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Abstract 

Immune dysfunction in spondyloarthritis (SpA) causes significant morbidity to a large 

number of patients. An understanding of the underlying pathological processes 

involved in causing the disease is essential for the development and better targeting 

of therapies. 

I have shown for the first time in patients with SpA an overall expansion of peripheral 

blood and synovial fluid T cells producing GM-CSF and an expansion of GM-CSF 

positive Th17 cells. In addition, I have shown GM-CSF to be a major effector 

cytokine of joint-derived innate lymphoid cells. Surface phenotyping and 

transcriptional analysis of the IL-17A/GM-CSF double positive cells showed that 

whilst they are related to classic Th17 cells, they also have a uniquely activated 

transcriptional profile.  

Additionally, I have shown IL-7 to be a promoter of GM-CSF production by CD4 T 

lymphocytes in vitro. However, my data shows that polymorphisms of the IL7R, 

which have been shown to be associated with AS in genome-wide association 

studies, play a functional role through cell surface expression of the IL7R on CD14 

monocytes.  This genotypic expression of the IL7R on monocytes is only seen after 

activation with LPS or TNFα. I further show CD14 monocytes expressing IL7R to be 

present in SpA joints. 

 

My data shows that RORγt, the master transcription factor of Th17 cells, can be 

therapeutically targeted using small molecule inhibitors in-vitro. These inhibitors lead 

to a specific suppression of both polyfunctional and IL-17A single positive Th17 cells.  

 

The work in this thesis has highlighted several areas of novel immune biology with 

potential therapeutic applications in SpA and across the spectrum of related 

inflammatory diseases.  
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Chapter 1: Introduction 
_________________________________________________________ 

1.1 Spondyloarthritis 
 

1.1.1 Clinical features 
 

The term spondyloarthritis encompasses a group of inflammatory diseases 

with common pathological and genetic features. Classically this group of 

disorders was classified into distinct diseases including Ankylosing Spondyltis 

(AS) Reactive Arthritis (ReA), Psoriatic Arthritis (PsA) and Enteropathic 

Arthritis (EA). More recently this classification has been changed by 

international consensus and patients are diagnosed as having 

spondyloarthritis (SpA) with axial (spine) or peripheral involvement (M. 

Rudwaleit et al. 2010). As the disease progresses the phenotype can often 

change in the same individual and other organ systems can be involved. The 

prevalence of Spondyloarhtritis is estimated to be in the range of 0.5-2% in 

European populations (Andrianakos et al. 2003; Jürgen Braun et al. 1998; J. 

Braun, Listing, and Sieper 2005; Bruges-Armas et al. 2002; Saraux et al. 

2005). 

  

 

 

 

 

 

 

Figure 1.1. ASAS consensus classification of spondyloarthritis. 
Adapted from www.asas-group.org 
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1.1.2 Prevalence and Diagnosis of Ankylosing Spondylitis 
 
Ankylosing spondylitis (AS) is a common chronic inflammatory disease 

affecting approximately 0.5% of European populations (J Braun et al. 1998).  

The disease typically causes inflammation in the spine and sarco-illiac joints 

of patients and this can progress to new bone formation and eventual fusion 

of the spine in severe cases (Tam, Gu, and Yu 2010). The onset of disease is 

typically in the third decade of life (Feldtkeller et al. 2003) and patients suffer 

with inflammatory back pain, which is worse in the morning and associated 

with stiffness but improves as the day continues (M Rudwaleit et al. 2006).  

Diagnosis was traditionally made based on the modified NY criteria, 1984, 

which use radiographic changes at the sacroiliac joint as the key determinant 

plus either a history of inflammatory back pain or limitations in lumbar spine 

motion or chest expansion as supporting features (Linden, Valkenburg, and 

Cats 1984). However, it is widely accepted that sacoilliac changes are a late 

feature of the disease and do not occur in all individuals. The average age of 

symptom onset to formal diagnosis has been reported to be up to 10 years 

(Feldtkeller et al. 2003), partly because of the indolent nature of the symptoms 

and the importance of radiographic changes in the modified New York criteria. 

 

Modern imaging modalities especially MRI have allowed earlier diagnosis of 

axial inflammation in patients who suffer from inflammatory back pain (M. 

Rudwaleit, Jurik, et al. 2009). This has led to the development of new 

classification criteria by the assessment of spondyloarthritis international 

society, which are more focused on inflammatory back pain and take into 

account MRI imaging and genetic risk (M. Rudwaleit et al. 2010). Based on 
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these new criteria patients can be classified as having peripheral or axial SpA. 

Within axial SpA there is now a new subgroup called non-radiographic axial 

SpA where there is spinal inflammation on MRI but no new bone formation on 

x-ray (M. Rudwaleit, Landewé, et al. 2009). In reality these patients are a mix 

of early AS, some of whom will go on to develop new bone formation, together 

with a distinct subset of disease who may never develop new bone formation, 

and were previously overlooked by the New York criteria. Unfortunately 

current MRI imaging is unable to distinguish these two subgroups within the 

non-radiographic axial SpA. 

 

1.1.3 Overlap with inflammatory bowel disease & the role of the 
microbiome 
 
A particular feature of SpA is the clinical overlap with inflammatory bowel 

disease. Up to 30% of patients with inflammatory bowel disease develop 

either axial or peripheral arthritis, where the severity often correlates with the 

amount of bowel inflammation (Orchard et al. 2000). In addition, up to 60% of 

SpA patients who do not have gut symptoms show evidence of macro or 

microscopic inflammation on endoscopy (De Vos et al. 1989; Eliakim et al. 

2005). This overlap has led many in the field to suggest a link between gut 

and joint inflammation in SpA via the “joint-gut axis” where immune response 

priming and loss of tolerance is initiated in the gut and subsequently spreads 

to the joints (Brakenhoff et al. 2010; Praet et al. 2012; Jacques and Elewaut 

2008). However the precise mechanisms for this theory remain very poorly 

understood. 
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Recent advances in gut microbial phenotyping using bacterial 16S ribosomal 

sequencing have suggested that alterations in the microbial populations of the 

gut may play an importnant role in the loss of self-tolerance observed in 

autoimmunity (Proal, Albert, and Marshall 2013). The use of sequencing 

techniques has allowed the study of microbial gut populations that are often 

difficult to identify using more traditional culture based techniques (Grice and 

Segre 2012; Drancourt et al. 2000).   

 

The importance of the gut microbiome in SpA has long been suspected 

because of the observation that B27-transgenic rat models of AS do not 

develop the disease in germ-free conditions (Rath et al. 1996). Moreover a 

recent study using the SKG mouse model of SpA where the T cell receptor 

signal strength is altered due to a mutation in the signalling molecule ZAP-70 

(Sakaguchi et al. 2003) found the arthritis to be significantly attenuated under 

germ-free conditions (Rehaume et al. 2014). The only published study in 

human SpA used 16S microbial sequencing to interrogate the microbiome in 

terminal ileal biopsies from 9 patients with AS compared to healthy 

volunteers. The authors found significant increases in bacterial families in AS 

(Lachnospiraceae, Ruminococcaceae, Rikenellaceae, Porphyromonadaceae, 

Bacteroidaceae) and a decrease in abundance of two families (Veilonellaceae 

and Prevotellaceae) (Costello et al. 2015). Other studies have suggested a 

microbiome alteration in early rheumatoid arthritis based on 16S sequencing 

of stool derived gut microbiome with an abundance of Prevotella corpi in 

rheumatoid arthritis (RA) (Scher et al. 2013). Collectively these observations 

provide more tangible evidence for the “gut-joint axis” but the precise 
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mechanisms that drive microbiome-mediated loss of tolerance in the gut and 

how this might lead to a manifestation of the disease in the joint still remain 

unsolved.   

 

1.1.4 Overlap with uveitis 
 
Apart from the gut, other extra-articular manifestations of the 

spondyloarthritides include inflammation in the eyes.  Approximately one third 

of patients with ankylosing spondylitis will suffer attacks of anterior uveitis. 

Individuals who are HLA-B27 positive have a particularly increased risk of 

developing this complication with an odds ratio of 4.2 compared to HLA-B27 

negative AS patients (Zeboulon, Dougados, and Gossec 2008). Increasing 

evidence seems to suggest an important role for type-17 immunity in driving 

the pathogensis of uveitis (R. W. J. Lee and Dick 2012). However clinical trials 

of the anti-IL-17A antibody failed to show benefit in this disease group (Dick et 

al. 2013). It is still not clear why some patients develop certain extra-articular 

manifestations while others do not, and why therapies targeting IL-17A do not 

show the same efficacy in the different affected organ systems. 

 

1.1.5 Overlap with psoriasis 
 
Up to 10% of patients who have a primary diagnosis of ankylosing spondylitis 

develop skin psoriasis at some point during the course of their illness (Stolwijk 

et al. 2015). On the other hand, the prevalence of axial disease in patients 

with a primary diagnosis of psoriatic arthritis been reported to be as high as 

70% in some studies based on sacroiliac joint radiograph analysis (Battistone 
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et al. 1999). However, other studies which look at the pattern of symptoms in 

PsA patients report much lower rates of axial involvement at around 5% 

(Lindqvist et al. 2008). One intriguing observation has been the development 

of psoriasis (Collamer and Battafarano 2010) and other autoimmune disease 

such as uveitis (Wendling et al. 2011) in SpA patients triggered by treatment 

with anti-TNFα antibodies. A particular association with Etanercept was 

observed for the triggering of uveitis with 23/31 (74%) reported cases 

associated this agent rather than the other two agents Adalimumab and 

Infliximab. Interestingly a randomised controlled trail of Etnercept treatment 

for uveitis in JIA failed to show any benefit in this patient group (Smith et al. 

2005) but the analysis of uveitis rates in randomised controlled trials of 

Etanercept in AS did not show an increase incidence of uveitis (Sieper et al. 

2010).  

 

The only prospective study of new onset psoriasis in anti-TNFα (Infliximab 

and Adalimumab) treated individuals with IBD showed 5% of patients develop 

this paradoxical phenomenon and treatment with Ustekinumab can be used 

successfully in these patients (Tillack et al. 2014). The mechanism of these 

paradoxical immune phenomenona is not understood and so far these types 

of anti-TNFα triggered autoimmune disease have not been reported with 

agents targeting IL-17A (although the experience in using these agents is 

significantly shorter compared to anti-TNFα agents).  
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1.2 Genetics of AS 
 

AS has long been associated with inheritance of the Human Leukocyte 

Antigen (HLA) allele B27 (Schlosstein et al. 1973). In addition, more recent 

genome wide association (GWAS) studies have highlighted several other 

important genes involved in the interleukin-17 (IL-17) and interleukin-23 (IL-

23) inflammatory axis (D. M. Evans et al. 2011).  The most recent GWAS 

study conducted by the International Genetics of AS (IGAS) consortium has 

now implicated over 40 genes in AS (Cortes et al. 2013).  

 

The HLA-B27 association with AS is one of the strongest genetic associations 

of any common human disease. Heterozygote HLA-B27 carriage results in an 

increased odds ratio for AS of around 50 while homozygosity has an odds 

ratio of around 100. The concordance in monozygotic twins is 63% and the 

risk in first degree relative is 8.2%. Of the 136 reported subtypes of B27, 

B*2702, B*2703, B*2704, B*2705, and B*2710 are reported to significantly 

increase risk, whereas B*2706 and B*2709 are not associated with disease. 

Even though up to 94% of patients with AS are HLA-B27 positive, this only 

accounts for 30% of the total heritability of the disease which is estimated to 

be in the region of 90% (Bowness 2015).  

 

Other important genetic loci which have been identified encode two 

endoplasmic reticulum aminopeptidases  (ERAP-1 and ERAP-2) on 

chromosome 5, which are involved in peptide trimming for presentation on 

MHC class I. Disease associated ERAP-1 variants only increase risk of AS in 

the context of HLA-B27, suggesting that the effects of ERAP-1 disease-
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associated polymorphisms are likely to play out through altering the 

interaction of HLA-B27 with peptides. This was confirmed in a study which 

showed silencing of ERAP-1 in cell lines altered the length of peptides 

presented by HLA-B27 (Chen et al. 2014).   

 

Another important pathway that has been genetically linked with AS is the IL-

23/IL-17 pathway. IL-23R signalling on CD4 T-helper cells is required for the 

differentiation of Th17 cells (McGeachy et al. 2009). Polymorphisms of this 

receptor have been strongly associated with the risk of developing AS (Burton 

et al. 2007; Reveille et al. 2010) and psoriasis (Nair et al. 2009). It was later 

shown that the protective allele coded for a loss of function mutation resulting 

in defective signalling and decreased percentage of Th17 cells (Laggner et al. 

2011). The IL-23R receptor signals via downstream signalling cascades 

including STAT3 and TYK2 (Cho et al. 2006, 3; Parham 2002). 

Polymorphisms in these molecules have also shown disease susceptibility in 

AS (Danoy et al. 2010; Cortes et al. 2013). In particular rare variants of TYK2 

show an odds ratio of 7.7 for the disease. This is one of the strongest non-

MHC genetic effects observed in AS (Robinson and Brown 2014).  

 

Another important cytokine involved in Th17 differentiation is IL-6 (Zhou et al. 

2007). Polymorphisms in the IL6R gene were shown to be associated with AS 

(Cortes et al. 2013) and Asthma (Dehghan et al. 2011). The importance of IL-

6 signalling in Th17 biology and the success of monoclonal antibodies 

targeting IL-6 in RA (Maini et al. 2006) led to similar trials in AS and SpA. 

However two trials in AS failed to show sufficient efficacy in AS (Henes et al. 
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2010; Sieper et al. 2014). Interestingly this same polymorphism is associated 

with RA but in the opposite direction (Eyre et al. 2012). This highlights the 

importance of a good understanding of the immunobiology of these pathways 

before embarking on costly randomised controlled trials. 

 

Various T cell transcription factors and pathways involved in T cell 

proliferation and survival have also been shown to be associated with AS. 

Some of these the key transcription factors include EOMES, RUNX3 and 

TBX21 (Reveille et al. 2010; Cortes et al. 2013). RUNX3 is a key transcription 

factor for the development of CD8 cells in the thymus (J.-H. Park et al. 2010) 

and AS patients carrying the disease-associated polymorphism have been 

shown to have lower numbers of circulating CD8 cells (D. M. Evans et al. 

2011). One of the key activating cytokines for RUNX3 in CD8 cells is IL-7. 

Polymorphisms in the IL7Rα gene have been associated with AS (Cortes et 

al. 2013; D. M. Evans et al. 2011) and with several other inflammatory 

diseases including multiple sclerosis (Gregory et al. 2007) and primary biliary 

sclerosis (Mells et al. 2011). It is not clear how the interactions between IL-7 

signalling and RUNX3 play out at a functional level in AS and other diseases.  

 

1.3 Pathogenesis of SpA 
 
A main pathological feature of SpA is inflammation at the enthesis (the site of 

attachment of bone into tendon or ligament) (McGonagle, Gibbon, and Emery 

1998). This distinct anatomical localisation of the disease remains poorly 

understood but it has been suggested that the enthesis is a site of high stress 

and that inflammation is due to disregulation of normal homeostatic repair 
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mechanisms at this site. More recently murine studies have suggested that 

the enthesis has a distinct resident immune cell population which can become 

over-activated in the context of chronic inflammation and elevated levels of 

systemic cytokines (Sherlock et al. 2012). The existence of these cell 

populations in humans has not yet been established, but if shown this would 

be of huge significance as it would provide a pathological basis of 

inflammation at the enthesis. 

 

The role of HLA-B27 in disease pathogenesis remains elusive 40 years after 

the initial discovery of its association. The most obvious lines of enquiry 

looked to identify specific self or environmental peptides presented by HLA-

B27 that would activate CD8 cells via the MHC class I pathway. A particularly 

encouraging observation was the discovery of antigen-specific CD8 cells 

using HLA-B27 tetramers in Chlamydia-triggered reactive arthritis (Appel et al. 

2004). Unfortunately no arthrogenic peptides have been identified to date in 

AS and furthermore, disease was seen to develop in the B27 transgenic rat 

models in the absence CD8 cells (Taurog et al. 2009).  

 

A second theory for the pathogensis of HLA-B27 in AS stems from the 

observation that HLA-B27 can misfold in the endoplasmic reticulum (Mear et 

al. 1999). This misfolding leads to ER stress which activates the transcription 

factor C/EBP homologous protein (CHOP), leading to the upregulation of IL-

23 in dendritic cells (Goodall et al. 2010). In the transgenic B27 rat model, 

LPS stimulation of bone-marrow derived macrophages in the context of HLA-

B27 misfolding leads to upregulation of IL-23 (DeLay et al. 2009). However, in 
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AS patients, studies of gut biopsies did not show evidence of upregulated 

unfolded protein response gene transcription (Ciccia et al. 2014).  Meanwhile, 

one study of macrophages from the inflamed joints of patients with AS 

showed increased expression of 78-kDa glucose-regulated protein (GRP78), 

a marker for the activated unfolded protein response. However this study did 

not demonstrate HLA-B27 as the driver of the unfolded protein response in 

these patients. The role of the unfolded protein response in HLA-B27 driven 

inflammation is therefore interesting but largely unproven. 

 

The third major theory for the pathogenesis of HLA-B27 in AS revolves 

around the ability of HLA-B27 to aberrantly fold to form homodimers (Allen et 

al. 1999) or beta-2-microglobulin free heavy chains on the cell surface (Bird et 

al. 2003). Expression of these aberrant forms of HLA-B27 have been shown 

on the cells of AS patients, and aberrant HLA-B27 can be recognised in vitro 

by Killer-Immunoglobulin-like receptors (KIRs) (Kollnberger et al. 2002). 

These receptors are primarily expressed on NK cells (Lanier 2005) but have 

also been shown to be expressed on circulating CD4 T cells (Remtoula, 

Bensussan, and Marie-Cardine 2008). HLA-B27-positive Individuals with AS 

and HLA-B27 healthy donors have been shown to have a higher frequency of 

T cells expressing this receptor and these cells are polarised towards a Th17 

phenotype (Bowness et al. 2011). In further work it was shown this receptor is 

expressed on CD4 cells after activation and induces transcription of the Th17 

transcription factor ROR-γt (Ridley et al. 2015). This body of work links the 

Th17 immune pathway in AS with HLA-B27 for the first time. However, it is 
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quite possible that all three theories of HLA-B27 driven pathogenesis 

contribute to disease in the same individuals. 

 

In terms of other pathogenic pathways identified by GWAS, the best studied 

pathway in AS is the IL-23/IL-17 axis. Evidence for the expansion of this 

immune pathway has come from several studies showing increased numbers 

of circulating T-helper 17 CD4 cells (Th17s) in the peripheral blood of patients 

with AS (Shen, Goodall, and Hill Gaston 2009; Sarkar, Cooney, and Fox 

2010). More importantly, manipulating this axis using monoclonal antibodies 

to block the main effector cytokine IL-17A has proved to be successful in 

human trials for AS (Baeten et al. 2013) but intriguingly not in Crohn’s disease 

which shares many of the genetic and pathological features of AS (Hueber et 

al. 2012).  

 

1.4 The role of T cells 

1.4.1 T cell differentiation 
 
Both GWAS and functional data point towards CD4 T cells as important 

participants in the pathogenesis of AS and other inflammatory disorders such 

as PsA. CD4 T cells derive from common lymphoid progenitors and their 

receptor diversity is generated by random RAG-mediated recombination and 

junctional diversity. They undergo positive and negative selection in the 

thymus before being released as naïve CD4 cells into the periphery. A full 

discussion of these complex process is outside the scope of this thesis. RAG 

recombination is reviewed in (Gellert 2002) and thymic selection in (Timothy 
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K. Starr, Stephen C. Jameson, and Hogquist 2003). For the purposes of this 

thesis I will focus on the role of IL-7 in some of these processes. 

 

1.4.2 The role of IL-7 and IL-7R signalling 
 
IL-7 is a survival factor for lymphocytes and it is predominantly produced by 

stromal cells (Fry and Mackall 2005), with some reports suggesting DCs have 

a limited ability to also make IL-7 (Guimond et al. 2009). IL-7 signals through 

the IL7R, which is a heterodimer composed of the IL7Rα chain (also known 

as CD127) and the common γ chain. Downstream signalling of the IL7R is 

mediated by PIK3 and STAT5 (Pallard et al. 1999), and also antagonises the 

effects of TGF-β signalling through the induction of SMAD ubiquination 

regulatory factor 2 (SMURF2) (J.-H. Park et al. 2004). At rest the IL7R is 

expressed on most resting T cells and is downregulated following T cell 

activation or IL-7 signalling (J.-H. Park et al. 2004; Fry et al. 2003). 

 

IL-7 signalling is crucial for the development of T lymphocytes and mutations 

in the IL7R lead to a severe combined immunodeficiency phenotype (SCID) in 

humans and mice (Puel et al. 1998). That is because IL7 signalling is tightly 

controlled in the thymus during T cell positive and negative selection and is 

required for VDJ recombination of the T cell receptor (Durum et al. 1998; 

Plum et al. 1996). In human thymic in-vitro cultures, the addition of anti-IL7 

antibody prevents the production of T cells (Yeoman, Clark, and DeLuca 

1996). 
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IL-7 signalling is also required for the development of γδ T cells (He and 

Malek 1996) and CD8 cells (Brugnera et al. 2000). In mice it is required for B 

cell differentiation (Namen et al. 1988) but in humans with mutations in the IL-

7 pathway B cells are present (Puel et al. 1998). IL-7 is not required for the 

development of NK cells (He and Malek 1996). In addition to the role of IL-7 

for the development of lymphocyte populations, it has also been shown to 

induce the proliferation of T cells in the periphery (W. Q. Li et al. 2006). IL-7 

does not seem to be essential for myeloid development. However, expression 

of the receptor has been reported at mRNA level in both CD14 monocytes 

(Martinez et al. 2006) and DCs (Guimond et al. 2009).  

 

Thymic stromal lymphopoietin (TSLP) has also been shown to signal through 

the IL-7Rα chain when it forms a heterodimer with TSLPR (Levin et al. 1999). 

The expression of human TSLPR is quite broad and mRNA expression has 

been reported in heart, muscle, kidney and liver (Tonozuka et al. 2001). In 

contrast to IL-7, the effect of TSLP signalling in human myeloid cells is seen 

most strongly in CD11c DCs, where an induction of thymus and activation-

regulated cytokine (TARC) is seen. TSLP does not seem to have a significant 

effect on human lymphoid cells (Soumelis et al. 2002). The overlap between 

TSLP and IL-7 signalling may explain why the phenotype of IL7R-deficient 

mice appears to be more severe than that of IL-7-deficient mice (Leonard 

2001). However IL-7 seems to be the dominant signalling molecule for 

lymphocytes, since mice lacking the TSLPR gene show normal lymphoid 

compartment development (Carpino et al. 2004; Al-Shami et al. 2004). 
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In the periphery, naïve CD4 and CD8 cells both express IL7R but this is 

downregulated following TCR triggering (Schluns et al. 2000; Franchimont et 

al. 2002). In addition both effector memory and central memory T cells retain 

their IL7R expression (Huster et al. 2004) and require IL-7 for survival 

(Seddon, Tomlinson, and Zamoyska 2003; Schluns et al. 2000). The 

production of IL-7 by stromal cells in the lymph nodes is thought to be 

independent of the concentration of IL-7, leading to some to develop the 

“altruistic hypothesis” where systemic IL-7 concentrations are controlled by T 

cell consumption rather than production (J.-H. Park et al. 2004). However this 

has not been clearly shown and in inflammatory arthritis there are several 

reports to suggest increased concentrations of IL-7 in inflamed joints 

compared to osteoarthritis (van Roon et al. 2005; Hartgring et al. 2009). 

 

1.4.3 T Helper subsets 
 
The existence of two functionally different subsets of T cells was first 

described in 1986 (Mosmann et al. 1986). Since then it has been shown that 

naïve CD4 cells are activated in lymph nodes by antigen presenting cells and 

differentiate into distinct effector lineages (Fig1) based on the signals in their 

environment. These T helper subsets are defined by their cytokine production 

and key master transcription factors have been identified. Th1 cells require 

the master transcription factor T-bet and produce IFN-γ, while Th2 cells 

produce IL-4 and IL-5 and require the transcription factor GATA-3. Th17 cells 

produce the signature cytokine IL-17A and require the key transcription factor 

ROR-γt. Lastly, regulatory T cells (Tregs) express the transcription factor 

FOXP3 and broadly suppress inflammation (reviewed in Zhu and Paul 2008). 
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1.4.4 Type 17 immunity and Th17 cells 
 
 

Th17 cells are a relatively new addition to the T helper subset paradigm and 

were first described around 2005 (H. Park 2005; Harrington et al. 2005; 

Aggarwal et al. 2003). The key effector function of these cells is thought to be 

immunity against extracellular bacteria and fungal infections, with patients 

lacking Th17 cells suffering from recurrent staph aureus and candida 

infections (Ma et al. 2008; Milner et al. 2008). These functions are mediated 

through the release of cytokines such as IL-17A and IL-17F in addition to IL-

22. One of the key cytokines driving the differentiation of this subset of T cells 

is IL-23, which shares a subunit (p40) with IL-12 (Oppmann 2000). The 

importance of this subset of T cells was highlighted in mouse models of 

autoimmunity where it was shown that knocking out IL-23 but not IL-12 made 

Figure 1.2. Model for differentiation of T helper effector subsets based on 
cytokine environment and transcription factor activation 
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mice highly resistant to auto-inflammatory diseases (Cua et al. 2003; Murphy 

et al. 2003).  

 

The signals involved in the differentiation of naïve CD4 cells towards a Th17 

programme are still not clearly elucidated with key areas of confusion arising 

from differences between mice and human cells. In mice three studies have 

independently reported the requirement for IL-6 and TGF-β as key cytokines 

driving a Th17 programme (Mangan 2006; Veldhoen et al. 2006; Bettelli 

2006). This shared role for TGF-β, which also is involved in the differentiation 

of regulatory T cells suggests a key role for IL-6 in the determination of the 

balance between Tregs and Th17s (Bettelli 2006). The interplay between 

Th17 and Tregs is intriguing and two studies have reported human Th17 to 

preferentially differentiate from Tregs (Ayyoub, Raffin, and Valmori 2012; 

Valmori et al. 2010). 

