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Abstract 
T-helper (Th) 17 cells are a subset of CD4+ T cells defined through the release of the 

cytokine interleukin-17a (IL-17a). Activation of these cells is critical for protection 

against some extracellular bacterial and fungal pathogens. However, a dysregulated 

Th17 response targeted against self is thought to play an important role in the 

immunopathology of a number of autoimmune conditions including Inflammatory 

Bowel Disease (IBD), Multiple Sclerosis (MS) or inflammatory arthritides. Further 

understanding of the mechanisms that influence the development of Th17 cells may 

aid future therapeutic targeting of these cells. Whilst the role of the cytokine milieu in 

Th cell polarisation is relatively well characterised, the degree of signalling through the 

TCR can also shape the form of the Th cell response. Both the density of antigenic 

peptide available and the affinity of the antigenic peptide for a particular TCR can 

contribute to the degree of TCR signalling.  

The hypothesis of this project was that TCR signal intensity could alter the 

development of Th17 cells from a naive precursor population. In particular, it was of 

interest to determine how citrullination of a putative TCR contact amino acid in an 

antigenic peptide could alter the Th cell response observed. The 5/4E8 T-cell receptor 

transgenic (TCR Tg) mouse provides a model in which >80% of T-cells specifically 

recognise an immunodominant epitope derived from the G1 domain of aggrecan – 

peptide-84-103 (p84-103). This model allowed for the examination of these factors and 

the underlying mechanism ex vivo using a purified naive CD4+ T cell population in co-

culture with LPS-matured dendritic cells (mDCs). 

The data presented in this thesis show the activation, proliferation and effector 

responses of naive 5/4E8 TCR Tg T cells to alterations in both cognate peptide (p89-

103) density and affinity through citrullination of a putative TCR contact residue 

(R93Cit). Interestingly, by reducing TCR signal strength the observed response shifts 

from one dominated by the Th2 phenotype to Th17 cells. Linking the degree of TCR 

activation to Th cell phenotype was the intensity of IL-2 signalling that in turn shaped 

the balance between phosphorylated STAT3 and STAT5. Compared to p89-103-primed 

T cells, T cells responding to R93Cit produced less IL-2, expressed lower levels of the IL-
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2 receptor subunit CD25, and showed reduced levels of STAT5 phosphorylation, whilst 

STAT3 activation was unaltered. IL-2 blockade in p89-103-primed T-cells selectively 

reduced STAT5 but not STAT3 phosphorylation, and concomitantly enhanced Th17 

development. 

In summary, this work indicates the impact that changes to the intensity of TCR 

signalling can have on the murine Th17 response. Indeed, these data illustrate how a 

disease-relevant post-translational modification such as citrullination can promote 

Th17 development by altering the balance between STAT5 and STAT3 activation in 

responding T cells. 
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1 Introduction 
The evolution of the adaptive immune response provides the host organism with an 

additional form of defence beyond that evolved in the genome (1). The specialised 

manner through which these cells recognise pathogens renders an additional layer 

of complexity, meaning the immune system can target distinct families of 

pathogens; ranging from intracellular viruses to extracellular bacteria and 

multicellular helminths (1). The importance of T lymphocytes is illustrated through 

their loss leading to profound susceptibility to a range of otherwise harmless 

organisms (2). However, a dysregulated T cell response targeted against harmless 

antigens or self can be equally destructive leading to chronic inflammation and 

sustained morbidity (3-5). Thus, further understanding of how these cells can 

become pathogenic is important for T cell immunobiology, but also towards the 

development of more targeted therapies aimed at disruption of harmful responses 

whilst preserving overall host immunity. 

1.1  T cells 
Even the most evolutionary ancient organisms possess a form of innate immunity 

(6). First contact with a pathogen will activate cells belonging to this system. 

However, detection of 'danger' signals by innate cells is reliant on germline-

encoded receptors (1, 7-10). By their nature these all lack a high degree of 

specificity and can be evaded by a particular pathogen. If the presence of the 

pathogen persists, cells of the innate system can escalate the immune response 

through the activation of the adaptive immune system. The defining characteristics 

of the adaptive immune system are 1) the recombination of genomic elements to 

form novel receptors and 2) the persistence of long-lived memory cells that serve to 

enhance the magnitude and kinetics of subsequent immune responses to the same 

pathogen.  

While sharing some homology in terms of their receptor structure, the main 

difference between T and B cells is the manner in which they detect antigen and 

their developmental origin (11). In the case of B cells, the B cell receptor (BCR) can 
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bind to soluble antigen in the native confirmation. Indeed, because antigens are 

recognised in their native form, B cell epitopes  can be discontinuous in terms of 

the protein sequence with each of the two  Fragment Antigen Binding (Fab') regions 

binding distant sites on the target antigen. In contrast, the T cell receptor (TCR), is 

only capable of recognising denatured short peptides presented in the context of 

the Major Histocompatibily Complex (MHC) molecules; defined as MHC restriction 

by Zinkernagel and Docherty (12-14). Indeed, the antigenic protein must first be 

processed by antigen-presenting cells (APCs) in order to load the pathogen-derived 

peptides on MHC for interrogation by T cells through their TCR (15, 16). Since 

pioneering work by Davis and Tonegawa, who first sequenced the TCR loci it has 

become apparent that the TCR forms a heterodimer with two distinct families; 

either αβ or γδ which can be used to define two populations of T lymphocytes (17-

23). With regards to αβ T cells, these can be further divided on the basis of other 

associated markers such as the MHC co-receptors CD4 and CD8 (24). CD4 T cells, 

also known as T-helper cells (Th), are restricted by recognition of peptides bound 

only to MHC class II (MHC cII)-peptide complexes. MHC cII primarily presents 

antigen originating from outwith the APC (25). Those expressing CD8, cytotoxic T 

lymphocytes (CTLs), can bind antigenic peptides bound to MHC cI (26, 27). Such 

peptides are typically derived from endogenously degraded proteins, although 

cross-presentation pathways exist for both MHC types (28). These CD4 and CD8 T 

cells subsets, despite expressing αβ TCRs, specialise in different aspects of the 

immune response. Both form effector cells with CD4 T cells mediating activation of 

other immune cells, mainly via cytokine driven signalling, while CD8 T cells 

prototypically carry out cytolytic functions to clear infected cells (26). 

1.1.1 TCR Structure 
The TCR was initially identified through the use of clonotypic monoclonal 

antibodies. It was found by immunoprecipation, in non-reducing conditions, as a 

90kD protein. Treatment with Sodium Dodecyl Sulfate (SDS) to disrupt the tertiary 

structure revealed a slightly larger alpha chain, 48kD, linked by disulfide bonds to 

the beta chain of 42kD (29). The basic structure is not dissimilar from that of the 
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Fab’ region of the BCR. Both αβ chains possess a variable region in contact with the 

peptide-MHC (pMHC) complex and a constant, invariant, region with a short 

cytoplasmic tail (see Figure 1) (30). Both regions are critical to the function of the 

TCR with the V region detecting peptide present on MHC in a restricted manner 

while the C region serves to interact with immediate signalling components, the 

CD3 complex; an interaction that conveys the information from the external 

environment (31).  

 

Figure 1. Comparison of TCR and BCR. Despite the high degree of homology to Fab’ region of the BCR, the final 

TCR structure is slightly shorter and wider with the Cα domain possessing a fold that is different in form 

compared to other Ig-like domains. The beta-sheets adjacent to the Cβ possess a typical form yet the remaining 

region forms a unordered, loosely packed structures and a short α helix. Moreover, the interaction between 

domains is far stronger in the TCR which is further strengthened by interactions with carbohydrates moieties 

between the V and C regions (not shown). Unusually the TCR transmembrane domain contains positive charged 

residues within the transmembrane domain (indicated by + in Figure) thought to interact with reciphoral  

negatively charged residues in CD3 components. These polar interactions are thought to enhance the 

assoication between the TCR and its co-receptors. 

1.1.1.1 The constant region 
Unsurprisingly, the constant region shows a significant degree of conservation 

across all TCR structures currently obtained by X-crystallography (30). Roughly 

similar in size (Cα – 0.8-1.1 Ao and the Cβ -0.6-0.8 Ao), the constant domains 

interact through a highly polar surface. Both C regions have been found to contain 

sites of post-translational modifications (PTMs). The amino acid constitution of 

these regions is especially dominated by acidic residues in Cα interacting, through 
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hydrogen bonding and salt bridges, to basic residues found in Cβ (32, 33). 

Furthermore, the latter posses a 14 residue FG loop, that is highly conserved 

between humans and mice. With a hydrophobic core, this loop projects outwards 

into the solvent and is relatively rigid in nature. It is thought to form a section of the 

cavity involved in CDεγ interaction (33, 34). Loss of such a region reduces the 

strength of association resulting in reduced phosphorylation, causing a range of 

defects e.g. abrogation of proliferation, thymocyte development and cytokine 

production (33). 

Of growing importance is another structure, the AB loop (residues 129-136), 

enriched with positively charged amino acids projecting into a cavity of the Cβ (34). 

It is thought that the lack of hydrogen bonding to other strands in the Cα may 

permit interactions with extracellular domains of the CD3 molecules. Thus, 

strengthening the obligate interaction with other components of the CD3 signalling 

complex. 

1.1.1.2 The variable region  
The antigen specificity endowed by the TCR is manifested in the V regions of both 

chains. It is the genetic recombination at this region that generates the diversity 

critical for T cell immunity (35). In terms of genetics, there are approximately 70 Vα 

elements and 52 Vβ elements. The complete α chain is formed by recombination 

with one of 61 Jα elements (1). In the case of the β chain, an additional D element 

(humans and mice possess 2 forms) is introduced before one of 13 Jβ elements. 

Each element is flanked by a recombination signal sequence (RSS) recognised by 

VDJ recombinase complex. Critical initiators of the process are the recombinase 

activation genes (RAG) of which there are two forms (RAG1 and 2) (36). Loss of 

either of these abrogates this process and blocks development of both T and B cells 

resulting in profound immunodeficiency. Additional diversity is introduced through 

the random nucleotides at the junction of these elements by terminal 

deoxynucleotide transferase (TdT) and exonucleases. Estimates suggest up to 1015 

different TCRs in humans are possible yet this is limited by the physical numbers of 
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αβ T cells within an organism (approximately 1012 cells) (35). Thus, TCR/p-MHC 

interactions require a degree of cross-reactivity in order to provide at least one TCR 

capable of responding to a particular peptide. 

Structurally, the V domains consist of a β sandwich structure with a hydrophobic 

core that is surrounded by a series of hydrogen bonds (35). Each chain supplies 

three hypervariable loops known as complementarity determining regions (CDR). It 

is also the domain subject to the greatest genetic diversity (37). The structure 

formed is relatively flat, similar to antibodies directed against proteins. The 

restricted number of V gene segments is beginning to allow classification of TCRs 

into specific subsets based on the structural features of their CDRs. Interestingly, 

the pairing angle between chains can directly alter the orientation of the V domains 

in a particular TCR. The effect is a shift in the precise specificity obtained when 

pairing the same VαVβ segments (35). This may contribute to the diversity of the 

TCR repertoire.  

While the TCR locus lacks the huge number of V gene segments in comparison to 

the BCR, there is a significantly higher number of J segments that can be utilised (1). 

The region encoded by these gene segments, CDR3, shows a great degree of 

diversity both in terms of sequence and length (6 to 12 amino acids). Comparisons 

of CDR3-Loop-3s show that CDR3α is far more diverse to such an extent that it is 

difficult to separate these into subgroups based upon common structural features 

(30). Also, there is a greater addition of N and P nucleotides that further contributes 

to structural heterogeneity. In many structures, the CDR3 of each chain is 

somewhat separated and protrudes out of the TCR (38). The resulting cleft may 

accommodate those ligands in which the peptide projects out of the MHC. Thus, 

the distribution of diversity in these regions is critical to understanding the type of 

interaction that occurs between the TCR and its ligand. Typically CDR1 and 2 show a 

lack of diversity in both the α and β chains (38). This can be understood as these 

bind to corresponding regions of the MHC molecules. In contrast, CDR3 is thought 

to insert into the peptide binding- groove and contact the cognate peptide directly 
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in the majority of structures solved thus far (38). As the antigen-processing 

machinery can generate a pool of potential peptide partners far greater than the 

number of MHC polymorphisms found in a population, it comes as no surprise as to 

why this region displays such a magnitude of diversity.  

1.2 Antigen processing and presentation 

1.2.1 MHC cI/cII 
From the moment that the α chain is successfully expressed in CD4+CD8+ 

thymocytes the TCR and its specificity will be critical in determining the fate of that 

particular cell (39). As previously mentioned the incredible diversity to be found in a 

T cell population is a reflection of the diversity of the ligand required to be 

recognised. Found on antigen presenting cells (APCs), MHC molecules allow both 

major classes of αβ T cells to respond to peptide antigens derived by the enzymatic 

processing of pathogenic components. Forming two major classes, MHC class I (cI) 

are expressed on th surface of most nucleated cells and are predominantly 

responsible for the presentation of peptide antigens originating topologically within 

the cell (40). Structurally, cI consists of a polymorphic α chain noncovalently bound 

to the conserved β2-microglobulin chain (not encoded in the MHC locus on 

Chromsome 15) (41). Classically, peptides degraded by the proteasome, located in 

the cytosol, are transferred into the Endoplasmic Reticulum (ER) by the transporter 

associated with antigen processing (TAP) complex prior to peptide loading (see 

Figure 2A (42)). Tapasin is associated with TAP and is involved in stabilising  

unbound MHC cI molecules in an open confirmation facilitating loading (43). Other 

chaperones such as the thiol oxidoreductase, Erp57, and calreticulin constitute a 

form of quality control preventing the build up of unstable p-MHC complexes (44). 

Following successful peptide loading, MHC cI molecules can disassociate from TAP-

chaperone complex and traffic to the plasma membrane through the Golgi 

apparatus (40).    

 In contrast, MHC class II (cII) heterodimers are restricted to ‘professional’ APCs 

including dendritic cells (DCs), macrophages and B cells (1, 45, 46). It is the major 
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processing pathway for exogenous antigens derived via the endosomal system (see 

Figure 2B (47)). The overall structure of cII is similar to MHC cI; two independent 

chains, α and β, both possess transmembrane domains and are formed in the 

lumen of the ER (48, 49). Both MHC structures are stabilised by the presence of 

peptide in the binding grove (50). The major difference occurs at the peptide-

binding grove. The peptides presented by MHC cI tend to be restricted to 8-10 

amino acids (aa) due to the walls at the ends of the binding cleft (51). In the case of 

MHC cII, peptides are also anchored at key residues but bound peptides are at least 

13aa and often longer (52). The increased permissiveness of binding is due to the 

open ends of the binding grove.  

Following endocytosis of extracellular antigens, fusion of vesicles leads to increasing 

acidification and degradation by a range of proteolytic enzymes including members 

of the cathepsins. Fusion with MHC cII-containing vesicles allows loading which is 

catalysed in part by a nonclassical form of MHC known as MHC-DM (53). This serves 

a particularly important role in the exchange of cII-associate invariant peptide (CLIP) 

from the binding groove, allowing loading of antigenic peptide (54). However, as 

with MHC cI, non-classical processing pathways permit the loading of peptides from 

atypical topologically origins (55).  
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Figure 2 -  Antigen processing pathways summary. (A) Overview of MHC cI antigen processing pathways. 
Endogenously synthesised antigens are degraded via the proteasome before TAP dependent transfer to the ER. 
Loading occurs via the Peptide Loading Complex (PLC) before MHC cI are transported to the surface. 
Alternatively, exogenous antigens can enter the pathway through Chaperone-mediated autophagy (CMA); 
Sec61 mediates retrograde transfer to the ER or re-cycling of surface cI molecules that encounter antigen in the 
endosomal system. The latter may be particularly important in the context of viral blockage of TAP function. (B) 
Overview of MHC cII antigen processing pathway. Guided by the Ii chain, MHC cII are targeted to the MHC cII 
compartment of the late endosome system. Following degradation of exogenous antigens by acidic proteases, 
peptides are loaded by HLA-DM catalysed mechanism. It may also permit antigen editing via repeated rounds of 
peptide exchanges. To some degree endogenous antigen can be presented following processing by the 
proteasome or calpain proteases. Delivery into the MHC cII compartment by vesicles may be driven by 
autophagy although the diversity in cytosplasmic antigens presented suggests that bulk autophagy alone is not 
the exclusive mechanism through which antigen is transferred. 
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1.2.2 TCR-pMHC Interactions 
Both MHC molecules are presented on the surface on APCs for interrogation by T 

cells through their TCR.  While each TCR is often described as specific for a 

particular pMHC complex, this interaction is of relatively low affinity (1-100µM) 

even for the higher affinity peptides, especially when compared to that of 

antibodies (37). Analysis of a number of TCR-pMHC complexes discovered thus far 

shows that although the alignment of the TCR over the pMHC is broadly diagonal, 

the precise interactions are highly variable and dependent on the precise 

arrangement of CDRs on the TCR and the peptide bound to the MHC (30, 37). 

Generally, the Vα on the TCR contacts the α2 helix and the N-terminus of the 

peptide, whereas the Vβ region contacts the α1 helix and C-terminus of the peptide 

(30, 37), thus creating an extensive surface of around 1200-2400Ao in area (30). 

However, the lack of shape complementarity results in a low affinity binding that 

corroborates with the data obtained from structural studies. The paradigm that 

CDR1 and 2 mediate contacts with the MHC while CDR3 is responsible for 

interactions with the peptide is now likely to be exaggerated, with numerous 

studies indicating exceptions. For example, Chel et al demonstrated a non-germline 

encoded CDR3 interacting extensively with the MHC while others have shown CDR1 

and CDR2 contacts to antigenic peptides (56, 57). Furthermore, the precise 

determinate which drives the ligation of the TCR to its ligand has been shown by 

mutagenesis and biophysical studies to be both entropically and enthalpically 

driven by any of the CDRs (35). In essence, TCR recognition is highly dependent 

upon the context of the particular TCR and pMHC ligand. 

There is growing evidence that TCRs directed against self peptides and anti-tumour 

complexes show atypical interactions (58). Unlike most anti-microbial structures 

elucidated thus far, there is a stronger interaction with the N-terminus than the C-

terminus of the peptide (58), but these interactions are typically of lower affinity. 

Those directed against tumour antigens appear to adopt a mixed interaction 

sharing features typical of both autoreactive and anti-infectious TCR-pMHC 

complexes (59, 60). These findings reflect the need, especially for self-reactive T 
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cells, to preserve a sufficient degree of affinity to enable positive selection yet 

binding self peptide with a low affinity that permits survival of negative selection 

(61). Building on the apparent structural features common to these subsets of TCR, 

is the concept of immunodominant structures with certain antigenic peptides 

favouring recognition by particular TCR (38). It is thought that certain pMHC 

complexes represent a significant challenge for TCR recognition (37). The 

consequence of such is that only T cells possessing a restricted V domain or even 

specific CDR forms are capable of ligation and hence driving clonal expansion during 

an immune response (37). Furthermore, analysis of TCR-MHC cI interactions 

demonstrates a commonality with three specific positions, 65, 69 and 155, 

contacted by all TCRs so far determined (37). The suggestion is that these represent 

a minimal framework for binding and hence underpin MHC restriction by T cells. 

However, while over 400 antibody structures have been solved, construction of a 

paradigm based upon the modest number of ligated TCRs thus far analysed must be 

interpreted with a degree of caution (30).  

1.2.3 Precision of the TCR-pMHC Interaction 
The issue of specificity is a difficult concept to define. The notion that each TCR is 

capable of being selected for recognition of one peptide is naive in the implication 

that TCR recognition is a binary system. The cognate peptide is often the form that 

is capable of optimal ligation both to the particular MHC molecule and forming the 

strongest binding to the TCR in the context of the former. Subtle changes in peptide 

sequence can have dramatic effects in terms of affinity for certain TCR and the 

consequences of signalling triggered by such an interaction. Studies using altered 

peptide ligands (APLs) clearly illustrate that such micropolymorphisms can act as 

agonist or antagonist (62, 63).  Alterations to anchor sites on the MHC also result in 

conformational and motility alterations to the peptide and hence detection by the 

TCR (64). It remains to be determined how such changes to either the peptide or 

MHC can be compensated for by plasticity in terms of the positioning of CDRs.  
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It has been established for a considerable length of time that in a polyclonal 

population of T cells, roughly 0.1-1% can recognise non-self pMHC and initiate a 

response (65). Such recognition events are critical to transplant rejection. Although 

some studies suggests that allogenicity is attributed mainly to the critical MHC-TCR 

interactions, recent evidence supports a view that it is dependent on bound peptide 

(66). Using peptide analogues, it has been illustrated that the CDR3 loop is vital in 

the distinction between allogeneic and non-allogeneic T cells. Slight alterations to 

the peptide sequence were able to affect which population was activated in 

response to two MHC polymorphisms. Thus, while some germ-line components 

may pre-dispose for reactivity, to yield full activation there must be a degree of 

peptide recognition.  

1.3 T cell-APC Interactions 
Following release from the thymus, T cells recirculate through the secondary 

lymphatic system (e.g. lymph nodes, spleen and Peyer's patches), which are located 

at various strategic sites in the body to collect and sample antigen (67-69). Many 

antigens entering at non-lymphatic sites need APC transfer to the local lymph node 

(70, 71). Homing to lymph nodes requires CCR7 expression (72).  Upon entry to the 

relevant lymph node, APCs pass into the paracortical region where contact is made 

with T cells (73). The duration of interaction rapidly increases upon triggering of the 

TCR (>15h) leading to reciprocal signalling, altering the phenotype of both cells (74-

76).  Depending on the type of signal, T cells can either migrate to B cell areas to 

assist antibody production or leave the secondary lymphoid tissues and migrate to 

sites of inflammation. This can be visualised by imaging studies in which T cell 

migration in the lymph node is described as random walk on the network of 

fibroblast recticular cells (FRCs) (77-79). The T cells enter via high endothelial 

venules (HEVs) and leave by lymphatic exits. Initial contacts are described as an 

intermediate form making brief contact before further migration to sample several 

DCs. If TCRs are successfully bound, increased signalling arrests the T cell on the 

APC for around 16-24h before T cells resume their motility (80). These activated T 

cells swarm the local area and undergo several rounds of proliferation. 
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Interestingly, successful engagement of CD4+ T cells with antigen-loaded DCs 

induces production of chemokines CCL3/4 permitting the recruitment of CD8+ naive 

T cells,  thus increasing the chance of two antigen specific T cells encountering a 

suitable DC in the same lymph node (81, 82). The role of stromal cells in guiding and 

shaping these interactions is an area of growing interest, especially given the 

evidence that some pathogens can alter the network to disrupt coupling of APC to 

antigen-specific T cells (83-85). However, this response is not limited to lymph 

nodes with numerous examples of priming events occurring in situ (86-89). 

Examples have been described both in the context of infection but also 

autoimmunity. For instance, it has been noted that T cells can undergo activation by 

DCs in the inflamed synovium (90, 91).  

  



13 

 

 

Figure 3 - Immunogical synapse. (A) A profile view of the IS with the activating pMHC in the centre bound to 

the TCR-CD3 surrounded by adhesion molecules such as LFA1 which further organise and stabilise binding. Still 

further out are the inhibitory molecules such as CD45 and CD43. (B) The bulls eye view of the IS with the cSMAC 

shown in yellow; the pSMAC in purple and the dSMAC in red. Assemble of this structure is dynamic depending 

on pMHC binding, kinase activation and Ca2+ mobilisation. Recruitment of negative regulators such as cytotoxic 

T-lymphocyte-associated protein-4 (CTLA-4) is proportional to TCR signal strength. Thus, the regulation of TCR 

signalling is controlled by timing and activity of costimulatory receptors and ligands. 

1.4 Immunological Synapse  
A synapse is defined as a specialised structure formed by the apposition of plasma 

membranes between two cells to signal information (92, 93). Whilst lacking the 

persistence of neural synapses, immunological synapses (IS) are formed by T cells, B 

cells and NK cells (94). Classically, the structure of a mature IS is described as a 

'bulls-eye' consisting of a series of supramolecular activated clusters (SMACs; see 

Figure 3) (95). The innermost area is termed the central SMAC (cSMAC) and is the 

location of TCR-CD3-pMHC, protein kinase-Cθ (PKCθ) and lymphocyte-specific 

protein tyrosine kinase (LCK). This is surrounded by the peripheral SMAC (pSMAC) 

where adhesion molecules such as the integrin lymphocyte associated factor-1 

(LFA-1) and talin bind to the actin cytoskeleton. Larger proteins such as the 

phosphatase CD45 and CD43 are also located in the periphery of the pSMAC; 

A B 
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termed the distal SMAC (dSMAC). Although a mature IS results in the discreet 

arrangement of TCRs and positive promoters of signalling away from proteins 

thought to negatively regulate signalling, studies have shown that as little as one 

specific pMHC complex is sufficient to induce transient Ca2+ flux (95, 96). However, 

at least 10 pMHC complexes are needed for full activation. If co-receptors are 

absent then the number of specific pMHC complexes increases to around 35 to 

induce full signalling via the TCR. Indeed, studies by Gunzer et al, showed that if 

activated in a collagen gel matrix transient interactions that failed to yield mature IS 

were sufficient to induce proliferation and IL-2 production (97).  Moreover, 

evidence shows that TCR signalling kinetics are greatest before maturation of the IS 

and actively signalling TCRs are located at the interface of pSMAC and cSMAC (98). 

The importance to the initiation of TCR signalling is doubtful given the studies that 

show that ZAP70 is activated 45 seconds after contact between CD4 T cells and a B 

cell line (95, 99). Indeed, Lee et al demonstrated kinase activation 15-30 minutes 

after initial recognition and cell-to-cell contact; too early for a mature IS to form 

(100). Growing evidence suggests the role of the IS is to provide a molecular 

framework to regulate the attenuation of TCR signalling and co-ordinate its function 

with downstream pathways (101, 102). This is supported by the studies using 

CD2ap knock-outs in which T cells fail to internalise activated TCRs located in the 

cSMAC and as a consequence proximal TCR signalling is prolonged (103). 

1.5 Functional consequences of TCR interaction with pMHC 
Recognition of a ligand typically induces binding of partners to the intracellular 

region of the bound receptor yet the TCR has no intrinsic signalling mechanism (31). 

Instead, it is mediated by proteins that form a larger macromolecular complex that 

are responsible for transmitting the extra-cellular interaction to a number of 

downstream signalling pathways. During the attempts to define the TCR using 

monoclonal antibodies, certain antibodies led to polyclonal activation of T cells and 

were capable of co-precipitating the TCR (104). The CD3 complex consists of γ,δ,ε 

and ζ subunits forming CD3ζζ homodimer, CD3εγ and CD3εδ heterodimers. Without 

these complexes, the TCR is not expressed and normal development of the T cell is 
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halted. The molecular feature that underpins this inter-dependence the three 

negatively charged residues found within the membrane-spanning region of the 

TCR (105). Clearly, these cannot exist independently within the hydrophobic lipid 

environment without these charges being neutralised. The reciprocal residues are 

found in CD3 proteins, mediating an electrostatically driven docking process that 

serves to orientate the TCR with the CD3 components. Each CD3 component 

consists of a single immunogobulin domain that is associated with the TCR. 

Forming a complex with the stoichiometry of αβγεδεζζ, the TCR interacts with the 

CD3εγ and CD3εδ by conserved non-glycosylated regions with the TCR projecting 

‘above’ the CD3 into the extracellular environment (31, 106, 107).  Both εδ and εγ 

heterodimers possess adjacent immunoglobulin-like folds while the ζζ homodimer 

possesses an extracellular domain of only 9 amino acids. The connecting peptides, 

unlike those of the TCR, are relatively short at around 5-10 amino acids (31). 

Orientation of these relative to the TCR remains to be fully elucidated but it is 

thought that the CD3 εγ heterodimer is contacted by the FG loop from Cβ and also 

the AG loop of Cα (33, 108). Potential electrostatic interaction results from the net 

positive pocket formed by the AG loop which is complementary to the negatively 

charged surface of CD3ε, thus crosslinking the γ subunit with the TCRβ chain (108). 

The CD3δε is thought to bind to the opposing side interacting with TCRα chain. 

These link to substantial intracellular domains containing immunotyrosine 

activation motifs (ITAMs). CD3 ε, δ and γ retain a single ITAM per chain while CD3 ζ 

possesses a total of three ITAMs (31). It is these regions that are phosphorylated 

and bind downstream effectors following ligation. Critical is the role of CD3 in 

transmitting the binding event to cytosol. The diversity and size of the signalling 

complex likely reflects the subtle nuances and complexities that are a feature of 

TCR signalling.  

1.6 TCR downstream signalling 
After the immediate recognition of pMHC, binding leads to the activation of a 

number of well characterised downstream pathways (see Figure 4). The immediate 
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consequence of recognition is phosphorylation of the CD3 complex at the ITAM 

residues. There are 10 in a full TCR-CD3 complex. These initial phosphorylations are 

dependent on the Src family kinases namely Lck and Fyn, the most important in TCR 

signalling being LCK, found abundantly within T cells, and often in association with 

the CD4 co-receptor (109, 110). A key member of the 'TCR triggering signalling 

module' as described by Acuto et al, LCK serves to phosphorylate a number of 

ITAMs on CD3γ, CDε and CD3δ, permitting the binding of the Syk kinase ZAP-70; 

another LCK target (111). The combination of phosphorylation and aggregation to 

the TCR-CD3 complex drives structural changes to ZAP-70 that lead to kinase 

activity and recruitment of a key scaffold protein, linker for activation of T cells 

(LAT) (112-114). Following binding of SH2 binding domain leukocyte protein-76 

(SLP-76), the scaffold serves as an important activator for a number of parallel 

signalling pathways. One of the most important is phospholipase-2γ (PLC-2γ) 

hydrolysing phosphatidylinositol bisphosphate (PIP2) to  inositol 1,4,5-trisphosphate 

(IP3) and diacylglycerol (DAG). The former is a diffusible second messenger binding 

to IP3 receptors on the ER, and mediating the release of Ca2+. Ca2+ flux being a 

common measure of the degree of TCR signalling (115). In contrast, DAG remains 

attached to the plasma membrane activating protein kinase Cθ (PKCθ) and Ras 

guanyl activating release protein (RasGRP) (116-118). The latter serves to facilitate 

activity of the small GTPase Ras which in turns drives MAP kinase activity.  

Another key feature of TCR signalling is the rapid remodelling of the actin 

cytoskeleton that generates the lamellipodial sheet structure that spreads the T-cell 

plasma membrane against the APC. A critical stage in signalling occurs through the 

binding of Vav to the LAT-SLP76 complex (119). This initiates a cascade involving 

Cdc42 interacting with actin-related protein 2/3 (Arp2/3) that stimulates the 

growth of branched actin arrays (120).It is through Vav that upregulation of 

intergrins such as LFA-1 occurs via PLCγ and the activation of small GTPase Rap 

(121, 122). The enhanced polarisation of integrins is thought to play a critical role in 

the formation of pSMAC and the prolonged interaction between T cells and APCs 

(123).  
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Figure 4 - TCR signalling pathway. Schematic overview of TCR signalling pathways that results in the 

engagement of the transcription factors Activator Protein-1 (AP-1), NFκB and NFAT. Early signalling events 

involve the phosphorylation of CD3 ITAMs by the Src family kinases LCK and FYN. These initiate a pathway that 

recruits LAT that in turn triggers PLCγ1that leads to Calcium flux via DAG and IP3. Other key pathways include 

the RAS and Vav that activate the MAPK and cytoskeletal pathway respectively. The net effect is the induction 

of numerous genes including IL-2 and CD25.  

Fundamental to TCR activation is the transduction of signals from the TCR to the 

nucleus and, ultimately, changes to gene expression (124). Activation of the Fos/Jun 

transcription factors is driven by the MAPK pathways, which involve the activation 

of Ras as well as Raf to induce External Regulated Kinase (ERK) and JNK/p38 

signalling (125, 126). Interestingly, ERK also serves to phosphorylate LCK, offering a 

form of positive feedback to enhance upstream signalling. Nuclear Factor of 

activated T cells (NFAT) is another important mediator of transcription that is kept 

at low levels in the nucleus through phosphorylation by Glycogen synthase kinase-

β3 (GSKβ3) (127). The influx of Ca2+ in the cytosol triggered by IP3 leads to activation 

of the phosphatase calcineurin, activated by the Ca2+ binding protein calmodulin. 

This is further promoted by Phosphatidylinositol-4,5-bisphosphate 3 Kinase (PIK3), a 

target of a number of downstream signalling proteins including Ras. In addition, the 

PIP3 generated serves to upregulate the survival protein Akt, which also acts on 

GSKβ3 to further increase NFAT translocation to the nucleus. Finally, NFκB is also 
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activated via Inhibitor of kappa B Kinase (IKK) targeting of the IκB. Like NFAT, NFκB 

is free to translocate to the nucleus (128). Together these transcription factors drive 

the expression of a number of genes including IL2 and its high affinity receptor α 

chain IL2RA (129, 130). These serve to enhance cell adhesion, survival and 

differentiation into effector and, in some cases, memory cells.  

1.7 CD28 - The influence of T cell co-stimulation 
TCR triggered-signalling is often termed ‘signal 1’. However, on its own it is not 

sufficient to induce T cell effector function. The best characterised co-receptors is 

CD28, a 44kD glycoprotein that forms a homodimer that is recruited to cSMAC by 

the presence of PYAP motifs (131, 132). Its principal ligands are CD80 (B7.1) and 

CD86 (B7.2) found to be expressed on all 'professional' APCs. The expression of 

these along with other co-stimulatory molecules, including CD40, OX40L and ICOSL, 

are highly dependent on stimulation of APC through Pattern Recognition Receptors 

(PPRs) such as Toll like receptors (TLR). Animals lacking any of these co-stimulatory 

molecules show a reduced immune response to an array of immunological 

challenges (133). The T cell response fails to induce sustained proliferation both in 

vitro and in vivo while germinal centres are severely reduced and class switching is 

also limited (134). Failure to engage these with CD28 induces a form of 

hyporesponsiveness (135). Upon subsequent reengagement these T cells fail to 

produce IL-2 and proliferate even if co-stimulation is supplied. Like the TCR, CD28 

lacks any intrinsic signalling abilities and is therefore dependent on interaction with 

Src family of kinases (136).  

Studies using microarray analysis of gene expression have shown that if CD28 co-

stimulated T cells are compared to those activated by TCR alone, no de novo genes 

are induced (129, 137). However, the extent of expression (or repression) is greatly 

magnified. This reflects the very early upstream integration of signals from both 

pathways. Growing evidence suggests that the role of CD28 is not easily described 

as a purely qualitative receptor given that at very high pMHC-TCR occupancy 

responses can proceed without CD28 coupled (102). It may be that at such high 
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density of pMHC, CD28 is even dispensable although the maximal response of TCR 

alone can be increased by CD28 activity. However with a weak agonist or low pMHC 

density, CD28 serves a critical role in amplifying specific elements of TCR signalling 

(138). The latter is a situation that is arguably more likely to occur in vivo with 

limited antigenic pMHC in the lymph node. Thus, while the TCR establishes the 

central network of signalling pathways, CD28 co-stimulation serves to amplify 

certain elements. 

1.8 Co-receptors; the roles of CD8 and CD4  
In addition to the TCR, MHC cI and cII also bind to their co-receptors CD8 and CD4, 

respectively. Consisting of a heterodimer, the CD8 contacts MHC cI through the α3 

domain (139-141). In contrast, CD4 binds MHC cII as a monomer, although some 

data suggests dimers can form to ligate two pMHC complexes. CD4 contacts MHC 

cII through a single domain at β2 domain although some has suggested that the β1 

domain may also have an influence on CD4 ligation (142). Despite the differences in 

composition and binding sites, both co-receptors are thought to perform an 

analogous role in TCR signalling leading to around 100 fold increase in TCR signalling 

in response to certain pMHCs (143). Initial studies focused on the increased affinity 

offered by these receptors to stabilise the relatively weak pMHC-TCR interactions. 

Direct evidence using cell lines has demonstrated that both co-receptors can bind 

their respective MHC molecules even in the absence of the TCR, thus aiding to cross 

linking the TCR. The other critical role for the co-receptors, is the localisation of 

activating Src family kinase Lck to proximity with the ITAMs of the CD3 complex 

(102, 144, 145). Evidence suggests that in the absence of CD4, phosphorylation of 

the ITAMs can still occur at a high degree of TCR occupancy or high affinity pMHC 

ligand (146). Only with a weaker affinity peptide or at low peptide concentrations 

does CD4 become vital in enhancing the TCR signal (147).  
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1.9 Peripheral T cells 

1.9.1 Naive and memory T Cells 
Antigen inexperienced or naive T cells are released into the periphery following 

successful positive and negative selection in the thymus. Indeed, less than 5% of 

cells that enter the thymus leave as single positive (sp) naive T cells (148). These 

recent thymic emigrants can be identified through the presence of TCR excision 

circles (TRECs), CD31 and the protein kinase 7 (PTK7) (149, 150). These cells are also 

defined through the high expression of CD62L and low CD44. Typically these cells 

re-circulate through the vasculature and secondary lymph nodes. Entry to the latter 

occurs through the high endothelial venules (HEVs) driven by the receptors CD62L 

and CCR7 (151). However, there is increasing evidence to support the notion that 

some naive T cells can migrate into specific, non-lymphoid tissues with 

phenotypically naive CD8+ T cells being found in the liver and naive CD4+ cells in 

the lung, liver and the thymic medulla (152). Whilst only consisting of 1.5% of T cells 

compared to the numbers found in the secondary lymphatics, these could still play 

an important role both in responding to pathogens and perhaps tissue specific 

tolerance or autoimmunity.  

Of those cells produced during clonal expansion, around 90% will undergo 

apoptosis in the 1- to 2-week contraction phase of an adaptive response (153). 

Those residual cells remaining form the memory compartment to that particular 

antigen. Memory cells are predominantly quiescent but do undergo periods of 

intermittent proliferation. They are a heterogeneous population of cells defined as 

either central memory T cells (TCM) or effector memory T cells (TEM) (154-156). TEM 

cells have a diverse array of homing receptors and are recirculated to nonlymphoid 

tissue sites. Subsequent exposure to cognate antigen leads to rapid cytokine 

production (e.g. IFNγ, IL-4, IL-17a). In contrast, TCM cells produce IL-2 in response to 

TCR stimulation with delayed production of effector cytokines in comparison to TEM 

T cells. Like naive cells, TCM express high levels of CD62L and CCR7 suggesting a very 

similar migration pattern, entering the secondary lymph nodes via the HEVs. 
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Interestingly, the subset of Th that dominates in the primary effector response 

tends to form TEM of the same phenotype. This is by no means exclusive with the 

secondary response also being influenced by the factors that modulate the 

differentiation of naive T cells, such as cytokines. 

 

Figure 5 - CD4+ Th differentiation. Naive T cells can undergo differentiation into a number of subsets following 

activation. Induction can be influenced by particular cytokines that induce a range of critical transcription 

factors. Each subset is also defined through the production of certain cytokine profiles under the control of key 

transcription factors. However, some like GM-CSF or IL-22 are not exclusively released by a specific subset. 

1.10 T cell effector functions 

1.10.1 Th subsets 
The critical role of Th cells is to direct various arms of the immune system to 

respond to a specific threat. Over the last 40 years this area of immunology has 

become increasingly well characterised (see Figure 5). Initial work began to 

characterise why some T cell clones mediated delayed type hypersensitivity (DTH) 

whereas a distinct subset provided help to B cells to produce antibodies (157).  The 

pioneering studies by Mossman and Coffman began to characterise the underlying 

specialisation of these subsets (158). In the case of DTH, the responding subset, 
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termed Th type 1 (Th1), were defined through the production of IFNγ and played an 

important role in cell-mediated tissue damage. In contrast, type 2 Th responses 

(Th2) augment  humoral responses dominated by IgE in allergic reactions, through 

the production of interleukin-4 (IL-4) (159). The underlying hypothesis has been 

further developed through our increasing knowledge of cytokines, transcriptional 

control and Th regulation leading to a further characterisation of an ever expanding 

number of Th subsets, such as Th9, Th17, Th22 and TFH, each defined by production 

of particular cytokines (IL-9, IL-17 and IL-22, respectively) and associated with a 

particular immunological niche (see Figure 5). In addition, it has been widely 

recognised that a subset of T cells can suppress a pro-inflammatory response in an 

antigen-specific manner (160). These T cells can be defined as either natural or 

inducible regulatory Th cells (nTregs or iTregs respectively). Through both soluble 

(e.g. TGFβ or IL-10) and cell-contact (CTLA-4,CD39/72, LAG-3 etc) dependent 

mechanisms  these subsets form an important arm of peripheral tolerance (161-

163). However, the primary focus of this project will be on the pro-inflammatory 

Th1, Th2 and Th17 subsets. 

1.11 Th1 - Cell mediated immunity 
Since being defined, Th1 cells have been associated with cell-mediated immunity 

(164). The phenomena described by Mossman, Coffman and Bottomly still remains, 

with these cells being defined through the production of IFNγ and the expression of 

the transcription factor T-bet, encoded by the TBX21 gene (158, 165, 166). In 

humans, these cells are vital in combating intracellular infections such as 

Mycobacterium tuberulosis, Listeria monocytogenes and Leishmania major (167-

169). Although IFNγ is used to define these cells, they also produce IL-2, IL-3, TNFβ 

and are a source, although not exclusively, of granulocyte macrophage colony 

stimulating factor (GM-CSF; also known as CSF-2) (170). IFNγ is particularly 

important in driving clearance of intracellular pathogens through increased anti-

microbial activities; increased lysosome fusion, production of oxygen free radicals 

and nitric oxide (NO). Th1 cells can also aid production of antibodies, in particular 

promoting the switching to IgG2a isotype (171). 
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The key to induction of the Th1 phenotype in naive murine T cells is the presence of 

IL-12 during activation derived from macrophages, monocytes or DCs (172). This 

cytokine acts through the IL-12R via Signal Transducers and Activators of 

Transcription-4  (STAT4) to upregulate T-bet and induce IFNγ (173). The latter forms 

a positive feedback through IFNγR that leads to STAT1-mediated T-bet expression 

(174). IL-18 is another cytokine that can serve as a co-factor for IL-12 to bring about 

Th1 induction (175). T-bet-/- mice lack Th1 cells (176). However, they can still 

produce some IFNγ due to the effects of Eomesodermin (Eomes), another Tbox 

protein, which is responsible for IFNγ release by CD8 T cells and is upregulated in 

Th1 cells (177, 178). Runx3 is also expressed in Th1 cells enhancing the phenotype 

whilst also impairing the Th2 transcriptional programme (179).  

A dysregulated Th1 response targeted against self was thought to play a critical role 

in inflammatory autoimmune diseases such as RA and multiple sclerosis (MS) (180). 

However, this has since been complicated by the discovery of the Th17 subset (see 

Section 1.12.1.13). A lack of Th1 cells results in a dysregulated Th2 response, with T-

bet 'knockouts' developing asthma with a severe eosinophil infiltrate (176). 

Similarly, it has been shown that polymorphisms affecting the TBX21 gene results in 

an analogous phenotype due to a loss of Th1 cells and a failure to constrain the Th2 

development in these patients (170).  

1.12 Th2 - Not just humoral immunity 
Th2 cells were the other subset to be defined by Mossman and Coffman and are 

defined through their production of IL-4, IL-5, IL-9, IL-13 and IL-25 (181). Th2 cells 

are vital in the host response to helminth infections. These can also be classified by 

the expression of the chemokine receptors CCR3, CCR4 and CCR8 that are typically 

associated with mucosal surfaces (182). 

The archetypal aspect of a Th2 response is the class switch of B cells to produce IgE 

that is capable of activating a range of innate cells such as basophils and mast cells 

(183). The binding of IgE to the high affinity Fc receptor, FcεR1, allows cross-linking 

of these receptors leading to degranulation of these cells (184), thus permitting the 
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release of various cytokines, chemokines, histamine, heparin, serotonin and 

proteases. These mediate changes in smooth muscle contraction, increased 

vascular permeability and inflammatory cell recruitment. Th2 cells can also 

promote an influx of eosinophils (through IL-5) and mast cells (through IL-9), 

leading to tissue eosinophilia and mast cell hyperplasia, respectively (185). Other 

cytokines such as IL-4, IL-9 and IL-13, can act on epithelial cells to induce mucin 

production at mucosal sites. Also IL-4 and IL-13 can exert effects on smooth muscle 

cells. Some evidence points to Th2 cells inducing production of amphiregulin that 

induces epithelial cell proliferation and IL-24 release; important in antitumour 

responses. The importance of Th2 in the clearance of helminths is demonstrated 

through a number of knockout animals lacking a range of Th2 cytokines including IL-

4, IL-5, IL-25 and amphiregulin. However, a dysregulated Th2 response against 

inappropriate inert antigens is a prevalent feature of allergic disease. Goblet cell 

hyperplasia, mast cell degranulation and influx of eosinophils into the airways are 

classical features of allergic and asthmatic conditions (186). 

The studies by Paul et al in the early 90s demonstrated that Th2 cells could be 

induced from naive T cells in presence of IL-4 together with TCR activation (187). 

The presence of IL-4 is thought to be critical in driving the induction of GATA3 via 

STAT6 (188). GATA3 has been shown to bind to at least two non-coding regions of 

the IL4 and IL13 loci. Moreover, Th2 cells express Growth Factor Independent-1 

(GFI-1), an early IL-4 inducible gene, and antagonistic to Th1 development (189). 

Once established GATA3 is capable of binding to the IL4 locus therefore sustaining a 

feed forward loop. However, IL-4 alone is not capable of Th2 induction with IL-2 

also playing a role through signalling via STAT5.  Neutralisation of IL-2 results in 

early IL-4 production but stable Th2 cells fail to develop. Moreover, STAT5 can bind 

to locations in the IL4 gene as well as acting to upregulate the expression of the 

transcription factor c-Maf (190). Highlighting the role of IL-2 is the severe Th2 

deficiency in STAT5a knockout mice (191). It is thought that two phases govern Th2 

induction. The initial stage is IL-4-independent with TCR stimulation triggering a 

modest but sufficient increase in GATA3 activation (187). The parallel induction of 
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IL-2 leads to a signal through STAT5, which, if of sufficient magnitude, promotes 

enough IL-4 to initiate positive feedback through IL-4-signalling, leading to 

sustained Th2 development.  

1.12.1.1 Th17  
Alongside the emergence of Treg cells, the characterisation of Th17 cells proved 

that the exclusive Th1/Th2 paradigm was unable to account for all observed Th 

phenomena (192). Data reviewing autoimmune models showed how neutralisation 

of IL-12 using monoclonal antibodies targeting the p40 subunit failed to account for 

the fact that that this subunit was shared with IL-23 (193). Thus, much interest 

arose in how IL-23 could alter the immune response and the associated T cell 

response. In 2005, two independent reports in Nature Immunology by Park et al 

and Harrington et al described a population of Th cells releasing IL-17 (194, 195). 

Like other subsets, development of these cells was dependent on TCR signalling, co-

stimulation and a specific cytokine milieu during activation. These groups showed 

that Th17 cells were distinct from Th1 cells and arose from naive T cell populations. 

These studies provided the basis for further characterisation of Th17 cells and their 

importance in a number of contexts in both infection and autoimmunity. 

1.12.1.1.1 Th17 cells in infection 
The potential for Th17 cells to induce profound inflammation makes their role in 

infection a careful balancing act. Capable of inducing recruitment of innate cells 

such as neutrophils and inflammatory DCs (inDCs), Th17 cells can also activate 

tissue resident fibroblasts to perpetuate inflammatory cytokine and antimicrobial 

peptide production (196, 197). Deficiency in Th17 cells due to a loss of STAT3, as 

occurs in hyper IgE syndrome (also termed Job's Syndrome), renders patients 

especially susceptible to fungal infections (198-200). The archetypal pathogen 

associated with Th17 immunity is Candida albicans, a commensal organism of the 

oral cavity and gastrointestinal tract. Pathology normally only arises in the context 

of immunodeficiency (201). Furthermore, patients with chronic mucocutaneous 

candidiasis (CMC) have defects in either the generation of Th17 cells or in Th17 

effector mechanisms (202, 203). In respiratory tract infections Th17 cells provide 
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defence against Pneumocystis carinii and Aspergillus fumigatus through IL-17/23 

functions (204). IL-23 knockout mice fail to fully clear these infections in the 

airways. However, excess Th17-mediated inflammation can drive excessive 

neutrophil influx and tissue damage. For example, in a gastric model of C. albicans, 

the stimulation of Th17 immunity drives severe intestinal inflammation and 

immunopathology (205). 

It is not exclusively fungal immunity where Th17 cells play an important role. 

