dose IL-2 treatment has also been associated with modulation of 

inflammation-driving effector T cells such as Th17 and Tfh cell subsets (He et al., 2016). 

Together, these data demonstrate the importance of restoring Treg cell function in SLE – 

whether through rescuing defective Treg function or boosting function against resistant 

effector cells. These work have also highlighted the significance of reinstating a normal Treg 

/ Th17 cell balance. 
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mTOR activity plays a significant role in T cell lineage determination in SLE (Kato & 

Perl, 2014). In patient-derived T cells, mTOR activation is increased, which then induces 

expression of IL-17-producing T cells, whilst concomitantly reducing the frequency of Treg 

cells (Kato & Perl, 2014). Treatment with the mTOR inhibitor, rapamycin, impaired the 

differentiation of Th17 cells and expanded the Treg cell population in vitro (Banica et al., 2016; 

Kato & Perl, 2014), underlining the therapeutic potential of regulating mTOR activity in SLE. 

Indeed, SLE patients treated with N-acetylcysteine (NAC) – an antioxidant that indirectly 

inhibits mTOR – displayed improved disease outcome across the 3-month trial period, 

underpinned by Treg cell expansion resulting from inhibited mTOR activity (Lai et al., 2012). 

Moreover, inhibiting mTOR directly using sirolimus improved disease outcomes in SLE in a 

more recent clinical trial, with underlying increases in the Treg cell population and a 

concomitant reduction in IL-17 production (Lai et al., 2018). 

Another mechanism by which the balance of Th17 / Treg cells is skewed is through 

CAMK4 activity. Initially, it was demonstrated that CAMK4 activation is increased in T cell 

isolated from SLE patients, where it was responsible for the downregulation Treg cell number 

and function (Koga et al., 2012). Using murine models, CAMK4 activity has since been 

implicated in inducing IL-17-producting CD4+ T cells (Koga et al., 2016), which strongly 

suggests that CAMK4 plays a central role in controlling divergence between Th17 and Treg 

cell phenotypes in SLE. Collectively, these data demonstrate that SLE is a Th17-driven 

autoimmune condition, supported by the increased activity of autoantibody-associated Tfh 

cells, with a concomitant dampening of Treg cell suppressive function. 

 

1.5 The role of T cell metabolism in autoimmune disease 

 Metabolites have long been associated with modulating the immune response. In 

particular, inflammatory sites such as the synovium in RA are characterised by an 

accumulation of lactate. In healthy individuals, physiological lactate levels are maintained 

around 2 mM in sera and tissues, however, this can rise to around 10 mM within the 

inflammatory synovium of RA patients (Haas et al., 2015; Pucino et al., 2017). Initial work on 

murine T cells demonstrated that lactate uptake through SLC5A12 markedly inhibited 

chemotaxis in CD4+ T cells (Haas et al., 2015). These CD4+ T cells displayed defects in 

glycolysis, whereby reduced hexokinase I expression was concomitant with lower ECAR, 

which prevented the necessary response to chemokine ligation and resulted in impaired 
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migration (Haas et al., 2015). Additionally, lactate also modulated CD4+ T cell effector 

function, promoting the induction of a Th17 signature characterised by upregulation of IL-17 

and RORG (Haas et al., 2015). Consistent with these data, human CD4+ T cells express the 

lactate transporter SLC5A12 upon activation, whilst lactate within the synovial fluid can 

further augment levels on the surface of patient-derived T cells (Pucino et al., 2019). Again, 

glycolysis was also impaired, meanwhile OXPHOS was unaffected with increased 

incorporation of lactate into TCA cycle intermediates such as acetyl-CoA and citrate (Pucino 

et al., 2019). Furthermore, lactate-treated CD4+ T cells upregulated their expression of IL-17, 

with the Th17 phenotype supported by the expression of RORγT, the lineage-associated 

transcription factor, and reduced expression of FOXO1, a transcription factor that limits Th17 

differentiation (Pucino et al., 2019). Lactate induced IL-17 expression via a two-pronged 

approach, wherein dimerisation and translocation of PKM2 to the nucleus and enhanced fatty 

acid synthesis increased STAT3 phosphorylation, therefore inducing the transcription of IL-17 

(Pucino et al., 2019). Moreover, amelioration of disease severity following SLC5A12 blockade 

demonstrates that the lactate-mediated reprogramming of glycolysis and fatty acid synthesis 

inhibits the migration of CD4+ T cells from the synovium and retains them within the inflamed 

tissue to contribute to disease pathogenesis (Haas et al., 2015; Pucino et al., 2019). Together 

these data support that lactate is an important metabolic signalling molecule, particularly in 

disease states of inflammation such as autoimmune disease. Given that serum lactate levels 

are increased in patients of other autoimmune diseases including MS (Arnorini et al., 2014), 

the impact of lactate on CD4+ T cell function likely plays an important in the pathogenesis of 

further autoimmune diseases. The following sections outline disease-specific changes to T cell 

metabolism that ultimately underpin their pathogenesis (Figure 1.16). 

 

1.5.1 T cell metabolism in rheumatoid arthritis 

RA CD4+ T cells display defective glucose metabolism, whereby glucose consumption 

and lactate production are reduced, resulting in diminished ATP production and indicating 

impaired glycolysis (Yang et al., 2013). Consequently, T cells from RA patients are more 

susceptible to apoptosis, which was in line with the reduced proliferation and elevated 

apoptosis observed in glucose-deprived healthy T cells, where these changes are not 

associated with any changes in T cell differentiation or anergy (Yang et al., 2013). Despite the 

expression of most glycolytic enzymes remaining similar to control levels upon activation, 
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patient-derived T cells failed to sufficiently upregulate the key rate-limiting enzyme 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphate (PFKFB3) (Yang et al., 2013). T cells with 

PFKFB3 KO exhibited similar defects in glycolysis to RA T cells, whilst PFKFB3-deficient T cells 

were more susceptible to apoptosis (Yang et al., 2013). Indeed, restoring PFKFB3 expression 

in RA T cells rescues the observed phenotype to protect against apoptosis (Yang et al., 2013). 

The importance of maintaining glycolytic flux has been further demonstrated in murine 

models of RA, whereby replenishing the product of PFKFB3, fructose-1,6-bisphospate, 

attenuated disease severity through the generation of extracellular adenosine, which 

subsequently activated its anti-inflammatory receptor A2aR (Veras et al., 2015). 

Alternatively, glucose-6-phosphate dehydrogenase (G6PD) is upregulated in T cells 

isolated from RA patients, which shunts glucose into the PPP (Yang et al., 2016). Subsequently, 

PPP products including NADPH and glutathione accumulate within patient-derived T cells, 

resulting in defective reactive oxygen species (ROS) upregulation in response to TCR 

stimulation (Yang et al., 2016). Upregulation of G6PD coincides with downregulation of 

PFKFB3, where the resulting increased ratio of G6PD:PFKFB3 is correlated with increased 

disease severity, thus suggesting a relevant pathological role for altered glucose utilisation in 

RA T cells (Yang et al., 2016). Given the importance of the PPP in macromolecule synthesis, 

elevated flux through this pathway has a profound effect on proliferation, whereby RA 

patient-derived T cells are hyperproliferative compared to healthy controls and more rapidly 

differentiate into a memory phenotype (Yang et al., 2016). Pharmacological and genetic 

inhibition of G6PD normalises flux through the PPP – restoring NADPH, glutathione and ROS 

to normal levels – and rectified the unrestrained proliferation observed in RA T cells (Yang et 

al., 2016). These changes are underpinned by a delicate interplay between the DNA repair 

kinase ataxia telangiectasia mutated (ATM) and ROS. Previous work detailed that ATM 

deficiency disrupted DNA damage repair in RA T cells, increasing their susceptibility to 

apoptosis (Shao et al., 2009). Decreased ROS levels prevent sufficient dimerisation and 

phosphorylation of ATM upon T cell activation, causing patient-derived T cells to prematurely 

exit the G2/M checkpoint and undergo unrestricted proliferation (Yang et al., 2016). 

Furthermore, insufficient ATM activation facilitated by ROS deficiency promotes the 

hyperinvasiveness and proinflammatory effector functions characteristic of RA T cells, 

concomitantly polarising these cells towards Th1 and Th17 lineages (Yang et al., 2016). 

Insufficient ATM activity intensified arthritis development in vivo, wherein the synovium was 
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enriched with proinflammatory cytokines such as IL-1β, IL-6 and TNFα, alongside increased 

expression of RANKL to support the bone-damaging function of osteoclasts (Yang et al., 2016). 

Offsetting the reductive stress induced by augmented PPP activity corrected Th1-biased 

differentiation in RA patient-derived T cells and reversed their arthritogenic phenotype (Yang 

et al., 2016). Therefore, redirecting glucose from glycolysis towards the PPP reconditions 

CD4+ T cells from their conventional energy-intensive phenotype to a more anabolic, 

hyperproliferative phenotype capable of heightened proinflammatory function in RA. 

Further work has suggested that shunting glucose towards the PPP might augment 

NADPH-dependent fatty acid synthesis. Increased migration and invasion by RA T cells is 

facilitated by upregulation of the locomotion machinery including motility and membrane 

extension proteins – specifically, TSK5 was necessary for synovium infiltration and its 

expression is associated with disease score in RA (Shen et al., 2017). Interestingly, the 

expression of TSK5 and other motility-associated genes was under metabolic control, in which 

reduced glycolysis and increased fatty acid synthesis were necessary for upregulating 

locomotion function (Shen et al., 2017). Indeed, the accumulation of lipid droplets within RA 

T cells supports the development of augmented NADPH-dependent fatty acid synthesis in 

response to increased PPP activity (Shen et al., 2017). Lipid droplet formation was 

underpinned by the upregulation of several lipogenic and droplet-forming genes, most 

importantly FASN, whose expression was dependent on reduced glycolytic activity (Shen et 

al., 2017). Together, these data emphasise that impaired glycolytic flux and the redirection of 

glucose into the PPP fuels augmented lipid metabolism to divert energy use towards 

biosynthetic processes. Accordingly, these metabolic defects underpin the arthritogenic 

phenotype of T cells, facilitating increased proliferative capacity, enhanced migration and 

invasion, and heightened proinflammatory effector functions. These data might also further 

implicate DNA repair enzymes in the control of T cell metabolism in RA. DNA-PKcs is 

upregulated in patient-derived T cells (Shao et al., 2010), and in other cell types it has 

previously been demonstrated to suppress mitochondrial activity (Park et al., 2017) and 

induce lipogenesis (Y. H. Wang et al., 2015; Wong et al., 2009). 

Defects in RA T cell lipid metabolism have since been linked to impaired AMPK 

activation. N-myristoyltransferases (NMT) catalyse the addition of the fatty acid myristate to 

the N-terminal glycine of proteins to allow their subcellular trafficking. Myristoylation is 

required for AMPK function. Despite containing greater intracellular concentrations of free 
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fatty acids, myristoylated proteins are less abundant within RA patient-derived T cells due to 

a translational defect that reduces the expression of NMT1 (Wen et al., 2019). Increasing 

ratios of ADP/ATP and AMP/ATP should activate the energy sensor AMPK in RA T cells, 

however, its phosphorylation is reduced compared to healthy controls (Wen et al., 2019). 

Failure to myristoylate AMPK prevents its subcellular localisation to the lysosome surface 

which subsequently prohibits its phosphorylation, allowing unrestricted mTORC1 activity 

within patient-derived T cells (Wen et al., 2019). Consequently, this increases the frequency 

and proinflammatory functions of Th1 and Th17 cells, which is readily reversible through 

either the overexpression of NMT1 or downstream activation of AMPK (Wen et al., 2019). 

Collectively, these data indicate that aberrant T cell metabolism is reprogrammed via the 

AMPK/mTOR axis in RA, which is itself regulated by metabolic changes. 

In addition to the rewiring of glycolysis and perturbed lipid metabolism, metabolic 

defects have also been described in the mitochondria of RA patient-derived T cells. Despite 

containing similar levels of mitochondrial mass to healthy controls, OXPHOS was reduced at 

both basal and maximal levels, associated with uncoupling from ATP production (Li et al., 

2019). In agreement with previous work, glycolysis was also found to be reduced in patient-

derived T cells, and together with suppressed OXPHOS resulted in diminished ATP production 

(Li et al., 2019). Interestingly, these changes in mitochondrial metabolism were linked to the 

DNA repair enzyme MRE11A. Premature senescence is a characteristic of CD4+ T cells isolated 

from RA patients, and it has recently been proposed that the mechanism for telomeric erosion 

is mediated by impaired MRE11A activity (Li et al., 2016). Interestingly, current investigation 

demonstrates that MRE11A is involved in regulating T cell mitochondrial function, where 

MRE11Alow T cells displayed a similar metabolic profile to RA T cells, with profound reductions 

in OXPHOS and ATP production (Li et al., 2019). Moreover, suppression of mitochondrial 

MRE11A activity culminates in mitochondrial DNA leakage into the cytoplasm, triggering 

caspase-1-mediated T cell lysis, culminating in inflammation within the synovial fluid (Li et al., 

2019). These data highlight the extended role of MRE11A in mitochondrial function and 

suggests that its deficiency in RA underpins aberrant T cell metabolism and promotes 

pyroptotic cell death. 

Subsequent analyses established that defects in mitochondrial metabolism were 

caused by an underlying abnormality within the TCA cycle. Downregulation of the GDP-

forming β subunit of the enzyme succinate-CoA ligase (SUCLG2) reversed the TCA cycle 
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towards reductive carboxylation, resulting in the loss of succinate and accumulation of α-

ketoglutarate, citrate and acetyl-CoA (B. W. Wu et al., 2020). Overexpression of SUCLG2 

reversed the arthritogenic phenotype of RA T cells and suppressed synovial inflammation in 

vivo, thus defects in mitochondrial metabolism can facilitate the proinflammatory effector 

function of patient-derived T cells (B. W. Wu et al., 2020). Additionally, acetyl-CoA 

overabundance and active citrate transport induced tubulin hyperacetylation, a process 

typically associated with microtubule organisation, which enhanced T cell motility and 

maintained their tissue invasiveness (B. W. Wu et al., 2020). Critically, this process requires 

cellular elongation for the formation of uropods, alongside the perinuclear clustering of 

mitochondria – both of which were dependent on SUCLG2 deficiency and excess acetyl-CoA 

(B. W. Wu et al., 2020). Alongside these changes, mitochondrial metabolism has also been 

connected to the fitness of the ER in RA T cells. Here, reduced mitochondrial membrane 

potential was associated with increased ER biomass, facilitated by increased abundance of 

membrane phospholipid phosphatidylcholine (Wu et al., 2021). Expansion occurred in 

response to ER stress signals, whereby the expression of ER stress-related genes was 

upregulated following impaired OXPHOS and could be reversed by transplanting healthy 

mitochondria into RA T cells (Wu et al., 2021). Given the involvement of mitochondrial 

metabolites in inter-organelle communication, the amino acid aspartate was identified as 

both a regulator of ER biomass and as an anti-inflammatory mediator in synovitis, however, 

patient-derived T cells are deficient in aspartate and its precursor oxaloacetate (Wu et al., 

2021). Consequently, RA patient T cells fail to regenerate NAD+ in the cytoplasm via the 

malate-aspartate shuttle, which limits the NAD+-dependent ribosylation of the ER stress 

regulator BiP and thus places mitochondrial fitness upstream of ER function (Wu et al., 2021). 

The functional consequence of these changes in RA is that T cells become enriched in rough 

ER that are highly capable of producing large amounts of TNFα, which is then secreted to 

induce destructive tissue inflammation (Wu et al., 2021). Collectively, these data demonstrate 

that impaired mitochondrial metabolism and function facilitates the arthritogenic phenotype 

of RA T cells that culminates in chronic synovial inflammation. 

Following their identification within the synovial fluid of patients with RA, the 

metabolism of polyfunctional T cells has most recently been explored. Interestingly, 

CD4+/CD8+ double-positive polyfunctional T cells appear to more dependent on OXPHOS 

versus their CD4+ single-positive counterparts, suggesting that the former subset has a 
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memory-like phenotype (Floudas et al., 2022). Despite this difference, inhibition of OXPHOS 

by oligomycin reduced the production of IFNγ, IL-2, IL-17 and TNFα in both polyfunctional 

subsets, whilst inhibition of glycolysis using 2-DG appeared to have a modest effect on 

cytokine production (Floudas et al., 2022). Interestingly, OXPHOS is significantly enriched in 

the polyfunctional T cells of ACPA+ RA patients versus those from ACPA- patients, whilst 

glycolysis is more modestly enriched (Floudas et al., 2021), which might suggest that there is 

a metabolic underpinning to the differences in T cell function based on patient ACPA status. 

Together, this wealth of data demonstrates that dysregulated T cell metabolism underpins 

the pathogenesis of RA. 

 

1.5.2 T cell metabolism in systemic lupus erythematosus 

Distinct from the changes observed in RA, early data suggested that pathogenic 

lymphocytes meet their ATP demand using OXPHOS in SLE. Although glycolysis levels were 

comparable to healthy controls, splenocytes from lupus-prone mice increased glucose 

oxidation through the TCA cycle (Wahl et al., 2010). Furthermore, chronically activated T cells 

– which is a phenotype typically associated with SLE – depend on oxidative metabolism, 

suggesting that chronic antigen stimulation provides the foundation for the metabolic 

changes observed in SLE (Wahl et al., 2010). Subsequent bioenergetic analyses revealed that 

CD4+ T cells from both SLE patients and lupus-prone mice demonstrate enhanced 

metabolism, whereby levels of OXPHOS and glycolysis are elevated (Yin et al., 2015). In a 

murine model of SLE, T cells displayed an increased spare respiratory capacity, which is 

indicative of an increased energy store to drive effector function, whilst elevated glycolysis 

levels were confirmed through increased extracellular lactate production (Yin et al., 2015). 

Despite exhibiting increased flux through OXPHOS and glycolysis, cellular ATP production was 

indistinguishable from healthy controls (Yin et al., 2015), which might suggest that enhanced 

metabolism by SLE CD4+ T cells is coupled to increased ATP consumption. Changes in CD4+ T 

cell metabolism were attributable to changes in the metabolic profiles of CD4+ T cell subsets. 

Teff cells are more abundant in SLE and could be the origin of enhanced metabolism, given 

that they display increased rates of glycolysis and OXPHOS compared to their Tnv 

counterparts, however, it is important to note that Tnv cells from lupus-prone mice displayed 

increased levels of glycolysis and OXPHOS versus their equivalent healthy controls (Yin et al., 

2015). Increased mTORC1 activity was required to support elevated rates of glycolysis and 
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OXPHOS, whilst the altered expression of several metabolic enzymes suggest that SLE CD4+ T 

cells fuel their enhanced mitochondrial metabolism using glucose, fatty acids and amino acids 

(Yin et al., 2015). Similar observations were made at the transcript level in human CD4+ T 

cells, where OXPHOS, mTORC1 and MYC pathways were upregulated in SLE patient samples 

(Perry et al., 2020). Metabolomic approaches have also identified that the PPP appears to be 

upregulated in SLE-patient derived T cells – similar to that observed in RA – however, the 

mechanisms underlying this change are not known (Perl et al., 2015). 

The aforementioned metabolic changes underpin CD4+ T cell dysfunction in SLE, 

wherein the metabolic modulators 2-DG and metformin can normalise effector functions 

both in vitro and in vivo through inhibition of glycolysis and OXPHOS, respectively. 

Interestingly, metformin and other inhibitors of the electron transport chain reduced IFNγ 

production by CD4+ T cells following short-term activation, whereas 2-DG inhibited IFNγ 

production following longer-term term activation, which suggests differential regulation of 

IFNγ production by OXPHOS in the activation phase and glycolysis in the proliferative phase 

(Yin et al., 2015). Metformin also rescued CD4+ T cell IL-2 production, which is defective in 

SLE (Yin et al., 2015). Consequently, combined treatment with 2-DG and metformin was able 

to reverse disease in lupus-prone mice, governed by the normalisation of CD4+ T cell 

expansion, activation and differentiation in vivo (Yin et al., 2015). These effects have been 

further demonstrated in other murine models of SLE, wherein enhanced CD4+ T cell 

metabolism is reversed by metformin and 2-DG treatment to improve disease pathology (Yin 

et al., 2015; Yin et al., 2016). Importantly, general metabolic inhibition is not sufficient to 

reverse the CD4+ T cell disease phenotype in SLE. Here, dichloroacetate (DCA) was used to 

promote pyruvate oxidation at the expense of its conversion to lactate, yet OXPHOS and 

glycolysis were unchanged versus the vehicle control (Yin et al., 2016). Consequently SLE-

derived T cells treated with DCA retained their phenotype with regards to their activation, 

differentiation and effector function, thus disease severity could not be alleviated in vivo (Yin 

et al., 2016). Although DCA treatment inhibited IL-17 production by CD4+ T cells from lupus-

prone mice, IFNγ production was in contrast increased, which would further explain its 

ineffectiveness in reversing the SLE disease phenotype (Yin et al., 2016). Together, these data 

demonstrate that CD4+ T cells from SLE patients and lupus-prone mice exhibit a high demand 

for glucose metabolism through glycolysis and OXPHOS to drive their pathogenic effector 

function. 
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The influence of microbiota on host immune activity is a burgeoning area of 

autoimmune research, where there is evidence to suggest that it plays an important role in 

SLE (Azzouz et al., 2019). Most recently, this has led to an investigation into the impact of 

microbial metabolites on T cell function. Tryptophan is differentially catabolised in lupus-

prone mice, primarily via the influence of the microbiota, given that the expression of 

tryptophan catabolic enzymes was indistinguishable to healthy controls (J. Brown et al., 2022; 

Choi et al., 2020). CD4+ T cell metabolism was modified directly by tryptophan, whereby 

several tryptophan catabolites were increased, whilst there was also a pronounced increase 

in metabolites associated with glycolysis, the PPP and the TCA cycle – all underpinned by the 

activation of mTOR (J. Brown et al., 2022). These data indicate that altered tryptophan 

metabolism underpins the observed increase in glycolytic and mitochondrial metabolism in 

SLE CD4+ T cells. Tryptophan-induced changes in metabolism have profound consequences 

on CD4+ T cell effector function, exhibiting hyperproliferative and hyperactive properties 

similar to the phenotype observed in SLE (Choi et al., 2020). Together, these data indicate 

that tryptophan metabolism possibly underpins changes in CD4+ T cell metabolism in SLE, 

highlighting the growing contribution of microbiota toward autoimmune disease 

pathogenesis.  

Given that autoreactive CD4+ Tfh cells are central figures in SLE pathogenesis 

(see Chapter 1.4.2), changes in their underlying metabolism were central to more recent 

investigation. In lupus-prone mice there was expansion of CD4+ Tfh cells with increased 

mTORC1 activity that preceded disease onset (Choi et al., 2018). Previously, the combination 

of metformin and 2-DG was demonstrated to reduce typical measures of Tfh cell activity in 

vivo, including Tfh cell frequency, anti-dsDNA IgG production and germinal centre B cell 

frequency (Yin et al., 2015; Yin et al., 2016). However, treatment with 2-DG alone is sufficient 

to induce these changes in several murine models of SLE, also decreasing mTORC1 activity 

and proliferation, which suggests that pathogenic Tfh cells are more dependent on glycolysis 

(Choi et al., 2018). Interestingly, glycolytic inhibition selectively targets autoreactive Tfh cells, 

therefore their metabolic demands appear to be different to those of virus-specific Tfh cells, 

which makes metabolic manipulation an attractive avenue for the treatment of SLE (Choi et 

al., 2018). This can be partly explained by differences in solute carrier expression, whereby 

glycolysis-associated transporters such as SLC2A6 and SLC37A2 are upregulated in 

autoreactive Tfh cells, whilst other Tfh cell types display increased expression of glutamine-
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associated transporters such as SLC1A5 and SLC7A5 (Choi et al., 2018). Collectively, these data 

demonstrate that the metabolic rewiring of CD4+ T cells in SLE is not the same across all 

subsets, which also differs from the conventional metabolic pathways utilised, presenting an 

interesting opportunity for targeting metabolism in the treatment of the disease. 

Given their pathogenic function, the metabolism of Th17 cells has also been 

investigated in the setting of SLE. The transcription factor inducible cAMP early 

repressor/cAMP response element modulator (ICER/CREM) has been shown to promote 

differentiation towards the Th17 lineage through its binding to the Il17a promoter (Yoshida 

et al., 2016). Additionally, it has also been demonstrated that Th17 cells are more dependent 

on glycolysis than other subsets (Gerriets et al., 2015). In fact, ICER/CREM promotes glycolysis 

within Th17 cells through inhibition of pyruvate dehydrogenase phosphatase catalytic subunit 

2 (PDP2) (Kono et al., 2018). Phosphorylation of pyruvate dehydrogenase (PDH) controls its 

activity, therefore is critical in regulating the balance between lactate production and 

oxidative phosphorylation. PDP2 promotes PDH activity, thus ICER/CREM-mediated inhibition 

of PDP2 reduces PDH activity, allowing the enhanced glycolysis that is required for successful 

Th17 functions (Kono et al., 2018). Interestingly, CD4+ T cells from SLE patients have displayed 

increased amounts of ICER and reduced amounts of PDP2 compared to healthy controls 

(Yoshida et al., 2016). Thus, overexpression of PDP2 in lupus-prone mice ex vivo and patient-

derived CD4+ T cells diminished the Th17 compartment (Kono et al., 2018). This presents 

another favourable avenue for targeting metabolism for therapeutic benefit in SLE. 

Changes in mitochondrial metabolism are just some of the changes in mitochondrial 

health that occur in SLE CD4+ T cells. Mitochondrial hyperpolarisation, measured by elevated 

mitochondrial transmembrane potential and increased ROS levels, has long been implicated 

in SLE pathogenesis (Gergely et al., 2002), and has been associated with increased 

mitochondrial biogenesis in SLE T cells (Nagy et al., 2004). Together with enhanced 

mitochondrial metabolism, this indicates that SLE T cells are in a state of persistent 

mitochondrial activation. Indeed, this is supported by diminished levels of the antioxidant 

glutathione, which in turn leads to oxidative stress within these cells (Doherty et al., 2014; 

Gergely et al., 2002), however, the upstream signals regulating these processes are currently 

not understood. Nevertheless, the downstream ramifications of mitochondrial stress have 

been investigated. Excessive mTORC1 activity has already been discussed in enhancing T cell 

metabolism, however, it is also implicated in dysregulated TCR signalling. The endocytic 
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recycling machinery is regulated by mTORC1, accordingly in SLE T cells with heightened 

mTORC1 activity this alters the cell surface expression of TCRζ (Fernandez et al., 2009). 

Consequently, this is functionally replaced by the FcεR type I γ-chain (FcεRIγ) which is 

associated with increased Ca2+ fluxing to induce the pathogenic phenotype in SLE (Enyedy et 

al., 2001; Nambiar et al., 2003). Moreover, increased mTORC1 activation has also been 

associated with promoting T cell IL-4 and IL-17 production at the expense of the Treg 

population in SLE (Kato & Perl, 2014). This demonstrates that mTORC1 hyperactivation and 

the induction of oxidative stress is central to the pathogenic CD4+ T cell phenotype in SLE. 

Naturally, the glutathione precursor N-acetylcysteine (NAC) has been shown to alleviate 

disease severity in lupus-prone mice and human clinical trials (Lai et al., 2012; Suwannaroj et 

al., 2001). Furthermore, treatment using the mTORC1 inhibitor rapamycin has also had a 

beneficial effect in SLE patient cohorts, normalising the Ca2+ of patient-derived CD4+ T cells 

(Fernandez et al., 2006), and improving disease outcome at clinical trial (Lai et al., 2018). 

A minor role has been described for lipid metabolism in SLE CD4+ T cells. 

Glycosphingolipids and cholesterol form specialised membrane structures that are important 

in TCR signalling (He et al., 2005). Alterations in lipid raft composition makes patient-derived 

T cells more sensitive to TCR stimulation, reducing the threshold required to induce Ca2+ 

fluxing (Krishnan et al., 2004). Indeed, T cells isolated from patients with SLE displayed 

increased expression of the lipid raft-associated ganglioside GM1, which affected the 

regulation of the TCR signalling molecule Lck (Jury et al., 2004). Moreover, targeting 

alterations in lipid raft composition using atorvastatin is able to rescue the SLE-associated 

abnormalities in T cell signalling, normalising patient-derived T cell effector function (Jury et 

al., 2006). More recently, CD4+ T cells isolated from SLE patients have been demonstrated to 

have markedly altered glycosphingolipid profiles compared to healthy controls, with a general 

increase in the abundance of most glycosphingolipid species (McDonald et al., 2014). This was 

associated with increased expression of liver X receptor β (LXR) – a nuclear receptor involved 

in lipid trafficking and immune responses – which resulted in the accumulation and trafficking 

of glycosphingolipids, which is reminiscent of glycolipid storage disease (McDonald et al., 

2014). Restoring glycosphingolipid homeostasis through inhibiting its biosynthesis normalised 

CD4+ T cell signalling and rescued effector function, suggesting that targeting lipid 

metabolism in SLE has therapeutic benefit (McDonald et al., 2014). Additional roles have since 

been described for LXR, such as its ability to directly regulate glycosphingolipid metabolism, 
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which can cause reduced lipid stability within the plasma membrane at the immunological 

synapse, causing aberrant activation of TCR signalling molecules (Waddington et al., 2021). 

Interestingly, reduced plasma membrane lipid order appears to be required for optimal Treg 

cell function, suggesting its importance in the distinct functional programmes observed 

between subsets (Waddington et al., 2021). 

 

 

Figure 1.16 – Summary of T cell metabolism in autoimmune disease 

Overview of the metabolic pathways that underpin aberrant T cell function in (A) rheumatoid 

arthritis and (B) systemic lupus erythematosus. Crucially, heterogenous metabolic programmes 

underpin T cell-mediated autoimmune disease, despite T cells playing a similar role in disease 

pathogenesis. For example, the function of RA patient T cells are driven by a marked reduction in 

glucose metabolism, whilst those from SLE patients display augmented glucose metabolism. 

However, some aspects of metabolism are shared between autoimmune conditions, such as the 

activation of mTORC1. 

 

1.6 Repurposing type 2 diabetes drugs in autoimmunity 

Traditional treatments for autoimmune disease have long been accompanied by 

crippling side effects. For instance, non-selective steroidal anti-inflammatory drugs (NSAIDs) 

that inhibit COX-1 and COX-2 can cause significant gastrointestinal problems such as 

ulceration, bleeding and perforation (Fujita et al., 2013). Regrettably, gastrointestinal 

complications are symptomatic of numerous anti-inflammatory medications, including 

glucocorticoids (Ethgen et al., 2013) and disease-modifying anti-rheumatic drugs (DMARDS) 

such as sulfasalazine (Skosey, 1988). Whilst the use of selective COX-2 inhibitors overcome 

these gastrointestinal issues (Dajani & Islam, 2008), both NSAID types are associated with 
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severe cardiovascular complications (Hermann & Ruschitzka, 2006; Ray et al., 2002). 

Furthermore, the renal toxicity of NSAIDs (Murray & Brater, 1993), in addition to ciclosporin 

(Gabriel et al., 2001), is concerning. Whilst targeted therapeutics against TNFα are the latest 

class of medication that have been effective in treating autoimmune disease, there are still 

challenges concerning their safety (Li et al., 2017), in addition to their limited efficacy in some 

patient subgroups (Roda et al., 2016). 

Given the debilitating side effects associated with current treatments, investigation 

into alternative therapeutics is warranted. Multiple pre-clinical trials have demonstrated 

therapeutic benefit from targeting T cell metabolism. For example, tetramerisation of the 

glycolytic enzyme pyruvate kinase (PKM2 isoform) within murine T cells ameliorated EAE 

(Angiari et al., 2020). Upon T cell activation, PKM2 translocates into the nucleus, activating 

metabolic modulators including mTORC1, MYC and HIF1α to engage the elevated levels of 

glycolysis necessary for a proinflammatory response (Angiari et al., 2020). Treatment of T cells 

with the small molecule TEPP-46 prevented the translocation of PKM2, subsequently limiting 

Th1 and Th17 cell development – a process that is highly dependent on glycolytic activity 

(Angiari et al., 2020). Encouragingly, there were similar observations made when human T 

cells were treated with TEPP-46 in vitro (Angiari et al., 2020), however, it is important to 

consider the potential toxicity of using such high doses of this molecule. Inhibiting glucose 

metabolism through alternative mechanisms have also been effective. Targeting 

mitochondrial metabolism using the ATP synthase inhibitor oligomycin reduced disease 

severity in a murine model of MS through its ability to inhibit Th17 cell pathogenicity (Shin et 

al., 2020). Th17 cells rapidly engage OXPHOS during development, therefore inhibition of this 

pathway suppressed their signature gene expression, where they instead displayed a 

regulatory phenotype epitomised by FoxP3 expression (Shin et al., 2020). Furthermore, 

targeting glucose metabolism with 2-DG and mitochondrial metabolism with metformin 

improved immune tolerance in a murine model of SLE by inhibiting the expansion of Tfh cells 

and their associated germinal centre B cells (Wilson et al., 2021). Patients with SLE often 

develop serious kidney damage that can require transplantation, which is often susceptible 

to autoimmunity and allogenic rejection, increasing the subsequent risk of graft failure 

(Contreras et al., 2010). This combination of metformin and 2-DG, in addition to standard 

therapy, can also improve graft survival compared to using the standard therapy alone, 

further outlining the possible clinical benefits (Wilson et al., 2021). Interestingly, glutamine 
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metabolism has also been manipulated for therapeutic gain in pre-clinical studies of 

autoimmunity. Here, deletion of glutaminase – a central enzyme in glutamine anaplerosis – 

reduced inflammation in a model of graft-versus-host disease (Johnson et al., 2018). 

Glutaminase deficiency was characterised by impaired Th17 cell function and modest 

inhibition of Th1 cell function (Johnson et al., 2018). Despite these encouraging results, the 

translation of these studies into a clinical setting is difficult given the challenge of inhibiting 

metabolism at a whole-body level. Indeed, recent clinical trials concerning the use of IACS-

010759, a small molecule complex I inhibitor, in the treatment of acute myeloid leukaemia 

were terminated due to the limited target inhibition observed at safely tolerated doses (Yap 

et al., 2023). Moreover, the development of novel drugs is a costly process – both in terms of 

time and finances. Consequently, repurposing existing FDA-approved drugs (also known as 

drug repositioning), which have established safety profiles in humans, is an attractive 

prospect – particularly in the search for alternative therapies in autoimmune disease. Given 

that T2D drugs often target cellular metabolism, several different classes of these drugs have 

shown promise in autoimmune disease by targeting T cell metabolism. 

 

1.6.1 Thiazolidinediones 

Originally, thiazolidinediones (TZDs) – including rosiglitazone, pioglitazone and the 

later withdrawn troglitazone – were investigated in autoimmune disease. Initially, 

troglitazone and rosiglitazone were shown to improve patient outcomes in psoriasis and 

ulcerative colitis, respectively (Ellis et al., 2000; Lewis et al., 2001). Troglitazone has been 

demonstrated to dampen human T cell activation and proliferation, possibly through 

promoting the association of PPARγ with NFAT (Yang et al., 2000). Thus, T cell-mediated 

autoimmune diseases were next studied, whereby pioglitazone improved disease outcome in 

EAE, partly through its ability to impair T cell activation and function (Feinstein et al., 2002). 

This effect was reproducible in human T cells from both healthy and MS individuals – 

pioglitazone treatment impaired T cell proliferation and inhibited production of 

proinflammatory cytokines IFNγ and TNFα in vitro, whilst oral treatment maintained an anti-

proliferative effect on T cells in one MS patient (Schmidt et al., 2004). Subsequently, this 

translated into a notable improvement in weight gain, muscle strength and prevention of 

brain atrophy when trialled in an MS patient (Pershadsingh et al., 2004). Further clinical trials 

indicated that pioglitazone was well-tolerated in MS patients, and that there were noticeable 
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improvements in lesion burden and the prevention of new lesions, thus warranting further 

investigation (Kaiser et al., 2009; Shukla et al., 2010). Interestingly, there was no evidence 

demonstrating that rosiglitazone would be beneficial in the treatment of MS (Miller et al., 

2005). Together, this suggests that there is no overarching class effect for TZDs in the 

treatment of autoimmune disease, but rather individual members this group of drugs have 

unique properties that establish their efficacy. 

Pioglitazone has also showed promise in murine experimental autoimmune uveitis, 

reducing the production of numerous inflammatory markers such as IFNγ and IL-6, with a 

simultaneous increase in Tnv and Treg cells within the lymph nodes (Okunuki et al., 2013). 

Disease outcome was not only improved in whole-phase treatment, but also effector phase 

treatment, which suggests that pioglitazone might be effective in autoimmune uveitis even 

after the onset of disease (Okunuki et al., 2013). Similar observations were made in patients 

with a combination of metabolic syndrome and MS, wherein IL-6 and TNFα production by 

PBMCs was reduced, whilst there was an increase in the frequency of Treg cells (Negrotto et 

al., 2016). Concomitant with the pioglitazone-induced expansion of Treg cells, Teff cell 

proliferation was inhibited, and this was supported by the increased secretion of the anti-

inflammatory cytokine IL-10 (Negrotto et al., 2016). These data also revealed an interesting 

role for adipokine levels in TZD treatment of autoimmune disease. Leptin has previously been 

associated with proinflammatory conditions, whilst adiponectin is linked to anti-inflammatory 

contexts (Versini et al., 2014). Here, pioglitazone treatment induced a dichotomous effect on 

circulating adipokine levels, reducing leptin whilst increasing adiponectin, describing an 

additional metabolic underpinning for its efficacy in autoimmunity (Negrotto et al., 2016). 

Most recently, rosiglitazone improved atopic dermatitis outcome in obese mice, again 

highlighting the potency of TZDs particularly in the presence of metabolic affliction (Bapat et 

al., 2022). However, unlike previous reports assessing pioglitazone, rosiglitazone was able to 

reduce Th17 cell-mediated inflammation (Bapat et al., 2022). Th2 cells were also re-

established within the T cell compartment as seen with lean controls, restoring the efficacy 

of anti-IL-4 and anti-IL-13 antibody treatment (Bapat et al., 2022). 

 

1.6.2 Metformin 

The biguanide metformin has arguably been the most extensively studied T2D drug in 

the setting of autoimmune disease. Currently the preferred first-line medication for T2D, 
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metformin was approved for use in the disease in 1995, and there is growing interest in its 

ability to modulate cellular metabolism as an activator of AMPK and inhibitor of complex I of 

the electron transport chain. Numerous studies have since attempted to exploit the activity 

of metformin for benefit in autoimmunity. 

Early murine models demonstrated that metformin, through its activation of AMPK, 

improved disease outcomes in EAE when introduced both before and after disease onset 

(Nath et al., 2009). Metformin reduced the infiltration of lymphocytes into the central 

nervous system (CNS), where there was also a subsequent reduction in proinflammatory 

cytokines – indeed, metformin directly inhibited the production of an array of 

proinflammatory mediators by macrophages and T cells (Nath et al., 2009). Notably, 

metformin also diminished Th1 and Th17 cell populations, downregulating their distinctive 

transcription factors, Tbet and RORγT, respectively (Nath et al., 2009). Similar observations 

were made when metformin was used alone and in combination with lovastatin, a member 

of the statin family of cholesterol lowering agents (Nath et al., 2009). Alterations within the 

metformin-treated T cell compartment also extended to Th2 cells and possibly other 

regulatory phenotypes (Paintlia et al., 2013). Later work confirmed that metformin treatment 

expanded Treg populations within EAE mice (Sun et al., 2016). However, the more salient 

point gleaned from these data was that the neuroprotective and anti-inflammatory effects of 

metformin in murine models of MS are mediated by inhibition of mTOR/HIF1α signalling – 

key metabolic regulators that are downstream targets of AMPK (Sun et al., 2016). 

Modulation of the AMPK/mTOR axis by metformin has been confirmed in other 

murine models of autoimmune disease, where this mechanism remains central to the 

inhibition of Th17-mediated inflammation. In collagen antibody-induced arthritis, metformin 

prevented cartilage destruction, reduced circulating proinflammatory cytokine levels, and 

restricted Th17 differentiation by inhibiting STAT3 phosphorylation via the AMPK/mTOR 

pathway (Kang et al., 2013). The same observations were made in collagen-induced arthritis, 

an arthritis model with slower onset of the disease (Son et al., 2014). This study built upon 

previous work by showing that metformin treatment resulted in a concomitant expansion of 

Treg cells upon Th17 inhibition, whilst inhibition of osteoclast proliferation and function 

ceased bone damage, again through changes to the STAT3/AMPK/mTOR nexus (Son et al., 

2014). These findings have been further confirmed in mouse models of inflammatory bowel 

disease, SLE and graft-versus-host disease (Lee et al., 2015; Lee et al., 2017; Park et al., 2016). 
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Given that dysregulated T cell metabolism underpins autoimmune disease 

(see Chapter 1.5), it is unsurprising that metformin harnesses some of its efficacy in 

autoimmunity by manipulating T cell metabolism. In murine SLE-derived T cells with 

heightened metabolic activity, metformin counteracted this metabolic defect by limiting the 

rate of OXPHOS to reverse disease phenotypes, particularly during early T cell activation 

where effector function was more reliant on oxidative metabolism (Yin et al., 2015). 

Surprisingly, in terms of glycolysis, high-dose metformin increased flux through this pathway, 

which rendered it ineffective in restoring normal function in already-activated T cells that are 

highly dependent on glycolysis (Yin et al., 2015). Consequently, this led to use of 2-DG in 

combination with metformin to offer greater efficacy against SLE by inhibiting both major 

glucose metabolism pathways to restrict pathological effector function (Yin et al., 2015). 

These data were reproducible in other murine models of SLE, as well as other types of 

autoimmune disease such as autoimmune lymphoproliferative syndrome, whereby 

metformin and 2-DG combined to reduce the rates of glycolysis and OXPHOS to limit T cell 

activation and function (Yin et al., 2016). Importantly, it was also determined that cessation 

of treatment resulted in relapse to a disease phenotype, demonstrating that constant 

exposure of T cells to metformin and 2-DG is required to maintain a protective effect against 

autoimmunity (Yin et al., 2016). In contrast to previous work, monotherapy with either 

metformin or 2-DG appeared to have a beneficial effect in some models of lupus (Yin et al., 

2016), highlighting the significance of appraising disease-by-disease differences in 

susceptibility to metformin treatment. 

Despite the promising anti-inflammatory effects of metformin demonstrated in 

murine models of autoimmune disease, human studies remain scarce. T cells isolated from 

SLE patients displayed similarly increased metabolic output, which fuels increased IFNγ 

production that is reversible by metformin in vitro (Yin et al., 2015). Despite the promise 

shown by metformin in both murine and human studies of autoimmune disease, the 

mechanism by which it exerts its anti-inflammatory effect on T cells remains uncertain. It is 

unclear whether metformin is taken up by T cells at physiological doses, as the primary 

transporter SLC22A1 is not expressed by most T cell subsets, where it is only scarcely 

expressed by Treg cells (Uhlen et al., 2019)(Human Protein Atlas, proteinatlas.org). 

A proof-of-concept trial exploring the use of metformin as an add-on to traditional 

prednisone concluded that this reduced disease flares compared to the placebo group (H. T. 
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Wang et al., 2015). A second clinical trial also observed a decrease in the frequency of flares 

when metformin was used alongside prednisone, however, this study was underpowered to 

draw any definite conclusions (Sun, Wang, et al., 2020). Post-hoc analyses combining the 

finding from both trials observed a significant reduction in flares in response to metformin 

treatment, with individuals that are in early disease (duration < 5 years) or serologically 

quiescent showing increased sensitivity to treatment (Sun, Geng, et al., 2020). Importantly, 

metformin was well-tolerated throughout these clinical trials (Sun, Geng, et al., 2020), 

underlining the advantage of an established safety profile when repurposing drugs. Most 

recently, metformin has also been shown to alleviate disease severity in RA, whereby 

inflammation was reduced after 6 months of treatment, whilst quality of life was improved 

as early as 3 months following metformin treatment (Gharib et al., 2021). 

A study assessing the use of metformin in patients with MS and metabolic syndrome 

offered some insight into the underlying mechanisms supporting its efficacy in human 

autoimmune diseases. Firstly, metformin was effective in reducing disease activity in MS, 

reducing the number of active lesions within the brain 6 months post-treatment (Negrotto et 

al., 2016). Interestingly, metformin treatment was associated with increased AMPK 

expression in patient-derived PBMCs, with cytokine production and transcription factor 

expression patterns suggesting reduced frequencies of disease-associated Th1 and Th17 cells, 

with a concomitant increase in the Treg cell population (Negrotto et al., 2016). These findings 

are similar to the changes observed in murine models. Furthermore, enhanced activity of this 

expanded Treg cell population in metformin-treated MS patients inhibited effector T cell 

proliferation, again drawing parallels with earlier murine studies (Negrotto et al., 2016). 

Together, these data highlight the potential that T2D drugs exhibit in the setting of 

autoimmunity through targeting T cell metabolism and emphasises the importance of 

repurposing drugs with established safety profiles to circumvent the toxicity that directly 

targeting metabolism can impose on whole body function. 

 

1.7 Sodium glucose co-transporter 2 inhibitors 

Sodium glucose co-transporter 2 (SGLT2) inhibitors are the most recently approved 

class of T2D drugs, with clinical examples including canagliflozin, dapagliflozin, empagliflozin 

and ertugliflozin. First approved in 2013 as a monotherapy, SGLT2 inhibitors (also known as 

gliflozins) target SGLT2, which facilitates glucose reabsorption within the nephron. By 
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inhibiting this process, glycaemic control is improved through increased clearance of glucose 

in urine, thus regulating blood glucose levels (Mosley et al., 2015). 

 

1.7.1 Off-target effects of SGLT2 inhibitors 

Interestingly, some SLGT2 inhibitors have off-target action that affects cellular 

metabolism and mitochondrial dynamics. Of particular interest, canagliflozin has been shown 

to inhibit complex I of the electron transport chain (Villani et al., 2016) and mitochondrial 

glutamate dehydrogenase (GDH), an enzyme that is essential in glutamine anaplerosis (Secker 

et al., 2018) (Figure 1.17). Initially, canagliflozin was demonstrated to induce AMPK activation 

in HEK-293 cells, underpinned by mitochondrial inhibition causing increased cellular AMP 

levels (Hawley et al., 2016). Changes in acetyl-CoA carboxylase phosphorylation, a 

downstream target of AMPK, likely altered cellular lipid metabolism, whilst glucose uptake 

was also impaired via an SGLT2-independent mechanism (Hawley et al., 2016). Further 

analysis using murine cells determined that mitochondrial inhibition in canagliflozin-treated 

cells was specific to complex I of the electron transport chain (Hawley et al., 2016). In human 

cell lines, inhibition of complex I by canagliflozin supported the reduced proliferation and 

clonogenic survival of several different prostate and lung cancer cell lines (Villani et al., 2016). 