 

In human T helper cell development the role TGF-β is less clear. Two studies 

have shown the combination of IL-6 and IL-1β to be sufficient in promoting 

human Th17 cells with TGF-β seemingly playing a inhibitory role (Eva V. 

Acosta-Rodriguez et al. 2007; N. J. Wilson 2007). Critiques of these two 

studies suggested that TGF-β in serum used for cultures was not controlled. 

In two studies using serum free medium, it was shown that TGF-β is required, 

in addition to a pro-inflammatory cytokine such as IL-21 (Li Yang et al. 2008) 

or IL-6 plus IL-23 (Nicolas Manel, Unutmaz, and Littman 2008).  
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In addition to the inflammatory cytokine milieu, other factors that may 

influence the differentiation of Th17 cells include the metabolic environment. 

In two independent studies it was shown that raised extracellular sodium 

concentration enhances the differentiation of Th17 cells (Wu et al. 2013; 

Kleinewietfeld et al. 2013). The mechanisms of the effects of sodium ions on 

T cell differentiation are poorly understood. Wu and colleagues showed that 

serum glucocorticoid kinase 1 (SGK1) was upregulated downstream of IL-23R 

signalling. They cited evidence in epithelial cells where SGK1 is involved in 

regulating the epithelial sodium channel (ENAC) for renal sodium 

reabsorption, but did not show the presence of this channel in T cells. 

Furthermore, it would be difficult to see why a T cell might want to allow 

further sodium to enter intracellular space in response to high extracellular 

sodium when it is already expending so much energy via the sodium-

potassium ATPase to keep its intracellular sodium low (Skou 1957). The true 

mechanism may well involve the cell sensing metabolic stress via ATP 

metabolites as secondary phenomenon in response to overactivation of the 

ATPase.  

 

The evolutionary role for Th17 differentiation in response to raised 

extracellular sodium concentration is more apparent. The main physiological 

role of Th17 cells is to combat extracellular infections, in particular Staph 

aureus, which preferentially grows in high salt conditions (Kateete et al. 2010), 

hence colonising sites in the human body that have an abundance of sweat 

glands (Eriksen et al. 1995).  
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The strength of TCR signalling may also be an additional factor influencing 

the differentiation of Th17 cells. In one study whole human CD4 T cells were 

stimulated with TCR activating beads (CD3/CD28 coated) and it was shown a 

one bead to 50 cell ratio yielded significantly more Th17 cells compared to a 

one to one ratio (Purvis et al. 2010). Antigen dosing has previously been 

shown to alter the Th1/Th2 balance of naïve CD4 cells (Rogers and Croft 

1999). In addition signalling strength is important during thymic selection for 

the deletion of auto-reactive T cells (Hogquist 2001). This concept is intriguing 

because it may be a potential mechanism for how KIR3DL2 interactions might 

influence the TCR signalling strength, especially as they are associated with 

an intracellular phosphatase associated inhibitory motif (Döhring et al. 1996).  

 

As with the differentiation of human Th17 cells, the surface markers that 

define these cells are also a matter for debate. Some studies stress the 

importance of CCR6 co-expression with CCR4 in defining Th17 cells (E. V. 

Acosta-Rodriguez 2007) while other studies suggest CD161 to be an 

important surface marker induced by RORγt (Maggi et al. 2010). There is also 

evidence to suggest that CD161 is expressed in cord blood-naïve CD4 cells 

and that these cells are pre-programmed to becoming Th17 upon antigen 

stimulation (Cosmi et al. 2008). Human peripheral CD4 Cells co-expressing 

CD161 and CCR6 have shown be highly enriched for cells producing IL-17A 

(Francesco Annunziato et al. 2008).  
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1.4.5 Th17 Plasticity 
 
Within the CD4 T-cell compartment, Th17 cells show considerable plasticity 

(Y. Lee et al. 2012), and IL-17A cytokine production is often coupled with 

other inflammatory cytokines such as IL-22 (Bluestone et al. 2009), IFN-γ 

(Ghoreschi et al. 2010) and GM-CSF (El-Behi et al. 2011) in the same cell. In 

mouse models it has also been shown that Tregs can convert to a Th17 

phenotype upon adoptive transfer into a mouse model of inflammatory arthritis 

(Komatsu et al. 2014). Conversely it has been shown that Th17 can 

transdifferentiate into regulatory T cells under the influence of TGFβ (Gagliani 

et al. 2015). 

 

In human studies, it has been shown that the majority of Th17 cells found in 

the inflammed joints of children with juvenile arthritis show an intermediate 

phenotype between Th1 and Th17 and express both RORγ and TBET 

(Nistala et al. 2010). In this study Th17 cells were able to take on the Th1 

characteristic of IFN-γ secretion under the influence of IL-12, but cells sorted 

on Th1 differentiation markers were not able to make IL-17A. It is thought that 

the surface expression of CD161 remains stable and that this can be used to 

identify “ex-Th17” cells (Nistala et al. 2010). The expression of CD161 is also 

observed in FOXP3 positive Treg cells capable of producing pro-inflammatory 

cytokines (Pesenacker et al. 2013). 

 

Understanding the precise phenotype of a pathogenic Th17 cell remains 

elusive. In a mouse model of autoimmunity it was shown that Th17 cells 

(generated with TGFβ1 and IL-6) were able to produce IL-17A but were not 
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pathogenic upon adoptive transfer. Meanwhile TGF-β3, IL-23 and IL-6 were 

able to generate pathogenic Th17s. Transcriptional analysis of the 

“pathogenic Th17s” showed a number of genes to be upregulated including 

CXCL3, IL22 and CSF2 (gene encoding GM-CSF) (Y. Lee et al. 2012). 

Recent advances in single cell sequencing have also shown heterogeneity 

within the mouse Th17 pool. Analysis of Th17 cells from the draining lymph 

nodes of mice with EAE revealed CSF2 to once again be a marker of 

pathogenic cells. In this study four genes found to be highly ranking by gene 

clustering analysis were GPR65, PLZP, TOSO and CD5L (Gaublomme et al. 

2015). Knock out of these genes in mouse models was shown to restrain 

Th17 mediated inflammation in EAE (Gaublomme et al. 2015; Wang et al. 

2015). 

 

Other independent studies of EAE have also shown that that co-expression of 

IL-17A and GM-CSF by CD4 cells marks out a pathogenic subset of Th17 

cells (Shiomi et al. 2014; El-Behi et al. 2011).  Understanding the biology of 

and regulation of GM-CSF within the human inflammatory disease setting is 

crucial for better targeting of future therapies. 

 

1.4.6 RORγt 
 
Retinoid-related orphan receptors (ROR) are a group of intracellular 

transcription factors first cloned in the 1980s. The human ROR gene encodes 

four α isoforms, one β isoform and two γ isoforms γ1 and γ2 (commonly 

referred to as RORγt). The ROR proteins have a nuclear hormone receptor 

structure with a DNA binding domain and C-terminal ligand-binding domain. It 
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is thought that RORs regulate gene transcription by translocating to the 

nucleus following ligand binding interactions, and subsequently bind to 

specific DNA response elements in the regulatory region of target genes 

(Huang, Chandra, and Rastinejad 2010). The natural ligands of some of the 

RORs have been identified and include cholesterol or cholesterol derivatives 

for RORα.  For RORγ all-trans retinoic acid and the synthetic retinoid ALRT 

1550 have been shown to bind and act as antagonists (Stehlin-Gaon et al. 

2003). Until recently the natural agonists of RORγt were not known, but two 

recent reports have suggested that sterol lipids (Santori et al. 2015) and 

oxysterols (Soroosh et al. 2014) are able to act as agonists. Furthermore, it 

was shown that Th17 cells can produce oxysterols under the control of the 

enzyme CYP27A1 (Soroosh et al. 2014) suggesting a self-reinforcing 

feedback loop. 

 

In humans the expression of RORγt occurs exclusively in a subset of immune 

cells (Jetten 2009). RORγt knock-out mice exhibit a defective development of 

thymocytes, lymphoid organs and Th17 cells. The effect on lymphoid organs 

is due to the loss of lymphoid tissue inducer cells which are required during 

lymphoid organogenesis (Kurebayashi et al. 2000). The specificity of RORγt 

to immune cells makes this transcription factor an ideal target for the 

manipulation of type 17 immunity in adults, in whom secondary lymphoid 

organ structures have completed their development. Several inhibitors have 

shown efficacy in mice (Huh and Littman 2012), but these compounds are yet 

to enter clinical trials in patients with type 17 driven immune diseases.  
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1.5 Other Type 17 cells 
 
In addition to Th17s, CD161-expressing CD8 T cells (Walker et al. 2012), γδ 

T-cells (Kenna et al. 2011) and innate lymphoid cells (Cua and Tato 2010) 

have also been shown to make IL-17A. These various IL-17A-producing cell 

types share expression of the ROR-γt transcription factor (Manel, Unutmaz, 

and Littman 2008). Therefore targeting RORγt therapeutically will have an 

impact across the whole range of cells involved in the type 17 immune axis. 

To what extent non-CD4 cells making IL-17A contribute to disease 

pathogenesis in AS remains unclear. In one study it was suggested that γδ T 

cells are the main source of IL-17A in AS but these findings have not been 

replicated by others (Kenna et al. 2011). 

 

 

1.6 Innate Lymphoid cells 
 
Innate lymphoid cells (ILCs) are a part of the innate immune system that has 

only been discovered in the last 5-6 years. They are distributed across tissue 

sites and are thought to be early initiators of inflammation in response to 

tissue stress signals. Interestingly they share the same intracellular 

transcription factors as the main T-helper subsets and thus mirror these 

subsets within the innate arm of the immune system (Artis and Spits 2015).  

 

Members of the ILC family have lymphoid cell morphology but lack lineage 

markers that define the classic B and T cells and, in addition, lack a RAG 

recombined antigen receptor (Spits and Cupedo 2012). Thus the ILC family 
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includes cytotoxic NK cells, which were discovered in 1975 (Kiessling, Klein, 

and Wigzell 1975), and lymphoid tissue inducer cells (LTi) which were 

discovered in 1997 (Mebius, Rennert, and Weissman 1997). For the purposes 

of this project and the remainder of this section, I will concentrate on the role 

of non-cytotoxic ILCs. 

 

Non-cytotoxic ILCs are defined by their expression of the IL7R alpha subunit 

(CD127) on the cell surface but also have receptors for other stimuli and 

cytokines (Spits et al. 2013). They can be divided into three distinct groups. 

ILC1 require the intracellular transcription factor T-bet and are capable of 

making the signature Th1 cytokine IFN-γ in addition to TNFα, and are 

involved in immunity against intracellular bacteria (Fuchs et al. 2013). ILC2 

cells require GATA-3 and make the Th2 associated cytokines IL-4, IL-5 and 

IL-13 in addition to amphiregulin (Mjösberg et al. 2011; Monticelli et al. 2011). 

The ILC3 subset, which incorporates LTis, express RORγt and make type 17 

cytokines IL-17A and IL-22 and have been shown to be involved in mucosal 

immunity (Cupedo et al. 2009; Cella et al. 2008). It remains unclear to what 

extent these ILC subsets represent distinct stable lineages and plasticity 

within these cells is under investigation. 

 

Innate lymphoid cells have been described in the gut (Geremia et al. 2011), 

lungs (Monticelli et al. 2011) and skin (Salimi et al. 2013) and they are thought 

to play a role in maintaining homeostasis at their anatomical sites. ILC2s for 

example have been shown to be important in immunity against helminth 

infections in response to IL-25 and IL-33 (Price et al. 2010). ILC3 cells have 
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been shown to be crucial for the maintenance of the gut epithelial barrier and 

their depletion was shown to lead to dissemination of commensal bacteria 

(Sonnenberg et al. 2012).  In addition, ILC3s have also been shown to 

regulate the proliferation of marginal zone B cells (Magri et al. 2014). 

 

In addition to the role of ILCs in tissue homeostasis, several groups have 

shown a role in chronic inflammatory disorders. In mice intraepithelial ILC1 

and ILC3 have been shown to contribute to colitis in mouse models 

(Buonocore et al. 2010; Fuchs et al. 2013). ILC2s have been shown to 

contribute to lung inflammation in mouse models (Y.-J. Chang et al. 2011) and 

have been shown to be expanded in the nasal polyps of patients suffering 

from chronic rhinitis (Mjösberg et al. 2011). They have also been shown to 

contribute to type 2 inflammation in the skin of patients with atopic dermatitis 

(Salimi et al. 2013).  

 

Only one report has so far described the presence of ILCs in human inflamed 

joints in psoriatic arthritis (Leijten et al. 2015). These were shown to be ILC3s 

and were expanded as a percentage of the ILC compartment compared to 

blood, but their precise role in driving inflammation is not clear. One report 

claiming the expansion of ILC3 subsets in the blood, synovial fluid and bone 

marrow of patients with AS (Ciccia et al. 2015) did not define these cells 

based on the expression of the IL7R  and thus the cells that are described do 

not represent the internationally agreed definition of ILCs (Spits et al. 2013). 

Therefore, the interpretation of these data are difficult. 
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1.7 GM-CSF Biology 
 
Granulocyte-macrophage colony stimulating factor (GM-CSF) is a pro-

inflammatory haematopoietic growth factor which is essential for the 

differentiation of myeloid cell subsets including macrophages and 

granulocytes (Metcalf 2008). Many cell types including fibroblasts, smooth 

muscle cells, endothelial cells and monocytes are capable of producing GM-

CSF in-vitro in response to innate inflammatory signals such as LPS or IL-1β  

(reviewed by Hamilton 2002). More recently GM-CSF production from CD4 T 

cells has been reported particularly in the context of pathogenic Th17 cells 

(Shiomi et al. 2014; El-Behi et al. 2011). The main in-vivo cellular source of 

GM-CSF in humans remains poorly defined; in mouse models of 

neuroinflamation T cell-specific GM-CSF knockouts were protected from 

disease, suggesting a crucial role for CD4 T cell-derived GM-CSF in 

inflammatory diseases (Codarri et al. 2011).   

 

More recently several reports have shown the presence of GM-CSF-

producing CD4 cells at the site of inflammation in human inflammatory 

disease. In one study of patients with juvenile inflammatory arthritis (JIA) GM-

CSF-producing T cells were shown to have higher expression of CD161 and 

to be enriched in the inflammed joint (Piper et al. 2014). The authors also 

showed that capture sorted Th17 cells were able to produce GM-CSF under 

culture conditions containing IL-2, IL-12 and IL-23. In untreated multiple 

sclerosis (MS) the percentage of CD4 cells producing GM-CSF in the 

periphery was shown to be elevated compared to healthy controls and MS 

patients treated with IFN-β (Rasouli et al. 2015). The authors also showed 
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expression of GM-CSF in CD4 and CD8 T cells in MS brain biopsy samples 

by fluorescence microscopy where co-staining with IL-17A was also shown 

(Rasouli et al. 2015). A second independent study similarly showed the 

presence of GM-CSF producing CD4 cells in the CSF of patients with MS 

(Noster et al. 2014). In this study GM-CSF T cells were shown to express 

higher levels of T-bet than RORγt  and once again a role for IL-12 priming 

was shown. 

 

To what extent GM-CSF producing CD4 cells represent a distinct effector 

lineage rather than a state of activation remains an area for debate. In the 

mouse models of disease GM-CSF expression has been suggested to be 

downstream of RORγt and under the influence of IL-23 rather than IL-12, with 

mice lacking RORγt showing a diminished ability to produce GM-CSF (Codarri 

et al. 2011). A more recent study has suggested IL-23 acts via the 

transcription factor Blimp-1, which co-localises with RORγt and STAT3 to 

promote IL-17A and GM-CSF production (Jain et al. 2016). These two studies 

are supported by human data suggesting that GM-CSF is produced 

predominantly from CD161-positive cells, which have been shown to express 

higher levels of RORγt compared to Th1 cells (Piper et al. 2014). This is in 

contrast to the findings by Noster and colleagues who show high T-bet and 

low RORγt in ex-vivo human CD4 cells and suggest GM-CSF production to be 

part of a Th1 programme (Noster et al. 2014). In a study using STAT5 knock 

out mice it is suggested that GM-CSF is under the control of STAT5 

signalling, with in-vitro generated GM-CSF-producing cells shown to express 

low levels of T-bet and RORγt (Sheng et al. 2014). The confusion arises 
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because all of these studies are looking at CD4 GM-CSF production in 

different disease and differentiation contexts. What is clear is that GM-CSF 

producing T cells seem to have an important pathogenic role in mice and 

humans, therefore understanding the downstream effects of GM-CSF are 

crucial. 

 

GM-CSF binds to a heterodimeric receptor (GM-CSFR) which comprises a 

specific low affinity α-chain (GM-CSFRα or CD116) and a signal transducing 

common β-chain (GM-CSFRβ or CD131) which is shared with the IL-3 and IL-

5 receptors (Broughton et al. 2015). Binding of GM-CSF to its receptor leads 

to a signalling cascade involving JAK2 and STAT5 (Matsuguchi, Lilly, and 

Kraft 1998). This leads to the activation of downstream inflammatory 

signalling molecules including MAPK, PI3K and NFκB (Guthridge and Lopez 

2007). 

 

Myeloid cells express high levels of GM-CSFR and this signalling is thought to 

be crucial for the differentiation and survival of myeloid cells in the bone 

marrow and periphery (Metcalf 2008; Cowburn et al. 2011; Wright et al. 2013; 

Griseri et al. 2015). In the context of inflammation, neutrophil expression of 

the adhesion receptor CD11b is upregulated to enhance trafficking (Yong et 

al. 1992). In addition, GM-CSF extends the survival of neutrophils and 

enhances the oxidative burst and neutrophil extracellular trap formation 

(NETs) (Yousefi et al. 2009). GM-CSF also enhances trafficking (Curran and 

Bertics 2012; Liu et al. 2015) and survival (Wong et al. 2013) of eosinophils. 
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The best characterised effects of GM-CSF are on the maturation of 

monocytes and macrophages (Reviewed in Hamilton and Achuthan 2013). In 

particular multiple in-vitro studies have reported GM-CSF to drive a pro-

inflammatory (M1) macrophage subset (Akagawa et al. 2006; Joshi et al. 

2014; Martinez et al. 2006; Shibata et al. 2001; Fleetwood et al. 2009). 

However, in GM-CSF (CSF2) knockout mice the myeloid compartment is 

relatively intact (Stanley et al. 1994) while M-CSF knockout leads to major 

myeloid deficiencies (Dai et al. 2002). This suggests that GM-CSF may have 

a more specific role in peripheral myeloid activation in response to stress 

rather than driving the development of the myeloid compartment.  

 

CSF2 knockout studies show a deficiency of MoDCs (a monocyte derived 

subset of DCs defined by expression of CD103 and CD207) found in the skin 

(King, Kroenke, and Segal 2010) and gut lamina propria (Hirata et al. 2010). 

MoDCs are rare at baseline but increase during inflammation (Campbell et al. 

2011; Naik et al. 2006; Segura and Amigorena 2013). MoDCs have been 

shown to activate T cells in vitro and produce pro-inflammatory cytokines 

(Zhan, Xu, and Lew 2012). Several in-vitro studies have shown a clear role for 

GM-CSF for the in-vitro differentiation of MoDCs from CD14 monocytes and 

these in-vitro generated DCs share many phenotypical features with in-vivo 

MoDCs (Xu et al. 2007; Caux et al. 1996; Fleetwood et al. 2009). In particular, 

human MoDCs isolated from sites of inflammation have been shown to drive 

autologous naive CD4 cells towards Th17 differentiation (Segura et al. 2013).  
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Overexpression of GM-CSF in transgenic mouse models leads to a 

phenotype characterised by the accumulation of DCs and macrophages at 

several tissue sites leading to tissue destruction (Lang et al. 1987). In one 

particular study it was shown that local GM-CSF overexpression in the 

stomach was sufficient to induce autoimmune gastritis (Biondo et al. 2001). 

Van Nieuwenhuije and colleagues mention in their review in 2013 unpublished 

findings where T-cell specific overexpression of GM-CSF was sufficient to 

induce a chronic inflammatory phenotype affecting multiple tissue sites (van 

Nieuwenhuijze et al. 2013). This once again suggests T cells to be an 

important source of GM-CSF in the pro-inflammatory peripheral setting. 

 

The phenotype of the CSF2 knockout mouse shows an accumulation of 

surfactant in the lungs (Stanley et al. 1994), similar to a rare human 

phenotype of pulmonary alveolar proteinosis (PAP) which is associated with 

high circulating levels of anti-GM-CSF antibodies (Kitamura et al. 1999). Anti-

GM-CSF antibodies are also reported in healthy individuals and IVIG blood 

products but at around 100 fold lower concentrations compared to individuals 

with PAP (Uchida et al. 2009). Therefore any therapies targeting this pathway 

will have to take into account this potential adverse effect. 
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1.8 Treatment of Ankylosing Spondylitis  
 
Ankylosing spondylitis limited to the spine is treated initially with a 

combination of non-steroidal anti-inflammatory drugs (NSAIDs) and specialist 

physiotherapy (Braun et al. 2011). Unlike many other autoimmune 

inflammatory diseases the spinal inflammation does not typically respond to 

glucocorticoid therapy (Braun and Sieper 2002).  

 

Response to treatment is often assessed using the Bath Ankylosing 

Spondylitis Disease Activity Index (Garrett et al. 1994) (BASDAI). This is a 

validated questionnaire that takes into account features of the disease 

affecting the spine using a patient reported visual analogue score. In 

particular pain and stiffness are key parameters which are included in this 

questionnaire. BASDAI does not take into account systemic measures of 

inflammation such as CRP and has been criticised for failing to discriminate 

between active inflammation and chronic non-inflammatory damage, e.g. due 

to new bone formation in AS. Other measures such as ASDAS have now 

been developed which incorporate serum CRP levels, but their correlation to 

active inflammation based on MRI evidence of inflammation on STIR 

sequences is still debatable. Part of the problem is that not all patients with 

AS develop a systemic inflammatory response manifesting as a raised CRP, 

therefore CRP in itself is only a useful marker of systemic inflammation in 

around one third of patients (Ruof and Stucki 1999). 

 

Patients who fail to respond to exercise and NSAIDs are considered for a trial 

of anti-TNF therapy. Active disease is defined as a BASDAI score and visual 
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analogue score of pain both at equal to or greater than 4/10 on two occasions 

at least three months apart. These criteria are specified by the National 

Institute for health and Care Excellence (NICE), who also stipulate patients 

must trial at least two NSAIDs before qualifying for anti-TNF therapy. Unlike 

rheumatoid arthritis and psoriatic arthritis, synthetic disease modifying anti-

rheumatic drugs (DMARDs), such as methotrexate, have failed to show any 

benefit for the spinal pain and inflammation in AS (Dougados et al. 1995; 

Clegg, Reda, and Abdellatif 1999). 

 

Five different monoclonal antibodies which neutralise TNFα, Infliximab, 

Etanercept, Adalimumab, Golimumab and Certolizumab, have now been 

shown to be effective in AS (Smolen et al. 2014). The rationale for using these 

agents was largely based on the successful trials in rheumatoid arthritis and 

the finding of TNFα mRNA in sacroiliac joint biopsies in AS (J Braun et al. 

1995) but their success has led to a huge step-change in the treatment of AS. 

Although there are no head-to-head trials of the different agents, the 

responses seen are similar across the five agents. 60% of all patients will 

show at least a 20% improvement (ASAS20) compared to placebo and up to 

one third of those will show a greater than 70% improvement (ASAS70) 

compared to placebo. This still leaves 30% of patients failing to show any 

improvement on anti-TNFα agents and until very recently there was no other 

option for these patients. Moreover, it is still not clear if anti-TNFα therapies 

alter the new bone formation component of AS, or just act to relieve 

inflammation and pain (Machado 2013). 
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In the last five years a number of studies have reported positive outcomes for 

monoclonal antibodies targeting IL-17A and the IL-23 p40 subunit (shared 

with IL-12). Secukinumab, a monoclonal antibody targeting IL-17A, has shown 

efficacy in two phase three studies in ankylosing spondylitis. The data shows 

an ASAS20 response rate of 58-64% at 24 weeks. 40% of the patients 

included in this trial had previously failed to respond to anti-TNFα therapy, but 

the authors do not clarify the response rate in this sub-group (Baeten et al. 

2015). Ustekinumab, a monoclonal antibody against the shared p40 subunit of 

IL-23 and IL-12, has shown an impressive 75% ASAS 20 response at 24 

weeks. However this study had an open-label design rather than being a 

randomised controlled trial and non-responders to anti-TNFα therapy were 

excluded (Poddubnyy et al. 2014). 

 

These two new therapies targeting the type-17 immune response are 

undergoing evaluation by NICE but have not yet received approval for use in 

the UK. This will lead to a second pathway that can effectively be targeted in 

AS, if and hopefully when these agents do receive approval, and therefore 

offers hope to the 30-40% of patients who fail to respond to anti-TNFα 

therapy. However the efficacy of these agents in anti-TNFα non-responders is 

yet to be clarified. One key challenge for the future as the number of 

therapeutic agents increases is being able to personalise treatments to 

patients from the outset.  

 

Finally, there is still a lack of effective oral therapies in AS and this represents 

a problem in patients who find it difficult to inject using needles. One such oral 
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agent, Aprimelast, which is a phosphodiesterase-4 inhibitor, failed to meet its 

primary efficacy endpoint in phase 2 trials in AS but phase 3 studies are 

ongoing (Pathan et al. 2012). A second oral agent Tofactinib, which targets 

the JAK1 and JAK3 intracellular signalling cascades, has shown some 

efficacy in phase 2 trial reported in AS at a recent conference abstract (van 

der Heijde et al. 2016). However, this agent, which also showed efficacy in 

phase three trials in RA (E. B. Lee et al. 2014), has not been granted approval 

by the European Medicines Agency due to its toxicity. Therefore there is a 

need for effective and tolerable synthetic therapies that can be taken orally.  
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1.9 Project aims 
 
Recent understanding of the biological processes involved in the 

pathogenesis of  spondyloarthritides has translated into important treatments 

for patients. However, a significant number of patients are refractory to current 

available therapies and an unmet clinical need remains in this disease. This 

thesis seeks to answer some important questions about aspects of biology in 

the context of SpA in order to identify new potential targets. 