Defence against extracellular bacteria is another important aspect (204). Hyper IgE 

patients also suffer from susceptibility to Staphylococcus aureus, Streptococcus 

pyogenes and Klebsiella pneumoniae which is reflected in models in which IL-17-/- 

animals can suffer lethal infections (199). The addition of IL-17 to IL-23-/-mice was 

capable of restoring host defence and clearance of the pathogen. IL-22, a Th17 cell-

associated cytokine, appears to play a more important role in mucosal defence 

helping to maintain the integrity of the trans-epithelial barrier and so reduce the 

crossover of bacterial pathogens from the lumen (206). Moreover, Th17 cells are 

potent drivers of antimicrobial peptide production, such as Lipocanin-2 (LP-2), β-

defensin-2 and S100 proteins, that help to supplement the mucosal defence (207). 

Together these data highlight the importance of Th17 cells as an activator of the 

innate immune system to provide protection. However, given the potency of the 

Th17 response to bring about polymorphonuclear cell influx and sustained 

inflammation, an excessive response can be damaging to the host. Whooping 

Cough is caused by a Gram-negative bacterium, Bordetella pertussis (208). Some 

evidence points to a biasing of the response towards a Th17 phenotype through 

abrogation of IL-12 and promotion of IL-23 by APCs. The release of Th17 effector 

cytokines can result in severe respiratory pathology including bronchiectasis and a 

persistent cough. Furthermore, Th17 cells are implicated in the pathology of cystic 

fibrosis (CF) patients. Defects in the Cystic Fibrosis Transmembrane Conductance 

Regulator (CFTR), a chloride channel, lead to thickening of the mucus and chronic 

biofilm formation by bacteria such as Pseudomonas aeruginosa (209). The 

persistent exposure to bacteria leads to heightened IL-17 and IL-22 levels in the 
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draining lymph nodes, which may lead to further damage to the lung and airways 

(209, 210).  

1.12.1.1.2 Th17 cells in tumour immunity 
Inflammation has been known for over a century to be associated with the tumour 

microenvironment, leading to tumour invasion, migration and metastasis (211). 

However, inflammatory reactions are also important for initiating and maintaining 

the antitumor response. Tumour immunity is typically thought to be negatively 

regulated by Tregs, that promote the tumour growth, as opposed to Th1 cells that 

are thought to be critical in the activation of CTLs. Investigation of Th17 function 

has revealed their presence in a number of tumours, including but not limited to 

ovarian and prostate tumours (212). Alongside IL-17, tumour- associated Th17 cells 

are a source of GM-CSF and TNFα which can help promote tumour regression (212). 

They also appear to aid the recruitment of Th1 cells to the tumour through 

production of chemokines. Numerous studies in mouse models have shown that 

transgenic Th17 cells are effective in tumour eradication. In contrast, ablation of IL-

17 can yield greater tumour mass, accelerated growth and migration to tissues such 

as the lung (213). In humans, immunotherapies such as blocking of Indolamine 2-3-

Dioxygenase (IDO) or vaccination with Heat Shock Protein-70 (HSP70) lead to 

enhanced Th17 function alongside anti- tumour immunity (214). It has been shown 

in prostate cancer patients that there is an inverse correlation between Th17 

numbers and tumour progression (215). Treatment targeted against CTLA4 yields 

increased Th17 activity in melanoma patients, whilst IL-17 staining in situ was found 

to be predictive of patient survival (216, 217). All these data highlight the role of 

Th17 cells in protection against tumour development and the antagonistic 

relationship between Th17 and Treg cells.  

1.12.1.1.3 Th17 cells in autoimmunity 
Initial studies supported the concept that Th1 cells were the primary driver of 

autoimmune disease, with the Th2 phenotype being protective as described by the 

Th1/Th2 paradigm. Emerging data showed that antibodies targeting IL-12 were 

effective in suppressing a number of models of autoimmunity including Collagen 
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Induced Arthritis (CIA) and Experimental Autoimmune Encephalomyelitis (EAE) 

(218). However, the first antibodies targeted the p40 subunit of IL-12 which is 

shared with IL-23 (219). The growing interest in IL-23 lead to a revaluation of a 

number of autoimmune diseases and the role of the newly emerging Th17 subset 

giving the importance of IL-23 to the immunobiology of these cells. Further studies 

demonstrated that p19-/- (the specific subunit of IL-23) mice failed to develop CIA 

whilst p35-/- (specific for IL-12) mice were still susceptible (220). Similarly, despite 

being cloned in 1995, the pro-inflammatory role for IL-17 was not established until 

studies showed it was capable of inducing IL-6 production from rheumatoid 

synoviocytes and could synergise with TNFα to bring about joint inflammation 

(221). Further studies demonstrated elevated IL-17 levels in supernatants from RA 

patients compared to osteoarthritis (OA) controls (222). The levels of IL-17 

correlated with disease progression (223). Moreover, prior to the identification of 

Th17 as an independent lineage, IL-17+CD3+ T cells were found to be present in the 

RA synovium (224). Epigenetic evidence also shows a correlation between 

autoimmune disease and a number of micro-RNAs (miRNAs). These short 

sequences of RNA, typically 21-24 bases in length, are capable of negatively 

regulation transcription of a number of target genes depending binding to target 

mRNAs (225). A number of miRNAs linked to the Th17 phenotype have been 

detected in the joint including miR-146a, miR-326, miR-155, miR-133b and miR-206 

(226).  

1.12.1.1.4 Therapeutic targeting of Th17 cells 
The growing knowledge of Th17 cells and their importance to a number of 

autoimmune conditions has led to interest in therapeutics that can impinge of their 

development and function. A number of pharmaceutical companies have began to 

develop biological therapies against Th17 targets (227). The list of conditions that 

these are being trialled in ranges from RA, psoriasis, psoriatic arthritis, ankylosing 

spondylitis, MS, asthma, autoimmune uveitis and Crohn's disease. Trials in RA have 

demonstrated an ability of anti-IL-1R-antagonists to reduce Th17 numbers in 

patients (228). The most advanced trials to date are in Phase III for psoriasis 
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targeting IL-23 and IL-17, with a high degree of efficacy and a good safety profile 

(227). Importantly, these have comparable or better effects than the current 

biological therapies ustekinumab (targeting p40 subunit of IL-23 and IL-12) and 

etanercept (targeting TNF) and have achieved efficacy in 70-80% of patients with at 

least a 75% reduction in disease activity (229). Another positive development 

comes from patients with Crohn's disease given an anti-IL-23 mAb. Encouraging 

data demonstrated that in those patients with elevated C-Reactive Protein (CRP), 

colonic inflammation and had failed to respond to anti-TNF, showed a positive 

response to therapy reducing disease burden (227). However, the results from two 

trials of the same antibody in irritable bowel disease (IBD) showed a lack of efficacy 

and in some patients increased fungal infections with pathology actually increased 

(230). Thus, reflecting the complexity of each condition and the role of Th17 cells in 

each respective context. There is a need for further understanding of the role of 

these cells in both the maintenance of health and in immune pathology. 

1.13 Th17 effector cytokines 
IL-17a is the prototypical cytokine used to define the Th17 subset. The IL-17R is 

most highly expressed by haematopoietic cells (231). Binding of IL-17a leads to 

signals transduction mainly by ACT1 and TNF-associated factor (TRAF) proteins (see 

Figure 6 (227) (232)). The net effect of activating these pathways is the 

transcription of a number of pro-inflammatory cytokines including IL-6 and 

Granulocyte-colony stimulating factor (G-CSF (233)). Other target genes include the 

chemokines CXCL1, -2 and -5, all of which serve to promote the influx of neutrophils 

to the tissue. Additionally, IL-17 signalling supports the production of a range of 

antimicrobial peptides such as the S100s, β-defensins and Lipocanins that constrain 

bacterial growth and are critical for defence at barrier organs (234).  

Microarrays using IL-6-stimulated cells showed that IL-21 was one of the most 

potently induced genes in Th17 cells (235). Ligation of the IL-21R leads to STAT3 

signalling inducing both IL-23R and ROR-γT expression (235). Loss of IL-21R can 

severely abrogate IL-17 release by naive T cells (50-70% reduction) which also lack 
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IL-23R (236). The precise role of IL-21 in vivo disease models remains to be clarified 

with contradictory results as to its role in EAE. In humans, Kotlarz et al identified 

patients lacking IL-21R with a primary immunodeficiency syndrome characterised 

by cryptosporidial infections with a lack of class switching and impaired Th17 

cytokine production following ex-vivo re-stimulation (237). 

Th17 cells are also a potent source of IL-22 and GM-CSF. IL-22 serves a vital role in 

maintaining the integrity of the epithelial barrier. It can also act in synergy with 

other cytokines such as IL-17a and TNFα to induce expression of antimicrobial 

peptides including S100A7-9, β-defensin-2/3 and mucins (234). In contrast, GM-CSF 

is vital to the recruitment, activation and maturation of myeloid cells to inflamed 

tissues (238). Murine studies support the role of ROR-γT as being a potent driver of 

GM-CSF expression, linking it to the Th17 a phenotype (239). Data from these 

studies suggest that it was GM-CSF alone that was capable of inducing pathology in 

the EAE model (240). It is also able to indirectly support Th17 development through 

the induction of DC to release IL-6 and IL-23 (241). Thus, whilst not limited to Th17 

cells, GM-CSF is a critical link to the myeloid arm of the immune system. 
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Figure 6 - IL-17a signalling pathway. The IL-17 receptor is composed of a heterodimer of IL-17RA and IL-17RC. 

Both of these possess the critical SEF/IL-17R and SEFEX domains that are required for signalling. ACT1 in turn 

activates TRAF6 via ubiquitination, which culminates in the activation of the MAPK pathway and the canonical 

NFκB pathway. IL-17 also activates the deubiquinase A20 that targets TRAF6 in a form of negative feedback.  

1.14 Transcriptional control of the Th17 phenotype 
Our current knowledge of Th17 cells is mainly derived from in vitro-induced 

populations derived from naive precursors. However, it is through these studies 

that we have gained some understanding of the complexity of the transcriptional 

networks that control the Th17 phenotype (227). One of the criteria used to define 

a Th subset is the presence of an exclusive 'master' transcriptional regulator. Yet 

these do not function alone but as part of a complex circuitry of transcription 

factors that serve to manage the expression of a number of genes that together 

define the observed phenotype (242). STATs typically function as homodimers, but 

can also form heterodimers with other STATs (243). Due to the potency of the 

cytokine environment in driving Th cell differentiation, the activity of particular 

STATs is intrinsically linked to a certain Th cell phenotype. For instance, STAT4 is 

needed for Th1 cell- and STAT6 is required for Th2 cell-development (243). In the 
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case of STAT4, it has been shown to positively regulate a number of Th1 genes such 

as IFNγ and T-bet. Moreover, it has been shown that STAT4 can also act as a 

transcriptional repressor for around 40 genes, with several STAT4-dependent 

histone repression marks in numerous Th2 genes (243). Indeed, STATs are 

responsible for transcription of the majority of genes within each subset. For 

example, STAT6 in Th2 cells is responsible for over 80% of genes induced (244).  

In the case of Th17 cells, STAT3 is an absolute requirement for full differentiation 

(245). The loss of STAT3 is the cause of hyper IgE syndrome, affecting IL-17 and IL-

21 expression (200). The defective Th17 response in these patients renders them 

susceptible to a range of pathogens, including fungi and extracellular bacteria. The 

converse is true in the case of a loss of the negative regulator of STAT3, Suppressor 

of cytokine signalling-3 (Socs3). Soc3-/- mice show enhanced Th17 numbers and an 

increased severity of EAE (246). Socs3 expression can be stimulated by IL-21 and IL-

6 as a form of negative feedback, whereas TGFβ inhibits Socs3 and so can 

potentiate a STAT3 signal (247). By combining chromatin immunoprecipitation 

(CHIP) with large scale parallel DNA sequencing (seq), CHIP-seq has shown that 

STAT3 can bind the IL-17 promoter at multiple sites, including at conserved non-

coding sequences (NCS) (248). Moreover, STAT3- binding sites have been found in 

other Th17 genes such as aryl hydrocarbon receptor (Ahr), ll21, Rorγ, Batf, Irf4 and 

Maf (249). Other targets important for the stabilisation of the Th17 transcriptional 

program, i.e. Il23R and Il6R, are also direct targets of STAT3. It can also regulate the 

expression of genes not exclusive to Th17 cells, which are thought to play a role in 

survival and proliferation of cells (e.g. Bcl2, Fos and Jun). This correlates with the 

delayed kinetics and poor clonal expansion of Stat3-/- T cells.  
Whilst not exclusive to Th17 lineage, other 'pioneer' factors have been 

demonstrated to be indispensible for Th17 differentiation.  Basic leucine zipper 

transcription factor (BATF), c-Maf and Interferon Regulatory Factor-4 (IRF4) have 

been described to have these functions (250, 251). CHIP-seq data of IRF4 and BATF 

share a high number of targets in Th17 cells (252). It is thought that these serve to 
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permit access to these Th17-specific genes for STAT3 and ROR-γT via chromatin 

remodelling. Indeed, these can be induced by TCR signalling and can be found in 

non-polarised T cells indicating these are not aligned with a specific subset and fulfil 

this role of opening up genes for modifications by subset specific factors. Loss of 

these can severely abrogate Th17 development, although loss of IRF4 has also been 

shown to prevent Th2 development in the different priming settings (253).  

AHR is a ligand dependent transcription factor that was first identified as the 

receptor for dioxin (254). Expression is found in both Th17 and Treg cells, although 

levels are far higher in the former. Loss of AHR was shown to lead to a reduction 

but not absence of Th17 cells, and attenuated EAE. Subsequent studies elucidated 

that Iscove's Modified Dulbecco's Media (IMDM) supported enhanced Th17 

development in comparison to Roswell Park Memorial Institute-1640 (RPMI-1640) 

media due greater AHR activation (255). The mechanism through which AHR 

supports Th17 development remains to be fully characterised but it is thought to be 

partly dependent on AHR interfering with STAT1, a negative regulator of Th17 

development (256). Others have pointed to a role of AHR in stimulating IL-22 

production, of particular importance to Th22 cells (257).  

Of those targets of STAT3, ROR-γT has been described as the master regulator of 

the Th17 phenotype (258). Overexpression of STAT3 in Rorγ-/- mice failed to 

produce IL-17 (259). However, the converse, with an overexpression of ROR-γT, 

leads to IL-17 release even on a Stat3-/- background. Encoded by a single gene, Rorγ, 

two isoforms are produced by alternative splicing (260). ROR-γT is found mainly in 

Th17 cells and in the thymus, whereas ROR-γ1 is more widely expressed such as 

muscle and kidney cells (261). Multiple binding sites for ROR-γT can be found in the 

Il17a, Il17f and Il23r  genes (258).  

1.15 TCR Signal Strength 
The mitogenic effects of anti-CD3 antibodies have been known for over 30 years 

(262). Early studies in human T cells indicated that the anti-CD3 mAb OTK3 could 

lead to enhanced T-cell proliferation as measured by the incorporation of tritiated 
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thymidine (263). Follow up experiments indicated that a range of intracellular 

pathways could be triggered. However, the affinity of TCR-pMHC interactions is 

many orders of magnitude less than that of antibody-antigen binding (264). Further 

studies, since the advent of T cell cloning and TCR transgenic mice, have allowed 

assessment of both the qualitative and quantitative aspects of TCR signalling and 

the effects of signal 1 on Th cell differentiation using a defined TCR (see Figure 7) 

(159). It has become an area of increasing importance to our understanding of Th 

cell immunobiology. 

1.15.1 Qualitative changes in TCR signal strength - Altered Peptide 
Ligands (APLs) 
In order to achieve a sufficient degree of interaction leading to signalling, the TCR 

contacts the peptide by a relative few critical residues. These can be identified and 

the hierarchy of their importance determined by stepwise alterations to these 

points. Pioneering studies led by Paul Allen defined Altered Peptide Ligands (APLs) 

as analogues of immunogenic peptides in which substitutions of critical contact 

residues lead to alterations in signalling cascades (62). Established using a Th1 clone 

against a haemoglobin peptide, the APL produced shifts in the phosphorylation 

status of CD3ζ and a failure to activate ZAP-70 in comparison to the cognate 

peptide (265). Other studies have changed the affinity for MHC cII binding through 

single amino acid substitutions in the peptide sequence (266). As a result of either 

enhancing or decreasing MHC cII affinity, differential cytokine responses were 

induced (159).  
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Figure 7 - Three signal model of T cell activation. In order to become fully activated naive T cells require three 

signals. (1) TCR-mediated recognition of a peptide ligand presented by MHC cII. Signalling induces cytokine 

release, cytoskeletal rearrangements and can influence the expression of cytokine receptors such as IL-12R. (2) 

Co-stimulation signals are provided by binding of CD80/86 to CD28. These in turn modulate TCR signalling, 

particularly important when TCR is weakly activated or negatively regulated by the expression of CTLA-4 on T 

cells. Lack of co-stimulation can result in a failure to proliferate or gain effector functions, termed anergy. (3) 

The cytokine milieu present during activation. The type of cytokines released by an APC are in part dependent 

on which PRRs are triggered. Sensitivity of the responding T cell is suggested to be in part dependent on Signal 

1.  

The functional outcomes of such alterations, when compared to the cognate 

peptide, can lead to agonism, partial-agonism or antagonism, affecting all aspects 

of the T cell response including proliferation and cytokine expression (267).  For 

example, the APL to a Moth Cytochrome-c (MCC) peptide, K99R, has a lower affinity 

for the B10.A(5R) TCR leading to suppressed Th1 development compared to the 

cognate peptide. Addition of IL-2 to these cultures could not restore IFNγ 

production to equivalent levels as induced by the cognate peptide. In contrast, 

reduction of the cognate peptide to its core 9-mer caused no changes to the 

cytokine profile induced but did reduce proliferation. Similar effects can be found in 

systems using Human Collagen Type IV (HuCIV) and Myelin Basic Protein (MBP) 
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immunogenic peptide and their corresponding analogues (268, 269). This is not 

limited to the Th1/Th2 paradigm with APLs to Glucose-6-Phosphate Isomerase (GPI) 

hGPI325-339 peptide reducing arthritis severity through a reduction in IL-17 release 

(270).  

The role of affinity in governing tolerance is an area of growing interest with 

regards to Treg function (271). In the context of the EAE model, an agonistic APL is 

capable of generating IL-10- producing FOXP3- Tregs (Type 1 regulatory T cells (Tr1)) 

from naive precursors (272). Studies in the Allison lab have shown that a high 

affinity APL to the MCC peptide induces the greatest frequency of FOXP3-

expressing Tregs both in vitro and in vivo (271).  

1.15.2 Quantitative changes to TCR signal strength - antigen density 
T cells will continuously 'scan' an APC upon interaction. Each APC can have multiple 

antigen-loaded pMHC complexes able to bind to the TCR and trigger signalling 

(273). Thus, the number of available contacts will also alter the level of downstream 

signalling in a cumulative manner. The duration of contact can also affect the type 

of signal received by a certain T cell. Studies using CD8+ T cells and peptide-pulsed 

DCs indicated that there is an inverse relationship between the peptide density and 

the time needed to form stable contacts with an APC (274). Only those peptide 

densities that induce stable contacts led to T cell division. The margin can be as 

small as two-fold between quiescence and expansion (275). Interestingly, in vivo 

studies in which the antigen is removed from the system have a significant effect on 

CD4+ T cell proliferation and effector function. In contrast, CD8+ T cells, if antigen is 

removed during the immediate phases of signalling, are much more resilient in 

terms of maintaining effector function. 

The ability of differing amounts of antigen to shift the T cell response was initially 

pioneered by the work of Parish and Liew, who demonstrated that immunisation of 

rats with the bacterial protein, flagellin, induced variable responses depending on 

the antigen dose (157). If very low or very high doses were administered the 

animals showed strong DTH responses mediated by Th1 cells. A mid-range dose 
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generated a robust humoral response with Th2 cells providing help to B cells 

against flagellin. Studies using the protozoa Leishmania or the helminth Trichuris 

muris again showed distinct Th1/ Th2 responses depending on the initial pathogen 

burden (276, 277). Low numbers of protozoa resulted in a Th1 response that 

gradually shifted to a predominantly Th2 response with higher numbers of infecting 

organisms and, assumingly, greater densities of antigen material. Others have 

shown that immunisation with a form of polymerised ovalbumin (OVA) protein 

produced the opposite trend in vivo (278). Thus, while all these studies 

demonstrate that antigen density can shift the phenotype of the immune response 

in vivo, it was difficult to control the exact density of antigen. The studies by 

Hoskens et al and Constant et al, published in the Journal of Experimental Medicine 

back-to-back, found that using TCR transgenic naive T cells to specific synthetic 

peptides allowed for a more controlled in vitro system (279, 280). The Bottomly lab 

demonstrated that, generally, low doses of peptide favours a Th2-dominated 

response whereas the O'Garra group found strong Th2 response at either very low 

or very high peptide concentrations. In contrast, mid-range doses supported the 

generation of the Th1 phenotype. However, differences in timing, antigen, TCR 

affinity and APC type result in variations to the exact antigen does range that makes 

direct comparison between these studies challenging. In vivo, Milner et al used 

tetramers to remove high affinity clones to MCC peptide (I-Ek restricted) which lead 

to expansion of Th2 cells in an IL-4-dependent manner. It has also been suggested 

that sustained activation of ERK at higher antigen densities inhibits GATA3, hence 

blocking the endogenous release of IL-4 (281).  

The role of antigen density has also been assessed in other subsets including Tregs. 

Emerging data has shown that changes in the intensity of TCR signalling could alter 

FOXP3 induction. The mechanism is dependent on reduced Akt and mammalian 

target of rapamycin (mTOR) activity that antagonise the development of a 

regulatory phenotype (271). This observation has been further clarified in vivo 

where a lower of dose of immunising peptide generated the greatest induction of 
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iTregs. However, others have shown that nTregs require a higher than average 

intensity of signalling during thymic development than other effector cells (282).  

With regards to Th17 cells, studies by Purvis et al in our group have demonstrated 

that T cell stimulation strength is clearly a factor in Th17 regulation (283). Through 

alterations to the ratio of polyclonal activating anti-CD3/CD28 coated beads to T 

cells, it was found that a lower ratio favours a sustained Th17 phenotype. These 

results can be replicated through differential loading of APCs with higher or lower 

concentrations of superantigen (283). The mechanism that drives this effect is the 

dependency of IL-17 production on lower Ca2+ concentrations. This in turn favours 

NFAT1c binding to the lL-17 promoter. If excessive Ca2+ is introduced using an 

ionophore, the propensity of IL-17 production is lost. Hence, there is clear data 

indicating a role of TCR signal strength affecting the development of all Th subsets. 

Work is ongoing to dissect the relative importance of particular pathways and how 

these interact with cytokine-induced signals to shape the phenotypic response of a 

particular Th cell.  

1.15.3 Relative influence of TCR signal strength and the cytokine milieu 
in shaping T cell responses 
Another area of interest is the distinct influences of cumulative TCR signal strength 

and exogenous cytokines in the shaping of the Th effector cell response. van 

Panhuys et al have varied these factors independently by changing either the 

antigen density or adjuvant used during DC maturation (284). Comparison of Th1/2 

differentiation demonstrated two key stages with T cells first influenced by TCR 

signal strength, which is also modulated through co-stimulatory receptors such as 

CD28. Downstream of these are the effects of the cytokine environment in which T 

cell priming occurs. The link between these stages is the ability of TCR signalling to 

control the expression of the receptors required by naive T cells to respond to the 

presence of certain cytokines during their activation. For example, these studies 

indicated that Th1 development requires a strong TCR signal in part to induce the 

expression of the IL-12R β2-chain, permitting an increased response to IL-12, 

leading to IFNγ release and T-bet expression. Thus, modulation of the initial signals 
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received by the TCR can influence the response of T cells to cytokine cues, with 

implications not only for vaccine design but also for treatment of autoimmune 

disease.  

1.16 Signal 3: the role of cytokines in Th differentiation 
Typically the cytokine environment present during priming is thought of as the 

critical determinant in shaping the type of T cell response. The main factor 

governing the type of cytokines released by APCs are the particular Pathogen 

Associated Molecular Patterns (PAMPs) that bind and stimulate PRR signalling (10). 

In the case of IL-12, Th1 cells will dominate, whereas IL-4 induces a Th2 response. In 

the case of iTregs, IL-10 or TGFβ alone are sufficient. 

1.16.1 The role of cytokines in Th17 development 
Early work in 2003 and 2005 demonstrated that IL-23 was able to expand and 

promote the development of a pathogenic subset of Th cells (195, 285). IL-23 is a 

potent activator of STAT3 and can induce the expression of ROR-γT, IL-17 and IL-

23R among other key Th17 targets (286).  However, IL-23 fails to induce Th17 cells 

from naive T cells that lack the IL-23R. Subsequent work by the labs of Kuchroo, 

Stockinger and Weaver showed that a combination of IL-6 and TGFβ was required 

for Th17 induction (287-289). IL-6 has since been shown to be an absolute 

requirement for Th17 cell development (290). Loss of IL-6 renders such animals 

unable to generate a Th17 response (235). It functions through a receptor 

consisting of a specific component IL-6R and a ubiquitous subunit gp130 leading to 

STAT3 activation (see Figure 8 (291)). STAT3 phosphorylation in turn leads to 

expression of ROR-γT transcription factor that is key for the Th17 phenotype (249). 

Other key target genes of STAT3, such as IL-23R and IL-17a, are also induced by IL-6.  

Emerging data suggests that TGFβ functions indirectly to support the development 

of Th17 cells, being a potent inhibitor of both T-bet and GATA3 (see Figure 8 (288)). 

Loss of either the TGFβRII chain or T cell specific TGFβ impairs in vivo Th17 cell 

responses (292). It has been shown that TGFβ leads to preferential upregulation of 

anti-apoptotic factors such as clusterin and BCL2 in Th17 cells (227). However, TGFβ 
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can also limit the pathology of Th17 in murine disease models such as EAE in an IL-

10-dependent manner (293). Thus, while an important factor in the initiation of 

Th17 responses, TGFβ can also ameliorate the inflammatory response induced.  

IL-1β also plays an important role in the initiation of the Th17 development. Like IL-

6-/- mice, loss of IL-1β prevents induction antigen-specific Th17 cells and hence 

disease in models such as EAE (294). IL-1R signals via MyD88 leading to PKCθ, NFκB 

and MAPK activation (295). Downstream signalling is important for the promotion 

of the transcription factor IRF4 that in needed to co-operate with and enhance the 

function of ROR-γT. IL-1β has an additional role in ensuring the T cell is equipped 

metabolically for activation through its ability to stimulate the phosphorylation of 

the mTOR1 (296).  

 

Figure 8 - Key cytokines in Th17 differentiation. TGFβ first requires activation by the cleavage of Latent 

Activating Peptide (LAP) that then permits its binding to the heterodimeric TGFβR. Signalling via Alk5 leads to 

phosphorylation of SMAD proteins that influence cell survival, suppression of other Th cell fates and 

cytoskeletal changes. SMAD7 acts as a negative regulator of signalling. The net effects of TGFβ signalling include 

reducing IL-2/ IFNγ production, Inducible tyrosine kinase (Itk) activation and reducing TCR Calcium flux. TGFβ 

alone also promotes FOXP3 yet IL-6 antagonises this. IL-6 signalling can function either via direct binding to IL-

6R which is associated with the shared gp130 chain. In contrast the trans pathway involves IL-6 bound to a 

soluble form of its receptor that lacks a cytoplasmic domain. This in turns binds gp130 located on the cell 

membrane. A soluble form of gp130 can antagonise the trans pathway by 'mopping' up these complexes. Both 

lead to JAK3 activation of STAT3 that can translocate to the nucleus. STAT3 promotes a number of Th17 genes 

including Rorγ, Il17a and Il23r. Socs3 is a negative regulator of STAT3 activation. Ras and the MAPK pathway can 
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also be triggered by JAK3. Thus, the classical IL-6 signalling pathway is restricted to those cells that express IL-6R 

(e.g. immunocompetent cells and hepatocytes). Because of the ubiquitous expression of gp130, sIL-6R allows a 

wide range of cells to respond including RASFs (Rheumatoid Arthritis Synovial Fibroblasts), vascular endothelial 

cells and osteoclasts. 

1.17 Negative regulation of Th17 cells 
The potency of IL-17 and other cytokines produced by Th17 cells means that a 

dysregulated response is a potent threat to the host organism. As with Th1 and Th2 

cells, the development of Th17 phenotype is susceptible to reciprocal counter 

regulation by other subsets. For instance, IFNγ and IL-12 both impair the 

development of Th17 in part through the action of T-bet, which prevents ROR-γT 

expression through binding 2kb upstream of the Rorγ first exon (297). Ectopic 

expression of T-bet in naive or committed Th17 cells was capable of inhibiting 

release of IL-17. Conversely, genetic ablation of T-bet in mice leads to an increased 

number of Th17 cells (298). Interestingly, although these mice have more Th17 cells 

infiltrating the CNS when used in the EAE model, the severity of disease is not 

drastically enhanced most likely due to the need for these cells to co-express T-bet, 

and hence IFNγ, required for pathogenesis (299). IFNγ can also downregulate Th17 

differentiation through negative regulation of IL-23 production from APCs (300). 

IFNγ signalling attenuates Il23 gene expression by blocking RelA binding, and can 

successfully prevent disease in the experimental colitis model (300).  

Unlike IFNγ, Th2-associated cytokines have not been described as being co-

expressed by Th17 cells. However, IL-4 is capable of inhibiting IL-17 release by both 

naive and memory Th17 cells (301). Suppression by IL-4 is dependent on STAT6 and 

blocks the expression of IL-23R but not IL-22. STAT6 is an absolute requirement for 

IL-4-mediated suppression while GATA3 is not necessary (301). However, if Th17 

cells undergo repeated rounds of restimulation prior to exposure to IL-4, they 

become resistant to inhibition as a result of desensitisation of the IL-4R. These 

observations are reflected in vivo with a single immunisation with IL-4-transduced 

DCs capable of preventing CIA (302). Immunisation with IL-4 has also been shown to 

reduce the severity of disease in Proteoglycan Induced Arthritis (PGIA) (303).  
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IL-2 is a key cytokine induced upon TCR signalling and capable of supporting the 

expansion of naive T cells (304). The high affinity α-subunit of the receptor complex 

(CD25) is only expressed at high levels upon sustained TCR stimulation. Sharing the 

common γ chain with other family cytokines such as IL-4 and IL-15, IL-2 binding 

leads to Jak1/3 activation and subsequently phosphorylation of STAT5A/B, which 

functions as a heterodimer (305). Additionally, signalling pathways dependent on 

Ras and PI3K kinase are also triggered. However, whilst IL-2 boosts CTL killing and 

can cause T cell expansion, the simple concept as a mere proliferation factor 

underplays the importance of IL-2 in enhancing activation induced cell death (AICD) 

and affecting T cell effector functions (306). IL-2 is vital to Treg survival and function 

in the periphery (307). Indeed, Tregs are the only subset to constitutively express 

CD25 (308). Moreover, IL-2 signalling is needed for IL-4 and IL-4Rα chain expression, 

required for Th2 development. It has also been shown to be capable of inducing 

IFNγ via induction of IL-12Rβ2 chain. In contrast, it has been demonstrated that IL-2 

serves to inhibit Th17 cells via increasing levels of STAT5 at the IL-17 locus (468, 

469). Furthermore, IL-2 can also inhibit Th17 cell development through repression 

of Il6ra and Il6st expression in a STAT5-dependent manner (309), thus reducing the 

ability of naive T cells to respond to a critical pro-Th17 cytokine. IL-15, a related 

cytokine family member, has been shown to have a similar effect on Th17 

differentiation (310). Il15-/- and Il15r-/- mice have increased frequencies of IL-17a+ 

cells. These mice also have an exacerbated form of EAE, indicating a loss of 

regulation and a more pathogenic Th17 population. The mechanism through which 

IL-15 acts is very similar to IL-2. IL-15 also promotes STAT5 activation that is able to 

bind and compete with STAT3 at the Il17a  locus. 

1.18 Post translational modifications (PTMs) 
The genetic code specifies for only twenty amino acids (311). However, it has been 

apparent that a number of PTMs to the basic set of amino acids allows biological 

systems to function with a far expanded amino acid ‘universe’. Such modifications 

can be the result of specific biological pathways, catalysed by enzymes, or be 

generated through spontaneous chemical events often as a result of ageing, 
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inflammation or exposure to environmental factors. Some of these PTMs play a 

fundamental role in basic biological processes such as phosphorylation or 

glycosylation, but the role they play in infection and autoimmune disease aetiology 

remains to be fully characterised.  

One of the major effects of PTM to a protein in terms of immunology is the effect 

on the discrimination of 'self/ non-self', through the generation of de novo epitopes 

that can result in a breach of tolerance (312). In CIA it has been shown that 

glycosylation can also alter the T cell response. Immunisation with the 

immunodominant CII peptide 256-270 containing a O-linked glycosylated Lysine 

(K264) fails to induce a robust T cell response and instead induces T cell tolerance 

(313). However, if stripped of the sugar linked to the lysine residue, these peptides 

were ineffective at preventing disease onset in neonatal tolerance studies.  

Another example is the conversion of amino acids, such as deamination of 

glutamine or asparagine that can result in conversion to glutamic or aspartic acid 

residues, respectively (312). The biochemical change that results can lead to 

different charges at that particular position. It has been shown in celiac disease (CD) 

that conversion of a glutamine-rich component of gluten can produce a more 

potent antigen in terms of its ability to stimulate DQ2-restricted T cell specific 

clones originating from CD patients (312). In this case it has been shown that 

modification of a key glutamine residue results in increased binding to the MHC cII, 

and so increased presentation to T cells. The generation of iso-aspartyl residues is 

another example of a modification that can occur spontaneously, especially in long-

lived proteins (314). This has been shown to change immunogenicity of U1/sm 

ribonucleoprotein (snRNP) and cytochrome c autoantigens in Systemic Lupus 

Erythematosus (SLE) patients. Indeed, only T cell responses against the modified 

autoantigen, containing an iso-aspartyl residue, can be detected ex vivo in patient 

cells. Arginine can also undergo modification by addition of a methyl group. SnRNPs 

can be methylated at two proteins, sm-D1 and sm-D3, and have also been shown to 

be immune targets in SLE (315, 316).  
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A third way in which PTMs can alter the T cell response is at the level of antigen 

processing in APCs (314). Some of the residues that are capable of modifications are 

critical for recognition by processing enzymes, such as the protease asparagine 

endopeptidase (AEP) that cleaves proteins after asparagine residues. Interest is 

growing given that an important epitope of human MBP (p85-99) is cleaved by AEP 

at asparagine 94 (312). Due to antigenic processing of the unmodified form it is 

destroyed in the thymus. Therefore no T cells can be negatively selected against 

this epitope and so can exit into the periphery. Other examples include the N-

glycosylation of an influenza A nucleoprotein that blocks the generation of CD8 T 

cell epitopes. Hence, PTMs can both interfere with the presentation of pathogenic 

epitopes and preserve autoreactive epitopes, potentially breaching central 

tolerance.  

1.18.1 Citrullination 

 

Figure 9 - Summary of citrullination and its effects on autoimmunity. Citrullination is a post translational 

modification involving the deimination of arginine residues to citrulline. The net effect is a loss of a net positive 

charge. Citrullination is catalysed by the PAD family of enzymes. This reaction is highly dependent on Ca2+ and 

prevalent during cell death and inflammation (e.g. NETosis). Anti Citrulline Protein Antibodies (ACPAs) are a set 

of autoantibodies capable of binding cyclic citrullinated peptides that are highly specific for RA and form part of 

the diagnostic criteria. Indeed, IL-17 production in RA T cells has been detected after stimulation with 

citrullinated peptides derived from putative autoantigens. Adapted from Wikipedia.org.  
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Citrullination is another modification of arginine residues through a process called 

deimination. In terms of biochemistry the effect is a minor increase in mass (+1 Da) 

and loss of a net positive charge – the arginine is replaced with a neutral citrulline 

that lacks the positively-charged imine group (see Figure 9 (312)). It is thought that 

citrullination plays a role in a number of important physiological processes. The 

typical effect is a loss of ordered protein structure with studies of filaggrin 

suggesting that citrullination of 5% of the arginines destroys the tertiary structure. 

It may also play a role in the modification of cytoskeletal proteins such as vimentin 

during apoptosis; citrullination of vimentin results in a depolymerisation and loss of 

intermediate filaments. In the CNS, citrullination has a role in the regulation of 

protein-lipid interactions, based on binding between negatively charged ganglioside 

and positively-charged arginines on MBP (317). Hence, citrullinated residues reduce 

this interaction. The most studied influence of citrullination is in the regulation of 

histones and chromatin (318). Nuclear substrates include histones H2A, H3 and H4. 

Modification of methylated regions by citrullination can function as an antagonist 

for activation of transcription at certain sites within the genome.  

The chemical process of citrullination is catalysed by a family of enzymes known as 

peptidylarginine deiminases (PADs), which consist of a family of 5 isoforms, each 

with a distinct pattern of tissue expression (319). Within immune cells PAD2 and 4 

can be found in cells of the haematopoietic lineage, whereas PAD1/3/6 are 

restricted to epidermis, hair follicles and oocytes respectively (320). The catalytic 

activity of these enzymes is dependent on a cysteine residue that attacks the 

guanidino group on the target arginine (321). However, it has been shown in vitro 

that millimolar concentrations of Ca2+ are required to facilitate PAD activity, which 

may relate to the role of citrullination in pathways linked to cell stress, such as 

apoptosis or terminal differentiation of the epidermis. Evidence has suggested that 

PAD expression can be upregulated during inflammation and has been detected in 

the synovium of RA patients and in the CNS of Multiple Sclerosis (MS) patients 

(322). Release of these enzymes by dying cells can also lead to modification of 

matrix protein in the vicinity. PAD4 can also be regulated by p53-controlled stress 
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pathways (323). Neutrophils can release web-like nuclear DNA-protein complexes 

upon cell death known as neutrophil extracellular traps (NETs). The extracellular 

release of chromatin and associated proteins includes citrullinated histones that 

may be processed and presented by APCs (324).  

In MS, citrullination has been described to play an important role in disease 

development and especially in the hyperacute Marburg's syndrome (325). 

Interestingly, the increased rate of citrullination leads to an increased ratio of 

citrullinated MBP to non-citrullinated MBP, similar to the level found in infants 

(317). It appears it mainly affects the integrity of the myelin sheath through 

reduced affinity for the negatively charged lipids. Moreover, citrullinated MBP is 

degraded by cathepsin D more readily, due to its more open structure (326). These 

modified proteins can be found in the CNS of animals in EAE model and citrullinated 

MBP has been shown to be encephalitogenic in affected rats and mice. PAD2 has 

been found in the CNS in oligodendrocytes, microglia and astrocytes (321). PAD4 is 

expressed in infiltrating myeloid cells. Furthermore, populations of citrulline-

specific T cells can be activated, meaning citrullination enhances the pool of 

autoantigens. Using a citrullinated MBP peptide it has been shown that this APL is 

capable of activating a distinct T cell population that fails to cross-react with 

unmodified MBP, following PAD2/4 activation in the CNS (325). Thus, citrullination 

can exacerbate and accelerate disease through the expanded numbers or changed 

repertoire of autoreactive T cells that recognise self-antigens.  

The role of citrullination in RA has been typically characterised by autoantibodies 

against citrullinated antigens are highly specific for RA and can be found in 

approximately 75% of RA patients (327, 328). Indeed, anti-citrulline autoantibodies 

can be detected in patient sera up to 14 years prior to clinic symptoms of RA (329). 

PAD2 and PAD4 have been found to be expressed within Rheumatoid synovium and 

are expressed at levels that exceed those found in healthy controls (320). ACPA 

titires offer an importnat diagnostic marker and are widely used clinically (330). 

Studies of RA patient groups show that over 60% of patients can respond to 
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citrullinated peptides by releasing IL-17 (331). Moreover, a strong IL-6 response was 

found in an Australian cohort of RA patients to a number of citrullinated 

autoantigens including filaggrin, vimentin and aggrecan (332). Furthermore, 

neutrophils of RA patients have an increased potential to undergo NETosis (324). 

This process exposes and possibly creates citrullinated autoantigens and can 

stimulate the production of anti-citrulline autoantibodies. It can be enhanced by 

the presence of pro-inflammatory cytokines such as IL-17 and TNFα, leading to an 

increased susceptibility to NETosis.  

The factors that lead to an immune response against citrullinated proteins have 

been linked to environmental influences such as periodontal disease and smoking 

(333). It has been hypothesised that these factors induce greater cell death and so 

generate a pool of citrullinated antigens either by apoptotic release of citrullinated 

nuclear antigens or PAD modification of extra cellular matrix (ECM) proteins. A 

polymorphism of PAD4 has also been linked to an increased likelihood of RA 

development (334). Whilst found in Japanese and Korean cohorts, it remains to be 

replicated in European RA patients. In the CIA animal model, ACPAs have been 

described specific for collagen II and are cross-reactive with both citrullinated and 

non-citrullinated collagen II (335). Moreover, disease severity has been shown to 

correlate with the level of PAD4 expression and citrullinated collagen. Interestingly, 

the clinical signs of arthritis precede the development of citrullinated antigens and 

ACPAs suggesting that these exacerbate pathogenesis but are not necessary for 

induction (336).  



48 

 

1.19 Thesis aims 
Evidence from the literature indicates a prominent role for TCR signal intensity in 

shaping the Th response (284). Indeed, the most recent data suggest these signals 

operate upstream of those derived from the local cytokine environment. While the 

influence of TCR signalling intensity is a recognised factor in the induction of other 

Th phenotypes such as Th1, Th2 and Tregs, it remains to be fully characterised in 

the Th17 subset (159, 271). Building on recent observation made by the group I 

work in that TCR signal strength plays a key role in human Th17 cell development 

(283), I hypothesised that a lower TCR signal intensity will promote Th17 induction 

from naive 5/4E8 TCR Tg T cells in response to changes in both peptide 

concentration and affinity. 

Thus, the aims of this project were to: 

x establish an ex-vivo co-culture system to study Th17 cell polarisation of 

naïve aggrecan-specific TCR Tg T cells  

x investigate the influence of the concentration of cognate peptide on Th17 

development from naïve Th cells 

x determine the role of peptide affinity in Th17 polarisation using a disease 

relevant PTM (arginine to citrulline) of a putative TCR contact residue 

x assess the possible role of IL-2 signalling as the mechanism linking changes 

in TCR signal intensity to the type of effector Th response 
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2 Materials and Methods 

2.1 5/4E8 TCR Transgenic mice 
5/4E8 TCR Tg mice were originally developed by Berlo et al and were kindly gifted 

by Prof. Willem van Eden (337). The TCR (Vα1.1Vβ4 (GeneBank accession number 

AY823583 and U19234 respectively)) of the 5/4E8 hybridoma recognises the 

aggrecan peptide epitope 84-103 (p84-103) (338). Linearized pre-TCR α chain (pTα) 

and pTβ 5/4E8 TCR DNA fragements were coinjected in equal amounts into the 

fertilized eggs of (CBA x C57BL/6) F1 mice (338). TCR Tg founders were then 

identified by PCR analysis of tail genomic DNA. The expression of Vβ4 was 

confirmed by flow cytometric assessment of blood lymphocytes. As the 5/4E8 TCR 

hybridoma responds to peptide in the context of H-2d MHC cII, the TCR Tg founder 

mice were backcrossed onto the PGIA susceptible background (338). A pure BALB/c 

genomic background was obtained after backcross 8. The purity of this backcrossing 

was confirmed using 244 sequence length polymorphic markers specific to the 

BALB/c strain as described by Glant et al (339). Throughout the backcrossing 

process Vα1.1Vβ4 expression was detected using genotyping and susceptiblilty to 

PGIA at each stage.  

 The TCR transgene was maintained on a heterozygous background by the breeding 

of TCR transgenic with wild type (WT) BALB/c partners. This ensured stable 

expression of the 5/4E8 TCR Tg gene between generations. Typing of Vβ regions 2-

15 indicated a highly enriched frequency of Vβ4 expressing CD4+ T cells only in 

those which inherit the TCR Tg compared to WT littermates (340).  In order to 

determine phenotype, 50μl of blood was collected in heparin via tail bleed from 4-8 

week old mice before incubation with 1ml of Red Blood Cell Lysis Buffer (Sigma) for 

5mins. Excess wash buffer (phosphate-buffered saline (PBS (Lonza)) plus 2% fetal 

bovine serum (FBS (PAA Laboratories)) was added prior to centrifugation at 400g 

for 5min before staining with 20μl of anti-CD4 PerCP-Cy5.5, anti-Vβ4 APC (BD 

Bioscience) and anti-TCRβ FITC (eBioscience) mAbs or wash buffer (see Table 3 for 

clone type). Only those carrying the transgene show an enrichment of the Vβ4 
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population (>80%) compared to WT littermates, which had a far reduced 

proportion of Vβ4 CD4+ T cells (see Figure 10). Unfortunately, there is currently no 

commercially available monoclonal antibody (mAb) against the α chain possessed 

by the transgenic T cells of these mice (Vα1.1). All work was carried out in 

accordance with the Animals (Scientific Procedures) Act 1986 under the project 

licence PPL 60/3281 held by Prof. J.H. Robinson. All animals were housed under 

specific pathogen free conditions in Newcastle University's Comparative Biology 

Centre. 

 

Figure 10 - Phenotype of CD4+ T cells of 5/4E8 TCR Tg mice and WT littermates. Examples of WT littermate (A) 

and a 5/4E8 TCR Tg mouse (B) illustrated enrichment of Vβ4+ expressing T cells in the TCR Tg mice. Phenotype 

was determined using peripheral blood from tail bleed of individual 4-8 week old mice followed by staining for 

Vβ4, CD4 and TCRβ and flow cytometry. Proportion of Vβ4+CD4+ T cells in 5/4E8 TCR Tg mice was routinely 

>85%. Data are representative example of five independent biological examples. 

2.2 Peptides 
All peptides were dissolved in sterile deionised water and stored at -20oC at a 

concentration of 2mM. Peptides were produced by JPT Peptide Technologies 

GmbH, Berlin, and shown to be >85% pure assessed by mass spectrometry. Below 

lists the sequences of all peptides used in this study (see Table 1). 
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Peptide  Sequence  Additional Information  

p84-103  VVLLVATEGRVRVNSAYQDK  20-mer containing core T-cell epitope  

p89-103  ATEGRVRVNSAYQDK  15-mer containing core T-cell epitope  

R93A  ATEGAVRVNSAYQDK  Alanine substitution of a putative TCR contact  

R95A  ATEGRVAVNSAYQDK  Putative MHC contact 

V96A  ATEGRVRANSAYQDK  Putative TCR contact 

A99G  ATEGRVRVNSGYQDK  Putative TCR contact 

R93Cit  ATEGCitVRVNSAYQDK  Citrullination of a putative TCR contact 

R95Cit  ATEGRVCitVNSAYQDK  Citrullination of a putative MHC cII contact 

R93-95Cit  ATEGCitVCitVNSAYQDK  Citrullination of both 

F1p3  AADLTASTTATATLVEPARI Irrelevant peptide, strong I-Ad
 

binder (341).
 

 

Table 1- Peptides used in this study. 

2.3 Extraction of Bone Marrow  
6-12 week WT littermates were sacrificed and transferred to 70% ethanol. Tibias 

and femurs were dissected and the muscle removed before extraction of bone 

marrow (BM). Heavy-duty scissors were used to cut off the ends of the bones 

before being flushed with RPMI-1640 (Sigma); 10% FCS (PAA Laboratories); 2mM 

glutamine; 100units/ml penicillin; 100μg/ml of streptomycin and 50μM β-

mercaptoethanol (all Sigma)) using a syringe and 25G needle. These cells were 

gently pipetted to disrupt clusters to obtain a single cell suspension. 

2.4 Dendritic Cells (DCs) 
Petri dishes (90mm triple vent polystyrene dishes , SLS) were seeded with 2x106 

bone marrow derived cells in 20ml of RPMI-1640 (Sigma) supplemented with 10% 

FBS (RF10) and 20ng/ml of granulocyte-macrophage colony-stimulating factor (GM-

CSF; R&D Systems). On day 3, 6 and 8, 10ml of RF10 supplemented with GM-CSF (20 

ng/ml) was added after 9ml of culture medium had been gently removed. At day 

10, 14ml of the culture medium was gently removed and 5ml RF10 containing 

0.1μg/ml lipopolysaccharide (LPS derived from e-coli; Sigma) and 20ng/ml GM-CSF 

was added to generate mature DC (mDC). After 24h, cells were harvested using a 

lifter following an incubation for 1 hour at 4oC to increase cell yields. These were 

washed twice with 50ml of PBS before re-suspension in IMDM (Sigma) containing 

10% Serum Replacement (SR; Invitrogen); 2mM glutamine; 100units/ml penicillin; 
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100μg/ml of streptomycin and 50μM β-mercaptoethanol (all Sigma) and counted in 

trypan blue (Sigma) using a haemocytometer. These cells were either stored in 

freeze media (90% FBS; 10% Dimethyl sulfoxide (DSMO (Sigma)) or used in 

functional assays. 

