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Abstract 

An R620W polymorphism in the haematopoietic protein tyrosine phosphatase PTPN22 

increases susceptibility to a number of autoimmune diseases, including rheumatoid 

arthritis. PTPN22 is a negative regulator of immune cell signalling and its role has been 

best characterised in T cell receptor (TCR) signal transduction. Functional studies in the 

mouse are needed to clarify the role of Ptpn22 function. In this PhD project, the Ptpn22 

deficient mouse was investigated in the context of chronic inflammatory disease, by 

investigating its role in T cell activation and downstream effector pathways. 

Ptpn22-/- mice revealed a modest increase in severity of joint inflammation compared 

to Ptpn22+/+ and Ptpn22+/- mice in a collagen-induced arthritis (CIA) study. Increased 

proportions of IFN-γ+ CD4+ T cells, CD4+ effector/memory T cells (CD4+ CD44hi CD62Llo) 

and regulatory CD4+ T cells (CD4+ CD25+ Foxp3+) were observed in Ptpn22-/- mice 

compared to Ptpn22+/+ littermates in response to immunisation with type II chicken 

collagen in complete Freund’s adjuvant. This was accompanied by a decrease in the 

levels of chicken type II collagen specific IgG1:IgG2c, suggesting an enhanced 

polarisation to the Th1 lineage in the absence of Ptpn22. Ptpn22+/+ and Ptpn22-/- naïve 

CD4+ T cells polarise to a Th1 phenotype to a similar extent in vitro in the absence of 

antigen presentation. However, Ptpn22-/- bone marrow derived dendritic cells were 

found to polarise CD4+
 T cells to a Th1 phenotype in in vitro DC: T cell co-culture 

experiments utilising transgenic OT-II CD4+ T cells. Ptpn22-/- mice developed more 

severe inflammatory arthritis than Ptpn22+/+ mice in the K/BxN serum transfer arthritis 

model.  

The data presented in this thesis describe a negative regulatory role for Ptpn22 in Th1 

differentiation in the CIA model resulting in exacerbated inflammatory arthritis in the 

Ptpn22 deficient mouse. Evidence suggests a T cell extrinsic influence of Ptpn22 

deficiency on the antigen presenting cell in promoting pathways of Th1 differentiation. 

Furthermore, preliminary findings suggest a role for Ptpn22 in the regulation of IgG1 

mediated downstream effector pathways. These results highlight a role for Ptpn22 in 

negatively regulating multiple pathways in the innate and adaptive immune response, 

alterations in which could ultimately result in autoimmunity.  
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TRIM-21 Tripartite containing protein 21 
TSLP Thymic stromal lymphopoietin 
w/w Wedge  
YFP Yellow fluorescent protein 
Zap70 Zeta-chain-associated protein kinase 70 
αβT Alpha beta T cell 
γδT  Gamma delta T cell 

 



- 18 - 

 

Chapter 1 Introduction  
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1.1 Protein tyrosine phosphatases in autoimmunity 

Intracellular signalling in immune cells is dependent on a wave of tyrosine 

phosphorylation. In order for immune cells to function properly, tyrosine 

phosphorylation events must be reciprocally regulated by protein tyrosine kinases (PTKs) 

and protein tyrosine phosphatases (PTPs) (Hermiston et al., 2009). Tyrosine 

phosphorylation cascades are utilised by most antigen receptors, immunoglobulin (Ig) 

receptors, co-receptors, accessory molecules and cytokine receptors (Mustelin, 2006).  

Additionally, other fundamental cell processes such as cell migration and adhesion, 

endocytosis and cell cycle control also depend on tyrosine phosphorylation.  

Furthermore, PTPs play a crucial role in maintaining lymphocytes in a resting state.  

By the early 1990s it had become apparent that phosphorylation is a critical mechanism 

for T cell receptor (TCR) signalling and T lymphocyte activation (Mustelin, 2006). Even 

before this, it was realised that CD45, the common leukocyte antigen, was crucial for the 

regulation of Src family kinases lymphocyte specific protein tyrosine kinase (Lck) and Fyn 

(Pingel and Thomas, 1989). The Src homology-2 (SH2) domain-containing PTP (SHP) 1 

and 2 were soon after described (Matthews et al., 1992, Johnson et al., 1999, Feng et al., 

1993). It is now known that the human genome contains the genes for more than 100 

PTPs that are classified into four classes (Stanford et al., 2012).  

Interestingly, genetics studies, either through the candidate-gene approach or the 

unbiased genome-wide association studies (GWAS), have shown that some of the major 

autoimmune susceptibility genes are encoded by PTPs (PTPN22, PTPN2, PTPRC, 

UBASH3A, PTPN11, PTPRT). Most of these PTPs are known regulators of T cell activation 

(Stanford et al., 2010).  The study of these PTPs in autoimmunity is of crucial 

importance, particularly given their role in dictating signalling thresholds which influence 

autoimmunity in a variety of ways (Sakaguchi et al., 2012). For example, increased or 

decreased TCR signalling can affect positive or negative selection in the thymus (See SKG 

mouse model; Section 1.3.3 (Sakaguchi et al., 2003)), activation of effector T cells, 

activation and homeostasis of regulatory T (Treg) cells and triggering and maintenance 

of peripheral anergy (Stanford et al., 2012).  
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1.1.1 PTPN22 is a major autoimmune disease susceptibility locus 

GWAS indicate that, outside of the major histocompatibility complex (MHC), one of the 

strongest risk factors for autoimmune disease is conferred by the PTP nonreceptor 22 

(referred to in this thesis as PTPN22 in humans and Ptpn22 in mice, encoded by PTPN22 

and Ptpn22 messenger RNA (mRNA), respectively) (Stahl et al., 2010) (See also Section 

1.3.1.3).  

A common coding variant, resulting in the exchange of an arginine (R) to tryptophan (W) 

residue at position 620 of the protein (R620W), has been associated with a number of 

autoimmune diseases (Burn et al., 2011). At the amino acid level this polymorphism 

corresponds to C1858T.  The polymorphism was initially identified to be associated with 

type 1 diabetes (T1D), rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE), 

where the T allele was found to enhance the risk of disease (Begovich et al., 2004, 

Bottini et al., 2004, Kyogoku et al., 2004). The polymorphism functions in an autosomal 

dominant fashion, with increased clinical penetrance in more rare carriers who are 

homozygous for the polymorphism (Stanford et al., 2010).   

The list of autoimmune diseases that have been associated with the PTPN22 R620W 

polymorphism now extends to over 20, including Hashimoto’s thyroiditis, Graves 

disease, Addison’s disease, Myasthenia Gravis, vitiligo, systemic sclerosis, and juvenile 

idiopathic arthritis (Burn et l., 2011). It is unclear why the R620W polymorphism 

associates with some major autoimmune diseases but not others, and it has been 

suggested that the C1858T polymorphism might preferentially associate with diseases 

characterised by a strong autoantibody component (Stanford et al., 2010, Stanford and 

Bottini, 2014).  In the case of RA, it has been suggested that the association is restricted 

to the anti-cyclic citrullinated peptide (anti-CCP) positive RA subgroup (Padyukov et al., 

2010).  

The risk conferred by PTPN22 R620W is variable among diseases, but is substantial in RA, 

with average reported odds ratios of 1.7-2.0 per single copy (Stanford et al., 2010, Eyre 

et al., 2012). Of note, there are a number of other single nucleotide polymorphisms 

(SNPs) in PTPN22, in addition to the one at 1858. For example, there is a protective SNP, 
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G788A (R263Q), which reduces the phosphatase activity of the protein and reduces the 

risk of RA and SLE (Stanford and Bottini, 2014, Orrú et al., 2009, Rodríguez‐Rodríguez et 

al., 2011). There is still a possibility that there may be additional polymorphisms in 

linkage disequilibrium with the SNP at 1858 (Vang et al., 2007). Other important genetic 

investigations are searching to address whether PTPN22 associates with other 

environmental or genetic factors. For example, it is likely that PTPN22 associates with 

human leukocyte antigen (HLA) (Källberg et al., 2007).  

1.1.2 The need for functional studies of PTPN22/Ptpn22 

Given the central importance of PTPN22 as a general autoimmune susceptibility locus, 

the PTPN22 gene is under intense investigation with regard to the mechanisms that 

might contribute to this association with autoimmunity. This research will help further 

our understanding of the pathogenesis of these diseases, and in the search for novel 

therapeutic targets. In particular, studies are needed that will investigate the role of the 

Ptpn22 phosphatase in vivo. In sections 1.5 and 1.6, the immunobiology of PTPN22 and 

functional studies of Ptpn22 genetic variation in vivo that have been performed to this 

day are described.  
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1.2 Immune cells and pathways that may be regulated by PTPN22 

This thesis will explore the role of murine Ptpn22 on several immune cells and pathways. 

This section will introduce the biology of T cells and dendritic cells (DCs), in addition to 

FcγR biology.  

1.2.1 T cells 

1.2.1.1 The TCR  

The TCR is expressed on the surface of T cells and is responsible for recognising antigens 

bound to MHC molecules. Two types of T cell emerge from the thymus; those expressing 

either αβTCR or γδTCR. T cells expressing αβTCR represent the majority (95%) of the T 

cells emerging from the thymus.  

Two major co-receptor molecules exist on αβTCR T cells, CD4 and CD8, that define two 

separate T cell lineages with different functions. CD4+
 T cells recognise molecules in the 

context of MHC Class II (MHC-II) molecules and produce cytokines as effector CD4+ T 

cells. CD8+ T cells recognise molecules presented by MHC Class I (MHC-I) molecules and 

form cytotoxic T lymphocytes (CTLs). Stimulation of the TCR is triggered by antigenic 

peptide loaded MHC molecules on antigen presenting cells (APCs) inducing a series of 

intracellular signalling cascades (discussed in Section 1.2.1.2). Downstream functional 

consequences of TCR engagement are highly variable and context dependent and 

include cell activation, proliferation, differentiation and cell death. 

Each αβTCR is unique in structure and this provides T cells with a diverse repertoire of 

antigen recognition receptors (Broere et al., 2011). The αβTCR chains are disulphide-

linked heterodimers of the Ig superfamily. Each chain has an outward facing N-terminal 

variable domain (Vα and Vβ), a transmembrane region, a constant region (Cα and Cβ), 

and a short cytoplasmic tail at the C terminal end. Each Vα and Vβ domain of the TCR 

consists of three hypervariable domains known as complementarity determining regions 

(CDR), which determine the peptide specificity and affinity of the TCR.  
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The C terminal cytoplasmic tail is not capable of signal transduction in isolation and so 

the TCR needs to associate with the CD3 complex to facilitate signal transduction. The 

CD3 chains are arranged into two heterodimers, γε, δε, and one homodimer ζζ (Figure 

1-1). CD3 molecules possess immunoreceptor tyrosine-based immune motifs (ITAMs), 

through which proximal signalling events are mediated. γ, δ and ε each express one 

ITAM motif, while the ζ chain expresses three. Tyrosine motifs in these ITAM residues 

become phosphorylated by Src family kinases during TCR stimulation, which is an event 

that is required for early TCR signalling (discussed in Section 1.2.1.2).   

During T cell development in the thymus, somatic recombination ensures that the TCR 

gene segments randomly rearrange to form complete V domain exons (Alt et al., 1992). 

This allows detection of a wide range of peptide antigens. The TCR gene segments are 

flanked by recombination signal sequences (RSS) and are recognised by the enzyme VDJ 

recombinase, which mediates recombination (Hodges et al., 2003, Oettinger et al., 

1990). The recombinase enzymes (which are also found in B cells) are encoded by 

recombination activating genes (RAG) 1 and 2 (Oettinger et al., 1990). The lymphocytes 

of RAG-/- mice cannot produce a functional TCR or B cell receptor (BCR), lymphocytes 

fail to survive selection processes and RAG-/- mice contain no mature T or B 

lymphocytes (Mombaerts et al., 1992, Shinkai, 1992). 

T cell selection occurs in the thymus, in a process that produces a functional and distinct 

TCR that can recognise peptide in a complex with MHC. The selection processes that 

occur in the thymus aim to generate a repertoire of TCRs that have a high affinity for 

foreign peptide in complex with MHC, whilst deleting T cells with a high affinity for self 

peptide, as this process could result in autoimmunity.  
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Figure 1-1 Structure of the TCR 
The TCR consists of two membrane-bound glycoproteins, α and β. Each chain consists of a variable and 
constant region. The TCR is non-covalently bound to dimers of CD3 signalling proteins, γ, ε, δ and ζ which 
contain ITAM motifs. 
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1.2.1.2 T cell signalling following TCR engagement 

TCR signal transduction is initiated following interaction of TCR αβ chains with peptide 

antigen bound to MHC-I or II molecules. This sequentially activates cell membrane 

proximal signalling intermediates (kinases, phosphatases and adaptors). The TCR αβ 

chains cannot transmit signal on their own and depend on ITAM motifs in the CD3 

chains. The tyrosine residues in the ITAMs are phosphorylated by Src family kinases such 

as Lck and Fyn. Dual phosphorylated ITAMs are then able to form docking sites for the 

SH2 domains of spleen tyrosine kinase (Syk) family kinases, zeta-chain-associated 

protein kinase 70 (Zap70) and Syk. The Syk family kinases must bind to the 

phosphorylated ITAM motifs and be phosphorylated themselves by the Src family kinase 

members. Syk kinases are then able to phosphorylate linker for activation of T cells 

(LAT), which is an important scaffolding protein for downstream signalling molecules 

and recruits numerous signalling molecules to form a multiprotein complex which is 

known as the LAT signalosome. Important molecules in the LAT signalosome include 

phospholipase Cγ (PLCγ), SLP76 (SH2 domain-containing leukocyte protein of 76 kDa) 

and VAV (Broere et al., 2011, Brownlie and Zamoyska, 2013) (Figure 1-2).  

At the LAT signalosome, signals are branched to three major signalling pathways, the 

Ca2+, the mitogen-activated protein kinase (MAPK) kinase and the nuclear factor-κB 

(NFκB) signalling pathways. This results in the activation of transcription factors that are 

required for gene expression and are critical for T cell growth and differentiation. Signals 

initiated from the TCR also result in actin reorganization and the activation of integrins 

by inside-out signalling (Brownlie and Zamoyska, 2013).  

1.2.1.3 T cell activation  

Naïve T cells are cells that have not yet encountered foreign antigen and have therefore 

not yet become activated. Naïve T cells circulate through blood and the lymphatic 

system and reside in secondary lymphoid organs. Professional APCs, such as DCs, 

present antigenic peptides to naïve T cells in secondary lymphoid organs resulting in T 

cell activation (described in Section 1.2.2.3). DCs acquire antigen in non-lymphoid tissues 
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throughout the body and migrate into secondary lymphoid organs in response to 

guidance from inflammatory stimuli and cytokines. The variability of the TCR ensures 

that a few naïve T cells will have a high affinity binding to an antigenic peptide derived 

from virtually any pathogen (Broere et al., 2011).  

Following activation, T cells undergo proliferation known as clonal expansion, and 

migrate through tissues to the sites of antigen presence to perform two main effector 

functions, which include production of cytokines and cell mediated cytotoxicity. 

Cytotoxicity is carried out by CD8+ T cells which are very efficient in lysing virally infected 

cells that are carrying the antigen. Cytokine production is mediated by CD4+ T cells. 

Cytokines can either be directly toxic to the target cells or can mediate other T cell 

effector functions, B cell antibody production and the release of inflammatory 

mechanisms (Broere et al., 2011). 

Effector T cells mostly undergo apoptosis once the antigenic determinant has been 

eliminated, but some will remain and form memory T cells. Memory T cells survive for 

many years in lymphoid organs and peripheral tissues, and can perform immediate 

effector functions in peripheral tissues, or undergo clonal expansion in lymphoid organs 

to mount a secondary immune response if the same antigen becomes re-encountered. 

Memory T cells provide a fast response to antigen compared to naïve T cells (Janeway et 

al., 2001).  
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Figure 1-2 TCR signalling  
TCR signalling is controlled by phosphorylation and dephosphorylation events carried out by membrane 
proximal phosphatases and kinases. Black arrows demonstrate phosphorylation events. Red lines 
demonstrate dephosphorylation events. Green phosphotyrosine groups represent activatory residues; red 
phosphotyrosine groups represent inhibitory residues. For simplicity, not all known signalling molecules or 
interactions are shown. Modified from Zikherman and Weiss, 2009.   
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1.2.1.4 Regulation of T cell responses by Lck and Fyn 

Activation of the Src PTKs Lck and Fyn is crucial in the initiation of TCR signalling 

pathways. Lck and Fyn are associated with lipid rafts in the plasma membrane and are 

amongst the earliest molecules to become activated in response to TCR engagement 

(Zamoyska et al., 2003). Lck and Fyn are related in structure and function and have 

independent as well as overlapping roles. The specific function of each PTK is dependent 

on the properties of their Src homology domains (which dictate critical protein 

interactions), amino acid residue modification of the N terminus (which determine 

cellular localisation) and inherent differences in the catalytic domain (Salmond et al., 

2009).  

Regulation of Lck and Fyn occurs in response to both the binding of ligands to the SH2 

and Src- homology 3 (SH3) domains and the phosphorylation and dephosphorylation of 

critical tyrosine residues (Palacios and Weiss, 2004). The kinases are negatively 

regulated by phosphorylation by Csk at their negative C-terminal regulatory site, namely 

Y505 in Lck and Y528 in Fyn (Zamoyska et al., 2003). Phosphorylation of the negative 

tyrosine residue causes the protein to snap shut into an inactive conformation, by virtue 

of an association with the SH2 domain (Burn et al., 2011, Eck et al., 1994). The role of 

Csk is counteracted by CD45, which maintains the inhibitory C-terminal residue in a 

dephosphorylated, active conformation (Ostergaard et al., 1989).  

Additionally, PTKs are positively regulated by autophosphorylation of their activatory 

tyrosine residue, namely Y394 in Lck and Y417 in Fyn (Salmond et al., 2009). When 

inactive, an α helical conformation stabilizes the kinase in its inactive conformation by 

blocking the catalytic site. Following interaction of the SH domains and 

dephosphorylation of the inhibitory tyrosine, the α helix conformation loop becomes 

displaced and the PTK is able to transphosphorylate and enhance enzymatic activity  (Xu 

et al., 1999). A number of phosphatases may be involved in the regulation of the 

activatory tyrosine residue, including PTPN22, CD45, SHP-1 and PTP-PEST (Arimura et al., 

2008, Hasegawa et al., 2004, Chiang and Sefton, 2001, McNeill et al., 2007).  
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A further level of regulation is known for the PTK Lck, whereby phosphorylation of Lck at 

Serine residue 59 is thought to prevent inactivation by the phosphatase SHP-1 (Watts et 

al., 1993, Štefanová et al., 2003). 

The Lck and Fyn PTKs have been shown to have important roles both during T cell 

development in the thymus and in the periphery.  

1.2.1.4.1 The role of Lck and Fyn in T cell development 

Analysis of mice deficient for Lck has revealed a crucial role for Lck in pre-TCR signalling. 

Lck-/- mice show a pronounced reduction in the number of double-positive (CD4+CD8+)  

thymocytes, as well as a block in the maturation of CD4+ and CD8+ single positive cells, 

resulting in a reduction in the pool of peripheral T cells in Lck-/- mice  (Molina et al., 

1992). Fyn is thought to partially substitute for the absence of Lck, as double deficient 

Lck-/-Fyn-/- mice were completely unable to progress past the double-negative 3 stage 

of thymus differentiation (Groves et al., 1996, van Oers et al., 1996). Fyn-/- mice do not 

reveal as strong a phenotype in thymocyte differentiation as Lck-/- mice, and all 

thymocyte subsets and numbers are present in similar proportions (Appleby et al., 1992, 

Stein et al., 1992). This would suggest that Fyn does not have a role in pre-TCR signalling 

in wild-type mice, although it could be that other kinases, such as Lck, may compensate 

for the absence of Fyn in the Fyn-/- mouse (Zamoyska et al., 2003). It is thought that 

high levels of Lck expression favour the commitment to the CD4+ lineage (Legname et 

al., 2000, Hernández-Hoyos et al., 2000, Salmond et al., 2009, Zamoyska et al., 2003).  

1.2.1.4.2 The role of Lck and Fyn in TCR signal transduction  

Lck function in peripheral T cells has been assessed by using an inducible Lck transgenic 

mouse system, and suggests a defective induction of Zap70 and LAT phosphorylation in 

CD4+ T cells in response to TCR stimulation in the absence of peripheral Lck, together 

with defective PLCγ1 activation and Ca2+ signalling (Legname et al., 2000). Signals occur 

more slowly and a higher dose of antigen is required to exceed the signalling threshold 

(Salmond et al., 2009). Fyn alone, in the absence of Lck, has been seen to mediate 

activation of the MAPK pathway but this proceeds via a pathway independent of PLCγ1 
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(Lovatt et al., 2006, Denny et al., 2000). Some studies suggest that Fyn or Lck alone are 

sufficient to transduce signals to Phosphatidylinositol 3-kinase (PI3K) activation 

(Salmond et al., 2009).  

In addition to stimulating downstream pathways leading to proliferation and 

differentiation, negative feedback pathways may also depend on the activities of Lck and 

Fyn.  As an example, the Src family kinases are thought to phosphorylate PAG and other 

transmembrane molecules that might lead to the recruitment of Csk. Alternatively, SHP-

1 phosphatases may become activated. In the absence of Fyn, it is thought that some of 

these negative feedback loops become compromised, resulting in faster cytokine 

production, but an overall regulated response is achieved through the regulation of the 

response by Lck. When both Lck and Fyn activity are compromised, this results in an 

overactive positive signal which unregulated and can result in autoimmunity (Salmond et 

al., 2009). 

1.2.1.4.3 The role of Lck in the development of effector function and differentiation of 

memory T cells 

Absence of Lck in primary T cells increases the threshold of activation, resulting in a 

reduced number of cells that will divide, compared to wild-type cells, at a comparable 

dose of TCR stimulation (Lovatt et al., 2006, Filby et al., 2007). Naïve T cells expressing 

low levels of Lck will differentiate, but show some compromise in other aspects of their 

effector function, including cytokine production (Salmond et al., 2009, Lovatt et al., 

2006). Changes in the balance of Lck and Fyn and their modulators can change the fate 

of T cells and are able to alter the balance between the production of recirculating 

memory T cells and effector T cells that are terminally differentiated (Salmond et al., 

2009).  

1.2.1.5 T helper subsets  

Upon interaction with cognate antigen presented by APCs, CD4+ T cells can differentiate 

into a variety of effector subsets, known as T helper (Th) subsets. Differentiation of 
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distinct lineages of CD4+ effector T cells allows for the specialisation to orchestrate 

diverse aspects of the adaptive immune response. The cytokines in the 

microenvironment and the strength of interaction of the TCR with antigen are important 

in determining the differentiation (Boyton and Altmann, 2002, Purvis et al., 2010). Each 

CD4+ T cell subset is coordinated by a different genetic programme and is characterised 

by a unique transcription factor that enables expression of soluble mediators and 

surface molecules allowing for the interaction with target cells (Murphy and Stockinger, 

2010). Different CD4+ Th subpopulations do so through secretion of cytokines and 

chemokines that activate or recruit target cells (Figure 1-3). 

The initial classification involved a dichotomy of Th1 and Th2 cells (Mosmann and 

Coffman, 1989), with the former controlling delayed-type hypersensitivity through the 

production of interferon- γ (IFN)-γ, and the latter being thought to be the helper T cells 

to B cells to produce antibodies through the production of interleukin (IL)-4, IL-5 and IL-

13. The Th1-Th2 dichotomy dominated the field for almost 20 years until Th17 cells (Park 

et al., 2005) and inducible Treg (iTregs) were also reported  (Hori et al., 2003).  

1.2.1.5.1 Th1 

Th1 cells mediate immune responses against intracellular pathogens (Mosmann and 

Coffman, 1989). They are induced in response to viral, bacterial and protozoan 

infections. In humans, they have a particularly important role against mycobacterial 

infections (Zhu and Paul, 2008). Th1 cells are also associated with the delayed type 

hypersensitivity response (Fong and Mosmann, 1989). They provide help in the B cell 

production of antibody, especially IgG2a, which is involved in opsonisation, complement 

fixation and virus neutralisation (Walsh and Mills, 2013). Th1 cells also activate CD8+ 

CTLs that can kill virus-infected cells (Walsh and Mills, 2013). Additionally, they are 

responsible for the induction of a variety of autoimmune diseases, although some of the 

autoimmune diseases that were historically ascribed to Th1 cells have subsequently 

been attributed to the Th17 lineage, following the discovery of the role of IL-23 (Langrish 

et al., 2005, Murphy et al., 2003) (See Section 1.2.1.5.3).   
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The signature cytokine produced by Th1 cells is IFN-γ. However, Th1 cells also produce 

IL-2, tumour necrosis factor-β (TNF)-β, IL-3, IL-10 and granulocyte-macrophage-colony 

stimulating factor (GM-CSF) (Mosmann and Coffman, 1989, Liew, 2002). IFN-γ 

production by Th1 cells is known to have a number of effects on innate immune cells, 

such as increase microbicidal activity of macrophages.  IL-2 production is important for 

CD4+ T cell memory (Zhu and Paul, 2008). IL-10 production by Th1 cells is important for 

self-limitation (O'Garra and Vieira, 2007). Chemokine receptors CXCR3 and CCR5 are 

highly expressed on Th1 cells (Zhu and Paul, 2008).   

T box expressed in T cells (T-bet) (Szabo et al., 2000), the master Th1 transcriptional 

regulator, is up-regulated during Th1 differentiation. Signal transducer and activator of 

transcription-1 (STAT)-1, the major transducer of IFN-γ signalling, plays a critical role in 

the IFN-γ mediated induction of T-bet (Lighvani et al., 2001). STAT-4, an IL-12 signal 

transducer, is important for amplifying Th1 responses (Thierfelder et al., 1996). 

Additionally, STAT-4 can directly induce IFN-γ production in activated CD4+ T cells 

through a feedback loop, in which IFN-γ induces more IFN-γ production by acting 

through T-bet (Zhu and Paul, 2008).  

Collaboration between IFN-γ, IL-12 and IL-18 is able to induce full Th1 differentiation.  

APCs produce IL-12 as a result of their activation following toll-like receptor (TLR) 

ligation (Krummen et al., 2010).  IL-12, in combination with IL-18 or IL-15, activates 

natural killer (NK) cells to produce IFN-γ (Fehniger et al., 1999) which can in turn activate 

STAT-1, upregulating T-bet expression in the CD4+ T cell (Afkarian et al., 2002). In turn, T-

bet induces T cell IFN-γ production and upregulates IL-12Rβ2. IL-12Rβ2 is maintained by 

TCR signalling and IL-12 and IFN-γ stimulation (Szabo et al., 1997). IL-12Rβ1 is 

constitutively expressed on naïve CD4+ T cells and its expression is further upregulated in 

Th1 cells through an IFN regulatory factor 1 (IRF)1 dependent mechanism (Kano et al., 

2007). Up-regulation of the IL-12R complex conveys IL-12 hyperresponsiveness to 

activated cells (Zhu and Paul, 2008). Sustained IL-12 signalling in T cells activates STAT-4.  



- 33 - 

 

1.2.1.5.2 Th2 

Th2 cells mediate host defense against extracellular parasites including helminths 

(Mosmann and Coffman, 1989). They are also important in the induction of allergy and 

asthma (O’Garra and Arai, 2000). Th2 cells produce an array of cytokines including IL-4, 

IL-5, IL-9, IL-10, IL-13, IL-25 and amphiregulin (Zhu and Paul, 2008). IL-4 is crucial in 

regulating the positive feedback to Th2 regulation (Zhu and Paul, 2008, Swain et al., 

1990). IL-4 is also a major mediator for IgE and IgG1 class switching in B cells. IgE in turn 

can lead to cross-linking of FcεRI, resulting in secretion of mediators such as histamine 

and serotonin and the production of several cytokines including TNF-α, IL-4 and IL-13 

(O’Garra and Arai, 2000). IL-5 plays a crucial role in recruiting eosinophils (Coffman et al., 

1989). IL-10 supresses Th1 cell proliferation (Fiorentino et al., 1991). IL-9 induces the 

production of mucin during allergic reactions (Longphre et al., 1999). IL-13 has described 

roles in the expulsion of helminths and in the induction of airway hypersensitivity, 

mainly by acting on non-haemaotpoietic cells (Wynn, 2003). Amphiregulin induces 

epithelial cell wall proliferation (Zhu and Paul, 2008). Th2 cells are characterised by 

expression of chemokine receptors CCR3, CCR4 and CCR8, which allows localisation to 

mucosal tissue (Rossi and Zlotnik, 2000). 

IL-4Rα is upregulated by IL-4 during Th2 differentiation. CD25 expression is also higher 

on Th2 cells, which may confer hyperresponsiveness to IL-2 (Zhu and Paul, 2008). STAT-6 

is the major transducer in IL-4-mediated Th2 differentiation (Takeda et al., 1996). GATA-

3 is the Th2 master regulator gene (Zhu et al., 2001, Zheng and Flavell, 1997), and in the 

absence of GATA-3 Th2 differentiation is completely blocked in vitro and in vivo (Pai et 

al., 2004). Th2 differentiation is also dependent on strong STAT-5 signalling (Zhu et al., 

2003). 
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Figure 1-3 Summary of the CD4
+
 Th subpopulations  

Naïve CD4 T cells can differentiate into effector T cells (Th1, Th2, Th17) or Tregs.  Cytokines critical for 
their fate determination, characteristic transcription factors, their unique products and their functions are 
shown. 
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Figure 1-4 The cytokine environment determines CD4
+
 T cell plasticity  

Certain Th subsets have been shown to have the capability of changing their effector phenotype 
depending on the surrounding microenvironment. The cytokine factors thought to be involved are shown, 
together with the direction of plasticity.  
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IL-4 and IL-2 are required for Th2 differentiation. Exogenous IL-4 results in IL-4 mediated 

STAT-6 activation (Kaplan et al., 1996) which induces GATA-3 expression (Paul and Zhu, 

2010). Overexpression of STAT-6 in Th1 cells can downregulate IL-12Rβ and increases 

expression of GATA-3 (Kurata et al., 1999). In the absence of exogenous IL-4, for 

example under conditions of low signal strength, IL-4 is produced endogenously as a 

result from TCR-mediated GATA-3 transcription and STAT-5 activation through IL-2 

(Yamane et al., 2005). STAT-6 deficient mice do not develop Th2 cell responses (Kaplan 

et al., 1996). The transcription factor c-Maf is also important in the regulation of Th2 

responses, since it is necessary for the in vivo transcription of the IL-4 gene, and can 

induce IL-4 production in the absence of GATA-3  (Kim et al., 1999). 