Although canagliflozin treatment was also associated with AMPK activation in these cells, this 

was not required to mediate its anti-proliferative properties (Villani et al., 2016). Importantly, 

these changes were also not caused by the on-target effects of canagliflozin, as glucose 

uptake through SGLT2 was not essential (Villani et al., 2016). Complex I inhibition by 

canagliflozin has also been confirmed in renal proximal tubule epithelial cells, reprogramming 

cellular metabolism through suppression of OXPHOS and increasing dependence on glycolytic 

metabolism (Secker et al., 2018). Conversely, canagliflozin limited glycolytic flux in human 

umbilical-vein epithelial cells (HUVECs), which might suggest that canagliflozin modulates 

glycolysis in a cell-dependent manner (Zugner et al., 2022). Mitochondrial dysfunction within 

canagliflozin-treated cells was associated with increased superoxide formation (Secker et al., 

2018). Additionally, mitochondrial GDH was also inhibited by canagliflozin, which prevented 

the entry of glutamine into the TCA cycle and drastically altered the cellular amino acid profile 

(Secker et al., 2018). This inhibition of GDH, but not complex I, was demonstrated to be the 

primary cause of reduced cell viability (Secker et al., 2018). These findings have been verified 

in breast cancer cell lines, whereby canagliflozin mediated its anti-proliferative effect 
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primarily through the inhibition of glutamine metabolism (Papadopoli et al., 2021). In 

HUVECS, reduced proliferation was sustained through the inhibition of DNA synthesis and cell 

cycle arrest at G0/G1 phase through the loss of cyclin A and retinoblastoma protein 

phosphorylation (Behnammanesh et al., 2019). This blockade of proliferation occurred in the 

absence of cell death, revealing canagliflozin mediated cytostatic rather than cytotoxic 

properties in these cells, again highlighting its differential effects on different cell types 

(Behnammanesh et al., 2019). Further functions inhibited by the off-target effects of 

canagliflozin included proinflammatory cytokine and chemokine responses, whereby IL-6 and 

MCP-1 secretion by IL-1β-stimulated HUVECs was reduced (Mancini et al., 2018). Crucially, 

inhibition of complex I and mitochondrial GDH is a property unique to canagliflozin – 

dapagliflozin, empagliflozin and ertugliflozin exhibited either no effect or modest effects on 

the parameters measured across various cell types. More importantly, the aforementioned 

off-target effects occurred at physiologically relevant doses of canagliflozin, which is typically 

in the region of 10 μM in the circulation of patients with T2D that are prescribed the drug 

(Devineni et al., 2013). 

 

 

Figure 1.17 – The impact of canagliflozin on cellular function 

Overview of the on- and off-target effects that canagliflozin has on cellular function. Primarily, 

canagliflozin inhibits glucose uptake via sodium glucose co-transporter 2 (SGLT2). Canagliflozin also 

has off-target effects including inhibition of glutamate dehydrogenase (GDH) and complex I of the 

electron transport chain. 
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Alternatively, empagliflozin regulates mitochondrial function by distinct mechanisms 

compared to canagliflozin. In murine cardiac microvascular endothelial cells, empagliflozin 

diminished diabetes-induced mitochondrial fragmentation through re-establishing the 

homeostasis of mitochondrial fusion and fission proteins (Zhou et al., 2018). Here, 

empagliflozin increased the expression of mitofusin-1 and -2, whilst simultaneously reducing 

the expression of fission-associated proteins Fis-1 and mitochondrial fission factor (Zhou et 

al., 2018). Empagliflozin-induced activation of AMPK also retained the critical fission 

regulator, dynamin-related protein-1, within in the cytosol and together the changes in 

mitochondrial dynamics protected against cell senescence and improved vascular cell 

migration (Zhou et al., 2018). Similar observations were made in the myocardium of diabetic 

rats, whereby empagliflozin treatment was associated with fewer, but larger, mitochondria 

(Mizuno et al., 2018). Further to the changes to mitochondrial fission, Bnip-3 – which acts as 

a mitochondrial receptor for autophagosomes to eliminate mitochondria – is upregulated at 

both transcript and protein levels, suggesting that empagliflozin also promotes the clearance 

of small mitochondria via mitophagy (Mizuno et al., 2018). Beyond these findings, increased 

intermitochondrial joints within empagliflozin-treated myocardium post-cardiac arrest 

suggested the presence of more highly active mitochondria (Tan et al., 2021). Indeed, 

mitochondrial complex I activity was elevated and ATP production increased in these 

empagliflozin-treated cells (Tan et al., 2021). A concomitant reduction in serum lactate levels 

might suggest reduced glycolytic output, therefore empagliflozin could prime cells towards 

oxidative metabolism (Tan et al., 2021). Recent studies have since confirmed improved 

mitochondrial membrane potential and mitochondrial complex I and II activity in cardiac 

tissue following empagliflozin treatment (Wang et al., 2022; Zou et al., 2022). This has 

revealed that empagliflozin exhibits anti-oxidative properties, whereby the prevention of 

oxidative stress limited the activation of the DNA-PKcs pathway involved in Fis-1 

phosphorylation (Zou et al., 2022). Although it has not been directly confirmed whether the 

off-target effects of empagliflozin involved in shaping mitochondrial dynamics are SGLT2-

independent, the limited expression of the transporter within the assessed tissues might 

suggest that this is the case (Chen et al., 2010; Vrhovac et al., 2015). 

Currently, there is limited evidence outlining the off-target effects of dapagliflozin. 

Investigation into cardiomyocytes in rat metabolic syndrome revealed a cardioprotective role 

for dapagliflozin (Durak et al., 2018). Metabolic syndrome exacerbated mitochondrial 



70 
 

depolarisation within cardiomyocytes, which was accompanied by an altered ratio of the 

mitochondrial fusion proteins mitofusin-1 and -2, as well as increased expression of the 

mitochondrial fission protein Fis-1 (Durak et al., 2018). These data highlight the potential for 

dapagliflozin to shape mitochondrial dynamics and influence mitochondrial function. To this 

end, there is growing evidence that SGLT2 inhibitors can influence cellular metabolism 

through their off-target effects – each with unique metabolic targets and downstream 

changes in cell function. 

 

1.7.2 Repurposing SGLT2 inhibitors in inflammatory diseases 

Consequently, some studies have flagged the potential of SGLT2 inhibitors as 

treatments for inflammatory disease. Promisingly, canagliflozin has displayed beneficial 

effects in chronic kidney disease at clinical trial (Perkovic et al., 2019). Here, the relative risk 

of kidney failure was approximately 30% lower in the group treated with canagliflozin, 

benefitting patients at several stages throughout the course of disease (Perkovic et al., 2019). 

Interestingly, patients treated with canagliflozin also had a lower risk of cardiovascular 

complications, including cardiovascular death, myocardial infarction and stroke, in addition 

to reduced hospitalisation for heart failure (Perkovic et al., 2019). The effect of canagliflozin 

in heart failure was further explored in another clinical trial, where it was shown that 

canagliflozin improved patient outcomes regardless of ejection fraction or diabetes status 

(Spertus et al., 2022). Importantly, both chronic kidney disease and heart failure have 

underlying inflammatory elements. In heart failure, numerous immune cell populations 

become activated, whilst patients with reduced ejection fraction can also have increased 

levels of proinflammatory cytokines within the circulation (Adamo et al., 2020). Similarly, 

patients with chronic kidney disease also have heightened circulating levels of 

proinflammatory cytokines, resulting from reduced cytokine clearance (Akchurin & Kaskel, 

2015). Together, these studies highlighted the potential to repurpose canagliflozin in the 

setting of inflammatory disease. Interestingly, it has also been shown that canagliflozin 

extends the lifespan of male, but not female, mice (Miller et al., 2020). Despite this sexual 

dimorphism, canagliflozin regulated blood glucose levels and improved glucose tolerance in 

both sexes (Miller et al., 2020). However, canagliflozin was also only able to reduce fat mass 

in female mice, demonstrating that there are also differential effects in weight loss (Miller et 

al., 2020). 
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Unsurprisingly, there have been several other studies examining the use of SGLT2 

inhibitors in other inflammatory conditions. For example, canagliflozin displayed anti-

inflammatory properties in mouse and human monocyte/macrophage cell lines (Xu et al., 

2018). Here, IL-6 and TNFα production was reduced, albeit using concentrations of the drug 

towards the upper limit of physiological relevance (Xu et al., 2018). Canagliflozin impaired 

glycolysis within these immune cell lines, possibly through the inhibition of PFK, and 

promoted autophagy in an AMPK-dependent manner, both of which were required to limit 

inflammation (Xu et al., 2018). Despite no class-specific effect being demonstrated by 

treatment with either dapagliflozin or empagliflozin, it is unclear whether direct inhibition of 

SGLT2 contributed to the anti-inflammatory action of canagliflozin (Xu et al., 2018). 

Interpretation of non-human data must be approached with caution, as analyses using 

primary human macrophages demonstrated that dapagliflozin can in fact elicit anti-

inflammatory properties (Abdollahi et al., 2022). Treatment with dapagliflozin limited 

proinflammatory cytokine production by inhibiting the NF-κB signalling pathway, reversing 

LPS-induced polarisation towards an M1 phenotype (Abdollahi et al., 2022). Dapagliflozin was 

able to mediate similar changes under both normal glucose and high glucose conditions, 

suggesting that it acts on macrophages via an SGLT2-independent mechanism (Abdollahi et 

al., 2022). Recently, in the setting of murine experimental autoimmune myocarditis, 

canagliflozin could alleviate cardiac tissue inflammation by inhibiting the NLRP3 

inflammasome through inactivation of the NF-κB pathway (Long et al., 2022). The NLRP3 

inflammasome has previously been associated with Th17 cell differentiation in other 

autoimmune diseases (Zhao et al., 2018). Indeed, Th1 and Th17 cells are critical mediators of 

myocarditis (Yuan et al., 2010; Zhu et al., 2021), and there was a correlation – but not a 

definitive, causative link – between NLRP3 activation and Th17-associated function (Long et 

al., 2022). Thus, canagliflozin can influence murine CD4+ T cell differentiation, particularly 

suppressing Th1 and Th17 cell populations (Long et al., 2022). Alas, the underpinning 

mechanism mediating these changes has not been elucidated. 

The off-target effects of empagliflozin on human T cell function have recently been 

explored. Immune thrombocytopenia is an autoimmune disease characterised by increased 

Th1 and Th17 populations and an accompanying reduction in Tregs (Ma et al., 2008; Yu et al., 

2008). The T cell subset landscape in the disease is shaped by their metabolic reprogramming, 

namely a shift towards glycolytic metabolism, which could be reversed by empagliflozin 
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treatment (Qin et al., 2022). Thought to mediate its effect through mTOR inhibition, 

empagliflozin inhibited glycolysis and increased OXPHOS levels to restore the balance of Th1, 

Th17 and Treg cells back to that observed in healthy individuals (Qin et al., 2022). Thus, there 

is precedent to further investigate SGLT2 inhibitors in autoimmune disease. 

Currently, the effect that canagliflozin has on human T cell function is not known. 

SGLT2 (also known as SLC5A2) is not expressed by T cells (Uhlen et al., 2019)(Human Protein 

Atlas, proteinatlas.org), therefore it is unlikely that canagliflozin would modulate T cell fate 

by its canonical inhibition of glucose uptake. However, given that T cell metabolic 

reprogramming underpins autoimmune disease (see Chapter 1.5), the aforementioned off-

target changes on mitochondrial complex I and GDH pose an interesting avenue to 

investigate. 
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1.8 Aims and objectives 

 T cell-mediated autoimmunity is responsible for a range of conditions including 

rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). Aberrant T cell metabolism 

underpins many of these autoimmune conditions, most of which have no cure. Type 2 

diabetes (T2D) drugs have previously shown therapeutic benefit in the setting of 

autoimmunity through their action on T cell metabolism. Sodium glucose co-transporter 2 

inhibitors are the most recently approved class of T2D, in which canagliflozin also has off-

target effects that inhibit mitochondrial metabolism. These off-target effects have made 

canagliflozin an attractive therapy in other inflammatory settings including chronic kidney 

disease and cardiovascular disease, however, the impact that canagliflozin has on the immune 

system is unknown. The aim of this thesis is to determine whether canagliflozin could alleviate 

disease severity in T cell-mediated autoimmune diseases by addressing four main objectives: 

 

1. To establish whether canagliflozin, through its off-target effects on mitochondrial 

complex I and glutamate dehydrogenase, compromises CD4+ T cell activation to 

impair effector function. 

 

2. To investigate the global impact that canagliflozin has on CD4+ T cell function, based 

upon changes at the transcript and protein level. 

 

3. To determine the underlying mechanisms that facilitate canagliflozin-mediated 

changes in T cell function. This includes the impact of canagliflozin on mitochondrial 

complex I and glutamate dehydrogenase, as well as its general effect on glycolysis and 

oxidative phosphorylation. 

 

4. To verify whether canagliflozin maintains its inhibitory effect on T cell function in 

effector T cells and in autoimmune patient cohorts (RA and SLE) ex vivo. 
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2 Experimental procedures 

 

2.1 Human blood collection 

 Ethical approval was obtained from Wales Research Ethics Committee 6 for the 

collection of peripheral blood from healthy volunteers (13/WA/0190). Blood from healthy, 

non-fasted donors was collected between 8.30am and 10.00am at the Clinical Research 

Facility. From each donor a maximum of 120 ml of blood was collected into heparinised 

Vacuettes™ (Greiner Bio-One, Austria). 

 

2.2 Primary cell tissue culture 

 All primary cell tissue culture, including cell isolation and cell culture, was carried out 

under sterile conditions in a Scanlaf class II Mars hood. 

 

2.3 Peripheral blood mononuclear cell isolation 

 Peripheral blood mononuclear cells (PBMCs) consist of peripheral blood cells 

containing a single-lobed nucleus. This includes lymphocytes such as T cells, B cells and NK 

cells, as well as monocytes. PBMCs were isolated by carefully layering 10 ml of whole blood 

onto 10 ml of Lymphoprep™ (density 1.077 g/ml; STEMCELL Technologies, Canada), before 

density gradient centrifugation at 805 x g for 20 min, no brake. Centrifugation results in four 

distinct layers: plasma, a layer of PBMCs, Lymphoprep™ and polymorphonuclear cells (PMNs) 

with red blood cells (Figure 2.1). Plasma was carefully discarded using a sterile 3 ml Pasteur 

pipette before PBMCs were collected. Cells were washed twice using RPMI medium 1640 (1X) 

+ Glutamax™ (Gibco, USA) and centrifugation at 515 x g. The PBMC pellet was resuspended 

in RPMI medium 1640 (1X) + Glutamax™ before the number of PBMCs was determined by 

using the Countess® automated cell counter (Invitrogen, USA; see Chapter 2.5). 
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Figure 2.1 – Summary of density gradient centrifugation 

10 ml whole blood is carefully layered onto 10 ml of Lymphoprep™. Density gradient centrifugation 

at 805 x g for 20 min results in 4 distinct layers: plasma, peripheral blood mononuclear cells, 

Lymphoprep™ and the erythrocyte and polymorphonuclear layer. PBMCs, peripheral blood 

mononuclear cells. 

 

2.4 Human T cell isolation 

Human T cell populations were isolated using magnetic microbeads on the 

autoMACS® Pro cell separator as per the manufacturer’s instructions (Miltenyi, Germany). 

Centrifugation of the relevant cell-containing fraction at 300 x g for 10 min post-separation 

allows resuspension of the cell pellet in the appropriate medium for downstream analysis. 

The number of T cells isolated was determined using the Countess® automated cell counter 

(see Chapter 2.5). 

Differential expression of cell surface markers between immune cell subsets, in 

addition to the ability to label these markers with nano-sized superparamagnetic beads, 

forms the basis of automated magnetic separation (Figure 2.2). Microbead-labelled cells are 

retained within the magnetic column so that non-labelled cells are eluted separately, 

generating pure populations of the desired cell type. The fraction used for downstream 

analysis is dependent on whether the isolation protocol used labels the cell type of interest 

(positive selection) or all cells other than the cell type of interest (negative selection). 

Negative selection is the preferred method, as unlabelled cells are less likely to be 

inadvertently activated by the separation process. 
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Figure 2.2 – Principle of magnetic separation 

(A) The “depletes” running programme involves the labelling of non-target cells to obtain a pure 

target cell population. (B) Labelled non-target cells are magnetically retained in the column during 

separation, whilst the target cells are collected in the flow-through in the negative fraction. (C) 

Following the elution of non-labelled cells, removal of the column from the magnets allows the 

elution of labelled cells in the positive fraction. 

 

2.4.1 Pan CD4+ T cell isolation 

 Pan CD4+ T cells were negatively-selected using a CD4+ T cell isolation kit as per the 

manufacturer's guidelines (Miltenyi, Germany). Following centrifugation at 300 x g for 10 min, 

cells were resuspended in 40 μl of MACS buffer (2% fetal bovine serum (FBS; Merck, Germany) 

in phosphate buffered saline (PBS; Gibco, USA)) per 107 cells and 10 μl of antibody cocktail 

(Miltenyi, Germany) per 107 cells and incubated at 4°C for 5 min. This antibody cocktail 

contains antibodies against the following markers: CD8, CD14, CD15, CD16, CD19, CD36, 

CD56, CD123, TCR γ/δ and CD235a. A further addition of 30 μl MACS buffer per 107 cells and 

20 μl CD4+ T cell-specific microbeads per 107 cells (Miltenyi, Germany) was made and 

incubated at 4˚C for 10 min. The cell-microbead solution was transferred to a 15 ml falcon 

before running through the autoMACS® on the “Depletes” running programme. Following 

conclusion of the separation, the CD4+ T cell-containing negative fraction was run through a 

second “Depletes” separation programme to improve the purity of the CD4+ T cell fraction. 

Following conclusion of the second separation, the CD4+ T cell-containing negative fraction 

was collected for further analysis and positive fractions discarded. 
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2.4.2 Naïve CD4+ T cell isolation 

Naïve T cells (Tnv) were negatively-selected using a CD4+ naïve T cell isolation kit as 

per the manufacturer’s guidelines (Miltenyi, Germany). Following centrifugation at 300 x g 

for 10 min, cells were resuspended in 40 μl of MACS buffer per 107 cells and 10 μl of antibody 

cocktail (Miltenyi, Germany) per 107 cells and incubated at 4˚C for 5 min. This antibody 

cocktail contains antibodies against the following markers: CD8, CD14, CD15, CD16, CD19, 

CD25, CD34, CD36, CD45RO, CD56, CD123, HLA-DR, TCR γ/δ, and CD235a. A further addition 

of 30 μl MACS buffer per 107 cells and 20 μl Tnv cell-specific microbeads per 107 cells 

(Miltenyi, Germany) was made and incubated at 4˚C for 10 min. The cell-microbead solution 

was transferred to a 15 ml falcon before running through the autoMACS® on the “Depletes” 

running programme. Following conclusion of the separation, the Tnv cell-containing negative 

fraction was run through a second “Depletes” separation programme to improve the purity 

of the Tnv cell fraction. Following conclusion of the second separation, the Tnv cell-containing 

negative fraction was collected for further analysis and positive fractions discarded. 

 

2.4.3 CD4+ T effector cell isolation 

 T effector cells (Teff) were negatively-selected using a CD4+ T effector memory cell 

isolation kit as per the manufacturer’s guidelines (Miltenyi, Germany). Following 

centrifugation at 300 x g for 10 min, cells were resuspended in 40 μl of MACS buffer per 

107 cells and 10 μl of antibody cocktail (Miltenyi, Germany) per 107 cells and incubated at 4°C 

for 10 min. This antibody cocktail contains antibodies against the following markers: CD8, 

CD14, CD15, CD16, CD19, CD34, CD36, CD45RA, CD56, CD123, TCR γ/δ, and CD235a. Cells 

were then washed in MACS buffer and centrifugation at 300 x g for 10 min. The cell pellet was 

resuspended in 80 μl MACS buffer per 107 cells and an addition of 20 μl Teff cell-specific 

microbeads per 107 cells (Miltenyi, Germany) was made and incubated at 4˚C for 15 min. The 

cell-microbead solution was transferred to a 15 ml falcon before running through the 

autoMACS® on the “Deplete025” running programme. Following conclusion of the 

separation, the Teff cell-containing negative fraction was collected for further analysis and 

the positive fraction discarded. 
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2.4.4 CD8+ T cell isolation 

 CD8+ T cells were negatively-selected using a CD8+ T cell isolation kit as per the 

manufacturer's guidelines (Miltenyi, Germany). Following centrifugation at 300 x g for 10 min, 

cells were resuspended in 40 μl of MACS buffer per 107 cells and 10 μl of antibody cocktail 

(Miltenyi, Germany) per 107 cells and incubated at 4°C for 5 min. This antibody cocktail 

contains antibodies against the following markers: CD4, CD15, CD16, CD19, CD34, CD36, 

CD56, CD123, TCR γ/δ, and CD235a. A further addition of 30 μl MACS buffer per 107 cells and 

20 μl CD4+ T cell-specific microbeads per 107 cells (Miltenyi, Germany) was made and 

incubated at 4˚C for 10 min. The cell-microbead solution was transferred to a 15 ml falcon 

before running through the autoMACS® on the “Depletes” running programme. Following 

conclusion of the separation, the CD8+ T cell-containing negative fraction was run through a 

second “Depletes” separation programme to improve the purity of the CD8+ T cell fraction. 

Following conclusion of the second separation, the CD8+ T cell-containing negative fraction 

was collected for further analysis and positive fractions discarded. 

 

2.5 Cell counting 

 For cell counting, cells were diluted according to the cell number expected – usually 

based on the size of the pellet present. 10 μl of the diluted cell solution was mixed 1:1 with 

10 μl of Trypan Blue (AlphaMetrix, Germany). 10 μl of the cell-Trypan blue solution was added 

to the counting slide to be inserted into the Countess® automated cell counter. The calculated 

cell number was adjusted to factor the dilution. 

 

2.6 Cell culture 

 Isolated T cells were cultured in human plasma-like medium (HPLM; Gibco, USA), 

unless stated otherwise, and seeded at a density of 1x106 cells per ml. Cell culture plates were 

coated overnight with 2 μg/ml anti-CD3 antibody (BioLegend, USA) prior to T cell activation. 

T cells were co-stimulated with 20 μg/ml anti-CD28 (BioLegend, USA). Unstimulated cells 

were cultured in uncoated wells and in the absence of anti-CD28. Cells were treated with 10 

μM canagliflozin (Cambridge Bioscience, UK), 10 μM dapagliflozin (Combi-Blocks, USA) or 

dimethyl sulphoxide (DMSO) vehicle control (Merck, Germany). Plates were incubated at 37˚C 

in 5% CO2 for the desired amount of time. Following 3 h incubation, culture medium was 

supplemented with 10% dialysed FBS to prevent impaired T cell activation. 
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2.7 Flow cytometry 

 Flow cytometry allows the measurement of the properties of a population of cells. 

Cells are labelled with fluorochrome-conjugated antibodies against various markers of 

interest to stain them. Once labelled, the cell suspension runs through the flow cytometer 

and is hydrodynamically focused so that single cells pass through a series of lasers. The 

specific wavelengths of these lasers cause excitation of the attached fluorochromes which 

results in a signal that is converted to a computed measurement. These lasers are split 

through a number of channels, each of which is carefully selected during analysis to allow the 

maximal emission of light to be detected following fluorochrome excitation. This allows high-

throughput, multi-parameter analysis of thousands of cells. The cytometer used was a 

Novocyte® flow cytometer (Agilent, USA), which makes use of a combination of 3 lasers 

(violet, 405 nm; blue, 488 nm; red, 640 nm) and 12 band-pass filters to allow detection of up 

to 14 fluorophores / parameters simultaneously. Assay specific uses of flow cytometry have 

been outlined in the experimental procedures section of their respective chapters. 

 

2.7.1 Purity monitoring 

 The purity of isolated T cell populations was monitored using flow cytometry. At least 

0.1x106 cells were stained with subset-specific antibodies for 30 min on ice in the dark. Cells 

were washed post-staining using FACS buffer (0.05% sodium azide (Sigma-Aldrich, UK), 0.2% 

bovine serum albumin (BSA; Sigma-Aldrich, UK) in PBS) and centrifugation at 515 x g for 7 min 

at 4°C. Cells were resuspended in FACS buffer to analyse. Cell doublets were excluded from 

analysis based on forward scatter height versus forward scatter area. Pan CD4+ T cells were 

identified as CD3+/CD4+ lymphocytes (Figure 2.3). Tnv and Teff cells were identified based on 

their differential expression of CD45RA, CD45RO and CD197, whereby Tnv cells are 

CD45RA+/CD45RO-/CD197+, whilst Teff cells are CD45RA-/CD45RO+/CD197- (Figure 2.4). 

CD8+ T cells were identified as CD3+/CD8+ lymphocytes (Figure 2.5). The purity of isolated 

cells populations typically exceeded 90%. 
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Table 2.1 – Antibodies used for purity monitoring 

Antibody Fluorochrome Clone Isotype Manufacturer 
Anti-CD3 Brilliant Violet 570™ UCHT1 Mouse IgG1, κ BioLegend, USA 
Anti-CD4 AlexaFluor® 647 OKT4 Mouse IgG1, κ BioLegend, USA 
Anti-CD8 FITC BW135/80 Mouse IgG2a, κ Miltenyi, Germany 
Anti-CD45RA Brilliant Violet 605™ HI100 Mouse IgG2b, κ BioLegend, USA 
Anti-CD45RO FITC UCHL1 Mouse IgG2a, κ BioLegend, USA 
Anti-CD197 Pacific Blue™ G043H7 Mouse IgG2a, κ BioLegend, USA 

 

 

 

Figure 2.3 – Example of the gating strategy used to monitor CD4+ T cell purity 

(A) Gating strategy used to monitor the purity of CD4+ T cells isolated using magnetic microbeads. 

Lymphocytes are initially gated based on forward-scatter height versus side-scatter height, 

excluding any debris present. CD4+ T cells were identified by their expression of CD3 and CD4. 

Percentages represent frequency of cells in parent population. Purity was typically > 90%. 
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Figure 2.4 – Example of the gating strategy used to monitor naïve and effector CD4+ T cell purity 

(A-B) Gating strategy used to monitor the purity of naïve and effector CD4+ T cells isolated using 

magnetic microbeads. Lymphocytes are initially gated based on forward-scatter height versus side-

scatter height, excluding any debris present. (A) Naïve CD4+ T cells were identified as 

CD4+/CCR7+/CD45RA+ lymphocytes. (B) Effector CD4+ T cells were identified as CD4+/CCR7-

/CD45RA- lymphocytes. Percentages represent frequency of cells in parent population. Purity was 

typically > 90%. 

 

 

 

Figure 2.5 – Example of the gating strategy used to monitor CD8+ T cell purity 

(A) Gating strategy used to monitor the purity of CD8+ T cells isolated using magnetic microbeads. 

Lymphocytes are initially gated based on forward-scatter height versus side-scatter height, 

excluding any debris present. CD8+ T cells were identified by their expression of CD3 and CD8. 

Percentages represent frequency of cells in parent population. Purity was typically > 90%. 
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2.7.2 T cell activation 

 Expression of CD25, CD44 and CD69 was used to assess T cell activation. Following 

24 h or 72 h activation (see Chapter 2.6), cells were resuspended and collected before 

centrifugation at 500 x g for 5 min. Cell-free supernatants were collected for ELISA analysis, 

whilst cells were resuspended in 100 μl FACS buffer. Dead cells were excluded using DRAQ7® 

(Biostatus, UK). Cell doublets were excluded as previously described. Cells were stained for 

15 min at room temperature (RT) in the dark (Table 2.2). An unstained sample provided a 

negative control. Cells were washed in FACS buffer and centrifugation at 515 x g post-staining 

and resuspended in FACS buffer to analyse. 

 

Table 2.2 – Antibodies used for activation marker analysis 

Antibody Fluorochrome Clone Isotype Manufacturer 
Anti-CD25 Brilliant Violet 605™ BC96 Mouse IgG1, κ BioLegend, USA 
Anti-CD44 Pacific Blue™ BJ18 Mouse IgG1, κ BioLegend, USA 
Anti-CD69 PE FN50 Mouse IgG1, κ BioLegend, USA 
DRAQ7™ APC-Cy7 - - Biostatus, UK 

 

2.7.3 Blastogenesis and proliferation 

T cell size was determined by forward-scatter area and used as a measure of 

blastogenesis, whilst CellTrace™ CFSE (Invitrogen, USA) was used to assess T cell proliferation 

(Table 2.3). Cells were stained with 0.4 μM CellTrace™ CFSE for 5 min with gentle mixing. 

Following staining, cells were washed twice with PBS and centrifugation at 500 x g for 5 min. 

Cells were then resuspended in HPLM and cultured as previously described (see Chapter 2.6). 

Following 72 h activation, cells were resuspended and collected before centrifugation at 

500 x g for 5 min. Cell-free supernatants were collected for ELISA analysis, whilst cells were 

resuspended in 100 μl FACS buffer. Dead cells and cell doublets were excluded as previously 

described. Cells were stained for 15 min at RT in the dark. An unstained sample provided a 

negative control. Cells were washed in FACS buffer and centrifugation at 515 x g post-staining 

and resuspended in FACS buffer to analyse. 
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Table 2.3 – Definitions of proliferation-associated parameters 

Parameter Definition 
Division Index Total number of divisions / the number of cells at start of culture 
Proliferation Index Total number of divisions / cells that went into division 
Expansion Index Total number of cells / cells at start of culture 
Replication Index Total number of divided cells / cells that went into division 

 

2.7.4 Intracellular flow cytometry 

Intracellular content was assessed using the Inside Stain Kit (Miltenyi, Germany) 

following the manufacturer’s guidelines. Following surface staining, cells were fixed using 

Inside Fix (Miltenyi, Germany) for 20 min at RT in the dark. Cells were washed in FACS buffer 

and centrifugation at 515 x g post-fixation before permeabilisation using Inside Perm 

(Miltenyi, Germany). Cells were stained for intracellular markers for 10 min at RT in the dark, 

unless otherwise stated. Following intracellular staining, cells were washed in Inside Perm 

permeabilisation buffer and centrifugation at 515 x g and resuspended in FACS buffer to 

analyse. 

 

2.7.5 Compensation 

 Any samples with more than one fluorophore present require compensation to 

account for any potential spectral overlap (Figure 2.6). For the majority of compensation, 

UltraComp eBeads™ compensation beads (Invitrogen, UK) or anti-REA MACS Comp Beads 

(Miltenyi, Germany) were stained with a single fluorophore in each separate tube. 

Compensation for DRAQ7® was carried out by staining cells with the dye, ensuring that 

distinct live and dead populations were present. Compensation for other fluorescence-based 

dyes was carried out by staining cells with the desired dye and ensuring that distinct positive 

and negative populations were present. In all cases, positively- and negatively-stained 

populations were gated on FlowJo version 10.6.1 or later to set-up a compensation matrix 

that could be applied when analysing samples with multiple fluorophores. The compensation 

matrix specifies the percentage of spectral overlap between the different fluorophores 

present. 
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Figure 2.6 – Example of the spectral overlap between fluorochromes 

Spectral overlap results in non-specific fluorescence from other fluorochromes contributing 

towards the signal of other fluorochromes of interest – potentially causing either false-positives, or 

fluorescence values greater than the true value. Here is an example of spectral overlap between 

the fluorochromes Pacific Blue, FITC, PE and APC. For example, without compensation, the APC 

fluorescence reading would be the fluorescence of APC, as well a part of the fluorescence of PE. 

Compensation involves adjusting the measured fluorescence values to account for this overlap, 

giving a truer fluorescence value for each fluorochrome. 

 

2.7.6 Quality control 

 Daily quality control tests were undertaken to monitor Novocyte® performance and 

ensure optimal instrument conditions during sample analysis. Novocyte® QC particles were 

resuspended in 1X NovoRinse® solution (both Agilent, USA) as per the manufacturer’s 

instructions. 

 

2.7.7 Data analysis 

 Unless stated, all data generated by the Novocyte® flow cytometer was analysed using 

FlowJo version 10.6.1 or later (Treestar, USA). Proliferation modelling through the FlowJo 

Proliferation Platform was used to calculate proliferation-associated parameters (Table 2.3). 
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2.8 Enzyme-linked immunosorbent assay 

An ELISA allows the quantification of protein present in the supernatant from the 

overnight cell cultures (Figure 2.6). The absorbance measured can be substituted into the 

equation of the standard curve to convert the value into a concentration. 

ELISAs were performed as per the manufacturers’ guidelines to measure the 

concentration of various cytokines (all R&D systems, USA). 96-well half-area plates were 

coated with capture antibody appropriately diluted to a working concentration in PBS. This 

was incubated at 4°C at least overnight prior to the assay. After discarding the capture 

antibody, plates were then blocked for at least an hour with block buffer (1% BSA in PBS) to 

prevent the binding of any non-specific proteins. The plate was washed 3 times by adding 

200 μl per well of washing buffer (0.05% Tween-20 (Merck, Germany) in PBS) prior to the 

addition of the cell-free culture supernatants and the protein standard of interest. Both the 

standards and samples were diluted to an appropriate concentration in the appropriate 

reagent diluent and incubated for 2 h at RT with gentle mixing on a plate shaker. The plate 

was washed 4 times before the detection antibody was added. The detection antibody was 

diluted to a working concentration in reagent diluent before incubation for 2 h at RT with 

gentle mixing on a plate shaker. The plate was washed 4 times before addition of streptavidin 

horseradish peroxidase (HRP). Streptavidin-HRP was diluted to a working concentration in 

reagent diluent and incubated at RT for exactly 20 min with gentle mixing on a plate shaker. 

The plate was washed a final 6 times before adding the enzyme substrate. Addition of a 1:1 

solution of tetramethylbenzidine and hydrogen peroxide (both BD biosciences, UK) causes a 

colour change reaction to occur. The plate was incubated at RT in the dark to allow the colour 

to develop. An initial blue colour developed and the reaction was stopped when the desired 

hue is reached by adding 50 μl of 1 M sulphuric acid per well. This changes the colour to a 

yellow hue. Plates were then read at 450 nm using a POLARstar Omega plate reader 

spectrophotometer (BMG LABTECH, Germany). 
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Figure 2.7 – Summary of enzyme-linked immunosorbent assay 

(A) Plate is coated overnight with a capture antibody that detects an epitope of the antigen being 

analysed. (B) Sample is added and the specific antigen binds to the capture antibody. (C) Detection 

antibody is added to bind specifically to a different epitope on the antigen of interest. (D) 

Streptavidin-HRP conjugated enzyme binds to the detection antibody. (E) Addition of a 1:1 solution 

of TMB and hydrogen peroxide induces a colour change catalysed by streptavidin-HRP. The intensity 

of the colour change is representative of the amount of antigen present. Sulphuric acid stops the 

reaction so that the absorbance can be measured. 

 

2.9 Metabolic analysis 

 Following 24 h activation, T cells were resuspended before centrifugation at 500 x g 

for 5 min. Cell-free supernatants were collected for ELISA analysis. Cells were resuspended in 

phenol red-free RPMI medium supplemented with glucose (10 mM), pyruvate (1 mM) and 

glutamine (2 mM; all Agilent, USA) before seeding at 0.2x106 cells per Cell-Tak coated well 

(Corning, USA). OCR and ECAR were measured following a series of previously optimized 

injections. Injections for both the mitochondrial stress assay and glycolysis assay include 

oligomycin (1 μM), FCCP (1 μM), antimycin A and rotenone (both 1 μM) and monensin 

(20 μM; all Merck, Germany) to inhibit distinct proteins of the electron transport chain 

(Figure 2.8). Metabolic analyses were performed using the Seahorse XFe96 analyser (Agilent, 

USA). 
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Figure 2.8 – Respiratory inhibitors and activators within the electron transport chain 

(A) Both glycolysis and the oxidation of pyruvate via the TCA cycle promotes reduction of NAD+ to 

NADH. NADH donates its electrons to complex I, which are then transferred from complex I to 

coenzyme Q, complex III and finally complex IV. The oxidation of succinate to fumarate promotes 

the reduction of FAD to FADH2. FADH2 donates its electrons to complex II, which are then 

transferred from complex II to complex III and complex IV. The activity of each complex can be 

specifically inhibited using inhibitors such as rotenone, antimycin A and oligomycin. FCCP can 

uncouple the proton gradient across the inner mitochondrial membrane, allowing the electron 

transport chain to function at its maximal rate. Complex I, NADH:ubiquinone oxidoreductase; 

complex II, succinate dehydrogenase; complex III, coenzyme Q : cytochrome c oxidoreductase; 

complex IV, cytochrome c oxidase; complex V, ATP synthase; Cyt c, cytochrome c; Q, coenzyme Q. 
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Metabolic parameters were calculated as per the following definitions 

(Table 2.4 and 2.5; Figure 2.9). Joules of ATP produced, as well as associated parameters, 

were calculated as previously described (Mookerjee et al., 2017). 

 

Table 2.4 – Calculation of mitochondrial respiratory parameters 

Parameter Calculation* 
Basal respiration Initial three measurements – non-mitochondrial respiration 
ATP-linked respiration Initial three measurements – three measurements after oligo 
Maximal respiratory capacity Three measurements after FCCP – non-mitochondrial respiration 
Spare respiratory capacity Maximal respiratory capacity – basal respiration 
Non-mitochondrial respiration Final three measurements 
Proton leak Three measurements after oligo – non-mitochondrial respiration 

*each triplicate measurement averaged 

 

Table 2.5 – Calculation of glycolytic parameters 

Parameter Calculation* 
Basal glycolysis Initial three measurements 
Maximal glycolysis Final three measurements 

*each triplicate measurement averaged 

 

 

 

Figure 2.9 – Calculation of metabolic parameters 

(A-B) Visualisation of the how metabolic parameters of (A) mitochondrial respiration and (B) 

glycolysis are calculated using data collected from the Seahorse XFe96 analyser. 
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2.10 Immunoblotting 

 Immunoblotting allows analysis of protein expression – normalised protein levels can 

be compared between groups. It is used to detect the presence, absence, or relative 

abundance of specific proteins from a cell lysate. Densitometry allows semi-quantitative 

analysis of protein bands. 

 

2.10.1 Sample preparation 

 The processing of samples for immunoblotting was carried out on ice to avoid the 

degradation of protein. Cells were centrifuged at 500 x g for 5 min so that the cells could be 

collected and supernatant discarded/collected. Cells were resuspended in ice-cold 

PhosphoSafe™ extraction reagent (Merck, Germany) at 1x106 cells per 100 μl. The cell 

suspension was kept on ice for a further 5 min before being stored at -20°C for downstream 

use. Prior to use for protein estimation and immunoblotting, cell lysates were thawed on ice 

and centrifuged at 10,000 x g for 10 min at 4°C in a pre-cooled centrifuge. 

 

2.10.2 Protein estimation 

The protein standard curve and samples to be analysed are diluted to their 

appropriate concentrations in ddH2O. Protein standards and samples were added at 5 μl per 

well to a 96-well full-area microplate. DC assay reagent S was mixed 1:50 with DC assay 

reagent A (both BioRad, USA) and 25 μl added to each well. 200 μl of DC assay reagent B 

(BioRad, USA) was added to each well to cause a colour change reaction. The plate was 

incubated at RT in the dark with gentle agitation for 15 min to allow a black/grey colour to 

develop. Following incubation, the absorbance at 450 nm was read using a POLARstar Omega 

plate reader spectrophotometer. 

 A linear-regression fit was used in order to convert the absorbance values measured 

into a concentration value using the standard curve produced. The concentration of protein 

to be loaded was normalised either to the cell lysate sample with the lowest protein 

concentration, or to a pre-determined protein concentration. A maximum of 45 μl of the 

lowest protein concentration was loaded, with the volumes of other cell lysates adjusted 

accordingly. 
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2.10.3 Gel production 

Glass plates were washed with water and 70% ethanol and dried before use. These 

plates were clamped together and placed in a stand with the bottom of both plates aligned 

flush to the sponge floor. Gels consisted of two distinct regions: a stacking region from the 

top of the gel to around the bottom of the wells, with a resolving region as the remainder. 

Typically, a 10% resolving gel was used for electrophoresis following the pre-optimised recipe 

(Table 2.6). Reagents were added in the order listed, with ammonium persulphate (APS) and 

tetraethylmethylenediamine (TEMED) added shortly before use to avoid premature gel 

polymerisation. The resolving gel solution was added between the two clamped gels up to 

the well-forming comb using a plastic Pasteur pipette, with a small volume of 70% ethanol 

added to flatten the top of the gel and remove any bubbles. Once the resolving gel was set, 

all ethanol was discarded, before an excess of stacking gel solution is added (Table 2.7). 

Reagents were again added in the order listed avoid the premature gel polymerisation. The 

gel was either used immediately or stored overnight at 2-8°C for use the following day. 

 

Table 2.6 – Pre-optimised recipe for 10% resolving gel 

Reagent Volume (μl) Manufacturer 
ddH2O 2500 - 
30% Acrylamide 3000 BioRad, USA 
Resolving gel buffer, pH 8.8 1875 BioRad, USA 
Sodium Dodecyl Sulphate 75 BioRad, USA 
10% Ammonium Persulfate 37.5 Sigma-Aldrich, UK 
Tetraethylmethylenediamine 7.5 BioRad, USA 

 

Table 2.7 – Pre-optimised recipe for stacking gel 

Reagent Volume (μl) Manufacturer 
ddH2O 1500 - 
30% Acrylamide 325 BioRad, USA 
Stacking gel buffer, pH 6.8 625 BioRad, USA 
Sodium Dodecyl Sulphate 25 BioRad, USA 
10% Ammonium Persulfate 12.5 Sigma Aldrich, UK 
Tetraethylmethylenediamine 2.5 BioRad, USA 
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2.10.4 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

Normalised protein lysates were added to 5 μl of 5X loading buffer (10% w/v SDS, 

10 mM β-mercaptoethanol, 20% v/v glycerol, 0.2M Tris-HCl (pH 6.8) and 0.05% w/v 

bromophenolblue) before heating at 95°C for 5 min. Samples were applied carefully to 

individual wells of the SDS-polyacrylamide gel. Precision Plus Protein™ dual colour standard 

ladders (BioRad, USA) were also added to flank each set of samples. Gel electrophoresis was 

carried out using a mini-PROTEAN tetra cell (BioRad, USA). Gels were submerged in running 

buffer (10% TGS (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3); BioRad, USA) before running 

at 120 V for approximately 90 min. Voltage was applied using a PowerPac™ basic power 

supply (BioRad, USA). 

 

2.10.5 Semi-dry membrane transfer 

Shortly before completion of the gel electrophoresis, a polyvinylidene difluoride 

(PVDF) membrane (Merck, Germany) was soaked in methanol for 20 s before being 

transferred into cold transfer buffer (20% methanol, 10% TG buffer (25 mM Tris, 192 mM 

glycine, pH 8.3; BioRad, USA)). Blot absorbent filter paper (BioRad, USA) was soaked in cold 

transfer buffer for 10 min. The gel was carefully placed onto the PVDF membrane and 

sandwiched by pre-soaked filter paper. The Trans-Blot® Turbo™ transfer system (BioRad, USA) 

was used to transfer the proteins from the gel onto the membrane. 

Following transfer, the membrane was immersed in block buffer (5% BSA, 

0.1% Tween-20 in TBS (BioRad, USA)) for 1 h at RT with gentle mixing on a rocker to prevent 

any non-specific protein binding. 

 

2.10.6 Immunoblotting 

Membranes were incubated with primary antibodies overnight at 4°C with gentle 

mixing on a rocker. Following incubation, membranes were washed three times with wash 

buffer (0.1% Tween-20 in TBS). HRP-conjugated detection bodies were used at a 1:1000 

dilution with wash buffer, unless otherwise stated. The appropriate anti-mouse and anti-

rabbit detection bodies (7076S and 7074S, respectively; both Cell Signaling Technology, USA) 

were incubated with the membrane for 1 h at RT with gentle mixing on a rocker. Membranes 

were washed a further 3 times in wash buffer before imaging. 
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Protein levels were visualised by enhanced chemiluminescence using the ChemiDoc™ 

XRS+ imaging system (BioRad, USA). Membranes were incubated for up to 2 min with 

Amersham™ ECL Select™ Western Blotting detection reagent (GE Healthcare, USA) before 

imaging. Non-saturated images were saved for analysis. 

Membranes to be re-analysed were immersed in Restore™ PLUS Western Blot 

stripping buffer (ThermoFisher Scientific, USA) for 10 min to remove any bound antibodies. 

Membranes were washed 3 times in wash buffer, before blocking for 1 h at RT with block 

buffer. Following blocking, membranes were incubated with the desired primary antibody 

and the protocol continued as normal. 

 

2.10.7 Densitometry 

 Semi-quantification of proteins was achieved using densitometry. Non-saturated 

images were imported to ImageJ image processing software (FIJI) and rectangles drawn 

around the bands of interest to ensure they were selected. Straight lines were drawn to 

remove any background signal, before the area of the histogram was calculated. This value 

was then normalised to the equivalent β-actin band. 

 

2.11 Statistical analysis 

 Unless otherwise stated, statistical analysis was carried out using GraphPad Prism 

version 8 or later. Data are expressed as the mean ± standard error of the mean (SEM). The 

normality of the data was initially tested using the Shapiro-Wilk test to determine the 

appropriate method of analysis. For data comparing two sample groups, normally distributed 

data were analysed using a parametric t test, whilst a non-parametric t test was used to 

analyse data not normally distributed. One-way analysis of variance (ANOVA) followed by the 

post-hoc Dunnett test was used to analyse three or more group means of a single variable to 

the vehicle control group. Significant values were taken as p ≤ 0.05 and denoted as follows: 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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3 Canagliflozin modulates activated T cell function 

 

3.1 Introduction 

T cell-mediated autoimmunity is responsible for a range of conditions including 

rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). Upon antigen encounter, 

T cells engage robust anabolic metabolism to enhance the generation of biosynthetic 

intermediates required to support an immune response. Aberrant T cell metabolism 

underpins several autoimmune conditions (see Chapter 1.5) – most of which currently have 

no cure. Moreover, many of the current treatment strategies employed cause debilitating 

side effects (Li et al., 2017), therefore there is a desperate need to develop alternative 

medicines. However, the development of new drugs is often a costly, laborious process with 

a high risk of failure, therefore alternative strategies are required to overcome this burden. 