 

1- What is the phenotype of GM-CSF producing cells in SpA and other 

inflammatory arthritidies? 

a. Which lymphocyte populations are making GM-CSF upon ex-

vivo stimulation of PBMCs and which is the predominant GM-

CSF producing cell type in the peripheral blood? 

b. What is the surface and functional phenotype of the GM-CSF 

producing lymphocyte population and which signals are 

controlling the expression of this cytokine? 

c. Which lymphocyte population is the predominant producer of 

GM-CSF in the inflamed joint and what it the role of innate 

lymphoid cells?  

2- What is the functional role of polymorphisms in the IL7R in relation to 

inflammatory disease pathogenesis? 

a. What is the baseline IL7R expression in human PBMC subsets 

and does this change with stimulation? 

b. What are the effects of LPS stimulation on IL7R expression of 

CD14 monocytes? 
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c. What is the functional relevance of IL7R expression on 

monocytes? 

3- Are small molecule RORγt inhibitors a viable therapeutic option in type 

17 immune mediated human disease? 

a. To develop an assay for the in-vitro expansion of type 17 cells 

from SpA patients. 

b. To test the effects of small molecule RORγt-inhibiting 

compounds on the production of IL-17A and other T cell-derived 

cytokines by blood lymphocytes of SpA patients. 

c. To test the effects small molecule RORγt-inhibiting compounds 

on SpA synovial fluid mononuclear cell Th17 responses. 
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Chapter 2: Materials and Methods 
_________________________________________________________ 

2.1   Patient and Control Recruitment 
 
Peripheral blood and synovial fluid samples were recruited prospectively from 

the Oxford AS clinic as part of the immune function in inflammatory arthritis 

study (REC reference number 06/Q1606/139).  Healthy donors were recruited 

under the same ethics.  Synovial tissue samples were supplied by Mr Roger 

Gundle and Mr Ben Kendrick under the Oxford Musculoskeletal Biomedical 

Research Unit biobank ethics. Genotyped healthy donors for the IL7R study 

were recruited via the Oxford biobank with full ethical approval 

(www.oxfordbiobank.org.uk). 

 

2.2   Laboratory Methods 
 
Name of 
Media 

Components 

R0 RPMI-1640 (Sigma) + 2mM l-glutamine, 50μg/ml Penicillin 
and 50μg/ml streptomycin 

R10  R0 + 10% sterile filtered heat inactivated fetal calf serum 
(Sigma) 

R10-HS R0 + 10% sterile filtered heat inactivated human AB serum 
from males (Sigma/NHS blood and transfusion services) 

PBS Phosphate buffered saline without calcium and magnesium 
(Sigma) 

MACS Buffer Phosphate buffered saline with 1% fetal bovine serum + 
2mM EDTA 

FACS wash Phosphate buffered saline (Sigma) + 1% fetal calf serum 
(Sigma) 

Fix/Perm 
buffer 

BD biosciences, used according to manufacturer’s 
instructions 

Permwash® 
buffer 

BD  biosciences, diluted 1:10 in deionised water according to 
manufacturer’s instructions 

FACS Fix FACS wash with 2% Formaldehyde (Sigma) 
Table 2.1: Media used in experiments 
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2.2.1 Mononuclear cell separation from peripheral blood and synovial 
fluid 
Venous blood and synovial fluid were collected in tubes containing sodium 

heparin (≥1U/ml BD vacutainer).  Samples were diluted 1:1 in R0 medium 

(table 2.1) and separated by density centrifugation (Histopaque®, Sigma). A 

maximum of 35mls was layered over 15mls  of Histopaque® in a 50ml falcon 

tube (BD Falcon).   Tubes were centrifuged at 2000 rpm for 20 minutes 

without the brake.   The cellular interface was collected with a Pasteur pipette 

and re-suspended in R10 medium (table 2.1).   Cells were washed twice in 

R10 by centrifugation at 1800 rpm for 10 minutes, then at 1500rpm for 10 

minutes.  Cells were counted after a 1:1 dilution in Trypan blue (Sigma) using 

a haemocytometer under a light microscope. 

 

2.2.2   Cryopreservation of peripheral blood mononuclear cells (PBMC) 
and synovial fluid mononuclear cells (SFMC) 
 
For storage PBMC and SFMC were pelleted by centrifugation at 1800 rpm for 

10 minutes, the supernatant removed and cells re-suspended at 7-10x106 

cells/ml in freezing medium (FCS containing 10% dimethyl sulphoxide, 

Sigma).   Cells were frozen in 1ml aliquots in labeled cryovials (Alpha 

laboratories) and transferred to storage at -80°C in a freezing container 

(Nalgene).   For long-term (>2 weeks) storage cells were transferred to liquid 

nitrogen.  

2.2.3  Thawing of PBMC and SFMC 
 
PBMC or SFMC were thawed by placing cryovials in a water bath at 37°C for 

rapid thawing, before transferring to a 15ml falcon.  Cells were washed twice 

in R10, by centrifugation at 1500rpm for 10 minutes, before use. 
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2.2.4 Cell isolation using magnetic beads 
 

2.2.4.1   CD4+ T cell isolation 
 
Isolation was performed using the CD4+ T cell isolation kit II (Miltenyi Biotec) 

by a process of negative selection.  This method uses a cocktail of biotin-

conjugated antibodies against CD8, CD14, CD16, CD19, CD36, CD56, 

CD123, TCRγ/δ, and glycophorin A, leaving untouched CD4+ T cells. 

1x107cells/ml were suspended in 40µl MACS buffer.   10µl biotin-antibody 

cocktail was added per 1x107cells/ml, mixed and incubated on ice for 10 

minutes.    Following incubation 30µl MACS buffer and 20µl anti-biotin 

microbeads were added per 1x107cells/ml, mixed and incubated for a further 

15 minutes on ice.    Cells were washed by adding 10 times the labelling 

volume of MACS buffer and centrifuging at 300g for 10 minutes.   After 

washing cells were re-suspended in MACS buffer, with up to 1x108 cells/ml 

being resuspended in 500µl MACS buffer. 

 

LS or MS columns were used for magnetic separation, depending on cell 

numbers, with MS columns being used for isolation with up to 1x107 labelled 

cells and LS columns being used for isolation with up to 1x108 labelled cells 

(Miltenyi Biotec).   To prepare the columns 500µl MACS buffer was applied to 

a MS column or 3ml MACS buffer was applied to a LS column.   The cell 

suspension was applied to a pre-separation filter (Miltenyi Biotec) to removed 

cell clumps and passed through the column.   The column was washed 3 

times in 500μl (MS) or 1ml (LS) MACS buffer. The eluted fraction, containing 
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the CD4+ T cells, was washed twice with MACS buffer.   Using this method a 

mean purity of  95.5% (SD 1.87)  was achieved. 

 

2.2.4.2   CD14 cell isolation by positive selection 
 
Isolation was performed using the Miltneyi™ CD14 microbead system. 

PBMCs were washed and re-suspended in 80μl of MACS buffer per 107 cells. 

20μl of the CD14 microbeads were added and the mixture incubated at 4°C 

for 15 minutes. Cells were washed by adding 2ml of MACS buffer and spun at 

300g and then resuspended in 500μl of ice cold buffer. Magnetic separation 

was carried out as above with the CD14 cells being positively labelled. 

Therefore the column was removed from the magnet and MACS buffer 1ml 

(MS) or 5ml (LS) was used to flush out the CD14 cells. Purity of >90% was 

regularly achieved. 

 

2.2.4.3   Naïve  CD4+ T cell isolation 
 
Naïve CD45RO- CD4+ T cells were obtained from PBMC using the naïve  

CD4+ T Cell Isolation Kit II (Miltenyi Biotec) by a process of negative 

selection.  This method uses a cocktail of biotin-conjugated antibodies against 

CD8, CD14, CD15, CD16, CD19, CD25, CD34, CD36, CD45RO, CD56, 

CD123, TCRγ/δ, HLA-DR and glycophorin A, leaving untouched naïve  CD4+ 

T cells.  1x107cells/ml were suspended in 40µl MACS buffer.  10µl biotin-

antibody cocktail was added per 1x107cells/ml, mixed and incubated on ice.  

After 10 minutes cells were washed by adding 2mls of MACS 

buffer/1x107cells and centrifuging at 1800 rpm for 10 minutes.  After removing 
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the supernatant 30µl MACS buffer and 20µl anti-biotin microbeads were 

added per 1x107cells/ml, mixed, and incubated for a further 15 minutes on ice.    

Cells were washed by adding 10 times the labelling volume of MACS buffer 

and centrifuging at 1800 rpm for 10 minutes.   After washing cells were re-

suspended in buffer, with up to 1x108 cells/ml in 500µl buffer. 

 

To increase purity, labelled cells were first added to a LS column (Miltenyi 

Biotec) and then to a MS column (Miltenyi Biotec).   Cells were passed 

through a pre-separation filter to remove cell clumps and then passed through 

the column.   The column was washed three times in 500μl MACS buffer.  

The eluted fraction, containing the CD45RO-CD4+ T cells, was washed twice 

with MACS buffer.   Using this method a mean purity of 96% (SD 1.17)  was 

achieved. 

 

2.2.5   Flow Cytometery 
 
Flow  cytometry was performed on a BD Fortessa instrument calibrated daily 

with calibration and tracking beads from BD biosciences. The instrument was 

compensated using single stained compensation beads (Onecomp® beads, 

Ebiosciences).  Data were analysed using FlowJo software (Treestar®).   

 

2.2.5.1   Fluorescence staining using antibodies 
 
Table 2.2 shows the antibodies and staining reagents used during the project, 

which includes a live/dead exclusion marker (eFluor780, eBiosciences) in all 

samples, as well as appropriate isotype control antibodies, as detailed in 
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Table 2.3. Up to 5x105 cells/well were stained in FACS wash in a total volume 

of 50µl per well.   All staining was carried out for 20 minutes on ice and in the 

dark.   After staining cells were washed twice in 200μl FACS wash and 

resuspended in 200μl FACS fix . 

Antibody 
Target 

Fluorochrome Clone Supplier Dilution 

CD3 BV605 OKT3 BioLegend 1:50 
CD3 PE UCHT1 BioLegend 1:50 
CD3 PerCP-Cy5.5 UCHT1 BioLegend 1:50 
CD3 AF700 UCHT1 BioLegend 1:50 
CD4 APC RPA-T4 BioLegend 1:25 
CD4 BV421 RPA-T4 BioLegend 1:50 
CD5 PE UCHT2 BioLegend 1:50 
CD8α BV510 RPA-T8 BioLegend 1:50 
CD11b PE M1/70.15.11.5 Miltenyi 1:50 
CD11c PE MJ4-27G12 Miltenyi 1:50 
CD14 PE TÜK4 Miltenyi 1:50 
CD19 PE LNK16 Miltenyi 1:50 
CD20 PE 2H7 BioLegend 1:50 
CD34 PE 561 BioLegend 1:50 
CD45 Pacific Blue HI30 BioLegend 1:50 
CD45RA APC HI100 BD 2:50 
CD45RA PerCP-Cy5.5 HI100 BioLegend 1:50 
CD45RA BV711 HI100 BioLegend 1:50 
CD45RO FITC UCHL1 BioLegend 1:50 
CD117 (C-Kit) BV510 104D2 BioLegend 2:50 
CD127 (IL-7Rα) BV605 A019D5 BioLegend 2:50 
CD161 eFluor450 HP-3G10 eBiosciences 2:50 
CD161 BV421 HP-3G10 BioLegend 2:50 
CD196 (CCR6) PE-Cy7 11A9 BD 1:50 
CD294 
(CRTH2) 

PE BM16 Miltenyi 2:50 

TCRδγ PE B1 BioLegend 2:50 
KIR3DL2 AF647 DX31 In-house 2:50 
Viability stain eFluor780 N/A eBiosciences 1:250 
IL-17A FITC eBio64DEC17 eBiosciences 1:50 
IFN-γ AF700 B27 BioLegend 1:100 
IL-22 Pe-Cy7 22URTI eBiosciences 1:50 
GM-CSF PerCP-Cy5.5 BVD2-21C11 BioLegend 1:50 
GM-CSF eFluor660 GM2F3 eBiosciences 2:50 
pSTAT5 AF647 47/Stat5(pY694) BD 1:50 
Steptavidin APC N/A BioLegend 1:200 
Fixable viability 
dye 

eFluor780 N/A eBiosciences 1:250 

Table 2.2 Antibodies and dyes used in experiments 
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2.2.5.2   Intracellular Cytokine Staining (ICS) 
 
5x105 cells/well were stimulated with phorbol myristate acetate (100ng/ml; 

Sigma) and ionomycin (1μg/ml; Sigma), in the presence of Golgiplug® 

(Brefeldin A) and Golgistop® (Monensin) (both from BD biosciences diluted 

according to manufacturer’s instructions).and incubated at 37°C in 5% CO2. 

After 4 hours plates were centrifuged at 1500 rpm for 5 minutes to pellet cells 

and the supernatant removed.  Staining was carried out in FACS wash in a 

total volume of 50µl per well.   Cells were stained on ice and in the dark for 20 

minutes.   Following FACS staining plates were centrifuged at 1500 rpm for 5 

minutes and washed twice in 200μl FACS wash.   Cells were permeabilised 

by re-suspending in 100µl Cytofix/Cytoperm™ fixation and permeabilization 

solution (BD Bioscience) for 30 minutes at room temperature.   Cells were 

washed once in 200μl Perm/Wash™ buffer (BD Bioscience).   Cells were then 

stained for intracellular cytokines of interest in a total volume of 50µl per well 

of Perm/Wash™ buffer for 20 minutes at room temperature, and then washed 

Isotype Fluorochrome Clone Supplier 
IgG1  FITC 553443 BD  
IgG1 BV605 MOPC-21 Biolegend 
IgG2a AF647 MOPC-173 Biolegend 
IgG2a  FITC IC003F R & D 

Systems 
IgG2b  FITC MAB004 R & D 

Systems 
IgG1  PE 550083 BD  
IgG2a  PE IM3046 Beckman 

Coulter 
IgG2b  PE 559785 BD 

Biosciences 
Table 2.3 Isotype controls used in experiments 
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twice in 200μl Perm/Wash™ buffer.   Cells were resuspended in 200μl FACS 

fix. 

2.2.5.3 Phospho-Flow 
 
5 x 105 cells were placed in R0 medium in a 96 well plate for 4 hours at 37°C 

then spun down at 300g. Cells were re-suspended in R10 medium containing 

50ng/ml of recombinant human GM-CSF (Peprotech™) for 15 minutes before 

bing placed on ice. Cell surface (CD4, CD8, CD14, CD56 and CD20)  and 

live-dead staining was carried out on ice for 20 minutes. Cells were washed 

twice in FACS wash and resuspended in 100μl of warm (37°C) fixation buffer 

(BD Phosphoflow fix buffer I) diluted 1:1 in FACS wash and incubated at 37°C 

for 10 minutes. Cells were then washed once in FACS wash and 100μl pre 

cooled (-20°C) Phosphoflow perm buffer III (BD) was added  whilst vortexing 

using a multi-channel pipette. Cells were then incubated for 30 minutes on 

ice. After incubation cells were washed twice in cold FACS wash and then re-

suspended in FACS wash containing anti phophoSTAT-5 antibody and 

incubated on ice for 20 minutes. Cells were then washed twice in FACS wash 

and fixed with FACS fix before acquiring on flow cytometer on the same day. 

 

2.2.5.4 Cytokine Capture 
 
All steps were carried out in laminar-flow hood and all reagents used were 

sterile. Fresh lymphocyte cones were obtained from the NHS blood and 

transplant service. The cone was diluted into a final volume of 100ml in R0 

medium and cells were separated by density centrifugation (section 2.2.1). 

CD4 cells were then isolated from the PBMCs by negative selection 2.2.4.1 
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on the same day and re-suspended in R10 medium. CD4 cells were rested 

overnight in a T25 flask at 37°C in an incubator at a concentration of 107 

cells/ml. 

 

The following day cells were washed and re-suspended in warm R10 medium 

at a concentration of 107 cells/ml and stimulated with phorbol myristate 

acetate (100ng/ml; Sigma) and ionomycin (1μg/ml; Sigma) for 2 hours. Cells 

were then spun down at 400g for 5 minutes and re-suspended in 80μl of cold 

(4°C) R10 medium per 107 cells. A mixture of capture antibodies was made at 

a ratio of 2:2:1 of IL-17A capture, GM-CSF capture and IFN-γ capture 

respectively (all Miltenyi biotech). 20μl of capture cocktail was added per 

107 cells and the mixture was incubated on ice for 5 minutes. 

 

After 5 minutes, cells were diluted to a final concentration of 106 cells/ml in 

50ml falcon tubes and incubated at 37°C for 45 minutes. At 5 minute intervals 

the mixture was turned to stop settling. After 45 minutes cells were placed on 

ice to stop cytokine secretion and then spun down at 300g for 10 minutes in a 

cold centrifuge. Cells were re-suspended in cold MACS buffer at 

concentration of 107 cells/ml and stained with MACS detection antibodies (IL-

17A-PE, IFN-γ-FITC, GM-CSF-Biotin) all at a concentration of 1:25μl. In 

addition, cells were also stained with CD45RA-PerCpCy5.5, CD3 BV605, CD4 

BV421 and ef780 viability dye. Cells were incubated in antibody mixture for 10 

minutes on ice then washed in 10ml of cold MACS buffer and spun at 300g for 

10 minutes. Cells were then re-suspended in cold MACS buffer at a 
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concentration of 107 cells/ml and stained with anti-biotin APC at a 

concentration of 1:200 for 10 minutes on ice. 

 

Finally cells were washed twice in 10ml of cold MACS buffer and re-

suspended in sterile PBS containing 2μM EDTA (Sigma) at a concentration of 

2 x107/ml and filtered with the BD cell strainer cap tubes. Cells were kept on 

ice until sort.   

 

2.2.5.5   FACS sorting 
 
Staining for FACS sorting was carried out in the dark and on ice, in a laminar 

flow hood. Compensation controls were set up for each fluorochrome used in 

the sort, including an unstained sample and compensation bead single colour 

stains. Sorting was carried out using an automated cell sorter BD Aria from 

the flow cytometry facility at the Kennedy Institute.  Cells were sorted at 4°C 

into tubes containing sterile PBS.  

 

2.2.6 CyTOF staining 
 
Cryopreserved cells were defrosted (2.2.3) and rested overnight at 37°C in 

R10 medium. On the following day 8x106 cells were stimulated in R10 

medium containing phorbol myristate acetate (100ng/ml; Sigma) and 

ionomycin (1μg/ml; Sigma) for 4 hours at 37°C. The concentration of the cells 

was 2x106/ml and staining was carried out in FACS tubes (BD). 
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After 4 hours 8μl of 103Rh intercalator (Fluidigm) was added to distinguish 

live cells from dead cells and cells were incubated for a further 15 minutes at 

37°C. Cells were then spun for 5 minutes at 400g and washed twice in 2mls 

of cell staining medium (CSM) (Fluidigm). Cells were then re-suspended in 

50μl of cell CSM containing surface antibody master mix of all surface 

antibodies in table 2.4 and incubated for 20 minutes at room temperature. 

 

Tag Target clone concentration 
(μl/stain) 

170Er CD3 UCHT1 1 

145Nd CD4 RPA-T4 2 

168Er CD8 SK1 1 

144Nd CD11b ICRF44 1 

148Nd CD14 RMO52 1 

147Sm CD20 2H7 2 

155Gd CD27 L128 1 

154Sm CD45 HI30 1 

153Eu CD45RA HI100 1 

176Yb CD56 (NCAM) NCAM16.2 2 

143Nd CD117 104D2 1 

149Sm CD127 A0195D5 1 

164Dy CD161 HP-3G10 2 

141Pr CD196 G034E3 1 

160Nd TCRgd B1 2 

173Yb CD11c BU15 2 

151Eu CD16 3G8 2 
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171Yb CD34 581 2 

175Lu CD23 EBVCS-5 2 

174Yb CD336 P44-8 2 

Table 2.4 

 CyTOF surface antibodies used in experiments 

 

Cells were then washed twice by adding 2ml of CSM and spinning at 400g for 

5 minutes. Cells were then re-suspended in 500μl of fix buffer (Fluidigm-

Maxpar fix buffer I diluted 1:5 in PBS) and incubated at room temperature for 

20 minutes. 2ml of perm-S-buffer (Fluidigm-Maxpar) was then added the cells 

and they were spun down at 800g for 5 minutes. Cells were then re-

suspended in 2ml of perm-S-buffer and spun down again at 800g for 5 

minutes.  

 

For intracellular staining, cells were re-suspended in 50μl of antibody 

mastermix made up in perm-S-buffer with the antibodies listed in table 2.5 and 

incubated for 30 minutes in the dark at room temperature.  
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Tag Target clone concentration 
(μl/stain) 

159Tb GM-CSF BVD2-21C11 1 

165Ho IFN-γ B27 1 

142Nd IL-4 MP4-25D2 1 

156Gd IL-6 MQ2-13AS 1 

169Tm IL-17A BL168 1 

166Er IL-17F SHLR17 1 

172Yb IL-21 3A3-N2 1 

150Nd IL-22 22URTI 1 

152Sm TNF MAB11 1 

146Nd IL-2 MQ1-17H12 1 

158Gd IL-10 JES3-9D7 1 

Table 2.5 CyTOF intracellular antibodies used in experiments 
 
 

 

Cells were then washed twice by adding 2ml of perm-S-buffer and spinning at 

800g for 5 minutes. Cells were suspended in 500μl of the 191Ir/193Ir 

intercalator (made up by diluting stock at in 1:4000 Fluidigm-Maxpar Fix/Perm 

buffer) and incubated overnight at 4°C. 

 

On the day of acquisition, cells were washed by adding 3ml of CSM and 

spinning at 800g for 5 minutes. Cells were then re-suspended in 1ml of milliQ-

water for counting. Cells were then spun down for 5 minutes at 800g and the 

concentration was adjusted to 0.5 x 106 cells/ml. The sample was passed 

through a 70μm cell strainer. Equalisation beads (Fluidigm-Maxpar) were 
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added at a concentration of 1:10 after vigorous vortexing and the sample was 

acquired on a CyTOF-1 machine operated by the NDORMS CyTOF core 

facility. Analysis of data was carried out using FlowJo software (Treestar®) 

and Cytobank® software. 

 

2.2.7   T cell activation and culture 
 

2.2.7.1 Anti-CD2/3/28 stimulation 
 
A T cell activation/expansion kit (Miltenyi Biotech) was used for T cell 

stimulation.  MACSiBead particles were prepared according to the 

manufacturer’s instructions.   Briefly 100μl CD2-biotinylated antibody, 100μl 

CD3-biotinylated antibody and 100μl CD28-biotinylated antibody were added 

to 500μl of anti-biotin MACSiBead particles, MACS buffer was added to make 

the volume up to 1ml and the mix was gently rotated for 2 hours at 2-8°C.   

MACSiBead particles were used at a ratio of one MACSiBead particle to two 

cells unless otherwise stated. 

 

2.2.7.2 Th17 polarization for ROR-γt inhibition assays 
 
5 million freshly isolated PBMCs were re-suspeded in 5ml of R10 containing 

100IU/ml IL-2 (peprotech) and anti-CD2/3/28 beads (Miltenyi biotech) at a 

concentration of 1 bead for every 20 cells.  Cells were placed in a T25 flask 

which was kept upright in the cell incubator at 37°C.  ROR-γt inhibitors 

(Merck) were added at this stage or DMSO (Sigma) added as a control.  On 

day 3, 5ml of R10 with 200IU IL-2 was added to the flasks.  On day 6 cells 

were counted and plated out at 500,000 cells per well in a 96 well plate for 
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activation with PMA/ionomycin and subsequent ICS staining protocol 

(2.2.5.2). 

 

2.2.7.3 Tissue explant cultures 
 
Freshly obtained surgical material was re-suspended in 25ml of sterile R10 

immediately. The sample was placed in a large petri dish and cut into 3-4mm 

pieces by hand.  20-30 pieces of the sample were placed in a 6 well plate 

containing 5ml of warm of R10-HS medium containing 100IU/ml IL-2 

(Peperotech™) + IL-7 10ng/ml (Peprotech™).  2.5ml of medium was 

aspirated every 72 hours and replaced with the same volume containing IL-2 

100IU/ml + IL-7 10ng/ml.  After 14 days non-adherent cells were washed off 

the plate and filtered through a 70μm filter.  Cells were counted, rested 

overnight in R10-HS and stimulated in the morning for intracellular cytokine 

staining. 

 

2.2.8   Enzyme-linked Immunosorbent Assay (ELISA) 
 
Human ELISA Ready-SET-Go! (eBioscience) kits were used in all 

experiments.   Washing steps were performed in PBS + 0.05% Tween-20 

(Sigma). 96 well flat bottom plates (Nunc) were coated with 100μl/well capture 

antibody and incubated overnight at 4°C.   Plates were washed 5 times with 

300μl/well wash buffer and blocked for an hour with assay diluent.   Standards 

were prepared with the top standard at a concentration of 500pg/ml.   The top 

standard was double diluted to give a 7-point curve, ranging from 500pg/ml to 

7.81pg/ml.   After 5 washes 50μl/well of samples, standards or matrix medium 
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was added and plates were incubated overnight at 4°C.   Samples were either 

added neat or diluted in assay diluent, as determined by titration experiments.   

After 5 washes, 100μl/well of detection antibody was added and incubated for 

an hour at room temperature.   After a further 5 washes 100μl/well of avidin-

HRP was added and plates were incubated for 30 minutes at room 

temperature.   After a further 7 washes 100μl/well substrate solution was 

added and incubated in the dark at room temperature for 15 minutes.   

50μl/well 2M sulphuric acid (Fisher Scientific) was added to stop the assay.   

Plates were read at 450nm on the 6800 plate reader (Bio-Rad), using the 

microplate manager 5.2.1 software.   Files were imported into Microsoft Excel 

for analysis. 

 

2.2.9   RNA extraction 
 
The AllPrep DNA/RNA/miRNA kit (Qiagen) was used for RNA extraction. All 

names of buffers are those assigned by the manufacturer and the details of 

the kit are available at www.Qiagen.com, catalogue number 80224).   10μl of 

β2-mercaptoethanol was added for every 1ml of RLTplus lysis buffer. FACS 

sorted cells were spun down and re-suspended in 350μl of RLTplus buffer 

and transferred to 2ml tubes. Samples were then stored at -80°C for batched 

RNA extraction.   