Basophils are thought to promote Th2 responses by providing MHC-II dependent IL-4 

(Min et al., 2004, Yoshimoto et al., 2009, Sokol et al., 2009, Sokol and Medzhitov, 2010). 

Basophils have been shown to process and present ovalbumin antigen both in vitro and 

in vivo  (Sokol et al., 2009). Although the DC was originally thought not to have a role in 

Th2 differentiation, the opposite has been suggested, namely that Th2 cytokine 

responses are impaired following depletion of DCs (Hammad et al., 2010, Phythian-

Adams et al., 2010).  

1.2.1.5.3 Th17 

Before the discovery of Th17 cells, organ specific autoimmunity was attributed to the 

Th1 lineage (as described in Section 1.2.1.5.1). However, it was surprising that Ifnγ and 

IfnγR deficient mice, as well as mice lacking molecules involved in Th1 differentiation 

such as IL-12p35 and IL-12Rβ2, were not protected from experimental autoimmune 

encephalomyelitis (EAE), which was thought to be a prototype Th1 disease (Gran et al., 

2002, Zhang et al., 2003, Korn et al., 2009). Then, in the year 2000, the p19 cytokine 

chain was discovered, and it was realised that this chain could form heterodimers with 

the p40 chain to form a novel cytokine known as IL-23 (Oppmann et al., 2000). 

Therefore, the p40 subunit is shared between IL-12 and IL-23, which regulate Th1 and 

Th17 responses, respectively. Many of the studies that had targeted IL-12 were thus 

representing a double deletion of IL-12 and IL-23. An experiment specifically deleting IL-
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12p19 demonstrated that IL-23 was critical for the development of EAE (Cua et al., 

2003). It is now also known that IL-12 and IL-23 also share IL12Rβ1, whereas IL12Rβ2 is 

specific to IL-12 (Zhu and Paul, 2008).  

With the discovery of IL-23, the Th17 lineage was proposed as a separate lineage to Th1 

and Th2 (Langrish et al., 2005, Park et al., 2005). 

Th17 cells mediate immune responses against extracellular bacteria and fungi. They are 

involved in many autoimmune diseases. Th17 cells produce IL-17A, IL-17F, IL-21 and IL-

22 (Zhu and Paul, 2008). IL-17A and IL-17F are genetically linked and are often co-

expressed. They both bind to IL-17RA, suggesting function similarity, although IL-17A 

binds with higher affinity (Hymowitz et al., 2001). IL-17 can induce the production of the 

inflammatory cytokine IL-6 and chemokines including IL-8 and thus has an important 

role in inducing inflammatory responses. IL-17 recruits and activates neutrophils to 

mount an inflammatory response against bacteria and fungi (Zhu and Paul, 2008). IL-17 

also results in the production of metalloproteinases that degrade tissue in inflammation.  

IL-21 produced by Th17 cells is a positive feedback cytokine, as it serves as a stimulator 

for Th17 differentiation (Wei et al., 2007) and supresses Forkhead box protein 3 (FoxP3) 

(Nurieva et al., 2007). IL-21 also acts on CD8+ T cells, B cells and NK cells and DCs (Zhu 

and Paul, 2008). IL-22 produced by Th17 cells mediates IL-23 induced dermal 

inflammation and protects from liver inflammation and irritable bowel disease (IBD) 

(Aujla et al., 2008, Zheng et al., 2006, Zenewicz et al., 2007, Zenewicz et al., 2008). IL-22 

expression was reported to require the ligand-dependent transcription factor aryl 

hydrocarbon receptor (AHR) (Veldhoen et al., 2008a).  A number of chemokine receptors 

have been reported to be expressed on both mouse and human Th17 cells, and the 

chemokine receptor CCR6 is very highly expressed, and thought to have a function on 

migration to the intestine and associated lymphoid tissues (Wang et al., 2009). 

In 2003, three independent studies found that a combination of transforming growth 

factor beta (TGF)-β and IL-6 is required to induce IL-17 production by naïve T cells 

(Veldhoen et al., 2006, Bettelli et al., 2006, Mangan et al., 2006). The signal transducer 

STAT-3 and the master transcriptional regulator retinoid-related orphan receptor 
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gamma t (RORγt) mediate Th17 lineage specification (Ivanov et al., 2006). RORγt 

deficient cells produce very little IL-17 and RORγt deficient mice are partially resistant to 

EAE (Ivanov et al., 2006). RORα is also upregulated in Th17 cells, and, although its 

deletion has only a small impact on IL-17 production, deletion of both RORγt and RORα 

completely abolishes IL-17 production (Yang et al., 2008b). 

TGF-β in combination with inflammatory cytokines, such as IL-6 or IL-21, activate STAT-3 

signalling pathways in the T cells (Korn et al., 2007, Nurieva et al., 2007). TGF-β is critical 

for Th17 differentiation (Veldhoen et al., 2006) and T cell specific deletion of TGF-β 

blocks differentiation of Th17 cells during EAE induction (Zhu and Paul, 2008). IL-6 is 

produced by innate immune cells in response to TLR. IL-21 is thought to amplify the 

signal for Th17 differentiation through replacement of IL-6 in inducing RORγt and IL-17 

expression (Korn et al., 2007, Wei et al., 2007). IL-23 was once thought to control Th17 

differentiation, but it now appears that its role is in survival and expansion of Th17 cells 

in combination with IL-1β (Aggarwal et al., 2003, Cua et al., 2003, Veldhoen et al., 2006). 

γδ T cells are thought to enhance Th17 responses via production of IL-17 and IL-21 

(Sutton et al., 2009). 

1.2.1.5.4 Tregs 

Peripheral tolerance is maintained in large part by immune regulatory cells, of which 

Treg cells are the best characterised. These are CD4+ T cells that express high levels of 

the IL-2Rα chain, CD25 (Sakaguchi et al., 1995). Treg cells play a critical role in 

maintaining self-tolerance and in regulating immune responses (Sakaguchi, 2004). The 

balance between effector cells and Tregs is critical for the control of the quality and 

magnitude of the adaptive immune response and for implementing or stopping 

tolerance to self and non-self antigens (Sakaguchi et al., 2008). 

Having coined CD25 as a marker of Tregs, elegant experiments confirmed that depletion 

of CD25+ T cells resulted in autoimmunity in athymic nude mice, whereas transfer of a 

small number of CD25+ cells was able to inhibit the development of autoimmunity 

(Sakaguchi et al., 1995). Depletion of these naturally arising regulatory cells was found to 

augment immune responses to non-self antigens, as evidenced by enhanced immune 
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response to commensal bacteria in the intestine (Singh et al., 2001). Treg removal also 

results in tumour rejection. Conversely, enrichment of Tregs has been found to result in 

graft acceptance, establishment of tolerance to organ grafts, promotion of feto-

maternal tolerance, suppression of allergy, etc. (Sakaguchi et al., 2008). 

In 2003, the master transcription regulator of Treg cells was identified as FoxP3 (Hori et 

al., 2003). High level expression of FoxP3 in non-Treg cells has been found to confer 

suppressive activity to said cells (Fontenot et al., 2003). Continuous expression of FoxP3 

is critical for the Treg to maintain its suppressive function (Williams and Rudensky, 

2007). Perhaps the best indication of the importance of Treg cells comes from the 

observation that mutations in FOXP3/foxP3 results in severe autoimmunity in both mice 

and humans (Brunkow et al., 2001, Wildin et al., 2001).  

Treg cells are derived developmentally from the neonatal thymus (nTregs) or can be 

generated directly from naïve precursors in the periphery through appropriate 

activation and cytokine receptor engagement. The latter cells are known as iTregs. 

Treg cells exert their suppressive functions through a variety of mechanisms, some of 

which require cell-cell contact. They produce TGF-β, IL-10, and IL-35. IL-10 production is 

an important regulatory mechanism exerted by Tregs, and has been observed to be 

critical in the prevention and cure of IBD (Khattri et al., 2003) and in the control of colitis 

and lung inflammation (Khattri et al., 2003). TGF-β is also an inhibitory cytokine on cells 

of both the innate and adaptive immune system (Vignali et al., 2008). In CD4+ T cells, 

TGF-β suppresses T cell proliferation by inhibiting IL-2 production (Kehrl et al., 1986) 

through inhibition of IL-2 promoter activity (Brabletz et al., 1993). It also has the capacity 

to regulate cell cycle proliferation through its ability to control cell cycle regulators (Wan 

and Flavell, 2007). TGF-β results in the differentiation of iTregs from naïve CD4+ T cells. 

TGF-β has been found to inhibit naïve T cell proliferation and Th1 and Th2 differentiation 

through inhibition of their respective transcription factors (See Section 1.2.1.6).   

Tregs represent a population with heterogenous functions, and this is reflected by their 

homing receptor expression patterns. In peripheral lymph nodes Tregs express CCR7 at 

high levels. Tregs are higher than cells not expressing FoxP3 in the expression of CCR4, 
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CCR6, CXCR4 and CXCR5. A fraction of Tregs express CD103, which interacts with E-

cadherin expressed on epithelial cells. A substantial proportion also express CD62L (L- 

selectin) (Brownlie et al., 2012).  

In the absence of pro-inflammatory cytokines TGF-β induces iTreg differentiation from 

naïve mouse T cells (Bettelli et al., 2006). TGF-β induces Smad3 and TCR stimulation 

induces nuclear factor of activated T cells (NFAT) activation. Smad3 and NFAT cooperate 

to remodel the enhancer region of FoxP3 and allow for its expression (Tone et al., 2007). 

Separately, IL-2 signalling through CD25 utilises STAT-5 (Yao et al., 2007, Burchill et al., 

2007) and is crucial for the development, survival and function of Tregs (Sakaguchi et al., 

2008). An important source of IL-2 comes from activated non-Treg cells. Thus, IL-2 

production contributes to a negative feedback in which non-Treg cells are limited by the 

expansion of Tregs as a result of their increased IL-2 production (Sakaguchi et al., 2008). 

FoxP3 is thought to inhibit non-Treg cells from becoming effector cells. FoxP3 interacts 

with transcription factors, NFAT, runt related transcription factor 1 (Runx1), which 

normally facilitate the conversion of effector cells (Sakaguchi et al., 2008).   

Tregs are thought to be activated at a lower concentration of peptide than needed to 

activate naïve T cells that have the same antigen specificity (Takahashi et al., 2000) 

thereby allowing Tregs to maintain a background level of suppression of self-reactive T 

cells. How Tregs mediate suppression is a question that remains unclear, but several 

potential mechanisms have been reported: outcompeting effector T cells for interaction 

with DCs, modulation of DC function (for example by downregulating CD80 and CD86 

expression through a cytotoxic T lymphocyte associated protein 4 (CTLA-4) dependent 

mechanism), and inactivation or killing of T cells (Vignali et al., 2008). The latter could be 

achieved by secreting inhibitory cytokines (including IL-10 and TGF-β) and by cytolytic 

mechanisms, through a granzyme/perforin dependent mechanism (Vignali et al., 2008). 

1.2.1.5.5 Other T cell subsets 

A number of other T cell subsets have been proposed, but it is yet unclear whether they 

represent truly distinct lineages (Murphy and Stockinger, 2010).  Follicular helper T (TFH) 
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cells appear to be a specialised subset of CD4+ T cells that express high levels of CXCR5, 

promoting their preferential localisation in the B cell follicles, where they aid in the 

generation of high affinity isotype switched antibodies. They are able to produce 

cytokines that are characteristic of the Th1, 2 and 17 lineages (Murphy and Stockinger, 

2010). 

There is growing support for another group, the so-called Th9 cells (Veldhoen et al., 

2008b) to be a separate effector subset. These cells produce IL-9 which is not produced 

by Th2 or Th17 cells. The exposure of Th2 cells to TGF-β and IL-4 results in the 

conversion to an IL-9 producing subset. IRF4 is thought to be crucial for IL-9 expression 

(Staudt et al., 2010). 

1.2.1.6 Cross-regulation of Th differentiation 

The Th differentiation process is not only reinforced by positive feedback by cytokines 

but there is also thought to be a process of active cross-inhibition of other lineage fates 

(Zhu and Paul, 2008). This contributes to both plasticity and stability of lineage 

divergence. For example, antagonism between T-bet and GATA-3 has been described in 

some detail (Murphy and Stockinger, 2010). T-bet cooperates with Runx3 to activate Ifnγ 

and silence Il4 in Th1 cells (Djuretic et al., 2006). Conversely, GATA-3 inhibits Th1 

differentiation and thus IFN-γ production. GATA-3 is thought to supress IL-12Rβ2, 

leading to suppression of IL-12 responsiveness and overall Th1 cell responses (Ouyang et 

al., 1998). TGF-β supresses both Th1 and Th2 differentiation and IL-4, while IFN-γ inhibits 

Th17 differentiation (Zhu and Paul, 2008). 

1.2.1.7 Epigenetic changes in Th differentiation 

Epigenetic modifications have been described as being instrumental in the regulation of 

gene expression that regulates Th subset commitment. For example, tri-methylation of 

histone H3 lysine 4 (H3K4me3) is a permissive marker that is found at the promoter and 

enhancer regions of active genes, which allows their maintenance in a transcriptionally 

active state. Conversely, tri-methylation of histone H3 lysine 27 (H3K27me3) is a 

repressive mark that is found in inactive genes (Wei et al., 2009). Th1 and Th2 
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differentiated genes show silencing of the gene encoding the signature cytokine of the 

opposing fate. For instance, in Th1 cells, H3K4me3 is observed at the Ifnγ locus whereas 

an H3K27me3 repressive mark is observed on Il4 and Il17 loci (Wei et al., 2009).    

1.2.1.8 T cell plasticity 

In recent years the notion that CD4+ T cells become irreversibly committed in their 

differentiation status has been challenged and it has been suggested that cells may be 

more flexible in their cytokine production profile than initially thought (Zhou et al., 2009, 

Murphy and Stockinger, 2010). Several modes of T cell plasticity have been described 

(Figure 1-4).  

Th17 cells can be redirected away from IL-17 production towards a Th1 phenotype by 

subsequent activation through the TCR by inducing T-bet (Mathur et al., 2006).  In vitro it 

has been demonstrated that pure populations of Th17 cells can produce IFN-γ following 

culture in the presence of IL-12, and this conversion was accompanied by T-bet and the 

downregulation of Rorc, Il17a, and Il17f. Highly purified populations of IL-17 cells, when 

adoptively transferred into non-obese diabetic (NOD) hosts, resulted in the induction of 

T1D, and this was found to occur following the conversion of the Th17 population to a 

Th1 phenotype (Bending et al., 2009). There is evidence to suggest that IFN-γ production 

by Th17 cells might serve to limit Th17 induced inflammation (Peters et al., 2011). Th17 

cells can also convert to Th2 cells in the presence of IL-4 (Zhou et al., 2009).  

A seminal report by Hirota and colleagues described a Th17 reporter system allowing the 

fate mapping of Th17 cells in vivo (Hirota et al., 2011). A fluorescent reporter was able to 

permanently label cells that had activated IL-17. It was observed that under different 

inflammatory conditions these Th17 cells were able to acquire different fates. In an EAE 

model the cells were found to switch off IL-17 production and started producing IFN-γ. 

However, under the conditions of acute inflammation provided by Candida albicans, the 

IL-17 cells became quiescent.  

A reciprocal relationship is thought to exist in the development of iTregs and Th17 cells 

(Afzali et al., 2010). Both cell types require the presence of TGF-β for their development, 
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however IL-6 is specific to Th17 differentiation. In mice, inflammatory cytokines can 

direct Tregs to produce IL-17 following differentiation into the Th17 lineage. IL-6 is 

thought to have instrumental importance in converting the Tregs to Th17 cells 

(Radhakrishnan et al., 2008, Bettelli et al., 2006). IL-6 activates STAT-3 and this promotes 

a loss of FoxP3, induction of RORγt expression and IL-17 production (Yang et al., 2008a).  

More recently, differentiated Th2 cells, which were originally thought to be more stable, 

have been described to upregulate T-bet expression and induce IFN-γ following TCR 

stimulation and in response to IL-12, both in vitro and in vivo (Hegazy et al., 2010). This 

observation extended the notion of T cell plasticity to the Th2 lineage.  

Thus, T cell plasticity provides an additional mechanism by which an appropriate, 

context dependent balance of effector and Treg cells can be achieved.  T cell plasticity 

might be particularly important since it would imply that cross-reactive memory cells 

could contribute to the development of immune responses to newly encountered 

pathogens, a notion which is particularly important given the fact that the naïve T cell 

pool becomes depleted with age (Zhu and Paul, 2010).  

1.2.1.9 T cell regulation by strength of signal 

The affinity and avidity of the signals received by the TCR can determine whether T cell 

proliferation, differentiation or death ensues. 

The strength of T cell stimulation can be determined by a number of means, including 

the affinity of the peptide/MHC complex for the TCR, the rate of triggering of the TCR, 

the total number of TCRs triggered, co-stimulation and the duration of the interaction or 

the number of APCs available (Purvis et al., 2010). 

In general terms, low dose antigens have been found to favour Th2 responses whereas 

high dose antigens favour Th1 responses (Hosken et al., 1995, Constant et al., 1995). 

Recently, the induction of Th17 cells in the human has been reported to occur in 

conditions of low signal strength (Purvis et al., 2010).  
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1.2.2 Dendritic cells 

APCs are specialised innate immune cells that are capable of processing peptide and 

loading it onto a specialised groove in an MHC-II molecule for presentation to the TCR. 

The major APCs are DCs. These cells were discovered by Steinman and Cohn in the early 

1970s (Steinman and Cohn, 1973). DCs are a heterogeneous cell population that reside 

in most peripheral tissues, particularly in sites where the immune system is at interface 

with the environment (such as in the skin and mucosa) (Guermonprez et al., 2002). In 

these sites, they represent 1-2% of the total cell numbers (Guermonprez et al., 2002).  

DCs survey the blood, peripheral tissues, lymph and secondary lymphoid organs and are 

specialised in being able to take up self and non-self antigens (Guermonprez et al., 

2002). In a process known as antigen presentation, antigens are internalised, processed 

into proteolytic peptides and loaded onto MHC molecules. Immature DCs take up 

material from the environment by endocytosis, but are not very efficient in antigen 

presentation. Binding of pathogen-associated molecular patterns (PAMPs) (including 

bacterial and viral proteins and host molecules, such as inflammatory cytokines) to 

pattern recognition receptors (PRRs) expressed by DCs promotes a maturation process. 

Once the cells are matured, processing and presentation is increased (Inaba et al., 2000), 

the MHC becomes present at the cell surface in higher concentrations (Turley et al., 

2000), and both the surface expression of T cell co-stimulatory molecules and the 

production of cytokines are increased. As a result of this, DCs express increased antigen 

at the cell surface from sampling by T cells. Once they have matured, DCs stop taking up 

and processing new material from their environment (Diebold, 2008). Maturation 

involves the change in chemokine receptor expression to CCR7, enabling migration to 

the draining lymph node (Sallusto et al., 1999). 

Depending on their functional status, DCs can either promote or prevent adaptive 

immunity in a fashion that is antigen specific (Lanzavecchia and Sallusto, 2001). During 

infection, DCs are able to prime naïve CD4+ T cells into effector Th cells that specifically 

recognise the foreign pathogen-derived antigens. Conversely, during steady state 
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conditions, DCs contribute to the maintenance of tolerance by either stimulating the 

proliferation of Treg cells or inducing anergy in autoreactive T cells.  

In the lymph node, the DCs interact with naïve T cells, presenting antigens bound to the 

MHC. DCs are integral to differentiation of Th cells into the different Th subsets. The 

outcome of the interactions is determined by the levels of antigen presentation (signal 

1), the expression of co-stimulatory molecules on the surface of DCs, such as CD80 and 

CD86 (signal 2), and the presence of cytokines and other immunostimulatory factors 

(signal 3) (Kaliński et al., 1999). 

1.2.2.1 Functional specifications of DC subsets 

DCs are characterised depending on their migratory capacity, tissue location and 

immune function.  All DCs are capable of antigen uptake and presentation. In the mouse, 

two main types of DCs have been described: plasmacytoid DCs (pDCs) and conventional 

DCs (cDCs). cDCs are located in the lymphoid tissue, interface and connective tissues. 

They work as powerful APCs and preferentially express TLR 3, 4, 5, 6 and 8 (Diebold, 

2008). cDCs may be further subdivided in to CD8α- or CD8α+ cDCs (Shortman and Liu, 

2002). CD8α- cDCs are also known as myeloid DCs and have a strong capacity to migrate 

to T cell areas following TLR stimulation, where they activate CD4+ T cells (Dudziak et al., 

2007). Tissue derived DCs can transfer antigen to lymphoid-resident DCs. CD8α- cDCs 

that reside in peripheral tissues control the type of Th response according to the 

environment and PAMPs encountered at the site of infection. CD8α- cDCs  that are 

lymphoid resident normally promote a Th2 response, except in the presence of Th1-

promoting PAMPs, where the DC is found to produce cytokines favouring a Th1 response 

(Maldonado-López et al., 1999).  

The CD8α+ DCs are a subset which is uniquely lymphoid-resident and is particularly 

efficient at cross-presentation of antigen to CD8+ T cells, initiating CTL responses (den 

Haan et al., 2000, Schulz and Reis e Sousa, 2002). CD8α+ DCs are also an important 

source of IL-12 (which is key in the promotion of Th1 cell responses) although it is not 

known whether they directly prime CD4+ T cells (Diebold, 2008, Shortman and Heath, 

2010).  
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pDCs only circulate in blood and preferentially express TLR7 and TLR9 (Kadowaki et al., 

2001). During viral infection, they are recruited to the lymph nodes where they aid Th1 

type immune responses by secreting IFN-I. IFN-I has a crucial role in promoting CTL 

response and also antibody class switching (Le Bon et al., 2006). They do not have a 

direct role in priming of T cells. Their role during infection with other classes of 

pathogens is not well defined (Diebold, 2008).  

1.2.2.2 Factors controlling DC function  

DCs themselves are affected by a number of input signals that control their response 

(summarised in Figure 1-5). This includes the type of PRRs that becomes activated by the 

pathogen, the environment and other cell types. They are also able to receive feedback 

signals from the activated T cells (Spörri and e Sousa, 2003). Therefore, the DC 

integrates all these signals, in turn determining the effector function of the T cell 

(Diebold, 2008, Walsh and Mills, 2013). 

1.2.2.2.1 Pattern recognition receptors 

TLRs are instrumental PRRs in controlling the induction of primary immune responses. A 

wide variety of PAMPs can be recognised by a family of ten members of TLRs in mice 

(Kawai and Akira, 2010). In addition to TLRs, other cytosolic PRRs have been recognised, 

including RIG-1 like receptors (RIR) and NOD-like receptors (NLR). In addition, some C 

type lectins receptors (CLR) can also function as PRRs (Kawai and Akira, 2010). 

TLRs are subdivided into two classes - one of which is present on the membrane and 

samples for the presence of bacterial, fungal and protozoan cell wall components; and 

the other which is present in an endosomal compartment and detects the presence of 

pathogen-derived nucleic acids (Uematsu and Akira, 2006). Signalling through the PRR 

initiates MyD88 and MAPK pathways to upregulate cell surface maturation markers. 

Distinct signalling pathways lead to secretion of cytokines depending on the PRR 

triggered (Kawai and Akira, 2010).  FcγRs (See Section 1.2.3) are also thought to have a 

central role in contributing to the activation or inhibition of DCs, mediated through 

activatory or inhibitory receptors, respectively. For example, engagement of activatory 
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FcγR in bone marrow derived dendritic cells (BMDCs) from FcγRIIb-/- mice results in 

enhanced maturation and promotes tumour immunity (Kalergis and Ravetch, 2002). 

1.2.2.2.2 Environmental factors 

The best example of how the environment can inluence DC function is the preference 

for gut DCs to induce Th2 cells in response to PAMPs, such as lipopolysaccharide (LPS) 

from Escherichia coli, which normally skews towards the induction of a Th1 phenotype 

(Iwasaki and Kelsall, 1999). Thymic stromal lymhopoietin (TSLP) released by cells such as 

basophils and epithelial cells induces a Th2 response, through upregulation of OX40L (Ito 

et al., 2005), even in the presence of PAMPs that would normally favour a Th1 response 

(Rimoldi et al., 2005). 

1.2.2.2.3 Interactions with other leukocytes 

Other innate immune cells also express PRRs, and these cells can influence DC function. 

For example, CD40–CD40L interactions between the activated T cell and the DC have 

been shown to be vital in the delivery of T cell help for CTL priming (Schoenberger et al., 

1998). γδ T cell interactions with DCs can lead to DC maturation (Conti et al., 2005). 

Furthermore, DCs interact with NK cells to enhance Th1 responses; IFN-I from pDC and 

IL-12 from DC are important for driving NK cell-derived IFN-γ, which in turn promotes 

Th1 responses (Martín-Fontecha et al., 2004). 
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Figure 1-5 Determination of T cell polarisation by DCs  
In the periphery, DCs become activated following PRR ligation by PAMPs. Tissue-derived environmental 
factors and interactions with other cells of the innate immune system also influence the activation of DCs. 
Following activation, the DCs reach the lymph nodes, where they receive further signals from the T cell 
that they interact with. In the lymph nodes, DCs direct the differentiation of antigen-specific T cells. The 
outcome of the interactions is determined by the levels of antigen presentation (signal 1), the expression 
of co-stimulatory molecules on the surface of DCs (signal 2), and the presence of cytokines and other 
immunomodulatory factors (signal 3). Modified from Diebold, 2008.   
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1.2.2.3 T cell stimulation by DCs  

DCs are key in priming naïve T cells and form a bridge between the innate and adaptive 

immune systems. The importance of DCs in driving T cell responses is underscored by 

the observation that mice lacking DCs are unable to drive effective Th2 adaptive immune 

responses (Phythian-Adams et al., 2010).  

Depending on the signals transmitted by the activated DCs, naïve CD4+ T cells can 

differentiate into different types of Th cells (See Section 1.2.1.5). Signal 3 is thought to 

be one of the most important factors in determining the effector function of T cells, 

whereas signals 1 and 2 modulate the strength of the signal (de Jong et al., 2005). The 

following sections summarise the multiple factors that influence the induction of the 

four major Th subsets (Also summarised in Figure 1-6).  

1.2.2.3.1 Stimulation of Th1 cells 

TLRs play a crucial role in driving Th1 responses. Surface expressed TLRs include TLR4 

(LPS from E. coli), TLR5 (flagellin) and TLR12 (Toxoplasma gondii profilin), all of which 

recognise pathogen-derived stimuli (Diebold, 2008). Endosomally expressed TLRs 

interact with viral and bacterial nucleic acids, for example, TLR3 (double stranded 

ribonucleic acid; dsRNA), TLR7 (single stranded ribonucleic acid; ssRNA) and TLR9 

(unmethylated double stranded DNA; dsDNA) (Walsh and Mills, 2013, Diebold et al., 

2004, Hemmi et al., 2000, Alexopoulou et al., 2001). TLR stimulation activates NFκB, 

resulting in the development of many proinflammatory cytokines and chemokines, 

including IL-6, TNF-α, IL-1 and IL-12p40. IL-12p40 together with IL-12p35 forms the 

functionally active IL-12p70, which is the key differentiation factor for Th1 cells. Other 

cell types, including NK cells, are instrumental in the production of IFN-γ, which in turn 

activates STAT-1 (Walsh and Mills, 2013). The source of IFN-γ can be from existing 

effector Th1 cells, activated NK cells or even innate lymphoid cells.   

A hallmark of viral infections is the production of high levels of type I IFN by pDC (Siegal 

et al., 1999), which promotes the induction of CTL responses, antibody class switching in 
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B cells and skewing the Th1 response (Le Bon et al., 2003, Le Bon et al., 2001, Le Bon et 

al., 2006).  

1.2.2.3.2 Stimulation of Th2 cells 

The induction of Th2 responses  has been described for several TLR ligands that trigger 

TLR2, or heterodimers of TLR2 and TLR1 or TLR6 (such as LPS from Porphyromonas 

gingivalis, peptidoglycan and zymosan) and also for schistosome eggs and hyphae from 

C. albicans and Aspergillus fumigatus (these trigger multiple PRR, some of which are 

undefined) (Diebold, 2008). IL-12 production is supressed by the transcription factor c-

Fos (Dillon et al., 2004). Basophils have been shown to cooperate with DCs to drive Th2 

differentiation and they produce high levels of IL-4 (Min et al., 2004). 

