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Abstract 

Liver X receptors (LXRs) are transcription factors with a critical role in multiple lipid 

metabolic pathways, and a broad range of effects on inflammatory and immune 

responses. I hypothesised that LXRs modulate CD4+ T cell function by regulating 

plasma membrane lipid rafts- highly ordered cholesterol and glycosphingolipid (GSL) 

enriched regions important for T-cell antigen receptor (TCR) signalling.    

Importantly, the GSL biosynthesis enzyme UGCG was identified as a novel LXR target 

gene in multiple human immune cell subsets.  In CD4+ T cells, LXR activation with the 

synthetic ligand GW3965 regulated both cholesterol and glycosphingolipid metabolism, 

which resulted in reduced plasma membrane lipid order and altered responses to TCR 

activation. Changes in the kinetics and distribution of membrane lipid order at the 

immune synapse led to accumulation of TCR-proximal signalling molecule Lck at the 

synapse periphery. Subsequently, tyrosine phosphorylation of signalling and adapter 

proteins was altered. Ultimately, this was associated with an altered profile of T cell 

cytokine production and reduced T cell proliferation.  

I further hypothesised that LXR signalling may be dysregulated in CD4+ T cells from 

patients with the autoimmune rheumatic disease systemic lupus erythematosus (SLE), 

since defects in lipid raft-associated signalling have previously been identified in 

immune cells from SLE patients. Multiple changes in lipid metabolism were detected. 

However, LXR target gene expression and responses to LXR activation were only 

modestly perturbed. Instead, IFN response coincided with changes in expression of 

lipid metabolism genes both ex vivo, and in response to SLE patient serum.  

In summary, I have uncovered a novel action of LXR that involves modulation of lipid 

raft-associated cholesterol and GSLs in CD4+ T-cells. This could have important 

implications in diseases involving dysregulated T cell function including autoimmunity, 

cancer and atherosclerosis.  
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Impact Statement 

The research I have generated throughout my PhD provides new insight into the role of 

LXRs in human CD4+ T cells and reveals that glycosphingolipid biosynthesis is a novel 

target of LXR activity. Furthermore, my findings provide additional evidence supporting 

the importance of plasma membrane lipids in shaping T-cell function.   

I anticipate that the publication of my research will generate new interest into the 

regulation of plasma membrane lipids in health and disease - particularly 

glycosphingolipids, which have been poorly studied compared to other lipid classes 

(e.g. cholesterol or fatty acids). I will be publishing the protocols used throughout this 

thesis for the detection of plasma membrane lipids by flow cytometry, which will allow 

the wider research community to benefit from our expertise and facilitate additional 

research in this area. Our laboratory also advocates research into plasma membrane 

lipids using social media, with the aim of inspiring greater interest in this field.  

Within my laboratory, my research has already been used as pilot data for multiple grant 

applications, and has informed several new lines of enquiry, including investigation of 

the role of LXR in monocytes from SLE patients with cardiovascular disease and in T 

cells from patients with multiple sclerosis. In the long term, this research could generate 

therapeutic benefit through identification of novel biomarkers or treatment strategies.  

LXRs are attractive therapeutic targets, and both LXR agonists and antagonists are 

under active development. However, global activation of these receptors in humans has 

undesirable consequences, some of which were not predicted by animal models. 

Therefore, greater understanding of cell-type and species-specific roles of LXRs is 

urgently required. My work provides useful insight into how full agonists for LXRs could 

affect human T cells and indicates that potential effects on glycosphingolipid 

metabolism should be considered. On a broader scale, my findings could be applicable 

to numerous conditions characterised by defects in T-cell function and lipid metabolism, 

including autoimmunity, cardiovascular disease, cancer, obesity, and old-age.    
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CHAPTER I 

1 Introduction 

1.1 Liver-X-Receptors  

Liver-X-receptors (LXRs) are transcription factors of the nuclear receptor superfamily 

which play a critical role in the regulation of multiple lipid metabolic pathways and exert 

a broad range of effects on inflammatory and immune responses.  

1.1.1 LXR structure and function 

There are two isotypes of LXR - LXRa (NR1H3) and LXRb (NR1H2) – that are encoded 

by two different genes and differ mainly in expression pattern; LXRa expression is 

restricted to metabolically active cells and tissues (including the liver, intestine, 

adipocytes and macrophages) (1–3), whereas LXRb is ubiquitously expressed (4,5). 

These differences in distribution mean they fulfil a range of independent functions, 

despite the fact the two proteins share substantial sequence homology (~77% in the 

DNA and ligand binding domains). Furthermore, some genes have been suggested to 

be responsive only to LXRa, including apoptosis inhibitor of macrophages (AIM) (6), 

lipoprotein lipase (LPL) (7), and cholesteryl ester transfer protein (CETP) (8). 

1.1.1.1 Transcriptional activation 

LXRs form heterodimers with the retinoid X receptors (RXRs) which bind to DNA within 

gene regulatory regions, preferentially recognising LXR response elements (LXREs): 

direct repeat 4 (DR4) motifs, classically described as direct repeats of the consensus 

sequence AGGTCA, separated by 4 nucleotides (2).  However, more recent chromatin 

immunoprecipitation (ChIP) sequencing studies in macropahges and hepatocytes have 

revealed the consensus sequence for LXR binding more closely resembles 

(G/A)GGTTA ctnn (A/C)GGTCA (9–11). Moreover, LXR was also found to bind to 

regions lacking a DR4 motif, suggesting we have more to learn about the recruitment 

and binding of LXRs to DNA (9,11).  
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The current dogma is that in the absence of LXR ligands, co-repressor complexes such 

as nuclear receptor co-repressor 1 (NCoR) and silencing mediator of retinoic acid and 

thyroid hormone receptor (SMRT) prevent LXR-mediated transcription (12–14). Upon 

ligand binding the co-repressor complexes are replaced by co-activators which facilitate 

chromatin remodelling events and the transcription of LXR target genes (15). The 

LXR/RXR heterodimer is permissive, therefore activation by ligands for either LXR or 

RXR enhances transcription (Figure 1- 1A).  

1.1.1.2 Transrepression 

LXRs have also been shown to inhibit gene expression in a ligand-dependent manner 

- a mechanism termed ‘transrepression’ (Figure 1- 1B). One of the mechanisms behind 

this repression involves the posttranslational modification of LXR (16). Upon 

SUMOylation (the addition of a small ubiquitin-like modifier (SUMO) protein) LXR can 

bind to NCoR, stabilising the co-repressor complex, and preventing its release from the 

promoters of pro-inflammatory genes (17–19). An NCoR independent mechanism has 

also been described, whereby LXR directly binds to signal transducer and activator of 

transcription (STAT) -1 and prevents its recruitment to the promoters of pro-

inflammatory genes in astrocytes (20) and macrophages (21). The discovery of this 

transrepression mechanism was the first example of LXRs acting on the immune 

system, and will be discussed in more detail in section 1.1.4 (pg.29).  

1.1.1.3 Non-genomic actions 

Similar to other nuclear receptors, it has been reported that LXRb can exert non-

genomic effects (Figure 1- 1C) by binding to membrane-bound proteins, including 

estrogen receptor a (ERa) in endothelial cells (22), and pannexin 1 in colon cancer cells 

(23). To date there is no evidence of LXRa acting in a non-genomic manner, although 

it has been detected in the cytoplasm of pancreatic beta cells under low glucose 

conditions (24).  
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Figure 1- 1 Mechanisms of LXR activity.  

Schematics to demonstrate different mechanisms of LXR activity:  

A) Transcription: The LXR/RXR heterodimer binds to DNA at LXR response elements 

(LXREs). Binding of LXR and/or RXR ligands induces the release of co-repressor 

complexes and the recruitment of co-activators, thereby initiating transcription (14).  

B) Transrepression: SUMOylation of LXR facilitates its binding to co-repressor 

complexes, preventing their release from pro-inflammatory transcription factors, 

including NF-kB (depicted), and inhibiting transcription (see 1.1.4) (17). 

C) Non-genomic: LXRb has been reported to directly bind to proteins at the cell 

membrane. For example; LXRb binds to caveolae-associated ERa in endothelial cells. 

Ligand activation of LXR triggers phosphorylation of ERa, leading to the release of nitric 

oxide by endothelial nitric oxide synthase (eNOS) (22).  
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1.1.2 Endogenous LXR ligands 

One of the first indications that LXRs play an important role in cholesterol metabolism 

was the identification of their endogenous ligands (25), which include oxidised 

metabolites of cholesterol (oxysterols) such as 20-, 22(R)-, 24(S)-, 25- and 27-

hydroxycholesterol (25–27), and intermediates of the cholesterol biosynthetic pathway 

desmosterol and 24(S), 25-epoxycholesterol (28,29) (Figure 1- 2). 

Historically our knowledge about the physiological roles of these sterols has been 

limited due to difficulties in their detection: they can be rapidly converted to other 

oxysterol species through autoxidation and circulating levels are low (within the pico-

nanomolar range). However, methodological advances have enabled the quantification 

of oxysterols in a variety of biological samples including serum, plasma, cerebrospinal 

fluid, tissue and cells (30,31). Recent breakthroughs include the high throughput 

analysis of oxysterol levels in 3230 serum samples (32), and the measurement of 

oxysterols in as few as 10,000 cells, and even exosomes (33,34). Furthermore, 

oxysterol accumulation has been linked to numerous pathologies including 

atherosclerosis (35,36), obesity (37), cancer (38,39), non-alcoholic fatty liver disease 

(NAFLD) (40), and neurodegenerative diseases (41). 

In addition to acting as LXR ligands, oxysterols also exert a myriad of LXR-independent 

effects (Table 1- 1). Some forms act on other transcription factors including retinoic acid 

related orphan receptor (ROR) -a and -g (42) and ERa (43), participate in anti-viral 

immune responses (44,45), or function as chemotactic cues (46). One effect common 

to many endogenous LXR ligands is the inhibition of the transcriptional activity of sterol 

response element binding proteins 2 (SREBP2), a transcription factor which acts in 

opposition to LXR to promote cholesterol biosynthesis. Some oxysterols have also been 

shown to ubiquitinate cholesterol biosynthesis enzyme 3-hydroxy-3-methylglutaryl-

coenxyme A reductase (HMGCR), instigating its degradation (47). Oxysterols also 

inhibit the activity of SREBP1c (48), which is responsible for transcriptional regulation 
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of de novo lipogenesis, and an LXR target gene (5). Consequently, oxysterol-mediated 

inhibition of SREBPs can both complement and contradict their actions on LXR. 

 

Figure 1- 2 The mevalonate pathway 

Biosynthesis of cholesterol and generation of endogenous LXR ligands: Cholesterol is 

synthesised from acetyl-CoA by the mevalonate pathway. The rate limiting enzyme is 

SREBP2 target gene HMGCR, which is also the target of statins. Endogenous ligands 

of LXR include 24(S), 25-epoxycholesterol formed by a shunt from the pathway, 

cholesterol precursor desmosterol and oxidised metabolites of cholesterol (oxysterols) 

such as 24S-, 25- and 27-hydroxycholesterol. Adapted from Waddington and Jury 

(2015). 
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Sterol (Enzyme) Expression and activity References 

20S-hydroxycholesterol  
LXR agonist  (25) 
Hedgehog-dependent osteogenic & anti-
adipogenic effects (49) 

22R-hydroxycholesterol 
(CYP11A1) 

Human serum: 1 ng/mL (0.1 – 16) a (32) 

LXR agonist  (25) 

Inhibits SREBP processing (50) 

RORg agonist (51) 

24S-hydroxycholesterol 
(CYP46A1) 

Abundant in the brain (~100 µM) (26) 

Human serum: 60 ng/mL (10 – 314) a (32) 

LXR agonist (25) 

Inhibits SREBP processing (52) 

Inverse agonist of RORa and g (42) 

25-hydroxycholesterol 
(Ch25h) 

Human serum: 10 ng/mL (1 – 56) a (32) 

LXR agonist (25) 

Inhibits SREBP processing (53) 

Can ubiquitinate HMGCR (47) 

ERα agonist (54) 

RORg agonist (51) 

27-hydroxycholesterol 
(CYP27A1) 

Human serum: 158 ng/mL (25 – 990) a (32) 

LXR partial agonist (27) 

Selective ERa modulator (SERM) (43) 

Inhibits SREBP processing (48) 

Can ubiquitinate HMGCR (47) 

24S, 25-epoxycholesterol 
 

Human serum: 2 ng/mL (0.1 – 56) a (32) 
LXR agonist – most potent of endogenous 
ligands (25,55) 

Inhibits SREBP processing (56) 

Inverse agonist of RORg (42) 
 Human serum: 923 ng/mL (22 – 18,810) a (32) 

Desmosterol 
(DHCR7) 

Cholesterol precursor Figure 1- 2 

LXR agonist (29) 

Abundant in atherosclerosis (35) 

Inhibits SREBP processing (35,50) 
 

Table 1- 1 Endogenous LXR ligands 

Summary of endogenous LXR ligands, including enzymes responsible for their 

biosynthesis, physiological expression, and LXR-independent effects. aMean and range 

of oxysterol concentrations in 3230 human serum samples, measured by Stiles et al. 

(2014).   
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1.1.3 LXRs and metabolism 

1.1.3.1 Intracellular cholesterol metabolism 

Intracellular cholesterol levels are tightly regulated by the transcriptional actions of    

LXR and SREBP2 (Figure 1- 3). LXRs induce the expression of genes which lower 

intracellular cholesterol content, including  ATP binding cassette transporters (ABC) A1 

(57,58) and ABCG1 (59) which efflux cholesterol from cell membranes, the inducible 

degrader of the LDL receptor (LDLR) (IDOL) (60) involved in reducing cholesterol 

uptake, Niemann Pick type-C proteins 1 and 2 (NPC 1 and 2)  involved in the 

lysosomal/late endosomal trafficking and recycling of intracellular lipids (61), and 

endonuclease/exonuclease/phosphatase family domain containing 1 (EEPD1) which 

modulates ABCA1 abundance in macrophages (62). SREBP2 acts in opposition to 

LXRs to promote cholesterol biosynthesis and uptake, through the upregulation of 

genes including HMGCR and the low-density lipoprotein (LDL) receptor (LDLR).  

When cholesterol levels are high, endogenous LXR ligands are abundant and enhance 

the transcription of LXR target genes. Cholesterol and oxysterols bind to insulin-induced 

gene 1 protein (INSIG), a protein which sequesters SREBP activating protein (SCAP) 

and the inactive isoform of SREBP in the endoplasmic reticulum (ER). As intracellular 

sterol levels fall, INSIG detaches (Figure 1- 3 (1)) and SREBP and SCAP are 

transported to the Golgi apparatus (Figure 1- 3 (2)). Here the amino-terminus of SREBP 

undergoes proteolytic cleavage to its active form (Figure 1- 3 (3)), which can translocate 

to the nucleus and initiate transcription of target genes (Figure 1- 3 (4)). This elegant 

regulatory loop clearly demonstrates the importance of maintaining intracellular 

cholesterol homeostasis. 

 

 



26 
 

 

Figure 1- 3 Regulation of intracellular cholesterol levels by LXR and SREBP2 

LXR and SREBP2 antagonistically regulate intracellular cholesterol content.  

LXR target genes (in blue): ABCA1 and ABCG1 efflux cholesterol to Apo-A1 and HDL. 

NPC1 and NPC2 are also involved in late endosomal/early lysosomal trafficking and 

recycling of cholesterol. IDOL degrades the LDLR, reducing uptake. 

SREBP2 target genes (in green): increases LDLR expression and promotes 

biosynthesis of cholesterol metabolism through enzymes including HMGCR. 

SREBP Processing: When intracellular sterol levels are high endogenous sterol ligands 

of LXRs (star) inhibit processing of SREBPs to their active form, in comparison when 

sterol levels are low INSIG releases SREBP activating protein (SCAP) and SREBP (1), 

which are trafficked to the Golgi (2). SREBP is proteolytically cleaved to its active from 

(3) and translocates to the nucleus where it initiates transcription (4).  
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1.1.3.2 Systemic cholesterol metabolism 

Recently LXR has been shown to supress the SREBP2 pathway in the liver by 

transcriptional mechanisms, resulting in reduced circulating cholesterol levels. LXR 

activation was found to induce expression of a long non-coding RNA in the liver (liver-

expressed LXR-induced sequence, LeXis) which acts to inhibit the transcription of 

SREBP2 target genes by blocking interaction with a transcriptional cofactor (63). 

Furthermore, newly identified LXR target genes E3 ubiquitin ligase RNF145 (64,65) was 

shown to promote ubiquitination of SCAP, which inhibited SREBP processing. 

Consequently, when RNF145 was overexpressed in vivo serum cholesterol levels were 

elevated and expression of SREBP2 target genes in the liver was increased, and the 

opposite was true in RNF145 knockouts (65).  

1.1.3.3 Reverse cholesterol transport 

Reverse cholesterol transport refers to a multi-step process which results in the removal 

of cholesterol from the body.  Cholesterol is effluxed from the peripheral cells and 

tissues into high-density lipoprotein cholesterol (HDL) particles, which are then 

trafficked back to the liver for catabolism and excretion. LXRs regulate the transcription 

of numerous genes involved in this process including ABCA1 and G1 which efflux 

cholesterol from cell membranes to apolipoprotein-A1 (Apo-A1) and HDL, 

apolipoprotein E (ApoE) (66,67), and the lipoprotein remodeling enzymes phospholipid 

transfer protein (PLTP) (68), LPL (7), and CETP (8). Of note, mice, as opposed to 

humans, do not express CETP. Conversely, LXR activation induces the expression of  

cholesterol 7a-hydroxylase (CYP7A1), the rate limiting enzyme in bile-acid synthesis, 

in rodents (69), but not in humans (70). Finally, LXR further promotes cholesterol 

excretion via transporters ABCG5 and ABCG8, which are expressed on hepatocytes 

and enterocytes and participate in biliary and faecal cholesterol excretion (71).  

1.1.3.4 Fatty acid metabolism 

Activation of LXR promotes de novo biosynthesis of fatty acids and triglycerides by 

upregulating the expression of SREBP1c, a transcription factor which controls the 
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expression of many enzymes involved in fatty acid metabolism. These include acetyl 

Co-A carboxylase (ACC) and fatty acid synthase (FASN), which act sequentially to 

convert acetyl Co-A into the saturated fatty acid palmitate, stearoyl-CoA desaturases 1 

and 2 (SCD1/2) which convert saturated fatty acids into monounsaturated fatty acids 

(MUFAs), and elongase 5 (ELOVL5) which elongates polyunsaturated fatty acids 

(PUFAs). FASN is also a direct LXR target gene (72).  

LXRs also affect fatty acid metabolism through regulation of lysophosphatidylcholine 

acyltransferase 3 (LPCAT3) (73), an enzyme involved in the Land’s cycle which 

regulates the fatty acid composition of plasma membrane phospholipids. It was first 

shown to modulate endoplasmic reticulum (ER) stress by converting excess fatty acids 

into phospholipids, with anti-inflammatory effects in murine macrophages and 

hepatocytes (73). By driving increased incorporation of PUFAs into the ER membrane, 

LPCAT3 activation can also increase SREBP processing and activation (74). On a 

systemic level LPCAT3 has been shown to play an essential role in the intestinal uptake 

of dietary lipid (75), and contribute to hepatic triglyceride secretion by enhancing the 

transfer of lipids from the hepatocyte cell membrane to very low-density lipoprotein 

(VLDL) particles (76). 

1.1.3.5 Glucose 

In addition to lipid metabolism, it is thought that LXRs can regulate glucose uptake 

through direct upregulation of the glucose transporter  4 in adipocytes (77), and LXR 

activation improved glucose tolerance in obese mice through actions on the liver and 

adipose tissue (78). It has since been suggested that glucose and glucose-6-phosphate 

can act as LXR ligands at physiological concentrations (79). However, this remains 

controversial as glucose is highly hydrophilic, in contrast to the LXR ligand binding 

pocket which is highly hydrophobic. Instead, it has been proposed that glucose 

regulates LXR activity through post-translational modification: glucose induced O-

GlcNAcylation (the post-translational addition of O-linked β-N-acetylglucosamine) of 

LXR in vitro and in vivo, and increased LXR-mediated transactivation of SREBP1c  (80). 
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1.1.4 LXRs and the immune system 

LXRs have been shown to modulate a diverse array of immune responses, both directly 

through transcriptional effects on genes involved in immunity, and indirectly via effects 

on intracellular lipid metabolism (see 1.1.6 LXRs and immunometabolism, pg.31).  

1.1.4.1 Transrepression 

LXR activation was discovered to antagonise nuclear factor -kB (NF-kB) signalling and 

reduce inflammatory responses in murine ex vivo differentiated macrophages 

stimulated with lipopolysaccharide (LPS), and in an experimental model of irritant 

contact dermatitis (81). The favoured explanation for these effects is the 

transrepression of pro-inflammatory genes, described in section 1.1.1 ‘LXR structure 

and function’ (pg.19).  

Many have reported the transrepression of pro-inflammatory genes induced by toll like 

receptor 4 (TLR4) stimulation in murine cells (17,82), but experiments in human 

macrophages have produced mixed results with reports of both inhibition (83–85) and 

potentiation (86–89) of inflammatory cytokine release in response to LXR activation. 

Identification of an LXRE in the human TLR4 promoter, absent in the mouse, has been 

postulated to be one possible explanation for this difference (86). Timing is probably 

another important factor. Fontaine et al. (2007) propose that LXR activation alone 

primes cells for an enhanced inflammatory response, but in the presence of 

inflammatory stimuli exerts anti-inflammatory effects (86). Consequently, the relative 

importance of transrepression in human macrophages is currently unclear. 

LXR mediated transrepression of interleukin (IL)-9 has recently been demonstrated to 

inhibit the differentiation of Tc9 cells: a subset of IL-9 producing CD8+ T cells with 

important antitumor effects. This was the first evidence of LXR ligand-induced 

SUMOylation in T cells (90). 
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 LXR-mediated transrepression has also been reported to inhibit the hepatic acute 

phase response (19), and the recruitment of STAT-1 to promoters in response to 

interferon (IFN)-g stimulation in murine astrocytes (20) and macrophages (21). 

1.1.4.2 Transcriptional activation 

To date the majority of investigations regarding the role of LXR in the immune system 

have focused on macrophages. Several genome wide analyses of LXR-chromatin 

binding and LXR-induced gene expression have been performed in human 

macrophage models (10,62,91,92), but none in other immune cell-types. Consequently, 

several LXR target genes with direct roles in macrophage function have been identified, 

but our knowledge in other cell types is lacking.  

Mer tyrosine protein kinase (MerTk) regulates macrophage phagocytic pathways and 

efferocytosis, key for maintaining self-tolerance. Mice deficient in LXR develop 

autoantibodies and autoimmune glomerulonephritis, which was largely attributed to loss 

of this receptor (93). Apoptosis inhibitor in macrophages (AIM) is a secreted scavenger 

receptor shown to support macrophage survival in response to apoptotic triggers 

including oxidised lipoproteins within atherosclerotic lesions (94) and bacterial infection 

(6,95). In addition, AIM increases bactericidal activity and autophagy in a human 

macrophage cell line infected with M. Tuberculosis in vitro (95). LXRa has been shown 

to indirectly upregulate anti-inflammatory macrophage protein arginase 1, by promoting 

the binding of transcription factors interferon regulatory factor (IRF) 8 and PU.1 to the 

arginase 1 promoter (96). Pourcet et al. have further identified IL-18 binding protein (IL-

18BP) as a gene regulated by LXR via IRF8 (97), suggesting this novel LXR/IRF8 

crosstalk could extend to a wider subset of genes. 

Compared to macrophages, we know very little about the transcriptional effects of LXR 

on T cell function (98). An indirect effect of LXR transcription has been shown to inhibit 

the differentiation of T helper (TH) 17 cells; a subset of T-cells that produce IL-17 and 

play a pathogenic role in autoimmunity (see Figure 1- 4). LXR activation inhibited IL-17 
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production via induction of SREBP1, which bound to the IL-17 promoter and 

antagonised the aryl hydrocarbon receptor, a positive regulator of transcription (99).  

Finally, IFNg has been suggested to be an LXR target gene (100). Mutation of the 

identified LXRE, or siRNA knockdown of LXR, prevented the upregulation of IFNg in 

response to MEK1/2 inhibition in murine macrophage and T-cell cell lines (101). 

However, LXR activation has also been shown to reduce IFNg promoter activity in a 

human T cell line (102), and to transrepress inflammatory genes downstream of IFNg-

STAT-1 signalling (20,21), so this remains controversial.  

1.1.5 Genetic variation in humans 

Several studies have linked LXR gene variants with immune disorders. Haplotypes of 

both LXR subtypes were connected to altered susceptibility to tuberculosis (103), and 

LXRb variants were linked with inflammatory bowel disease (104) and nominally 

associated with type 2 diabetes (105). However, the functional effects of these variants 

are currently unknown. A polymorphism in the LXRa promoter region (1830 T>C) was 

associated with increased risk of systemic lupus erythematosus (SLE) and 

corresponded to decreased expression of LXRa in B cells. This was linked to increased 

proliferation of B cells from SLE patients, and increased proliferation in response to a 

synthetic LXR agonist (T0901317) in B cells from both SLE patients and healthy 

individuals (106). A loss-of-function mutation in LXRa has also been linked to familial 

cases of multiple sclerosis, a neurodegenerative autoimmune disease. A common 

LXRa variant was further associated with 1.35x increased risk of developing 

progressive multiple sclerosis (107). 

1.1.6 LXRs and immunometabolism 

The field of immunometabolism – the study of intracellular metabolic pathways which 

regulate immune cell function- is rapidly expanding (108), and there is increasing 

evidence to suggest LXRs regulate immune cell behaviour through their actions on lipid 

metabolism.  



32 
 

1.1.6.1 Cholesterol and proliferation  

In 2008 Bensinger et al. proposed that intracellular cholesterol was an important 

metabolic checkpoint during lymphocyte expansion (109). They observed that LXR 

activation inhibited mitogen-induced proliferation, and conversely, LXR deletion 

provided a proliferative advantage and enhanced responses to immunisation. This 

mechanism was ABCG1 dependent, and it was hypothesised that redistribution of 

intracellular cholesterol away from a site, possibly the endoplasmic reticulum (ER), 

signals to the cell there is insufficient cholesterol to accommodate the membrane 

biogenesis demanded by proliferation. Furthermore, T-cell activation upregulated the 

expression of a sulfotransferase (SULT2B1) which modifies oxysterols and abolishes 

their capacity to act as LXR ligands, demonstrating an endogenous mechanism to 

dampen LXR activity.  

1.1.6.2 Fatty acids and inflammation 

Moving away from cholesterol, LPCAT3 has been shown to regulate inflammation 

through its effects on intracellular fatty acid composition and distribution. By reducing 

saturation of membrane lipids, LPCAT3 activity relieved saturated fatty acid induced 

ER stress in hepatocytes, and reduced hepatic inflammation in vivo (73). Activation of 

LXR (and LPCAT3) also reduced activity of c-Src kinase, whose activation of c-jun N 

terminal kinase (JNK) initiates an important inflammatory signalling cascade. It has 

previously been shown that saturated fatty acid induced clustering of c-Src in the 

plasma membrane facilitates JNK activation (110). Consistent with this mechanism, 

LPCAT3 knockdown increased localisation of c-Src kinase to lipid rafts (73). Rong et 

al. (2013) also demonstrated that free arachidonic acid levels were increased in 

LPCAT3 knockout mice, leading to the inference that LPCAT3-mediated incorporation 

of arachidonic acid into phospholipids could reduce the pool available for the 

biosynthesis of pro-inflammatory eicosanoids (73). They showed that LXR activation 

reduced release of prostaglandin E2 (PGE2) by bone marrow derived macrophages 

(BMDMs). However,  Ishibashi et al. (2013) contradicted this, showing that LPCAT3 
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siRNA supressed the release of PGE2 and thromboxane B2 in both vehicle and LXR-

ligand treated human monocyte derived macrophages (MDMs) (88). This suggests that, 

LPCAT3 actually aids the production of pro-inflammatory eicosanoids, at least in human 

macrophages. 

1.1.6.3 T-cell polarisation 

LXR activity has been shown to influence the polarisation of T-cells into regulatory T-

cell (Treg) and TH17 subsets (see Figure 1- 4).  Tregs express the transcription factor 

forkhead box P3 (FOXP3) (111), and act to moderate the immune response by 

producing suppressive mediators including transforming growth factor b (TGFb), IL-10 

and adenosine (112,113). TH17 cells express the transcription factor RORgt and 

produce IL-17, exerting an inflammatory effect (114–116). The balance of the TH17-

Treg axis is particularly important in autoimmunity (117–120).  

As described previously (pg.30), LXR target gene SREBP1c can repress transcription 

of IL-17 (99). However, intracellular cholesterol and fatty acids also play an important 

role in TH17 differentiation. During the transition to the TH17 phenotype cholesterol 

synthesis and uptake is upregulated, whereas cholesterol efflux and metabolism to 

oxysterols is reduced (121). Consequently, availability of endogenous LXR ligands is 

low. Furthermore, expression of SULT2B1 was increased upon TH17 polarisation. This 

demonstrates that suppression of LXR signalling is important for TH17 differentiation.  