On the day of the extraction cells were allowed to warm to room temperature 

over one hour. Homogenization of the sample was carried out using the 

QIAshredder (Qiagen). The defrosted cell lysate was placed into the 

QIAshredder spin column which was placed in a 2ml collection tube. The 

column was spun at maximum speed for 2 minutes in a microcentifuge. The 

http://www.qiagen.com/
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lysate was collected for RNA purification. Cells were placed in an AllPrep 

DNA mini spin column, placed in a 2ml tube, and centrifuged for 30 seconds 

at full speed. 50 μl of proteinase K was added to the flow through followed by 

200μl of pure ethanol. The mixture was incubated at room temperature for 10 

minutes. After 10 minutes 400μl of pure ethanol was added and mixed well. 

700μl of this mixture was transferred to an RNeasy mini spin column placed in 

a 2ml collection tube. The column was spun at maximum speed for 15 

seconds and flow-through discarded. This step was repeated with the 

remainder of the mixture. Then, 500μl of buffer RPE was added to the 

RNeasy spin column and column was centrifuged for 15 seconds at full speed 

with the mixture discarded.  

 

10μl DNase I stock solution was diluted in 70μl of RDD buffer. 80μl of the 

diluted DNase I was added onto the RNeasy mini spin column and incubated 

for 15 minutes at room temperature. After 15 minutes, 500μl of FRN buffer 

was added to the RNeasy mini spin column and the mixture was centrifuged 

at maximum speed for 15 seconds. The flow-through was then added back to 

the RNeasy mini column and centrifuged at maximum speed for 15 seconds. 

The flow-through was discarded. 500μl of RPE buffer was then added to the 

column before centrifuging at full speed for 15 seconds. The flow-through was 

discarded. 500μl of pure ethanol was added to the column to wash the 

membrane. The flow through was discarded and the column was re-spun in a 

new collection tube to eliminate any carryover of ethanol.  
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Finally, 35μl of RNase-free water was added to the column which was placed 

in a new collection tube and spun for 5 minutes at maximum speed. The 

eluted RNA flow-through was put through the column a second time to 

improve yield. The RNA amount was quantified by nano-drop and the RNA 

samples stored at -80°C for storage until ready for sequencing. 

 

 

2.2.10 RNA sequencing 
 
RNA sequencing was carried out at the Wellcome Trust Centre for Human 

Genetics core facility. RNA underwent quality control testing using the Agilent 

Technologies 2200 TapeStation system at  the core facility followed by cDNA 

library preparation. Paired end sequencing was performed at 100 base pairs 

on each side of the DNA fragment on the hiSeq 4000 platform. Only samples 

with greater than 10 million reads were used in analysis.  

 

2.3   Analytical methods 
 
Prism version 6 was used for statistical analysis. For data on CD4+ T cell 

phenotype, in chapter 3, box-and-whisker plots were used.  These show the 

smallest observation (sample minimum), lower quartile, median, upper 

quartile and largest observation (sample maximum).   

 

When comparing two unpaired groups with normal distribution of data a two-

tailed unpaired t test was used for statistical analysis.  When comparing two 

unpaired groups with data that was not normally distributed a Mann-Whitney 
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test was used. For paired data a paired t test and Wilcoxon matched-pairs 

signed rank tests were used for parametric and non-parametric data 

respectively.  

 

When comparing more than two unpaired groups, a one-way analysis of 

variance (ANOVA) with Bonferroni’s correction was used for parametric data. 

Where the data was not normally distributed a Kruskal-Wallis test with Dunn’s 

multiple comparison analysis was used for statistical analysis. For matched 

data with more than two groups, a one-way ANOVA with Greenhouse-Geisser 

correction was performed in parametric data sets. In non-prarametric data a 

Friedman test with Dunn’s multiple comparison analysis was performed.  

Significance was defined as p ≤ 0.05. 

 

Bioinformatic analysis of RNA sequencing samples was carried out by Dr Irina 

Pulyakhina at the Wellcome Trust Centre for Human Genetics using validated 

packages in R. 20-80 million fragments were sequenced per sample. Reads 

were mapped to human genome reference sequence GRCh37 with tophat2 

(Kim et al. 2013), deduplicated using samtools v.1.2 (H. Li et al. 2009). Gene 

counts were retrieved using htseq-cout (Anders, Pyl, and Huber 2015) and the 

Ensembl gene annotation. DESeq2 (Love, Huber, and Anders 2014), an R 

package, was used for differential gene expression analysis with the false 

discovery rate set at <0.05 after corrections for multiple comparisons. 
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Chapter 3: Identification and characterisation of GM-
CSF producing cells in SpA and inflammatory arthritis 
 

3.1 Introduction 
 
AS has long been associated with inheritance of the Human Leukocyte 

Antigen (HLA) allele B27 but more recent Genome Wide Association Studies 

(GWAS) have highlighted several other important genes involved in the 

interleukin-17 (IL-17) and interleukin-23 (IL-23) inflammatory axis, (D. M. 

Evans et al. 2011).  These GWAS observations have been confirmed by 

functional studies showing increased numbers of circulating T-helper 17 CD4 

cells (Th17s) in the peripheral blood of patients with AS (Sarkar, Cooney, and 

Fox 2010; Shen, Goodall, and Hill Gaston 2009). This IL-17/IL-23 

inflammatory axis is also implicated in auto-inflammatory disorders affecting 

the eyes, skin and gut (Miossec, Korn, and Kuchroo 2009).  Manipulating this 

axis using monoclonal antibodies to block the main effector cytokine IL-17A 

has proved to be successful in human trials for AS (Baeten et al. 2013). 

 

In addition to Th17s, CD161-expressing CD8 T cells (Walker et al. 2012), γδ 

T-cells (Kenna et al. 2011) and innate lymphoid cells (Cua and Tato 2010) 

have also been shown to be producers of the key inflammatory cytokine IL-

17A.  The latter innate lymphoid cells (ILCs) which share the same 

intracellular master transcription factors as T helper lymphocytes (Spits and 

Cupedo 2012) have been described in the gut (Geremia et al. 2011), lungs 

(Monticelli et al. 2011) and skin (Salimi et al. 2013) but there is only one report 

of their presence in the joint in psoriatic arthritis (Leijten et al. 2015). 
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Furthermore, within the CD4 T-cell compartment, Th17 cells show 

considerable plasticity (Y. Lee et al. 2012) and IL-17A cytokine production is 

often coupled with other inflammatory cytokines such as IL-22 (Bluestone et 

al. 2009), IFN-γ (Ghoreschi et al. 2010) and GM-CSF (El-Behi et al. 2011) 

within the same cell.  Murine models of neuro-inflammation suggest that co-

expression of IL-17A and GM-CSF by CD4 cells marks out a pathogenic 

subset of Th17 cells (Shiomi et al. 2014), (El-Behi et al. 2011).  Therapeutic 

antibodies targeting GM-CSF are already in clinical trials in human diseases. 

The targeting of GM-CSF in RA is largely based on observations in mouse 

models of arthritis (Greven et al. 2014). The relevance of GM-CSF production 

in spondyloarthitis remains unknown but studies using the SKG-mouse model 

of SpA have shown GM-CSF to be a key driver of inflammation and its 

neutralisation using monoclonal antibodies to be effective (Shiomi et al. 2014). 
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3.2 Aims 
 
The aim of this chapter was to characterise the lymphocyte population making 

GM-CSF in the peripheral blood and joints of patients with AS compared to 

RA and healthy donors. 

 

The key questions were:  

• Which lymphocyte populations are making GM-CSF upon ex-vivo 

stimulation of PBMCs and which is the predominant GM-CSF-

producing cell type in the peripheral blood? 

 

• What is the surface and functional phenotype of the GM-CSF 

producing lymphocyte population and which signals are controlling the 

expression of this cytokine? 

 

• Which lymphocyte population is the predominant producer of GM-CSF 

in the inflammed joint and what it the role of innate lymphoid cells?  
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3.3 Results 
 

3.3.1 CD4 T cells are the predominant producers of GM-CSF amongst 
PBMCs in SpA and healthy donors 
 
Many cell types have been reported to be capable of producing GM-CSF in 

the literature (Cornish et al. 2009). In order to investigate the predominant cell 

type capable of producing this cytokine upon ex-vivo stimulation of PBMCs 

with PMA and ionomycin, I performed detailed phenotyping of AS PBMCs 

using CyTOF. Cell surface markers TCR-γδ, CD3, CD4, CD8, CD11b, CD11c, 

CD14, CD16, CD20, CD23, CD27, CD34, CD45, CD45RA, CD56, CD117, 

CD127, CD161, CD196 and CD336 were combined with intracellular staining 

for GM-CSF, IFN-γ, IL-2, IL-4, IL-6, IL-10, IL-17A, IL-17F, IL-21, IL-22 and 

TNF-α.  

 

Figure 3.1 shows ViSNE, a principal component-derived high dimensional 

analysis, which plots and clusters all the cells according to the variance in the 

sample (Amir et al. 2013). All live GM-CSF positive cells were gated and 

includedin the analysis which demonstrates CD4 cells to be the predominant 

population producing GM-CSF. The other main populations producing GM-

CSF are CD8 cells, and NK cells. There is minimal contribution to this GM-

CSF pool from CD14 cells or CD20 lymphocytes. 

 

Results were validated using flow cytometry with surface markers for TCR-γδ, 

CD3, CD4, CD8, CD56 and intracellular staining for GM-CSF, IFN-γ, IL-17A 

and IL-22. Figure 3.2A shows the gating strategy and figure 3.2B shows 

increased ex-vivo live cell GM-CSF production in AS.  3.2C shows CD4 cells 
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to be the largest GM-CSF producing population in healthy donors. Flow 

Cytometry validation also shows γδ-T cells to be producers of GM-CSF which 

was not observed in the CyTOF staining.  
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Figure 3.1 

  

  

A 

Figure 3.1. Principal component ViSNE analysis of CD45+GM-CSF+ AS PBMCs 
stimulated with PMA and ionomycin.  
1 million AS PBMCs from frozen were stained for intracellular and extracellular markers. 
Cells were gated on single cell, live, CD45+ GM-CSF+ (A) before running the ViSNE 
analysis based on all other parameters in the CyTOF staining. B shows that in this 
individual CD4 cells are the main producers of GM-CSF in addition to a significant 
contribution from the CD8 and CD56 pool. There is only a very relatively minor contribution 
from CD20+ B cells and CD14+ monocytes. Cytobank software was used for the analysis. 

B 
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Figure 3.2  
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Figure 3.2. Flow Cytometry data confirms CD4 cells are the main ex-vivo producers 
of GM-CSF upon stimulation of PBMCs.  
A. Representative staining from AS patient showing the full panel gating strategy. B shows 
CD3-CD56+ population back-gated onto all cells to confirm by forward and side scatter that 
these are lymphoid cells and not myeloid cells. C expansion of live GM-CSF positive 
PBMCs in AS (n=38) compared to healthy donors (n=17) (unpaired T tests, all data points 
shown with box representing interquartile range and whiskers showing maximum and 
minimum). D shows mean percentage of CD4, CD8, γδ-T cells (GD) and CD56+ cells 
within live GM-CSF+ PBMCs in AS (n=9). 
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3.3.2  CD4 T cells producing GM-CSF and IL-17A are significantly 
expanded in AS compared to RA and healthy donors 
 
Since CD4 cells are the main producers of GM-CSF in ex-vivo stimulated AS 

PBMCs I decided to compare ex-vivo stimulated PBMCs from healthy donors, 

AS patients and RA controls. 38 patients with AS attending the clinic in Oxford 

were recruited prospectively from November 2013 to June 2015. 14 Patients 

with RA were also recruited and 17 healthy volunteers (table 3.1).  PBMCs 

were isolated directly ex-vivo and rested overnight.  On the following day the 

cells were stimulated with PMA and Ionomycin for 4 hours in the presence of 

brefeldin A and monensin.  See chapter 2 for detailed methods.  Cells were 

stained with a basic panel for surface phenotype markers CD3, CD4, TCR-γδ, 

CD161 and a viability stain.  Intracellular staining was performed for IL-17A, 

IL-22, IFN-γ and GM-CSF. A number of cells were also stained for CD56. 

 

Figure 3.3 shows significantly increased percentages of CD4 cells positive for 

IL-17A, IL-22 and GM-CSF in AS compared to RA and healthy donors. There 

was no significant difference in the percentages of IFN-γ-producing CD4 T 

cells between the three groups. The mean percentage of CD4+GM-CSF+ cell 

in AS was 8.1 (SD=3.6) compared to 4.5 (SD=2.6) in healthy donors and 2.6 

(SD=1.8) in RA. The mean percentage of CD4+IL-17A+ cells in AS was 1.2, 

this was significantly greater than 0.7 in both healthy donors and RA. 
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Table 3.1  

 AS 
(n=38) 

Rheumatoid 
arthritis 
(n=14) 

Healthy controls 
(n=17) 

Age, mean 
(range) 
years 

49.6 (22-71) 64.6 (49-82) 37.3 (28-62) 

Sex, male/female 27/10 6/8 11/6 
HLA-B27+ no. (%) 27* (77%) n/a n/a 
RF/CCP+ no. (%) n/a 10 (71%) n/a 
BASDAI, mean 
(range) 

3.44 (1-10) n/a n/a 

DAS28-CRP, 
mean (range) 

n/a 3.38 (1.7-5.33) n/a 

DMARD therapy, 
current 
(previous) 

6 (0) 13 (0) n/a 

Anti TNF 
therapy, current 
(previous) 

10 (2) 0 n/a 

CRP, mean 
(range) 

17.18 
(0.2-98.4) 

17.86 
(0.7-97.4) 

n/a 

Table 3.1 Baseline characteristics of study participants 
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Figure 3.3 

  

 
  

Figure 3.3. GM-CSF and IL-17A producing CD4 cells are expanded in AS compared to 
healthy controls and RA.  
Ex-vivo stimulated PBMCs from patients with AS (n=38), RA (n=14) and healthy controls 
(n=17)  were gated on CD3+CD4+ cells and the percentage of CD4 cell expressing IL-17A, 
GM-CSF, IL-22 and IFN-γ was determined. All data points presented with box plots. GM-
CSF, IL-17A and IL-22 positive CD4 cells are significantly expanded in AS compared to RA 
and healthy controls. There was no significant difference in the percentages of IFN-γ 
positive cells (P>0.05). Statistical significance was determined using a Kruskal-Wallis test 
with p values calculated using Dunn’s multiple comparisons test. 
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3.3.3  CD8 and γδ-T, but not NK cells show increased IL-17A and GM-
CSF production in AS  
 
Cytokine production from CD8 cells was also measured in the same cohort of 

patients and controls and for a subset of the same cohort, cytokine production 

was also measured in γδ-T cells and CD56-positive NK cells.  The percentage 

of IL-17A, IL-22 and GM-CSF-positive CD8 cells from peripheral blood of 

patients with AS was significantly increased compared to both healthy donors 

and RA disease controls (figure 3.4). In addition, IFN-γ positive CD8 cells are 

also significantly increased in both AS and RA compared to healthy donors. 

 

In the δγ T cell compartment, the percentage of IL-17A and IL-22-positive 

cells was significantly increased in AS compared to healthy donors and RA 

patients (figure 3.5). There is no difference in the percentages of IFN-γ 

positive cells. 

 

There was no significant difference in the cytokine profile of CD56+ NK cells 

between AS and healthy donors (figure 3.6). The only observed significant 

difference was an increase in IFN-γ production in AS NK cells compared to 

RA disease controls. 
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Figure 3.4 
 
 
 

 
 

 
 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
  

Figure 3.4. Percentage of GM-CSF and IL-17A producing CD8 cells are increased in 
AS compared to healthy controls and RA.  
Ex-vivo stimulated PBMCs from patients with AS (n=38), RA (n=14) and healthy controls 
(n=17) were gated on CD3+CD8+ cells and the percentage of CD8 cell expressing IL-17A, 
GM-CSF, IL-22 and IFN-γ was determined. All data points are presented with box plots. 
GM-CSF, IL-17A and IL-22 positive CD8 cells are significantly expanded in AS compared 
to RA and healthy controls. IFN-γ positive CD8 cells are significantly increased in AS and 
RA compared to healthy controls cells. Statistical significance was determined using a 
Kruskal-Wallis test with p values calculated using Dunn’s multiple comparisons test. 
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Figure 3.5 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 
 

 
 
 

 
 

 
 

 

 
  
  

Figure 3.5. Percentage of IL-17A producing γδ-T cells (GD) are expanded in AS 
compared to healthy controls and RA.  
Ex-vivo stimulated PBMCs from patients with AS (n=34), RA (n=12) and healthy controls 
(n=15) were gated on CD3+γδ+ cells and the percentage of GD cells expressing IL-17A, 
GM-CSF, IL-22 and IFN-γ was determined. All data points are presented with box plots. IL-
17A and IL-22 positive GD cells are significantly expanded in AS compared healthy 
controls. There was no significant difference in the percentages IFN-γ positive and GM-
CSF positive GD cells between AS and healthy controls but there a significant increase in 
GM-CSF production in AS compared to RA. Statistical significance was determined using a 
Kruskal-Wallis test with p values calculated using Dunn’s multiple comparisons test. 
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Figure 3.6 
 
 
 
 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
 

 
 
 
  

  

Figure 3.6. The cytokine phenotype of NK cells in AS does not differ significantly 
compared to healthy donors.  
Ex-vivo stimulated PBMCs from patients with AS (n=8), RA (n=7) and healthy controls 
(n=10) were gated on CD3-CD56+ cells and the percentage of NK cells expressing IL-17A, 
GM-CSF, IL-22 and IFN-γ was determined. All data points are presented with box plots. 
There was no difference in the NK cytokine profile between AS and healthy donors. 
Statistical significance was determined using a Kruskal-Wallis test with p values calculated 
using Dunn’s multiple comparisons test. 
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3.3.4 The IL-17A/GM-CSF double positive subset is expanded in AS CD4, 
CD8, γδ-T cell and NK cell compartments in AS 
 
Polyfunctional lymphocytes, in particular those that co-express IL-17A and 

GM-CSF, have been shown to be particularly pathogenic in mouse models of 

autoimmunity (El-Behi et al. 2011; Shiomi et al. 2014). Given the overall 

increase in IL-17A and GM-CSF in the CD4 and CD8 cells, I next decided to 

look at the production of these two cytokines in combination across the four 

studied subsets of lymphocytes. Ex-vivo PBMCs from AS, RA and healthy 

donors were stimulated with PMA and ionomycin as above and the 

percentage of IL-17A and GM-CSF double positive cells was determined in 

each of the lymphocyte compartments.  

 

I observed a statistically significant increase in the percentage of IL-17A/GM-

CSF double positive CD4, CD8, δγ-T cell and NK cells in AS compared to 

healthy donors and RA disease controls (figure 3.7).  Next I looked at whether 

GM-CSF was being produced by IL-17A-producing Th17 cells or IFN-γ-

producing Th1 cells.  I used a Boolean gating approach to look at the 

production of IL-17A, IFN-γ and GM-CSF in isolation or in combination with 

the other cytokines.  Figure 3.8 shows the relative mean overlap of cytokine 

production between the various T helper subsets (n=28).  Percentages are 

based on the total number of cytokine producing CD4 cells.  I observe that 

GM-CSF is expressed in combination with both IFN-γ and IL-17A but also 

independently of these two subsets.  The overlap of IL-17A and GM-CSF was 

greater than that of IL-17A and IFN-γ even though the percentage of IFN-γ 

producers was nearly twice that of GM-CSF producers (76.2% vs 37.6% 

respectively). 
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In order to address the question of whether GM-CSF-producing CD4 are more 

likely to be related to IFN-γproducing Th1 cells or IL-17A-producing Th17 cells 

I performed linear regression analysis of the total percentage of GM-

CSF positive cells against the percentage of IL-17A and IFN-γ positive cells in 

the CD4 compartment (Figure 3.9). A positive correlation is observed between 

GM-CSF and both IL-17A and IFN-γ but the correlation between GM-CSF and 

IFN-γ is much stronger with an R2 value of 0.564 versus 0.165.  

 

Next I performed linear regression analysis of the IL-17A/GM-CSF double 

positive subset against total IL-17A and total GM-CSF. Once again a positive 

correlation was observed in both cases. However the correlation of IL-

17A/GM-CSF double producing CD4 cells versus IL-17A had an R2 value of 

0.658 while the IL-17A/GM-CSF double producing population versus total 

GM-CSF had an R2 value of 0.3. There was no correlation of GM-CSF 

percentage with age in any of the three patient/donor groups.  
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Figure 3.7 
 
 

  
 

 
 

 
 

  

Figure 3.7. Increased percentage of IL-17A/GM-CSF double positive cells in AS CD4, 
CD8, γδ-T cell and NK cell compartments.  
A representative flow cytometry plots showing IL-17A and GM-CSF staining in healthy, AS 
and RA PBMCs gated on CD4. Ex-vivo stimulated PBMCs from patients with AS, RA and 
healthy controls were gated on CD3+CD4+, CD3+CD8+ (AS n=38, RA n=14, HC n=17 for 
CD4 and CD8), CD3+γδ+ (AS n=34, RA n=12, HC n=15) and CD3-CD56+ (AS n=7, RA n=8, 
HC n=10) cells and the percentage IL-17A and GM-CSF co-producing cells was 
determined within each compartment. A significant increase in double positive cells was 
observed across all 4 lymphocyte compartments in AS compared to healthy donors and RA 
disease controls. All data points are presented with box plots. Statistical significance was 
determined using a Kruskal-Wallis test with p values calculated using Dunn’s multiple 
comparisons test. 
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Figure 3.8 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 

 
 
 
 
 
 

 
  

Figure 3.8. CD4 cytokine production in AS shows considerable functional overlap. 
Venn diagram representing mean expression of GMCSF, IL-17A and IFN-γ from CD4 cells 
in AS.  Cytokine expression was determined by Boolean gating on flowjo® software and 
combinations of cytokines were derived.  All CD4 cells expressing at least one of the three 
cytokines were included in the pooled analysis from 24 AS PBMCs gated on CD4.  
Cytokine expression is represented as % cells expressing each cytokine from all cytokine 
expressing CD4 cells. The area of the circles is adjusted according to relative expression of 
each cytokine compared to all cytokine-expressing CD4 population.  
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Figure 3.9 
 

 
 

  

Figure 3.9. Total CD4 GM-CSF production correlates with total IFN-γ production 
while IL-17A/GM-CSF double producing cells correlate more closely with total IL-17A 
production. GM-CSF does not correlate with Age.  
Linear regression analysis was performed on PMA/ionomycin activated PBMCs from AS 
patients gated on CD4 cells. The total percentage of CD4-positive GM-CSF-positive cells 
was plotted against IL-17A (A, n=38) and IFN-γ (B, n=34). In the bottom tow panels IL-
17A/GM-CSF-double positive CD4 cells were plotted against overall CD4 cell GM-CSF (C, 
n=38) and IL-17A (D, n=38). All data points shown plus line of best curve and 95% 
confidence intervals. E The percentage of GM-CSF positive CD4 cells was plotted against 
the patient/donor age to test if age is a variable. 
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3.3.5 Surface phenotype of GM-CSF positive CD4 cells 
 
I wanted to better understand the surface phenotype of the GM-CSF 

producing subset of cells.  Firstly I observed all the GM-CSF expression ex-

vivo was from the CD45RA-negative compartment indicating that these cells 

have a memory phenotype (figure 3.10).   Next I looked at surface expression 

of the natural killer family receptor KIR3DL2. This receptor has been shown to 

recognise aberrantly folded HLA-B27 (Chan et al. 2005).   I observed a 

threefold increase in GM-CSF expression in KIR3DL2 positive CD4 cells 

compared to total CD4 populations in the same patients (23% vs 7.3%, figure 

3.11).  Expression of KIR3DL2 also marked out a GM-CSF-enriched 

population within CD8 and γδ-T cells (figure 3.11A).  I also observed a 

significant enrichment of GM-CSF expression in CD4 cells within the CD161 

positive compartment.   There was no significant difference between GM-CSF 

enrichment in the KIR3DL2 and CD161 compartments but cells positive for 

both KIR3DL2 and CD161 were significantly enriched for GM-CSF production 

compared to KIR3DL2 or CD161 alone (figure 3.11C).   

 

Next I looked at the surface expression of the classical Th17 surface markers 

CD161 and CCR6.  As expected ex-vivo IFN-γ producing Th1 cells had a low 

(<20%) expression of CD161 and CCR6 in combination compared to with 

60% co-expression in Th17 cells expressing these markers in combination.  

GM-CSF single-producing cells expressed a similar percentage of cell-surface 

CCR6 and CD161 to IFN-γ-single producers but GM-CSF/IL-17A double 
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producers resembled classic Th17s (highly positive for CCR6 and CD161) 

with high expression of CCR6 and CD161 in combination (figure 3.12, n=8).   
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Figure 3.10 
 

 

 
 
 
  

Figure 3.10. CD4 GM-CSF producing cells are all in the memory compartment. 
PBMCs were stimulated ex-vivo with PMA/ionomycin and CD3+CD4+ cells were gated 
according to CD45RA+CD45RO- naïve cells and CD45RA-CD45RO+ memory cells. A 
shows representative flow cytometery plot and gating strategy. B shows data from 5 
individuals. All data points presented with mean and standard deviation in box and 
maximum and minimum points in whiskers. Statistical significance was determined using a 
paired T test. 
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Figure 3.11 
 

 
 

  

Figure 3.11. KIR3DL2 and CD161 positive cells are enriched for GM-CSF production. 
A. Representative flow cytometry plots of AS PBMCs gated on CD4 stained for DX31 
(KIR3DL2) and CD161 showing IL-17A and GM-CSF staining in DX31+, CD161+ and 
DX31+CD161+ cells. B KIR3DL2 expressing CD4, CD8 and γδ-T cells in AS cells express 
higher levels of intracellular GM-CSF compared to overall CD4, CD8 γδ-T cells in the same 
individuals.  B. CD161+ CD4 cells also express higher levels of GM-CSF compared to 
overall CD4 populations.  The level of GM-CSF expression in CD161 positive CD4 cells is 
comparable to KIR3DL2 expressing cells but highest in the DX31+CD161+ cells  (n=18, RM 
one-way ANOVA). 
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Figure 3.12 
 

  
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 3.12. IL-17A/GM-CSF double-producing cells express Th17 surface markers 
CCR6 and CD161 in similar levels to IL-17A single producing cells.  
A Representative flow cytometry plots of bulk AS PBMC CD4 cells stained for CCR6 and 
CD161 plus cells gated on cytokine production. B GM-CSF single positive cells have a 
similar level of CCR6 and CD161 expression to Th1 cells with a CD161/CCR6 double 
expression at around 15% while classical Th17 cells had significantly higher CD161/CCR6 
double expression at around 50% (n=8, Friedman’s non-parametric multiple comparison 
test).  IL-17A/GM-CSF double producers had high levels of CD161/CCR6 double 
expression  similar to Th17 cells.  C CCR6 and CD161 expression of Th1 cells, GM-CSF 
single producing cells, Th17 cells and GM-CSF producing Th17 cells based on mean 
surface expression (n=8). 
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3.3.6 Phenotype of lymphocytes from spondyloarthritis joints 
 
To study lymphocyte populations in the joint I looked at surgically derived 

synovial tissue of SpA patients undergoing joint replacement procedures 

(n=5).   Inflammed synovium was explanted in the presence of IL-2 and IL-7 

and the lymphocytes which migrated out of the tissue were harvested after 14 

days and re-stimulated with PMA and ionomycin (figure 3.13A).  For full 

methods details see chapter 2.  GM-CSF production was observed to be 

around four fold higher in CD4 cells derived from synovium compared to AS 

PBMCs (figure 13.3B).   I also observed significantly higher percentages of 

CD4 cells expressing GM-CSF in combination with IL-17A, compared to 

healthy PBMCs but not compared to AS PBMCs (figure 13.3C).  