1.2.2.3.3 Stimulation of Th17 cells 

Stimuli associated with fungal pathogens, such as C. albicans, skew the adaptive immune 

response to a Th17 phenotype. CLRs are thought to have a crucial role in mediating Th17 

responses by inducing IL-23. The signalling pathway is different from TLR transmitted 

signalling  (Rogers et al., 2005). Other important cytokines produced by DCs in response 

to CLR stimulation include IL-1 and IL-6. TGF-β in combination with IL-6 activates STAT-3 

signalling pathways in the naïve T cell, whilst IL-23 in combination with IL-1β aids 

survival and expansion of Th17 cells.  γδ T cells can enhance Th17 production via IL-17 

and IL-21 production (Sutton et al., 2009).  IL-17 production is also observed in response 

to bacteria, Herpes simplex virus (HSV) and Toxoplasma gondii. 

1.2.2.3.4 Stimulation of Treg cells  

In contrast to the requirements of Th1, Th2 and Th17 cells, Tregs are preferentially 

induced by immature or partially mature DCs (Jonuleit et al., 2000). Both the Treg cells 

and the DCs that activate them express co-inhibitory molecules that preferentially 

expand and promote the function of Treg cells. For example, CTLA-4 interacts with 

CD80/86 and programmed cell death 1 (PD-1) interacts with programmed cell death 

ligand 1 (PDL-1) (Bour‐Jordan et al., 2011). These interactions promote anergy and 
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immunosuppression. CD103+ DCs drive the expression of FoxP3 by naïve T cells 

(Coombes et al., 2007). 

1.2.2.3.5 Induction of tolerance 

In addition to inducing Tregs, DCs with a regulatory capacity, known as tolerogenic DCs, 

are also able contribute to regulation of T cell responses in the absence of infection 

(Steinman et al., 2003). Tolerogenic DCs are thought to have a role in the deletion of 

autoreactive T cells or in the induction of anergy. Tolerogenic DC function can be 

induced by maturation of DCs in the presence of IL-10 (de Smedt et al., 1997). It is also 

possible that tolerogenic DCs are induced upon exhaustion (Diebold, 2008). Tolerogenic 

DCs have been used in the treatment of autoimmunity in experimental models (Stoop et 

al., 2010) and pharmacological modulation of DC function might provide a source for 

therapy to promote tolerance .  
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Figure 1-6  T cell stimulation by DCs and other innate immune cells  
Depending on the PAMPs and the environment, DCs produce different chemokines which are important in 
driving differentiation of the different Th subsets. Other cell types are also able to influence Th 
differentiation. Refer to text for full information. Modified from Walsh and Mills, 2013.  
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1.2.3 Fcγ receptors and Fcγ receptor signalling 

Receptors for the Fc portion of Ig molecules (FcR) are able to interact with Igs of the IgG, 

IgM, IgA and IgE class and can mediate a large number of host responses. They are 

members of the antigen receptor family, which include TCR and BCR. 

The early adaptive immune response produces antibodies of the IgM class. IgM has low 

affinity to the microbial antigen and generally activates the complement pathway. At 

later timepoints in the adaptive immune response, antibodies belong to the IgG class. 

IgG antibody binding can trigger the complement pathway but can additionally bind to 

receptors that recognise their antibody Fc fragment (known as FcγR). The responses 

mediated by FcγR binding are varied and include the following: cell 

activation/maturation, phagocytosis, cell degranulation, production of cytokines and 

chemokines, antibody-dependent cell cytotoxicity and activation of a variety of genes 

(Rosales and Uribe-Querol, 2013). FcγRs are able to bind to monomeric or aggregated 

IgGs, immune complexes and antibody-coated particles or cells (Guilliams et al., 2014). 

The net effect of the functions of FcγRs is to eliminate the pathogen through generation 

of an inflammatory state that ultimately controls the infectious process, while being 

beneficial to the host. However, effector functions against host tissues can result in 

autoimmunity (Rosales and Uribe-Querol, 2013). Polymorphisms have been described in 

the FcγRs of both mice and humans (often resulting in modulation of their affinities to 

ligand) and some of these polymorphisms have been linked to disease. For example, a 

polymorphism in the human FcγRIIb promoter has been linked to SLE, leading to 

decreased transcription and surface expression on activated B cells of human SLE 

patients (Blank et al., 2005). 

1.2.3.1 Characteristics and expression profiles of murine FcγRs 

FcγRs belong to the IgG superfamily of antigen receptors. Structurally, they are 

composed of an α subunit which pairs with accessory γ chains (these have an important 

role in receptor signalling).  In the mouse the FcγR family is composed of four members. 

Three of these are activatory: FcγRI, FcγRIII, and FcγRIV and one is inhibitory: FcγRIIb 
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(Nimmerjahn and Ravetch, 2006). Activatory receptors either have an ITAM motif in 

their cytoplasmic domain or are able to associate with an ITAM-containing signalling 

subunit (Guilliams et al., 2014). The inhibitory receptor contains an immunoreceptor 

tyrosine-based inhibitory motif (ITIM) motif in its cytoplasmic tail. The inhibitory 

receptor helps to inhibit the activation processes mediated by the activatory receptor 

and dictates the threshold of activation (Nimmerjahn and Ravetch, 2006).  

The FcγR differ in their cellular distributions, principal ligands and affinity for IgG 

binding, as summarised in Figure 1-7. Of note, FcγRIII binds very weakly to all the FcγRs 

(Nimmerjahn and Ravetch, 2006). Furthermore, macrophage and DC subsets can differ 

in FcγR expression pattern (Guilliams et al., 2014), thus adding to the complexity of FcγR 

biology and expression. For example, DCs that populate peripheral tissue during 

homeostasis are thought to express higher levels of the inhibitory FcγRIIb on their 

surface and low levels of activating FcγR. However, upon pathogen insult, when 

monocytes and neutrophils are recruited to the site of inflammation, it is likely that 

these cell types, in addition to the DCs, differentiate in situ into inflammatory cell types 

that express all types of receptor. The tip in the balance of activatory: inhibitory 

receptors is thus able to promote pathogen clearance (Guilliams et al., 2014). In addition 

to the above-mentioned FcγR, which bind to extracellular IgGs, there are two receptors 

which can bind to IgGs following internalisation, known as the neonatal FcR (FcRn) and 

the intracellular FcR tripartite motif-containing protein 21 (TRIM21) (Guilliams et al., 

2014).  

Murine FcγR are very similar, but not identical, in structure to human FcγRs (Rosales and 

Uribe-Querol, 2013). For example, human neutrophils express two FcγR which are 

unique to this species. 
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Figure 1-7 Murine FcγR family  
Murine FcyRs are divided into activatory or inhibitory receptors and their cell distribution, affinities and 
principal ligands vary. There are 3 classes of activatory receptor in the mouse and one inhibitory receptor. 
*The affinity of FcγRIV has been controversial, but it is now recognised that it is able to bind to monomeric 
IgG (Guilliams et al., 2014). Not shown: Murine IgG3 binds very weakly to all of the FcγRs. Modified from 
Rosales and Uribe-Querol, 2013.   
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Figure 1-8 Activating FcγR signalling  
IgG bound to antigen results in cross-linking of FcγR in lipid rafts. Src family kinases phosphorylate the 
ITAM motifs, which become docking sites for Syk. Syk can phosphorylate enzymes such as PI3K, PLCγ and 
the adaptor molecules SLP76 and LAT. PI3K produces PIP3 which leads to the activation of Akt and Erk. 
PLCγ induces IP3 and DAG, which cause calcium release from ER, and the activation of PKC, respectively. 
PKC leads to the activation of Erk. Vav activates GTPAses, such as RAC, which are involved in cytoskeletal 
rearrangement. Modified from Rosales and Uribe-Querol, 2013.   
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1.2.3.2 FcγR signalling pathways 

Binding of immune complexes to their FcγR will result in internalisation by endocytosis, 

regardless of whether or not the FcγR in question is activatory or inhibitory (Guilliams et 

al., 2014). It has been suggested that the difference between activatory and inhibitory 

receptors is the degradation pathway to which the antigens are routed. Binding to 

activatory receptors is thought to favour degradation leading to antigen processing and 

presentation to T cells by MHC molecules, whereas binding to inhibitory receptors 

favours a retention pathway preserving intact antigen for transfer to B cells (Guilliams et 

al., 2014, Bergtold et al., 2005). 

Upon receptor activation by immune complexes, ITAM or ITIM signalling cascades are 

initiated.  In the case of the activatory receptor, engagement results in the association of 

the receptor with lipid rafts and tyrosine phosphorylation of the ITAM motif by Src 

family kinases. This results in the recruitment of Syk. Syk kinase can phosphorylate 

multiple substrates, including PI3K, PLCγ and the adaptor molecules SLP76 and LAT. 

Depending on the cell type and activation status, several cellular responses and 

transcriptional changes are triggered, as shown in Figure 1-8 (Rosales and Uribe-Querol, 

2013).  

The ITIM in the inhibitory receptor recruits SH2 domain containing inositol 5’-

phosphatase 1 (SHIP-1) enabling it to counteract the signals that are mediated by the 

activatory receptors (Daëron et al., 1995). SHIP-1 transforms the main product of PI3K, 

phosphatidylinositol (3,4,5)-triphosphate (PIP3), into phosphatidylinositol (4,5)-

bisphosphate (PIP2). This prevents the stimulation of key enzymes such as Akt and PLCγ 

(Rosales and Uribe-Querol, 2013). 

The co-existence of activatory and inhibitory pathways results in simultaneous triggering 

of activating and inhibitory signal transduction pathways. Thus, coexpression of FcγR 

activatory and inhibitory receptors results in a threshold for cell activation.  A cell will 

only respond when the overall activatory signal is greater than the inhibitory signal. 

FcγRIIb deficient mice develop autoimmunity, highlighting the importance of this 

receptor in maintaining immune tolerance (Nimmerjahn and Ravetch, 2006, Takai et al., 
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1994). Additionally, macrophages from FcγRIIb-/- mice have lower activation thresholds 

than those of wild-type mice and are more susceptible to arthritis development induced 

by immune complex (Hogarth, 2002). FcγRIIb is thought to have an important role in 

controlling both the expansion of autoreactive positive IgG positive cells and in the 

control of immune complex DC maturation (Nimmerjahn and Ravetch, 2006). 

1.2.3.3 Modulation of FcγR function  

Further layers of FcγR signalling complexity have been identified.  Cytokine expression 

and complement factors are known to modify FcγR expression. For example, Th1-type 

cytokines such as IFN-γ and C5a can upregulate expression of activating FcγRs and down-

regulation of FcγRIIb expression (Pricop et al., 2001). Modulation of cell activation can 

be achieved when the FcγR is engaged in conjunction with another receptor; for 

example immune complex mediated signalling via activating FcγRs together with TLR 

triggering induces a “regulatory” macrophage (Guilliams et al., 2014). 

In addition to the FcγR, the binding IgG can also be subjected to differing glycosylation 

patterns of its carbohydrate side chain which might modulate IgG activity (Lux and 

Nimmerjahn, 2011). One particularly elegant demonstration of this is that intravenous 

immunoglobulum (IVIg) therapy, consisting of intravenous administration of high doses 

of pooled serum IgG from healthy donors, does not elicit an immune response as might 

be expected, but can rather be used as therapy for patients with chronic inflammatory 

conditions. The reason for this is that IVIg is thought to be able to change the activation 

threshold of cells by upregulating the expression of the inhibitory receptor FcγRIIb and 

downregulating the expression of activating FcγR (Rosales and Uribe-Querol, 2013).  

1.2.3.4 Mechanisms of FcγR mediated phagocytosis 

One of the cellular responses that can be triggered upon binding of IgG to the FcγR is 

phagocytosis. FcγR mediated phagocytosis begins with an interaction between myeloid 

cell receptors and an Ig opsonized target. Through rearrangements of the actin 

cytoskeleton, the receptor molecules become rapidly recruited to cluster at the particle 

contact site, leading to the initiation of signal transduction (Goodridge et al., 2012). 
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Successful internalisation is thought to require a certain level of receptor 

oligomerization (Goodridge et al., 2012). Large multivalent IgG opsonised targets require 

Fc receptors of high affinity to result in successful engagement. The signal transduction 

pathway that is initiated is described in Section 1.2.3.2.  The involvement of Src and Syk 

family kinases in FcγR mediated endocytosis is highlighted by the observation that mice 

that are deficient in Src family kinases are defective in their ability to phagocytose IgG 

coated erythrocytes (Fitzer-Attas et al., 2000) whereas Syk-deficient mice cannot 

phagocytose IgG-opsonized targets (Crowley et al., 1997).  

Key signalling pathways required for internalisation include the PI3K pathway and the 

activation of small molecule GTPases, including Rac, which are important in cytoskeletal 

rearrangement. These signals coordinate the recruitment of membrane that will lead to 

particle engulfment, rearrangement of intracellular actin dynamics and activation of the 

myosin motor proteins necessary for membrane extraction and retraction (Goodridge et 

al., 2012, Cox et al., 1999, Hoppe and Swanson, 2004). Inhibition of the PI3K pathway 

blocks phagocytosis of large IgG opsonized particles (Araki et al., 1996).  

1.2.3.5 Role of FcγRs in DC activation 

FcγRs have a crucial role in augmenting antigen presentation, mainly through cross-

presentation pathways to CD8+ T cells (Guilliams et al., 2014, Pincetic et al., 2014). Both 

FcγRI and FcγRIII are able to contribute to enhanced antigen presentation of immune 

complexes (Guilliams et al., 2014) whereas FcγRIIb negatively regulates antigen 

presentation (Pincetic et al., 2014). Some groups have reported that signalling through 

FcγRs can upregulate the expression of co-stimulatory molecules (signal 2) and Th1 

polarising cytokines, such as IL-12, by DCs (signal 3) (Woelbing et al., 2006, Guilliams et 

al., 2014).  
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1.3 RA: An autoimmune disease that associates with PTPN22 genetic variation  

RA is one of the most common inflammatory disorders, with a prevalence in the general 

population of 1% (Lawrence et al., 2008).  The disease is systemic and characterised by 

chronic inflammatory changes in both articular and extra-articular tissues. RA is 

associated with disability, systemic complications and significant socioeconomic costs 

(Cope and Thomas, 2013).  

RA is a chronic inflammatory polyarthritis that can affect any synovial joint, although it 

most commonly affects the wrist and small joints of the hands and feet (Imboden, 2009). 

Clinical features of RA include synovial hyperplasia (leading to the formation of a 

hyperplastic membrane of synoviocytes, known as pannus tissue) and autoantibody 

production, leading progressively to cartilage and bone destruction (Imboden, 2009, 

McInnes and Schett, 2011).  

RA is commonly studied as a prototype immune-mediated inflammatory disease. 

Autoimmune disease results from defective self-tolerance, leading to tissue damage, 

which can eventually become severe enough to cause symptoms.  

1.3.1 Genetic susceptibility 

Although it has been estimated that there is heritability of up to 60% (MacGregor et al., 

2000), individual RA susceptibility genes have modest effects on the risk of developing 

RA. As with many other polygenic diseases, it is likely that disease results from complex 

interplay from numerous genetic risk factors in the context of environmental antigens 

that trigger the autoimmune process. The autoantigen responsible remains a question of 

debate, and there are a number of self-antigens that have been proposed, including 

joint-derived proteins (such as type II collagen (CII) and human cartilage derived protein 

gp39) and ubiquitous proteins (including stress proteins) (Cope and Thomas, 2013). Post 

translationally modified antigens (such as citrullinated and glycosylated antigens) are 

also thought to be major autoantigens in RA (Cope and Thomas, 2013). It is also not fully 

understood how systemic loss of tolerance can result in localised onset of inflammation 

(McInnes and Schett, 2011).   



- 61 - 

 

1.3.1.1 Autoantibodies in RA 

Autoimmunity to citrullinated peptides (including collagen, fibronectin, keratin, for 

example) is highly prevalent in RA (Nishimura et al., 2007) and may be of significance 

pathogenically (Imboden, 2009). Anti-CCP positive RA has a more aggressive clinical 

course than anti-CCP negative RA and specific genetic risk factors have been described 

for anti-CCP positive disease. Given that RA is a very heterogeneous disease, it may be 

best classified into anti-CCP positive and negative RA (McInnes and Schett, 2011, 

Klareskog et al., 2008). Rheumatoid factor (RF) is another well-recognised marker of RA. 

It is a high affinity antibody against the Fc portion of Ig. 

1.3.1.2 HLA 

The largest genetic risk factor for RA is the HLA locus, accounting for 30-50% of overall 

genetic susceptibility to RA (de Almeida et al., 2011, Imboden, 2009). Although there is 

no single, specific HLA-DR chain sequence contributing to disease, the majority of RA 

patients have been observed to share a common short sequence motif encoded by a 

number of disease associated HLA-DR alleles (Gregersen et al., 1987). This sequence is 

commonly referred to the “shared epitope”, and comprises a stretch of 5 amino acid 

residues, between positions 70 and 74, of the HLA-DRβ chain (Gregersen et al., 1987).  

The “shared epitope” is thought to be involved in MHC molecule based antigen 

presentation, and thus may have a critical role in affecting peptide binding and contact 

between HLA-DR molecules and the TCR.  Mechanistically, there have been a number of 

hypotheses to suggest how the “shared epitope” might result in increased 

predisposition to RA. Presentation of arthritogenic self-antigen, molecular mimicry of 

foreign antigens and altered T cell repertoire containing potentially autoreactive T cells, 

have all been suggested as possibilities (de Almeida et al., 2011, Imboden, 2009, 

McInnes and Schett, 2011).   

Certain amino acids in the shared epitope are thought to bind preferentially to non-polar 

amino acids, such as citrulline, making this peptide antigen available for presentation to 

the TCR (Cope and Thomas, 2013). Accordingly, anti-CCP positive RA has been found to 

be associated with HLA-DRB1 alleles (Huizinga et al., 2005), and the recent solving of the 
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crystal structure of citrullinated and non-citrullinated peptides bound to HLA-DR4 has 

provided new insights into how these post-translational modifications may promote 

autoimmunity to self-peptides (Scally et al., 2013). 

1.3.1.3 PTPN22 

Outside of the HLA locus, the strongest association to RA identified is the C1858T 

polymorphism in the PTPN22 gene. The biology of PTPN22 is described in detail in 

Section 1.5. Importantly, the R620W variant confers susceptibility to anti-CCP positive 

RA in particular (Plenge et al., 2005). 

1.3.1.4 Other susceptibility variants 

GWAS have identified the majority of other disease susceptibility variants for RA. Each 

individual gene confers low to moderate risk (Gregersen and Olsson, 2009). In 

individuals of European descent, the number of confirmed genetic RA risk has been 

reported to be 46 (Eyre et al., 2012). These genes include, amongst others, molecular 

markers of lymphocyte activation (eg. PADI4, CD28, CTLA4, PTPRC, CD40), transducer 

molecules of TCR signalling and IL-2 gene expression (eg. IL-12RA, IL-12RB, CD3ζ, IL-2, IL-

21) and transducers of lineage specific cytokine expression and persistence of memory T 

cells (eg. STAT4, TNSFRTR14) (Cope and Thomas, 2013, Eyre et al., 2012). There are 

many other genes whose functional significance has not yet been determined, some of 

which are linked to RA with relatively high odds ratios (eg. TNFAIP3, CCR6) (Eyre et al., 

2012). Thus, genes involved in T cell activation, differentiation and effector function are 

linked with genetic risk to RA (Cope and Thomas, 2013).  

1.3.2 The importance of gene-environment interactions risk factors 

Gene-environment interactions are likely to have an important role in RA pathogenesis. 

Smoking and other forms of bronchial stress have been found to increase the risk of RA 

amongst individuals with susceptible HLA-DRB1 alleles (Sugiyama et al., 2010) and, 

together, these risk factors might synergistically increase the chance of having anti-CCP 

positive RA (Klareskog et al., 2008). Furthermore, environmental stressors may promote 

post-translational modifications that result in differences in the modification in 
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citrullination of mucosal peptides (Cope and Thomas, 2013). For example, P. gingivalis, 

which causes severe periodontitis, is able to express its own citrullinating enzyme, which 

can result in autoimmunity (Lundberg et al., 2010). Infectious agents (eg. Epstein Barr 

Virus (EBV), E. coli and their products) are thought to promote RA through mechanisms 

involving molecular mimicry (McInnes and Schett, 2011). They most likely contribute to 

the formation of RF. Recently, there has been renewed enthusiasm into understanding 

how the microbiome might influence the development of RA (Scher and Abramson, 

2011).  

1.3.3 Pathways leading to the initiation of the autoimmune response in RA 

The immunogenetics of RA suggests a key role of the T cell in both disease initiation or 

perpetuation (Cope et al., 2007).  It is thought that the HLA-DRB1 allele may contribute 

to arthritis development through effects on thymic selection, leading to the selection of 

autoreactive T cells (Cope et al., 2007). A clear example of how thymic selection can be 

altered in this way is provided by the murine SKG model (Sakaguchi et al., 2003). A point 

mutation in Zap70 dramatically reduces TCR signalling. This results in a thymic shift in 

favour of autoreactive T cells. A higher proportion of self-reactive peripheral T cells are 

observed, which are seen to proliferate in vivo in response to self- antigen and produce 

IL-17 (Thomas et al., 2008, Hirota et al., 2007). 

The priming of autoantigen specific responses in genetically susceptible individuals is 

thought to be mediated by DCs following an inflammatory or stressful trigger (Cope and 

Thomas, 2013). Synovial fluid or peripheral blood DCs become activated and matured 

and are able to present self-antigens to antigen-specific T cells. DCs have a crucial role in 

influencing the effector function of the T cell that ensues (as described in Section 

1.2.2.3). In combination with T cell genetic abnormality, triggers of the innate immune 

cells (such as DCs) with particular inflammatory triggers (normally microbes), is thought 

to be crucial in resulting in overt autoimmunity. For example, inflammatory arthritis was 

only seen to develop in the SKG mouse model when the innate immune system was 

triggered by β-glucans (Yoshitomi et al., 2005).  
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In the lymph nodes, effector T cells are able to interact with B cells through CD40-CD40L 

interactions to generate arthritogenic antibodies to autoantigens.  

1.3.4 Inflammatory pathways in the synovium 

Leukocyte accumulation in the synovial compartment occurs as a result of increased 

migration into the synovium and this is facilitated by increased expression of adhesion 

molecules and chemokines on the endothelium and leukocytes, respectively (McInnes 

and Schett, 2011). Additionally, angiogenesis allows for the infiltration of cells into the 

synovium; whilst emigration of cells is inhibited (McInnes and Schett, 2011).   

1.3.4.1 Adaptive immune pathways 

Adaptive immunity is key to the development of autoimmune arthritis, as evidenced by 

the important role of autoantibodies in RA.  

T cells are abundant in the synovium where they are thought to have a crucial role in 

mediating T-B cell help (McInnes and Schett, 2011). Th1, and more recently Th17, cells 

have been implicated as major pathogenic T cells in RA (Metawi et al., 2011). The 

specific role of Th1 vs Th17 cells has been investigated widely using animal models of 

arthritis, particularly the collagen-induced arthritis (CIA) model (See Section 1.4.1.2.2). 

IL-17 production by Th17 cells can act on many cell types in the inflamed rheumatoid 

joints;  this includes monocytes, macrophages, fibroblasts, osteoclasts and chondrocytes 

(Imboden, 2009). Although RA is a T cell dependent disease, no “arthitogenic” T cell 

populations have been characterized to date.  

It has been hypothesised that RA might result from lack of immune tolerance, resulting 

from defects in Treg potency, or in the way the effector T cell responds to Treg-

mediated suppression (Leipe et al., 2005, Sakaguchi et al., 2012). It is generally agreed 

that Tregs are enriched in the synovial fluid of RA patients compared to peripheral blood 

(van Amelsfort et al., 2004), and some reports suggest that these Treg cells might be 

functionally abnormal (Ehrenstein et al., 2004). There is accumulating evidence that 

suggests that Treg interactions with an inflammatory environment leads to subversion of 

their suppressive phenotype (Afzali et al., 2010). Another mechanism which might 
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counteract T cell driven pathology, and which is thought to be defective in RA, is Th2 

differentiation (Cope et al., 2007).  

B cells have many potential key roles in RA. Synovial B cells are mainly localised in 

aggregates of B and T cells, which can form so-called lymphoid follicles (Seyler et al., 

2005). They can act as APCs (thus activating T cells, amongst other immune cells), they 

secrete pro-inflammatory cytokines and they can produce autoantibodies, including RF 

(Panayi, 2005). A pathogenic role for B cells is confirmed by the clinical efficacy of the 

anti-CD20 monoclonal antibody in RA, which is able to deplete circulating B cells 

(Edwards et al., 2004). 

1.3.4.2 Innate immune pathways 

In addition to T and B lymphocytes, a number of immune cells result in chronic 

inflammation in the synovium, including macrophages, DCs, mast cells and NK cells 

(Gierut et al., 2010). Neutrophils reside mainly in the synovial fluid (Cope and Thomas, 

2013). GM-CSF enhances the maturation of these cells and results in efflux from the 

bone marrow (Cornish et al., 2009). PRRs on different innate immune cells are activated 

by danger associated molecular patterns (DAMPs), PAMPs and proteases in the 

synovium.  

Macrophages have a central role in synovial tissue destruction (Gierut et al., 2010) and 

effective RA therapies have been seen to reduce the production of cytokines by 

macrophages (McInnes and Schett, 2011). In addition to their classical role as APCs and 

phagocytic cells, most macrophages in the activated joint produce cytokines, such as 

TNF-α, IL-6 and IL-1β, reactive oxygen species (ROS) and matrix degrading enzymes and 

are predominantly of the classically activated, or M1, phenotype (Gierut et al., 2010). 

Activation of macrophages is thought to occur through immune complexes and FcγRs 

and ligation of TLRs. Under inflammatory conditions macrophages have the capacity to 

differentiate into DCs or osteoclasts (Cope and Thomas, 2013).  

Other pathogenic innate immune cells that contribute heavily to synovitis are 

neutrophils, which are able to synthesize cytokines (including TNF-α, IL-1β and IL-6), 
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proteases, and ROS intermediates (Cascao et al., 2010). Neutrophils also express PADI4, 

which is able to cause citrullination of cartilage proteins, for example generating 

epitopes recognised by anti-CCP positive RA. Mast cells can be triggered by FcγR, FcεR 

and TLR and produce high levels of cytokines, chemokines and proteases (Nigrovic and 

Lee, 2007).  

In the synovium, mature DCs accumulate and associate with the T/B cell lymphoid 

follicles. They contribute to antigen presentation, inflammation, joint destruction and 

may also have an important role in immune regulation (Cope and Thomas, 2013). They 

are able to produce IL-12 and IL-23 to maintain Th1 and Th17 cells, respectively. 

Interestingly, on examination of their FcγRIIb expression, there appeared to be a positive 

correlation between levels of FcγRIIb expression and RA disease severity, and these cells 

were able to inhibit T cell proliferation and promote a Treg cell phenotype, suggesting a 

potential strategy for RA therapy (Wenink et al., 2006).  

1.3.5 Downstream pathways of structural damage in the arthritic joint 

IL-17 production by T cells promotes IL-1 and TNF-α production by monocytes and also 

induces the expression of receptor activator of nuclear factor Kappa-B (RANKL) 

osteoclast differentiating factor (Kotake et al., 1999). IL-17 also stimulates synovial 

fibroblasts to express matrix metalloproteinases (MMPs), GM-CSF, and prostaglandin E2 

(PGE2) (Katz et al., 2001). The combined effects of osteoclasts and synovial fibroblasts is 

to promote disassembly of the CII network (resulting in cartilage degradation) and bone 

erosion, respectively. Furthermore, in the presence of inflammatory cytokines 

chondrocytes, which normally regulate matrix formation and cleavage, undergo 

apoptosis.  
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Figure 1-9 Innate and adaptive immune pathways in RA 
In the lymph nodes and synovial GC, DCs direct the differentiation of antigen-specific T cells. Effector T 
cells interact with B cells to generate an antibody response to citrullinated self proteins. In the synovial 
membrane and the adjacent bone marrow, adaptive and innate immune pathways interact to result in 
tissue remodelling and damage. Refer to text for full information. For simplicity, not all cell types or 
soluble factors are shown. Modified with permission from McInnes and Schett, 2011.   
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1.4 Animal models of arthritis for studying Ptpn22 function  

Animal models of autoimmune arthritis are invaluable research tools both for the study 

of disease pathogenesis mechanisms at the cellular and molecular level, as well as for 

the testing of new therapies. Several mouse models of inflammatory arthritis exist, 

including those requiring immunisation with antigen (eg. CIA, antigen induced arthritis, 

proteoglycan induced arthritis, streptococcal cell wall arthritis), spontaneous induced 

models (eg. K/BxN TCR transgenic mouse and TNF-α transgenic mouse) and those 

induced by chemical agents (eg. oil-induced arthritis). Spontaneous models are more 

similar to human RA, but induced models provide a more controlled environment and 

can be assessed prophylactically.  

Animal models allow for genetic and therapeutic manipulation in ways that might not be 

possible (or ethical) in man. From a T cell perspective, animal models have permitted 

more comprehensive dissection of the role of the CD4+ T cell, as well as humanised 

models that, for example, have allowed a detailed analysis of the function of disease 

associated MHC-II genes (Cope et al., 1999). They also allow knock out or mutation of 

key T cell subsets, cytokines, or signalling molecules.  

This section summarises the two animal models that were explored in this thesis: the 

CIA model and the K/BxN (serum transfer) model.  

1.4.1 CIA model 

The CIA model is the most widely studied animal model of RA. The first report of 

immunisation with CII leading to development of autoimmune arthritis in an animal was 

in rats in 1977 (Trentham et al., 1977). Since then, the CIA model has also been 

reproduced in the mouse (Courtenay et al., 1980) and in primates (Yoo et al., 1988).  

This section will focus on reviewing the CIA model in the mouse.  