Consequently, repurposing existing FDA-approved drugs that are oftentimes used in other 

disease settings provides an attractive, efficient approach for the development of novel 

therapeutic agents. Particularly advantageous in the model of drug repositioning is that 

candidate treatments have well-developed safety profiles in humans. Several pre-clinical 

studies have demonstrated therapeutic benefit from targeting T cell metabolism in 

autoimmunity: glutaminase suppression (Johnson et al., 2018), tetramerisation of the 

glycolytic enzyme pyruvate kinase (Angiari et al., 2020), inhibition of OXHPHOS using 

oligomycin (Shin et al., 2020) and the use of 2-deoxyglucose to limit glucose metabolism 

(Wilson et al., 2021). Although promising, the clinical translation of these studies remains a 

challenge due to the toxicity of systemically impairing metabolism. Indeed, clinical trials 

involving the use of IACS-010759, a highly-selective small molecule inhibitor of complex I of 

the electron transport chain, for the treatment of cancer have recently been discontinued 

following concerns around its toxicity (Yap et al., 2023). Unfortunately, tolerated levels of 

IACS-010759 were only able to modestly inhibit its target, which subsequently limited its 

antitumour activity (Yap et al., 2023). 

Despite these challenges, targeting metabolic processes using repurposed type 2 

diabetes (T2D) drugs has been promising in several inflammatory conditions. Initially, 

thiazolidinediones were the subject of these investigations, where rosiglitazone and 

troglitazone were shown to have a beneficial effect in psoriasis and ulcerative colitis, 
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respectively (Ellis et al., 2000; Lewis et al., 2001). Following these findings, another member 

from the thiazolidinedione class of drugs, pioglitazone, improved patient outcomes in 

multiple sclerosis (MS) (Kaiser et al., 2009; Pershadsingh et al., 2004; Shukla et al., 2010). 

Subsequent ex vivo studies outlined that the impact that pioglitazone has on pathogenic 

proliferative and proinflammatory properties of MS patient-derived T cells contributes to 

therapeutic success in autoimmunity (Schmidt et al., 2004). The biguanide, metformin, has 

been more extensively researched in the setting of inflammation. As the predominant 

treatment for T2D, there is growing interest in the ability of metformin to modulate 

metabolism through activation of AMP-activated protein kinase (AMPK) and inhibition of 

complex I of the electron transport chain. In humans, the use of metformin alongside 

traditional treatments has alleviated disease severity in patients with SLE and RA (Gharib et 

al., 2021; Sun, Geng, et al., 2020). Metformin has been demonstrated to mediate this anti-

inflammatory effect on human SLE T cells through the reversal of the aberrant metabolic 

output characteristic of this condition (Yin et al., 2015). These findings are founded upon 

numerous murine models that establish that metformin modulates the AMPK/mTOR axis to 

suppress T cell function in autoimmune disease (Kang et al., 2013; Lee et al., 2015; Son et al., 

2014; Sun et al., 2016). Together, these findings highlight the potential of repositioning T2D 

drugs that modulate metabolism in settings such as autoimmunity, where aberrant T cell 

function can be targeted through metabolic suppression. 

Sodium glucose co-transporter 2 (SGLT2) inhibitors are the most recently approved 

T2D medication, examples of which include canagliflozin, dapagliflozin and empagliflozin. 

Interestingly, extensive roles beyond glycaemic control have been described for SGLT2 

inhibitors, particularly in the case of canagliflozin which can also inhibit key metabolic 

proteins complex I (Villani et al., 2016) and glutamate dehydrogenase (Secker et al., 2018). 

Additional benefits include the protective clinical outcomes that canagliflozin elicits in chronic 

kidney disease (Perkovic et al., 2019) and cardiovascular disease (Spertus et al., 2022). 

Recently, the use of canagliflozin has been explored in other inflammatory conditions, 

wherein inhibition of immune cell metabolism restricted their release of proinflammatory 

cytokines (Xu et al., 2018). Glycolysis was impaired in monocyte / macrophage cell lines 

treated with canagliflozin – inhibiting the expression of the rate-limiting enzyme, 

phosphofructokinase – which significantly inhibited their production of IL-6 and TNFα (Xu et 

al., 2018). However, interpretation of these findings requires caution as supraphysiological 
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concentrations of canagliflozin were required to elicit such anti-inflammatory properties, in 

addition to the suboptimal use of a cell line model for these analyses. Promisingly, recent 

work has demonstrated that canagliflozin can influence T cell differentiation. In the setting of 

experimental autoimmune myocarditis, canagliflozin treatment impaired differentiation 

towards Th1 and Th17 lineages, which translated into fewer Th17 cells infiltrating the 

inflamed tissue (Long et al., 2022). However, the impact of canagliflozin on human T cell 

function has yet to be elucidated. Given the previous success of repurposed T2D drugs in 

autoimmunity, alongside the promising initial studies on the anti-inflammatory function of 

canagliflozin, we believe that this warrants further investigation. 

 

3.1.1 Rationale 

Human CD4+ Tnv cells were chosen as the primary study material, as this immune cell 

subset is highly plastic and is able to repopulate the site of inflammation in autoimmune 

disease. The preliminary aims of this project were: (i) to investigate the impact of canagliflozin 

and dapagliflozin on T cell activation and function, in particular whether the hypothesised 

inhibitory effects are specific to the off-target effects of canagliflozin; (ii) investigate whether 

the same inhibitory effects on T cell function are observed under more physiologically 

relevant conditions (i.e., culture medium that more closely resembles human plasma); and 

(iii) determine whether canagliflozin remains effective in inhibiting the effector function of 

already-activated T cells. 

 

3.1.2 Hypothesis 

 (i) Canagliflozin, but not dapagliflozin, impairs activated T cell function 

(ii) Activated T cell function remains impaired by canagliflozin under more 

physiologically accurate conditions 

 (iii) Canagliflozin has a modest effect on already-activated T cells 
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3.2 Experimental procedures 

3.2.1 Human blood collection 

 Ethical approval was obtained from Wales Research Ethics Committee 6 for the 

collection of peripheral blood from healthy volunteers (13/WA/0190). Blood from healthy 

donors was processed as previously described (see Chapter 2.1). 

 

3.2.2 T cell isolation 

 Peripheral blood mononuclear cells (PBMCs) were isolated as previously described 

(see Chapter 2.3). The PBMC pellet was resuspended in the appropriate downstream media 

for analysis and the number of PBMCs was determined by using the Countess® automated 

cell counter (see Chapter 2.5). Pan CD4+ T cells and CD4+ Tnv cells were isolated using 

automated magnetic separation as previously described (see Chapter 2.4). 

 

3.2.3 Cell culture 

 Isolated T cells were activated and cultured in human plasma-like medium (HPLM) as 

previously described (see Chapter 2.6), unless otherwise stated. Initial cell culture 

experiments were performed in RPMI medium 1640 (1X) + Glutamax™ (Gibco, USA). Cell-free 

supernatants were stored for further analysis, whilst cells were collected for downstream 

analysis. 

 

3.2.4 Flow cytometry 

 T cell activation, blastogenesis and proliferation were assessed as previously described 

(see Chapter 2.7). Purity of isolated T cells was monitored as previously described 

(see Chapter 2.7.1) and was typically > 90%. 

 

3.2.5 Enzyme-linked immunosorbent assay 

 ELISAs were performed as per the manufacturer's guidelines to measure the 

concentration of the following cytokines in cell-free supernatants: IL-2 (DY202) and IFNγ 

(DY285B; both R&D systems, USA). 
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3.2.6 Statistical analysis 

 Unless otherwise stated, statistical analysis was carried out using GraphPad Prism 

version 8 or later. Data are expressed as the mean ± standard error of the mean (SEM). The 

normality of the data was initially tested using the Shapiro-Wilk test to determine the 

appropriate method of analysis. For data comparing two sample groups, normally distributed 

data were analysed using a parametric T test, whereas a non-parametric T test was used to 

analyse data not normally distributed. One-way analysis of variance (ANOVA) followed by the 

post-hoc Dunnett’s test was used to analyse three or more group means of a single variable 

compared to the vehicle control. A one-sample T test was used to analyse data normalised to 

the vehicle control group. Significant values were taken as p ≤ 0.05 and denoted as follows: 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 

 

 

3.3 Results 

3.3.1 Canagliflozin impairs activated T cell activation and function 

Here, we investigated the efficacy of two different FDA-approved SGLT2 inhibitors: 

canagliflozin, which has known off-target effects on GDH and mitochondrial complex I, and 

dapagliflozin, which has fewer known off-target effects (see Chapter 1.7.1). Tnv cells were 

activated in the presence or absence of physiologically relevant doses of canagliflozin and 

dapagliflozin and their downstream function assessed (Figure 3.1). 
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Figure 3.1 – Experimental procedure employed to assess the impact of canagliflozin and 

dapagliflozin on naïve T cells activated in RPMI 

(A) Schematic overview outlining the experimental design in RPMI – anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated CD4+ Tnv cells in the presence and absence of canagliflozin or 

dapagliflozin (both 10 μM). 

 

Pharmacokinetic studies have previously determined that circulating levels of 

canagliflozin reach a concentration of 10.5 μM in T2D patients administered a 300 mg dose 

of the drug (Devineni et al., 2013). Despite circulating levels of dapagliflozin peaking at around 

0.5 μM in T2D patients prescribed a typical dose of the drug (Kasichayanula et al., 2014), a 

supraphysiological concentration of 10 μM was used for comparison with canagliflozin, our 

drug of interest. Where appropriate, data were normalised to the vehicle control group in 

order to account for variability between donors. 

Canagliflozin reduced IL-2 production by activated T cells in a dose-dependent manner 

(0.01 μM: p = 0.8512; 0.1 μM: p = 0.4984; 1 μM: p = 0.2034; 10 μM: p = 0.0065), with a 

particularly striking effect at a concentration of 10 μM (Figure 3.2A). In contrast, dapagliflozin 

had no significant effect on IL-2 production (0.01 μM: p = 0.8926; 0.1 μM: p = 0.7357; 1 μM: 

p = 0.6969; 10 μM: p = 0.3355; Figure 3.2B). 
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Figure 3.2 – Canagliflozin, but not dapagliflozin, impairs IL-2 production in a dose-dependent 

manner 

(A-B) IL-2 secretion by anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of (A) canagliflozin and (B) dapagliflozin, determined by ELISA of cell-free 

supernatants. Data are representative of three independent experiments. Statistical analysis was 

performed using a one-way ANOVA followed by Dunnett’s multiple comparisons test. Data 

expressed as mean ± SEM; ** p ≤ 0.01. 

 

Moreover, canagliflozin inhibited T cell activation, with reduced expression of the 

classical T cell activation markers CD25 (p = 0.0014), CD44 (p = 0.0006) and CD69 (p < 0.0001; 

Figure 3.3). Dapagliflozin also limited T cell activation, with reduced expression of both CD44 

(p = 0.0499) and CD69 (p = 0.0374) – although to a much lesser extent than observed with 

canagliflozin – whilst there was no significant change in CD25 expression (p = 0.1584; 

Figure 3.3).  
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Figure 3.3 – Canagliflozin impairs T cell activation 

(A-C) Relative surface expression of activation markers (A) CD25, (B) CD44 and (C) CD69 on anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the presence and absence of 

canagliflozin or dapagliflozin (both 10 μM), determined by flow cytometry. Representative overlaid 

histogram plots. Data are representative of three (A) or four (B-C) independent experiments. All 

relative data are normalised to the vehicle control group. Statistical analysis was performed using 

a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p < 0.0001. 

 

We next assessed T cell blastogenesis, and whilst both SGLT2 inhibitors significantly 

reduced cell size (canagliflozin: p = 0.0286; dapagliflozin: p = 0.0376), canagliflozin again 

appeared to have a greater effect (Figure 3.4).  

 

 

Figure 3.4 – SGLT2 inhibitors limit activated T cell blastogenesis 

(A) Relative cell size of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of canagliflozin and dapagliflozin (both 10 μM), determined by flow 

cytometry using forward-scatter area. Representative overlaid histogram plots, numbers indicate 

forward-scatter area. Data are representative four independent experiments. All relative data are 

normalised to the vehicle control group. Statistical analysis was performed using a one-sample T 

test. Data expressed as mean ± SEM; * p ≤ 0.05. 
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Importantly, the observed changes in T cell activation and function were not due to 

compromised viability (canagliflozin: p = 0.9808; dapagliflozin: p = 0.2531; Figure 3.5). 

 

 

Figure 3.5 – Activated T cell viability is not compromised by canagliflozin and dapagliflozin 

(A) Cell viability of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of canagliflozin and dapagliflozin (both 10 μM), determined by flow 

cytometry using DRAQ7™. Representative contour plots, numbers indicate frequency of dead cells. 

Data are representative of four independent experiments. Statistical analysis was performed using 

a one-way ANOVA followed by Dunnett’s multiple comparisons test. Data expressed as mean ± 

SEM. 

 

3.3.2 Canagliflozin retains its inhibitory effects on T cell function in physiological media 

conditions 

With the recent advancement towards media containing more physiological nutrient 

levels, we wanted to ascertain whether canagliflozin remains effective in this environment. 

Human plasma-like medium (HPLM) more closely resembles human plasma compared to 

more traditional media such as RPMI, wherein RPMI contains elevated concentrations of 

several amino acids and altogether lacking numerous important lipid mediators (Cantor et al., 

2017). These differences been previously shown to have a noteworthy effect on T cell 

activation (Leney-Greene et al., 2020). Tnv cells were activated as previously described and 

treated with physiological concentrations of canagliflozin or dapagliflozin (Figure 3.6). 
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Figure 3.6 – Experimental procedure employed to assess the impact of canagliflozin and 

dapagliflozin on naïve T cells activated in HPLM 

(A) Schematic overview outlining the experimental design in HPLM – anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated CD4+ Tnv cells in the presence and absence of canagliflozin or 

dapagliflozin (both 10 μM). 

 

Here, when using HPLM, activated T cell function following canagliflozin treatment 

was consistent with our previous experiments, whereby canagliflozin reduced IL-2 production 

(p = 0.0016) and dapagliflozin had no observed effect (p = 0.1098; Figure 3.7).  

 

 

Figure 3.7 – Canagliflozin impairs IL-2 production by T cells activated in HPLM 

(A) Relative IL-2 secretion by anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in 

the presence and absence of canagliflozin and dapagliflozin (both 10 μM), determined by ELISA of 

cell-free supernatants. Data are representative of three independent experiments. All relative data 

are normalised to the vehicle control group. Statistical analysis was performed using a one-sample 

T test. Data expressed as mean ± SEM; ** p ≤ 0.01. 
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In further agreement, activation marker expression was significantly reduced by 

canagliflozin, with substantial downregulation of CD25 (p = 0.0005), CD44 (p = 0.0016) and 

CD69 (p = 0.0109; Figure 3.8A-C). Although dapagliflozin also significantly reduced the 

expression of CD44 (p = 0.0426), this change was far less pronounced compared to 

canagliflozin, whilst the expression of CD25 (p = 0.8248) and CD69 (p = 0.0754) was not 

altered (Figure 3.8A-C). Moreover, canagliflozin-treated activated T cells displayed increased 

retention of CD62L on their cell surface (p = 0.0808) – which is typically shed following TCR 

engagement – again, indicative of dampened activation in these cells (Figure 3.8D). 

 

 

Figure 3.8 – T cell activation in HPLM is blunted by canagliflozin 

(A-C) Relative surface expression of activation markers (A) CD25, (B) CD44 and (C) CD69 on anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the presence and absence of 

canagliflozin or dapagliflozin (both 10 μM), determined by flow cytometry. (D) Relative surface 

expression of activation marker CD62L as in (A-C). Representative overlaid histogram plots, 

numbers indicate median fluorescence intensity. Data are representative of three (A-C) or four (D) 

independent experiments. All relative data are normalised to the vehicle control group. Statistical 

analysis was performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001. 
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Finally, activated T cell blastogenesis was assessed and was more profoundly 

suppressed by canagliflozin (p = 0.0064) than previously observed in RPMI (Figure 3.9). 

Interestingly, in contrast with our previous findings, dapagliflozin did not constrain activated 

T cell blastogenesis in HPLM (p = 0.2133; Figure 3.9).  

 

 

Figure 3.9 – Canagliflozin constrains activated T cell blastogenesis 

(A) Relative cell size of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of canagliflozin and dapagliflozin (both 10 μM), determined by flow 

cytometry using forward-scatter area. Representative overlaid histogram plots, numbers indicate 

forward-scatter area. Data are representative of three independent experiments. All relative data 

are normalised to the vehicle control group. Statistical analysis was performed using a one-sample 

T test. Data expressed as mean ± SEM; ** p ≤ 0.01. 
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It is again important to note that these changes are not the product of compromised 

cell viability (canagliflozin: p = 0.4634; dapagliflozin: p = 0.9810; Figure 3.10).  

 

 

Figure 3.10 – Canagliflozin and dapagliflozin do not compromise the viability of CD4+ T cells 

activated in HPLM 

(A) Cell viability of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of canagliflozin and dapagliflozin (both 10 μM), determined by flow 

cytometry using DRAQ7™. Representative contour plots, numbers indicate frequency of dead cells. 

Data are representative of three independent experiments. Statistical analysis was performed using 

a one-way ANOVA followed by Dunnett’s multiple comparisons test. Data expressed as mean ± 

SEM. 

 

Furthermore, we also confirmed that canagliflozin does not alter the phenotype of 

unstimulated Tnv cells, with no changes in basal activation marker expression (CD25: 

p = 0.9970; CD44: p = 0.1179; CD69: p = 0.9901), blastogenesis (p = 0.2677) or viability 

(p = 0.4606; Figure 3.11). Unstimulated Tnv cells expressed low levels of CD25, CD44 and 

CD69 (Figure 3.11A-C). Taken together, these data demonstrate that canagliflozin, but not 

dapagliflozin, impairs activated T cell function in physiological media conditions. 
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Figure 3.11 – SGLT2 inhibitors do not affect the phenotype of unstimulated naïve T cells 

(A-C) Relative surface expression of activation markers (A) CD25, (B) CD44 and (C) CD69 on 

unstimulated CD4+ Tnv cells in the presence and absence of canagliflozin or dapagliflozin (both 10 

μM), determined by flow cytometry. (D) Relative cell size determined by flow cytometry using 

forward-scatter area. Representative overlaid histogram plots, numbers indicate forward-scatter 

area. (E) Cell viability determined by flow cytometry using DRAQ7™. Representative contour plots, 

numbers indicate frequency of dead cells. Data are representative of two independent 

experiments. Statistical analysis was performed using a one-way ANOVA followed by Dunnett’s 

multiple comparisons test. Data expressed as mean ± SEM. 

 

We next considered the effect of SGLT2 inhibitors on long-term T cell activation. Cells 

were activated in the presence and absence of canagliflozin or dapagliflozin for 72 h and 

downstream effector function analysed (Figure 3.12).  

 



109 
 

 

Figure 3.12 – Experimental procedure employed to assess the long-term impact of canagliflozin 

and dapagliflozin on naïve T cells activated in HPLM 

(A) Schematic overview outlining the long-term experimental design in HPLM – anti-CD3 (2 μg/ml) 

and anti-CD28 (20 μg/ml) activated CD4+ Tnv cells in the presence and absence of canagliflozin or 

dapagliflozin (both 10 μM). 

 

Here, we confirmed that only canagliflozin impairs long-term IL-2 production 

(p = 0.0207), with no significant change observed with dapagliflozin (p = 0.1159; 

Figure 3.13A). However, neither canagliflozin (p = 0.1384) or dapagliflozin (p = 0.6922) altered 

IFNγ production at 72 h (Figure 3.13B).  

 

 

Figure 3.13 – Canagliflozin impairs long-term IL-2 production by CD4+ T cells activated in HPLM 

(A-B) Relative secretion of (A) IL-2 and (B) IFNγ by anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells in the presence and absence of canagliflozin and dapagliflozin (both 10 μM), 

determined by ELISA of cell-free supernatants. Data are representative of four (A) or three (B) 

independent experiments. All relative data are normalised to the vehicle control group. Statistical 

analysis was performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05. 
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Additionally, neither SGLT2 inhibitor exerted any effect on activated T cell 

blastogenesis at this later time point (canagliflozin: p = 0.3984; dapagliflozin: p = 0.6990; 

Figure 3.14).  

 

 

Figure 3.14 – Long-term activated T cell blastogenesis is not significantly affected by SGLT2 

inhibitors 

(A) Relative cell size of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of canagliflozin and dapagliflozin (both 10 μM), determined by flow 

cytometry using forward-scatter area. Representative overlaid histogram plots, numbers indicate 

forward-scatter area. Data are representative of four independent experiments. All relative data 

are normalised to the vehicle control group. Statistical analysis was performed using a one-sample 

T test. Data expressed as mean ± SEM. 

 

For a more specific appraisal of long-term T cell function, we next assessed the impact 

of canagliflozin and dapagliflozin on proliferation by flow cytometry. Despite no observable 

changes in blastogenesis, canagliflozin was able to constrain proliferation, with fewer cells 

dividing compared to the vehicle control (p = 0.0607; Figure 3.15A). As expected, this feature 

was specific to canagliflozin, with no discernible change in proliferative capacity observed 

with dapagliflozin treatment (p = 0.2526; Figure 3.15A). In agreement with this, the calculated 

division index – a measure of the total number of divisions versus the number of cells at the 

start of culture – was also reduced in canagliflozin T cells (canagliflozin: p = 0.0340; 

Figure 3.15B). Additionally, canagliflozin also mediated a reduction in the expansion index of 

activated T cells (canagliflozin: p = 0.0237; Figure 3.15C). Both the proliferation index and 

replication index – parameters that only include cells that went into division – were 

unchanged by canagliflozin treatment (proliferation: p = 0.3801; replication: p = 0.3417), 

which suggests that the cells that can divide efficiently under these conditions proliferate in 
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a similar manner to untreated cells (Figure 3.15D-E). There were no changes to any of these 

proliferation-associated parameters in activated T cells treated with dapagliflozin 

(division: p = 0.5192; expansion: p = 0.8356; proliferation: p = 0.4058; replication: p = 0.3120; 

Figure 3.15B-E). Collectively, these results demonstrate that canagliflozin, but not 

dapagliflozin, mollifies short-term and long-term Tnv cell activation and function in 

physiological HPLM. 

 

 

Figure 3.15 – Canagliflozin impairs T cell proliferation in HPLM 

(A) Relative percentage of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells 

divided in the presence and absence of canagliflozin and dapagliflozin (both 10 μM), determined by 

flow cytometry using CellTrace™ CFSE. Representative overlaid histogram plots, numbers indicate 

percentage of cells divided. (B-E) Calculated proliferation parameters including (B) proliferation, (C) 

expansion, (D) division and (E) replication. Data are representative of four independent 

experiments. All relative data are normalised to the vehicle control group. Statistical analysis was 

performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05. 
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Given the considerable loss of IL-2 production by T cells in response to canagliflozin 

treatment, we sought to assess whether supplementation with exogenous IL-2 would rescue 

their altered phenotype, thus we activated Tnv cells in the presence and absence of 

canagliflozin, with or without IL-2 (Figure 3.16).  

 

 

Figure 3.16 – Experimental procedure employed to assess rescue of impaired effector function by 

IL-2 in activated T cells treated with canagliflozin 

(A) Schematic overview outlining the experimental design in HPLM – anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated CD4+ Tnv cells in the presence and absence of canagliflozin (10 μM), with 

or without IL-2 (10 ng/ml). 

 

Here, the addition of IL-2 was unable to reverse the inhibitory effects of canagliflozin, 

as CD69 expression remained lower (p = 0.0602), CD62L was retained on the cell surface 

(p = 0.0272) and blastogenesis was diminished (p = 0.0166; Figure 3.17). This might suggest 

that that the IL-2 receptor signalling pathway is not central to the immunomodulatory effects 

mediated by canagliflozin in Tnv cells. However, given that we observe a marked reduction in 

the expression of CD25, a component of the IL-2 receptor, it is unclear whether supplying 

excess IL-2 would have the same effect in these cells, therefore are unable to fully elucidate 

the role of IL-2 signalling in canagliflozin-treated T cells. 
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Figure 3.17 – IL-2 does not reverse the inhibitory effect of canagliflozin on activated T cells 

(A-B) Relative surface expression of activation markers (A) CD69 and (B) CD62L on anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the presence and absence of 

canagliflozin (10 μM), supplemented with IL-2 (10 ng/ml), determined by flow cytometry. 

(C) Relative cell size, determined by flow cytometry using forward-scatter area. Representative 

overlaid histogram plots, numbers indicate either median fluorescence intensity or forward-scatter 

area. (D) Cell viability determined by flow cytometry using DRAQ7™. Representative contour plots, 

numbers indicate frequency of dead cells. Data are representative of three independent 

experiments. All relative data are normalised to the vehicle control group. Statistical analysis was 

performed using a one-way ANOVA followed by Dunnett’s multiple comparisons test. For 

normalised data, statistical analysis was performed using a one-sample T test. Data expressed as 

mean ± SEM; * p ≤ 0.05. 

 

3.3.3 Canagliflozin modestly inhibits already-activated T cell function 

To investigate whether canagliflozin can exert its inhibitory effect on already activated 

T cells, several distinct methods were employed. Dapagliflozin was dropped from these 

analyses, given the lack of an inhibitory effect previously observed. Initially, Tnv cell were pre-

activated for 24 h before introducing canagliflozin to the final 24 h of culture (Figure 3.18A). 
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Whilst CD69 expression was unaltered (p = 0.5920), canagliflozin was able to reduce 

blastogenesis in already-activated T cells (p = 0.0348; Figure 3.18B-E). 

 

 

Figure 3.18 – Blastogenesis is diminished by canagliflozin in already-activated T cells 

(A) Schematic overview outlining the experimental design of late drug challenge in HPLM – anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) pre-activated CD4+ T cells in the presence and absence of 

canagliflozin (10 μM). (B) Relative surface expression of activation marker CD69, determined by 

flow cytometry. (C) Relative cell size, determined by flow cytometry using forward-scatter area. 

Representative overlaid histogram plots, numbers indicate either median fluorescence intensity or 

forward-scatter area. Data are representative of three independent experiments. All relative data 

are normalised to the vehicle control group. Statistical analysis was performed using a one-sample 

T test. Data expressed as mean ± SEM; * p ≤ 0.05. 

 

To confirm that canagliflozin remains effective when introduced at the start of a 48 h 

culture, activation was measured through CD69 and CD62L expression, where CD69 was 

reduced and CD62L retained by canagliflozin treatment (Figure 3.19). 

 



115 
 

 

Figure 3.19 – Canagliflozin is effective when introduced prior to T cell activation 

(A) Relative surface expression of activation marker CD69 on anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM), determined 

by flow cytometry. (B) Relative cell size, determined by flow cytometry using forward-scatter area. 

Representative overlaid histogram plots, numbers indicate either median fluorescence intensity or 

forward-scatter area. Data are representative of two independent experiments. All relative data are 

normalised to the vehicle control group. Data expressed as mean ± SEM. 

 

To better understand whether longer-term activation causes T cells to become more 

resistant to the inhibitory effects of canagliflozin, Tnv cells were pre-activated for 48 h before 

introducing canagliflozin to the final 48 h of culture (Figure 3.20A). Here, there were no longer 

any observed changes in CD69 expression (p = 0.1131) or blastogenesis (p = 0.4859; 

Figure 3.20B-C). Curiously, when these longer-term cultures were supplemented with IL-2, 

canagliflozin was able to elicit a significant reduction in CD69 expression (p = 0.0046), albeit 

to a lesser extent than when it is added at the beginning of culture (Figure 3.20D). However, 

blastogenesis remained unchanged when IL-2 was added (p = 0.8055; Figure 3.20E). 
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Figure 3.20 – Canagliflozin has a limited effect on effector function in T cells pre-activated longer-

term 

(A) Schematic overview outlining the experimental design of late drug challenge in HPLM – anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) pre-activated CD4+ T cells in the presence and absence of 

canagliflozin (10 μM), with or without IL-2 (10 ng/ml). (B) Relative surface expression of activation 

marker CD69, determined by flow cytometry. (C) Relative cell size, determined by flow cytometry 

using forward-scatter area. (D) Relative surface expression of activation marker CD69 when 

supplemented with IL-2, determined by flow cytometry. (E) Relative cell size when supplemented 

with IL-2, determined by flow cytometry using forward-scatter area. Representative overlaid 

histogram plots, numbers indicate either median fluorescence intensity or forward-scatter area. 

Data are representative of four independent experiments. All relative data are normalised to the 

vehicle control group. Data expressed as mean ± SEM; ** p ≤ 0.01. 

 

Finally, to determine whether prolonged exposure to canagliflozin can inhibit the 

function of already-activated T cells, pan CD4+ T cells were pre-activated for 24 h before 

introducing various concentrations of canagliflozin for the final 72 h of culture, again 
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supplemented with IL-2 (Figure 3.21A). Canagliflozin suppressed CD4+ T cell counts and IFNγ 

production, but required higher concentrations were required to achieve this (Table 3.1; 

Figure 3.21B-C). Together, these data show that canagliflozin significantly impairs T cell 

activation and function under physiological conditions, particularly prior to TCR co-

stimulation. 

 

 

Figure 3.21 – Higher concentrations of canagliflozin are required to limit T cell proliferation and 

function in already-activated T cells 

(A) Schematic overview outlining the experimental design of late drug challenge in HPLM – anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) pre-activated CD4+ T cells in the presence and absence of 

canagliflozin (10 μM), supplemented with IL-2 (10 ng/ml). (B) Relative T cell proliferation, 

determined by cell number per volume. (C) Relative secretion of IFNγ, determined by ELISA of cell-

free supernatants. Data are representative of four (A) or three (B) independent experiments. All 

relative data are normalised to the vehicle control group. Statistical analysis was performed using 

a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 

 

 

Table 3.1 – Increased concentrations of canagliflozin are required to inhibit already-activated T cells 

Concentration (μM) 
p-value compared to vehicle control group 
Cell count IFNγ production 

10 0.7011 0.7914 
20 0.0958 0.1928 
30 0.0189 0.1085 
40 0.0043 0.0619 
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3.4 Discussion 

Co-stimulation through the TCR and CD28 is required for rapid activation of T cells to 

initiate effector functions such as cytokine production. However, T cell-mediated 

autoimmune diseases are characterised by aberrant T cell activation leading to chronic 

inflammation, where relapse to current treatments is common. Here, for the first time we 

show that canagliflozin impairs human T cell effector function, likely through its off-target 

effects inhibiting mitochondrial complex I and GDH. Dapagliflozin does not display any 

notable off-target effects (see Chapter 1.7.1), therefore the observed difference in efficacy 

between both treatment conditions would suggest that canagliflozin impacts T cell function 

through its off-target effects, rather than general SGLT2 inhibition using this class of drug. 

However, further work investigating the function of both mitochondrial complex I and GDH 

in T cells treated with canagliflozin is required to draw any definite conclusions. Canagliflozin 

impaired IL-2 production following TCR engagement and CD28 co-stimulation in a dose-

dependent manner, underpinned by defective T cell activation. In contrast, dapagliflozin did 

not significantly impact IL-2 production at any dose, and T cell activation was inhibited to a 

lesser extent compared to canagliflozin. However, both canagliflozin and dapagliflozin 

constrained T cell blastogenesis following activation. Importantly, these changes occurred in 

the absence of cell death. As this study aims to determine the suitability of repurposing 

canagliflozin for therapeutic use in T cell-mediated autoimmune disease, known physiological 

concentrations were used to ensure that our findings were clinically relevant. Inhibition of T 

cell function by canagliflozin was observed at a concentration of 10 μM, which is achieved in 

the plasma of patients taking canagliflozin (Devineni et al., 2013). Given the importance of T 

cell metabolism in establishing successful effector function (see Chapter 1.3.6), these data 

support the hypothesis that canagliflozin inhibits T cell function through its off-target effects 

on mitochondrial complex I and GDH. 

Having established that canagliflozin impairs T cell function, further investigation was 

undertaken to confirm that this is also accurate under more physiologically relevant 

conditions. Recently, there has been a push in the field of immunometabolism towards using 

media containing more physiological nutrient levels in order to enhance any downstream 

translation of in vitro work. Therefore, where appropriate, we cultured T cells in HPLM for the 

remainder of our experiments, as the nutrient composition more closely resembles adult 

human plasma than traditional media. In fact, previous work has shown that there are marked 
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differences in human T cell activation when cultured in RPMI compared to HPLM (Leney-

Greene et al., 2020). Similar observations were made as in the initial experiments carried out 

in RPMI, whereby canagliflozin impaired T cell activation and IL-2 production, whilst 

dapagliflozin had only a modest effect on activation. An additional retention of CD62L on the 

cell surface of canagliflozin-treated T cells further demonstrated impaired activation. 

Furthermore, canagliflozin displayed more pronounced inhibition of T cell blastogenesis than 

dapagliflozin. Again, these changes were not caused by changes in T cell viability. Following 

long-term activation, T cells undergo expansion to enhance the number present at the site of 

action (see Chapter 1.2.4). When cultured with canagliflozin, fewer T cells divided following 

TCR engagement resulting in reduced expansion, whereas proliferation was unaffected by 

treatment with dapagliflozin. Moreover, IL-2 production remained suppressed by 

canagliflozin at this later time point, whilst neither canagliflozin or dapagliflozin affected IFNγ 

production. This shows that canagliflozin retains its inhibitory effect on activated T cell 

function under more physiologically relevant media conditions and remains effective 

following extended T cell activation. Given that autoimmune disease pathogenesis is 

alleviated through regulation of hyperactive immune cells at the site of inflammation, it is 

important that the inhibitory effects of canagliflozin are targeted and did not impact the 

function of unstimulated T cells. 

IL-2 plays an important role in T cell activation, where it acts as a growth factor 

promoting proliferation and enhancing the generation of effector and memory T cells (see 

Chapter 1.2.4). Given the considerable loss of IL-2 production observed in the presence of 

canagliflozin, we determined whether the addition of exogenous IL-2 would rescue the 

observed phenotype. However, T cell activation remained suppressed following 

supplementation with IL-2, therefore canagliflozin must induce a more global inhibition of T 

cell function. 

Since T cell-mediated autoimmune disease is characterised by the accumulation of 

hyperactivated T cells at the site of inflammation, it was important to consider the impact of 

canagliflozin on already-activated T cells. Various strategies were employed to investigate the 

efficacy of late drug challenge, however, canagliflozin was unable to exert a consistent effect 

under these treatment conditions with modest effects to T cell activation and blastogenesis 

only occasionally observed. Higher doses of canagliflozin were required to achieve consistent 

inhibition of effector function in already-activated T cells – proliferation was inhibited at a 
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concentration of around 30 μM, whereas inhibition of IFNγ production was reached at a 

concentration of 40 μM. Given that a consistent effect is only observed at supraphysiological 

concentrations – around 3-4 times greater than the plasma concentration typically observed 

in patients taking canagliflozin – it is unclear whether canagliflozin is able to modulate the 

function of already-activated T cells as effectively. Further work is required to determine the 

length of activation at which T cells become resistant to the effects of canagliflozin, and 

whether sustained exposure (i.e., 72+ h) to canagliflozin can overcome these challenges. 

 

 

3.5 Conclusions 

Canagliflozin is currently used as a treatment for T2D, whereby it inhibits glucose 

reabsorption in the kidney through inhibition of SGLT2. However, it has also been established 

that it has off-target effects that inhibit mitochondrial complex I of the electron transport 

chain and GDH. Here, canagliflozin has been shown to have an inhibitory effect on T cell 

function, where IL-2 production was reduced in a dose-dependent manner, underpinned by 

reduced activation. Importantly, this loss of T cell function did not result from compromised 

viability. These findings were observed in both traditional culture media and more 

physiologically-relevant media. Extended cell culture experiments revealed that long-term T 

cell functions, such as proliferation and cytokine production, were also impaired by 

canagliflozin. Despite the considerable loss of IL-2 following canagliflozin treatment, 

supplementation with exogenous IL-2 was not able to reverse the observed phenotype in 

T cells. 

Dapagliflozin, a member of the same class of T2D drugs, inhibits SGLT2 in the same 

manner as canagliflozin, but demonstrates no notable off-target effects. Here, dapagliflozin 

did not display the same inhibitory properties on T cell function, only modestly reducing their 

activation. This would suggest that canagliflozin modulates T cell function independent of 

SGLT2 inhibition, instead through its off-target effects on mitochondrial complex I and GDH. 

This is the first time that the impact of canagliflozin on T cell effector function has been 

described in humans. 

Given that pathogenic T cells are hyperactivated at the site of inflammation in 

autoimmune disease, it was important to consider the effect of canagliflozin on already-

activated T cells. Higher doses of canagliflozin – beyond physiological concentrations 
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recorded in the plasma of patients prescribed canagliflozin – were required to inhibit 

proliferation and IFNγ production in already-activated T cells. Since canagliflozin induces 

global T cell suppression, further work was undertaken to establish the changes in gene 

expression that occur, and how these changes translate into changes at the protein level. 
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Canagliflozin mediates global changes 
to T cell function at the transcript and 
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4 Canagliflozin mediates global changes to T cell function at the transcript 

and protein level 

 

4.1 Introduction 

Analysing gene expression by measuring the RNA content of hundreds to thousands 

of genes simultaneously has become a valuable technique in uncovering novel cell-to-cell 

changes with high resolution. For example, recent single-cell transcriptomic methods have 

revealed the dynamic changes in gene expression that occur following T cell activation. 

Changes included an enrichment of genes involved in cell cycle progression and, rather 

interestingly, downregulation of the electron transport chain complexes (Cano-Gamez et al., 

2020). Importantly, these changes at the gene level were supported by similar proteomic 

changes (Cano-Gamez et al., 2020). Additionally, the influence of various differentiation-

associated cytokine milieux on the T cell transcriptome was assessed. Cytokine-induced 

changes predominantly emerged days following stimulation, highlighting that differentiation 

programmes are only established following early changes in response to T cell activation 

(Cano-Gamez et al., 2020). Furthermore, whilst the gene expression patterns induced by 

cytokine stimulation shape the effector functions for subset-specific responsibilities, 

alternate cell states are induced depending on T cell activation status (i.e., naïve versus 

memory) (Cano-Gamez et al., 2020). Progression from naïve to memory phenotypes is 

accompanied by marked upregulation of cytokine- and chemokine-associated genes, 

providing evidence that memory T cells are primed to initiate rapid responses following 

activation (Cano-Gamez et al., 2020). 

Transcriptomic analyses have more recently been utilised in the context of T cell 

metabolism. For instance, metabolic heterogeneity has been interlinked to the pathogenic 

potential of Th17 cells in autoimmune disease (Wagner et al., 2021). To this end, gene 

expression patterns in pathogenic Th17 cells revealed upregulation of glycolysis and aspects 

of OXPHOS compared to their non-pathogenic counterparts – both changes realised in 

subsequent bioenergetic analyses (Wagner et al., 2021). Alternatively, non-pathogenic Th17 

cells were dependent on augmented lipid oxidation, which was also previously predicted in 

the genomic dataset (Wagner et al., 2021). Additionally, this analysis identified a novel role 

for the polyamine pathway in the control of Th17 function, whereby polyamine catabolism 
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was most significantly associated with pathogenicity (Wagner et al., 2021). Functional 

analyses confirmed that polyamines indeed accumulate within pathogenic Th17 cells, whilst 

inhibition of polyamine-dependent processes was sufficient to impair their effector function 

and alleviate disease severity in an experimental autoimmune encephalomyelitis model 

(Wagner et al., 2021). Single-cell transcriptomics have also been used to investigate the 

rewiring of CD8+ T cell metabolism in response to activation. Subsets were delineated by 

activation status from naïve through to late stages, which allowed the mapping of temporal 

changes in cellular metabolism, demonstrating previously known shifts towards aerobic 

glycolysis and glutamine metabolism following activation (Fernandez-Garcia et al., 2022). 

Amongst these changes, asparagine synthetase emerged as a novel regulator of T cell 

differentiation, whereby its expression peaks upon effector formation before diminishing 

upon progression to memory (Fernandez-Garcia et al., 2022). Functional assays that 

overexpressed asparagine synthetase confirmed that this enzyme favours differentiation 

towards an effector phenotype, which could be harnessed in disease setting to enhance the 

anti-tumour response (Fernandez-Garcia et al., 2022). Together, these studies showcase that 

single-cell transcriptomic methods can be employed to assess global changes in cellular 

pathways, leading to novel discoveries that can be manipulated for therapeutic benefit. 

Furthermore, it is crucial that the findings of such studies are supported through either 

proteomic analyses or functional assays. 

Nanostring nCounter® analyses have yet to be utilised to resolve T cell metabolism. 

However, there are some examples of this technology being used to analyse T cells in the 

setting of autoimmune disease. Most recently, naïve CD8+ T cells (Tnv) isolated from 

rheumatoid arthritis (RA) patients clustered more closely to activated T cell subsets (i.e., 

effector populations) than Tnv cells from healthy controls, based on their expression of near 

400 transcripts (Cammarata et al., 2019). Interestingly, patient-derived CD8+ Tnv cells 

expressed a number of proinflammatory effector molecules such as granzyme B and tumour 

necrosis factor-α, whereas these transcripts were not detected in CD8+ Tnv cells isolated from 

healthy individuals (Cammarata et al., 2019). Therefore, Nanostring nCounter® analysis is a 

genomics platform that allows interrogation of the cellular transcriptome using limited 

samples volumes – an alternative to more popular single-cell RNA sequencing techniques. 

Direct proteomic approaches have also been used to further our understanding of 

global changes in T cell function. Particularly interesting are the studies that have investigated 
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the importance of various metabolic signalling proteins to the global T cell proteome, and 

how this is intertwined with such processes as T cell activation and differentiation. Both 

murine T cell subsets – CD4+ and CD8+ T cells – greatly increase their protein content 

following their activation via the T cell receptor (TCR), which becomes even further 

heightened upon their transition towards an effector population (Howden et al., 2019). 

However, this does not translate to a large-scale upregulation of existing proteins; instead, 

there is a dynamic reshaping of the proteome tailored to their functional requirements 

(Howden et al., 2019). For example, activated T cells upregulate their expression of both 

amino acid transporters and protein translation machinery to meet the demands of elevated 

protein synthesis and successful T cell activation (Howden et al., 2019). Importantly, this study 

also highlights the significance of the metabolic regulator mTOR in T cell differentiation, 

controlling several checkpoints including cellular metabolism, solute transporter expression 

and protein translation (Howden et al., 2019). A similar involvement has also been described 

for MYC, another key metabolic protein, using the same proteomic methods. MYC-deficient 

T cells failed to generate the protein content necessary for successful T cell activation, 

displaying similar protein levels to naïve T cells (Marchingo et al., 2020). Interestingly, 

amongst these changes were a group of proteins that remained strongly upregulated even in 

the absence of MYC, including the classical T cell activation markers CD44 and CD69 

(Marchingo et al., 2020). However, MYC was again critical in the selective upregulation of 

amino acid transporters, translational machinery and cellular metabolic pathways – all 

essential to T cell activation (Marchingo et al., 2020). Moreover, elevated amino acid 

transporter expression is required for sustained MYC activation, in turn driving further MYC-

dependent processes to sustain activation and differentiation (Marchingo et al., 2020). 

Recently, the role of extracellular signal-regulated kinases (ERK) – a key subset of signalling 

molecules downstream of TCR signalling – has been explored in the context of T cell activation 

using a proteomic-based means. Although ERK is actively involved in the remodelling of the 

CD8+ T cell proteome following engagement of the TCR, it is surprising that much of the 

proteome can be restructured in the absence of ERK activation (Damasio et al., 2021). 

However, amongst the several ERK-dependent protein changes are the upregulation of crucial 

proteins involved in activation, as well as effector molecules such as granzyme B (Damasio et 

al., 2021). Unlike inhibition of mTOR and MYC, proteomic changes associated with cellular 

metabolism were only modestly affected by ERK inhibition (Damasio et al., 2021). Together, 
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these data highlight that the integration of various signalling pathways involved in T cell 

metabolism and transcriptional reprogramming is essential in promoting T cell activation and 

differentiation. Moreover, these studies also underline the value in using ‘omics’-based 

approaches to elucidate the impact of various signalling pathways on global T cell function. 

Given that we anticipate that canagliflozin will considerably modulate T cell metabolism, 

whilst also impacting other possible areas of T cell fitness currently unknown to us, genomic 

and proteomic based approaches would be beneficial in revealing some of the mechanisms 

wherein canagliflozin inhibits T cell function. 

 

4.1.1 Rationale 

Human CD4+ Tnv cells were chosen as the study material. The reasons were: (i) to 

investigate global changes in T cell gene expression following treatment with canagliflozin or 

dapagliflozin; (ii) investigate how canagliflozin-induced changes in gene expression translate 

to changes at the protein level; and (iii) better understand the underpinning changes to T cell 

metabolism upon canagliflozin treatment through interrogation of both ‘omics’ datasets. 

 

4.1.2 Hypothesis 

 (i) Global changes in T cell gene expression are induced by canagliflozin, but not 

dapagliflozin 

 (ii) Canagliflozin remodels the T cell proteome 

 (iii) The expression of metabolism-associated proteins is drastically altered by 

canagliflozin 
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4.2 Experimental procedures 

4.2.1 Human blood collection 

Ethical approval was obtained from Wales Research Ethics Committee 6 for the 

collection of peripheral blood from healthy volunteers (13/WA/0190). Blood from healthy 

donors was processed as previously described (see Chapter 2.1). 

 

4.2.2 T cell isolation 

 Peripheral blood mononuclear cells (PBMCs) were isolated as previously described 

(see Chapter 2.3). The PBMC pellet was resuspended in the appropriate downstream media 

for analysis and the number of PBMCs was determined by using the Countess® automated 

cell counter (see Chapter 2.5). CD4+ Tnv cells were isolated using automated magnetic 

separation as previously described (see Chapter 2.4). 