Interestingly LXR target gene AIM has been linked to suppression of a ‘pathogenic’ 

TH17 cell phenotype and maintenance of a ‘regulatory’ phenotype. This was caused by 

altering the balance of intracellular lipids; in particular increasing PUFAs and 

decreasing cholesterol synthesis. This reduced the availability of endogenous ligands 

for RORgt, which drives transcription of IL-17 and represses transcription of IL-10  (122). 

Whether LXR is an important regulator of AIM in this subset of T cells was not 

investigated, but it is possible that the suppression of LXR would reduce AIM 

expression, leading to an expansion of the ‘pathogenic’ TH17 population.   



34 
 

LXR activation has been linked to increased expression of FOXP3 and increased 

numbers of Tregs in mice (123). However, contradicting this, expression of LXR target 

gene ABCG1 has been shown to negatively correlate with Treg frequency in both 

humans and LDLR-deficient mice. Deletion of ABCG1 induced accumulation of 

cholesterol, which downregulated the mechanistic target of rapamycin (mTOR) 

pathway, increased phosphorylation of STAT5, and boosted differentiation of Tregs 

(124).  Hypercholesterolaemia has also been linked to increased Treg frequency (125), 

and circulating Treg numbers have been shown to correlate with HDL cholesterol levels 

in healthy male volunteers (126).  Clearly cholesterol levels are an important factor in 

Treg differentiation and expansion, but the role for LXR in this process remains to be 

determined. 

1.1.6.4 Plasma membrane lipid rafts  

LXR activation has been shown to modulate numerous immune-cell functions by 

reducing plasma membrane cholesterol content. This increases membrane fluidity with 

profound effects on the composition of plasma membrane lipid rafts; highly ordered 

cholesterol and glycosphingolipid (GSL)-enriched microdomains which govern the 

lateral mobility of signalling proteins and consequently regulate a plethora of signal 

transduction events (127,128).  

In murine macrophages reducing free cholesterol in the plasma membrane via ABCA1 

prevents raft associated TLR -signalling (129). Conversely ABCA1-deficient 

macrophages have enlarged lipid rafts and show enhanced responses to inflammatory 

signalling (130). Indeed, it has recently been demonstrated that the repression of anti-

inflammatory genes previously attributed to transrepression could equally be attributed 

to ABCA1-mediated disruption of lipid rafts (131). Although the two hypotheses are not 

mutually exclusive, the additional observation that genetic manipulation of LXR 

SUMOylation sites had no effect on inflammatory gene repression (131) raises 

questions about the relative importance of these two mechanisms, at least in 

macropahges.  



35 
 

ABCA1-mediated cholesterol efflux has also been linked to increased anti-viral 

responses to human immunodeficiency virus (HIV) infection in human MDMs (132), 

CD4+ T cells (133) and monocyte-derived dendritic cells (134) because lipid rafts are 

the preferred site of assembly and exit for the HIV virion.  

1.1.7 LXRs, lipid rafts, and autoimmunity  

Recently the relationship between LXRs, cholesterol and lipid rafts has been linked to 

autoimmunity. Lxrb-/- mice on an Apoe-/- background or fed a ‘western diet’ developed 

autoimmunity (135). Cd11c+ antigen presenting cells (APCs) were found to be 

responsible, shown to have enhanced T-cell priming and increased production of B cell 

growth factors B-cell activating factor (BAFF) and a proliferation inducing ligand 

(APRIL). Ito et al. (2016) hypothesised the cholesterol overload in APCs leads to 

changes in membrane lipids which enhance TLR signalling, driving expression of these 

factors. Finally, addition of Apo-A1 was able to rescue the phenotype, clearly 

demonstrating the cholesterol overload was the primary mechanism.  

Similarly, Westerterp et al. (2017) knocked out LXR target genes Abaca1 and Abcg1 in 

myeloid cells (LysmCre), T cells (LckCre) or dendritic cells (Cd11cCre), and found that 

only the dendritic cell knockout developed autoimmunity (136).  

However, unlike Ito et al. (2016), they observed no changes in antigen presentation, 

and instead hypothesised that increased cholesterol in the plasma membrane 

enhanced TLR signalling, leading to inflammasome engagement. As with 

administration of Apo-A1 by Ito et al. (2016), addition of recombinant HDL was able to 

prevent the induction of autoimmunity.  Therefore, although there is some discrepancy 

over the exact mechanism, together these studies emphasise an important role for 

dendritic cell cholesterol homeostasis in the regulation of peripheral tolerance.  

Prior to this, our own work correlated increased expression of LXRb to elevated 

expression of glycosphingolipids in CD4+ T cells from patients with the autoimmune 

disease SLE (137). Strikingly, culture of healthy T cells with serum from SLE patients 
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induced overexpression of GSLs, and this could be inhibited by addition of an LXR 

antagonist. This implied that serum factors induce upregulation of GSLs in an LXR-

dependent manner. It was shown that upregulation of LXR target genes NPC1 and 

NPC2, lead to accelerated recycling of plasma membrane GSLs. Importantly in vitro 

treatment of CD4+ T cells from SLE patients with N-butyldeoxynolirimycin (NB-DNJ), an 

inhibitor of GSL synthesis, was able to normalise GSL metabolism and reverse defects 

in T cell signalling and function (137). Overall, these findings demonstrate a role for 

LXRs in T cells in autoimmunity, but through the induction of its expression, not 

depletion as was tested by Ito et al. (135) and Westerterp et al. (136). 

Importantly, the regulation of lipid rafts by LXR had not previously been studied in T 

cells, or in relation to GSL expression. Consequently, we decided to further pursue this 

line of investigation.  
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1.2 Membrane lipids and CD4+ T-cell function 

1.2.1 CD4+ T cells 

CD4+ T cells are adaptive immune cells which recognise antigen peptides presented on 

major histocompatibility complex (MHC) class II molecules by APCs. Also known as T 

helper cells, CD4+ T cells shape the immune response by releasing cytokines with both 

pro-inflammatory and immunomodulatory effects. T cell activation can be broken into 

three phases; (1) the ligation of the T-cell antigen receptor (TCR) with peptide-MHC 

complex, (2) co-stimulation via CD28 which prevents anergy (a hyporesponsive state 

in which cells are refractory to further stimulation) and (3) cytokine signals which can 

polarise T cells into subsets with distinct functional properties. 

T cells were initially classified into two subsets: IFNg producing ‘TH1’ cells which activate 

macrophages to fight intracellular pathogens, and IL-4 producing TH2 cells, which 

evolved to combat extracellular parasites such as helminths, and are now prone to 

participate in allergic responses (138). Additional subsets have since been defined by 

characteristic expression of transcription factors and cytokine secretion profiles. The 

best characterised of these are shown in Figure 1- 4, including anti-inflammatory Tregs 

which produce suppressive mediators such as IL-10 and TGFb and play an important 

role in maintaining peripheral tolerance,  TH17 cells which secrete IL-17 and IL-23 and 

have been linked to the development of autoimmunity, and T follicular helper cells (TFH) 

which migrate to the B-cell zone in secondary lymphoid organs and aid germinal centre 

formation through provision of stimulatory signals to B cells.  

Our recognition of functional subsets continues to rapidly expand. TH22 (139), TH9 (140) 

and type 1 regulatory cells (141) have also been defined, and even subsets within 

subsets have been classified – for example the regulatory TFH (142), or pathogenic 

versus non-pathogenic TH17 cells (122). Moreover, advancements in single-cell 

technologies and systems biology promise to revolutionise our view on the diversity and 

plasticity of T cell functional subsets (143,144).    
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Figure 1- 4 CD4+ T cell subsets 

Summary of T cell subsets, including the cytokines responsible for polarisation, subset-

defining transcription factors, cytokines produced, and primary function. Cell types in 

red are upregulated in SLE, and in blue are downregulated. Suggested roles of LXR in 

induction of Treg and inhibition of TH17 polarisation are marked.  

BCL6 -B cell lymphoma 6 protein; FOXP3 - forkhead box P3; GATA3 - GATA binding 

protein 3; GC - germinal centre; IL – interleukin; LXR – liver X receptor; ROR – retinoid-

related orphan receptor; SLE – systemic lupus erythematosus; TBET - T box expressed 

in T cells; TGF - transforming growth factor; TH- T helper.  
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1.2.2 The TCR signalling cascade 

One of the earliest events of TCR signalling is the phosphorylation of the 

immunoreceptor tyrosine-based activation motifs (ITAMs) on the TCR by lymphocyte 

cell-specific protein-tyrosine kinase (Lck) and FYN proto-oncogene, Src-family tyrosine 

kinase (Fyn), of which Lck plays the predominant role (140) (Figure 1-5).  

Lck activity is regulated by the phosphorylation of two tyrosine (Y) residues; an 

activating residue (Y394) which is autophosphorylated, and an inhibitory residue (Y505) 

which is phosphorylated by c-terminal Src kinase (Csk) and dephosphorylated by 

cluster of differentiation 45 (CD45).  However, engagement of the TCR has been shown 

to have minimal effect on Lck activation (141), but rather induces the recruitment of 

active Lck to the IS (142–144). Lck is recruited to raft regions in activated T cells, 

whereas CD45 is excluded from raft platforms preventing dephosphorylation of Lck and 

the TCR (see Figure 1-5). Therefore, lipid rafts play an important role in regulating 

synapse organisation. 

Linker for activation of T cells (LAT) is also recruited to lipid rafts, triggering the 

assembly of the ‘LAT signalosome’ (145) which is responsible for initiating the signalling 

cascades (146,147) that result in activation of the transcription factors including AP-1, 

NF-kB, and  nuclear factor of activated T cells (NFAT) (see Figure 1-5 for more detail). 

NFAT initiates the transcription of IL-2, which promotes T-cell proliferation and 

differentiation. 

SH2 Domain-Containing Leukocyte Protein Of 76 kDa (SLP76) recruits the adapter 

protein NCK, which interacts with Wiskott-Aldrich syndrome family protein (WASP), and 

the guanine nucleotide exchange factor VAV, which activates Rho family GTPase 

Cdc42. Together these events initiate the nucleation of actin filaments by actin related 

proteins 2 and 3 (Arp2/3). Remodelling of the actin cytoskeleton plays an important role 

in the formation of a stable contact with APCs, and the distribution of signalling 

molecules (148,149).   
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Figure 1- 5 Key events of TCR signaling  

Phosphorylation of CD3 and TCRz enables the binding of zeta-chain associated protein 

kinase of 70 kDa (ZAP70), which is also phosphorylated by Lck. ZAP-70 then activates 

the adaptor molecule linker for activation of T cells (LAT). Recruitment of additional 

adaptor proteins, including growth factor receptor-bound protein 2 (GRB2), GRB2 

related adaptor protein downstream of Shc (GADS) and SH2 Domain-Containing 

Leukocyte Protein Of 76 KDa (SLP76), facilitates the propagation of downstream 

signalling cascades required for T-cell activation. 

SLP76 recruits NCK and VAV, which together initiate remodeling of the actin 

cytoskeleton. IL-2-inducible T-cell kinase (ITK) phosphorylates phospholipase Cg1 

(PLCg1), which hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 

1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 triggers the release of calcium 

ions from the ER. DAG initiates mitogen-activated protein kinase (MAPK)/ extracellular 

signal related kinase (Erk) and protein kinase Cq (PKCq) signalling cascades. Grb2 

interacts with guanine nucleotide exchange factor (GEF) SOS to activate Ras, also 

initiating MAPK/Erk signalling.  Together these signalling cascades initiate 

transcriptional events required for a functional T cell response. 
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1.2.3 The immunological synapse 

Within minutes of initial contact with an APC, or an artificial substitute, CD4+ T cells 

polarise to form an immunological synapse (IS), and signalling molecules are 

redistributed to form ‘supramolecular clusters’ (SMACs) (150,151) (Figure 1- 6). These 

structures regulate the persistence and termination of TCR signalling, and are 

segregated into distinct central, peripheral and distal zones (c-, p-, and d-SMAC, 

respectively). The d-SMAC is enriched for actin, which is highly dynamic. After initial 

spreading events, actin filaments undergo retrograde flow towards the centre of the 

synapse (152). It is thought signalling molecules initially assemble as ‘TCR 

microclusters’ in the d-SMAC and are also trafficked towards the centre (153). The d-

SMAC is also enriched for phosphatase CD45, although it is excluded from 

microclusters. Adhesive molecules are high enriched in the p-SMAC, including 

lymphocyte function-associated antigen 1 (LFA-1) which binds to intercellular adhesion 

molecule 1 (ICAM-1) on the APC, and talin. CD28 and PKCq accumulate at the p-

SMAC/c-SMAC border, forming a ring of active signalling (154). In the c-SMAC 

signalling is downregulated, and TCR molecules accumulate in preparation for 

internalisation. In particular it has been reported that active strong signals are 

terminated in the c-SMAC, but weak signals can persist (155). It has been shown that 

protein TSG101 sorted ubiquitinated TCR molecules bound to strong signals for 

endosomal degradation, whereas weakly-stimulated TCR microclusters were not 

targeted by this pathway (156).  

Not all synapses follow this prototypical ‘bullseye’ conformation. ISs formed with 

dendritic cells (157), or by double positive thymocytes (158) are multifocal, without a 

centralised c-SMAC. These synapses still produce functional signals, demonstrating 

that the c-SMAC is not a requirement for activation. TH2 cells have also been reported 

to form a more disorganised synapse consisting of multiple microclusters, in contrast to 

TH1 which form a prototypical IS (159,160).  
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Figure 1- 6 Prototypical immunological synapse conformation 

At the immunological synapse (IS) signaling molecules can be segregated into three 

distinct zones: the distal-, peripheral- and central- supramolecular clusters (SMACs).  

This distribution of molecules has been shown to regulate the strength and duration of 

TCR signaling. In the d-SMAC TCR signalling molecules assemble into microclusters 

and initiate signaling. CD45 is enriched in the dSMAC but is excluded from the 

microclusters.  Actin is also highly expressed and undergo centripetal retrograde flow. 

TCR microclusters are also trafficked towards the centre. The pSMAC is a layer of 

adhesive molecules, facilitating cell-cell contact with the APC. These include LFA-1 and 

talin. At the edge of the c-SMAC a ring of CD28/PKC/CD3-TCR facilitates active 

signaling. However, in the centre of the c-SMAC signaling is terminated, and CD3/TCR 

accumulates for degradation and internalisation.   
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Differences in IS formation under TH1 and TH2 polarising conditions have also been 

linked to plasma membrane lipid composition. Compared to TH2, primary human T cells 

polarised to TH1 formed synapses more rapidly, but were smaller in area and less 

stable, and proliferation was reduced (161).  This was linked to an increased percentage 

of cells with intermediate membrane liquid order under TH1 conditions, as measured 

using polarity sensitive probe di-4-ANEPPDHQ (ANE), which undergoes a shift in 

emission spectrum depending on the relative fluidity of the membrane. Membrane liquid 

order was found to positively associate with cholesterol content but negatively correlate 

with lipid-raft associated GSL GM1(161). Furthermore, a region of high liquid order has 

been observed at the periphery of the IS (162), supporting a role for membrane lipid 

organisation in synapse arrangement.  

1.2.4 TCR signalling and ‘lipid rafts’ 

TCR signalling was one of the first signal transduction events proposed to be mediated 

by plasma membrane lipid rafts (see 1.1.6, pg.34). Lipid raft markers and raft associated 

proteins have been found to accumulate at the IS (163–165), and proximal signalling 

molecules Lck and LAT were found in detergent resistant membrane fractions, and to 

colocalise with expression of cholera toxin B (CTB) (166), which has been shown to 

bind to GM1 and is commonly used as a marker of lipid rafts (163,167–169). However, 

some have criticised the lipid-raft hypothesis, and have emphasised the importance of 

protein-protein interactions in regulating the association of signalling molecules (170–

173). Current theories suggest small, dynamic, lipid rafts converge to form larger, more 

stable microdomains with an increased dependence on protein-lipid and protein-protein 

interactions (174,175). 

Despite the controversy surrounding the lipid raft hypothesis, there is clear evidence 

supporting an integral role for membrane lipids in TCR signalling. Manipulation of 

cholesterol, GSL, or fatty acid levels have all been shown to influence T cell signalling 

and function, as will now be discussed.   
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1.2.4.1 Glycosphingolipids (GSLs) 

GSLs are composed of a ceramide backbone and glycan headgroup. The first and rate 

limiting step of GSL biosynthesis is the addition of glucose to ceramide by UDP-glucose 

ceramide glycosyltransferase (UGCG), followed by further addition of galactose by 

B4GALT5/6 to form lactosylceramide (LacCer) (Figure 1- 7). From LacCer many 

different types of GSL can be formed. It is estimated there are more than 400 GSL 

species with distinct oligosaccharide headgroup structures (176).  

Different types of immune cell have been shown to preferentially express different 

classes of GSL (177). In T cells, the a-series has been described to be essential for 

CD4+ T cells-function, whereas CD8+ T-cells require the a-sialo series (178). CD4+ T 

cells from GM3 synthase (ST3GAL5) knockout mice produced less IL-2 and proliferated 

less, and also had a reduced propensity to differentiate into TH17 cells ex vivo 

(178,179). Pharmacological inhibition of UGCG in human T cells was shown to inhibit 

proximal and downstream signalling in response to T cell activation, including 

phosphorylation of Lck and LAT, reduced IL-2 secretion, and reduced proliferation 

(179).  
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Figure 1- 7 GSL biosynthesis pathway  

Schematic to show the enzymes responsible for synthesizing GSLs from ceramide, of 

which UGCG is the rate limiting enzyme. Species enriched in CD4+ T cells from SLE 

patients are highlighted in yellow.   
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1.2.4.2 Cholesterol 

Use of methyl-b-cyclodextrin to decrease membrane cholesterol levels by 10-50% in 

Jurkat T cells caused aggregation of lipid-rafts, as measured by expression of GSL 

GM1. After 5 minutes of stimulation with anti-CD3 (OKT3) cell spreading was increased 

in cholesterol-depleted cells, as was tyrosine phosphorylation. Furthermore, activation 

of Erk was also increased at 10% depletion,  but returned to baseline at 20% and was 

abolished at higher depletion levels (30-40%). (180).  

Conversely, elevation of membrane cholesterol by 40-50% in a murine model by 

injection of squalene also increased the expression of lipid rafts, as measured by CTB 

binding. Furthermore, colocalisation with cytokine receptor subunits IL-2Ra, IL-4Ra, 

and IL-12Rb2 with raft-domains was also increased.  This resulted in induction of a TH1 

phenotype (181). 

Accumulation of cholesterol in the plasma membrane of CD8+ T cells by genetic or 

pharmacological inhibition of acyl-CoA cholesterol acyltransferase 1 (ACAT1) has been 

shown to increase effector function by altering the properties of the IS,  including 

enlargement TCR microclusters and more rapid immunological synapse maturation, 

leading to enhanced TCR signalling (182).  

Cholesterol has also been shown to directly modulate the activation of the TCR. Binding 

of cholesterol to the TCRb subunit maintains it in an inactive conformation, preventing 

phosphorylation by Lck whereas genetic or enzymatic removal of cholesterol switched 

the TCR to a primed state, with increased propensity for TCR signalling (183).   

Similarly, genetic deletion of ABCG1 in murine T cells increased plasma membrane 

cholesterol, and was linked to increased basal phosphorylation of signalling molecules 

ZAP-70 and Erk, which primed the T cells to have a hyperproliferative response to TCR 

stimulation in vitro (184).  
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1.2.4.3 Fatty acids 

Omega-3 PUFAs such as eicosapentaenoic (EPA, 20:5) and docosahexaenoic (DHA, 

22:6) have been shown to exert a wide range of health benefits, including anti-

inflammatory effects on the immune system (185). In CD4+ T cells PUFAs have been 

shown to alter the organisation of the plasma membrane by multiple mechanisms (186), 

and have been associated with both increased (187,188) and decreased plasma 

membrane lipid order (189) . This has been reported to  disrupt IS formation (190) and 

TCR signalling by altering the distribution and interaction of raft-associated TCR 

signalling molecules (188,191–193). The functional consequences of this include 

decreased activation of PLCg1 (188,191), reduced proliferation (188,192), and reduced 

propensity to differentiate into TH17 cells (194). 

1.2.4.4 Disease models 

Finally, dysregulation of lipid rafts have been implicated in T-cell dysfunction in several 

disease models, including in Jurkat cells infected with HIV protein Nef  (195,196), a 

murine model of diet-induced hypercholesterolaemia (125), obesity in mice and humans 

(197), and in primary CD4+ cells isolated from SLE patients (137,198–200) (see 1.3.4 

Defective lipid homeostasis in SLE, pg.50).  

Interestingly, loss of systemic lipid homeostasis is a feature common to several of these 

models, highlighting the importance of crosstalk between circulating and intracellular 

lipids in regulating lipid rafts.  

In summary, the GSL, cholesterol, and fatty acid content of the plasma membrane have 

all been shown to influence responses to TCR stimulation in vitro and in vivo. This 

evidence supports an important role for lipid metabolism in the regulation of CD4+ T cell 

activation.  
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1.3 Systemic Lupus Erythematosus 

Systemic lupus erythematosus (SLE) is a rheumatic autoimmune disease characterized 

by a breakdown of self-tolerance and production of autoantibodies. Subsequent 

activation of both innate and adaptive immune responses contributes to inflammation 

and organ-damage. Symptoms can affect multiple organ systems and range from mild 

skin rashes and joint pain to severe kidney, neurological or cardiovascular 

complications.  

1.3.1 Immunopathology 

In brief, defective clearance of apoptotic cells increases the availability of self-antigen, 

leading to a break in peripheral tolerance. Nuclear antigens are particularly implicated 

in the pathogenesis of SLE, which are recognised by TLR7 and TLR9, and trigger the 

production of IFNa by plasmacytoid dendritic cells. IFNa drives inflammation, and also 

triggers the production of BAFF, which promotes the maturation of B cells into auto-

antibody producing plasma cells. Presentation of self-antigen by DCs to T cells 

stimulates production of cytokines and expression of costimulatory molecules which 

further support B cell maturation. Accumulation of immune-complexes then prompts 

further inflammatory responses, which result in organ damage (201).  

One common hallmark of SLE is the ‘interferon signature’ – a widespread upregulation 

of IFNa responsive genes in peripheral blood mononuclear cells (PBMCs) (202,203). 

This signature has been associated with disease activity measures (204,205), and 

firmly supports an integral role for type-I IFN in SLE pathogenesis (206). 

Transcriptomics of immune cell subsets has revealed B cells, myeloid cells, and CD4+ 

T cells from SLE patients all contribute to the IFN signature (207). In particular, T cells 

have been shown to express an IFN signature unique to SLE (208).  
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1.3.2 Aeitiology 

SLE is a rare disease, affecting 20 – 70 individuals per 100,000 (209). Over 90% of 

cases are in females, and disease onset is usually during child-bearing years. Disease 

prevalence also varies with ethnicity, with the lowest incidence amongst Caucasians.   

Due to the extreme female bias, X chromosome dosage and female hormones have 

both been implicated in the development of SLE (210). For example, in males with 

Klinefelter’s syndrome (XXY) the risk of developing SLE is equivalent to that of females 

(211).  

SLE is a highly heterogeneous condition, and multiple mechanisms can lead to a break 

in tolerance. A combination of genetic susceptibility and environmental triggers have 

been linked to disease onset.  

Environmental triggers include ultraviolet light and infection with certain viruses 

(212,213). Long-term exposure to certain drugs has been found to temporarily induce 

SLE-like disease, and at least 40 drugs have been associated with this condition (214).  

 Heritability of SLE has been estimated at about 43.9% (215), with concordance rates 

in monozygotic twins at 24% (216). Genome wide association studies have identified 

more than 52 loci robustly associated SLE risk (217). The first to be discovered, and 

strongest association, is with the with human leukocyte antigen (HLA) complex, 

particularly genes involved in antigen presentation to CD4+ T-cells and the complement 

system. The vast majority of risk variants have been associated with immune system 

processes, particularly clearance of immune complexes, type-I IFN responses, and T- 

and B-cell signaling (201,217,218). However, many variants fall in non-coding regions, 

the regulatory functions of which are still poorly understood (219). Epigenetic 

mechanisms such as DNA hypomethylation (220) and dysregulation of micro-RNA 

expression (221,222) have also been linked to SLE susceptibility and pathogenesis.  
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1.3.3 Current Treatment 

There is currently no cure for SLE. Although life expectancy has greatly improved, with 

an 80-90% 10-year survival rate, compared to a 50% 5-year survival rate in the 1950s.  

However, health related quality of life is low (209,223,224), and there is still an need for 

safer and more effective long-term treatment options (225). Currently anti-malarial drug 

hydroxychloroquine is used to control symptoms of milder disease, which act to disrupt 

endosomal pH and interferes with antigen processing. As symptom severity increases, 

glucocorticoids or immunosuppressant treatments are used to repress the immune 

response. However, long-term use of these drugs is associated with serious side-

effects.  

Last year belimumab was the first biologic drug to be approved for use in SLE, and the 

first new drug to approved for adult SLE in 50 years. It binds to BAFF, preventing it from 

activating B cells. Rituximab, which depletes B cells by binding to the CD20 receptor, 

is also in use (226), although two clinical trials to date have failed to meet their primary 

endpoints (227,228). In 2017 approximately 30 novel therapeutics were currently 

undergoing phase II/III clinical trials, designed to target a range of pathways including 

IFN and BAFF, and T cell and B cell signalling (225), providing great promise that new 

treatment options are on the horizon (225).  

1.3.4 Defective lipid homeostasis in SLE 

1.3.4.1 T cell dysfunction and lipid rafts 

T cells play an important role in SLE pathogenesis (229,230). Circulating numbers of 

CD4+ T cells are reduced in SLE patients, and spontaneous apoptosis (231,232) and 

necrosis (233) are increased. T cell subset distribution is also altered: increased 

frequency of TH17 and TFH populations, and reduced Treg numbers have all been 

implicated in SLE pathogenesis (117,119,229). 

Furthermore, TCR signalling is profoundly altered in T cells from SLE patients 

(120,234). The CD3z subunit is downregulated, and instead the TCR signals through 
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FcRg, which recruits spleen tyrosine kinase (Syk) rather than ZAP70. The consequence 

of this ‘rewiring’ is increased calcium flux, but decreased activity of PKCq and MAPK 

signalling pathways. The raised calcium levels increase activation of nuclear 

transcription factor NFAT, which increases expression of co-stimulatory molecule 

CD40L. Altered calcium levels also inhibit the transcription of IL-2, due to increased 

binding of cAMP response element binding protein (CREM) at the promoter. 

Transcriptional activity of NF-kB and AP-1 is also reduced.  

Work from our laboratory has established that abnormal membrane lipid composition 

contributes to immune cell dysfunction in SLE. T cells from SLE patients have increased 

levels of  GSLs, in particular lactosylceramide, Gb3 and GM1 (137) (see Figure 1- 7, 

pg.45), and a greater proportion of T cells from SLE patients have intermediate 

membrane lipid order, compared to predominance of high membrane lipid order in 

healthy controls (161).   

These changes in membrane lipid composition have been linked to several 

perturbations in TCR signalling. Expression of the inhibitory receptor cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4) was increased in T cells from SLE patients, 

but colocalisation with lipid rafts was decreased compared to healthy controls. 

Subsequently CTLA-4 levels were not increased upon activation of the TCR, and 

activation with anti-CTLA-4 failed to downregulate effector function (235).  In addition 

Lck expression was reduced in T cells from SLE patients, which was associated with 

increased ubiquitination (199). Despite this, levels of active Lck were increased due to 

increased localisation with CD45 in lipid rafts. Strikingly, inhibition of cholesterol 

synthesis by atorvastatin treatment reduced the expression of lipid rafts, reduced 

colocalisation of CD45 and Lck, and consequently reduced the pool of active Lck. This 

increased Erk phosphorylation and reduced the production of IL-6 and IL-10 to levels 

similar to T cells from healthy controls (200). Inhibition of GSL biosynthesis was also 

shown to restore cytokine production to levels similar to healthy control cells, and 

reduced production of anti-dsDNA antibodies by autologous B cells (137).  
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Intriguingly, lowering the expression of transcription factor friend leukaemia virus 

integration 1 (Fli1) in SLE-prone mice reduced GSL levels in T cells by alleviating 

inhibition of neuraminidase 1, an enzyme which facilitates lysosomal degradation of 

gangliosides.  Consequently, T cell activation was reduced, and fewer T cells infiltrated 

the kidneys, and overall survival was increased (236,237). This further supports the 

hypothesis elevated GSL levels and dysregulated recycling of membrane lipids and 

proteins may be involved in SLE pathogenesis. 

1.3.4.2 Defects in systemic lipid metabolism 

Serum dyslipidaemia is prevalent amongst SLE patients (238,239), including lowered 

atheroprotective HDL cholesterol and increased pro-atherogenic pro-inflammatory HDL 

cholesterol (pi-HDL) (240), VLDL, and triglycerides (241). Consequently cardiovascular 

disease is a major cause of morbidity and mortality in patients with SLE (242,243).  

This suggests that defective lipid homeostasis could play a role in immune cell 

dysfunction in SLE patients. In support of this, serum from SLE patients has a reduced 

capacity to sustain cholesterol efflux from macrophages, suggesting defects in 

clearance of intracellular lipids (244). Furthermore, when T cells from healthy donors 

were cultured with SLE serum for 7 days GSLs were upregulated, recapitulating the 

SLE phenotype. (137). As mentioned previously, this could be prevented by addition of 

an LXR antagonist, implicating factors in the serum - perhaps endogenous LXR ligands 

- in the generation of the abnormal membrane lipid profile, and therefore cellular 

dysfunction, of T cells in SLE. 