The CIA model has particular relevance to RA because CII is a major protein in cartilage, 

which is the target tissue of RA. Moreover, immunity to CII can be detected in some RA 

patients (Brand et al., 2003). This gives proof that autoimmunity to CII can lead to 

autoimmune arthritis, although it does not indicate whether it is the cause. The CIA 
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model has been crucial in the testing and development of new biologically based 

therapeutics, such as those that target TNF-α (Williams et al., 1992).  

The most common form of CIA requires the immunisation of CII with adjuvant (usually 

mineral oil with mycobacteria cell walls; known as complete Freund’s adjuvant (CFA)). 

This induces strong IL-12 and IFN-γ production, and Igs of all isotypes. In certain strains 

of mice, arthritis can also be induced with CII in mineral oil only (known as incomplete 

Freund’s adjuvant). In this case, the immune response is shifted towards a Th2 response 

and the IgG1 isotype dominates in the immune response (Holmdahl et al., 2002). 

Typically, in the CIA model, immune priming occurs a few days after heterologous CII 

immunisation and the onset of macroscopic arthritis occurs after two weeks. The CIA 

model shares several pathological features with RA, including synovitis, mononuclear 

cell infiltration and cartilage and subchondral bone degradation by pannus tissue. Matrix 

degrading enzymes result in further cartilage loss, whilst the formation of osteoclasts 

results in bone erosion (Brand et al., 2007). The synovial fluid, which normally contains 

few cells, becomes highly infiltrated, predominantly with neutrophils (Billiau and 

Matthys, 2011). 

A number of environmental factors have been shown to contribute to disease 

susceptibility in the CIA model.  Arthritis is increased in male mice (female hormones are 

found to be protective), with age (as a result of the breakdown of regulatory 

immunological mechanisms) and with stress (Holmdahl et al., 2002).  

The autoimmune response to CII in the CIA animal models is complex, requiring specific 

MHC molecules, CII-specific T and B cell responses and their associated cytokines.  

1.4.1.1 MHC genes, CII T cell determinants and disease susceptibility 

Disease susceptibility to CIA, analogously to human susceptibility to RA (See Section 

1.3.1.2) is associated with the expression of specific MHC-II genes of isotype I-A (I-Aq and 

I-Ar), with mice that are I-Ab only having recently been reported as susceptible to 

arthritis (Wooley et al., 1981, Wooley et al., 1983, Campbell et al., 2000). These Class II 

molecules are highly polymorphic and, consequently, the CII peptide sequence that they 
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present is quite different. H-2q mice (eg. DBA/1 and B10.Q) develop arthritis following 

immunisation with bovine, chicken and human CII; H-2r mice (eg. B10.RIII) develop 

arthritis following immunisation with porcine or bovine CII (but not chicken or human); 

H-2b mice (eg. C57BL/6) develop arthritis in response to chicken CII only. This implies 

that different T cell antigenic determinants are involved in the induction of arthritis of 

different strains of mice (Brand et al., 2003).  Transgenic expression of HLA-DRI (*0101) 

or DR4 (*0401) molecules associated with RA susceptibility in humans also confers 

susceptibility to CIA in a mouse strain that is not normally susceptible, indicating that the 

DR molecules associated with susceptibility to RA are involved in the immune response 

to CII (Rosloniec et al., 1998, Rosloniec et al., 1997, Rosloniec et al., 2002). Furthermore, 

both the DR molecules were found to bind and present the same human CII 

immunodominant peptide.  

For most of the class II molecules that have been studied the immunological peptide is 

known. In some cases, the molecular interactions involved in binding the CII peptides are 

known. Interestingly, immunodominant peptides for I-Aq, DR-1 and DR-4, are all located 

in the same region of the CII molecule; it is thought that this small region is very unique 

in structure compared to the rest of the CII molecule and that it may provide a unique 

immunological target for the T cell response (Brand et al., 1994, Brand et al., 2003). 

Furthermore, the binding of the CII to the MHC molecule occurs with very low affinity, 

owing to the unique structure of CII. This low affinity binding is consistent with a 

hypothesis predicting the escape of autoreactive T cells from tolerance (Brand et al., 

2003). 

Most studies of T cell determinants involved looking at the primary amino acid 

sequence, with a focus on short synthetic peptides. However, CII is subjected to post-

translational modifications and recognition of said modifications is thought to be 

important in generating an autoimmune response to CII. Indeed, glycosylations and 

hydroxylations have been reported to occur within immunodominant peptides of 

murine class II alleles as well as the HLA-DR1 and DR4 alleles (Brand et al., 2003, Corthay 

et al., 1998, Kjellen et al., 1998, Michaelsson et al., 1994). These modifications can 
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produce a large series of possible T cell epitopes that seem to be recognised by distinct T 

cell clones (Holmdahl et al., 2002).  

1.4.1.2 The CD4+ T cell response in CIA 

The association of CIA with MHC-II genes implicates the CD4+ T cell as an important 

regulator of the immune response to immunisation with CII (Wooley et al., 1981).  

Studies in the CIA model of arthritis in the mouse have shed light on the ability of CD4+ T 

cells to initiate and maintain disease. The results are not entirely clear but will be 

summarised in this section.   

In the CIA model cellular reactivity to CII can be demonstrated in vivo by development of 

delayed-type reactivity upon subcutaneous injection with CII. T cells can be seen to 

proliferate and produce cytokine in response to CII restimulation in vitro (Billiau and 

Matthys, 2011).  CII specific T cells have an important role in disease induction and can 

adoptively transfer into severe combined immunodeficiency (SCID) mice (Kadowaki et 

al., 1994). CII specific T cells are present in the CIA model in the arthritic joint (Latham et 

al., 2005). One group has reported that CD4+ T cell depleting antibodies supress CIA 

when administered before, but not after arthritis development, suggesting a greater role 

of Th cells in the initiation phase of disease than in the effector phase (Goldschmidt et 

al., 1992). Alternatively, this may be as a result of the ability of non-CD4+ T cells (such as 

the CD8+ T cell) in these mice to function as class-II restricted T cells (Tada et al., 1996).  

1.4.1.2.1 Th1 cells in the CIA model 

Within the CD4+ T cell compartment, it is unclear which Th subset is responsible for 

mediating disease pathogenesis. The CII specific T cell response in CIA was originally 

classified as Th1 (Brand et al., 2003). More recently it has been suggested that Th1 CD4+ 

T cells may in fact have a protective role in CIA (Alzabin and Williams, 2011). One study 

reported that neutralisation of IFN-γ accelerated the course of CIA and was associated 

with increased IL-17 levels in joints and serum of arthritic animals (Sarkar et al., 2009). In 

support of this idea, it was reported that IfnγR deficient mice develop more severe 

arthritis (Vermeire et al., 1997). Conversely, a separate study indicated that IfnγR 
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deficient mice were less susceptible to CIA (Kageyama et al., 1998). There is more 

evidence to support a role for Th1 cells in the pre-arthritic stage of CIA, with studies 

observing a predominance of Th1 cells in the early days post immunisation but not later 

in disease (Doncarli et al., 1997). Perhaps reconciling these data, one report suggested 

that IFN-γ may have a biphasic effect on the induction and course of CIA, first enhancing 

the immune response and then regulating the arthritis process (Boissier et al., 1995).   

The IL-12 cytokine is well known for promoting the IFN-γ producing Th1 effector and is 

composed of two subunits: IL-12p40 and IL-12p35. Mice lacking the IL-12p40 subunit 

were found to be protected from a number of autoimmune diseases. This provided 

emphatic evidence at the time for a role of IFN-γ in mediating disease pathogenesis. 

However, it was subsequently demonstrated that lack of the IL-12p35 subunit did not 

have a protective effect on disease induction, thus contradicting the findings of the p40 

deficient mice (Murphy et al., 2003). This paradox became better understood in light of 

the discovery of IL-23 (Langrish et al., 2005), a cytokine which was found to share the 

p40 subunit. Thus, the IL-12p40 deficient mouse reflects a double deficiency in both IL-

12 and IL-23, which regulate Th1 and Th17 responses, respectively (reviewed in 

1.2.1.5.3). It is important to also remember the role of the CD8+ T cell in producing IFN-γ.  

1.4.1.2.2 Th17 cells in the CIA model 

Th17 cells, like Th1 cells, have the capacity to cause autoimmunity (See Section 

1.2.1.5.3) (Damsker et al., 2010). The role of Th17 has been examined experimentally in 

the context of CIA and various other animal models of autoimmunity. Mice genetically 

deficient in IL-17 are less susceptible to CIA (Nakae et al., 2003). In wild-type mice, IL-17 

mRNA levels in the joints of immunised mice increased as disease progressed, and 

following blockage of IL-17, disease was supressed in a dose-dependent manner 

(Lubberts et al., 2004).  The role of IL-23 in the maintenance of the Th17 response has 

also been investigated by looking at mice genetically deficient in p19. These mice are 

resistant to CIA (Murphy et al., 2003). This outcome explained that protection conferred 

by deletion of the IL-12p40 chain, shared by IL-23 and IL-12, is attributed to the absence 

of IL-23 and Th17; not IL-12 and Th1 (Damsker et al., 2010). 
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It would thus seem as though the literature supports a stronger role of Th17 cells, as 

opposed to Th1 cells, in the pathogenesis of autoimmune experimental models such as 

the CIA model. However, although deficiency of IL-17 was reported to have a dampening 

effect on the CIA model, it was not found to completely abrogate disease (Nakae et al., 

2003), pointing to the pathogenic effects of other cytokines in addition to IL-17 (Luger et 

al., 2008). The role of Th1 cells should not be discounted in this context. An 

experimental model of retinal autoimmunity has shown that stably polarised Th1 

effector cells can cause pathology without IL-17 involvement.  The conditions that drive 

responses to a Th17 driven versus a Th1 driven pathogenic effector response appear to 

include the context in which the first encounter with autoantigen occurs (Luger et al., 

2008). This might include the quantity/quality of TLR stimulation and the type of DCs 

that contribute. For example, as previously mentioned, CFA used in the CIA model is a 

strong Th1 polarising cytokine. In support of this, exacerbated CIA but reduced G6PI-

induced arthritis was noted in mice lacking IfnγR, suggesting that the role of adjuvant 

might influence the role of IFN-γ (Vermeire et al., 1997, Frey et al., 2011). In addition to 

the conventional αβ T cells, γδ T cells are also important producers of IL-17, and should 

not be forgotten (Roark et al., 2008, Ito et al., 2009). It is also unclear to what extent 

Th17 cells may show plasticity in the CIA model (See Section 1.2.1.8). Thus, Th1 and 

Th17 cells may interact to contribute to autoimmunity (Damsker et al., 2010). 

1.4.1.2.3 Treg cells in the CIA model 

In the CIA model, Treg cells can be found in the joints, synovial fluid and draining lymph 

nodes of arthritic mice (Morgan et al., 2005). CIA disease progression was found to be 

slowed down by adoptive transfer of Tregs from a healthy mouse (Morgan et al., 2005). 

However, Treg cells from diseased mice are not able to supress effector T cell responses 

appropriately (Morgan, Flierman et al. 2005). Mice treated with effective disease-

ameliorating therapies associate disease resistance or improvement with increased Treg 

numbers in the lymph nodes and joints of the arthritic mice or an enhancement of the 

suppressive capacity of said Treg (Gonzalez‐Rey et al., 2006, Ko et al., 2010). Conversely, 

genetic modifications that normally associate with autoimmunity have been observed to 

result in decreased Treg numbers or activity, with adoptive transfer of CD4+ CD25+ cells 
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to arthritic mice being able to retard disease progression and CII-specific T and B cells 

(Morgan et al., 2005); whereas depletion exacerbates disease onset (Morgan et al., 

2003).  

1.4.1.3 B cell responses in the CIA model 

B cell deficient mice do not develop arthritis (Svensson et al., 1998). Autoantibody to 

murine CII is the primary mechanism of immunopathogenesis in the CIA model, with 

transfer of immune sera from arthritic to naive mice (including non-susceptible strains of 

mice) inducing severe inflammation (Holmdahl et al., 1990, Wooley et al., 1984a, 

Watson et al., 1987). However, once the transferred antibody is depleted, the 

inflammatory response subsides, thus indicating that there are more factors involved 

than exposure of articular CII to CII specific antibodies. Interestingly, CII antibody can be 

found in abundance in RA cartilage but not in osteoarthritic cartilage. Transfer of sera 

from RA patients has been shown to induce inflammatory arthritis in mice (Wooley et 

al., 1984b). The CII autoantibody response in CIA is predominated by the IgG2 subclass, 

and mice that develop CIA have a high ratio of IgG2a/c: IgG1. It has been observed that 

transfer of arthritis to recipient mice by using CII specific antibodies requires multiple 

monoclonal antibodies (Terato et al., 1992). The role of IgG2 seems to be important in 

activating complement. 

In addition to production of autoantibodies, B cells can contribute to the pathogenesis 

of CIA by producing cytokines, such as IL-6, or by serving as APCs to activate antigen-

specific T cells (Schurgers et al., 2011).  

1.4.1.4 Other immune cells in the CIA model 

CII antibodies are able to activate the complement cascade, leading to the initiation of 

inflammatory cell infiltration in the synovium. Knock-out of the C5, C3 or factor B 

components of the classical pathway abrogates the development of arthritis in the 

DBA/1 mouse, even though high titres of IgG2a were still detectable (Hietala et al., 2002, 

Wang et al., 2000). Brand et al. suggested that the requirement of not just one, but 

multiple monoclonal antibodies to transfer arthritis, is consistent with a role of the 



- 75 - 

 

complement cascade in arthritis, and that the arrangement of multiple antibodies might 

facilitate the bringing together of the c1q fragments to initiate the complement cascade 

(Brand et al., 2007). 

The neutrophil appears to be a key player in the inflammation in CIA; and can be 

activated by immune complexes, cytokines or complement. IL-18 is thought to play an 

essential role in attracting neutrophils by promoting TNF-α production, which drives the 

production of leukotriene B4, which is a powerful chemoattactant for neutrophils 

(Canetti et al., 2003). Neutrophils secrete a wide variety of cytokines, including IL-1β, IL-

6 and TNF-α. They also produce ROS and MMPs, which cause cartilage destruction 

(Schurgers et al., 2011). 

In addition to B cells, macrophages and DCs have all been suggested as APCs in the CIA 

model.  

1.4.2 K/BxN model 

The K/BxN model is a spontaneous model of arthritis that was discovered fortuitously in 

1996 by the group of Diane Mathis and Christophe Benoist during their investigations of 

pathways of thymic selection (Kouskoff et al., 1996). Crossing of the KRN TCR transgene 

(recognising a bovine ribonuclease peptide when presented by I-Ak)  from the CBA strain 

with NOD mice (expressing I-Ag7), resulted in spontaneous development of an acute 

inflammatory arthritis in the F1 offspring (Kouskoff et al., 1996). Subsequent 

investigation revealed that the transgenic CD4+ T cells in these mice were specifically 

able to recognise a peptide from the ubiquitously expressed protein glucose-6-

phosphate isomerase (GPI) when presented by I-Ag7 (Matsumoto et al., 1999).  

The K/BxN model shows many clinical features common to inflammatory arthritis and 

human RA, including leukocyte invasion, proliferation of synoviocytes, pannus formation 

and cartilage and bone erosion. In addition it shows certain immunological features that 

are shared with human RA, including B cell activation, hypergammaglobulonemia and 

production of autoantibodies (Kouskoff et al., 1996, Ditzel, 2004).  The K/BxN model has 

been found to rely on the activation of T cells against self-GPI peptide. It was speculated 
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that autoreactive TCRs were able to escape clonal deletion and that reduced levels of 

transgene expression were still present; indeed it was found that there was an 

enrichment in the synovial T cells for transgene expression (Kouskoff et al., 1996, Kyburz 

and Corr, 2003). Only transgenic TCRs are thought to be important, whereas other 

endogenously encoded TCRs are not required (Mangialaio et al., 1999). Blocking of 

arthritis can be achieved by early administration of anti-CD4 antibody, further 

demonstrating the T cell dependence of this model (Kouskoff et al., 1996). 

Although T cells have an important role in disease initiation, it is B cells that cause the 

secretion of arthritogenic Igs which results in disease through a mechanism that involves 

CD40-CD40L interaction between T and B cells (Korganow et al., 1999). Transfer of 

serum from K/BxN mice is able to result in arthritis development in recipient mice 

(Ditzel, 2004). In this K/BxN serum transfer model, the IgG fraction of the serum was 

shown to be responsible for arthritis induction. Immune complexes formed by anti-GPI 

antibodies are able to specifically locate to the distal joints in mice and are able to 

trigger a number of downstream targets (Wipke et al., 2002). The K/BxN serum transfer 

model has been used extensively for the understanding of effector pathways involved in 

the inflammatory response. Importantly, the dominant subtype of the anti-GPI response 

is thought to involve the IgG1 subclass (Maccioni et al., 2002). Mouse IgG1 can interact 

with components of the complement pathway and also with FcγRIII.  

1.4.2.1 The role of complement in K/BxN arthritis  

Experiments involving a panel of mice that were knocked out for various components of 

the complement pathway allowed for the identification of which specific complement 

factors were important in the arthritogenic activity of anti-GPI antibodies (Ji et al., 2001, 

Ji et al., 2002a). In this way, C1q and the classical pathway were found not to be 

important.  Conversely, the alternative pathway and C5 were found to have a central 

role (particularly its cleavage product C5a). The C5a receptor is expressed on a variety of 

cell types (including neutrophils, mast cells, endothelial cells, smooth muscle cells and 

epithelial cells) (Ditzel, 2004). C5a functions as a chemoattractant and induces acute 

inflammation by activating neutrophils and mast cells (Ditzel, 2004). When in high doses, 
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it is able to stimulate respiratory burst (Ditzel, 2004). It is also thought to lead to 

increased vascular permeability and in the retention of neutrophils through the 

expression of P-selectin (Ditzel, 2004). Mouse IgG1 has been found to enhance the 

activation of C3 and immunohistological analysis has shown that C3 colocalises with IgG 

on the cartilage surface of arthritic mice (Ji et al., 2002a). 

1.4.2.2 The role of Fc receptors in K/BxN arthritis 

Transfer of arthritogenic K/BxN serum was unable to result in arthritis development in 

activatory FcγR deficient mice (Ji et al., 2002a). Out of the activatory FcγRs it is thought 

that the low affinity FcγRIII Ig receptor is involved in the downstream process of anti-GPI 

antibody interaction (Ditzel, 2004).  

1.4.2.3 The role of cells downstream of the GPI immune complex in mediating arthritis 

Mast cells and neutrophils have been shown to be critical in linking the immune complex 

to downstream effector pathways in the K/BxN serum transfer model. Osteoclasts might 

also have a role in the erosive process in the K/BxN model (Kyburz and Corr, 2003). 

Mast cell deficient mice were shown to be refractory to arthritis development in the 

K/BxN serum transfer model (Lee et al., 2002), whereas mast cell engraftment could 

restore arthritis. Mast cell degranulation is thought to occur very quickly following 

serum transfer specifically in the synovium (Lee et al., 2002). Mast cell granules contain 

TNF-α and are capable of producing of producing large amounts of IL-1.  

Neutrophils appear within 48 hours in the joint following K/BxN serum transfer (Wipke 

and Allen, 2001). Arthritis fails to develop following K/BxN serum transfer in mice that 

lack neutrophils; whilst repopulation with neutrophils results in joint inflammation, thus 

highlighting the essential role of this cell type in the K/BxN serum transfer model (Wipke 

and Allen, 2001). Nitric oxide and hydrogen peroxide generation by neutrophils have 

been shown to be dispensable mechanisms in contributing to immune complex arthritis 

(Wipke and Allen, 2001). Instead, it is likely that neutrophils mediate joint damage 

through other effector mechanisms, including the release of granules containing 

proteases (containing degradation enzymes such as collagenases and MMPs) or the 
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release of proinflammatory cytokines (including TNF-α, IL-1, IL-6, TGF-β). Interestingly, 

one group has reported that IL-17 production by neutrophils has an important role in 

the pathogenesis of K/BxN serum transfer arthritis (Katayama et al., 2013). Neutrophils 

become activated and extravasate in response to the release of chemoattractants by 

mononuclear cells and mast cells. There is evidence to suggest that chemoattractants 

are released in a unique temporal and spatial manner (Sadik et al., 2011). Furthermore, 

neutrophils are able to self-perpetuate through their ability to recruit other neutrophils. 

Signalling through Syk and PLC-2 has been shown to be a requirement for the initiation 

of immune complex arthritis (Elliott et al., 2011, Jakus et al., 2010). 

1.4.2.4 The role of cytokines in K/BxN arthritis 

Given the success of anti-TNF-α therapy in human RA (Feldmann et al., 1996), the 

relevance of this cytokine in the K/BxN model was assessed immediately but was found 

to have an important, but dispensable, role (Kyburz and Corr, 2003). IL-1 has a clear role 

in eliciting arthritis in K/BxN serum transfer model and mice that are deficient in the IL-

1R were found to not develop arthritis (Ji et al., 2002b).  

1.4.2.5 The K/BxN model: limitations as a model of RA 

In general terms, the production of autoantibodies to a systemic antigen as a 

mechanism for initiating inflammation in the human joint has been a subject of much 

debate. There are certainly potential candidates, as indicated by the presence of 

antibodies such as Ig (eg. RF) or CII. However, for the most part, antibodies to these 

antigens are only observed in subsets of RA patients (Ditzel, 2004). More specifically, the 

relevance of GPI as an autoantigen in human RA has been questioned. Interestingly, 

anti-GPI antibodies have been isolated from some RA patients but they have not been 

found to be present in high numbers or in all patients (Schaller et al., 2001).  

However, there are some advantages to studying the K/BxN model. Regardless of the 

relevance of autoantibodies as a mechanism for human RA, immune complex mediated 

inflammation is important in RA, as are the inflammatory cytokines IL-1 and TNF-α.  
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The afore-mentioned mouse models of arthritis have provided novel insights into 

disease pathogenesis in man. While there are the inevitable differences between mouse 

and man, these insights have been especially useful for understanding immune 

pathways of disease, dissecting the function of specific genes (both mouse and human), 

as well as provided pre-clinical platforms for testing new therapeutic agents.  
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1.5 PTPN22 immunobiology 

The proline-, glutamic acid-, serine-, and threonine-rich (PEST) family of intracellular 

PTPs includes PTP-PEST (PTPN12), PTPN22 (also known as lymphoid tyrosine 

phosphatase (Lyp) in the human and Pep in the mouse) and PTP- hematopoietic stem 

fraction (HSCF) (Veillette et al., 2009). This section will describe the main features of 

PTPN22 biology.  

1.5.1 PTPN22 R620W geographical distribution  

There is an interesting geographic distribution in the frequency of the PTPN22 C1858T 

polymorphism (corresponding to R620W at the protein level) across the world where it 

has been found that the disease associated C1858T allele is expressed almost exclusively 

in Europe and populations of European descent, with higher prevalence in Northern 

Europe (Burn et al., 2011) This suggests that there may be a selective advantage in these 

populations, with some studies implicating a protective role from environmental 

pathogens, such as tuberculosis (Lopez-Escamez, 2010). 

1.5.2 PTPN22/Ptpn22 cloning 

Degenerate primers can target catalytic domains of PTPs in PCR reactions that will 

amplify non-conserved flanking regions (Burn et al., 2011). In an attempt to screen for 

novel genes encoding conserved PTP domains, Matthew Thomas’ lab derived Ptpn22 

cDNA from mouse spleen in this way in 1992 (Matthews et al., 1992). This molecule 

exhibited almost exclusive haematopoietic expression and derived its name PEST - 

domain enriched tyrosine phosphatase (Pep) from the occurrence of 5 PEST domains in 

the C terminus. The human isoform of the protein was cloned in 1999 (Cohen et al., 

1999). 

1.5.3 PTPN22/Ptpn22 structure 

PTPN22/Ptpn22 is an intracellular PTP of approximately 105KDa, containing an N-

terminal catalytic domain (approximately 300aa), a C-terminal domain (approximately 
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200aa) and an interdomain (approximately 300aa) (Burn et al., 2011). Human PTPN22 is 

807 amino acids whilst murine Ptpn22 is 802 amino acids long (Liu et al., 2009). Mouse 

and human orthologues share 70% homology at the amino acid level, with most of the 

variability occurring in the interdomain. The N terminal domain has high homology to 

other intracellular PTPs and is very similar between human and mouse orthologues. The 

divergence between the human and mouse forms of PTPN22 is likely to be the result of 

different selective pressures on the immune systems of humans and rodents (Stanford 

et al., 2010). In the C terminal domain there are four proline rich motifs (designated P1-

P4), which are thought to have important functions in mediating interactions with other 

intracellular SH3 containing proteins. The P1 domain is thought to bind to the Csk SH3 

domain (Section 1.5.7), but the binding partners of the other proline rich sequences 

have not been elucidated (Burn et al., 2011). PEST domain sequences (of which there are 

5 in the mouse) are located in the C terminus (Figure 1-10). Human PTPN22 is located on 

chromosome 1. Mouse Ptpn22 is on chromosome 3 (Figure 1-10).   

1.5.4 PTPN22/Ptpn22 cellular expression  

The expression of PTPN22/Ptpn22 is confined exclusively to the haematopoietic lineage, 

and there is a hierarchy in the expression profile of PTPN22/Ptpn22 abundance among 

innate immune subsets (Arimura and Yagi, 2010). The gene expression of Ptpn22 is 

highest in NK cells, followed by T cells, B cells and DCs and macrophages (biogps.org). 

Interestingly, whilst the function of PTPN22/Ptpn22 has been studied mostly in the 

context of T cells very little is know about its function in other high expressing cells, 

including NK cells and neutrophils (Burn et al., 2011). 

There have been conflicting results regarding the subcellular localisation of 

PTPN22/Ptpn22, with reports having suggested that it is in the nucleus (Flores et al., 

1994), cytoplasm (Cloutier and Veillette, 1996), in the cellular membranes (Davidson et 

al., 1997) and in the cytosol (Hasegawa et al., 1999). This issue remains unsolved; it is 

likely that the majority of PTPN22/Ptpn22 is located in the cytosol, with smaller amounts 

also present in the nucleus (Bottini and Peterson, 2014). 
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Figure 1-10 Schematic of the structure of PTPN22  
The protein consists of an N terminal catalytic domain (approximately 300aa), a C terminal domain 
(approximately 200aa) and an interdomain (approximately 300aa). There are four proline-rich sequences 
in the C terminus (denoted P1-P4). Within the P1 motif, an R620W polymorphism in the human decreases 
binding between Csk and Ptpn22. The murine equivalent of R620W is R619W.  PEST motifs are found in 
the C terminus.   

 

Figure 1-11 PTPN22 and Csk interact physically and functionally to inhibit TCR signalling  
25-50% of PTPN22 is bound to 5% of Csk. This interaction depends on the P1 domain of Ptpn22 and the 
SH3 domain of Csk. Csk phosphorylates Y505 creating an SH2 binding site that results in an internal fold 
and partial deactivation of Lck. For Lck to be fully inactivated, PTPN22 must dephosphorylate the 
activatory Y394 residue within the kinase domain.  



- 83 - 

 

 

1.5.5 PTPN22/Ptpn22 and stability 

PEST motifs are frequently found in proteins that exhibit rapid degradation (Rogers et 

al., 1986). Investigations carried out by the Siminovitch Lab suggested that cells 

expressing the murine R619W variant expressed less Ptpn22 protein as a result of 

increased calpain-mediated degradation in these mice, and that this reduced protein 

expression might provide a mechanism for immune cell hyperresponsiveness (Zhang et 

al., 2011).  In contrast, other more recent publications have failed to observe any effect 

of the R619W variant on protein stability, half-life or calpain mediated degradation (Dai 

et al., 2013). To explain this discrepancy, it was suggested that the Siminovitch group 

may have used an antibody to detect Ptpn22 expression that targeted peptides carrying 

the amino acid change that is altered by the risk allele (Dai et al., 2013). More evidence 

to suggest that PTPN22 is not rapidly degraded had come from pulse-chase studies 

which showed that the half-life of PTPN22 was greater than 5h (Flores et al., 1994). 

1.5.6 PTPN22/Ptpn22 substrates 

Given that PTPN22/Ptpn22 is highly expressed in T cells, initial studies focussed on 

identifying substrates for the PTPN22 phosphatase amongst T cell membrane proximal 

signalling intermediates. Substrate trapping experiments (involving the use of a 

catalytically inactive mutant of PTPN22) in the human Jurkat T cell line have reported a 

number of signalling molecules that may be directly dephosphorylated by PTPN22, 

including Src family kinases Lck, ITAMs of TCR/CD3ζ complex and Zap70 (Wu et al., 

2006). In addition to the substrates of the human phosphatase, the mouse orthologue is 

also known to target Fyn (Cloutier and Veillette, 1999). 

Ptpn22 was shown in vitro to selectively dephosphorylate Fyn at Y420 (Cloutier and 

Veillette, 1999); PTPN22 was also shown to dephosphorylate Lck at Y394 and Zap70 at 

Y493 (Wu et al., 2006). Dephosphorylation at these particular tyrosine residues leads to 

attenuation of TCR signalling. The TCR/CD3ζ complex itself is also dephosphorylated by 

PTPN22 in vitro but the precise phospho-tyrosine residue is unknown (Wu et al., 2006). 
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Further experimental evidence to corroborate that Lck and TCR/CD3ζ complex represent 

bona fide substrates of PTPN22 come from their increased phosphorylation following 

treatment of T cells with inhibitors (Vang et al., 2012).  

Downstream of membrane proximal TCR signalling intermediates, a number of other 

PTPN22 substrates have been identified by substrate trapping experiments; the guanine 

nuclear exchange factor VAV and ATPase VCP/p97 are also trapped by a catalytically 

inactive PTPN22 variant in T cell lysates (Wu et al., 2006). These proteins have important 

functions in cytoskeletal rearrangement, autophagy, protein degradation and 

endosomal sorting (Bottini and Peterson, 2014). 