In some examples the concentration of LPS used to induce maturation was reduced 

to 0.01μg/ml, 0.001μg/ml or none. Those without LPS maturation were defined as 

immature DCs (imDCs).  

2.5 Splenocyte Extraction 
6-12 week old WT or 5/4E8 TCR Tg mice were sacrificed and placed into 70% 

ethanol. Spleens were removed into 5ml of PBS before mechanical disruption using 

a 1ml syringe plug on a 100μm Cell Sieve (BD Bioscience, UK) into 50ml Falcon Tube. 

Aggregates were disrupted by pipetting. PBS was added to 50ml before 

centrifugation at 400g for 5mins. Cells were resuspended in 3ml of Red Blood Cell 

Lysis Buffer (Sigma) per spleen before incubation at 37oC for 4mins. These were 

then washed twice in 50ml of PBS. Finally, cells were resuspended in 5ml of IMDM 

(Sigma) with 10% SR (Invitrogen) and an aliquot counted in trypan blue by 

haemocytometer to count dead cells.  

2.6 Naive T cell Isolation  
Following isolation of splenocytes, naive T cells were isolated by magnetic bead 

labelling using a Miltenyi MACS system. This technique allows cells to be separated 

from a heterogeneous population using magnetic nanoparticles bound to 

antibodies. Cells bound by the conjugated antibodies are passed across a column 

the presence of strong magnetic field. Only those labelled with conjugated antibody 

will be retained in the column. Thus, this technique allows for isolation of a 

particular target population by either positive or negative selection. 

The initial step uses negative selection to isolate the CD4+ population from non-

target splenocytes. Briefly, cells were resuspended in 400μl of MACS Buffer (PBS; 

0.5% FBS; 2mM EDTA) per 108 cells and a biotinylated cocktail of antibodies added. 
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These depleted a number of cell populations using antibodies against CD8a, CD11b, 

CD11c, CD19, CD25, CD45R (B220), CD49b (DX5), CD105, MHC cII, Ter-119 and 

TCRγ/δ. After incubation to allow binding to target cells, anti-biotin microbeads 

were introduced and non-target cells removed by magnetic separation using a LS 

column and VarioMACS magnet. Further purification of naive CD4 T cells required 

collection and labelling of the effluent population with anti-CD62L (L-selectin) 

microbeads and a second magnetic isolation using positive selection by MS column 

with the VarioMACS magnet. The procedure was performed according to the 

manufacturer's protocol. Naive CD4+ T cells were collected and counted using a 

haemocytometer to determine cell numbers before use in either functional assay or 

storage by cryogenic preservation. The isolated cells were also analysed by flow 

cytometry to determine the degree of contamination of both non T cells and 

memory T cells using anti-CD4 PerCP-Cy5.5, anti-CD44 eFluro450, anti-CD62L PE 

and anti-I-Ad/I-Ed PE. Typically these contaminations were <10% and <6% 

respectively. 

2.7 Functional Assays 
1.25x105 isolated naive CD4+ TCR Tg T cells were co-cultured with 6.25x103 mDCs (a 

1:20 ratio of DCs to T cells) in 48-well plates in 500 Pl culture medium: IMDM; 10% 

SR; 100units/ml penicillin; 100μg/ml strepomycin and 50μM β-Mercaptoethanol 

(ISR10). Peptide doses for primary cultures ranged from 2x10-3μM to 20μM. Cells 

were cultured for 5 days before washing twice with PBS and assessment of cell 

numbers using trypan blue (see Figure 11). In addition, some cultures were 

established in the presence of exogenous pro-Th17 cytokines: IL-1β (10ng/ml; 

Peprotech); IL-23 (10ng/ml; Peprotech); TGF-β (10ng/ml; R&D Systems) and IL-6 

(50ng/ml; Peprotech). Recombinant human IL-2 (rhIL-2) was also added to some 

cultures (50IU/ml; Novartis). Cultures with irrelevant peptide (F1p3) were also 

established as a form of negative control. In some experiments blocking 

monoclonal antibody to IL-2 was used. In these cases, co-cultures were established 

with a cognate peptide, and anti-IL-2 (S4B6) was titrated in at varying 
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concentrations (1/5 to 1/80 dilution of the S4B6 hybridoma supernatant). An 

appropriate isotype control was also included. 

Secondary cultures were established using 4x104 T cells with 2x103 mDCs and 2μM 

of cognate peptide in flat bottomed 96 well plates. Supernatants were collected 

after 48h and analysed for cytokine levels using ELISAs according to the 

manufacturers’ protocols. 

 

Figure 11 - Outline of secondary co-culture assay. Schematic of co-culture system used to determine how 

peptide density or affinity modulates Th17 dvelopment. Co-cultures of 1.25x105 naive 5/4E8 TCR Tg T cells with 

6.25x103 LPS activated mDCs were established for an initial 5-day period with or without pro-Th17 cytokines in a 

48-well plate. In some assays rhIL-2 (50IU/ml) or anti-IL-2 mAb (S4B6) was also added. After the primary culture 

cells were extensively washed and 4x104 T cells plated with 2x103 'fresh' mDC and 2μM of p84-103 in 96 well 

flat bottomed plates. Supernatants were collected 48h later and analysed for cytokines by ELISA. 

2.8 Proliferation Assay 
Various approaches can be used to assess cellular proliferation. One of the most 

common uses tritiated thymidine. As cells undergo division, radioactive thymidine is 

incorporated into the newly synthesised DNA strands. Thus, the degree of 

radioactivity within a sample is proportional to amount of proliferation during 

exposure to the tritiated thymidine.  

Unless otherwise stated 4x104 naive TCR Tg T cells were co-cultured with 2x103 

mDCs in 200μl of ISR10 culture medium with varying doses of either cognate 

peptide p89-103 or indicated APL in flat bottom 96-well plates. These were then 

incubated at 37oC, 5% CO2. At the indicated time points, 120μl of supernatant was 

removed and 10kBq [3H] thymidine (specific activity; 74.0 GBq/mmol; Perkin Elmer) 
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was added for the last 12h of culture. The cells were lysed using a cell harvester 

(TomTech Harvester 96 Mach III M) with DNA bound to glass-fibre capture mesh 

(Perkin Elmer). Once dried, each mesh was placed in a plastic wallet and soaked in 

scintillation fluid prior to sealing (all Perkin Elmer). Radioactivity was quantified 

using a beta scintillation counter (Perkin Elmer Microbeta TriLux; Perkin Elmer), 

generating results expressed as mean counts per minute (cpm) ± SEM of triplicate 

wells.  

2.9 Flow Cytometry 
Flow cytometry is a laser-based fluidic technology that permits the assessment of 

multiple parameters after each individual cell is interrogated by a laser. It has the 

advantage that it allows analysis of multiple parameters on a single cell level within 

a heterogeneous population. Thus, it permits the analysis of cellular phenotype and 

proportion within the cohort studied. Basic understanding of the cell can be 

determined as each cell passes, one at a time, by the flow cell. The scatter of laser 

light provides two basic parameters with Forward Scatter (FSC) representing the 

size through the detection of the 'shadow' profile created by the cell. In contrast 

Side Scatter (SSC) is dependent on light diffraction, which is in turn dependent on 

the complexity of the cell (e.g. structures within the cytosol).  

The use of fluorophores conjugated to monoclonal antibodies allows for the 

detection and quantification of an array of protein targets. The lasers excites a 

fluorophore creating an increase in energy state before returning to ground state 

while emitting light. Each fluorophore has a distinct wavelength at which it 

becomes excited and emits light at a particular set of wavelengths. Calibrated using 

the mirrors and filters, these specific emissions are quantified by the corresponding 

detectors. Finally, these detectors convert the analogue light signals into binary 

voltages, which are rendered graphically by software. See Table 2 for a list of 

antibodies used during this project. 
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2.9.1 Immunofluorescent Labelling of Cell Surface Molecules 
Between 1x105-1x106 of the relevant cell type were transferred to a 1.5ml 

eppendorf and spun for 7min at 2000rpm. The supernatant was removed and cells 

resuspended in 150μl of FACS buffer (PBS; 2% FCS; 2mM Sodium Azide) per well. 

The cells were then transferred to the appropriate well of a 96 well v-bottomed 

plate. Following washing the cells in 150μl of FACS buffer, cells were resuspended in 

50μl of anti-CD16/CD32 mAb (BD Biosciences) for 20mins at 4oC to block Fc 

receptors. 5μl of staining mAb at the relevant dilution was added to the appropriate 

wells. These were incubated for 30min at 4oC in the dark before two further wash 

steps. In the case of biotinylated antibodies, two additional washes were included 

prior to the addition of the streptavidin-bound fluorophore. After a further two 

wash steps with 150μl of FACS buffer, the cells were resuspended in 150μl of FACS 

buffer and transferred to FACS tubes. Each sample was acquired within 24h of 

fixation using FACS Canto II (BD Biosciences).  

In some cases cells are fixed with 150μl of 1% of Paraformaldehyde (Sigma) for 

20min at 4oC. These were acquired the next day. FACS Diva (BD Biosciences) and 

FlowJo (Treestar) software was used for acquisition and analysis of data, 

respectively. 

2.9.2 Intracellular Cytokine Detection 
In order to stimulate sufficient simultaneous cytokine production at levels able to 

be detected using fluorophore-conjugated antibodies. Transcriptional machinery 

must be activated to initiate cytokine production via chemical triggering of PKC. For 

most cytokines, phorbol 12-myristate 13-acetate (PMA) and ionomycin are a potent 

trigger. Brefeldin A (BFA) is also needed to block the transport of proteins from the 

ER and to the Golgi apparatus, thus leading to protein accumulation within each 

cell. At the relevant time point, cells were stimulated with PMA (10ng/ml; SIgma, 

UK) and ionomycin (1μg/ml; Sigma) for 5 hours at 37oC, 5% CO2. After an hour BFA 

(10μg/ml; Sigma) was also added to each well. Cells were then collected and placed 

in eppendorf tubes before being spun down for 7mins at 2000rpm. Cells were 

resuspended in 150μl of FACS buffer before being transferred to FACS tubes. These 
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were topped up to 1ml before being spun at 400g for 5mins and treated with anti-

mouse CD16/32 (BD Bioscience) to block FcR non-specific binding of antibodies. 

After a 20min incubation at 4oC, mAbs to stain for surface markers were applied as 

previously described. In order to stain intracellular antigens, these cells were 

subsequently incubated in 500μl of fixation/permeabilisation buffer for 30mins at 

4oC (Fix/Perm; eBioscience for transcription factors or BD Bioscience for cytokines). 

The purpose of this buffer is to crosslink proteins and DNA using formaldehyde, and 

to permeabilise the membranes by saponin and so provide access to intracellular 

antibody targets. These cells were then washed twice in 1ml permeabilisation 

(Perm) buffer before resuspension in 50μl of 2% Rat Serum (Sigma) to block non-

specific binding of intracellular sites. After a 15min incubation at 4oC, cells were 

stained with the corresponding intracellular mAbs. Each sample was incubated for a 

further 30mins at 4oC. Cells were then washed twice in 1ml of Perm buffer before 

resuspension in 150μl of FACS buffer. Acquisition of cells was subsequently carried 

out within 24h using a BD FACs Canto II with data assessed using Flowjo software 

(Treestar Inc.).  

To ensure the binding observed was specific to a particular marker, isotype controls 

were used to detect non-specific binding. Isotype controls were assessed at the 

same concentration as the antibody of interest. An example is shown in Figure 12D. 

Gates were typically set using Fluorescence Minus One (FMO) controls, an example 

of which is also shown in Figure 12E. These help to interpret and gate cells in the 

context of data spread due to the presence of multiple fluorochromes within a 

panel.  



58 

 

 

Figure 12 - Example of gating. (A) Cells were initially gated on the SSC-A/ FSC-A to remove cell debris before 

gating on CD4 expression based on an appropriate isotype control to control for non-specific binding (B). Gating 

was set using the FMO control especially in those cases where the change in fluorescence was more diffuse 

with no clearly distinct populations occurring (e.g. cytokines such as IL-17) (E). Unstained and isotypes  were 

also determined for each assay (C and D  respectively). 

2.9.3 Phosflow 
Protein phosphorylation can be determined either by Western blotting or by the 

relatively novel Phosflow method. The advantage of the latter include the reduced 

number of cells required, the ability to test multiple parameters for each individual 

cell and to assign values to particular subsets within a heterogeneous cell 

population. Following isolation of naive T cells as described in section 1.6, co-

cultures of 1.25x105 naive TCR Tg T cells were established with 6.25x103 mDCs and 

various peptide ligands. In some cases anti-IL-2 antibodies (S4B6; 1/40 dilution of 

the hybridoma supernatant) or 50IU/ml of rhIL-2 (Novartis) were also added to the 

primary co-cultures.  
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At each time point, co-cultures were harvested, washed and transferred to FACS 

tubes. Cells were fixed by the addition of 1ml of pre-warmed Fix/ Lyse buffer 

((37oC) BD Bioscience) and incubated for 12mins at 37oC in a waterbath. Cells were 

spun at 600g for 8mins before careful removal of all supernatant. After vortexing to 

disrupt the pellet, cells were washed in 1ml of PBS containing Ca2+ and Mg2+ 

(Lonza). These cells were held on ice and permeabilised by the addition of 1ml of 

pre-chilled Perm III (BD Bioscience). Samples were stored overnight at -80oC. 

Keeping the cells on ice, each sample was transferred to a FACS tube and washed 

with 3ml of Stain Buffer (PBS (with Ca2+ and Mg2+), 0.1% BSA and 0.09% Sodium 

Azide) to each tube before spinning at 600g for 6mins. After two further washes, 

cells were resuspended in 50μl 4% mouse serum (2% Final Concentration given the 

approximately 50μl of residual volume within a FACs tube) and incubated for 

15mins at room temperature (RT).  

Following incubation with blocking serum, anti-CD4 Alexa Fluor 488, pSTAT3(Y705) 

PE and pSTAT5(Y694) PEcy7 were added to the appropriate sample and incubated 

for a further hour at RT. After a further wash with 3ml of Stain Buffer, cells were 

resuspended in 150μl of FACs buffer and immediately acquired using a BD FACS 

Canto II with data assessed using Flowjo software (Treestar inc.).  
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Antibody  Clone   Fluorophore  Catalogue 

Number  

Dilution  Company  

Anti-mouse CD4  RM4-5  PerCP/5.5  553050  1/10  BD  

Anti-mouse CD4  RM4-5  Alexa Fluro 488  557667  1/10 BD  

Anti-mouse CD62L  MEL-14   PE  553151  1/10  BD  

Anti-mouse CD44  IM7  eFluro450  48-0441-82  1/20  eBioscience  

Anti-mouse CD69  H1.2F3  PE  561932  1/10  BD  

Anti-mouse CD25  PC61.5 eFluro450 48-0251-82  1/10  eBioscience  

Anti-mouse CD154 MR1  BIOTIN  553657  1/10  BD  

Anti-mouse TCRβ  H57-597 FITC  553170  1/20  BD  

Anti-mouse Vβ4  KT4  BIOTIN  553364  1/10  BD  

Anti-mouse IFNγ  XMG1.2  FITC  562019  1/5  BD  

Anti-mouse IL-4  11B11 PE  554435  1/5  BD  

Anti-mouse IL-17  eBio17B7  APC  17-7177-81  1/100  eBioscience  

Anti-mouse GM-CSF  MP1-22E9   PE  554406  1/5  BD  

Anti-mouse Foxp3  FJK-16s  APC  17-5773-82  1/10  eBioscience  

Anti-mouse ROR-γt  Q31-378 PE  562607  1/10  BD  

Anti-mouse GATA3  TWAJ  eFluro 660 50-9966-42 1/10  eBioscience  

Anti-mouse T-bet  eBio4B10  PE  12-5825-82 1/10  eBioscience  

Anti-mouse CD11c  N418  APC  17-0114-81  1/10 eBioscience  

Anti-mouse MHC cII (I-A
d
/E

d
)  2G9  PE  558593  1/20 BD  

Anti-mouse CD80  16-10A1  FITC  553768  1/10 BD  

Anti-mouse CD86  GL1  FITC  553691  1/10 BD  

Anti-mouse CD40  3/23  PE  553791  1/10 BD  

Anti-human/mouse pSTAT3 (Y705)  4/P-STAT3 PE  612569  1/10 BD  

Anti-human/mouse pSTAT5 (Y694) 47/Stat5  PE-Cy7  560117  1/10 BD  

Streptavidin APC  N/A  APC  554067  1/10  BD  

Anti CD16/32 (Fc Block)  2.4G2 N/A  553142  1/28  BD  

Table 2 - Antibodies used for Flow cytometry.  
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2.10 Enzyme Linked Immunoabsorbant Assays (ELISA) 
ELISAs provide a relative simple and high throughout assay to quantify the levels of 

a particular protein within a sample. Sandwich ELISAs utilised the binding of the 

target antigen between two specific monoclonal antibodies known as a capture and 

detection antibody, respectively. Typically the detection antibody is biotinylated 

and binds streptavidin linked to horse-radish peroxidase enzyme (HRP). This is 

involved in the conversion of a substrate to a coloured product that permits 

quantification by absorbance at a particular wavelength. Comparison to a standard 

curve allows values to be derived for unknown samples.  

Supernatants from co-cultures were harvested at each time point and frozen at -

20oC to await testing. ELISAs were performed according to each manufacturer's 

instructions. Briefly, to each well of 96 well flat-bottom EIA/RIA High Bind ELISA 

plate (Corning) a 100μl of capture antibody in coating buffer (PBS without carrier 

protein) was added. Each plate was incubated for overnight at 4oC. 

The following day, each plate was washed 3 times with excess PBS-0.01% Tween-20 

(Sigma) before blocking each well with 200μl of PBS-1% BSA for an hour. Thawed 

supernatants were diluted either 1/5, 1/10 or 1/100 with PBS-1% BSA (PBS-0.1% 

BSA for IFNγ Duoset ELISA or Assay Dilute for eBioscience READYSETGO kits (IL-2, IL-

22, GM-CSF)), and for each plate an 8-point standard curve was also established 

using recombinant cytokine (top concentration as recommended by kit supplier). 

After discarding and washing off the block, 100μl of either sample or standard curve 

was added to each plate followed by a 1-2h incubation at RT. These were then 

washed 3 times as before and 100μl of detection antibody added to all wells. After 

another 2h incubation at RT and subsequent 3 washes, 100μl streptavidin-HRP 

(1/200 dilution) was added to each plate for 20mins at RT. Finally, after 4 washes, 

100μl of o-Phenylenediamine dihydrochloride (OPD) substrate was added to each 

well (Sigma). Each OPD tablet was dissolved in 13ml of citrate phosphate buffer 

(0.03M citric acid/ 0.05M NaHPO4/0.03M Na2HPO4.2H20) and H2O2 (6μL, 30% stock) 

was added just prior to use. After a 20min incubation at RT, the reaction was 
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terminated by the addition of 50μl of 3M H2SO4 (Sigma). Each plate was read 

immediately using a Tecan Sunrise Plate reader (Tecan Group) at 490nm 

wavelength. In the case of the eBioscience READYSETGO kits OPD was substituted 

for 3,3′,5,5′-Tetramethyl benzidine (TMB; eBioscience) and absorbance determined 

at 450-570nm. 

The known cytokine concentrations of each standard curve were plotted against 

the absorbance values. Unknown values can be calculated from the equation used 

to generate the standard curve, as as long as the values fall within the same range 

(see Figure 13). Detection limits were calculated based on the background 

absorbance multiplied by 2. Duplicate or triplicate measurements were obtained 

for every sample and the mean determined following exploration from the 

standard curve. If any sample was diluted before assessment the interpolated 

values were then multiplied by the dilution factor.  

 

Figure 13 - Example of ELISA standard curve. Absorbance was plotted against known concentrations of the 

cytokine being analysed (in this example IL-4) with equation of the line determined using Microsoft Excel. Using 

the equation of the line values of unknown samples can be calculated and adjusted for dilution factor. 
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3 Characterisation of aggrecan-specific TCR transgenic T 
cells and the role of antigen density in Th17 development 

3.1 Introduction 
The influences that shape Th cell effector cell responses are of critical importance, 

not only for our understanding of infectious and autoimmune pathologies but also 

in ensuring the efficacy of therapies such as vaccines. Whilst the cytokine milieu is 

thought of as the primary factor in shaping the observed Th cell responses it is not, 

by any means, the only mechanism (273). Since the pioneering studies of the 

O'Garra and Bottomly labs it has been recognised that the overall density of antigen 

can determine the balance between Th1 and Th2 responses (159). More recently it 

was shown that the development of Tregs was markedly increased at higher 

peptide densities both in vitro and in vivo (271). Our group has shown in human T 

cells that Th17 responses can be influenced by the degree of TCR signal intensity 

following polyclonal or superantigen activation (283). Reducing the number of anti 

CD3/CD28 beads or DCs pulsed with superantigen to activate human CD4+ T cells 

profoundly increased Th17 responses in terms of both frequency and absolute Th17 

cell numbers. Furthermore, the data showed that  NFATc1 was capable of binding 

the proximal region of Il17a promoter only with a lower TCR signal, due to a weaker 

Ca2+ flux. It was important to expand this concept and assess the impact of peptide 

density in an antigen specific system using naive transgenic T cells responding to 

pMHC presented by APCs. The advantage of a known TCR and its cognate antigen 

allows for controlled changes to the peptide concentration, the primary focus of 

this chapter. 

The 5/4E8 TCR Tg mice was developed using a TCR derived from an aggrecan-

reactive hybridoma and subsequently back-crossed onto the PGIA-susceptible 

BALB/c background (338). A major component of the extra cellular matrix (ECM), 

aggrecan is composed of three globular domains of which the G1 domain is the 
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most characterised (342). Within the G1 domain, there are multiple T cell  epitopes. 

Indeed, the most immunodominant arthritogenic epitope spans the positions of 84-

103 (see Figure 14 (343)). In prior studies, when activated in the context of PGIA 

these TCR Tg T cells tended to have a Th1 phenotype mirroring the phenotype of 

the 5/4E8 hybridoma from which the TCR genes used to create the TCR Tg were 

taken (337).  

 

Figure 14 - Schematic representation of the core nine amino acids of the Aggrecan peptide p89-103. 5/4E8 

TCR recognises this epitope derived from the G1 domain of Aggrecan in an I-Ad restricted manner. Putative TCR 

and MHC contact residues are illustrated using blue and orange arrows respectively (343-345). 
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3.2 Chapter aims 
The studies using humanized mice expressing HLA DR4 and HLA DQ8 enabled the 

fine mapping of immune responses to aggrecan epitopes in a simpler system which 

lacks the polymorphic variation of the human MHC (346). These studies indicated 

that the G1 domain contained the most relevant epitopes (24 out of 31) that were 

capable of presentation by RA associated HLA alleles. Moreover, the core 9-mer of 

p84-103 was found to be the most potent in terms of its ability to induce disease in 

BALB/c and DR4 transgenic mice (347).The experiments presented in this chapter 

aimed to provide an in vitro system to evaluate Th17 differentiation of naive 5/4E8 

TCR Tg T cells. This in vitro system was subsequently used to assess how changes in 

peptide concentration (current Chapter) and altered peptide ligands (Chapters 4 

and 5) affected Th17 cell development.  

The specific objectives are to: 

x Establish an in vitro system to determine Th17 induction from naïve 5/4E8 

TCR Tg cells 

x Investigate the effect of peptide density on proliferation, surface marker 

expression and Th17 polarisation of naïve 5/4E8 TCR Tg cells 
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3.3 Phenotype of purified naive 5/4E8 T cells 

The initial focus was to determine if the T cells purified ex-vivo were of sufficient 

purity both in terms of memory T-cell and APC contamination. A highly naive 

population was important to ensure that in subsequent experiments Th cell 

polarisation arose from the differentiation of naive cells, rather than the expansion 

of memory cells. Isolation required a two-step protocol using 1) depletion of non-

CD4+ T cells followed by 2) positive selection of naive cells using anti-CD62L 

magnetic beads. CD62L is an adhesion molecule that acts as a 'homing' receptor 

allowing entry into lymph nodes from the HEVs (348). It is typically expressed at 

greater levels in naive T cells in comparison to those of a memory phenotype (349), 

thus making it a useful marker for the enrichment of these cells. 

Flow cytometry was used to determine the presence of both naive cells 

(CD4+CD62LhiCD44lo) and memory cells (CD4+CD62loCD44hi) in both the final purified 

population (see Figure 15A) and the flow-through from the second column that was 

used to positively select naive cells using the CD62L marker (see Figure 15B). The 

data presented shows a representative example of the two-step purification 

process, demonstrating that  the vast majority of the eluted CD4+ T cells are of the 

naive phenotype. Figure 15B shows an enrichment of memory T cells in the flow-

through of the final column. To test for the degree of APCs contamination, each 

population was also stained for MHC cII (I-Ad/I-Ed). The percentage of MHC cII-

expressing cells detected were typically 10% or less. Taken together these data 

suggest that the overwhelming majority of the CD4+ T cells purified were of the 

naive phenotype with, importantly, contamination with memory cells typically <5%. 

This is critical to ensure that any response observed in future assays were a result 

of the differentiation of uncommitted naive cells rather than memory expansion. 
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Figure 15 - Purity of starting T cell population. Naive 5/4E8 TCR Tg T cells were isolated in a two-step 

purification process by 1) depletion of non-CD4 cells followed by 2) positive selection on CD62L from the CD4 

population. Cells from the final purified population (A) and the flow through (B) from the final column were 

analysed by flow cytometry both for Th purity (CD4), APC levels (MHC cII I-Ed/Ad) and naive/ memory state 

(CD62L and CD44 expression in the CD4 population). The data are representative of three independent 

biological replicates.  

3.4 Characterisation of LPS-activated DCs 
DCs are known to be critical in the activation of naive T cells (1).  The most readily 

available source of these cells was through expansion of bone marrow DC 

precursors isolated from sex-matched non-Tg littermates, to generate bone-

marrow-derived DC. Initial experiments focused on characterisation of the cells to 

be used as APCs in future assays. Using flow cytometry the expression of a range of 

markers for DCs (CD11c, MHC cII (I-Ed/Ad)) and important co-stimulatory molecules 

were determined (CD80, CD86, CD40) in both immature (imDCs) and 0.1μg/ml LPS-

matured DCs (mDCs) following 11 days of culture in the presence of GM-CSF. In 

both populations over 90% of cells were CD11c+, indicating a DC phenotype (see 

Figure 16A). Exposure to LPS led to the expected rise in most co-stimulatory 

molecules in the vast majority of the DC population with the exception of CD40. 
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Further assessment focused on a range of cytokines produced following 

maturation. The data indicates a range of pro-inflammatory cytokines released 

following exposure to LPS (see Figure 16B). In contrast, imDCs produced minimal 

levels of any cytokine with only TNF-α and IL-6 being present at concentrations 

above the detection limit. Thus, the exposure to LPS produces a population of 

matured DCs that are highly homogenous with regards to cell type and expressing a 

range of co-stimulatory molecules necessary for Th cell activation. 

 

Figure 16  - Characterisation of LPS mDCs. 2x106 bone marrow precursors were cultured for 10 days prior to the 

addition of 0.1μg/ml of LPS in the case of mDCs. At day 11 cells were harvested and 1x106 cells stained for 

various markers as indicated (A). Flow cytometry plots show an example of three independent experiments. 

Cytokine production was also assessed (B) by ELISA 24h after exposure to LPS. Data shows mean of three 

independent biological experiements (two technical duplicates per biological repeat) ± SEM. Significance was 

determined by paired t-test (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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3.5 DC:T cell ratio and LPS concentration limits background IL-
17 release 

The initial stage was to design an in vitro co-culture system that would allow the 

evaluation of how changes to TCR signal intensity affects Th17 cell development. 

Therefore a number of factors were assessed to understand the optimal conditions 

for culture. These included the LPS concentration used to mature DCs, the number 

of T cells per well and the ratio of DCs relative to T cells.  All of these could alter the 

response in terms of proliferation and cytokine production. Earlier experiments 

indicated a surprisingly high amount of background cytokine production in the 

absence of cognate peptide (data not shown). Figure 17 demonstrates the effects 

of changing T cell numbers, LPS concentration and DC cell:T cell ratio on the non-

specific release of both IL-17 and IFNγ. These factors were assessed by titration of 

T-cell density (either 2.5x105 or 1.25x105  naïve 5/4E8 TCR Tg cells per well in a 48-

well plate) against DCs (1:10-1:40; DC: T cell ratio) matured at different LPS 

concentrations (1-100ng/ml). These assays were carried out in the presenece of 

pro-Th17 cytokines.  5x105 T cells per well were also assayed although these 

numbers were discontinued as these produced far greater background cytokine 

levels. In addition, imDCs were used as a control, having not been exposed to LPS or 

other maturation stimuli. After 5 days of co-culture the supernatants were collected 

and analysed for IL-17 and IFNγ. Importantly, no cognate peptide was supplied to 

any group. 

Of either cytokine tested, IL-17 was induced at greater levels than IFNγ, with the 

latter never reaching a concentration greater than 500pg/ml across any of the 

groups tested. Both demonstrated a proportional decline with T-cell density and 

ratio of DCs to T-cells. The non-specific release of IL-17 was particularly dependent 

on T-cell numbers and APC maturation state, as the concentration found in co-

culture with either imDC or 1ng/ml LPS-matured DC was substantially lower at 

either density. In all groups, as the ratio of DC:T-cells was decreased, the magnitude 

of the IL-17 release declined. Thus, it is apparent that all these factors contribute to 

cytokine release in the absence of the cognate peptide p84-103. Reducing the DC:T 
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cell ratio to 1:20 and the total T cell number to 1.25x105 cells per well reduced the 

background cytokine response to below 200pg/ml, independent of the LPS 

concentration used during DC maturation. Thus, these conditions reduced the non-

specific release of cytokines to a minimal level. These ensure that the response 

determined in secondary cultures is influenced specifically by the peptide used in 

primary culture. 

 

Figure 17 - Assessment of background cytokine response. Naive 5/4E8 TCR Tg T cells were co-cultured at either 

5x105, 2.5x105 or 1.25x105 cells per well in a 48-well plate with DCs at differing ratio of DC:T-cells (1:10-1:40) in 

the presence of pro-Th17 cytokines. DCs were matured in the presence of 1-100ng/ml of LPS for 24h prior to 

co-culture with T-cells. Cognate peptide was not added to any culture. Co-cultures were incubated for 5 days 

before collection of supernatants and cytokine concentrations determined by ELISA. Data shows mean of two 

independent biological experiements (three technical triplicates per biological repeat) ± SEM. 
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3.6 Proliferation response of 5/4E8 TCR Tg naive T cells 
When varying the peptide concentration used during activation, the degree of T cell 

expansion was an important factor to consider. The proliferative response of naive 

5/4E8 TCR Tg T cells was assessed both in terms of kinetics and in response to a 

titrated dose of cognate peptide. An Ad-binding peptide derived from an unrelated 

antigen (F1p3 - a capsular protein of Yersinia pestis) was also included as a negative 

control not expected to be recognised by the 5/4E8 TCR. 3H-thymidine 

incorporation was measured at either day 3, 5 or 7 of co-culture. Figure 18A shows 

a strong response to the cognate peptide even at day 3 in terms of the peak 

response of 1x105 cpm, which declined after day 5. Given the peak response at day 

3, an extended titration of p89-103 concentration was also evaluated. Figure 18B 

indicates the changing levels of 3H-thymidine incorporation as the dose of p89-103 

was altered (p89-103 EC50 0.005μM). Cell counts at day 5 show a  similar numbers 

of cells present across a range of p89-103 concentrations > 0.02μM (see Figure 19). 

Cell viability as assessed by Trypan Blue was found to be significantly greater than 

those 5/4E8 TCR Tg T cells stimulated with F1p3 across all concentrations of p89-

103. Both cell counts and viability were similar in both the presence or absence of 

exogenous Pro-Th17 cytokines. Thus, it is apparent that 5/4E8 TCR Tg T cells 

proliferate rapidly in response to a wide range of peptide concentrations. In terms 

of kinetics the response peaks within 72h and was maintained until day 5.   



72 

 

 

Figure 18 - Proliferative response of 5/E4 TCR Tg naive CD4+ T cells to p89-103. 4x103 naive 5/4E8 TCR Tg T 

cells and 2x103 0.1μg/ml LPS mDCs were co-cultured with 2μM of p89-103 or F1p3 in flat bottom 96-wells 

plates (same ratio as Figure 16 - scaled down to smaller surface area of 96 well plates)  for either 3, 5 or 7 days 

(A). Significance between p89-103 and F1p3 was determined by two- way ANOVA - Bonferroni post t-test (*p= 

<0.05, ** p=<0.01 *** p=<0.001).  (B) A range of peptide concentrations were also established (0.0002-20μM) 

with results analysed after 72h. Co-cultures were pulsed with radioactive thymidine (3H) for the last 12h of co-

culture. At the respective time points DNA was harvested onto glass fibre filters prior to counting with a 

scintillation counter and counts per minute (cpm) determined. Data shows mean of three independent 

biological experiements (two technical duplicates per biological repeat) ± SEM.  EC50 was calculated using non-

linear regression on a log10 scale. 
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Figure 19 - Absolute cell counts and viability of 5/4E8 TCR Tg T cells activated with p89-103. Co-cultures of 

1.25x105 5/E4 TCR Tg T cells and 6.25x103 mDCs were established across a range of p89-103 concentrations 

(0.002-20μM) or F1p3 (2μM). Assays were established in the presence (A) and the absence (B) of pro-Th17 

cytokines. After 5 days cells were harvested, washed and cell numbers determined using a neubauer 

haemocytometer. Trypan blue was used to assess cell viability with trypan positive cells being determined as 

dead. Data shows mean of three independent biological experiments (four counts per biological repeat) ± SEM. 

Significance relative to F1p3 was determined by one-way ANOVA  (*p= <0.05, ** p=<0.01 *** p=<0.001) 
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3.7 Cytokine response is altered by peptide density 
After determing the proliferative response to different peptide concentrations, it 

was important to determine if changes in peptide density would also alter the 

cytokine profile of the response. Previous data have shown that alterations in the 

density of anti-CD3/CD28 beads can affect human Th17 responses, with a low ratio 

of beads relative to cells promoting Th17 cells (278). It was important to build on 

this further using the more physiological context of naive T cells activated by 

cognate peptide presented by APCs.  

The cytokine profile was initially determined using the two step co-culture model as 

optmised above. Briefly, 1.25x105 naive T cells were activated with a range of 

peptide densities and 6.25x103 mDCs. After an initial 5 days of co-culture, T cells (DC 

contamination was minimal as assessed by microscopy) were washed and re-plated 

at a fixed cell density, 4x104, in order to normalise for expansion. These secondary 

cultures were re-stimulated with a fixed dose of p84-103 (2μM) presented by 

0.1μg/ml LPS matured DC before a further 48h of culture (see Figure 11). 

Supernatants were harvested and the level of IL-17, IL-4 and IFNγ assessed by ELISA 

(see Figure 20). Given that the cell number and stimulus are equalised across all the 

secondary co-cultures any difference in cytokine release can be attributed to any 

alteration in primary culture.  

Focusing on the IL-17 response, it is apparent that the presence of pro-Th17 

cytokines was required for significant levels of IL-17 release, as without these IL-17 

levels failed to exceed that from the negative control. Thus, there was a need for 

exogenous pro-Th17 cytokines despite Figure 16 indicating DC production of IL-23 

and IL-6. Even in the presence of exogenous pro-Th17 cytokines, IL-17 production 

varies across the range of peptide concentrations used in the primary culture. 

Agreeing with the hypothesis that a reduced TCR signal positively promotes Th17 

cell development, release of IL-17 was found to be greater at lower peptide 

concentrations at the T cell priming phase. This was also evident in the negative 

slope value of the curve when assessed by linear regression. 
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In contrast, the levels of IL-4 demonstrated the inverse relationship to that of IL-17. 

IL-4 production did not vary greatly in the presence of pro-Th17 cytokines but 

increased steadly with the concentration of p89-103 used in primary cultures. 

Similarly, IFNγ showed a positive correlation with the peptide concentration 

present during the primary co-culture. Production was, again, not significantly 

altered by the presence or absence of pro-Th17 cytokines.  

Given the length of the secondary co-cultures it was important to assess if these 

cells responded in the same manner, despite distinct conditions occurring during 

the primary stages of the assay. Therefore, after harvesting of supernatants, 3H-

thymidine was added to these cells and incubated for a further 12h. The level of 

proliferation was determined for both a low  and a high peptide concentration (see 

Figure 21). Those exposed to F1p3 during the initial culture stage were also 

assayed.  

The results indicate that despite being exposed to peptide concentrations during T 

cell priming that differed a hundred-fold (2 vs 0.02μM), the degree of expansion in 

the secondary cultures was similar. The cells exposed to the negative control 

peptide F1p3 proliferated to a far less extent, perhaps reflecting a poor condition of 

these T cells. There was a slightly reduced response in those co-cultures not 

exposed to pro-Th17 cytokine although the degree of expansion remained greater 

than that of the F1p3 'stimulated' cells. It may be that the addition of exogenous 

cytokines potentiates the T cell response to a certain extent.  
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Figure 20 - Peptide concentration can shape the cytokine response. Co-cultures of 5/E4 TCR Tg T cells and m
DCs w

ere established across a range of p89-103 concentrations 

(0.002-20μM
) or F1p3 (2μM

). After 5 days cells w
ere harvested, w

ashed and re-plated w
ith 4x10

4 T cells, 2x10
3 'fresh' m

DC and 2μM
 of p89-103. These assays w

ere carried out in 

both the presence (A) and absence (B) of pro-Th17 cytokines. After a further 48h supernatants w
ere harvested and stored at -20

oC prior to analysis. ELISAs for IL-17, IL-4 and IFN
γ 

w
ere perform

ed according to the m
anufacturer's instructions. Data show

s m
ean of three independent biological experiem

ents (three technical triplicates per biological repeat) ± 

SEM
. Linear regression w

as used to calculate value of the slope to determ
ine the influence of peptide concentration.
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Figure 21 - Proliferation in secondary co-cultures. 4x104 T cells activated in primary co-cultures as described 

above were washed and re-plated with 2x103 LPS mDC and 2μM of p89-103. This was carried out from those 

established in both the presence (A) and absence (B) of pro-Th17 cytokines during primary co-culture. These 

were incubated for a 48h prior to harvesting of supernatants and pulsed with 3H-thymidine. After a further 12h 

DNA was harvested onto glass fibre filters prior to counting with a scintillation counter and counts per minute 

(cpm) determined. Data shows mean of five independent biological experiements (three technical triplicates 

per biological repeat) ± SEM.   Significance was determined by one- way ANOVA - Bonferroni post t-test (*p= 

<0.05, ** p=<0.01 *** p=<0.001). 

3.8 Antigen density also alters the frequency of Th cell subsets 
While determining the level of cytokine production, it was also important to assess 

if the changes in the type of cytokine were also reflected in the frequency of cells 

expressing the relevant cytokine. Co-cultures of naive 5/E4 TCR Tg T cells were 

established with mDCs as described above. The same dose titration of p89-103 was 

also used. After 5 days cells were re-stimulated with PMA/Ionomycin for 5h with 

Brefeldin A (BFA) added for the last 4h. The frequencies of IL-17-, IL-4- and IFNγ-

producing T cells were subsequently assessed by intracellular cytokine staining 

(ICS). 

As expected the presence of pro-Th17 cytokines was required to enhance the 

frequency of IL-17+ cells. Figure 22 demonstrates that despite the presence of 

these cytokines across all populations, the frequency of Th17 cells varied greatly. 

Indeed, there was a persistent increase in the percentage of IL-17+ cells at lower 

peptide concentrations (see Figure 23) . These data were broadly consistent with 

the responses detected using the secondary culture system (see Figure 20).  
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By far the most frequent cell type were Th2 cells, detected on the basis of IL-4 

expression. In contrast to the IL-17 response, the frequency of IL-4+ cells showed a 

marked increase with increasing peptide concentrations (see Figure 23). This 

correlation is confirmed by the positive value of slope when analysed by linear 

regression. The presence of pro-Th17 cytokines caused only a minor, non-

significant, decrease in the frequency of Th2 cells (see Figure 22A). In comparison 

the frequency of IFNγ+ cells was far less than either the percentages of IL-17- or IL-

4-producing T cells (see Figure 24). However, if pro-Th17 cytokines were removed, 

a positive relationship between IFNγ and peptide concentration was found. Taken 

together these data demonstrate a similar response across the peptide 

concentrations tested when compared to the amount of cytokine detected by 

ELISA. Furthermore, it shows how changes in peptide concentration shift the type 

of Th response from one with a high frequency of Th2 cells, at high peptide 

concentrations, to one in which Th17 cells become the most common, at low 

peptide concentrations.  
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Figure 22 - Peptide density alters the frequency of cytokine-producing T cells. Co-cultures of naïve 5/E4 TCR Tg T cells and m
DCs w

ere established across a range of p89-103 

concentrations (0.002-20μM
) or F1p3 (2μM

). After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for 5h w
ith BFA present for the final 4h. Flow

 cytom
etry w

as used to determ
ine the 

proportion of IL-17-, IL-4- and IFN
γ-producers w

ithin the CD4+ population. Data show
s m

ean of three independent biological experiem
ents (a single technical sam

ple per biological 

repeat) ± SEM
.    Linear regression w

as used to calculate value of the slope to determ
ine the influence of peptide concentration. 
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Figure 23 - Frequency of IL-17- and IL-4-expressing Th cells. Exam
ple of p89-103 activated cells stained for CD4, IL-17 and IL-4 and gated on CD4. Co-cultures of naive 5/4E8 TCR Tg 

T cells and m
DCs w

ere established over a range of concentrations of p89-103 (2x10
-3-20μM

) or F1p3 (2μM
). Cells w

ere stim
ulated in both the presence (A) or absence (B) of pro-

Th17 cytokines.After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three independent 

experim
ents. 
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Figure 24 - Frequency of IL-17- and IFN
γ-expressing Th cells. Exam

ple of p89-103 activated cells stained for CD4, IL-17 and IL-4 and gated on CD4. Co-cultures of naive 5/4E8 TCR 

Tg T cells and m
DCs w

ere established over a range of concentrations of p89-103 (2x10
-3-20μM

) or F1p3 (2μM
). Cells w

ere stim
ulated in both the presence (A) or absence (B) of pro-

Th17 cytokines. After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three independent 

experim
ents. 
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3.9 Transcription factor expression  
Underpinning the expression of distinct cytokine profiles are the presence of a 

range of transcriptional regulators. These form an essential component of the 

classical definition of each Th cell subset, as these control multiple aspects of the 

cellular phenotype. Genetic ablation of these genes prevents the development of a 

particular subset. For example, ROR-γT is critical for Th17 development, inducing 

expression of both IL-17a and IL-23R (196). Similarly, GATA3 is required for IL-4 

production by Th2 cells (350). Therefore, it was important to understand if changes 

to the cytokine profile induced by distinct peptide concentrations were reflected in 

changes in transcription factor expression.  Naive 5/4E8 TCR Tg  T cells were 

activated with at either a high or low peptide concentration. At day 5 cells were re-

stimulated with PMA/I and the expression of ROR-γT, GATA-3, T-bet and FOXP3 

assessed using flow cytometry. This allowed for simultaneous assessment of 

cytokine production and transcription factor expression within the same 

population. These assays were carried out in the presence and absence of pro-Th17 

cytokines. 

Figure 25 shows that peptide concentration did affect the frequency of ROR-γT+ 

cells. Expression was greatest in those T cells activated with at a low concentration 

of p89-103. Furthermore, expression of ROR-γT did depend on the presence of pro-

Th17 cytokines with the frequency of ROR-γT+ cells greatly reduced in their 

absence. GATA-3 was found to be relatively widely expressed at both peptide 

concentrations used to activate naive T cells. Only in the absence of pro-Th17 

cytokines did the frequency of GATA-3 cells increase significantly at a high 

concentration of the cognate p89-103 peptide. 

FOXP3 is the key regulator of the Treg phenotype (351). Although FOXP3+ cells 

could be detected, the frequency of these cells did not vary at either peptide 

concentration tested. In those cultures activated without pro-Th17 cytokines there 

was no significant increase in FOXP3 expression(see Figure 28). With regards to the 
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expression of T-bet, critical to development of Th1 cells, there was no significant 

change when T cells were activated with a low or high peptide concentration. 

GATA-3 and ROR-γT were also co-stained with IL-4 and IL-17, respectively, to allow 

assessment of transcription factor and effector cytokine expression simultaneously 

(see Figure 26 and Figure 27). Unsurprisingly, the data show that all IL-4+ cells also 

express GATA-3. Similarly, all IL-17+ cells all co-express ROR-γT. However, the 

majority of cells that stain positive for either transcription factor fail to express the 

related cytokine. This may be related to a failure to re-stimulate all the cells 

sufficiently to express the cytokine. Thus, not all cells expressing a transcription 

factor are in an appropriate stage of differentiation to expression a particular 

cytokine at detectable levels.  In summary, the data highlights a distinct regulation 

of cytokine and transcription factor expression. In the case of Th17 cells, ROR-γT 

levels were significantly altered in line with the cytokine profiles suggesting that the 

peptide concentration can influence the development of these cells at both levels. 

In contrast, GATA-3 was relatively resistant to changes in peptide concentration 

especially in the presence of pro-Th17 cytokines. The relatively high expression of 

this transcription factor was also unexpected.  
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Figure 25 - Activation at a high or low
 peptide concentration alters the expression of transcriptional regulators. Co-cultures of naïve 5/4E8  TCR Tg T cells and m

DCs w
ere 

established at either a high (2μM
) or low

 (0.02μM
) concentration of p89-103 or F1p3 (2μM

). Cells w
ere stim

ulated in both the presence (A) or absence (B) of pro-Th17 cytokines. 

After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Flow

 cytom
etry w

as used to determ
ine the proportion of RO

R-γT, GATA-3, T-bet 

and FO
XP3 positive cells w

ithin the CD4+ population. Data represents the m
ean of three independent biological experiem

ents (a single technical sam
ple per biological repeat) ± 

SEM
. Significance w

as determ
ined by t-test (*p

= <0
.0

5
, ** p

=
<0

.0
1

 *** p
=<0

.0
0

1). 
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Figure 26 - Co-expression of IL-17 and RO
R-γT in p89-103 activated populations. Exam

ple of p89-103 activated cells stained for CD4, IL-17 and RO
R-γT. Co-cultures of naive 5/4E8 

TCR Tg T cells and m
DCs w

ere established at either a high (2μM
) or low

 (0.02μM
)  concentration of p89-103 or F1p3 (2μM

). Cells w
ere stim

ulated in both the presence (A) or 

absence (B) of pro-Th17 cytokines.After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three 

independent experim
ents. 



86 

 

 

Figure 27 - Co-expression of IL-4 and G
ATA-3 in p89-103 activated populations. Exam

ple of p89-103 activated cells stained for CD4, IL-4 and GATA-3. Co-cultures of naive 5/4E8 

TCR Tg T cells and m
DCs w

ere established at either a high (2μM
) or low

 (0.02μM
)  concentration of p89-103 or F1p3 (2μM

). Cells w
ere stim

ulated in both the presence (A) or 

absence (B) of pro-Th17 cytokines. After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three 

independent experim
ents. 
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Figure 28 - FO
XP3/ T-bet expression in p89-103 activated populations. Exam

ple of p89-103 activated cells stained for CD4, FO
XP3 and T-bet. Co-cultures of naive 5/4E8 TCR Tg T 

cells and m
DCs w

ere established at either a high (2μM
) or low

 (0.02μM
)  concentration of p89-103 or F1p3 (2μM

). Cells w
ere stim

ulated in both the presence (A) or absence (B) of 

pro-Th17 cytokines. After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three independent 

experim
ents.  
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3.10 Do changes in peptide density alter surface marker expression? 
Some surface proteins can influence TCR signal strength (e.g. TCR, CD4) while the 

expression of others reflects the intensity of this signal (CD69, CD25, CD40L) (352-356). 

To understand this surface markers were assessed using flow cytometry over a number 

of time points. Typically T cells can down regulate the expression of TCR and co-

stimulatory molecules such as CD4 in a mechanism that is dependent upon the 

strength of signal received through the TCR (356). Naive 5/4E8 TCR Tg T cells were 

activated with either a high or low concentration of p89-103 and the frequency of cells 

expressing a pan-TCRβ, Vβ4 (the Vβ component of the 5/4E8 TCR Tg T cells) and CD4 

were established at day 0, 3, 5 and 7.  