 

  



53 
 

1.4 Hypothesis and Aims 

We hypothesised that LXR activation modulates CD4+ T-cell function through the 

regulation of plasma membrane lipid rafts. Furthermore, we speculated that changes in 

serum lipids in patients with SLE can dysregulate this pathway, contributing to 

pathogenic changes in T cell function.  

In order to test this hypothesis, we set out to fulfil the following objectives: 

1. Examine the effect of LXR activation on plasma membrane lipid composition 

in human CD4+ T cells  

- Do LXRs regulate plasma membrane cholesterol and GSL expression in CD4+ 

T cells? 

- Does LXR activation regulate GSL biosynthesis at the transcriptional level? Is 

this different in Tregs?  

2. Characterise the effect of LXR activation on responses to TCR stimulation 

- Does LXR activation alter properties of the IS? 

- Does the distribution and phosphorylation of lipid raft associated TCR signalling 

molecules? 

- Does LXR activation change downstream effector function (cytokine production 

and proliferation)? 

3. Determine whether LXR signalling is altered in CD4+ T cells from SLE patients 

- Are levels of circulating LXR ligands altered in SLE patients? 

- Is the expression of LXR target genes altered in T cells from SLE patients? 

- Do T cells from SLE patients respond differently to LXR activation? 
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CHAPTER II 

2 Materials and Methods 

2.1 Collection and processing of human blood samples 

2.1.1 Recruitment of patients with SLE and healthy volunteers 

Patients diagnosed with SLE according to the revised American College for 

Rheumatology criteria were recruited from the SLE clinic at University College London 

Hospital (UCLH), and healthy volunteers were recruited from the Rayne Building, UCL. 

Ethical approval was obtained from the joint UCL/UCLH research ethics committee (Ref 

06/Q0506/79 until 2016, and Ref 15-LO-2065 from 2016 onwards). All volunteers 

provided informed written consent. 50 mL of peripheral blood was collected for the 

isolation of peripheral blood mononuclear cells (PBMCs) and separation of serum and 

plasma.  

Disease activity of SLE patients was assessed using the British Isles Lupus 

Assessment Group index (BILAG) which scores 9 organs/systems with letters A-E 

(A=very active, E=never active) based on the physician’s intention to treat (245). These 

scores are converted to a global score, whereby A=12, B=8, C=1 and D/E=0. Patients 

with a score greater than 6 are considered as having active disease. The tables below 

summarise demographic information of SLE patients who provided samples for this 

work, and the healthy controls who were used for comparison (Table 2- 1).  

For experiments conducted only on samples from healthy donors (Chapters 3 and 4) 

inclusion was based on health status, regardless of gender, age or ethnicity. Information 

regarding these donors is not summarised. For some experiments blood leukocyte 

cones (residual blood products from platelet donation) were purchased from NHS Blood 

and Transplant.   
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Table 2- 1 Demographics of SLE patients and healthy volunteers  

Legend overleaf. 

 

Table 2-1a  Healthy Controls 
n=24 

SLE Patients 
n=40 

Age 
years 

 
Mean (range) 33 (22 - 54) 50 (31 - 69) 

Sex F/M (%F) 23/1 39/1 

Ethnicity  
C/A/AC/O (n) 
C/A/AC/O (%) 

 

18/4/2/0 
75/17/8/0 

25/4/10/1 
63/10/23/2 

Disease duration  
years 

 
Mean (range) N/A 18 (6 - 39) 

Disease Activity  
BILAG 

Median (range) 
(no. active*) N/A 3.3 (0 - 12) 

(n=10, 25%) 

Hydroxychloroquine  N (%) N/A 23 (58) 

Prednisolone  N (%) N/A 22 (55) 

Immunosuppressants  N (%) N/A 4 (10) 

Table 2-1b  Healthy Controls 
n=7 

SLE Patients 
n=13 

Age 
years 

 
Mean (range) 42 (34-55) 51 (30 - 69) 

Sex F/M 7/0 13/0  

Ethnicity  C/A/AC/O 6/1/0/0 7/0/5/1 

Disease duration  
years 

 
Mean (range) N/A 20.5 (7 - 39) 

Disease Activity  
BILAG 

Median (range) 
(no. active*) N/A 1 (0 - 9) 

(n=3, 23%) 

Hydroxychloroquine  N (%) N/A 6 (46) 

Prednisolone  N (%) N/A 7 (54) 

Immunosuppressants  N (%) N/A 2 (14) 

  Normal Range (NR)  

Complement C3 Mean (range) 
(n < NR) 0.9 – 1.8 1.07 (0.77 – 1.46) 

(2) 
anti-dsDNA  

U/mL 
Median (range) 

(n > NR) <50 81 (2 – 758) 
(7) 

Lymphocyte count  
x109/L 

Mean (range) 
(n < NR) >1.5 1.90 (0.74 – 3.09) 

(3) 
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Table 2-1 continued. 

Table 2-1a summarises demographic information regarding healthy controls and SLE 

patients who donated blood, serum or plasma used in the experiments described in 

Chapter 5.  The British Isles Lupus Assessment Group (BILAG) score was used to 

assess disease activity.  

Table 2-1b describes donors used for the analysis of ex vivo CD4+ T-cell gene 

expression (Figure 5- 1) including additional measures of disease activity which were 

correlated with gene expression data (Figure 5- 2). The NHS guidelines for a ‘normal 

range’ of these parameters is also shown.  

*Patients with a global BILAG score >6 were classified as having active disease. 

 

2.1.2 Isolation of peripheral blood mononuclear cells (PBMCs) 

30-50 mL whole human blood was collected in vacutainer tubes containing heparin. 

Blood was diluted 1:1 with Roswell Park Memorial Institute medium 1640 (RPMI) 

(Sigma-Aldrich) and layered onto 15 mL Ficoll-Paque PLUS (GE Healthcare).  

Peripheral blood mononuclear cells (PBMCs) were separated by density gradient 

centrifugation (800g, 25 minutes, acceleration 3, brake 2) or using SepMate tubes 

(StemCell Technologies) (1200g, 10 minutes, acceleration and brake 9, room 

temperature (RT)). Isolated PBMCs were resuspended at 1-5x107/mL in heat-

inactivated foetal bovine serum (FBS) (Labtech) containing 10% dimethyl-sulfoxide 

(DMSO) (Sigma-Aldrich) and frozen at -80°C using a ‘Mr Frosty’ freezing container.  For 

long term storage samples were transferred to the liquid nitrogen cryostore.  

2.1.3 Collection of serum and plasma samples 

One gold-topped serum tube was collected from each donor and centrifuged at 1500g 

for 10 minutes. Serum aliquots were stored at -80°C. One heparin vacutainer tube was 

centrifuged at 400g for 10 minutes with reduced acceleration (5) and brake (3) to 

separate plasma, which was aliquoted and stored at -80°C. 
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2.2 Cell Culture 

2.2.1 Enrichment of CD4+ T cells 

CD4+ T cells were isolated using the EasySep Human CD4+ T cell Enrichment Kit 

(StemCell Technologies) as per the manufacturer’s instructions. When tested average 

purity obtained was 95.1 ± 1.3% (Mean ± SD, n=6) (Figure 2- 1).  

 

Figure 2- 1 Purification of immune cell subsets from peripheral blood 

mononuclear cells.  

Representative flow cytometry histograms showing purity of CD4+ T cell and CD14+ 

monocyte populations isolated from PBMCs by magnetic assisted cell-separation.  
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2.2.2 Separation of functional T cell subsets by fluorescence-activated cell 

sorting 

PBMCs were prepared for cell sorting using our standard protocol for staining of surface 

markers for flow cytometry (see 2.3.1, pg.61), with the modification that antibodies to 

surface markers were added straight to the cell pellet without dilution in staining buffer. 

Samples were passed through a 70 µM filter prior to sorting with a FACSAria II by Jamie 

Evans (director of the flow cytometry facility at the Rayne Building, UCL). 

The defining marker for Tregs is the transcription factor FOXP3, which requires fixation 

and permeabilisation for detection. To sort live Tregs, we instead use the markers CD25 

and CD127. We have confirmed that the CD4+ CD25+ CD127- population are FOXP3 

expressing Tregs (Figure 2- 2). 

 

Figure 2- 2 Discrimination of Tregs by flow cytometry 

Confirmation of FOXP3 expression in the CD4+ CD25+ CD127- Treg population.  
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2.2.3 CD14+ monocyte isolation and culture 

CD14+ monocytes were isolated from PBMC samples using the EasySep Human CD14 

Positive Selection Kit (StemCell Technologies) as per the manufacturer’s instructions. 

When tested average purity obtained was 97.6 ± 0.21% (Mean ± SD, n=2) (Figure 2- 

1).   

Monocytes were cultured at 1x106/mL in 12- or 24-well plates in RPMI supplemented 

with 10% FBS and 20 µg/mL gentamycin, which hereon in will be referred to as 

‘complete medium’. For cultures longer than 18 hours purified monocytes were first 

plated in low-serum media (1% FBS) for 1-2 hours in 12-well Nunc-coated plates 

(ThermoFisher Scientific) to promote adherence to the plate surface. For the 

differentiation of monocytes into monocyte derived macrophages (MDMs), monocytes 

were incubated for 7 days in complete medium.  

2.2.4 Culture of the THP-1 cell-line 

The human monocytic THP-1 cell line was a gift from Jenny Dunne (UCL). Cells were 

cultured in complete medium at 37°C and 5% CO2 and maintained between a density 

of 2.5x105 – 1x106 cells/mL. 

To induce monocyte to macrophage differentiation, cells were plated at 400,000 

cells/mL in a 6-well plate in complete medium containing 25 ng/mL phorbol 12-myrisate 

13-acetate (PMA) (Sigma-Aldrich) for 24 hours, washed twice with phosphate buffered 

saline (PBS), and rested overnight in complete medium prior to activation with LXR 

ligands. 
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2.2.5 Activation and Inhibition of LXR activity 

For pharmaceutical manipulation of LXR activity PBMCs or CD4+ T cells were cultured 

at 5x106/mL in complete medium in 96-well plates. CD14+ monocytes were cultured at 

1x106/mL in 12- or 24-well plates. All experiments were carried out in complete media 

unless otherwise stated. Test compounds, or the relevant vehicle control, were added 

to cultures at concentrations stated in Table 2- 2. 

Compound Action Vendor Vehicle Concentration 

GW3965 
Hydrochloride LXR agonist Sigma-Aldrich DMSO 1 µM 

T0901317 LXR agonist Sigma-Aldrich DMSO 1 µM 

24S-
hydroxycholesterol Oxysterol Enzo Ethanol 10 µM 

24S, 25-
epoxycholesterol Oxysterol Enzo Ethanol 10 µM 

GSK1440233 LXR antagonist Gift from GSK DMSO 1 µM 

LG100268 RXR agonist Sigma-Aldrich DMSO 100 nM 

 

Table 2- 2 Compounds used to manipulate liver X receptor activity in vitro 

 

2.2.6 T-cell antigen receptor (TCR) stimulation 

To activate the TCR, cells were stimulated with 1 µg/mL plate bound anti-CD3 (UCHT1, 

eBioscience, 16-0038-85) and 1 µg/mL soluble anti-CD28 (CD28.2, eBioscience, 16-

0289-81) at a density of 3 – 5 x105 cells/well in a 96-well plate, in a final volume of 200 

µL. 
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2.3 Preparation of cells for flow cytometry analysis 

2.3.1 Staining for surface antigens 

1x106 cells were washed twice in PBS by centrifugation at 800g for 2 minutes, flicking 

to remove supernatant, and gently vortexing to resuspend the cell pellet. Cells were 

stained with Zombie (BioLegend) or LIVE/DEAD (ThermoFisher Scientific) fixable 

viability dyes for 30 minutes at 4°C diluted 1/100 or 1/1000 in PBS, respectively. Cells 

were washed once in PBS and once in cell staining buffer (PBS, 1% FBS and 0.01% 

sodium azide), before addition of antibodies to surface markers in 50 µL cell staining 

buffer/1x106 cells. Optimal antibody concentrations were determined empirically by 

titration and are listed in Table 2- 3. Samples were incubated with surface antibodies 

for 30 minutes at 4°C. After washing twice in cell staining buffer, cells were either fixed 

in 2% paraformaldehyde (PFA) for 30 minutes at room temperature, fixed and 

permeabilised for intracellular staining (see 2.3.4, pg.67), or underwent further staining 

for the detection of lipids staining (see 2.3.2, pg.63). 
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Antibody Fluorophore Clone Isotype Company Dilution 

anti-CD4  BV605 OKT4 Mouse 
IgG2bκ 

BioLegend, 
317438 0.5/50 

 APC RPA-T4 Mouse 
IgG1κ 

BioLegend, 
300514 1/50 

 BV711 RPA-T4 Mouse 
IgG1κ 

BioLegend, 
300558 1/50 

 BUV395 SK3 Mouse 
IgG1κ 

BD Bioscience, 
563550 1.5/25 

anti-CD127 PE Dazzle594 A019D5 Mouse 
IgG1κ 

BioLegend, 
351336 1.5/50 

 BV421 A019D5 Mouse 
IgG1κ 

BioLegend, 
357424 1.5/25 

anti-CD25 PE BC96 Mouse 
IgG1κ 

BioLegend, 
302606 1.5/50 

 APC BC96 Mouse 
IgG1κ 

BioLegend, 
302610 1.5/25 

 BV510 MA251 Mouse 
IgG1κ 

BD Bioscience, 
563351 1.5/50 

anti-CD19 APC HIB19 Mouse 
IgG1κ 

BioLegend, 
302212 1/50 

anti-CD14 eFluor450 61D3 Mouse 
IgG1κ 

eBioscience, 48-
0149-42 1/50 

 Pacific Blue M5E2 Mouse 
IgG1κ 

BioLegend, 
301828 1.5/50 

anti-LacCer FITC Huly-m13 Mouse 
IgMκ 

Lifespan 
Biosciences, LS-

C134309 
1/50 

 

Table 2- 3 Flow cytometry antibodies used for staining of surface markers 

The antibodies listed were used to identify CD4+ T-cells, responder (CD25- CD127+) 

and regulatory (CD25+ CD127-) CD4+ T cell subsets, CD14+ monocytes and CD19+ B 

cells, and to quantify expression of lactosylceramide (LacCer). Dilutions listed were 

optimized for 1x106 PBMCs. 
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2.3.2 Analysis of plasma membrane lipid composition 

2.3.2.1 Staining for plasma membrane glycosphingolipids and cholesterol 

After staining cells for surface markers, cells were stained with 25 µg/mL cholera toxin 

B subunit FITC conjugate (CTB-FITC) (Sigma-Aldrich) (stock 5 mg/mL in dH2O) in cell 

staining buffer for 30 minutes at 4°C. Samples were washed twice in cell staining buffer, 

then fixed for 1 hour in 2% PFA at RT. After washing twice more, fixed cells were stained 

with 50 µg/mL filipin complex from Streptomyces filipinensis (Sigma-Aldrich) (stock 10 

mg/mL in methanol) in cell staining buffer for 2 hours at RT. Two final washes were 

performed, and samples were resuspended in 200 µL cell staining buffer and 

transferred to flow cytometry tubes.   

An example of the gating strategy used to examine CTB-FITC and filipin binding on 

CD4+ T cells is shown below.  

 

Figure 2- 3 Gating strategy for analysis of CD4+ T cell membrane lipids 

Samples were gated on forward and side scatter-area (FSC-A and SSC-A), followed by 

exclusion of doublets and dead cells before gating on the CD4+ population (A). A 

representative zebra plot demonstrates gating of the ‘CTB high’ population (B), and a 

representative histogram of filipin expression is shown (C). As CTB-FITC and filipin are 

not antibodies, fluorescence minus one (FMO) controls were used. 
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Figure 2: Example gating strategy for analysis of glycosphingolipid and cholesterol expression in CD4+ T cells.
(A) Lymphocyte populaiton is gated based on forward and side scatter, followed by doublet exclusion and gating of live cells and the
CD4 positive population. (B) CTB high population is gated based on the fluorescence minus one control (FMO). (C) Histogram of
filipin expression compared to FMO.  

FMO
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2.3.2.2 Staining live cells with di-4-ANEPPDHQ (ANE) 

Live cells were stained with 4 µM ANE (ThermoFisher Scientific) in 100 µL PBS for 30 

minutes at 37°C, 5% CO2. Samples were acquired immediately, without fixing or 

washing, on a BD LSR II flow cytometer, equipped with 575/26 (FL2) and 610/20 

(FL3) band pass filter sets. ‘High order’ emission was recorded as FITC and ‘low 

order’ as PerCP. The generalised polarisation (GP) ratio was calculated using the 

following formula: 

𝐺𝑃 =
(gMFI	FITC − gMFI	PerCP)
(gMFI	FITC + gMFI	PerCP)

 

(gMFI = geometric mean fluorescence intensity) 

Three distinct populations of high, intermediate and low order were identified based on 

visual separation, as introduced by Miguel et al. (2011). This gating strategy was further 

validated empirically by calculating the GP ratios of the three populations (Figure 2- 4).  
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Figure 2- 4 Distinguishing CD4+ T cells of high, intermediate, and low lipid order 

using di-4-ANEPPDHQ.  

Purified CD4+ T cells were stained with di-4-ANEPPDHQ and analysed by flow 

cytometry. Frequencies of high, intermediate and low order cells are shown in the 

accompanying table. GP ratio was calculated by subtracting the gMFI of the low order 

channel (PerCP) from the high order channel and dividing by the sum of the two 

channels. Bar chart shows mean + SD, n=3.  
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2.3.3 Proliferation assays 

2.3.3.1 Ki67 

Cells were stained with a viability dye and antibodies against surface markers prior to 

fixation and permeabilisation for 30 minutes at 4°C in 100 µL eBioscience 

fixation/permeabilisation diluent and concentrate (Invitrogen) combined 3:1. 

Intracellular staining was performed for 30 minutes at 4°C in the dark with either PE 

mouse anti-human Ki67 or PE anti mouse IgG (BD Pharmingen, 556027) diluted 1/50 

in permeabilisation buffer (eBioScience, Invitrogen) and dispensed at 25 µL for 3x105 

cells, or 50 µL for 6x105- 1x106 cells. Samples were washed once in permeabilisation 

buffer before washing and suspending in cell staining buffer and transferring to flow 

cytometry tubes for acquisition. 

2.3.3.2 CellTrace Violet 

CD4+ T cells were labelled with 5 µM of CellTrace Violet (ThermoFisher Scientific) in 

PBS for 20 minutes in the dark at 37°C. Unbound dye was quenched for 5 minutes by 

addition of 5% v/v cold FBS. Cells were washed twice in complete medium before 

proceeding with T cell activation.   
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2.3.4 Analysis of cytokine production 

2.3.4.1 Intracellular cytokine staining 

CD4+ T cells were stimulated with anti-CD3 and anti-CD28 (see 2.2.6, pg.60) for 72 

hours, followed by 5 hours treatment with 50 ng/mL PMA (Sigma-Aldrich) and 250 

ng/mL ionomycin (Sigma-Aldrich) in the presence of GolgiPlug (BD Pharmingen). Cells 

were stained with a viability dye and antibodies against surface markers, prior to fixation 

and permeabilisation for 30 minutes at 4°C in 100 µL eBioscience 

fixation/permeabilisation diluent and concentrate (Invitrogen) combined 3:1, as per 

manufacturer’s instructions. Intracellular staining with antibodies listed in Table 2- 4 was 

performed in permeabilisation buffer for 1 hour at 4°C in the dark. Samples were 

washed once in permeabilisation buffer before washing and suspending in cell staining 

buffer and transferring to flow cytometry tubes for acquisition.  

 

Antibody Fluorophore Clone Isotype Company Dilution 

anti-IFN-g  eFluor450 4S.B3 Mouse 
IgG1κ 

eBioScience, 48-
7319-42 2/50 

anti-IL-4  APC MP4-25D2 Rat IgG1 BioLegend, 
500812 3/50 

anti-IL-10  PE JES3-19F1 Rat 
IgG2a 

BD Pharmingen, 
554706 2/50 

anti-TNF-a  BV421 Mab11 Mouse 
IgG1κ 

BioLegend, 
502932 1/50 

anti-IL-6  PE MQ2-13A5 Rat IgG1 BioLegend, 
501107 2/50 

anti-IL-2 FITC 5344.111 Mouse 
IgG1κ 

BD BioSciences, 
340448 3/50 

 

Table 2- 4 Antibodies used for intracellular cytokine staining 
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2.3.4.2 Cytometric bead array 

CD4+ T cells were stimulated with anti-CD3 and anti-CD28 (see 2.2.6, pg.60) for 72 

hours and supernatants were harvested and stored at -20°C. The Human 

Th1/Th2/Th17 Cytokine Bead Array kit (BD Bioscience, 560484) was used to measure 

expression of IFN-g, TNF-a, IL-6, IL-2, IL-4, IL-10 and IL-17 in 25 µL of undiluted 

supernatant. Sample acquisition was performed by Jamie Evans (director of the flow 

cytometry facility at the Rayne Building, UCL) using a BD FACSVerse. 

2.3.5 Acquisition and analysis 

All samples were acquired on BD LSR II or BD LSRFortessa X-20 cytometers using BD 

FACSDiva software. Compensation was performed using anti-mouse IgGk/negative 

control compensation particles set (BD Biosciences) or OneComp eBeads 

(ThermoFisher Scientific), with the exception of viability dyes and filipin which were 

performed with single stained and unstained cells.  

Data was analysed using FlowJo (Tree Star).  Geometric mean fluorescent intensities 

(gMFI) and/or percentages were exported for statistical analysis.  
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2.4 Analysis of gene expression 

2.4.1 RNA extraction 

Cells were lysed and homogenised in TRIzol Reagent (Invitrogen). 1/5 volume of 

chloroform was added to each sample before vortexing for 30 seconds, incubation at 

RT for 2 minutes and centrifugation for 20 minutes at 16000g, 4°C. The clear aqueous 

phase was transferred to a new RNase free Eppendorf and RNA precipitated by 

incubation with an equal volume of isopropanol and 2 µg of glycogen (Invitrogen) at -

20°C overnight. RNA was pelleted by centrifugation (20 minutes, 16000g, 4°C) and 

washed twice with 70% ethanol (Sigma-Aldrich) before air drying for 10 minutes, RT. 

The RNA pellet was resuspended in RNase Free Water (Sigma-Aldrich) heated to 65°C 

and quantity and quality (260/280 and 260/230 ratios) were assessed using a Nanodrop 

Spectrophotometer.  

When cell numbers were low (<1x106) RNA was isolated using the RNeasy (Plus) Mini 

Kit or RNeasy (Plus) Micro Kit (Qiagen) after lysis with Buffer RLT (Plus) and 

homogenisation using QIAshredder columns (Qiagen).  

2.4.2 cDNA synthesis 

100–1000 ng of RNA was retrotranscribed using either the AffinityScript QPCR cDNA 

Synthesis Kit (Agilent Technologies) and random primers (Life Technologies), or the 

qScript cDNA Synthesis Kit (QuantaBio). Thermal programs are shown in Table 2- 5. 

2.4.3 Quantitative PCR (qPCR) 

QPCR reactions were performed on the Stratagene Mx3000P (Agilent Technologies) 

using Brilliant II/Brilliant III Ultra-Fast SYBR Green QPCR Mastermix (Agilent 

Technologies) or PerfeCTa SYBR Green FastMix, Low ROX (QuantaBio) for 40 cycles, 

followed by a dissociation curve (see Table 2- 5 for thermal profiles). Primers were used 

at a final concentration of 100 nM. Primer pairs were  designed using Primer 3 v4.0.0 

(246,247) and NCBI Primer-BLAST (248), and were selected to either span or flank 

introns to avoid amplification of any residual genomic DNA.  Efficiency of 85-110% was 
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verified empirically using a standard curve of cDNA template and dissociation curves 

were checked for primer dimers.  All primer sequences are listed in Table 2- 6.  

Cyclophilin A (PPIA) was used as a housekeeping gene, and gene expression was 

reported relative to a control sample using the delta delta Ct method (249).  

RT Affinity 
Script qScript 

 10:00 25°C 05:00 25°C 

 60:00 50°C 30:00 42°C 

 15:00 70°C 05:00 85°C 

 

qPCR Brilliant II Brilliant III PerfeCTa 

Hot Start 10:00 95°C 03:00 95°C 00:30 95°C 

Denaturation 00:30 95°C 00:20 95°C 00:05 95°C 

x40  
cycles Annealing 00:30 60°C 00:20 60°C 00:30 60°C 

Elongation 00:30 72°C N/A N/A 

 

Table 2- 5 Thermal programs used for retrotranscription and qPCR reactions 
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Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

A4GALT CCCACCTCTCTGCAATGGG TCCCCAGATCAGACCAGGA 

ABCA1 TGAGCTACCCACCCTATGAACA CCCCTGAACCCAAGGAAGTG 

ABCG1 TGCAATCTTGTGCCATATTTGA TGCAATCTTGTGCCATATTTGA 

ACAT1 AGACCAGAGAAACCCTGCAA TCTGCCTCTGCTGTCAACTT 

ACAT2 CTCTATCCTGCATGCCACGT TGAGCCAGCAATGGAGGAAG 

B4GALT5 ACCGGAAAGTGATCGCAACT CTCCGCCAAAGAACTCGGTA 

CH25H ATCACCACATACGTGGGCTTT GTCAGGGTGGATCTTGTAGCG 

Cyclophilin A 
(PPIA) GCATACGGGTCCTGGCATCTTGTCC ATGGTGATCTTCTTGCTGGTCTTGC 

DHCR24 TGGGTGGTGTTCAAGCTCAG CTTGCTACCCTGCTCCTTCC 

FASN CTGCTGCTGGAAGTCACCTA GTGTGTGTTCCTCGGAGTGA 

HMGCR CAGCCATTTTGCCCGAGTTT AGCGACTGTGAGCATGAACA 

IDOL 
(MYLIP) ACCGAGCGATAACAGAGACG CCAAGTGGCCCTTCAAGTCA 

LPCAT3 CCTGAGTCTGGGCCTTTTCT ATGTACATGCAGCGGAACCA 

LXRa 
(NR1H3) AGAGGAGGAACAGGCTCATG AAAGGAGCGCCGGTTACACT 

LXRb 
(NR1H2) GGAGCTGGCCATCATCTCA GTCTCTAGCAGCATGATCTCGGATAGT 

MX1 CACACCGTGACGGATATGGT TTTGGACTTGGCGGTTCTGT 

NEU1 CCTGGTCCAAGGCTGAGAAC GTGTCCACTGAGCCGATCTG 

RPLP0 GGAAACTCTGCATTCTCGCTTCCT CCAGGACTCGTTTGTACCCGTTG 

SCD GCAAACACCCAGCTGTCAAA GCACATCATCAGCAAGCCAG 

SQLE ACTTGGTGGCGAATGTGTTG GCAACAGCAAAGAAGTGTCCA 

SREBP1c 
(SREBF1) TCAGCGAGGCGGCTTTGGAG CATGTCTTCGATGTCGGTCAG 

ST3GAL5 GCCGAGATAAGAACGTCCCC CGCCAAACTGACTTCATCGC 

UGCG CGTCCTCTTCTTGGTGCTGT AGAGAGACACCTGGGAGCTT 

 
Table 2- 6 Nucleotide sequences of primer pairs used for analysis of mRNA 

expression.  
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2.5 Western Blotting 

2.5.1 Protein isolation and quantification 

Cells were washed twice with PBS supplemented with protease inhibitors (PI) (Sigma 

Aldrich, P2714), or Tris buffered saline (TBS) (Fisher Scientific) if analysing 

phosphoproteins. Cells were lysed with ice-cold radioimmunoprecipitation 

assay (RIPA) buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton-X-100, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol-bis(2-aminoethylether)-

N,N,N',N'-tetraacetic acid (EGTA), 2.5 mM sodium pyrophosphate, 1 mM beta-

glycerolphosphate, 30 mM sodium fluoride) supplemented with PI, phosphatase 

inhibitors (phosphatase inhibitor cocktail IV, Abcam, ab201115) and 1 M sodium 

orthovanodate (Na3VO4) (Sigma-Aldrich, S6508) immediately prior to use. Samples 

were lysed for 30 minutes at 4°C with agitation before centrifugation for 10 minutes at 

16000g, 4°C. Protein was quantified using the Pierce BCA Protein Assay Kit 

(ThermoFisher), which has a colorimetric read-out detected at 590 nm on a TriStar² LB 

942 Multidetection Microplate Reader (Berthold Technologies). Samples were diluted 

to equalise protein concentration before addition of 5X Laemelli buffer (0.312 M Tris-

HCl pH 6.8 (BioRad), 10% sodium dodecyl sulfate (SDS) (Fisher Scientific), 25% beta-

mercaptoethanol, 0.05% bromophenol blue, 40% glycerol) and boiling for 5 minutes to 

denature proteins.  

The human liver lysate used as a positive control in Figure 3- 1 (pg.87) was provided 

by Dr. Natalia Bécares-Salles (UCL).  