 

4.2.3 Cell culture 

 Isolated T cells were activated and cultured in human plasma-like medium (HPLM) as 

previously described (see Chapter 2.6). Cell-free supernatants were stored for further 

analysis, whilst cells were collected for downstream analysis. 

 

4.2.4 Flow cytometry 

 Purity of isolated T cells was monitored as previously described (see Chapter 2.7.1) 

and was typically > 90%. 

 

4.2.5 Immunoblotting 

 Immunoblotting was performed as previously described (see Chapter 2.10). 

Membranes were probed with antibodies specific to c-MYC (Cell Signalling, USA) and used at 

a 1:1000 dilution. 

 

4.2.6 RNA isolation 

RNA isolation was performed using an RNeasy® Mini Kit as per the manufacturers’ 

guidelines (all Qiagen, Germany – unless otherwise stated). Cells were lysed in a 1:1 solution 

of RLT buffer and 70% high-grade ethanol (Fisher Bioreagents, USA) and mixed well with a 

needled syringe. Lysed cells were then transferred to an RNeasy® Mini spin column placed in 
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a 2 ml collection tube and centrifuged at 8000 x g for 15 s. The spin column was then washed 

once with RW1 buffer, followed by two wash steps using RPE buffer, with subsequent 

centrifugation at 8000 x g for 15 – 120 s following the addition of each reagent. The resulting 

flow-through was discarded each time. Following washing, the spin column was placed in a 

new collection tube and 30 μl of RNase-free water was added directly to the spin column 

membrane in order to elute the RNA following centrifugation at 8000 x g for 1 min. The 

collected eluate was re-placed on the spin column membrane and centrifuged again to further 

increase the final concentration of the collected RNA. 

Purity was assessed using a NanoDrop™ spectrophotometer by measuring the ratio of 

absorbance at 260 nm versus 280 nm or 230 nm. Measured A260/A280 and A260/A230 ratios 

were typically ~2.0. Any RNA samples with A260/230 ratio below 2.0 were precipitated using 

0.3 M sodium acetate solution (ThermoFisher, USA) and isopropanol. RNA was diluted to 

300 μl in RNase-free water before addition of sodium acetate. An equal volume of 

isopropanol was then added to the RNA solution, which was incubated overnight at -20°C. 

RNA was recovered by centrifugation at 14000 x g for 10 min at 4°C and the resulting pellet 

was washed twice in 70% ethanol. The final pellet was dried at RT before dissolving in RNase-

free water. Subsequent measured A260/A230 ratios were typically improved to ≥ 2.0. 

Once purity was established, RNA was stored at -80°C until required for downstream 

analysis. Freeze-thaw cycles were avoided in order to prevent RNA degradation. 

 

4.2.7 Nanostring analysis 

The nCounter® platform allows multiplex analysis of up to 800 RNA, DNA or protein 

targets (Figure 4.1). Sample RNA is hybridised with target-specific capture and reporter 

probes in order to create a library of unique target-probe complexes. Each target is labelled 

with a specific molecular barcode, which can then be detected and counted using an 

automated fluorescence microscope. Detection and scanning were performed by the 

nCounter® SPRINT Profiler analysis system (Nanostring, USA). 

RNA samples stored at -80°C were thawed on ice prior to hybridisation reactions. 

Reporter probes were diluted in 70 μl of hybridisation buffer and gently mixed to create a 

master mix. To set up the hybridisation reactions, 5 μl of each sample was added to 8 μl of 

master mix. Hybridisation reactions were then completed by adding 2 μl of Capture ProbeSet 

and incubation at 65°C for 20 h. Probe set-target RNA hybridisation solution is then further 
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diluted to a final volume of 35 μl. 33 μl of the diluted hybridisation solution is loaded onto a 

SPRINT microfluidic cartridge, with an air bubble also inserted to the stop point. The SPRINT 

microfluidic cartridge is then loaded onto the nCounter SPRINT Profiler (Nanostring, USA) to 

initiate analysis. 

Raw data appraisal, quality control and normalisation were all performed using the 

nSolver™ analysis software. Quality control included an imaging QC of > 75% FOV registration, 

binding density QC within a range of 0.1 - 2.25, positive control linearity QC with R2 ≥ 0.95, 

and a positive control limit of detection QC set as 0.5 fM positive control above 2 standard 

deviations above the negative controls. Normalisation was performed using negative 

controls, positive controls and housekeeping genes selected by the nSolver™ normalisation 

module and normalised data was used as input for further analysis. 

For differential expression analysis, a log2 fold-change of > 1 or < -1 and an adjusted 

p-value ≤ 0.05 determined differentially expressed genes. p-values were adjusted using the 

Benjamini-Yekutieli method to control the false discovery rate (FDR). Pathway scores were 

calculated as the first principal component of the pathway genes’ normalised expression. 

 

 

 

Figure 4.1 – Nanostring nCounter® analysis experimental procedure 

(A) Schematic overview of the experimental procedure for Nanostring nCounter® analysis. RNA 

isolation simplified (see Chapter 4.2.6). 
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4.2.8 Proteomic analysis 

Sample Processing: 2x106 isolated Tnv cell were pelleted and washed in Hank’s 

Balanced Salt Solution (Gibco, USA) before storing at -80°C for proteomic analysis. Samples 

were resuspended to 200 µl with S-Trap lysis buffer (10% SDS, 100mM Triethylammonium 

bicarbonate) and sonicated for 15 min (30 s on, 30 s off, 100% Amplitude, 70% Pulse). After 

centrifugation the supernatant was transferred to fresh tubes and the proteins quantified 

using the Micro BCA Protein Assay (ThermoFisher, USA). 150 µg of protein was processed 

using S-Trap mini columns (Protifi, USA). The samples were digested overnight with 3.75 µg 

of trypsin (Pierce Trypsin Protease MS-Grade; ThermoFisher, USA) with a second digest with 

the same amount of trypsin for 6 h the following day. Peptides were extracted and dried 

under vacuum. The peptides were then resuspended to 50 µl with 1% Formic Acid and 

quantified using the Pierce Quantitative Fluorometric Peptide Assay (both ThermoFisher, 

USA). 

Mass Spectrometry: Peptides equivalent of 1.5 µg were injected onto a nanoscale C18 

reverse-phase chromatography system (UltiMate 3000 RSLCnano) and electrosprayed into an 

Orbitrap Exploris 480 Mass Spectrometer (both ThermoFisher, USA). For liquid 

chromatography the following buffers were used:  buffer A (0.1% formic acid in Milli-Q water 

(v/v)) and buffer B (80% acetonitrile and 0.1% formic acid in Milli-Q water (v/v)). Samples 

were loaded at 10 μL/min onto a trap column (100 μm × 2 cm, PepMap nanoViper C18 

column, 5 μm, 100 Å, ThermoFisher, USA) equilibrated in 0.1% trifluoroacetic acid (TFA). The 

trap column was washed for 3 min at the same flow rate with 0.1% TFA then switched in-line 

with a resolving C18 column (75 μm × 50 cm, PepMap RSLC C18 column, 2 μm, 100 Å; Thermo 

Scientific, USA). Peptides were eluted from the column at a constant flow rate of 300 nl/min 

with a linear gradient from 3% buffer B to 6% buffer B in 5 min, then from 6% buffer B to 35% 

buffer B in 115 min, and finally from 35% buffer B to 80% buffer B within 7 min. The column 

was then washed with 80% buffer B for 4 min. Two blanks were run between each sample to 

reduce carry-over. The column was kept at a constant temperature of 50°C. 

Data was acquired using an easy spray source operated in positive mode with spray 

voltage at 2.60 kV, and the ion transfer tube temperature at 250°C. The MS was operated in 

DIA mode. A scan cycle comprised a full MS scan (m/z range from 350-1650), with RF lens at 

40%, AGC target set to custom, normalised AGC target at 300%, maximum injection time 

mode set to custom, maximum injection time at 20 ms, microscan set to 1 and source 
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fragmentation disabled. MS survey scan was followed by MS/MS DIA scan events using the 

following parameters: multiplex ions set to false, collision energy mode set to stepped, 

collision energy type set to normalized, HCD collision energies set to 25.5, 27 and 30%, 

orbitrap resolution 30000, first mass 200, RF lens 40%, AGC target set to custom, normalized 

AGC target 3000%, microscan set to 1 and maximum injection time 55 ms. Data for both MS 

scan and MS/MS DIA scan events were acquired in profile mode. 

Raw Data Analysis: Analysis of the DIA data was carried out using Spectronaut (version 

15.4.210913.50606, Biognosys, AG). The directDIA workflow, using the default settings (BGS 

Factory Settings) with the following modifications was used: decoy generation set to mutated; 

Protein LFQ Method was set to QUANT 2.0 (SN Standard) and Data Filtering to Qvalue; Cross 

Run Normalization was selected with global normalization on the median; Precursor Qvalue 

Cutoff and Protein Qvalue Cutoff (Experimental) set to 0.01. For the Pulsar search, the settings 

were: maximum of 2 missed trypsin cleavages; PSM, Protein and Peptide FDR levels set to 

0.01; cysteine carbamidomethylation set as fixed modification and acetyl (N-term), 

deamidation (asparagine, glutamine), dioxidation (methionine, tryptophan), glutamine to 

pyro-Glu and oxidation of methionine set as variable modifications. The database used was 

the H.sapiens proteome downloaded from uniprot.org on 2021-05-11 (77, 027 entries). 

Samples were grouped according to the condition (vehicle or canagliflozin) to allow a 

comparison to be made between the control and treated samples. Sample processing and 

mass spectrometry was performed by the FingerPrints Proteomics Facility at the University of 

Dundee. 

Further analysis: Protein copy numbers were calculated as previously described 

(Wisniewski et al., 2014). Here, the MS signal of histones is proportional to the DNA within 

the sample, which can then be used as a measure of the number of cells present. This 

“proteomic ruler” method transforms the MS signals generated to an absolute scale, whereby 

the protein copy numbers per cell can be estimated. Additionally, protein concentration was 

also determined to account for any differences in total cellular protein content.  

The Database for Annotation, Visualisation and Integrated Discovery (DAVID, USA) 

was used to perform protein set enrichment analysis (PSEA; also known as 

overrepresentation analysis), whereby proteins were assessed against the following 

databases: Gene Ontology (Molecular Function, Biological Function, Cellular Components) 

and Biological Pathways (KEGG Database, Reactome Database). This considers expression 
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differences across pre-defined groups of proteins related to a biological context to identify 

enriched functional-related gene groups. Mitochondrial complex proteins were identified 

using the following Gene Ontology Cellular Component terms: mitochondrial respiratory 

chain complex I (GO:0005747); mitochondrial respiratory chain complex II, succinate 

dehydrogenase complex (ubiquinone) (GO:0005749); mitochondrial respiratory chain 

complex III (GO:0005750); mitochondrial respiratory chain complex IV (GO:0005751); 

mitochondrial proton-transporting ATP synthase complex (GO:0005753). 

Ingenuity Pathway Analysis (IPA; Qiagen, Germany) was used to predict which 

pathways could be altered based on the changes in protein expression observed in the 

dataset. Each pathway is given a p-value based on how enriched that pathway is compared 

to a background list of proteins. 

IPA Upstream Regulator analysis (Qiagen, Germany) was used to predict the upstream 

regulators (i.e., transcription factors, microRNAs, kinases, small molecule inhibitors, etc.) that 

could explain the observed gene expression changes in the dataset. The calculated activation 

z-score infers the activation state of that upstream regulator. Positive z-scores represent 

activation, whereas negative z-scores represent inhibition. In the case of small molecules 

(drugs and compounds) and microRNAs, the terms “activated” and “inhibited” are better 

described as increased activity or decreased activity, respectively. 

 

4.2.9 Statistical analysis 

 Unless otherwise stated, statistical analysis was carried out using GraphPad Prism 

version 8 or later. Data are expressed as the mean ± standard error of the mean (SEM). The 

normality of the data was initially tested using the Shapiro-Wilk test to determine the 

appropriate method of analysis. For data comparing two sample groups, normally distributed 

data were analysed using a parametric T test, whereas a non-parametric T test was used to 

analyse data not normally distributed. One-way analysis of variance (ANOVA) followed by the 

post-hoc Dunnett’s test was used to analyse three or more group means of a single variable 

compared to the vehicle control. A one-sample T test was used to analyse data normalised to 

the vehicle control group. Significant values were taken as p ≤ 0.05 and denoted as follows: 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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4.3 Results 

4.3.1 Global changes in T cell gene expression upon canagliflozin treatment 

To better understand the impact of canagliflozin treatment on T cell phenotype and 

function, we examined changes to their global gene transcription. A two-pronged approach 

was employed, whereby function and metabolism was broadly assessed using gene 

expression panels associated with autoimmunity and metabolism, respectively. We initially 

focused on changes to T cell function following activation in the presence and absence of 

either canagliflozin or dapagliflozin. A total of 784 genes were investigated using the 

Nanostring nCounter® Autoimmune Profiling Panel, where the majority exceeded the 

background limit of detection. Canagliflozin induced greater changes in gene expression than 

dapagliflozin when both drugs were compared to the vehicle control (Figure 4.2). 

 

 

Figure 4.2 – Canagliflozin, but not dapagliflozin, alters global gene expression in T cells 

(A-B) Changes in gene expression in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T 

cells in the presence and absence of (A) canagliflozin or (B) dapagliflozin (both 10 μM), determined 

using Nanostring nCounter® Autoimmune Profiling Panel. Changes in gene expression measured as 

log2 fold-change compared to the vehicle control and ranked in descending order. Data are 

representative of six (A) or four (B) independent experiments. 

 

In fact, our differential expression analysis revealed that there were no significant 

changes in gene expression in cells treated with dapagliflozin (log2 fold-change ≤ -1 or ≥ 1, 

Benjamini-Yekutieli adjusted p ≤ 0.05; Figure 4.3). Meanwhile, 42 distinct genes were 

differentially expressed upon canagliflozin treatment, of which 3 were downregulated, whilst 

the other 39 were upregulated (Figure 4.3). Several other genes demonstrated a log2 fold-

change in expression of less than -1 or greater than 1 but failed to meet a level of significance 
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post-FDR correction. Naturally, there were also genes that expressed an adj. p-value ≤ 0.05, 

but were accompanied by a log2 fold-change in expression between -1 and 1. 

 

 

Figure 4.3 – Autoimmunity-associated genes are differentially expressed in T cells treated with 

canagliflozin 

(A-B) Differential expression analysis of genes in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells treated with (A) canagliflozin or (B) dapagliflozin (both 10 μM), determined 

using Nanostring nCounter® Autoimmune Profiling Panel. Blue and red data points represent 

downregulated and upregulated genes compared to the vehicle control group, respectively. Genes 

with a log2 fold-change ≤ -1 or ≥ 1 and a Benjamini-Yekutieli adjusted p-value ≤ 0.05 were 

considered differentially expressed. Data are representative of six (A) or four (B) independent 

experiments. 

 

Consistent with our previous data showing reduced IL-2 production upon canagliflozin 

treatment (see Chapter 3.3), there was a significant reduction in IL2 at the gene transcript 

level (p = 0.0495; Figure 4.4A). Interestingly, CSF2 and CCL20 were also downregulated by 

canagliflozin (CSF2: p = 0.0059; CCL20: p = 0.0156) and are typically associated with a Th17 

signature (Ramesh et al., 2014) (Figure 4.4B-C). 
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Figure 4.4 – Differentially downregulated genes in canagliflozin-treated T cells 

(A-C) Normalised mRNA counts for (A) IL-2, (B) CSF2 and (C) CCL20 in anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated CD4+ T cells treated with canagliflozin (10 μM). Data are representative 

of six independent experiments. Statistical analysis was performed using a non-parametric T test 

and adjusted for the false discovery rate using the Benjamini-Yekutieli method. Data expressed as 

mean ± SEM. 

 

Furthermore, upregulation of SELL (CD62L) by canagliflozin (p = 0.0253) was also 

consistent with our previous findings at the protein level (see Chapter 3.3.2; Figure 4.5A). 

Several interferon regulatory factors (IRFs) were also amongst the observed upregulated 

proteins, including IRF2 (p = 0.0165), IRF4 (p = 0.0156) and IRF9 (p = 0.0066; Figure 4.5B-D). 

 

 

Figure 4.5 – Selected differentially upregulated genes in canagliflozin-treated T cells 

(A-D) Normalised mRNA counts for (A) SELL, (B) IRF2, (C) IRF4 and (D) IRF9 in anti-CD3 (2 μg/ml) and 

anti-CD28 (20 μg/ml) activated CD4+ T cells treated with canagliflozin (10 μM). Data are 

representative of six independent experiments. Statistical analysis was performed using a non-

parametric T test and adjusted for the false discovery rate using the Benjamini-Yekutieli method. 

Data expressed as mean ± SEM. 
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To try and understand these changes in a wider biological context, a pathway score 

was calculated for several autoimmune-related pathways based on changes in expression 

within pre-defined gene sets. The directionality of these scores determined whether a 

pathway is upregulated or downregulated by canagliflozin compared to the vehicle control 

group. Surprisingly, canagliflozin induced a predicted increase in activity in all pathways 

analysed – with the exception of cytotoxicity and MHC class II antigen presentation 

(Figure 4.6; Table 4.1). 

 

 

Figure 4.6 – Autoimmunity-associated pathways are upregulated at the gene transcript level in 

T cells treated with canagliflozin 

(A) Heatmap of autoimmune pathway scores in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). Pathway scores 

expressed as z-scores. Data are representative of six independent experiments. Data expressed as 

mean ± minimum and maximum. 
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Table 4.1 – Differential regulation of autoimmunity-associated pathways by canagliflozin, based on 

changes in gene expression 

Pathway ↑/↓ Adj. p-value Rank FDR sig 
Th17 Mediated Biology ↑ < 0.0001 1 Y 
Th2 Differentiation ↑ < 0.0001 2 Y 
T-cell Receptor Signaling ↑ < 0.0001 3 Y 
Th1 Differentiation ↑ 0.0001 4 Y 
Type I Interferon Signaling ↑ 0.0001 5 Y 
Chemokine Signaling ↑ 0.0001 6 Y 
TNF Family Signaling ↑ 0.0001 7 Y 
NF-kB Signaling ↑ 0.0001 8 Y 
B-cell Receptor Signaling ↑ 0.0002 9 Y 
Fc Receptors and Phagocytosis ↑ 0.0002 10 Y 
Type II Interferon Signaling ↑ 0.0002 11 Y 
NLR Signaling ↑ 0.0002 12 Y 
Oxidative Stress ↑ 0.0003 13 Y 
Apoptosis ↑ 0.0003 14 Y 
T-cell Checkpoint Signaling ↑ 0.0003 15 Y 
Lymphocyte Trafficking ↑ 0.0003 16 Y 
Toll Like Receptor Signaling ↑ 0.0003 17 Y 
Growth Factor Signaling ↑ 0.0004 18 Y 
Complement System ↑ 0.0004 19 Y 
mTOR ↑ 0.0004 20 Y 
Autophagy ↑ 0.0006 21 Y 
Epigenetics and Transcriptional Regulation ↑ 0.0007 22 Y 
TGF-beta Signaling ↑ 0.0008 23 Y 
Treg Differentiation ↑ 0.0009 24 Y 
Th17 differentiation ↑ 0.0009 25 Y 
Cytosolic DNA Sensing ↑ 0.0010 26 Y 
Immunometabolism ↑ 0.0010 27 Y 
Inflammasomes ↑ 0.0011 28 Y 
Autoantigens ↑ 0.0017 29 Y 
MHC Class I Antigen Presentation ↑ 0.0019 30 Y 
Endothelial Activation ↑ 0.0019 31 Y 
Other Interleukin Signaling ↑ 0.0021 32 Y 
Interleukin-12 Signaling ↑ 0.0023 33 Y 
Cytotoxicity - 0.2499 34 N 
MHC Class II Antigen Presentation - 0.8101 35 N 

 

Given canagliflozin targets metabolism through mitochondrial complex I and GDH 

inhibition, it was particularly surprising to see that the defined immunometabolism pathway 

was upregulated by canagliflozin (Figure 4.7). 
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Figure 4.7 – Immunometabolism-associated genes are upregulated by canagliflozin 

(A) Heatmap of immunometabolism-associated gene expression in anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). Gene 

expression expressed as z-scores. Data are representative of six independent experiments. 
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Consequently, we next assessed global changes in T cell metabolism using the 

Nanostring nCounter® Metabolic Pathways Panel. Given the limited change in gene 

expression previously observed when T cells were treated with dapagliflozin, our analysis of 

metabolism-associated genes focused on canagliflozin only. 748 metabolism-associated 

genes were profiled, of which the majority were above the limit of detection. Differential 

expression analysis identified 14 upregulated genes and 24 downregulated genes in activated 

T cells treated with canagliflozin (Figure 4.8). 

 

 

Figure 4.8 – Canagliflozin alters the expression of metabolism-associated genes in T cells 

(A) Differential expression analysis of genes in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells treated with canagliflozin (10 μM), determined using Nanostring nCounter® 

Metabolic Pathways Panel. Blue and red data points represent downregulated and upregulated 

genes compared to the vehicle control group, respectively. Genes with a log2 fold-change ≤ -1 or 

≥ 1 and a Benjamini-Yekutieli adjusted p-value ≤ 0.05 were considered differentially expressed. Data 

are representative of six independent experiments. 

 

Notably, 17 of the 24 genes that were downregulated following canagliflozin 

treatment were associated with the cell cycle, including MYBL2 (p = 0.0009), CDCA5 

(p = 0.0009) and CCNA2 (p = 0.0031; Figure 4.9; Table 4.2). SMAD3 was the only cell cycle-

associated gene upregulated by canagliflozin (p = 0.0210; Figure 4.9; Table 4.2). These data 

are in agreement with the reduced proliferation we have previously observed (see Chapter 

3.3.2). 
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Figure 4.9 – Cell cycle genes are downregulated by canagliflozin 

(A) Differential expression analysis of genes in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells treated with canagliflozin (10 μM), determined using Nanostring nCounter® 

Metabolic Pathways Panel. Orange data points represent differentially expressed cell cycle genes, 

grey data points represent other differentially expressed genes compared to the vehicle control 

group. Genes with a log2 fold-change ≤ -1 or ≥ 1 and a Benjamini-Yekutieli adjusted p-value ≤ 0.05 

were considered differentially expressed. Data are representative of six independent experiments. 

 

Table 4.2 – Differential expression of cell cycle-associated genes by canagliflozin 

Gene ↑/↓ Log2(fold-change) Adj. p-value 
MYBL2 ↓ -3.41 0.0009 
CDCA5 ↓ -2.50 0.0009 
RAD51 ↓ -2.08 0.0010 
BUB1B ↓ -1.64 0.0010 
BRCA2 ↓ -1.32 0.0016 
CLSPN ↓ -2.46 0.0016 
TYMS ↓ -2.25 0.0020 
BUB1 ↓ -1.27 0.0022 
CDC20 ↓ -1.17 0.0022 
CCNA2 ↓ -2.97 0.0031 
TK1 ↓ -2.55 0.0031 
EXO1 ↓ -2.91 0.0035 
NCAPH ↓ -3.24 0.0050 
TPX2 ↓ -3.31 0.0106 
BRCA1 ↓ -1.50 0.0210 
SMAD3 ↑ 1.51 0.0210 
RRM2 ↓ -1.87 0.0243 
GTSE1 ↓ -2.40 0.0414 
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Once again, the contribution of gene sets to specific metabolic pathways were 

evaluated using the calculated pathway scores. A total of 34 pathways were analysed, 

whereby 30 were differentially regulated by canagliflozin (Figure 4.10; Table 4.3). There were 

several interesting pathways amongst those upregulated by canagliflozin, including 

mitochondrial respiration, mTOR, amino acid transporters and glutamine metabolism 

(Figure 4.10; Table 4.3). As expected, cell cycle was one of the top downregulated pathways, 

alongside DNA damage repair, glycolysis, Myc and nucleotide synthesis (Figure 4.10; 

Table 4.3). 

 

 

Figure 4.10 – Differential expression of metabolism-associated pathways in canagliflozin-treated 

T cells 

(A) Heatmap of metabolic pathway scores in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T cells in the presence and absence of canagliflozin (10 μM). Pathway scores expressed as z-

scores. Data are representative of six independent experiments. Data expressed as mean ± 

minimum and maximum. 
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Table 4.3 – Differential regulation of metabolic pathways by canagliflozin, based on changes in gene 

expression 

Pathway ↑/↓ Adj. p-value Rank FDR sig 
Cell Cycle ↓ < 0.0001 1 Y 
DNA Damage Repair ↓ < 0.0001 2 Y 
Myc ↓ < 0.0001 3 Y 
Antigen Presentation ↑ < 0.0001 4 Y 
Nucleotide Synthesis ↓ < 0.0001 5 Y 
Lysosomal Degradation ↑ < 0.0001 6 Y 
Nucleotide Salvage ↑ < 0.0001 7 Y 
Cytokine & Chemokine Signalling ↑ 0.0001 8 Y 
PI3K ↑ 0.0001 9 Y 
AMPK ↑ 0.0001 10 Y 
Reactive Oxygen Response ↑ 0.0001 11 Y 
TCR & Costimulatory Signalling ↑ 0.0001 12 Y 
MAPK ↑ 0.0002 13 Y 
Glycolysis ↓ 0.0002 14 Y 
Epigenetic Regulation ↑ 0.0002 15 Y 
TLR Signalling ↑ 0.0004 16 Y 
Amino Acid Synthesis ↑ 0.0005 17 Y 
Autophagy ↑ 0.0005 18 Y 
Hypoxia ↑ 0.0006 19 Y 
Glutamine Metabolism ↑ 0.0006 20 Y 
NF-kB ↑ 0.0007 21 Y 
mTOR ↑ 0.0007 22 Y 
Transcriptional Regulation ↑ 0.0008 23 Y 
Endocytosis ↑ 0.0009 24 Y 
Mitochondrial Respiration ↑ 0.0015 25 Y 
Tryptophan/Kynurenine Metabolism ↑ 0.0016 26 Y 
p53 Pathway ↑ 0.0033 27 Y 
Amino Acid Transporters ↑ 0.0034 28 Y 
Pentose Phosphate Pathway ↑ 0.0037 29 Y 
IDH12 Activity ↑ 0.0106 30 Y 
Fatty Acid Oxidation - 0.0128 31 N 
Fatty Acid Synthesis - 0.0320 32 N 
Vitamin & Cofactor Metabolism - 0.0782 33 N 
Arginine Metabolism - 0.1420 34 N 

 

Interestingly, despite most genes within the Myc pathway being downregulated, 

canagliflozin did not alter MYC expression at the gene transcript level (p > 0.9999; 

Figure 4.11). 
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Figure 4.11 – Canagliflozin downregulates the MYC pathway, but does not alter MYC expression 

at the transcript level 

(A) Heatmap of MYC-associated gene expression in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). Gene expression 

expressed as z-scores. (B) Normalised mRNA counts for MYC. Data are representative of six 

independent experiments. Statistical analysis was performed using a non-parametric T test and 

adjusted for the false discovery rate using the Benjamini-Yekutieli method. Data expressed as mean 

± SEM. 

 

4.3.2 Canagliflozin remodels the T cell proteome 

To understand how the impact that canagliflozin has on the global gene expression 

translates to the protein level, we utilised label-free LC-MS to unveil changes to the activated 

T cell proteome. In line with our earlier data showing a reduction in cell size (see Chapter 3.3), 

activated T cells treated with canagliflozin contained significantly less protein compared to 

the vehicle control group (p = 0.0009; Figure 4.12).  

 



144 
 

 

Figure 4.12 – Canagliflozin-treated T cells fail to increase cell protein mass upon activation 

(A) Total protein content, measured as pg protein per cell in anti-CD3 (2 μg/ml) and anti-CD28 (20 

μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). Data are 

representative of four independent experiments. Statistical analysis was performed using a non-

parametric T test. Data expressed as mean ± SEM; *** p ≤ 0.001. 

 

A total of 5655 proteins were detected and we used the “proteomic ruler” method to 

estimate protein copy number based on the histone MS signal (Wisniewski et al., 2014). 

Differential expression analysis revealed that at the copy number level, 4421 proteins were 

downregulated in response to canagliflozin, whilst one protein was upregulated – the cell 

cycle inhibitor CDKN1B (Figure 4.13A). However, given the marked reduction in total protein 

content upon canagliflozin treatment, we took into consideration changes in protein 

concentration to instead assess changes in the composition of the T cell proteome. Here, the 

concentration of 481 proteins was reduced, whereas the concentration of 203 proteins was 

increased in response to canagliflozin treatment (Figure 4.13B). These data revealed that 

some downregulated proteins decrease in scale with the overall decrease in protein mass that 

occurs following canagliflozin treatment, resulting in no change to their concentration, 

whereas some proteins were decreased beyond scaling to cause a reduction in their 

concentration. 
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Figure 4.13 – Canagliflozin remodels the T cell proteome 

(A-B) Differential expression analysis based on (A) protein copy number and (B) protein 

concentration in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated with 

canagliflozin (10 μM), determined by label-free mass spectrometry. Blue and red data points 

represent downregulated and upregulated genes, respectively. Proteins with a log2 fold-change       

≤ -0.585 or ≥ 0.585 and a Benjamini-Hochberg adjusted p-value ≤ 0.05 were considered differentially 

expressed. Data are representative of four independent experiments. 

 

To gain a broad understanding of which proteins were enriched and depleted in our 

proteomics dataset, we compared the contribution of core subcellular compartments to the 

total protein mass. Here, there was an overall decrease in protein mass dedicated to core 

subcellular components in T cells treated with canagliflozin (Figure 4.14A). Individually, there 

was a reduction in the mass of proteins associated with glycolysis (p = 0.0498), mitochondria 

(p = 0.0324), nuclear envelope (p = 0.0308) and ribosomes (p = 0.0033; Figure 4.14B-E). 
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Figure 4.14 – Canagliflozin alters the distribution of subcellular compartments 

(A) Contribution of protein mass towards core subcellular compartments in anti-CD3 (2 μg/ml) and 

anti-CD28 (20 μg/ml) activated CD4+ T cells treated with canagliflozin (10 μM), determined by label-

free mass spectrometry. Contribution measured as percentage of total protein mass. (B-E) Percent 

protein mass dedicated to (B) glycolysis, (C) mitochondria, (D) nuclear envelope and (E) ribosomes 

as in (A). Data are representative of four independent experiments. Statistical analysis was 

performed using an unpaired T test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 

 

An interesting example of scaling versus depletion is the metabolic regulator MYC. The 

number of MYC protein copies per T cell is reduced ~63% upon canagliflozin treatment 

(p = 0.0037; Figure 4.15). This reduction in MYC goes beyond the scaling effect, resulting in a 

~33% decrease in MYC concentration (p = 0.0104; Figure 4.15). Together, these data show 

that canagliflozin triggers specific changes to the activated T cell proteome. 
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Figure 4.15 – MYC is downregulated by canagliflozin 

(A-B) Expression of MYC based on (A) protein copy number and (B) protein concentration in anti-

CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated with canagliflozin (10 μM), 

determined by label-free mass spectrometry. Data are representative of four independent 

experiments. Statistical analysis was performed using a non-parametric T test. Data expressed as 

mean ± SEM. 

 

To better understand the biological relevance of canagliflozin-induced changes in 

protein expression, ingenuity pathway analysis (IPA) was employed to consider the 

contribution of individual proteins towards various canonical cellular pathways and 

determine which became enriched or depleted following canagliflozin treatment. Here, cell 

cycle control of chromosomal replication was revealed as the most significantly 

downregulated pathway (p < 0.0001; Figure 4.16A), supporting the observed effects on T cell 

proliferation (see Chapter 3.3.2). 
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Figure 4.16 – Canonical pathways differentially regulated in T cells upon canagliflozin treatment 

(A-B) Ingenuity pathway analysis of canonical pathways based on (A) downregulated and 

(B) upregulated proteins in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells 

treated with canagliflozin (10 μM), determined by label-free mass spectrometry. Top 10 enriched 

pathways compared to the vehicle control are shown. Data are representative of four independent 

experiments. 

 

Further downregulated pathways were associated with cell cycle maintenance, 

including cyclins and cell cycle regulation (p < 0.0001) and cell cycle: G1/S checkpoint 

regulation (p < 0.0001) within the top 10 (Figure 4.16A). Indeed, this is consistent with the 

pronounced downregulation of cell cycle regulation observed at the transcript level (see 

Chapter 4.3.1). Further interrogation of the proteomics dataset revealed that canagliflozin 

reduced the expression of cell cycle checkpoint proteins – including cyclin D3, and its 

associated kinases CDK4 and CDK6 – with a concomitant increase in an inhibitor of this 

process, p27 (CDKN1B; Figure 4.17). These findings suggest a mechanism by which cell cycle 

progression and proliferation are delayed in canagliflozin-treated T cells. 
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Figure 4.17 – Canagliflozin inhibits cell cycle protein expression and function 

(A) Stoichiometric models for cell cycle entry and progression in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells treated with canagliflozin (10 μM), determined by label-free mass 

spectrometry. Proteins copy numbers are presented for p27 (CDKN1B), cyclin D2 (CCND2), cyclin 

D3 (CCND3), cyclin-dependent kinase 4 (CDK4) and cyclin-dependent kinase 6 (CDK6). (B) Expression 

of cell cycle proteins as in (A). Data are representative of four independent experiments. Statistical 

analysis was performed using a non-parametric T test. Data expressed as mean ± SEM. 

 

Pathways associated with metabolism were also amongst the most downregulated, 

including purine nucleotides de novo biosynthesis (p < 0.0001), methionine degradation to 

homocysteine (p < 0.0001), cysteine biosynthesis (p < 0.0001) and folate polyglutamylation 

(p < 0.0001; Figure 4.16A). 

Given the known effects of canagliflozin on mitochondrial proteins – particularly 

complex I and GDH – it was not surprising that oxidative phosphorylation (p < 0.0001) and 

mitochondrial dysfunction (p < 0.0001) emerged as the two predominant pathways 

upregulated in T cells following canagliflozin treatment (Figure 4.16B). Concomitant with 

mitochondrial dysfunction, other top upregulated pathways included sirtuin signalling 
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pathway (p < 0.0001) and glutathione redox reactions (p < 0.0001; Figure 4.16B). Upregulation 

of proteins-associated with glutathione redox reactions is particularly interesting given the 

relationship between mitochondrial complex I and reactive oxygen species (ROS). 

Subsequent ingenuity upstream regulator analysis allowed us to identify potential 

transcription factors, microRNAs, kinases and small molecule inhibitors that are associated 

with the observed changes in the T cell proteome following canagliflozin treatment. The 

activation z-score calculated predicts the activation state of each predicted upstream 

regulator (i.e., activated or inhibited). Concurrent with our Nanostring data, reduced 

expression of 84 distinct targets predicted that MYC might be an upstream regulator which is 

repressed following canagliflozin treatment (Figure 4.18A). Beyond the top 20 most 

downregulated upstream regulators, it was also important to note that it was predicted that 

the activity of mTOR – closely associated with MYC signalling – was also downregulated by 

canagliflozin. Interestingly, the drug torin-1 and the protein RICTOR, classically central 

regulators of the mTOR axis, were also predicted to be suppressed based on the expression 

pattern of upregulated proteins in canagliflozin-treated T cells (Figure 4.18B). 
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Figure 4.18 – Predicted upstream regulators of canagliflozin-induced changes in protein 

expression 

(A-B) Predicted upstream regulators of protein expression based on (A) downregulated and (B) 

upregulated proteins in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated 

with canagliflozin (10 μM), determined by label-free mass spectrometry. Top 20 predicted upstream 

regulators compared to the vehicle control are shown. The z-score predicts the likely activation 

states of upstream regulators; a positive z-score suggests activation whilst a negative z-score 

suggest inhibition. Data are representative four independent experiments. 

 

4.3.3 Canagliflozin suppresses MYC signalling 

Given the agreement between transcriptional and proteomic analysis on changes in 

MYC-associated pathways upon canagliflozin treatment, we decided to explore this further 

by focusing on how MYC influences the observed changes in T cell function. Firstly, we 

confirmed that MYC expression is downregulated by canagliflozin via immunoblotting of 

activated T cells (Figure 4.19). MYC expression is suppressed as early as 4 h following 

treatment with canagliflozin (p = 0.0113), and remained reduced at 24 h (p = 0.0026; 

Figure 4.19). 
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Figure 4.19 – MYC expression is reduced in canagliflozin-treated T cells 

(A-B) Representative immunoblots of MYC in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T cells treated with canagliflozin (10 μM) for (A) 4 h or (B) 24 h. Data are representative of 

four independent experiments. Statistical analysis was performed using a one-sample T test. Data 

expressed as mean ± SEM; * p ≤ 0.05. 

 

Subsequently, we further interrogated the proteomics dataset and observed that 

several MYC-associated metabolic targets were significantly inhibited, including SLC2A1 

(GLUT1; p = 0.0082), hexokinase 2 (HK2; p = 0.0104), dihydrofolate reductase (DHFR; 

p = 0.0006), ATP citrate lyase (ACLY; p = 0.0027) and fatty acid synthase (FASN; p = 0.0014; 

Figure 4.20). 

 

 

Figure 4.20 – MYC-associated metabolic proteins are downregulated by canagliflozin 

(A-E) Expression of MYC targets (A) SLC2A1, (B) HK2, (C) DHFR, (D) ACLY and (E) FASN in anti-CD3 (2 

μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated with canagliflozin (10 μM), 

determined by label-free mass spectrometry. Data are representative of four independent 

experiments. Statistical analysis was performed using a non-parametric T test. Data expressed as 

mean ± SEM. 
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Previous data have demonstrated that the loss of MYC expression within activated T 

cells results in a failure to adequately increase cell mass (Marchingo et al., 2020), which is 

similar to what we observe with canagliflozin treatment, hence we sought to uncover whether 

this is caused by detective translation by analysing changes in the translation machinery 

within our proteomics dataset. A reduction in the ribosomal compartment was identified in 

the dataset (Figure 4.14E), owing to a reduction in most ribosomal proteins detected 

(Figure 4.21). 

 

 

Figure 4.21 – Canagliflozin reduces ribosomal protein expression 

(A) Expression of ribosomal proteins in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ 

T cells treated with canagliflozin (10 μM), determined by label-free mass spectrometry. Protein 

expression expressed as z-scores. Black indicates proteins not detected. Data are representative of 

four independent experiments. 
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Eukaryotic initiation factor 4F (eIF4F) complexes are required for the translation of 5’-

capped mRNA and typically consist of the following proteins: eIF4A1, eIF4E, eIF4G1 and 

PABPC1 (Figure 4.22A). In our proteomics dataset, there was a significant reduction in all 

EIF4F complex members upon canagliflozin treatment (eIF4A1: p = 0.0104; eIF4E: p = 0.0314; 

eIF4G1: p = 0.0043; PABPC1: p = 0.0008; Figure 4.22B). Furthermore, there was also a 

reduction in the eukaryotic initiation factor 2 (EIF2) complexes responsible for controlling the 

transfer of tRNA to ribosomes and tRNA synthases (EIF2S1: p = 0.0285; EIF2S2: p = 0.0072; 

EIF2S3: p = 0.0046; Figure 4.22C). Together, these data show that less of the protein mass in 

activated T cells is dedicated to mRNA translation. 
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Figure 4.22 – Protein translation machinery is downregulated by canagliflozin 

(A) Schematic overview of the machinery involved in mRNA translation. (B) Expression of eIF4F 

complex members eIF4A1, eIF4E, eIF4G1 and PABPC1 in anti-CD3 (2 μg/ml) and anti-CD28 (20 

μg/ml) activated CD4+ T cells treated with canagliflozin (10 μM), determined by label-free mass 

spectrometry. (C) Expression of EIF2S proteins as in (B). Data are representative of four independent 

experiments. Statistical analysis was performed using a non-parametric T test. Data expressed as 

mean ± SEM. 
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However, for a more complete understanding of translation dynamics within T cells, it 

is important to consider any changes to translational repressors following canagliflozin 

treatment. Although the eIF4F complex inhibitors, eIF4E-binding proteins 1 and 2 (4E-BP1 and 

4E-BP2), could not be detected within our proteomics dataset, the translational repressor 

programmed cell death 4 (PDCD4) was abundant. Here, there was no observable difference 

in PDCD4 levels between canagliflozin-treated T cells and the vehicle control group 

(p = 0.5645; Figure 4.23A). As each PDCD4 protein simultaneously inhibits up to two eIF4A1 

proteins, we measured the ratio between the two proteins to see if there were any 

differences when T cells were treated with canagliflozin (Figure 4.23B). Despite a reduction in 

eIF4A1:PDCD4 ratio by canagliflozin (p = 0.0243), PDCD4 was still outnumbered ~15-fold in 

the vehicle control group and ~10-fold in the canagliflozin-treated group, therefore PDCD4 

was fully saturated under both treatment conditions (Table 4.4; Figure 4.23C). Collectively, 

these data suggest that mRNA translation is reduced by canagliflozin, through 

downregulation of the translation machinery rather than translation repression mechanisms. 

 

 

Figure 4.23 – Canagliflozin does not upregulate the levels of translational repressors 

(A) Expression of translational repressor PDCD4 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells treated with canagliflozin (10 μM), determined by label-free mass 

spectrometry. (B) Schematic overview of PDCD4 inhibition of eIF4A1. (C) Ratio of eIF4A1:PDCD4 as 

in (A). Data are representative of four independent experiments. Statistical analysis was performed 

using a non-parametric T test. Data expressed as mean ± SEM. 
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Table 4.4 – Changes in eIF4A1:PDCD4 ratio following canagliflozin treatment 

 eIF4A1 copies PDCD4 copies eIF4A1:PDCD4 

Vehicle 
2979558 
± 211430 

200772 
± 20391 

~15:1 

Canagliflozin 
1064426 
± 148902 

102298 
± 1442 

~10:1 

 

Another fundamental requirement for increased cell mass is amino acid availability, 

thus T cells increase their expression of several amino acid transporters upon activation 

(Hosios et al., 2016; Marchingo et al., 2020). To this end, we further interrogated our 

proteomics dataset to establish whether any changes in solute carrier expression occur in 

canagliflozin-treated T cells. There was a striking reduction in several MYC-associated amino 

acid transporters, including SLC1A5 (p = 0.0023), SLC7A5 (p = 0.0249) and SLC38A1 

(p = 0.0281; Figure 4.24). Moreover, SLC7A1 and SLC38A2 were also reduced by canagliflozin, 

but these changes were not as pronounced (SLC7A1: p = 0.1336; SLC38A2: p = 0.2684; 

Figure 4.24). 

 

 

Figure 4.24 – Canagliflozin impairs the upregulation of amino acid transporters upon T cell 

activation 

(A-E) Expression of amino acid transporters (A) SLC1A5, (B) SLC7A1, (C) SLC7A5, (D) SLC38A1, (E) 

SLC38A2 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated with 

canagliflozin (10 μM), determined by label-free mass spectrometry. Data are representative of four 

independent experiments. Statistical analysis was performed using a non-parametric T test. Data 

expressed as mean ± SEM. 
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Together, these data suggest that canagliflozin-treated T cells fail to accurately 

remodel the proteome upon activation, primarily through defects in protein translation. It is 

likely that this is driven by a marked reduction in MYC, which has been previously highlighted 

to have a fundamental role in upregulation of the translation machinery and facilitating 

sufficient amino acid uptake. 

 

 

4.4 Discussion 

Having established that canagliflozin inhibits T cell effector function, an exhaustive 

analysis of global changes to T cell function was undertaken at both the gene transcript and 

protein level. Nanostring nCounter® analysis is a relatively new technique allowing multiplex 

analysis of up to 800 RNA targets. Here, we used the nCounter® Autoimmune Profiling Panel 

and Metabolic Pathways Panel to gain insight into the global functions that canagliflozin 

affects in T cells, alongside the underlying changes in metabolism that mediate these 

functional changes. Initially, most of the 784 target genes identified using the Autoimmune 

Profiling Panel were above the background limit of detection. Differential expression analysis 

revealed that canagliflozin significantly altered the expression of 42 autoimmunity-associated 

genes – 3 downregulated, 39 upregulated. Targets with a log2 fold-change ≤ -1 or ≥ 1 and 

Benjamini-Yekutieli adjusted p ≤ 0.05 were considered differentially expressed. Therefore, 

differentially expressed gene transcripts were either twice as abundant, or half as abundant, 

compared to the vehicle control group. Given the volume of gene transcripts analysed, it was 

important to account for the false discovery rate of such large-scale analyses, using the more 

stringent Benjamini-Yekutieli adjustment as recommended by Nanostring. In agreement with 

our previous work (see Chapter 3.3) – where IL-2 production was significantly reduced – 

canagliflozin reduced the number of IL2 transcripts compared to the vehicle control. 

Interestingly, both other downregulated genes, CSF2 and CCL20, have previously been 

associated with a Th17 signature (Ramesh et al., 2014). Since Th17 cells play a critical role in 

autoimmune disease pathogenesis (see Chapter 1.4), it is favourable that canagliflozin alters 

Th17-associated functions. Furthermore, canagliflozin also upregulated several interferon 

regulatory proteins (IRFs) – IRF2, IRF4 and IRF9 – which are involved in regulating T cell 

differentiation into various Th subsets. Therefore, further work should investigate the impact 

of canagliflozin on the distribution of Th subsets within CD4+ T cells. In regards to the other 
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autoimmunity-associated genes upregulated by canagliflozin, there were no standouts in 

terms of their biological relevance. However, upregulation of SELL was consistent with the 

retention of the encoded protein CD62L on the surface of canagliflozin-treated T cells 

demonstrated previously (see Chapter 3.3.2). In order to analyse the observed changes in 

gene transcript levels in a wider biological context, their contribution towards defined cellular 

pathways was calculated as a score – the directionality of the pathway score predicting 

whether that particular pathway was up- or downregulated. All autoimmunity-associated 

pathways were predicted to be upregulated by canagliflozin, even immunometabolism, which 

is surprising given the off-target effect that canagliflozin has on mitochondrial complex I and 

GDH. Crucially, dapagliflozin had no effect on global T cell function, whereby no genes were 

differentially expressed compared to the vehicle control group. Thus, canagliflozin alters 

global T cell function independent of SGLT2 inhibition. 