Additional putative PTPN22 substrates have been identified by high resolution mass 

spectrometry and are awaiting confirmation. These include the E3 ubiquitin ligase c-

Casitas B-lineage lymphoma (c-Cbl) and the adaptor protein Src kinase associated 

protein of 55kDa homolog (SKAP-HOM) (Bottini and Peterson, 2014, Dai et al., 2013). 

The capacity of PTPN22/Ptpn22 to dephosphorylate signalling intermediates 

downstream of TCR is consistent with its role as suppressor of TCR signalling. 

1.5.7 The PTPN22/Ptpn22- Csk interaction 

The most intensely studied interaction of PTPN22/Ptpn22 has been its physical 

interaction in T cells with Csk (Gregorieff et al., 1998, Cloutier and Veillette, 1996, 

Cloutier and Veillettee, 1999). The physical interaction is highly specific and depends on 

the C terminal P1 sequence of Ptpn22 and the SH3 domain of Csk (Gregorieff et al., 

1998, Cloutier and Veillette, 1996). Approximately 25-50% of Ptpn22 is bound to 5% Csk 

in T cells, B cells and macrophages (Cloutier and Veillette, 1996). The association ratio 

between PTPN22 and Csk is similar in human T cells (Vang et al., 2012). 

Csk is a negative regulator of Src family kinases (Chow et al., 1993) and it is recruited to 

the membrane under basal conditions by the phosphorylated adaptor, protein 

associated with GEMS (PAG). By virtue of its physical association with Csk, it was 

suggested that PTPN22/Ptpn22 might be recruited to lipid rafts and that both the kinase 

and phosphatase could potentially share signalling intermediates as substrates (Bottini 
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and Peterson, 2014). It was subsequently hypothesised that when in complex, Csk and 

PTPN22/Ptpn22 had the ability to synergistically inhibit TCR signalling. The evidence 

came from overexpression studies comparing wild-type Ptpn22 and a mutant lacking the 

P1 motif as well as co-expression experiments of Ptpn22 and Csk in Jurkat T cells 

(Gjorloff-Wingren et al., 1999, Cloutier and Veillette, 1999). 

The cooperation between PTPN22 and Csk can also be explained in the context of Lck 

inactivation: PTPN22/Ptpn22 dephosphorylates the activatory tyrosine residue in the 

catalytic domain at position 394 and Csk phosphorylates the inhibitory tyrosine residue 

at position 505, thus fully inactivating and causing the Src kinase to snap shut into its 

inactive conformation (Burn et al., 2011, Gjorloff-Wingren et al., 1999) (Figure 1-11). 

However, the molecular mechanism behind the PTPN22/Csk association has still not 

been elucidated (Bottini and Peterson, 2014). 

The cooperation between PTPN22 and Csk received increased interest following the 

realisation that the R620W autoimmune disease predisposing variant showed impaired 

ability to interact with Csk (Begovich et al., 2004, Bottini et al., 2004). Additionally, 

further support for the synergism model came from data from the lab of Weiss which 

found that when Csk was co-expressed with PTPN22/Ptpn22 R620W/R619W variants, 

inhibition of TCR signalling was less effective (Zikherman et al., 2009).  

There are a number of unanswered questions pertaining to the PTPN22/Ptpn22- Csk 

interaction. Firstly, it is unknown whether PTPN22/Ptpn22 is indeed being targeted to its 

substrates by Csk and PAG. The Csk that is bound to PAG in lipid rafts is not also found in 

complex with murine Ptpn22 (Davidson et al., 2003). Furthermore a PAG knockout 

mouse shows no phenotype apart for decreased Csk in lipid rafts (Xu et al., 2005). 

Fiorillo et al. have suggested that Csk might actually inhibit the activity of PTPN22 by 

phosphorylating an inhibitory residue (Fiorillo et al., 2010). There is also a recent report 

suggesting that dissociation of the PTPN22- Csk complex is necessary for recruitment of 

PTPN22 to the plasma membrane (Vang et al., 2012).  
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1.5.8 PTPN22 regulation of T cell signalling 

Human PTPN22 is a potent inhibitor of T cell activation through its ability to negatively 

regulate key mediators of signal transduction through the TCR (See Section 1.5.6). 

PTPN22 requires its catalytic activity in order to be able to negatively regulate TCR 

signalling (Stanford and Bottini, 2014). PTPN22 knock down or pharmacological 

inhibition results in increased TCR signalling, resulting in increased activation of 

transcription factors such as NFAT/AP1 (Begovich et al., 2004, Vang et al., 2012) (Figure 

1-12A). 

1.5.9 The role of PTPN22 in other immune cells 

In addition to T cells, PTPN22/Ptpn22 is expressed in B cells, NK cells, macrophages, 

neutrophils, monocytes and DCs (biogps.org; Arimura and Yagi, 2000). There is an 

increasing understanding for the role of PTPN22 in these immune cells. In humans 

carrying the R620W PTPN22 polymorphism, altered B cell development and function has 

been described. For example, the phosphatase has been implicated in cell arrest and 

apoptosis (Rieck et al., 2007). In human neutrophils, the PTPN22 R620W polymorphism 

has been found to enhance neutrophil activation (migration, calcium release and ROS 

production) in both health and disease (Bayley et al., 2014). PTPN22 has been shown to 

be a selective promoter of Type I IFN production in human myeloid cells in response to 

TLR engagement through a mechanism which is independent of its catalytic activity and 

which potentiates IRF3 and IRF7 signalling intermediates (Wang et al., 2013) (See 

Section 1.6.4) (Figure 1-12B).  

1.5.10 Functional genetics of PTPN22 R620W in T cells 

Understanding the functional consequences of the R620W variant on PTPN22 function is 

of critical significance and there is no clear consensus as to whether the polymorphism 

renders the phosphatase more or less active. Initially it was suggested that the human 

PTPN22 R620W polymorphism generated a hypomorphic allele, since R620W impairs 

the interaction of PTPN22 with Csk (Begovich et al., 2004). In support of this notion, a 
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study carried out by Zikherman and colleagues found that Jurkat cells transfected with 

R620W PTPN22 resulted in more phospho-Erk production and calcium mobilisation in 

response to TCR stimulation compared to cells transfected with wild-type PTPN22 and 

Csk (Zikherman et al., 2009).  

However, a number of studies have challenged this hypothesis, suggesting that the 

disease-associated variant may in fact display a gain-of-function phenotype (Vang et al., 

2005, Rieck et al., 2007, Fiorillo et al., 2010). An important observation in support of the 

gain-of-function hypothesis is the finding that cells overexpressing the disease 

associated R620W variant show an increase of TCR-induced phosphorylation of early key 

signalling players and decreased TCR-induced calcium mobilisation (Vang et al., 2005). In 

addition, the authors found that primary T cells from R620W carriers produce less IL-2 

and IL-10 in response to TCR stimulation (Vang et al., 2005).  

Both the gain-of-function and loss-of-function scenarios are plausible. A gain-of-function 

risk allele might provoke disease by impairing thymic tolerance and allowing the escape 

of negative selection, resulting in the escape into the periphery of high affinity self-

reactive TCR expressing T cells. Indeed, decreased TCR signalling has been found to 

increase the risk of at least a subset of autoimmune diseases. For example, decreased 

TCR signalling has been reported in the T cells from NOD mice and in peripheral T cells 

from T1D patients (Zhang et al., 1998, Stanford et al., 2010). Another option is that 

increased PTPN22 function may affect Treg cells to make them less potent in 

suppressing immune responses against autoantigens (Burn et al., 2011). Conversely, a 

loss-of-function W620 variant might act by leading to enhanced or sustained T cell 

activation and the differentiation of effector T cells in the periphery.  
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1.6 Lessons to date from murine studies of Ptpn22  

Following the realisation that genetic variation in the PTPN22 locus could have such 

profound implications on autoimmunity, much interest has been generated to 

investigate how absence of or genetic variation in PTPN22/Ptpn22 can result in 

autoimmunity. To this end, murine studies have been invaluable with several mouse 

models having been created to date, including models of the Ptpn22 deficient mouse 

(Brownlie et al., 2012, Hasegawa et al., 2004, Wang et al., 2013), the Ptpn22 R619W 

knock-in mouse (Zhang et al., 2011, Dai et al., 2013), the Ptpn22 knock-down mouse 

(Zheng and Kissler, 2012), and transgenic models of Ptpn22 overexpression and R620W 

expression (Yeh et al., 2013, Wu et al., 2014, Wang et al., 2013). In this section, the 

immunological features of Ptpn22 genetic variation are summarised (See also summary 

Table 1-1 and Table 1-2).  

1.6.1 Genetic variation of Ptpn22 and its role in inflammation/infection 

The phenotype of the global Ptpn22 knock-out mouse on the C57BL/6 background was 

initally reported by Andrew Chan’s group in 2004 (Hasegawa et al., 2004) and has been 

confirmed independently by others (Brownlie et al., 2012). Despite displaying a number 

of immune abnormalities (reviewed below), these mice do not show any signs of 

spontaneous autoimmunity.  Another report modelled Ptpn22 deficiency in combination 

with a consistently active CD45 phosphatase (known as the CD45 wedge (CD45w/w) 

model) and found that these mice developed lupus- like autoimmunity, highlighting the 

importance of studying Ptpn22 deficiency in the context of wider genetic variation 

(Zikherman et al., 2009).   

My PhD project was commenced in October 2010, before any reports had been 

published on Ptpn22 deficiency in the context of chronic inflammation or infection. A 

number of reports of Ptpn22 deficiency or harbouring the disease associated variant in 

the context of spontaneous or induced inflammation or infection have since been 

published.  Immunisation of Ptpn22-/- mice with a Th2 inducing antigen was unable to 

break tolerance (Brownlie et al., 2012). Ptpn22-/- mice were observed to develop more 
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severe arthritis in the K/BxN model of arthritis (Maine et al., 2014). However, disease 

progression was no different to that of wild-type mice in the K/BxN serum transfer 

model (Maine et al., 2014, Wang et al., 2013). Given the involvement of the T cell 

specifically in the K/BxN model but not in the serum transfer model (See Section 1.4.2), 

this implies an important role for Ptpn22 in the T cell. In a model of dextran sodium 

sulphate (DSS) colitis, Ptpn22-/- mice developed increased weight loss in comparison to 

Ptpn22+/+ littermates (Wang et al., 2013). An encephalomyocarditis (EMCV) model of 

infection resulted in increased mortality and virus titres in the Ptpn22-/- mice (Bottini 

and Peterson, 2014, Wang et al., 2013). Where silencing or knock-out of Ptpn22 was 

found to increase the proportions of Tregs, these Tregs were found to confer immune 

tolerance and protect from disease models of EAE, colitis and in the development of 

spontaneous diabetes in the NOD model (Maine et al., 2012, Brownlie et al., 2012, 

Zheng and Kissler, 2012). 

To more accurately phenocopy the human R620W variant in mice, an R619W Ptpn22 

knock-in mouse was developed on the C57BL/6 strain (Zhang et al., 2011). The immune 

phenotype of these mice was found to be very similar to that of the knock-out mouse, 

and no signs of spontaneous autoimmunity were observed. A subsequent R619W knock-

in model reported features of autoimmunity and increased susceptibility to diabetes on 

a mixed B6/129 strain, highlighting the importance of studying the knock-in mouse on 

an autoimmune-susceptible background (Dai et al., 2013). A model of transgenic R620W 

mice demonstrated no differences in arthritis development between the knock-in and 

wild-type Ptpn22 mice following serum transfer (Wang et al., 2013). Therefore, 

modelling the human R620W variant in mice suggests that in the context of 

autoimmunity, mice expressing the disease-associated variant generally develop more 

severe disease. 

Two transgenic models of Ptpn22 overexpression have also been reported. 

Overexpression of the phosphatase in T cells in the NOD mouse model was found to 

protect mice from the development of spontaneous diabetes (Yeh et al., 2013). 

Expression of the R620W PTPN22 human variant in the thymus did not result in any 
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immunological differences in the SKG mouse model (Wu et al., 2014), suggesting that 

Ptpn22 has a more important role in peripheral T cells.  

1.6.2 Murine Ptpn22 in T cell development and differentiation 

1.6.2.1 Impact on thymic selection  

In thymocyte selection, the TCR affinity for MHC/peptide ligand plays a central role in 

shaping peripheral TCR repertoire. The topic of PTPN22/Ptpn22 as a potential regulator 

of thymocyte development is thus an important one and has been quite extensively 

investigated.  

Ptpn22-/- CD4+ T cells, both polyclonal and TCR transgenic, display increased positive 

selection at the thymic level (Hasegawa et al., 2004). Ptpn22-/- CD8+ T cells also 

demonstrate increased positive selection at the thymic level but this was only observed 

in the H-Y transgenic system (Hasegawa et al., 2004). No effect of Ptpn22-/- was 

observed on negative selection, as evidenced by normal deletion of autoreactive 

thymocytes in H-Y males and normal thymocyte apoptosis in response to anti-CD3 

(Hasegawa et al., 2004). The differentiation of single positive CD8+ thymocytes was 

found to be the same in Ptpn22-/- mice that had been crossed to a mildly lymphopenic 

OT-I strain, supporting a lack of a role for Ptpn22 in negative selection (Salmond et al., 

2014). Zikherman et al. and Maine et al. reported subtle hyperresponsiveness in Ptpn22-

/- thymocytes, suggesting that the difference observed in positive selection in the 

Ptpn22-/- mice may result from differences in antigen receptor thresholds (Zikherman et 

al., 2009, Maine et al., 2012).  

Both published models of R619W knock-in report similar proportions of CD4+ and CD8+ 

thymocyte numbers (Zhang et al., 2011, Dai et al., 2013). Thymic cellularity of OT-

II/Ptpn22 R619W knock- in mouse was significantly increased compared to OT-II/Ptpn22 

wild-type littermates (Zhang et al., 2011). CD69 and CD5 activation markers were 

upregulated on CD4+CD8+ double-positive thymocytes in R619W mice compared to wild-

type, consistent with enhanced positive selection in these mice (Dai et al., 2013). In 

contrast to the Ptpn22-/- mouse, one of the published R619W mutant mouse models 
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also exhibited increased thymic negative selection (Dai et al., 2013). Therefore, the 

aforementioned studies seem to suggest that Ptpn22 would be likely to affect the T cell 

repertoire in developing thymocytes.  

However, two recent reports provide evidence supporting the opposite hypothesis, 

namely that Ptpn22 has little or no involvement in thymocyte development. A transgenic 

model reported no effect of Ptpn22 on the development of thymocyte subsets in 

transgenic NOD mice (Yeh et al., 2013). A further transgenic model of Ptpn22 

overexpression has investigated the role of the human PTPN22 R620W variant or its 

phosphatase inactive variant controlled by an Lck promoter in mice (Wu et al., 2014). 

PTPN22 R620W expression was able to diminish thymocyte TCR signalling; however, 

these mice displayed no alterations in thymic negative selection nor increase in disease 

severity in an animal model of RA, which depends on skewed thymic selection of CD4+ T 

cells. These reports would suggest that Ptpn22 is unlikely to increase autoimmunity due 

to alterations in thymic selection. 

1.6.2.2 Impact on peripheral T cells 

Both CD4+ and CD8+ T cell numbers are increased in the periphery of Ptpn22-/- mice 

(Hasegawa et al., 1999). Ptpn22-/- T cells showed greater expansion than wild-type cells 

in vivo in an adoptive transfer model, suggesting a cell intrinsic capacity of the Ptpn22-/- 

T cells to proliferate (Brownlie et al., 2012). 

Most Ptpn22 knock-out/knock-down models generated to date have demonstrated an 

accumulation of effector/memory CD4+ and CD8+ T cells in the periphery and secondary 

lymphoid organs. Ptpn22-/- mice display an age-dependent increase in the number of 

effector/memory CD4+ and CD8+ T cells (Hasegawa et al., 2004, Brownlie et al., 2012). 

Whilst naïve T CD4+ T cells from Ptpn22+/+ and Ptpn22-/- mice behave no differently, in 

vitro generated effector cells of the Ptpn22-/- genotype are hyperresponsive to TCR 

stimulation, and demonstrate a more activated phenotype, increased capacity to 

proliferate and flux more intracellular calcium (Hasegawa et al., 2004).  In vivo effector 

cells investigated in the D011.10 TCR transgenic system also showed enhanced 

proliferation, and CD25 expression upon in vitro antigen restimulation, demonstrating 
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that the hyperresponsive effect in the effector/memory pool occurs in an antigen-

dependent manner (Hasegawa et al., 2004). Conversely, naïve CD8+  T cells have recently 

been reported to be more activated in the Ptpn22 deficient mouse (Salmond et al., 

2014). Ptpn22 abundance has been found to be increased in CD44hi cells, supporting a 

role of the phosphatase in maintaining the pool of effector and memory T cells 

(Zikherman et al., 2009, Brownlie et al., 2012). 

Both published R619W knock-in models have reported an age-dependent increase in the 

CD4+ and CD8+ effector/memory T cell lymphoid compartments exhibiting increased 

expression of activation markers, including CD25, CD69, CD122 and CD80 (Dai et al., 

2013, Zhang et al., 2011). Similarly to the Ptpn22 deficient mouse, enhanced TCR 

signalling observed in the Ptpn22-/- memory T cell compartment has also been 

described in the R619W knock-in CD4+ memory T cells, which display enhanced calcium 

flux, proliferation and IL-2 production, as well as augmented phosphorylation of TCR 

dependent substrates (including pLck, pZap70, pErk, pP38, p c-Jun- N terminal kinase 

(pJNK)). Furthermore, Ptpn22 R619W expression was found to enhance ova-specific 

effector T cell responses in vivo (Dai et al., 2013).  

The Rawlings laboratory carried out a phosphoproteome analysis which was able to 

dissect differences in tyrosine phosphorylated substrates downstream of the antigen 

receptor in R619W knock-in versus wild-type or Ptpn22-/- effector T cells, suggesting 

that there may be differential regulation on downstream signalling molecules by R619W 

and Ptpn22-/- cells (Dai et al., 2013). Additionally, and in contrast to the Ptpn22-/- naïve 

T cells, the R619W knock-in mouse displayed increased calcium flux and cell proliferation 

in naïve T cells in a gene dose-dependent manner compared to wild-type controls (Dai et 

al., 2013).  

Ptpn22 gene silencing from birth was found to phenocopy the increase in the number of 

effector/memory T cells (Zheng and Kissler, 2012). However, time of gene silencing was 

thought to be crucial in determining the effect of Ptpn22 on effector T cell 

differentiation, since silencing in adulthood was not able to expand the memory 

compartment, suggesting that Ptpn22 may be most influential in the initial stages of 
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development, when thymic output is most influential on the peripheral T cell repertoire 

(Zheng and Kissler, 2012). Transgenic overexpression of Ptpn22 in a T cell specific 

manner was found to lower incidence of spontaneous autoimmune diabetes and 

transgenic T cells expressing increased levels of Ptpn22 showed decreased TCR effector 

responses such as proliferation, calcium flux and Th1 differentiation but did not reveal 

any effect on the homeostasis of effector/memory T cells in peripheral lymphoid organs 

of NOD mice (Yeh et al., 2013). In a transfer model of diabetes, transgenic Ptpn22 was 

found to attenuate T cell functions in an islet dependent manner (Yeh et al., 2013).  

Therefore, most in vivo studies suggest that knock-out of Ptpn22 or knock-in of the 

disease associated variant R619W results in expansion of effector/memory T cells.  

A recently published paper has described a role for Ptpn22 in controlling TCR signalling 

in both naïve and effector T cells driven by low affinity self-peptide. In conditions of 

lymphopenia, both naïve polyclonal Ptpn22-/-  CD4+ T cells as well as OT-I transgenic 

CD8+ T cells were found to proliferate more than wild-type counterparts.  Ptpn22 was 

observed to limit TCR triggering and production of inflammatory cytokines induced by 

weak agonists in naïve CD8+ T cells as well as effector CD8+ T cells. Furthermore, the pro-

inflammatory capacity of memory Ptpn22-/- CD8+ T cells was potentiated in conditions 

of lymphopenia.  A leukocyte function associated antigen (LFA-1) dependent mechanism 

involving enhanced formation of conjugates with APCs as a result of weak antigen in 

Ptpn22-/- T cells, was put forward (Salmond et al., 2014). These data provided an 

explanation as to how Ptpn22 deficiency leads to the accumulation of effector/memory 

T cells.  

1.6.2.3 Ptpn22 in Treg biology 

The absence of an autoimmune phenotype in the Ptpn22 deficient mouse, despite 

revealing increased proportions of effector/memory T cells, suggests the involvement of 

mechanisms of immune tolerance. The PTPN22 promoter is targeted by FoxP3, 

suggesting that PTPN22 might modulate the function or development of Tregs (Marson 

et al., 2007).  Therefore, an understanding of the biology of PTPN22 in Tregs is crucial. 

Two groups have directly explored the effect of Ptpn22 deficiency on Treg biology 
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(Brownlie et al., 2012, Maine et al., 2012). Four other reports have addressed the Treg 

phenotype following Ptpn22 silencing, Ptpn22 overexpression and in an R619W knock-in 

mouse model (Yeh et al., 2013, Zheng and Kissler, 2012, Dai et al., 2013, Wu et al., 

2014).   

Absence of Ptpn22, either by gene knock-out or by knock-down resulted in increased 

proportions of peripheral CD4+ CD25+ FoxP3+ Tregs. These Tregs were found to be 

protective of disease models of EAE, colitis and in the diabetes NOD model (Maine et al., 

2012, Brownlie et al., 2012, Zheng and Kissler, 2012). The consensus from these studies 

is that a concomitant increase in Treg numbers may counteract the function of increased 

numbers of effector/memory T cells observed in the Ptpn22-/- mouse, leading to 

immune tolerance and precluding the development of autoimmunity in these mice. The 

peripheral Tregs were found to have an activated phenotype, even though the activation 

markers reported were not the same in different studies- the Zamoyska group reported 

increased expression of CD62L and CD103 (Brownlie et al., 2012) whilst Maine et al 

reported increased CD25 expression (Maine et al., 2012). 

There are several points of contention arising from these studies. Firstly, the reports do 

not agree on whether or not the increase in peripheral Tregs is a result of increased 

nTregs or iTregs. The former option was suggested by Maine et al. who reported 

increased numbers of Tregs in the thymus (Maine et al., 2012). In contrast, Brownlie et 

al. failed to observe differences in the thymic populations of Tregs, but instead found 

enhanced expansion of iTregs of the Ptpn22-/- genotype (Brownlie et al., 2012). It is 

possible that small differences in the genetic background on which the Ptpn22-/- mouse 

is made may influence thymic development of Tregs. The work of Kissler’s laboratory 

was inconclusive, finding no differences in thymic Treg numbers in mice where Ptpn22 

had been silenced or in the ability of naïve T cells to differentiate into Tregs, and arguing 

that Tregs found in the thymus might in part arise from a recirculating pool of peripheral 

Tregs (Zheng and Kissler, 2012). Instead, this group suggested that there may be 

increased mechanisms of peripheral maintenance of Tregs (eg. a reduced requirement 

for IL-2) (Zheng and Kissler, 2012).  
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Secondly, the reports disagree on whether or not absence of Ptpn22 changes the 

suppressive capacity of the Tregs on an individual cellular level. One study reported 

increased cell-intrinsic suppressive capacity of Ptpn22-/- Tregs, using an elegant in vivo 

adoptive transfer system demonstrating increased ability of the Ptpn22-/- Tregs to 

supress effector T cell proliferation (Brownlie et al., 2012).  The other knock-out and 

knock-down reports did not find any difference in suppressive capacity between the 

Ptpn22+/+ and Ptpn22-/- peripheral Tregs, at least in vitro (Zheng and Kissler, 2012, 

Maine et al., 2012). 

Finally, there is no agreement on the effect of Ptpn22 deficiency in Tregs on TCR 

signalling. Despite displaying an activated phenotype, Brownlie et al. failed to observe 

increased proximal TCR signalling in the peripheral Treg cells in the Ptpn22-/- mouse 

(Brownlie et al., 2012). The authors suggested that Ptpn22 deficiency might result in 

increased LFA-1 activation through a pathway involving TCR dependent ras related 

protein 1 (Rap1) activation. It was suggested that Ptpn22-/- Tregs could make more 

extensive contacts with ICAM-1 and thus traffic to sites of inflammation more efficiently. 

On the other hand, Maine et al. did observe increased signalling in response to TCR 

stimulation in developing thymocytes of Ptpn22-/- mice. The peripheral Tregs were 

found to have an increased ability to phosphorylate STAT-5 as a result of IL-2 signalling, 

resulting in induced transcription and stabilisation of FoxP3 (Maine et al., 2012). 

Investigations by the Bottini laboratory have failed to identify differences in thymic 

output of Tregs between PTPN22 R620W transgenic mice and non-transgenic controls 

(Bottini and Peterson, 2014). The implications of this could be that perhaps there would 

be defects in peripheral Tregs. However, Ptpn22 wild-type overexpression or Ptpn22 

R619W substitution had minimal effect on Treg cell number in both the periphery and 

thymus in two separate studies (Dai et al., 2013, Yeh et al., 2013). Furthermore, Ptpn22 

transgenic T cells were observed to have normal function. This finding implied a more 

important role for Ptpn22 overexpression or R619W substitution in effector/memory T 

cells (Yeh et al., 2013).  
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1.6.3 Murine Ptpn22 in B cell biology 

Csk and Ptpn22 associate in a B cell line (Cloutier and Veillette, 1996). Ptpn22 can be 

upregulated following BCR ligation in a mouse cell line (Hasegawa et al., 1999) and 

following CpG stimulation (Dai et al., 2013). Conversely, LPS stimulation in vitro was 

found to supress Ptpn22 expression in B cells (Arimura and Yagi, 2010).  

The Ptpn22-/- mouse exhibited increased germinal centre (GC) formation in the spleen 

and Peyer’s patches, which was dependent on T cell help (Hasegawa et al., 2004). 

Ptpn22-/- mice revealed increased levels of IgE, IgG1 and IgG2a serum antibodies, but no 

increase in the levels of autoantibodies was observed in comparison to wild-type mice 

and there was no evidence of autoimmune-mediated organ damage (Hasegawa et al., 

2004). When signalling through the BCR was interrogated in the Ptpn22-/- mice, no 

biochemical differences could be revealed compared to wild-type counterparts (Dai et 

al., 2013, Hasegawa et al., 2004). These results suggested that absence of the Ptpn22 

protein has little impact on B cell biology. Indeed, in the double-mutant Ptpn22-/- 

CD45w/w mice which display signs of systemic autoimmunity, the contribution of 

Ptpn22-/- to the B cell phenotype appeared to be minimal, and the observed 

irregularities in BCR signalling and B cell development were ascribed entirely to defects 

in CD45 (Zikherman et al., 2009). Ptpn22 silencing causes increased CD25 and CD69 

expression in B cells after anti-IgM and anti-CD40 stimulation and the B cells show 

prolonged survival in culture (Zheng and Kissler, 2012). 

Analogous to the Ptpn22-/- mouse, both murine R619W knock-in models reported 

increased GC formation in the spleen, and serum Ig levels (Dai et al., 2013, Zhang et al., 

2011). However, in contrast to the Ptpn22 deficient mouse, work by the lab of Rawlings 

further reported an altered B cell homeostasis in the Ptpn22 R619W mouse on the 

mixed B6/129 strain, describing a modest decrease in recirculating B cells in the bone 

marrow, an increase in transitional B cells in the spleen, and an age-dependent 

accumulation of class-switched B cells, and age dependent B cells (Dai et al., 2013). 

Importantly, B cell development in the bone marrow appeared to be normal. Ptpn22 

R619W was also observed to alter B cell repertoire selection, resulting in enrichment of 
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self-reactive B cells (Dai et al., 2013). Further studies into the characterisation of how B 

cell selection is altered are warranted.  

Stimulation through the BCR of R619W knock-in Ptpn22 mice revealed increased 

proliferation compared to wild-type counterparts, and both T cell dependent and 

independent antibody responses were augmented (Zhang et al., 2011, Dai et al., 2013). 

Further analysis of stimulation through the BCR revealed that calcium flux and tyrosine 

phosphorylation of signalling intermediates could be upregulated in R619W B cells that 

had upregulated Ptpn22 expression. Given that BCR stimulation resulted in such 

biochemical differences between R619W knock-in and gene knock-out mutants this 

would imply important differences between the knock in allele in comparison to loss of 

protein expression.  

Importantly, Dai et al were able to show that B cell lineage-restricted Ptpn22 R619W 

expression was alone able to initiate alterations in immune tolerance; these mice were 

shown to accumulate features of autoimmunity (including high titre antibodies, 

vasculitis and lymphoid infiltrates in multiple organs) leading to increased mortality and 

the R619W variant triggered GC and age-dependent B cells accumulation (Dai et al., 

2013) 

1.6.4 Murine Ptpn22 in myeloid cell biology 

Splenic DCs and macrophages express high levels of Ptpn22 (Arimura and Yagi, 2010). A 

paper by the lab of Siminovitch described that Ptpn22-/- DCs augmented co-stimulatory 

marker upregulation after LPS stimulation and revealed increased capacity to activate 

antigen-specific T cells (Zhang et al., 2011).  