Using a generic TCRβ antibody there was a no significant variation between any of the 

T cell populations activated with a high or low peptide concentration (see Figure 29A). 

In contrast, expression of Vβ4, specific for the 5/4E8 Tg TCR, showed a significant 

decline in T cells activated with a high peptide concentration at Day 3 (see Figure 29B). 

At further time points Vβ4 expression did not vary significantly between those T cells 

activated at either peptide concentrations. CD4 levels are also closely linked to TCR 

expression. A 'strong' TCR signalling can result in the down regulation of CD4 as has 

been reported during the re-stimulation of cells using PMA/I (357). Figure 29C 

indicates a similar pattern of expression to that of TCRβ. Despite a slight, non-

significant, decline in CD4 expression at day 3 in those T cells activated with p89-103, 

expression returns to day 0 levels at further time points.   

Along with the expression of the TCR and CD4, the level of key activation markers was 

also determined at the same time points (see Figure 30). Both the expression of CD69, 

classically described as an early marker of T cell activation, and CD25, the high affinity 

component of the IL-2R and traditionally ascribed as a late marker of activation, were 

determined. Moreover, the proportion of cells expressing CD40 Ligand (CD40L; also 

known as CD154) was also assessed. All of these markers are significantly regulated by 

the degree of TCR signalling and so would be expected to be altered by changes in the 

TCR signal intensity.  
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Expression of both CD69 and CD25 followed a very similar pattern of expression. For 

both markers there was a marked and significant difference as a result of activation 

with different peptide concentrations. As expected, the higher concentration of 

peptide induced greater expression of CD69 and CD25 from day 3 onwards. Although 

the lower peptide concentration reduced frequency of positive cells, the pattern of 

expression remains very similar to the population activated with a higher peptide 

concentration. Interestingly, when activated in the absence of pro-Th17 cytokines, 

levels of both markers declined after Day 5. 

In contrast to the relatively high percentage of CD69+ and CD25+ cells, CD40L was not 

expressed as widely across the time points assessed. The pattern of expression was 

similar to the other activation markers although the difference between high and low 

peptide concentrations was not significant. Thus, taken together these data highlight 

the distinct activation states that can be induced by alterations in the peptide 

concentrations. Moreover, these support the notion that these changes in peptide 

densities alter the intensity of the TCR signal sensed by each T cell.  

  



90 

 

 

Figure 29 - The effect of peptide density on TCR and CD4 expression. Co-cultures naive 5/4E8 TCR Tg T cells and 

mDCs were established at either a high (2μM) or low (0.02μM) concentration of p89-103 or F1p3 (2μM). At day 

0,3,5, and 7 cells flow cytometry was used to determine the proportion of TCRβ, Vβ4 and CD4 positive cells. Data 

represents the mean of three independent biological experiements (a single technical sample per biological repeat) 

± SEM. Significance was determined by two- way ANOVA - Bonferroni post t-test (*p= <0.05, ** p=<0.01 *** 

p=<0.001). 
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Figure 30 - The effect of peptide density on activation marker expression. Co-cultures of naive 5/4E8 TCR Tg T cells 

and mDCs were established at either a high (2μM) or low (0.02μM)  concentration of p89-103 or F1p3 (2μM). At day 

0,3,5, and 7 cells flow cytometry was used to determine the proportion of, CD69, CD25 and CD40L positive T cells. 

Data represents the mean of three independent biological experiements (a single technical sample per biological 

repeat) ± SEM.  Significance was determined by two- way ANOVA - Bonferroni post t-test (*p= <0.05, ** p=<0.01 

*** p=<0.001). 
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3.11 The conversion of naive to memory cells  
Exposure to antigen within the periphery promotes the conversion of naive T cells into 

a number of distinct states. Broadly these can be defined using the expression of the 

cellular adhesion molecule CD62L and its relative expression to CD44; another 

molecule involved in cell-to-cell contacts (358). Based on widely used definitions naive 

cells (CD4+CD62hiCD44lo) are capable of differentiation into central memory cells (TCM; 

CD4+CD62LhiCD44hi) or effector memory cells (TEM; CD4+CD62LloCD44hi).  Both subsets 

of memory cells differ with respect to their anatomical locations, cytokine secretion 

and the rapidity of their responses. Using flow cytometry, the conversion of naive to 

memory cells was determined after 5 days of activation with a high or low peptide 

concentration (see Figure 31). As expected, exposure to peptide resulted in 

downregulated expression of CD62L and increased expression of CD44 on the majority 

of cells. While this conversion appeared greater in those activated with the higher 

peptide density, the difference between the high and low peptide-stimulated 

populations was not significant. 
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Figure 31 - Naive to memory T cell conversion. Co-cultures of naive 5/4E8 TCR Tg T cells and mDCs were 

established at either a high (2μM) or low (0.02μM) concentration of p89-103 or F1p3 (2μM). An example of the 

gating is shown in both the presence (A) and the absence (B) of pro-Th17 cytokines. After 5 days cells flow 

cytometry was used to assess the expression of CD44 and CD62L in the T cell population. Data represents the mean 

of three independent biological experiements (a single technical sample per biological repeat) ± SEM in both the 

presence (C) and absence (D) of pro-Th17 cytokines.  Significance was determined by one-way ANOVA  (*p= <0.05, 

** p=<0.01 *** p=<0.001) 
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3.12 Production of Th17-associated cytokines is also regulated by 
antigen density 

It is becoming increasingly apparent that IL-17 production alone is not the sole 

determinant of the pathogenicity of Th17 cells. Codarri et al demonstrated the 

importance of ROR-γT in the release of GM-CSF by T cells (239). Autoreactive T cells 

lacking GM-CSF failed to induce significant neuroinflammation in the disease model 

EAE (239). In contrast, IL-17-IFNγ- T cells proved to be sufficient to trigger pathology. In 

addition, IL-22 has been described to be another Th17-associated cytokine playing an 

important role in the release of Matrix metalloproteinases (MMPs) and antimicrobial 

peptides (234). Therefore it was important to understand if GM-CSF and IL-22 were 

regulated in a similar manner as IL-17. Expression of these cytokines could suggest the 

development of a potentially pathogenic Th17 population. To understand if peptide 

concentration could alter the release of these cytokines, primary co-cultures were 

established with either a high or low peptide concentration. After 5 days cells were 

harvested and washed prior to restimulation with mDC and peptide as described 

previously.  

Similarly to IL-17, both GM-CSF and IL-22 were found to be released at higher 

concentrations at the lower peptide concentration (see Figure 32). However, GM-CSF 

was reduced in the presence of pro-Th17 cytokines. In contrast, IL-22 increased with 

the addition of exogenous pro-Th17 cytokines. IL-10 is another important regulator of 

Th17 pathogenicity, thought to play an important role in self-regulating the T cell 

response (293). However, IL-10 levels were below the limits of detection when 

assessed by ELISA (data not shown).  

Given recent data highlighting the importance of GM-CSF in the murine model of EAE it 

was important to determine the frequency of GM-CSF expressing cells (see Figure 33). 

Moreover, it was interesting to assess if T cells expressing GM-CSF were also co-

expressing IL-17. In line with the ELISA data, the frequency of GM-CSF+ T cells was 

greater in those activated with a lower peptide concentration. Interestingly, the 

majority of GM-CSF+ cells lacked IL-17 co-expression. However, co-expression of IL-17 

and GM-CSF was higher at the lower peptide density. Thus, not only does a low TCR 
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signal promote IL-17 expression it also increases the level of cytokines associated with 

the Th17 phenotype such as GM-CSF and IL-22. 

 

Figure 32 - Release of Th17 associated cytokine also alters with peptide density. Co-cultures of naive  5/4E8 TCR Tg 

T cells and mDCs were established at either a high (2μM) or low (0.02μM) concentration of p89-103 or F1p3 (2μM). 

These assays were carried out in both the presence (A) and absence (B) of pro-Th17 cytokines. After 5 days cells 

were harvested, washed and re-plated with 4x104 T cells, 2x103 'fresh' mDC and 2μM of p89-103. After a further 

48h supernatants were harvested and stored at -20oC prior to analysis. ELISAs for GM-CSF and IL-22 were 

preformed according to the manufacturer's instructions. Data represents the mean of three independent biological 

experiements (three technical triplicates per biological repeat) ± SEM.  Significance was determined by t-test (*p= 

<0.05, ** p=<0.01 *** p=<0.001) 
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Figure 33 - Frequency of GM-CSF positive cells regulated by peptide density. Co-cultures of naive 5/4E8 TCR Tg T 

cells and mDCs were established at either a high (2μM) or low (0.02μM)  concentration of p89-103 or F1p3 (2μM). 

After 5 days cells were re-stimulated with PMA/I for a further 5h with BFA present for the final 4h. Flow cytometry 

was used to determine the proportion of T cells expressing IL-17 and GM-CSF in the presence (A and C) and absence 

(B and D) of pro-Th17 cytokines. Data represents the mean of three independent biological experiements (a single 

technical sample per biological repeat) ± SEM. Significance was determined by t-test (*p = <0.05, ** p=<0.01 *** 

p=<0.001). 
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3.13 Discussion 
Th17 cells play an important role in the protection of a host from a range of pathogens 

including extracellular bacterial and fungal organisms (290). However, a dysregulated 

Th17 response against self antigens has implicated these cells in the development of 

autoimmunity (359). Given the previous data from our group and the recent studies of 

van Panhuys et al, the intensity of TCR signalling has been shown to have a vital role in 

regulating the development of Th17 cells as well as other subsets (283, 284). The initial 

focus was to optimise the experimental process to yield highly pure naive T cells. 

Moreover, titration of a number of factors including cell number per well, DC to T cell 

ratio and LPS dose used for DC maturation was required to minimise the non-specific 

release of IL-17. Using this system it was possible to show that activation of naive T 

cells with a range of cognate peptide concentrations induced distinct Th cell responses. 

Interestingly, Th17 cells predominated at lower peptide concentrations whereas IL-4-

producing T cells were more readily induced at higher peptide concentrations. The 

development of a Th17 response required co-operation between the presence of an 

appropriate cytokine environment and a lower TCR signal intensity. Even with the 

addition of exogenous pro-Th17 cytokines, the fraction of Th17 cells peaked at a lower 

peptide concentration.  

The concept of TCR signal strength involves multiple factors that can alter the degree 

of signalling that a particular T cell experiences (273). Thus, it can be modulated by the 

overall number of pMHC:TCR contacts a T cell makes, the duration of these contacts, 

co-stimulatory modulation and the affinity of the pMHC complex for a certain TCR 

(273). Most commonly anti-CD3 mAbs are used in studies to overcome the 

complication of competing TCRs with distinct affinities for a particular pMHC. Indeed, it 

is a proven tool for evaluating TCR signal strength in polyclonal T cell populations. 

However, the affinity of mAb for CD3 is many orders of magnitude greater than the 

relative weaker affinities of pMHC interacting with TCRs (273). T cell cloning provides a 

method of generating a monoclonal T cell population. Early studies on pMHC:TCR 

interactions relied on clones to define many of the general rules regarding the critical 

contacts in antigenic peptides. However, the process of cloning results in epigenetic 

modifications that render these cells unsuitable for determining effector function 
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(283). Thus, the knock-in of TCR transgenes allows the rapid purification of a naive Th 

cell population expressing a single known TCR. Such a tool allows investigation of how 

quantitative and qualitative changes to TCR signalling affect functional T cell 

differentiation. Unlike the well-studied systems using model antigens such as MCC or 

OVA, the use of 5/4E8 mice means that the responses detected are to a candidate 

autoantigen, to which T cell responses can be found in patients (332).  

The data presented show an inverse relationship between IL-17 production in 

secondary cultures and the concentration of cognate peptide used during activation. 

This finding agrees with previous studies in our group by Purvis et al, which used 

varying ratios of anti-CD3/CD28 beads to memory T cells to study how overall T-cell 

activation strength affect Th17 cell responses (283). Thus, it appears that murine naive 

T cells respond to peptides in a similar manner. However, these data contradict the 

data from Bourgermouth et al and Gomez-Rodriguez et al, showing that an increase in 

anti-CD3 antibodies promotes greater induction of Th17 cells (360, 361). In the case of 

Bourgermouth et al and this project, the mice were both on a BALB/c background. 

Hence, the genetic background of the mice is not a probable cause for the differing 

Th17 responses observed. It may be that differences in activation using plate-bound 

anti-CD3 to peptide makes it difficult to compare responses.  

The Bourgermouth et al study also showed an inhibitory role for CD28 in Th17 

development. In this study mDCs numbers relative to T cells were not altered. 

However, the majority of DCs also expressed CD80 and CD86; the binding partners for 

CD28. In the study by Gomez-Rodriguez et al, CD28 was not found to be inhibitory for 

Th17 development, thus suggesting that TCR signals could overrule signals coming 

from CD28. Further studies would be required to define the role of co-stimulation in 

my project.  

ROR-γT is required for the development of Th17 cells. Mice that lack ROR-γT fail to 

produce IL-17 and have attenuated pathology in a number of inflammatory disease 

models (362). In this project the expression of ROR-γT was altered by peptide density. 

All IL-17+ cells co-expressed ROR-γT. However, not all ROR-γT+ T cells produced IL-17. 

Additional factors, such as STAT3, NFAT1c and IRF4, are required for Il17a expression 
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(363). It may be that some of the ROR-γT+IL17- population fail to express one or more 

of these additional factors. It is also possible that negative regulators such as FOXP3 

and ETS-1 could be present in ROR-γT expressing cells, preventing transcription of IL-17 

in these cells. However, the expression of FOXP3 was relatively low especially in the 

presence of pro-Th17 cytokines.  

Surprisingly, the more dominant response at the higher peptide concentrations were 

by Th2 cells as defined through IL-4 expression. The presence of pro-Th17 cytokines 

appeared to have no significant effects on the levels of IL-4 produced in secondary co-

cultures. The positive correlation between IL-4 and increasing peptide concentration 

was also reflected in the frequency of IL-4+ cells found using ICS. Importantly, unlike 

other naive Th cell studies, my data were obtained without using antagonistic 

antibodies to IL-4 or IFNγ allowing simultaneous assessment of how multiple subsets 

are affected by changes in TCR signalling intensity. The IL-4 response also contradicts 

other studies suggesting that a lower degree of signalling was required for optimal 

induction of the Th2 phenotype. However, the prevailing view neglects the 

heterogeneity of the data from the studies of Hoskens et al and Constant et al (159, 

279, 280). While in the case of the latter a clear increase was found at the lower 

concentrations, Hoskens et al show a biphasic response with Th2 cells developing at 

both extremes of the peptide concentrations evaluated. A comparison of peptide 

concentrations indicates that a contradiction exists between my study and the other 

examples, given that the peak Th2 responses occurred at 'low' doses of <0.02μM or 

'high' doses >100μM. However, in my study IL-4 production increases steadily with 

increasing peptide concentrations with a peak dose at 20μM, whereas in other studies 

the Th1 cells dominated at this peptide dose. Direct comparisons are challenging even 

between TCR Tg systems due to the different antigens, different levels of peptide 

loading at a given concentration, the distinct sources of APCs, differences in 

maturation stimuli of APCs and the affinity of each TCR for their respective pMHC. It is 

possible that the 5/4E8 TCR has a reduced affinity for the p89-103 of aggrecan 

compared that of the OT-II or B10.Cg-TCR Tg, resulting in shifting thresholds in the 

precise concentration of antigenic peptide that triggers these distinct responses. Thus, 

these factors represent a limit to the use of TCR Tg and model antigen systems.  
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The critical cue needed for Th2 induction is the induction of IL-4 and its receptor IL-4R 

(187). Indeed, both of these are necessary in order to engage the expression of GATA-

3. This in turns supports further IL-4 production, which through positive feedback 

mechanisms maintains the Th2 phenotype. In some studies IL-2 is thought to be 

required to establish an early IL-4 signal with STAT5 forming an important role in the 

remodelling of the il4 locus to a permissive form accessible for transcription (187). 

Indeed, my data would agree with higher TCR signalling enhancing IL-4 production by 

the greater induction of IL-2 (examined further in Chapter 5). Others have suggested 

that a sustained ERK signal can prevent Th2 induction by preventing early GATA-3 

expression and by transiently inhibiting the expression of CD25, the IL-2Rα chain, thus 

blocking the response to endogenous IL-2 and abrogating the 'early' IL-4 cue needed to 

establish the positive feedback loop (364). However, in my study CD25 was expressed 

at high levels by the majority of cells even at day 3, suggesting that perhaps this 

pathway was less active. If the 5/4E8 TCR has a weaker affinity to the cognate pMHC 

than those used in other studies it may be that the de-sensitisation caused by a very 

strong TCR signal is not occurring and so ERK inhibition of IL-2 is prevented.  

An important caveat is that each of these subsets was evaluated on the basis of 

particular markers (e.g. IL-4 for Th2 cells compared to IL-17a for Th17 cells). These can 

be regulated independently from the other aspects that are attributed to that 

phenotype. For instance, IL-17a has been shown to be the more important mediator of 

Th17 effector functions than IL-17f – IL-17a binds with higher affinity to the IL-17R and 

is being more potent in the recruitment and activation of neutrophils than IL-17f (231). 

However, IL-17a and IL-17f can be regulated independently, as shown by Gomez-

Rodriguez et al; IL-17a was regulated by TCR signal strength while IL-17f expression 

was not (361). This can be explained by the presence of an NFAT1c binding site in the 

promoter of IL-17a, meaning it is linked to Ca2+ and TCR signalling. In my study IL-17a 

alone was assessed due to its greater potency in inducing effector functions. However, 

it would be useful to ascertain if IL-17f was regulated in a similar manner. The study of 

IL-17a-/- mice has indicated that IL-17f can compensate functionally for the loss of the 

former (290). Thus, it could be that IL-17f may allow Th17 cells to functionally develop 

even if when activated with a high peptide density. Equally, IL-5 and IL-13 have been 
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shown to be important in modulating inflammation in the context of allergic asthma 

models (365). However, while IL-5 and IL-13 appear to mediate distinct effector 

functions, neither is sufficient with regards to the induction of the Th2 phenotype. 

The use of naive T cells was important for my study, because it allowed for 

investigating the effect of peptide density on effector Th cell differentiation from 

uncommitted precursor cells. Memory cell contamination means the possibility that 

any results could be due to the preferential expansion of pre-committed memory cells. 

However, the high purity of naive T cells in my starting cultures suggests that 

differentiation of uncommitted, naïve, precursors is the most likely reason for the 

observed effects. Indeed, it was possible to show that following 5 days of co-culture 

that for both peptide doses evaluated, the majority of cells lost the naive phenotype as 

defined by high expression of CD62L and low levels of CD44. Moreover, this shows that 

despite the high frequency of responding T cells within these wells, exposure to 

antigen results in efficient conversion to a memory phenotype. Interestingly, although 

not significant, the lower peptide dose induced memory cells at a slightly reduced 

efficiency. Perhaps if given longer a similar level of conversion would be achieved. 

These observations contradict the data from Pape et al suggesting that the enhanced 

frequency of responding T cells inhibits the generation of memory cells, due to the 

large quantities of cytokine produced (366). Further confirmation could be obtained 

using flow cytometry to sort naive cells gaining purity of >99%.  

Whilst the generation of memory cells did not alter significantly between the peptide 

concentrations evaluated, the expression of activation markers CD69, CD25 and CD40L 

varied significantly over the time course evaluated. CD69 has a co-stimulatory function 

with roles in Ca2+ release and there is evidence that anti-CD69 mAbs can induce IL-2 

production in the presence of phorbol esters (367, 368). CD69 knockout mice have 

enhanced numbers of Th17 cells (369). Moreover, these mice experience a more 

severe form of CIA due to the dysregulated numbers of Th17 cells (370). Expression of 

CD69 is rapidly upregulated following TCR signal induction or PMA treatment through 

activation of PKC, with significant levels of expressing occurring with an hour of 

stimulation. Thus, it is possible that the differential expression of CD69 caused by the 
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altered TCR signal may also impact on the development of Th17 cells through altered 

IL-2 levels. Such an influence could be excluded if CD69 was ablated in the 5/4E8 

model. While often ascribed as an early activation marker, the expression of CD69 

persists throughout the assay possibly due to continuing presence of peptide-loaded 

APCs. Moreover, CD25 was found to be co-expressed with CD69 sharing a similar 

profile in terms of frequency of positive cells and kinetics. Similarly, CD25 expression is 

modulated by the intensity of signalling by the TCR via modulation of IL-2 production. 

Taken together these data provide a useful proxy for the degree of TCR signalling 

within these two populations. With regards to the implications of IL-2 on the observed 

effector T cell response, Chapter 5 will explore this in greater detail.  

The focus of this chapter was on differentiation of naive T cells and how peptide 

density can shift the effector function in relatively short-term co-cultures. It would be 

of interest to determine the plasticity of these cells and if changing antigen density in 

subsequent cultures would alter the response. The plasticity of Th17 cells remains to 

be fully clarified. Emerging data have shown that only those Th17 cells that co-express 

IFNγ are pathogenic in some in vivo disease models (371). The ability of Th17 cells to 

co-express other effector cytokines has been attributed to IL-23 (372). Despite the 

relatively high concentration of IL-23 in my system, there was no significant 

development of IL-17+IFNγ+ co-expressing cells. Even IFNγ+ Th1 cells were relatively 

rare compared to Th2 cells. Other studies have suggested that a low level of IL-2 is 

required to induce co-expression of T-bet and IFNγ, despite IL-2 antagonising IL-17a 

expression (227). No examples as yet have identified Th17 cells expressing Th2 

cytokines. No such cells arose during the cultures presented in this chapter. 

Cell exhaustion could also be a possible explanation for the differences observed in T 

cells stimulated with either a high or low peptide concentration (275). Exhaustion is 

defined as a dysfunctional state that can arise due to chronic activation such as that 

which occurs in cancer and some forms of infection. It involves the loss of effector 

functions, such as cytokine production, and an inability of these cells to proliferate 

when exposed to further antigen. These cells express high levels of negative regulators 

of T cell effector function such as Programmed Death Ligand-1 (PDL-1) and 
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Lymphocyte Activation Gene-3 (LAG-3) (373). In the case of anergy, cells that are 

intrinsically functional are rendered inactive after encountering antigen in the absence 

of co-stimulation (374). These cells are not eliminated by cell death but persist in a 

hyporesponsive form. The initial study on antigen density by the Bottomly lab featured 

a 48h 'rest' period between primary and secondary cultures, in which T cells were 

withdrawn from antigen-pulsed DCs (279). However, it was not clear if this has any 

significant effect and was not a feature of the study by Hoskens et al, which also 

showed an antigen density effect on Th1/Th2 cell differentiation (280). In this study 

these factors appear to have marginal, if any, influence on the effects observed by 

alteration in peptide concentration. The proliferation data shows that even over an 

extended time course, 3H-thymidine incorporation was consistently greater than the 

negative control. Furthermore, those T-cells exposed to a high peptide concentration 

during the primary culture remained responsive to restimulation with mDC and 

cognate peptide. Indeed, these cells were capable of releasing effector cytokines and 

proliferating when re-stimulated in secondary cultures. Other studies have indicated 

that if a high dose of antigen persists over 10 days, the development of memory cells 

can be impaired. In this case, cells were stimulated for 7 days in total, five days in the 

primary culture and two in secondary cultures. It would be interesting to determine if 

exhaustion would eventually occur, if the length of culture was extended. However, 

given that the cultures in this chapter are relatively short term and the presence of 

mDCs expressing a range of co-stimulatory molecules (CD80, CD86 and CD40) it is 

unlikely that either of these mechanisms are responsible for the observed shift in Th 

phenotypes. Moreover, the proliferation and cell counts indicate a similar number of 

cells after 5 days of primary cultures.  Assessment of cell viability using trypan blue  

also showed no significant difference between those activated with either a high or 

low peptide concentration. Thus, the lack of any significant difference in proliferation 

suggests that this is not responsible for the distinct cytokine responses that occurred 

at a high or low peptide concentration.  

Although often defined by the production of IL-17a, Th17 cells can also produce IL-17f, 

IL-21, IL-22 and GM-CSF (375). The data presented in this study indicate that IL-22 

release mirrors that of IL-17a from secondary cultures, thus suggesting these are 
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regulated by a similar mechanism. The induction of IL-22 was related to exposure to 

peptide suggesting it was T cell-derived. However, ICS in future studies would be 

required to absolutely ensure that it is co-expressed with IL-17a. Growing evidence 

suggested that Th17 cells are not a homogenous population and production of 

associated cytokines can be used to define sub-populations (376).  Typically defined by 

the ability to induce pathogenicity in various disease models, the switch between 

these populations has been attributed to exposure to IL-23. Studies by Lee et al have 

suggest that presence of IL-23 induces the further endogenous expression of the 

TGFβ3 isoform (376). This study proposed a unique set of 23 genes that can be used to 

identify pathogenic from non-pathogenic Th17 cells (376). Both produce IL-17a but can 

be distinguished by the expression of either IL-10, in the case of non-pathogenic Th17s, 

or GM-CSF in the case of pathogenic cells. It would be interesting to investigate this in 

the 5/4E8 system. In the EAE model of MS, GM-CSF has been shown to have a non-

redundant role. Mice lacking GM-CSF are highly resistant to disease induction and 

transfer of these cells to a susceptible host fails to bring about disease induction (239). 

Even the co-expression of T-bet and IFNγ could not induce neuroinflammation. Codarri 

et al have shown that GM-CSF expression was stimulated by ROR-γT and IL-23 (239). 

Given the non-redundant function of GM-CSF it was interesting to see that it showed a 

similar response to antigen density as IL-17a and ROR-γT. Those stimulated with the 

lower peptide dose had a greater frequency of IL-17a+GM-CSF+ cells. However, the 

majority of GM-CSF- producing cells lacked co-expression with IL-17. It would be 

interesting in futures studies to understand if these are unique in expressing GM-CSF 

alone as has been documented in some studies (377, 378). Alternatively it could be an 

issue of kinetics, with these cells previously expressing IL-17a or other effector 

cytokines. Tracking these cells by co-expression of a fluorescent marker such as YFP-IL-

17 mouse developed by the Stockinger lab would be a useful approach (299). A further 

layer of complexity arises from the surprising increase in GM-CSF in the absence of 

pro-Th17 cytokines. This may be a consequence of TGFβ1 being present in the pro-

Th17 cytokine cocktail, meaning further optimising of the exogenous cytokines used 

may be required.  
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Many of the genetic associations between T cells and autoimmunity affect molecules 

involved in TCR signalling including MHC cII, PTPN22 and CTLA-4 (379). In the context 

of autoimmunity, it is this characteristic of Th17 development that may explain the 

widespread association of these cells with such conditions as MS and inflammatory 

arthritis, as examination of autoreactive TCRs indicates that these have lower affinities 

for their cognate antigen in comparison with those responsive to infectious pathogens 

(60). In many examples the affinity is lower than that found in tumour-responsive T 

cells. These agree with the notion that these cells escape negative selection in the 

thymus due to their weak affinity for self peptides. Thus, these cells are more likely to 

develop into autoreactive Th17 cells if an appropriate cytokine environment is 

encountered. Additionally, the corresponding increase in IL-4 at a high peptide 

concentration is interesting given the negative influence Th2 cells have on 

autoimmune pathology. Immunisation of PGIA mice with IL-4 has been shown to 

ameliorate the development of disease (303).  

In summary, the data presented in this chapter indicate that changes to peptide 

concentration can alter the type of Th response that develops from naive T cells. Co-

operation between an appropriate cytokine milieu and lower TCR signal were required 

for optimal Th17 induction. In contrast, Th2 cells showed the opposing relationship. 

The Th17 cells generated at a low peptide concentration were also capable of 

producing both GM-CSF and IL-22, known to be critical for pathology in vivo. The focus 

on the next chapter will be explore another aspect of TCR signal strength, the affinity 

of a pMHC for TCR, and the effect this has on the naïve 5/4E8 TCR Tg response. 
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4 Citrullination of a putative TCR contact enhances Th17 
responses  

4.1 Introduction 
Given that the genetic codes specifies for only 20 amino acids, modification of existing 

residues generates over a 100 distinct forms some of which are listed in Table 3 (312). 

Of these Arginine residues and the resulting modifications are some of the most 

characterised. In the case of deimination, the result is the generation of citrulline that 

differs by the loss of a net positive charge as compared to Arginine. The association 

between citrullination and inflammatory arthritis has been understood for a 

considerable length of time (380-382). A prototype assay was developed over 40 years 

ago to detect anti-citrulline antibodies, initially known as anti-perinuclear factor (327). 

These assays use Cyclic Citrullinated Peptides (CCPs) that act as a surrogate target for a 

range of citrullinated antigens (330). Testing for ACPAs has become part of the 

ACR/EULAR Rheumatoid Arthritis Classification Criteria since July 2010 (312). The 

advantage with regards to CCPs is the increased specificity for RA of >97%. Growing 

data has indicated that Rheumatoid Factor (RF) is not exclusive to RA being present in 

other autoimmune diseases (383). Even in 5% of 'healthy' individuals, RF can be 

detected with speculation that it could represent merely a sign of polyclonal B cell 

activation. The value of ACPAs is not only purely diagnostic, it has been shown that 

ACPA levels correlate with more aggressive form of RA with faster bone degradation 

and joint erosion (384).  

While numerous studies have evaluated the antibody response to citrullinated 

antigens, how these modifications impact on autoimmune T cells remains less well 

understood. In the murine model EAE, Carrillo-Vico et al demonstrated that a 

citrullinated form of the Myelin Oligodendrocyte Glycoprotein-35-55 (MOG35-55) 

peptide induced two distinct populations of T cells that could either cross-react, or not, 

with the native form of the peptide (325). While the citrulline-reactive T cell 

population was not required for disease induction, these cells could exacerbate 

pathology when adoptively transferred to an animal with pre-existing EAE. In terms of 

inflammatory arthritis, it is known that citrullination of the shared epitope increases 
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the magnitude of the CD4+ T cell response through the increased peptide binding to 

HLA-DRB1*0401 in a humanised murine model (385). Preferential binding of 

citrullinated synovial antigens has been demonstrated for the HLA-DRB1*0101 and 

HLA-DRB1*0404 alleles (312, 386, 387). The mechanism is thought to be dependent on 

the neutralisation of the positive charge on the citrullinated antigenic peptide. Thus, 

the clash with the positive charge held at position 4 (P4) of the MHC binding grove is 

eliminated. It has also been demonstrated that a substantial proportion of RA patients 

have T cells that recognise citrullinated proteins including vimentin, fibrinogen, 

collagen type II and aggrecan in the context of HLA-DRB1*0401, with some cross-

reacting with microbial antigens (388). In the case of the vimentin, citrullination has 

been shown to alter antigen processing by proteases. Moreover, von Delwig et al have 

shown that 60% of 28 RA patients assessed had T cells that could proliferate in 

response to citrullinated aggrecan-84-103 (331).  The cytokine profile of these 

citrulline-responsive T cells was mainly Th17-like. Not only do these studies indicate 

the presence of citrulline-specific T cells in RA patients, they implicate an IL-17 

response induced by these antigens. These responses are not limited to RA with T cell 

responses to citrullinated collagen type II epitopes in juvenile idiopathic arthritis (JIA) 

and psoriatic arthritis (PsA) (389).  
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Amino Acid Modification 

Arginine Methylation 

Deimination 

Lysine Hydroxylation 

Methylation  

Nitrosylation  

 

Asparagine N-linked glycoslation  

Deamidation  

 

Aspartic acid Isomeration 

Glutamic acid Methylation 

Glutamine Deamidation 

Proline 

Serine 

Threonine 

Hydroxylation 

Phosphorylation 

O-linked glycosylation  

 

Table 3 - Amino acids and known chemical modifications (312).  
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4.2 Chapter aims 
Given the specificity of the 5/4E8 TCR Tg mice, the focus of this chapter will be how 

modifications to the aggrecan peptide p84-103 can alter the T cell effector response. 

As mentioned previously in Chapter 3, within the core 9-mer (residues 92-100) it has 

been possible to putatively determine which are TCR contacts and MHC contact points 

(see Figure 14) (390, 391). Moreover, the sequence contains two Arginine residues 

with a putative TCR contact point at R93 whilst the second residue has been described 

as an MHC contact R95. Scally et al have recently shown by x-ray crystallography that 

p84-103 R93 is solvent-exposed while R95 is in contact with the MHC cII molecule 

(392). Studies by Misják et al indicated that, as expected, citrullination of the MHC 

contact point weakened affinity for MHC cII  (Ad) whilst no significant difference in 

MHC binding occurred with the citrullination of the TCR contact (391). Thus, these data 

support the description of R93 as a TCR contact while the R95 is involved in MHC cII. 

These also provide an opportunity to determine how a disease-relevant peptide 

modification alters the type of T cell response. 

Using these tools the aims of this chapter were to: 

x Screen and characterise the T cell response to Altered Peptide Ligands (APLs) 

based on substitutions at putative TCR contacts within the p89-103 sequence 

x Investigate the impact of citrullination on proliferation, surface marker 

expression and Th17 polarisation of naïve 5/4E8 TCR Tg cells 

  



110 

 

 

4.3 Screening of APLs to p89-103 
Given that a lower density of p89-103 peptide enhanced the numbers of Th17 cells 

with a corresponding loss of the Th2 responses, it was important to determine if 

changes in peptide sequence could induce a similar alteration in the naïve 5/4E8 TCR 

Tg T cell response. APLs with Alanine substitution at the TCR contact points were 

synthesised, except that the Alanine at position 99 was substituted with Glycine 

(A99G). The Th response to an APL altered at the R95 residue, a MHC cII contact point, 

was also assessed as, together with R93, this residue can undergo citrullination. An 

initial screen was made comparing the proliferative responses of naive 5/4E8 TCR Tg T 

cells to cognate peptide and the APLs with Alanine substitutions at putative TCR 

contact points. All peptides were used at an equivalent concentration. This approach 

provides an insight as to the effect of modification at a particular putative TCR and 

MHC cII contact point. After 3 days of co-culture of DC and T cells in the presence of 

cognate peptide or APLs, each population was pulsed with 3H Thymidine and DNA 

harvested after a further 12h of incubation. Figure 34A indicates that the degree of 

proliferation varied significantly depending upon which residue in the p89-103 peptide 

was altered. Indeed, switching of either Arginine with Alanine severely abrogated T cell 

proliferation when compared to the cognate peptide. In contrast, switching at the 

other TCR contact points (V96 or A99) failed to alter the rate of Thymidine 

incorporation significantly. 

With the numerous links between inflammatory RA and citrullination it was also of 

interest to determine the effect of such a modification on the 5/4E8 TCR Tg T cell 

response (see Figure 34B). As such the same assay was performed using the three 

possible forms of citrullinated p89-103, namely a single citrulline at position 93 

(R93Cit) or 95 (R95Cit) or an APL with both Arginines modified (R93-95Cit). 

Interestingly, citrullination of the TCR contact, R93Cit, induced a slight reduction in the 

T cell response, which was not as severe as that found when substituted with an 

Alanine as above. However citrullination of the second Arginine (R95Cit) had a strong 

negative affect on the rate of T cell proliferation. The citrullination of both Arginines 
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induced proliferation at a level that was equivalent to the F1p3 peptide control, which 

was shown not to be recognised by the 5/4E8 TCR.  

While proliferation determines the magnitude of a Th response, it was also important 

to determine the impact of APLs on effector function as defined by cytokine 

production. As such primary co-cultures were established with either cognate peptide 

or APLs at the same concentration in either the presence or absence of pro-Th17 

cytokines. After 5 days cell numbers was normalised and secondary co-cultures were 

setup and re-stimulated with 2μM p89-103. Cytokine production was determined by 

ELISA after a further 48h of secondary co-culture. Focusing initially on the Alanine 

substitutes, despite being present at equivalent concentrations, IL-17 was enhanced in 

those that induced the poorer proliferative responses (see Figure 35). IL-4 release was 

severely abrogated by alteration to either Arginine residue. In contrast, IFNγ 

production was not significantly altered in any of the APL-stimulated cultures.  

When assessing the impact of citrullination it became apparent that levels of IL-17 

were significantly greater in response to the citrullinated peptides than in  response to 

cognate peptide (see Figure 36). Although modification of the TCR contact point, 

R93Cit, induced the greatest release of IL-17 of any TCR site modified, it was changes 

to the second Arginine that induced by far the largest response. The presence of two 

citrullines, R93-95Cit, also significantly enhanced IL-17 release although not to same 

degree as R95Cit. In the case of IL-4 none of the citrullinated peptides induced levels 

similar to the cognate peptide. Citrullination of any residue had no significant effect on 

IFNγ release relative to p89-103.  
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Figure 34 - APLs can alter proliferation of naïve 5/4E8 TCR Tg  T cells.  4x104 naïve 5/4E8 TCR Tg  T cells and 2x103 

mDCs were co-cultured with 2μM of p89-103, APL or F1p3 in flat bottom 96-well plates. Alanine substitutes are 

shown in (A) and citrullinated APLs in (B). After 3 days, co-cultures were pulsed with radioactive thymidine (3H) for 

the last 12h of co-culture. DNA was harvested onto glass fibre filters prior to counting with a scintillation counter 

and counts per minute (cpm) determined. Data represents the mean of three independent biological experiements 

(three technical samples per biological repeat) ± SEM. Significance relative to p89-103 was determined by one-way 

ANOVA (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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Figure 35 - Effect of Alanine APLs on cytokine response. Co-cultures of naïve 5/4E8 TCR Tg  T cells and m
DCs w

ere established across w
ith either p89-103 or various Alanine APLs 

at 2μM
. After 5 days cells w

ere harvested, w
ashed and re-plated w

ith 4x10
4T cells, 2x10

3 'fresh' m
DC and 2μM

 p89-103. Assays w
ere carried out in both the presence (A) and 

absence (B) of pro-Th17 cytokines. After a further 48h supernatants w
ere harvested and stored at -20

oC prior to analysis. ELISAs for IL-17, IL-4 and IFN
γ w

ere perform
ed according 

to the m
anufacturer's instructions Data represents the m

ean of three independent biological experiem
ents (three technical sam

ples per biological repeat) ± SEM
. Significance 

relative to p89-103 w
as determ

ined by one-w
ay AN

O
VA (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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Figure 36 - Citrullinated APLs enhance IL-17 release at the expense of IL-4. Co-cultures of naïve 5/4E8 TCR Tg  T cells and m
DCs w

ere established across w
ith either p89-103 or 

various citrullinated APLs at 2μM
. After 5 days cells w

ere harvested, w
ashed and re-plated w

ith 4x10
4 T cells, 2x10

3 'fresh' m
DC and 2μM

 p89-103. Assays w
ere carried out in both 

the presence (A) and absence (B) of pro-Th17 cytokines. After a further 48h supernatants w
ere harvested and stored at -20

oC prior to analysis. ELISAs for IL-17, IL-4 and IFN
γ w

ere 

perform
ed according to the m

anufacturer's instructions. Data represents the m
ean of three independent biological experiem

ents (three technical sam
ples per biological repeat) ± 

SEM
.  Significance relative to p89-103 w

as determ
ined by one-w

ay AN
O

VA (*p= <0.05, ** p=<0.01 *** p=<0.001).
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4.4 Proliferative response to citrullinated APLs 
The association between citrullination and inflammatory arthritis is relatively well-

characterised (393). Given the profound shift in the T cell response induced by the 

citrullinated forms of p89-103, I sought to examine the T cell response in more 

detail. Firstly, it was important to ascertain the proliferation profile of 5/4E8 TCR Tg 

T cells over a range of doses and time points. Therefore it was important to assess 

proliferation over an extended time course. Co-cultures of naïve 5/4E8 TCR Tg T 

cells and mDCs were activated with three forms of the citrullinated peptide and 

pulsed with 3H-Thymidine at either day 3, 5 or 7. Figure 37A shows that throughout 

the time course assessed any modification that included the second Arginine (R95) 

failed to induce proliferation any greater than the negative control. In contrast, 

modification to the TCR contact, R93Cit, resulted in a significantly greater T cell 

expansion than other citrullinated APLs tested, with a peak response at day 5. If 

compared to the cognate peptide, as shown in the previous chapter, although 

significantly reduced at day 3, a similar peak response was reached. Thus, the data 

suggest that the R93Cit peptide was a partial agonist for the 5/4E8 TCR.  

With the lack of T cell proliferation in response to the R95cit peptide across the 

time course and likely alteration to the ability of this peptide to bind to MHC cII, the 

focus of the rest of this chapter will be on the impact of the partial agonist R93Cit. 

Moreover, by citrullinating a putative TCR contact point, it is more likely that any 

changes are due to alteration in affinity for TCR. To further understand the 

response to R93Cit, T cell proliferation was determined over a range of peptide 

concentrations (see Figure 37B). In line with the reduced affinity of the R93Cit 

peptide, the dose response showed a shift in the curve towards the right if 

compared to the cognate peptide over the same concentration range (R93Cit EC50 - 

0.3244μM compared to p89-103 EC50 - 0.005μM). However, at cell counts at day 5 

indicate similar number of cells in the primary cultures stimulated with p89-103 or 

R93Cit (see Figure 38). Similarly, viability was significantly greater than F1p3 co-

cultures for both p89-103 and all forms of citrullianted peptides. 
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Figure 37 -  Kinetics of the proliferative response to citrullinated forms of p89-103. 4x104 naïve 5/4E8 TCR Tg  

T cells and 2x103 mDCs were co-cultured with 2μM of p89-103 or citrullinated APLs as indicated or F1p3 

(control) in flat bottom 96-well plates for either 3, 5 or 7 days (A). A range of R93Cit and p89-103 peptide 

concentrations were also established (0.0002-20μM) with results analysed after 72h (B). Co-cultures were 

pulsed with radioactive thymidine (3H) for the last 12h of co-culture. At the respective timepoint DNA was 

harvested onto glass fibre filters prior to counting with a scintillation counter and counts per minute (cpm) 

determined. Data represents the mean of three independent biological experiements (two technical samples 

per biological repeat) ± SEM.  Significance was determined by two- way ANOVA - Bonferroni post t-test (*p= 

<0.05, ** p=<0.01 *** p=<0.001). 
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Figure 38 - Absolute cell numbers and viability of 5/4E8 TCR Tg T cells activated with citrullinated peptides . 

Co-cultures of 1.25x105 5/E4 TCR Tg T cells and 6.25x103 mDCs were established with either p89-103, 

citrullinated APLs or F1p3 (all 2μM). Assays were established in the presence (A) and the absence (B) of pro-

Th17 cytokines. After 5 days cells were harvested, washed and cell numbers determined using a neubauer 

haemocytometer. Trypan blue was used to assess cell viability with trypan positive cells being determined as 

dead. Data shows mean of three independent biological experiments (four technical counts per biological 

repeat) ± SEM. Significance relative to F1p3 was determined by one-way ANOVA  (*p= <0.05, ** p=<0.01 *** 

p=<0.001) 

 

4.5 Citrullination enhances IL-17 release  
Building on the proliferation data above it was important to understand how the 

cytokine response also changed over an extensive titration of a lower affinity 

peptide such as R93Cit. To assess the impact of citrullination of a TCR contact point, 

the two-step co-culture system was established as previously described with a 

range of R93Cit concentrations (0.002-20μM). After the initial 5 days of co-culture, 

cell numbers were normalised and secondary cultures re-stimulated with 2μM of 

the cognate peptide, p89-103. 48h later supernatants were collected and levels of 

IL-17, IL-4 and IFNγ assessed by ELISA. 
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Unlike the response detected with the higher affinity p89-103 as seen in the 

previous chapter, the response of IL-17 across the dose ranged was reversed with a 

positive increase with concentration (see Figure 39). This is reflected in the positive 

slope value as determined by linear regression. As seen beforehand pro-Th17 

cytokines were required to detect high levels of IL-17 in the secondary cultures. In 

contrast, Th cells activated with R93Cit fail to produce large quantities of IL-4 in the 

presence of pro-Th17 cytokines. With the removal of exogenous cytokines, the IL-4 

response was increased showing a positive correlation with increasing peptide 

concentrations.  

4.6 Frequency of Th subsets is also altered by citrullination 
Whilst the cytokine production from secondary cultures provides an understanding 

of the type of immune response, further assays were required to quantify the 

frequency of cytokine expressing cells. To gain further insight into the type of 

response induced by the R93Cit peptide, ICS was carried out over the same dose 

titration. Following 5 days co-culture with mDCs and various doses of R93Cit, 5/4E8 

TCR Tg T cells were re-stimulated with PMA/I for 5h with BFA added for the last 4h. 

These parallel assays were carried out both in the presence and absence of pro-

Th17 cytokines.  

The results as shown in Figure 40 demonstrate a very similar outcome to that 

obtained by ELISA. With regards to IL-17, expression correlated with increasing 

concentrations of the citrullinated form of the peptide. This is also reflected by 

linear regression showing positive slopes values. However, without the pro-Th17 

cytokines the development of Th17 cells barely rises above that of the negative 

control population. With regards to IL-4 expression, the frequency of IL-4+ cells did 

not increase compared to the negative control at any of the R93Cit concentrations 

tested. In the absence of pro-Th17 cytokines, the frequency of IL-4- producers did 

increase with increasing R93Cit concentrations. Interestingly, the frequency of IFNγ-

producers, although relatively unresponsive to changes in dose with pro-Th17 

cytokines, did rise without these cytokines. Thus, these data demonstrate how 
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changes in affinity can alter the effector response of naive Th cells in terms of their 

cytokine production profile.  
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Figure 39 - Cytokine production by R93Cit activated 5/4E8 TCR Tg T cells. Co-cultures of naïve 5/4E8 TCR Tg T cells and m
DCs w

ere established across a range of p89-103 or R93Cit 

concentrations (0.002-20μM
) or F1p3 (2μM

). ELISAs w
ere carried out in both the presence (A) and absence (B) of pro-Th17 cytokines. After 5 days cells w

ere harvested, w
ashed 

and re-plated w
ith 4x10

4 T cells, 2x10
3 'fresh' m

DC and 2μM
 of p89-103. After a further 48h supernatants w

ere harvested and stored at -20
oC prior to analysis. ELISAs for IL-17, IL-4 

and IFN
γ w

ere preform
ed according to the m

anufacturer's instructions. Data show
s m

ean of three independent biological experim
ents (three technical replicates per biological 

repeat) ± SEM
. Significance w

as determ
ined by tw

o- w
ay AN

O
VA - Bonferroni post t-test (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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Figure 40 - R93Cit alters the frequency of Th cells expressing effector cytokines. Co-cultures of 5/4E8 TCR Tg T cells and m
DCs w

ere established across a range of p89-103 or 

R93Cit concentrations (0.002-20μM
) or F1p3 (2μM

). Assays w
ere carried out in both the presence (A) and absence (B) of pro-Th17 cytokines. After 5 days cells w

ere re-stim
ulated 

w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Flow

 cytom
etry w

as used to determ
ine the proportion of IL-17, IL-4 and IFN

γ w
as determ

ined follow
ing gating on the 

CD4. Data show
s m

ean of three independent biological experim
ents (single technical replicate per biological repeat) ± SEM

. Significance w
as determ

ined by tw
o- w

ay AN
O

VA - 

Bonferroni post t-test (*p= <0.05, ** p=<0.01 *** p=<0.001).
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4.7 Transcription factor expression induced by R93Cit 
Given the distinct cytokine profile and proliferative response induced by the R93Cit 

peptide it was important to determine if the levels of ROR-γT, GATA-3, T-bet and 

FOXP3 would be also be altered. Therefore, cultures were activated with either 

p89-103 or R93Cit at the same concentration for 5 days. PMA/I was added for the 

remaining 5h of culture and BFA for the last 4h. Expression of the relevant 

transcription factor was determined by flow cytometry. These as with prior 

experiments were carried out in the presence and absence or Pro-Th17 cytokines.  

The results demonstrate that transcription factor expression was less sensitive to 

changes in peptide affinity than seen with cytokine data (see Figure 41). GATA-3 

was relatively widely expressed if either p89-103 or R93Cit was used to activate 

naive 5/4E8 TCR Tg T cells. This was despite the significant decline in IL-4 release 

found when cultures  were stimulated with R93Cit compared to cognate peptide. 

With regards to ROR-γT, the levels of this transcription factor were found to be 

significantly enhanced by the weaker affinity ligand when compared to the same 

concentration of p89-103. However, if pro-Th17 cytokines were removed, levels of 

ROR-γT were reduced drastically regardless of which peptide was used during co-

culture. Moreover, there was no significant difference between naive 5/4E8 TCR Tg 

T cells activated with either peptide. Consistent with previous data, co-expression 

of IL-17 and ROR-γT was detected (see Figure 42). The majority IL-17+ cells stained 

positive for ROR-γT as expected. However, not all ROR-γT+ cells stained for IL-17. A 

similar relationship was found to occur between IL-4 and GATA-3 (see Figure 43).  