2.5.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated on a 10% polyacrylamide gel (see Table 2- 7) in SDS running 

buffer (3.03 g Trizma base (Sigma-Aldrich), 14.4 g glycine (Sigma-Aldrich) and 1g SDS 

(Fisher Scientific) made to 1 L with dH2O) at 80V for 20 minutes, then a constant voltage 

of 100V for 2 hours. Proteins were transferred to a polyvinylidene difluoride (PVDF) 

membrane by wet transfer in ice cold transfer buffer (3.03 g Trizma base, 14.4 g glycine,  



73 
 

0.15 g SDS and 200 mL methanol made to 1 L with dH2O) at 100V for 1-1.5 hours.  

 

Reagent Resolving Stacking Company 

dH2O 6.1 mL 4.12 mL N/A 

30% acrylamide/bis 
solution 37.5:1 5 mL 1 mL BioRad 

Tris HCl 1.5 M pH 8.8 3.75 mL N/A BioRad 

Tris HCl 1 M pH 6.5 N/A 750 µL BioRad 

20% SDS 75 µL 30 µL ThermoFisher 
Scientific 

TEMED 7 µL 7 µL National Diagnostics 

APS 112.5 µL 56.28 µL Fisher Scientific 

 

Table 2- 7 Acrylamide gel composition 

Constituents of the acrylamide gel used for separation of proteins by SDS-PAGE. A 

10% resolving gel is prepared and allowed to polymerise, followed by addition of the 

5% stacking gel into which a comb is inserted to form the wells. The volumes provided 

yield sufficient solution for two 1 mm gels. 

APS - ammonium persulfate; N/A – non-applicable; TEMED - N,N,N’,N’-

tetramethylethylene-diamine. 

 

2.5.3 Immunodetection 

The membrane was blocked for 1 hour at RT in PBS/TBS + 5% bovine serum albumin 

(BSA) - Fraction V (Rockland), then incubated with primary antibody (Table 2- 8) in 

2.5% BSA in PBS/TBS overnight at 4°C.  

The membrane was washed in PBS/TBS 0.1% Tween-20 (Fisher Scientific) 

(PBST/TBST) before incubation with horse radish peroxidase (HRP) conjugated 

secondary antibodies (goat anti-rabbit IgG (Dako P0448 or Cell Signalling 7074) or anti-

mouse IgG (Sigma-Aldrich)) for 1.5 hours RT in 10% skimmed milk/PBS or TBS. The 
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membrane was washed with PBST/TBST again prior to chemiluminescent detection 

using Pierce ECL Western Blotting Substrate 2 (ThermoScientific) or Immobilon 

Western Chemiluminescent HRP Substrate (Millipore) and visualisation using CL-

XPosure Film (ThermoScientific) and SRX-101A film processor (Konica Minolta). The 

Spectra Multicolour Broad Protein Range ladder (ThermoScientific, 26634) was used 

to estimate molecular weight of detected proteins. Heat shock protein 90 (HSP90) or 

beta actin were used as loading controls (Table 2- 8). 

Antibody Clone Isotype Company Dilution 

anti-HSP90 H-114 Polyclonal, Rb 
IgG Santa Cruz, sc7947 1/1000 

anti-beta actin  Polyclonal, Rb Cell Signalling, 
4967 1/1000 

anti-LXRα PPZ0412 Monoclonal, Ms 
IgG2a Abcam, ab41902 1/1000 

anti-LXRβ  Polyclonal, Rb 
IgG Active Motif, 61177 1/1000 

anti-phosphotyrosine 4G10 Monoclonal, Ms 
IgG2bκ Millipore, 05-321 1/1000 

anti- phospho-LAT 
(Y191)  Polyclonal, Rb  Cell Signalling, 

3584 1/1000 

Anti-phospho Lck 
(Y505)  Polyclonal, Rb  Cell Signalling, 

2751 1/1000 

anti-phospho PLCg1 
(Y783) D6M9S Monoclonal, Rb 

IgG 
Cell Signalling, 

14008 1/1000 

anti-phospho Src 
(Y416) D49G4 Monoclonal, Rb 

IgG 
Cell Signalling, 

6943 1/1000 

anti-phospho CD3z 
(Y142) EP265(2)Y Monoclonal, Rb 

IgG Abcam, ab68235 1/1000 

Anti-p42/p44 MAPK 
(Thr202/204)  Polyclonal, Rb Cell Signalling, 

9101 1/1000 

 

Table 2- 8 Table of primary antibodies used for western blotting  

 

2.5.4 Band Densitometry analysis 

Semi-quantitative analysis was performed using the ImageJ (National Institutes of 

Health, USA) (250) gel analysis module (251). Band intensities were normalised to the 

intensity of the loading control.  
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2.6 Chromatin Immunoprecipitation (ChIP) 

2.6.1 Crosslinking and nuclei isolation 

15-20x106 PBMCs were rested overnight in complete media at 5x106/mL in 6-well 

plates. Cells were treated with 1 µM GW ± 100 nM LG100268 (LG) for 2 hours, then 

washed in cold PBS. Samples were double crosslinked, first with 2 mM disuccinimidyl 

glutarate (ThermoFisher Scientific, 20593) for 30 minutes at RT with agitation, followed 

by 1 wash in PBS and further crosslinking with 1% formaldehyde (Pierce 16% methanol 

free, ThermoFisher Scientific) for 10 minutes. Glycine (Fisher Scientific) was added to 

a final concentration of 200 mM, and samples were incubated for a further 10 minutes 

at RT to quench the crosslinking reaction. Cell pellets were washed twice in PBS + PI 

and snap frozen in dry-ice. Nuclei were isolated by addition of 1 mL lysis buffer 1 (50 

mM HEPES-KOH pH 7.5, 1% Triton X-100, 10% glycerol, 0.5 mM EGTA, 1 mM EDTA, 

140 mM NaCl and 0.5% NP-40 in dH2O, supplemented with PI, phosphatase inhibitors 

and 1M Na3VO4) for 10 minutes on a rotating wheel. Nuclei were pelleted by 

centrifugation for 10 minutes at 600g, 4°C, and resuspended in 1 mL lysis buffer 2 (10 

mM Tris HCl pH 8.0, 0.5 mM EGTA, 1 mM EDTA and 200 mM NaCl in dH2O, 

supplemented with PI, phosphatase inhibitors and 1M Na3VO4) for 5 minutes with 

rotation at 4°C. Nuclei were pelleted for 5 minutes at 600g, 4°C, and resuspended in 

300 µL lysis buffer 3 (50 mM Tris HCl pH 8.0, 10 mM EDTA and 1% SDS in dH2O, 

supplemented with PI, phosphatase inhibitors and 1 M Na3VO4) in preparation for 

sonication.  

2.6.2 Chromatin shearing 

Chromatin was sheared into fragments of <500bp by sonication for 12 cycles of 30s on 

and 30s off in an ultrasonic bath sonication system (Bioruptor Pico sonication device 

(Diagenode)). Cell debris was pelleted by centrifugation at 13500rpm for 10 minutes at 

4°C. A 25 µL aliquot of chromatin was removed, and DNA was extracted to verify 

sonication efficacy by agarose gel electrophoresis (Figure 2- 5) and for quantification 

using the Nanodrop Spectrophotometer. The remainder of the chromatin was diluted 



76 
 

10X in dilution buffer (20 mM Tris HCl pH 8.0, 2 mM EDTA, 1% Triton X-100, 150 mM 

NaCl, 5% glycerol in dH2O, supplemented with PI and 1M Na3VO4), aliquoted and 

stored at -80°C.  

 

Figure 2- 5 Example of sonicated chromatin 

Sonicated chromatin was reverse-crosslinked, and DNA was purified for assessment of 

fragment size by agarose gel electrophoresis on a 1.5% TAE agarose gel.  

 

2.6.3 Immunoprecipitation (IP) 

6 µg of chromatin was used to immunoprecipitated histone H3K27Ac and the rabbit IgG 

control, and 12 µg of chromatin was used for immunoprecipitation of LXRa/b.  LXRa/b 

IPs were performed as 2 x 6 µg reactions to keep conditions comparable to IgG, and 

samples were pooled at the stage of DNA purification. Prior to preclearing an aliquot 

was taken from each sample to be used for the input. Samples were precleared with 2 

µg/mL BSA, 2 µg/mL salmon sperm DNA (Invitrogen) and 80 µL of Protein-A 

Agarose/Salmon Sperm DNA 50% slurry (Merck, Millipore) overnight with rotation at 

4°C. Agarose beads were pelleted by brief centrifugation, and the supernatant was 

removed for immunoprecipitation with 2 µg/IP anti-Histone H3K27Ac (Abcam), 4 µg/IP 

anti-rabbit IgG control (Sigma-Aldrich), or 4 µg/IP of anti-LXRa/b (provided by K 

Steffenssen, Karolinska Institute, Sweden). Samples were rotated overnight at 4°C, 

followed by incubation with 60 µL Protein-A Agarose/Salmon Sperm DNA 50 % slurry 

500bp

1kB
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for 3 hours. Agarose beads were pelleted by gentle centrifugation and the supernatant, 

containing unbound chromatin was discarded.  

Immune complexes were washed for 5 x 10 minutes; once in low salt wash buffer (20 

mM Tris HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton-X-100 and 0.1% SDS), once in 

high salt wash buffer (as for low salt but 500 mM NaCL), once in lithium chloride wash 

buffer (10 mM Tris HCl, 1% Na deoxycholate, 1 mM EDTA, 1% NP-40, 250 mM LiCl), 

and finally twice in TE buffer (10 mM Tris HCL, 1 mM EDTA).  After the final wash, 

reverse crosslinking was performed in TE buffer with 200 µg/mL proteinase K (Fisher 

Scientific) and 0.5% SDS for 2.5 hours at 55°C, followed by 65°C overnight.  

2.6.4 ChIP-qPCR 

DNA was purified using the QIAquick PCR purification kit (Qiagen).  ChIP-qPCR was 

performed as described for analysis of mRNA expression (see 2.4.3, pg.69) 1.5 µL of 

ChIP DNA was used per qPCR reaction. Primers used to amplify LXREs are listed in 

Table 2- 9. NHR-Scan (252) was used to identify a potential LXR binding site in the 

vicinity of the UGCG gene (DR4A), and primers were designed to amplify this region. 

Previously validated primers for an LXRE in a classic LXR target gene, ABCA1, were 

used as a positive control (253). Human Negative Control Primer Set 1 (Active Motif, 

71001) was used as a negative control, in addition to the IgG sample.   

 

Gene Forward primer  Reverse primer  

UGCG DR4A TGAGCTACCCACCCTATGAACA CCCCTGAACCCAAGGAAGTG 

ABCA1 LXRE TGCAATCTTGTGCCATATTTGA TGCAATCTTGTGCCATATTTGA 

 

Table 2- 9 Nucleotide sequences of primers used to amplify LXREs 
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2.7 Microscopy 

2.7.1 Sample preparation 

2.7.1.1 Fixed samples 

Glass-bottomed 8-well chamber slides (Ibidi) or dishes (WillCo-dish) were coated with 

5 µg/mL anti-CD3 and anti-CD28 antibodies for 2 hours at 37°C and washed twice with 

PBS before addition of CD4+ T cells in complete medium. Chambers were incubated 

for 15 minutes at 37°C, 5% CO2 to facilitate synapse formation. Medium and non-

adherent cells were discarded, and wells were washed gently with PBS before fixation 

(4% PFA, 2% sucrose, 140 mM NaOH, pH 7.2) for 20 minutes at RT. Formaldehyde 

was quenched with two washes in 0.1 M ammonium chloride (Sigma-Aldrich), followed 

by a PBS wash. 0.2% Trition-X-100/PBS was used to permeabilse cells for 8 minutes 

at RT, followed by 3 washes with PBS.  

2.7.1.2 Staining of the actin cytoskeleton 

Fixed and permeabilised cells were stained with phalloidin-FITC conjugate (Sigma-

Aldrich, P582) diluted 1/1000 in PBS.  

2.7.1.3 Immunostaining of Lck and phosphotyrosine 

Samples were blocked with 5% BSA in PBS + 0.2% fish skin gelatin (Sigma-Aldrich) 

overnight at 4°C. Primary antibodies were added in blocking solution for 1 hour at RT, 

followed by 2 washes in PBS and addition of fluorescently conjugated secondary 

antibodies for 30 minutes, RT (Table 2- 10). Cells were washed twice with PBS and 

once with dH2O and were preserved in Prolong Diamond mounting media with DAPI 

(Invitrogen).  
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Antibody Clone Isotype Company Dilution 

anti-phosphotyrosine 4G10 Monoclonal, 
Ms IgG2bk 

Millipore, 
 05-321 1/50 

anti-Lck Sc-13 Rabbit IgG SantaCruz,  
Sc7947 1/50 

 

Antibody Fluorophore Company Dilution 

goat anti-Ms IgG2b AlexaFluor 633 Invitrogen, A21146 1/100 

goat anti-Rb IgG AlexaFluor 488 Invitrogen, A11034 1/100 

 

Table 2- 10 Primary and secondary antibodies used for confocal microscopy 

 

2.7.1.4 Staining live cells with di-4-ANEPPDHQ 

CD4+ T cells were stained with 5 µM ANE at 1.5x106 cells/mL in Hank’s buffered saline 

solution (HBSS) with 20 µM HEPES for 30 minutes at 37°C.  

2.7.2 Acquisition 

2.7.2.1 Confocal microscopy 

Single slices were acquired on a Leica SPE2 confocal microscope with an x63 oil-

immersion objective and 488 and 633 nM excitation solid state lasers, using the 

following settings: 1024x1024 pixels, 600 Hz and line average of 3. 

2.7.2.2 Total Internal Reflection Fluorescence (TIRF) Microscopy 

TIRF was performed in collaboration with Dr. Dylan Owen (King’s College London) by 

Iveta Ivanova. A Nikon Ti-E wide field microscope was used with a 1.49 NA x60 Apo-

TIRF oil immersion Nikon objective, under TIRF conditions and an Andor sCMOS 

camera for signal capture. A 488 nm laser was used for excitation of all samples.  

To image fixed synapses stained with phalloidin-FITC a 505 nm dichroic mirror was 

used to direct the emitted fluorescence light directly to the sCMOS camera. 
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To record live cells stained with ANE a customised two-channel set up was used to 

simultaneously record signal from ordered and disordered membranes (Figure 2- 6). 

30-minute movies were acquired at a rate of 1 frame per minute.  

 

Figure 2- 6 Schematic to illustrate two-channel set up utilised for imagining of di-

4-ANEPPDHQ 

A 488 nm laser set to 40% power was used for the excitation. Emitted light was directed 

to a Cairn OptiSplit III 2-channel image splitter, equipped with a 605 nm dichroic mirror, 

and 542/50 nM and 660/52 nM bandpass filters. This separated the fluorescent signal 

into ordered (542/50) and disordered (660/52) channels prior to detection. A suitable 

correction lens and neutral density (ND) filter were used to ensure similar intensity in 

both channels. 

Courtesy of Iveta Ivanova, Kings College London. 
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2.7.3 Image Analysis 

Image analysis was performed using ImageJ 1.51 (National Institutes of Health, USA) 

(250) .  

2.7.3.1 Intensity and area 

Fluorescence intensity and synapse area were analysed using the ‘Analyse Particles’ 

function. A consistent threshold was applied to each set of images, and a binary mask 

was generated which was used to define particles to be analysed (i.e. cells).  

Area was measured in pixels2 and converted to µM2 when pixel size was known. Mean 

fluorescence intensity (MFI) was measured as mean grey scale value (between 0 and 

255), and corrected total cell fluorescence (CTCF) was calculated as follows:  CTCF = 

integrated density – (cell area x MFI of background) (254).  The background MFI was 

based on three measurements taken from the area surrounding each cell.  

2.7.3.2 Calculation of membrane lipid order from cells stained with ANE 

Ordered and disordered channels were aligned using the Cairn Image Splitter plugin. 

Membrane lipid order was calculated as a GP ratio, using the plugin provided by Owen 

et al. at https://github.com/quokka79/GPcalc (255). Hue, saturation and brightness 

(HSB) images were set to visualise GP with the range of -0.5 – +1.25 (full range 

possible: -1 – +1), and the Rainbow RGB look up table (LUT) was applied. The mean 

GP value per cell was calculated at each one-minute interval.  
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2.8 Analysis of plasma oxysterol concentrations 

Liquid chromatography-mass spectrometry (LC-MS) analysis of plasma oxysterols was 

performed by Dr. Hanne Røberg-Larsen (University of Oslo, Norway). Protein was 

precipitated from plasma with 480 pM of the appropriate internal standards (Avanti Polar 

Lipids). Sample clean-up was conducted off-line, using solid phase extraction (SPE, 

SilactSPE C18 100 mg, Teknolab). Analytes were eluted with methanol, dried in an 

Eppendorf concentrator plus speedvac at 30°C, and re-dissolved in 2-propanol. Sample 

derivatization was performed as previously described (33). Samples and calibration 

solutions were analysed using an Ultimate 3000 ultra-high-performance liquid 

chromatography (UHPLC) system (ThermoFisher Scientific) connected to an 

Advantage QqQ (ThermoFisher Scientific) equipped with an automatic filtration and 

filter back-flush SPE add-on, as described (34). Oxysterols were retained on-line on a 

Hotsep Kromasil C18 100 Å 1 mm ID x 5 mm SPE, and separation was achieved on an 

ACE 3 C18 1 mm ID x 100 mm column using a gradient. Mobile phase A and B was 

0.1% formic acid in type 1 water and 0.1% formic acid in methanol, respectively, and 

flow rate was 75 µL/min. Gradient started at 70% B and increased to 80% B in 10 

minutes, followed by an increase to 95% B in 1 minute and was held at 95% for 10 

minutes. 

Courtesy of Dr. Hanne Røberg-Larsen, University of Oslo. 
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2.9 Data Analysis and statistical testing 

Statistical tests were performed in GraphPad Prism 7.0d for Mac OS X (GraphPad 

Software, La Jolla California USA, www.graphpad.com) unless otherwise stated.  

The D’Agostino & Pearson (n>8) or Shapiro-Wilk (n<8) normality tests and Levene’s 

test for equal variance were used to determine whether data met the assumptions for 

parametric statistical testing. Levene’s test (using means) was performed by running an 

analysis of variance (ANOVA) on the absolute values of the residuals in Microsoft Excel 

with the Data Analysis ToolPak.   

Where data was unpaired, bar charts or dot plots show mean and standard deviation 

(SD), or box and whisker plots represent median and interquartile range, with whiskers 

extending from min to max, and the mean marked as ‘+’.  

Paired analyses or repeated measures-analyses were used to compare the effects of 

LXR ligands to vehicle in order to minimize the impact of variation between donors at 

baseline. When paired analyses were used the accompanying graphs show paired data 

points.  

Repeated measures two-way ANOVA was used to compare the effects of LXR ligands 

between HC and SLE patients, with the testing of multiple treatments across one donor 

treated as the repeated measure. This tested three main effects: 

1) Did treatment (LXR agonist/antagonist) have a significant effect? (Fdrug) 

2) Was there a difference between the two groups (HCvSLE)? (Fgroup) 

3) Did the treatments effect both HCs and SLE patients equally? (Finteraction).  

Graphs are annotated with F-values and p-value relating to each of these. Dunnett’s 

test for multiple comparisons was used to compare each ligand to vehicle within groups 

(i.e. the effect on HC and SLE were analysed separately), and to calculate adjusted p-

values, and 95% confidence intervals (CIs). 95% CIs were graphed to aid comparison 

of the magnitude of effect between treatments and groups.  
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CHAPTER III 

3 LXRs regulate plasma membrane lipid composition 

3.1 Introduction 

Plasma membrane lipid composition is an important factor regulating T-cell activation. 

In particular, cholesterol and GSLs are enriched in lipid rafts, which act as important 

signalling platforms during T cell activation (see 1.2.4, pg.43). The transcription factor 

LXR has been shown to regulate the cholesterol content of lipid rafts in macrophages 

(129,131) and endothelial cells (22,256). However, LXR-mediated regulation of lipid 

rafts had not been studied in T cells until work in our laboratory linked LXR activity to 

the pathogenic overexpression of GSLs in T cells from SLE patients (137). Importantly, 

this was also the first published evidence associating LXRs with GSL expression. We 

hypothesised that LXR activation regulates both cholesterol and GSL levels in T cells, 

thereby altering lipid raft composition and T-cell function.  

Expanding upon this hypothesis, we conjectured that changes in LXR signalling and 

plasma membrane lipids contribute to the differentiation and function of T cell subsets.  

There is evidence in the literature, albeit contradictory, associating cholesterol 

availability (125,257,258) and the LXR pathway (123,124) with Treg frequency and 

function (see 1.1.6, pg.33). Consequently, we predicted that LXR activity, and 

subsequently plasma membrane lipid composition, is altered in Tregs compared to 

responder T-cells (Tresp). 

The aims of this chapter were to: 

• Verify expression and activation of LXR in human CD4+ T cells. 

• Interrogate whether the LXR pathway is altered in Tregs  

• Assess the impact of LXR activation on T cell plasma membrane cholesterol 

and GSL expression. 
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3.2 Confirmation of LXR expression and activation in human CD4+ T cells 

LXR⍺ expression is restricted to metabolically active cell types and tissues. Whilst LXR⍺ 

is known to be active in some immune cells (monocytes, macrophages, dendritic cells), 

its role in human lymphocytes is currently unclear.  

Protein and mRNA expression of both LXR isotypes were checked in human CD4+ T 

cells. Monocytes and monocyte-derived macrophages (MDMs) were included for 

comparison, as they are known to express both LXRa and b. mRNA of both LXR 

subtypes could be detected in all cell-types, however LXR⍺ expression was negligible 

in T cells compared to monocytes or MDMs (Figure 3- 1A). In contrast, LXRβ expression 

was greatest in T cells (Figure 3- 1A). Furthermore, LXR⍺ protein could not be detected 

in CD4+ T-cell whole-cell extracts with up to 20 minutes of exposure to sensitive ECL, 

whereas LXRβ was abundantly expressed compared to the liver lysate positive control 

(Figure 3- 1B).  

LXR activation has been shown to upregulate LXR⍺ mRNA expression via an 

autoregulatory loop in human macropahges (259). To see whether this occurs in T cells, 

LXRa expression was checked in  CD4+ T cells , monocytes and MDMs treated with 1 

µM GW3965 (GW) - a synthetic LXR agonist (260) which has been routinely used at 

this dose to activate LXR in human cells in our laboratory (97,137).  LXR activation 

upregulated expression of LXR⍺ in MDMs and monocytes, but not CD4+ T cells (Figure 

3- 1C), suggesting that LXR⍺ is not subject to autoregulation in this cell-type. LXRβ 

expression was not regulated by LXR activation in MDMs or T cells (Figure 3- 1C), 

consistent with previous reports (109,259).  

There are very few studies examining LXR activation in human T cells. Consequently, 

it is currently unknown whether many LXR target genes are regulated in human T cells. 

To address this, CD4+ T cells were treated with GW and mRNA expression of a panel 

of LXR target genes was examined. Classic LXR target genes ABCA1, ABCG1 and 

SREBP1c were strongly upregulated (Figure 3- 1D), as has been shown in murine CD3+ 
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T cells and human in vitro-differentiated TH17 cells (99,109).  The ubiquitin ligase IDOL, 

which targets the LDLR for degradation, and fatty acid metabolism genes FASN, SCD 

and LPCAT3 were also upregulated (Figure 3- 1E), which has not been shown 

previously.  
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Figure 3- 1 LXR expression and activity in primary human CD4+ T cells 

A) mRNA expression of LXRa and LXRb were measured in human monocyte derived 

macrophages (MDMs) (n=4), CD14+ monocytes (n=2) or CD4+ T cells (n=5). Gene 

expression was normalized to cyclophilin A and expressed relative to MDMs (MDMs=1, 

shown by dashed line).  

B) Western blotting was used to measure expression of LXRa and LXRb protein in 

CD4+ T cells (n=2) and human liver lysate. HSP90 was used as a loading control.  

C-E) Human immune cells were cultured with 1 µM GW3965 (GW) for 16-18 hours 

(n=3-9). Expression of LXR subtypes (C) and LXR target genes (D-E) were analysed 

by qPCR. mRNA expression was normalized to cyclophilin A and expressed relative to 

the vehicle control (Veh=1, shown by dashed line). Mean ± SD, unpaired t-test; * 

p<0.05, ** p<0.01, **** p<0.0001. 
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3.3 LXR expression and activity differs between responder and 

regulatory T cells  

3.3.1 LXR target genes are enriched in regulatory T cells compared to responder 

T cells 

We predicted that expression of lipid metabolism genes, including LXR target genes, 

would differ between functional T-cell subsets. In collaboration with George Robinson 

(PhD student in the Jury Lab, UCL), Treg (CD4+ CD25+ CD127-) and Tresp (CD4+ CD25- 

CD127+) T-cell subsets were sorted by FACS using the gating strategy shown in Figure 

3- 2A. We have confirmed that the CD4+CD25+CD127- population expresses FOXP3, 

the master regulator of Treg identity (Figure 2- 2, pg.58).  

The basal expression of genes involved in cholesterol, GSL, and fatty acid metabolism 

were compared in these subsets. Compared to Tresps, Tregs had increased expression 

of LXRb, but decreased expression of LXRa (Figure 3- 2B). Expression of several LXR 

target genes were increased in Tregs, including ABCG1, FASN, and LPCAT3 (Figure 

3- 2C). However, cholesterol biosynthesis enzyme DHCR24 was decreased. Regarding 

glycosphingolipid metabolism, expression of the biosynthesis enzyme UGCG was 

strongly upregulated in Tregs, as was the lipid transporter NPC1 (Figure 3- 2D).  
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Figure 3- 2 LXR and LXR target genes were differentially expressed in functional 

T-cell subsets 

PBMCs were isolated from healthy donors (n=8) and sorted by FACS into regulatory 

(Treg: CD4+ CD25+ CD127-) and responder (Tresp: CD4+ CD25- CD127+) T-cell 

subsets, as depicted in (A). RNA was extracted, and the expression of genes involved 

in cholesterol, fatty acid and glycosphingolipid metabolism were analysed by qPCR (B-

D). mRNA expression was normalized to cyclophilin A and, Treg values were expressed 

relative to the average of Tresp samples (Tresp=1).  Mean + SD, unpaired t-test; * 

p<0.05, ** p<0.01, *** p<0.001. 

Experiments performed in collaboration with George Robinson. 
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3.3.2 Regulatory T cells show a distinct plasma membrane lipid profile 

Based on the observed differences in gene expression, we hypothesised that Tregs 

have higher expression of GSLs and lower levels of membrane cholesterol.  

In collaboration with George Robinson, GSL and cholesterol levels were measured in 

Tregs and Tresps by flow cytometry.  Cholesterol was stained with filipin, a polyene 

macrolide synthesised by the bacteria Streptomyces filipinensis which naturally 

fluoresces under ultraviolet light. GSLs were measured using fluorescently labelled 

cholera-toxin b subunit (CTB) which binds to glycosphingolipid GM1 and has historically 

been used to label lipid rafts (163,167–169). The majority of resting T cells have low 

levels of GSL expression, but it is possible to discern a population of cells with greater 

expression, as can be seen in the representative flow cytometry plots for CTB (Figure 

3- 3A). In line with our prediction, Tregs had a higher proportion of ‘CTB high’ cells 

(Figure 3- 3A), and filipin gMFI was reduced (Figure 3- 3B).  

To further interrogate plasma membrane organisation the probe ANE was used to 

quantify membrane lipid order by flow cytometry. Tregs had lower order as quantified 

by the generalised polarisation (GP) ratio (2.3.2, pg.64) (Figure 3- 3C). T cells were 

stratified into high, intermediate and low order populations as previously described  

(161) (Figure 3- 3D). Tregs showed significant enrichment of intermediate and low 

populations, and a concomitant decrease in high order cells (Figure 3- 3D). 
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Figure 3- 3 Regulatory T cells had a distinct plasma membrane lipid profile 

Ex vivo PBMC samples were stained to measure the expression of lipids in Treg (CD4+ 

CD25+ CD127-) and Tresp (CD4+ CD25- CD127+) T-cell subsets by flow cytometry. CTB 

was used to stain glycosphingolipids (A), and filipin was used to quantify cholesterol 

expression (B). Representative flow cytometry plots show gMFI of CTB or filipin and 

percentage of ‘CTB high’ cells. di-4-ANEPPDHQ staining was used to calculate GP 

ratios as a measure of membrane ‘lipid order’ (C), and to stratify cells into high, 

intermediate and low order populations (D). Mean + SD, paired t-test; * p<0.05, *** 

p<0.001.  

Experiments in (A) and (B) were performed in collaboration with George Robinson. 
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3.3.3 ABCG1 and UGCG are differentially regulated by LXR activation in Treg 

and Tresp subsets 

Transcriptional responses to LXR activation were compared between Tregs and 

Tresps. Induction of gene expression compared to vehicle was analysed for each 

subset. (These experiments were performed by George Robinson, KW aided analysis).  

Strikingly, ABCG1 induction was greatly reduced in Tregs (Figure 3- 4A, Cholesterol). 

Furthermore, while LXR activation upregulated UGCG expression in Tresps, there was 

no consistent effect on Tregs (Figure 3- 4A, Glycosphingolipid). Like UGCG, NPC1 was 

upregulated in Tresps (5 out of 6 donors), but not in Tregs (Figure 3- 4A, 

Glycosphingolipid).  