A recent paper by Wang and colleagues has described a role for Ptpn22 in potentiating 

TLR driven type-1 IFN dependent immunity in both DCs and macrophages (Wang et al., 

2013). In this paper, Ptpn22 was demonstrated to promote host antiviral responses in 

vivo, promote poly(I:C)-mediated suppression of inflammatory arthritis and mucosal 

homeostasis in a model of DSS induced colitis. These effects of Ptpn22 were found to be 

conferred not by its phosphatase activity, but instead by a mechanism involving TRAF3 
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ubiquitination, which potentiates IRF3 and IRF7 phosphorylation (Wang et al., 2013) 

(Figure 1-12B).  
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Figure 1-12 PTPN22/Ptpn22 negatively regulates immune cell signalling through catalytic dependent and 
independent mechanisms  
(A) PTPN22/Ptpn22 in T cells negatively regulates signalling intermediates downstream of the TCR by 
dephosphorylating their activatory tyrosine residue. In the absence of PTPN22 transcription factors such 
as NFAT/API become activated. (B) In myeloid cells, PTPN22/Ptpn22 promotes autoubiquitination of 
TRAF3 and phosphorylation of IRF3 and IRF7 downstream of PRRs. The catalytic function of 
PTPN22/Ptpn22 is not required for this function. Modified from Stanford and Bottini, 2014.   
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Table 1-1 Immunological features of Ptpn22 deficiency 

 Ptpn22-/- (KO) Ptpn22 KD 
2004 2009 2012 2012 2013 2014 2014 2014 2012 

B6 
 
Hasegawa et al. 

B6 
KO CD45w/w DM  
Zikherman et al. 

B6 
 
Brownlie et al. 

B6 
 
Maine et al. 

B6 
 
Wang et al. 

B6 
 
Maine et al. (2) 

B6 
KO OT-I 
Salmond et al.  

B6 
 
Fousteri et al. 

NOD 
 
Zheng &  Kissler 

General 
features 

Spontaneous 
 Autoimmunity 

Absent Increased in  DM mouse Absent 
 

Absent 
 

- Absent - - Silencing protects mice from 
diabetes 

 “Induced” 
Autoimmunity / 
Host Defence 

- - Th2 inducing antigen unable to 
break tolerance 
 

EAE model reduced 
severity 

- Serum transfer K/BxN  
model equal in WT & KO 
-DSS induced colitis 
model more severe 

-K/BxN arthritis increased  
-Serum transfer K/BxN model equal in 
WT & KO 
 

- - - 

 Other Details - R620W & Csk results in 
decreased  
TCR signalling 

- - EMCV model more 
severe  

- - Exacerbated IBD 
following KO CD4 transfer 
into Rag-/- mice  

- 

 Splenomegaly Yes Yes Yes -  - - - - Yes 

Adaptive 
Immunity 

Thymocyte  
Selection 

Increased positive 
selection in TCR tg 
strains 

Increased signalling in DP 
thymocytes in DM mouse 

No effect Increased signalling in 
DP thymocytes 

- - No effect on negative 
selection  

- -  

 TCR Signalling Increased; only in 
effectors not naïve 

Increased in DM mouse Increased  -  - Increased TFH signalling Increased in presence 
of  weak agonists only 

Increased Th1 induction 
at low signal strength 

Increased  

 T Cell Homeostasis Increased E/M  Increased E/M in DM 
mouse 

Increased E/M  Increased CD4+ T cells Decreased TLR induced 
antigen specific CD8+ T 
cell expansion 

Increased TFH  Lymphopenia induced 
proliferation increased 
in KO 

- Increased E/M 

 Tregs - 
 

- Increased iTregs 
Tregs more suppressive 
Reduced colitis  KO Treg 
transfer into Rag-/- 

Increased 
thymic Tregs  
KO Tregs protect from 
EAE 
 

- TFR equal in WT & KO - Increased Treg induction 
at low signal strength 

Increased Tregs 
No effect on suppression 

 B Cell Selection -  - - - - - - - -  

 B Cell Homeostasis Affected  Increased B cell activation 
& plasma cells in DM 
mouse 

- - - Increased follicular B cells - - -  

 BCR Signalling No effect Increased in DM mouse - - - Increased following T dependent Ag 
immunisation   

- - Increased apoptosis 

 Immunoglobulin 
Levels 

Increased Increased in DM mouse -  - - Increased  - - -  

 Antibody 
Production 

No effect - - - - Increased following T dependent Ag 
immunisation   

- - -  

 GC Centre 
Formation 

Increased - - - - Increased  
 

- - - 

Innate Immunity Macrophage 
Function 

- - - - Decreased TLR induced 
IFN-1  

- - - - 

 DC Function - - - - Decreased TLR induced 
IFN-1 

- - - - 

Other  - B cell phenotype due to 
CD45w/w 

 

Increased Treg integrin 
adhesion 

- - TFH produce more IL-21 & survive 
better  

- - -  
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Table 1-2 Immunological features of Ptpn22 genetic variation.  
Table-specific abbreviations: Ag (antigen), BAC (bacterial artificial chromosome), DP (double positive), DM (double mutant), E/M 
(effector/memory), KD (knock-down), KI (knock-in) KO (knock-out; Ptpn22-/-), STZ (streptozoticin), TFR (T follicular regulatory cell), 
Tg (transgenic), WT (wild-type, Ptpn22+/+).  Modified from Zheng et al., 2014.  

 Ptpn22 R619W KI  Transgenic  Ptpn22 
2011 2013 2013 2014 2013  

B6 
 
 
 
Zhang et al. 

Mixed B6 x 129 
 
 
 
Dai et al. 

NOD 
Ptpn22 overexpression 
Distal Lck promoter 
 
Yeh et al. 

B6 
Ptpn22 R620W  
overexpression 
Proximal Lck promoter 
Wu et al. 

B6 
BACS Tg R620W mouse  
 
 
Wang et al. 

General features Spontaneous 
 Autoimmunity 

Absent Increased 
 

Protected from diabetes -  -  

 “Induced” 
Autoimmunity / 
Host Defence 

- Increased 
susceptibility to 
diabetes STZ model 

- SKG arthritis equal in WT 
and Tg mouse 

Serum transfer K/BxN 
model is equal in WT & 
R620W Tg mouse 
 

 Other Details - - Tg NOD mouse 
overexpressing Ptpn22 in 
T Cells 

Overexpression of thymic 
R620W.  

Tg mouse created by 
BACS  

 Splenomegaly Yes Yes No - - 

Adaptive 
Immunity 

Thymocyte  
Selection 

Increased signalling & 
positive selection 

Increased- positive & 
negative thymocyte 
selection 

Increased signalling  
No effect on positive or 
negative selection 

No effect on positive or 
negative selection 

- 

 TCR Signalling Increased  Increased  Attenuated TCR signalling 
and Th1 differentiation in 
Tg mouse 

Decreased in thymocytes - 

 T Cell Homeostasis Increased E/M  Increased E/M  Peripheral- no effect 
Pancreas- increased Treg: 
Th1 ratio 

No effect - 

 Tregs - No effect Pancreas- normal function  
 

No effect thymic Tregs - 

 B Cell Selection - Increased self-reactive 
B cells 

- - - 

 B Cell Homeostasis Affected  Decreased 
recirculating B cells; 
increased class-
switched B cells  

- - - 

 BCR Signalling Increased proliferation  Increased  - - - 

 Immunoglobulin 
Levels 

Increased  Increased  - - - 

 Antibody 
Production 

Increased  Increased - - - 

 GC Centre 
Formation 

Increased  Increased - - - 

Innate Immunity Macrophage 
Function 

- - - - Decreased IFN-1 
production upon TLR 
ligation 

 DC Function Activation of CD11c+ 
cells in spleen 
increased. Increased 
costimulatory capacity 

- - -- Decreased IFN-1 
production upon TLR 
ligation 

Other   Protein stability 
compromised  

Normal protein stability - Promoter repressed after 
thymic emigration 

- 
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1.7 Hypothesis & Aims 

Ptpn22 is a negative regulator of immune cell signalling. My working hypothesis is that 

Ptpn22 deficiency will result in exacerbation of chronic inflammatory disease, through 

dysregulation of T cell activation and downstream effector pathways.  

To test this hypothesis, I set out to:  

1. Investigate the induction and progression of inflammatory arthritis in Ptpn22 

deficient mice  

2. Characterize the role of Ptpn22 in modulating antigen specific CD4+ T cell 

responses 

3. Understand how T cell differentiation and Th/ effector responses are regulated 

by Ptpn22 in DCs and T cells 

4. Explore how Ptpn22 regulates effector pathways downstream of T and B cell 

responses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 103 - 

 

Chapter 2 Materials and Methods 
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2.1 Materials 

2.1.1 Tissue culture media 

Table 2-1 Tissue culture media 

Medium Recipe Application 

Complete RPMI 
(Roswell Park 
Memorial Institute) 
1640 medium  

RPMI (Glutamax, Life Technologies) containing 
L-alanyl-L-glutamine (2mM). Plus: 
10% (v/v) Heat-Inactivated Fetal calf serum 
(FCS) (Sigma Aldrich) 
Penicillin (100U/ml) & Steptomycin (100μg/ml) 
(Gibco) 
50µM 2-mercaptoethanol (Invitrogen) 
10mM HEPES (Sigma Aldrich) 
 

T cell and BMDC culture 
 

Serum-free RPMI As above, but without FCS Stimulations for 
phosphosignalling analysis 

2.1.2 Buffers 

Table 2-2 General Buffers 

Buffer Recipe Specific application  

Phosphate- buffered saline (PBS) 4.3mM Na2HPO4 
1.4mM KH2CO3 
1.4mM KCl 
137mM NaCl 
pH7.0 

Various 

Tris-buffered saline (TBS) 20mM Tris-HCl 
137mM NaCl 
pH 7.6 

Various 

0.5xTris-acetate 
Ethylenediaminetetraacetic acid  
(EDTA) (TAE) buffer 

0.02M Tris-acetate 
0.5mM EDTA 
pH 8.0 

Various 

Low pH buffer (acid strip) 0.25M acetic acid 
0.5M NaCl  
pH 2.3 

FcγR endocytosis 

Neutralisation buffer  1M sodium acetate 
pH 8.0 

FcγR endocytosis 

Tail digestion buffer 50mM Tris, pH 8  
25mM EDTA, pH 8 
100mM NaCl 
1%  (v/v) sodium dodecyl 
sulphate (SDS)  

DNA extraction for PCR 
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Table 2-3 ELISA buffers 

Buffer Recipe 

Wash buffer  PBS+ 0.1% (v/v) Tween-20  
 

Coating buffer  ddH2O containing: 
0.1M NaHC03 

Block buffer  PBS + 2% (w/v) bovine serum albumin (BSA) 

Phosphatase substrate Substrate pellets diluted in  
8% (v/v) diethanolamine  
2.4mM MgCl2  
pH 9.8 

Table 2-4 Flow cytometry buffers 

Buffer Recipe 

Fluorescence activated cell sorting (FACS) wash 
buffer 

PBS containing: 
2% (w/v) BSA  

FACS fixing buffer ddH2O containing: 
2% (v/v) paraformaldehyde (PFA)  

FACS permeabilisation buffer  Perm/Wash Buffer (BD Biosciences) 

Table 2-5 SDS-PAGE and immunoblotting buffers 

Buffer Recipe 

Transfer buffer NuPAGE transfer buffer (Life Technologies) 

Running buffer Tris/Glycine/SDS buffer (Bio-Rad) 

Blocking buffer 5% (w/v) BSA in TBS  

Strip solution 200mM glycine 
1% (v/v) SDS 
1% (v/v) Tween 
pH 2.5 

Reducing sample buffer 
(6x Laemmli buffer) 

0.376M Tris  
12% (v/v) SDS 
60% (v/v) Glycerol 
0.3% (v/v) Bromophenol blue 
12.5% (v/v) β-mercaptoethanol  
pH 6.8 

Washing buffer 10mM Tris  
75mM NaCl 
1mM EDTA 
0.1% (v/v) Tween 
pH 7.6 

 

Table 2-6 Protein lysis buffer 

Whole cell lysis buffer 1% Triton 
120mM NaCl 
50mM Tris 
0.1% (v/v) SDS 
1mM EDTA 
Protease inhibitor  
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Table 2-7 Cell sorting buffers 

Magnetic activated cell sorting (MACS) separation 
buffer 
 

PBS containing: 
0.5% (w/v) BSA 
2mM (v/v) EDTA 

2.1.3 Antibodies 

Table 2-8 Antibodies for Western blotting 

Antigen specificity Clone Dilution Source 

Primary    

pErk Polyclonal 1:1000 Cell Signalling 

Erk Polyclonal 1:1000 Cell Signalling 

Secondary    

Swine anti-rabbit HRP Polyclonal 1:5000 Agilent Technologies 

Rabbit anti-mouse HRP Polyclonal 1:5000 Agilent Technologies 

Table 2-9 Antibodies for cell culture 

Antigen Specificity Clone Use Concentration Source 

Anti-mouse CD3e 
(LEAF) 

145-2C11 In vitro 
polarisation 

2μg/ml Biolegend 

CII recall  1μg/ml 

Anti-mouse CD28 
(LEAF) 

37.51 In vitro 
polarisation  

2-5μg/ml- plate bound or 
soluble 

Biolegend 

CII recall 5μg/ml 

Mouse IL-4 
(neutralising) 

11B11 In vitro 
polarisation 

10μg/ml BD Pharmingen  

Mouse IFN-γ 
(neutralising) 

R4-6A2 In vitro 
polarisation 

20μg/ml BD Pharmingen  

anti-FcγR purified rat 
IgG2b anti-mouse 
mAb  

2.4G2 BMDC 
stimulation  

1-10μg/ml BD Pharmingen  

 

 

 

 

 

 

 



- 107 - 

 

Table 2-10 Antibodies for flow cytometry 

Antigen Specificity 
(Mouse) 

Conjugate Clone Dilution Source 

Cell surface     

CCR5 APC HM-CCR5 1:100 Biolegend 

CD103 PE 2E7 1:200 Biolegend 

CD11c BV605 N418 1:100 Biolegend 

CD11c AF700 N418 1:100 Biolegend 

CD122 eF450 TM-b1 1:100 eBioscience 

CD25 PE/Cy7 PC61 1:100 Biolegend 

CD3 APC/Cy7 17A2 1:100 Biolegend 

CD3 AF780 17A2 1:100 eBioscience 

CD4 PerCP Cy5.5 RM4-5 1:300 eBioscience 

CD4 BV650 RM4-5 1:300 Biolegend 

CD40 APC 3/23 1:100 Biolegend 

CD44 FITC IM7 1:400 eBioscience 

CD44 PE/Cy7 IM7 1:800 Biolegend 

CD62L BV605 MEL-14 1:600 Biolegend 

CD8 AF700 53-6.7 1:400 Biolegend 

CD80  BV605 16-10A1 1:100 Biolegend 

CD86 BV650 GL-1 1:200 Biolegend 

CXCR3 PerCPCy5.5 CD183 1:200 Biolegend 

CXCR4 PE 2B11 1:100 eBioscience 

LFA-1 FITC M17/4 1:800 eBioscience 

MHC-II (I-A
b
) FITC AF6-120.1 1:100 Biolegend 

TCR Pacific Blue H57-597 1:100 Biolegend 

Intracellular     

FoxP3 APC FJK-16s 1:100 eBioscience 

IFN-y Pacific Blue XMG1.2 1:400 Biolegend 

IFN-y PE XMG1.2 1:100 eBioscience 

IL-10 FITC JES5-16E3 1:200 Biolegend 

IL-17 AF647  TC11-18H10.1 1:100 Biolegend 

IL-4 PE 11B11 1:200 Biolegend 

TNF-α PE/Cy7 MP6-XT22 1:400 Biolegend 

Phosphoflow     

pSyk (pY348) PE I120-722 1:50 eBioscience 

pErk  AF488 20A 1:50 BD Bioscience 

Viability     

Live/Dead Indo-I (Violet) - 1:500 Invitrogen 

Live/Dead eF506 - 1:300 Ebioscience 

FcγR     

anti-FcγR purified rat 
IgG2b anti-mouse 
mAb 

- 2.4G2 Use at 
0.5ug/sample 

BD Biosciences 
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Antigen Specificity 
(Mouse) 

Conjugate Clone Dilution Source 

Hamster IgG anti 
mouse FcyRIV 

- 
9E9 Use at 5μg/ml Gift Jeffrey Ravetch 

Goat-anti hamster 
antibody 

FITC 
Polyclonal 1:100 Serotec 

Anti-FcγRIIb - K9.361 Use at 5μg/ml Gift Jeffrey Ravetch 

 

Table 2-11 Antibodies for ELISA 

Cytokine/Protein Capture Standard Detection  Source 
IFN-γ 1:250 1000pg/ml 1:500 BD Bioscience 

IL-17 360μg/ml 1000pg/ml 72μg/ml R&D Systems 

TNF-α 1:250 4000pg/ml 1:250 BD Bioscience 

IL-10 720μg/ml 2000pg/ml 50ng/ml R&D Systems 

IL-6 360μg/ml 1000pg/ml 72μg/ml R&D Systems 

Anti-CII IgG N/A Pooled serum 0.1μg/ml Bethyl Labs 

Anti-CII IgG1 N/A Pooled serum 0.1μg/ml 

Anti-CII IgG2c N/A Pooled serum 0.1μg/ml 

Anti-GPI N/A N/A F(ab’)2 fragments 
of goat-anti mouse 
IgG diluted 1:2000 

Thermo 
Scientific  

2.1.4 Recombinant proteins 

Table 2-12 Recombinant proteins 

Cytokine  Use  Concentration Source 
Murine IL-2 In vitro naïve CD4

+
 T cell 

polarisation 
experiments 
 

20ng/ml PeproTech 

Murine IL-12 20ng/ml 

Murine IL-4 20ng/ml 

Murine IL-6 20ng/ml 

Murine TGF-β 2ng/ml 

Murine IL-1β 10ng/ml 

GM-CSF Cell culture BMDCs 10ng/ml 

2.1.5 Inhibitors 

Table 2-13 Inhibitors 

Inhibitor Description Concentration  Source 
PP2 Src kinase inhibitor 10μM Calbiochem 

PP3 Inactive kinase inhibitor 10μM Calbiochem 

Sodium orthovanadate PTP general inhibitor 10μM in 30% H2O2 New England Biosciences 
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2.1.6 Peptides 

Table 2-14 Peptides 

Peptide Use  Concentration Source 

Ovalbumin peptide 
(OVA 323-339) (OVA 
323 peptide) 

In vitro antigen 
presentation  

0.001-1μg/ml AnaSpec 

Chicken CII  Sigma Immunisation 4mg/ml (0.1M Acetic acid) Sigma Aldrich 

 T cell proliferation 20-40μg/ml (Sterile TBS) 

 Anti-CII antibody ELISA 5μg/ml (0.1% Acetic acid) 

 Western Blot 10μg/ml (Complete RPMI) 

Chicken CII Chondrex Immunisation 4mg/ml (0.1M Acetic acid) Chondrex 

 T cell proliferation 20μg/ml (Sterile TBS) 

 Western Blot 10μg/ml (Complete RPMI) 

Bovine CII  Western Blot 10μg/ml (Complete RPMI) Sigma Aldrich 

Recombinant GPI Indirect GPI ELISA 5μg/ml Cusabio 

2.1.7 Tissue culture plastic 

Table 2-15 Tissue culture plastic 

 Source 

96 well plate (round bottom) Thermo Scientific 

96 well plate (flat bottom) Corning 

24 well plate Corning 

48 well plate Corning 

Nunc MaxiSorp 96 well plates  Nunc  

10cm culture dish Thermo Scientific 

LS column Miltenyi Biotec 

MS column Miltenyi Biotec 

FACS tube BD Biosciences 

70μm cell strainer BD Biosciences 

2.1.8 Protein stains 

Table 2-16 Protein stains 

Coomassie Blue 0.1% Coomassie R250  
40% (v/v) ethanol 
10% acetic acid 

Coomassie Blue destain 10% ethanol 
7.5% acetic acid 

Silver Stain Invitrogen 
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2.1.9 Other chemicals and reagents 

Table 2-17 Other chemicals and reagents 

 Source 

0.1% Coomassie R250  Thermo  Scientific 
10% buffered formalin pots CellPath CellStore 
Alkaline phosphatase F(ab’)2 fragments of goat-anti mouse IgG Thermo Scientific 
Agarose Sigma Aldrich 

Anti-FcγR mAb 2.4G2 BD Biosciences 
Bio-Rad protein staining  Bio-Rad 

BSA Sigma Aldrich 
Cell proliferation ELISA (5-bromo-2′-deoxy-uridine (BrdU))  Roche 
CellTrace Violet (CTV) Life technologies 
Compensation beads eBioscience 
Concanavalin A (ConA) Sigma Aldrich 
Diethanolamine Sigma Aldrich 
Enhancement solution  PerkinElmer 
Ethidium bromide Sigma 

Europium-Streptavidin (Eu-Sa) PerkinElmer 
FoxP3 intracellular cytokine staining kit eBioscience 
Goat F(ab’)2  anti-hamster IgG SouthernBiotech 
GolgiStop (Monensin)  BD Biosciences 
Heat-killed Mycobacterium tuberculosis  Difco Laboratories 
Hydrogen peroxide Sigma Aldrich 

IgG from pooled normal rabbit serum Sigma Aldrich 
Incomplete Freund’s adjuvant Sigma Aldrich 
Intracellular adhesion molecule-1 (ICAM-1) R&D Systems 
Ionomycin Sigma Aldrich 
LPS (from E. coli) Sigma Aldrich 
MACS CD4

+
CD62L

+ 
T Cell Isolation Kit II Miltenyi Biotec 

Mini Protein TGX 10 well precast gel Bio-Rad 
Mouse anti-rat IgG antibody (H+L) Bioss 
Ovalbumin protein Sigma Aldrich 
Oxyburst Molecular probes 
PageRuler Plus Prestained Protein Ladder Thermo Scientific 
PCR primers Sigma Aldrich 
PFA Electron Microscopy Sciences 
Phorbol 12-Myristate 13-Acetate (PMA) Calbiochem 
Phosphatase substrate Sigma Aldrich 
Polyvinylidine fluoride (PVDF)  membrane Millipore 
Protease inhibitor tablets Sigma Aldrich 
Proteinase K  Roche 
Red cell lysis buffer Sigma Aldrich 
Redtaq ReadyMix  PCR Sigma Aldrich 

SDS-PAGE gel for protein staining 4-12% NuPAGE SDS-PAGE 

Stromal cell derived factor 1 (SDF-1α) R&D Systems 

SuperSignal West Femto Chemiluminescence Substrate  Thermo Scientific 

Trypan Blue Sigma Aldrich 

Tween-20 Sigma Aldrich 

Zymosan Invitrogen  
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2.2 Methods 

Unless otherwise indicated, components were purchased from BD biosciences or from 

the suppliers in Section 2.1 (Materials).  

2.2.1 Primary murine cells 

Murine primary cells were cultured in complete RPMI at 37˚C in a humidified incubator 

with 5% CO2. 

2.2.1.1 Cell counting  

For counting, cells were resuspended in a small volume of complete RPMI or relevant 

buffer and diluted 1:10 in trypan blue for counting on a haemocytometer.  

2.2.1.2 Isolation of cells from lymphoid organs 

Excised spleens or lymph nodes (mandibular, axillary, brachial, inguinal and mesenteric 

were routinely collected) were kept in complete RPMI on ice until processed. Cells were 

passed through a 70µm nylon cell strainer using a sterile 2ml syringe plunger. The 

strained cells were transferred into a 50ml Falcon tube with media, before 

centrifugation (1,500rpm, 5min, 4˚C). Occasionally, to remove red blood cells, 

splenocytes were incubated in 2ml/spleen of red cell lysis buffer and left at room 

temperature for 5 minutes, and the Falcon tube was subsequently topped up with 

complete medium, and pelleted by centrifugation (1,500rpm, 5min, 4˚C). Cells, from 

either lymph nodes or spleens, were washed and re-suspended in a small amount of 

complete RPMI and counted for subsequent use.  

2.2.1.3 Isolation of cells from bone marrow and BMDC culture 

Mesenchymal stem cells were isolated from the tibia and femoral bone marrow 

compartments by cutting the ends of the bone off with a scalpel and flushing out with 

complete RPMI, using a 5ml syringe and 23G needle, into a 50ml Falcon tube. The tube 

was topped up to 50ml with complete RPMI. The cells were centrifuged (1,500rpm, 
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5min, 4˚C) and resuspended in 8ml of complete RPMI. The cells were passed through a 

70μm nylon cell strainer using a sterile 2ml syringe plunger. The volume was topped up 

to 12ml with complete RPMI. The 12ml of strained bone marrow cells were plated on a 

10cm tissue culture dish and incubated at 37˚C 5% CO2 for 30 minutes to deplete 

macrophages. After 30 minutes, the non-adherent and loosely adherent cells were 

transferred to a clean 50ml Falcon tube by aspirating the 12ml off the tissue culture 

plate and washing carefully once with 10ml of fresh medium. GM-CSF was added to the 

cells at 10ng/ml and the cells were seeded in a 24 well plate at 1ml per well. Complete 

RPMI was partially changed on day 3 and completely changed on day 4. Complete RPMI 

containing fresh GM-CSF (10ng/ml) was added at both timepoints. Cells were harvested 

on day 5-7 by pipetting up and down and washing the cells with PBS containing 2mM 

EDTA.  

2.2.1.4 Selection of naïve CD4+CD62L+ T cells 

Naïve CD4+ T cells were selected using the MACS CD4+CD62L+ T cell Isolation Kit II 

according to manufacturer’s instructions. For isolation of CD4+CD62L+ T cells the non-T 

cells, as well as Treg cells, were depleted by indirect magnetic labelling using a cocktail 

of lineage-specific biotin-conjugated antibodies, as well as antibodies against CD25 and 

TCRγδ, in combination with anti-biotin microbeads. Subsequently, CD4+ CD26L+ T cells 

were positively selected from the enriched CD4+ T cell fraction with CD62L microbeads.  

Briefly, cells harvested from lymphoid organs were re-suspended at 108 cells/400 µl in 

MACS buffer. CD4+ T cell biotin-antibody cocktail was added to the cells and left to 

incubate for 10min at 4°C. Anti-biotin microbeads were added and left to incubate for 

15min at 4°C. Cells were washed with MACS buffer and centrifuged (1,300rpm, 10min, 

4°C) before being transferred to a LS column placed in a magnetic field. Unlabelled CD4+ 

T cells were washed through the column three times and collected in a Falcon tube. 

Those cells were then labelled with anti-CD62L-coated microbeads, incubated for 15min 

at 4°C, washed and positively selected though a MS column placed in a magnetic field. 

The labelled cell fraction was flushed with MACS buffer from the MS column into a new 
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Falcon tube. The cell population purity was validated by flow cytometry (as shown in 

Figure 2-1).  

 

Figure 2-1 Flow cytometric assessment of naïve CD44
lo

 CD62L
hi

 T cell purity  
CD4

+
 T cells harvested from lymph nodes were assessed for their expression of CD44 and CD62L. The 

target population of naïve CD4
+
 CD44

lo
 CD62L

hi
 T cells was enriched from 84% in the starting population to 

92.7% in the final selected population, with only minimal loss in the intermediate step. Representative 
figure.  

 

2.2.2 In vitro assays 

2.2.2.1 Differentiation of primary naïve CD4+ T cells 

Naïve CD4+ T cells have the potential to differentiate into Th1, Th2, and Th17 cells in 

vitro. Naïve CD4+ CD44lo CD62Lhi T cells were isolated as described in section 2.2.1.4. 

Cells were plated at 1 x 106 cells/ml in 48 well flat-bottomed tissue culture plates. For 

Th0, Th1 and Th2 cultures, the plates were coated the previous day with 2µg/ml anti-

CD3 and 2µg/ml anti-CD28.  For Th17 cultures, plates were coated with 2µg/ml anti-CD3 

only, and soluble anti-CD28 was used in the RPMI culture medium (Table 2-18).  The 

cells were removed from activation at 72 hours and split at regular intervals depending 

on the degree of proliferation. For all conditions except IL-17, IL-2 was added to the 

culture medium every 48 hours to achieve a final concentration of 10ng/ml. For Th17 

cultures, all skewing cytokines and antibodies except anti-CD28 were added every 48 

hours at the same concentration as day 0. CD4+ T cell cultures were maintained for 5 

days. 
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On day 5, cells were removed from the cell culture and intracellular cytokine staining for 

cytokines was performed (as described in Section 2.2.3.4). 

Table 2-18 Details of skewing cytokines and antibodies used in the polarisation of naïve CD4
+
 T cells  

Condition Cytokine/antibody Concentration  

Th0 IL-2  20ng/ml 

Th1 IL-2 
IL-12 
anti-IL-4 

20ng/ml 
20ng/ml 
10µg/ml 

Th2 IL-2 
IL-4 
anti-IFN-γ 

20ng/ml 
20ng/ml 
20µg/ml 

Th17 anti-CD28 
IL-6 
TGF-β  
IL-1β 
anti-IFN-γ 
anti-IL-4 

5µg/ml 
20ng/ml 
2ng/ml 
10ng/ml 
20µg/ml 
10µg/ml 

2.2.2.2 In vitro BMDC: OT-II T cell co-culture experiments 

Immature BMDCs at day 6 of culture were matured overnight (approx. 12 hours) in the 

presence of soluble LPS from E. coli at 100ng/ml. Mature BMDCs were washed with 

complete medium and centrifuged (1,500rpm, 5min, room temperature), loaded with 

OVA peptide 323 at a range of concentrations (0.001μg/ml- 1μg/ml) for 4 hours by 

incubation at 37˚C. Immature BMDCs were also loaded with OVA peptide 323 as a 

control. Separately, lymph node cells from OT-II transgenic mice were labelled with a cell 

tracing fluorescent dye (as described in section 2.2.3.6.1). The majority of T cells in the 

lymph nodes of OT-II mice were CD4+ T cells (approximately 70-80%) and the proportion 

of naïve CD44lo CD62Lhi CD4+ T cells was approximately 90%.   