Metabolic changes were investigated further using the Nanostring nCounter® 

Metabolic Pathways Panel. Dapagliflozin was dropped from these analyses given that it did 

not induce any changes in gene transcript levels previously. Here, a total of 748 genes were 

identified, with most above the background limit of detection. Differential expression analysis 

revealed that canagliflozin significantly altered the expression of 38 metabolism-associated 

genes in T cells – 14 upregulated and 24 downregulated. Genes were considered differentially 

expressed using the same criteria as previously. Interestingly, ~70% of the genes 

downregulated by canagliflozin were associated with cell cycle. This is again in agreement 

with our previous work, whereby T cell proliferation was impaired in the presence of 

canagliflozin (see Chapter 3.3.2). Furthermore, this collection of cell cycle genes included 

CCNA2 encoding cyclin A2, where previous work in human-umbilical-vein endothelial cells 

demonstrated that the observed anti-proliferative effect of canagliflozin was mediated by 

strong inhibition of cyclin A (Behnammanesh et al., 2019). Although the mechanism by which 

canagliflozin suppresses cyclin A is not clear, previous studies have demonstrated that 

glutamine metabolism and anaplerosis within the TCA cycle is critical for cyclin A expression 

and subsequent endothelial cell proliferation (Huang et al., 2017; Kim et al., 2017), which 

intertwines with the known canagliflozin-mediated inhibition of GDH. The above changes in 

gene expression were also used to calculate pathway scores for several metabolism-

associated pathways. Most of the pathways analysed were differentially regulated by 

canagliflozin, where 5 were downregulated and the rest upregulated. As expected, cell cycle 
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was the most significantly downregulated pathway, alongside related pathways DNA damage 

repair and nucleotide synthesis. Interestingly, MYC and glycolysis were also downregulated 

and warranted further investigation. Amongst the upregulated pathways were mitochondrial 

respiration, mTOR, amino acid transporters and glutamine metabolism, which was surprising 

given some of the known pathways that canagliflozin inhibits. These findings proposed the 

idea that perhaps the observed changes in gene transcripts might instead demonstrate a 

compensatory mechanism for the canagliflozin-induced loss of these functions. Moreover, it 

was also important to consider whether the observed changes in gene transcripts translated 

into similar changes at the protein level. 

To address this issue, we employed label-free LC-MS to unveil changes to the activated 

T cell proteome following canagliflozin treatment. The “proteomic ruler” method was 

performed as previously described (Wisniewski et al., 2014), to estimate protein copy number 

based on the histone MS signal. T cells treated with canagliflozin contained markedly less 

protein, and as a result differential expression analysis revealed that 4421 proteins were 

downregulated in terms of their protein copy number, with only single protein (CDKN1B) 

upregulated. For our proteomics analysis, targets were considered differentially expressed 

with log2 fold-change ≤ -0.585 or ≥ 0.585 and Benjamini-Hochberg adjusted p ≤ 0.05. These 

cut-offs were recommended by the FingerPrints Proteomics Facility at the University of 

Dundee, who routinely perform analysis of large proteomic datasets. Given the profound 

reduction in protein content upon canagliflozin treatment, it was unsurprising to see a 

reduction in copy number for the vast majority of proteins, thus this differential expression 

data was of little value. Instead, to account for the change total protein content, differential 

expression analysis was performed based on the concentration of our target proteins. This 

allowed us to elucidate which proteins comprise a greater proportion of the proteome 

compared to the vehicle control (i.e., are upregulated); and which proteins comprise a smaller 

proportion of the proteome compared to the vehicle control (i.e., are downregulated). Here, 

differential expression analysis revealed that canagliflozin reduced the concentration of 481 

proteins, whilst increasing the concentration of 203 proteins. This demonstrates that the copy 

number of most proteins originally described is decreased proportional to the decrease in 

total T cell protein. The changes in protein expression detected culminated in fewer proteins 

dedicated to core subcellular compartments such as glycolysis, mitochondria, nuclear 

envelope and ribosomes. Given our interest in MYC from our Nanostring data 
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(see Chapter 4.3.1), this demonstrates an interesting example of scaling versus depletion. 

Canagliflozin reduced MYC copy number ~2.7-fold compared to the vehicle control, which 

goes beyond the scaling of the overall reduction in T cell protein content, resulting in ~1.5-

fold reduction in the concentration of MYC. The observed difference between expression 

measured at the transcript level versus the protein level is a salient point. For example, 

despite an observed decrease in the Myc pathway in our dataset, there was no change in MYC 

at the transcript level in our Nanostring data. Decreased MYC signalling was also predicted by 

our proteomics dataset – consistent with data at the transcript level – however, our 

proteomics dataset also revealed a striking reduction in MYC expression at the protein level. 

Moreover, reduced MYC expression was also observed by immunoblotting. Therefore, this 

emphasises the need to confirm whether changes observed at the gene transcript level 

translate into similar changes at the protein level. 

To gain better understanding of how changes to the T cell proteome relate to 

biological changes in metabolism and function, IPA analysis was used to realise the 

contribution of individual proteins towards various canonical pathways. Here, cell cycle 

control of chromosomal replication emerged as the most downregulated pathway in response 

to canagliflozin treatment, which supports both our gene expression data and earlier 

observed effect on T cell proliferation. This was further supported by the appearance of other 

cell-cycle associated pathways, including cyclins and cell cycle regulation and cell cycle: G1/S 

checkpoint regulation, amongst the top 10 most downregulated pathways. Several 

metabolism-associated pathways were also markedly downregulated, including purine 

nucleotides de novo biosynthesis, methionine degradation to homocysteine, cysteine 

biosynthesis and folate polyglutamylation. In contrast, mitochondrial dysfunction and 

oxidative phosphorylation were the two pathways predominantly upregulated by 

canagliflozin. The upregulation of mitochondrial dysfunction was unsurprising given the 

profound effect canagliflozin has on mitochondrial complex I and GDH. The increase in 

oxidative phosphorylation was supported by our earlier Nanostring analysis, whereby 

mitochondrial respiration was increased, however, this finding is more surprising given that 

complex I inhibition would have an adverse effect on this pathway. Thus, further work should 

be undertaken to determine the impact of canagliflozin on T cell metabolism, to better 

understand the actual change in functional output. Finally, concomitant with mitochondrial 

dysfunction, canagliflozin also upregulated sirtuin signalling pathway and glutathione redox 
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reactions – the latter particularly interesting given the relationship between mitochondrial 

complex I inhibition and ROS production (Li et al., 2003). Further IPA analysis allowed us to 

predict which transcription factors, microRNAs, kinases and small molecule inhibitors might 

induce the observed changes at the protein level in T cells treated with canagliflozin. The 

activation z-score calculated predicts the activation state of each predicted upstream 

regulator (i.e., activated or inhibited), and in agreement with our Nanostring data which 

predicted downregulation of the MYC pathway, downregulation of 84 distinct MYC target 

proteins predicted that upstream MYC activity is inhibited. Additionally, canagliflozin also 

downregulated several mTOR target proteins, which predicted that its activity is also 

inhibited. Together, MYC and mTOR regulate many metabolic pathways, therefore, this 

provides further evidence that changes in T cell metabolism following canagliflozin treatment 

warrant further investigation. 

To conclude the work in this chapter, we decided to concentrate on changes in MYC, 

given the agreement between both our transcriptional and proteomics data on changes in 

MYC-associated pathways. We first confirmed by immunoblotting that MYC was in fact 

downregulated in T cells by canagliflozin. Further interrogation of our proteomics dataset 

revealed that several metabolism-associated MYC targets were downregulated, including 

SLC2A1 (GLUT1), hexokinase 2 (HK2), dihydrofolate reductase (DHFR), ATP citrate lyase (ACLY) 

and fatty acid synthase (FASN). Previous proteomic analysis has demonstrated that MYC is 

required for the increase in T cell mass upon activation (Marchingo et al., 2020). This is similar 

to our observed reduction in T cell mass following canagliflozin treatment, suggesting that 

MYC might be a key mediator of this change. Indeed, MYC is critical for elevated protein 

translation upon T cell activation (Marchingo et al., 2020), therefore, we investigated whether 

canagliflozin impaired expression of the translation machinery. The expression of most 

ribosomes, eIF4F complex proteins and EIF2S proteins were all downregulated by 

canagliflozin, which would severely limit the translation of proteins and explains the observed 

reduction in T cell protein mass. Given the importance of amino acid availability for protein 

translation, T cells upregulate several amino acid transporters upon activation via a MYC-

driven process (Hosios et al., 2016; Marchingo et al., 2020). Several amino acids transporters 

were downregulated on canagliflozin-treated T cells, providing further evidence that the 

protein translation machinery is defective, leading to a profound reduction in cellular protein 

levels. Amino acid uptake via SLC7A5 has previously been demonstrated to be critical for the 
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sustained expression of both MYC and mTOR (Sinclair et al., 2013). Additionally, in NK cells it 

has been demonstrated that the expression of the amino acid transporter SLC7A5, as well as 

glutamine uptake through this transporter, is critical for the expression of MYC (Loftus et al., 

2018). Since SLC7A5 expression was reduced by canagliflozin, this could cause a feedback 

loop, contributing to reduced MYC levels within these T cells. Evaluation of glutamine uptake 

by canagliflozin-treated cells would further provide valuable insight into this hypothesis. 

 

 

4.5 Conclusions 

After demonstrating that canagliflozin inhibits T cell function and activation, 

information-rich techniques were utilised to assess the global changes that occur in these 

cells. Nanostring nCounter® analysis showed that canagliflozin, but not dapagliflozin, induced 

global changes in autoimmunity-associated genes. Differentially expressed genes included 

IL2, which was downregulated in agreement with our previous findings, whilst upregulation 

of SELL was consistent with the retention of CD62L previously observed. Together, 

canagliflozin-induced changes in gene transcript levels resulted in predicted upregulation of 

several autoimmunity-associated pathways in T cells. 

Changes in gene transcription were also assessed in the setting of metabolism. Several 

genes were differentially expressed in canagliflozin-treated T cells compared to the vehicle 

control group, with marked downregulation of many associated with the cell cycle. Indeed, 

cell cycle was the most downregulated pathway upon canagliflozin treatment, alongside 

additional downregulation of MYC and glycolysis. However, most other metabolism-

associated pathways were upregulated by canagliflozin, similar to our previous observations 

within the Nanostring dataset. 

It was important to confirm the above findings at the protein level. To this end, 

proteomic analysis by label-free LC-MS was used to analyse canagliflozin-induced changes in 

the T cell proteome. Canagliflozin strikingly reduced total cellular protein content, resulting 

in downregulation of most proteins based on their copy number. However, we took this 

reduction in protein content per cell into consideration by assessing changes in individual 

proteins based on their concentration. Differential expression analysis revealed that 481 

proteins were downregulated in response to canagliflozin treatment, whilst 203 genes were 

upregulated. To put these changes into a wider biological context, IPA analysis was employed 
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to determine which canonical pathways were altered upon canagliflozin. Several pathways 

associated with cell cycle and metabolism comprised the top 10 downregulated pathways, 

whereas mitochondrial dysfunction and oxidative phosphorylation were the two 

predominantly upregulated pathways. Furthermore, the observed protein expression 

patterns observed following canagliflozin treatment predicted that both upstream MYC and 

mTOR activity was inhibited. 

Further interrogation of the proteomics dataset, with a focus on MYC in particular, 

demonstrated several metabolism-associated MYC targets were downregulated by 

canagliflozin. Moreover, canagliflozin also downregulated several components of the protein 

translation machinery, as well as numerous amino acid transporters – with downregulation 

of both MYC-associated processes likely contributing to reduced cellular protein content. 

Further work was undertaken to determine the extent of mitochondrial dysfunction in 

canagliflozin-treated T cells, and whether this affects energy-producing metabolic pathways. 
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5 Canagliflozin suppresses T cell receptor signalling to impair metabolic 

reprogramming 

 

5.1 Introduction 

Metabolic reprogramming is essential upon T cell activation. Fatty acid oxidation and 

pyruvate oxidation via the TCA cycle is replaced by increased flux through aerobic glycolysis, 

glutaminolysis and the pentose phosphate pathway (Wang et al., 2011). This metabolic switch 

is regulated by the transcription factor MYC, which drives the metabolic gene changes that 

are necessary for activation-induced T cell growth and proliferation (Wang et al., 2011). 

Specifically, MYC is rapidly induced following T cell activation and is responsible for the 

observed increases in glycolysis and glutaminolysis by upregulating the expression of several 

enzymes involved in each respective pathway (Wang et al., 2011). MYC protein has a very 

short half-life, hence the increased uptake of amino acids is required to maintain its 

expression in activated T cells (Sinclair et al., 2013). Deletion of the amino acid transporter 

SLC7A5 resulted in an inability to sustain MYC expression, preventing the expression of the 

metabolic enzymes and transporters required to support elevated glutamine and glucose 

metabolism (Sinclair et al., 2013). Recently, proteomic analysis has revealed how MYC-

dependent changes remodel the T cell proteome following activation (Marchingo et al., 2020). 

As previously described, T cell mass is markedly reduced when activated in the absence of 

MYC signalling, which is primarily driven by the selective downregulation of several of the 

most highly abundant proteins (Marchingo et al., 2020). There remains a subset of around 

400 proteins that are strongly induced upon T cell activation independent of MYC expression, 

including the classical activation markers CD44 and CD69 (Marchingo et al., 2020). 

Surprisingly, upon activation MYC-deficient T cells increased the expression of glucose 

transporters (GLUT1 and GLUT3) and several glycolytic enzymes, although to a slightly lesser 

extent than control T cells (Marchingo et al., 2020). However, MYC expression has a marked 

impact on lactate transporter expression (SLC16A1) (Marchingo et al., 2020), which would 

impair the export of intracellular lactate and thereby limit glycolytic flux through this feedback 

mechanism when MYC is absent. Concurrent with previous findings, elevated glutamine 

metabolism is supported by MYC-dependent upregulation of several, but not all, enzymes 

involved in glutaminolysis and pyrimidine and purine biosynthesis pathways (Marchingo et 
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al., 2020). Moreover, MYC induces the expression of several amino acid transporters to meet 

the demands of heightened translation for proteome remodelling following activation, whilst 

additionally maintaining its own continued expression to sustain further changes in protein 

expression (Marchingo et al., 2020). These findings highlight the importance of MYC-

dependent metabolic reprogramming in supporting successful T cell activation. 

Earlier studies demonstrated the importance of other signalling proteins in the 

metabolic reprogramming that occurs during T cell activation. Initially, AKT-dependent 

upregulation of glucose uptake and glycolysis was established in activated T cells (Frauwirth 

et al., 2002). Co-stimulation via CD28 was essential for activation-induced metabolic changes, 

as engagement of the same receptor by the inhibitory protein CTLA-4 impaired AKT 

expression and limited glucose metabolism following activation (Frauwirth et al., 2002). 

Subsequent studies directly linked T cell receptor (TCR) signalling to downstream changes in 

metabolic programming. Enhanced glutamine metabolism upon activation is regulated by the 

activity of ERK – a member of the MAPK signal transduction family downstream of TCR ligation 

(Carr et al., 2010). ERK signalling is required for optimal glutamine uptake, in addition to 

promoting the activity of enzymes involved in anaplerotic glutamine metabolism including 

glutaminase, glutamate dehydrogenase (GDH), glutamic-oxaloacetic transaminase (GOT) and 

glutamic-pyruvic transaminase (GPT) (Carr et al., 2010). In addition to AKT and ERK signalling, 

a similar role has been described for mTOR in the metabolic reprogramming of activated T 

cells. Here, mTOR activity was required to support elevated glucose uptake and glycolysis 

upon activation, mediating these changes through the upregulation of HIF1α expression 

(Finlay et al., 2012). Critically, the mTOR/HIF1α pathway functioned independent of PI3K and 

AKT to upregulate glycolytic enzyme expression and ultimately linked metabolic changes to 

effector function (Finlay et al., 2012). Interestingly, inhibition of either AKT, ERK or mTOR is 

sufficient to significantly limit the induction of MYC and HIF1α during T cell activation, 

subsequently perturbing downstream glycolytic activity (Wang et al., 2011). These findings 

might suggest that AKT-, ERK- and mTOR-mediated signalling controls metabolic 

reprogramming in activated T cells, at least to some extent, through their regulation of MYC 

and HIF1α expression. Furthermore, proteomic analysis has revealed that MYC is the 

predominant regulator of the metabolic proteome following T cell activation (Damasio et al., 

2021). Although there were overlaps identified in the proteins regulated by ERK, mTOR and 

MYC signalling, there were also a large number of unique targets for each pathway, wherein 
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to this end MYC controlled the expression of over half the activated T cell proteome, versus 

30% and 10% of the proteome for mTOR and ERK, respectively (Damasio et al., 2021). 

Collectively, these data demonstrate that MYC plays a critical role in T cell activation, 

facilitating the metabolic reprogramming and proteomic remodelling necessary for successful 

effector function. Furthermore, MYC appears to be a central node in numerous other 

metabolic programmes, integrating signals from AKT, ERK and mTOR downstream of the TCR 

signalling cascade. 

 

5.1.1 Rationale 

 Human CD4+ Tnv and pan CD4+ T cells were chosen as the study material. The aims of 

this section of work were: (i) to investigate whether canagliflozin exhibits the same off-target 

effects on mitochondrial complex I and GDH in human T cells; (ii) investigate whether 

canagliflozin, through its dual inhibition of mitochondrial complex I and GDH, is a more potent 

inhibitor of T cell function than known inhibitors of complex I such as rotenone and 

metformin; and (iii) determine whether impaired effector function is underpinned by 

canagliflozin-mediated changes in T cell metabolism, particularly through its off-target 

effects. 

 

5.1.2 Hypothesis 

(i) Canagliflozin impairs T cell function via its off-target effects on both mitochondrial 

complex I and GDH. 

(ii) Canagliflozin is superior inhibitor of T cell function compared to other complex I 

inhibitors due to the additional off-target effects. 

(iii) Mitochondrial dysfunction within canagliflozin-treated T cells rewires metabolic 

programmes. 
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5.2 Experimental procedures 

5.2.1 Human blood collection 

 Ethical approval was obtained from Wales Research Ethics Committee 6 for the 

collection of peripheral blood from healthy volunteers (13/WA/0190). Blood from healthy 

donors was processed as previously described (see Chapter 2.1). 

 

5.2.2 T cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated as previously described 

(see Chapter 2.3). The PBMC pellet was resuspended in the appropriate downstream media 

for analysis and the number of PBMCs was determined by using the Countess® automated 

cell counter (see Chapter 2.5). Pan CD4+ T cells and CD4+ Tnv cells were isolated using 

automated magnetic separation as previously described (see Chapter 2.4). 

 

5.2.3 Cell culture 

Isolated T cells were activated and cultured in human plasma-like medium (HPLM) as 

previously described (see Chapter 2.6), unless otherwise stated. Cell-free supernatants were 

stored for further analysis, whilst cells were collected for downstream analysis. 

For partial rescue in anti-CD3 and anti-CD28 activated CD4+ T cells treated with 

canagliflozin, cells were cultured as previously described (see Chapter 2.6) with either L-

glutathione (GSH, 5 mM) or N-acetyl-L-cysteine (NAC, 10 mM) to buffer intracellular ROS; or 

dimethyl 2-oxoglutarate (DMαKG, 0.3 mM; all Merck, Germany) to bypass GDH inhibition. 

To assess the specificity of the inhibitory effects of canagliflozin, anti-CD3 and anti-

CD28 activated CD4+ T cells were cultured as previously described (see Chapter 2.6) with 

other complex I inhibitors: rotenone (1 μM; Merck, Germany) or metformin (10 mM; 

MedChemExpress, USA). For combined inhibition of complex I and GDH, anti-CD3 and anti-

CD28 activated CD4+ T cells were cultured as previously described (see Chapter 2.6) in the 

presence and absence of the complex I inhibitor piericidin A (500 nM; Enzo Life Sciences, USA) 

and GDH inhibitor R162 (10 μM; Merck, Germany). 

To determine whether ERK and mTOR inhibition phenocopies anti-CD3 and anti-CD28 

activated T cells treated with canagliflozin, cells were cultured as previously described (see 

Chapter 2.6) in the presence and absence of PD-98,059 (25 μM; Merck, Germany) and 

rapamycin (100 nM; Merck, Germany), respectively. 
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5.2.4 Flow cytometry 

T cell activation and blastogenesis was assessed as previously described (see 

Chapter 2.7). Intracellular analysis of phospho-ERK (ERK-1/2Thr202/Tyr204; PE, 6B8B69, Mouse 

IgG2a κ; BioLegend, USA) was performed as previously described (see Chapter 2.7.4). Purity 

of isolated T cells was monitored as previously described (see Chapter 2.7.1) and was 

typically > 90%. 

MitoTracker™ Green FM (100 nM; ThermoFisher, USA) was used to assess 

mitochondrial content. MitoSOX™ Red (5 μM; ThermoFisher, USA) was used to assess 

mitochondrial ROS. Tetramethylrhodamine ethyl ester (TMRE; 50 nM; Abcam, USA) was used 

to assess mitochondrial membrane potential. For all mitochondrial staining, cells were 

incubated with the respective dye for 20 min at 37°C. Cells were washed in FACS buffer and 

centrifugation at 515 x g post-staining and resuspended in FACS buffer to analyse. 

Protein translation was assessed using anti-Puromycin (AlexaFluor® 488, rat IgG, 

12D10; Merck, Germany). Puromycin (10 μM; Merck, Germany) was added 15 min prior to 

the end of either 4 h and 24 h T cell activation. Cells were washed in ice-cold PBS before 

intracellular staining was performed using Inside Stain Kit (Miltenyi, Germany), whereby cells 

were fixed for 20 min at RT in Inside Fix before 15 min permeabilisation using Inside Perm 

(both Miltenyi, Germany). Cells were stained at 4°C for 1 h in Inside Perm permeabilisation 

buffer before a final wash. Cells were resuspended in FACS buffer to analyse. 

 

5.2.5 Enzyme-linked immunosorbent assay 

ELISAs were performed as per the manufacturer's guidelines to measure the 

concentration of the following cytokines in cell-free supernatants: IL-2 (DY202) and IFNγ 

(DY285B; all R&D systems, USA). 

 

5.2.6 Metabolic analysis 

Following 24 h activation in RPMI 1640 (1X) + Glutamax™, cells were resuspended and 

collected before centrifugation at 500 x g for 5 min. Cell-free supernatants were collected for 

ELISA analysis. Cells were resuspended in phenol red-free RPMI medium supplemented with 

glucose (10 mM), pyruvate (1 mM) and glutamine (2 mM; all Agilent, USA) before seeding at 

2.0x105 cells per Cell-Tak coated well. OCR and ECAR were measured following a series of 

previously optimized injections. Injections for both the mitochondrial stress assay and 
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glycolysis assay include oligomycin (1 μM), FCCP (1 μM), antimycin A and rotenone (both 1 

μM) and monensin (20 μM). Metabolic parameters were calculated as previously described 

(see Chapter 2.9). 

 

5.2.7 Immunoblotting 

 Immunoblotting was performed as previously described (see Chapter 2.10). 

Membranes were probed with antibodies specific to: phospho-S6 ribosomal protein (2211), 

S6 ribosomal protein (2217), phospho-AMPKa (2535), AMPKa (2532), phospho-acetyl-CoA 

carboxylase (3661) and 4EBP1 (9644). Mitochondrial complexes were assessed using the Total 

OXPHOS Human WB antibody cocktail (Abcam, USA). All antibodies were purchased from Cell 

Signaling, USA and used at a 1:1000 dilution, unless otherwise stated. 

 

5.2.8 Extracellular glucose assay 

Extracellular glucose levels in cell-free supernatants were assessed using Glucose 

Assay Kit I (Eton Biosciences, USA) as per the manufacturer's instructions. The glucose 

standard curve and samples were diluted to a working concentration using dH2O. Glucose 

Assay Solution was added to each well and incubated for 15 min at 37°C in a CO2-free 

incubator. The reaction was stopped by adding acetic acid (0.5 M; Merck, Germany). Plates 

were then read at 490 nm using a plate reader spectrophotometer. 

 

5.2.9 Extracellular lactate assay 

Extracellular lactate levels in cell-free supernatants were assessed using L-Lactate 

Assay Kit I (Eton Biosciences, USA) as per the manufacturer's instructions. The lactate 

standard curve and samples were diluted to a working concentration using dH2O. L-Lactate 

Assay Solution was added to each well and incubated for 15 min at 37°C in a CO2-free 

incubator. The reaction was stopped by adding acetic acid (0.5 M; Merck, Germany). Plates 

were then read at 490 nm using a plate reader spectrophotometer. 

 

5.2.10 Stable isotope tracer analysis 

CD4+ Tnv cells were cultured with either 11 mM universally-labelled 13C6-glucose 

(Cambridge Isotopes, USA) in glucose-free RPMI 1640 (1X) medium (Gibco, USA) or 2 mM 

universally-labelled 13C5-glutamine (Cambridge Isotopes, USA) in glutamine-free RPMI 1640 
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(1X) medium (Gibco, USA) and activated as previously described (see Chapter 2.6). Following 

8 h activation, samples were prepared for stable isotope tracer analysis (SITA) by liquid 

chromatography-mass spectrometry (LC-MS). Cells were washed twice in 1 ml ice-cold saline 

and then lysed in 800 μl ice-cold 80% methanol. Cell extracts were then dried down at 4°C 

using a speed-vacuum concentrator. 

Metabolite extraction and analysis was performed in the Vousden Lab by Dr Julianna 

Blagih at The Francis Crick Institute, London. Metabolite analysis was performed by LC-MS 

using a Q-EXACTIVE Plus (Orbitrap) mass spectrometer coupled with a Vanquish UHPLC 

system (both ThermoFisher, USA). The chromatographic separation was performed on a 

SeQuant® Zic®pHILIC (Merck Millipore) column (5 μm particle size, polymeric, 150 x 4.6 mm). 

The injection volume was 5 μL, the oven temperature was maintained at 25°C, and the 

autosampler tray temperature was maintained at 4°C. Chromatographic separation was 

achieved using a gradient program at a constant flow rate of 300 μl/min over a total run time 

of 25 min. The elution gradient was programmed as decreasing percentage of B from 80 % to 

5 % for 17 minutes, holding at 5 % of B for 3 minutes and finally re-equilibrating the column 

at 80 % of B for 4 minutes. Solvent A was 20 mM ammonium carbonate solution in water 

supplemented by 4 ml/L of a solution of ammonium hydroxide at 35% in water, and solvent 

B was acetonitrile. MS was performed with positive/negative polarity switching using a Q-

EXACTIVE Plus Orbitrap with a HESI II probe. MS parameters were as follows: spray voltage 

3.5 and 3.2 kV for positive and negative modes, respectively; probe temperature 320°C; 

sheath and auxiliary gases were 30 and 5 arbitrary units, respectively; and full scan range: 70–

1050 m/z with settings of AGC target and resolution as balanced and high (3 × 106 and 70000), 

respectively. 

Data were recorded using Xcalibur 4.2.47 software (ThermoFisher, USA). Mass 

calibration was performed for both ESI polarities before analysis using the standard Calmix 

solution (ThermoFisher, USA). To enhance calibration stability, lock-mass correction was also 

applied to each analytical run using ubiquitous low-mass contaminants. Parallel reaction 

monitoring acquisition parameters were the following: resolution 17500; collision energies 

were set individually in HCD (high-energy collisional dissociation) mode. Metabolites were 

identified and quantified by accurate mass and retention time and by comparison to the 

retention times, mass spectra and responses of known amounts of authentic standards, using 

TraceFinder 4.1 EFS software (ThermoFisher, USA). 
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5.2.11 Statistical analysis 

Unless otherwise stated, statistical analysis was carried out using GraphPad Prism 

version 8. Data are expressed as the mean ± standard error of the mean (SEM). The normality 

of the data was initially tested using the Shapiro-Wilk test to determine the appropriate 

method of analysis. For data comparing two sample groups, normally distributed data were 

analysed using a parametric T test, whereas a non-parametric T test was used to analyse data 

not normally distributed. One-way analysis of variance (ANOVA) followed by the post-hoc 

Dunnett’s test was used to analyse three or more group means of a single variable compared 

to the vehicle control. A one-sample T test was used to analyse data normalised to the vehicle 

control group. Significant values were taken as p ≤ 0.05 and denoted as follows: * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 

 

 

5.3 Results 

5.3.1 T cell mitochondrial dysfunction is characteristic of canagliflozin treatment 

To improve our understanding of the relationship between canagliflozin and 

mitochondrial biology, we performed an exhaustive analysis of the changes to mitochondrial 

proteins within our proteomics dataset. Here, canagliflozin upregulated several electron 

transport chain complex-associated proteins, where only complex II associated proteins 

remained largely unaffected (Figure 5.1). Interestingly, complex I was associated with the 

greatest number of changes, with a total of 18 associated proteins upregulated, potentially 

suggesting that upregulation of these proteins is a compensatory mechanism to overcome its 

inhibition by canagliflozin (Figure 5.1). 
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Figure 5.1 – Mitochondrial complexes are upregulated within T cells in response to canagliflozin 

(A) Heatmap of mitochondrial complex protein expression in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). Proteins 

identified based on Gene Ontology Cellular Component terms; values expressed as protein-specific 

z-scores. Data are representative of four independent experiments. 

 

In support of these data, immunoblotting analysis of activated CD4+ T cells showed 

that the expression of all five mitochondrial electron transport chain complexes was increased 

following treatment with canagliflozin (Figure 5.2). 
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Figure 5.2 – Increased expression of mitochondrial complexes in CD4+ T cells upon canagliflozin 

treatment 

(A) Representative immunoblots of mitochondrial complexes in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). (B) 

Densitometry analysis of immunoblots in (A). Data are representative of four independent 

experiments. Statistical analysis was performed using a one-sample T test. Data expressed as mean 

± SEM; * p ≤ 0.05. 

 

Using the mitochondrial probe MitoTracker™ Green and membrane potential 

indicator TMRE, we next aimed to establish whether the observed increase in electron 

transport chain proteins translated into a tangible increase in mitochondrial mass and 

function. Indeed, CD4+ T cells displayed increased mitochondrial mass when treated with 

canagliflozin (p = 0.0213; Figure 5.3A). Although mitochondrial membrane potential was 

modestly elevated in canagliflozin-treated cells, this did not reach significance (p = 0.2476; 

Figure 5.3B). The mitochondrial uncoupler FCCP – known to depolarise membrane potential 

– was used as a control for the assay, where it caused a marked reduction in mitochondrial 

membrane potential as expected (p = 0.0001; Figure 5.3B). 
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Figure 5.3 – Canagliflozin increases mitochondrial biogenesis in activated T cells 

(A) Relative mitochondrial biogenesis in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T cells in the presence and absence of canagliflozin (10 μM) or FCCP (1 μM), determined by 

flow cytometry using MitoTracker™ Green. (B) Relative mitochondrial membrane potential, 

determined by flow cytometry using TMRE. Representative overlaid histogram plots, numbers 

indicate median fluorescence intensity. Data are representative of four independent experiments. 

Statistical analysis was performed using a one-sample T test. Data expressed as mean ± SEM; 

* p ≤ 0.05, *** p ≤ 0.001. 

 

Given that increased mitochondrial biogenesis and complex I inhibition have 

previously been associated with increased mitochondrial ROS (mitoROS) production (Dugan 

et al., 2013; Li et al., 2003), we next analysed early mitoROS production by CD4+ T cells treated 

with canagliflozin. Here, there was an increase in mitoROS production as early as 15 min post-

activation in canagliflozin-treated T cells, where mitoROS levels remained elevated at all 

further time points measured compared to the vehicle control (Table 5.1; Figure 5.4). 

 

Table 5.1 – Mitochondrial ROS levels are elevated during early T cell activation by canagliflozin 

Time (min) 15 30 60 120 240 
p-value 0.0643 0.0064 0.0009 0.0022 0.0003 
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Figure 5.4 – Canagliflozin promotes mitochondrial reactive oxygen species production 

(A) Mitochondrial ROS in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of canagliflozin (10 μM), determined by flow cytometry using MitoSOX™ Red 

superoxide indicator. Representative overlaid histogram plots, numbers indicate median 

fluorescence intensity. Data are representative of four independent experiments. Statistical 

analysis was performed using a two-way ANOVA followed by Šidák’s multiple comparisons test. 

Data expressed as mean ± SEM; ** p ≤ 0.01, *** p ≤ 0.001. 

 

Aberrant mitoROS production was further supported by the increased expression of 

several proteins involved in the response to ROS (Figure 5.5). Interestingly, it was the 

mitochondrial isoforms of these antioxidant proteins that were upregulated, further 

suggesting that augmented ROS production in response to canagliflozin treatment was 

localised to the mitochondria (Figure 5.5). 

 



178 
 

 

Figure 5.5 – Proteins associated with the response to reactive oxygen species are upregulated 

within T cells in response to canagliflozin 

(A) Heatmap of reactive oxygen response protein expression in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). Proteins 

identified based on Gene Ontology Cellular Component terms; values expressed as protein-specific 

z-scores. Data are representative of four independent experiments. 

 

To determine the significance of elevated mitoROS levels towards loss of T cell 

function, we cultured CD4+ T cells in the presence and absence of canagliflozin as previously 

described, supplementing these cultures with endogenous antioxidants glutathione (GSH) 

and N-acetyl-cysteine (NAC). Both GSH and NAC were able to partially rescue the activation 

and size of canagliflozin-treated T cells (Figure 5.6A-B). Furthermore, increased expression of 

downstream mTORC1 target CD98 upon supplementation with antioxidants suggests that 

GSH and NAC might also partially rescue mTOR activity (Figure 5.6C). However, T cell effector 

function remained impaired as neither GSH nor NAC could rescue the production of IFNγ by 

T cells treated with canagliflozin (Figure 5.6D). 
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Figure 5.6 – Glutathione and N-acetyl-cysteine partially rescue T cell function after canagliflozin 

treatment 

(A) Relative expression of activation marker CD69 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells treated with or without canagliflozin (10 μM), with or without glutathione (5 

mM) or N-acetyl-cysteine (10 mM), determined by flow cytometry. (B) Blastogenesis, determined 

by flow cytometry using forward-scatter area. (C) Relative expression of downstream mTOR target 

CD98, determined by flow cytometry. Representative overlaid histogram plots, numbers indicate 

median fluorescence intensity or forward-scatter area. (D) Relative secretion of IFNγ, determined 

by ELISA of cell-free supernatants. Data are representative of four (A-C) or two (D) independent 

experiments. Data expressed as mean ± SEM. 
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Whilst ROS are critical in early T cell activation and signal transduction, excessive ROS 

levels have been shown to disrupt the mTOR-Myc axis, compromising T cell function (Mak et 

al., 2017). Given that we previously confirmed perturbed MYC activity in T cells treated with 

canagliflozin using various protein-based approaches (see Chapter 4), we investigated the 

effect that this might have on mTOR activation. Here, several signalling targets downstream 

of mTOR were repressed by canagliflozin (Figure 5.7). Phosphorylated S6 – phosphorylated 

by p70S6K downstream of mTORC1 – was downregulated by canagliflozin at both 4 h and 24 

h post-activation (Figure 5.7). Additionally, phosphorylated 4E-BP1, a direct target of mTOR, 

was also reduced in T cells upon canagliflozin treatment (Figure 5.7). However, total- and 

phosphorylated-AMPK were unchanged by canagliflozin, as well as its target pACC, suggesting 

that mTOR is not differentially regulated by AMPK (Figure 5.7). Collectively, these data show 

that T cell mitochondrial function is severely hampered by canagliflozin, associated with 

impaired activity of critical metabolic proteins including MYC and mTOR. 
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Figure 5.7 – Canagliflozin downregulates the expression of downstream mTOR targets 

(A) Representative immunoblots of phosphorylated-ACC, phosphorylated- and total-AMPK, 

phosphorylated-S6 and 4E-BP1 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T 

cells in the presence and absence of canagliflozin (10 μM). (B-C) Densitometry analysis of 

immunoblots in (A) at (B) 4 h and (C) 24 h post-activation. Data are representative of three 

independent experiments. Statistical analysis was performed using a one-sample T test. Data 

expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 
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5.3.2 Canagliflozin drives T cell metabolism towards quiescence through its off-target 

effects 

Given the mitochondrial dysfunction displayed in canagliflozin-treated T cells, we next 

investigated whether canagliflozin – through its off-target effects – alters T cell metabolism 

and underpins the functional changes previously observed. Thus, a bioenergetic profile was 

generated for activated T cells, treated in the presence and absence of canagliflozin or 

dapagliflozin, using a mitochondrial stress assay. Dapagliflozin was re-introduced for these 

experiments to ensure any observed changes in T cell metabolism occurred independent of 

SGLT2 inhibition. Interestingly, canagliflozin perturbed glycolysis in activated T cells, with 

significant reductions in the rates of both basal (p < 0.0001) and maximal glycolysis 

(p < 0.0001; Figure 5.8A-C). As a result, there was a significant reduction in ATP produced 

from glycolysis at both basal (p < 0.0001) and maximal rates through this pathway (p < 0.0001; 

Figure 5.8D). Dapagliflozin-treated T cells displayed no decline in the rates of either basal 

(p = 0.3553) or maximal glycolysis (p = 0.3121; Figure 5.8A-C) or their ability to produce ATP 

from this pathway (basal: p = 0.3682; maximal: p = 0.3078; Figure 5.8D). 

 

 

Figure 5.8 – Canagliflozin impairs glycolysis in activated T cells 

(A) Seahorse trace of the extracellular acidification rate (ECAR) in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin and dapagliflozin 

(both 10 μM). ECAR measured using oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and 

monensin (20 μM). (B-C) Glycolytic parameters including (B) basal glycolysis and (C) maximal 

glycolysis. (D) Joules of ATP produced from glycolysis at basal and maximal levels. Data are 

representative of nine-three independent experiments. Statistical analysis was performed using a 

one-sample T test. Data expressed as mean ± SEM; **** p < 0.0001. 
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Comparatively, the impact of canagliflozin on OXPHOS in activated T cells was not as 

pronounced as that on glycolysis, but was striking nonetheless (Figure 5.9). Here, there were 

reductions in basal respiration (p = 0.0050) and ATP-linked respiration (p = 0.0201), in 

addition to more marked reductions in the maximal respiratory capacity (p < 0.0001) and 

spare respiratory capacity of these cells (p < 0.0001; Figure 5.9A-E). Consequently, ATP 

production from OXPHOS was reduced at its basal rate (p = 0.0178), whilst even fewer joules 

of ATP were produced relative to the vehicle control group when functioning at its maximal 

rate (p < 0.0001; Figure 5.9F). Again, dapagliflozin did not alter any of the OXPHOS-associated 

parameters: basal respiration (p = 0.1238), ATP-linked respiration (p = 0.1238), maximal 

respiratory capacity (p = 0.2157), spare respiratory capacity (p = 0.2395; Figure 5.9A-E); or 

ATP produced from OXPHOS at its basal (p = 0.1241) or maximal rate (p = 0.2155; Figure 5.9F). 
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Figure 5.9 – Canagliflozin limits the capacity for oxidative respiration in activated T cells 

(A) Seahorse trace of oxygen consumption rate (OCR) in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin and dapagliflozin 

(both 10 μM). OCR measured using oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and 

monensin (20 μM). (B-E) Respiratory parameters including (B) basal respiration, (C) ATP-linked 

respiration, (D) maximal respiratory capacity and (E) spare respiratory capacity. (F) Joules of ATP 

produced from OXPHOS at basal and maximal levels. Data are representative of nine-three 

independent experiments. Statistical analysis was performed using a one-sample T test. Data 

expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, **** p < 0.0001. 

 

Taken together, activated T cells treated with dapagliflozin displayed a metabolic 

profile similar to that of the vehicle control group (p = 0.7759), whilst canagliflozin-treated T 

cells tended to demonstrate a more oxidative phenotype (p = 0.0487; Figure 5.10). However, 

the metabolic phenotype displayed by canagliflozin-treated cells is most likely to be a feature 

of the greater inhibition of glycolysis observed compared to OXPHOS. 
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Figure 5.10 – OCR/ECAR ratio of activated T cells treated with SGLT2 inhibitors 

(A) OCR/ECAR ratio of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the 

presence and absence of canagliflozin and dapagliflozin (both 10 μM). OCR and ECAR measured 

with oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and monensin (20 μM); OCR/ECAR ratio 

calculated using basal respiration and basal glycolysis. Data are representative of nine-three 

independent experiments. Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s multiple comparisons test. Data expressed as mean ± SEM; * p ≤ 0.05. 

 

To better understand the combined effect of the changes to both glycolysis and 

OXPHOS, the bioenergetic scope – this is the product of ATP produced from both pathways – 

was calculated in activated T cells. Unsurprisingly, the bioenergetic scope was unchanged by 

dapagliflozin (basal: p = 0.2432; maximal: p = 0.2689) but was diminished in T cells treated 

with canagliflozin at both basal and maximal rates (basal: p < 0.0001; maximal: p < 0.0001; 

Figure 5.11A-B). Finally, the metabolic plasticity of activated T cells to respond to changes in 

ATP demand and source of their ATP supply – measured as their supply flexibility index – was 

not changed by either canagliflozin or dapagliflozin (canagliflozin: p = 0.2066; dapagliflozin: 

p = 0.4307; Figure 5.11C). 
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Figure 5.11 – Canagliflozin limits the bioenergetic scope of activated T cells 

(A) Bioenergetic map representing joules of ATP produced from glycolysis and OXPHOS in anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells in the presence and absence of 

canagliflozin and dapagliflozin (both 10 μM). OCR and ECAR measured using oligomycin, FCCP, 

antimycin A/rotenone (all 1 μM) and monensin (20 μM). Symbols represent ATP produced under 

basal metabolic conditions; rectangles represent ATP produced under maximal metabolic 

conditions. (B) Bioenergetic scope at basal and maximal levels. (C) Supply flexibility index. Data are 

representative of nine-three independent experiments. Statistical analysis was performed using a 

one-sample T test (B) or a one-way ANOVA followed by Dunnett’s multiple comparisons test (C). 

Data expressed as mean ± SEM; **** p < 0.0001. 

 

Crucially, supernatants collected from T cells activated in the presence of canagliflozin 

tend to contain increased concentrations of glucose (p = 0.1121), which might suggest 

reduced glucose uptake compared to the vehicle control (Figure 5.12). Together, these data 

show that canagliflozin – through its off-target effects on GDH and mitochondrial complex I, 

rather than SGLT2 inhibition – perturbs T cell metabolism which underlies their impaired 

activation and function. 
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Figure 5.12 – Glucose uptake is modestly impaired by canagliflozin 

(A) Relative extracellular glucose concentrations in cell-free supernatants from anti-CD3 (2 μg/ml) 

and anti-CD28 (20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 

μM). Data are representative of four independent experiments. All relative data are normalised to 

the vehicle control group. Statistical analysis was performed using a one-sample T test. Data 

expressed as mean ± SEM. 

 

5.3.3 Canagliflozin impairs TCA cycle metabolism via GDH inhibition 

Given the profound effect canagliflozin exhibited on T cell metabolism, we sought to 

investigate this further using liquid chromatography-mass spectrometry (LC-MS). Metabolites 

were extracted from activated T cells to determine their abundance following canagliflozin 

treatment. Notably, canagliflozin-treated cells contained reduced levels of the following TCA 

cycle intermediates: citrate (p = 0.0186), α-ketoglutarate (α-KG: p = 0.0170), fumarate 

(p = 0.0227), malate (p = 0.0479; Figure 5.13A). Although proline levels were also reduced by 

canagliflozin (p = 0.0023), there were no significant changes in other amino acids such as 

glutamate (p = 0.1054) or aspartate (p = 0.1952; Figure 5.13B), or the glycolysis product 

lactate (p = 0.2000; Figure 5.13C). 
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Figure 5.13 – Reduced abundance of TCA cycle intermediates in canagliflozin-treated T cells 

(A-C) Total ion counts of (A) TCA cycle metabolites: citrate, α-ketoglutarate, fumarate and malate; 

(B) amino acids: proline, glutamate and aspartate; and (C) lactate following extraction from anti-

CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated with or without canagliflozin 

(10 μM). Data are representative of four independent experiments. Statistical analysis was 

performed using an unpaired T test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 

 

However, we did observe a significant reduction in released lactate in cell-free 

supernatants from Tnv cells cultured in the presence of canagliflozin in both RPMI (p = 0.0003) 

and HPLM (p < 0.0001; Figure 5.14). 
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Figure 5.14 – Canagliflozin impairs lactate release by activated T cells 

(A-B) Relative extracellular lactate concentrations in cell-free supernatants from anti-CD3 (2 μg/ml) 

and anti-CD28 (20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 

μM), cultured in either (A) RPMI or (B) HPLM. Data are representative of eight-six (A) or eleven-four 

(B) independent experiments. All relative data are normalised to the vehicle control group. 

Statistical analysis was performed using a one-sample T test. Data expressed as mean ± SEM. 

*** p ≤ 0.001, **** p < 0.0001. 

 

To determine whether canagliflozin inhibits mitochondrial GDH in activated T cells, 

we employed a stable isotope tracing method, whereby uniformly labelled 13C5-glutamine 

was used to measure the incorporation of glutamine-derived carbon into the TCA cycle via 

GDH (Figure 5.15). 
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Figure 5.15 – Stable isotope tracing of 13C-glutamine in activated T cells 

(A) Schematic overview outlining stable isotope tracing of uniformly labelled 13C-glutamine into the 

TCA cycle following (A) one and (B) two cycles. Tracing assessed in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells treated with or without canagliflozin (10 μM). 

 

Here, canagliflozin limited the incorporation of 13-carbon from glutamine into α-

ketoglutarate – the point at which glutamine enters the TCA cycle (Figure 5.16A). Reduced 

abundance of the m + 5 mass isotopologue of α-KG, in addition to increased abundance of 

the unlabelled m + 0 mass isotopologue, is indicative of impaired glutaminolysis in 

canagliflozin-treated T cells (Table 5.2; Figure 5.16A). Indeed, this trend is also observed in 

other TCA cycle metabolites such as citrate, fumarate and malate (Table 5.2; Figure 5.16B-D). 