 

Next I studied ex-vivo CD4 cell responses from re-stimulated PBMCs with 

pared synovial fluid mononuclear cells (SFMCs) from the same SpA patient. 

Firstly I used CyTOF to compare and confirm that CD4 cells are the 

predominant GM-CSF producing lymphocyte in the inflamed synovium. Cell 

surface markers TCR-γδ, CD3, CD4, CD8, CD11b, CD11c, CD14, CD16, 

CD20, CD23, CD27, CD34, CD45, CD45RA, CD56, CD117, CD127, CD161, 

CD196 and CD336 were combined with intracellular staining for GM-CSF, 

IFN-γ, IL-2, IL-4, IL-6, IL-10, IL-17A, IL-17F, IL-21, IL-22 and TNF-α. ViSNE 

principal component anaylsis was done after gating on all live CD45+ GM-CSF 

producers. Figure 3.14A shows overall more GM-CSF production in the ex-

vivo synovial fluid cells, with CD4 cells as the dominant producing cell in both 

PBMCs and SFMCs. CD8 and CD56 account for the majority of the other GM-
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CSF producing cells in the synovium. Figure 3.14B shows the overlap of GM-

CSF production with the cytokines IL-17A, IL-4, IL-10, TNF-α and IFN-γ. I 

observed a small but very discreetly clustered population of IL-17A-producing 

GM-CSF positive cells however TNF and IFN-γ co-production with GM-CSF 

seemed to be more diffuse. 

 

In order to quantify the GM-CSF and IL-17A production from the synovial fluid, 

I performed flow cytometry analysis on 5 matched PBMC/SFMC SpA samples 

ex-vivo. I observed increased expression of GM-CSF from the CD4 and CD8 

cells in the SFMC compared to the PBMCs. In the CD4 compartment there 

was also a significant increase in the SFMC percentage of IL-17A/GM-CSF 

double positive cells compared to the PBMC CD4 cells as demonstrated by 

the representative flow cytometry plots gated on CD4 (figure 15A) and the 

combined data for CD4 and CD8 cells in figure 15B.   
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Figure 3.13 
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Figure 3.13. Elevated overall GM-CSF from inflamed synovium-derived CD4 
lymphocytes.  

A Shows stages of explant culture system used to obtain synovial tissue CD4 cells.  
Surgical samples are manually dissected to 3-4mm pieces and placed in a 6 well plate with 
RPMI medium containing 10% human AB serum and 100 IU/ml IL-2.  Medium is 
replenished every 72 hours and non-adherent synovial tissue cells are harvested at day 14.  
B. Intracellular GM-CSF expression from synovial derived cultured CD4 cells (n=5) 
compared to ex-vivo CD4 cells from healthy controls (n=17) and AS (n=38) PBMCs 
(Kruskal-Wallis test with p values calculated using Dunn’s multiple comparisons test).  C. 
Intracellular co-expression of GM-CSF and IL-17A  from ex-vivo CD4 cells of healthy 
controls, AS PBMCs and cultured SpA STMCs   (Kruskal-Walis). 
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Figure 3.14 
 

 
 
 
 
  
   

A GM-CSF+ surface phenotype 

Figure 3.14. Principal component CyTOF ViSNE analysis of ex-vivo AS PBMCs 
(donor AS1453) with matched SFMC from the same patient stimulated with PMA and 
ionomycin.  
Cells were gated on single cell, live, CD45+ GM-CSF+ before running the principal 
component analysis based on all other parameters in the CyTOF staining. 3.1A shows 
increased numbers of GM-CSF producing CD4, CD8 and CD56 cells in the SFMCs 
compared to the PBMCs but in both samples the CD4 cells are the main producers of GM-
CSF. Panel B shows overlap of GM-CSF producing cells with the cytokines IL-17A, IL-4, IL-
10, TNF-α and IFN-γ. Cytobank software was used for analysis. 
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Figure 3.15 
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Figure 3.15. Increased ex-vivo GM-CSF from synovial fluid CD4 and CD8 cells 
compared to matched PBMCs.  
A. Representative flow cytometry plots of ex-vivo activated PBMCs and SFMC from an AS 
patient gated on CD3+CD4+ cells. IL-17A is plotted against GM-CSF. B shows data from 5 
matched PBMC/SFMC samples from SpA patients. The percentage of GM-CSF-positive 
CD4 and CD8 cells is significantly increased in the SFMCs compared to the PBMCs. The 
percentage of IL-17A/GM-CSF co-producing cells is also significantly increased in the 
synovial fluid CD4 cells but no the CD8 cells.  N=5, paired t test. 
 
 

A 

B 



 102 

3.3.7 Innate lymphoid cells are present in the inflamed joint and produce 
GM-CSF upon stimulation 
 
Innate lymphoid cells are a newly described subset of cells thought to 

contribute to inflammation in a tissue-specific way. I observed by CyTOF the 

existence of a subset of GM-CSF producing cells in the synovial fluid that are 

negative for the lineage markers CD3, CD8, CD11b, CD11c, CD14, CD20, 

CD34 and γδ-TCR (figure 13.16). These cells are also positive for CD127 (IL-

7R), which is the key defining marker of the innate lymphoid cells. 

 

I further investigated the existence of this cell type in human joints by flow 

cytometry. Figure 13.17 shows the gating strategy employed to identify these 

cells.  I gated on lineage-negative (CD3, CD5, CD8, CD11b, CD11c, CD14, 

CD19, CD20, CD34 TCR-γδ) CD45 positive live cells which also express the 

IL-7 receptor alpha chain.  Even though this is a rare population, I identified 

ILCs in mononuclear cells derived from inflamed synovial tissue explants. 

These cells are generally divided into three main subtypes depending on 

surface expression of C-Kit and CRTH2.  ILC type 3 cells express C-Kit and 

the majority also express NKp44 (figure 3.17). The KNp44 subset is known as 

NCR+. ILC type 2 cells express CRTH2.  I did not observe any CRTH2 

expression on ILCs in the joint and therefore subsequently included CRTH2 

into the lineage cocktail to exclude these cells from analysis.  I observed ILC 

type 3 cells to be the predominant population in the ILC pool of patients with 

inflammatory arthritis (n=7), (figure 13.18B) while ILC1 cells were the 

predominant population in the peripheral blood in AS (In a different cohort of 

patients). Functional interrogation of these cells by PMA and ionomycin 
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stimulation revealed GM-CSF to be the most abundantly expressed cytokine 

both in ILC type 1 and type 3 cells (figure 13.18C-D).   
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Figure 3.16 
 

 
 
 

 
 
  
  

Figure 3.16. Principal component CyTOF ViSNE Analysis of ex-vivo AS SFMCs 
demonstrates a lineage-negative, IL7R positive GM-CSF producing subset.  
Cells were gated on single cell, live, CD45+ GM-CSF+ before running the principal 
component analysis based on all other parameters in the CyTOF staining. Lineage markers 
CD3, CD8, CD11b, TCR-γδ, CD20, CD56, CD34, CD14 and CD11c were used to identify a 
lineage negative, IL7R positive subset of cells within the GM-CSF producing population. 
Cytobank software was used for analysis. 
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Figure 3.17 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
  

Figure 3.17. Gating strategy for identifying ILC populations  
Gating strategy for identifying innate lymphoid cells from STMC cultures.  Lineage negative 
(Lineage cocktail: CD3, CD5, CD8, CD11b, CD11c, CD19, CD20, CD34, TCR-γδ, CRTH2) 
CD45 positive cells were then gated on IL7R expression.  ILC1 subset defined as Lin-

CD45+IL-7R+CKIT- and ILC3 subset defined as Lin-CD45+IL-7R+CKIT+. ILC3 population 
further subdivided into NCR- and NCR+ subpopulations based on NKp44 expression. 
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Fig 3.18 
 

  

Figure 3.18. Type 3 innate lymphoid cells (ILC3) are enriched in the joint and produce 
GM-CSF abundantly.  
A. Representative flow cytometry plots of ILC cytokine staining with C-KIT used to identify 
all (NCR+ and NCR- ILC3 populations). B. Relative enrichment of ILC3 populations as 
percentage of total ILCs in ex-vivo peripheral AS PBMCs (n=6) compared to inflammatory 
arthritis STMCs from a different cohort of patients (n=7) (unpaired t test). C-D STMC ILC1 
and ILC3 cytokine producing frequencies from 7 patients with inflammatory arthritis (4 SpA, 
3RA) (Friedman’s non-parametric multiple comparison test). 
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3.3.8 IL-7 promotes GM-CSF production from CD4 cells in blood and 
synovial tissue blood 
 
In order to investigate the factors driving GM-CSF production from CD4 cells 

in the joint I looked at the role of IL-7. IL-7 is a stromal-derived cytokine that 

has been shown to be expressed in the inflammed joint (Hartgring et al. 

2009). I isolated CD4 cells from 7 healthy donors by negative magnetic bead 

selection. Cells were cultured with or without the presence of recombinant 

human IL-7 (10ng/ml) for one week (with anti-CD2/CD3/CD28 beads at a 

bead to cell ratio of 1:5 in the presence of 20 IU of IL-2). Figure 3.19 shows 

that IL-7 specifically enhances the GM-CSF production by CD4 cells, with a 

doubling of the number of cells expressing this cytokine. There was no 

statistically significant effect of IL-7 on IL-17A, IL-22, IFN-γ, TNF or IL-

17A/GM-CSF double positive cells. 

 

Next I investigated the effects of adding recombinant human IL-7 to explant 

STMC cultures from patients with inflammatory arthritis. 10ng/ml of IL-7 was 

added into the explant culture system from the beginning and added to 

subsequent medium used to top up the cultures every 72 hours. After two 

weeks cells were harvested. The addition IL-7 resulted in a significant 

increase in the percentage of GM-CSF positive cells. There was also a 

statistically significant increase in the percentage of IL-22-positive cells but no 

difference in IFN-γ, IL-17A and IL-17A/GM-CSF double positive cells. In 

addition, supernatants from explant cultures of patients with inflammatory 

arthritis were collected prior to PMA/ionomycin stimulation in order to quantify 

the baseline production of GM-CSF in the system. The addition of IL-7 
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significantly increased the amount of GM-CSF secreted into the explant 

culture when measure by ELISA (figure 3.20B) 

 

Next I tested the effects of neutralising IL-7 made by stromal cells in the 

STMC cultures. A STMC culture was setup using tissue from an AS patient 

with the addition of a monoclonal anti-IL-7 antibody at 5μg/ml or its isotype 

control at the same concentration. The antibody and isotype were added at 

the same concentration to all subsequent media used to replenish the 

cultures. After two weeks non-adherant STMC were harvested and stained for 

flow cytometry. There was a marked absence of any STMC cells in the 

cultures containing anti-human IL-7 (figure 3.21). 
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Figure 3.19 
 

 
  
 

  

Figure 3.19. IL-7 promotes GM-CSF production from PBMC-derived CD4 cells. 
A Representative flow cytometry plots, gated on live cells, of CD4 cells stimulated for one 
week in the presence of IL-2 alone or IL-2 with the addition of IL-7. B PBMCs from 7 
healthy donors were isolated by negative selection and cultured for one week with or 
without 10ng of recombinant human IL-7. Cells were cultured and activated with anti 
CD2/3/28 beads at a ratio of 1 bead to 5 cells and were supplemented with 20 IU/ml of IL-
2. At the end of the culture cells were re-stimulated with PMA/ionomycin and intracellular 
cytokine staining was performed. Statistical significance was determined using a paired t-
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Figure 3.20 
 

 
  

Figure 3.20. IL-7 promotes GM-CSF production in synovial tissue-derived CD4 cells. 
A- Surgical tissue from 7 patients with inflammatory arthritis undergoing joint replacement 
surgery was explanted with or without 10ng/ml of recombinant human IL-7. After two weeks 
of culture the STMCs were re-stimulated with PMA/ionomycin and intracellular cytokine 
staining was performed. Data derived after gating on CD3+CD4+ cells. B- supernatant from 
explant cultures was collected after two weeks and GM-CSF quantified by ELISA. Data 
from 9 independent experiments from 5 patients with inflammatory arthritis. Statistical 
significance was determined using a paired Wilcoxon test. 
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Figure 3.21 
 

 

 
  

Figure 3.21. IL-7 is required for the survival of lymphocyte populations in STMC 
explant cultures. 
Surgical tissue from a patient with spondyloarthritis undergoing joint replacement surgery 
was explanted with or without 5μg/ml of a monoclonal antibody against human IL-7 
(Biolegend). After two weeks of culture the STMCs were stained for flow cytometry. A 
marked absence of cells in the lymphocyte gate was noticed in the presence of anti-IL7 
coupled with increased proliferation of stromal cells.  
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3.3.9 Transcriptional profile of GM-CSF-producing CD4 cells 
 
To understand the transcriptional profile of GM-CSF-producing T cells, RNA 

sequencing was carried out on cytokine-captured cells. CD4 cells were 

magnetically isolated by negative selection from lymphocyte cone PBMCs 

from 4 donors (purity >95%). CD4 cells were rested overnight and on the 

following day stimulated with PMA and ionomycin for two hours and triple 

cytokine capture assay was performed for IFN-γ, GM-CSF and IL-17A 

followed by fluorescent cell sorting into pure cytokine positive cells. (figure 

3.22) For detailed methods see chapter 2, materials and methods.  In 

summary 5 sorted populations from all 4 donors passed quality control and 

were run for sequencing. Post sequencing samples with less than 10 million 

(2 of 20) mapped reads were excluded from analysis.  

 

Figure 3.23 focuses on some key known genes expected to be differentially 

expressed between the different sorted subsets in order to validate the sort. In 

particular I observed IFNG and TBX21, the genes encoding IFN-γ and T-bet, 

to be upregulated in IFN-γ single positive cells. Meanwhile IL17A and RORC, 

the genes encoding IL-17A and RORγt are elevated in IL-17A single positive 

cells. GM-CSF single positive cells show lower levels of IFNG expression 

compared to IFN-γ single positive cells but high levels of CSF2 (gene 

encoding GM-CSF) and high levels of TBX21. In addition, they show higher 

RORC compared to IFN-γ single positive cells. IL-17A/GM-CSF double 

positive cells show the highest expression of IL17A and CSF2, even higher 

than IL-17A single positive and GM-CSF single positive populations 
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respectively. In addition, the double positive cells also show a higher 

expression of TBX21 compared to IL-17A single positive cells. 

 

Differential gene expression analysis was carried out for each single-

producing subset of cells compared to CD45RA naïve cells. The false 

discovery rate (FDR) was set at <0.05. Figure 3.24A shows a unique gene 

expression for each of the single positive populations in addition to shared 

expression of some genes. The IL-17A single positive cells had more 

expression overlap with the GM-CSF single positive cells while the GM-CSF 

single positive cells had the greatest overlap with the IFN-γ single positive 

cells. The GM-CSF single producing cells also had a unique gene expression 

profile with 431 genes expressed uniquely by this subset. Figure 3.24B looks 

at the differential gene expression between GM-CSF and IL-17A single 

positive cells and IL-17A/GM-CSF double positive cells.  This shows the 

double positive cells as having 340 uniquely expressed genes compared to 

the two single producing subsets. 

 

Gene clustering analysis in figure 3.25 shows a unique cluster of gene 

expression for each of the 5 subsets of cells. In terms of clustering of the 

populations, the CD45RA naïve cells cluster on their own while the IFN-γ and 

GM-CSF single positive populations cluster together. IL-17A single positive 

and IL-17A/GM-CSF double producers also cluster together indicating that IL-

17A/GM-CSF double producing cells have a transcription profile that is more 

aligned with IL-17A single producing cells rather than GM-CSF single 

producing cells.  
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Figure 3.22 
 

  
 
 
 
 
 
 
 
 
 
 

 
  

Figure 3.22. Sorting strategy for triple cytokine capture. 
PBMCs were obtained from a lymphocyte cone by density centrifugation and CD4 cells 
were isolated by magnetic bead negative isolation on the same day. The following day cells 
were stimulated with PMA/Ionomycin and triple cytokine capture was performed for IL-17A, 
IFN-γ and GM-CSF. 5 populations (numbered 1-5) were sorted according to the gating 
strategy above (A). Live cells were first gated according to CD45RA and IFN-γ. 
CD45RA+IFN-γ- cells were then sorted according to a IL-17A/GM-CSF negative gate 
(population 1: triple –ve CD45RA +ve). CD45RA-IFN-γ+ cells were sorted according to a IL-
17A/GM-CSF double negative gate (population 2: CD45RA –ve IFN-γ single +ve). 
CD45RA-IFN-γ- cells were sorted into 3 populations. (population 3: CD45RA –ve IL-17A 
single +ve; population 4: CD45RA    –ve GM-CSF singe positive; Population 5: CD45RA –
ve IL-17A/GM-CSF double +ve). B shows an unstimulated control from the same individual.  
 
  
 
 

B 
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Figure 3.23  
 

  
 

 
  

Figure 3.23. Sort validation by RNA seq. 
RNA extracted from sorted populations was sequenced and the expression of IFNG, IL17A, 
and CSF2 genes was plotted for each group of sorted cell. IFNG gene expression was 
highest in the IFN-γ-positive cells, IL17A gene was highest in the IL-17A single-positive and 
IL-17A/GM-CSF double positives, and CSF2 was highest in the GM-CSF-positive and IL-
17A/GM-CSF double positives. On the right sided panels mRNA expression of RORC, 
TXB21 and PTPRC (marker of naïve CD4 cells) was quantified in the 5 sorted populations. 
RORC was highest in the IL-17A/GM-CSF double positives followed by the IL-17A single 
positives while TBX21 is highest in GM-CSF single positives followed by IFN-γ single 
positives. PTPRC is highest CD45RA+ triple cytokine negative CD4 cells.  
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Figure 3.24  
 
  

   

Figure 3.24. Differential gene expression by subsets of cytokine producing 
lymphocytes. 
Differential gene expression was carried out on the subsets of cytokine producing cells 
compared to cytokine negative CD45RA naïve cells. A. The three single producing subsets 
of cells are plotted showing the number of commonly and differentially expressed genes. B. 
GM-CSF single positive and IL-17A single positive gene expression is plotted against IL-
17A/GM-CSF double positive cells. False discovery rate for this analysis was set at 
<0.05%. 
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Figure 3.25 
 

 
 

  

Figure 3.25. Gene clustering heatmap. 
Unbiased gene clustering analysis of the 5 sorted subsets of cells shows GM-CSF single 
positive and IFN-γ single positive cells clustering together while IL-17A single positive and 
IL-17A/GM-CSF double positive cells cluster together. In addition, there is clear clustering 
of activated genes that define each subset. 
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3.3.10 The main cellular targets of GM-CSF in ex-vivo PBMC and SFMCs 
are CD14+ monocytes 
 
GM-CSF is a cytokine that is known to have its effects predominantly on 

myeloid cells (Gearing et al. 1989) and signals via STAT5 phosphorylation 

(Okuda, Foster, and Griffin 1999). In order to investigate the ex-vivo effects of 

GM-CSF in PBMC and SFMC populations in AS, I carried out staining for 

pSTAT-5 after exposure to recombinant human GM-CSF. PBMC and SFMC 

were starved by incubation in R0 medium for 4 hours then stimulated with 

50ng/ml of GM-CSF (or 10ng/ml of IL-7 as a control) for 15 minutes. Results 

were analysed according to cell type (figure 3.26) and demonstrated a 

noticeable shift in pSTAT5 induction in CD14+ cells in the peripheral blood and 

the joint after GM-CSF. No induction of CD4, CD8, CD56 or CD20 cells was 

seen with GM-CSF but CD4 and CD8 cells were shown to be able to induce 

pSTAT5 after IL-7 incubation (figure 3.27).  
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Figure 3.26 
 

 
 
  

Figure 3.26. Gating strategy for phosho-STAT5 staining. 
Matched PBMCs and SFMC were obtained from an AS patient by density centrufigation. 
Cells were starved for 4 hours in R0 medium then re-suspend in medium containing 
50ng/ml of recombinant human GM-CSF for 15 minutes before being placed on ice. Cells 
were then stained for surface markers followed by an intracellular phospho-STAT5 staining. 
Above is a representative FACS plot form PBMCs showing the gating for the different 

l ti   
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Figure 3.27 
 
  
 

 
 
  

Fig 3.27. Phospho-STAT5 staining of PBMCs and SFMCs shows CD14 monocytes to 
be the main population responding to GM-CSF. 
Matched PBMCs and SFMC were obtained from an AS patient by density centrufigation. 
Cells were starved for 4 hours in R0 medium then re-suspend in medium containing 
50ng/ml of recombinant human GM-CSF or 10ng/ml of recombinant human IL-7 for 15 
minutes before being placed on ice. Cells were then stained for surface markers followed 
by an intracellular phospho-STAT5 staining. Phospho-STAT5 signal was plotted in 
unstimulated (red) and after GM-CSF (blue)  or IL-7 (Yellow)  exposure as overlaid 
histograms according to the various cell types. Phospho-STAT5 (pSTAT5) induction was 
clearly seen in response to GM-CSF only in the CD14+ cells in the blood and synovial fluid 
while pSTAT 5 is observed CD4 and CD8 cells after IL-7 stimulation in the PBMC and CD4, 
CD8 and CD56 induction in the synovial fluid. Representative plots shown from 3 
i d d t d  
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3.4 Discussion 
 
The data presented in this chapter confirm the expanded CD4 Th17 

compartment observed by other groups (Shen, Goodall, and Hill Gaston 2009; 

Sarkar, Cooney, and Fox 2010), and further show for the first time an increase 

of GM-CSF producing CD4 cells in AS compared to healthy donors and RA 

disease controls. The observation of expanded CD4 type 17 responses in the 

peripheral blood of patients with AS highlights the importance of this 

inflammatory axis for the development of therapeutics (Baeten et al. 2015). 

The expansion of the GM-CSF compartment was mediated by memory CD4 

cells, which predominantly produce GM-CSF independently of IL-17A. One 

possible explanation for these findings would be that patients with AS simply 

have expanded numbers of circulating memory CD4 cells, however there is 

no published data on this in the current literature. Moreover my data suggest 

that the overall ability of CD4 results to produce other cytokines such as IFN-γ 

does not differ in AS compared to healthy donors or RA disease controls. This 

suggests that an altered T cell cytokine phenotype likely accounts for the 

differences in the group rather than absolute numbers of cytokine-producing 

memory CD4 cells.  

 

A surprising finding is that the numbers of circulating CD4 cells expressing 

GM-CSF in the RA disease controls was significantly lower compared to AS. 

This is especially surprising given that anti-GM-CSF monoclonal antibodies 

are currently in clinical trials in RA (Behrens et al. 2014; Burmester et al. 

2013). However, a role for circulating GM-CSF-producing CD4 cells in RA has 

not to my knowledge been published. The efficacy of the antibody may 
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therefore be predominantly due to the local effects of GM-CSF in synovial 

tissue where increased numbers of cells expressing the GM-CSF receptor 

have been described in both RA and PsA (Greven et al. 2014). The efficacy of 

anti-GM-CSF therapy has been described in the collagen-induced arthritis 

models (Cook et al. 2001). Moreover the role of circulating Th17 cells has 

been previously investigated in RA with conflicting results. Jandus et al 

published in 2008 that the number of circulating Th17 (determined by 

intracellular cytokine staining) was elevated in AS but not RA (Jandus et al. 

2008), while Shen et al published the following year expanded percentage of 

CD4+ T cells both in AS and RA compared to controls. My results seem to 

support the findings of Jandus et al and suggest an increased percentage of 

Th17 cells is a feature of AS but not RA. 

 

One possible confounding factor accounting for the differences between the 

groups may be the sex and age differences between the different groups. The 

AS cohort has an average age of 50 while the RA cohort is significantly older 

with a mean age of 65. The healthy donors have a mean age of 37, therefore 

if younger age predisposed to increased circulating GM-CSF, one would 

expect the healthy donors to be the group with the greatest percentage of 

CD4+ GM-CSF-producing cells. Moreover there was no correlation between 

age and the percentage of GM-CSF-producing CD4 cells in any of the groups 

(figure 3.9E).  

 

The flow cytometry and CyTOF data presented in this chapter was all 

generated by activating cells with PMA and ionomycin. It can be argued that 
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this is a supra-physiological stimulation for T cells and does not reflect the in-

vivo stimulation of these cells. However, the use of PMA and ionomycin 

allows me to take a snapshot of the ex-vivo potential of the T cells and since 

both patient and control PBMCs are treated in exactly the same way, then any 

differences observed between the groups would be valid. Moreover, the data 

in figure 3.20B shows there is spontaneous secretion of GM-CSF from patient 

derived synovial cultures, therefore suggesting GM-CSF is likely to be a 

relevant cytokine in the disease setting. 