Of the six healthy donors analysed three were male and three were female. Intriguingly, 

separate analysis of males and females revealed that the differential regulation of 

ABCG1, UGCG and NPC1 in Tresps versus Tregs was more pronounced in cells from 

male donors (Figure 3- 4B). For all three genes, there was a significant difference 

between Tresp and Treg from male donors, but not female. However, there were no 

sex-specific differences in the other genes analysed in Figure 3-4A (data not shown). 

Greater sample sizes are needed to validate these interesting results, and ongoing work 

in our laboratory will continue to investigate this.  

Finally, although the upregulation of UGCG was modest compared to ABCA1, ABCG1, 

or SREBP1c, it was comparable to the upregulation of DHCR24 and NPC1(Figure 3- 

4A), which have both been identified as LXR target genes in other cell types (61,261). 

This indicates UGCG could be a novel transcriptional target of LXR, at least in Tresps.  
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Figure 3- 4 Differential regulation of LXR target genes in Treg and Tresp subsets    

PBMCs were isolated from healthy donors (n=6) and sorted by FACS into regulatory 

(Treg: CD4+ CD25+ CD127-) and responder (Tresp: CD4+ CD25- CD127+) T-cell 

subsets. Cells were treated with LXR agonist GW3965 (GW, 1 µM) for 24 hours, and 

the expression of genes involved in cholesterol, fatty acid and glycosphingolipid 

metabolism were analysed by qPCR. mRNA expression was normalized to cyclophilin 

A and expressed relative to the vehicle control (represented by dashed line). Mean ± 

SD, paired t-test (A) or one-way ANOVA with Tukey’s multiple comparison test (B); * 

p<0.05, **p=0.004. 

Experiments performed by George Robinson. 
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3.4 LXR activation regulates plasma membrane lipid expression 

To explore the effect of LXR activation on T-cell lipid raft expression, PBMCs were 

activated with GW for 24 and 72 hours, and cholesterol and GSL levels were quantified 

in CD4+ T cells, Tresps, and Tregs using flow cytometry. Lactosylceramide (LacCer) 

was also quantified, as all other GSL species are synthesised from this molecule (Figure 

1- 7, pg.45). 

3.4.1 LXR activation downregulated T-cell cholesterol expression 

Filipin fluorescence was significantly reduced in CD4+ T cells in response to 24 or 72 

hours of LXR activation, as can be seen from the quantification of gMFI and the 

representative flow cytometry histograms (Figure 3- 5A). Data generated by George 

Robinson showed Treg and Tresp subsets had a similar response to CD4+ T cells after 

48 hours of LXR activation (Figure 3- 5B).  

3.4.2 LXR activation upregulates expression of GSLs in Tresps, but not Tregs. 

GSL expression was analysed both as gMFI and the percentage of T cells with high 

GSL expression (% CTB high). In CD4+ T cells both measures were significantly 

increased in response to LXR activation at 24 hours (Figure 3- 5C-D). However, this 

was no longer significant at 72 hours (Figure 3- 5C). Tresps showed similar results to 

the whole CD4+ population, whereas GSLs were not consistently upregulated in Tregs 

at either 24 or 72 hours (Figure 3- 5B and C). LacCer expression was significantly 

increased in CD4+ T cells after 72 hours of LXR activation, both in intensity and 

percentage of cells (Figure 3- 5E-F). Again, this response was recapitulated in the Tresp 

population, but not Tregs (Figure 3- 5E-F). 

In summary, LXR activation with the synthetic ligand GW reduced plasma membrane 

cholesterol in CD4+ T cells and elicited a subset-specific upregulation of GSLs.  This 

suggests LXR signalling is differentially regulated between Treg and Tresp subsets.  
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Figure 3- 5 LXR activation altered membrane lipid expression in CD4+ T cells.  

PBMCs were cultured with vehicle (Veh) or LXR agonist (GW, 1 µM) for 24 - 72 hours. 

Flow cytometry was used to quantify lipid composition in CD4+ T cells, responder T cells 

(Tresp: CD4+ CD25- CD127+) and regulatory T cells (Treg: CD4+ CD25+ CD127-). 

Legend continues overleaf. 
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Figure 3- 5 continued.  

(A-B) Cumulative data and representative flow cytometry histograms show reduction of 

cholesterol (filipin gMFI) in CD4+ T cells after 24 or 72 hours of LXR activation (A).  

Cholesterol was also reduced in CD4+, Tresp and Treg cells at 48 hours, shown as 

percentage change from vehicle (B).  

(C-F) Cumulative data shows changes in GSL expression in response to GW, as 

quantified with CTB-FITC (C) or anti-LacCer (E). Both gMFI and the percentage of 

highly expressing cells were analysed. Representative flow cytometry plots show 

expression of CTB-FITC (D, 24 hours) or LacCer (F, 72 hours) in CD4+ T cells and 

Tregs treated with Veh or GW. Percentage of highly expressing cells and gMFI (bottom 

right) are labelled.  

Paired t-tests, p-values shown, or one-sample t-test against theoretical value of 0 (B). 

**** p<0.0001.  

Data shown in (B) was generated by George Robinson (UCL).  

 

3.4.3 LXR activity downregulates T-cell plasma membrane lipid order  

GSLs and cholesterol have been shown to have different effects on membrane order; 

CTB inversely correlates with GP ratio whereas filipin has a positive correlation (161).  

In line with this, the net effect of LXR activation was an increased GSL/cholesterol ratio 

(Figure 3- 6A), which corresponded to a significant decrease in GP ratio (Figure 3- 6B). 

The reduction in order was more pronounced at 72 hours.  

Membrane order was also assessed using confocal microscopy in collaboration with 

Dr. Dylan Owen (King’s College London). Confirming the flow cytometry data, 72 hours 

of LXR activation was found to lower membrane order, as can be seen by the images 

and the shift in the GP histogram (Figure 3- 6C). Cells were also treated with an LXR 

antagonist (GSK1140233, GSK), which has been shown to reduce basal expression of 

LXR target genes in cell-based assays (262,263). Consequently, it had the opposite 

effect to GW and increased membrane lipid order (Figure 3- 6C).  
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Figure 3- 6 LXR activation decreases CD4+ T cell plasma membrane lipid order 

A) PBMCs were stimulated with LXR agonist (GW, 1 µM) for 24 or 72 hours and GSL 

and cholesterol expression were measured in CD4+ T cells. CTB (GSLs) and filipin 

(cholesterol) gMFIs were expressed as a ratio. Paired t-test; * p=0.02, **** p<0.0001. 

B) Purified CD4+ T cells (n=6) were cultured with 1µM GW for 24 or 72 hours and 

stained with di-4-ANEPPDHQ for analysis of membrane order by flow cytometry, and 

generalised polarisation (GP) ratio was calculated. Mean + SD, paired t-test; * p=0.02, 

**** p<0.0001. 

C) Purified CD4+ T cells (n=1) were cultured with 1 µM GW or LXR antagonist (GSK, 1 

µM) for 72 hours before staining with di-4-ANEPPDHQ. Images of 95-123 cells were 

acquired by confocal microscopy. GP histogram shows the normalized number of 

pixels/GP value. Dashed lines represent overall GP value per condition; Veh = -0.030, 

GW = -0.119 and GSK = +0.102. 3 representative pseudocoloured HSB images per 

condition are shown. 

Confocal images acquired in collaboration with Dr. Dylan Owen (King’s College 

London) 
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3.4.4 Reduction of membrane lipid order by oxysterols is largely independent 

of LXR activation 

To investigate the effect of endogenous LXR ligands, T cells were incubated with two 

oxysterols; 24S, 25-epoxycholesterol (EC) and 24S-hydroxycholesterol (24S). These 

sterols were selected because they are both potent LXR activators, are relatively 

abundant in circulation, and have fewer documented LXR-independent effects than 

oxysterols such as 25- and 27-hydroxycholesterol (Table 1- 1 Endogenous LXR 

ligands, pg.24). The cholesterol precursor desmosterol was also tested because it has 

been shown to play a role in TH17 differentiation (121). However, desmosterol failed to 

upregulate mRNA expression of LXR target genes in T cells (Figure 3- 7A), despite 

regulation of gene expression in monocytes or macrophages in a parallel experiment 

(data not shown). In comparison, EC and 24S induced expression of classic LXR target 

genes ABCA1 and ABCG1, as well as IDOL and SREBP1c (Figure 3- 7A). 

Both oxysterols were found to significantly downregulate cholesterol expression, and 

upregulated GSL expression after 72 hours (Figure 3- 7C).  At 72 hours oxysterol 

treatment promoted a remarkable reduction in membrane lipid order, exerting a much 

more drastic effect than the synthetic LXR ligand GW (compare Figure 3- 7D to Figure 

3- 6C), despite similar effects on cholesterol and GSL expression. This suggests these 

compounds exert additional effects beyond the activation of LXR.  
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Figure 3- 7 Oxysterols also regulated plasma membrane GSL and cholesterol 

levels, and membrane lipid order 

Purified CD4+ T cells (A, D) or PBMCs (B, C) were treated with 24S-hydroxycholesterol 

(24S, 10 µM), 24S-25 epoxycholesterol (EC, 10 µM) or desmosterol (Des, 10 µM). 

A) Purified CD4+ T cells (n=3) were pooled for analysis of LXR target gene expression 

by qPCR, mean + SD of technical replicates.  

B-C) Cumulative data and representative flow cytometry plots showing changes in 

cholesterol (B) and GSL (C) expression, measured using filipin or CTB-FITC, 

respectively. P-values from paired t-tests.   
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Figure 3- 7 continued. 

D) Purified CD4+ T cells (n=1) were stained with di-4-ANEPPDHQ and assessed by 

confocal microscopy. GP ratios were calculated and visualised using pseudocoloured 

HSB images. GP histogram shows the normalized number of pixels per GP value. 

Dashed lines represent overall GP value per condition; Veh= -0.030, EC= -0.271 and 

HC= -0.218.  

Confocal images acquired in collaboration with Dr. Dylan Owen (King’s College 

London).  
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Oxysterols can inhibit cholesterol biosynthesis by disrupting post-translational 

processing of SREBPs (Figure 1- 2, pg.23). In line with this, GW and EC were found to 

differentially regulate the expression of SREBP2 target genes HMGCR and DHCR24, 

and the SREBP1 target gene FASN, despite similar regulation of LXR target gene 

ABCG1 (Figure 3- 8A). This could be one explanation for the more dramatic effect of 

oxysterol treatment on membrane order. Alternatively, oxysterols such as 7-

ketocholesterol have been shown to elicit rapid reduction of membrane lipid order by 

integrating into the plasma membrane (161).  

To test these two possibilities, we investigated the effect of short-term oxysterol 

stimulation, which would be considered insufficient to accommodate transcriptional 

actions of LXRs or SREBPs. A 2-hour incubation with oxysterol treatment was found to 

exert a similar effect compared to 72 hours, while GW had no effect at the shorter 

timepoint (Figure 3- 8B and C). Further investigation by flow cytometry revealed similar 

results after just 30 minutes (Figure 3- 8D). Moreover, co-culture with the LXR 

antagonist GSK reversed the effect of GW at 24 hours, but only reduced the large effect 

of EC by a small proportion (Figure 3- 8E). These data support a non-transcriptional, 

and LXR independent, effect on the plasma membrane.   

Finally, to see if this rapid and dramatic drop in lipid order was of any biological 

relevance, we repeated the experiment with doses closer to physiological levels; 

~140nM in healthy human plasma (measured in collaboration with Dr. Hanne Røberg-

Larsen, University of Oslo). Using doses in this range, there was no effect on membrane 

order with 1 µM or 100 nM EC (Figure 3- 8F). This suggests that the dramatic effects 

on membrane order would be unlikely to occur in a physiological setting, as doses 

~100x greater than quantified in plasma are required.    
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Figure 3- 8 Reduction of membrane order by oxysterols was not LXR dependent 

Purified CD4+ T cells were treated with synthetic LXR agonist GW3965 (GW, 1µM), 

oxysterols 24S-hydroxycholesterol (24S, 10 µM) and 24S-25 epoxycholesterol (EC, 10 

µM), or an LXR antagonist (GSK, 1 µM).    

A) The expression of lipid metabolism genes was assessed by qPCR after 48 hours of 

stimulation. RNA was pooled from 3 healthy donors. mRNA levels were normalized to 

cyclophilin A and expressed relative to vehicle. Mean + SD of technical triplicates. 

B-C) CD4+ T cells were stained with di-4-ANEPPDHQ and membrane order was 

analysed using confocal microscopy after 2 hours (n=2) and 72 hours (n=1) of oxysterol 

treatment. Representative confocal images show the 2-hour timepoint. Bar chart 

represents overall GP ratio/donor (C).  

D-F) GP ratios were also evaluated by flow cytometry to examine effect of 0.5, 24, or 

72 hours incubation with EC (n=1-6) (D), 24-hour culture with GW or EC ± GSK (n=1) 

(E), and 24-hour culture with different doses of EC (n=3) (F). Mean + SD (for n>3). 

Confocal images acquired in collaboration with Dr. Dylan Owen (King’s College 

London).  
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3.5 GSL biosynthesis enzyme UDP-glucosylceramide synthase (UGCG) 

is a novel LXR target gene 

3.5.1 LXR activation increases GSL expression in monocytes  

The effect of GW on GSL levels was also investigated in monocytes to see whether 

regulation of GSL expression by LXR was specific to T cells. Monocytes had much 

higher GSL levels compared to T cells. Consequently, only gMFI is reported here since 

differential ‘high’ and ‘low’ GSL expression was not observed. As in T cells, CTB gMFI 

was significantly upregulated at 24 hours, and at 72 hours there was no significant 

difference from vehicle treated cells (Figure 3- 9A).  In contrast, LacCer was 

downregulated at 72 hours (Figure 3- 9B). Although the decrease was small, it was 

statistically significant.  

 

Figure 3- 9 LXR activation regulated GSL expression in monocytes 

PBMCs were cultured with 1 µM GW for 24 or 72 hours and were stained with CTB (A) 

or anti-lactosylceramide (LacCer) (B) to assess glycosphingolipid (GSL) expression. 

Cumulative data (n=5-9) and representative flow cytometry histograms show 

expression in CD14+ monocytes. P-values from paired t-tests.  
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3.5.2 LXR regulates the mRNA expression of GSL biosynthesis enzymes 

As LXR is a transcription factor, we checked whether LXR activation was affecting the 

transcription of genes involved in GSL biosynthesis. We initially discovered the rate 

limiting enzyme of GS biosynthesis, UGCG, was upregulated by GW in Tresps but not 

Tregs (Figure 3- 4). Strikingly, LXR activation also significantly upregulated UGCG 

mRNA in B cells, monocytes and MDMs (Figure 3- 10A).  

In addition to UGCG, we examined the expression of several other GSL biosynthesis 

enzymes in response to LXR activation (Figure 3- 10B). An MSc student in the 

laboratory initially performed experiments in THP-1 differentiated macrophages due to 

the ease of obtaining large cell numbers with this cell line (Kok-Siong Poon, under 

supervision of KW). This enabled the optimisation of experimental conditions prior to 

validation in primary cells, including the comparison of multiple ligands, doses and 

timepoints. 

In THP-1 macrophages, maximum induction of UGCG mRNA was achieved by addition 

of specific ligands to both partners in the LXR/RXR heterodimer: LXR agonists GW and 

T0901317 (T090), and RXR ligand LG100268 (LG) (Figure 3- 10C). LG is well 

documented to synergistically boost LXR target gene transcription (6,68). These 

conditions were used to analyse mRNA expression of all the enzymes downstream of 

UGCG, shown in Figure 3- 10B. In THP-1 macrophages B4GALT5 mRNA was 

upregulated by LXR ligands, while ST3GAL5 was downregulated and B4GLANT1, 

A4GALT and B3GALT4 were unchanged (Figure 3- 10C, and data not shown). 

ST8SIA1 expression was reduced by 50% with LG, but co-stimulation with LXR ligands 

had no additional effect indicating that this reduction was driven by RXR, not LXR (data 

not shown). 

I went on to validate these findings in primary human monocytes and CD4+ T cells. 

Similar to the THP-1 macropahges, in primary human monocytes LXR activation 

upregulated B4GALT5, there was a trend towards downregulation of ST3GAL5, and 
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B4GALNT1 was also not regulated (Figure 3- 10C). However, A4GALT was 

upregulated in a subset of donors (3 out of 5), which did not occur in THP-1 cells (Figure 

3- 10C). In contrast, T cells differed from both THP-1 macropahges and primary 

monocytes. Neither B4GALT5 nor ST3GAL5 were regulated in T cells, and B4GALNT1 

and A4GALT were not detected after 40 cycles of qPCR (n.d.) (Figure 3- 10C, T cell 

column). Two enzymes could not be detected in either primary cell type (B3GALT4 and 

ST8SIA1, grey text in Figure 3- 10B). 

Altogether these data show that LXR activation upregulates expression of UGCG in 

multiple immune cell types. Additional enzymes may also be regulated in 

monocytes/macrophages. 
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Figure 3- 10 LXR activation upregulated UGCG mRNA in multiple cell-types, but 

regulation of other enzymes was cell-type specific 

A) CD4+ T cells (n=14), B cells (n=3), CD14+ monocytes (n=12) or MDMs (n=12) were 

stimulated with GW3965 (GW, 1 µM) for 16-18 hours and UGCG mRNA expression 

was measured by qPCR.  

Legend continues overleaf. 
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Figure 3-10 continued. 

B) Schematic showing the GSL biosynthesis pathway downstream of UGCG. Enzymes 

in blue were tested in primary monocytes or T cells, and those in grey were not detected 

in these cells.  

C-D) Expression of UGCG was measured in THP-1 macrophages stimulated for 24 

hours with RXR ligand LG100268 (LG) ± LXR agonists GW or T0901317 (T090) (C). 

Regulation of downstream enzymes was also analysed and compared to primary 

human monocytes (n=5-6) or CD4+ T cells (n=3-4) stimulated with GW or GW+LG for 

18 hours (D).  

mRNA levels were normalized to cyclophilin A and expressed relative to vehicle control 

samples. Results from THP-1 cells represent the mean of one experiment performed in 

duplicate. Results from human cells show mean + SD. Unpaired t-test; * p<0.025, ** 

p<0.01. n.d. =not detected. 

Experiments with THP-1 cells (C-D) were performed by Kok-Siong Poon (MSc student, 

UCL). 
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3.5.3  The UGCG gene harbors an LXR response element 

Based on the striking regulation of UGCG mRNA by LXR-specific ligands we 

hypothesised that UGCG was a direct LXR target gene. Putative LXREs were identified 

in silico (by Kok-Siong Poon, using the NHR Scan software), then manually compared 

to the consensus sequence (A/G)GGTTActnn(A/C)GGTCA. DR4A 9kb downstream of 

the UGCG stop codon was the highest scoring of all 36 putative DR4 elements identified 

by NHR Scan (Figure 3- 11A) and was selected for validation. 

Chromatin immunoprecipitation (ChIP) was used to confirm LXR binding to this 

sequence. Due to the large numbers of cells required for ChIP using the protocols 

established in the laboratory (20 million per condition), it was decided to perform the 

analysis in PBMCs. Significant UGCG upregulation was detected in PBMC samples 

after just 5 hours of GW stimulation (Figure 3- 11B), confirming that they were a suitable 

cell population for analysis. To further improve receptor responsiveness, cells were co-

stimulated with GW and the RXR ligand LG. UGCG mRNA was significantly 

upregulated in CD4+ T cells in response to GW and GW+LG, whilst LG alone had little 

effect. GW+LG yielded a more robust induction than GW alone, although the difference 

was not statistically significant (Figure 3- 11C). A similar pattern of results was observed 

in PBMCs; however, the sample size was insufficient to detect statistical differences 

(Figure 3- 11D).  

Chromatin was isolated from PBMCs treated with GW or GW+LG for 2 hours, and ChIP 

was performed using an antibody to LXR⍺/β which has been extensively used for ChIP 

and ChIP-Seq assays by ourselves and others (9,10,21,97).  LXR binding was enriched 

at UGCG DR4A compared to the rabbit IgG control, both in basal and ligand treated 

conditions (GW alone or GW+LG) (Figure 3- 11E). The ABCA1 LXRE was used as a 

positive control (58,253), and LXR binding was highly enriched in response to LXR 

activation, both with GW alone or GW+LG (Figure 3- 11F).  
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Samples were also immunoprecipitated with an antibody against lysine 27 acetylation 

at histone H3 (H3K27ac), a mark for active transcription and transcriptional enhancers. 

H3K27 acetylation was enriched at both UGCG DR4A and the ABCA1 LXRE (Figure 3- 

11G). As UGCG DR4A is downstream of UGCG, not in the promoter region, it was 

useful to confirm it falls within an enhancer. However, there was no substantial increase 

in H3K27Ac in response to ligand stimulation at either UGCG or ABCA1.  

Overall, this work has identified a novel LXR binding site in the UGCG gene, providing 

a plausible explanation for the upregulation of UGCG mRNA in response to LXR 

activation.     
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Figure 3- 11 An LXR binding site was identified downstream of the UGCG gene  

A) Schematic showing location and sequence of putative LXR binding site downstream 

of the UGCG gene identified in silico (DR4A).  

B-D) PBMCs were incubated with 1 µM GW for 5 hours (n=7) (B), and T cells (C) or 

PBMCs (D) were treated with GW ± 100 nM LG for 24 hours. Expression of UGCG was 

analysed by qPCR, normalized to cyclophilin A and expressed relative to vehicle 

control. Mean + SD, paired t-test (B), Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons (C) or repeated measures ANOVA (D); * p<0.05, **** p<0.0001. 

E-G) PBMCs were treated with GW or GW+LG for 2 hours and used for chromatin 

immunoprecipitation. Binding of LXR (E) or H3K27ac (G) were enriched at DR4A 

compared to the IgG control. A known LXRE for ABCA1 was used as a positive control 

(F, G).  
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3.6 Summary 

The work in this chapter confirmed our hypothesis that LXR regulates GSL and 

cholesterol expression in human CD4+ T cells, at least in the Tresp population. 

Importantly, LXR activation upregulated mRNA expression of GSL biosynthesis 

enzyme UGCG, and LXR binding was enriched at a putative LXRE downstream of the 

UGCG gene. This suggests UGCG is an LXR-regulated gene. Intriguingly, upregulation 

of UGCG and GSLs was absent in Tregs, demonstrating differential regulation of LXR 

signalling in functional T-cell subsets.  
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CHAPTER IV 

4 LXR-mediated regulation of lipid rafts alters CD4+ T-cell 

function 

4.1 Introduction 

Plasma membrane lipid composition plays a crucial role during TCR signalling. 

Membrane lipid order correlates with T-cell function (161), and manipulation of the 

cholesterol (125,180,181,183), glycosphingolipid (179), or fatty acid (186,188,192) 

content of the plasma membrane has been shown to alter T-cell activation. We have 

shown LXR activation regulates membrane lipid order (Figure 3- 6, pg.97), and controls 

the expression of genes involved in cholesterol, glycosphingolipid and fatty acid 

metabolism (Figure 3- 1, pg.87; Figure 3- 10, pg.106). Therefore, we predicted LXR 

activation would alter the T-cell response to activation, through the disruption of plasma 

membrane lipid composition. 

LXR activation has been shown to inhibit proliferation (109,264) and production of pro-

inflammatory cytokines  by T cells (99,102,264), but the effect of LXR on membrane 

lipid expression or proximal TCR-signalling was not investigated.  

The work in this chapter interrogates the impact of LXR activation on the following: 

• Plasma membrane lipid expression in activated T cells 

• Immune synapse formation 

• Phosphorylation and localisation of proximal signalling molecules 

• Downstream effector function: cytokine production and proliferation 
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4.2 LXR and TCR activation exert opposing effects on cholesterol 

metabolism, but have complementary effects on lipid biosynthesis 

4.2.1 LXR activity inhibits TCR-mediated upregulation of membrane 

cholesterol, but supports upregulation of GSL expression 

In response to TCR engagement lipid rafts are upregulated and cluster at the immune 

synapse (163,165).  To investigate the effect of LXR activity on this process PBMCs 

were treated with an LXR agonist (GW) or antagonist (GSK) and stimulated with anti- 

CD3/28 antibodies for 24 and 72 hours to mimic stimulation by APCs.  

Comparison of unstimulated cells (Veh) to stimulated cells (TCR) revealed significant 

upregulation of both GSL and cholesterol expression after 72 hours of activation (Figure 

4- 1). The difference between 24 and 72 hours of activation is evident in the 

representative flow cytometry and histograms shown in Figure 4- 2A and C.  

Neither GW nor GSK had an effect on lipid expression in activated cells at 24 hours, 

suggesting TCR activation overrides the LXR-mediated upregulation of GSLs and 

downregulation of cholesterol previously observed in resting cells at this timepoint 

(Figure 3- 5, pg.95).  

After 72 hours, plasma membrane cholesterol was partially inhibited by LXR activation 

(Figure 4- 2A, B). LXR antagonism had no effect on cholesterol levels in activated cells 

(Figure 4- 2A, B) but tended to reduce GSL levels (Figure 4- 2C, D). Inversely, LXR 

activation slightly increased GSLs (Figure 4- 2C, D). This difference between LXR 

activation and antagonism (by GW and GSK, respectively) was statistically significant 

(Figure 4- 2D).  

These changes echo the effect of LXR activation on membrane lipids in resting cells, 

although with delayed onset – occurring at 72 hours in comparison to 24 hours in 

unstimulated cells. This suggests TCR stimulation inhibits or overrides LXR-mediated 

regulation of plasma membrane lipids.  
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Figure 4- 1 Cholesterol and GSL expression were significantly upregulated after 

72 hours of TCR engagement 

PBMCs (n=5) were stimulated with 1 µg/mL anti-CD3/28 (TCR) for 24 or 72 hours.  

Glycosphingolipid and cholesterol levels of CD4+ T cells were quantified by flow 

cytometry using CTB and filipin staining, respectively. Cumulative data from 4 

independent experiments. Mean + SD, one-way ANOVA with Tukey’s test for multiple 

comparisons; * p=0.02, ** p<0.004, **** p<0.00001.  
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Figure 4- 2 LXR activation and antagonism had opposing effects on cholesterol 

and GSL expression in activated T cells.  

PBMCs were activated with 1 µg/mL anti-CD3/28 antibodies (+TCR) with the addition 

of 1 µM GW or GSK for 24 or 72 hours.  Samples were stained with filipin to measure 

cholesterol expression (A, B) or CTB to measure GSL expression (C, D). 

Representative flow cytometry plots show expression of filipin (A) or CTB (C) on CD4+ 

T cells. Plots are labelled with gMFI, and/or percentage of positive cells. Bar charts 

show cumulative data from four independent experiments (n=6), mean + SD.  Adjusted 

p-values were calculated by repeated measures two-way ANOVA with Tukey’s test for 

multiple comparisons; ** p<0.01, *** p=0.0008.   
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4.2.2 TCR activation downregulates LXR target genes involved in cholesterol 

efflux, but upregulates those involved in lipid synthesis 

It has previously been reported that murine T cells downregulate LXR signalling in 

response to activation with anti-CD3 or PMA. This was mediated by upregulation of 

SULT2B1- a sulfotransferase which modifies oxysterols to a form without LXR-agonist 

capability (109).  

The effect of TCR stimulation on LXR target gene expression was analysed in human 

T cells stimulated overnight with anti-CD3/CD28 (+TCR) ± GW. To generate RNA 

samples of reliable quantity and quality, and to minimise the effects of variation between 

donors, lysed cells from three age- and sex-matched healthy donors were pooled prior 

to RNA extraction. Two pooled experiments were performed, with similar results. 

Results shown are from one independent pooled experiment.  

Unfortunately, SULT2B1 mRNA was not detected in these samples (data not shown), 

suggesting that this enzyme is present at much lower levels in human CD4+ T cells 

compared to murine CD3+ T cells. Regardless, we found that T-cell activation 

downregulated some LXR target genes, but upregulated others. Those downregulated 

included cholesterol transporters ABCA1 and ABCG1, and an enzyme which reduces 

cholesterol uptake, IDOL (Figure 4- 3A). Furthermore, TCR stimulation markedly 

dampened the upregulation of ABCA1, ABCG1 or IDOL in response to LXR activation 

(Figure 4- 3B, note the broken axis).  

In contrast, TCR stimulation upregulated genes involved in fatty acid biosynthesis 

(SREBP1c, FASN, SCD), and the cholesterol biosynthesis enzyme DHCR24 (Figure 4- 

3C), and further enhanced induction of some of these genes (FASN and DHCR24) by 

LXR agonist treatment (Figure 4- 3B).   

Although GSL expression was upregulated in activated T cells, TCR engagement 

downregulated the expression of GSL biosynthesis enzyme UGCG and lipid transporter 

NPC1 and abolished the effect of LXR activation with GW (Figure 4- 3E). As we had 
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observed an inhibitory effect of GSK on GSL expression in activated T cells (Figure 4- 

2D), we also analysed the effect of GSK on mRNA expression of UGCG. GSK had no 

effect on UGCG mRNA (Figure 4- 3F), suggesting the trend towards downregulation of 

GSL expression in GSK treated cells was not UGCG-mediated. Furthermore, TCR 

activation tended to decrease UGCG mRNA, supporting the data shown in Figure 4- 

3E, although this was not statistically significant. Together, these data suggest 

upregulation of UGCG mRNA may not contribute to TCR mediated upregulation of GSL 

expression. 