 

Table 5.2 – p-values of 13C5-glutamine-derived mass isotopologues for vehicle versus canagliflozin 

Metabolite m + 0 m + 1 m + 2 m + 3 m + 4 m + 5 m + 6 
Citrate < 0.0001 0.8678 > 0.9999 0.8653 0.3276 0.6917 > 0.9999 
α-KG < 0.0001 0.9801 0.9999 0.9998 0.9989 < 0.0001 - 
Fumarate 0.0019 0.7564 > 0.9999 0.8942 0.0008 - - 
Malate 0.0156 0.2585 0.8295 0.9048 < 0.0001 - - 
Glutamate 0.0004 0.1922 0.8839 0.9862 > 0.9999 < 0.0001 - 
Aspartate 0.1120 0.1313 0.8855 0.9057 0.0002 - - 
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Figure 5.16 – Canagliflozin impairs glutamine incorporation into the TCA cycle in activated T cells 

(A-D) Mass isotopologue distribution, represented as a percentage of pool, of TCA cycle 

metabolites: (A) α-ketoglutarate, (B) citrate, (C) fumarate and (D) malate in anti-CD3 (2 μg/ml) and 

anti-CD28 (20 μg/ml) activated CD4+ T cells treated with or without canagliflozin (10 μM). Numbers 

on the x-axis represent the number of 13-carbons incorporated. Data are representative of five 

independent experiments. Statistical analysis was performed using a two-way ANOVA followed by 

Šidák’s multiple comparisons test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001, **** p < 0.0001. 

  

Furthermore, there is also reduced incorporation of 13C-glutamine into the amino 

acids glutamate and aspartate (Table 5.2; Figure 5.17). 
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Figure 5.17 – Reduced incorporation of glutamine into amino acids pools in activated T cells 

treated with canagliflozin 

(A) Mass isotopologue distribution, represented as a percentage of pool, of amino acids: 

(A) glutamate and (B) aspartate in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ 

T cells treated with or without canagliflozin (10 μM). Numbers on the x-axis represent the number 

of 13-carbons incorporated. Data are representative of five independent experiments. Statistical 

analysis was performed using a two-way ANOVA followed by Šidák’s multiple comparisons test. 

Data expressed as mean ± SEM; *** p ≤ 0.001, **** p < 0.0001. 

 

When analysing the incorporation of 13-carbon into metabolite pools irrespective of 

mass isotopologue distribution, significantly less glutamine-derived carbon was incorporated 

into T cell metabolites upon canagliflozin treatment (p = 0.0363; Figure 5.18A). Focussing on 

the TCA cycle intermediates, there was only significantly reduced incorporation of 13C-

glutamine into citrate (p = 0.0010) and α-KG (p < 0.0001), despite a general decrease being 

observed across the other metabolites measured (fumarate: p = 0.2780; malate: p = 0.7857; 

glutamate: p = 0.3543; aspartate: p = 0.1715; Figure 5.18B). 
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Figure 5.18 – Canagliflozin restricts the incorporation of glutamine-derived 13-carbon into 

metabolic intermediates in activated T cells 

(A) Total incorporation of 13C-glutamine into metabolites of anti-CD3 (2 μg/ml) and anti-CD28 (20 

μg/ml) activated CD4+ T cells treated with or without canagliflozin (10 μM). (B) Abundance of 13C-

glutamine derived metabolites: citrate, α-ketoglutarate, fumarate, malate, glutamate and 

aspartate, represented as a percentage of the total carbon pool. Data are representative of five 

independent experiments. Statistical analysis was performed using an unpaired T test (A) or a two-

way ANOVA followed by Šidák’s multiple comparisons test (B). Data expressed as mean ± SEM; 

* p ≤ 0.05, *** p ≤ 0.001, **** p < 0.0001. 

 

To better understand if there were any defects in glutamine uptake in T cells upon 

canagliflozin treatment, the abundance of 13C-glutamine was compared with the vehicle 

control. Here, there was significantly less 13C-glutamine present in canagliflozin-treated T cells 

(p = 0.0174), suggesting that its uptake could be impaired (Figure 5.19A). Furthermore, a 

concomitant decrease in the abundance of α-ketoglutarate (p = 0.0238) and unchanged 

glutamate levels (p = 0.4006) suggests that 13-carbon accumulates in glutamate pools, which 

could be indicative of blocked entry of glutamine into the TCA cycle (Figure 5.19B-C). 
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Figure 5.19 – Glutamine uptake by activated T cells is constrained by canagliflozin 

(A-C) Total 13-carbon ion counts of (A) glutamine, (B) glutamate and (C) α-ketoglutarate following 

extraction from anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated with or 

without canagliflozin (10 μM). Data are representative of five independent experiments. Statistical 

analysis was performed using an unpaired T test. Data expressed as mean ± SEM; * p ≤ 0.05. 

 

In an attempt to bypass GDH inhibition, canagliflozin-treated T cells were 

supplemented with a cell membrane permeable form of α-ketoglutarate, dimethyl-α-

ketoglutarate. However, there was not an observed rescue of CD69 expression by α-

ketoglutarate supplementation, whilst there were also no changes in T cell blastogenesis or 

CD98 expression (Figure 5.20A-C). Moreover, the addition of α-ketoglutarate did not rescue 

effector function, whereby IFNγ production and IL-2 production were unchanged 

(Figure 5.20D-E). Together, these data demonstrate that canagliflozin impairs glutamine 

incorporation into the TCA cycle and associated amino acids, which is indicative of 

canagliflozin-mediated GDH inhibition. 
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Figure 5.20 – α-ketoglutarate does not rescue T cell function following canagliflozin treatment 

(A) Relative expression of activation marker CD69 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells treated with or without canagliflozin (10 μM), with or without dimethyl-α-

ketoglutarate (0.3 mM), determined by flow cytometry. (B) Blastogenesis, determined by flow 

cytometry using forward-scatter area. (C) Relative expression of downstream mTOR target CD98, 

determined by flow cytometry. Representative overlaid histogram plots, numbers indicate median 

fluorescence intensity or forward-scatter area. (D-E) Relative secretion of (D) IFNγ and (E) IL-2, 

determined by ELISA of cell-free supernatants. Data are representative of two (A-C) or three (D-E) 

independent experiments. Data expressed as mean ± SEM. 

 

5.3.4 T cells undergo metabolic reprogramming to adapt to canagliflozin treatment 

Given metabolic perturbation is associated with plasticity in human T cells (Jones et 

al., 2019), we sought to determine whether altered glutamine metabolism elicited by 

canagliflozin impacts glucose metabolism. Thus, T cells were activated as before in the 

presence of 13C6-glucose and downstream metabolite pools monitored (Figure 5.21). 
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Figure 5.21 – Stable isotope tracing of 13C-glucose in activated T cells 

(A) Schematic overview outlining stable isotope tracing of uniformly labelled 13C-glucose into the 

TCA cycle following (A) one and (B) two cycles. Tracing assessed in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells treated with or without canagliflozin (10 μM). 

 

Canagliflozin impaired glucose-derived lactate production, as evidenced by reduced 

levels of the m + 3 mass isotopologue of lactate (p < 0.0001) and a concomitant increase in 

the unlabelled m + 0 mass isotopologue (p < 0.0001; Figure 5.22A). Indeed, canagliflozin 

reduced the total abundance of heavy-labelled lactate (p = 0.0286; Figure 5.22B), which is 

consistent with our previous experiments highlighting reduced glycolysis in canagliflozin-

treated T cells (see Chapter 5.3.2). 

 

 

 

 

 



197 
 

 

Figure 5.22 – Canagliflozin limits the incorporation of 13C-glucose into lactate 

(A) Mass isotopologue distribution, represented as a percentage of pool, of lactate in anti-CD3 (2 

μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells treated with or without canagliflozin (10 

μM). Numbers on the x-axis represent the number of 13-carbons incorporated. Data are 

representative of four independent experiments. Statistical analysis was performed using a two-

way ANOVA followed by Šidák’s multiple comparisons test (A) or a non-parametric Mann-Whitney 

test (B). Data expressed as mean ± SEM; * p ≤ 0.05. **** p < 0.0001. 

 

Interestingly, T cells treated with canagliflozin increased the incorporation of 13C-

glucose into the TCA cycle compared to the vehicle control, whereby there was an increase in 

the abundance of heavy-labelled mass isotopologues, and a reduction in the abundance of 

unlabelled metabolites (Table 5.3; Figure 5.23). 

 

Table 5.3 – p-values of 13C6-glucose-derived mass isotopologues for vehicle versus canagliflozin 

Metabolite m + 0 m + 1 m + 2 m + 3 m + 4 m + 5 m + 6 
Citrate 0.6381 0.9826 0.9939 > 0.9999 > 0.9999 > 0.9999 > 0.9999 
α-KG 0.0019 0.9951 0.1236 0.9030 0.9318 > 0.9999 - 
Fumarate 0.0090 0.9394 0.9394 > 0.9999 0.3553 - - 
Malate < 0.0001 0.6252 0.0044 0.2279 0.9542 - - 
Glutamate < 0.0001 0.9998 < 0.0001 0.1024 0.1367 0.9721 - 
Aspartate < 0.0001 0.5048 0.0003 0.0253 0.8814 - - 
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Figure 5.23 – Canagliflozin-treated T cells adapt to glutamate dehydrogenase inhibition by 

becoming reliant on glucose-derived TCA cycle intermediates 

(A-D) Mass isotopologue distribution, represented as a percentage of pool, of TCA cycle 

metabolites: (A) α-ketoglutarate, (B) citrate, (C) fumarate and (D) malate in anti-CD3 (2 μg/ml) and 

anti-CD28 (20 μg/ml) activated CD4+ T cells treated with or without canagliflozin (10 μM). Numbers 

on the x-axis represent the number of 13-carbons incorporated. Data are representative of four 

independent experiments. Statistical analysis was performed using a two-way ANOVA followed by 

Šidák’s multiple comparisons test. Data expressed as mean ± SEM; ** p ≤ 0.01, **** p < 0.0001. 

 

Moreover, there was a striking increase in the incorporation of 13C-glucose into 

glutamate and aspartate amino acid metabolite pools (Table 5.3; Figure 5.24). 
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Figure 5.24 – Increased glucose incorporation into amino acids pools in activated T cells treated 

with canagliflozin 

(A) Mass isotopologue distribution, represented as a percentage of pool, of amino acids: 

(A) glutamate and (B) aspartate in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ 

T cells treated with or without canagliflozin (10 μM). Numbers on the x-axis represent the number 

of 13-carbons incorporated. Data are representative of four independent experiments. Statistical 

analysis was performed using a two-way ANOVA followed by Šidák’s multiple comparisons test. 

Data expressed as mean ± SEM; * p ≤ 0.05, *** p ≤ 0.001, **** p < 0.0001. 

 

Surprisingly, when non-zero mass isotopologue distributions were merged, there was 

a reduction in the incorporation of glucose-derived carbon into T cell metabolites upon 

canagliflozin treatment (p = 0.0687; Figure 5.25A). However, in terms of TCA cycle 

metabolites, there was a general increase in 13C-glucose incorporation, yet this was only 

significant for malate, glutamate and aspartate (citrate: p = 0.9767; α-KG: p = 0.3362; 

fumarate: p = 0.3014; malate: p = 0.0121; glutamate: p < 0.0001; aspartate: p = 0.0001; 

Figure 5.25B). Collectively, these data suggest that GDH inhibition by canagliflozin rewires 

activated T cell metabolism, promoting the utilisation of glucose within the TCA cycle, and for 

the production of associated amino acids. 
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Figure 5.25 – Canagliflozin promotes the incorporation of glucose-derived 13-carbon into 

metabolic intermediates in activated T cells 

(A) Total incorporation of 13C-glucose into metabolites of anti-CD3 (2 μg/ml) and anti-CD28 (20 

μg/ml) activated CD4+ T cells treated with or without canagliflozin (10 μM). (B) Abundance of 13C-

glucose derived metabolites: citrate, α-ketoglutarate, fumarate, malate, glutamate and aspartate, 

represented as a percentage of the total carbon pool. Data are representative of four independent 

experiments. Statistical analysis was performed using a two-way ANOVA followed by Šidák’s 

multiple comparisons test. Data expressed as mean ± SEM; * p ≤ 0.05, **** p < 0.0001. 

 

5.3.5 Canagliflozin-driven T cell dysregulation is not solely driven by inhibition of 

complex I and glutamate dehydrogenase 

To determine whether the impact that canagliflozin has on T cell function can be 

explained by inhibition of mitochondrial complex I, we compared canagliflozin to known 

inhibitors of complex I. Accordingly, CD4+ T cells were activated in the presence of 

canagliflozin, rotenone or metformin. Importantly, given that the primary metformin 

transporter (SLC22A1) is not readily expressed by T cells (Uhlen et al., 2019)(Human Protein 

Atlas, proteinatlas.org), high-dose metformin was used to bypass any transporter specific 

uptake. Canagliflozin was the superior inhibitor of T cell function, significantly reducing IFNγ 

production by activated CD4+ T cells (Table 5.4; Figure 5.26A). This was underpinned by a 

more pronounced reduction in CD69 expression and cell size by canagliflozin in comparison 

to rotenone and metformin (Table 5.4; Figure 5.26B-C). 
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Table 5.4 – Canagliflozin is a superior inhibitor of T cell function versus other complex I inhibitors 

Comparison 
p-value compared to vehicle control 

Canagliflozin Rotenone Metformin 
IFNγ 0.0073 0.0747 0.3099 
CD69 0.0104 0.0205 0.0144 
FSC-A 0.0090 0.0349 0.0538 

 

 

Figure 5.26 – Canagliflozin is a superior inhibitor of T cell function compared to other 

mitochondrial complex I inhibitors 

(A) Relative secretion of IFNγ by anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T cells 

in the presence and absence of canagliflozin (10 μM), rotenone (1 μM) or metformin (10 mM), 

determined by ELISA of cell-free supernatants. (B) Relative expression of activation marker CD69, 

determined by flow cytometry. (C) Blastogenesis, determined by flow cytometry using forward-

scatter area. Representative overlaid histogram plots, numbers indicate median fluorescence 

intensity or forward-scatter area. Data are representative of three independent experiments. 

Statistical analysis was performed using a one-sample T test. Data expressed as mean ± SEM; 

* p ≤ 0.05, ** p ≤ 0.01. 
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Given these findings, we next investigated whether combined inhibition of complex I 

and GDH underpins the phenotype observed following canagliflozin treatment. To this end, 

CD4+ T cells were activated in the presence and absence of either canagliflozin, piericidin A 

(a more potent inhibitor of complex I), R162 (an inhibitor of GDH) or a combination of 

piericidin A and R162. Here, canagliflozin remained the superior inhibitor of T cell function 

when compared to GDH inhibition alone, complex I inhibition alone, as well as combined 

inhibition (Table 5.5; Figure 5.27A). Again, this was underpinned by impaired activation and 

blastogenesis (Table 5.5; Figure 5.27B-C). Collectively, these data suggest that the inhibition 

of mitochondrial complex I and GDH are not the sole drivers of canagliflozin-driven T cell 

dysregulation. 

 

Table 5.5 – Canagliflozin is a superior inhibitor of T cell function versus complex I inhibition and GDH 

inhibition 

Comparison 
p-value compared to vehicle control 

Canagliflozin R162 Piericidin A Combination 
IFNγ 0.0002 0.6289 0.6239 0.0232 
CD69 0.0007 0.2867 0.0080 0.0007 
FSC-A 0.0005 0.2326 0.0244 0.0069 
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Figure 5.27 – Canagliflozin is a superior inhibitor of T cell function versus combined inhibition of 

mitochondrial complex I and glutamate dehydrogenase  

(A) Relative expression of activation marker CD69 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T cells treated with or without canagliflozin (10 μM), R162 (10 μM), piericidin A (500 

nM), determined by flow cytometry. (B) Blastogenesis, determined by flow cytometry using 

forward-scatter area. Representative overlaid histogram plots. (C) Relative secretion of IFNγ, 

determined by ELISA of cell-free supernatants. Data are representative of five independent 

experiments. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, **** p < 0.0001. 

 

5.3.6 Canagliflozin impairs T cell receptor signalling 

We have previously demonstrated that canagliflozin impacts the function of mTOR 

and MYC – key regulators of T cell metabolism. Given that both signalling proteins are 

sensitive to the TCR signalling cascade, we sought to investigate the significance of 

canagliflozin treatment on downstream signalling events following engagement of the TCR. 

Here, we analysed early signalling events – namely the phosphorylation of PLCγ, ZAP70 and 

LAT. Canagliflozin inhibited the phosphorylation of all three TCR signalling proteins at all early 

time points assessed (Figure 5.28). 
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Figure 5.28 – Canagliflozin impairs TCR signalling during early T cell activation 

(A) Representative immunoblots of TCR signalling proteins in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM). Data are 

representative of four independent experiments. 

 

We next examined whether the observed loss of early signalling events compromised 

the phosphorylation of ERK – a critical mediator of T cell activation. Here, 15- and 30-min 

post-TCR ligation, levels of pERK were significantly reduced upon canagliflozin treatment 

(15 min: p = 0.0346; 30 min: p = 0.0025; Figure 5.29). The magnitude of pERK downregulation 

was comparable to inhibition of MAPK activation directly upstream of ERK by PD-98,059 

(15 min: p = 0.0150; 30 min: p = 0.0243; Figure 5.29). 

 

 

Figure 5.29 – ERK signalling following early T cell activation is impaired following canagliflozin 

treatment 

(A-B) Relative expression of phosphorylated-ERKThr202/Tyr204 in anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD4+ T cells in the presence and absence of canagliflozin (10 μM), determined 

by flow cytometry (A) 15 min and (B) 30 min post-activation. MAP kinase inhibitor PD-98,059 (25 

μM) used as a positive control. Representative overlaid histogram plots, numbers indicate median 

fluorescence intensity. Data are representative of four independent experiments. Statistical 

analysis was performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05, 

** p ≤ 0.01. 
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To determine the downstream effect on T cell activation, we monitored CD69 

expression through a course of several early time points. In line with blunted ERK 

phosphorylation, T cell activation was blunted by canagliflozin as early as 120 min post-

treatment (Table 5.6; Figure 5.30). 

 

Table 5.6 – Early T cell activation is compromised following canagliflozin treatment 

Time (min) 15 30 60 120 
p-value > 0.9999 > 0.9999 0.3245 0.0096 

 

 

Figure 5.30 – Canagliflozin impairs early T cell activation 

(A) Expression of activation marker CD69 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T cells in the presence and absence of canagliflozin (10 μM), determined by flow cytometry. 

Representative overlaid histogram plots, numbers indicate median fluorescence intensity. Data are 

representative of three independent experiments. Statistical analysis was performed using a two-

way ANOVA followed by Šidák’s multiple comparisons test. Data expressed as mean ± SEM; 

** p ≤ 0.01. 
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Given the pronounced impact of canagliflozin on early TCR signalling events, we 

considered the effect that impaired signalling downstream of the TCR might have on effector 

function. Consequently, we activated T cells with PMA and ionomycin to bypass TCR-

dependent activation and engage several of the intracellular pathways further downstream 

in the signalling cascade. Interestingly, T cells activated with PMA and ionomycin in the 

presence and absence of canagliflozin displayed no defect IFNγ production – neither in terms 

of the amount of IFNγ produced (p = 0.0525) and the frequency of cells producing IFNγ 

(p = 0.1696), when compared to the vehicle control group (Figure 5.31). 

 

 

Figure 5.31 – TCR-independent activation rescues cytokine production by canagliflozin-treated 

T cells 

(A) Relative production of IFNγ in 4 h PMA (10 ng/ml) and ionomycin (500 ng/ml) activated CD4+ T 

cells treated with or without canagliflozin (10 μM), determined by flow cytometry. (B) Relative 

frequency of IFNγ-producing CD4+ T cells, as determined by flow cytometry. Representative 

contour plots, numbers indicate frequency. Statistical analysis was performed using a one-sample 

T test. Data are representative of three independent experiments. Data expressed as mean ± SEM. 

 

Since canagliflozin dysregulates intracellular signalling mediated by critical nodes 

including ERK and mTOR, we hypothesised that canagliflozin treatment would phenocopy 

targeted inhibition of either ERK and mTOR. To this end, T cells were activated in the presence 

and absence of canagliflozin, rapamycin (mTOR inhibitor) and PD-98,059 (MAPK inhibitor) 

before assessing effector function. Here – as early as 4 h post-activation – canagliflozin 

reduced MYC expression to a similar extent as both mTOR inhibition and ERK inhibition 

(Figure 5.32). 
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Figure 5.32 – Canagliflozin impairs MYC expression in a similar manner to mTOR inhibition and 

ERK inhibition 

(A) Representative immunoblots of MYC in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T cells treated with and without canagliflozin (10 μM), rapamycin (R; 500 nM) or PD-98,059 

(P; 25 μM). Data are representative of four independent experiments. 

 

Additionally, global protein translation – as measured by puromycin incorporation – 

was similarly inhibited by canagliflozin, rapamycin and PD-98,059 at this early time point 

(canagliflozin: p = 0.0049; rapamycin: p = 0.0023; PD-98,059: p = 0.0046; Figure 5.33A). 

However, T cell blastogenesis was only modestly affected following 4 h treatment with 

canagliflozin, rapamycin or PD-98,059 (canagliflozin: p = 0.0198; rapamycin: p = 0.0293; PD-

98,059: p = 0.0162; Figure 5.33B). 

 

 

Figure 5.33 – Canagliflozin phenocopies mTOR inhibition and ERK inhibition during early T cell 

activation 

(A) Relative puromycin incorporation in 4 h anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T cells treated with or without canagliflozin (10 μM), rapamycin (500 nM) or PD-98,059 (25 

μM), determined by flow cytometry. Puromycin (10 μM) was introduced for the final 15 min of 

culture. (B) Blastogenesis, determined by flow cytometry using forward-scatter area. 

Representative overlaid histogram plots, numbers indicate median fluorescence intensity or 

forward-scatter area. Data are representative of five independent experiments. Statistical analysis 

was performed using a one-sample T test. Data expressed as mean ± SEM. 
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When measuring the same functions 24 h post-activation, canagliflozin continued to 

phenocopy both the inhibition of mTOR and the inhibition of ERK, with similar reductions in 

protein translation (canagliflozin: p = 0.0131; rapamycin: p = 0.0004; PD-98,059: p = 0.0132; 

Figure 5.34A) and blastogenesis (canagliflozin: p = 0.0001; rapamycin: p < 0.0001; PD-98,059: 

p = 0.0034; Figure 5.34B). Furthermore, effector function was similarly impaired by all three 

conditions, whereby canagliflozin, rapamycin and PD-98,059 significantly limited IFNγ 

production (all p < 0.0001; Figure 5.34C). Together, these data demonstrate that 

mechanistically, canagliflozin impairs TCR signalling, which subsequently suppresses signalling 

through downstream metabolic nodes. Moreover, our data support that the observed 

reduction in MYC expression is mediated by the upstream inhibition of mTOR and ERK 

signalling via this mechanism. 
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Figure 5.34 – Canagliflozin impairs T cell function in a similar manner to mTOR inhibition and ERK 

inhibition 

(A) Relative puromycin incorporation in 24 h anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T cells treated with or without canagliflozin (10 μM), rapamycin (500 nM) or PD-98,059 (25 

μM), determined by flow cytometry. Puromycin (10 μM) was introduced for the final 15 min of 

culture. (B) Blastogenesis, determined by flow cytometry using forward-scatter area. 

Representative overlaid histogram plots, numbers indicate median fluorescence intensity or 

forward-scatter area. (C) Relative secretion of IFNγ, determined by ELISA of cell-free supernatants. 

Data are representative of five independent experiments. Statistical analysis was performed using 

a one-sample T test. Data expressed as mean ± SEM. 

 

 

5.4 Discussion 

Elucidating the underlying mechanisms that mediate the inhibitory effects of 

canagliflozin is required for our understanding of how global T cell function is impaired. 

Initially, mitochondrial function was scrutinised, given the known off-target effects that 

canagliflozin imposes on mitochondrial proteins complex I and GDH. Interrogation of our 

proteomics dataset revealed upregulation of several electron transport chain complex-

associated proteins following canagliflozin treatment. Interestingly, mitochondrial complex I 
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– the electron transport chain complex specifically inhibited by canagliflozin – was associated 

with the most changes with 18 associated proteins upregulated. In support of these data, our 

immunoblotting analysis further confirmed upregulation of all mitochondrial complex 

proteins, whilst a previous study in hepatocellular carcinoma cells has also described 

increased expression of several mitochondrial complex proteins (Nakano et al., 2020). This 

might suggest that in response to canagliflozin-induced inhibition of complex I, T cells 

upregulate mitochondrial complex proteins to compensate the loss of electron transport 

chain function. Indeed, our earlier ingenuity pathway analysis on our proteomic dataset 

revealed that oxidative phosphorylation was one of the predominant upregulated pathways. 

Collectively, this led to increased mitochondrial biogenesis within T cells treated with 

canagliflozin, with no significant effect on mitochondrial membrane potential. An alternative 

hypothesis could be that canagliflozin-treated T cells double their mitochondrial content in 

preparation for cell division but later fail to divide. 

In other cell types, both inhibition of mitochondrial complex I (Li et al., 2003) and 

increased mitochondrial biogenesis (Dugan et al., 2013) have been associated with increased 

production of ROS. Canagliflozin rapidly induced the production of mitoROS, with elevated 

levels compared to the vehicle control as early as 15 min following treatment, remaining 

elevated at all further time points measured. The production of mitoROS was measured by 

flow cytometry using the mitochondrial superoxide indicator mitoSOX™ Red – which is a 

mitochondria-targeted hydroethidine dye. There are some limitations to consider when using 

this technique, whereby the fluorescence detected could be misleading due to the 

overlapping spectra of the non-specific oxidation product ethidium, and the superoxide-

specific product 2-hydroxyethidium, that the probe can form (Murphy et al., 2022). As a 

result, it is difficult to differentiate between the contribution of non-specific and superoxide-

specific oxidation to the fluorescence measured (Murphy et al., 2022). Furthermore, 

mitochondrial properties such as membrane potential and mass should also be considered 

(Murphy et al., 2022). Future experiments involving compounds that specifically heighten 

mitochondrial superoxide formation as per Murphy et al. (2022) could confirm downstream 

findings to support our conclusions. In agreement with the increased mitoROS observed 

following canagliflozin treatment, our proteomics dataset revealed that several antioxidant 

proteins involved in the response to ROS are upregulated. It was interesting to note that most 

of these proteins were either the mitochondrial isoform of the protein or were at least 
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associated with the mitochondria in some capacity, which supports the belief that enhanced 

ROS production within canagliflozin-treated T cells is localised to the mitochondria following 

complex I inhibition. In contrast to our findings, a previous study showed that canagliflozin 

inhibits ROS production in a human macrophage cell line (Xu et al., 2018). Therefore, further 

work is required to determine whether: (i) antioxidant proteins are upregulated to 

compensate the increase in mitoROS; or (ii) antioxidant proteins are upregulated by 

canagliflozin independent of ROS production, but not to sufficient levels to prevent the 

increase observed increase in mitoROS. Interestingly, recent work in human-umbilical-vein 

endothelial cells showed that NADPH pools were reduced by canagliflozin (Zugner et al., 

2022). This could indicate that either canagliflozin affects the cells’ ability to regulate ROS, or 

that NADPH levels are already depleted in response to increased ROS levels. 

We attempted to rescue the observed phenotype using GSH and NAC to buffer 

mitoROS. Here, supplementing cell cultures with GSH and NAC partially rescued suppression 

of T cell activation and blastogenesis. Previously, GSH has been shown to support the activity 

of both mTOR and MYC in T cells by regulating intracellular ROS (Mak et al., 2017). In our 

rescue experiments, supplementation with GSH and NAC increased the expression of CD98 – 

a known downstream target of mTOR – which might suggest that buffering mitoROS might 

partially mitigate the canagliflozin-induced disruption of the mTOR/MYC axis. Despite partial 

rescue of T cell activation, GSH and NAC did not rescue effector function, therefore changes 

more critical than ROS accumulation must regulate the loss of T cell function upon 

canagliflozin treatment. Whilst ROS are required in early T cell activation and signal 

transduction, excessive levels can have deleterious effects on metabolic reprogramming 

through the mTOR/MYC axis, resulting in inflammation (Mak et al., 2017). Consequently, 

downstream metabolism was paralysed. Phosphorylation of S6 protein was downregulated – 

either via p90 ribosomal S6 kinase (RSK) as a direct result of ERK inhibition, or through 

downstream inhibition of mTOR activity – alongside phosphorylation of the mTORC1 target 

4E-BP1. However, there appeared to be no change in AMPK activity. 

Given the mitochondrial dysfunction observed in response to canagliflozin, elucidating 

the metabolic changes that occur within T cells is critical for our understanding of changes in 

effector function. Extracellular flux analysis is a technique that allows study of metabolic 

pathways within cells, where the oxygen consumption rate and extracellular acidification rate 

monitored can be used as measures of oxidative phosphorylation and glycolysis, respectively. 
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Here, canagliflozin limited both the basal and maximal rates of glycolysis, reducing the joules 

of ATP produced by this pathway. In terms of their oxidative metabolism, canagliflozin had a 

more modest impact, whereby the maximal respiratory capacity and spare respiratory 

capacity were most affected. Consequently, there was a modest reduction in the joules of 

ATP produced from this pathway at basal rates, becoming more pronounced when the 

pathway is at its maximal rate. Together, canagliflozin-treated T cells display an oxidative 

phenotype resembling metabolic quiescence. It is interesting that canagliflozin appears to 

have a more profound effect on glycolytic metabolism, given that it inhibits mitochondrial 

complex I directly involved in OXPHOS, which might emphasise the impact that the loss of 

MYC expression has on glycolysis. Indeed, upon T cell activation, MYC controls metabolic 

reprogramming by promoting a switch from oxidative metabolism towards glycolytic and 

glutaminolytic-based metabolism (Wang et al., 2011). Metabolic reprogramming following 

activation is essential to provide the energy necessary for appropriate effector function 

(see Chapter 1.3.6), therefore it is unsurprising that the reduced bioenergetic scope of 

canagliflozin-treated T cells, particularly at maximal rates of metabolism, underpins defective 

cytokine production and proliferation. In concert with these data, the upregulation of 

electron transporter chain complex protein in response to canagliflozin treatment could be 

interpreted in several ways: (i) it is a compensatory mechanism that occurs in response to 

reduced OXPHOS; (ii) it protects OXPHOS from as profound an inhibition as glycolysis; or (iii) 

it is indicative of reprogramming towards a more oxidative phenotype associated with 

metabolic quiescence. Crucially, to ensure changes in metabolism were independent of SGLT2 

inhibition, dapagliflozin was also included in our metabolic analysis, where it had no obvious 

effect on any of the metabolic parameters measured, indicating that the off-target effects of 

canagliflozin orchestrate changes in OXPHOS and glycolysis. 

Since metabolism is rewired in T cells following canagliflozin, it was important to 

understand how different metabolites are utilised for energy production. The abundance of 

several TCA cycle metabolites – citrate, α-ketoglutarate, fumarate and malate – were all 

reduced by canagliflozin. However, amino acid (glutamate and aspartate) and lactate levels 

appeared to be unchanged. Stable isotope tracer analysis was subsequently employed, 

whereby T cells were cultured with or without canagliflozin in medium containing metabolites 

labelled with carbon-13. The difference in mass is detected by mass spectrometry, especially 

when heavy-labelled carbons become incorporated into the metabolites of pathways such as 
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glycolysis and the TCA cycle, the distribution of carbon-12 and carbon-13 within each 

metabolite gives us information on the flux through these pathways. Glutamine is required 

for successful T cell activation and function (Carr et al., 2010). When used to fuel the TCA 

cycle, glutamine is converted to α-ketoglutarate via a process called glutaminolysis, which 

involves a series of reactions catalysed by glutaminase and GDH. Given that canagliflozin 

inhibits GDH – the final step before entry into the TCA cycle – it was important to assess 

glutamine utilisation by following the incorporation of glutamine-derived carbon-13 into the 

TCA cycle and beyond. As expected, canagliflozin impaired the incorporation of glutamine-

derived carbons into α-ketoglutarate, indicating impaired entry of glutamine into the TCA 

cycle via glutaminolysis. Indeed, this was confirmed by reduced incorporation of glutamine-

derived into other metabolites of the TCA cycle, including citrate, fumarate and malate. 

Additionally, fewer glutamine-derived carbons were incorporated into the amino acids, 

glutamate and aspartate. Together, canagliflozin reduced the incorporation of glutamine into 

T cell metabolite pools, particularly impairing glutamine anaplerosis within the TCA cycle. Our 

data also suggested that glutamine uptake might be impaired by canagliflozin, whereby there 

was a reduction in the total abundance of 13C-glutamine within T cells. This is consistent with 

our proteomics dataset (see Chapter 4.3.3), wherein T cells failed to upregulate amino acid 

transporters upon activation, notably SLC1A5 which is associated with glutamine uptake. 

Additionally, a concomitant decrease in 13C-α-ketoglutarate abundance, alongside an 

unchanged abundance of 13C-glutamate, further supports that glutamine entry into the TCA 

cycle is blocked, where it accumulates as glutamate prior to the final step of glutaminolysis. 

Interestingly, supplementation with a membrane-permeable analogue of α-ketoglutarate 

failed to rescue any aspect of T cell function. 

Changes in glucose metabolism are also necessary upon T cell activation (Frauwirth et 

al., 2002). Glucose mobilisation through metabolic pathways was again monitored through 

the incorporation of glucose-derived carbon-13 into glycolytic metabolites and the TCA cycle. 

Here, canagliflozin reduced the incorporation of glucose into lactate, which is in agreement 

with our extracellular flux analysis, whereby glycolysis is impaired. Interestingly, glucose 

incorporation into the TCA cycle and its associated amino acids was increased by canagliflozin, 

compensating for the reduced incorporation of glutamine-derived carbon. Increased 

aspartate pools were of particular interest, given that aspartate deficiency in T cells has 

recently been associated with increased TNFα production and subsequent tissue 
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inflammation in autoimmune disease (Wu et al., 2021). These data suggest that canagliflozin-

treated T cells demonstrate plasticity in glucose metabolism, promoting glucose anaplerosis 

within the TCA cycle to compensate for GDH inhibition. 

The importance of mitochondrial complex I inhibition for canagliflozin-induced 

inhibition of T cell function was determined by comparing the effects of canagliflozin to 

rotenone and metformin, known inhibitors of complex I. High-dose metformin was used to 

bypass transporter specific uptake, as T cells lack the transporter responsible for metformin 

uptake (SLC22A1) (Uhlen et al., 2019)(Human Protein Atlas, proteinatlas.org). Canagliflozin 

was superior to both rotenone and metformin in inhibiting T cell activation and function, 

which would suggest that the dual inhibition of both mitochondrial complex I and GDH 

mediates the inhibitory effects of canagliflozin. However, despite inhibiting T cell function to 

a greater extent than complex I inhibition alone, combined inhibition of complex I and GDH 

remained inferior to the inhibitory effects of canagliflozin. These data would suggest that the 

inhibitory effect of canagliflozin is mediated by additional factors beyond inhibition of 

mitochondrial complex I and GDH. In particular, impaired protein translation through 

impaired expression of the protein translational machinery is likely challenging to reverse, 

given the energy demand required for these processes. Indeed, these additional factors are 

likely related to disruption of the mTOR/MYC axis. Despite displaying inferior inhibition of T 

cell function, metformin has already demonstrated exciting results in pre-clinical and clinical 

settings of MS, SLE and RA (Gharib et al., 2021; Negrotto et al., 2016; Sun, Geng, et al., 2020). 

In human T cells, it appears that metformin mediates its anti-inflammatory effects by 

reprogramming the underlying metabolism (Yin et al., 2015). This is an exciting precedent in 

terms of repurposing canagliflozin in autoimmune disease, given that it has shown improved 

anti-inflammatory properties over metformin in our in vitro experiments. However, it is 

important that the inhibitory effects are targeted specifically to the hyperactivated T cells that 

contribute to chronic inflammation in disease pathogenesis. 

As mTOR and MYC are upregulated in response to the downstream signals of TCR-

mediated activation, we hypothesised that this cascade might be impaired by canagliflozin. 

Consequently, early signalling events were analysed in canagliflozin-treated T cells, where 

reduced phosphorylation of several key nodes – PLCγ, ZAP70 and LAT – was observed. 

Therefore, several components involved in early activation were monitored – CD69 

expression was downregulated as early as 2 h following treatment, preceded by reduced 
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upstream ERK phosphorylation. This demonstrated that early TCR signalling is impaired by 

canagliflozin, which is further supported by the reduction in CD25 expression at 24 h 

(see Chapter 3.3). To confirm the importance of these findings, T cells were activated 

independent of TCR ligation using the DAG mimetic PMA and the calcium ionophore 

ionomycin, to determine whether bypass of the affected early signalling events rescued 

effector function. Excitingly, IFNγ production was not affected by canagliflozin in 

PMA/ionomycin-activated T cells, highlighting that inhibition of early signalling events 

downstream of the TCR significantly impacts on key intracellular metabolic nodes that are 

sensitive to this pathway. Given that we have previously outlined dysregulation of mTOR and 

ERK following canagliflozin treatment (see Chapters 4.3.3 and 5.3.6), we aimed to confirm 

these findings by using known inhibitors rapamycin and PD-98,059 (inhibits MAPK kinase 

directly upstream of ERK), respectively. Canagliflozin phenocopied inhibition of both nodes, 

with similar defects in MYC expression, protein translation and effector function observed in 

all three conditions. Collectively, these data suggest that mechanistically, canagliflozin impairs 

TCR signalling leading to suppressed signalling through metabolic nodes. Furthermore, our 

data indicate that MYC protein expression is downstream of ERK and mTOR signalling in 

human T cells. 

 

 

5.5 Conclusions 

The work in this chapter outlines the mitochondrial dysfunction induced by 

canagliflozin to support impaired T cell metabolism. Previous chapters have shown that 

canagliflozin inhibits T cell activation and function, mediated by global changes across the 

proteome. Here, the mechanisms underlying these changes were investigated, focusing on 

the inhibition of mitochondrial complex I and GDH. Canagliflozin increased mitochondrial 

biogenesis, and together with complex I inhibition this has previously been associated with 

ROS production. Indeed, canagliflozin rapidly promoted the accumulation of mitoROS. GSH 

and NAC were used to buffer mitoROS, and partially rescued T cell activation following 

canagliflozin treatment, yet their effector function remained impaired. Mitochondrial 

dysfunction also impaired the expression of metabolic targets downstream of mTOR. 

Canagliflozin-induced changes in T cell activation and function are underpinned by 

perturbed metabolism. Glycolysis was limited by canagliflozin, reducing the ATP produced 
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from this pathway, whilst a reduced capacity for oxidative respiration resulted in limited ATP 

production from OXPHOS. Thus, canagliflozin retains T cells in a metabolically quiescent state. 

Given the metabolic reprogramming that occurs in T cells upon canagliflozin treatment, stable 

isotope tracer analysis was used to monitor changes in substrate utilisation. As expected, the 

incorporation of glutamine into the TCA cycle was impaired by canagliflozin-mediated 

inhibition of GDH, however, the plasticity of their glucose metabolism allowed these cells to 

promote glucose incorporation into the TCA cycle to try and compensate for the loss of 

glutamine-derived carbon. Supplementation of α-ketoglutarate had no effect on T cell 

activation and function. 

Comparison of canagliflozin with other known mitochondrial complex I inhibitors – 

rotenone and metformin – demonstrated that canagliflozin was superior in inhibiting T cell 

activation and function. Additionally, combined inhibition of complex I and GDH failed to 

match the inhibitory function of canagliflozin. The mechanistic action of canagliflozin was 

revealed, whereby early TCR signalling events are impaired by canagliflozin. Phosphorylation 

of PLCγ, ZAP70 and LAT was limited through all early time points, subsequently limiting 

downstream phosphorylation of ERK, inhibiting early T cell activation. Bypass of TCR-

mediated signalling was sufficient to rescue the effector function of canagliflozin. This 

pathway is important in canagliflozin-mediated inhibition of metabolic nodes. Indeed, 

canagliflozin treatment phenocopied mTOR inhibition and ERK inhibition in the context of 

MYC expression and several downstream effector functions. Further work was undertaken to 

determine whether canagliflozin maintains its inhibitory function in more biologically relevant 

scenarios. This included analysis the impact of canagliflozin on Teff cells – the primary 

mediators of inflammation in autoimmune disease – and T cells isolated from two 

autoimmune patient cohorts. 
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6 Canagliflozin inhibits T cell function in systemic lupus erythematosus 

and rheumatoid arthritis 

 

6.1 Introduction 

Many autoimmune diseases are characterised by dysregulated T cell function, 

including rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). Generally, 

pathogenic immune responses in these conditions are driven by the hyperactivated, 

proinflammatory function of CD4+ T cell populations, which subsequently promotes the 

activation of other immune cell types. Despite sharing this overarching pathway for 

autoimmunity, there are slight differences in the CD4+ T cells that contribute to chronic 

inflammation in each condition (see Chapter 1.4). For example, inflammation within the 

synovium of RA patients is primarily induced by the proinflammatory function of Th1 and 

Th17 cells. Initially, the abundance of IFNγ-producing CD4+ T cells within the synovial tissue 

of RA patients was thought to be the main driver of inflammation through the activation of 

immune cell populations including macrophages (Dolhain et al., 1996; Maruotti et al., 2007). 

Whilst the presence of IL-17 within the synovial fluid had already been established in early 

studies (Chabaud et al., 1998), only later was the proinflammatory function of synovium-

infiltrating, IL-17-producing CD4+ T cells elucidated. Th17 cells are enriched within the 

inflamed synovium, where they: (i) produce well-known mediators of RA pathogenesis (TNFα, 

lymphotoxin-β) alongside their classic effector cytokines (IL-17, IL-22) (Pene et al., 2008); and 

(ii) promote the tissue-destructive function of synovial fibroblasts (van Hamburg et al., 2011). 

Meanwhile, SLE presents as a predominantly Th17-driven condition. Compared to healthy 

controls, the number of circulating Th17 cells is significantly increased in SLE patients (Wong 

et al., 2008). Patient-derived CD4+ T cells express higher surface levels of TLR2, wherein 

stimulation through this signalling pathway enhances the production Th17-associated 

cytokines such as IL-6, IL-17 and TNFα (Liu et al., 2015). However, autoantibodies play an 

important role in most autoimmune conditions, therefore it is unsurprising that the number 

and function of T follicular helper (Tfh)-like cells is augmented in both RA (Rao et al., 2017) 

and SLE (Wang et al., 2014). In addition, effector T cell populations from inflamed tissues 

exhibit increased resistance to Treg cell-mediated suppression than their counterparts in 

healthy controls (van Amelsfort et al., 2004; Vargas-Rojas et al., 2008). Although there are 
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similarities in the observed changes to CD4+ T cell function, there are distinct mechanisms by 

which they arise in each condition. 

Recent work has unearthed some of the immunometabolic changes that underpin 

disease pathogenesis in T cell-mediated autoimmune diseases. However, the changes that 

occur are not common across this entire class of autoimmune disease, with instead disease-

specific changes to T cell metabolism being revealed. For example, in rheumatoid arthritis 

(RA), glucose is diverted from glycolysis into the pentose phosphate pathway (PPP), which 

subsequently fuels augmented lipid metabolism to drive the hyperproliferative and 

proinflammatory phenotype of pathogenic T cells (Shen et al., 2017; Yang et al., 2016). 

Additionally, the reduced glycolytic capacity of arthritogenic T cells limits downstream 

oxidative phosphorylation (OXPHOS), where these cells are also associated with other 

perturbations in mitochondrial function (Li et al., 2019). It is likely that these metabolic 

changes are mediated by unrestricted mTOR activation in the absence of AMPK 

phosphorylation (Wen et al., 2019). Whilst T cells from SLE patients also exhibit excessive 

mTOR activation (Fernandez et al., 2009), their pathogenic function is driven by different 

metabolic programmes versus those described in RA. Alternatively, the function of 

pathogenic T cells is driven by elevated levels of glycolysis and OXPHOS in SLE, supported 

through increased mTORC1 activity and metabolic enzyme expression (Yin et al., 2015). 

Despite these distinct metabolic differences between the T cells isolated from patients with 

SLE and RA, there are some similarities across both diseases, where they share mutual 

upregulation of the PPP (Perry et al., 2020). In contrast, changes in T cell lipid metabolism 

dominated initial investigations in multiple sclerosis (MS) immunometabolism. Cholesterol 

metabolism was originally implicated, whereby the treatment of MS patient-derived T cells 

with the HMG-CoA reductase inhibitor simvastatin reduced their proinflammatory cytokine 

production (Zhang et al., 2011). Other areas of lipid metabolism have since been associated 

with MS pathogenesis, including de novo fatty acid synthesis-mediated control of Th17 and 

Treg cell fate (Berod et al., 2014). 

Given the importance of T cell metabolism in autoimmune disease pathogenesis, 

several drugs that target metabolism have been explored as potential therapeutic options. 

Consequently, the use of type 2 diabetes (T2D) drugs – which often target aspects of cellular 

metabolism – to target pathogenic T cell metabolism has been encouraging in autoimmune 

disease (see Chapter 1.6). Most notable is metformin – an inhibitor of complex I and an 
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activator of AMPK. Early studies demonstrated that through its action on these targets, 

metformin was able to reduce the production of proinflammatory cytokines by T cells and 

macrophages, which ultimately attenuated disease severity in a murine model of 

experimental autoimmune encephalomyelitis (Nath et al., 2009). The inhibition of T cell-

mediated responses was driven by a reduction in Th1 and Th17 cell populations, with a 

concomitant increase in the generation of IL-10 (Nath et al., 2009). Metabolic regulation is 

central to the anti-inflammatory properties of metformin, whereby modulation of the 

mTOR/AMPK axis restricted Th17 differentiation by inhibiting STAT3 phosphorylation, 

thereby reducing the proinflammatory cytokine levels (Kang et al., 2013). Further 

investigations have revealed that these metabolic changes facilitate simultaneous expansion 

of the Treg cell population (Son et al., 2014), which has been confirmed in numerous settings 

of inflammation including inflammatory bowel disease (Lee et al., 2015), SLE (Lee et al., 2017) 

and graft-versus-host-disease (Park et al., 2016). The wider effect that metformin has on 

cellular metabolism has been most comprehensively examined in the context of SLE. 

Metformin treatment alone was sufficient to inhibit OXPHOS, which normalised T cell function 

during early the early stages of activation when cells are more dependent on oxidative 

metabolism (Yin et al., 2015). However, metformin increased glycolytic function, therefore 

was unable to reverse the disease phenotype in already-activated T cells (Yin et al., 2015). 