The OVA 323 peptide loaded BMDCs were then washed and incubated with the labelled 

CD4+ T cells from the OT-II transgenic mice in a 96 well round bottom plate (100,000 T 

cells: 50,000 DCs). On the sixth day of co-culture, 100ul of complete RPMI was removed 

and freshly pulsed BMDCs were added to the culture (the BMDCs were of the same 

genotype and had been pulsed with the same OVA 323 peptide concentration as those 

initially placed in co-culture) for a further 24 and 48 hours. 50,000 BMDCs were added to 

each relevant well. Proliferation and intracellular cytokine production by the OT-II T cells 

were assessed by flow cytometry and soluble cytokine production was measured by 
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Enzyme linked immunosorbent assay (ELISA) on day 6 and 24 and 48 hours after re-

stimulation with freshly-pulsed APCs.  

2.2.2.3 BMDC FcγR stimulation experiments 

2.2.2.3.1 Stimulation using plate bound IgG 

96 well, flat bottomed plates were incubated with a range of concentrations (1-10μg/ml) 

of anti-FcγR purified rat IgG2b anti-mouse mAb (clone 2.4G2) at 37°C for a minimum of 1 

hour to allow the antibody to adhere to the plastic. BMDCs from C57BL/6 mice were 

allowed to adhere to the antibody coated plates in a model of “frustrated phagocytosis” 

over a period of 24, 48 or 72 hours. 100,000 BMDCs were added to each well in a final 

volume of 200µl. Cells were stimulated with zymosan at 10μg/ml as a positive control. 

TNF-α and IL-6 cytokine production by the BMDCs was measured by ELISA. 

2.2.2.3.2 Stimulation using heat aggregated IgG 

A solution of IgG from rabbit serum (10mg/ml) was heated at 63˚C for 20 minutes and 

then cooled down to 4°C. The heat aggregated IgG (HAGG) were centrifuged at 5000rpm 

at 4˚C and the supernatant discarded. HAGG was resuspended to the desired 

concentration. 100,000 BMDCs from C57BL/6 mice were added to each well of a 96 well 

round-bottom plate in a final volume of 200µl. HAGG were added to the culture medium 

at 1, 10 or 100μg/ml over a period of 72 hours. Cells were stimulated with zymosan at 1, 

10 or 100 μg/ml as a positive control. TNF-α cytokine production by the BMDCs in 

response to incubation with HAGG or zymosan was measured by ELISA.  

2.2.2.3.3 Stimulation using commercial BSA immune complex 

500,000 BMDCs from Ptpn22+/+ or Ptpn22-/- mice were added to each well of a 96 well 

round-bottom plate in a final volume of 200µl. The cells were cultured in the presence of 

BSA immune complex (Oxyburst, Molecular probes) at a range of concentrations (1-

10μg/ml) over a period of 24, 48 or 72 hours. Cells were stimulated with zymosan at 
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10μg/ml as a positive control. TNF-α and IL-6 cytokine production by the BMDCs in 

response to incubation with Oxyburst or zymosan was measured by ELISA.  

2.2.2.3.4 FcγR crosslinking on BMDCs 

BMDCs were resuspended at 6million/ml in serum free media for 3 hours at 37˚C. 500μl 

were placed into 1.5ml tubes and cells were cooled to 4˚C. Anti-FcγR mAb 2.4G2 was 

added to the cells at 5μg/ml to for 20min on ice. After washing with serum-free RPMI 

(1,300rpm, 5min, 4˚C), a pre-warmed secondary cross-linking anti-rat IgG was added 

20μg/ml in serum-free RPMI. Cells were incubated at 37˚C for the indicated lengths of 

time to induce FcγR cross-linking. As a control, some cells were stimulated with anti-

FcγR mAb, but no secondary cross-linking anti-rat IgG. pErk and total Erk was 

investigated by immunoblotting and intracellular phosphoflow; in addition pSyk was 

investigated by phosphoflow. As a positive control, cells were stimulated with 

pervanadate for 15min at 37˚C. For immunoblotting experiments, cells were centrifuged 

(4,000rpm, 10min, 4˚C), the supernatant was removed and the cell pellet was snap 

frozen at -80˚C.  

2.2.2.4 CII T cell recall responses 

2.2.2.4.1 Cell stimulation  

Lymphoid cells from CII in CFA immunised mice were plated in 48 well plates and 

stimulated with plate-bound anti-CD3/anti-CD28 (1/5μg/ml), soluble ConA (1μg/ml) or 

restimulated with soluble chicken CII (20 or 40μg/ml; prediluted in complete RPMI) for 

96 hours at 37˚C. Soluble cytokines were measured by ELISA and proliferation was 

measured by analysis of BrdU incorporation.  

2.2.2.4.2 Proliferation analysis by BrdU incorporation  

Incorporation of the thymidine analogue, BrdU, into DNA served as an index of DNA 

synthesis and cellular proliferation. BrdU incorporation was assayed using a 

commercially available chemiluminescent ELISA kit according to the manufacturer's 
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instructions. Cells were resuspended and re-plated in 96 well flat bottom plates in a 

volume of 100µl containing 10ng/ml of BrdU for 24 hrs. Culture medium was removed, 

cells were fixed and the DNA was denatured using a manufacturer’s solution containing 

ethanol. Incorporated BrdU was visualized by incubating cells with anti-BrdU-POD for 60 

min, rinsing them four times with a washing solution, and adding a chemiluminescent 

reagent. The relative luminescence units were read at 450nm using a VICTOR microplate 

reader (PerkinElmer). 

2.2.2.5 Immunoassays for protein detection  

Dissociation Enhanced Lanthanide Fluoroimmunoassay (DELFIA) (PerkinElmer) is a highly 

sensitive immunoassay for detection of proteins by time resolved fluorescence, which 

allows the quantification of a specific protein to be determined within a sample. The 

DELFIA technique is more sensitive than traditional ELISA.  

The steps in a DELFIA immunoassay (PerkinElmer) are very similar to those in an ELISA. 

There are two general methods in which the protein of interest is either sandwiched 

between two antibodies (known as sandwich ELISA, described in section 2.2.2.5.1) or 

recognises an antigen bound directly to the surface of the plate (known as indirect 

ELISA, described in sections 2.2.2.5.2 and 2.2.2.5.4). DELFIA differs from ELISA in the 

detection molecule and signal development. In the DELFIA immunoassay, streptavidin 

(Sa)- horseradish peroxidase (HRP) (Sa-HRP) is replaced by Eu-Sa. In the DELFIA 

Immunoassay, the Eu ion is dissociated from the labelled immunoreagent bound to the 

protein of interest by adding enhancement solution. The signal measured with a VICTOR 

microplate reader (PerkinElmer) using an absorbance protocol with excitation at 340 

and emission at 615nm.  

In this thesis, for simplicity, DELFIA immunoassays are referred to as ELISA.   

2.2.2.5.1 Sandwich ELISA for measurement of soluble cytokines 

96 well flat bottom ELISA plates were incubated at 4˚C overnight with the appropriate 

concentration of capture antibody (50µl/well). The capture antibodies were pre-diluted 
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in coating buffer at the appropriate dilution. The following day, the capture antibody 

was discarded and the plate was washed 3 times in wash buffer before adding block 

(200-300µl/well) for 1 hour at room temperature. During the blocking incubation, 

samples and standards were diluted to the desired concentration using cell culture 

medium. Following the blocking incubation, plates were washed 3 times in wash buffer 

and the prediluted samples and standards were added to the appropriate wells 

(50μl/well) and incubated at 4˚C overnight. The following day the plate was washed 5 

times in wash buffer, and the diluted biotinylated detection antibody (50µl/well) was 

added to each well and incubated at room temperature for 2-3 hours. Following the 

detection antibody incubation, the wells were washed 5 times in wash buffer and the 

detection reagent Eu-SA (diluted 1:1000 in block buffer) was added to each well and 

incubated at room temperature for 1 hour. The wells were washed 5 times in wash 

buffer and enhancement solution was added undiluted to each well at 100µl/well. The 

plates were left to develop for a minimum of 10 minutes before fluorescence was 

measured.  

2.2.2.5.2 Analysis of ELISA cytokine data using a standard curve 

Data was analysed by plotting a standard curve using known concentrations of the 

cytokine of interest to detect the unknown concentration of cytokines present within 

the analysed samples. An example standard curve is demonstrated in Figure 2-2.  
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Figure 2-2 ELISA standard curve for IFN-γ  
A representative curve from an ELISA plate. The absorbance (fluorescence units) is plotted against known 
concentrations of a standard of IFN-γ using a scatter plot. The line of best fit was estimated using 
GraphPad Prism. Values that were within the linear portion of the line of best fit were selected. The 
equation y=mx + c and the R2 value were calculated and used to determine the unknown concentration of 
IFN-γ present in samples.  

 

2.2.2.5.3 Indirect ELISA for measurement of anti-collagen IgG in serum   

96 well flat bottom ELISA plates were incubated at 4˚C overnight with 5μg/ml of CII 

protein (50µl/well). The protein was pre-diluted in 0.1% acetic acid. The following day, 

the plate was washed 3 times in wash buffer before adding block (200-300µl/well) for 1 

hour at room temperature. During the blocking incubation, serum samples were diluted 

1:400 and a pooled serum standard from arthritic mice was diluted 1:100 and serially 

diluted 1:2 using PBS. Following the blocking incubation, plates were washed 3 times in 

wash buffer and the prediluted serum samples and standards were added to the 

appropriate wells (50μl per well) and incubated for 3 hours at room temperature. The 

plate was washed 5 times in wash buffer, and the diluted biotinylated secondary anti-CII 

antibody (50µl/well) was added to each well and incubated at room temperature for 2-

3hours. Following the detection antibody incubation, the wells were washed 5 times in 

wash buffer and the detection reagent Eu-SA (diluted 1:1000 in block buffer) was added 

to each well and incubated at room temperature for 1 hour. The wells were washed 5 

times in wash buffer and enhancement solution was added undiluted to each well at 
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100µl/well. The plates were left to develop for a minimum of 10 minutes before 

fluorescence was measured. 

The anti-CII IgG, IgG1 and IgG2c concentrations could be determined by reference to 

standard curves generated from 1:2 serial dilutions of a standard CIA serum to calculate 

the antibody content, with data expressed in arbitrary units (AU).  

2.2.2.5.4 Indirect ELISA for measurement of anti-GPI antibodies in serum    

96 well flat bottom ELISA plates were incubated at 4˚C overnight with recombinant GPI 

diluted to 5μg/ml in PBS (50µl/well). The following day, the plate was washed 3 times in 

wash buffer before adding block (200-300µl/well) for 30 minutes at room temperature. 

During the blocking incubation, samples were diluted to the desired concentration using 

PBS. Following the blocking incubation, plates were washed 3 times in wash buffer and 

the prediluted samples and standards were added to the appropriate wells (50μl per 

well) and incubated for 30 minutes at room temperature. K/BxN serum was diluted 

1:3000. To confirm transfer of anti-GPI antibodies, after transfer of K/BxN serum into 

recipient mice, serum was diluted 1:100. The plate was washed 5 times in wash buffer, 

and alkaline phosphatase conjugated F(ab’)2 fragments of goat-anti mouse IgG diluted 

1:2000 in PBS were added for 1 hour at room temperature. After 3 more washes, 

phosphatase substrate was added. Plates were read at 405nm after a 10min incubation.  

2.2.2.6 Chemotaxis assay 

Lymph node suspensions were prepared from Ptpn22+/+ and Ptpn22-/- mice (10million 

cells/ml) and 100μl of the cell suspension was applied onto micropore filters (24 well, 

6.5mm, diameter 5μm pore) (Corning) that had been coated overnight with ICAM-1 

(3μg/ml) and subsequently blocked with 1% BSA (diluted in PBS) for 1 hour. As a control, 

some cells were applied onto micropore filters that had been coated with PBS. In the 

lower chamber, SDF-1α was supplemented in complete RPMI at a range of 

concentrations in a final volume of 600μl. The cells were left to migrate on the filters for 

3 hours at 37˚C. Cells were collected from the lower chamber and stained using FACS 
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antibodies to allow the determination of the proportion of CD4+ T cells that had 

migrated through the filter.  

2.2.3 Flow cytometry 

Flow cytometry is a technology that detects and counts single cells as they flow in a fluid 

stream through a laser beam of light. Cells to be analysed by flow cytometry are first 

labelled with fluorescent dyes which are used to stain cell-surface or intracellular 

antigens. Each stained cell is then forced in a single-cell stream through a laser beam. 

Photomultiplier tubes detect the scattering of light, which is a sign of cell size and 

granularity, and emissions from the different fluorescent dyes.   

Antigen expression was acquired on either a FACSCalibur, FACSCanto or FACS Fortessa 

flow cytometer, and data analysed using FlowJo (v. 7.6.5).  

2.2.3.1 Cell viability staining 

Fixable viability dyes were used to discriminate live cells in flow cytometric analysis. The 

principle of these stains is that they can react and fluoresce upon binding with 

intracellular proteins. The reactive dyes can permeate the damaged cell membranes of 

dead cells, resulting in more intense staining than in live cells. Cell viability staining was 

performed on all flow cytometric analysis, except for Chemotaxis experiments and FcγR 

mediated endocytosis experiments.  

2.2.3.2 Cell surface antigen staining 

Cells were collected and washed with FACS buffer. Cells were stained in FACS tubes or in 

96 well round bottom plates. Cells were incubated for 20 minutes at 4˚C with anti-

CD16/CD32 (0.5µg) to block Fc receptors and prevent non-specific staining. Cells were 

then stained with fluorochrome-conjugated antibodies, in a volume of 50µl of FACS 

wash buffer and kept in the dark for a minimum of 30 minutes at 4˚C. Cell viability was 

checked by using a viability dye. Control fluorescence minus one (FMO) staining was 

performed on aliquots of the same cell preparation. Samples were washed with FACS 
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buffer (1,500rpm, 5min, 4˚C) before being re-suspended in FACS buffer for flow 

cytometry acquisition.  

2.2.3.3 Fixation of cell surface stained cells  

In some experiments, cells were fixed with 2% PFA for 10min at room temperature in 

the dark. Following fixation, cells were washed once in FACS buffer and left in the dark 

at 4˚C until acquisition. Fixed cells were acquired within 4 days of fixation. 

2.2.3.4 Intracellular cytokine detection  

Large concentrations of cytokine are required to be produced by the cell in order to be 

detectable by flow cytometry. To achieve this, chemical stimulation may be used to turn 

on transcriptional machinery, inducing production of cytokines for which the cell has 

active transcription and can be provided by a combination of PMA and Ionomycin. 

Ionomycin initiates a rise in intracellular Ca2+ levels. PMA is an activator of protein kinase 

C (PKC). Monensin is a chemical that is capable of interfering with protein transport from 

the endoplasmic reticulum (ER) to the golgi apparatus, and is used to concentrate the 

protein within the cell.  

Cells were stimulated in 96 well round bottom plate containing 500,000-1,000,000 

cells/well in a 200µl volume containing 10ng/ml PMA and 500ng/ml ionomycin in the 

presence of monensin for 5 hours at 37˚C.  The concentration of monensin used was as 

per manufacturer’s instructions (4µl were added to each sample). As a control, cells 

were treated with monensin only and their cytokine expression was compared to FMO 

controls to set the gate for fluorescence positive staining events.   

Following incubation at 37˚C, cells were washed once in complete RPMI and once with 

FACS buffer. Cells were stained for cell surface markers (Section 2.2.3.2) before being 

fixed with 2% FACS fixing buffer for 10min at room temperature in the dark. Cells were 

then phenotyped for intracellular markers.  
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2.2.3.4.1 Intracellular staining of T cells  

Following fixation, cells were washed once with FACS buffer before incubation in 

permeabilisation buffer for 15 minutes at room temperature. Cells were pelleted at 

1,500rpm for 5 minutes at room temperature. Fluorochrome-conjugated intracellular 

antibodies were then added to the cells in permeabilisation buffer in a volume of 50-

100μl and left to stain for a minimum of 30 minutes at 4˚C in the dark. This was followed 

by one wash with permeabilisation buffer, then one wash with FACS buffer. Cells were 

then re-suspended in FACS buffer for acquisition.  

For FoxP3 intracellular staining, fixation and permeabilisation were carried out with the 

buffers provided and according to manufacturer’s instructions. Cells were re-suspended 

in FACS buffer for acquisition.  

2.2.3.5 BMDC endocytosis of fluorescently labelled immune complex 

350,000 BMDCs from Ptpn22+/+ or Ptpn22-/- mice were suspended in 200μl complete 

RPMI in FACS tubes. As a control, cells were pre-warmed to 37°C for 20min in the 

presence of the 10μM Src kinase inhibitor PP2 or the inactive kinase inhibitor PP3.  Cells 

were then allowed to cool down to 4˚C and incubated with fluorescently conjugated BSA 

immune complexes (Oxyburst, Molecular probes) at 3.75, 7.5, 15, 30 or 60μg/ml for 20 

minutes on ice, to allow the immune complex to bind to the cell surface. Cells were 

either left on ice or incubated at 37°C for different lengths of time to allow 

internalisation of the immune complex. Following incubation at 37°C, residual immune 

complexes bound at the cell surface but not endocytosed were eluted from cells using a 

low pH buffer for 1 minute, followed by addition of neutralisation buffer for 1 minute.  

Endocytosis was measured by assessing fluorescence internalisation using a flow 

cytometer. 

2.2.3.6 Proliferation analysis by dye dilution  

CTV is a cell-tracing fluorescent dye used to examine the proliferative capacity of cells. 

The CTV compound diffuses readily into cells where it is cleaved by intracellular 
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esterases to yield a highly fluorescent compound. This compound covalently binds to 

intracellular amines, resulting in stable, well-retained fluorescent staining that can be 

fixed with aldehyde dyes. As the cell divides CTV fluorescence halves progressively as it 

is split between the daughter cells, allowing for the degree of proliferation to be 

determined by observing the decrease in fluorescence intensity by flow cytometry. The 

fluorescence excitation/emission spectrum of CTV is 405/450, respectively.  

The percentage of cells having undergone 0-8 cell divisions was calculated using FlowJo 

curve-fitting software.  

2.2.3.6.1 Analysis of CD4+ T cell division by dye dilution with CTV 

A solution of the dye was pre-warmed to 37˚C at 4µM. The cells to be labelled were 

resuspended at a concentration of 20million/ml in cold PBS. An equal volume of the pre-

warmed diluted dye was added to the volume that the cells were in and the dye was 

mixed gently with a pipette. The dye-containing cells were placed in a 37˚C waterbath 

for 30 minutes. Any unbound dye was quenched with full medium, and the cells 

centrifuged (1,300rpm, 5 min, room temperature). The cell pellet was resuspended in 

fresh 15ml of complete RPMI and left in the incubator for 30 minutes. The purpose of 

this step was to allow the dye to leach out of the cells. The cells were washed, viability 

was checked by trypan blue, and appropriate number of CTV-labelled cells were cultured 

as required. Non-CTV- stained CD4+ T-cells were cultured in separate wells to provide a 

negative control and CTV labelled non activated cells were cultured to allow 

compensation and gating of a CTVhi population. 

2.2.3.7 Settings and controls 

To ensure that the binding observed was specific to the marker of interest, FMO controls 

were used. An FMO sample is stained with every reagent except the one of interest. The 

difference between the FMO control and the test sample identifies positive events. An 

example of FMO staining is shown in Figure 2-3 for intracellular cytokine staining.  
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To ensure that the fluorescence signal detected was not due to leakage from another 

fluorophore channel, the compensation was set accordingly. Single colour compensation 

controls tubes for each antibody using compbeads were used to set up the machine at 

the start of every acquisition.  

 

Figure 2-3 FMO control examples for intracellular cytokine staining of lymphoid cells  
Cells were stimulated with PMA and ionomycin in the presence of monensin for 5 hours. Cells were 
stained for CD4 and CD3 surface expression, and intracellularly for IFN-γ, TNF-α and IL-17 cytokines. 
Representative FACS staining of each intracellular cytokine compared to the FMO control is shown.  

 

2.2.4 Immunoblotting 

2.2.4.1 Preparation of whole cell lysates and protein quantitation  

50μl of lysis buffer was added to each frozen pellet of 3million cells, vortexed and 

incubated on ice for 25 min. Cells were pelleted (13,200rpm at 4˚C for 25min). The 

supernatant was transferred to a clean, precooled 1.5ml microfuge.  

Protein quantitation was performed using the Bio-Rad protein assay and the absorbance 

was read at 595nm on a spectrophotometer. The protein concentration of lysates was 

analysed by reference to a standard curve using known concentrations of BSA. Samples 

were normalised to the lowest protein concentration prior to denaturation.  
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2.2.4.2 SDS-PAGE  

Sodium dodecyl sulphate gel electrophoresis (SDS-PAGE) allows the separation of 

proteins by molecular weight. SDS is a detergent that is used to denature the proteins to 

a linear shape and coats proteins with a negative charge, allowing for equal 

electrophoretic mobility of different proteins on the gel. Lysate samples, containing 10-

20μg of protein, were combined with 6x reducing Laemmli buffer and boiled at 80˚C for 

10 minutes to denature the proteins. Proteins were resolved on MiniProtein TGX 10 well 

precast gels for 1h in running buffer using Bio-Rad electrophoresis chambers. 

Alternatively, collagen proteins were resolved on NuPAGE 10-12% gels using the 

Invitrogen electrophoresis chambers. Protein ladder was run alongside the samples.  

2.2.4.3 Protein staining 

Gels of SDS-PAGE separated proteins were visualised with Coomassie Blue stain (or 

Silver stain as a more sensitive method of detection). For the Coomassie Blue method, 

cells were stained in a volume of 100ml by shaking the gel gently for 15 minutes at room 

temperature. The stain was decanted, rinsed once with deionised water and destained 

in a volume of 100ml until the desired background was achieved. Silver staining was 

performed according to manufacturer’s instructions.  

2.2.4.4 Protein transfer 

For Western blotting, gels of SDS-PAGE separated proteins were transferred onto PVDF 

membranes that had been cut to size and hydrated in methanol before being 

equilibrated in transfer buffer. The transfer was carried out by electro-blotting at 80-

100V for 90min in transfer buffer. Protein transfer was performed using the Bio-Rad 

electrophoresis chambers.  

2.2.4.5 Western blotting 

Western blotting allows the identification and semi-quantification of specific proteins by 

labelling with primary antibodies and enzyme-linked secondary antibodies. 
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Following protein transfer, the PVDF membrane was incubated in blocking buffer at 

room temperature for 1 hour. The membrane was incubated overnight at 4˚C with 

specific primary antibodies diluted in blocking solution. Membranes were washed 3 

times for 10 minutes in wash buffer before incubation for 60 minutes with secondary 

antibodies diluted in blocking solution. Membranes were washed as before and the 

protein of interest was detected with Supersignal Femto Chemiluminescence substrate 

and membranes were imaged and analysed using the Bio-Rad Image software.  

2.2.4.6 Re-probing of membranes  

To reblot western membranes with different antibodies; membranes were stripped for 1 

hour and re-blocked as described in section 2.2.4.5  

Following stripping, blots were washed twice for 10 minutes with TBST to remove 

residual stripping buffer, then blocked for 1 hour with TBST, after which the membrane 

was incubated over night with primary antibody.  

2.2.5 In vivo experiments 

2.2.5.1 Mice 

Ptpn22-/- mice on a C57BL/6 background were donated by Professor Rose Zamoyska 

(University of Edinburgh, UK) through a collaboration and have previously been 

described (Brownlie et al., 2012). Briefly, the progeny of mice with loxP-flanked alleles of 

Ptpn22 exon 1 and Prm-Cre mice (with transgenic expression driven by regulatory 

elements of the gene encoding protamine), resulted in mice with global Ptpn22 

deficiency.  These mice were backcrossed to C57BL/6 mice for a minimum of 10 

generations. This strategy gave rise to developmentally normal viable mice with normal 

Mendelian inheritance.  

Except for the experiments described in Chapter 3 (CIA disease study), where littermate 

control mice were utilised, Ptpn22+/+ and Ptpn22-/- mice for all other experiments were 

bred from Ptpn22+/+ and Ptpn22-/- breeding trios that were maintained separately.   
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OT-II TCR transgenic mice were a kind donation from Professor Giovanna Lombardi 

(King’s College London, UK) and Rag2-/- mice were a kind donation from Professor 

Frederic Geissmann (King’s College London, UK). C57BL/6 mice were purchased from 

Harlan, UK. 

Mice used for all procedures and were maintained at 21°C ± 2°C on a 12-hour light/dark 

cycle with food and water ad libitum under specific pathogen free (SPF) conditions. All 

experimental procedures were performed in accordance with UK Home Office 

regulations.  

2.2.5.2 Genotyping Ptpn22-/- mice 

2.2.5.2.1 DNA isolation 

DNA was isolated from either tail tips (approximately 2mm) or from ear notches by 

incubating the tissue overnight with tail digestion buffer (360µl) and 15µl proteinase K at 

55˚C in 1.5ml tubes. The next day, 125µl of 5M NaCl was added to the samples and 

thoroughly mixed. Samples were centrifuged (13,000rpm, 10min) and 375ul of the clear 

supernatant placed in a new 1.5ml tube. 250µl of ice-cold isopropanol was added per 

tube to precipitate the DNA. Samples were centrifuged at 13,000rpm and the 

supernatants discarded. The DNA pellet was washed by adding 500µl of 70% ethanol, 

followed by centrifugation at 13,000rpm for 5 minutes, discarding supernatant and 

allowing to air dry before dissolving in 50µl of sterile, nuclease- free water. 2-5µl of DNA 

were used per polymerase chain reaction (PCR).  

2.2.5.2.2 PCR 

Mice are genotyped using PCR primers P1 (5'-AGCCAAGTTTCTTTGTTGAGAA-3') and P2 

(5'-CAGACACAACAAAGCCCAGA-3'), which bind to flanking sequences of Exon 1, resulting 

in PCR products of 498bp for wild-type Ptpn22 or 221bp for the Ptpn22 deficient 

genotype.  Redtaq ReadyMix PCR was used for the PCR reaction. The following PCR 

protocol was performed: 1 cycle at 94˚C for 3 minutes, 30 cycles of 94˚C for 1 minute, 55 

˚C for 30 seconds, 72 ˚C for 2 minutes and finally 1 cycle at 72 ˚C for 10 minutes. PCR 
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products were visualised by electrophoresis on a 1% agarose gel impregnated with 

ethidium bromide (0.01%) (eg. Figure 2-4).  

 

Figure 2-4 Representative Ptpn22 genotyping PCR product agarose gel  
Lane 1 shows the DNA ladder. Lane 2 represents the negative control water PCR product. Wild-type 
Ptpn22 (498bp) and Ptpn22-/- (221bp) PCR products are shown in lanes 3-7. The PCR products in lanes 4-6 
are representative of Ptpn22+/- mice; the PCR product of lane 3 is representative of Ptpn22+/+ mouse and 
the PCR produce of lane 7 is representative of Ptpn22-/- mouse.  

2.2.5.3 Preparation of CFA 

CFA was prepared by grinding 100mg dessicated, heat-killed Mycobacterium 

tuberculosis with a pestle and mortar, and then suspending it in 20ml incomplete 

Freund’s adjuvant at a concentration of 5mg/ml.  

2.2.5.4 Ovalbumin injection  

Ovalbumin protein was diluted to 1mg/ml in sterile PBS and filtered through a 0.45μM 

syringe filter. The diluted ovalbumin protein was emulsified in CFA using a homogeniser 

at a ratio of 1:1, resulting in a final concentration of ovalbumin protein of 500μg/ml.  

Male experimental mice (of 10-14 weeks of age) were anaesthetised with isoflourane 

and immunised subcutaneously near the base of the tail with 200µl of ovalbumin in CFA 
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preparation. Control mice were of the same age and housed under the same conditions, 

but were left unimmunised. 

2.2.5.5 CIA induction  

The induction of CIA in the C57BL/6 strain was performed as previously published (Inglis 

et al., 2008). Chicken CII was dissolved in 0.1M acetic acid to a concentration of 4mg/ml. 

The 4mg/ml CII in acetic acid was emulsified in CFA using a homogeniser at a ratio of 1:1, 

resulting in a final concentration of CII in CFA of 2mg/ml. The chicken CII emulsion with 

CFA was always freshly prepared for injection.  

Male experimental mice (of 10-14 weeks of age) were anaesthetised with isoflourane 

and immunised intradermally in two sites at the base of the tail using a 1ml syringe and 

25G needle with 50µl of 2mg/ml CII in CFA preparation. Control mice were of the same 

age and housed under the same conditions, but were left unimmunised. Generally, mice 

were scored three times weekly for signs of arthritis development. In successful CIA 

experiments, the first signs of arthritis appeared 21 days after immunisation. Each limb 

was scored for arthritis development. 

The CIA induction protocol was performed in accordance with the terms stipulated by 

the Home Office Project License, which had a moderate severity limit. Only mice over 

the age of 6 weeks were immunised, and mice were culled within 4 months of 

immunisation. Adverse effects were managed to minimise severity. Following 

immunisation, mice were monitored for the development of ulceration; an effect which 

may occasionally occur as a result of immunisation with CFA. Any mice that developed 

ulceration were culled. Any mouse showing an increase in paw swelling of more than 

50% or having lost 15% or more of its boy weight at time of immunisation was culled. 

Mice were weighed three times weekly. Any mice showing any two of the following: 

dyspnoea, ruffled fur, weakness, dehydration or a hunched appearance were killed. 

Inspections were made at the frequency indicated by the clinical signals.  
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2.2.5.6 K/BxN serum transfer model of arthritis 

K/BxN serum for injection was a kind gift from Professor Ranjeny Thomas (University of 

Queensland, Australia), also referred to as serum A. 200μl of K/BxN serum was injected 

intraperitoneally on day 0 and 2 into Ptpn22+/+ or Ptpn22-/-  male or female mice of 6-

10 weeks of age. Mice were scored for disease progression over a period of 15 days. 