In terms of T-bet and FOXP3 the frequency of expression remained relatively low 

regardless of which peptide was used to activated 5/4E8 TCR Tg T cells (see Figure 

44). There was no significant difference that could be detected following activation 

with either p89-103 or R93Cit. Thus, taken together, these data indicate that unlike 

the cytokine expression and production, changes in affinity affect only the 

expression of ROR-γT in the presence of pro-Th17 cytokines.  
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Figure 41 - R93Cit-induced transcription factor expression. Co-cultures of naïve 5/4E8 TCR Tg T cells and m
DCs w

ere established at either a high (2μM
) or low

 (0.02μM
)  

concentration of R93Cit or F1p3 (2μM
). Assays w

ere carried out in both the presence (A) and absence (B) of Pro-Th17 cytokines. After 5 days cells w
ere re-stim

ulated w
ith PM

A/I 

for a further 5h w
ith BFA present for the final 4h. Flow

 cytom
etry w

as used to determ
ine the proportion of RO

R-γT, GATA-3, T-bet and Foxp3 positive cells follow
ing gating on the 

CD4. Data show
s m

ean of three independent biological experim
ents (single technical replicate per biological repeat) ± SEM

. Significance w
as determ

ined by t-test (*p= <0.05, **
 

p=<0.01 *** p=<0.001) 
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Figure 42 - Co-expression of IL-17 and RO
R-γT in R93Cit-activated T cells. Exam

ple of R93Cit activated cells stained for CD4, IL-17 and RO
R-γT. Co-cultures of naïve 5/4E8 TCR Tg  T 

cells and m
DCs w

ere established at either a high (2μM
) or low

 (0.02μM
) concentration of R93Cit or F1p3 (2μM

). Cells w
ere stim

ulated in either the presence (A) or absence (B) of 

Pro-Th17 cytokines. After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three independent 

experim
ents. 
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Figure 43 - Co-expression of IL-4 and G
ATA-3 in R93Cit activated populations. Exam

ple of R93Cit activated cells stained for CD4, IL-4 and GATA-3. Co-cultures of naive 5/4E8 TCR 

Tg T cells and m
DCs w

ere established at either a high (2μM
) or low

 (0.02μM
)  concentration of R93Cit or F1p3 (2μM

). Cells w
ere stim

ulated in either the presence (A) or absence 

(B) of Pro-Th17 cytokines. After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three 

independent experim
ents. 
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Figure 44 - Foxp3 and T-bet expression in R93Cit-activated T cells. Exam
ple of R93Cit activated cells stained for CD4, FO

XP3 and T-bet. Co-cultures of naïve 5/4E8 TCR Tg  T cells 

and m
DCs w

ere established at either a high (2μM
) or low

 (0.02μM
) concentration of R93Cit or F1p3 (2μM

). Cells w
ere stim

ulated in either the presence (A) or absence (B) of Pro-

Th17 cytokines.  After 5 days cells w
ere re-stim

ulated w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Data are a representative exam

ple of three independent 

experim
ents. 
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4.8 Pattern of surface marker expression is altered by 
citrullination 

With the reduced proliferation and distinct cytokine profile it was important to 

determine if a weaker affinity peptide would alter the expression of a range of 

surface markers. If citrullination was reducing the potency of the interactions with 

5/4E8 TCR it was expected that the down regulation in TCR and CD4 would also be 

reduced as compared to the cognate peptide. In contrast, I hypothesised that 

upregulation of CD69, CD25 and CD40L would be reduced when compared to p89-

103. 

Figure 45 indicates that, broadly, the hypothesised response was true. Focusing on 

the expression of TCRβ although a slight reduction occurred at day 3, the levels of 

expression are almost identical when p89-103 activated 5/4E8 TCR Tg T cells were 

compared to R93Cit at the same peptide concentration. A very similar response 

occurs with regards to the expression CD4 with no significant variation between any 

of the groups evaluated. However, expression of Vβ4, used by the 5/4E8 TCR, was 

significantly reduced after 3 days of co-culture only if by activation with the higher 

affinity cognate peptide. Thus, these data fit with the concept that the R93Cit is a 

weaker affinity peptide that induces less of a downregulation in 5/4E8 TCR over the 

time course tested.  

The proportion of cells expressing activation markers, CD69, CD25 and CD40L, was 

also determined for over the same time course as shown in Figure 46. With regards 

to CD69 and CD25 both show a similar pattern of expression over time. As 

expected, in those cultures activated with p89-103 there was significantly greater 

induction of both of these markers at early timepoints. In the case of CD25, this 

difference between p89-103 and R93Cit activated 5/4E8 TCR Tg T cells was evident 

at every timepoint tested. CD40L was induced at frequencies far less than either 

CD69 or CD25. Indeed, the only significant difference in CD40L between co-cultures 

activated with either cognate or citrullinated forms occurred in the absence of pro-

Th17 cytokines. 



128 

 

 

Figure 45 - The effect of citrullination on TCR and CD4 expression. Co-cultures of naïve 5/4E8 TCR Tg T cells and 

mDCs were established with either p89-103, R93Cit or F1p3. All peptides were present at the same 

concentration (2μM). At day 0, 3, 5, and 7 cells flow cytometry was used to determine the proportion of TCRβ 

(A), Vβ4 (B) and CD4 (C) positive cells. Data represents the mean of three independent biological experiements 

(a single technical sample per biological repeat) ± SEM. Significance was determined by two- way ANOVA - 

Bonferroni post t-test (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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Figure 46 - Citrullination induces lower expression of activation markers relative to cognate peptide. Co-

cultures of naïve 5/4E8 TCR Tg T cells and mDCs were established with either p89-103, R93Cit or F1p3. All 

peptides were present at the same concentration (2μM). At day 0, 3, 5, and 7 cells flow cytometry was used to 

determine the proportion of CD69 (A), CD25 (B) and CD40L (C) positive cells following gating on the CD4. Data 

represents the mean of three independent biological experiements (a single technical sample per biological 

repeat) ± SEM. Significance was determined by two- way ANOVA - Bonferroni post t-test (*p= <0.05, ** p=<0.01 

*** p=<0.001). 
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4.9 Conversion of naive cells unaffected by citrullination 
With the apparent differences in the T cell responses induced by the lower affinity 

citrullinated peptide R93Cit, it was important to determine if it was capable of 

inducing the conversion of naive (CD4+CD62hiCD44lo) to memory cells 

(CD4+CD62loCD44hi). As is apparent by the data presented in Figure 47 only at the 

higher concentration does R93Cit stimulate the loss of the naive phenotype with 

majority of cells up regulating CD44 while losing expression of CD62L. However, 

when compared to the cognate peptide at the equivalent concentration, no 

significant difference in the induction of memory cells could be found (see Figure 

47C and D). Thus, while peptide affinity can alter the timing of expression of 

activation markers, the conversion of naive 5/4E8 TCR Tg T cells was not 

significantly changed by the weaker affinity R93Cit peptide. 
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Figure 47 - Citrullination induces memory response at similar levels to cognate peptide. Co-cultures of naïve 

5/4E8 TCR Tg T cells and mDCs were established with either p89-103, R93Cit or F1p3 (all 2μM). After 5 days cells 

flow cytometry was used to assess the expression of CD44 and CD62L following gating on CD4. An example of 

the gating is shown in both the presence (A) and the absence (B) of pro-Th17 cytokines. The frequency of 

memory cells from three independent experiments is summarised in presence (C) and absence (D) of pro-Th17 

cytokines. Data represents the mean of three independent biological experiements (a single technical sample 

per biological repeat) ± SEM. Significance was determined by t-test  (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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4.10 Pathogenic-associated cytokines are also regulated by 
citrullination 

With R93Cit inducing an increase in Th17 development it was important to assess if 

the production of GM-CSF and IL-22 was also regulated by peptide affinity. Primary 

cultures were established as previously described with either cognate or 

citrullinated peptide at the equivalent concentration. After 5 days these cells were 

harvested and re-plated at a fixed cell density. These secondary cultures were 

incubated for a further 48h with 2μM of p89-103 before levels of GM-CSF and IL-22 

were determined by sandwich ELISA. Figure 48 indicates that the citrullination has a 

positive effect on the levels of both IL-22 and GM-CSF produced in secondary 

cultures. Indeed, R93Cit stimulated cultures released significantly increased levels 

of both cytokines in both the presence and absence of pro-Th17 cytokines. 

When assessing the frequency of GM-CSF+ T cells R93Cit relfected the cytokine 

concentrations assessed in the supernatant of secondary cultures (see Figure 49). 

Again, those induced by R93Cit express GM-CSF at a significantly greater frequency 

than found in cultures  stimulated with the higher affinity p89-103. However, in the 

absence of pro-Th17 cytokines  difference in the levels of GM-CSF+ T cells was 

found not to be significant. Thus, taken together these data indicate that as well as 

supporting greater Th17 induction, R93Cit significantly enhances release of those 

cytokines associated with the pathogenic subset of the Th17 phenotype. 
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Figure 48 - Citrullination enhances the release of Th17 associated cytokines. Co-cultures of naive 5/4E8 TCR Tg 

T cells and mDCs were established at the same concentration  of p89-103, R93Cit or F1p3 (2μM). After 5 days 

cells were harvested, washed and re-plated with 4x104 T cells, 2x103 'fresh' mDC and 2μM of p89-103. After a 

further 48h supernatants were harvested and stored at -20oC prior to analysis. ELISAs for GM-CSF and IL-22 

were preformed according to the manufacturer's instructions. These assays were carried out in both the 

presence (A) and absence (B) of pro-Th17 cytokines. Data represents the mean of three independent biological 

experiements (three technical sample per biological repeat) ± SEM.  Significance was determined by t-test (*p= 

<0.05, ** p=<0.01 *** p=<0.001) 
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Figure 49 - The frequency of GM-CSF+ cells is enhanced by citrullination. Co-cultures of naive 5/4E8 TCR Tg T 

cells and mDCs were established at the same concentration of p89-103, R93Cit or F1p3 (2μM). After 5 days cells 

were re-stimulated with PMA/I for a further 5h with BFA present for the final 4h. Cells were initially gated in 

CD4 before the frequency of IL-17+ and GM-CSF+ cells was determined. An example of the gating is shown in 

both the presence (A) and the absence (B) of Pro-Th17 cytokines. Data represents the mean of three 

independent biological experiements (a single technical sample per biological repeat) ± SEM is summarised in 

presence and absence of these exogenous cytokines (C and D) respectively. Significance was determined by t-

test (*p= <0.05, ** p=<0.01 *** p=<0.001) 

4.11 Re-stimulation of secondary cultures with R93Cit enhances 
IL-17 release 

Given the enhanced IL-17 response in those cultures primed with R93Cit, it was of 

interest to determine if re-stimulation with the weaker affinity peptide could also 

impact the cytokine response detected in secondary cultures. Therefore, primary 
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cultures of naïve 5/4E8 TCR Tg T cells and mDCs  with either cognate or citrullinated 

peptide were established at a high (2μM) or low concentration (0.02μM). Unlike 

previous assays, the secondary cultures were re-stimulated with 2μM of either 

cognate peptide or the citrullinated form R93Cit. Following 48h of secondary co-

cultures supernatants were collected and the levels of IL-17, IL-4 and IFNγ analysed 

by ELISA.  

Figure 50 indicates that following primary cultures stimulated with cognate 

peptide, a weaker affinity peptide can still influence cytokine responses detected in 

secondary cultures. The use of a weaker R93Cit in secondary cultures caused a 

significant increase in IL-17 release. In contrast, re-stimulation with the citrullinated 

peptide failed to induce IL-4 even from those cells exposed to a high concentration 

of cognate peptide in primary cultures. There was also a decline in IFNγ at the lower 

peptide dose if R93Cit was used in secondary cultures.  

In those populations stimulated in primary co-cultures with R93Cit the shifts in 

cytokine production were similar to that seen if p89-103 was used to activate 

secondary cultures (see Figure 51). In the case of IL-17, if secondary cultures are 

stimulated with the citrullinated peptide there is a significant rise in production. As 

expected the IL-4 levels were not enhanced by re-stimulation with R93Cit. There 

was no significant alteration in IFNγ whether cognate or citrullinated peptide was 

used in the secondary culture.  Taken together these data confirm the positive 

influence of R93Cit on the production of IL-17 from 5/4E8 TCR Tg T cells.  
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Figure 50 - IL-4 production can be reduced in p89-103 activated prim
ary co-cultures re-stim

ulated w
ith R93Cit. Co-cultures of naïve 5/4E8 TCR Tg  T cells and m

DCs w
ere 

established at either a high (2μM
) or low

 (0.02μM
)  concentration of p89-103 or F1p3 (2μM

). Prim
ary co-cultures w

ere established out in both the presence (A) and absence (B) of 

pro-Th17 cytokines. After 5 days cells w
ere harvested, w

ashed and re-plated w
ith 4x10

4 T cells, 2x10
3 'fresh' m

DC and 2μM
 p89-103 or R93Cit. After a further 48h supernatants 

w
ere harvested and stored at -20

oC prior to analysis. ELISAs for IL-17, IL-4 and IFN
γ w

ere perform
ed according to the m

anufacturer's instructions. Data represents the m
ean of 

three independent biological experiem
ents (three technical sam

ple per biological repeat) ± SEM
. Significance w

as determ
ined by t-test (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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Figure 51 - IL-17 production can increased in R93Cit activated prim
ary co-cultures re-stim

ulated w
ith R93Cit. Co-cultures of naïve 5/4E8 TCR Tg  T cells and m

DCs w
ere 

established at either a high (2μM
) or low

 (0.02μM
)  concentration of R93Cit or F1p3 (2μM

). Prim
ary co-cultures w

ere established out in both the presence (A) and absence (B) of 

pro-Th17 cytokines After 5 days cells w
ere harvested, w

ashed and re-plated w
ith 4x10

4 T cells, 2x10
3 'fresh' m

DC and 2μM
 p89-103 or R93Cit. After a further 48h supernatants 

w
ere harvested and stored at -20

oC prior to analysis. ELISAs for IL-17, IL-4 and IFN
γ w

ere perform
ed according to the m

anufacturer's instructions. Data represents the m
ean of 

three independent biological experiem
ents (three technical sam

ple per biological repeat) ± SEM
. Significance w

as determ
ined by t-test (*p= <0.05, ** p=<0.01 *** p=<0.001)
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4.12 Discussion 
TCR recognition of pMHC is critical to the generation of adaptive immune responses 

to both foreign and self antigens. Although the binding of TCR to pMHC is relatively 

weak when compared to antibody:antigen interactions, the affinity of this 

interaction has been shown to influence the type of T cell response (273). 

Numerous studies have begun to characterise how subtle changes in the sequence 

of antigenic peptide can influence the affinity of this interaction (159). Thus, it was 

of interest to determine how single amino acid substitutions to the core 9-mer of 

aggrecan p89-103 could influence the response of naive 5/4E8 TCR Tg cells both in 

terms of the magnitude and type of response. The data presented in this chapter 

shows how some alterations, particularly those involving either Arginine-93 or 95, 

can significantly shift the response of naive 5/4E8 TCR Tg T cells both in terms of 

proliferation and effector cytokine production. Despite the concentration of 

peptide being equivalent during the primary culture, the production of IL-17 and IL-

4 were significantly altered. Citrullination also led to an increase in IL-17 with R95Cit 

peptide inducing by far the greatest level in secondary cultures. Of the APLs 

screened, none were found to significantly inhibit IL-17 release relative to the 

cognate peptide. Studies by Iwanami et al  have shown that APLs to GPI-6 325-339 

can reduced IL-17 production from antigen specific Th17 cells (394). Indeed, co-

immunisation of antagonistic APLs can prevent in vivo disease onset (395). It would 

be interesting if a larger panel of APLs were screened if any of these would 

significantly impair IL-17 production relative to cognate peptide. Thus, an APL that 

antagonised IL-17 might prove to be useful in ameliorating joint damage in vivo. 

Despite the increased release of IL-17 in secondary co-cultures, further examination 

of the T cell response to R95Cit failed to induce any significant degree of expansion 

over an extended time course. Indeed, the proliferative response fits that of a null 

peptide with the response not significantly greater than the negative control. Given 

its likely status as an MHC cII contact point, the changes in Th response could result 

in altered peptide binding to the MHC molecule which in turn would affect the 

peptide concentration presented to T cells. Other studies have also examined the 

impact of alterations at MHC contact points. Modification to the Haemoglobin 
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peptide (Hb (p64-76)) at the P6 MHC anchor lead to a thousand fold reduction in 

proliferation of Hb specific 3.L2 TCR Tg cells (396). Similarly, APLs altering MHC 

contacts in the collagen type II epitope, 261-273, were found to completely 

abrogate IL-2 release of four antigen specific hybridomas when APL was presented 

by HLA-DRB1*0401 (397). In vivo modifications at MHC sites can attenuate contact 

between the T cell and the respective APC (273). In the context of EAE, Ford et al 

have shown that an APL involving the switching of the a MHC contact at P6 position 

could induce IFNγ and autoantibody production (398). However, these levels were 

insufficient to induce any clinical signs of EAE or optic neuritis. Thus, the lack of 

proliferation with R95Cit is broadly in line with previous examples were a MHC 

contact is substituted.  

It was important to further evaluate the Th response to R93Cit given this 

modification affected a putative TCR contact. Moreover, citrullination is a process 

common to many forms of inflammatory arthritis, therefore greater understanding 

of how such modifications can shape the type of Th response may offer a valuable 

insight into disease aetiology. Confirmation of the change to TCR affinity would 

require future studies using fluorescently-labelled tetramers for both the cognate 

and citrullinated forms of aggrecan peptide, thus allowing for calculation of on/off 

rates as well as Kd values.  

The data presented in this chapter are in agreement with the hypothesis that a 

reduced TCR signalling intensity favoured induction of the Th17 phenotype.   When 

compared to the equivalent dose of cognate peptide, the lower affinity R93Cit 

peptide significantly enhanced both the frequency of IL-17+ cells and production of 

IL-17 in secondary cultures. Interestingly, when R93Cit was titrated over an 

extended dose range, the pattern was reversed when compared to that induced by 

the cognate peptide with positive increase in IL-17 with higher concentrations of 

R93Cit. Furthermore, there was a complete abrogation of IL-4 production in 

cultures stimulated with the citrullinated form. This contrasts with observations by 

Tao et al using the APLs derived from the MCC 81-104 (399). The K99R APL 

(significantly less potent than the cognate peptide at inducing proliferation of 

antigen specific T cells) was capable of inducing large quantities of IL-4 in secondary 
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cultures (159). In contrast, the response to cognate peptide was dominated by IFNγ 

with minimal levels of IL-4 detected. Thus, with regards to the influence TCR signal 

intensity, this conflicts with the data presented in this chapter. However, 

differences in TCR affinity, genetic background of the mice, APC type and ratio 

could all influence the type of Th2 response observed meaning direct comparisons 

between TCR Tg models is challenging. 

A pertinent question arises as to whether the qualitative or quantitative changes in 

TCR signal strength are interchangeable or mutually exclusive in terms of their 

effects on the type of Th responses. Studies by Gottschalk et al have shown that for 

induction of the Treg phenotype a low density of a high affinity peptide was optimal 

(271). Further, work by the Allison lab has indicated that some features of TCR 

signalling can be compensated by increasing the concentration of a lower affinity 

ligand (400). Other pathways remain independent i.e changes in concentration 

cannot overcome the reduced affinity of a particular peptide. Interestingly, the 

Th17 response induced by the higher dose of R93Cit was very similar to the lower 

dose of p89-103 in terms of IL-17 production, the frequency of IL-17+ and ROR-γT+ 

5/4E8 TCR Tg T cells. This suggests that with regards to the Th17 phenotype that 

concentration and peptide affinity can compensate for one another. Further 

analysis by Gottschalk et al demonstrated a signature of genes that could be 

regulated by either avidity of affinity while another set were exclusively influenced 

by peptide affinity (400). It would be of interest in future studies to undertake the 

same genetic analysis to determine if the same 'gene signature' could be observed 

in 5/4E8 TCR Tg T cells following stimulation with either cognate or citrullinated 

peptides. Genes such as Il7r, Klf2 and a number of G protein receptors were found 

to be dependent on affinity of a TCR ligand (400). Increasing concentrations of 

weaker affinity peptides could not compensate for the reduced affinity for a 

particular TCR. Thus, it would be expected that even at a high dose of R93Cit 

expression of those genes (e.g. Il7r or Klf2) would not be similar to those T cells 

activated with the p89-103. 

Other studies have assessed the impact of TCR affinity in vivo using APLs. Using TCR 

Tg T cells that recognised the MCC peptide 81-103, APLs of varying affinities were 
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found to influence the interaction of naive TCR Tg T cells with APCs within lymph 

nodes (274). With high affinity pMHC complexes, rapid engagement and arrest of T 

cells for several hours with the partner APC occurred. In contrast, a lower affinity 

APL failed to alter T cell motility within the lymph node with less time spent 

interacting with APCs. Interestingly, CD69 expression was not affected by changes 

in peptide affinity with APLs of varying affinities inducing a similar level (274). This 

contrasts with the data presented in this project in which cognate and R93Cit 

induced significantly differing levels of CD69 expression in vitro. 

Gottschalk et al also used two-photon imaging to examine the differences between 

peptide density and affinity (400). These data indicated a distinct pattern of 

interaction between the T cells and DC in vivo; both in terms of the duration of T 

cell-DC contacts and the stability of these interactions that was primarily dependent 

on the affinity of the TCR-pMHC binding rather than the peptide concentration used 

during immunisation. While T cell:DC interactions were not addressed in this 

project, it would be of interest in future to understand if 5/4E8 TCR Tg T cells 

interacted with cognate or citrullinated pulsed DCs in a similar manner. It would be 

expected that DCs presenting the higher affinity cognate peptide would form more 

stable contacts with 5/4E8 Th cells than those presenting R93Cit.  

As well enhancing the development of the Th17 cells, the citrullinated peptide 

induces significantly greater production of Th17 associated cytokines IL-22 and GM-

CSF. Further examination showed the frequency of GM-CSF+ cells at a high 

concentration of R93Cit. There was also an increase in the frequency of GM-CSF+ 

cells that co-express IL-17. Taken together the data shows that not only does 

citrullination expand Th17 development especially when compared to equivalent 

dose of cognate peptide, but the population that develops also has the potential to 

become more pathogenic in vivo. It would be of interest in future studies to confirm 

that citrullination enhanced Th17 pathlogy in vivo. Others have shown that 

administration of citrullinated peptides in vivo can exacerbate ongoing arthritis 

following intraarticular immunisation with citrullinated peptides (401). Hill  et al 

have shown that citrullination of aggrecan p280-292 increased, by a hundred fold, 

its affinity for HLA DRB1 (402). Furthermore, citrullination enhances the binding of 
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vimentin to HLA-DR , with only the citrullinated analogue capable of inducing a T 

cell response. The data presented in this chapter show that citrullination of an 

immunogenic candidate autoantigen can impact on the type of T cell response. It 

would be interesting to evaluate if citrullinated APLs, such as R93Cit, could induce 

or exacerbate inflammation in the context of an in vivo disease model such as PGIA.  

The source of citrullinated antigen in vivo would also be an area of interest. 

Expression of PAD2 and -4 can be found in patients and closely correlates with joint 

inflammation (403). In both acute and chronic animal models of inflammatory 

arthrtis, PAD expression can also be detected. Interestingly, in streptococcal cell 

wall (SCW) induced arthritis and CIA PAD2 is expressed but not transcribed while 

PAD4 protein can be found only within inflamed joints, primarily expressed by 

neutrophils infiltrating the synovium (404). Given that the PGIA can be induced in 

5/4E8 TCR Tg mice, it would be of interest to assess intraarticular PAD expression 

and if a T cell response occurs to citrullinated epitopes during disease induction. 

Citrullination can also alter the response of T cells in other autoimmune diseases 

such as MS. MBP can be citrullinated at 19 distinct site throughout the 18.5kDa 

protein (312). Studies using adoptive transfer have shown that citrullination widens 

the pool of T cells capable of reacting. Indeed, PAD expression and citrullination 

correlate with disease progression in a transgenic spontaneous demyelination 

disease model. In Marburg's syndrome, a form of MS, in which 18 of the 19 sites are 

modified in patients. The citrullinated form of MBP can be used to reactivate EAE 

pathology in rats immunised with unmodified MBP. It would be of interest to 

understand if the modified form of MBP could also induce changes in the effector 

type of Th response.  

In summary, the data presented in this chapter demonstrated that modification of 

the first TCR contact in aggrecan p89-103 has profound effects on both the 

magnitude and type of T cell response. The citrullinated form of this peptide 

behaves as a partial agonist for 5/4E8 TCR Tg T cells as defined by proliferation. 

Comparison over an extended titration shows a loss of the Th2 phenotype while 

enhancing Th17 cell development. Indeed, re-stimulation of secondary co-cultures 
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with the R93Cit peptide enhanced IL-17 release still further. R93Cit-stimulated cells 

fail to up regulate a range of activation markers including CD69 and CD25 to the 

with the same rapidity as those stimulated with cognate peptide. The weaker 

affinity of the R93Cit also induces a potentially more pathogenic population of T 

cells with an enhanced release of both IL-22 and GM-CSF. Thus, the data agree with 

the hypothesis that a reduced TCR signal enhances the Th17 development in 

cooperation with an appropriate cytokine environment. The focus on the next 

chapter will be the understanding of the potential mechanism that underpins the 

relationship between TCR signal intensity and the Th17 response.  
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5 IL-2 - the link between TCR signal intensity and Th 
responses? 

5.1 Introduction 
One of the major consequences of TCR signalling is the engagement of the IL-2 

system resulting in both IL-2 cytokine production and expression of the high affinity 

α chain (CD25) of the IL-2 receptor (405). Traditionally defined as a key mitogen for 

naive T cells, IL-2 has been routinely added to in vitro T cell assays and is an 

important reagent in establishing T cell clones (406). The three IL-2R subunits can 

form two classes of receptor- either a dimer of IL-2Rβ-γc or a trimer consisting of IL-

2Rα-β-γc (407). Alone, each receptor component has a relatively weak affinity for IL-

2 (IL-2Rα - Kd 10-8M, IL-2Rβ - Kd 10-6M in combination with γc Kd - 10-9M) yet the 

trimeric form has much greater affinity (Kd 10-11M) with rapid on/off rates (408). 

After engagement of the IL-2R, activation of multiple signalling pathways occurs via 

the associated JAK1 and JAK3, which activate STAT5 that subsequently traffics to 

the nucleus (see Figure 52) (407). IL-2 transcription is primarily regulated by NFAT 

proteins which cooperate with AP-1 to bind the IL-2 promoter following TCR 

signalling (409) (410). Loss of NFAT prevents IL-2 induction following TCR signalling 

(117). Indeed, this pathway is a major target of immunosuppressive drugs such as 

cyclosporine A and FK-506, used to prevent rejection of transplanted organs (411). 

In an intrinsic form of negative feedback, IL-2 induces BLIMP-1 protein expression 

that in turn serves to bind to regions in the IL-2 and c-FOS promoters preventing 

further transcription (412). FOXP3 can also serve to negatively regulate IL-2 

production while still inducing the expression of CD25 and CTLA-4 in Tregs (409). 

It has become increasingly apparent that IL-2 can also modulate Th cell effector 

functions (413-415). With regards to Th2 cells the STAT5 signal stimulated by IL-2 is 

needed to modify the chromatin landscape at the Il4 locus in conjunction with c-

maf (416, 417). IL-4Rα expression is also promoted by IL-2 therefore enhancing the 

sensitivity of the cell to further IL-4 stimulation (418). The mechanism proposed to 

inhibit Th2 development after a strong TCR signal is dependent on sustained ERK 

activation preventing efficient IL-2 signal transduction during the early stages of Th2 
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differentiation by prevention of STAT5 phosphorylation (419). Similarly, other 

STAT5 inducing cytokines also promote IL-4 and IL-4Rα expression such as IL-7 and 

IL-15 (420). 

The impact of IL-2 on the Th17 phenotype has been shown by the O'Shea group to 

be profoundly negative (421). Indeed, adoptive transfer of T cells derived from Il2-/- 

mice results in enhanced Th17 induction when compared to WT T cells. The 

explanation for the precise mechanism differs between groups although these are 

by no means mutually exclusive. The hypothesis advanced by the O'Shea group is 

that the presence of a strong IL-2 signal leads to competition between STAT3 and 

STAT5 at the il17a locus as shown by CHiP data (422). Thus, these cells, despite 

expressing ROR-γT, fail to produce significant levels of IL-17. However, others have 

shown that IL-2 inhibits the expression of IL-6Rα and gp130 necessary for STAT3 

signalling within Th17 cells (309). Retroviral transduction of gp130 was capable of 

partially restoring Th17 development within the model. Moreover, other evidence 

shows that Th17 cells express negative regulators of IL-2 release including 

transcriptional repressors such as Aiolos and IL-4 induced gene-1 (IL4G1) that bind 

the Il2 promoter (423). Aiolos is found to be induced by STAT3 and AHR signalling 

and is found to be expressed exclusively in Th17 cells. In humans IL4G1 limits IL-2 

release and is found to be expressed at greater levels in the Th17 subset (424). 

Moreover, an anti-proliferative protein, Tob1, is found to limit the expansion of 

human Th17 cells following TCR stimulation (425). The expression levels are far 

greater than those found in Th1 cells both in resting cells and following TCR 

activation. Furthermore, it has been proposed that Th17 cell survival may in fact be 

enhanced by Tregs due to their high expression of CD25 (426). Thus, Tregs deplete 

the local microenvironment of IL-2 and help to sustain Th17 cells.  However, 

Fuijmara et al have postulated that IL-2 had no negative effects on Th17 compared 

to Th1 cells when comparing absolute cell numbers both in vitro and in vivo (427). 

Thus, the role of IL-2 with regards to Th17 cells remains an area needing further 

study. 
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Figure 52 - Overview of IL-2 signalling. The trimeric form of the IL-2 receptor has the greatest affinity for IL-2 

(Kd 10-11M). Although not shown the pathway can be triggered by less efficient combinations of IL-2R chains 

(409). Once bound, IL-2 induces binding and activation of JAK1/3 kinases that serve as the key adaptors for the 

three main downstream pathways. Together these pathways promote cell proliferation, survival and further 

expression of genes involved in IL-2 signalling such as CD25.  
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5.2 Chapter aims 
Given that the IL-2 pathway is one of the major targets engaged by TCR signalling 

and the growing data implicating IL-2 in the regulation of Th17 cell development it 

was important to explore this area further. The use of naïve 5/4E8 TCR Tg T cells as 

our starting population allowed modulation of signal strength in a more precise 

manner using a disease-relevant antigen. Thus, it was possible to determine the 

contribution that changes to TCR signalling had upon both IL-2 production and IL-2 

receptor expression. Utilising these tools the aims of this chapter were to: 

x Determine if IL-2 production and signalling were altered by changes to TCR 

signal strength 

x Assess the impact of changes to activity of the IL-2 pathway on the T cell 

response to a high or low affinity TCR ligand 

x Determine the relationship between the STAT3 and STAT5 phosphorylation 

levels and the intensity of TCR signalling 
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5.3 Citrullination of aggrecan peptide leads to reduced IL-2 
release 

Initial experiments sought to define if the production of IL-2 varied between 

cultures stimulated with either cognate or R93Cit peptides. Parallel cultures of 

naive 5/4E8 TCR Tg T cells were established with mDCs and the same concentration 

of either the cognate p89-103 or the R93Cit peptide. At 24h intervals supernatants 

were collected and IL-2 levels assessed by sandwich ELISA. Figure 53 shows the 

responses from three replicate experiments carried out in both the presence and 

absence of pro-Th17 cytokines.  

Although the exact kinetics and level of IL-2 release varied between each replicate 

experiment, the analysis indicated that cognate peptide induced consistently more 

IL-2 than those cultures stimulated with R93Cit. Assessment using two-way ANOVA 

showed significant differences especially at earlier time points. Moreover, the peak 

response of T cells stimulated with R93Cit was also a lower value than that induced 

by the cognate peptide. When comparing naive 5/4E8 TCR Tg T cells activated in the 

presence of pro-Th17 cytokines or without, the same pattern occurred with greater 

IL-2 release in T cells activated by the cognate peptide. However, levels of IL-2 were 

consistently higher in the absence of exogenous cytokines. Taken together, these 

data demonstrate that changes to TCR signalling can alter the production of IL-2 

within these cultures.  
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Figure 53 - IL-2 release during prim
ary co-cultures. Parallel co-cultures of 1.25x10

5 naive 5/4E8 TCR Tg T cells and 6.25x10
3 LPS m

DC w
ere established w

ith 2μM
 of either p89-103, 

R93Cit or F1p3. Assays w
ere carried out in both the presence (A) and absence (B) of pro-Th17 cytokines. At each respective tim

e point supernatants w
ere harvested and stored at -

20
oC prior to analysis. The level of IL-2 in each sam

ple w
as determ

ined by sandw
ich ELISA according to the m

anufacturer's instructions. All three biological replicates (tw
o technical 

repeats per biological sam
ple) are show

n w
ith error bars indicating ± SEM

. Significance w
as determ

ined by tw
o-w

ay AN
VO

A test (*p= <0.05, ** p=<0.01 *** p=<0.001) 
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5.4 IL-2Rα expression is affected by citrullination of aggrecan 
peptide 

Given the apparent differences in IL-2 production, it was also important to 

determine if these populations could respond to the IL-2 present in the local 

microenvironment. As such the expression of the high affinity component of the IL-

2R complex, CD25, was determined using flow cytometry. Figure 54 shows the 

summary of both the percentage CD25 positive cells and the degree of CD25 

expression as determined by median fluorescence intensity (MFI) for T cells 

activated with either cognate or R93Cit peptides after 5 days of co-culture with 

mDCs. Unsurprisingly, CD25 expression both at the population and single cell level 

was altered by TCR signal strength as demonstrated by the significant differences 

between 5/4E8 TCR Tg T cells activated with cognate and R93Cit. Both peptides 

induced CD25 at levels far greater than that of the control population exposed to 

the irrelevant F1p3 peptide. However, the difference in MFI values indicates that 

stimulation with cognate peptide induced significantly greater levels of CD25. Given 

that CD25 is regulated by TCR signalling it was expected that those stimulated with 

the weaker affinity R93Cit would express far less CD25. This finding has implications 

for both the Th17 and Th2 response given that IL-2, a potent driver of STAT5, is an 

important brake on IL-17 release in the former while being a critical factor in IL-4 

release. The distinct CD25 levels coupled with the differential IL-2 release 

compounds the differences in T cell phenotypes that develop within each 

population. 

  



 151 

 

Figure 54 - Citrullination diminishes the expression of CD25. Co-cultures of 1.25x105 naive 5/4E8 TCR Tg T cells 

T cells and 6.25x103 LPS mDC were established with 2μM of either  p89-103, R93Cit or F1p3. Assays were 

carried out in both the presence (A) and absence (B) of pro-Th17 cytokines. After 5 days of co-culture cells were 

harvested and stained for CD4 and CD25. Following gating on CD4, both the percentage positive and MFI were 

determined for each population. Data represents the mean of three independent biological experiements (a 

single technical sample per biological repeat). Error bars show ± SEM with significance assessed by t-test (*p= 

<0.05, ** p=<0.01 *** p=<0.001). 
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5.5 Addition of IL-2 can reduce IL-17 release 
With the significant differences in both the production of IL-2 and the expression of 

the high affinity receptor component CD25 it was important to confirm the 

influence of this pathway through experimental manipulation. The initial focus was 

on how the addition of IL-2 would affect those stimulated with the citrullinated 

peptide (R93Cit). Given IL-2 is a potent T cell mitogen I hypothesised that 

proliferation would increase with increasing levels of rhIL-2 (420). Firstly, the 

degree of proliferation was assessed following the addition of rhIL-2 over a range of 

concentrations. Therefore, co-cultures of naive 5/4E8 TCR Tg T cells were activated 

with a range of exogenous rhIL-2 for 5 days before pulsing with tritiated Thymidine 

for the remaining 12h of co-culture (see Figure 55). Interestingly, the addition of 

rhIL-2 had no effect on proliferation with no change occurring at any concentration 

of rhIL-2 added with either peptide.   

 

Figure 55 - The effect of rhIL-2 on T cell proliferation. 4x104 naive 5/4E8 TCR Tg T cells were co-cultured with 

2x103 LPS-mDCs and 2μM of either p89-103, R93Cit or F1p3. Parallel co-cultures were established with a range 

of rhIL-2 (0-1000IU/ml). In the case of F1p3 only 50IU/ml or no rhIL-2 was evaluated. After 5 days 120μl of 

supernatant was removed and cells pulsed with 3H Thymidine for a further 12h prior to DNA harvesting. 3H 

Thymidine incorporation was measured using a scintillation counter and the cpm determined for each well. 

Data represents the mean of three independent biological experiements (three technical repeats per biological 

sample) ±SEM.  
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Despite the lack of change in terms of proliferation, it was important to determine 

if the addition of further rhIL-2 could change cytokine release following stimulation 

with the weaker affinity citrullinated peptide R93Cit. After primary co-cultures in 

the presence or absence of rhIL-2 (50IU/ml) cells were washed and secondary 

cultures were established for a further 48h with cognate peptide before 

supernatants collected. The production of IL-17, IL-4 and IFNγ were assessed by 

ELISA (see Figure 56). 

In the presence of pro-Th17 cytokines, rhIL-2 had the expected effect of 

suppressing the levels of IL-17 released. However, the addition of rhIL-2 had no 

significant effect on the levels of either IL-4 or IFNγ. Flow cytometric analysis was 

also performed following re-stimulation with PMA/I after 5 days of primary culture 

(see Figure 57). In contrast to the ELISA data, the addition of rhIL-2 to these 

cultures failed to suppress the frequency of IL-17-producers. The expression of the 

Th17 specific transcription factor ROR-γT was also unaltered by exposure to rhIL-2.  
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Figure 56 - rhIL-2 suppresses the release of IL-17. Co-cultures of naive  5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith either p89-103, R93Cit or the F1p3 control peptide. 

rhIL-2 (50 IU
/m

l) w
as added to som

e cultures from
 the onset. Assays w

ere carried out in both the presence (A) and absence (B) of Pro-Th17 cytokines. After 5 days cells w
ere 

harvested, w
ashed and re-plated w

ith 4x10
4 T cells, 2x10

3 'fresh' m
DC and 2μM

 of p89-103. After a further 48h supernatants w
ere harvested and stored at -20

oC prior to analysis. 

ELISAs for IL-17, IL-4 and IFN
γ w

ere perform
ed according to the m

anufacturer's instructions. Data represents the m
ean of three independent biological experiem

ents (three 

technical repeat per biological sam
ple) ±SEM

.  Significance w
as determ

ined by t-test (*p= <0.05, ** p=<0.01 *** p=<0.001) 
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Figure 57 - rhIL-2 has no effect of the frequency of Th17 cells. Co-cultures of naive  5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith either p89-103, R93Cit or F1p3. rhIL-2 (50 

IU
/m

l) w
as added to som

e cultures from
 the onset. Assays w

ere carried out in both the presence (A) and absence (B) of Pro-Th17 cytokines. After 5 days cells w
ere re-stim

ulated 

w
ith PM

A/I for a further 5h w
ith BFA present for the final 4h. Flow

 cytom
etry w

as used to determ
ine the proportion of IL-17 and RO

R-γT expression CD4+ T cells. Data represents 

the m
ean of tw

o independent biological experiem
ents (single technical repeat per biological sam

ple) ±SEM
.  Significance w

as determ
ined by t-test (*p= <0.05, ** p=<0.01 *** 

p=<0.001)
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5.6 Anti IL-2 enhances Th17 development after stimulation with 
high affinity peptide 

Whilst the addition of rhIL-2 had an influence on the amount of IL-17 released, this 

approach is complicated by the endogenous production of IL-2 and the ability of 

cells to respond to the addition of IL-2. Another approach was to examine the role 

of IL-2 by using anti-IL-2 IgG2a monoclonal antibody S4B6. This is derived from the 

semi-purified supernatant from the rat hybridoma S4B6 -1 and is specific to mouse 

IL-2. This clone has been used in previous studies, including Laurence et al, to 

successfully block IL-2 in murine T cell studies (421).  

Initial studies focused on the influence of increasing dilutions of the anti-IL-2 

supernatant on T cell proliferation within cultures activated with 2μM of cognate 

peptide. After 5 days of primary co-culture, cells were pulsed with 3H-Thymidine for 

the remaining 12h of culture. As expected, given the importance of IL-2 to T cell 

expansion, higher concentrations of S4B6 significantly impaired the rate of 3H-

Thymidine incorporation relative to an isotype-matched control supernatant (see 

Figure 58). However, it was not completely blocked, remaining greater than that of 

T cells exposed to the negative control peptide F1P3. The isotype control showed 

similar response to those without S4B6 indicating the response was mostly due to 

targeting of IL-2 and not due to other components found in the semi-purified 

medium from the hybridoma.  
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Figure 58 – Anti-IL-2 inhibits T5/4E8 TCR Tg T cell proliferation in a dose-dependent manner. 4x104 naive 

5/4E8 TCR Tg T cells were co-cultured with 2x103 LPS mDCs and 2μM of p89-103 or F1p3. Parallel co-cultures 

were established with a range of anti IL-2 antibody, S4B6, dilutions (1/4000 - 1/20). An isotype control was also 

included at a 1/20 dilution. After 5 days 120μl of supernatant was removed and cells pulsed with 3H Thymidine 

for a further 12h prior to DNA harvesting. 3H Thymidine incorporation was measured using a scintillation 

counter and the counts per minute (cpm) determined for each well. Data represents the mean of three 

independent biological experiements (three technical repeats per biological sample) ±SEM. Significance was 

determined by one-way ANOVA relative to Isotype (*p= <0.05, ** p=<0.01 *** p=<0.001). 

The next stage was to determine if targeting of the IL-2 pathway could alter the 

type of cytokine response detected. It was hypothesised that blockade of IL-2 

during T cell activation would lead to increased IL-17 release. In line with other 

studies it was expected that despite the changes in IL-17 expression, levels of ROR-

γT would remain unchanged by such treatment. As shown in Figure 59 co-cultures 

were established with varying dilutions of the anti IL-2 antibody S4B6. After 5 days, 

secondary cultures were re-stimulated with cognate peptide and supernatants 

collected after a further 48h. Analysis of the ELISA data shows a clear change in 

cytokine profile in the presence of anti-IL-2 with an increase in IL-17 and a loss of IL-

4. In contrast, IFNγ release was generally unaltered by the introduction of anti-IL-2 

with no significant shift when compared to those activated in the presence of the 

isotype control.  

The increase in IL-17 can also be detected in those T cell cultures activated without 

any pro-Th17 cytokines. Even at the lowest dilution of anti-IL-2 tested, IL-17 release 
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was greater than in cultures in which IL-2 was not blocked. IL-4 release was also 

reduced by the introduction of anti-IL-2. Unexpectedly, at the lower anti-IL-2 

concentrations IL-4 was significantly enhanced relative to the isotype control. Again 

there was no significant alteration in IFNγ release as compared to the isotype.  

As well as determining the amount of cytokine released, the frequency of IL-17- and 

ROR-γT-expressing T cells was also determined by flow cytometry.  The introduction 

of anti-IL-2 also led to a significant increase in the frequency of IL-17 and ROR-γT 

positive cells (see Figure 60 and Figure 61). When the same assay was carried out 

without pro-Th17 cytokines the only significant rise in IL-17 and ROR-γT frequencies 

occurred in those cultures stimulated with the R93Cit peptide.  

5.7 The effect of IL-2 on GM-CSF expression 
Given that IL-2 was capable of negatively regulating Th17 generation it was of 

interest to determine if IL-2 affected GM-CSF production from these cells as well. 

Primary co-cultures were established with the same concentration of either 

cognate or citrullinated peptide in either the presence or absence of the anti-IL-2 

antibody S4B6. After 5 days of co-culture these were assessed by flow cytometry 

and the frequency of IL-17 and GM-CSF expressing cells determined. As shown 

earlier the levels of GM-CSF were again higher in those cultures stimulated with the 

citrullinated peptide (see Figure 62 and Figure 63). In the absence of pro-Th17 

cytokines, the frequency of GM-CSF cells was also higher possibly due to the 

absence of TGFβ. In contrast to IL-17, the addition of anti-IL-2 had no significant 

effect on the frequency of GM-CSF. Thus, regulation of GM-CSF may be 

independent of IL-17. 
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Figure 59 – Anti-IL-2 has differential affects on cytokine production. Co-cultures of naive 5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith either p89-103 or F1p3. A range of 

S4B6 dilutions (1/5 -1/80) added to som
e cultures from

 the onset. An isotype control w
as also established. Assays w

ere carried out in both the presence (A) and absence (B) of Pro-

Th17 cytokines. After 5 days cells w
ere harvested, w

ashed and re-plated w
ith 4x10

4 T cells, 2x10
3 'fresh' m

DC and 2μM
 of p89-103. After a further 48h supernatants w

ere 

harvested and stored at -20
oC prior to analysis. ELISAs for IL-17, IL-4 and IFN

γ w
ere preform

ed according to the m
anufacturer's instructions. Data represents the m

ean of three 

independent biological experiem
ents (three technical repeats per biological sam

ple) ±SEM
. Significance relative to Isotype w

as determ
ined by one-w

ay AN
O

VA (*p= <0.05, **
 

p=<0.01 *** p=<0.001). 
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Figure 60 – Anti-IL-2 significantly enhances Th17 generation in the presence of pro-Th17 cytokines. Co-cultures naive  5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith 2μM

 

of either p89-103, R93Cit and F1p3 in the presence of Pro-Th17 cytokines. S4B6 (1/40) w
as added to som

e cultures from
 the onset. After 5 days cells w

ere re-stim
ulated w

ith 

PM
A/I for a further 5h w

ith BFA present for the final 4h. Flow
 cytom

etry w
as used to determ

ine the proportion of IL-17 and RO
R-γT postive cells determ

ined follow
ing gating on 

the CD4. Data represents the m
ean of three independent biological experiem

ents (single technical repeat per biological sam
ple) ±SEM

. Significance w
as determ

ined by t-test (*p= 

<0.05, ** p=<0.01 *** p=<0.001) 
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Figure 61 - Anti IL-2 supports Th17 generation in the absence of pro-Th17 cytokines. Co-cultures of naive 5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith 2μM

 of either p89-

103, R93Cit and F1p3 in the absence of Pro-Th17 cytokines. S4B6 (1/40) w
as added to som

e cultures from
 the onset. After 5 days cells w

ere re-stim
ulated w

ith PM
A/I for a further 

5h w
ith BFA present for the final 4h. Flow

 cytom
etry w

as used to determ
ine the proportion of IL-17 and RO

R-γT positive cells determ
ined follow

ing gating on the CD4. Data 

represents the m
ean of three independent biological experiem

ents (single technical repeat per biological sam
ple) ±SEM

. Significance w
as determ

ined by t-test (*p= <0.05, **
 

p=<0.01 *** p=<0.001) 
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Figure 62 – IL-2 has no significant affect on GM-CSF expression in the presence of pro-Th17 cytokines. Co-

cultures of naive 5/4E8 TCR Tg T cells and mDCs were established with 2μM of either p89-103, R93Cit or F1p3 in 

the presence of Pro-Th17 cytokines. S4B6 (1/40) was added to some cultures from the onset. After 5 days cells 

were re-stimulated with PMA/I for a further 5h with BFA present for the final 4h. Flow cytometry was used to 

determine the proportion of IL-17 and ROR-γ determined following gating on the CD4. Data represents the 

mean of three independent biological experiements (single technical repeat per biological sample) ±SEM. 

Significance was determined by t-test (*p= <0.05, ** p=<0.01 *** p=<0.001) 
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Figure 63 - IL-2 has no significant affect on GM-CSF expression in the absence of Pro-Th17 cytokines. Co-

cultures of naive 5/4E8 TCR Tg T cells and mDCs were established with 2μM of either p89-103, R93Cit or F1p3 in 

the absence of Pro-Th17 cytokines. S4B6 (1/40) was added to some cultures from the onset. After 5 days cells 

were re-stimulated with PMA/I for a further 5h with BFA present for the final 4h. Flow cytometry was used to 

determine the proportion of IL-17 and ROR-γ determined following gating on the CD4. Data represents the 

mean of three independent biological experiements (single technical repeat per biological sample) ±SEM.  