Consequently, a combination of metformin and 2-deoxyglucose – an inhibitor of glycolysis 

and glucose uptake – was required to suppress cellular metabolism and proinflammatory 

function in pathogenic T cells (Yin et al., 2015). Human studies have been scarce, however, a 

study that explored metformin as a treatment for patients with MS and metabolic syndrome 

outlined some of the underlying effects on immune cell function. Here, metformin treatment 

increased AMPK activation in patient-derived PBMCs, which induced a cytokine and 

transcription factor profile indicative of increased regulatory function and reduced Th1 and 

Th17 cell function (Negrotto et al., 2016). Similar observations were made in a cohort of 

patients treated with pioglitazone – another class of T2D drug – wherein the production of 

proinflammatory cytokines such as IL-6 and TNFα was reduced, whilst accompanied by an 

expansion of the Treg cell population (Negrotto et al., 2016). Collectively, these findings 

present the anti-inflammatory effect of repurposed T2D drugs on T cell function in the setting 

of autoimmunity, largely underpinned by metabolic control. However, the potential 
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therapeutic benefit of SGLT2 inhibitors, the newest class of T2D drugs, has yet to be explored 

in T cell-mediated autoimmune disease. 

 

6.1.1 Rationale 

Human CD4+ Teff and pan CD4+ T cells were both chosen as the study material. The 

reasons were: (i) to investigate the impact of canagliflozin on Teff cells, that are typically 

found at the site of inflammation in autoimmune disease; (ii) investigate whether 

canagliflozin has the same effect on T cell effector function in CD4+ T cells isolated from 

autoimmune patient cohorts as observed in human volunteers; and (iii) determine if 

immunometabolic changes underpin any canagliflozin-mediated changes to autoimmune 

patient-derived CD4+ T cells. Elucidating whether canagliflozin can modulate the function of 

CD4+ T cells in the setting of autoimmunity is important in understanding its therapeutic 

potential. 

 

6.1.2 Hypothesis 

 (i) CD4+ Teff cell activation and function is impaired by canagliflozin 

 (ii) Canagliflozin inhibits CD4+ T cell effector function in SLE and RA 

(iii) Reduced function of patient-derived CD4+ T cells following canagliflozin 

treatment is underpinned by metabolic reprogramming 

 

 

6.2 Experimental procedures 

6.2.1 Human blood collection 

 Ethical approval was obtained from Wales Research Ethics Committee 6 for the 

collection of peripheral blood from healthy volunteers (13/WA/0190). Blood from healthy 

donors was processed as previously described (see Chapter 2.1). 

 

6.2.2 Autoimmune patient cohort samples 

Cryopreserved PBMCs isolated from SLE patients were kindly gifted by Professor 

Elizabeth Jury from University College London (11/LO/0330; University College London). 

Cryopreserved PBMCs isolated from RA patients were kindly gifted by Professor Ursula Fearon 

from Trinity College Dublin (RS18-055; Trinity College Dublin). Cryopreserved synovial fluid 
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mononuclear cells (SFMCs) isolated from RA patients were kindly gifted by Professor Ursula 

Fearon and Professor Douglas Veale from Trinity College Dublin (RS18-055; Trinity College 

Dublin) and prepared by Dr Mary Canavan. Patient demographics are outlined in the tables 

below (Table 6.1; Table 6.2). 

 

Table 6.1 – Systemic lupus erythematosus patient demographics 

 Systemic Lupus Erythematosus 
(n = 8) 

Age  
     Mean (SD) 46.8 (± 11.0) 
     Median 49.0 
     Range 31.0 – 61.0 
  
Gender   n (%)  
     Female 8 (100.0%) 
     Male 0 (0.0%) 
  
Ethnicity  
     White 3 (37.5%) 
     Black or African-American 2 (25.0%) 
     Asian 1 (12.5%) 
     Other 3 (37.5%) 
  
Treatment  
     Steroid 8 (100.0%) 
     Immunosuppressant 7 (87.5%) 
     NSAID 1 (12.5%) 
     Anti-malarial 2 (25.0%) 
     Blood thinner 1 (12.5%) 
     Other 6 (75.0%) 

NSAID, non-steroidal anti-inflammatory drug 
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Table 6.2 – Rheumatoid arthritis patient demographics 

 Rheumatoid Arthritis 
PBMCs 
(n = 9) 

SFMCs 
(n = 5) 

Age   
     Mean (SD) 53.0 (± 12.3) 58.8 (± 21.7) 
     Median 53.0 67.0 
     Range 36.0 – 70.0 23.0 – 78.0 
   
Gender   n (%)   
     Female 4 (44.4%) 3 (60.0%) 
     Male 3 (33.3%) 2 (40.0%) 
     Not determined 2 (22.2%) 0 (0.0%) 
   
Treatment   
     No medication 0 (0.0%) 2 (40.0%) 
     bDMARD only 2 (22.2%) 1 (20.0%) 
     csDMARD only 2 (22.2%) 2 (40.0%) 
     bDMARD + csDMARD 1 (11.1%) 0 (0.0%) 
     bDMARD + TNF inhibitor 2 (22.2%) 0 (0.0%) 
     Not determined 2 (22.2%) 0 (0.0%) 
   
Rheumatoid Factor   
     Positive 6 (66.6%) 4 (80.0%) 
     Negative 2 (22.2%) 1 (20.0%) 
     Not determined 1 (11.1%) 0 (0.0%) 
   
ACPA   
     Positive 7 (77.7%) 4 (80.0%) 
     Negative 1 (11.1%) 1 (20.0%) 
     Not determined 1 (11.1%) 0 (0.0%) 
   
DAS28   
     Mean (SD) 4.1 (± 1.9) 4.0 (± 1.3) 
     Median 4.4 3.6 
     Range 1.5 – 7.6 2.6 – 5.7 

ACPA, anti-citrullinated proteins antibodies; DAS28; disease activity score-28; DMARD; disease-

modifying anti-rheumatic drug; PBMCs, peripheral blood mononuclear cells; SFMCs, synovial fluid 

mononuclear cells 
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6.2.3 T cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated as previously described 

(see Chapter 2.3). The PBMC pellet was resuspended in the appropriate downstream media 

for analysis and the number of PBMCs was determined by using the Countess® automated 

cell counter (see Chapter 2.5). Pan CD4+ T cells, CD4+ Teff cells and pan CD8+ T cells were 

isolated using automated magnetic separation as previously described (see Chapter 2.4). 

 

6.2.4 Cell culture 

Isolated T cells were activated and cultured in human plasma-like medium (HPLM) as 

previously described (see Chapter 2.6). Cell-free supernatants were stored for further 

analysis, whilst cells were collected for downstream analysis. 

 

6.2.5 Flow cytometry 

T cell activation, blastogenesis and proliferation were all assessed as previously 

described (see Chapter 2.7). Purity of isolated T cells was monitored as previously described 

(see Chapter 2.7.1) and was typically > 90%. 

Expression of CD36, CD71 and CD98 was used to assess nutrient uptake capacity 

(Table 6.3). Following 24 h activation, cells were resuspended and collected before 

centrifugation at 500 x g for 5 min. Cell-free supernatants were collected for ELISA analysis, 

whilst cells were resuspended in 100 μl FACS buffer. Dead cells were excluded using DRAQ7®. 

Cell doublets were excluded based on forward-scatter height versus forward-scatter area. 

Cells were stained for 15 min at room temperature (RT) in the dark (Table 6.3). An unstained 

sample provided a negative control. Cells were washed in FACS buffer and centrifugation at 

515 x g post-staining and resuspended in FACS buffer to analyse. 

 

Table 6.3 – Antibodies used for nutrient transporter analysis 

Antibody Fluorochrome Clone Isotype Manufacturer 
Anti-CD36 PE 5-271 Mouse IgG2a, κ BioLegend, USA 
Anti-CD71 Brilliant Violet 650™ CY1G4 Mouse IgG2a, κ BioLegend, USA 
Anti-CD98 FITC MEM-108 Mouse IgG1, κ BioLegend, USA 
DRAQ7™ APC-Cy7 - - Biostatus, UK 
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T helper (Th) subsets were identified by expression of the chemokine receptors 

CXCR3, CCR4, CCR6 and CCR10 (Table 6.4; Table 6.5; Figure 6.1) (Mahnke, Beddall, et al., 

2013). Following 24 h activation, Teff cells were harvested and up to 0.1x106 cells 

resuspended in 100 μl FACS buffer. Dead cells and cell doublets were excluded as previously 

described. Cells were stained for 15 min at RT in the dark. An unstained sample provided a 

negative control. Cells were washed in FACS buffer and centrifugation at 515 x g post-staining 

and resuspended in FACS buffer to analyse. 

 

Table 6.4 – Antibodies used for T helper cell subset analysis 

Antibody Fluorochrome Clone Isotype Manufacturer 
Anti-CXCR3 FITC REA232 Recombinant human IgG1 Miltenyi, Germany 
Anti-CCR4 Brilliant Violet 605™ L291H4 Mouse IgG1, κ BioLegend, USA 
Anti-CCR6 PE-Vio®615 REA190 Recombinant human IgG1 Miltenyi, Germany 
Anti-CCR10 APC REA326 Recombinant human IgG1 Miltenyi, Germany 
DRAQ7™ APC-Cy7 - - Biostatus, UK 

 

Table 6.5 – Panel to identify T helper cell subsets based on chemokine receptor expression 

Subset CXCR3 CCR4 CCR6 CCR10 
Th1 + - - - 
Th2 - + - - 
Th9 +/- - + +/- 
Th17 - + + - 
Th17.1 + - + - 
Th22 +/- + + + 
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Figure 6.1 – Gating strategy to identify Th subsets based on chemokine receptor expression 

(A) Gating strategy used to identify Th subsets within anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T effector cells based on their expression CXCR3, CCR4, CCR6 and CCR10. 

 

 Synovial fluid T cells were identified as CD3+ lymphocytes and were further divided 

into subsets based on their expression of CD4+ and CD8+ (Table 6.6; Figure 6.2). T cell 

activation and blastogenesis was assessed as previously described (see Chapter 2.7). 

Following 24 h activation, SFMCs were harvested and up to 0.5x106 cells resuspended in 100 

μl FACS buffer. Dead cells and cell doublets were excluded as previously described. Cells were 

stained for 15 min at RT in the dark. An unstained sample provided a negative control. Cells 

were washed in FACS buffer and centrifugation at 515 x g post-staining and resuspended in 

FACS buffer to analyse. 

 

Table 6.6 – Antibodies used for synovial fluid mononuclear cell analysis 

Antibody Fluorochrome Clone Isotype Manufacturer 
Anti-CD3 Brillian Violet 570™ UCHT1 Mouse IgG1, κ BioLegend, USA 
Anti-CD4 Alexa Fluor® 647 OKT4 Mouse IgG2b, κ BioLegend, USA 
Anti-CD8 PE HIT8a Mouse IgG1, κ BioLegend, USA 
Anti-CD25 PE-Vio®615 REA570 Recombinant human IgG1 Miltenyi, Germany 
Anti-CD44 Pacific Blue BJ18 Mouse IgG1, κ BioLegend, USA 
Anti-CD69 FITC FN50 Mouse IgG1, κ BioLegend, USA 
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Figure 6.2 – Gating strategy to identify synovial fluid CD4+ and CD8+ T cells 

(A) Gating strategy used to identify CD4+ and CD8+ T cells within anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated SFMC population. 

 

Intracellular flow cytometry was used to assess the transcription factor content of 

activated T cells and performed as previously described (see Chapter 2.7.4). Following 24 h 

activation, Teff cells were harvested and up to 0.2x106 cells resuspended in 100 μl FACS 

buffer. Cell surface staining was performed as previously described prior to intracellular 

staining. 

Expression of transcription factors associated with Th1, Th2 and Th17 cells was 

monitored by measuring intracellular Tbet, GATA3 and RORγT, respectively (Table 6.7). 

Regulatory T cell-associated transcription factor expression was monitored by measuring 

intracellular FoxP3 and CD25 and CD127 surface staining. 

 

Table 6.7 – Antibodies used for intracellular transcription factor analysis 

Antibody Fluorochrome Clone Isotype Manufacturer 
Anti-CD25 PE REA945 Recombinant human IgG1 Miltenyi, GER 
Anti-CD127 APC-Vio®770 REA614 Recombinant human IgG1 Miltenyi, GER 
Anti-FoxP3 Pacific Blue™ 259D Mouse IgG1, κ BioLegend, USA 
Anti-GATA3 PE 16E10A23 Mouse IgG2b, κ BioLegend, USA 
Anti-RORγT Brilliant Violet 650™ Q21-559 Mouse IgG2b, κ BD, USA 
Anti-Tbet Brilliant Violet 786™ O4-46 Mouse IgG1, κ BD, USA 

 

MitoSOX™ Red (5 μM; ThermoFisher, USA) was used to assess mitochondrial ROS. For 

mitochondrial staining, cells were incubated with the respective dye for 20 min at 37°C. Cells 

were washed in FACS buffer and centrifugation at 515 x g post-staining and resuspended in 

FACS buffer to analyse. 
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6.2.6 Enzyme-linked immunosorbent assay 

ELISAs were performed as per the manufacturer's guidelines to measure the 

concentration of the following cytokines in cell-free supernatants: IL-2 (DY202), IL-4 (DY204), 

IL-10 (DY217B), IL-17 (DY317), IL-21 (DY8879), IFNγ (DY285B) and TNFα (DY210; all R&D 

systems, USA). 

 

6.2.7 Metabolic analysis 

Following 24 h activation in HPLM, cells were resuspended and collected before 

centrifugation at 500 x g for 5 min. Cell-free supernatants were collected for ELISA analysis. 

Cells were resuspended in phenol red-free RPMI supplemented with glucose (10 mM), 

pyruvate (1 mM) and glutamine (2 mM; all Agilent, USA) before seeding at 2.0x105 cells per 

Cell-Tak coated well. OCR and ECAR were measured following a series of previously optimized 

injections. Injections for both the mitochondrial stress assay and glycolysis assay include 

oligomycin (1 μM), FCCP (1 μM), antimycin A and rotenone (both 1 μM) and monensin 

(20 μM). Metabolic parameters were calculated as previously described (see Chapter 2.9). 

 

6.2.8 Extracellular glucose assay 

Extracellular glucose levels in cell-free supernatants were assessed using Glucose 

Assay Kit I (Eton Biosciences, USA) as per the manufacturer's instructions. The glucose 

standard curve and samples were diluted to a working concentration using dH2O. Glucose 

Assay Solution was added to each well and incubated for 15 min at 37°C in a CO2-free 

incubator. The reaction was stopped by adding acetic acid (0.5 M; Merck, Germany). Plates 

were then read at 490 nm using a plate reader spectrophotometer. 

 

6.2.9 Statistical analysis 

Unless otherwise stated, statistical analysis was carried out using GraphPad Prism 

version 8. Data are expressed as the mean ± standard error of the mean (SEM). The normality 

of the data was initially tested using the Shapiro-Wilk test to determine the appropriate 

method of analysis. For data comparing two sample groups, normally distributed data were 

analysed using a parametric T test, whereas a non-parametric T test was used to analyse data 

not normally distributed. One-way analysis of variance (ANOVA) followed by the post-hoc 

Dunnett’s test was used to analyse three or more group means of a single variable compared 
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to the vehicle control. A one-sample T test was used to analyse data normalised to the vehicle 

control group. Significant values were taken as p ≤ 0.05 and denoted as follows: * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001 and **** p < 0.0001. 

 

 

6.3 Results 

6.3.1 Canagliflozin impairs T effector cell activation, function and proliferation 

Our data until this point has demonstrated that canagliflozin modulates activated Tnv 

cell function. Since the repertoire of cytokines secreted by Tnv cells is restricted, we next 

pursued the impact of canagliflozin on antigen-trained Teff cells. A similar approach to 

previous experiments was adopted, whereby Teff cells were activated in the presence and 

absence of canagliflozin in short-term (24 h) or long-term (72 h) culture (Figure 6.3). Once 

more, data were normalised to the vehicle control group, when appropriate, to account for 

any variability between donors. 
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Figure 6.3 – Experimental procedure employed to assess the impact of canagliflozin on T effector 

cells in HPLM 

(A) Schematic overview outlining the short-term experimental design in HPLM – anti-CD3 (2 μg/ml) 

and anti-CD28 (20 μg/ml) activated CD4+ T effector cells in the presence and absence of 

canagliflozin (10 μM). (B) Schematic overview outlining the long-term experimental design in HPLM 

as in (A). 
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At 24 h, canagliflozin induced a marked decrease in the secretion of several cytokines, 

including: IFNγ (p = 0.0005), IL-2 (p = 0.0045), IL-4 (p = 0.0164), IL-10 (p = 0.0092), IL-17 

(p = 0.0004) and IL-21 (p = 0.0037; Figure 6.4A). Most of these cytokines remained 

significantly repressed at 72 h, with the exception of IL-10 (IFNγ: p = 0.0015; IL-2: p = 0.0094; 

IL-4: p = 0.0449; IL-10: p = 0.4766; IL-17: p = 0.0168; IL-21: p = 0.0006; Figure 6.4B). However, 

the observed reductions were somewhat less pronounced at 72 h versus 24 h, particularly in 

the case of IFNγ (24 h: fold-change 0.253; 72 h: fold-change 0.501) and IL-17 (24 h: fold-

change 0.322; 72 h: fold-change 0.720; Figure 6.4B). 

 

 

Figure 6.4 – Canagliflozin suppresses cytokine production by T effector cells 

(A-B) Secretion of IFNγ, IL-2, IL-4, IL-10, IL-17 and IL-21 at (A) 24 h and (B) 72 h by anti-CD3 (2 μg/ml) 

and anti-CD28 (20 μg/ml) activated CD4+ T effector cells in the presence and absence of 

canagliflozin (10 μM), determined by ELISA of cell-free supernatants. Data are representative of 

four independent experiments. Statistical analysis was performed using a one-sample T test. Data 

expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

 

This was again underpinned by attenuated activation, where CD44 (p = 0.0007) and 

CD69 (p = 0.0059) expression was significantly reduced by canagliflozin, whilst CD25 

expression trended towards decrease (p = 0.0981; Figure 6.5).  
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Figure 6.5 – T effector cell activation is impaired by canagliflozin 

(A-C) Relative surface expression of activation markers (A) CD25, (B) CD44 and (C) CD69 on anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T effector cells in the presence and absence of 

canagliflozin (10 μM), determined by flow cytometry. Representative overlaid histogram plots. Data 

are representative of four (A) or six (B-C) independent experiments. All relative data are normalised 

to the vehicle control group. Statistical analysis was performed using a one-sample T test. Data 

expressed as mean ± SEM; ** p ≤ 0.01, *** p ≤ 0.001. 

 

Also consistent with previous work, blastogenesis was constricted (p = 0.0006) at 24 h 

in canagliflozin-treated Teff cells (Figure 6.6A). 

 

 

Figure 6.6 – Canagliflozin restricts T effector cell blastogenesis 

(A-B) Relative cell size at (A) 24 h and (B) 72 h in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ Teff cells in the presence and absence of canagliflozin (10 μM), determined by flow 

cytometry using forward-scatter area. Representative overlaid histogram plots, numbers indicate 

forward scatter area. Data are representative of six (A) or four (B) independent experiments. All 

relative data are normalised to the vehicle control group. Statistical analysis was performed using 

a one-sample T test. Data expressed as mean ± SEM; *** p ≤ 0.001. 
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Regarding the longer-term impact of canagliflozin, Teff cell proliferation and 

blastogenesis was monitored at 72 h. Despite no reduction in blastogenesis at this time point 

(p = 0.0985; Figure 6.6B), Teff cell proliferation was modestly, yet significantly, suppressed by 

canagliflozin in terms of the number of cells divided (p = 0.0306; Figure 6.7A). However, there 

were no significant differences in any of the calculated proliferation parameters (Figure 6.7B-

E). 

 

 

Figure 6.7 – Canagliflozin reduces T effector cell proliferation 

(A) Relative frequency of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T effector 

cells divided in the presence and absence of canagliflozin (10 μM), determined by flow cytometry 

using CellTrace™ CFSE. Representative overlaid histogram plots, numbers indicate percentage of 

cells divided. (B-E) Calculated proliferation parameters including (B) proliferation, (C) expansion, (D) 

division and (E) replication. Data are representative of four independent experiments. All relative 

data are normalised to the vehicle control group. Statistical analysis was performed using a one-

sample T test. Data expressed as mean ± SEM; * p ≤ 0.05. 
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Crucially, the aforementioned changes in Teff cell function upon canagliflozin 

treatment were not attributable to reduced cell viability (24 h: p = 0.2195, 72 h: p = 0.6608; 

Figure 6.8). 

 

 

Figure 6.8 – Canagliflozin does not compromise T effector cell viability 

(A-B) Cell viability at (A) 24 h and (B) 72 h of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

CD4+ T effector cells in the presence and absence of canagliflozin (10 μM), determined by flow 

cytometry using DRAQ7™. Representative contour plots, numbers indicate frequency of viable cells. 

Data are representative of six (A) or four (B) independent experiments. Statistical analysis was 

performed using an unpaired T-test. Data expressed as mean ± SEM. 

 

We next explored the underlying processes that might govern canagliflozin-mediated 

changes in Teff cell function. Initially, we concentrated on metabolism, given the changes 

previously observed in Tnv cells (see Chapter 5.3). To gain a relatively quick insight, we 

measured the expression of several key nutrient transporters – including CD36 (fatty acid 

translocase), CD71 (transferrin receptor) and CD98 (large neutral amino acid transporter) –

on the surface of 24 h activated Teff cells. All three transporters were significantly 

downregulated by canagliflozin (CD36: p = 0.0454; CD71: p = 0.0014; CD98: p = 0.0128; 

Figure 6.9A-C), which might suggest reduced nutrient uptake into Teff cells. Furthermore, 

extracellular glucose concentrations were elevated in cell-free supernatants collected from 

canagliflozin-treated Teff cells (p = 0.0102), which might also indicate reduced glucose uptake 

(Figure 6.9D). 

 



235 
 

 

Figure 6.9 – Nutrient transporter expression is reduced on T effector cell surface by canagliflozin 

(A-C) Relative surface expression of nutrient transporters (A) CD36, (B) CD71 and (C) CD98 on anti-

CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T effector cells in the presence and absence 

of canagliflozin (10 μM), determined by flow cytometry. Representative overlaid histogram plots, 

numbers indicated median fluorescence intensity. (D) Extracellular glucose concentrations in cell-

free supernatants. Data are representative of four independent experiments. All relative data are 

normalised to the vehicle control group. Statistical analysis was performed using a one-sample T 

test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 

 

As metabolic transporter expression, activation and effector function are all impaired 

by canagliflozin, we next investigated whether this might arise through Teff cell exhaustion. 

Classic T cell exhaustion markers – LAG3, PD-1 and TIM3 – were analysed by flow cytometry, 

however their expression was not increased by canagliflozin (Figure 6.10). In fact, exhaustion 

marker expression tended to decrease in the presence of canagliflozin, whereby PD-1 

expression was significantly suppressed (LAG3: p = 0.1666; TIM3: p = 0.1903; PD-1: p = 0.0123; 

Figure 6.10). Together, these data demonstrate that canagliflozin modulates Teff cell 

activation and function independent of exhaustion, more likely through a compromised 

metabolic profile. 
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Figure 6.10 – Canagliflozin-treated T effector cells do not become anergic 

(A-C) Relative surface expression of exhaustion markers (A) LAG3, (B) PD-1 and (C) TIM3 on anti-

CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ Teff cells in the presence and absence of 

canagliflozin (10 μM), determined by flow cytometry. Representative overlaid histogram plots, 

numbers indicated median fluorescence intensity. Data are representative of three independent 

experiments. All relative data are normalised to the vehicle control group. Statistical analysis was 

performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05. 

 

 

6.3.2 Canagliflozin alters the distribution of Th subsets within the T effector cell 

population 

Given the observed changes in Teff cell cytokine production, we sought to investigate 

the effect that canagliflozin has on the distribution of Th cell subsets. Initially, the frequency 

of several Th cell subsets was determined based on their chemokine receptor expression 

patterns (see Chapter 6.2.5; Figure 6.1). Although canagliflozin did not drastically alter the Th 

subset profile of Teff cells, there were noticeable changes to individual subset compartments 

(Figure 6.11). 
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Figure 6.11 – Th subset profile of canagliflozin-treated T effector cells 

(A) Representative global tSNE projection of Th subsets in anti-CD3 (2 μg/ml) and anti-CD28 (20 

μg/ml) activated CD4+ T effector cells in the presence and absence of canagliflozin (10 μM), 

determined by flow cytometry based on chemokine receptor expression. Data are representative 

of five independent experiments. 

 

When these changes were quantified, there was a significant, but unexpected, 

increase in the Th1 cell population (p = 0.0098), whilst there was a reduction in the frequency 

of both Th17 (p = 0.0460) and Th22 cells (p = 0.0082; Figure 6.12). Despite trending towards 

increase, the frequency of Th9 (p = 0.0987) and Th17.1 cells (p = 0.2786) were not significantly 

altered by canagliflozin treatment, and there was no pronounced change in the Th2 cell 

population (p = 0.4285; Figure 6.12). 
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Figure 6.12 – Changes within the T effector cell compartment upon canagliflozin treatment 

(A-F) Relative frequency of (A) Th1, (B) Th2, (C) Th9, (D) Th17, (E) Th17.1 and (F) Th22 cells within 

anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T effector cells in the presence and 

absence of canagliflozin (10 μM), determined by flow cytometry based on chemokine receptor 

expression. (G) Representative summary of Th subset distribution in canagliflozin-treated T effector 

cells and vehicle control. Data are representative of five independent experiments. All relative data 

are normalised to the vehicle control group. Statistical analysis was performed using a one-sample 

T test. Data are expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 
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Unsurprisingly, when assessing the canagliflozin-induced changes in ratio between 

various subsets, there was a significant increase in both the Th1 / Th2 ratio (p = 0.0214) and 

Th1 / Th17 ratio (p = 0.0205; Figure 6.13).  

 

 

Figure 6.13 – Canagliflozin disrupts the balance between Th subsets 

(A) Relative ratio of Th1 to Th2 cells and within anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated CD4+ T effector cells in the presence and absence of canagliflozin (10 μM), determined by 

flow cytometry. (B) Relative ratio of Th1 to Th17 cells as in (A). Data are representative of five 

independent experiments. All relative data are normalised to the vehicle control group. Statistical 

analysis was performed using a one-sample T test. Data are expressed as mean ± SEM; * p ≤ 0.05. 

 

As it is unlikely that changes to the Th subset compartments are occurring in such 

short time frames, we next focussed on chemokine expression outside the context of Th 

subsets. Here there was an observed decrease in the expression of CCR4 (p = 0.0006) and 

CCR6 (p = 0.0030), however, CXCR3 (p = 0.2164) and CCR10 (p = 0.1389) remained unchanged 

by canagliflozin (Figure 6.14). The loss of CCR4 expression was particularly striking, especially 

in the northern hemisphere of the tSNE plot mainly comprised of Th2 cells (Figure 6.14B). 
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Figure 6.14 – Canagliflozin alters chemokine receptor expression on T effector cells 

(A-D) Relative surface expression of chemokine receptors (A) CXCR3, (B) CCR4, (C) CCR6 and (D) 

CCR10 on anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T effector cells in the 

presence and absence of canagliflozin (10 μM), determined by flow cytometry. Representative tSNE 

plots, colour gradient indicates median fluorescence intensity: blue is associated with low 

expression; red is associated with high expression. Representative overlaid histogram plots, 

numbers indicated median fluorescence intensity.  Data are representative of five independent 

experiments. All relative data are normalised to the vehicle control group. Statistical analysis was 

performed using a one-sample T test. Data are expressed as mean ± SEM; ** p ≤ 0.01, *** p ≤ 0.001. 

 

Next, we determined whether the changes in Th cell subset populations in response 

to canagliflozin are driven by their expression of key transcription factors. Despite the 

observed increase in the Th1 cell compartment based on Teff cell chemokine expression 

patterns, there was reduced expression of the Th1-associated transcription factor Tbet 

(p = 0.0036; Figure 6.15A). Intriguingly, there was also reduced expression of GATA3 in Teff 

cells treated with canagliflozin (p = 0.0224), although the Th2 cell population was unaffected 

based on their chemokine receptor expression (Figure 6.15B). Intracellular expression of 

RORγT – a key transcription factor in Th17 cells – was also reduced by canagliflozin 

(p = 0.0164; Figure 6.15C). 
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Figure 6.15 – Canagliflozin reduces the expression of lineage-associated transcription factors 

(A-C) Relative intracellular expression of transcription factors (A) GATA3, (B) RORγT and (C) Tbet in 

anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T effector cells in the presence and 

absence of canagliflozin (10 μM), determined by flow cytometry. Representative overlaid histogram 

plots, numbers indicate median fluorescence intensity. Data are representative of four independent 

experiments. All relative data are normalised to the vehicle control group. Statistical analysis was 

performed using a one-sample T test. Data are expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 

 

Treg-associated markers were also monitored following canagliflozin treatment, 

whereby there was a significant reduction in cell-surface CD25 (p = 0.0275) in line with 

previous data, whilst cell-surface CD127 trended towards decrease (p = 0.0859; Figure 6.16A-

B). Additionally, the intracellular expression of key transcription factor FoxP3 was also 

reduced (p = 0.0670) in canagliflozin-treated Teff cells (Figure 6.16). Together, these data 

demonstrate that the Th subset profile could potentially be altered by canagliflozin in Teff 

cells, however, it is unclear what mechanism ultimately drives changes to individual 

populations. 
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Figure 6.16 – Canagliflozin limits the expression of factors associated with regulatory T cell 

differentiation 

(A-C) Relative expression of regulatory T cell-associated markers (A) CD25, (B) CD127 and 

(C) intracellular FoxP3 in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD4+ T effector 

cells in the presence and absence of canagliflozin (10 μM), determined by flow cytometry. 

Representative overlaid histogram plots, numbers indicated median fluorescence intensity. Data 

are representative of four independent experiments. All relative data are normalised to the vehicle 

control group. Statistical analysis was performed using a one-sample T test. Data are expressed as 

mean ± SEM; * p ≤ 0.05. 

 

 

6.3.3 Canagliflozin inhibits CD8+ T cell function 

Given that canagliflozin has such a profound inhibitory effect on CD4+ T cell function, 

we sought to investigate whether this also applies to CD8+ T cells. The experimental 

procedure adopted was consistent with those employed to analyse CD4+ T cells, whereby 

CD8+ T cells were activated in the presence and absence of canagliflozin (Figure 6.17). 
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Figure 6.17 – Experimental procedure employed to assess the impact of canagliflozin on CD8+ T 

cells 

(A) Schematic overview outlining the experimental design in HPLM – anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated CD8+ T cells in the presence and absence of canagliflozin (10 μM). 

 

In keeping with our previous findings in various CD4+ T cell subsets, canagliflozin 

impaired CD8+ T cell activation with a marked reduction in CD25 (p = 0.0134), CD44 

(p = 0.0047) and CD69 expression (p = 0.0003; Figure 6.18). 

 

 

Figure 6.18 – CD8+ T cell activation is impaired by canagliflozin 

(A-C) Relative surface expression of activation markers (A) CD25, (B) CD44 and (C) CD69 on anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated CD8+ T cells in the presence and absence of 

canagliflozin (10 μM), determined by flow cytometry. Representative overlaid histogram plots. Data 

are representative of five independent experiments. All relative data are normalised to the vehicle 

control group. Statistical analysis was performed using a one-sample T test. Data expressed as mean 

± SEM; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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Furthermore, blastogenesis was also significantly constrained following treatment 

with canagliflozin (p = 0.0044; Figure 6.19). 

 

 

Figure 6.19 – Canagliflozin constrains CD8+ T cell blastogenesis 

(A) Relative cell size in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD8+ T cells in the 

presence and absence of canagliflozin (10 μM), determined by flow cytometry using forward-scatter 

area. Representative overlaid histogram plots, numbers indicate forward scatter area. Data are 

representative of five independent experiments. All relative data are normalised to the vehicle 

control group. Statistical analysis was performed using a one-sample T test. Data expressed as mean 

± SEM; ** p ≤ 0.01. 

 

Together, these changes culminated in diminished effector function, whereby the 

production of IL-2 (p = 0.0040), IFNγ (p = 0.0012) and granzyme B (p = 0.0002) were all 

markedly reduced in the presence of canagliflozin (Figure 6.20). Together, these changes in 

CD8+ T cell function are highly unsurprising, given the previously described impact that 

canagliflozin has on TCR signalling (see Chapter 5.3.6). 
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Figure 6.20 – Canagliflozin impairs CD8+ T cell effector function 

(A-C) Secretion of (A) IL-2, (B) IFNγ and (C) granzyme B by anti-CD3 (2 μg/ml) and anti-CD28 

(20 μg/ml) activated CD8+ T cells in the presence and absence of canagliflozin (10 μM), determined 

by ELISA of cell-free supernatants. Data are representative of five (A-B) or three (C) independent 

experiments. Statistical analysis was performed using a one-sample T test. Data expressed as mean 

± SEM; ** p ≤ 0.01, *** p ≤ 0.001. 

 

Importantly, canagliflozin did not compromise CD8+ T cell viability (p = 0.8238; 

Figure 6.21). Together, these data show that canagliflozin exhibits an inhibitory effect on 

CD8+ T cells, similar to what has been more extensively analysed in several CD4+ T cell 

subsets. 

 

 

Figure 6.21 – CD8+ T cell viability is not compromised by canagliflozin 

(A) Cell viability of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated CD8+ T cells in the 

presence and absence of canagliflozin (10 μM), determined by flow cytometry using DRAQ7™. 

Representative contour plots, numbers indicate frequency of dead cells. Data are representative of 

five independent experiments. Statistical analysis was performed using an unpaired T-test. Data 

expressed as mean ± SEM. 
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6.3.4 Canagliflozin inhibits CD4+ T cell function in systemic lupus erythematosus and 

rheumatoid arthritis 

Ultimately, we wanted to determine whether canagliflozin can be repurposed in the 

setting of autoimmune disease. To better understand the actions of canagliflozin in this 

setting, CD4+ T cells isolated from two autoimmune patient cohorts – SLE and RA – were 

activated with anti-CD3 and anti-CD28 and treated with the drug to assess whether their 

function is altered as previously described for healthy donors (Figure 6.22). Dapagliflozin was 

discontinued for this analysis as cell numbers were limited from autoimmune patient samples 

and no substantial changes in function were previously recorded when CD4+ T cells were 

treated with the drug. 

 

 

Figure 6.22 – Experimental procedure employed to assess the impact of canagliflozin on patient-

derived CD4+ T cells 

(A) Schematic overview outlining the experimental design in HPLM – anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated pan CD4+ T cells in the presence and absence of canagliflozin (10 μM). 

 

Initially, we determined whether canagliflozin exercises its off-target effects and 

perturbs metabolism in T cells isolated from both autoimmune patient cohorts. A 

bioenergetic profile was generated for anti-CD3 and anti-CD28 activated CD4+ T cells that had 

been treated with either canagliflozin or DMSO vehicle control. Since there was variability 

between each patient sample (Figure 6.23 and 6.24), the metabolic parameters calculated 

were normalised to the control group to assess the relative change upon canagliflozin 

treatment. 
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Figure 6.23 – Donor variability in bioenergetic analysis of SLE patient-derived CD4+ T cells 

(A) Seahorse traces of glycolysis in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

SLE patient-derived CD4+ T cells in the presence and absence of canagliflozin (10 μM), measured 

with oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and monensin (20 μM). (B) Seahorse traces 

of OXPHOS as in (A). Data are representative of 2+ technical replicates. Data expressed as mean ± 

SEM. 
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Figure 6.24 – Donor variability in bioenergetic analysis of RA patient-derived CD4+ T cells 

(A) Seahorse traces of glycolysis in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

RA patient-derived CD4+ T cells in the presence and absence of canagliflozin (10 μM), measured 

with oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and monensin (20 μM). (B) Seahorse traces 

of OXPHOS as in (A). Data are representative of 2+ technical replicates. Data expressed as mean ± 

SEM. 

 

As previously observed in T cells derived from healthy donors, glycolysis was impaired 

by canagliflozin in CD4+ T cells isolated from both SLE and RA patients, as canagliflozin 

suppressed both basal glycolysis (SLE: p = 0.0185; RA: p = 0.0192) and maximal glycolysis 

(SLE: p = 0.0017; RA: p = 0.0137) in each patient group (Figure 6.25A-F). Consequently, there 

was a concomitant reduction in glycolysis-derived ATP levels at both basal (SLE: p = 0.0172; 

RA: p = 0.0188) and maximal (SLE: p = 0.0011; RA: p = 0.0139) rates of metabolism 

(Figure 6.25G-H). 
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Figure 6.25 – Canagliflozin impairs CD4+ T cell glycolysis in SLE and RA 

(A) Seahorse trace of glycolysis in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated 

SLE patient-derived CD4+ T cells in the presence and absence of canagliflozin (10 μM), measured 

with oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and monensin (20 μM). Trace 

representative of one patient sample only. (B-C) Glycolytic parameters including (B) basal glycolysis 

and (C) maximal glycolysis in SLE. (D) Seahorse trace of glycolysis as in (A) for RA patient-derived 

CD4+ T cells, representative of one patient sample only. (E-F) Glycolytic parameters including (E) 

basal glycolysis and (F) maximal glycolysis in RA. (G-H) Joules of ATP produced from glycolysis at 

basal and maximal levels in (G) SLE and (H) RA. Data are representative of three independent 

experiments. All relative data are normalised to the vehicle control group. Statistical analysis was 

performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01. 
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Interestingly, compared to our previous findings in healthy individuals, there was only 

a modest reduction in OXPHOS in patient-derived T cells treated with canagliflozin 

(Figure 6.26). Here, basal respiration was not affected in either cohort (SLE: p = 0.1021; 

RA: p = 0.1065), whilst ATP-linked respiration was only repressed by canagliflozin in the RA 

patient cohort (SLE: p = 0.2008; RA: p = 0.0406). Similar to that observed in healthy donors, 

the capacity for oxidative respiration in treated CD4+ T cells was diminished in both SLE and 

RA, whereby their maximal respiratory capacity (SLE: p = 0.0062; RA: p = 0.0111) and spare 

respiratory capacity (SLE: p = 0.0416; RA: p = 0.0053) were significantly reduced 

(Figure 6.26A-J). Consequently, there was a reduction in the ATP produced from OXPHOS at 

basal rates of oxidative metabolism, which was significant in RA (SLE: p = 0.1927; 

RA: p = 0.0444), whilst even fewer joules of ATP were produced when OXPHOS was at its 

maximal rate (SLE: p = 0.0062; RA: p = 0.0111; Figure 6.26K-L). 

 



251 
 

 

Figure 6.26 – Canagliflozin limits the respiratory capacity of CD4+ T cells in SLE and RA 

(A) Seahorse trace of OXPHOS in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated SLE patient-

derived CD4+ T cells in the presence and absence of canagliflozin (10 μM), measured with 

oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and monensin (20 μM). Trace representative of 

one patient sample only. (B-E) Respiratory parameters including (B) basal respiration, (C) ATP-linked 

respiration, (D) maximal respiratory capacity and (E) spare respiratory capacity in SLE. (F) Seahorse 

trace of OXPHOS as in (A) for RA patient-derived CD4+ T cells. (G-J) Respiratory parameters including 

(G) basal respiration, (H) ATP-linked respiration, (I) maximal respiratory capacity and (J) spare 

respiratory capacity in RA. (K-L) Joules of ATP (JATP) produced from OXPHOS at basal and maximal 

levels in (K) SLE and (L) RA. Data are representative of three independent experiments. All relative 

data are normalised to the vehicle control group. Statistical analysis was performed using a one-

sample T test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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Given the foregoing changes in CD4+ T cell metabolism, OCR/ECAR ratio tended to 

shift towards a more oxidative phenotype in canagliflozin-treated cells – largely owing to 

more profound inhibition of glycolysis by canagliflozin treatment (SLE: p = 0.0770; 

RA: p = 0.0242; Figure 6.27). 

 

 

Figure 6.27 – OCR/ECAR ratio of SLE and RA patient-derived CD4+ T cells treated with canagliflozin 

(A-B) OCR/ECAR ratio calculated using basal respiration and basal glycolysis of anti-CD3 (2 μg/ml) 

and anti-CD28 (20 μg/ml) activated patient-derived CD4+ T cells in the presence and absence of 

canagliflozin (10 μM). CD4+ T cells derived from (A) SLE and (B) RA patients. Data are representative 

of three independent experiments. Statistical analysis was performed using a one-sample T test. 

Data expressed as mean ± SEM. 

 

To further consider the global impact that canagliflozin exerts on T cells in 

autoimmune disease, changes in ATP production from glycolysis and OXPHOS were coupled 

to give the bioenergetic scope of CD4+ T cells – calculated as the product of ATP produced 

from glycolysis and ATP produced from OXPHOS. The bioenergetic scope of canagliflozin-

treated cells declined at basal metabolic rates (SLE: p = 0.0439; RA: p = 0.0183) and became 

even more pronounced when metabolic flux was at its maximal rate (SLE: p = 0.0004; RA: 

p = 0.0077; Figure 6.28). 
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Figure 6.28 – Canagliflozin limits the bioenergetic scope of CD4+ T cells in SLE and RA 

(A) Bioenergetic map representing joules of ATP (JATP) produced from glycolysis and OXPHOS in anti-

CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated SLE patient-derived CD4+ T cells in the presence 

and absence of canagliflozin (10 μM), measured with oligomycin, FCCP, antimycin A/rotenone (all 

1 μM) and monensin (20 μM). Symbols represent JATP produced under basal metabolic conditions; 

rectangles represent JATP produced under maximal metabolic conditions. (B) Bioenergetic scope at 

basal and maximal levels in SLE. (C) Bioenergetic map representing JATP produced from glycolysis 

and OXPHOS as in (A) by RA patient-derived CD4+ T cells. (D) Bioenergetic scope at basal and 

maximal levels in RA. Data are representative of three independent experiments. Statistical analysis 

was performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001. 

 

Despite the metabolic perturbation observed, the plasticity of these cells to respond 

to changes in ATP demand or the source of their ATP supply, as measured by their supply 

flexibility index, was not significantly altered by treatment with canagliflozin (SLE: p = 0.4608; 

RA: p = 0.6884; Figure 6.29). Together these data are in agreement with our previous 

experiments in healthy donors and demonstrates that canagliflozin maintains its ability to 

modulate T cell metabolism in the setting of SLE and RA. 
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Figure 6.29 – Canagliflozin-treated CD4+ T cells retain metabolic flexibility in SLE and RA 

(A-B) Supply flexibility index of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated SLE patient-

derived CD4+ T cells in the presence and absence of canagliflozin (10 μM), measured with 

oligomycin, FCCP, antimycin A/rotenone (all 1 μM) and monensin (20 μM). CD4+ T cell derived from 

(A) SLE or (B) RA patients. Data are representative of three independent experiments. Statistical 

analysis was performed using a one-sample T test. Data expressed as mean ± SEM. 

 

Previously, we described that canagliflozin enhances mitochondrial ROS through 

complex I inhibition, disrupting the mTOR/MYC axis and subsequently impairing T cell 

metabolism and function (see Chapter 5.3). Therefore, mitochondrial ROS production was 

measured in activated RA patient-derived T cells treated with canagliflozin to gain some 

insight into whether the same mechanisms underpin altered T cell metabolism and function 

in autoimmune disease. Consistent with our previous findings, mitochondrial ROS production 

was increased at 60 min in canagliflozin-treated T cells (p = 0.0286; Figure 6.30). This would 

suggest that canagliflozin induces mitochondrial dysfunction in autoimmune patient-derived 

T cells, similar to that observed in healthy individuals. 
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Figure 6.30 – Canagliflozin promotes mitochondrial reactive oxygen species production in RA 

patient-derived CD4+ T cells 

(A) Mitochondrial ROS production in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated RA 

patient-derived CD4+ T cells in the presence and absence of canagliflozin (10 μM), determined by 

flow cytometry using mitochondrial superoxide indicator MitoSOX™. Representative overlaid 

histogram plots, numbers indicate median fluorescence intensity. Data are representative of four 

independent experiments. Data expressed as mean ± SEM; * p ≤ 0.05. 

 

Next, we aimed to assess whether canagliflozin-induced alterations in T cell 

metabolism underlie the same changes in activation and function determined in healthy 

donors. Activation was measured in response to anti-CD3 and anti-CD28 co-stimulation by 

the surface expression of CD25, CD44 and CD69. Despite CD25 expression remaining 

unchanged on T cells derived from SLE patients in response to canagliflozin treatment 

(p = 0.5696), significant reductions were observed in the expression of the other activation 

markers – CD44 (p = 0.0081) and CD69 (p = 0.0025) – with the most pronounced reduction 

observed for the latter (Figure 6.31A-C). For RA patients, canagliflozin was detrimental to the 

expression of all three activation markers measured (CD25: p = 0.0004; CD44: p = 0.0004; 

CD69: p < 0.0001), with CD69 again the most affected (Figure 6.31D-F). 
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Figure 6.31 – CD4+ T cell activation is impaired by canagliflozin in SLE and RA 

(A-C) Relative surface expression of activation markers (A) CD25, (B) CD44 and (C) CD69 on anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated SLE patient-derived CD4+ T cells in the presence and 

absence of canagliflozin (10 μM), determined by flow cytometry. (D-F) Relative surface expression 

of activation markers (D) CD25, (E) CD44 and (F) CD69 on RA patient-derived CD4+ T cells as in (A-

C). Representative overlaid histogram plots. Data are representative of four (A-C) or six (D-F) 

independent experiments. All relative data are normalised to the vehicle control group. Statistical 

analysis was performed using a one-sample T test. Data expressed as mean ± SEM; ** p ≤ 0.01, 

*** p ≤ 0.001, **** p < 0.0001. 
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Contrary to our previous understanding in healthy donors, canagliflozin only exerted 

a modest impact on T cell blastogenesis in an autoimmune disease setting (SLE: p = 0.0632; 

RA: p = 0.0408; Figure 6.32). 

 

 

Figure 6.32 – Canagliflozin restricts CD4+ T cell blastogenesis in RA 

(A) Relative cell size in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated SLE patient-derived 

CD4+ T cells in the presence and absence of canagliflozin (10 μM), determined by flow cytometry 

using forward-scatter area. (B) Relative cell size in RA patient-derived CD4+ T cells as in (A). 