 

My data also show GM-CSF is abundantly expressed by CD4 cells at the site 

of inflammation, both in paired synovial fluid mononuclear cells and in explant-

derived synovial tissue cells. A clear limitation of the work is that I am unable 

to compare the inflammed joint responses with those from non-inflammatory 

disease controls. While patients with non-inflammatory joint diseases often do 

get small joint effusions, these are acellular in nature and therefore cannot be 

used for comparison. 

 

I confim in human joints the existence of lineage-negative, IL-7R-positive 

innate lymphoid cells. In particular, the type 3 ILCs seem to be more abundant 

in the joints of patients with SpA compared with peripheral blood.  Classically, 

C-Kit-expressing ILC type 3 cells are though to contribute to the cytokine 

environment through the production of IL-17A and IL-22 in response to tissue 

stress (Geremia et al. 2011; Spits and Cupedo 2012).  Previously they have 

been shown to be important mediators of barrier integrity in the gut (Geremia 

et al. 2011).  ILC3 cells derived from the joint show only very low levels of IL-
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17A and IL-22 expression but abundant expression of GM-CSF when 

stimulated with PMA and ionomycin.  ILC type 1 cells are also present in the 

joint and are capable of producing IFN-γ but the cytokine they express most 

frequently is GM-CSF.  Thus GM-CSF seems to be an important mediator in 

both innate and adaptive immunity during inflammation.   

 

The pathogenic role of T cell-derived GM-CSF has gained prominence with 

GM-CSF shown to be driving type-17 neuroinflammation in a mouse model of 

neuroinflammation (El-Behi et al. 2011). Neutralisation of GM-CSF has been 

shown to be sufficient to halt mouse inflammatory disease (El-Behi et al. 

2011; Shiomi et al. 2014). T cell specific GM-CSF knockout mice are 

protected from disease (Codarri et al. 2011) suggesting T cell derived GM-

CSF is important in driving pathogenesis in these mouse models. The 

pathogenic role of GM-CSF is thought to primarily occur through its effects on 

pro-inflammatory monocyte differentiation (Gordon and Martinez 2010). I 

confirm in my results that the principle population responding to the GM-CSF 

both in the blood and the joint are myeloid derived CD14 cells. A recent report 

has suggested that GM-CSF may additionaly play a role in mouse gut 

pathogenesis through its effects on other myeloid populations such as 

Eosinophils and myeloid precursors (Griseri et al. 2015). The data I present in 

this thesis do not exclude a role for Eosinophils since they were largely 

excluded through the density centrifugation technique used for PBMC and 

SFMC isolation. Eosinophills tend to have density greater than the histopaque 

and therefore are excluded along with neutrophils and red blood cells.  
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In terms of GM-CSF relevance to human disease, elevated GM-CSF-

producing T cells have been shown in the joints of patients with Juvenile 

Inflammatory Arthritis (JIA) (Piper et al. 2014).  Moreover a greatly increased 

percentage GM-CSF-producing CD4 cells have been found in the CSF of 

patients with MS compared to non-MS CSF (Noster et al. 2014). In addition, 

CD4 and CD8 cells expressing GM-CSF have been shown to be elevated in 

the peripheral blood of patients with MS compared to healthy donors and MS 

patients treated with IFN-β therapy (Rasouli et al. 2015).  

 

It remains unclear whether GM-CSF production independent of IL-17A is 

contributing to the disease process or if GM-CSF pathogenicity occurs in the 

context of Th17s.  More evidence seems to be pointing towards GM-CSF-

producing CD4 cells representing a distinct effector phenotype with a recent 

report suggesting that GM-CSF production is more aligned with a STAT5 

rather than a STAT3 programme (Noster et al. 2014). IL-7 is implicated as a 

driver of STAT-5 mediated inflammation in the mouse EAE model (Sheng et 

al. 2014). Indeed my data showing IL-7 to be enhancing the production of 

GM-CSF from CD4 cells, both in isolation and in an inflamed tissue explant 

system, would support this hypothesis. Other studies have shown GM-CSF 

production by CD4 cells to be under the influence of IL-1β (Lukens et al. 

2012; Duhen et al. 2009) , with GM-CSF in turn boosting IL-1β production by 

myeloid derived cells (Khameneh et al. 2011).  What is clear from my data is 

that the human CD4 compartment shows considerable capacity for multiple 

cytokine production and ex-vivo PBMC responses show GM-CSF production 
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occurring in isolation but also in combination with classic IFN-γ producing Th1 

cells and classic IL-17A producing Th17s.  

 

In peripheral blood CD4 cells the correlation of overall GM-CSF to overall IFN-

γ is greater than the correlation to overall IL-17A, with the strongest 

correlation observed between total IL-17A and IL-17A/GM-CSF double 

producing cells. The percentage of these polyfunctional cells is greatly 

increased in the peripheral blood of patients with AS and especially in the 

inflamed synovial fluid and tissue. Phenotypic analysis of these GM-CSF/IL-

17A double producers shows these cells to be very similar to classic Th17s, 

with high CCR6 and CD161 co-expression. This contrasts with GM-CSF 

single producers which have CD161/CCR6 expression comparable to Th1 

cells.  The surface phenotype and correlation data would suggest that these 

double producers originated from classic Th17 cells rather than arising from 

Th1-like GM-CSF single producers. The surface expression data are 

independently supported by the RNA sequencing gene clustering data which 

also show clustering of IL-17A single producers with IL-17A/GM-CSF double 

producers and the clustering of GM-CSF single producers with IFN-γ single 

producers. 

 

Therefore in the context of human SpA I propose several roles for 

lymphocyte-derived GM-CSF. Firstly, there is an expansion of GM-CSF single 

producing cells in the CD4, CD8 and γδ compartments. This is largely 

independent of IL-17A and IL-7 may be a key driver of this subset. The 

abundance of IL-7 in the inflamed joint may account for the increase in GM-
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CSF producing lymphocytes seen at this site (Rihl et al. 2008; Pickens et al. 

2011). Moreover polymorphisms in the IL-7 receptor have been shown to be 

associated with AS (Cortes et al. 2013) and MS (Gregory et al. 2007). In 

addition there is an increase in IL-17A/GM-CSF double producing cells and 

their presence correlates with classic Th17. These may represent 

“pathogenic” Th17s and the drivers for their existence are not directly under 

the influence of IL-7 but perhaps under the influence of GM-CSF-driven pro-

inflammatory monocytes. Finally, early production of GM-CSF from ILCs 

present in the joint may be crucial for starting a chronic inflammatory 

response that culminates in a STAT-5 mediated pro-inflammatory loop.  

Targeting GM-CSF has so far proved to be safe in human disease and clinical 

trials in AS may be warranted.  

 

So far no master transcription factor regulating GM-CSF production by CD4 

cells has been identified, therefore it is currently more helpful to study GM-

CSF production in the context of CD4 plasticity rather than as a distinct 

effector phenotype. However, the RNA sequencing data I have generated 

suggests GM-CSF producing cells have a transcriptional profile that is distinct 

from IFN-γ positive cells and IL-17A producing cells suggesting they may be a 

distinct effector subset of CD4 cells. Gene clustering analysis has provided 

several candidate key genes that may be necessary to activate this subset of 

cells but these will need to be validated at a functional level. Additionally, 

there may be several genes that are important in activating a “pathogenic” 

programme within Th17 immunity. If the role of these are genes is validated in 

future studies, they may provide an attractive target for therapeutic 
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intervention with the goal of targeting “pathogenic” cells while maintaining 

normal immunity. 
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Figure 3.28 

 

  

Figure 3.28. Proposed model for the role of GM-CSF in SpA joint disease 
pathogenesis 
Joint-resident ILCs are early responders to tissue stress and can be activated 
through the action of stromal cytokines such as IL-7. One of their main effector 
functions is the production of GM-CSF which will influence the differentiation of 
monocytes and other myeloid populations trafficking into the joint. IL-7 will also 
promote GM-CSF production from trafficking CD4 cells. The increase of GM-CSF in 
the inflamed joint will drive pro-inflammatory phenotype of monocytes and set up a 
pro-inflammatory loop.  
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Chapter 4: The role of IL7R polymorphisms in 
inflammatory disease association 
 

4.1 Introduction 
 
Single nucleotide polymorphisms (SNPs) in the IL7Rα chain (CD127) have 

shown disease association in AS (Cortes et al. 2013) and other inflammatory 

diseases including MS (Gregory et al. 2007) and primary biliary cirrhosis 

(Mells et al. 2011). The MS-associated SNP rs6897932 on chromosome 5 is 

the best-studied. The high-risk common allele (C) encodes the amino acid 

threonine residue at position 244 in the 6th exon, while the rare protective 

allele T encodes Isoleucine (R. I. Mazzucchelli, Riva, and Durum 2012). The 

frequency of the minor protective allele (T) is 0.17 

(http://www.ncbi.nlm.nih.gov/SNP). This SNP is located in a block of high 

linkage disequilibrium (LD), which includes the lead AS-associated SNP 

rs11742270 (located 6868 base pairs from the lead MS associated SNP). This 

region is in complete LD with an R2 of 1.0 and D-Prime of 1.0 according to the 

1000 genomes database from the broad institute (available via the SNAP 

website https://www.broadinstitute.org/mpg/snap).  

 

The functional relevance of these polymorphisms and indeed their cellular 

specificity remains unclear. Studies looking at expression quantitative trait loci 

(eQTL) in a cell-specific and context-specific manner have been hugely 

informative in deciphering the relevance of common disease associated 

polymorphisms. One such recent study (Fairfax et al. 2014) looked at B cells, 

monocytes and NK cells and found a statistically significant (P=5.9 x10-19) 

genotypic eQTL effect for IL7R RNA expression in CD14 monocytes after 24 

http://www.ncbi.nlm.nih.gov/SNP
https://www.broadinstitute.org/mpg/snap


 131 

hours of LPS stimulation but not at baseline. Meanwhile a paper examining 

eQTL in CD4 cells by Raj et al., (Raj et al. 2014) did not find an IL7R-

associated eQTL. The findings of these two eQTL studies are very intriguing 

especially as the IL7R is thought to be integral to T cell biology but not 

commonly known to be expressed on CD14 monocytes (reviewed in Mackall, 

Fry, and Gress 2011; Bendall et al. 2011). Based on an effect size of 0.2, and 

power of 0.8, we estimated that we would need to recruit 42 individuals in 

order to see an effect based on linear regression model. 
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4.2 Aims 
 
The aim of this chapter was to study cell surface expression of the IL7R using 

flow cytometry in a cohort of healthy individuals recruited from the Oxford 

Biobank on multiple cell types within baseline and stimulated PBMCs. 

 

The Key questions were: 

• What is the baseline IL7R expression in human PBMC subsets and 

does this change with stimulation? 

 

• What are the effects of 24 hours of LPS stimulation on IL7R expression 

of CD14 monocytes and can we reproduce the RNA eQTL at protein 

level? 

 

• What is the functional relevance of IL7R expression on monocytes? 
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4.3 Results 
 

4.3.1 IL7R expression at baseline is predominantly on CD4 and CD8 cells 
but is induced on CD14 monocytes after LPS stimulation 
 
In order to understand baseline IL7R expression in ex-vivo human PBMCs I 

used a multicolour flow cytometry panel staining for CD3, CD4, CD8, CD14, 

CD20 and CD56 (figure 4.1). At baseline I noted high levels of IL7R 

expression on CD4 and CD8 cells only. After 24 hours stimulation with 

20ng/ml of LPS there was a marked induction of this receptor on CD14 

monocytes. By contrast there was a down-regulation of IL7R observed in 

CD4, CD8 and CD56 cells. There was no observable effect of LPS on IL7R 

expression on CD19 B cells compared to unstimulated controls (figure 4.2). 

For this reason CD19 was not included in subsequent staining. I also tested 

the isotype control of the IL7R antibody on LPS-treated CD14 monocytes, to 

ensure specificity of the staining (figure 4.2B). Isotype controls were included 

in all subsequent stains and used to determine the gating of the IL7R 

expression. 
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Figure 4.1 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  

Figure 4.1. Gating strategy for donor PBMC surface staining.  
Representative flow cytometery plot from biobank donor 534 showing gating strategy for 
identifying CD14+, CD3+CD4+, CD3+CD8+, CD3-CD19+ and CD3-CD56+ cell populations.  
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Figure 4.2 
 

 

  

Figure 4.2. IL7R expression on different PBMC cell types at control and after 24-hour 
LPS treatment.  
Cells were incubated in medium alone or in the presence of 20ng of LPS  for 24 hours and 
then stained for surface markers as per figure 4.1 in addition to IL-7R (CD127) expression. 
A Representative flow cytometery plot from biobank donor 534 in panel A shows 
expression according to cell type with and without LPS in PBMCs. B CD14 monocytes 
were isolated from the same donor by positive selection and incubated overnight with LPS 
or medium. Representative plots show untreated, LPS 20ng/ml treated and LPS 20ng/ml 
treated stained with isotype control antibody for IL-7R. 

A 

B 
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4.3.2 IL7R expression on monocytes peaks at 6-24 hours post 
stimulation with LPS and is also induced by other TLR agonists 
 
In order to understand the kinetics of IL7R expression on CD14 monocytes I 

conducted a time course experiment in two individuals (figure 4.3). IL7R 

baseline expression on CD14 monocytes was determined in PBMCs as per 

the gating strategy in figure 4.1. PBMCs were then stimulated with 20ng/ml of 

LPS and aliquots of cells were taken and stained at 2, 6, 24 and 48 hours 

after LPS stimulation. I observed a clear IL7R induction on the monocytes 

within 6 hours with a peak around 12-24 hours. Based on these results I 

decided to look at the 24 hour time-point for IL7R expression on the monocyte 

surface. This was the same time point as the one used to generate the gene 

array data in the study of Fairfax et al. 2014. 

 

I next asked the question of whether the up-regulation of  IL7R was specific to 

LPS monocyte activation via TLR4 (Schwartz 2001) or if other inflammatory 

stimuli could also have the same effect (figure 4.4). I therefore tested a TLR2 

stimulus (Pam3cysk4) or a TLR7 agonist (imiquimod) in a cohort of 7 donors. 

IL7R expression was observed in response to all three TLR stimuli but only 

reached statistical significance for LPS and Pam3cysk4. 
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Figure 4.3 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3. Time-course of IL-7R induction on CD14+ monocytes.  
PBMCs from two donors were isolated by density centrifugation and rested overnight in 
R10 medium. The following day cells were stimulated with 20ng/ml of LPS and aliquots of 
cells were taken at 2,6,24,48 and 72 hours for IL7R staining. An unstimulated control was 
run at every time point. In the two individuals studied the peak IL7R induction is between 6 
and 24 hours. 
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Figure 4.4 

 
  
  

Figure 4.4. TLR2 agonists also induce IL7R expression on monocytes.  
PBMCs from 6 biobank donors were isolated by density centrifugation and rested overnight 
in R20 medium. The following day cells were stimulated with 20ng/ml of LPS, 100ng/ml of 
Pam3cysk4 (TLR2 agonist) and 100ng/ml of imiquimod (TLR7 agonist) for 24 hours. Cells 
were stained and the percentage of IL7R+ cells in the CD14 gate was determined by flow 
cytometry. There was a statistically significant induction of IL7R after LPS and Pam3cysk4 
stimulation. Statistical significance was determined using a Friedman’s non parametric test. 
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4.3.3 IL7R surface expression shows response to LPS stimulus in 
myeloid and lymphoid subsets 
 
IL7R expression was tested in a cohort of 103 PBMC biobank healthy donors 

after 24 hours of LPS stimulation versus medium alone incubator controls 

(figure 4.5). These experiments were carried out in 11 different batches. A 

very strong up regulation of IL7R on monocytes for all individuals was 

observed. In contrast IL7R expression on CD4 cells, CD8 cells and CD56 

cells undergoes a relatively mild but clear down-regulation in response to 24 

hours of LPS stimulation compared to incubator controls. 

 

In parallel to the PBMCs LPS stimulation experiments, CD14 positive 

monocytes were also isolated from 85 individuals using positive selection 

magnetic bead separation (figure 4.6). A very robust induction of IL7R on 

isolated monocytes was again observed (figure 4.6A). There was a clear 

positive correlation between induction of IL7R in whole PBMCs and isolated 

monocytes in the same individual with an R2 value of 0.43 (figure 4.6B).  
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Figure 4.5 
  
 

   

Figure 4.5. Differing effects of LPS stimulation on IL7R expression across PBMC 
subsets.  
PBMCs from 103 biobank donors were stimulated with 20ng/ml of LPS for 24 hours and the 
percentage of IL7R expression was determined in CD14, CD4, CD8 and CD56 cells 
compared to untreated paired controls. Statistical significance was determined using a 
Wilcoxon non-parametric paired test. 
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Figure 4.6 
 

 
 
 
 
 
  

A 

B 

Figure 4.6. IL7R is upregulated  on isolated monocytes after LPS stimulation and 
correlates with monocyte PBMC response in the same individuals.  
A- Within the cohort of 103 individuals 85 individuals also had monocytes isolated by CD14 
magnetic bead positive selection. Isolated monocytes were incubated for 24 hours with 
LPS versus incubator controls. Induction of IL7R was observed clearly with a P value of 
less than 0.0001 using a paired T test. B- In individuals who had both a PBMC and isolated 
CD14 LPS stimulated sample the correlation was measured between the two samples 
following LPS stimulation. A statistically significant positive correlation was observed using 
a Spearman r test with a R value of 0.43. Line of best fit and 95% confidence intervals were 
calculated using linear regression modelling. 
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4.3.4 Expression of LPS induced IL7R on monocytes is influenced by 
genotype 
 
The cohort of 103 individuals recruited for the LPS stimulation experiments  

was carried out over 11 batches under identical experimental conditions and 

was blinded to genotype. After completion of the flow cytometry analysis the 

genotype of the biobank individuals was unblinded in order to assess the 

effects of genotype at the rs689732 SNP on IL7R expression. 52 individuals 

had the common CC genotype, 42 were heterozygous, and 9 had the rare TT 

variant. Figure 4.7 panels A and C show that there was no significant effect of 

genotype on IL7R baseline expression on monocytes within total PBMCs or 

isolated using positive selection.  

 

After 24 hours of stimulation with LPS the genotype of the individuals has a 

significant effect on the level of IL7R expression on the surface. Figure 4.7B 

shows that homozygous carriers of the rare (AS-protective) allele TT have 

significantly higher expression of IL7R on the surface of CD14 monocytes 

compared to CC major allele homozygous carriers exposed to the same 

stimulation. This effect is also seen for LPS-stimulated isolated CD14 

monocytes. 

 

Within the other PBMC cell populations, no effect of genotype was observed 

on IL7R expression on unstimulated CD4, CD8 and CD56 cells (figure 4.8). 

Following LPS stimulation there was no effect of genotype on CD4 and CD56 

cells but a significant effect was observed in CD8 lymphocytes, where the 

minor TT allele carriers showed lower expression of IL7R on CD8 cells 
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compared to the major CC allele carriers. This effect was in the opposite 

direction to the one observed in CD14 monocytes.  
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Figure 4.7  
 

  

 
 
 
 
 
 
 
 
 
 
 

Figure 4.7. rs6897932 SNP genotype influences IL7R expression on monocytes 
following LPS stimulation.  
Whole PBMCs (n=103, A & B) or positively selected, magnetically isolated CD14 cells 
(n=85, C & D) were incubated with or without 20ng/ml of LPS for 24 hours. There was no 
observed effect of genotype in untreated (UT) CD14 monocytes either within a PBMC 
culture or cultured independently of other PBMC populations (A & C respectively). After 24 
hours of LPS stimulation a statistically significant genotypic effect is observed where 
homozygous carriers of the rare TT allele express higher levels of IL7R on the surface of 
the CD14 monocytes as measured by flow cytometry. This effect is significant both in the 
isolated monocytes (D) and monocytes cultured within PBMC populations (B). Statistical 
significance was calculated using a Kruskal-Wallis multiple comparisons test. 
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Figure 4.8  
 

 
 
  

Figure 4.8. Genotypic effects of the rs6897932 SNP genotype influences IL7R 
expression on CD8 T cells after LPS stimulation.  
IL7R surface expression on CD4, CD8 and CD56 subsets was measured by flow cytometry 
in whole PBMCs (n=103) incubated with or without 20ng/ml of LPS for 24 hours. There was 
no observed effect of genotype in untreated (UT) CD4, CD8 or CD56 cells. After 24 hours 
of LPS stimulation a statistically significant genotypic effect is observed in CD8 cells but not 
CD4 or CD56 subsets. In CD8 cells the homozygous carriers of the rare TT allele show 
lower levels of IL7R expression on the surface. Statistical significance was calculated using 
a Kruskal-Wallis multiple comparisons test. 
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4.3.5 Recombinant IL-7 in cultures down-regulates IL7R surface 
expression across all measured PBMC subsets 
 
One approach to test whether the IL7R expression on the PBMC subsets is 

likely to be functional is to observe a physiological down-regulation of this 

receptor in response to recombinant human IL-7. This down-regulation has 

donors within the cohort of 103 donors, PBMCs were cultured with 

recombinant human IL-7 at a concentration of 10ng/ml in addition to LPS 

20ng/ml for 24 hours. Figure 4.9 shows a significant down-regulation of 

surface IL7R in response to recombinant IL-7 in CD14, CD4, CD8 and CD56 

cells compared to LPS alone.  

 

Analysis of the results based on genotype (figure 4.10) shows the effects of 

polymorphisms in the RS689732 on the expression of the IL7R is maintained 

after down-regulation of the IL7R in CD14 monocytes. In CD4 and CD8 cells 

the down-regulation of the IL7R after culture with recombinant human IL-7 

occurs across genotypes. In particular the effects of genotype on IL7R 

expression in CD8 cells observed after LPS stimulation is no longer seen after 

the addition of recombinant human IL-7. 
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Figure 4.9  
 

 
 

  

Figure 4.9. Recombinant IL-7 leads to downregulation of IL7R in CD14, CD4, CD8 and 
CD56 cells within LPS-stimulated PBMCs.  
Recombinant human IL-7 was added to LPS-stimulated PBMC cultures in a subset of 83 
donors within the cohort. The addition of recombinant IL-7 leads to a significant 
downregulation of the IL7R across all LPS-stimulated cells. Statistical significance was 
calculated using a paired T test. 
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Figure 4.10  
 

 
 
 
Figure 4.10. The genotypic influence on LPS-induced IL7R expression on monocytes 
is maintained after the addition of recombinant human IL-7.  
Recombinant human IL-7 was added to LPS-stimulated PBMC cultures in a subset of 83 
donors within the cohort and the results analysed according to RS689732 polymorphisms. 
There is overall down-regulation of the IL7R after the addition of IL-7 but the genotypic 
effect of LPS induced induction of IL7R was maintained despite the addition of recombinant 
IL-7. Higher surface levels of IL7R on monocytes are seen with the TT genotype compared 
to the CC genotype. The suppression of IL7R in CD4 and CD8 cells is seen across all 
genotypes after the addition of recombinant IL-7. Statistical significance was calculated 
using a Kruskal-Wallis multiple comparisons test. 
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4.3.6 TCR stimulation leads to down-regulation of IL7R expression on 
CD4 and CD8 cells but is not influenced by genotype 
 
As no baseline effect of the rs689732 polymorphisms on the level of IL7R 

expression on CD4 and CD8 lymphocytes was observed, I decided to 

investigate whether there would be an effect after T-cell receptor (TCR) 

stimulation. Therefore PBMCs were stimulated for 24 hours with beads coated 

with anti-CD2/3/28 antibodies in a new cohort of individuals (23 CC, 16 CT, 5 

TT) recruited from the biobank (figure 4.11). As previously noted, there was 

no genotypic effect on the level of IL7R expression in unstimulated CD4 and 

CD8 lymphocytes. After 24 hours of TCR stimulation a down-regulation of 

surface IL7R was observed in the lymphocytes, but once again this effect was 

not influenced by genotype.  
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Figure 4.11  
 
 
 

 
 

  

Figure 4.11. No observed genotypic effect after TCR stimulation on IL7R expression 
on CD4 and CD8 lymphocytes.  
A new cohort of 44 individuals was recruited from the biobank in 4 batches. PBMCs were 
stimulated for 24 hours by beads coated anti CD2/3/28 antibodies at a ratio of 1 bead to 2 
cells. At 24 hours IL7R surface expression was determined by flow cytometry. Results were 
unblinded to genotype at the end of the study. There was a down-regulation of IL7R on 
CD4 and CD8 lymphocytes after TCR stimulation. This down-regulation occurs across all 
gentoypes and no statistically significant difference was observed between differing 
genotypes at RS689732 polymorphism. Statistical significance was calculated using a 
Kruskal-Wallis multiple comparisons test. 
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4.3.7 The effects of LPS on monocyte IL7R expression are partially 
reversed by the neutralisation of TNF-α 
 
In order to understand the regulation of LPS-induced IL7R expression on 

monocytes I reviewed the eQTL data set from the study by Fairfax et al 

(Fairfax et al. 2014). At mRNA level, expression of TNF-α at 2 hours was the 

best predictor of IL7R expression at 24 hours. The hypothesis therefore is that 

LPS-induced expression of IL7R on monocytes is driven by autocrine 

production of TNF-α. In a subset of 69 individuals from the original cohort 

LPS-stimulated PBMCs were also incubated with 5μg of the chimeric anti-

TNF monoclonal antibody Infliximab.  