Significance was determined by t-test (*p= <0.05, ** p=<0.01 *** p=<0.001) 
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5.8 Citrullination results in changes to the pSTAT3(Y705)/ 
pSTAT5(Y694) balance 

With the profound effect that IL-2 had on the development of Th17 cells, it was 

important to further understand how these changed the balance between STAT3 

and STAT5. STAT3 is critical for the expression of IL-17 and ROR-γT that are essential 

to the definition of Th17 cells. Phosphorylation at tyrosine-705 has been shown to 

be critical for dimerisation, nuclear translocation and DNA binding of STAT3 (428, 

429). In contrast STAT5 is the primary transducer of IL-2 signalling. Y694 is an 

obligate phosphorylation site for STAT5 activation with loss preventing 

translocation and DNA binding (430, 431). Moreover, the relative balance between 

STAT5 and STAT3, has been postulated to control the development of Th17 cells by 

IL-2 (248). Thus, it was important in the context of this project to confirm the role of 

IL-2 by analysing the pSTAT3 and pSTAT5 levels in each population. 

Other studies in our group have demonstrated that the degree of STAT3 

phosphorylation was important to Th17 development especially at early stages of 

activation (432). Therefore parallel DC:T cell co-cultures were established with the 

higher affinity cognate peptide p89-103 or the lower affinity citrullinated peptide 

R93Cit. Every 24h T cells were harvested and the levels of pSTAT3(Y705) and 

pSTAT5(Y694) assessed by phosflow (see Figure 64 and 66). The data shown in 

Figure 65 and Figure 67 indicate that with regards to STAT3 phosphorylation, there 

was no difference both in terms of the percentage positive cells and the MFI values 

between either p89-103 or R93Cit stimulated T cell populations. Indeed, the 

percentage of pSTAT3 positive cells was similar even in those cells exposed to the 

negative control F1p3. In contrast to the near identical pSTAT3 levels, there were 

significant differences in the pSTAT5 signals between p89-103- and R93Cit peptide-

stimulated T cells. When both frequency of pSTAT5+ cells and the MFI values are 

compared it is apparent that p89-103 induces a significantly greater signal. This 

distinction was especially apparent at early time points and only reached parity 

after 96h. Similarly to the IL-2 ELISA data, the peak pSTAT5 response was lower in 
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terms of MFI values and occurred at a later time point in those T cells stimulated 

with the weaker affinity peptide, R93Cit. 

It was important to clarify the role of IL-2 in generating the different pSTAT5 signals. 

Thus, further assays aimed to determine if blockade of IL-2 in populations activated 

with p89-103 caused a similar shift in the pSTAT3/pSTAT5 balance as occurs when 

using citrullinated peptide. While the lower IL-2 release was one mechanism that 

could be responsible, it was possible that these cells could fail to respond to IL-2 

due to the significantly reduced expression of CD25. Therefore, it was important to 

determine if the addition of exogenous IL-2 could be transduced by STAT5 in these 

cells. Therefore, cultures were activated with or without exogenous rhIL-2 for 24h 

due to the importance of early STAT signalling. The levels of pSTAT3 and pSTAT5 

were determined as previously described. In Figure 68 and Figure 69 it was 

apparent that the addition of rhIL-2 had no effect on the pSTAT5 signal in naive 

5/4E8 T cell populations activated with either the cognate or R93Cit peptides. These 

data could mean that R93Cit-activated T cells failed to respond due to a lack of 

CD25. However, STAT5 phosphorylation was expected to rise in those T cells 

activated with p89-103. It may be that endogenous IL-2 is saturating in this 

population thus mitigating the effect of exogenous IL-2. 

A similar time course was established as above with naïve 5/4E8 TCR Tg T cells 

activated with cognate peptide in the presence or absence of the anti-IL-2 mAb 

S4B6 (see Figure 70 and 71). Rather unexpectedly, when comparing those T cells 

co-cultured in the presence of S4B6 to the isotype control there was a slight drop in 

pSTAT3 signal in the presence of anti-IL-2. This was most pronounced at the level of 

MFI were the pSTAT3 was almost as low as those stimulated with the negative 

control F1p3. As expected, the pSTAT5 signal was suppressed to a far greater extent 

both in terms of the frequency of pSTAT5+ cells and the MFI values within the T cell 

population exposed to the anti-IL-2 antibody. Thus it was apparent that the use of 

S4B6 targeting of IL-2 could lead to a reversal in the pSTAT3/pSTAT5 balance in 

those T cells activated with the higher affinity cognate peptide. 
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The shift in pSTATs becomes clearer when the ratio of pSTAT3 relative to pSTAT5 

was determined as shown in Figure 72. In those T cells activated with the R93Cit 

peptide this ratio was shifted towards greater pSTAT3 levels as compared to 

cognate peptide-stimulated T cells, especially at the 24h time point. Moreover, 

when IL-2 was blocked using S4B6, this ratio increased, despite the relative decline 

in pSTAT3.  
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Figure 64 - Citrullination shifts the pSTAT3/pSTAT5 balance. Parallel co-cultures of naive 5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith either p89-103, R93Cit or F1p3 in 

the presence of Pro-Th17 cytokines. At each tim
e point cells w

ere harvested and the levels of pSTAT3(Y705) and pSTAT5(Y694) determ
ined by phosflow

. Levels of pSTAT3/5 w
ere 

determ
ined using FM

O
 controls follow

ing gating on CD4. Data is representative of three independent biological replicates.  
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Figure 65 - Frequency and M
FI of pSTAT3/pSTAT5 altered by citrullination. Parallel co-cultures of naive 5/4E8 TCR Tg T cells and m

DCs w
ere established w

ith either p89-103, 

R93Cit or F1p3 in the presence of Pro-Th17 cytokines. At each tim
e point cells w

ere harvested and the levels of pSTAT3(Y705) and pSTAT5(Y694) determ
ined by phosflow

. The 

percentage positive (A) and M
FI (B) are show

n for both pSTAT3(Y705) and pSTAT5(Y694). Data represents the m
ean of three independent biological experiem

ents (single technical 

repeat per biological sam
ple) ±SEM

. Significance w
as determ

ined by tw
o-w

ay AN
O

VA (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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Figure 66 - Citrullination reduced pSTAT5 levels in the absence of pro-Th17 cytokines. Parallel co-cultures of naive 5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith either 

p89-103, R93Cit and F1p3 in the absence of Pro-Th17 cytokines. At each tim
e point cells w

ere harvested and the levels of pSTAT3(Y705) and pSTAT5(Y694) determ
ined by 

phosflow
. Levels of pSTAT3/5 w

ere determ
ined using FM

O
 controls follow

ing gating on CD4. Data is representative of three independent biological replicates. 
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Figure 67 - Citrullination reduced pSTAT5 levels in the absence of pro-Th17 cytokines. Parallel co-cultures of naive 5/4E8 TCR Tg T cells and m
DCs w

ere established w
ith either 

p89-103, R93Cit or F1p3 in the absence of Pro-Th17 cytokines. At each tim
e point cells w

ere harvested and the levels of pSTAT3(Y705) and pSTAT5(Y694) determ
ined by phosflow

. 

The percentage positive (A) and M
FI (B) are show

n for both pSTAT3(Y705) and pSTAT5(Y694). Data represents the m
ean of three independent biological experiem

ents (single 

technical repeat per biological sam
ple) ±SEM

. Significance w
as determ

ined by tw
o- w

ay AN
O

VA (*p= <0.05, ** p=<0.01 *** p=<0.001) 
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Figure 68 - The addition of rhIL-2 has no effect on the early pSTAT3/5 balance. Parallel co-cultures of naive 5/4E8 

TCR Tg T cells and mDCs were established with either p89-103, R93Cit or F1p3 in the presence of Pro-Th17 

cytokines. After 24h cells were harvested and the levels of pSTAT3(Y705) and pSTAT5(Y694) determined by 

phosflow after gating on CD4. (A) shows a representative data set gating based on the FMO controls. The frequency 

of pSTAT3/5 (B) and MFI values (C). Data represents the mean of three independent biological experiements (single 

technical repeat per biological sample) ±SEM. 
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Figure 69 - The addition of rhIL-2 has no effect on the early pSTAT3/5 balance in the absence of pro-Th17 

cytokines. Parallel co-cultures of naive 5/4E8 TCR Tg T cells and mDCs were established with either p89-103, R93Cit 

or F1p3 in the absence of Pro-Th17 cytokines. After 24h cells were harvested and the levels of pSTAT3(Y705) and 

pSTAT5(Y694) determined by phosflow after gating on CD4. (A) shows a representative data set gating based on the 

FMO controls. The frequency of pSTAT3/5 (B) and MFI values (C). Data represents the mean of three independent 

biological experiements (single technical repeat per biological sample) ±SEM. 
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Figure 70 - Anti IL-2 attenuates the intensity of the pSTAT5 signal. Parallel co-cultures of naive 5/4E8 TCR Tg T cells 

and mDCs were established with either p89-103, R93Cit or F1p3 in the presence of Pro-Th17 cytokines. Some 

cultures were established with the addition of S4B6 (1/40) or isotype. At each timepoint cells were harvested and 

the levels of pSTAT3(Y705) and pSTAT5(Y694) determined by phosflow. A representative example is shown in (A). 

The percentage positive (B) and MFI (C) are shown for both pSTAT3(Y705) and pSTAT5(Y694). Data represents the 

mean of three independent biological experiements (single technical repeat per biological sample) ±SEM. 

Significance was determined by two-way ANOVA (*p= <0.05, ** p=<0.01 *** p=<0.001). 
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Figure 71  - Anti IL-2 attenuates the intensity of the pSTAT5 signal in the absence of pro-Th17 cytokines. Parallel 

co-cultures of naive  5/4E8 TCR Tg T cells and mDCs were established with either p89-103, R93Cit and F1p3 in the 

absence of Pro-Th17 cytokines. Some cultures were established with the addition of S4B6 (1/40) or isotype. At each 

timepoint cells were harvested and the levels of pSTAT3(Y705) and pSTAT5(Y694) determined by phosflow. A 

representative example is shown in (A). The percentage positive (B) and MFI (C) are shown for both pSTAT3(Y705) 

and pSTAT5(Y694). Data represents the mean of three independent biological experiements (single technical repeat 

per biological sample) ±SEM. Significance was determined by two-way ANOVA (*p= <0.05, ** p=<0.01 *** 

p=<0.001). 
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Figure 72 - Citrullination enhances the pSTAT3:pSTAT5 ratio. Using the MFI values as presented the ratio of pSTAT3 

relative to pSTAT5 can be determined for each time point. (A) indicates pSTAT3:pSTAT5 ratio of 5/4E8 TCR Tg T cells 

activated with 2μM of p89-103 or R93Cit. (B) shows the pSTAT3:pSTAT5 ratio of 5/4E8 TCR Tg T cells activated with 

2μM of p89-103 with either S4B6 or isotype control.  Data represents the mean of three independent biological 

experiements (single technical repeat per biological sample) ±SEM. Significance was determined by two-way ANOVA 

(*p= <0.05, ** p=<0.01 *** p=<0.001).  

  



176 
 

5.9 Discussion  
The data present in this chapter investigated a possible mechanism by which the a 

change in TCR signal intensity can promote the development of Th17 cells as observed 

in Chapters 3 and 4. As IL-2 is one the major genes induced by TCR signalling, it was 

important to determine if differential IL-2 signalling could be responsible for the 

different levels of Th17 responses induced by cognate and citrullinated forms of p89-

103. These studies utilised the in vitro model developed in the previous chapter in 

which the lower affinity R93Cit peptide induced significantly enhanced Th17 

generation when compared to the equivalent concentration of cognate peptide. Based 

on the previous data from studies by Laurence et al, I hypothesised that IL-2 could be 

responsible for the distinct Th responses observed in response to high versus low 

affinity peptides (421, 433). The reduced IL-2 release coupled with a reduced 

expression of CD25 indicated a less active IL-2 signalling induced by R93Cit stimulation. 

The negative influence of IL-2 was confirmed by, firstly, the addition of exogenous IL-2 

that had a significant effect in reducing IL-17 production. Secondly, through the 

addition of the anti-IL-2 mAb S4B6; blocking of IL-2 in those T cells stimulated with the 

strong IL-2 inducer, p89-103, lead to a significant increase in Th17 development within 

these cultures. The pSTAT3 signal was near identical in both p89-103 and R93Cit 

stimulated cultures. As expected if IL-2 was the key influence, the pSTAT5 signal, 

especially at early time points, was significantly greater in naive 5/4E8 TCR Tg T cells 

activated with p89-103 than R93Cit stimulated cultures. Taken together these data 

highlight the influence of IL-2 as a negative influence on Th17 cell development that 

can be influenced by the degree of TCR signalling. 

 It has been established that IL-2 is one of the major products of TCR stimulation. 

Indeed, both NFκB and NFATC1 are potent initiators of IL-2 transcription and both are 

primary downstream effectors of TCR signals (434). Since the studies of Laurence et al, 

it has been suggested that IL-2 serves as a negative regulator of Th17 cell function 

(421). However, the exact mechanism remains disputed with other studies suggesting 

alterative mechanisms by which IL-2 can influence the Th17 phenotype. Others have 

suggested that IL-2 exerts a negative influence through impaired IL-6R expression 

(309). Whilst in this chapter the level of either IL-6Rα or gp130 was not directly 

assessed, the strong pSTAT3 signal implies that IL-6 signalling was competent. It has 
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been suggested by Fujimara et al that IL-2 does not have a direct effect on Th17 cells 

suggesting rather the Th17 phenotype was not dependent on its presence compared 

to Th1 cells (427). However, in this project, cell numbers were normalised after 

primary culture. Indeed, the secondary cultures are re-stimulated with the same 

stimulation (2μM of p89-103) meaning the only difference was the modification to IL-2 

signal within the primary culture.  

Broadly the data presented agree with the mechanism proposed by the O'Shea group 

in which the level of pSTAT3 relative to pSTAT5 influences the generation of Th17 cells 

(435). However, in this project, the targeting of IL-2 by S4B6 leads, not only, to an 

increase in IL-17 release and IL-17+ cell frequency but also in terms of cells expressing 

ROR-γT (433). Whether the differences are due to genetic background of the mice, the 

concentration of S4B6 used (due to the nature of purification it is difficult to directly 

compare) or different kinetics remains unclear. Moreover, the studies by the O'Shea 

group did not vary the strength of the initial TCR signal. My study is the first to link 

differential TCR affinities to IL-2 signalling that in turn influences Th17 generation. 

While the addition of exogenous rhIL-2 did inhibit IL-17 production from naive 5/4E8 

TCR Tg T cells in this project, it had no effect on the frequency of Th17 cells assessed by 

ICS as found by Laurence et al (421). Again this may be attributed to the different 

strains of mice or the use of anti CD3/CD28 instead of pMHC by the O'Shea group. It 

could also be a result of the complications of using human IL-2.  In terms of sequence 

homology human and murine IL-2 share 65% of the 133aa that constitute the mature 

protein (436). Despite the differences at the level of protein sequence, studies have 

shown a similar efficacy in the ability of human IL-2 to induce proliferation of murine T 

cells (437). It may also have been that endogenous IL-2 was saturating in the model 

presented in this chapter negating the addition of further IL-2. Clarification would 

require the genetic ablation of IL-2 in 5/4E8 TCR Tg T cells to eliminate the influence of 

IL-2. 

The data presented also highlight the cooperation between the cytokine milieu and 

the TCR signalling intensity and its effects on Th17 differentiation. It was likely that the 

addition of IL-6 and IL-23 accounts for the strong STAT3 signal. In contrast, the STAT5 

signal was dependent on the degree of IL-2 signalling that was distinct between those 
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T cells activated with p89-103 and the R93Cit peptides. Blockade of IL-2 lead to a 

significant rise in both IL-17 and ROR-γT expression even in the absence of exogenously 

supplied pro-Th17 cytokines. Interestingly, this observation only occurred in those 

stimulated with the weaker citrullinated peptide. This may be due to a weaker TCR-

induced IL-2 signal. Whilst this study was able to interfere with IL-2 signalling both by 

the addition of exogenous IL-2 and by blocking with S4B6 it would be interesting to 

confirm these responses in mice lacking IL-2, CD25 and also STAT5 to confirm the 

observation of this study. It would also be of merit in future studies to utilise the 

power of semi quantitative imaging techniques, such as ImageStream, to determine 

the localisation of STAT3/STAT5 within each individual cell as this would add further 

evidence as to the relative balance between these STATs. Absolute confirmation would 

require CHIP analysis of pSTAT3/5 binding to the il17a locus. 

Recent reports by van Panhuys et al emphasised the influence of TCR signals on 

subsequent cytokine receptor expression (284). TCR signals were found to operate 

upstream of the receptor expression and so altering the ability of cells to respond to 

their local cytokine environment. However, these studies focussed primarily on the 

Th1/ Th2 paradigm. The data presented in this chapter can be interpreted in a similar 

manner in which the reduced TCR signals leads to a failure to upregulate the high 

affinity component of the IL-2R in those T cells stimulated with R93Cit. The van 

Panhuys study also highlighted the influence of co-stimulatory molecules through 

various adjuvants. Whilst out with the parameters of this study, it would be of interest 

to determine if modifications to the co-stimulatory pathway could have a similar 

outcome as CD28 is also known to be capable of influencing NFκB and NFAT activity at 

the il2 locus (438). Thus, it is plausible that different adjuvants could also have pro-

Th17 actions via a similar mechanism. This may have especial relevance in vivo with 

possible implication for vaccine designs targeting Th17 immunity. 

It was not only the production of IL-17 that was affected but IL-4 levels were also 

sensitive to changes in IL-2 signalling. Although the addition of IL-2 lead to a non-

significant effect on IL-4 release, the blockade of IL-2 led to a dose dependent 

inhibition of IL-4. This was in stark contrast to IFNγ levels, which were not significantly 

altered by either treatment. In the context of other studies, the data presented fit with 

those that emphasise a role for IL-2 during the initiation of Th2 responses (416). While 
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not the primary focus of this study, the ability of cells to produce IL-4 in secondary 

cultures was affected by the presence of anti-IL-2 antibody. The lack of IL-4 response 

to the addition of IL-2, may perhaps indicate an existing abundance of endogenous IL-2 

within these cultures. It would be interesting if GATA-3 expression was also affected by 

the suppression of IL-2 by S4B6.  

It has been stated by some studies that IL-2 plays an important role in the generation 

of IFNγ responses (409). Th1 development is dependent on the triggering of STAT4 by 

IL-12 present in the microenvironment. This in turns leads to T-bet expression that 

mediates the production of IFNγ. This process has been described to be enhanced by 

co-production of IL-2 that drives greater expression of both T-bet and IL-12R (417). 

However, the data presented in this chapter suggest that changes to IL-2 signalling do 

not significantly affect IFNγ production. As shown in previous chapters the levels of T-

bet and IFNγ are far more resistant to changes in TCR signal strength than IL-4 or IL-17 

suggesting that IL-2 is not the primary mediator in this model. If conditions were 

optimised to Th1 generation (e.g. the addition of exogenous IL-12 or anti IL-4 mAbs) 

the influence of IL-2 may become more apparent.  

Another important aspect of this project was how changes in IL-2 signalling would 

affect the production of GM-CSF from T cells. Unlike IL-17, GM-CSF did not appear to 

be regulated by IL-2 despite the significant increase in ROR-γT following addition of 

S4B6. The data presented in this chapter appear to contradict the findings by Codarri 

et al that suggest a positive role for ROR-γT in GM-CSF expression (239). However, 

there is a trend towards greater GM-CSF in the absence of anti-IL-2. This is in line with 

other studies that have claimed that GM-CSF expression is positively regulated by IL-2 

(439). It has been suggested that IL-2 enables Th17 cells to co-express IFNγ and IL-12R. 

It would be interesting to further understand the role of IL-2 in the plasticity of Th17 

cells, particularly with regards to the expression of other effector cytokines given the 

importance of these cytokines to disease development in vivo.  

In summary, the data presented in this chapter provide a potential mechanism that 

links changes in TCR signalling to Th17 generation via differential IL-2 signalling. Both 

production and receptor expression are distinct in those T cells activated with the 

higher affinity cognate peptide when compared to the weaker citrullinated form. 
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Together these determine the balance between STAT3 and STAT5 tyrosine 

phosphorylation, thereby profoundly influencing the development of Th17 responses. 

Thus, with a higher intensity TCR signal, IL-2-induced STAT5 is able to compete with 

STAT3, driven by the exogenously supplied IL-6 and IL-23, to inhibit both IL-17 and 

ROR-γT expression. The data presented in this chapter highlight the cooperation 

between those signals derived from the cytokine milieu and those intrinsic signals 

generated by the TCR in the development of the Th17 phenotype. 
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6 General Discussion 

6.1 Summary of findings 
Growing evidence has shown the importance of TCR signalling in shaping the type of 

Th response, the effect which is well characterised with regards to other Th subsets 

including Th1, Th2, TFH and Tregs but not Th17 (159, 271, 273, 440, 441). This project 

aimed to assess how changes in TCR signal intensity by alterations in either peptide 

density or affinity could impact on the murine Th17 response to the candidate 

autoantigen aggrecan.  Essential to addressing this question was the use of the 5/4E8 

TCR Tg mouse. This provided a readily available a source of naive TCR Tg T cells of 

which over 85% were specific for the arthritogenic aggrecan peptide p89-103. Using 

these tools the major findings of this project are as follows, 

x Development of the Th17 phenotype from naive 5/4E8 TCR Tg T cells was 

enhanced at a lower density of cognate peptide. This was apparent both in the 

expression and production of IL-17 as well as at the level of ROR-γT induction. 

x Citrullination of a putative TCR contact point, R93, produced a partial agonist 

for the 5/4E8 TCR. The weaker affinity of R93Cit also led to an enhanced 

induction of the Th17 subset at higher peptide doses when compared to the 

equivalent concentration of the cognate peptide p89-103.  

x A lower TCR signalling intensity also promoted greater production of Th17- 

associated cytokines IL-22 and GM-CSF, which have been associated with 

pathology in vivo in certain disease models. 

x Differences in TCR affinity also regulated both IL-2 cytokine production and IL-

2Rα receptor expression. 

x The differential IL-2 signalling induced by changes in TCR affinity altered the 

pSTAT3:pSTAT5 ratio that was enhanced in T cells activated with a weaker 

affinity APL such as R93Cit. 

 

From the data presented in this thesis, I propose the following model, which is 

summarised in Figure 73. The reduced TCR signal intensity caused by citrullination at 

the putative TCR contact R93 leads to a weakening in the interaction between the 

5/4E8 TCR and R93Cit-MHC presented by LPS mDCs. Given that IL-2 and IL-2Rα are 
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both the result of TCR signalling, the weaker affinity of R93Cit induces lower levels of 

expression of these proteins when compared to the cognate peptide. This in turn leads 

to reduced STAT5 activity in Th cells activated with the citrullinated peptide. While the 

STAT3 induction is primarily (but not entirely) due to the presence of exogenous IL-6 

and IL-23 in the cytokine environment, the relative reduction in pSTAT5 activity has the 

consequence of  less competition between these STATs at the il17a locus. Hence, there 

is greater Th17 induction when the negative influence of IL-2 is reduced in those naive 

5/4E8 TCR Tg T cells activated  with a lower affinity agonist such as R93Cit. 

 

Figure 73 - Model of how peptide affinity promotes Th17 development by alteration to the pSTAT3/5 balance. 

6.2 Strengths & Weaknesses 
Studying the influence of TCR signalling intensity on Th differentiation remains 

challenging with polyclonal precursor populations as occurs in WT hosts (273). In order 

to overcome the diversity in endogenous TCRs, surrogate antigens such as anti-

CD3/CD28 have been developed. These bypass the TCR altogether to ensure each Th 

cell receives the same stimulus. However, the affinity of antibodies is significantly 

greater than that of a TCR interacting with even high affinity pMHC complexes (273). 

Furthermore, while modulation in the ratio of anti-CD3 relative to T cells allows for 

variations in the quantitative aspects of TCR signalling, it is not possible to alter the 

affinity between the antibody and TCR. The use of the 5/4E8 TCR Tg model permits 

access to large numbers of naive precursors expressing a known TCR. Thus, both 
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quantitative and qualitative changes to TCR signal intensity can be made by altering 

peptide concentration and sequence, respectively. Furthermore, unlike studies that 

utilise Tg TCRs that recognise model antigens such as OVA or MCC, the antigen, p89-

103, is derived from a disease-relevant autoantigen aggrecan. Indeed, Th responses 

against this epitope and the citrullinated form can be detected in patients with 

inflammatory arthritis (332, 442). Thus, the 5/4E8 TCR Tg model provides a more 

physiological context to assess the influence of TCR signalling intensity upon the Th17 

phenotype. 

While pro-Th17 cytokines were added to cultures of naive 5/4E8 TCR Tg T cells in order 

to facilitate induction of the Th17 phenotype, no antagonistic mAbs (e.g. anti-IL-4 or 

anti-IL-12 etc) were included during primary co-culture. Thus, it was also possible to 

assess how TCR signalling affected the development of other subsets, such as Th2 and 

Th1 cells, in parallel. Furthermore, as well as assessing the production of IL-17a 

typically used to define the Th17 phenotype throughout this study, the levels of GM-

CSF and IL-22 were also determined. Production of these Th17-associated cytokines 

suggests that, not only, are Th17 cells induced at a lower signal strength but these co-

express cytokines typical of the pathological subset in some in vivo disease models 

(196, 239, 241). It is increasingly recognised that Th17 cells are not a homogenous 

subset with distinct phenotypes occurring within the IL-17a- expressing population 

(290, 376, 443). 

The use of a TCR Tg system, while an absolute necessity to assess the influence of 

peptide affinity, does not reflect the complexity of polyclonal T cell responses. 

Approximately 0.1-1% of T cells in a lymph node are capable of responding to an 

immunising antigen (273). It cannot be ruled out that the high frequency of responders 

in these co-cultures (>85% Vβ4+) could have affected the observed outcome. Thus, 

while the knock-in of the TCR transgene provides an important tool to assess these 

factors, caution must be applied when extrapolating the same principles to the more 

complex situation when multiple TCRs of differing affinities compete to bind a 

particular pMHC.   

Furthermore, this project is limited by the lack of in vivo data. The relatively short term 

in vitro co-culture of naive Th cells with LPS mDCs in plastic plates lacks the complexity 
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that occurs in a lymph node. Further confirmation using adoptive transfer of naive 

5/4E8 TCR Tg T cells into a congenic host would prove valuable. Moreover, the addition 

of exogenous cytokines means that further optimisation would be needed in order to 

generate a substantive Th17 response in vivo. The importance to disease progression 

remains to be confirmed until both peptide density and affinity are assessed in the 

context of an inflammatory disease model such as PGIA. Expression of GM-CSF and IL-

22 are linked to pathology in vivo but confirmation that the Th17 cells induced by 

R93Cit are more pathogenic than those induced by cognate peptide would be valuable 

if replicated in vivo (239, 444). 

Moreover, only LPS mDCs were used during this study to standardise the APC and co-

stimulatory signals that naive 5/4E8 TCR Tg T cells received during activation.  Other 

APCs such as B cells and macrophages can interact with and activate T cells leading to 

distinct Th responses (445-447).  The influence of different APC types and co-

stimulation pathways is another important influence on Th differentiation and worthy 

of further study.   

Finally, care must always be exercised when extrapolating between murine models 

and humans. While the influence between a low TCR signalling intensity and induction 

of the Th17 phenotype in mice agrees with previous human studies in our group, the 

influence of IL-2 antagonism may differ between species (283). There are no current 

data using human Th cells to confirm that the mechanism proposed by this project 

operates in both mouse and man. Moreover, the differences between human and 

murine in vitro Th17 induction makes direct comparisons challenging. Many important 

factors differ including the source (human - peripheral blood vs. murine - spleen cells) 

and type of Th population (Th17 induction from naive human T cells is challenging), as 

well as activating antigen and cytokine milieu (448-450). Also epigenetic markers that 

are thought to be important in controlling Th17 plasticity may differ between the 

species with some studies suggesting that human Th17 express IFNγ and T-bet more 

readily than murine Th17 cells through the expression of IL-12R (449, 451). Indeed, 

GM-CSF in humans appears to be more directly influenced by T-bet than ROR-γT as is 

the case in murine studies (452). The precise influences that these variables have on 

the observed Th response remains to be fully qualified and in some cases are more 
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reliant on the experimental setup and temporal factors than any species difference 

(450). 

6.3 Future studies 

6.3.1 The role of PTPN22 in Th responses 
PTPN22 encodes for the enzyme Pep (Lyp in humans), a tyrosine phosphatase that 

inhibits the activity of Src-family kinases, including ZAP-70, LCK and VAV, required for 

TCR signal induction (453). Polymorphisms in the Ptpn22 gene are association with 

arthritis in a Japanese cohort. Indeed, the R620W SNP is found to be associated with 

an increased prevalence of type I diabetes, RA, SLE and Grave's disease (454). The 

functional consequence of the latter remains unclear as to whether it represents a 

gain-of-function mutation, suppressing TCR signalling, or enhances the degree of 

signalling due to a loss of phosphatase activity.  

Interesting data has arisen from studies of ptpn22-/- mice which have shown an 

enhanced degree of phosphorylation in a number of TCR signalling components 

including ZAP-70 (455). Moreover, ZAP-70 mutations form the basis of the SKG murine 

arthritis model (456). These mice develop a spontaneous arthritis that is dependent on 

Th17 cells. Indeed, Il17a-/- T cells from SKG mice are unable to induce pathology if 

adoptively transferred.  

In Ptpn22-/- mice, the development of Tregs both in the thymus and in the periphery is 

enhanced (453). As expected these mice have significantly curtailed EAE compared to 

WT mice (457). These findings agree with data from the Allison lab highlighting the 

importance of a high affinity peptide for Treg development. However, the influence of 

such a mutation on Th17 cells remains to be explored. It would be an interesting 

validation of the hypothesis that a lower TCR signalling intensity promotes Th17 

induction if Ptpn22-/- mice show a suppressed Th17 response due to more sustained 

TCR signalling. 

6.3.2 IL-2 in human Th17 response 
With growing evidence highlighting the role of IL-2 as a negative regulator of the 

murine Th17 response, it remains to be assessed if a similar mechanism operates in 

man. The data remain unclear with the routine use of IL-2 in human Th17 cultures in 
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many labs. However, others have indicated a suppression of IL-17 release from human 

memory T cells when exposed to IL-2 (458). Interestingly, Santarlasci et al have shown 

a reduced degree of proliferation and IL-2 release by Th17 cells as compared to other 

subsets when stimulated with anti-CD3/28  (459). Moreover, these cells upregulate 

expression of IL4I1, a secreted L-phenylalanine oxidase, under the control of ROR-γT. 

IL4I1 has been shown to negatively regulate CD3ζ expression limiting the expansion of 

these cells. A subsequent study has also linked IL4I1 to upregulation of an 

antiproliferative protein Tob1 (460). Capable of negatively regulating a number of 

mitogenic factors including SMADs, ERKs and CTNNB, overexpression of IL4I1 can lead 

to cycle arrest in primary T cells. Indeed, Schulze-Toppohoff et al have proposed Tob1 

as one of the most promising biomarkers for diagnosis and prognosis of MS with 92% 

of Tob1+ patients converting into Clinically Defined Multiple Sclerosis (CDMS) (461). 

This evidence has also been proposed to explain the apparent scarcity of Th17 cells in 

the periphery of RA patients. An intriguing hypothesis is that humans T cells are not 

negatively regulated by IL-2 directly but express negative regulators of IL-2 production 

such as IL4I1. Thus, the impaired ability of human Th17 cells to produce IL-2 may 

reflect the poor proliferation capacity and scarcity of this subset relative to others such 

as Th1 cells in the periphery RA patients. 

6.3.3 Epigenetic regulation of Th17 cells 
Recent advances in technology has allowed a greater appreciation of the complexity of 

a Th response with greater knowledge of genomics, proteomics, transcriptomics and 

epigenomics and how these affect Th cell differentiation (462). Studies by Gottschalk 

et al have identified pathways that can be differentially regulated in response to 

changes in either peptide affinity or avidity (400). Moreover, Yousef et al have profiled 

the Th17 response at 18 time points over 72h showing that Th17 differentiation occurs 

in three distinct phases of transcription (463). This approach identified novel 12 

regulators critical for establishing Th17 cells. Interestingly, a number of these are 

involved in the negative regulation of IL-2 production. It would be interesting to assess 

if these play a similar role to Tob1 in human Th17 cells. Many of these targets have 

since been confirmed by CHIP-seq data from Ciofani et al, enabling systematic ranking 

of key factors and transcriptional regulators in both wild type and knockout cells (252). 

Thus, it would be interesting to apply techniques such as RNA-seq to profile the 



187 
 

heterogeneity of Th responses with the possibilities of identifying novel subsets within 

a T cell population. Analysis may help identify important check points in Th17 

development and which genes that when expressed can determine whether Th cells 

become pathogenic at the level of a single cell. Indeed, identification of pathogenic 

subsets may lead to more targeted therapies and discovery of novel biomarkers for 

diagnosis. 

A further layer of regulation occurs through the differential expression of miRNAs, 

consisting of short sequences of RNA nucleotides (21-24nt in length) that can affect 

gene expression through a number of mechanisms thought to be dependent on the 

affinity for a target mRNA (464). These range from inhibition of mRNA translation to 

direct targeting of mRNA for degradation. Evidence has been growing as to the role of 

miRNA in promoting Th17 development with miRNA-326 found to impair the 

expression of a negative regulator of Th17 cells ETS-1 (465). Haas et al have shown that 

miRNA-133b and miRNA-206 can promote IL-17a/f production from both αβ and γδ T 

cells in response to IL-23 stimulation (466). miRNA-155 has also been shown to 

enhance Th17 cells development and EAE possibly through the negative regulation of 

c-maf induced IL-4 (467). Other miRNAs have been shown to be directly linked to TCR 

signalling (468). For example, miRNA-181a is known to be expressed during maturation 

during the thymus. It is thought that miRNA-181a can repress the expression of 

phosphatases and so can enhance the degree of TCR signalling and T cell sensitivity to 

antigen. Indeed, an increase in copy number per cell from 25 to 70 lead to a decline of 

target phosphatases with a corresponding rise in TCR activation. Assessing expression 

of miRNA-181a in our model would also be of interest. 

6.3.4 Further in vivo characterisation 
It would be of interest to explore to confirm the role of IL-2 through the ablation of 

critical targets including CD25, IL-2 and STAT5. Given the discrepancies between the 

CD25 knockout and STAT5 mice found in studies by Fuijmara et al and Laurence et al, 

respectively, it would be of interest to determine if a similar result would occur using 

the TCR Tg system used in this project (421, 427). Furthermore, the 5/4E8 TCR Tg mice 

are the basis for the PGIA model of inflammatory arthritis. Many characteristics of 

PGIA reflect aspects of polyarthritis and ankylosing spondylitis shown externally 

through redness and swelling due to oedema and proliferation of immune cells (339). 
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The globular domain of aggrecan is highly conserved between species especially 

between humans and mice. Given the model is reliant on cross reactivity between 

different species, it would be interesting in future to assess if citrullinated peptides 

could alter the course of pathology in ongoing PGIA.  

Further screening of APLs could identify a peptide capable of negatively regulating 

either IL-17 release or promotion of the Treg phenotype given the panel used in this 

study was relatively limited compared to other studies using all 20 amino acids at each 

position. The next challenge would be to assess the impact of these APLs on ongoing 

arthritis. However, the use of APLs in patients remains challenging given the 

heterogeneity of autoantigens within patient immune responses. Moreover, despite 

promise in modulation of murine EAE, Bielekova et al indicated that the APL to MBP83-

99 was poorly tolerated resulting in halting on the phase II trial (469). Thus 

consideration must be given to the complexity of introducing antigenic peptides into 

an ongoing inflammatory response. It would have to be demonstrated that any APL 

inhibited pre-existing disease before being carried through to human studies. 

6.3.5 The role of co-stimulation on T cell phenotype 
With TCR signalling playing a significant role in the shaping of the Th response, an 

interesting question arises of how co-stimulation can shape this response. CD28 is the 

primary co-stimulatory molecule involved in the modulation of the TCR signalling 

pathway playing a critical role in the amplifying signal in a number of shared pathways 

including PIK, ITK, TEC, Akt and VAV1 (136). Studies by Bouguermouth et al have 

shown that the addition of soluble anti-CD28 negatively regulated Th17 differentiation 

from anti-CD3 stimulated naive murine T cells (360). Similarly activation of naive T cells 

with mature DCs suppressed the frequency of Th17 cells relative to those exposed to 

immature DCs. Blockade of CD28 signaling using CTLA4-Ig also positively regulated 

development of Th17 in both human and murine cultures (470). Indeed, treatment of 

EAE mice with CTLA4-Ig enhanced pathology due to increased Th17 activity. Thus, 

these data agree with the hypothesis that a reduced signal strength is important in 

Th17 cell differentiation. The maturation conditions used throughout this study were 

kept constant, meaning the role of co-stimulation could not be assessed. It would be 

interesting in future studies, given the importance of CD28 signalling to IL-2 
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production, to assess if the changes to this pathway also impact on the pSTAT3/5 

balance. 

Engagement of other co-stimulatory pathways can also regulate Th17 function. CD40 

has been shown to induce an antigenic Th17 response even under tolerogenic 

conditions (471). CD40L knockout mice preferentially lack Th17 cells with no alteration 

in Th1 cells suggesting that CD40 is of particular importance for Th17 development. 

Others have shown that anti-CD3/CD5 could alter transcription leading to enhanced 

Th17 generation relative to CD28 stimulation (472). Moreover, OX40 has also been 

shown to affect Th17 development positively. OX40-activated T cells are capable of 

inducing pathology following adoptive transfer in the murine model of antigen specific 

uveitis (473). Paulos et al have also shown that ICOS signalling has a preferential role in 

the development of human Th17 cells (474). However, these data conflict with EAE 

models in which ICOS knockout mice show exacerbated pathology (475). Interestingly, 

while ICOS is a member of the CD28 protein family, it fails to induce IL-2 production 

and so would provide an interesting tool to assess the role of IL-2-driven STAT5 

signalling in Th17 cell development (476). Thus, clarification on the role of co-

stimulation would be an interesting avenue for future research especially if a hierarchy 

of importance could be determined if all the molecules were assessed in the same 

model.    

6.3.6 The effect of other PTMs on T cell responses 
Citrullination is just one a number of PTMs that proteins can undergo (312). Growing 

evidence has also highlighted the relevance of carbamylation; the conversion of Lysine 

to Homocitrulline residues (477). As with citrullination, current knowledge has focused 

on the autoantibody response with anti-carbamylated protein (CarP) antibodies being 

the useful prognostic markers particularly in those patients that lack a response to 

citrullinated antigens (478). Intriguing data has shown an interaction between 

carbamylated and citrullinated peptides following intra-articular immunisation (479). 

Alone the citrullinated peptide failed to induce pathology but if mice were initially 

primed with a carbamylated peptide, the degree of pathology was significantly 

increased. Thus, it would be of interest to study further how responses to distinct 

PTMs can interact and if the presence of these facilitates epitope spreading through 

cross-reactivity between specific forms of PTM (480). Whether the modified antigens 
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are recognised by the same or distinct Th subpopulations remains to be fully 

characterised within patients with autoimmune diseases. A growing hypothesis 

suggests that PTMs such as citrullination are linked to chronic inflammation and 

defective processes such as apoptosis and autophagy (480). Given that thymic 

expression of PAD and citrullinated antigen remains unclear it would be possible that 

PTMs generate a pool of neo-epitopes capable of breaking central tolerence to 

excerbate and sustain an autoreactive Th response. 

While the focus of this study has been on citrullination in the context of autoimmunity, 

understanding how these modifications can generate neo-epitopes may be of 

importance in tumour and infectious immunology (312). In the case of the former 

enhanced CTL responses have been detected to deiminated and cysteinylated epitopes 

which are greater than to unmodified form (481). In the context of influenza infection, 

reduction of cysteine-containing epitopes derived from viral nuclear protein (NP) 

increased the magnitude of the immune response 10-100 fold (482). In contrast, 

glycosylation of NP reduces its immunogenicity through alteration of epitope 

processing. Others have shown that modifications such as nitrosylation can change 

immune function through PTM of chemokines (483). These have been shown in vivo to 

impact on chemotaxis of APCs (484). Thus, further characterisation of the effect that 

the growing number of PTMs have on T cell responses is an area of increasing interest. 

6.4 Conclusions 
In summary, the data present in this thesis demonstrate the profound impact of TCR 

signalling intensity on the development of effector Th cells from naive precursors. 

Reinforcing data from previous studies, I have shown that low concentrations of 

cognate peptide favoured Th17 development at the expense of Th2 cells. Moreover, 

the introduction of a citrulline to a putative TCR contact produced a lower affinity APL 

that also promoted Th17 differentiation. It is this interaction between IL-2 signalling, a 

major product of TCR engagement, and the pro-Th17 cytokine milieu that promotes 

this shift from a Th2 response to one dominated by Th17 cells. The data presented in 

this project showing antigen- induced alteration in the ratio between STAT3 and 

STAT5, indicates how products of the TCR pathway can interact with the cytokine 

environment.  Further understanding of the mechanisms that regulate Th17 responses 

may lead to specific targeting of this pathogenic subset. The data presented here have 
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implications for IL-2 therapies, which may exert influence through antagonism of Th17 

cells. It is a pertinent question whether IL-2-mediated suppression of Th17 cells 

influences both in vivo and human Th17 immunobiology.  

  

 

   



192 
 

7 References 
 

1. Janeway CT, P. Walport, M. Shlomchik, MJ., editor. Immunobiology. 6th ed: Garland 
Science; 2005. 
2. Barouch DH, Deeks SG. Immunologic strategies for HIV-1 remission and eradication. 
Science. 2014;345(6193):169-74. 
3. Petta F, De Luca C, Triggiani M, Casolaro V. Fragments of truth: T-cell targets of 
polyclonal immunoglobulins in autoimmune diseases. Current Opinion in Pharmacology. 
2014;17(0):1-11. 
4. Walsh JT, Watson N, Kipnis J. T cells in the central nervous system: messengers of 
destruction or purveyors of protection? Immunology. 2014;141(3):340-4. 
5. Zambrano-Zaragoza JF, Romo-Martínez EJ, Durán-Avelar MdJ, García-Magallanes N, 
Vibanco-Pérez N. Th17 Cells in Autoimmune and Infectious Diseases. International Journal of 
Inflammation. 2014;2014:651503. 
6. Bailey M, Christoforidou Z, Lewis M. Evolution of immune systems: Specificity and 
autoreactivity. Autoimmunity Reviews. 2013;12(6):643-7. 
7. Alnemri ES. Sensing Cytoplasmic Danger Signals by the Inflammasome. Journal of 
Clinical Immunology. 2010;30(4):512-9. 
8. Reynolds JM, Dong C. Toll-like receptor regulation of effector T lymphocyte function. 
Trends in Immunology. 2013;34(10):511-9. 
9. Walsh JG, Muruve DA, Power C. Inflammasomes in the CNS. Nat Rev Neurosci. 
2014;15(2):84-97. 
10. Janeway CA, Medzhitov R. INNATE IMMUNE RECOGNITION. Annual Review of 
Immunology. 2002;20(1):197-216. 
11. Tonegawa S. Antibody and T-cell receptors. Jama. 1988;259(12):1845-7. 
12. Allen PM. Making Antigen Presentable. The Journal of Immunology. 2007;179(1):3-4. 
13. Waldron JA, Horn RG, Rosenthal AS. Antigen-Induced Proliferation of Guinea Pig 
Lymphocytes in Vitro: Obligatory Role of Macrophages in the Recognition of Antigen by 
Immune T-Lymphocytes. The Journal of Immunology. 1973;111(1):58-64. 
14. Zinkernagel RM, Doherty PC. Immunological surveillance against altered self 
components by sensitised T lymphocytes in lymphocytes choriomeningitis. Nature. 
1974;251(5475):547-8. 
15. Ziegler HK, Unanue ER. Decrease in macrophage antigen catabolism caused by 
ammonia and chloroquine is associated with inhibition of antigen presentation to T cells. 
Proceedings of the National Academy of Sciences. 1982;79(1):175-8. 
16. Ziegler K, Unanue ER. Identification of a macrophage antigen-processing event 
required for I-region-restricted antigen presentation to T lymphocytes. The Journal of 
Immunology. 1981;127(5):1869-75. 
17. Davis MM, Bjorkman PJ. T-cell antigen receptor genes and T-cell recognition. Nature. 
1988;334(6181):395-402. 
18. Collins MK GP, Spurr NK, Solomon E, Tanigawa G, Tonegawa S, Owen MJ. The human 
T-cell receptor alpha-chain gene maps to chromosome 14. Nature. 1985;314:273-4. 
19. Yoshikai Y, Anatoniou D, Clark SP, Yanagi Y, Sangster R, Van den Elsen P, et al. 
Sequence and expression of transcripts of the human T-cell receptor [beta]- chain genes. 
Nature. 1984;312(5994):521-4. 
20. Bonneville M, Ishida I, Mombaerts P, Katsuki M, Verbeek S, Berns A, et al. Blockage of 
[alpha][beta] T-cell development by TCR [gamma][delta] transgenes. Nature. 
1989;342(6252):931-4. 
21. Lafaille JJ, DeCloux A, Bonneville M, Takagaki Y, Tonegawa S. Junctional sequences of T 
cell receptor γδ genes: Implications for γδ T cell lineages and for a novel intermediate of V-(D)-
J joining. Cell. 1989;59(5):859-70. 



193 
 

22. Hedrick SM, Cohen DI, Nielsen EA, Davis MM. Isolation of cDNA clones encoding T cell-
specific membrane-associated proteins. Nature. 1984;308(5955):149-53. 
23. Hedrick SM, Nielsen EA, Kavaler J, Cohen DI, Davis MM. Sequence relationships 
between putative T-cell receptor polypeptides and immunoglobulins. Nature. 
1984;308(5955):153-8. 
24. Teh HS, Kisielow P, Scott B, Kishi H, Uematsu Y, Bluthmann H, et al. Thymic major 
histocompatibility complex antigens and the [alpha][beta] T-cell receptor determine the 
CD4/CD8 phenotype of T cells. Nature. 1988;335(6187):229-33. 
25. Wang J-h, Reinherz EL. Structural basis of T cell recognition of peptides bound to MHC 
molecules. Molecular Immunology. 2002;38(14):1039-49. 
26. Milstein O, Hagin D, Lask A, Reich-Zeliger S, Shezan E, Ophir E, et al. CTLs respond with 
activation and granule secretion when serving target for T cell recognition2010. 
27. Perkins DL, Lai MZ, Smith JA, Gefter ML. Identical peptides recognized by MHC class I- 
and II-restricted T cells. The Journal of Experimental Medicine. 1989;170(1):279-89. 
28. Inaba K, Metlay JP, Crowley MT, Steinman RM. Dendritic cells pulsed with protein 
antigens in vitro can prime antigen-specific, MHC-restricted T cells in situ. The Journal of 
Experimental Medicine. 1990;172(2):631-40. 
29. Meuer SC, Hodgdon JC, Hussey RE, Protentis JP, Schlossman SF, Reinherz EL. Antigen-
like effects of monoclonal antibodies directed at receptors on human T cell clones. The Journal 
of Experimental Medicine. 1983;158(3):988-93. 
30. Rudolph MG, Stanfield RL, Wilson IA. HOW TCRS BIND MHCS, PEPTIDES, AND 
CORECEPTORS. Annual Review of Immunology. 2006;24(1):419-66. 
31. Kuhns MS, Davis MM, Garcia KC. Deconstructing the Form and Function of the 
TCR/CD3 Complex. Immunity. 2006;24(2):133-9. 
32. Ghendler Y, Smolyar A, Chang H-C, Reinherz EL. One of the CD3Îµ Subunits within a T 
Cell Receptor Complex Lies in Close Proximity to the CÎ² FG Loop. The Journal of Experimental 
Medicine. 1998;187(9):1529-36. 
33. Touma M, Chang H-C, Sasada T, Handley M, Clayton LK, Reinherz EL. The TCR CÎ² FG 
Loop Regulates Î±Î² T Cell Development. The Journal of Immunology. 2006;176(11):6812-23. 
34. Beddoe T, Chen Z, Clements CS, Ely LK, Bushell SR, Vivian JP, et al. Antigen Ligation 
Triggers a Conformational Change within the Constant Domain of the Î±Î² T Cell Receptor. 
Immunity. 2009;30(6):777-88. 
35. Garcia KC, Teyton L, Wilson IA. STRUCTURAL BASIS OF T CELL RECOGNITION. Annual 
Review of Immunology. 1999;17(1):369-97. 
36. Gellert M. V (D) J Recombination: RAG Proteins, Repair Factors, and Regulation*. 
Annual review of biochemistry. 2002;71(1):101-32. 
37. Godfrey DI, Rossjohn J, McCluskey J. The Fidelity, Occasional Promiscuity, and 
Versatility of T Cell Receptor Recognition. Immunity. 2008;28(3):304-14. 
38. Kjer-Nielsen L, Clements CS, Purcell AW, Brooks AG, Whisstock JC, Burrows SR, et al. A 
Structural Basis for the Selection of Dominant Î±Î² T Cell Receptors in Antiviral Immunity. 
Immunity. 2003;18(1):53-64. 
39. Abbey JL, O'Neill HC. Expression of T-cell receptor genes during early T-cell 
development. Immunol Cell Biol. 2007;86(2):166-74. 
40. Hewitt EW. The MHC class I antigen presentation pathway: strategies for viral immune 
evasion. Immunology. 2003;110(2):163-9. 
41. Natarajan K, Li H, Mariuzza RA, Margulies DH. MHC class I molecules, structure and 
function. Rev Immunogenet. 1999;1(1):32-46. 
42. Rock KL, Goldberg AL. DEGRADATION OF CELL PROTEINS AND THE GENERATION OF 
MHC CLASS I-PRESENTED PEPTIDES. Annual Review of Immunology. 1999;17(1):739-79. 
43. Garbi N, Tiwari N, Momburg F, Hämmerling GJ. A major role for tapasin as a stabilizer 
of the TAP peptide transporter and consequences for MHC class I expression. European Journal 
of Immunology. 2003;33(1):264-73. 