ABCA1 was also analysed, because GSK has previously been documented to reduce 

basal ABCA1 mRNA expression in THP-1 macrophages (262). We confirmed this is 

also the case in human CD4+ T cells (Figure 4- 3F). Furthermore, the combination of 

TCR stimulation and GSK treatment almost completely abolished mRNA expression of 

ABCA1. It is somewhat surprising that this had no effect on plasma membrane 

cholesterol expression.  

Overall, TCR stimulation appears to variably modulate responses to LXR ligand in CD4+ 

T cells, in a manner that is likely to be independent from the previously reported actions 

of SULT2B1. It is possible the concentration of endogenous ligands is reduced by an 

alternative mechanism- for example efflux from the cell or metabolism by CYP7B1.    



118 
 

 

Figure 4- 3 TCR stimulation downregulated genes promoting cholesterol efflux, 

but upregulated fatty acid synthesis genes 

(A-E) CD4+ T cells were cultured for 24 hours with 1 µg/mL anti-CD3/CD28 ± 1 µM GW.  

Expression of LXR target genes involved in cholesterol metabolism (A, B), fatty acid 

synthesis (C, D), and GSL metabolism (E) were analysed in pooled samples from 3 

healthy donors. Gene expression was normalised to cyclophilin A and expressed 

relative to the unstimulated vehicle control, represented by dashed line at y=1 where 

vehicle is not shown (D, E). Bar charts show results from one experiment, mean + SD 

of technical replicates.  

(F) CD4+ T cells (n=3-5) were pretreated with 1 µM GSK for 6 hours, prior to simulation 

with 1 µg/mL anti-CD3/CD28 for 18 hours in continued presence of GSK. Mean + SD, 

two independent experiments. One-way ANOVA; * p=0.03, ** p=0.002, *** p=0.0004.   
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4.3 LXR activation alters the distribution of lipid order and Lck at the 

immune synapse 

4.3.1 LXR activation changes the dynamics of membrane lipid reorganisation in 

response to TCR activation 

To visualise lipid order at the immune synapse we worked with a collaborator with 

extensive expertise in imaging the T-cell IS (Dr. Dylan Owen, King’s College London).  

Total internal reflection (TIRF) microscopy was used, because it restricts imaging to a 

plane ~100nm from the interface between the cell specimen and coverslip – in this case 

representative of the IS. T cells were treated with GW for 48 hours to generate 

differences in membrane order, as reported in Chapter 3 (Figure 3- 6, pg.97). Cells 

were stained with ANE and added to anti-CD3/28 coated glass coverslips. Synapses 

were identified, and one image per minute recorded for a period of 30 minutes. Time 

was measured from the moment the cells were dispensed onto the slide.  

In vehicle treated cells there was a brief period when membrane lipid order increased 

(see change to red, Figure 4- 4A). However, by 15 minutes all 5 samples began a rapid 

decline in lipid order (see the transition to green Figure 4- 4A). This decline persisted 

for the remainder of the experiment (Figure 4- 4A, B). As expected, GW treated cells 

had lower membrane lipid order at the synapse. No initial increase in order was 

detected, and lipid order decreased over time but to a lesser degree and with a less 

consistent trajectory than in vehicle treated cells (Figure 4- 4A, B). The linear rate of 

decrease between 10 and 35 minutes was compared between vehicle and GW treated 

samples and was found to be strikingly different (p<0.0001, linear regression) (Figure 

4- 4C).  
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Figure 4- 4 Pretreatment with LXR ligand changed the dynamics of membrane 

lipid order during immune synapse formation 

CD4+ T cells were treated with vehicle (Veh) or 1 µM GW for 48 hours prior to staining 

with di-4-ANEPPDHQ and addition to anti-CD3/28 coated coverslips. TIRF microscopy 

was used to capture one image/minute for 30 minutes. Representative GP images 

demonstrate the change in membrane lipid order over time. Time (mins) is shown in top 

left corner (A). GP ratio was calculated at each minute for 5 cells/condition, each cell 

represented by one line (B). Rate of decline between 10 and 35 minutes was compared. 

Graph shows mean GP ratios (dots), and line of best fit calculated by linear regression 

± 95% CI (dashed lines). Lines were significantly different; **** p<0.0001(C). 
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In addition, we observed some changes in the pattern of membrane lipid order. At 15 

minutes regions of higher order were dispersed throughout the synapse in control cells 

but concentrated at the periphery in GW-treated cells (Figure 4- 5A, see arrows). 

However, at 30 minutes clusters of low order were visible at the synapse centre in both 

vehicle and GW treated cells (Figure 4- 5B, see ringed region). The average GP ratio 

was also comparable between conditions after 30 minutes (Figure 4- 5C). Further 

experiments would be required to determine whether the effects of GW are negated 

after this timepoint, or whether order continues to decrease at a greater rate in vehicle 

treated cells.   

Altogether this experiment suggests that LXR-induced reduction of membrane lipid 

order disrupts the kinetics of lipid-order remodelling during the initial stages of IS 

formation.  

 

 

Figure 4- 5 Pretreatment with LXR ligand changed the segregation of membrane 

lipid-order at the immune synapse 

CD4+ T cells were treated with vehicle (Veh) or 1 µM GW for 48 hours prior to staining 

with di-4-ANEPPDHQ and addition to anti-CD3/28 coated coverslips. Representative 

TIRF images compare the distribution of high membrane lipid order at 15 minutes (A, 

see yellow arrows), and of low order at 30 minutes (B, see yellow circles). 2 

representative cells per condition are shown.    
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4.3.2 LXR activation does not change the size of the immune synapse 

It has been reported that limited cholesterol depletion increases synapse area, as a 

consequence of increased activation and expression of actin (180). In order to analyse 

the surface area of the IS, synapses were fixed and stained with phalloidin and the 

cell/coverslip contact was captured using TIRF (Figure 4- 6A). Synapse area and shape 

were quite heterogeneous. Fewer GW-treated cells formed large synapses, as can be 

seen from the histogram of frequency distribution (Figure 4- 6B). There was a trend to 

reduced synapse area in GW samples, but this was not statistically significant (unpaired 

t-test, p=0.1) (Figure 4- 6C). 

To validate these results, synapse areas of the ANE stained cells used for time-lapse 

imaging were also quantified. There was no change in mean synapse area at 10 

minutes (unpaired t-test, p=0.4) (Figure 4- 6D). Furthermore, it was observed that the 

surface area of coverslip-contact did not change during the course of the time-lapse 

experiment, as can be seen in Figure 4- 4A. Consequently, although we have only 

examined synapse area at 10 minutes, it is likely results would be consistent across the 

first 30 minutes of synapse formation. 
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Figure 4- 6 LXR activation did not alter synapse size 

CD4+ T cells were treated with GW (1 µM) or vehicle (Veh) for 48 hours before addition 

to anti-CD3/28 coated coverslips. TIRF microscopy was used to compare attachment 

area after 10 minutes of stimulation.  

A-C) Synapses were fixed and stained with phalloidin to visualise the actin cytoskeleton. 

Representative images from 2 healthy donors are shown (A), scale bar shows 50 pixels. 

Frequency histogram shows relative distribution of synapse area (1=100%) in veh 

(n=51 cells) and GW (n=37 cells) treated samples (B). Dot plots shows mean 

attachment area in pixels ± SD (C).   

D) Live CD4+ T cells were stained with di-4-ANEPPDHQ to visualise the plasma 

membrane (n=1).  Graph shows mean ± SD of synapse area (µM2) 10 minutes after 

activation.  
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4.3.3 LXR activation increases expression of Lck in the IS, and alters Lck 

distribution  

Lck is the receptor tyrosine kinase which initiates the TCR-signalling cascade, and its 

activity at the immune synapse is regulated by lipid rafts (Figure 1- 5, pg.40). The 

expression and distribution of total Lck protein was examined 15 minutes after immune 

synapse formation by confocal microscopy. Lck intensity was increased in T-cells pre-

treated with LXR ligand, as can be seen in representative images and 3D surface plots 

(Figure 4- 7A). This was confirmed by quantification of mean intensity or corrected total 

cell fluorescence (for method see pg.81) (Figure 4- 7B). This suggested an increased 

accumulation of Lck in GW-treated cells.  

Within the immune synapse clusters of signalling molecules are trafficked from the edge 

of the synapse towards the centre, where signalling is terminated (Figure 1- 6, pg.42). 

Therefore, the pattern of Lck distribution is also important. This was assessed 

qualitatively by classification of each cell into one of four categories; ‘focal’, ‘peripheral’, 

‘both’ (focal and peripheral), or ‘diffuse’ Lck staining, as exemplified in (Figure 4- 7C). 

The percentage of cells in each category, per image, was compared.  

T cells pre-treated with GW formed more synapses with just a peripheral ring of Lck 

staining. In comparison vehicle treated cells had more synapses with just a prominent 

cluster of Lck staining, or with a diffuse, disorganised distribution (Figure 4- 7C).  

Consequently, LXR activation induced accumulation of Lck in the region of the synapse 

associated with active signalling.  
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Figure 4- 7 Expression and distribution of Lck was altered at the immune synapse 

of cells pretreated with LXR ligand 

CD4+ T cells from 2 healthy controls (HC) were incubated with 1 µM GW for 48 hours 

before addition to anti-CD3/28 coated chambers. After 15 minutes, immune synapses 

were fixed, permeabilised, and stained for Lck. Pseudocoloured images show Lck 

staining, with ‘surface plots’ of a representative cell for each condition (highlighted by 

square in 2D image). Scale bars show 5 µm (A). Lck abundance was quantified both as 

mean intensity/cell and corrected total cell fluorescence (21-37 cells) (B). Lck 

distribution was scored into four categories, as illustrated in C. The percentage of cells 

in each category/image acquired was compared (n=15 images).  

Legend continues overleaf. 
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Figure 4- 7 continued.  

Boxes show median and interquartile range, with whiskers extending to min and max. 

‘+’ denotes the mean. Unpaired t-test (B) or Mann-Whitney test (C); **** p<0.0001. 

 

4.4 LXR activation alters proximal TCR signalling    

In light of these differences in IS formation and Lck distribution, we predicted there 

would be changes in proximal TCR signalling (Figure 1- 5, pg.40). First, we checked 

phosphotyrosine expression at the synapse using confocal microscopy. As for Lck 

staining, synapses were fixed and stained 15 minutes post activation.  

Phosphotyrosine levels at the IS were increased in cells pre-treated with GW, as 

depicted in the representative images (Figure 4- 8A). Mean intensity and corrected total 

cell fluorescence were increased in both donors.   

To further interrogate protein tyrosine phosphorylation at the IS, CD4+ T cells were 

treated with LXR ligands for 48 hours and serum-starved 2 hours prior to activation with 

anti-CD3/28. Total phosphotyrosine expression was checked by western blotting after 

2, 5 or 10 minutes of activation. Phosphotyrosine levels were clearly upregulated by 

TCR stimulation (Figure 4- 8B). However, differences between vehicle and GW treated 

samples were protein specific, as demonstrated in Figure 4- 8B where bands at ~120 

kDa and ~20 kDa were increased in samples pre-treated with GW (marked ̂ ) but bands 

at ~100, 60 and 38 kDa were decreased (marked v).  

These results suggest LXR activation alters TCR signalling. However, phosphorylation 

can be both stimulatory and inhibitory, so examination of specific phosphorylation 

events was required to better interpret these results.  
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Figure 4- 8 Phosphotyrosine expression was altered in activated CD4+ T cells 

treated with GW 

CD4+ T cells were incubated with 1 µM GW for 48 hours before stimulation with anti-

CD3/28.  

A) After 15 minutes, ISs were fixed, permeabilised, and stained for phosphotyrosine 

(pY), scale bars show 5 µm.  pY expression was quantified both as mean intensity/cell 

and corrected total cell fluorescence (CTCF) (21-37 cells). Box plots show median and 

interquartile range, with whiskers extending to min and max. ‘+’ denotes the mean. 

Mann-Whitney (CTCF), or unpaired t-test (Mean Intensity); * p=0.02, *** p<0.0006, **** 

p<0.0001. Legend continues overleaf.     
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Figure 4- 8 continued. 

B) Expression of pY was measured in whole cell extracts by Western blotting. 

Arrowheads mark bands with increased (^) or decreased (v) phosphorylation in GW-

treated cells compared to vehicle (Veh).  

 

4.4.1 LXR activation alters the kinetics of proximal TCR signalling 

Next, the phosphorylation of signaling molecules associated with TCR activation was 

examined (Figure 4- 9A, see labelled phosphorylation residues).   

The TCR signalling cascade is initiated by phosphorylation of the TCR by Src family 

kinases Lck and Fyn. They have two phosphorylation residues- one stimulatory and 

one inhibitory. We used anti-pSrc-Y416 to detect activating phosphorylation (including 

Y394 on Lck), and also checked the inhibitory phosphorylation of Lck (Y505). There 

was a trend towards increased expression of pSrc Y416 in GW treated cells prior to 

stimulation (0 mins), although upon TCR-stimulation levels were comparable to control 

samples (Veh) (Figure 4- 9B). Inhibitory phosphorylation of Lck was slightly elevated in 

GW treated cells at earlier timepoints but dropped between 5 and 10 minutes whereas 

levels in vehicle-treated cells increased during this interval. Indeed, the difference 

between conditions at 10 minutes approached statistical significance (p=0.1, unpaired 

t-test) (Figure 4- 9B).   

To see whether these subtle changes altered the downstream stages of the signaling 

cascade, phosphorylation of CD3 and LAT were examined. Phosphorylation of CD3 

(assessed by whole phosphotyrosine blot) was highly variable at earlier timepoints, but 

there was a clear increase in pCD3 expression in GW-treated cells compared to vehicle 

at 10 minutes (Figure 4- 9C). Strikingly, phosphorylation of LAT at Y191 was also 

increased by GW, and this was significant at the 5-minute timepoint (Figure 4- 9C).  

Finally, phosphorylation of signaling molecules PLC𝛾1 and Erk1/2 were analysed, 

which act downstream of LAT. There were no differences in expression of pPLC𝛾1	
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(Figure 4- 9D), but the kinetics of Erk1/2 phosphorylation appeared to be different. 

pErk1/2 peaked at 2 minutes in GW-treated cells and was sustained at 5 minutes, 

compared to vehicle-treated cells which peaked at 5 minutes (Figure 4- 9D).  However, 

as pErk1/2 was only examined in two donors and responses in the vehicle-treated cells 

differed substantially (Figure 4- 9D; see error bars at 2 and 5 mins), this result should 

be interpreted cautiously.  

Together these data suggest LXR activation induced changes in signaling kinetics, 

most notably enhanced phosphorylation of key adaptor molecule LAT. Further 

experiments are required to validate less pronounced changes, including enhanced 

activation of Src kinase under basal conditions, accelerated Erk1/2 phosphorylation, 

and the reduced inhibition of Lck and increased TCR phosphorylation at 10 minutes. 
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Figure 4- 9 LXR activation alters proximal TCR signalling 

CD4+ T cells were stimulated with vehicle (Veh) or 1 µM GW for 48 hours, and serum 

starved for 1 hour prior to stimulation with plate bound anti-CD3/28 for 2, 5 or 10 

minutes. Expression of phospho-proteins were measured in whole cell extracts by 

Western blotting. Two independent experiments were performed, and results are 

representative of mean ± SD of 2 (CD3 and Erk), 3 (Lck, Src, PLCg1) or 4 (LAT) healthy 

donors.  Band intensities were normalized to the loading control (HSP90). Unpaired t-

test (Veh vs GW); ** p=0.004 and p=0.01. Western blotting performed with the help of 

Beatriz Rubio Cuesta (MSc student, UCL). 
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4.5 LXR activation inhibits proliferation 

Following up on these changes in signalling, the effect of LXR activation on downstream 

effector functions was examined. The effect of LXR antagonization was also assessed, 

because GSK has previously been shown to have an opposite effect to GW on CD4+ 

T-cell function (265).  

 To assess the proliferative response expression of the proliferation marker Ki67 or 

dilution of CellTrace Violet, were measured in CD4+ T cells treated with LXR agonist 

(GW) or antagonist (GSK) during TCR stimulation.   

Ki67 was significantly reduced in cells treated with GW, as measured both by gMFI of 

the T-cell population and percentage of cells positive for Ki67 expression (Figure 4- 

10A-B). Surprisingly, GSK also reduced proliferation compared to vehicle, but to a 

lesser extent than LXR activation (Figure 4- 10C). This suggests that any perturbation 

of the LXR pathway can have an inhibitory effect on proliferation. Using dilution of 

CellTraceViolet to track proliferation we confirmed that percentage of dividing cells was 

significantly reduced in cells treated with GW compared to GSK (Figure 4- 10E). Of this 

population, a higher proportion of cells underwent 1 or 2 divisions than in GSK treated 

samples, and fewer cells underwent more than 3 divisions (Figure 4- 10E). 

None of the treatments had an effect on viability compared to unstimulated cells (Figure 

4- 10D).  

Overall, in agreement with previous reports (109,266), these data demonstrates that 

GW reduced both the percentage of proliferative cells and the rate of division compared 

to untreated or GSK-treated samples. Furthermore, in contrast to mice (109,265), this 

effect was independent of effects on viability.  
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Figure 4- 10 LXR activation reduced CD4+ T-cell proliferation 

(A-D) CD4+ T cells were activated with anti-CD3/28 and treated with 1 µM GW or GSK 

for 3 (A-D) or 4 days (E) 

(A-D) Proliferation was measured using flow cytometry to quantify Ki67 expression 

Viability was also assessed (D). Graphs show cumulative data from 4 independent 

experiments, mean + SD. Paired t-tests (A), and repeated measures one-way ANOVA 

with Tukey’s test (C); * p=0.04 and ** p=0.004 compared to Veh.  

(E) Dilution of CellTrace Violet was used to track cell divisions. Percentage of dividing 

cells was compared (‘All’), followed by the proportion of proliferating cells which had 

completed 1 to 6 divisions. Results from 2 independent experiments, n=3. Repeated 

measures two-way ANOVA with Sidak’s multiple comparisons test; * p<0.03. 
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4.6 LXR activation alters the cytokine production profile of CD4+ T cells 

In addition to effects on proliferation, LXR activation has previously been shown to 

reduce the secretion of pro-inflammatory cytokines, including IL-17, IFNg, TNFa and IL-

2 (102,264,265).  

Cytokine expression was quantified in T cells activated in the presence of LXR agonist 

or antagonist. An ‘integrated MFI’ (iMFI) was generated by multiplying the percentage 

of cytokine producing cells by the amount of cytokine secreted (267).  Production of IL-

2 and IL-4 were significantly enhanced by LXR activation compared to control samples 

(veh) (Figure 4- 11A), and there was a trend towards increased production of IFNg and 

TNFa (both p=0.06, paired-t-test). These differences were more pronounced in 

comparison to GSK (Figure 4- 11A), demonstrating that antagonization of LXR had the 

opposite effect to activation. 

In addition, secreted cytokines were measured after 3 days of stimulation with anti-

CD3/28. The only change that was confirmed was a significant upregulation of IL-2 

production (Figure 4- 11B). However, IL-4 seemed to be increased by GW in a subset 

of donors whose production of IL-4 exceeded 50 pg/mL (Figure 4- 11B). Furthermore, 

IL-6 and IL-17, which had not been analysed by intracellular staining, were significantly 

decreased (Figure 4- 11B). 

Overall, LXR activation induced a shift towards increased production of IL-2 and IL-4, 

but decreased expression of IL-6 and IL-17. The reduction of IL-17 is consistent with 

the work of others (99,264), as is the lack of change in IL-10 (264). However, these 

results conflict with previous reports that IL-2, IFNg and TNFa production are inhibited 

by LXR activation in human CD4+ T cells (102,264). As different conditions of 

stimulation and LXR activation were used in the previous studies, this suggests the 

effects of LXR activation on cytokine production are context dependent.  
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Figure 4- 11 LXR activation altered cytokine production by CD4+ T cells 

Legend overleaf. 
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Figure 4- 11 continued. 

CD4+ T cells were activated for 3 days with anti-CD3/28 with the addition of LXR agonist 

(GW, 1 µM) or antagonist (GSK, 1 µM), followed by 5 hours treatment with PMA and 

ionomycin in the presence of GolgiPlug. Flow cytometry was used to measure 

intracellular cytokine staining.  

A) Percentage of cells producing cytokine was multiplied by the gMFI of the positive 

population to yield an integrated MFI (iMFI). Bar charts show cumulative data from 2 

independent experiments (n=5), mean + SD. Repeated measures one-way ANOVA and 

Tukeys’ multiple comparisons test; * p<0.05, ** p<0.01. Representative flow cytometry 

plots show percentage of cytokine producing cells, gMFI of the total live cell population, 

and gMFI of the cytokine producing cells.  

B) Supernatants were collected after 3 days activation with aCD3/28 ± LXR agonist 

(GW, 1 µM) and secreted cytokines were measured by cytometric bead array. Results 

show paired results from 4 independent experiments (n=9). Wilcoxon test, * p<0.04.  

 

4.7 Summary 

The data in this chapter demonstrates that LXR activation alters immune synapse 

formation and proximal TCR signalling and modulates cytokine production and 

proliferation. This supports the hypothesis that regulation of plasma membrane lipid 

composition by LXR influences CD4+ T-cell function.  
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CHAPTER V 

5 Cholesterol and glycosphingolipid metabolism are altered 

in CD4+ T cells from SLE patients 

5.1 Introduction 

It is well established that patients with SLE suffer from dysregulation of systemic lipid 

metabolism (see 1.3.4, pg.50), and previous work in our laboratory has demonstrated 

that defects in plasma membrane lipid rafts contribute to pathogenic changes in the 

function of T and B cells (137,198,199,268,269). Importantly, increased expression of 

LXR target genes NPC1 and NPC2 was shown to contribute to pathogenic 

overexpression of GSLs in T cells from SLE patients by increasing plasma membrane 

GSL recycling (137). Furthermore, incubation of healthy T cells with SLE serum for 7 

days induced upregulation of GSLs, which could be inhibited by the addition of an LXR 

antagonist (137). This suggested that a factor in the serum contributes to an LXR-

mediated upregulation of GSL expression. Based on this, we hypothesised that altered 

serum lipid composition in SLE patients changes the availability of endogenous LXR 

ligands, leading to dysregulation of LXR signalling in T cells and subsequent disruption 

of plasma membrane lipid rafts. 

To test this hypothesis experiments were designed to answer the following questions: 

• Is the transcriptional regulation of LXR target genes (and related lipid metabolic 

pathways) altered in CD4+ T cell from SLE patients?  

• Do SLE patients have altered levels of circulating oxysterols? 

• Does incubation of healthy T cells with SLE serum alter expression of LXR target 

genes?  

• Does LXR activation differentially regulate plasma membrane lipid levels in T 

cells from SLE patients compared to healthy controls?  
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5.2 The expression of genes involved in cholesterol and GSL metabolism 

is altered in CD4+ T cells from SLE patients 

5.2.1 Select LXR target genes are altered in CD4+ T cells from SLE patients 

CD4+ T cells were isolated from SLE patients (n=13) and healthy controls (HCs) (n=7) 

and expression of an array of LXR target genes was analysed (Figure 5- 1A). Compared 

to healthy cells, gene expression of the ubiquitin ligase IDOL was significantly increased 

(1.5-fold) in T cells from SLE patients, and phospholipid remodelling enzyme LPCAT3 

was significantly decreased (0.78-fold). However, there were no significant differences 

in the mRNA expression of LXRa and LXRb, or LXR target genes involved in fatty acid 

biosynthesis (SREBP1c, FASN, SCD; Figure 5- 1A), cholesterol efflux (ABCA1, 

ABCG1; Figure 5- 1A), or lysosomal lipid transport (NPC1/2; Figure 5- 1B). In contrast, 

expression of the rate limiting enzyme in GSL biosynthesis, UGCG, was almost double, 

and the next enzyme in the GSL biosynthesis pathway (b4GALT5) was also 

upregulated 1.5-fold (Figure 5- 1B) (for GSL pathway see Figure 1- 7, pg.45).  

I have shown that UGCG is upregulated by LXR (Figure 3- 10, pg.106). Consequently, 

these data provide evidence of an LXR-responsive pathway that could lead to 

overexpression of GSLs in SLE.   

5.2.2 Genes regulating cholesterol biosynthesis and storage are downregulated 

in T cells from SLE patients 

Two recent papers have emphasised the importance of cholesterol biosynthesis (270) 

and cholesterol esterification (182) in the regulation of T-cell activation, albeit in CD8+ 

T cells. This prompted examination of additional genes involved in cholesterol 

metabolism, revealing significantly decreased expression of cholesterol biosynthesis 

enzymes HMGCR and SQLE, and of ACAT1 and ACAT2 involved in the esterification 

and storage of cholesterol (Figure 5- 1C).  
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Figure 5- 1. CD4+ T cells from SLE patients had altered expression of genes 

controlling cholesterol and GSL metabolism.  

(A-C) CD4+ T cells were isolated from healthy controls (HC, n=7) and SLE patients 

(n=13). qPCR was used to analyse mRNA expression of LXR target genes (A), and 

enzymes involved in GSL (B) or cholesterol metabolism (C).  

Gene expression was normalised to cyclophilin A and expressed relative to the healthy 

control mean. Boxes represent median ± IQR, ‘+’ denotes mean, and whiskers extend 

from min to max. Unpaired t-test with Welch’s correction, or Mann-Whitney U; * p<0.05, 

** p<0.01. 
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5.2.3 Treatment and disease activity measures correlate with expression of lipid 

metabolism genes 

Gene expression data was correlated with clinical measures of disease activity (BILAG 

score, complement protein C3 levels, anti-dsDNA titre and lymphocyte count) as well 

as age, disease duration, and current treatment (hydroxychloroquine (HCQ) dose, 

prednisolone dose, with or without immunosuppressant treatment). (See Table 2- 1, 

pg.55, for summary table of patient information). 

Several weak correlations were observed, including negative correlation of UGCG with 

lymphocyte count and ACAT2 with anti-dsDNA antibody titre (Figure 5- 2A). Of the 

genes tested, these two also showed the greatest fold change in mRNA expression in 

SLE patients compared to HCs (Figure 5- 1B, C).  

In addition, SCD negatively correlated with HCQ dose and LXRA positively correlated 

with steroid dose (Figure 5- 2A). Neither LXRA nor SCD were significantly altered in the 

SLE patient cohort as a whole compared to healthy controls (Figure 5- 1A, B). However, 

stratification of patients based on treatment revealed that SCD was significantly 

increased in CD4+ T cells from HCQ null patients, and LXRa mRNA was significantly 

reduced in steroid-free SLE patients (Figure 5- 2B). This could imply therapeutic 

intervention has restored normal expression of these genes in CD4+ T cells.  

  



140 
 

 

Figure 5- 2 Correlation of mRNA expression with clinical parameters 

SLE patient mRNA expression was correlated with clinical parameters. Pearson’s 

correlation co-efficient (r), two-tailed p-value (p) and goodness of fit (R2) are displayed 

(A). Stratification of SLE patients by treatment revealed differences in mRNA 

expression of SCD and LXRa. Mean ± SD, un-paired t-test; * p<0.05 (B).    

RU=relative units, HCQ=hydroxychloroquine, Pred=prednisolone,  
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5.2.4 Increased GSL expression in CD4+ T cells from SLE patients ex vivo 

To see whether these transcriptional changes altered plasma membrane lipid 

composition, GSL and cholesterol levels were compared in ex vivo CD4+ T cells from 

SLE patients and HCs.  

Consistent with the upregulation of GSL biosynthesis genes UGCG and b4GALT5 

(Figure 5- 1B), GSL expression was increased in ex vivo CD4+ T cells from SLE patients 

(Figure 5- 3), as has been previously reported (137,268).  

In contrast, cholesterol expression was comparable between healthy controls and SLE 

patients (Figure 5- 3). Many genes involved in the maintenance of intracellular 

cholesterol homeostasis were altered in T cells from SLE patients (Figure 5- 1A, C). 

These data suggest the net effect of these changes is maintenance of relatively ‘normal’ 

plasma membrane cholesterol levels.   

 

Figure 5- 3 GSL expression was increased in CD4+ T cells from SLE patients 

PBMCs from healthy controls (HC, n=5-6) and SLE patients (n=12) were stained with 

CTB-FITC and filipin to detect plasma membrane GSL and cholesterol expression. 

Mean ± SD, unpaired t-test; * p=0.05.  
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5.3 Investigation of serum factors which regulate T-cell lipid metabolism 

5.3.1 SLE patients with high levels of IFN response gene MXA have increased 

expression of lipid metabolism genes 

IFN signalling is strongly associated with SLE pathogenesis, and has been shown to 

influence cholesterol metabolism (271,272). We measured mRNA levels of IFN-induced 

gene MX dynamin like GTPase 1 (MXA) as a surrogate marker of an IFN response.  

MXA levels in CD4+ T cells from SLE patients were highly variable, ranging from half 

that observed in HCs to 10 times higher (Figure 5- 4A). MXA expression did not 

correlate with disease activity measures, age or treatments (Figure 5- 4B). Patients 

were stratified into two groups with either MXA expression above or below HCs (‘MXA 

high’: n=7; ‘MXA low’: n=5) (Figure 5- 4A). Genes involved in cholesterol biosynthesis 

(HMGCR, SQLE, DHCR24) were more highly expressed in the MXA high group than 

MXA low (Figure 5- 4C). This is the reverse of what has previously been shown in 

macrophages (271,272). However, levels of LXRs and their target genes, which serve 

to lower intracellular cholesterol, were also increased in the ‘MXA high’ group (Figure 

5- 4D). Furthermore, ABCA1 and UGCG mRNA levels positively correlated with MXA 

expression, with ABCA1 in particular showing a strong and significant correlation 

(Figure 5- 4E).   