Representative overlaid histogram plots, numbers indicate forward scatter area. Data are 

representative of four (A) or six (B) independent experiments. All relative data are normalised to 

the vehicle control group. Statistical analysis was performed using a one-sample T test. Data 

expressed as mean ± SEM; * p ≤ 0.05. 

 

Importantly, in spite of the aforementioned changes in metabolism and activation, 

CD4+ T cell viability was not majorly compromised in either patient cohort (Figure 6.33). 

Viability was unchanged in SLE patient-derived T cells following canagliflozin treatment 

(p = 0.2532), whilst there was only a modest reduction observed in T cells isolated from RA 

patients (p = 0.0462; Figure 6.33). Thus, canagliflozin impairs T cell activation in autoimmune 

disease, but does not adversely affect cell survival. 
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Figure 6.33 – CD4+ T cell viability is not markedly compromised by canagliflozin in SLE and RA 

(A) Cell viability of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated SLE patient-derived CD4+ 

T cells in the presence and absence of canagliflozin (10 μM), determined by flow cytometry using 

DRAQ7™. (B) Cell viability of RA patient-derived CD4+ T cells as in (A). Representative contour plots, 

numbers indicate frequency of dead cells. Data are representative of four (A) or six (B) independent 

experiments. Statistical analysis was performed using an unpaired T-test. Data expressed as mean 

± SEM. 

 

Finally, to determine whether these changes to metabolism and activation culminate 

in blunted T cell function, proinflammatory cytokine secretion was measured by ELISA in anti-

CD3 and anti-CD28 activated CD4+ T cells treated with canagliflozin. Here, there was a 

significant decrease in IFNγ secretion (SLE: p = 0.0051; RA: p < 0.0001) and IL-2 secretion 

(SLE: p = 0.0026; RA: p < 0.0001) by CD4+ T cells following canagliflozin treatment in both 

autoimmune patient cohorts (Figure 6.34A-D). Additionally, further reductions in both IL-17 

secretion (p < 0.0001) and TNFα secretion (p < 0.0001) were observed in RA patients 

(Figure 6.34F-G). IL-17 could not be detected in the cell-free supernatants of CD4+ T cells 

isolated from SLE patients (Figure 6.34E). Collectively, these data support our previous 

experiments in healthy donors, whereby canagliflozin is a potent inhibitor of global T cell 

function. 
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Figure 6.34 – Canagliflozin impairs effector function in SLE and RA 

(A-G) Secretion of (A-B) IL-2, (C-D) IFNγ, (E-F) IL-17 and (G) TNFα by anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated patient-derived CD4+ T cells in the presence and absence of canagliflozin 

(10 μM), determined by ELISA of cell-free supernatants. CD4+ T cells derived from SLE (A,C,E) and 

RA (B,D,F,G) patients. Data are representative of four (A,C), nine (B,D,F,G) or two (E) independent 

experiments. Statistical analysis was performed using a one-sample T test. Data expressed as mean 

± SEM; ** p ≤ 0.01, *** p ≤ 0.001, **** p < 0.0001. 

 

 

6.3.5 Canagliflozin inhibits the function of human T cells isolated from arthritogenic 

synovial fluid 

Lastly, we sought to assess whether canagliflozin remained effective in inhibiting T cell 

function in another human experimental model of autoimmune disease. Here, synovial fluid 

mononuclear cells (SFMCs) isolated from the knee of RA patients undergoing arthroscopic 

surgery were analysed for their activation marker expression and effector cytokine 

production following their activation in the presence and absence of canagliflozin 

(Figure 6.35). 
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Figure 6.35 – Experimental procedure employed to assess the impact of canagliflozin on patient-

derived synovial fluid mononuclear cells 

(A) Schematic overview outlining the experimental design in HPLM – anti-CD3 (2 μg/ml) and anti-

CD28 (20 μg/ml) activated synovial fluid mononuclear cells (SFMCs) in the presence and absence of 

canagliflozin (10 μM). 

 

In agreement with our previous findings, canagliflozin largely impaired the activation 

of synovial fluid CD4+ T cells, with reduced expression of CD25 and CD44 in the majority of 

the patient cohort apart from one patient outlier (CD25: p = 0.5398; CD44: p = 0.2080; 

Figure 6.36A-B). However, the change in CD69 expression was less pronounced (p = 0.9495; 

Figure 6.36C). Furthermore, canagliflozin also impaired the activation of synovial fluid CD8+ T 

cells, whereby CD25 (p = 0.0606), CD44 (p = 0.0706) and CD69 (p = 0.1267) were all reduced, 

albeit to non-significant levels (Figure 6.36D-F). 
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Figure 6.36 – Canagliflozin impairs the activation of synovial fluid T cells 

(A-C) Relative surface expression of activation markers (A) CD25, (B) CD44 and (C) CD69 on anti-CD3 

(2 μg/ml) and anti-CD28 (20 μg/ml) activated synovial fluid CD4+ T cells in the presence and absence 

of canagliflozin (10 μM), determined by flow cytometry. (D-F) Relative surface expression of 

activation markers (D) CD25, (E) CD44 and (F) CD69 on synovial fluid CD8+ T cells as in (A-C). 

Individual donors identified by symbol shape. Representative overlaid histogram plots. Data are 

representative of four independent experiments. All relative data are normalised to the vehicle 

control group. Statistical analysis was performed using a one-sample T test. Data expressed as mean 

with lines adjoining paired data points. 
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Additionally, reductions in CD4+ T cell blastogenesis were observed in three of the 

four patient samples (p = 0.1926) upon treatment with canagliflozin (Figure 6.37A). This 

change in blastogenesis was more pronounced in CD8+ T cells (p = 0.0526; Figure 6.37B). 

 

 

Figure 6.37 – Canagliflozin restricts synovial fluid T cell blastogenesis 

(A) Relative cell size in anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated synovial fluid CD4+ T 

cells in the presence and absence of canagliflozin (10 μM), determined by flow cytometry using 

forward-scatter area. (B) Relative cell size in synovial fluid CD8+ T cells as in (A). Representative 

overlaid histogram plots, numbers indicate forward scatter area. Data are representative of four 

independent experiments. All relative data are normalised to the vehicle control group. Statistical 

analysis was performed using a one-sample T test. Data expressed as mean ± SEM. 

 

Importantly, canagliflozin-mediated changes in T cell activation and blastogenesis did 

not arise as a result of compromised viability (CD4: p = 0.7222; CD8: p = 0.6761; Figure 6.38). 

Together, these data demonstrate that canagliflozin retains its inhibitory effect on T cell 

activation in another setting of autoimmune disease. 
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Figure 6.38 – Synovial fluid T cell viability is not compromised by canagliflozin 

(A) Cell viability of anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) activated synovial fluid CD4+ T cells 

in the presence and absence of canagliflozin (10 μM), determined by flow cytometry using DRAQ7™. 

(B) Cell viability of synovial fluid CD8+ T cells as in (A). Representative contour plots, numbers 

indicate frequency of dead cells. Data are representative of four independent experiments. 

Statistical analysis was performed using an unpaired T-test. Data expressed as mean ± SEM. 

 

Naturally, we wanted to determine whether the impaired activation of synovial fluid 

T cells culminated in defective effector cytokine production – particularly those involved in 

the manifestation of chronic inflammation. Here, we observed a trend towards decrease in 

the expression of the proinflammatory cytokines IFNγ (p = 0.0890), IL-17 (p = 0.0352) and 

TNFα (p = 0.2535) by SFMCs following canagliflozin treatment (Figure 6.39). Collectively, this 

supports our previous findings in PBMCs isolated from healthy individuals and autoimmune 

patient cohorts such as SLE and RA. This demonstrates that canagliflozin has the ability to 

modulate T cell metabolism and downstream effector function in different human 

experimental models of autoimmune disease, therefore warranting further consideration as 

a therapy in this disease setting. 
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Figure 6.39 – Canagliflozin inhibits proinflammatory cytokine production by synovial fluid 

mononuclear cells 

(A-C) Secretion of (A) IFNγ, (B) IL-17 and (C) TNFα by anti-CD3 (2 μg/ml) and anti-CD28 (20 μg/ml) 

activated SFMCs in the presence and absence of canagliflozin (10 μM), determined by ELISA of cell-

free supernatants. Data are representative of four independent experiments. Statistical analysis 

was performed using a one-sample T test. Data expressed as mean ± SEM; * p ≤ 0.05. 

 

 

6.4 Discussion 

The work in this chapter focuses on the significance of canagliflozin treatment in the 

setting of autoimmunity. Our initial experiments investigated the inhibitory effects of 

canagliflozin of antigen-trained Teff cells – the compartment that primarily comprises the 

hyperactivated T cells within the site of inflammation. Our focus then progressed onto the 

effects that canagliflozin had on CD4+ T cells isolated from two autoimmune patient cohorts. 

Here, the inhibitory effect of canagliflozin on antigen-experienced Teff cells was 

shown for the first time. The secretion of several cytokines was markedly reduced by 

canagliflozin following both short-term and long-term activation. Interestingly, of the 

cytokines measured, the production of IL-10 was most resistant to canagliflozin treatment, 

with no significant change in its concentration observed following 72 h Teff cell activation. 

Typically, IL-10 is anti-inflammatory in nature and are produced by Treg cells. Increased 

proportions of Treg cells are associated with more favourable outcomes in autoimmune 

disease (see Chapter 1.4), therefore it is interesting that canagliflozin appears to specifically 

downregulate proinflammatory cytokine production. Furthermore, a pronounced reduction 

in both IFNγ and IL-17 is exciting given the importance of both cytokines in mediating disease 

pathogenesis (see Chapter 1.4). As previously described in activated T cells (see Chapter 3.3), 

reduced Teff cell activation following canagliflozin treatment underlies impaired effector 
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function, whilst long-term activation is associated with defects in both blastogenesis and 

proliferation. These data would suggest that canagliflozin exerts its inhibitory effects in a 

similar manner in all CD4+ T cell compartments, whereby there is accumulation of mitoROS 

and perturbation of metabolism through disruption of the mTOR/MYC axis following 

inhibition of mitochondrial complex I and GDH. Indeed, reduced expression of the nutrient 

transporters CD36, CD71 and CD98 upon canagliflozin treatment might cause reduced uptake 

of fatty acids, iron and amino acids, respectively, suggesting that changes in function are 

supported by metabolic rewiring. Moreover, reduced CD98 expression could be indicative of 

a reduction in MYC expression, whereas the reduction in both CD71 and CD98 could indicate 

a reduction in mTOR levels (Preston et al., 2015; Waickman & Powell, 2012). Decreased 

glucose uptake by Teff cells was estimated by increased extracellular glucose concentrations 

in the cell-free supernatants collected. It is currently difficult to predict glucose uptake using 

single-cell methods, given the recent issues highlighted when using the fluorescent glucose 

analogue 2-NBDG (D'Souza et al., 2022; Sinclair et al., 2020). However, it is unlikely that the 

change in glucose uptake is dependent on SGLT2 (SLC5A2), given that others have reported it 

is not expressed by T cells (Uhlen et al., 2019)(Human Protein Atlas, proteinatlas.org). Further 

work is required to fully elucidate the changes in Teff cell metabolism in response to 

canagliflozin treatment, using our earlier work in activated T cells with more sophisticated 

techniques as a blueprint (see Chapter 5.3). Surprisingly, despite the profound impact of 

canagliflozin on T cell function, reduced expression of the co-inhibitory receptors LAG3, PD-1 

and TIM3 suggests that canagliflozin mediates its inhibitory effect independent of T cell 

exhaustion. However, the expression of these markers is not strongly impaired following 

canagliflozin treatment, therefore it is worth considering that the observed reduction could 

be in line with the reduction in cell size (see Chapter 4.3.3). 

With regards to the distinct changes in cytokine production following canagliflozin 

treatment, further investigation was made into the composition of T helper subsets within 

the Teff cell compartment. Differential expression of four distinct chemokine receptors 

allowed the identification of several Th subsets by flow cytometry (Mahnke, Beddall, et al., 

2013). Given the observed decrease in IFNγ production, an increase in the Th1 subset 

following canagliflozin treatment was unexpected. However, increased expression of IRF2 and 

IRF9 was observed in our Nanostring dataset, both of which promote Th1 responses (Lohoff 

& Mak, 2005), which could explain the increase in this subset. Typically, Th1 cells are 
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associated with poorer disease outcome in autoimmunity (see Chapter 1.4), but since IFNγ 

production is reduced by canagliflozin, this would suggest that even though there is an 

increase in the proportion of Th1 cells, these cells are dysfunctional and less able to contribute 

to disease pathogenesis. Promisingly, we also observed a reduction in the frequency of both 

Th17 and Th22 cell populations, further producers of the proinflammatory cytokines involved 

in autoimmune disease. There is a consequent increase in the ratio of Th1:Th17 cells, which 

has been recently associated with reduced disease severity in RA patients (Bazzazi et al., 

2018). Changes in intracellular transcription factor expression (Tbet, GATA3 and RORγT) were 

inconsistent with the respective change in the associated Th subset, therefore it is unclear 

what drives canagliflozin-induced changes in the composition of Th subsets. Reduced 

expression of Treg associated markers would also suggest that canagliflozin is a general 

inhibitor of T cell function rather than a promoter of anti-inflammatory mediators. To better 

understand the underlying mechanisms driving altered differentiation to various Th subsets, 

future work should investigate the effect of canagliflozin in polarisation experiments. 

Culturing T cells alongside factors that push them towards a specific lineage should be carried 

out in the presence and absence of canagliflozin to determine whether: (i) it 

promotes/suppresses differentiation towards certain lineages; (ii) it pushes T cell towards an 

alternative lineage under these conditions; and (iii) successfully polarised T cells display any 

alternative function or complete loss of function. 

Given the dramatic inhibitory effect observed thus far in CD4+ T cells in response to 

canagliflozin treatment, it was important to learn whether this is applicable to CD8+ T cells. 

Indeed, impaired effector function underpinned by limited T cell activation was observed in 

CD8+ T cells, which shows that canagliflozin does not elicit its effect on CD4+ T cells 

specifically. Further work is required to determine the full extent to which canagliflozin 

inhibits CD8+ T cell function, i.e., target cell killing, which could be of emerging importance in 

autoimmune disease (Deng et al., 2019), whilst potentially having merit in other disease 

settings such as cancer. Despite the need for further investigation, it would be unsurprising 

to see inhibition of additional effector functions, given the inhibitory effect that canagliflozin 

has on early TCR signalling events and the subsequent activity of any downstream signalling 

proteins. 

Critically, our results are the first to demonstrate that canagliflozin can modulate 

immune cell function in the setting of autoimmunity. Here, canagliflozin retained its ability to 
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suppress CD4+ T cell function ex vivo in two human autoimmune patient cohorts – SLE and RA. 

Similar to our previous work analysing activated T cell metabolism (see Chapter 5.3), 

canagliflozin limited basal and maximal rates of glycolysis, resulting in less ATP being 

produced from this pathway. However, in contrast to our work in healthy individuals, 

canagliflozin had a more modest impact on oxidative respiration in patient-derived CD4+ T 

cells, with reductions in maximal respiratory capacity and spare respiratory capacity only 

within these cells. Again, this resulted in a reduced capacity for ATP production from OXPHOS. 

Taken together, this shows that canagliflozin retains T cells in a state of metabolic quiescence 

in the setting of autoimmunity. Importantly, perturbed metabolism in response to 

canagliflozin led to suppression of T cell activation and function, further advocating the 

repurposing of canagliflozin for use in autoimmune disease. Proinflammatory cytokines IFNγ, 

IL-2, IL-17 and TNFα were all reduced in response to canagliflozin. 

In an attempt to strengthen our findings, we assessed the impact of canagliflozin in 

another human experimental model of autoimmunity, using RA SFMCs isolated during 

arthroscopic surgery. Promisingly, in keeping with our previous findings in healthy donors, 

canagliflozin impaired the activation of both CD4+ and CD8+ T cell compartments. 

Furthermore, these data were further supported by a trend towards decrease in the 

production of several proinflammatory cytokines including IFNγ, IL-17 and TNFα. Curiously, 

the patient outlier that did not respond to canagliflozin treatment (in terms of the activation 

markers expressed by synovial fluid T cells) had a diminished CD4+ T cell compartment 

compared to the other patients – 17.5% of CD3+ lymphocytes versus a mean of 51.9%. 

Together, these findings again show that canagliflozin is effective in inhibiting T cell function 

in an alternative setting of autoimmunity. Excitingly, this human experimental model used 

SFMCs that are present at the site of inflammation in disease setting, highlighting that 

canagliflozin treatment would be highly applicable to the hyperactivated T cell compartment 

that is characteristic of autoimmune disease. Additionally, the data gleaned from these 

experiments further supports our earlier work in which already-activated CD4+ T cells were 

treated with canagliflozin (see Chapter 3.3.3). SFMCs isolated from the inflamed synovium 

are also already activated, and in both settings, canagliflozin has only a modest effect in 

inhibiting T cell function. Despite these findings suggesting the potency of canagliflozin is 

reduced when T cells are already activated, it is also encouraging to see such similarities, 
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perhaps even strengthening the belief that canagliflozin does have an effect on already-

activated T cell function, albeit in a distinct manner versus newly-activated T cells. 

Despite these promising data, it is important to consider the limitations of the ex vivo 

nature of our study. Beyond the scope of this work, there is the possibility of further 

investigation proceeding directly to clinical trial, given canagliflozin is a clinically approved 

drug and the concentrations chosen in these analyses are known safe, physiological doses. 

Alternatively, it would be interesting to determine if there are patient data wherein T2D 

patients with concomitant autoimmune disorders have been prescribed canagliflozin. For 

example, autoimmune disease severity could be compared between individuals prescribed 

with metformin as a monotherapy versus those prescribed metformin and canagliflozin in 

combination (as canagliflozin in not yet given as a monotherapy). Further work could include 

an in vivo murine model of autoimmunity (e.g., experimental autoimmune 

encephalomyelitis), whereby canagliflozin is administered at a physiological concentration 

and disease severity monitored. It would also be important to isolate the CD4+ T cell 

compartment from these experiments – particularly from the site of inflammation – to 

confirm similar mechanisms of action are present within the mouse model, including impaired 

T cell metabolism and function. Furthermore, canagliflozin should be administered following 

the onset of disease to determine whether it is able to alleviate pathogenesis in ongoing 

disease. However, it is important to consider that human studies do not always translate well 

into a murine system and vice versa. These experiments should form the basis of the clinical 

development of canagliflozin as a treatment for autoimmune disease. 

 

 

6.5 Conclusions 

Our previous findings have shown that canagliflozin is a global inhibitor of T cell 

function, underpinned by metabolic perturbation via disruption of the mTOR/MYC axis. 

Considering Teff cells are an important contributor to chronic inflammation in autoimmune 

pathogenesis, the impact of canagliflozin on this CD4+ T cell compartment was determined. 

Here, canagliflozin impaired the secretion of several proinflammatory cytokines, underpinned 

by a reduction in T cell activation. Underlying T cell metabolism was also affected by 

canagliflozin, whereby glucose uptake was decreased and the expression of transporters 

responsible for fatty acid, amino acid and iron uptake were also reduced. However, the 
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aforementioned changes in effector function following canagliflozin treatment occurred 

independent of T cell exhaustion. 

The Teff cell compartment is comprised of several Th subsets, each with a unique 

cytokine signature, therefore this was investigated further to determine whether the 

composition changes following canagliflozin treatment. An increase in the Th1 population 

alongside concomitant reductions in both Th17 and Th22 populations sets up a balance of 

subsets that is favourable in alleviating autoimmune disease severity. However, these 

changes were not driven by transcription factor expression, therefore it is unclear what 

mechanism facilitates changes in Th subset distribution upon canagliflozin treatment. 

Crucially, canagliflozin maintained its inhibitory effect in two human ex vivo 

autoimmune patient cohorts. CD4+ T cells isolated from SLE and RA patients displayed 

perturbed metabolism following canagliflozin treatment, underpinning reduced activation 

and impaired effector function. Indeed, the production of the several proinflammatory 

cytokines including IFNγ, IL-2, IL-17 and TNFα were severely suppressed by canagliflozin. 

Additionally, canagliflozin inhibited T cell function in an alternative human experimental 

model of autoimmunity – SFMCs isolated from RA patients. Further work is required to 

establish the efficacy of canagliflozin in vivo in a murine model of autoimmunity. Together, 

these data provide the foundation for the clinical development of canagliflozin as a treatment 

for autoimmune disease. 
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7 General discussion 

 

7.1 Overview 

Manipulating immune cell metabolism for therapeutic benefit is a burgeoning area of 

interest in an extensive range of diseases. The link between metabolism and inflammation 

has been established in T cells over the last two decades, whereby activated T cells adopt an 

anabolic metabolism highly dependent on glycolysis and the TCA cycle to fuel biosynthetic 

and energetic requirements (see Chapter 1.3.6). Aberrant T cell metabolism contributes to 

dysregulated function and the breakdown of self-tolerance in autoimmune diseases such as 

rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and multiple sclerosis (MS) 

(non-exhaustive list; see Chapter 1.5). For example, impaired mitochondrial metabolism in RA 

T cells precedes augmented TNFα production to induce tissue inflammation (Wu et al., 2021). 

Conversely, oxidative phosphorylation (OXPHOS) and glycolysis are elevated in T cells in SLE 

to facilitate heightened proinflammatory cytokine production (Yin et al., 2015). Given the 

relative ineffectiveness of current treatments in these conditions, investigation into novel 

therapies is warranted. 

Initially, combined inhibition of glucose metabolism by 2-deoxyglucose (2-DG) and 

mitochondrial metabolism by metformin was able to reverse disease phenotype in murine 

models of SLE, restoring normal T cell metabolism and function (Yin et al., 2015). Recent 

studies have further demonstrated the therapeutic benefit of targeting T cell metabolism in 

autoimmunity, including tetramerization of the glycolytic enzyme pyruvate kinase (Angiari et 

al., 2020), inhibition of OXPHOS using oligomycin (Shin et al., 2020), use of the glycolytic 

inhibitor 2-DG alongside metformin (Wilson et al., 2021) and glutaminase suppression 

(Johnson et al., 2018). These studies highlight the exciting potential of targeting the 

metabolism of pathogenic T cells in autoimmunity for therapeutic gain. However, whilst 

promising, the clinical translation of these studies remains a challenge due to the toxic nature 

of impairing metabolism at a systemic level. One approach to circumvent these issues is 

repurposing drugs that target metabolism, such as those prescribed to patients with type 2 

diabetes (T2D). Targeting metabolic processes using T2D drugs that have known safety 

profiles in humans has previously demonstrated therapeutic benefit in numerous 

inflammatory conditions in both pre-clinical and clinical settings (see Chapter 1.6). In this 



272 
 

thesis, we investigated repurposing canagliflozin – a member of the most recently approved 

class of T2D drugs, SGLT2 inhibitors – as a potential therapeutic agent in T cell-mediated 

autoimmunity. Gliflozins have extensive roles beyond improved glycaemic control. For 

instance, canagliflozin possesses unique off-target effects that include inhibition of 

metabolism-associated proteins such as complex I and glutamate dehydrogenase (GDH) 

(Secker et al., 2018; Villani et al., 2016). In addition to its on-target inhibition of SGLT2, this 

has enabled canagliflozin to elicit protective clinical outcomes in other inflammation-

associated conditions such as chronic kidney disease and cardiovascular disease (Perkovic et 

al., 2019; Spertus et al., 2022). Given this encouraging precedent, canagliflozin as a treatment 

of autoimmunity is an attractive prospect. Published studies have not previously investigated 

the impact of canagliflozin on human T cell function. To date, canagliflozin has been 

demonstrated to inhibit murine T cell differentiation towards Th1 and Th17 lineages in a 

model of myocarditis (Long et al., 2022). However, it is important to consider that the 

percentage of cytokine-producing cells observed in these experiments was surprisingly low 

under every experimental condition (Long et al., 2022). Additionally, canagliflozin has also 

been shown to promote tumour infiltration by T cells, supporting the production of IFNγ by 

CD8+ T cells (Ding et al., 2023). Again, it is important to consider that these observations in 

the murine model might not necessarily translate into the human setting, whilst 

supraphysiological concentrations of canagliflozin were also required to elicit these effects 

(Ding et al., 2023). Moreover, this model involved the transfer of already-activated human 

PBMCs into canagliflozin-treated mice, which might not be the optimal setting in which to 

determine the effect that canagliflozin has on T cell function (Ding et al., 2023). 

Whilst dysregulated metabolism has been reported in numerous autoimmune 

conditions (see Chapter 1.5), these changes are not universal and differ from disease to 

disease, therefore our aim is to use canagliflozin to target the typical immunometabolic 

profile of T cells for therapeutic benefit. Given its dual-pronged inhibition of mitochondrial 

metabolism, we hypothesised that canagliflozin would be a superior inhibitor of T cell 

function compared to other complex I inhibitors and thus improve its therapeutic value. 

Understanding the cellular changes that occur within human T cells following canagliflozin 

treatment is essential to provide the foundation for its clinical development as a treatment 

for autoimmune disease. 
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7.2 Canagliflozin modulates activated T cell function 

A recent study demonstrated that targeting human CD4+ T cell metabolism using 

repurposed SGLT2 inhibitors is merited in autoimmune disease (Qin et al., 2022). 

Empagliflozin – a member of the same family of T2D drugs as canagliflozin – inhibited 

differentiation towards Th1 and Th17 lineages whilst increasing the Treg cell population in 

vitro in immune thrombocytopenia (an acquired autoimmune disease) (Qin et al., 2022). 

These changes were achieved through inhibition of the mTOR pathway to normalise CD4+ T 

cell metabolism to pre-disease levels (Qin et al., 2022). This is the only work to investigate on 

the impact of gliflozins on human T cell function in this setting to date. 

For the first time we show that canagliflozin impairs human T cell function, whilst 

dapagliflozin does not display the same inhibitory properties. This difference would suggest 

that inhibition of T cell function occurs independent of SGLT2 inhibition, especially given that 

pharmacokinetic data shows that significantly lower doses of dapagliflozin are necessary to 

produce equivalent effects on renal glucose excretion (Devineni et al., 2013). Canagliflozin 

possesses unique off-target effects that inhibit mitochondrial complex I and glutamate 

dehydrogenase (GDH) (Secker et al., 2018; Villani et al., 2016), whilst dapagliflozin does not 

display any notable off-target effects. Canagliflozin, but not dapagliflozin, reduced IL-2 

production in a dose-dependent manner, which was underpinned by impaired T cell 

activation. These findings were also confirmed under more physiologically relevant 

conditions, whereby traditional RPMI was replaced with human plasma-like media (HPLM)_ 

to more closely replicate physiological nutrient levels. Following longer-term activation, 

canagliflozin also impaired proliferation and maintained its inhibitory effect on IL-2 

production. Despite the considerable loss of IL-2 upon canagliflozin treatment, 

supplementation with exogenous IL-2 was unable to rescue the observed phenotype. 

However, this could also be attributable to the significant loss of the IL-2 receptor (CD25) that 

was also observed. 

Accumulation of hyperactivated T cells at the site of inflammation are a hallmark of 

autoimmunity (Thomas et al., 1992), therefore it was important to determine the effect that 

canagliflozin has on already-activated T cells. To this end, doses of canagliflozin beyond 

physiological relevance were required to inhibit the effector functions of T cells already co-

stimulated through TCR and CD28. However, although canagliflozin does not impact the 

function of already-activated T cells, it could be argued that it might instead prevent the 



274 
 

repopulation of T cells at the site of inflammation, thus improving disease pathogenesis in an 

alternative manner. Collectively, these data provide evidence that canagliflozin is able to 

inhibit human T cell function. 

 

7.3 Canagliflozin mediates global changes to T cell function at the transcript and protein 

level 

The popularity of large-scale “omics” approaches is ever increasing. These techniques 

are valuable tools in that they allow rapid analysis of global changes in cellular function. It is 

important to distinguish between changes at the transcript and protein level to determine if 

targets are transcriptionally or translationally inhibited and whether changes in gene 

expression result in a tangible change in protein content. Here, we analysed global changes 

in T cell function following canagliflozin treatment using a combination of Nanostring 

nCounter® analysis and label-free liquid chromatography-mass spectrometry, allowing 

simultaneous interrogation of the genome and proteome, respectively. 

Initially, analysis of autoimmunity-associated genes showed that canagliflozin induced 

global changes in gene expression. Crucially, dapagliflozin did not alter the expression of any 

of genes assessed on the panel. In agreement with our earlier experiments, IL2 expression 

was downregulated in line with a decrease in IL-2 production, whilst the upregulation of SELL 

was consistent with the cell-surface preservation of CD62L. Adding to our previous 

knowledge, CSF2 and CCL20 were downregulated in activated T cells treated with canagliflozin 

– markers that are typically associated with a Th17 phenotype (Ramesh et al., 2014). Given 

the critical role that Th17 cells play in autoimmune disease pathogenesis (see Chapter 1.4), 

evidence of targeted inhibition of this subset by canagliflozin would be of great therapeutic 

benefit. Furthermore, upregulation of several interferon regulatory proteins (IRFs) involved 

in regulating T cell differentiation further suggests a role for canagliflozin in altering the 

composition of the T cell compartment and warrants further investigation. In terms of 

metabolic gene expression, canagliflozin again altered global gene expression. Here, the 

majority of the differentially expressed genes identified were associated with cell cycle, 

correlating nicely with our observed changes in T cell proliferation. Aggregation of these 

changes into a wider biological context revealed changes in several metabolism-associated 

pathways, amongst which the downregulation of MYC and glycolysis were particularly 

interesting. Interestingly, MYC itself was not affected at the transcript level. 
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It was imperative that we assessed the T cell proteome following canagliflozin 

treatment to determine whether the observed changes at the transcript level translate to 

similar changes in protein expression. This approach also allowed the interrogation of an 

extensive panel of targets – almost ten-fold that of our gene expression analysis – allowing a 

more complete investigation into the global changes in cellular function that canagliflozin 

facilitates. This exact proteomic approach previously established that MYC knockdown in 

murine T cells is detrimental to their proteomic remodelling in response to activation 

(Marchingo et al., 2020). In this thesis, there was a pronounced reduction in total protein 

content per cell upon canagliflozin treatment, therefore the use of the “proteomic ruler” 

method to estimate protein copy number, and subsequently cellular protein concentration, 

was vital in our understanding of how canagliflozin remodels the T cell proteome. Core 

subcellular compartments such as mitochondria, glycolysis and nuclear envelope were 

supported by fewer proteins in canagliflozin-treated T cells, underlining the inhibitory effect 

of canagliflozin. Highlighting the importance of examining the translational significance of 

changes in gene expression, MYC was downregulated at the protein level and ingenuity 

pathway analysis revealed that its inhibition was the most likely explanation for the observed 

array of proteins downregulated. Consistent with this prediction, canagliflozin treatment 

shared several of the same hallmarks as MYC knockdown in T cells (Marchingo et al., 2020). 

Indeed, several metabolism-associated MYC targets were downregulated, impaired 

expression of the translational machinery underpinned a failure to increase cell mass upon 

activation, whilst defective expression of several MYC-associated amino acid transporters 

likely compromised the amino acid uptake necessary to support normal protein expression, 

including the expression of MYC itself. These data provided valuable insight into the molecular 

changes that occur in response to canagliflozin treatment, informing our following 

experiments to better our understanding of its effect on T cell fate and function. 

 

7.4 Canagliflozin promotes mitochondrial dysfunction to impair T cell metabolic 

reprogramming 

Studying the inhibitory effects of canagliflozin on T cell function mechanistically is 

essential for a comprehensive understanding of drug interaction. Given that the evidence 

presented shows that canagliflozin, but not dapagliflozin, suppresses crucial T cell functions, 

this highlights the importance of appraising individual member of this drug class based on 
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their specific off-target effects on metabolism. Since canagliflozin inhibits mitochondrial 

complex I and GDH, elucidating how this affected T cell function was of great importance. 

Further interrogation of the proteomics dataset revealed upregulation of electron transport 

chain complex proteins – also confirmed later by immunoblotting. These data were in line 

with previous studies showing the upregulation of mitochondrial complex proteins in 

hepatocellular carcinoma cells treated with canagliflozin (Nakano et al., 2020). Perhaps this 

reveals a compensatory mechanism wherein T cells attempt to circumvent the inhibition of 

complex I and the subsequent reduction in OXPHOS. An additional increase in overall 

mitochondrial biogenesis identified the potential involvement of mitochondrial ROS 

(mitoROS) (Dugan et al., 2013; Li et al., 2003). Indeed, mitoROS were increased as early as 15 

minutes post-canagliflozin treatment, unveiling a rapid mechanism by which this occurs, 

whilst 24 h later there was an observed increase several antioxidant proteins. ROS are critical 

during early TCR signalling, however, excessive levels have been shown to have a detrimental 

effect on metabolic reprogramming through MYC and mTOR (Mak et al., 2017).  

The analysis of T cell metabolism provides insight into the processes that fuel the 

energetic demands of an immune response. In settings such as autoimmunity, perturbed 

metabolism often drives aberrant T cell function (see Chapter 1.5). Canagliflozin inhibited 

both glycolysis and OXPHOS in healthy T cells, reducing their ATP production from these 

pathways. This metabolically quiescent state would prevent the programmes necessary for 

T cell-mediated inflammation (see Chapter 1.3.6). Stable isotope tracer analysis using 

universally-labelled carbon-13 substrates allows the determination of whether glucose and 

glutamine are being diverted towards different pathways in canagliflozin-treated T cells. 

These approaches confirmed inhibition of GDH by canagliflozin, also revealing that T cells 

attempt to rewire their glucose metabolism to promote glucose incorporation into the TCA 

cycle to compensate for the loss of glutamine-derived carbon. Upon activation, human T cells 

adopt an anabolic metabolism highly dependent on glycolysis and glutamine anaplerosis to 

fuel their biosynthetic and energetic requirements (Wang et al., 2011). Targeting both 

pathways using canagliflozin provides an outstanding platform from which to inhibit T cell 

effector function. 

Importantly, this dual-pronged approach employed by canagliflozin translated into 

superior suppression of T cell function versus other known inhibitors of complex I. 

Promisingly, metformin has already shown promise in the setting of autoimmunity, in 
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addition to other inflammatory conditions, through its action on T cell metabolism and 

function (Bharath et al., 2020) (also see Chapter 1.6.2), further emphasising the immense 

potential canagliflozin harnesses. Moreover, canagliflozin maintained its superior inhibitory 

effect on effector function over combined inhibition of complex I and GDH, which suggested 

that other mechanisms underpin dysregulated metabolism and function in canagliflozin-

treated T cells. Indeed, mechanistically canagliflozin rapidly impairs early TCR signalling 

events, reducing the phosphorylation of critical signalling proteins ZAP70, LAT and PLCγ as 

early as five minutes following activation. Consequently, this impairs downstream phospho-

ERK signalling and inhibits early T cell activation. Crucially, canagliflozin-treated T cells 

stimulated by PMA and ionomycin – which bypasses TCR-dependent activation but engages 

the downstream pathways in this signalling cascade – demonstrated no defects in effector 

function. Furthermore, canagliflozin treatment phenocopied inhibition of critical metabolic 

nodes mTOR and ERK, further demonstrating the consequences of debilitated TCR-mediated 

signalling in canagliflozin-treated T cells. Together, these findings establish the metabolic 

underpinnings that support the inhibitory effects that canagliflozin exerts on T cell effector 

function. 

 

7.5 Canagliflozin inhibits T cell function in systemic lupus erythematosus and 

rheumatoid arthritis 

T cell-mediated autoimmune diseases have been well characterised to involve 

hyperactivated T cells at the site of chronic inflammation (see Chapter 1.4). This primarily 

comprises of antigen-experienced Teff cells that secrete proinflammatory cytokines and 

recruit other immune cell types to ultimately cause damage to the surrounding tissue. This 

thesis has provided evidence that, in addition to activated Tnv cell populations, canagliflozin 

has an inhibitory effect on Teff cell function. The secretion of several proinflammatory 

cytokines was dampened by canagliflozin, again underpinned by impaired T cell activation. 

Interestingly, IL-10 production appeared to be less affected by canagliflozin treatment, 

pointing towards selective inhibition of T cell functions. Despite not fully analysing the 

metabolism of canagliflozin-treated Teff cells using Seahorse extracellular flux analysis, 

reductions in the expression of several types of nutrient transporters, in addition to a likely 

reduction in glucose uptake, suggested that their metabolism is perturbed by canagliflozin in 

a similar manner as described in the previous section. Given that the Teff cell compartment 
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comprises several Th subsets, each with unique phenotypes, this area of research warranted 

further investigation. Despite some evidence showing that the balance of Th subsets we 

observed following canagliflozin treatment appears favourable – i.e., increased Th1 cell 

populations and reduced Th17 cell populations (Bazzazi et al., 2018) – it is questionable 

whether 24 h is long enough to begin to see any changes in T cell differentiation. Moreover, 

most of our subset analysis was based on the differential expression of various chemokine 

receptors (Mahnke, Beddall, et al., 2013), whereas the focus should perhaps be shifted 

towards the nuclear expression of signature transcription factors. It would be interesting to 

see the correlation between the observed changes in proinflammatory cytokine release with 

the function of their respective, associated signature Th subset.  

Critically, canagliflozin retained its ability to suppress T cell function ex vivo in two 

human autoimmune patient cohorts. In both SLE and RA patient-derived CD4+ T cells, 

canagliflozin diminished proinflammatory cytokine production, underpinned by the same 

perturbations in activation and metabolism observed in healthy individuals. These 

experiments were also carried out in HPLM, which further advocates the repositioning of 

canagliflozin to treat autoimmunity. To consolidate these findings, another human 

experimental model was employed to analyse T cell function amongst a SFMC population 

isolated from RA patients, whereby canagliflozin modestly inhibited T cell activation and 

proinflammatory cytokine production. Critically, SFMCs localised in the inflamed tissue of RA 

patients are likely already hyperactivated, which strengthened our earlier findings wherein 

canagliflozin had a modest inhibitory effect on already-activated T cells. A further benefit of 

prescribing autoimmune patients canagliflozin is the protective effect against cardiovascular 

disease – a comorbidity causing significant morbidity and mortality in multiple autoimmune 

conditions (Schwartz et al., 2020). Collectively, the impaired effector function of T cells 

accompanied by systemic protective effects against cardiovascular disease highlights the 

exciting potential in repurposing canagliflozin for autoimmunity. 

 

7.6 Further work and limitations 

This work has outlined how canagliflozin impacts human T cell function, elucidating 

the mechanistic underpinnings that impair early TCR signalling events, downstream T cell 

activation and metabolism. In the setting of autoimmunity, we have demonstrated that 

canagliflozin impacts SLE and RA patient-derived T cell function ex vivo. Canagliflozin 
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treatment suppressed the effector function of both peripheral blood T cells and ex vivo 

SFMCs. To further evaluate the potential of canagliflozin in this setting, additional 

experiments involving autoimmune patient samples could be beneficial. For example, it 

would be interesting to treat whole tissue explants isolated from RA patients with 

canagliflozin ex vivo and measure the secretion of proinflammatory mediators characteristic 

of disease pathogenesis. Although understanding whether other immune cell populations 

respond to canagliflozin treatment in the same way as T cells is of great importance, this 

consideration is beyond the scope of this thesis. This would perhaps be best approached by 

employing single cell technologies that could harness the distinct changes that occur 

throughout the immune subsets analysed. Furthermore, the experiments needed to address 

these points require access to and the recruitment of RA patients undergoing procedures such 

as arthroscopy. 

Another approach that could be employed to determine the impact of canagliflozin 

on T cell function in an autoimmune disease setting would be the use of an appropriate 

murine model. To this end, physiologically relevant doses of canagliflozin would be 

administered orally to mice in CD4+ T cell-driven models of autoimmunity such as antigen-

induced arthritis or collagen-induced arthritis. Clinical indices of arthritis related to local and 

systemic infiltrating CD4+ T cell responses, as well as survival and effector characteristics, 

would be measured following oral administration of canagliflozin both prior to disease onset 

and in the effector phase of disease. The results of such analyses must also be approached 

with caution, given that the observed changes in the mouse model might not necessarily 

translate into the clinical setting in humans. As additional experiments to complement these 

data, Th cell-associated transcription factors (e.g., Tbet, GATA3 and RORγT) and 

proinflammatory effector cytokines (e.g., IFNγ, IL-4, IL-13, IL-17A, IL-17F, IL-21) could be 

tracked by various flow cytometry panels, whilst joint-infiltrating T cells could also be isolated 

for downstream analysis. Finally, assessment of joint histopathology in paraffin-embedded 

knee sections would be critical, particularly in the event of drug treatment showing an 

inhibitory effect on CD4+ T cell function. Whilst this strategy would provide an exciting, 

alternative angle to our findings, our work to date has focussed on the impact of canagliflozin 

on human T cell function, with the aim of improving the translational capacity of canagliflozin 

in humans. Autoimmune diseases are typically heterogeneous conditions, therefore further 

work is required to determine whether particular patient subgroups would respond more 
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favourably to canagliflozin therapy than others. Moreover, it is unknown whether 

physiologically relevant concentrations of canagliflozin are realised within the inflamed tissue 

– a consideration that requires further investigation. However, one such mechanism that 

canagliflozin could alternatively prosper from – as circulating levels of the drug are known 

from studies in T2D patients – is preventing the repopulation of inflammatory T cells at the 

site of inflammation. Moreover, canagliflozin is often prescribed in combination with 

metformin, therefore it would be pertinent to determine whether this would potentially 

enhance the immunosuppressive capabilities of this therapeutic strategy in autoimmunity, 

provided that there is a synergistic effect between both drugs. Given the protective nature of 

canagliflozin in published studies of other conditions with underlying inflammatory elements, 

such as chronic kidney disease (Perkovic et al., 2019) and cardiovascular disease (Spertus et 

al., 2022), we are optimistic that our in vitro and ex vivo data will complement these exciting 

manuscripts. Since canagliflozin is an FDA-approved medication, a future clinical trial is 

warranted to definitively determine whether canagliflozin would be of therapeutic benefit in 

patients with autoimmune disease. 

 

7.7 The future for canagliflozin 

Given the high rates of failure, significant financial costs and laborious procedures 

associated with the development of new drugs, repurposing already-approved drugs for use 

in alternative disease settings is an attractive prospect. A wealth of prior studies have 

reported that targeting T cell metabolism in autoimmunity can provide therapeutic benefit 

(see Chapter 1.6). This thesis has demonstrated that canagliflozin – a clinically available T2D 

medication that modulates metabolism – could have a protective effect in the setting of 

autoimmune disease through its ability to inhibit T cell function. 

There has been a burgeoning interest in canagliflozin since its FDA approval in 2012, 

where studies have concentrated on two main areas of investigation. The first of these is 

understanding the impact that canagliflozin has on various cellular processes, particularly 

outside of its primary function to inhibit glucose uptake via sodium glucose-cotransporter 2 

(SGLT2). For example, initial studies demonstrated the ‘off-target’ impact that canagliflozin 

has on complex I of the electron transport change and mitochondrial GDH – inhibiting the 

function of both proteins (Secker et al., 2018; Villani et al., 2016). These observations have 

since been confirmed in other cell types, however, the impact that this had on cellular 
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metabolic pathways such as glycolysis is conflicting (Secker et al., 2018; Zugner et al., 2022). 

Most recently, investigations have demonstrated that canagliflozin is able to suppress 

multiple central metabolic pathways in several human kidney cell types via suppression of 

mTORC1 activity (Schaub et al., 2023). These findings lead to the second main area of 

investigation, which harnesses the described ‘off-target’ of canagliflozin for therapeutic 

benefit in other disease settings. Already, canagliflozin has been demonstrated to improve 

clinical outcomes in patients with chronic kidney disease (Perkovic et al., 2019) and 

cardiovascular disease (Spertus et al., 2022), whilst ongoing clinical trials are investigating the 

therapeutic effect of canagliflozin on liver inflammation in non-alcoholic fatty liver disease 

(National Library of Medicine [NLM], NCT05513729). Additionally, several proof-of-concept 

studies have investigated the anti-inflammatory properties of canagliflozin. To this end, 

canagliflozin has impaired proinflammatory cytokine production by monocyte / macrophage 

cell lines via metabolic suppression (Xu et al., 2018), whilst also demonstrating the ability to 

inhibit both Th1 and Th17 cell differentiation in murine models of myocarditis (Long et al., 

2022). Unfortunately, these experiments do not employ the optimal models for these 

analyses, therefore this area warrants further investigation. Prior to the work of this thesis, 

the impact that canagliflozin has on human T cell function had yet to be elucidated. 

Given these encouraging precedents, canagliflozin possesses exciting therapeutic 

potential in range of inflammatory conditions – particularly those underpinned by aberrant 

immune cell metabolism. Other SGLT2 inhibitors (empagliflozin) have already demonstrated 

the ability modulate human T cell metabolism and proinflammatory function ex vivo in an 

autoimmune patient cohort (Qin et al., 2022). Improving our understanding of how 

medications that target metabolism interact with immune cell populations is critical for our 

future success in repurposing other approved drugs for therapeutic benefit in inflammation. 

I anticipate that we will continue to see the repositioning of canagliflozin in other clinical 

settings in the near future. 
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8 Appendices 

 

8.1 Fructose reprogrammes glutamine-dependent oxidative metabolism to support LPS-

induced inflammation 
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8.2 A role for metabolism in determining neonatal immune function 

 

 

 

 

 

 

 



297 
 

 

 

 

 

 

 

 

 



298 
 

 

 

 

 

 

 

 

 



299 
 

 

 



300 
 

 

 

 

 

 

 

 



301 
 

 

 

 

 

 

 

 

 



302 
 

 

 

 

 

 

 

 

 



303 
 

 

 

 

 

 

 

 

 



304 
 

 

 

 

 

 

 

 

 



305 
 

 

 

 

 

 

 

 

 



306 
 

 

 

 

 

 

 

 

 



307 
 

 

 

 

 

 

 

 

 



308 
 

 

 

 

 

 

 

 

 



309 
 

8.3 Does Altered Cellular Metabolism Underpin the Normal Changes to the Maternal 

Immune System during Pregnancy? 
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8.4 Immunometabolic adaptation and immune plasticity in pregnancy and the bi-

directional effects of obesity 

The above article has now been published Open Access. 

© The Author(s) 2022. Published by Oxford University Press on behalf of the British Society 
for Immunology. Distributed under the terms of a Creative Commons Attribution 4.0 

International License (CC BY 4.0).
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