194 
 

44. Wright CAK, Patrycja  /  Zacharias, Martin / Springer, Sebastian Tapasin and other 
chaperones: models of the MHC class I loading complex. Biological Chemistry. 2005(9):763-78. 
45. Cella M, Engering A, Pinet V, Pieters J, Lanzavecchia A. Inflammatory stimuli induce 
accumulation of MHC class II complexes on dendritic cells. Nature. 1997;388(6644):782-7. 
46. Jones EY, Fugger L, Strominger JL, Siebold C. MHC class II proteins and disease: a 
structural perspective. Nat Rev Immunol. 2006;6(4):271-82. 
47. Germain RN. MHC-dependent antigen processing and peptide presentation: Providing 
ligands for T lymphocyte activation. Cell. 1994;76(2):287-99. 
48. Stern LJ, Brown JH, Jardetzky TS, Gorga JC, Urban RG, Strominger JL, et al. Crystal 
structure of the human class II MHC protein HLA-DR1 complexed with an influenza virus 
peptide. Nature. 1994;368(6468):215-21. 
49. Fremont DH, Hendrickson WA, Marrack P, Kappler J. Structures of an MHC Class II 
Molecule with Covalently Bound Single Peptides. Science. 1996;272(5264):1001-4. 
50. Sadegh-Nasseri S, Germain RN. A role for peptide in determining MHC class II 
structure. Nature. 1991;353(6340):167-70. 
51. Rammensee HG, Falk K, Rötzschke O. Peptides Naturally Presented by MHC Class I 
Molecules. Annual Review of Immunology. 1993;11(1):213-44. 
52. Rudensky AY, Preston-Hurlburt P, Hong S-C, Barlow A, Janeway CA. Sequence analysis 
of peptides bound to MHC class II molecules. Nature. 1991;353(6345):622-7. 
53. Denzin LK, Cresswell P. HLA-DM induces clip dissociation from MHC class II αβ dimers 
and facilitates peptide loading. Cell. 1995;82(1):155-65. 
54. Cresswell PR, Paul A. Invariant chain variants govern MHC class II transport: Invariant 
chain–MHC class II complexes: always odd and never invariant. Immunology & Cell Biology. 
2014;92:471-72. 
55. Ackerman ALC, Peter. Cellular mechanisms governing cross-presentation of exogenous 
antigens. Nat Immunol. 2004;5:678-84. 
56. Chen J-L, Stewart-Jones G, Bossi G, Lissin NM, Wooldridge L, Choi EML, et al. Structural 
and kinetic basis for heightened immunogenicity of T cell vaccines. The Journal of Experimental 
Medicine. 2005;201(8):1243-55. 
57. Hahn M, Nicholson MJ, Pyrdol J, Wucherpfennig KW. Unconventional topology of self 
peptide-major histocompatibility complex binding by a human autoimmune T cell receptor. 
Nat Immunol. 2005;6(5):490-6. 
58. Nicholson MJ, Hahn M, Wucherpfennig KW. Unusual Features of Self-Peptide/MHC 
Binding by Autoimmune T Cell Receptors. Immunity. 2005;23(4):351-60. 
59. Rodgers JR, Cook RG. MHC class Ib molecules bridge innate and acquired immunity. 
Nat Rev Immunol. 2005;5(6):459-71. 
60. Sullivan LC, Hoare HL, McCluskey J, Rossjohn J, Brooks AG. A structural perspective on 
MHC class Ib molecules in adaptive immunity. Trends in immunology. 2006;27(9):413-20. 
61. Hoare HL, Sullivan LC, Pietra G, Clements CS, Lee EJ, Ely LK, et al. Structural basis for a 
major histocompatibility complex class Ib-restricted T cell response. Nat Immunol. 
2006;7(3):256-64. 
62. Evavold BD, Allen PA. Separation of IL-4 production from Th cell proliferation by an 
altered T cell receptor ligand. Science. 1991;31(252):1308-10. 
63. Katsara M, Minigo G, Plebanski M, Apostolopoulos V. The good, the bad and the ugly: 
how altered peptide ligands modulate immunity. Expert Opinion on Biological Therapy. 
2008;8(12):1873-84. 
64. Tao X, Grant C, Constant S, Bottomly K. Induction of IL-4-producing CD4+ T cells by 
antigenic peptides altered for TCR binding. The Journal of Immunology. 1997;158(9):4237-44. 
65. Archbold JK, Macdonald WA, Burrows SR, Rossjohn J, McCluskey J. T-cell 
allorecognition: a case of mistaken identity or dÃ©jÃ  vu? Trends in Immunology. 
2008;29(5):220-6. 
66. Morris GP, Ni PP, Allen PM. Alloreactivity is limited by the endogenous peptide 
repertoire. Proceedings of the National Academy of Sciences. 2011;108(9):3695-700. 



195 
 

67. Gowans JL. The recirculation of lymphocytes from blood to lymph in the rat. J Physiol. 
1959;146:54-69. 
68. Girard J-P, Moussion C, Forster R. HEVs, lymphatics and homeostatic immune cell 
trafficking in lymph nodes. Nat Rev Immunol. 2012;12(11):762-73. 
69. Mempel TR, Henrickson SE, Von Andrian UH. T-cell priming by dendriticcells in lymph 
nodes occurs in three distinct phases. Nature. 2004;427(6970):154-9. 
70. Allan RS, Waithman J, Bedoui S, Jones CM, Villadangos JA, Zhan Y, et al. Migratory 
Dendritic Cells Transfer Antigen to a Lymph Node-Resident Dendritic Cell Population for 
Efficient CTL Priming. Immunity.25(1):153-62. 
71. Tomura M, Hata A, Matsuoka S, Shand FHW, Nakanishi Y, Ikebuchi R, et al. Tracking 
and quantification of dendritic cell migration and antigen trafficking between the skin and 
lymph nodes. Sci Rep. 2014;4. 
72. Förster Reinhold D-MACRA. CCR7 and its ligands: balancing immunity and tolerance. 
Nat Immunol Reviews. 2008;8:362-71. 
73. Stoll S, Delon J, Brotz TM, Germain RN. Dynamic imaging of T cell-dendritic cell 
interactions in lymph nodes. Science. 2002;296(5574):1873-6. 
74. Gunzer M, Weishaupt C, Hillmer A, Basoglu Y, Friedl P, Dittmar KE, et al. A spectrum of 
biophysical interaction modes between T cells and different antigen-presenting cells during 
priming in 3-D collagen and in vivo. Blood. 2004;104(9):2801-9. 
75. Gascoigne NR, Zal T. Molecular interactions at the T cell–antigen-presenting cell 
interface. Current opinion in immunology. 2004;16(1):114-9. 
76. Schneider H, Downey J, Smith A, Zinselmeyer BH, Rush C, Brewer JM, et al. Reversal of 
the TCR stop signal by CTLA-4. Science. 2006;313(5795):1972-5. 
77. Mempel TR, Junt T, von Andrian UH. Rulers over randomness: stroma cells guide 
lymphocyte migration in lymph nodes. Immunity. 2006;25(6):867-9. 
78. Beltman JB, Marée AF, Lynch JN, Miller MJ, de Boer RJ. Lymph node topology dictates 
T cell migration behavior. The Journal of experimental medicine. 2007;204(4):771-80. 
79. Beauchemin C, Dixit NM, Perelson AS. Characterizing T cell movement within lymph 
nodes in the absence of antigen. The Journal of Immunology. 2007;178(9):5505-12. 
80. Miller MJ, Wei SH, Parker I, Cahalan MD. Two-photon imaging of lymphocyte motility 
and antigen response in intact lymph node. Science. 2002;296(5574):1869-73. 
81. Castellino F, Germain RN. COOPERATION BETWEEN CD4+ AND CD8+ T CELLS: When, 
Where, and How*. Annu Rev Immunol. 2006;24:519-40. 
82. Bousso P, Robey E. Dynamics of CD8+ T cell priming by dendritic cells in intact lymph 
nodes. Nature immunology. 2003;4(6):579-85. 
83. Bajenoff M. Stromal cell networks regulate lymphocyte entry, migration, and 
territoriality in lymph nodes. Immunity. 2006;25:989-1001. 
84. Mueller SN, Germain RN. Stromal cell contributions to the homeostasis and 
functionality of the immune system. Nature Reviews Immunology. 2009;9(9):618-29. 
85. Mellor AL, Munn DH. Creating immune privilege: active local suppression that benefits 
friends, but protects foes. Nat Rev Immunol. 2008;8(1):74-80. 
86. Day TA, Koch M, Nouailles G, Jacobsen M, Kosmiadi GA, Miekley D, et al. Secondary 
lymphoid organs are dispensable for the development of T-cell-mediated immunity during 
tuberculosis. European Journal of Immunology. 2010;40(6):1663-73. 
87. Aloisi F, Ria F, Columba‐Cabezas S, Hess H, Penna G, Adorini L. Relative efficiency of 
microglia, astrocytes, dendritic cells and B cells in naive CD4+ T cell priming and Th1/Th2 cell 
restimulation. European journal of immunology. 1999;29(9):2705-14. 
88. Wakim LM, Waithman J, van Rooijen N, Heath WR, Carbone FR. Dendritic cell-induced 
memory T cell activation in nonlymphoid tissues. Science. 2008;319(5860):198-202. 
89. Weyand CM, Goronzy JJ, Takemura S, Kurtin PJ. Cell-cell interactions in synovitis. 
Interactions between T cells and B cells in rheumatoid arthritis. Arthritis Res. 2000;2(6):457-63. 



196 
 

90. Panayi G, Lanchbury J, Kingsley G. The importance of the T cell in initiating and 
maintaining the chronic synovitis of rheumatoid arthritis. Arthritis & Rheumatism. 
1992;35(7):729-35. 
91. Takemura S, Klimiuk PA, Braun A, Goronzy JJ, Weyand CM. T cell activation in 
rheumatoid synovium is B cell dependent. The Journal of Immunology. 2001;167(8):4710-8. 
92. Davis DM, Dustin ML. What is the importance of the immunological synapse? Trends in 
immunology. 2004;25(6):323-7. 
93. Dustin ML. The immunological synapse. Arthritis Res. 2002;4(Suppl 3):S119-25. 
94. Dustin ML, Colman DR. Neural and immunological synaptic relations. Science. 
2002;298(5594):785-9. 
95. Huppa JB, Davis MM. T-cell-antigen recognition and the immunological synapse. 
Nature Reviews Immunology. 2003;3(12):973-83. 
96. Mossman KD, Campi G, Groves JT, Dustin ML. Altered TCR signaling from geometrically 
repatterned immunological synapses. Science. 2005;310(5751):1191-3. 
97. Gunzer M, Schäfer A, Borgmann S, Grabbe S, Zänker KS, Bröcker E-B, et al. Antigen 
presentation in extracellular matrix: interactions of T cells with dendritic cells are dynamic, 
short lived, and sequential. Immunity. 2000;13(3):323-32. 
98. Billadeau DD. T cell activation at the immunological synapse: vesicles emerge for LATer 
signaling. Science signaling. 2010;3(121):pe16. 
99. Blanchard N, Di Bartolo V, Hivroz C. In the immune synapse, ZAP-70 controls T cell 
polarization and recruitment of signaling proteins but not formation of the synaptic pattern. 
Immunity. 2002;17(4):389-99. 
100. Lee K-H, Holdorf AD, Dustin ML, Chan AC, Allen PM, Shaw AS. T cell receptor signaling 
precedes immunological synapse formation. Science. 2002;295(5559):1539-42. 
101. Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, Allen PM, et al. The 
immunological synapse: a molecular machine controlling T cell activation. Science. 
1999;285(5425):221-7. 
102. Holdorf AD, Lee K-H, Burack WR, Allen PM, Shaw AS. Regulation of Lck activity by CD4 
and CD28 in the immunological synapse. Nature immunology. 2002;3(3):259-64. 
103. Jacobelli J, Andres PG, Boisvert J, Krummel MF. New views of the immunological 
synapse: variations in assembly and function. Current opinion in immunology. 2004;16(3):345-
52. 
104. Smith-Garvin JE, Koretzky GA, Jordan MS. T Cell Activation. Annual Review of 
Immunology. 2009;27(1):591-619. 
105. Reinherz EL, Acuto O. Molecular T cell biology - Basic and translational challenges in 
the 21st century. Frontiers in Immunology. 2011;2. 
106. Call ME, Pyrdol J, Wucherpfennig KW. Stoichiometry of the T‐cell receptor–CD3 
complex and key intermediates assembled in the endoplasmic reticulum. The EMBO journal. 
2004;23(12):2348-57. 
107. Arechaga I, Swamy M, Abia D, Schamel WA, Alarcón B, Valpuesta JM. Structural 
characterization of the TCR complex by electron microscopy. International immunology. 
2010:dxq443. 
108. Beddoe T, Chen Z, Clements CS, Ely LK, Bushell SR, Vivian JP, et al. Antigen ligation 
triggers a conformational change within the constant domain of the αβ T cell receptor. 
Immunity. 2009;30(6):777-88. 
109. Qian D, Weiss A. T cell antigen receptor signal transduction. Current Opinion in Cell 
Biology. 1997;9(2):205-12. 
110. Chan AC, Van Oers N, Tran A, Turka L, Law C-L, Ryan JC, et al. Differential expression of 
ZAP-70 and Syk protein tyrosine kinases, and the role of this family of protein tyrosine kinases 
in TCR signaling. The Journal of Immunology. 1994;152(10):4758-66. 
111. Acuto O, Di Bartolo V, Michel F. Tailoring T-cell receptor signals by proximal negative 
feedback mechanisms. Nature Reviews Immunology. 2008;8(9):699-712. 



197 
 

112. Marie-Cardine A, Schraven B. Coupling the TCR to Downstream Signalling Pathways: 
The Role of Cytoplasmic and Transmembrane Adaptor Proteins. Cellular Signalling. 
1999;11(10):705-12. 
113. Zhang W, Samelson LE. The role of membrane-associated adaptors in T cell receptor 
signalling. Seminars in Immunology. 2000;12(1):35-41. 
114. Finco TS, Kadlecek T, Zhang W, Samelson LE, Weiss A. LAT is required for TCR-mediated 
activation of PLCγ1 and the Ras pathway. Immunity. 1998;9(5):617-26. 
115. Feske S. Calcium signalling in lymphocyte activation and disease. Nature Reviews 
Immunology. 2007;7(9):690-702. 
116. Tan S, Parker P. Emerging and diverse roles of protein kinase C in immune cell 
signalling. Biochem J. 2003;376:545-52. 
117. Pfeifhofer C, Kofler K, Gruber T, Tabrizi NG, Lutz C, Maly K, et al. Protein kinase C θ 
affects Ca2+ mobilization and NFAT activation in primary mouse T cells. The Journal of 
experimental medicine. 2003;197(11):1525-35. 
118. Arendt CW, Albrecht B, Soos TJ, Littman DR. Protein kinase C-θ: signaling from the 
center of the T-cell synapse. Current opinion in immunology. 2002;14(3):323-30. 
119. Katzav S. Vav1: an oncogene that regulates specific transcriptional activation of T cells. 
Blood. 2004;103(7):2443-51. 
120. Gomez TS, Kumar K, Medeiros RB, Shimizu Y, Leibson PJ, Billadeau DD. Formins 
regulate the actin-related protein 2/3 complex-independent polarization of the centrosome to 
the immunological synapse. Immunity. 2007;26(2):177-90. 
121. Dustin ML, Springer TA. T-cell receptor cross-linking transiently stimulates 
adhesiveness through LFA-1. Nature. 1989;341(6243):619-24. 
122. Dustin ML, Cooper JA. The immunological synapse and the actin cytoskeleton: 
molecular hardware for T cell signaling. Nature immunology. 2000;1(1):23-9. 
123. Čemerski S, Shaw A. Immune synapses in T-cell activation. Current opinion in 
immunology. 2006;18(3):298-304. 
124. Mor A, Philips MR. Compartmentalized ras/mapk signaling. Annu Rev Immunol. 
2006;24:771-800. 
125. Salojin KV, Zhang J, Delovitch TL. TCR and CD28 are coupled via ZAP-70 to the 
activation of the Vav/Rac-1-/PAK-1/p38 MAPK signaling pathway. The Journal of Immunology. 
1999;163(2):844-53. 
126. Ashwell JD. The many paths to p38 mitogen-activated protein kinase activation in the 
immune system. Nat Rev Immunol. 2006;6(7):532-40. 
127. Groth RD, Mermelstein PG. Brain-derived neurotrophic factor activation of NFAT 
(nuclear factor of activated T-cells)-dependent transcription: a role for the transcription factor 
NFATc4 in neurotrophin-mediated gene expression. The Journal of neuroscience. 
2003;23(22):8125-34. 
128. Li Q, Verma IM. NF-κB regulation in the immune system. Nature Reviews Immunology. 
2002;2(10):725-34. 
129. Riley JL, Mao M, Kobayashi S, Biery M, Burchard J, Cavet G, et al. Modulation of TCR-
induced transcriptional profiles by ligation of CD28, ICOS, and CTLA-4 receptors. Proceedings of 
the National Academy of Sciences. 2002;99(18):11790-5. 
130. Jain J, Loh C, Rao A. Transcriptional regulation of the IL-2 gene. Current opinion in 
immunology. 1995;7(3):333-42. 
131. Evans EJ, Esnouf RM, Manso-Sancho R, Gilbert RJ, James JR, Yu C, et al. Crystal 
structure of a soluble CD28-Fab complex. Nature immunology. 2005;6(3):271-9. 
132. Alegre M-L, Frauwirth KA, Thompson CB. T-cell regulation by CD28 and CTLA-4. Nature 
Reviews Immunology. 2001;1(3):220-8. 
133. Sansom DM, Walker LS. The role of CD28 and cytotoxic T‐lymphocyte antigen‐4 
(CTLA‐4) in regulatory T‐cell biology. Immunological reviews. 2006;212(1):131-48. 
134. Ferguson SE, Han S, Kelsoe G, Thompson CB. CD28 is required for germinal center 
formation. The Journal of Immunology. 1996;156(12):4576-81. 



198 
 

135. Grossi JA, Raulet DH, Allison JP. CD28-mediated signalling co-stimulates murine T cells 
and prevents induction of anergy in T-cell clones. Nature. 1992;356:607-9. 
136. Acuto O, Michel F. CD28-mediated co-stimulation: a quantitative support for TCR 
signalling. Nature Reviews Immunology. 2003;3(12):939-51. 
137. Diehn M, Alizadeh AA, Rando OJ, Liu CL, Stankunas K, Botstein D, et al. Genomic 
expression programs and the integration of the CD28 costimulatory signal in T cell activation. 
Proceedings of the National Academy of Sciences. 2002;99(18):11796-801. 
138. Michel F, Attal-Bonnefoy G, Mangino G, Mise-Omata S, Acuto O. CD28 as a molecular 
amplifier extending TCR ligation and signaling capabilities. Immunity. 2001;15(6):935-45. 
139. Gao GF, Rao Z, Bell JI. Molecular coordination of αβ T-cell receptors and coreceptors 
CD8 and CD4 in their recognition of peptide-MHC ligands. Trends in immunology. 
2002;23(8):408-13. 
140. Zamoyska R. CD4 and CD8: modulators of T-cell receptor recognition of antigen and of 
immune responses? Current opinion in immunology. 1998;10(1):82-7. 
141. Koretzky GA. Multiple roles of CD4 and CD8 in T cell activation. The Journal of 
Immunology. 2010;185(5):2643-4. 
142. Cammarota G, Scheirle A, Takacs B, Doran DM, Knorr R, Bannwarth W, et al. 
Identification of a CD4 binding site on the [beta]2 domain of HLA-DR molecules. Nature. 
1992;356(6372):799-801. 
143. Artyomov MN, Lis M, Devadas S, Davis MM, Chakraborty AK. CD4 and CD8 binding to 
MHC molecules primarily acts to enhance Lck delivery. Proceedings of the National Academy of 
Sciences of the United States of America. 2010;107(39):16916-21. 
144. Li Q-J, Dinner AR, Qi S, Irvine DJ, Huppa JB, Davis MM, et al. CD4 enhances T cell 
sensitivity to antigen by coordinating Lck accumulation at the immunological synapse. Nature 
immunology. 2004;5(8):791-9. 
145. Veillette A, Bookman MA, Horak EM, Bolen JB. The CD4 and CD8 T cell surface antigens 
are associated with the internal membrane tyrosine-protein kinase p56< sup> lck</sup>. Cell. 
1988;55(2):301-8. 
146. Leitenberg D, Boutin Y, Constant S, Bottomly K. CD4 regulation of TCR signaling and T 
cell differentiation following stimulation with peptides of different affinities for the TCR. The 
Journal of Immunology. 1998;161(3):1194-203. 
147. Kersh EN, Shaw AS, Allen PM. Fidelity of T Cell Activation Through Multistep T Cell 
Receptor ζ Phosphorylation. Science. 1998;281(5376):572-5. 
148. Bains I, Thiébaut R, Yates AJ, Callard R. Quantifying Thymic Export: Combining Models 
of Naive T Cell Proliferation and TCR Excision Circle Dynamics Gives an Explicit Measure of 
Thymic Output. The Journal of Immunology. 2009;183(7):4329-36. 
149. Kong F-k, Chen-lo HC, Six A, Hockett RD, Cooper MD. T cell receptor gene deletion 
circles identify recent thymic emigrants in the peripheral T cell pool. Proceedings of the 
National Academy of Sciences. 1999;96(4):1536-40. 
150. McFarland RD, Douek DC, Koup RA, Picker LJ. Identification of a human recent thymic 
emigrant phenotype. Proceedings of the National Academy of Sciences. 2000;97(8):4215-20. 
151. Lewis M, Tarlton JF, Cose S. Memory versus naive T-cell migration. Immunology and 
cell biology. 2007;86(3):226-31. 
152. Cose S, Brammer C, Khanna KM, Masopust D, Lefrançois L. Evidence that a significant 
number of naive T cells enter non‐lymphoid organs as part of a normal migratory pathway. 
European journal of immunology. 2006;36(6):1423-33. 
153. Pepper M, Jenkins MK. Origins of CD4+ effector and central memory T cells. Nature 
immunology. 2011;12(6):467-71. 
154. Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector memory T cell 
subsets: function, generation, and maintenance. Annu Rev Immunol. 2004;22:745-63. 
155. Sallusto F, Lenig D, Förster R, Lipp M, Lanzavecchia A. Two subsets of memory T 
lymphocytes with distinct homing potentials and effector functions. Nature. 
1999;401(6754):708-12. 



199 
 

156. Chang JT, Wherry EJ, Goldrath AW. Molecular regulation of effector and memory T cell 
differentiation. Nat Immunol. 2014;15(12):1104-15. 
157. Parish CR, Liew FY. IMMUNE RESPONSE TO CHEMICALLY MODIFIED FLAGELLIN. The 
Journal of Experimental Medicine. 1972;135(2):298-311. 
158. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types of murine 
helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted 
proteins. The Journal of Immunology. 1986;136(7):2348-57. 
159. Constant SL, Bottomly K. Induction of Th1 and Th2 CD4+ T cell responses: the 
alternative approaches. Annual review of immunology. 1997;15(1):297-322. 
160. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance 
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a 
single mechanism of self-tolerance causes various autoimmune diseases. The Journal of 
Immunology. 1995;155(3):1151-64. 
161. Wing JB, Sakaguchi S. Multiple treg suppressive modules and their adaptability. 
Frontiers in immunology. 2012;3. 
162. Bluestone JA, Abbas AK. Natural versus adaptive regulatory T cells. Nat Rev Immunol. 
2003;3(3):253-7. 
163. Dwivedi M, Helen Kemp E, Laddha NC, Mansuri MS, Weetman AP, Begum R. 
Regulatory T cells in vitiligo: Implications for pathogenesis and therapeutics. Autoimmunity 
Reviews. 2015;14(1):49-56. 
164. Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood. 2008;112(5):1557-69. 
165. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A novel transcription 
factor, T-bet, directs Th1 lineage commitment. Cell. 2000;100(6):655-69. 
166. Constant S, Zain M, West J, Pasqualini T, Ranney P, Bottomly K. Are primed CD4+ T 
lymphocytes different from unprimed cells? European Journal of Immunology. 
1994;24(5):1073-9. 
167. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, et al. 
Multifunctional TH1 cells define a correlate of vaccine-mediated protection against Leishmania 
major. Nature medicine. 2007;13(7):843-50. 
168. Cooper AM, Magram J, Ferrante J, Orme IM. Interleukin 12 (IL-12) is crucial to the 
development of protective immunity in mice intravenously infected with Mycobacterium 
tuberculosis. The Journal of experimental medicine. 1997;186(1):39-45. 
169. Geginat G, Lalic M, Kretschmar M, Goebel W, Hof H, Palm D, et al. Th1 cells specific for 
a secreted protein of Listeria monocytogenes are protective in vivo. The Journal of 
Immunology. 1998;160(12):6046-55. 
170. Zhu J, Yamane H, Paul WE. Differentiation of Effector CD4 T Cell Populations*. Annual 
Review of Immunology. 2010;28(1):445-89. 
171. Snapper CM, Peschel C, Paul WE. IFN-gamma stimulates IgG2a secretion by murine B 
cells stimulated with bacterial lipopolysaccharide. The Journal of Immunology. 
1988;140(7):2121-7. 
172. Hsieh C-S, Macatonia SE, Tripp CS, Wolf SF, O'Garra A, Murphy KM. Development of 
TH1 CD4+ T cells through IL-12 produced by Listeria-induced macrophages. Science. 
1993;260(5107):547-9. 
173. Athie-Morales V, Smits HH, Cantrell DA, Hilkens CM. Sustained IL-12 signaling is 
required for Th1 development. The Journal of Immunology. 2004;172(1):61-9. 
174. Mullen AC, High FA, Hutchins AS, Lee HW, Villarino AV, Livingston DM, et al. Role of T-
bet in commitment of TH1 cells before IL-12-dependent selection. Science. 
2001;292(5523):1907-10. 
175. Dinarello CA. IL-18: A TH1-inducing, proinflammatory cytokine and new member of the 
IL-1 family. Journal of Allergy and Clinical Immunology. 1999;103(1):11-24. 
176. Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FH, et al. Development of 
spontaneous airway changes consistent with human asthma in mice lacking T-bet. Science. 
2002;295(5553):336-8. 



200 
 

177. Suto A, Wurster AL, Reiner SL, Grusby MJ. IL-21 inhibits IFN-γ production in developing 
Th1 cells through the repression of Eomesodermin expression. The Journal of Immunology. 
2006;177(6):3721-7. 
178. Hatton RD, Weaver CT. T-bet or not T-bet. Science(Washington). 2003;301(5647):993. 
179. Kohu K, Ohmori H, Wong WF, Onda D, Wakoh T, Kon S, et al. The Runx3 transcription 
factor augments Th1 and down-modulates Th2 phenotypes by interacting with and 
attenuating GATA3. The Journal of Immunology. 2009;183(12):7817-24. 
180. Dardalhon V, Korn T, Kuchroo VK, Anderson AC. Role of Th1 and Th17 cells in organ-
specific autoimmunity. Journal of autoimmunity. 2008;31(3):252-6. 
181. Zeng W-p. ‘All things considered’: transcriptional regulation of T helper type 2 cell 
differentiation from precursor to effector activation. Immunology. 2013;140(1):31-8. 
182. Rossi D, Zlotnik A. The biology of chemokines and their receptors. Annual review of 
immunology. 2000;18(1):217-42. 
183. Shimoda K, van Deursent J, Sangster MY, Sarawar SR, Carson RT, Tripp RA, et al. Lack of 
IL-4-induced Th2 response and IgE class switching in mice with disrupted State6 gene. 1996. 
184. Wu LC, Zarrin AA. The production and regulation of IgE by the immune system. Nat Rev 
Immunol. 2014;14(4):247-59. 
185. Licona-Limon P, Kim LK, Palm NW, Flavell RA. TH2, allergy and group 2 innate lymphoid 
cells. Nat Immunol. 2013;14(6):536-42. 
186. Okoye IS, Wilson MS. CD4(+) T helper 2 cells – microbial triggers, differentiation 
requirements and effector functions. Immunology. 2011;134(4):368-77. 
187. Paul WE, Zhu J. How are TH2-type immune responses initiated and amplified? Nature 
Reviews Immunology. 2010;10(4):225-35. 
188. Zheng W-p, Flavell RA. The transcription factor GATA-3 is necessary and sufficient for 
Th2 cytokine gene expression in CD4 T cells. Cell. 1997;89(4):587-96. 
189. Knosp CA, Johnston JA. Regulation of CD4+ T‐cell polarization by suppressor of 
cytokine signalling proteins. Immunology. 2012;135(2):101-11. 
190. Rani A, Afzali B, Kelly A, Tewolde-Berhan L, Hackett M, Kanhere AS, et al. IL-2 
REGULATES EXPRESSION OF C-MAF IN HUMAN CD4 T CELLS. Journal of immunology 
(Baltimore, Md : 1950). 2011;187(7):3721-9. 
191. Zhu J, Cote-Sierra J, Guo L, Paul WE. Stat5 activation plays a critical role in Th2 
differentiation. Immunity. 2003;19(5):739-48. 
192. Steinman L. A brief history of TH17, the first major revision in the TH1/TH2 hypothesis 
of T cell–mediated tissue damage. Nature medicine. 2007;13(1):139-45. 
193. Langrish CL. IL-23 drives a pathogenic T cell population that induces autoimmune 
inflammation. J Exp Med. 2005;201:233-40. 
194. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang Y-H, et al. A distinct lineage of CD4 T 
cells regulates tissue inflammation by producing interleukin 17. Nature immunology. 
2005;6(11):1133-41. 
195. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. 
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T helper 
type 1 and 2 lineages. Nat Immunol. 2005;6(11):1123-32. 
196. Bettelli E, Korn T, Oukka M, Kuchroo VK. Induction and effector functions of TH17 cells. 
Nature. 2008;453(7198):1051-7. 
197. Stockinger B, Veldhoen M. Differentiation and function of Th17 T cells. Current opinion 
in immunology. 2007;19(3):281-6. 
198. McDonald DR. Th17 deficiency in human disease. The Journal of Allergy and Clinical 
Immunology. 2012;129(6):1429-35. 
199. Milner JD, Brenchley JM, Laurence A, Freeman AF, Hill BJ, Elias KM, et al. Impaired 
TH17 cell differentiation in subjects with autosomal dominant hyper-IgE syndrome. Nature. 
2008;452(7188):773-6. 



201 
 

200. Ma CS, Chew GYJ, Simpson N, Priyadarshi A, Wong M, Grimbacher B, et al. Deficiency 
of Th17 cells in hyper IgE syndrome due to mutations in STAT3. The Journal of Experimental 
Medicine. 2008;205(7):1551-7. 
201. Conti HR, Shen F, Nayyar N, Stocum E, Sun JN, Lindemann MJ, et al. Th17 cells and IL-
17 receptor signaling are essential for mucosal host defense against oral candidiasis. The 
Journal of experimental medicine. 2009;206(2):299-311. 
202. Eyerich K, Foerster S, Rombold S, Seidl H-P, Behrendt H, Hofmann H, et al. Patients 
with chronic mucocutaneous candidiasis exhibit reduced production of Th17-associated 
cytokines IL-17 and IL-22. Journal of Investigative Dermatology. 2008;128(11):2640-5. 
203. Kisand K, Wolff ASB, Podkrajšek KT, Tserel L, Link M, Kisand KV, et al. Chronic 
mucocutaneous candidiasis in APECED or thymoma patients correlates with autoimmunity to 
Th17-associated cytokines. The Journal of experimental medicine. 2010;207(2):299-308. 
204. Khader SA, Gaffen SL, Kolls JK. Th17 cells at the crossroads of innate and adaptive 
immunity against infectious diseases at the mucosa. Mucosal immunology. 2009;2(5):403-11. 
205. Conti HR, Gaffen SL. Host responses to< i> Candida albicans</i>: Th17 cells and 
mucosal candidiasis. Microbes and Infection. 2010;12(7):518-27. 
206. Blaschitz C, Raffatellu M. Th17 cytokines and the gut mucosal barrier. Journal of clinical 
immunology. 2010;30(2):196-203. 
207. Dubin PJ, Kolls JK. Th17 cytokines and mucosal immunity. Immunological reviews. 
2008;226(1):160-71. 
208. Connelly CE, Sun Y, Carbonetti NH. Pertussis toxin exacerbates and prolongs airway 
inflammatory responses during Bordetella pertussis infection. Infection and immunity. 
2012;80(12):4317-32. 
209. Tan H-L, Regamey N, Brown S, Bush A, Lloyd CM, Davies JC. The Th17 pathway in cystic 
fibrosis lung disease. American journal of respiratory and critical care medicine. 
2011;184(2):252-8. 
210. Dubin P, McAllister F, Kolls J. Is cystic fibrosis a TH17 disease? Inflammation Research. 
2007;56(6):221-7. 
211. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002;420(6917):860-7. 
212. Zou W, Restifo NP. TH17 cells in tumour immunity and immunotherapy. Nature 
Reviews Immunology. 2010;10(4):248-56. 
213. Kryczek I, Wei S, Szeliga W, Vatan L, Zou W. Endogenous IL-17 contributes to reduced 
tumor growth and metastasis. Blood. 2009;114(2):357-9. 
214. Murugaiyan G, Saha B. Protumor vs antitumor functions of IL-17. The Journal of 
Immunology. 2009;183(7):4169-75. 
215. Sfanos KS, Bruno TC, Maris CH, Xu L, Thoburn CJ, DeMarzo AM, et al. Phenotypic 
analysis of prostate-infiltrating lymphocytes reveals TH17 and Treg skewing. Clinical Cancer 
Research. 2008;14(11):3254-61. 
216. Curran MA, Montalvo W, Yagita H, Allison JP. PD-1 and CTLA-4 combination blockade 
expands infiltrating T cells and reduces regulatory T and myeloid cells within B16 melanoma 
tumors. Proceedings of the National Academy of Sciences. 2010;107(9):4275-80. 
217. Ying H, Yang L, Qiao G, Li Z, Zhang L, Yin F, et al. Cutting edge: CTLA-4–B7 interaction 
suppresses Th17 cell differentiation. The Journal of Immunology. 2010;185(3):1375-8. 
218. Rosloniec EF, Latham K, Guedez YB. Paradoxical roles of IFN-gamma in models of Th1-
mediated autoimmunity. Arthritis research. 2002;4(6):333-6. 
219. Murphy CA, Langrish CL, Chen Y, Blumenschein W, McClanahan T, Kastelein RA, et al. 
Divergent pro-and antiinflammatory roles for IL-23 and IL-12 in joint autoimmune 
inflammation. The Journal of experimental medicine. 2003;198(12):1951-7. 
220. Lubberts E. IL-17/Th17 targeting: on the road to prevent chronic destructive arthritis? 
Cytokine. 2008;41(2):84-91. 
221. Chabaud M, Durand JM, Buchs N, Fossiez F, Page G, Frappart L, et al. Human 
interleukin-17: A T cell–derived proinflammatory cytokine produced by the rheumatoid 
synovium. Arthritis & Rheumatism. 1999;42(5):963-70. 



202 
 

222. Metawi S, Abbas D, Kamal M, Ibrahim M. Serum and synovial fluid levels of interleukin-
17 in correlation with disease activity in patients with RA. Clin Rheumatol. 2011;30(9):1201-7. 
223. Ziolkowska M, Koc A, Luszczykiewicz G, Ksiezopolska-Pietrzak K, Klimczak E, 
Chwalinska-Sadowska H, et al. High levels of IL-17 in rheumatoid arthritis patients: IL-15 
triggers in vitro IL-17 production via cyclosporin A-sensitive mechanism. The Journal of 
Immunology. 2000;164(5):2832-8. 
224. Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S, et al. IL-17 in 
synovial fluids from patients with rheumatoid arthritis is a potent stimulator of 
osteoclastogenesis. Journal of Clinical Investigation. 1999;103(9):1345-52. 
225. Nilsen TW. Mechanisms of microRNA-mediated gene regulation in animal cells. 
TRENDS in Genetics. 2007;23(5):243-9. 
226. Benedetti G, Miossec P. Interleukin 17 contributes to the chronicity of inflammatory 
diseases such as rheumatoid arthritis. European journal of immunology. 2014;44(2):339-47. 
227. Gaffen SL, Jain R, Garg AV, Cua DJ. The IL-23-IL-17 immune axis: from mechanisms to 
therapeutic testing. Nat Rev Immunol. 2014;14(9):585-600. 
228. Gabay C, Lamacchia C, Palmer G. IL-1 pathways in inflammation and human diseases. 
Nature Reviews Rheumatology. 2010;6(4):232-41. 
229. Sandborn WJ, Hanauer SB, Katz S, Safdi M, Wolf DG, Baerg RD, et al. Etanercept for 
active Crohn's disease: a randomized, double-blind, placebo-controlled trial. Gastroenterology. 
2001;121(5):1088-94. 
230. Sarra M, Pallone F, MacDonald TT, Monteleone G. IL‐23/IL‐17 axis in IBD. Inflammatory 
bowel diseases. 2010;16(10):1808-13. 
231. Gaffen SL. Structure and signalling in the IL-17 receptor family. Nature Reviews 
Immunology. 2009;9(8):556-67. 
232. Shen F, Gaffen SL. Structure–function relationships in the IL-17 receptor: implications 
for signal transduction and therapy. Cytokine. 2008;41(2):92-104. 
233. Maitra A, Shen F, Hanel W, Mossman K, Tocker J, Swart D, et al. Distinct functional 
motifs within the IL-17 receptor regulate signal transduction and target gene expression. 
Proceedings of the National Academy of Sciences. 2007;104(18):7506-11. 
234. Liang SC, Tan X-Y, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, et al. 
Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance 
expression of antimicrobial peptides. The Journal of experimental medicine. 
2006;203(10):2271-9. 
235. Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, Egawa T, et al. IL-6 programs TH-17 
cell differentiation by promoting sequential engagement of the IL-21 and IL-23 pathways. 
Nature immunology. 2007;8(9):967-74. 
236. Nurieva R, Yang XO, Martinez G, Zhang Y, Panopoulos AD, Ma L, et al. Essential 
autocrine regulation by IL-21 in the generation of inflammatory T cells. Nature. 
2007;448(7152):480-3. 
237. Kotlarz D, Ziętara N, Uzel G, Weidemann T, Braun CJ, Diestelhorst J, et al. Loss-of-
function mutations in the IL-21 receptor gene cause a primary immunodeficiency syndrome. 
The Journal of experimental medicine. 2013;210(3):433-43. 
238. Shi Y, Liu CH, Roberts AI, Das J, Xu G, Ren G, et al. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) and T-cell responses: what we do and don't know. Cell Res. 
2006;16(2):126-33. 
239. Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, et al. 
ROR[gamma]t drives production of the cytokine GM-CSF in helper T cells, which is essential for 
the effector phase of autoimmune neuroinflammation. Nat Immunol. 2011;12(6):560-7. 
240. Codarri L, Gyülvészi G, Tosevski V, Hesske L, Fontana A, Magnenat L, et al. ROR 
[gamma] t drives production of the cytokine GM-CSF in helper T cells, which is essential for the 
effector phase of autoimmune neuroinflammation. Nature immunology. 2011;12(6):560-7. 



203 
 

241. Sonderegger I, Iezzi G, Maier R, Schmitz N, Kurrer M, Kopf M. GM-CSF mediates 
autoimmunity by enhancing IL-6–dependent Th17 cell development and survival. The Journal 
of experimental medicine. 2008;205(10):2281-94. 
242. Ivanov II, Zhou L, Littman DR, editors. Transcriptional regulation of Th17 cell 
differentiation. Seminars in immunology; 2007: Elsevier. 
243. O'Shea JJ, Lahesmaa R, Vahedi G, Laurence A, Kanno Y. Genomic views of STAT 
function in CD4+ T helper cell differentiation. Nature reviews Immunology. 2011;11(4):239-50. 
244. Hebenstreit D, Wirnsberger G, Horejs-Hoeck J, Duschl A. Signaling mechanisms, 
interaction partners, and target genes of STAT6. Cytokine & growth factor reviews. 
2006;17(3):173-88. 
245. Harris TJ, Grosso JF, Yen H-R, Xin H, Kortylewski M, Albesiano E, et al. Cutting edge: An 
in vivo requirement for STAT3 signaling in TH17 development and TH17-dependent 
autoimmunity. The Journal of Immunology. 2007;179(7):4313-7. 
246. Chen Z, Laurence A, Kanno Y, Pacher-Zavisin M, Zhu B-M, Tato C, et al. Selective 
regulatory function of Socs3 in the formation of IL-17-secreting T cells. Proceedings of the 
National Academy of Sciences. 2006;103(21):8137-42. 
247. Qin H, Wang L, Feng T, Elson CO, Niyongere SA, Lee SJ, et al. TGF-β promotes Th17 cell 
development through inhibition of SOCS3. The Journal of Immunology. 2009;183(1):97-105. 
248. Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D, Watowich SS, et al. STAT3 
Regulates Cytokine-mediated Generation of Inflammatory Helper T Cells. Journal of Biological 
Chemistry. 2007;282(13):9358-63. 
249. Durant L, Watford WT, Ramos HL, Laurence A, Vahedi G, Wei L, et al. Diverse Targets 
of the Transcription Factor STAT3 Contribute to T Cell Pathogenicity and Homeostasis. 
Immunity. 2010;32(5):605-15. 
250. Li P, Spolski R, Liao W, Wang L, Murphy TL, Murphy KM, et al. BATF-JUN is critical for 
IRF4-mediated transcription in T cells. Nature. 2012;490(7421):543-6. 
251. Rutz S, Noubade R, Eidenschenk C, Ota N, Zeng W, Zheng Y, et al. Transcription factor 
c-Maf mediates the TGF-[beta]-dependent suppression of IL-22 production in TH17 cells. 
Nature immunology. 2011;12(12):1238-45. 
252. Ciofani M, Madar A, Galan C, Sellars M, Mace K, Pauli F, et al. A validated regulatory 
network for Th17 cell specification. Cell. 2012;151(2):289-303. 
253. Lohoff M, Mak TW. Roles of interferon-regulatory factors in T-helper-cell 
differentiation. Nature Reviews Immunology. 2005;5(2):125-35. 
254. Veldhoen M, Hirota K, Westendorf AM, Buer J, Dumoutier L, Renauld J-C, et al. The aryl 
hydrocarbon receptor links TH17-cell-mediated autoimmunity to environmental toxins. 
Nature. 2008;453(7191):106-9. 
255. Veldhoen M, Hirota K, Christensen J, O'Garra A, Stockinger B. Natural agonists for aryl 
hydrocarbon receptor in culture medium are essential for optimal differentiation of Th17 T 
cells. The Journal of Experimental Medicine. 2009;206(1):43-9. 
256. Kimura A, Naka T, Nohara K, Fujii-Kuriyama Y, Kishimoto T. Aryl hydrocarbon receptor 
regulates Stat1 activation and participates in the development of Th17 cells. Proceedings of 
the National Academy of Sciences. 2008;105(28):9721-6. 
257. Monteleone I, Rizzo A, Sarra M, Sica G, Sileri P, Biancone L, et al. Aryl hydrocarbon 
receptor-induced signals up-regulate IL-22 production and inhibit inflammation in the 
gastrointestinal tract. Gastroenterology. 2011;141(1):237-48. e1. 
258. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The Orphan 
Nuclear Receptor RORγt Directs the Differentiation Program of Proinflammatory IL-17< 
sup>+</sup> T Helper Cells. Cell. 2006;126(6):1121-33. 
259. Dong C. TH17 cells in development: an updated view of their molecular identity and 
genetic programming. Nature Reviews Immunology. 2008;8(5):337-48. 
260. Hirose T, Smith RJ, Jetten AM. ROR-γ: The Third Member of ROR/RZR Orphan Receptor 
Subfamily That Is Highly Expressed in Skeletal Muscle. Biochemical and Biophysical Research 
Communications. 1994;205(3):1976-83. 



204 
 

261. Jetten AM. Retinoid-related orphan receptors (RORs): critical roles in development, 
immunity, circadian rhythm, and cellular metabolism. Nuclear receptor signaling. 2009;7. 
262. Meuer S, Hodgdon J, Hussey R, Protentis J, Schlossman S, Reinherz E. Antigen-like 
effects of monoclonal antibodies directed at receptors on human T cell clones. The Journal of 
experimental medicine. 1983;158(3):988-93. 
263. Van Wauwe JP, De Mey J, Goossens J. OKT3: a monoclonal anti-human T lymphocyte 
antibody with potent mitogenic properties. The Journal of Immunology. 1980;124(6):2708-13. 
264. Germain RN, Stefanová I. The dynamics of t cell receptor signaling: Complex 
Orchestration and the Key Roles of Tempo and Cooperation 1. Annual review of immunology. 
1999;17(1):467-522. 
265. Sloan-Lancaster J, Shaw AS, Rothbard JB, Allen PM. Partial T cell signaling: altered 
phospho-ζ and lack of zap70 recruitment in APL-induced T cell anergy. Cell. 1994;79(5):913-22. 
266. Kumar V, Bhardwaj V, Soares L, Alexander J, Sette A, Sercarz E. Major 
histocompatibility complex binding affinity of an antigenic determinant is crucial for the 
differential secretion of interleukin 4/5 or interferon gamma by T cells. Proceedings of the 
National Academy of Sciences. 1995;92(21):9510-4. 
267. Sloan-Lancaster J, Allen PM. ALTERED PEPTIDE LIGANDâ€“INDUCED PARTIAL T CELL 
ACTIVATION: Molecular Mechanisms and Role in T Cell Biology. Annual Review of Immunology. 
1996;14(1):1-27. 
268. Murray J, Madri J, Tite J, Carding S, Bottomly K. MHC control of CD4+ T cell subset 
activation. The Journal of experimental medicine. 1989;170(6):2135-40. 
269. Windhagen A, Schooz C, Höllsberg P, Fukaura H, Sette A, Hafler DA. Modulation of 
cytokine patterns of human autoreactive T cell clones by a single amino acid substitution of 
their peptide ligand. Immunity. 1995;2(4):373-80. 
270. Iwanami K, Matsumoto I, Yoshiga Y, Inoue A, Kondo Y, Yamamoto K, et al. Altered 
peptide ligands inhibit arthritis induced by glucose-6-phosphate isomerase peptide. Arthritis 
Research and Therapy. 2009;11(6). 
271. Gottschalk RA, Corse E, Allison JP. TCR ligand density and affinity determine peripheral 
induction of Foxp3 in vivo. The Journal of Experimental Medicine. 2010;207(8):1701-11. 
272. Nicholson LB, Greer JM, Sobel RA, Lees MB, Kuchroo VK. An altered peptide ligand 
mediates immune deviation and prevents autoimmune encephalomyelitis. Immunity. 
1995;3(4):397-405. 
273. Corse E, Gottschalk RA, Allison JP. Strength of TCR–peptide/MHC interactions and in 
vivo T cell responses. The Journal of Immunology. 2011;186(9):5039-45. 
274. Skokos D, Shakhar G, Varma R, Waite JC, Cameron TO, Lindquist RL, et al. Peptide-MHC 
potency governs dynamic interactions between T cells and dendritic cells in lymph nodes. Nat 
Immunol. 2007;8(8):835-44. 
275. Han S, Asoyan A, Rabenstein H, Nakano N, Obst R. Role of antigen persistence and 
dose for CD4+ T-cell exhaustion and recovery. Proceedings of the National Academy of 
Sciences. 2010;107(47):20453-8. 
276. Bretscher PA, Wei G, Menon JN, Bielefeldt-Ohmann H. Establishment of stable, cell-
mediated immunity that makes" susceptible" mice resistant to Leishmania major. Science. 
1992;257(5069):539-42. 
277. Bancroft AJ, Else KJ, Grencis RK. Low‐level infection with Trichuris muris significantly 
affects the polarization of the CD4 response. European journal of immunology. 
1994;24(12):3113-8. 
278. Wang LF, Lin JY, Hsieh KH, Lin RH. Epicutaneous exposure of protein antigen induces a 
predominant Th2-like response with high IgE production in mice. The Journal of Immunology. 
1996;156(11):4079-82. 
279. Constant S, Pfeiffer C, Woodard A, Pasqualini T, Bottomly K. Extent of T cell receptor 
ligation can determine the functional differentiation of naive CD4+ T cells. The Journal of 
experimental medicine. 1995;182(5):1591-6. 