IFN is known to regulate the expression of cholesterol 25-hydroxylase (CH25H) in 

murine macrophages and dendritic cells (273). CH25H converts cholesterol into 25-

hydroxycholesterol (an endogenous LXR ligand), providing a possible explanation for 

the upregulation of LXR target genes in cells with high MXA expression. However, in 

the samples tested CH25H gene expression was highly variable and showed no 

relationship to the expression of MXA (Figure 5- 4F), possibly indicating that regulation 

of CH25H by IFN is cell-specific. 
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Figure 5- 4 SLE patient CD4+ T cells with high levels of interferon response gene 

MXA have an altered lipid metabolism transcriptional program 

(A) mRNA expression of MXA in healthy controls (HC) and SLE patients. Mean + SD, 

# p=0.02 compared to ‘MXA high’ by One-way ANOVA and Tukey’s post-hoc test.  

(B) MXA mRNA levels were correlated with patient information. Volcano plot shows p-

value and Pearson correlation co-efficient (r) for each comparison. 

(C-D). Expression of genes involved in cholesterol biosynthesis (C) and LXR target 

genes (D) were compared in SLE patient CD4+ T cells with high (n=7) or low (n=5) MXA. 

mRNA expression was normalised to cyclophilin A and expressed relative to mean of 

healthy controls (HC=1, dashed line).   

Legend continues overleaf. 
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Figure 5- 4 continued. 

Boxes represent median ± IQR, ‘+’ denotes mean, and whiskers reach min to max. 

Unpaired t-test or Mann-Whitney U (ABCA1 only); *p<0.05.  

 (E) mRNA expression was correlated with MXA mRNA; Pearson’s correlation co-

efficient (r), two-tailed p-value (p) and goodness of fit (R2) displayed on graph.  

(F) Cholesterol 25 hydroxylase (CH25H) expression in healthy control and SLE patient 

T cells. Mean + SD. 
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5.3.2 Plasma oxysterol expression was lower in SLE patients 

Altered serum lipids in SLE patients could change levels of circulating oxysterols. Levels 

of four endogenous LXR ligands were measured in plasma from HCs and SLE patients 

by Dr. Hanne Røberg-Larsen (University of Oslo). SLE patients tended to have lower 

levels of 24S-, 27- and 25- hydroxycholesterol, but no statistically significant differences 

were detected (p>0.1, unpaired t-test) (Figure 5- 5A). Furthermore, there were no 

differences between patients with active and inactive disease (Figure 5- 5B), and none 

of the oxysterols measured correlated with clinical parameters (age, disease duration, 

medication, anti-dsDNA antibody titre, C3 levels or lymphocyte count) (data not shown).  

A power calculation performed using the current data for 24S-hydroxycholesterol 

showed a sample size of 27/group would be required to detect p<0.05 with 80% power 

(G* Power software). Consequently, we aim to send additional samples for analysis in 

the near future. 
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Figure 5- 5. Plasma oxysterol levels in HCs and SLE patients 

Levels of endogenous LXR ligands were quantified in plasma samples from healthy 

controls (HC) (n=7) and SLE patients (n=15) (A). SLE patients were further analysed 

based on disease activity (B). SLE-IA = inactive (BILAG score <6), SLE-A = active 

(BILAG score >6). Boxes represent median ± IQR, ‘+’ denotes mean, and whiskers 

extend to max and min.  

Oxysterol levels were quantified by Dr. Hanne Røberg-Larsen, University of Oslo. 
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5.3.3 Incubation of HC cells with serum from SLE patients induced changes in 

expression of lipid metabolism genes 

HC CD4+ T cells were incubated with serum from heterologous healthy donors (n=4) or 

SLE patients (n=5) for 3 days. Expression of IDOL, LPCAT3 and UGCG were 

examined, as they were differentially expressed in ex vivo CD4+ T cells from SLE 

patients (Figure 5- 1A). ABCA1 and SCD were also examined as positive controls for 

LXR stimulation, as both are very responsive to LXR activation (>30-fold induction, 

Figure 3- 1D-E, pg.87). However, incubation with SLE serum did not alter the 

expression of any of these genes (Figure 5- 6A). 

Secondly, expression of HMGCR and SQLE were analysed, as expression of both 

genes were significantly reduced in T cells from SLE patients ex vivo (Figure 5- 1C). 

However, expression of both genes was increased relative to cells incubated with HC 

serum (Figure 5- 6B). Ex vivo, both of these genes were more highly expressed in cells 

with high MXA levels (Figure 5- 4C), prompting examination of MXA expression. 

Interestingly, MXA was strongly upregulated by serum from 3 out of 5 SLE patients, 

who all had active disease at the time of serum collection (Figure 5- 6C). If the two 

inactive patients (with no induction of MXA) were excluded from analysis UGCG, SCD, 

HMGCR and SQLE were all significantly upregulated by SLE serum (Figure 5- 6D).  

These results strongly implicate IFN signaling in the dysregulation of lipid metabolism 

in CD4+ T cells from SLE patients.  
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Figure 5- 6. Serum from SLE patients with active disease upregulated mRNA 

expression of MXA and lipid synthesis genes 

(A-B) CD4+ T cells from healthy controls (HCs) (n=2) were incubated with 10% serum 

from heterologous healthy controls (n=4) or SLE patients (n=5) for 3 days. Expression 

of LXR target genes (A) and cholesterol biosynthesis enzymes (B) were analysed by 

qPCR. Gene expression was normalised to cyclophilin A and expressed relative to the 

mean of the healthy control serum results.  

(C-D) Patients were stratified based on disease activity (‘Inactive’: BILAG<2, ‘Active’: 

BILAG>5) and induction of IFN response gene MXA (C). Expression of lipid metabolism 

genes was reanalysed focusing only on serum from patients with active disease (D). 

 Mean ± SD, unpaired t-test; * p<0.05, ** p<0.01 and *** p<0.001. 
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5.4 Comparison of responses to LXR ligand in T cells from HCs and SLE 

patients 

5.4.1 Upregulation of ABCA1 and SREBP1c by synthetic LXR ligand was 

enhanced in CD4+ T cells from SLE patients 

To compare responsiveness to LXR stimulation, CD4+ T cells from HCs and SLE 

patients were treated with synthetic LXR ligand (GW) and the magnitude of induction of 

classical LXR target genes was compared. Differences in ligand induction varied by 

gene: ABCA1 and SREBP1c were induced by a greater extent in SLE patient cells, 

whereas induction of ABCG1 and IDOL were comparable to HCs (Figure 5- 7).  

 

 

Figure 5- 7 Regulation of select LXR target genes was enhanced in T cells from 

SLE patients 

CD4+ T cells were treated with synthetic LXR ligand GW3965 (GW, 1 µM) for 16 hours 

and induction of classical LXR target genes were analysed by qPCR. Gene expression 

data was normalised to cyclophilin A and expressed relative to the average of the HC 

or SLE vehicle treated cells (veh=1). Mean ± SD. Ordinary one-way ANOVA with 

Sidak’s post-hoc test to compare induction of LXR target genes within groups (*, Veh 

vs GW) and between groups (#, GW vs GW). 
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5.4.2 LXR activation with GW or EC reduced cholesterol expression in resting 

and activated T cells 

To discern the effect of LXR activity on membrane lipid composition PBMCs were 

treated with synthetic or endogenous LXR ligands (GW3965 (GW) or 24S-25-

epoxycholesterol (EC), respectively) or an LXR antagonist (GSK1440233 (GSK)), for 

24 and 72 hours. These experiments were also performed with the addition of anti-CD3 

and anti-CD28 to activate the T cell receptor, a response which is highly influenced by 

plasma membrane composition (See 1.2.4 TCR signalling and ‘lipid rafts’, pg.43).  

LXR activation with synthetic (GW) or endogenous (EC) LXR ligands significantly 

reduced cholesterol expression at 24 or 72 hours in T-cells from HCs and SLE patients 

(Figure 5- 8). At 72 hours the decrease in cholesterol was more pronounced in SLE 

patient’s cells than in HC’s; the magnitude of reduction was 44% greater with GW and 

39% greater in response to EC (Figure 5- 8C, see 72h GW-Veh/EC-Veh). The LXR 

antagonist (GSK) had no effect (Figure 5- 8A-C). 

TCR engagement induces upregulation of T-cell membrane cholesterol (Figure 4- 1, 

pg.114). At 24 hours EC reduced cholesterol in both HC samples and SLE samples, 

but GW only significantly reduced cholesterol in SLE patient’s cells (Figure 5- 9).  At 72 

hours both LXR ligands significantly reduced cholesterol in both HC and SLE samples 

(Figure 5- 9B, C). Noticeably, the reduction with EC at 72 hours was greater in SLE 

patients (mean change in filipin gMFI was -11,957 in SLE vs -8152 in HC) (Figure 5- 

9C). GSK still had no effect on cholesterol levels.  

Overall, LXR activation downregulated cholesterol expression in both resting and 

activated T cells from HCs and SLE patients. T cells from SLE patients tended to have 

an exaggerated response, suggesting an increased sensitivity to the cholesterol-

lowering actions of LXR stimulation.   
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Figure 5- 8 LXR activation lowered CD4+ T cell membrane cholesterol, with similar 

effects in HC and SLE patient cells. 

PBMCs from healthy controls (HC, n=6) and SLE patients (n=9) were treated with 

synthetic (GW3965 (GW), 1 µM) and endogenous (24S, 25-epoxycholesterol (EC), 10 

µM) LXR ligands or LXR antagonist GSK233 (GSK, 1 µM) for 24 or 72 hours. Filipin 

staining was used to quantify cholesterol levels. Representative flow cytometry 

histograms (A) and cumulative data (B) show filipin gMFI in CD4+ T cells. Repeated 

measures two-way ANOVA was performed for each timepoint with Dunnett’s test for 

multiple comparisons to calculate adjusted p-values (B) and mean difference from 

vehicle (Veh) ± 95% confidence interval (C). ** p=0.0012, *** p<0.0005, **** p<0.0001. 
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Figure 5- 9. LXR ligands reduced cholesterol expression in activated T-cells, with 

greater effects in T cells from SLE patients than HCs 

PBMCs from healthy controls (HC, n=6) and SLE patients (n=9) were activated with 

anti-CD3/28 with the addition of LXR ligands GW (1 µM) and EC (10 µM) or LXR 

antagonist GSK (1 µM) for 24 or 72 hours. Filipin staining was used to quantify 

cholesterol levels. Representative flow cytometry histograms (A) and cumulative data 

(B) show filipin gMFI in CD4+ T cells. Repeated measures two-way ANOVA was 

performed for each timepoint with Dunnett’s test for multiple comparisons to calculate 

adjusted p-values (B), and mean differences ± 95% confidence interval (C). ** p=0.007, 

*** p<0.0003, **** p<0.0001 
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5.4.3 Regulation of GSLs by LXR was altered in SLE patients compared to HCs 

Both CTB gMFI and percentage of CTB high cells were analysed. Both measures 

yielded similar results, so for brevity’s sake only percentage data is shown here. As 

previously discussed, LXR activation with GW significantly increased CTB binding in 

HC cells at 24 hours, but by 72 hours this effect was less consistent and not statistically 

significant (Figure 3- 5C-D pg.95, Figure 5- 10). EC elicited a similar response in HC 

cells. However, in SLE patients only EC significantly increased GSL levels at 24 hours 

and, in contrast to HCs, this effect not only persisted but increased by 72 hours (Figure 

5- 10).   

T-cell activation induces upregulation of membrane GSLs (Figure 4- 1, pg.114). The 

upregulation of GSLs was enhanced in SLE patients, resulting in a significantly greater 

percentage of CTB high cells at 72 hours compared to HC samples (Figure 5- 11B, see 

Fgroup), as is evident in the representative flow cytometry plots (Figure 5- 11A). At 72 

hours EC reduced CTB levels in both HC and SLE patient cells (Figure 5- 11B, C), 

contrary to the increase elicited in resting cells (Figure 5- 10). At 24 hours GSK slightly 

reduced the percentage of CTB high cells in SLE patients (-2.27 ± 2%) (Figure 5- 11B, 

C).  

There was considerable variation in the pattern of GSL expression in CD4+ T cells from 

SLE patients (Figure 5- 10, Figure 5- 11). To test whether disease activity could 

contribute to this, SLE patients with active (SLE-A) and inactive (SLE-IA) disease were 

separated and the data re-examined.  

In resting cells, the pattern and variability between the two groups was similar (Figure 

5- 12A). Although there were differences in the statistical significance of the response 

to EC, this is likely due to the smaller sample size in the SLE-A group (Figure 5- 12A). 

In activated cells (+TCR) some effects were seen only in SLE-A, including 

downregulation of GSL expression with EC and GSK at 24 hours, and upregulation with 
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GW at 72 hours (Figure 5- 12B). However, the effect of disease activity status on 

response to ligand was not statistically significant (Figure 5- 12B, see Finteraction).  

Overall, the current sample size is too small to robustly determine the impact of disease 

activity on the regulation of GSLs. However, these data suggest the effect of disease 

activity on responses to LXR ligands should be investigated further, particularly in 

combination with TCR stimulation. 
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Figure 5- 10 GSL levels were differentially regulated by LXR ligands in HC and 

SLE samples 

PBMCs from healthy controls (HC, n=6) and SLE patients (n=9) were activated with 

anti-CD3/28 in the presence of LXR ligands GW (1 µM) and EC (10 µM) or LXR 

antagonist GSK (1 µM) for 24 or 72 hours. CD4+ T cell glycosphingolipid levels were 

assessed using flow cytometry to measure CTB binding. Representative flow cytometry 

dot plots are labelled with percentage of highly expressive cells and CTB gMFI (A). 

Cumulative data shows percentage CTB high from four independent experiments (B).  

Repeated measures two-way ANOVA was performed for each timepoint with Dunnett’s 

test for multiple comparisons to calculate adjusted p-values (B) and mean differences 

± 95% confidence interval (C). * p=0.01, ** p=0.003, **** p=0.0001. 
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Figure 5- 11. 24S, 25-epoxycholesterol lowered CTB levels after 72 hours of TCR 

activation 

PBMCs from HCs (n=6) and SLE patients (n=8) were activated with anti-CD3/28 in the 

presence of LXR ligands GW (1 µM) and EC (10 µM) or LXR antagonist GSK (1 µM) for 

24 or 72 hours. CD4+ T cell glycosphingolipid levels were assessed using flow 

cytometry to measure CTB binding. Representative flow cytometry dot plots are labelled 

with percentage of highly expressive cells and CTB gMFI (A). Cumulative data shows 

percentage CTB high from four independent experiments (B).  Repeated measures two-

way ANOVA was followed by Dunnett’s test for multiple comparisons to calculate 

adjusted p-values (B) and mean differences ± 95% confidence interval (D). * p<0.03. 
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Figure 5- 12 GSL levels in activated T cells were differentially regulated by LXR 

ligands in samples from SLE patients with active and inactive disease 

PBMCs from SLE patients with inactive (n=4-5) and active disease (n=3) were treated 

with LXR ligands GW (1 µM) and EC (10 µM) or LXR antagonist GSK (1 µM) alone (A), 

or in combination with anti-CD3/28 (+TCR) (B). CD4+ T cell glycosphingolipid levels 

were assessed using flow cytometry to measure CTB binding. Cumulative data shows 

percentage CTB high from four independent experiments. Repeated measures two-

way ANOVA was followed by Dunnett’s test for multiple comparisons to calculate 

adjusted p-values. * p<0.05, ** p<0.01. 
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5.4.4 24S, 25-epoxycholesterol reduces viability in activated T cells 

Viability was compared between conditions, using an amine-reactive fluorescent dye 

which facilitates discrimination of dead cells by flow cytometry. In resting cells there was 

a small effect on viability at 72 hours (Figure 5- 13A); both EC and GSK tended to 

decrease viability in both HC samples (EC: -3.8 ± 5.5%; GSK: -3.4 ± 5.6%) and SLE 

patient samples (EC: -4.2 ± 4.5%; GSK: -4.2 ± 4.6%).  However, these changes were 

not statistically significant. None of the significant effects on membrane lipids were 

common to both EC and GSK treatment, so it does not seem to have had a confounding 

effect on the experimental outcomes.  

In the activated samples (+TCR) viability was also affected by treatment at 72 hours 

(Figure 5- 13B). EC significantly reduced viability in both HC (-10 ± 5.6%) and SLE 

samples (-9.6% ± 4.9%) compared to vehicle. It is possible this loss of viability is linked 

to the reduced cholesterol and GSL levels observed in EC treated cells.  
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Figure 5- 13. 24S, 25-epoxycholesterol significantly reduced viability of activated 

T-cells 

PBMCs from HCs (n=6) and SLE patients (n=8) were treated with LXR ligands GW (1 

µM) and EC (10 µM) or LXR antagonist GSK (1 µM) for 24 or 72 hours alone (A), or in 

the presence of anti-CD3/28 (B). Cell viability was assessed using a fixable viability dye 

flow cytometry assay. Mean percentage viability ± SD. Repeated measures two-way 

ANOVA was used to compare viability at each timepoint. Dunnett’s multiple comparison 

test was performed to compare ligands to vehicle control; *** p=0.0003, **** p=0.0001. 
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5.5 Summary 

Although previously reported changes in the ex vivo expression of LXRb, NPC1 and 

NPC2 were not recapitulated in this analysis, there were significant changes in other 

LXR target genes, including LPCAT3, IDOL and UGCG. Furthermore, responses to 

LXR activation were subtly different, including enhanced upregulation of LXR target 

genes ABCA1 and SREBP1c, and a failure to upregulate GSLs in response to LXR 

activation.   

However, other pathways showed more striking changes, including the downregulation 

of the cholesterol biosynthesis genes ex vivo, the relationship between lipid metabolism 

genes and IFN response gene MXA, and the LXR-independent upregulation of GSL 

levels by EC in activated T cells from SLE patients.  

Therefore, based on the evidence from these experiments, LXR signalling is likely to 

play a subsidiary role in the dysregulation of lipid metabolism in CD4+ T cells from SLE 

patients.   
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CHAPTER VI 

6 Discussion 

6.1 Identification of a novel role for LXR in the regulation of GSL 

biosynthesis 

6.1.1 UGCG is a novel LXR target gene 

The rate limiting enzyme in the GSL biosynthesis pathway, UGCG, was identified as a 

novel LXR-responsive gene. LXR activation by the specific agonist GW upregulated 

UGCG mRNA and transiently increased GSL expression in human CD4+ T cells and 

monocytes (Figure 3- 5, pg. 95 and Figure 3- 6, pg.103). Upregulation of UGCG mRNA 

was further confirmed in B cells and MDMs, strongly suggesting this is a widespread 

mechanism in immune cells (Figure 3- 10, pg.106).  

LXR occupancy was confirmed at a DR4 sequence downstream of the UGCG gene 

(Figure 3- 11, pg.110). Although very promising, this evidence does not definitively 

prove that this is the sequence mediating transcriptional regulation of UGCG. This 

would be achieved by cloning the portion of the gene containing the DR4 sequence 

(likely a transcriptional enhancer) into a luciferase reporter vector and performing 

luciferase reporter assays.  

UGCG is ubiquitously expressed, highly conserved gene that lacks a TATA box and 

CAAT motif – hallmarks of a housekeeping gene (274). No post translational 

modifications have been identified, and transcriptional regulation appears to be the 

main determinant of UGCG activity (275). Previously, UGCG expression has been 

shown to be strongly upregulated by a variety of inflammatory signals (276–279), in 

response to inhibition of prenylation by statin treatment (280), and by mTORC2 during 

tumorigenesis  (281,282). Changes in mRNA expression have been shown to 

correspond to altered protein expression and activity (278,283), supporting our 

assumption that increased UGCG mRNA expression is responsible for the observed 
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increased in GSL expression. At the current time attempts to show increased protein 

expression of UGCG by western blotting have been unsuccessful (data not shown), and 

preparation of CD4+ T-cell samples for lipidomic analysis, which will include 

quantification of ceramide, is ongoing. 

6.1.2 Regulation of GSL biosynthesis by LXR differs between cell-types and 

subsets 

6.1.2.1 Differential regulation of GSL synthesis in monocytes and CD4+ T cells 

LXR activation was found to have additional effects on GSL metabolism in human 

monocytes (Figure 6- 1). B4GALT5 was significantly upregulated by GW in monocytes, 

and was previously identified as a candidate LXR target gene in THP-1 macrophages 

using ChIP-Seq (10). The fact this enzyme was not regulated in T cells suggests it could 

be an LXRa target gene specific to monocytes. Bioinformatic analysis has identified a 

putative DR4 element in the vicinity of the B4GALT5 gene (data not shown). It would 

be interesting to confirm whether binding of LXRa and/or LXRb is enriched at this site 

in monocytes, and whether this is absent in T cells. 

Additionally, LacCer was upregulated by LXR activation in T cells but downregulated in 

monocytes. Monocytes have higher GSL levels than T cells (177), and synthesise a 

more diverse repertoire of GSLs, including gangliosides, globo, lacto and neo-lacto 

series (177,284). Consequently, upregulation of GSL biosynthesis in monocytes may 

result in a greater flux of LacCer into downstream pathways than in T cells, resulting in 

its depletion at 72 hours. For example; Takematsu et al.  (2011) discovered that GM1 

levels negatively correlated with expression of A4GALT in a panel of B cell lines (285), 

showing that synthesis of the globo series diverted resources from other branches of 

the pathway. Indeed, A4GALT was upregulated by LXR activation in monocytes from 

some donors,  whereas this enzyme was below the threshold of detection in T cells, as 

reported in the Jurkat cell-line (286).  
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Figure 6- 1 Regulation of GSL biosynthesis by LXR in T cells and monocytes 

Comparison of GSL biosynthesis in CD4+ T cells and monocytes. Blue text represents 

enzymes and lipids upregulated by LXR activation, and red shows downregulation. 

GSLs and enzymes highlighted in yellow were upregulated in cells from SLE patients 

(this thesis or (137)). Grey text marks lipids/enzymes not detected in our own analysis 

of primary human CD4+ T cells or monocytes. Preferential binding of cholera toxin B 

(CTB) to GM1 is depicted.  * and # denote all steps regulated by B4GALNT1 or 

B3GALT5, respectively.   

6.1.2.2 GSL biosynthesis was not regulated by LXR activation in Tregs 

In addition to the changes observed in monocytes, LXR-mediated regulation of GSLs 

also differed between functional T cells subsets. Ex vivo Tregs expressed higher levels 

of UGCG than Tresps and had higher levels of GSLs (Figure 3- 3, pg.91). However, 
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upon GW stimulation, UGCG mRNA and GSL expression were increased in Tresps but 

remained unchanged in Tregs (Figure 3- 4, pg.93). In contrast, the downregulation of 

plasma membrane cholesterol induced by GW was similar in both subsets, 

demonstrating that other LXR-mediated responses were intact.  

6.1.3 Future perspectives 

It is intriguing to speculate that differential regulation of GSLs synthesis genes by LXR 

could contribute to the inherent differences in GSL expression between cell-types. 

Further studies are needed to unpick the cell-type effects of LXR activation on this 

complex pathway. Quantification of individual GSL species both ex vivo and in response 

to LXR activation would be highly informative. Long standing collaborator of the Jury 

Lab, Dr. Terry Butters (Glycobiology Institute, University of Oxford), has established a 

novel mechanism for the detection of GSLs by high performance liquid chromatography 

(HPLC) (287). We analysed GSL expression in response to GW, EC and GSK, using 

PBMCs because large cell numbers are required for this methodology (>10 million 

cells/sample). However, the results of this analysis were inconclusive (data not shown), 

which in light of the cell-type specific differences identified is perhaps unsurprising. In 

the future this method could be used to analyse the effect of GW in CD4+ T cells but 

would be difficult to apply to rarer populations.  

Finally, although our current knowledge about GSL metabolism in human immune cells 

is limited, the use of systems biology approaches to model metabolic networks is 

already providing novel insight into the regulation of the GSL biosynthesis pathway, and 

its interconnection with other metabolic networks (285,288,289). Consequently, our 

understanding of this class of lipids will be greatly improved in the near future.   
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6.2 Treg and Tresp subsets have unique plasma membrane lipid profiles 

Ex vivo human Tregs were found to have greater mRNA levels of several LXR target 

genes (Figure 6- 2), including UGCG, cholesterol transporter ABCG1, lipid transporter 

NPC1, fatty acid synthase FASN, and phospholipid remodeling enzyme LPCAT3. 

However, expression of cholesterol biosynthesis enzyme DHCR24, which can be 

regulated by LXR (290), the thyroid hormone receptor (261), and SREBP2 (291), was 

reduced. 

These results were cross-referenced with a list of 2041 genes found to be differentially 

expressed between Tregs and Tresps from three healthy human donors by RNA 

sequencing (292). However, only altered expression of DHCR24 was corroborated.  

RNA Sequencing is less sensitive than qPCR when exploring the regulation of over 

20.000 genes, so it is possible the changes we have observed would not exceed the 

1.4-fold cut off utilized by Bhairavabhotla et al. (2016) in the specific samples they used. 

Alternatively, as more than 5000 genes were differentially expressed in each donor and 

only 2041 of these were reproduced in all three, it is likely human variation may account 

for the lack of detection. Indeed, LXRa, ABCG1, FASN and NPC1 were all found to be 

regulated in at least one of the three donors (292).   

Gene expression results corresponded with an altered plasma membrane lipid 

phenotype in Tregs compared to Tresps. Greater expression of ABCG1 and reduced 

expression of DHCR24 (which would support increased efflux of cholesterol from the 

cell and reduced synthesis of cholesterol) supported the observed reduction in 

membrane cholesterol.  Increased expression of UGCG and NPC1 was consistent with 

the increased GSL levels.  Furthermore, genetic deletion of LPCAT3 has been shown 

to increase membrane order of murine hepatocytes and enterocytes (75,76) so the 

trend towards increased expression of LPCAT3 in Tregs could also contribute to their 

relatively lower order. This suggests increased LXR activity contributes to the 

maintenance of low membrane order in Tregs.   
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One possible explanation for this could be increased expression of endogenous LXR 

ligands in this subset. Indeed, preferential accumulation of particular oxysterols has 

been linked to the differentiation of other T-cell subsets, including desmosterol in TH17 

cells (121), and 25-HC to Type 1 regulatory cells (293). This could be tested by 

quantification of intracellular oxysterol levels, or analysis of the expression of oxysterol 

biosynthesis enzymes in Tregs.  

Murine Tregs have previously been shown to have lower membrane order than Tresps; 

using ANE staining 46% of Tregs were found to have low order compared to 12% of 

Tresp.  This was attributed to a 5 - 8 fold increase in ceramide expression, as deletion 

of acid sphingomyelinase, an enzyme responsible for converting sphingomyelin to 

ceramide, increased membrane lipid order to levels comparable to wildtype cells (294). 

Furthermore, inhibition of acid sphingomyelinase was associated with increased 

activation and suppressive function (294), whereas ceramide was found to inhibit the 

induction of Tregs and increased production of pro-inflammatory cytokines (295). As 

UGCG acts to convert ceramide into GSLs, this suggests UGCG activity could increase 

the suppressive capacity of Tregs.  

Although plasma membrane cholesterol has been shown to play an important role in 

the differentiation of Tregs (124,296), increasing plasma membrane cholesterol was 

reported to have no effect on suppressive function (181). In contrast, reduction of 

intracellular cholesterol through inhibition of the mevalonate pathway by 25-HC or statin 

treatment was shown to inhibit Treg function, including proliferation and expression of 

CTLA-4 (258). Thus, the relative contribution of plasma membrane and intracellular 

cholesterol levels at different stages of Treg development requires further clarification.  

Consequently, the functional relevance of differential regulation of membrane lipids by 

the LXR pathway in Tregs and Tresps remains to be determined. This could be tested 

by performing Treg suppression assays or in vitro polarisation in the presence of GW 

and GSK. Use of adenoviral transduction to study Treg differentiation has been reported 
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(297), so could be used to target LXRb or specific target genes in lieu of lipofection or 

electroporation which would substantially disrupt the cell membrane.  

 

Figure 6- 2 Summary of changes in lipid metabolism in Tregs 

Diagram demonstrating the relationship between different metabolic pathways 

regulated by LXR (blue), and SREBP2 (green). Enzymes in larger font represent those 

with increased expression in Tregs compared to Tresps. UGCG, LPCAT3 and ABCG1 

could all contribute to the reduced membrane lipid order of Tregs.  
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6.3 LXR activation alters CD4+ T cell function 

6.3.1 Regulation of membrane lipids by LXR alters T cell immune synapse 

formation and proximal signalling 

Intriguingly, analysis of mRNA expression showed that while TCR activation repressed 

basal expression of cholesterol transporters ABCA1 and ABCG1, genes involved in 

fatty acid and cholesterol biosynthesis were upregulated (Figure 4- 3, pg.118). This 

suggests that TCR activation is accompanied by an increase in cellular lipid levels. 

Thus, LXR-mediated cholesterol efflux is inhibitory to T-cell activation, as shown by 

Bensinger et al. (109) in murine T cells, whereas other LXR-regulated pathways, such 

as fatty acid synthesis, may contribute to activation.  