 

The addition of Infliximab led to partial reversal of LPS-induced IL7R 

expression on monocytes (figure 4.12A). Moreover anti-TNF antibody addition 

also led to a slight but significant down-regulation of IL7R on CD4 and CD8 

lymphocytes. The partial reversal of the LPS-induced IL7R expression in this 

subset of 69 donors led to a loss of the statistically significant genotypic effect 

observed with LPS stimulation alone (figure 2.12B).   
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Figure 4.12  
 
 

 
 
 
 
 
 
  

A 

B 

Figure 4.12. Anti-TNF antibody addition reverses LPS-induced IL7R expression 
induction on CD14 monocytes.  
In a subset of 69 donors within the original cohort of 103 the neutralisation of TNF-α using 
5μg/ml of Infliximab added to PBMC cultures showed a partial reversal of LPS-induced 
IL7R induction on monocytes. The addition of Infliximab also resulted in a minor but 
significant down-regulation of IL7R on CD4 and CD8 cells (Panel A, paired T-test). Analysis 
of the results based on genotype at the RS689732 polymorphisms showed a trend towards 
higher CD14 IL7R expression with the TT genotype but this was no longer statistically 
significant in this smaller cohort. Statistical significance was calculated using a Kruskal-
Wallis multiple comparisons test. 
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4.3.8 Recombinant TNF promotes genotype-specific IL7R expression on 
monocytes independently of LPS 
 
Since neutralisation of TNF-α can partially reverse IL7R expression on CD14 

monocytes, I sought to investigate whether recombinant human TNF-α led to 

the up-regulation of IL7R on CD14 monocytes. In a new independent cohort 

of 78 individuals (recruited over 7 batches) PBMCs were cultured for 24 hours 

with 10ng/ml of recombinant TNF-α. Figure 4.13 shows that TNF addition led 

to up-regulation of IL7R on CD14 monocytes in a genotype-specific way. The 

effect of genotype on TNF-α-induced IL7R expression on monocytes at the 

rs689732 SNP polymorphism was in the same direction as the effect 

observed by LPS (figure 4.7). In both sets of experiments carriers of the TT 

allele showed significantly higher levels of IL7R on the surface of CD14 

monocytes compared to CC allele. Once again there was no significant effect 

observed in the CD4, CD8 or CD56 cell subsets. 
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Figure 4.13  
 
 

 
 

  

Figure 4.13. Recombinant TNF-α induces IL7R expression on CD14 monocytes in a 
genotype specific way.  
PBMCs from a cohort of 78 donors recruited over 7 batches were stimulated with 
recombinant human TNF-α at a dose of 10ng/ml over 24 hours. Recombinant human TNF-
α lead to the induction of IL7R on CD14 monocytes with carriers of the TT allele showing 
significantly greater TNF-α-induced IL7R induction compared with carriers of the CC allele. 
There were no statistically significant genotypic differences observed in the other studied 
PBMC cell subsets. Statistical significance was calculated using a Kruskal-Wallis multiple 
comparisons test. 
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4.3.9 Monocytes expressing IL7R are found in the inflamed joints of 
patients with SpA 
 
Since polymorphisms of the IL7R are associated with many autoimmune 

inflammatory diseases and in particular ankylosing spondylitis, I sought to 

investigate whether this phenomenon of IL7R expression on CD14 monocytes 

might be relevant at the site of tissue inflammation in AS. Ex-vivo IL7R 

staining was carried out on matched PBMC and synovial fluid samples from 2 

patients with AS recruited through the immune function in infllmmatory arthritis 

(IFIA) study. Figure 4.14 shows low levels of IL7R expression on monocytes 

from the peripheral blood of patients with AS. However, in both patients the 

matched synovial fluid samples showed marked ex-vivo IL7R expression on 

monocytes compared to the isotype control. 

 
  



 156 

Figure 4.14 
 

  

Figure 4.14. Ex-vivo AS CD14 synovial monocytes express IL7R. 
Matched cryopreserved PBMC and synovial fluid mononuclear cell (SFMC) samples were 
stained for surface IL7R. IL7R staining was observed in CD14s cells from the synovial fluid. 
Middle panel shows isotype control staining of SFMC samples. 



 157 

4.4 Discussion 
 

My results show for the first time a genotypic effect of polymorphisms at the 

rs689732 SNP on monocyte IL7R expression after activation with LPS and 

TNF. Although IL7R signalling is not commonly associated with myeloid cell 

populations, It has been previously reported by several independent groups 

that myeloid populations do express the IL7R. Martinez et al profiled human 

monocytes after differing activation stimuli and showed IL7R to be one of the 

upregulated genes in pro-inflmmatory M1 signature (Martinez et al. 2006). 

Alderson and colleagues showed peripheral blood derived monocytes are 

able to respond to high doses of recombinant IL-7 (100ng/ml) in an in-vitro 

culture system (Alderson et al. 1991). In the context of inflammatory arthritis, it 

has been shown that macrophages derived from RA synovial fluid have high 

levels of IL7R (Pickens et al. 2011). 

 

IL7R polymorphisms have been associated with multiple inflammatory 

diseases but the mechanisms through which these associations play out and 

indeed the relevant cell types have remained poorly understood. The 

assumption has always been that polymorphisms in the IL7R would have their 

primary effects through CD4 and CD8 lymphocytes since this cytokine is 

crucial for the development and expansion of these cells (Mackall, Fry, and 

Gress 2011). Indeed non-functioning mutations of the IL7R lead to severe 

combined immunodeficiency, highlighting the important role of IL-7 in T cell 

development and survival (Roifman et al. 2000). 
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When stimulating whole PBMCs with LPS my results show IL7R expression to 

be differentially regulated in the various leucocyte sub-populations. Whilst 

there is a robust induction on CD14 monocytes, there is a clear down-

regulation from high baseline levels in CD4 and CD8 lymphocytes. The down-

regulation of IL7R in lymphocytes after activation has been previously 

described previously, not just after IL-7 stimulation, but with other pro-

inflammatory cytokines such as IL-6 (J.-H. Park et al. 2004). This cytokine is 

known to be produced by monocytes in response to TLR activation (Hartmann 

and Krieg 1999).  

 

My results show that the LPS-induced induction of IL7R occurs both within a 

whole PBMC stimulation system and in isolated monocytes. This indicates 

that induction is predominantly intrinsic to monocytes and that other PBMC 

cell interactions are not required. Moreover the induction of IL7R in LPS-

treated isolated CD14 monocytes and LPS-treated monocytes within PBMCs 

shows a strong positive correlation, suggesting that even within PBMCs, the 

induction of IL7R after LPS may be driven through direct action on the 

monocytes. In the array eQTL data-set by Fairfax et al., the stimulation of 

monocytes with LPS was carried out using isolated CD14 populations and the 

gene expression signature observed was thus due to a direct effect (Fairfax et 

al. 2014). 

 

There was a clear and statistically significant effect of rs689732 genotype on 

LPS-induced IL7R induction both in the PBMC setting and in isolated 

monocytes. Homozygous carriers of the rare and protective TT allele showed 
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significantly increased LPS-induced IL7R expression, but this effect was not 

seen at baseline. The direction of this protein expression eQTL is the same as 

the gene array mRNA eQTL (Fairfax et al. 2014). Therefore I have confirmed 

the mRNA results at the cell surface expression level in an entirely new cohort 

of individuals and showed down-regulation of this receptor in response to IL-7 

suggesting a functional relevance. Moreover, as with the gene array cohort, 

no significant genotypic effects were observed in untreated CD14 monocytes 

either in isolation or in the context of whole PBMC stimulation. 

 

This paradoxical observation of a protective allele leading to increased 

expression of the potentially pro-inflammatory IL7R on the surface of 

monocytes is puzzling. The high AS-risk common major allele encodes a 

threonine at position 244 in the 6th exon of the extracellular domain (bordering 

the transmembrane region). This allele has been shown to be associated with 

a two-fold increase in the skipping of exon 6, resulting in an alternatively 

spliced variant and leading to a soluble form of the protein (Gregory et al. 

2007). This may be an explanation for the observed lower IL7R surface 

expression seen with the CC risk allele since the flow cytometry assay does 

not take account of soluble IL7R. However if this was the case, then one 

might expect to see lower IL7R surface expression across the other PBMC 

populations. In reality, I observe a trend in the opposite direction in untreated 

CD8 cells, and statistically significant opposite effect with LPS-stimulated CD8 

cells. It is not clear why an alternatively spliced, common TT variant 

supposedly resulting in more soluble IL7R, causes expression of more 

membrane-bound IL7R on CD8 but less membrane-bound IL7R on 
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monocytes. One possible explanation is cell-specific expression of 

transcription factors or splicing. 

 

One alternative and as yet unproven hypothesis suggests that the disease-

associated threonine residue causes gain of function at the IL7R and leads to 

increased signalling. Genetic sequencing data from childhood T-cell acute 

lymphoblastic leukemia has shown a somatic gain-of-function mutation at 

exon 6. Here an unpaired cysteine residue is introduced in the extracellular 

juxtamembrane/transmembrane region, leading to constitutive activation of 

the receptor (Zenatti et al. 2011). Since threonine is a polar amino acid 

whereas isoleucine is hydrophobic, one can postulate that the disease-

associated threonine may alter the signalling strength. If this were indeed the 

case, it would still not explain the increased transcription of the IL7R 

specifically in monocytes after LPS stimulation. To formally test this 

hypothesis, one would have to clone the different receptor genotypes into a 

reporter system and directly measure increase in signalling. 

 

An attractive hypothesis would be that IL7R expression on CD14 cells serves 

an immune-regulatory function, hence the observed higher surface expression 

with the protective allele. In a study by Guimond et al., it was shown that IL7R 

signalling in mouse dendritic cells (DCs) resulted in the down-regulation of 

MHC-II resulting in the diminished proliferation of CD4 cells in response to IL-

7 (Guimond et al. 2009). This study provides a clear immunomodulatory 

feedback role for myeloid cells such as CD14 monocytes and DCs in 

response to IL-7 and would fit in with the observation of increased IL7R 
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expression on activated monocytes from homozygous carriers of the 

protective allele.  

 

In order to test whether the IL7R on monocytes is indeed functional, I added 

recombinant human IL-7 to PBMC cultures (figure 4.10). Under normal 

circumstances IL-7 binding to IL7R on lymphocytes leads to down-regulation 

of that receptor (J.-H. Park et al. 2004). This is mediated through suppression 

of IL7R transcription and interestingly the mechanism of suppression differs 

between CD4 and CD8 cells (J.-H. Park et al. 2004). In lymphocytes this 

negative feedback loop is thought to be important for preventing unregulated 

expansion of lymphocytes. The addition of recombinant human IL-7 to the 

PBMC cultures resulted in a significant down-regulation of the IL7R on CD4 

and CD8 cells as expected. In addition I also observed a down-regulation on 

the CD14 monocytes suggesting ligand engagement of IL7R on monocytes 

leads to an intracellular signalling process with an associated negative 

feedback loop. Interestingly this IL-7 mediated down-regulation of IL7R is not 

as marked as the down-regulation seen in lymphocytes. Moreover the 

genotypic differential expression of the IL7R on monocytes is maintained after 

IL-7 signalling. 

 

In this study the eQTL seen for monocytes only occurs after appropriate 

stimulation by a TLR agonist, in this case LPS. While LPS is known to be a 

potent stimulus for CD14 cells, it is not the main stimulatory pathway for 

lymphocytes, even though human T cells have been reported to express 

TLRs (Funderburg et al. 2008). Therefore LPS stimulation may not be the 
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correct physiological way to reveal an activation-induced eQTL in 

lymphocytes. For this reason a second cohort of patients was recruited and 

PBMCs were stimulated for 24 hours with beads coated with CD2/3/28, a 

method previously used in several publications (E. V. Acosta-Rodriguez 

2007). A significant down-regulation of IL7R expression was observed in both 

CD4 and CD8, cells but there was no statistically significant effect of genotype 

at the rs689732 SNP. However in both CD4 and CD8 cells there is a trend for 

lower IL7R expression following TCR stimulation in the TT protective allele. 

Unfortunately this second cohort may have been underpowered to detect a 

change and this will need to be followed up in future studies. 

 

The signals driving IL7R expression on CD14 monocytes are not clear. One 

approach to deciphering this process was to go back to the gene array eQTL 

data-set by Fairfax et al (Fairfax et al. 2014). Pathway analysis suggested that 

expression of TNF-α at 2 hours was the strongest predictor of IL7R 

expression at 24 hours in isolated monocytes. This would suggest TNF-α 

production may be driving IL7R expression in an autocrine way. To test this 

hypothesis the anti-TNF-α antibody Infliximab was added to PBMC cultures. 

This antibody is used clinically to treat a host of inflammatory disorders 

(Feldmann 2002). Addition of this antibody to the PBMC cultures resulted in a 

partial reversal of the LPS-induced IL7R up-regulation. This suggests that 

although TNF has an influence, it is not the only pathway driving IL7R up-

regulation in response to LPS. 
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The second approach taken was to test whether the addition of recombinant 

human TNF could induce IL7R expression on monocytes independently of 

LPS. For this purpose a second cohort of patients was recruited and PBMCs 

were stimulated with recombinant human TNF-α. In this cohort of 78 donors a 

clear genotypic effect of TNF-α-induced IL7R expression was seen. The effect 

was in the same direction as the first LPS-induced cohort, with the highest 

IL7R expression seen with homozygous TT rare protective genotype. This 

suggests that genotypically controlled IL7R expression on CD14 monocytes 

can be driven by TNF-α alone and that the loss of the genotypic effect with 

anti-TNF would imply that TNF is one of the key drivers of this expression. 

 

Here I have demonstrated that the genotype-specific IL7R expression in 

CD14 monocytes in an in-vitro stimulation model. If myeloid IL7R expression 

is indeed relevant in SpA disease pathogenesis then CD14 cells expressing 

IL7R should be present in the inflammed joint. My ex-vivo staining of paired 

PBMCs and SFMC samples demonstrates clearly that CD14 cells in the joint 

do indeed express levels of IL7R comparable to in-vitro LPS and TNF-α 

stimulated CD14 cells. This confirms the observations by other groups who 

have, in rheumatoid arthritis, shown IL7R expression on myeloid cells in the 

infammed joints (Pickens et al. 2011; Hartgring et al. 2009). Immune cells 

trafficking into the joint will be exposed to a range of cytokines, in particular 

TNF-α (Punzi, Calò, and Plebani 2002). Therefore it is likely that CD14 cells 

are induced to express IL7R in response to factors such as TNF-α after 

arriving into the joint where there is also abundant IL-7 production (Hartgring 

et al. 2009; Pickens et al. 2011; van Roon et al. 2005).  
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In the context of SpA I now propose an updated model in figure 4.15. Tissue 

injury will activate ILCs through IL-7 production by stroma and this will lead to 

a STAT-5-mediated pro-inflmmatory loop described in my conclusions of 

chapter 3. However the monocytes trafficking into the inflammed joint will also 

be directly influenced by IL-7, after this receptor is induced on the surface in 

response to TNF-α. I hypothesise that IL-7 has an anti-inflammatory effect on 

monocytes. Therefore homozygous carriers of the TT protective allele will be 

able to resolve this inflammatory cycle more effectively while carriers of the 

CC disease-associated allele will be more likely to have a failure of resolution 

resulting in chronic inflammation.  

 

 

 

 
  

Figure 4.15. Proposed model for the role of IL-7 in SpA joint disease pathogenesis. 
IL-7 can act directly on ILCs populations and CD4 cells to induce GM-CSF which 
drives a proinflammatory monocyte/T cell loop. In addition IL-7 will also act on 
activated monocytes and may have an anti-inflammatory effect to limit excess 
immune activation. Carriers of the protective IL7R allele have higher monocyte 
IL7R expression which will allow for swift resolution, while carriers of the disease-
associated allele have lower monocyte IL7R expression and therefore inflammation 
persists for longer.  
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Chapter 5: Using small molecule RORγt inhibitors to 
suppress in-vitro type 17 responses in 
spondyloarthritis 
 

5.1 Introduction 
 
IL-17A is the hallmark of type-17 immunity and is thought to play a pathogenic 

role in many immune-mediate inflammatory diseases including 

spondyloarhtritis (SpA), psoriasis and inflammatory bowel disease (IBD). 

Genome Wide Association Studies have linked multiple type-17 associated 

genes with SpA, psoriasis and IBD, including IL23R and STAT3 (Danoy et al. 

2010b, 3; Cortes et al. 2013; Bowes et al. 2015). Increased frequencies of T-

helper type 17 (Th17) cells and enhanced levels of IL-17A in serum and 

synovial fluid have been found in SpA by several groups and were confirmed 

by my own findings in chapter 3 (Shen, Goodall, and Gaston 2009; Sarkar, 

Cooney, and Fox 2010; Baeten et al. 2013). 

 

Monoclonal antibody therapy against IL-17A has been shown to be effective 

in treating patients with psoriatic arthritis (Mease et al. 2014) and SpA (Baeten 

et al. 2013). However clinical trials of agents targeting this pathway have 

failed to show significant benefit in RA patients (Genovese et al. 2013). In 

addition, treatment of IBD with anti-IL-17A not only proved to be ineffective, 

but also harmful for some patients (Hueber et al. 2012). These paradoxical 

effects of IL-17A neutralization can in some part be explained by the 

physiological role of IL-17A. IL-17A is highly conserved in evolution (Rast et 

al. 2006)  and its principle function is to protect the host against extra-cellular 

bacterial and fungal infections (Miossec, Korn, and Kuchroo 2009). In the gut 
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it is thought to be important for maintaining epithelial barriers against the gut 

microbiome (Cua and Tato 2010). 

 

Differentiation and function of type 17 cells is controlled by the key 

transcription factor retinoid-related orphan receptor-γt (RORγt) (Ivanov et al. 

2006).  RORγt orchestrates the differentiation of naïve T helper cells towards 

Th17 effector cells and is essential for the transcription of IL-17A (Ivanov et al. 

2006). In addition to Th17s, CD161-expressing CD8 T cells (Walker et al. 

2012), γδ T-cells (Kenna et al. 2011), mast cells and gut resident innate 

lymphoid cells (Cua and Tato 2010) have also been shown to make IL-17A 

and also express RORγt. RORγt therefore represents an excellent target to 

manipulate this inflammatory module for therapeutic benefit.  Indeed, various 

small-molecule compounds targeting RORγt been shown to suppress IL-17A 

responses in mice including digoxin (Huh et al. 2011), SR1001 (Solt et al. 

2011), TMP778 (Skepner et al. 2014), SR2211 (M. R. Chang et al. 2014)  and 

TMP920 (Xiao et al. 2014). RORγt inhibitors have not been used in patients 

but TMP778 (Skepner et al. 2014) and SR2211 (Melton et al. 2013) have both 

been used to suppress human Th17 responses in vitro. 
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5.2 Aims & Objectives 
 
To test the effects of two novel small molecule RORγt inhibitors (MRL367 and 

MRL248) on the peripheral blood and synovial fluid of patients with ankylosing 

spondylitis (AS). 

 

1- To develop an assay for the expansion of patient-derived type 17 cells 

in-vitro. 

2- To test the effect of the compounds on the production of IL-17A and 

other cytokines by blood lymphocytes of SpA patients. 

3- Test the effect of the compounds on SpA synovial fluid mononuclear 

cell Th17 responses. 
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5.3 Results 
 

5.3.1 Low dose T cell receptor stimulation promotes differentiation of 
naïve CD4 cells into Th17 cells 
 
In addition to the three classical signals of naïve T cell differentiation (TCR 

engagement, co-stimulation & cytokines) (Murphy, Kenneth 2011), it has been 

suggested that the strength of TCR signalling also plays a role in the 

differentiation of Th17 cells (Purvis et al. 2010). I tested the effects of a 

standard human T cell expansion protocol (Miltenyi) on naïve T cells using 

anti-CD2/3/28 antibody coated beads at a ratio of 1 bead for every 2 cells 

versus a lower dose of beads to naïve T cells (1 bead for every 8 cells, n=1). I 

observed a clear increase in the percentage of naïve T cells staining for 

intracellular IL-17A in a one week culture system using the lower dose 

stimulation in the presence of Th17 skewing cytokines (IL-6, IL-1β, IL-23 and 

TGF-β) (figure 5.1).  
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Figure 5.1 

   

 

 

  

Figure 5.1. Polarisation of naïve CD4 cells towards Th17 is enhanced by reducing the TCR 
activating bead: cell ratio.  
Naïve CD4 cells were isolated from whole healthy donor PBMCs by magnetic bead negative 
selection.  500,000 naïve CD4 cells were cultured for one week with TCR-activating miltenyi beads 
coated with anti CD2, CD3 and CD28 in a 48 well plate. Two different concentrations of beads 
were used; 1 bead to 2 cells (1:2) and 1 bead to 8 cells (1:8), as shown within each plot. Non-
polarising conditions contained only IL-2 at a concentration of 100IU/ml while Th17 condition 
contained IL-1β, IL-6 and TGF-β all at 10ng/ml plus IL-23 at 20ng/ml. Cells were split on day 3 and 
on day 6 re-stimulated with PMA and Ionomycin for intracellular cytokine staining.  A shows IL-17A 
plotted against IFN-γ and B shows IL-17A plotted against GM-CSF. 
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5.3.2 Th17 polarising cytokines show no effects in whole PBMC Th17 
promoting cultures 
 
Since the use of any therapy as a systemic oral agent would affect all PBMC 

populations (rather than just naïve CD4 T cells) I set out to develop a Th17 

(CD4+IL-17A+) promoting culture system using whole PBMCs. Figure 5.2 

shows representative flow cytometry plots using low dose versus standard 

TCR bead stimulation with Th17 promoting cytokines or non-polarising 

conditions (IL-2 alone). In the whole PBMC culture system I observed a 

similar percentage of Th17 cells after one week using both low and standard 

dose TCR stimulation (figure 5.2-A). In addition, there was no significant effect 

on Th17 percentages with the addition of pro-Th17 cytokines IL-6, IL-1β, IL-23 

and TGF-β compared to IL-2 alone (figure 5.2-B). Finally I tested the duration 

of incubation on the percentage of Th17 cells and found no significant 

difference for a one-week incubation compared to a two-week incubation 

(figure 5.2-C). 

 

Next I sought to find the optimal concentration of IL-2 and TCR beads in the 

one week culture system (using T25 flasks). PBMCs from a healthy donor 

were incubated for one week in different doses of IL-2 and at different TCR 

bead to cell ratios. TCR bead:cell doses tested were 1:10 (0.1), 1:20 (0.05) 

and 1:40 (0.025). In this set of experiments the optimum dose TCR ratio was 

1:20 (figure 5.3B) and the optimum IL-2 concentration was 100 international 

units (figure 5.3A).  

 

Finally, to test the reliability of the culture conditions in expanding Th17 

populations from whole PBMCs, the Th17 percentage of CD4 cells was 
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determined ex-vivo in 6 patients with AS and compared to the percentage 

observed after one week in the culture system. I observe a statistically 

significant increase in the percentage of Th17 cells in all 6 donors (figure 5.4). 

Therefore these culture conditions were used in future experiments to test the 

effects of RORγt suppression. 
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Figure 5.2  

 

  

   

Figure 5.2. Polarisation of whole PBMCs towards Th17.  
500,000 healthy donor PBMCs were cultured for one week with miltenyi beads coated with anti CD2, 
CD3 and CD28 in a 48 well plate. Two different concentrations of beads were used; 1 bead to 2 cells 
(1:2) and 1 bead to 8 cells (1:8). Non-polarising conditions contained only IL-2 at a concentration of 
100IU/ml while Th17 condition contained IL-1β, IL-6 and TGF-β all at 10ng/ml plus IL-23 at 20ng/ml. 
Cells were split on day 3 and on day 6 re-stimulated with PMA and Ionomycin for intracellular cytokine 
staining.  Panel A shows the representative flow cytometry plots of IL-17A plotted against IFN-γ. Panel 
B shows the percentage of IL-17A positive CD4 cells obtained data from 3 independent experiments 
using a 1:8 TCR stimulus. Panel C shows the percentage of IL-17A positive CD4 cells obtained after 
one week or two weeks of culture using non-polarising conditions and a 1:8 TCR stimulus. Statistical 
analysis was carried out using a paired T test. 
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Figure 5.3  

 

  A 

B 

Figure 5.3. Optimisation of PBMC Th17 cultures in a T25 flask.  
5,000,000 healthy donor PBMCs were isolated ex-vivo and cultured for one week with TCR-activating 
miltenyi beads coated with anti CD2, CD3 and CD28 in a T25 flask. Panel A shows the effects of 
differing doses of IL-2 on PBMCs from the same donor cultured with TCR-activating beads at a 1:10 
concentration. Panel B shows the effects of three different concentrations of beads; 1:10 (0.1), 1:20 
(0.05) and 1:40 (0.025) cultured in an IL-2 concentration of 100IU/ml. 
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Figure 5.4  

 

 

 

  

 

  

Figure 5.4. Culture of AS patients PBMCs in T25 flask with a 1:20 TCR bead dose and 100IU/ml 
of IL-2 leads to expansion of Th17 percentage compared to baseline. 
5,000,000 PBMCs from AS patients PBMCs were cultured for one week with TCR-activating miltenyi 
beads coated with anti CD2, CD3 and CD28 in a T25 flask at bead concentration of 1:20 in the 
presence of 100IU/ml of IL-2. Cells were cultured in 5mls of R10 medium and the flask kept upright in 
the incubator. After 3 days 5mls of R10 medium containing 200IU/ml of IL-2 was added to the flask. At 
day 6 cells were re-stimulated with PMA and ionomycin in the presence of berfeldnin A and monensin 
for 4 hours and the percentage of IL-17A positive cells in the CD4 gate was determined and compared 
to the baseline ex-vivo percentage for each individual. The figure shows the results of 6 independent 
experiments and statistical significance was determined using a paired T test.  
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5.3.3 RORγt inhibitor compounds suppress IL-17A expansion in CD4 
cells  
 

Two RORγt inhibitor compounds (MRL-367 and MRL-248), available via a 

material transfer agreement between the University of Oxford and Merck 

pharmaceuticals, were tested on PBMCs derived from AS patients.  The two 

compounds are structurally very similar and the only difference is an 

additional OH group on MRL-367 (figure 5.5A). The assay used is 

summarised in figure 5.5B.  