205 
 

280. Hosken NA, Shibuya K, Heath AW, Murphy KM, O'Garra A. The effect of antigen dose 
on CD4+ T helper cell phenotype development in a T cell receptor-alpha beta-transgenic 
model. The Journal of Experimental Medicine. 1995;182(5):1579-84. 
281. Milner JD, Fazilleau N, McHeyzer-Williams M, Paul W. Cutting Edge: Lack of High 
Affinity Competition for Peptide in Polyclonal CD4+ Responses Unmasks IL-4 Production. The 
Journal of Immunology. 2010;184(12):6569-73. 
282. Stritesky GL, Jameson SC, Hogquist KA. Selection of self-reactive T cells in the thymus. 
Annual review of immunology. 2012;30:95. 
283. Purvis HA, Stoop JN, Mann J, Woods S, Kozijn AE, Hambleton S, et al. Low-strength T-
cell activation promotes Th17 responses. Blood. 2010;116(23):4829-37. 
284. van Panhuys N, Klauschen F, Germain Ronald N. T-Cell-Receptor-Dependent Signal 
Intensity Dominantly Controls CD4+ T Cell Polarization In Vivo. Immunity. 2014;41(1):63-74. 
285. Agrawal S, Agrawal A, Doughty B, Gerwitz A, Blenis J, Van Dyke T, et al. Cutting Edge: 
Different Toll-Like Receptor Agonists Instruct Dendritic Cells to Induce Distinct Th Responses 
via Differential Modulation of Extracellular Signal-Regulated Kinase-Mitogen-Activated Protein 
Kinase and c-Fos. The Journal of Immunology. 2003;171(10):4984-9. 
286. Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, et al. Interleukin-23 rather 
than interleukin-12 is the critical cytokine for autoimmune inflammation of the brain. Nature. 
2003;421(6924):744-8. 
287. Mangan PR, Harrington LE, O'Quinn DB, Helms WS, Bullard DC, Elson CO, et al. 
Transforming growth factor-β induces development of the TH17 lineage. Nature. 
2006;441(7090):231-4. 
288. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. TGFβ in the Context of 
an Inflammatory Cytokine Milieu Supports De Novo Differentiation of IL-17-Producing T Cells. 
Immunity. 2006;24(2):179-89. 
289. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal 
developmental pathways for the generation of pathogenic effector TH17 and regulatory T 
cells. Nature. 2006;441(7090):235-8. 
290. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annual review of 
immunology. 2009;27:485-517. 
291. Hibi M, Murakami M, Saito M, Hirano T, Taga T, Kishimoto T. Molecular cloning and 
expression of an IL-6 signal transducer, gp130. Cell. 1990;63(6):1149-57. 
292. Li MO, Wan YY, Flavell RA. T cell-produced transforming growth factor-β1 controls T 
cell tolerance and regulates Th1-and Th17-cell differentiation. Immunity. 2007;26(5):579-91. 
293. McGeachy MJ, Bak-Jensen KS, Chen Y, Tato CM, Blumenschein W, McClanahan T, et al. 
TGF-β and IL-6 drive the production of IL-17 and IL-10 by T cells and restrain TH-17 cell–
mediated pathology. Nature immunology. 2007;8(12):1390-7. 
294. Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC. A crucial role for interleukin (IL)-1 
in the induction of IL-17–producing T cells that mediate autoimmune encephalomyelitis. The 
Journal of experimental medicine. 2006;203(7):1685-91. 
295. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS, et al. Critical regulation 
of early Th17 cell differentiation by interleukin-1 signaling. Immunity. 2009;30(4):576-87. 
296. Gulen MF, Kang Z, Bulek K, Youzhong W, Kim TW, Chen Y, et al. The receptor SIGIRR 
suppresses Th17 cell proliferation via inhibition of the interleukin-1 receptor pathway and 
mTOR kinase activation. Immunity. 2010;32(1):54-66. 
297. Lazarevic V, Chen X, Shim J-H, Hwang E-S, Jang E, Bolm AN, et al. Transcription factor T-
bet represses T(H)17 differentiation by preventing Runx1-mediated activation of the RORγt 
gene. Nature immunology. 2011;12(1):96-104. 
298. Nath N, Prasad R, Giri S, Singh AK, Singh I. T-bet is essential for the progression of 
experimental autoimmune encephalomyelitis. Immunology. 2006;118(3):384-91. 
299. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, et al. Fate mapping of IL-17-
producing T cells in inflammatory responses. Nat Immunol. 2011;12(3):255-63. 



206 
 

300. Sheikh SZ, Matsuoka K, Kobayashi T, Li F, Rubinas T, Plevy SE. Cutting Edge: IFN-γ Is a 
Negative Regulator of IL-23 in Murine Macrophages and Experimental Colitis. Journal of 
immunology (Baltimore, Md : 1950). 2010;184(8):4069-73. 
301. Cooney LA, Towery K, Endres J, Fox DA. Sensitivity and resistance to regulation by IL-4 
during Th17 maturation. Journal of immunology (Baltimore, Md : 1950). 2011;187(9):4440-50. 
302. Morita Y, Yang J, Gupta R, Shimizu K, Shelden EA, Endres J, et al. Dendritic cells 
genetically engineered to express IL-4 inhibit murine collagen-induced arthritis. Journal of 
Clinical Investigation. 2001;107(10):1275-84. 
303. Finnegan A, Grusby MJ, Kaplan CD, O’Neill SK, Eibel H, Koreny T, et al. IL-4 and IL-12 
Regulate Proteoglycan-Induced Arthritis Through Stat-Dependent Mechanisms. The Journal of 
Immunology. 2002;169(6):3345-52. 
304. Malek TR, Castro I. Interleukin-2 Receptor Signaling: At the Interface between 
Tolerance and Immunity. Immunity.33(2):153-65. 
305. Kim H-P, Kelly J, Leonard WJ. The Basis for IL-2-Induced IL-2 Receptor α Chain Gene 
Regulation. Immunity.15(1):159-72. 
306. Malek TR. The Biology of Interleukin-2. Annual Review of Immunology. 2008;26(1):453-
79. 
307. Nelson BH. IL-2, regulatory T cells, and tolerance. The Journal of Immunology. 
2004;172(7):3983-8. 
308. Shevach EM, DiPaolo RA, Andersson J, Zhao DM, Stephens GL, Thornton AM. The 
lifestyle of naturally occurring CD4+ CD25+ Foxp3+ regulatory T cells. Immunological reviews. 
2006;212(1):60-73. 
309. Liao W, Lin J-X, Wang L, Li P, Leonard WJ. Modulation of cytokine receptors by IL-2 
broadly regulates differentiation into helper T cell lineages. Nature immunology. 
2011;12(6):551-9. 
310. Pandiyan P, Yang X-P, Saravanamuthu SS, Zheng L, Ishihara S, O’Shea JJ, et al. The role 
of IL-15 in activating STAT5 and fine-tuning IL-17A production in CD4 T lymphocytes. Journal of 
immunology (Baltimore, Md : 1950). 2012;189(9):4237-46. 
311. Mann M, Jensen ON. Proteomic analysis of post-translational modifications. Nature 
biotechnology. 2003;21(3):255-61. 
312. Anderton SM. Post-translational modifications of self antigens: implications for 
autoimmunity. Current Opinion in Immunology. 2004;16(6):753-8. 
313. Bäcklund J, Carlsen S, Höger T, Holm B, Fugger L, Kihlberg J, et al. Predominant 
selection of T cells specific for the glycosylated collagen type II epitope (263–270) in 
humanized transgenic mice and in rheumatoid arthritis. Proceedings of the National Academy 
of Sciences of the United States of America. 2002;99(15):9960-5. 
314. Doyle HA, Mamula MJ. Autoantigenesis: The evolution of protein modifications in 
autoimmune disease. Current Opinion in Immunology. 2012;24(1):112-8. 
315. Brahms H, Raymackers J, Union A, de Keyser F, Meheus L, Lührmann R. The C-terminal 
RG Dipeptide Repeats of the Spliceosomal Sm Proteins D1 and D3 Contain Symmetrical 
Dimethylarginines, Which Form a Major B-cell Epitope for Anti-Sm Autoantibodies. Journal of 
Biological Chemistry. 2000;275(22):17122-9. 
316. Mamula MJ, Gee RJ, Elliott JI, Sette A, Southwood S, Jones P-J, et al. Isoaspartyl post-
translational modification triggers autoimmune responses to self-proteins. Journal of Biological 
Chemistry. 1999;274(32):22321-7. 
317. Harauz G, Musse A. A Tale of Two Citrullines—Structural and Functional Aspects of 
Myelin Basic Protein Deimination in Health and Disease. Neurochem Res. 2007;32(2):137-58. 
318. Christophorou MA, Castelo-Branco G, Halley-Stott RP, Oliveira CS, Loos R, 
Radzisheuskaya A, et al. Citrullination regulates pluripotency and histone H1 binding to 
chromatin. Nature. 2014;507(7490):104-8. 
319. Vossenaar ER, Zendman AJW, van Venrooij WJ, Pruijn GJM. PAD, a growing family of 
citrullinating enzymes: genes, features and involvement in disease. BioEssays. 
2003;25(11):1106-18. 



207 
 

320. Vossenaar E, Radstake T, van der Heijden A, van Mansum MAM, Dieteren C, de Rooij 
DJ, et al. Expression and activity of citrullinating peptidylarginine deiminase enzymes in 
monocytes and macrophages. Annals of the Rheumatic Diseases. 2004;63(4):373-81. 
321. Wang S, Wang Y. Peptidylarginine deiminases in citrullination, gene regulation, health 
and pathogenesis. Biochimica et biophysica acta. 2013;1829(10):1126-35. 
322. Makrygiannakis D, Klint Ea, Lundberg IE, Löfberg R, Ulfgren AK, Klareskog L, et al. 
Citrullination is an inflammation‐dependent process. Annals of the Rheumatic Diseases. 
2006;65(9):1219-22. 
323. Li P, Yao H, Zhang Z, Li M, Luo Y, Thompson PR, et al. Regulation of p53 target gene 
expression by peptidylarginine deiminase 4. Molecular and cellular biology. 2008;28(15):4745-
58. 
324. Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizinski A, Yalavarthi S, Knight JS, 
et al. NETs are a source of citrullinated autoantigens and stimulate inflammatory responses in 
rheumatoid arthritis. Science translational medicine. 2013;5(178):178ra40-ra40. 
325. Carrillo-Vico A, Leech MD, Anderton SM. Contribution of Myelin Autoantigen 
Citrullination to T Cell Autoaggression in the Central Nervous System. The Journal of 
Immunology. 2010;184(6):2839-46. 
326. Pritzker LB, Joshi S, Gowan JJ, Harauz G, Moscarello MA. Deimination of myelin basic 
protein. 1. Effect of deimination of arginyl residues of myelin basic protein on its structure and 
susceptibility to digestion by cathepsin D. Biochemistry. 2000;39(18):5374-81. 
327. Vander Cruyssen B, Peene I, Cantaert T, Hoffman I, De Rycke L, Veys E, et al. Anti-
citrullinated protein/peptide antibodies (ACPA) in rheumatoid arthritis: specificity and relation 
with rheumatoid factor. Autoimmunity reviews. 2005;4(7):468-74. 
328. Aggarwal R, Liao K, Nair R, Ringold S, Costenbader KH. Anti-Citrullinated Peptide 
Antibody (ACPA) Assays and their Role in the Diagnosis of Rheumatoid Arthritis. Arthritis and 
rheumatism. 2009;61(11):1472-83. 
329. Nielen MMJ, van Schaardenburg D, Reesink HW, van de Stadt RJ, van der Horst-
Bruinsma IE, de Koning MHMT, et al. Specific autoantibodies precede the symptoms of 
rheumatoid arthritis: A study of serial measurements in blood donors. Arthritis & Rheumatism. 
2004;50(2):380-6. 
330. Whiting PF, Smidt N, Sterne JA, Harbord R, Burton A, Burke M, et al. Systematic review: 
accuracy of anti–citrullinated peptide antibodies for diagnosing rheumatoid arthritis. Annals of 
internal medicine. 2010;152(7):456-64. 
331. von Delwig A, Locke J, Robinson JH, Ng W-F. Response of Th17 cells to a citrullinated 
arthritogenic aggrecan peptide in patients with rheumatoid arthritis. Arthritis & Rheumatism. 
2010;62(1):143-9. 
332. Law SC, Street S, Yu C, Capini C, Ramnoruth S, Nel HJ, et al. T-cell autoreactivity to 
citrullinated autoantigenic peptides in rheumatoid arthritis patients carrying HLA-DRB1 shared 
epitope alleles. Arthritis Res Ther. 2012;14(3):R118. 
333. McInnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid arthritis. Nat Rev 
Immunol. 2007;7(6):429-42. 
334. Harris ML, Darrah E, Lam GK, Bartlett SJ, Giles JT, Grant AV, et al. Association of 
Autoimmunity to Peptidyl Arginine Deiminase Type 4 With Genotype and Disease Severity in 
Rheumatoid Arthritis. Arthritis and rheumatism. 2008;58(7):1958-67. 
335. Vossenaar ER, Nijenhuis S, Helsen MM, van der Heijden A, Senshu T, van den Berg WB, 
et al. Citrullination of synovial proteins in murine models of rheumatoid arthritis. Arthritis 
Rheum. 2003;48:2489 - 500. 
336. Nandakumar KS, Holmdahl R. Antibody-induced arthritis: disease mechanisms and 
genes involved at the effector phase of arthritis. Arthritis research & therapy. 2007;8(6):223. 
337. Berlo SE, van Kooten PJ, Ten Brink CB, Hauet-Broere F, Oosterwegel MA, Glant TT, et 
al. Naive transgenic T cells expressing cartilage proteoglycan-specific TCR induce arthritis upon 
in vivo activation. Journal of autoimmunity. 2005;25(3):172-80. 



208 
 

338. Berlo SE, Guichelaar T, ten Brink CB, van Kooten PJ, Hauet-Broeren F, Ludanyi K, et al. 
Increased arthritis susceptibility in cartilage proteoglycan–specific T cell receptor–transgenic 
mice. Arthritis & Rheumatism. 2006;54(8):2423-33. 
339. Glant TT, Finnegan A, Mikecz K. Proteoglycan-induced arthritis: immune regulation, 
cellular mechanisms, and genetics. Critical Reviews™ in Immunology. 2003;23(3). 
340. Hine DW. B cells as antigen-presenting cells in a model of rheumatoid arthritis. PhD 
Thesis, Newcastle University. 2013. 
341. Musson JA, Morton M, Walker N, Harper HM, McNeill HV, Williamson ED, et al. 
Sequential Proteolytic Processing of the Capsular Caf1 Antigen of Yersinia pestis for Major 
Histocompatibility Complex Class II-restricted Presentation to T Lymphocytes. Journal of 
Biological Chemistry. 2006;281(36):26129-35. 
342. Zhang Y, Guerassimov A, Leroux JY, Cartman A, Webber C, Lalic R, et al. Arthritis 
induced by proteoglycan aggrecan G1 domain in BALB/c mice. Evidence for t cell involvement 
and the immunosuppressive influence of keratan sulfate on recognition of t and b cell 
epitopes. Journal of Clinical Investigation. 1998;101(8):1678-86. 
343. Guerassimov A, Zhang Y, Banerjee S, Cartman A, Leroux J-Y, Rosenberg LC, et al. 
Cellular immunity to the G1 domain of cartilage proteoglycan aggrecan is enhanced in patients 
with rheumatoid arthritis but only after removal of keratan sulfate. Arthritis & Rheumatism. 
1998;41(6):1019-25. 
344. Zou J, Zhang Y, Thiel A, Rudwaleit M, Shi SL, Radbruch A, et al. Predominant cellular 
immune response to the cartilage autoantigenic G1 aggrecan in ankylosing spondylitis and 
rheumatoid arthritis. Rheumatology. 2003;42(7):846-55. 
345. Buzás EI, Hanyecz A, Murad Y, Hudecz F, Rajnavölgyi E, Mikecz K, et al. Differential 
recognition of altered peptide ligands distinguishes two functionally discordant (arthritogenic 
and nonarthritogenic) autoreactive T cell hybridoma clones. The Journal of Immunology. 
2003;171(6):3025-33. 
346. Szántó S, Bárdos T, Szabó Z, David CS, Buzás EI, Mikecz K, et al. Induction of arthritis in 
HLA–DR4–humanized and HLA–DQ8–humanized mice by human cartilage proteoglycan 
aggrecan but only in the presence of an appropriate (non‐MHC) genetic background. Arthritis 
& Rheumatism. 2004;50(6):1984-95. 
347. Lowes K, von Delwig AA, McKie N, Altmann DM, Goodacre JA, Rowan AD, et al. 
Specificity of CD4 T-cell responses to aggrecan in BALB/c and DR1 transgenic mice. Arthritis 
Research & Therapy. 2005;7(Suppl 1):1-. 
348. Kohn LA, Hao Q-L, Sasidharan R, Parekh C, Ge S, Zhu Y, et al. Lymphoid priming in 
human bone marrow begins before expression of CD10 with upregulation of L-selectin. Nat 
Immunol. 2012;13(10):963-71. 
349. Gerberick GF, Cruse LW, Miller CM, Sikorski EE, Ridder GM. Selective Modulation of T 
Cell Memory Markers CD62L and CD44 on Murine Draining Lymph Node Cells Following 
Allergen and Irritant Treatment. Toxicology and Applied Pharmacology. 1997;146(1):1-10. 
350. Zhu J, Yamane H, Cote-Sierra J, Guo L, Paul WE. GATA-3 promotes Th2 responses 
through three different mechanisms: induction of Th2 cytokine production, selective growth of 
Th2 cells and inhibition of Th1 cell-specific factors. Cell research. 2006;16(1):3-10. 
351. Ziegler SF. FOXP3: of mice and men. Annu Rev Immunol. 2006;24:209-26. 
352. Yamashita I, Nagata T, Tada T, Nakayama T. CD69 cell surface expression identifies 
developing thymocytes which audition for T cell antigen receptor-mediated positive selection. 
International immunology. 1993;5(9):1139-50. 
353. Furtado GC, de Lafaille MAC, Kutchukhidze N, Lafaille JJ. Interleukin 2 signaling is 
required for CD4+ regulatory T cell function. The Journal of experimental medicine. 
2002;196(6):851-7. 
354. Jaiswal AI, Dubey C, Swain SL, Croft M. Regulation of CD40 ligand expression on naive 
CD4 T cells: a role for TCR but not co-stimulatory signals. International immunology. 
1996;8(2):275-85. 



209 
 

355. Lanzavecchia A, Iezzi G, Viola A. From TCR engagement to T cell activation: a kinetic 
view of T cell behavior. Cell. 1999;96(1):1-4. 
356. Bachmann MF, Oxenius A, Speiser DE, Mariathasan S, Hengartner H, Zinkernagel RM, 
et al. Peptide‐induced T cell receptor down‐regulation on naive T cells predicts agonist/partial 
agonist properties and strictly correlates with T cell activation. European journal of 
immunology. 1997;27(9):2195-203. 
357. Pelchen-Matthews A, Parsons IJ, Marsh M. Phorbol ester-induced downregulation of 
CD4 is a multistep process involving dissociation from p56lck, increased association with 
clathrin-coated pits, and altered endosomal sorting. The Journal of Experimental Medicine. 
1993;178(4):1209-22. 
358. Ponta H, Sherman L, Herrlich PA. CD44: from adhesion molecules to signalling 
regulators. Nature reviews Molecular cell biology. 2003;4(1):33-45. 
359. Fouser LA, Wright JF, Dunussi‐Joannopoulos K, Collins M. Th17 cytokines and their 
emerging roles in inflammation and autoimmunity. Immunological reviews. 2008;226(1):87-
102. 
360. Bouguermouh S, Fortin G, Baba N, Rubio M, Sarfati M. CD28 co-stimulation down 
regulates Th17 development. PLoS One. 2009;4(3):e5087. 
361. Gomez-Rodriguez J, Sahu N, Handon R, Davidson TS, Anderson SM, Kirby MR, et al. 
Differential expression of IL-17A and IL-17F is coupled to TCR signaling via Itk-mediated 
regulation of NFATc1. Immunity. 2009;31(4):587-97. 
362. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The Orphan 
Nuclear Receptor RORγt Directs the Differentiation Program of Proinflammatory IL-17+ T 
Helper Cells. Cell.126(6):1121-33. 
363. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annual Review of 
Immunology. 2009;27(1):485-517. 
364. Yamane H, Zhu J, Paul WE. Independent roles for IL-2 and GATA-3 in stimulating naive 
CD4+ T cells to generate a Th2-inducing cytokine environment. The Journal of Experimental 
Medicine. 2005;202(6):793-804. 
365. Webb DC, McKenzie AN, Koskinen AM, Yang M, Mattes J, Foster PS. Integrated signals 
between IL-13, IL-4, and IL-5 regulate airways hyperreactivity. The Journal of Immunology. 
2000;165(1):108-13. 
366. Pape KA, Kearney ER, Khoruts A, Mondino A, Merica R, Chen Z-M, et al. Use of 
adoptive transfer of T-cell antigen-receptor-transgenic T cells for the study of T-cell activation 
in vivo. Immunological Reviews. 1997;156(1):67-78. 
367. Borrego F, Robertson MJ, Ritz J, PeÑA J, Solana R. CD69 is a stimulatory receptor for 
natural killer cell and its cytotoxic effect is blocked by CD94 inhibitory receptor. Immunology. 
1999;97(1):159-65. 
368. D'Ambrosio D, Trotta R, Vacca A, Frati L, Santoni A, Gulino A, et al. Transcriptional 
regulation of interleukin-2 gene expression by CD69-generated signals. European Journal of 
Immunology. 1993;23(11):2993-7. 
369. Martín P, Gómez M, Lamana A, Cruz-Adalia A, Ramírez-Huesca M, Ursa MÁ, et al. CD69 
Association with Jak3/Stat5 Proteins Regulates Th17 Cell Differentiation. Molecular and 
Cellular Biology. 2010;30(20):4877-89. 
370. Murata K, Inami M, Hasegawa A, Kubo S, Kimura M, Yamashita M, et al. CD69‐null mice 
protected from arthritis induced with anti‐type II collagen antibodies. International 
Immunology. 2003;15(8):987-92. 
371. Zúñiga LA, Jain R, Haines C, Cua DJ. Th17 cell development: from the cradle to the 
grave. Immunological reviews. 2013;252(1):78-88. 
372. Cornelissen F, van Hamburg JP, Lubberts E. The IL-12/IL-23 axis and its role in Th17 cell 
development, pathology and plasticity in arthritis. Current opinion in investigational drugs 
(London, England: 2000). 2009;10(5):452-62. 
373. Wherry EJ. T cell exhaustion. Nature immunology. 2011;12(6):492-9. 



210 
 

374. Fathman CG, Lineberry NB. Molecular mechanisms of CD4+ T-cell anergy. Nature 
Reviews Immunology. 2007;7(8):599-609. 
375. McGeachy MJ. GM-CSF: the secret weapon in the TH17 arsenal. Nature immunology. 
2011;12(6):521-2. 
376. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, Peters A, et al. Induction and molecular 
signature of pathogenic TH17 cells. Nature immunology. 2012;13(10):991-9. 
377. Sheng W, Yang F, Zhou Y, Yang H, Low PY, Kemeny DM, et al. STAT5 programs a distinct 
subset of GM-CSF-producing T helper cells that is essential for autoimmune 
neuroinflammation. Cell Res. 2014;24(12):1387-402. 
378. Herndler-Brandstetter D, Flavell RA. Producing GM-CSF: a unique T helper subset? Cell 
Res. 2014;24(12):1379-80. 
379. Bax M, van Heemst J, Huizinga TWJ, Toes REM. Genetics of rheumatoid arthritis: what 
have we learned? Immunogenetics. 2011;63(8):459-66. 
380. Klareskog L, Rönnelid J, Lundberg K, Padyukov L, Alfredsson L. Immunity to citrullinated 
proteins in rheumatoid arthritis. Annu Rev Immunol. 2008;26:651-75. 
381. Wegner N, Lundberg K, Kinloch A, Fisher B, Malmström V, Feldmann M, et al. 
Autoimmunity to specific citrullinated proteins gives the first clues to the etiology of 
rheumatoid arthritis. Immunological reviews. 2010;233(1):34-54. 
382. Vossenaar ER, van Venrooij WJ. Citrullinated proteins: sparks that may ignite the fire in 
rheumatoid arthritis. Arthritis research and therapy. 2004;6(3):107-11. 
383. van Boekel MAM, Vossenaar ER, van den Hoogen FHJ, van Venrooij WJ. Autoantibody 
systems in rheumatoid arthritis: specificity, sensitivity and diagnostic value. Arthritis Research. 
2002;4(2):87-93. 
384. van der Helm-van AH, Venpoort K, Breedvelt F, Toes R, Huizinga W. Antibodies to 
citrullinated proteins and differences in clinical progression of rheumatoid arthritis. Arthritis 
research & therapy. 2005;7(5):R949-R58. 
385. Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, Cairns E. Cutting edge: the 
conversion of arginine to citrulline allows for a high-affinity peptide interaction with the 
rheumatoid arthritis-associated HLA-DRB1* 0401 MHC class II molecule. The Journal of 
Immunology. 2003;171(2):538-41. 
386. Doyle HA, Mamula MJ. Posttranslational Modifications of Self‐Antigens. Annals of the 
New York Academy of Sciences. 2005;1050(1):1-9. 
387. Quirke A-M, Fisher BAC, Kinloch AJ, Venables PJ. Citrullination of autoantigens: 
Upstream of TNFα in the pathogenesis of rheumatoid arthritis. FEBS Letters.585(23):3681-8. 
388. Law S, Street S, Yu C-H, Capini C, Ramnoruth S, Nel H, et al. T-cell autoreactivity to 
citrullinated autoantigenic peptides in rheumatoid arthritis patients carrying HLA-DRB1 shared 
epitope alleles. Arthritis Research & Therapy. 2012;14(3):R118. 
389. Yoshida M, Tsuji M, Kurosaka D, Kurosaka D, Yasuda J, Ito Y, et al. Autoimmunity to 
citrullinated type II collagen in rheumatoid arthritis. Modern rheumatology. 2006;16(5):276-
81. 
390. Glant TT, Buzás EI, Finnegan A, Negroiu G, Cs-Szabó G, Mikecz K. Critical Roles of 
Glycosaminoglycan Side Chains of Cartilage Proteoglycan (Aggrecan) in Antigen Recognition 
and Presentation. The Journal of Immunology. 1998;160(8):3812-9. 
391. Misják P, Bősze S, Horváti K, Pásztói M, Pálóczi K, Holub MC, et al. The role of 
citrullination of an immunodominant proteoglycan (PG) aggrecan T cell epitope in BALB/c mice 
with PG-induced arthritis. Immunology Letters. 2013;152(1):25-31. 
392. Scally SW, Petersen J, Law SC, Dudek NL, Nel HJ, Loh KL, et al. A molecular basis for the 
association of the HLA-DRB1 locus, citrullination, and rheumatoid arthritis. The Journal of 
Experimental Medicine. 2013;210(12):2569-82. 
393. Ray K. Rheumatoid arthritis: Understanding hypercitrullination in rheumatoid arthritis. 
Nat Rev Rheumatol. 2014;10(1):3-. 



211 
 

394. Iwanami K, Matsumoto I, Tanaka Y, Inoue A, Goto D, Ito S, et al. Arthritogenic T cell 
epitope in glucose-6-phosphate isomerase-induced arthritis. Arthritis Research & Therapy. 
2008;10(6):R130. 
395. Iwanami K, Matsumoto I, Yoshiga Y, Inoue A, Kondo Y, Yamamoto K, et al. Altered 
peptide ligands inhibit arthritis induced by glucose-6-phosphate isomerase peptide. Arthritis 
Research & Therapy. 2009;11(6):1-14. 
396. Kersh GJ, Miley MJ, Nelson CA, Grakoui A, Horvath S, Donermeyer DL, et al. Structural 
and functional consequences of altering a peptide MHC anchor residue. The Journal of 
Immunology. 2001;166(5):3345-54. 
397. Andersson EC, Hansen BE, Jacobsen H, Madsen LS, Andersen CB, Engberg J, et al. 
Definition of MHC and T cell receptor contacts in the HLA-DR4restricted immunodominant 
epitope in type II collagen and characterization of collagen-induced arthritis in HLA-DR4 and 
human CD4 transgenic mice. Proceedings of the National Academy of Sciences. 
1998;95(13):7574-9. 
398. Ford ML, Evavold BD. An MHC anchor-substituted analog of myelin oligodendrocyte 
glycoprotein 35–55 induces IFN-γ and autoantibodies in the absence of experimental 
autoimmune encephalomyelitis and optic neuritis. European Journal of Immunology. 
2004;34(2):388-97. 
399. Tao X, Constant S, Jorritsma P, Bottomly K. Strength of TCR signal determines the 
costimulatory requirements for Th1 and Th2 CD4+ T cell differentiation. The Journal of 
Immunology. 1997;159(12):5956-63. 
400. Gottschalk RA, Hathorn MM, Beuneu H, Corse E, Dustin ML, Altan-Bonnet G, et al. 
Distinct influences of peptide-MHC quality and quantity on in vivo T-cell responses. 
Proceedings of the National Academy of Sciences. 2012;109(3):881-6. 
401. Mydel P, Wang Z, Brisslert M, Hellvard A, Dahlberg LE, Hazen SL, et al. Carbamylation-
dependent activation of T cells: a novel mechanism in the pathogenesis of autoimmune 
arthritis. The Journal of Immunology. 2010;184(12):6882-90. 
402. Hill JA, Bell DA, Brintnell W, Yue D, Wehrli B, Jevnikar AM, et al. Arthritis induced by 
posttranslationally modified (citrullinated) fibrinogen in DR4-IE transgenic mice. The Journal of 
experimental medicine. 2008;205(4):967-79. 
403. Foulquier C, Sebbag M, Clavel C, Chapuy-Regaud S, Al Badine R, Méchin M-C, et al. 
Peptidyl arginine deiminase type 2 (PAD-2) and PAD-4 but not PAD-1, PAD-3, and PAD-6 are 
expressed in rheumatoid arthritis synovium in close association with tissue inflammation. 
Arthritis & Rheumatism. 2007;56(11):3541-53. 
404. Vossenaar ER, Nijenhuis S, Helsen MMA, van der Heijden A, Senshu T, van den Berg 
WB, et al. Citrullination of synovial proteins in murine models of rheumatoid arthritis. Arthritis 
& Rheumatism. 2003;48(9):2489-500. 
405. Malek TR, Castro I. Interleukin-2 Receptor Signaling: At the Interface between 
Tolerance and Immunity. Immunity. 2010;33(2):153-65. 
406. Ma A, Koka R, Burkett P. Diverse functions of IL-2, IL-15, and IL-7 in lymphoid 
homeostasis. Annu Rev Immunol. 2006;24:657-79. 
407. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and activation of the 
immune system. Nature Reviews Immunology. 2012;12(3):180-90. 
408. Taniguchi T, Minami Y. The IL-2IL-2 receptor system: a current overview. Cell. 
1993;73(1):5-8. 
409. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and activation of the 
immune system. Nat Rev Immunol. 2012;12(3):180-90. 
410. Benczik M, Gaffen SL. The interleukin (IL)-2 family cytokines: survival and proliferation 
signaling pathways in T lymphocytes. Immunological investigations. 2004;33(2):109-42. 
411. Minguillón J, Morancho B, Kim S-J, López-Botet M, Aramburu J. Concentrations of 
cyclosporin A and FK506 that inhibit IL-2 induction in human T cells do not affect TGF-β1 
biosynthesis, whereas higher doses of cyclosporin A trigger apoptosis and release of 
preformed TGF-β1. Journal of Leukocyte Biology. 2005;77(5):748-58. 



212 
 

412. Van Parijs L, Abbas AK. Homeostasis and self-tolerance in the immune system: turning 
lymphocytes off. Science. 1998;280(5361):243-8. 
413. Chen Q, Kim YC, Laurence A, Punkosdy GA, Shevach EM. IL-2 Controls the Stability of 
Foxp3 Expression in TGF-β–Induced Foxp3+ T Cells In Vivo. The Journal of Immunology. 
2011;186(11):6329-37. 
414. Grinberg-Bleyer Y, Baeyens A, You S, Elhage R, Fourcade G, Gregoire S, et al. IL-2 
reverses established type 1 diabetes in NOD mice by a local effect on pancreatic regulatory T 
cells. The Journal of experimental medicine. 2010;207(9):1871-8. 
415. Liao W, Lin J-X, Leonard WJ. Interleukin-2 at the crossroads of effector responses, 
tolerance, and immunotherapy. Immunity. 2013;38(1):13-25. 
416. Cote-Sierra J, Foucras G, Guo L, Chiodetti L, Young HA, Hu-Li J, et al. Interleukin 2 plays 
a central role in Th2 differentiation. Proceedings of the National Academy of Sciences of the 
United States of America. 2004;101(11):3880-5. 
417. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations. Annual 
review of immunology. 2010;28:445. 
418. Liao W, Schones DE, Oh J, Cui Y, Cui K, Roh T-Y, et al. Priming for T helper type 2 
differentiation by interleukin 2–mediated induction of interleukin 4 receptor α-chain 
expression. Nature immunology. 2008;9(11):1288-96. 
419. Paul WE, Zhu J. How are TH2-type immune responses initiated and amplified? Nat Rev 
Immunol. 2010;10(4):225-35. 
420. Liao W, Lin J-X, Leonard WJ. IL-2 family cytokines: new insights into the complex roles 
of IL-2 as a broad regulator of T helper cell differentiation. Current opinion in immunology. 
2011;23(5):598-604. 
421. Laurence A, Tato CM, Davidson TS, Kanno Y, Chen Z, Yao Z, et al. Interleukin-2 Signaling 
via STAT5 Constrains T Helper 17 Cell Generation. Immunity. 2007;26(3):371-81. 
422. Yang X-P, Ghoreschi K, Steward-Tharp SM, Rodriguez-Canales J, Zhu J, Grainger JR, et 
al. Opposing regulation of the Il17 locus through direct, reciprocal actions of STAT3 and STAT5. 
Nature immunology. 2011;12(3):247-54. 
423. Quintana FJ, Jin H, Burns EJ, Nadeau M, Yeste A, Kumar D, et al. Aiolos promotes TH17 
differentiation by directly silencing Il2 expression. Nature immunology. 2012;13(8):770-7. 
424. Santarlasci V, Maggi L, Mazzoni A, Capone M, Querci V, Rossi MC, et al. IL‐4‐induced 
gene 1 maintains high Tob1 expression that contributes to TCR unresponsiveness in human T 
helper 17 cells. European journal of immunology. 2014;44(3):654-61. 
425. Salerno F, Lier RA, Wolkers MC. Better safe than sorry: TOB1 employs multiple parallel 
regulatory pathways to keep Th17 cells quiet. European journal of immunology. 
2014;44(3):646-9. 
426. Chen Y, Haines CJ, Gutcher I, Hochweller K, Blumenschein WM, McClanahan T, et al. 
Foxp3+ regulatory T cells promote T helper 17 cell development in vivo through regulation of 
interleukin-2. Immunity. 2011;34(3):409-21. 
427. Fujimura K, Oyamada A, Iwamoto Y, Yoshikai Y, Yamada H. CD4 T cell-intrinsic IL-2 
signaling differentially affects Th1 and Th17 development. Journal of leukocyte biology. 
2013;94(2):271-9. 
428. Ihle JN. Cytokine receptor signalling. Nature. 1995;377(6550):591-4. 
429. Lim CP, Cao X. Serine phosphorylation and negative regulation of Stat3 by JNK. Journal 
of Biological Chemistry. 1999;274(43):31055-61. 
430. Gouilleux F, Wakao H, Mundt M, Groner B. Prolactin induces phosphorylation of 
Tyr694 of Stat5 (MGF), a prerequisite for DNA binding and induction of transcription. The 
EMBO Journal. 1994;13(18):4361-9. 
431. Beadling C, Ng J, Babbage JW, Cantrell DA. Interleukin-2 activation of STAT5 requires 
the convergent action of tyrosine kinases and a serine/threonine kinase pathway distinct from 
the Raf1/ERK2 MAP kinase pathway. The EMBO Journal. 1996;15(8):1902-13. 



213 
 

432. Purvis HA, Anderson AE, Young DA, Isaacs JD, Hilkens CMU. A Negative Feedback Loop 
Mediated by STAT3 Limits Human Th17 Responses. The Journal of Immunology. 
2014;193(3):1142-50. 
433. Yang X-P, Ghoreschi K, Steward-Tharp SM, Rodriguez-Canales J, Zhu J, Grainger JR, et 
al. Opposing regulation of the locus encoding IL-17 through direct, reciprocal actions of STAT3 
and STAT5. Nat Immunol. 2011;12(3):247-54. 
434. Malek TR. The biology of interleukin-2. Annu Rev Immunol. 2008;26:453-79. 
435. Laurence A, Tato CM, Davidson TS, Kanno Y, Chen Z, Yao Z, et al. Interleukin-2 signaling 
via STAT5 constrains T helper 17 cell generation. Immunity. 2007;26(3):371-81. 
436. Minami Y, Kono T, Miyazaki T, Taniguchi T. The IL-2 Receptor Complex: Its Structure, 
Function, and Target Genes. Annual Review of Immunology. 1993;11(1):245-68. 
437. Mosmann TR, Yokota T, Kastelein R, Zurawski SM, Arai N, Takebe Y. Species-specificity 
of T cell stimulating activities of IL 2 and BSF-1 (IL 4): comparison of normal and recombinant, 
mouse and human IL 2 and BSF-1 (IL 4). The Journal of Immunology. 1987;138(6):1813-6. 
438. Jenkins MK, Taylor PS, Norton SD, Urdahl KB. CD28 delivers a costimulatory signal 
involved in antigen-specific IL-2 production by human T cells. The Journal of Immunology. 
1991;147(8):2461-6. 
439. Broughton SE, Dhagat U, Hercus TR, Nero TL, Grimbaldeston MA, Bonder CS, et al. The 
GM–CSF/IL‐3/IL‐5 cytokine receptor family: from ligand recognition to initiation of signaling. 
Immunological reviews. 2012;250(1):277-302. 
440. Yamane H, Paul WE. Cytokines of the [gamma]c family control CD4+ T cell 
differentiation and function. Nat Immunol. 2012;13(11):1037-44. 
441. Tubo NJ, Jenkins MK. TCR signal quantity and quality in CD4+ T cell differentiation. 
Trends in Immunology. 2014;35(12):591-6. 
442. von Delwig A, Locke J, Robinson JH, Ng WF. Response of Th17 cells to a citrullinated 
arthritogenic aggrecan peptide in patients with rheumatoid arthritis. Arthritis & Rheumatism. 
2010;62(1):143-9. 
443. Sallusto F, Zielinski CE, Lanzavecchia A. Human Th17 subsets. European Journal of 
Immunology. 2012;42(9):2215-20. 
444. Geboes L, Dumoutier L, Kelchtermans H, Schurgers E, Mitera T, Renauld JC, et al. 
Proinflammatory role of the Th17 cytokine interleukin‐22 in collagen‐induced arthritis in 
C57BL/6 mice. Arthritis & Rheumatism. 2009;60(2):390-5. 
445. Wilson CL, Hine DW, Pradipta A, Pearson JP, van Eden W, Robinson JH, et al. 
Presentation of the candidate rheumatoid arthritis autoantigen aggrecan by antigen-specific B 
cells induces enhanced CD4+ T helper type 1 subset differentiation. Immunology. 
2012;135(4):344-54. 
446. Ron Y, De Baetselier P, Gordon J, Feldman M, Segal S. Defective induction of antigen-
reactive proliferating T cells in B cell-deprived mice. European Journal of Immunology. 
1981;11(12):964-8. 
447. Hickman SP, Chan J, Salgame P. Mycobacterium tuberculosis induces differential 
cytokine production from dendritic cells and macrophages with divergent effects on naive T 
cell polarization. The Journal of Immunology. 2002;168(9):4636-42. 
448. McGeachy MJ, Cua DJ. Th17 cell differentiation: the long and winding road. Immunity. 
2008;28(4):445-53. 
449. Annunziato F, Cosmi L, Liotta F, Maggi E, Romagnani S. Human Th17 cells: Are they 
different from murine Th17 cells? European Journal of Immunology. 2009;39(3):637-40. 
450. Annunziato F, Romagnani S. Mouse T helper 17 phenotype: Not so different than in 
man after all. Cytokine. 2011;56(1):112-5. 
451. de Jong E, Suddason T, Lord GM. Translational Mini-Review Series on Th17 Cells: 
Development of mouse and human T helper 17 cells. Clinical and Experimental Immunology. 
2010;159(2):148-58. 



214 
 

452. Noster R, Riedel R, Mashreghi M-F, Radbruch H, Harms L, Haftmann C, et al. IL-17 and 
GM-CSF Expression Are Antagonistically Regulated by Human T Helper Cells. Science 
Translational Medicine. 2014;6(241):241ra80. 
453. Zheng J, Petersen F, Yu X. The role of PTPN22 in autoimmunity: learning from mice. 
Autoimmunity reviews. 2014;13(3):266-71. 
454. Gregersen PK. Gaining insight into PTPN22 and autoimmunity. Nature genetics. 
2005;37(12):1300-2. 
455. Brownlie RJ, Miosge LA, Vassilakos D, Svensson LM, Cope A, Zamoyska R. Lack of the 
Phosphatase PTPN22 Increases Adhesion of Murine Regulatory T Cells to Improve Their 
Immunosuppressive Function2012 2012-11-27 00:00:00. ra87-ra p. 
456. Sakaguchi S, Benham H, Cope AP, Thomas R. T-cell receptor signaling and the 
pathogenesis of autoimmune arthritis: insights from mouse and man. Immunol Cell Biol. 
2012;90(3):277-87. 
457. Maine CJ, Hamilton-Williams EE, Cheung J, Stanford SM, Bottini N, Wicker LS, et al. 
PTPN22 alters the development of regulatory T cells in the thymus. The Journal of 
Immunology. 2012;188(11):5267-75. 
458. Krogsgaard M, Davis MM. How T cells 'see' antigen. Nat Immunol. 2005;6(3):239-45. 
459. Santarlasci V, Maggi L, Capone M, Querci V, Beltrame L, Cavalieri D, et al. Rarity of 
Human T Helper 17 Cells Is due to Retinoic Acid Orphan Receptor-Dependent Mechanisms that 
Limit Their Expansion. Immunity. 2011;36(2):201-14. 
460. Santarlasci V, Maggi L, Mazzoni A, Capone M, Querci V, Rossi MC, et al. IL-4-induced 
gene 1 maintains high Tob1 expression that contributes to TCR unresponsiveness in human T 
helper 17 cells. European Journal of Immunology. 2014;44(3):654-61. 
461. Schulze-Topphoff U, Casazza S, Varrin-Doyer M, Pekarek K, Sobel RA, Hauser SL, et al. 
Tob1 plays a critical role in the activation of encephalitogenic T cells in CNS autoimmunity. The 
Journal of Experimental Medicine. 2013;210(7):1301-9. 
462. Ansel KM, Lee DU, Rao A. An epigenetic view of helper T cell differentiation. Nature 
immunology. 2003;4(7):616-23. 
463. Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, et al. Dynamic regulatory 
network controlling TH17 cell differentiation. Nature. 2013;496(7446):461-8. 
464. Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA biogenesis, 
function and decay. Nature Reviews Genetics. 2010;11(9):597-610. 
465. Du C, Liu C, Kang J, Zhao G, Ye Z, Huang S, et al. MicroRNA miR-326 regulates TH-17 
differentiation and is associated with the pathogenesis of multiple sclerosis. Nature 
immunology. 2009;10(12):1252-9. 
466. Haas JD, Nistala K, Petermann F, Saran N, Chennupati V, Schmitz S, et al. Expression of 
miRNAs miR-133b and miR-206 in the Il17a/f Locus Is Co-Regulated with IL-17 Production in αβ 
and γδ T Cells. PLoS ONE. 2011;6(5):e20171. 
467. O'Connell RM, Kahn D, Gibson WS, Round JL, Scholz RL, Chaudhuri AA, et al. 
MicroRNA-155 promotes autoimmune inflammation by enhancing inflammatory T cell 
development. Immunity. 2010;33(4):607-19. 
468. Li Q-J, Chau J, Ebert PJ, Sylvester G, Min H, Liu G, et al. miR-181a is an intrinsic 
modulator of T cell sensitivity and selection. Cell. 2007;129(1):147-61. 
469. Bielekova B, Goodwin B, Richert N, Cortese I, Kondo T, Afshar G, et al. Encephalitogenic 
potential of the myelin basic protein peptide (amino acids 83-99) in multiple sclerosis: Results 
of a phase II clinical trial with an altered peptide ligand. Nat Med. 2000;6(10):1167-75. 
470. Perrin PJ, Scott D, Davis TA, Gray GS, Doggett MJ, Abe R, et al. Opposing effects of 
CTLA4-Ig and Anti-CD80 (B7-1) plus Anti-CD86 (B7-2) on experimental allergic 
encephalomyelitis. Journal of Neuroimmunology. 1996;65(1):31-9. 
471. Katzman SD, Gallo E, Hoyer KK, Abbas AK. Differential Requirements for Th1 and Th17 
Responses to a Systemic Self-Antigen. The Journal of Immunology. 2011;186(8):4668-73. 



215 
 

472. de Wit J, Souwer Y, van Beelen AJ, de Groot R, Muller FJ, Bos HK, et al. CD5 
costimulation induces stable Th17 development by promoting IL-23R expression and sustained 
STAT3 activation. Blood. 2011;118(23):6107-14. 
473. Zhang Z, Zhong W, Hinrichs D, Wu X, Weinberg A, Hall M, et al. Activation of OX40 
Augments Th17 Cytokine Expression and Antigen-Specific Uveitis. The American Journal of 
Pathology. 2010;177(6):2912-20. 
474. Paulos CM, Carpenito C, Plesa G, Suhoski MM, Varela-Rohena A, Golovina TN, et al. 
The Inducible Costimulator (ICOS) Is Critical for the Development of Human TH17 Cells. Science 
Translational Medicine. 2010;2(55):55ra78. 
475. Greenwald RJ, Latchman YE, Sharpe AH. Negative co-receptors on lymphocytes. 
Current opinion in immunology. 2002;14(3):391-6. 
476. Dong C, Juedes AE, Temann U-A, Shresta S, Allison JP, Ruddle NH, et al. ICOS co-
stimulatory receptor is essential for T-cell activation and function. Nature. 2001;409(6816):97-
101. 
477. Feist E, Steiner G. Rheumatoid arthritis: an antigenic chameleon. Annals of the 
Rheumatic Diseases. 2014. 
478. Shi J, van Veelen PA, Mahler M, Janssen GMC, Drijfhout JW, Huizinga TWJ, et al. 
Carbamylation and antibodies against carbamylated proteins in autoimmunity and other 
pathologies. Autoimmunity Reviews. 2014;13(3):225-30. 
479. Mydel P, Wang Z, Brisslert M, Hellvard A, Dahlberg LE, Hazen SL, et al. Carbamylation-
Dependent Activation of T Cells: A Novel Mechanism in the Pathogenesis of Autoimmune 
Arthritis. Journal of immunology (Baltimore, Md : 1950). 2010;184(12):6882-90. 
480. Valesini G, Gerardi MC, Iannuccelli C, Pacucci VA, Pendolino M, Shoenfeld Y. 
Citrullination and autoimmunity. Autoimmunity Reviews. 2015;14(6):490-7. 
481. Doyle HA, Mamula MJ. Post-translational protein modifications in antigen recognition 
and autoimmunity. Trends in immunology. 2001;22(8):443-9. 
482. Wood P, Elliott T. Glycan-regulated Antigen Processing of a Protein in the Endoplasmic 
Reticulum Can Uncover Cryptic Cytotoxic T Cell Epitopes. The Journal of Experimental 
Medicine. 1998;188(4):773-8. 
483. Proost P, Struyf S, Van Damme J. Natural post-translational modifications of 
chemokines. Biochemical Society Transactions. 2006;34(Pt 6):997-1001. 
484. Barker CE, Ali S, O'Boyle G, Kirby JA. Transplantation and inflammation: implications 
for the modification of chemokine function. Immunology. 2014;143(2):138-45. 

 