Consistent with the upregulation of ABCA1 and ABCG1, LXR activation inhibited 

upregulation of cholesterol after 72 hours of TCR activation. However, GSK had no 

effect on plasma membrane cholesterol levels despite a profound downregulation of 

ABCA1 mRNA in both resting and activated T cells. This either suggests basal levels 

of ABCA1 mRNA are so low the additional repression has no impact, or could point to 

a dominant role for ABCG1 in this cell-type- as has been suggested by its role in 

regulating T-cell proliferation (109,184). Of note, it was previously reported that LXR 

activation did not impact plasma membrane cholesterol expression during activation of 

murine CD3+ T cells (109). However, this was only checked at 24 hours, so it is possible 

an extended analysis would also have shown reduction of membrane cholesterol in 

murine cells. 

Surprisingly, the expression of GSL biosynthesis enzyme UGCG was not induced by 

TCR stimulation, despite significant upregulation of GSLs at 72 hours, and evidence 

that inhibition of GSL biosynthesis disrupts TCR signalling (179). It is possible UGCG 

expression is regulated at an earlier or later timepoint. Alternatively, regulation of UGCG 

mRNA may not be required for the TCR-mediated upregulation of GSL expression.  
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This will be important to verify in order to better understand the role of LXRs during TCR 

activation. Indeed, LXR activation had only a slight effect on GSL expression in 

activated T cells. We have recently performed RNA-Seq on GW- and GSK-treated T 

cells activated with anti-CD3/28. From this analysis we will have a wider view of the 

transcriptional regulation of GSL metabolism pathways in response to TCR stimulation.  

One caveat of these experiments is that whilst experiments for analysis of gene 

expression was performed on purified CD4+ T cells, plasma membrane lipids were 

analysed in the whole PBMC population. Consequently, effects of LXR activation on 

antigen presenting cells may also have influenced the responses of T cells to activation 

(131,298). Furthermore, LXR ligands were added concomitantly with TCR stimulation, 

so may not have influenced the proximal TCR-signaling events in which lipid rafts are 

heavily implicated.   

Subsequently, changing the experimental approach, I pre-treated T cells with GW to 

reduce membrane order, and assessed the impact on immune synapse formation and 

TCR-signalling. I found that the kinetic and distribution of membrane lipid order was 

altered in T cells pre-treated with GW. In particular, there was increased accumulation 

of high order at the periphery of the synapse (Figure 4- 5, pg.121), which coincided with 

an enrichment for the proximal signalling molecule Lck (Figure 4- 7, pg.125). It is 

thought microclusters of TCR signalling molecules originate at the synapse periphery 

and are trafficked to the centre for degradation (153,299). Consequently, this pattern of 

distribution could indicate prolonged signalling, or a delay in signal initiation. Analysis 

of phosphorylation events downstream of TCR signalling supported the latter, as 

several proteins showed trends toward increased or accelerated activation kinetics 

(Figure 4- 9, pg.130).  

The results of the western blotting experiments are still preliminary and were difficult to 

interpret for some proteins due to low sample size, and discrepancy between samples. 

The technical challenge of adhering to the short stimulation times may have introduced 

some variation.  Additionally, the experiments were performed using T cells isolated 
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from leukocyte cones, for which no donor information is available. Therefore, biological 

factors such as age, sex and ethnicity were not controlled, and could have influenced 

responses to GW treatment, and to TCR stimulation.  

Despite this, there was a clear upregulation of LAT phosphorylation in cells pre-treated 

with GW (Figure 4- 9, pg.130). Phosphorylation of this tyrosine residue (Y191) has been 

linked to binding of adaptor molecules including VAV, GADS, Grb2 and SLP-76, but is 

dispensable for activation PLCg1 (147,300), which I found to be unchanged. Future 

enquires would address the effect of LXR activation on VAV, Grb2 and the actin 

cytoskeleton, as cytoskeletal rearrangement has been shown to play an important role 

in the topology of the immune synapse (152,153,301,302), and LXR has previously 

been shown to regulate actin-bundling protein fascin in dendritic cells (298).  

One limitation of this work is that it relied on the stimulation of T cells with plate bound 

antibodies. A more physiological approach would be to study T-cell – APC conjugates 

as we have performed previously (161). A combination of confocal imaging and 

ImageStream technology could be used to obtain qualitative and quantitative data, 

respectively, to analyse the expression and distribution of multiple signalling molecules 

in fixed conjugates.  Importantly, CD3-TCR localisation could be studied. This was 

prevented in my analysis by the use of anti-CD3 antibodies for stimulation.  

6.3.2 Altered cytokine production in response to LXR activation 

In these experiments, GW treatment increased production of IL-2 and IL-4 as measured 

by intracellular cytokine staining, and there was also a trend towards increased 

production of IFNg and TNFa. Furthermore, IL-6 and IL-17 secretion were reduced, as 

measured by cytokine bead array, and in concordance with intracellular staining IL-2 

was confirmed to be increased. However, increased production of IL-4 and TNFa were 

not detected in cell supernatants. One reason for this could be cytokines accumulate in 

the supernatant and are thereby a product of the entire 3-day stimulation period. 

Furthermore, the concentration of cytokines will also be dependent on cell numbers, 
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and we saw that GW significantly decreased proliferation. In contrast intracellular 

staining only assesses the cytokines produced in a 5-hour period, and on a single cell 

basis. Furthermore, supernatants were collected from T cells treated for 3 days with 

anti-CD3/28, whereas T-cells were additionally stimulated with PMA and ionomycin 

prior to intracellular cytokine staining. These two stimuli have been shown elicit different 

cytokine responses (303).  

Differences in activation protocol could also explain discrepancies between these 

results and the current literature. LXR activation has previously been shown to reduce 

production of IL-2, TNFa and IFNg in human CD4+ T cells (102). However, cells were 

only stimulated with anti-CD3/28 for 6 hours, and they also used a different LXR ligand 

– T090. T090 has also been shown activate the farnesoid X receptor (304), and to act 

as an inverse agonist for RORa/g (305) which could lead to LXR-independent effects 

on T-cell function. More similar to my experimental conditions, Wu et al. stimulated T 

cells for 3 days with anti-CD3/28, but in the presence of 10 µM GW (264). Similar to my 

analysis, IL-17 was reduced and IL-10 was unchanged. However, IFNg production was 

also significantly reduced. It is possible the high dose of GW can account for this 

discrepancy.  

6.3.3 Linking membrane lipid order to T-cell function 

Effects of LXR activation on T-cell function have previously been attributed to the 

transcriptional regulation of select cytokines (IL-17 (99), IFNg (100,102), IL-9 (90)), 

altered phosphorylation of NF-kB (264), and the reduction of intracellular cholesterol 

(109). I propose that altered plasma membrane lipid expression is an additional key 

mediator of the effects of LXR activation on T-cell function.  

GW treatment increased production of IL-2 and IL-4, reduced IL-6 and IL-17, and 

inhibited the proliferative T cell response. This recapitulated elements of the 

‘intermediate order’ phenotype described by Miguel et al. (2011), including a trend 

towards reduced synapse area, reduced proliferation, and a trend towards increased 
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production of IFNg (161). However, high secretion of IL-2 and IL-4 were features of 

highly ordered cells. Whereas TH1 polarisation generated a population of almost 100% 

intermediate order cells, our observations suggest the effect of GW is less drastic. 

Consequently, I propose GW activation generates a population of T cells that falls 

somewhere in between pure ‘high’ and ‘intermediate’ populations (see Figure 6- 3).  

It has been shown that the extent of ITAM phosphorylation acts a threshold for the 

proliferative response (306). Although weak signals were sufficient to maintain cytokine 

production, they failed to induce Vav-dependent activation of Notch-1 and c-Myc, and 

subsequently did not induce proliferation. As a preliminary indication of potential 

relevance of this pathway in our system, mRNA expression of c-Myc was checked in 

activated T cells treated with GW or GSK. However current results are inconclusive 

(data not shown), and further optimisation of the timepoint of analysis is required.  

In addition to the strength of TCR signalling, the duration is also a key factor in driving 

a robust proliferative response. While administration of a ZAP-70 inhibitor within the first 

24 hours of TCR activation abolished proliferation, it had little effect after this time point 

(307). Intriguingly, phosphorylation of ZAP-70 has been shown to downregulate ABCA1 

and ABCG1 expression by unknown mechanisms (308). This suggests a role for 

membrane cholesterol in mediating early signalling events. Indeed, T-cell specific 

ABCG1 deletion was shown to increase proliferation by raising membrane cholesterol, 

subsequently increasing basal phosphorylation of ZAP and Erk1/2 which primed the T 

cell for activation (184).   

 In contrast, Bensinger et al. (2008) suggest that LXR activation depletes the pool of 

cholesterol available for membrane biogenesis, with no change in signalling events 

(109). Consistent with this,  addition of LXR/RXR ligands 24 hours post activation was 

still able to reduce proliferation in murine T cells (109).  
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Consequently, addition of LXR ligands 24 or 48 hours after TCR engagement could be 

used to decipher the relative importance of proximal TCR signalling and cholesterol 

bioavailability in mediating the reduction of proliferation in our experimental system.  

 

 

 

Figure 6-  3 Proposed model for the effects of LXR activation of membrane lipid 

order and T cell function 

Illustration of differences between T cells with high and intermediate lipid order, as 

characterized by Miguel et al. (161). LXR activation lowers membrane order by 

increasing GSL expression and reducing cholesterol expression. The resulting 

activation phenotype resembles that of an intermediate cell; IFNg production was 

increased, and proliferation was reduced. However, production of IL-2 and IL-4 was 

also increased, and synapse size was only slightly reduced (not statistically significant). 

Inhibition of proliferation could also be attributable to ABCG1-mediated cholesterol 

efflux (109,184).  
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6.4 LXRs and T cells in SLE 

6.4.1 GSL metabolism is dysregulated in T cells from SLE patients 

We hypothesised that altered LXR signaling could be an important component of CD4+ 

T-cell dysfunction in SLE, based on our previous data showing increased expression of 

LXRB, NPC1 and NPC2 in SLE patient T cells (137). Unfortunately, I was unable to 

validate changes in the expression of LXRB, NPC1 or NPC2 in ex vivo T cells from SLE 

patients. This could be due to patient heterogeneity, as I have demonstrated drug 

treatment and disease activity could affect the transcription of the lipid metabolism 

genes (Figure 5- 2, pg.140). Unfortunately, clinical information from the original six 

patients was not available. The discrepancy could also be caused by technical variation, 

including different methods of RNA extraction (TRIzol versus RNeasy kit), and use of 

different housekeeping genes: glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

versus cyclophilin A. Indeed, GAPDH is an enzyme involved in glycolysis, and glycolytic 

metabolism has been shown to be dysregulated in T cells from SLE patients (230). 

It was previously proposed that increased expression of NPC1 and NPC2 mRNA in 

SLE patient T cells lead to accelerated trafficking of GSLs, resulting in increased plasma 

membrane GSL levels. Although these gene were not upregulated in this analysis, there 

was a significant increase in the expression of GSL biosynthesis enzyme UGCG. This 

provides an alternative, but not mutually exclusive, mechanisms for upregulation of 

GSLs in SLE. As SLE is highly heterogeneous, it is possible both of these mechanisms 

occur, resulting in a similar endpoint: an upregulation of GSLs in the plasma membrane 

which can be ‘normalised’ by a UGCG inhibitor.  

Although we have shown UGCG is regulated by LXR in healthy T cells, the upregulation 

of UGCG in T cells from SLE patients may not be LXR-mediated. Data in the laboratory 

suggests UGCG is upregulated in response to IFNb stimulation (data not shown), and 

UGCG levels strongly correlated with MXA expression (Figure 5- 4, pg.143). 
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6.4.2 LXR activity is subtly altered in CD4+ T cells from SLE patients 

In addition to UGCG, two other LXR target genes were differentially regulated; IDOL 

was upregulated and LPCAT3 downregulated. This supports a gene specific rather than 

global change in LXR activity. 

LPCAT3 or its regulation by LXR has not been studied in T cells, but in murine 

macrophages it has been shown to exert anti-inflammatory effects and protect against 

ER stress (73). If it fulfils similar roles in T-cells, then restoring its expression to healthy 

levels could be beneficial to SLE T cells, which are inflammatory and prone to ER stress 

(309). Furthermore, genetic deletion of LPCAT3 in murine hepatocytes and enterocytes 

has been linked to increased membrane lipid order (74,75), suggesting reduced 

expression of LPCAT3 in T cells from SLE patients could also contribute to pathogenetic 

changes in plasma membrane lipid rafts. 

GW and EC reduced cholesterol levels in T-cells, and the magnitude of cholesterol 

reduction was greater in SLE samples particularly by 72 hours (Figure 5- 8, pg.151). 

This is consistent with the enhanced upregulation of ABCA1 mRNA in response to GW 

stimulation. Furthermore, the low expression of HMGCR and SQLE ex vivo indicates 

SLE T cells may be less capable of synthesizing new cholesterol to compensate for 

LXR-induced efflux.   

6.4.3 LXR-independent actions of oxysterols in SLE 

72 hours EC treatment significantly increased percentage of CTB high T cells in SLE 

samples but had no effect on HC samples (Figure 5- 10, pg.155). As this striking 

response to EC treatment was not mirrored by the LXR-specific ligand GW, it was likely 

LXR-independent. Consequently, this suggests a different oxysterol-sensitive pathway 

is altered in SLE – for example SREBP2 (56) or ROR (42).  

Initially, in the absence of oxysterol measurements, 24S, 25 epoxycholesterol was 

chosen as a representative endogenous LXR ligand because it is the most potent and 

has fewer documented LXR-independent effects than 25- or 27-hydroxycholesterol 
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(Table 1- 1, pg.24). However, we later discovered that 24S- and 25- hydroxycholesterol 

show a trend towards reduced levels in SLE patient plasma whereas 24S, 25- 

epoxycholesterol showed no difference (Figure 5- 5, pg.146), indicating this was not the 

most physiologically relevant choice for these experiments.  

There is currently no published data available comparing oxysterol levels in SLE 

patients to HCs, although autoantibodies to 24S-hydroxycholesterol have been 

reported to inversely correlate with BILAG score (310). Furthermore, crosstalk between 

25-HC and the IFN response (44), and 27-HC and estrogen signaling (43) suggest 

these two oxysterols could be particularly interesting to study in the context of SLE. 

Oxysterols will be measured in further plasma samples and ex vivo CD4+ T cells from 

HCs and SLE patients. If any of the endogenous ligands are significantly altered in SLE, 

this could inspire a future project investigating both LXR dependent and independent 

roles of oxysterols in SLE T-cells.  

6.4.4 Cholesterol biosynthesis and storage are downregulated in T cells from 

SLE patients 

Whilst conducting this analysis a collaborator contacted us to share data from a 

microarray performed in HC and SLE CD4+ T cells which showed significant changes 

in expression of many genes involved in cholesterol metabolism (Laurence Morel, 

University of Florida, personal communication).  Examination of these genes in our 

cohort reveled downregulation of HMGCR, SQLE, ACAT1 and ACAT2, and 

upregulation of IDOL. This strongly suggest T cells from SLE patients have a defect in 

cholesterol metabolism.  

 Both ER and plasma membrane cholesterol (182,183) have been shown to regulate T-

cell activation. Recently, genetic ablation and pharmacological inhibition of ACAT1 in 

CD8+ T-cells was shown to increasing plasma membrane cholesterol, which improved 

efficacy of immune synapse formation and boosted effector function (182). Although 

ACAT1 inhibition did not have the same effect on CD4+ T cells, the authors noted 

ACAT2, rather than ACAT1, was more abundant in CD4+ T cells than CD8+. Indeed, ex 
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vivo ACAT2 was more strongly downregulated in T cells from SLE patients than ACAT1, 

and ACAT2 mRNA also negatively correlated with dsDNA titer (Figure 5- 2, pg.140). 

This suggests ACAT2 is more important than ACAT1 in this cellular system. If low levels 

of ACAT2 in CD4+ T cells had a similar effect to ACAT1 inhibition in CD8+ T cells, this 

could contribute to the hyperactivation of T cells in SLE.  

6.4.5 Type I IFN could be the serum factor which induces LXR-mediated 

upregulation of GSLs expression 

IFNa is heavily implicated in the pathogenesis of SLE, and an ‘IFN signature’ is a 

common feature amongst patients (202,203,207). Furthermore, induction of interferon 

signalling has been shown to downregulate the cholesterol biosynthesis pathway in 

macrophages (271,272). This lead us to speculate that IFN could contribute to the 

downregulation of cholesterol biosynthesis in ex vivo T cells from SLE patients. 

Interestingly, serum from patients with active SLE induced a strong upregulation of the 

IFN-responsive MXA gene, and of LXR target genes UGCG and SCD, as well as 

cholesterol biosynthesis genes HMGCR and SQLE (Figure 5- 6, pg.148). MXA 

expression also correlated with expression of LXR target genes ex vivo Figure 5- 4, 

pg.143) and appeared to be an important predictor of lipid metabolism phenotype in T 

cells from SLE patients. Consequently, there is evidence to suggest IFN regulates 

expression of LXR target genes, including UGCG which could drive upregulation of 

GSLs. Current work in the laboratory is further interrogating the role of IFN in immune-

cell metabolism in autoimmunity, including potential cross talk with LXR and estrogen 

signaling.   
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6.5 Therapeutic implications 

6.5.1 Therapeutic targeting of LXR 

Due to their diverse effects on lipid metabolism and the immune system, LXRs have 

attracted great interest as therapeutic targets in a wide array of inflammatory and 

metabolic diseases including atherosclerosis, NAFLD, cancer, and neurodegenerative 

diseases (311–316).  

First generation LXR agonists T013197 and GW3965 were found to inhibit the 

progression of atherosclerosis (317,318).  However, activation of LXR in the liver also 

causes an undesirable increase in hepatic and plasma triglyceride levels. Another 

obstacle has been the failure of animal models to predict adverse outcomes of LXR 

activation in clinical trials (319,320). Most promising to date, LXRb-specific agonist 

RGX-104 was well tolerated in 6 cancer patients as part of a phase 1 dose-escalation 

study for its use in patients with solid tumours (ClinicalTrials.gov, NCT02922764) and 

elicited beneficial biological effects, consistent with results from murine models (321).  

Tissue specificity is another promising strategy; intestine-specific LXR ligand has been 

shown to improve reverse cholesterol transport in mice without targeting the liver (322), 

and delivery of synthetic LXR agonists to atherosclerotic plaques by nanoparticles has 

also proved effective in vivo, again without eliciting hepatic lipogenesis (323,324). 

Despite this progress, further research into endogenous mechanisms of LXR regulation 

are still required, especially in humans. 

The discovery that LXR activation upregulates UGCG expression in PBMCs provides a 

novel mode of action for LXR in the immune system. It will be important to establish 

whether this mechanism extends to other cell-types and tissues, as this could have 

wide-reaching implications for the therapeutic activation of LXR. First, it must be 

determined whether UGCG is also regulated by LXR in rodent models, as the ideal 

experiment to assess regulation of GSL expression on a systemic scale would be to 
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treat wildtype and LXR knockout mice with an LXR agonist and measure the expression 

of GSLs and GSL biosynthesis enzymes in an array of tissues and cell-types.    

Effects of LXR activation on GSLs could cause unintended side-effects or contribute to 

therapeutic benefits. For example, elevated expression of UGCG has repeatedly been 

linked to acquisition of multi-drug resistance and resistance to apoptosis in cancer 

models (325,326), which could undermine anti-tumour effects of LXR activation. 

Conversely,  inhibition of GSL biosynthesis has been shown to be beneficial in animal 

models of  fatty liver disease (327,328), and cancer (329–332). These effects are 

compatible with that of the inverse LXR agonist, SR9238, which has been shown to 

inhibit glycolysis and induce cell death in cancer cells (316), and have beneficial effects 

on hepatic steatosis (333).  

6.5.2 Lipid modification as a therapeutic strategy for SLE 

Our laboratory has a long-standing interest in the use of lipid-modifying agents to treat 

SLE (334), especially as they can reduce the increased risk of atherosclerosis 

associated with autoimmunity.  

The UGCG inhibitor NB-DNJ (aka. miglustat) (335) is already FDA approved for the 

treatment of some lysosomal storage disorders; a family of rare genetic diseases 

characterized by defects in the metabolism of lipids, especially glycosphingolipids, 

which results in aberrant accumulation within lysosomes, often causing serious 

neurological symptoms (320). Our previous work demonstrated that NB-DNJ could 

normalise the function of T cells from SLE patients in vitro (137). Inhibition of GSL 

biosynthesis has also been shown to be atheroprotective in animal models (336,337), 

suggesting this could also offer the dual benefit of reducing cardiovascular risk. 

However, effects of GSL inhibition on T cells in vivo, or on other cell types implicated in 

SLE has not yet been assessed. Consequently, the net impact of GSL inhibition on SLE 

pathogenesis cannot be predicted. This is difficult to determine without suitable pre-

clinical models, and whilst aberrant GSL expression has been extensively studied in T 

cells from SLE patients, there is no evidence of this in murine models. Furthermore, 
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pilot data from a collaborator showed an extremely significant decrease (n=6, 

p=0.0055) in the mRNA expression of UGCG in CD4+ T cells isolated from the spleens 

of 7-month old mice on the triple congenic background (B6.Sle1.Sle2.Sle3), a well-

known SLE experimental model  (338), compared to wildtype mice (Laurence Morel, 

University of Florida, personal communication). This is the complete opposite of the 

phenotype we have observed in human peripheral CD4+ T cells from SLE patients. This 

could reflect a difference between splenic and peripheral Tregs, a species-specific 

difference, or be specific to this particular model of SLE. Reduction of GSL levels has 

been associated with reduced production of IL-4 by T-cells in MRL/lpr model of 

autoimmunity (236), so perhaps this would be a better model to examine.  

In addition to inhibition of GSL biosynthesis, Jury et al. (2006) have shown that statin 

treatment has beneficial effects on T cell function in vitro by reducing the expression of 

lipid rafts, restoring phosphorylation of Erk and production of IL-6 and IL-10 to levels 

similar to T cells from healthy controls (200). Indeed, several clinical trials have been 

performed to assess the effect of statins in SLE patients, with the hope they could have 

the dual benefits of improving SLE symptoms and reducing cardiovascular risk. 

However, results have been mixed with some studies reporting positive outcomes 

(339,340), while others were inconclusive (341–343). Due to the heterogeneity between 

SLE patients, it is likely not all patients will benefit from lipid-based intervention. For 

example, my data suggests inhibition of lipid metabolism would have greater effects on 

T cells from patients with an IFN signature based on the relationship between 

expression of IFN response gene MXA and lipid metabolism genes. Possibly, more 

targeted trials of statin therapy will be more informative.  Furthermore, Apo-A1 has also 

been shown to reduce SLE pathogenesis in murine models, through effects on multiple 

cell types including T cells (344) and dendritic cells (135,136).  Omega-3-fatty acid 

supplements have also undergone several clinical trials, in general with positive effects 

on disease activity (345), as well as on the reduction of VLDL cholesterol (346,347).  
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Overall, lipid modulating therapies remain a promising prospect for the treatment of SLE 

and should continue to be investigated. 
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6.6 Conclusion 

The work presented in this thesis has generated new insights into the action of LXRs in 

human T cells, and strongly supports our original hypothesis; that LXR activation 

modulates CD4+ T cell function through the regulation of plasma membrane lipid rafts. 

Importantly, a novel role for LXR in the transcriptional regulation of GSL biosynthesis 

was identified, which I found is also applicable to other cell-types.  

We had further hypothesised that changes in serum lipids in patients with SLE could 

drive increased activation of LXR and contribute to the pathogenic upregulation of GSL 

expression. However, further interrogation of lipid metabolism in T cells from SLE 

patients instead highlighted a relationship between IFN signaling and altered 

expression of lipid metabolism genes, both ex vivo and in response to SLE serum. This 

included UGCG and several other LXR target genes, implying that IFN signaling could 

drive changes in LXR activity in CD4+ T cells from SLE patients.     

In conclusion, my findings regarding LXR-mediated regulation of GSLs and TCR 

signaling are highly novel and highlight the importance of plasma membrane lipid 

composition in determining immune cell function. This mechanism could be of 

therapeutic relevance to disorders characterised by defects in T-cell signaling and 

metabolism, including autoimmunity, cardiovascular disease, and cancer.  
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Additional outcomes of this PhD 

Oral Presentations 

6th UCL Cardiovascular Science Symposium, 2017, University College London, UK.  
‘Liver-X-Receptor activity and plasma membrane lipid-rafts are altered in monocytes 
from SLE patients with and without atherosclerosis’ 
 
BHF 4 Year PhD Student Conference, 2016, University of Glasgow, UK. 
‘Liver-X-Receptor stimulation modulates plasma membrane lipid composition and 
immune function of human CD4+ T cells’ 

‘Metabolic Drivers of Immunity’, 2015, Aston University, UK. (A joint Biochemical 
Society/British Society for Immunology Hot Topic Event) 
‘Liver-X-Receptor activation affects plasma membrane lipid composition and immune 
function of human CD4+ T cells’ 

Poster Presentations 

British Society of Immunology Annual Congress, 2017, Brighton, UK.  

Keystone symposium: ‘Integrating Metabolism and Immunity’, 2017, Dublin, Ireland. 

BSI/NVVI Joint Annual Congress, 2016, Liverpool, UK. 

London Vascular Biology Forum Christmas Meeting, 2016, London, UK.  

Keystone symposium: ‘Immunometabolism in Immune Function and Inflammatory 
Disease’, 2016, Banff, Canada. 

First author publications         

Review articles:  

Waddington, K.E. & Jury, E.C., 2015. Manipulating membrane lipid profiles to restore 
T-cell function in autoimmunity. Biochemical Society Transactions, 43. 

Waddington, K.E., Jury, E.C. & Pineda-Torra, I., 2015. Liver X receptors in immune cell 
function in humans. Biochemical Society Transactions, 43.  

Methods chapter:  

Waddington, K.E., Pineda-Torra, I., and Jury, E.C. 2018. Analysing T-cell Membrane 
Lipids by Flow Cytometry. Lipid-activated Nuclear Receptors in Health and Disease, 
Methods Molecular Biology. 

Peer- reviewed publication:  

Smith, E.*, Croca, S.*, Waddington, K.E.*, Sofat, R., Griffin, M., Nicolaides, A., 
Isenberg, D.A., Pineda-Torra, I., Rahman, A & Jury, E.C., 2016. Cross-talk between 
iNKT cells and monocytes triggers an atheroprotective immune response in SLE 
patients with asymptomatic plaque. Science Immunology, 1(6). *Joint first author  
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Manuscript under preparation: 

Waddington, K.E., Robinson, G.A., Rubio-Cuesta, B., Poon, KS., Ivanova, I., Martin-
Gutierrez, L., Owen, D.M., Jury, E.C.* & Pineda-Torra, I*. Activation of the liver X 
receptors alters plasma membrane lipid composition and signalling in CD4+ T cells 
through direct regulation of glycosphingolipid synthesis. *Joint senior authors 

Additional contributions  

Peer-reviewed publications: 

Gage, M.C., Bécares-Salles, N., Louie, R., Waddington, K.E., Zhang, Y., Tittanegro, T., 
Rodriguez-Lorenzo, S., Jathanna, A., Pourcet, B., Pello, O.M., De la Rosa, J.V., 
Castrillo, A. & Pineda-Torra, I., 2017. Disrupting myeloid-specific LXRα phosphorylation 
promotes FoxM1 expression and modulates atherosclerosis by inducing macrophage 
proliferation. PNAS.  Awaiting Publication 

Pourcet, B., Gage, M.C., León, T.E., Waddington, K.E., Pello, O.M., Steffensen, K.R., 
Castrillo, A., Valledor, A.F. & Pineda-Torra, I., 2016. The nuclear receptor LXR 
modulates interleukin-18 levels in macrophages through multiple mechanisms. 
Scientific Reports, 6(1), p.25481  

Review article: 

Robinson, G. A., Waddington, K.E., Pineda-Torra, I. & Jury, E.C., 2017. Transcriptional 
regulation of T-cell lipid metabolism: Implications for plasma membrane lipid rafts and 
T-cell function. Frontiers in Immunology, 8. 

Manuscripts under preparation: 

Robinson, G.A., Waddington, K.E., Adriani, M., Ioannou, Y., Pineda-Torra, I.* and Jury 
E.C*. Gender differences in T-cell function are associated with altered plasma 
membrane lipids and lipoprotein metabolism. *Joint senior authors 

Robinson, G.A., Waddington, K.E., Adriani, M., Ioannou, Y., Ciurtin, C., Pineda-Torra, 
I.* and Jury E.C*. Disease activity and atherosclerotic risk in juvenile-onset SLE are 
associated with immune cell lipids and lipoprotein metabolism: An opportunity for 
stratified lipid modification therapy. *Joint senior authors 

MSc/MSci Student Projects 

Rebecca Winchenbaugh, MSc Genetics of Human Disease 2016-2017 
‘Investigating the Role of Liver X Receptors in Monocytes from SLE Patients with 
Atherosclerosis’ 

Kok-Siong Poon, MSc Genetics of Human Disease 2015-2016 
‘Investigating the effect of LXR activation on the expression of glycosphingolipid 
synthesis genes’ 

Ponni Balasundaram, MSci Pharmacology 2015-2016 
‘Validation of human macrophage subset markers relevant to atherosclerosis’  
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