 

Figure 5.5C shows the representative flow cytometry plots from one AS 

patient after a week-long culture with DMSO control or each of the inhibitors 

at three different doses. Both inhibitors show a dose-dependent reduction in 

the percentage of CD4 cells expressing intracellular IL-17A compared to 

control. The dose response relationship of the two compounds is similar and 

summarised in figure 5.5-D. In addition to the reduction in the percentage of 

Th17 cells within the CD4 pool, I also observed a reduction in the mean 

fluorescence intensity (MFI) of the intracellular IL-17A staining in the CD4 

cells (figure 5.5E).  
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Figure 5.5 

 

Figure 5.5. RORγt inhibitors MRL-367 and MRL-248 suppress IL-17A production from Th17 
cells.  
The structure of the two RORγt inhibitors MRL-248 and MRL-367 manufactured by Merck laboratories 
is shown in A and the summary of the assay is shown in B. C shows the representative flow cytometry 
data at day 7 using PBMC from an AS patient and each of the inhibitor used at 3 different doses 
(10nM/ml, 10nM/ml and 1000nM/ml). D summarises the percentage of Th17s on day 6 in culture with 
varying doses of the two inhibitors. E shows the mean fluorescence intensity of IL-17A positive CD4 
cells cultured with three different doses of MRL-367 or control. 
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5.3.4 RORγt inhibition reduces both the percentage of Th17 cells in in-
vitro Spondyloarthritis PBMC cultures and the amount of IL-17A 
secreted  
 
The two RORγt compounds were tested using the in-vitro assay described 

above using PBMCs from 10 SpA patients. Figure 5.6-A shows the data for 

the 10 individuals at baseline and with each of the two inhibitors. Overall both 

inhibitors reduced the percentage of Th17 cells in all individuals but I did 

observe significant variation between individual patient donors. Figure 5.6-B 

summarises the data for all 10 patients, and shows that a statistically 

significant inhibition of Th17 cell percentage is achieved with both inhibitors 

compared to the DMSO control. There was no statistically significant 

difference in the inhibition seen with the two different compounds. 5.6-C 

shows the same data but standardised to the control level percentage of Th17 

for each individual. Overall a mean suppression to approximately 50% of 

baseline was observed in the number of Th17. Both inhibitors suppressed the 

amount of secreted IL-17A measured by ELISA compared to control (figure 

5.6-D). Finally I did not observe any difference in the cell viability of all cells 

after treatment with each of the inhibitors (figure 5.6-E).  
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Figure 5.6  

 

 

 

 

  

Figure 5.6. RORγt inhibitors MRL-367 and MRL-248 significantly suppress the percentage of 
Th17 cells in AS PBMCs without affecting cell viability. 
Panel A shows the effects of MRL-367 and MRL-248 compared to control on the percentage of Th17 
using SpA PBMCs from 10 donors cultured for 6 days in in 7 independent experiments. The mean 
data are summarised in Panel B where a statistically significant suppression of Th17 percentage is 
shown compared to controls. Panel C shows the same data as Panel B but standardised to the 
baseline level of Th17 for each donor. Panel D shows the amount of IL-17A in the culture 
supernatants measured by ELISA from one experiment. Panel D shows the viability of cells cultured in 
control conditions or with each inhibitor expressed as percentage of live cells at day 6 in the 10 
donors. Statistical significance was determined using a one-way ANOVA with multiple comparisons. 
 

A 

B C 

D E 
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5.3.5 Inhibition of RORγt is specific to Th17 cells   
 

Figure 5.7 shows that RORγt inhibitors also suppressed the total percentage 

of IL-22 secreting cells but did not significantly alter the overall percentage of 

IFN-γ, TNF-α or GM-CSF positive cells. The inhibitors were tested in the 

same 10 individuals as shown figure 5.6 using multicolour intracellular flow 

cytometry.  

 

However when the percentage of cells co-staining for IL-17A with IL-22, IFN-

γ, TNF-α, or GM-CSF was analysed I observed a statistically significant 

suppression of double-positive populations with the inhibitor MRL-367. For 

MRL-248, IL-17A and IFN-γ, IL-22 and TNF-α co-staining cells were 

suppressed. IL-17A/GM-CSF double positive cells were significantly 

suppressed by MRL367 but not MRL248 (figure 5.8).  
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Figure 5.7  

 

 

 

  

Figure 5.7. RORγt inhibitors MRL-367 and MRL-248 significantly reduce the total percentage  of 
IL-22-positive cells but not IFN-γ, TNF-α or GM-CSF-positive cells. 
PBMCs from SpA were cultured in the presence of inhibitors were stained for the intracellular 
cytokines IL-22 (n=5), IFN-γ (n=10), TNF-α (n=7) and GM-CSF (n=8). A statistically significant 
reduction in the percentage of CD4 cells positive for IL-22 was observed with both MRL-367 and MRL-
248 at day 6 compared to control. There were no statistically significant differences observed for IFN-
γ, TNF-α and GM-CSF. Statistical significance was determined using a one-way ANOVA with multiple 
comparisons. 
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Figure 5.8  

 

 

Figure 5.8. RORγt inhibitors MRL-367 and MRL-248 significantly reduce the percentage of  
other cytokines if co-expressed with IL-17A. 
PBMCs from SpA were cultured in the presence of inhibitors or controls were stained for intracellular 
IL-17A in addition to IL-22 (n=5), IFN-γ (n=10), TNF-α (n=7) and GM-CSF (n=8). A statistically 
significant reduction in the percentage of CD4 cells positive for IL-17A and each of the four other 
cytokines was observed with MRL-367. MRL-248 led to a statistically significant reduction in the 
percentage of IL-17A co-staining with IFN-γ, IL-22 and TNF-α but not IL-17A/GM-CSF double positive 
cells. Statistical significance was determined using a one-way ANOVA with multiple comparisons. 
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5.3.6 RORγt inhibitors also suppress IL-17A production from CD8 cells 
 

Within the same PBMC cultures I also looked at the effects of the two 

inhibitors on CD8-positive T cells.  CD8 staining was only carried out in 4 

individuals within the cohort of 10 patients. In those four individuals a 

statistically significant reduction in the number of IL-17A positive CD8 T cells 

was observed for the inhibitor MRL-248 compared to the untreated control 

(but not for MRL-367), (figure 5.9). There was no observable change in the 

percentage of IFN-γ positive cells.  
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Figure 5.9 

 

 

 

  

Figure 5.9. RORγt inhibitor MRL-248 suppresses the percentage of IL-17A positive CD8 cells 
but has no effect on IFN-γ. 
SpA PBMCs from 4 donors were also stained for CD8 and the percentage of CD8 cells positive for IL-
17A was cells determined (n=4). A statistically significant reduction in the percentage of CD8 cells 
positive for IL-17A was observed with the inhibitor MRL-248. There was no effect of either inhibitor on 
the percentage of CD8 cells positive for IFN-γ. Statistical significance was determined using a one-
way ANOVA with multiple comparisons. 
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5.3.7 RORγt inhibitors suppress IL-17A secretion from synovial fluid 
cells but do not alter the percentage of IL-17A positive cells 
 
Synovial fluid mononuclear cells from two SpA patients were cultured using 

the Th17 expansion assay. In these two individuals there was no clear effect 

of either inhibitor on the observed percentage of IL-17A positive cells using 

intracellular flow cytometry (figure 5.10A). However, both inhibitors 

significantly reduce the amount of secreted IL-17A present in the culture 

supernatants as measured by ELISA (figure 5.10B).  
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Figure 5.10 synovial fluid 

  

 

 

  

Figure 5.10. RORγt inhibitors MRL-367 and MRL-248 suppress the amount of secreted IL-
17A produced by synovial fluid cells but do not reduce percentage of Th17 cells. 
SpA SFMCs were cultured in the presence of the two RORγt inhibitors. A Representative flow 
cytometry plots of SFMC IL-17A and IFN-γ production with and without the two inhibitors. B Data 
from two donors shows no clear difference in the percentage Th17 cells with either inhibitor 
compared to control in the intracellular flow cytometry assay. C Statistically significant reduction 
in the amount of secreted IL-17A measured by ELISA was observed with both compounds. 
Statistical significance was determined using a one-way ANOVA with multiple comparisons. 
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5.4 Discussion 
 
I show here that the two RORγt inhibitors MRL-367 and MRL-248 suppress 

in-vitrp Th17 expansion in the blood of patients with SpA without causing 

overall cell toxicity (although a directly toxic effect on CD4 cells cannot be 

ruled out). The suppression of Th17 responses is specific because the 

percentages of CD4 cells staining for Th17-associated intracellular cytokines 

IL-17A and IL-22 were significantly reduced in the presence of the inhibitors 

while the percentages of cells staining for other measured cytokines (IFN-γ, 

TNF-α and GM-CSF) were not. The results of this work, together with further 

work carried out by Jelle de Wit, have now been published in the Journal of 

Allergy and Clinical Immunology (de Wit & Al-Mossawi et al. 2015). 

 

ROR inhibitors described previously include digoxin, SR1001, TMP778 and 

SR2211 (Huh et al. 2011; M. R. Chang et al. 2014; J. Yang et al. 2014). 

These suppress Th17 responses in murine Experimental Autoimmune 

Encephalomyelitis (EAE) and collagen- induced arthritis but there is less data 

on human disease. The RORγt inverse agonist TMP778 reduced both EAE 

and imiquimod-induced cutaneous inflammation in mice, and also inhibited 

Th17-associated gene expression in cells derived from patients with psoriasis 

(Skepner et al. 2014).  

Digoxin and TMP778 specifically suppressed RORγt, whereas SR1001 also 

inhibited RORα (Huh et al. 2011; Solt et al. 2011; Skepner et al. 2014). MRL-

248 and MRL-367 specifically suppress RORγt via binding to the ligand-

binding domain, likely by inhibiting the interaction with co-factor steroid 

receptor co-activator 1. MRL-248 and MRL-367 are structurally comparable 
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and have similar suppressive effects on Th17 cells in SpA. Whereas digoxin, 

TMP778 and SR1001, which have a similar mechanism of action (Huh et al. 

2011; Solt et al. 2011; Skepner et al. 2014), show IC50 potency in the μM 

range, MRL-248 and MRL-367 displayed IC50 values in the nM range (de Wit 

& Al-Mossawi et al. 2016). 

In addition to reducing the percentage of Th17 cells after the one-week culture 

system, both inhibitors also significantly suppressed the secreted IL-17A in 

the culture supernatants measured by ELISA. The ELISA assay differs from 

the intracellular cytokine staining (ICS) assay. ELISA looks at the overall rate 

of IL-17A production in the culture system while ICS captures the cells 

capable of producing IL-17A upon stimulation with PMA and ionomycin. This 

difference in the two assays may explain the discrepancy observed in the 

results observed in the synovial fluid (where the inhibitors did not suppress 

the percentage of Th17 cells by ICS but significantly reduced the amount of 

secreted IL-17A in the culture supernatant). These findings were supported by 

further experiments (de Wit & Al-Mossawi et al. 2016) which showed that 

RORγt inhibition with MRL-367 and MRL-248 suppressed IL-17A production 

by ELISA in pre-sorted Th17 cells from healthy donors but not the overall 

percentage of Th17 cells by ICS. Taken together, these results suggest the 

RORγt transcription factor is required for the differentiation and expansion of 

Th17 cells and their ability to secrete IL-17A under culture conditions but 

RORγt is less important for the maintenance of the Th17 phenotpye in pre-

committed cells. This may be relevant when considering the potential efficacy 

of this treatment in the clinic 
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The effect of the two inhibitors on IL-17A, and to a lesser extent IL-22, seems 

specific to these two cytokines in terms of inhibition of T cell phenotype. The 

overall percentage of CD4 cells expressing the other tested cytokines was 

unaltered. However the expression of TNF-α, IFN-γ and GM-CSF in 

combination with IL-17A was significantly suppressed. This is relevant 

because Th17s, especially those that co-express GM-CSF, are thought to 

have an important role in driving pathogenesis in autoimmune inflammatory 

disorders (El-Behi et al. 2011; Yosef et al. 2013). T helper differentiation from 

naïve CD4 cells involves several intracellular signalling cascades that are 

often regulated in a reciprocal manner (C. B. Wilson, Rowell, and Sekimata 

2009). It is reassuring to find that in this assay of human Th17 cell expansion, 

I did not see reciprocal effects of RORγt expression on IFN-γ-secreting Th1 

cells. In this set of experiments I did not test the reciprocal effects of RORγt 

inhibition on regulatory T cells (Tregs). Tregs and Th17 cells share common 

differentiation pathways (Ayyoub, Raffin, and Valmori 2012) and conversion of 

one cell type to another has been reported in mouse models (Gagliani et al. 

2015; Komatsu et al. 2014). The role of RORγt inhibition on human Th17 

conversion to Treg will be the subject of future work in the Bowness group. 

 

This effect on the ‘pathogenic’ polyfunctional cells, with a reduction in the 

overall percentage of Th17 cells rather than complete abrogation of the Th17 

response, may be beneficial if these compounds are taken forward into 

clinical trials. Complete neutralisation of IL-17A would have an impact on the 

protective role of this cytokine in the gut.  This may explain the observation of 

worsening disease in Crohn’s patients treated with anti-IL-17A monoclonal 
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antibodies (Hueber et al. 2012).  I would argue that the maintenance of some 

physiological IL-17A may be a useful feature not just in Crohn’s but also in 

other conditions where it may may reduce immunosuppressive complications.  

 

My data also suggests that RORγt inhibitors play a role in driving type-17 

immunity in CD8-positive cells. It is unclear what role IL-17A-producing CD8 

cells play in the pathogenesis of autoimmune inflammatory diseases, but my 

work in chapter 3 and the work of others does suggest they are expanded in 

the disease context (Menon et al. 2014). Even though the number of 

experiments shown in figure 5.9 is low and does not meet statistical 

significance for MRL-367, the result is significant for MRL-248 in the 4 

individuals. This work was replicated in the publication (de Wit & Al-Mossawi 

et al. 2016) where clear suppression of the percentage of IL-17A-producing 

CD8 cells was observed with both inhibitors.  

 

A criticism of this work may be that the Th17 cells generated in the expansion 

assay do not represent true in-vivo Th17 cells. The exact mechanism and 

cytokine requirements for human in-vitro Th17 cell differentiation from naïve 

CD4 cells are a controversial topic and there is no consensus in the literature. 

Some authors have shown a requirement for TGF-β (L. Yang 2008; N. Manel, 

Unutmaz, and Littman 2008) while others have shown TGF-β to suppress 

Th17 responses (H. G. Evans et al. 2007). In addition the combination and 

concentrations of IL-6, IL-23, IL-1β and IL-21 differs in different publications 

(Evans et al. 2007; McGeachy et al. 2007; L. Yang 2008; Manel, Unutmaz, 

and Littman 2008; Ayyoub, Raffin, and Valmori 2012, 17; Annunziato et al. 
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2008). I would therefore argue that there is no ‘standard’ method of 

generating human Th17 cells in vitro and therefore any method which robustly 

and consistently increases the percentage of CD4 cells (figure 5.4) expressing 

intracellular IL-17A is valid. Also the expansion of human Th17 cells from the 

peripheral blood of patients with uveitis in the presence of IL-2 only has been 

previously published (Amadi-Obi et al. 2007). Finally, the observation that 

RORγt-inhibiting compounds limit this expansion further confirms that these 

cells are indeed Th17 cells which use RORγt as a transcription factor.  

 

For this work I chose to use a whole PBMC system rather than a naïve T cell 

differentiation model, so that we might better mimic the in-vivo environment 

found at the inflammatory site, where the majority of cells secreting IL-17A are 

pre-differentiated and have a memory phenotype (Shen, Goodall, and Hill 

Gaston 2009). Testing the effects of RORγt inhibition on naïve CD4 

polarisation towards Th17 was carried out in subsequent work and published 

in the paper resulting from this work (de Wit & Al-Mossawi et al. 2016). 

 

Targeting the type 17 pathway using monoclonal antibodies against IL-17A 

(Baeten et al. 2013) or its cell surface receptor IL17RA (Mease et al. 2014) 

has been shown to be effective in AS and PsA respectively. In addition, 

ustekinumab, an antibody targeting the upstream IL-23/IL-12 shared subunit 

p40, has also been shown to be efficacious in AS (Poddubnyy et al. 2014), 

psoriasis (Griffiths et al. 2010) and PsA (McInnes et al. 2013). These results 

further highlight the role of this inflammatory pathway in immune mediated 

inflammatory disorders. The data presented in this chapter together with 
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subsequent work (de Wit & Al-Mossawi et al. 2016) would argue that RORγt 

may also be a viable therapeutic target, which can be blocked using small 

molecule inhibitors and would provide the basis for trials in patients with SpA 

and other immune-mediated inflammatory diseases (de Wit & Al-Mossawi et 

al. 2016). 
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Chapter 6: Overall discussion and future directions 
 

 

6.1 GM-CSF secreting T cells likely comprise a distinct CD4 cell 
subset 
 
The data presented in this thesis show for the first time an expansion of the 

percentage GM-CSF-positive CD4 cells in the peripheral blood of patients 

with SpA compared to healthy controls and RA disease controls. The increase 

in GM-CSF is not limited to CD4 cells but also occurs in CD8 and γδ T cells. 

Moreover, the expansion of the percentage of GM-CSF positive cells occurs 

both within the Th17 compartment (increase in IL-17A/GM-CSF double 

positive cells) and also independently of IFN-γ-producing Th1 cells and IL-17A 

producing Th17 cells. This would suggest that GM-CSF-producing T helper 

cells represent a unique subset within the T helper differentiation fates.  

 

The existence of an independent subset of Th-GMCSF cells is supported by 

my RNA sequencing data, which show a unique expression profile for GM-

CSF single positive cells and a unique clustering of upregulated genes. 

However, in the mouse models of GM-CSF-driven disease RORγt has been 

suggested as a driver of GM-CSF (Codarri et al. 2011). The RNA sequencing 

data show similar expression of RORC in GM-CSF single positive cells and 

IL-17A single positive cells supporting this view, but notably in the data 

presented in chapter 5 of this thesis inhibition of RORγt suppressed IL-17A 

but not GM-CSF (de Wit & Al-Mossawi et al. 2016). In order to confirm this 

finding, candidate master regulators of a GM-CSF programme in CD4 cells 
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must be validated at a functional level and this will be the subject of future 

work (see below). 

 

The identification of this subset of cells in AS opens up a new therapeutic 

angle. Monoclonal antibodies targeting GM-CSF (Behrens et al. 2014) or its 

cell surface receptor (Burmester et al. 2013) are currently in clinical trials for 

RA and have so far shown efficacy and safety in phase 2 studies (Behrens et 

al. 2014; Burmester et al. 2013). The expansion of this subset of T cells in AS 

would argue for trials in this disease, However safety concerns regarding 

alveolar proteinosis (Kitamura et al. 1999) are important to take into account 

in any such trials. Moreover, in a recent study it has been shown that GM-

CSF production from ILC3 subsets in mouse models of inflammatory bowel 

disease are important for maintaining Tregs via the GM-CSF-dependent 

production of retinoic acid by myeloid cells (Mortha et al. 2014). This further 

illustrates the complexity of the biology of GM-CSF in maintaining 

homeostasis in addition to its potential pathogenic roles. Therefore it would 

argue for a therapeutic strategy which would be able to specifically target 

polyfucntional T cells rather than wholesale blockade of a cytokine pathway. 

 

6.2 Pathogenic Th17 cell phenotype is enhanced in AS 
 
Several reports in the mouse literature have now confirmed a heterogeneity of 

cytokine production within the Th17 compartment (Gaublomme et al. 2015; 

Yosef et al. 2013). In particular Th17 cells co-producing GM-CSF have been 

shown to be pathogenic in the context of mouse models of inflammation 

(Codarri et al. 2011; El-Behi et al. 2011; Sheng et al. 2014). The data in 
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chapter 3 of this thesis show an expansion of such “pathogenic Th17” cells 

co-expressing IL-17A and GM-CSF in the blood and synovial fluid of patients 

with SpA. Transcriptional analysis of these double positive cells from healthy 

donor lymphocyte cones shows a higher expression of both RORC and 

TBX21 compared to single positive IL-17A producing cells. Moreover, RORγt 

inhibition does suppress this double-positive population in addition to IL-17A 

single positive cells (de Wit & Al-Mossawi et al. 2016). This would suggest 

that high RORγt expression may be one driver of pathogenic GM-CSF-

producing Th17 cells and would support the mouse findings (Codarri et al. 

2011).  

 

In addition, my transcriptional analysis shows a unique cluster of activated 

genes in the double positive “pathogenic” cells, which distinguishes these 

cells from classic Th17 cells. Some of these genes may represent good 

targets for therapeutic manipulation but require functional validation first. In a 

recent study it was shown that blimp1 is a key driver of pathogenic Th17 cells 

in mice downstream of IL-23 (Jain et al. 2016) and that blimp1 directly binds 

to the promoter sites of both the csf2 and il17a genes in mice. Moreover the 

authors show that blimp2 knockout mice are protected from EAE (Jain et al. 

2016). In the RNA sequencing data set generated in my study, the expression 

of PRDM1, the human gene for blimp1 was only seen to be differentially 

increased compared to CD45RA positive naïve cells in IFN-γ and GM-CSF 

single positive populations but not in IL-17A single positives or IL-17A/GM-

CSF double positives. A difference in biology between mouse and humans 

may be one explanation. A second explanation may be that the IL-17A/GM-
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CSF double positive cells sorted from lymphocyte cones are not 

representative of true “pathogenic” T cells from the site of inflammation. This 

highlights the need to validate the RNA sequencing data from ex-vivo T cells 

derived from human inflammatory sites. The idea of targeting the “pathogenic” 

component of the immune response while maintaining normal immunity would 

be hugely beneficial across the spectrum of inflammatory disease and the 

data showing the role of factors such as blimp1 in mice would suggest this 

may be a viable option in patients. 

 

6.3 IL-7 promotes human T cell GM-CSF production 
 
My data presented in chapter 3 of this thesis (figure 3.18 and figure 3.19) 

clearly show a role for IL-7 in driving an increase in the number of CD4 cells 

producing GM-CSF in vitro. This finding corroborates previous mouse data 

showing that IL-7, acting via STAT5, is a key cytokine in promoting GM-CSF-

positive T cell expansion (Sheng et al. 2014). My data show the effect of IL-7 

on CD4 T cells is specific to the GM-CSF single positive T cell subset only 

and does not lead to expansion of IL-17A/GM-CSF double positive cells, 

suggesting that other factors may driving the “pathogenic” polyfunctional CD4 

subset. However the set of experiments were limited in number and an effect 

of IL-7 on other cytokines in a larger experiments cannot be ruled out. 

Moreover, the experiments using recombinant IL-7 (figure 3.18 and figure 

3.19) do not take into account the effects of IL7R polymorphisms on T cell 

function, especially since polymorphisms in this receptor have been 

associated with AS (Cortes et al. 2013). Nevertheless, my data show a role 
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for IL-7 in promoting T cell GM-CSF and the enhanced concentrations of IL-7 

seen in the joint may therefore be relevant (van Roon et al. 2005). 

 

6.4 Exploring the functional role of IL7R polymorphisms  
 
In this thesis I have sought to understand the functional effects of IL7R 

polymorphisms in the context of healthy donors rather than disease. The 

expression of this receptor is known to be predominantly on lymphoid cells, in 

particular CD4 and CD8 T cells where expression is essential for development 

and long term survival of memory responses (R. Mazzucchelli and Durum 

2007). However, expression quantitative trait loci (eQTL) data sets show 

genotype-dependent differential expression of the IL7R gene in monocytes 

after LPS activation (Fairfax et al. 2014) but not in T cells (Raj et al. 2014). 

The data I have presented in this thesis confirm a genotypic effect of IL7R 

expression on monocytes after LPS or TNFα stimulation, but not on T cells 

after CD2/3/28 stimulation in healthy donors. The effects of IL-7 signalling on 

CD14 monocytes remain controversial and we still do not know how this 

differential expression will affect the activated monocyte pool in vivo. The 

existence of CD14 cells expressing the IL7R within ex-vivo isolated 

inflammatory synovial fluid would suggest a potential role for this pathway in 

disease pathogenesis. Moreover, my data do not exclude an effect of IL7R 

polymorphisms on signalling through that receptor in T cells or monocytes. 

Such an effect may be independent of surface expression levels.  

 

My data raise the possibility of pursuing the IL-7 axis for therapeutic benefit. 

However, it should be borne in mind that blockade of this cytokine may have 
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severe detrimental effects since the knock-out murine studies show a severe 

immunodeficiency (Roifman et al. 2000). IL-7 signalling is thought to be 

important for the survival of the memory T cell pool (Bradley, Haynes, and 

Swain 2005), therefore neutralisation of this cytokine, even after thymic T cell 

development, may result in loss of existing memory responses. In the context 

of autoimmunity, this may be beneficial for serve cases as it may re-establish 

tolerance, especially since studies with anti-CD52 mediated depletion of 

mature CD4 cells by almetuzumab indicate the immune system has the 

capacity to re-establish the T cell pool from stem cells (Lundin et al. 2004). 
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6.5 Concluding remarks 
 
Despite advances in treatments for AS, a great unmet clinical need remains. 

Genome Wide Association Studies have been very important in highlighting 

key aspects of biology (such as type 17 immunity in disease pathogenesis) 

but an understanding of these pathways at a functional level is crucial to avoid 

costly negative clinical trials. This thesis sought to answer a number of 

questions regarding the pathobiology of AS in order to identify new 

therapeutic targets in this disease. I show for the first time that GM-CSF may 

play an important role in “pathogenic” Th17 biology in AS. I also show that 

IL7R polymorphisms (also genetically associated with AS) have a functional 

effect via expression on monocytes. Finally, I show the potential of using 

small molecule RORγt inhibitors to target in-vitro type 17 responses in AS. I 

believe that this thesis has laid important groundwork and pre-clinical data to 

inform clinical trials in AS to target GM-CSF and RORγt. In addition, I have 

generated some important new questions which will hopefully be the subject 

of on-going research in the future.  
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6.6 Future directions 
 

6.6.1 Validation of triple capture data at single cell level from patient-
derived samples 
 
The triple capture assay and subsequent RNA sequencing has generated an 

important transcriptional data set which, for the first time, provides an insight 

into the transcriptional regulation of human pathogenic Th17 cells. This data 

will require validation from patient-derived samples, especially from the site of 

inflammation, which I plan to do by single cell transcriptomic analysis. The 

final validation will be with knock-down experiments using siRNA or CRISPR 

technology of key transcriptional hubs to prove functional roles. 

 

6.6.2 Effects of IL-7 signalling on monocyte transcriptional profile 
 
I have shown the genotypic effects of IL7R polymorphisms on the expression 

of this receptor in activated monocytes. However, knowledge of IL-7 signalling 

on monocyte development remains lacking. A non-biased RNA sequencing 

approach to this pathway will be helpful to understand the effects of IL-7 

biology in human monocytes and will hopefully yield further interesting results. 

This experiment has been carried out with isolated monocytes from 8 donors, 

treated with IL-7 alone, LPS alone or LPS plus IL-7 samples are currently 

awaiting sequencing. 
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