Each limb was scored daily for arthritis development.  

2.2.5.7 Clinical scoring 

For macroscopic assessment of arthritis, the thickness of each affected hind paw was 

measured using microcalipers (Kroeplin) and the diameter was noted for each limb. 

Animals were also scored visually for clinical signs of arthritis as follows: 0= no erythema 

or swelling, 1=slight swelling and/or erythema in at least some digits, 2=pronounced 

oedematous swelling, 3= pronounced swelling leading to joint rigidity. Each limb was 

graded for each mouse, allowing a maximum score of 12 per mouse (Figure 2-5). 

0 1

2 3

(A) (B)

(D)(C)

 

Figure 2-5 Representative scoring for clinical signs of inflammatory arthritis  
(A) 0= no erythema or swelling, (B) 1= slight swelling and/or erythema in at least some digits, (C) 2= 
pronounced oedematous swelling, (D) 3= pronounced swelling leading to joint rigidity. 
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2.2.5.8 Tissue collection and histological analysis 

2.2.5.8.1 Blood collection 

Blood collection was performed by tail vein bleeding or by cardiac puncture (if taken at 

time of cull). Blood was allowed to coagulate, and centrifuged (13,000rpm, 20min, room 

temperature) for serum separation. Serum was stored at -20˚C until analysed.  

2.2.5.8.2 Joint collection for histology 

For histological assessment of arthritis, immunised mice were culled at predefined time 

points after immunisation. Front and hind paws were fixed in 10% buffered formalin and 

decalcified (10% EDTA) and paraffin embedded and sections (5µm) were stained for 

conventional histology (haematoxylin and eosin (H&E)).  

Average scores were taken from the tarsometatarsal, metatarsophalangeal and 

interphalangeal joints (as described in Table 2-19). Joints were scored in a blind fashion. 

 

Table 2-19 Histology scoring 

Score  

0 normal 

1 minimal synovitis, cartilage loss and bone 
erosions limited to discrete foci 

2 synovitis and erosions present but normal 
joint architecture lost 

3 synovitis and extensive erosions present 
and joint architecture disrupted. 
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2.3 Statistical analysis 

Data are expressed as means ± standard error of the mean (SEM) or means ± standard 

deviation (SD). Data were analysed using two-tailed unpaired T-tests or One-way/Two-

way analysis of variance (ANOVA) and Tukey/Sidak’s multiple comparisons test.  In 

arthritis experiments, the area under the curve (AUC) was computed and compared 

between genotypes by Mann Whitney U or Kruskall Wallis tests. All tests were 

undertaken using GraphPad Prism Software (v.6). The levels of statistical significance 

were defined as shown. Where statistics are not shown this indicates a lack of statistical 

significance.  

Table 2-20 Statistic analysis 

P value Symbol 

<0.0001 **** 

<0.001 *** 

<0.001 ** 

<0.05 * 

>0.05 Not significant (NS) or not shown on graph 
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Chapter 3 Establishing a Model of 

Inflammatory Arthritis in the   

Ptpn22-/- Mouse  
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3.1 Introduction 

3.1.1 Initial functional studies in the Ptpn22-/- mouse 

PTPs play crucial roles in regulating signals downstream of a number of immune 

receptors. A common coding variant (R620W) in the human haematopoietic PTPN22 has 

been linked with increased susceptibility to a number of autoimmune diseases (Burn et 

al., 2011). In the year 2004, the phenotype of the global Ptpn22 deficient mouse was 

published for the first time (Hasegawa et al., 2004). Despite exhibiting enhanced 

activation of Lck and an increase in the effector/memory T cell pool, together with 

increased numbers of B cells and GCs, the Ptpn22-/- mice on the C57BL/6 strain did not 

display any overt signs of autoimmunity. This phenotype has been confirmed by our 

collaborators who have published independently on the Ptpn22-/- mouse (Brownlie et 

al., 2012). A more recent report suggested that Ptpn22 deficiency in combination with a 

constitutively active CD45 phosphatase (responsible for modulating kinase activity) 

resulted in the development of lupus-like autoimmunity in double-mutant mice, 

highlighting the importance of studying Ptpn22 in the context of wider genetic variation 

(Zikherman et al., 2009).   

Subsequent experiments studying the functional consequences of the SNP of PTPN22 

function yielded conflicting results, with some studies suggesting that the R620W variant 

was a loss-of-function associated with increased cell signalling (Zikherman et al., 2009), 

whilst others suggested that the variant was a gain-of-function variant resulting in 

decreased T cell signalling (Vang et al., 2005, Rieck et al., 2007). 

In October 2010, at the beginning of this PhD project, Ptpn22 deficiency had not been 

investigated in the context of chronic inflammation. Thus, the initial aim of my 

experiments was to investigate the impact of Ptpn22 deficiency in the context of chronic 

inflammation. To this end, the Ptpn22-/- mouse was investigated in the CIA model. 
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3.1.2 The CIA model in the C57BL/6 strain 

The CIA model is a T and B cell dependent model of autoimmune arthritis, which shares 

many pathological features with RA (Brand et al., 2003). The Ptpn22-/- mouse was 

studied in the CIA model as this would allow an understanding of Ptpn22 deficiency in 

the context of chronic inflammation with a focus on the involvement of the T cell in 

mediating these effects. This was of particular interest given the strong indication that 

Ptpn22 was a negative regulator of T cell signalling (Hasegawa et al., 2004).  

The Ptpn22-/- mouse was a kind gift from Professor Rose Zamoyska (Brownlie et al., 

2012). These mice were available fully backcrossed on to the C57BL/6 strain. Historically, 

the C57BL/6 strain was thought to be refractory to arthritis development in the CIA 

model. Therefore, mice on the C57BL/6 strain had to be crossed onto susceptible mouse 

strains, which was a lengthy process. However, in recent years, the CIA model has been 

described on the C57BL/6 strain (Campbell et al., 2000, Inglis et al., 2008). Thus, initial 

efforts of this PhD project were focused on establishing the CIA model on the C57BL/6 

strain. H-2q mice (eg. DBA/1 and B10.Q) develop arthritis following immunisation with 

bovine, chicken and human CII whereas H-2b mice (C57BL/6) have only been reported to 

develop arthritis in response to injection with chicken CII when administered with a high 

concentration of M. tuberculosis in adjuvant. The I-Aq restricted T cell epitope of CII has 

been defined and is localised to CII260-270 (Michaëlsson et al., 1992). The I-Ab restricted 

T cell epitope of CII is unknown (Bäcklund et al., 2012). 
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3.2 Aims 

The aims of this Chapter were to: 

1. Optimise the CIA model in the C57BL/6 strain as follows: 

a. Assess the purity of different chicken CII preparations utilised in the CIA 

model. 

b. Characterise arthritis induction in the C57BL/6 strain. 

c. Characterise the B and T cell responses to chicken CII immunisation in 

response to different chicken CII preparations. 

2. Compare arthritis progression in the Ptpn22+/+, Ptpn22+/- and Ptpn22-/- mouse 

both clinically and histologically. 

3. Characterise the B and T cell responses of Ptpn22+/+, Ptpn22+/- and Ptpn22-/- 

mice in the CIA model. 
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3.3 Results 

3.3.1 Optimising the CIA model in the C57BL/6 Strain 

Establishing an effective protocol for the induction of CIA in the C57BL/6 strain in our 

hands was of great value given that I wished to follow differences in disease progression 

in the Ptpn22+/+ and Ptpn22-/- mouse, which are available on the C57BL/6 strain. The 

CIA model has previously been established with some success in the C57BL/6 strain 

(Inglis et al., 2008, Inglis et al., 2007, Campbell et al., 2000). This section summarises 

experiments undertaken to establish arthritis in the C57BL/6 strain, and to characterise 

the T and B cell responses in this model. Unless otherwise stated, the previously 

published protocol for CIA induction in the C57BL/6 strain was followed (Inglis et al., 

2008). Advice on the CIA model in the C57BL/6 strain was also taken from discussion 

with Dr Richard Williams, who has abundant experience in the CIA model and had 

previously published on successful CIA induction in the C57BL/6 strain (Inglis et al., 2007) 

and from a specific workshop on the CIA model that was held as part of the BTCure 

Consortium at the Karolinksa Institute in Sweden in 2012. 

3.3.1.1 Assessment of Sigma CII preparation purity by protein staining 

It was important to check the quality of the CII preparation by SDS- PAGE and protein 

staining, prior to use in immunisation experiments. Two CII preparations were prepared 

for the experiments by solubilising the Sigma CII in 0.1 M acetic acid or 50 mM Tris/0.2 

M NaCl, as these were the forms that would be used for injection and cell culture re-

stimulation of lymphocytes, respectively. Visualisation by Coomassie blue staining 

(Figure 3-1) revealed a strong band of ~100 kDa indicating a predominance of pure CII in 

the CII preparation. The other bands present are likely to be contaminants of the CII 

preparation. Their identity is unknown but the larger size bands could represent 

cartilage or foreign proteins attached to the CII molecule (eg. proteoglycans or pepsin) 

whereas the bands of lower molecular weight may represent pepsin (  ̴35kDa) or papain   

(  ̴24kDa) contaminants.  
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Figure 3-1 Assessment of Sigma chicken CII preparation purity by SDS-PAGE and Coomassie blue protein 
staining  
Chicken CII from Sigma was diluted in acetic acid or in TBS and preparations were run on a 4-12% NuPAGE 
SDS-PAGE gel. Protein was visualized by Coomassie blue staining. Molecular weight markers are shown in 
lane 1. 10µg of protein of TBS preparation and 40µg of acetic acid preparation were loaded onto lanes 2 
and 3 of the gel, respectively. The size of CII (100kDa) is shown with an arrowhead. 
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3.3.1.2 Induction of arthritis in the C57BL/6 Strain using Sigma CII preparation 

Chicken CII, diluted in acetic acid and emulsified in CFA, was injected intradermally into 

ten C57BL/6 male mice, in accordance with a previously published protocol for CIA 

induction in the C57BL/6 strain (Inglis et al., 2008). Onset of arthritis was observed 

between two and three weeks post-immunisation and disease incidence peaked at 60% 

(Figure 3-2A). Clinical progression of arthritis development was followed for 46 days and 

the mean clinical score was found to peak at a value of six 44 days post-immunisation. 

Caliper scoring of front and hind paws confirmed evidence of clinical inflammation in a 

more quantitative manner (Figure 3-2B). These results suggest that CIA can be induced 

in the C57BL/6 strain with similar incidence and time of onset as previously described in 

the literature (Inglis et al., 2007). 
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Figure 3-2 CIA in C57BL/6 mice  
Male wild-type C57BL/6 mice of 10-14 weeks of age (n=10) were injected intradermally at the base of the 
tail with 100μl of 2mg/ml chicken CII in CFA. Animals were scored 4-5 times weekly. (A) The severity of 
arthritis was assessed by visual examination of a total of four paws per mouse. Each paw was scored as 
follows: 0, normal; 1, slight swelling and/or erythema; 2, pronounced swelling; 3, ankylosis (maximum 
score is 12 per mouse) (B) Animals were scored for paw thickness (mm) using calipers at the indicated 
time points. Paw thickness for each limb is reported separately. Two mice reached maximum permitted 
severity on day 35 and are plotted in subsequent time points as last observation carried forward. Data are 
plotted as mean per group ± SEM.  
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3.3.1.3 Arthritis induced by CII in CFA immunisation is accompanied by a CII-specific B cell 

response 

I wished to confirm that the arthritic response that was observed in response to 

immunisation with CII from Sigma was accompanied by an immunogenic response to CII. 

To establish whether arthritic mice had a specific antibody response to CII, a Western 

blot was performed (Figure 3-3). Different preparations of CII were resolved on 

polyacrylamide gels prior to immunoblotting with either arthritogenic serum or serum 

pooled from control animals. A dominant band was detected at the 100kDa size, 

suggestive of reactivity to CII. Additionally, bands of higher molecular weight were also 

present, suggesting reactivity to further “unknown” antigenic determinants which may 

also contribute to the immune response. These additional bands of greater molecular 

weight (>225kDa) potentially represent reactivity to proteins attached to cartilage. 

Interestingly, serum from arthritic mice was also found to cross-react with bovine CII, 

consistent with the high sequence similarity of CII between species.  

Having established that arthritic sera contains IgG antibodies that recognise CII, 

autoantibody responses were investigated in more detail by measuring levels of CII-

specific IgG at different time points post-immunisation- 14, 36 and 45 days- by 

immunoassay (Figure 3-4). As expected, control unimmunised animals revealed no anti-

CII IgG, whereas in sera from immunised mice autoantibody responses to CII, as 

measured by total anti-CII IgG, were present by 14 days, increasing at day 36 and 

maintained until time of sacrifice (45 days). Levels of CII-specific IgG1 and IgG2c were 

also assessed and revealed similar kinetics to total anti-CII IgG levels. In C57BL/6 mice, 

IgG2c is measured instead of IgG2a as it has previously been shown that C57BL/6 mice 

are deficient for the IgG2a gene (Martin et al., 1998). 

These results indicate that immunisation with CII from Sigma is accompanied by a 

specific B cell response to CII, as determined by serum antibodies. There is evidence to 

suggest additional reactivity to further antigenic determinants.   
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Figure 3-3 Serum from arthritic mice cross-reacts with different preparations of CII 
Chicken CII (Sigma) in acetic acid, chicken CII in TBS and bovine CII in medium were loaded onto a gel 
(10μg/ml) and blotted using serum from arthritic or control mice, diluted to the indicated concentrations. 
A secondary pan anti-mouse IgG antibody was utilised to detect serum mouse anti-CII antibodies. The size 
of chicken CII (100kDa) is shown with an arrowhead. 
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Figure 3-4 Kinetics of anti-CII specific IgG production  
Male wild-type C57BL/6 mice of 10-14 weeks of age (n=10) were injected intradermally at the base of the 
tail with 100μl of 2mg/ml of chicken CII in CFA. Mice were bled 14 (n=3), 36 (n=2; n=1 for IgG2c) and 45 
(n=8) days after immunisation (upon sacrifice). 2 unimmunised mice were included as controls. Levels of 
CII-specific total IgG, and IgG1 and IgG2c isotypes were measured by indirect ELISA. Data are plotted as 
mean arbitrary Eu fluorescence intensity units per group ± SD. 
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3.3.1.4 Assessment of the purity of Sigma and Chondrex CII preparations  

I wished to compare the immunogenic potential of immunisation with CII from Sigma 

and CII from Chondrex. CII from Chondrex is highly purified by repetitive salt 

precipitation and diethylaminoethyl (DEAE)-cellulose chromatography to remove 

contaminants such as proteoglycans and pepsin. It has previously been reported that 

impurities in the CII preparation used for immunisation or breakdown products might 

affect the response to CII immunisation. For example, a robust immune response to 

pepsin, which is used to solubilize CII, might play an important role in breaking tolerance 

to CII (Vingsbo et al., 1993).  

It was also hypothesised that a purer CII preparation might improve the T and B cell 

reactivity to CII. The quality of the Sigma and Chondrex CII preparations was compared 

by SDS-PAGE and protein staining (Figure 3-5). In this instance, protein staining via the 

silver staining technique was employed to ensure higher sensitivity than staining by 

Coomassie Blue, as described previously (Section 3.3.1.1). Preparations of CII (either 

Chondrex or Sigma) were prepared by solubilising the CII in 0.1M acetic acid. 

Visualisation by silver staining revealed a strong band of ~100 kDa, corresponding to the 

size of CII. Additional bands of larger size than CII were detected in both CII 

preparations. Importantly, the Chondrex CII preparation revealed fewer additional 

bands to the 100kDa band (corresponding to CII) than the Sigma preparation and 

appeared to be less degraded (as suggested by decreased smearing in the lanes loaded 

with CII from Chondrex). Furthermore, the Chondrex CII preparation specifically 

appeared to have less bands of   ̴35kDa, which would correspond to the size of pepsin.   

These results indicate that the CII preparation obtained commercially from Sigma is less 

pure, compared to other commercially available CII preparations.  

 

 

 



- 146 - 

 

 

Figure 3-5 Assessment of CII preparation purity by SDS-PAGE and protein staining  
Chicken CII from Sigma or Chondrex was diluted in acetic acid and preparations were run on a 4-12% 
NuPAGE SDS-PAGE gel. Protein was visualized by silver staining. Molecular weight markers are shown in 
lane 1. 40µg or 20μg of each protein preparation were loaded onto the gel, as shown, in lanes 2, 3 
(Chondrex) and 5,6 (Sigma). The size of chicken CII (100kDa) is shown with an arrowhead.  
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3.3.1.5 CII specific antibody responses are no different in response to injection with CII 

preparations from Sigma or Chondrex 

The immunogenic potential of CII from Sigma or Chondrex was compared by assessing 

the levels of anti-CII specific IgG, in addition to IgG1 and IgG2c, 14 days after 

immunisation with either CII preparation (Figure 3-6).  

No differences could be observed in terms of the levels of total anti-CII specific IgG or 

anti-CII IgG1 or IgG2c responses to immunisation with either CII preparation, indicating 

that both CII preparations are equally immunogenic and suggesting that the differences 

in the purity of CII preparations does not have an effect on the CII-specific antibody 

response.   

3.3.1.6 CII T cell recall responses are poorly reproducible, even in response to a highly 

pure CII preparation 

CII specific T cell activation was assessed after immunisation with CII from Sigma or 

Chondrex. CII-specific T cells were detected by analysing proliferative responses of 

primed lymphoid cells obtained 14 days after immunisation with each CII preparation 

(Figure 3-7). The proliferative index of lymphoid cells in response to ConA stimulation 

(relative to cell proliferation in the absence of stimulation) was elevated in response to 

immunisation with either CII preparation compared to unimmunised controls. By 

contrast, re-stimulation in vitro with CII from Sigma or Chondrex at 20μg/ml did not 

induce a detectable proliferative response in lymph node T cells from CII immunised 

mice.  Increasing the concentration of Sigma CII used for re-stimulation to 40μg/ml did 

not have an effect on proliferation. Consistent with this finding, re-stimulation with CII 

induced no detectable production of IFN-γ, IL-17, TNF-α or IL-10 as measured by ELISA 

(data not shown). Therefore, CII T cell recall responses to CII are poorly reproducible, 

even in response to highly pure CII preparations, and this is irrespective of the 

concentration of CII used for re-stimulation of lymphoid cells.   
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Figure 3-6 CII antibody responses are not increased in response to a highly pure CII preparation  
Male wild-type C57BL/6 mice of 10-14 weeks of age were injected intradermally at the base of the tail 
with 100μl of 2mg/ml chicken CII in CFA. 3 mice were injected with chicken CII from Sigma, and four mice 
were injected with chicken CII from Chondrex. 2 unimmunised mice were included as a control. Mice were 
bled upon sacrifice (14 days after immunisation). Levels of CII-specific total IgG, and IgG1 and IgG2c 
isotypes were measured by indirect ELISA. Data are plotted as mean arbitrary Eu fluorescence intensity 
units per group ± SD. 
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Figure 3-7 CII T cell recall responses are poorly reproducible, even in response to a highly pure CII 
preparation  
Male wild-type C57BL/6 mice of 10-14 weeks of age were injected intradermally at the base of the tail 
with 100μl of 2mg/ml chicken CII in CFA. 3 mice were injected with chicken CII from Sigma, and 4 mice 
were injected with chicken CII from Chondrex. 2 unimmunised mice were included as a control. 14 days 
after immunisation, mice were sacrificed, draining lymph node cells and splenocytes were pooled and 
plated in 48 well plates and stimulated with ConA or restimulated with chicken CII from Sigma at 20μg/ml 
(CII 20) or 40μg/ml (CII 40) or type II chicken collagen from Chondrex at 20μg/ml for 96 hours. Cells were 
resuspended and re-plated in 96 well flat bottom plates in a volume of 100μl containing BrdU. Cells were 
assessed for their ability to proliferate over the next 24 hours in a BrdU colorimetric assay, with 
stimulation indices plotted relative to unstimulated cells. Each symbol represents an individual animal. 
Data are plotted as mean BrdU stimulation index per genotype ± SD. 
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3.3.1.7 Summary of Optimisation 

Given that the Chondrex CII preparation revealed no increased immunogenic response 

in the CIA model compared to the Sigma CII preparation we chose to perform all 

subsequent experiments involving CII immunisations, both arthritis studies and CII recall 

studies, using the preparation of CII from Sigma.  

3.3.2 Comparison of CIA progression in Ptpn22+/+, Ptpn22+/- and Ptpn22-/- 

mice 

3.3.2.1 Ptpn22-/- mice develop a modest increase in arthritis severity in the CIA model 

Ptpn22 deficiency results in dysregulated antigen receptor signalling (Bottini and 

Peterson, 2014). I hypothesised that Ptpn22 deficiency would result in exacerbation of 

CIA, which is a T and B cell dependent model of RA. 10-14 week old male Ptpn22+/+, 

Ptpn22+/- and Ptpn22-/- mice on the C57BL/6 background (in groups of 9 or 10 mice per 

genotype) were tested for macroscopic development of inflammatory arthritis in 

response to immunisation with CII in CFA.  Starting 14 days after immunisation, and up 

to 95 days following immunisation, hind and front paw swelling of the immunised mice 

was recorded visually and paw thickness was measured using calipers three times a 

week.  Grouping of mice into categories based on the severity of their disease scores 

revealed a 60% incidence in arthritis development in mice of the Ptpn22+/+ and 

Ptpn22+/- genotypes, analogous to previous experiments published by others and also 

reported previously by myself (Inglis et al., 2007 and section 3.3.1.2). Ptpn22-/- mice 

were found to develop arthritis with a trend towards higher incidence (80%) and only 

mice of this genotype were observed to develop very severe arthritis, achieving overall 

arthritic scores of 10-12 (Figure 3-8).  

In addition to the increase in incidence in arthritis observed in the Ptpn22-/- mouse, a 

trend towards numerical increase in arthritis development was also observed in the 

Ptpn22-/- mouse compared to Ptpn22+/+ and Ptpn22+/- littermate controls (Figure 

3-9A). No statistical significance between groups was observed in terms of disease 

severity when disease activity was compared using mean paw swelling across each 
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genotype, or by assessing the cumulative swelling over time (AUC; Figure 3-9B). The 

differences remained non-significant if non-arthritic mice were excluded from the 

analysis (data not shown).  

In addition to scoring the mice clinically for development of arthritis, the thickness of 

each joint was also measured using calipers. Caliper measurements were found to 

mirror clinical scores in that the Ptpn22-/- mice developed numerically more hind and 

front paw limb swelling than Ptpn22+/+ and Ptpn22+/- mice (Figure 1-10A). However, 

despite the trend towards differences, a significant difference was not observed 

between Ptpn22 genotypes following comparison of average AUC, nor by performing T 

tests between groups at individual time points (Figure 1-10B).  

In summary, Ptpn22-/- mice developed arthritis with increased incidence and severity 

compared to mice of the Ptpn22+/- and Ptpn22+/+ genotypes although this did not 

reach statistical significance.  

 

 

 

 

 



- 152 - 

 

 

Figure 3-8 Ptpn22-/- mice display a trend towards increased arthritis severity in the CIA model 
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Mice were scored for arthritis 
at time of cull. Each paw was scored as follows: 0, normal; 1, slight swelling and/or erythema; 2, 
pronounced swelling; 3, ankylosis. The severity of arthritis was assessed by visual examination of a total of 
four paws/mouse (maximum score is 12 per mouse). Mice of each genotype are categorised into groups 
depending on their score at time of cull.   
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Figure 3-9 Ptpn22-/- mice display a trend towards increased arthritis severity in the CIA model- Clinical 
Scores  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Animals were scored visually 
at the indicated time points. Each paw was scored as follows: 0, normal; 1, slight swelling and/or 
erythema; 2, pronounced swelling; 3, ankylosis. The severity of arthritis was assessed by visual 
examination of a total of four paws/mouse (maximum score is 12 per mouse). Data are plotted as mean 
per group + SEM. In the Ptpn22-/- group one mouse reached maximum permitted severity on day 27 and 
is plotted in subsequent time points as last observation carried forward. The difference between mean 
clinical score was compared at day 96 between Ptpn22-/- and Ptpn22+/- by Unpaired T Test (N.S.) (B) The 
AUC was computed for each genotype and compared for each genotype group (N.S., Kruskall-Wallis test).  
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Figure 3-10 Ptpn22-/- mice display a trend towards increased arthritis severity in the CIA model- Caliper 
measurements  
Male Ptpn22+/+, +/- and -/- mice of 10- 14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Animals were scored for paw 
thickness (mm) using calipers at the indicated time points. (A) Paw thickness for each limb is reported 
separately. In the Ptpn22-/- group one mouse reached maximum permitted severity on day 27 and is 
plotted in subsequent timepoints as last observation carried forward. Data are plotted as mean per group 
+ SEM. The difference between mean clinical score was compared at day 48 within the caliper wrist right 
between Ptpn22-/- and Ptpn22+/- by Unpaired T Test (N.S) (B) The AUC was computed for each genotype 
in each limb (as shown for Caliper Wrist Right) and compared for each genotype group (N.S., Kruskall-
Wallis test)  
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3.3.2.2 Clinical arthritis severity correlates significantly with assigned histological score in 

the CIA model 

Mouse paws from the CIA experiment were placed in PFA solution, fixed, paraffin 

embedded, sectioned and then stained with H&E. Representative histology slides of the 

tarsometatarsal joint are shown in Figure 3-11.  The histopathological analyses of mice 

obtaining scores of 3 showed mononuclear cells, synovial hyperplasia, pannus 

formation, cartilage destruction and bone erosion.  

Histological analysis of H&E stained front and hind paws sections (and combined) was 

performed on joints of mice sacrificed 15 weeks post immunisation. Paws were scored in 

a blind fashion (as described in Methods). Clinical disease scores assigned to the CIA 

experimental mice were correlated to overall histological scores that had been 

determined for each mouse by blind scoring of tissue sections of arthritic joints. A 

positive and close correlation (p<0.0001) between clinical and histological scores was 

observed, validating the histological scoring method that had been employed (Figure 

3-12). 

3.3.2.3 Histology scores confirm a modest increase in arthritis in the Ptpn22-/- mice in 

the CIA model 

Histological analysis of joints from the CIA experiment was performed by assigning 

scores of up to 9 per joint depending on the severity of the tissue lesions (as described in 

Methods). This analysis revealed a numerical but non-significant increase in histological 

scores in mice of the Ptpn22-/- genotype compared to Ptpn22+/+ and Ptpn22+/- 

littermates. Unimmunised mice were included as controls and revealed no differences in 

baseline paw swelling between mice of different Ptpn22 genotypes. The front and hind 

paws appeared to be equally affected and, in accordance with the clinical scoring data, 

mice of the Ptpn22-/- genotype developed the highest arthritic scores (Figure 3-13).  
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Figure 3-11 Histological analysis of inflammatory arthritis in the CIA model  
On completion of the experiment, limbs were processed for histology. The limb was fixed, decalcified and 
embedded before sectioning and staining with H&E. Representative H&E stained sections of 
tarsometatarsal joints examined by light microscopy. The histological severity of arthritis was graded as 
follows: (a) 0= normal; (b) 1= minimal synovitis, cartilage loss and bone erosions limited to discrete foci; (c) 
2= synovitis and erosions present but normal joint architecture intact; (d) 3= synovitis and extensive 
erosions present and joint architecture disrupted.  
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Figure 3-12 Clinical arthritis severity correlates significantly with assigned histological score  
Total clinical scores were correlated with total histological score at time of cull. Clinical scoring: Paws were 
scored visually for arthritis development as follows: 0, normal; 1, slight swelling and/or erythema; 2, 
pronounced swelling; 3, ankylosis. Total of four paws/mouse (maximum score is 12 per mouse). 
Histological scoring/joint: 0, no inflammation; 1, mild inflammation with preservation of the joint 
architecture; 2, additional synovium hyperplasia, oedema and partial loss of cartilage and bone structure; 
3, very severe inflammation accompanied by pannus formation and complete joint destruction. Paws 
were scored in a blind fashion. Each paw has 3 joints, totalling a score of 9 per joint. Total of four 
paws/mouse (maximum score is 36 per mouse). **** P<0.0001 
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Figure 3-13 Histology scores confirm a trend towards increased arthritis in the Ptpn22-/- mice in the CIA 
model  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of 
the same age (n=5 per genotype) were also assessed. Histological analysis of H&E stained front and hind 
paws sections (and combined) was performed on joints of mice sacrificed 15 weeks post immunisation. 
Immunised and control paws were scored in a blind fashion. Each individual paw is assigned a global score 
out of 9 (see Methods Chapter for histological scoring). Horizontal bars represent mean + SD, N.S. One-
Way ANOVA.  

 



- 159 - 

 

 

Figure 3-14 Ptpn22 genotype has no effect on the extent of synovitis or cartilage erosion in the CIA model  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of 
the same age (n=5 per genotype) were also assessed. Histological analysis of H&E stained front and hind 
paws sections (and combined) was performed on joints of mice sacrificed 15 weeks post immunisation. 
Immunised and control paws were scored in a blind fashion. Each limb is assigned a global score out of 9 
(see Methods Chapter for histological scoring). (A) Synovitis and (B) Cartilage erosion were scored 
separately. Horizontal bars represent mean + SD, N.S. One-Way ANOVA 
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3.3.2.4 Ptpn22-/- has no specific effect on inflammatory synovitis or cartilage erosion in 

the CIA model 

CIA disease progression, at a tissue level, is characterized by inflammatory synovitis and 

cartilage erosion. The next step was to determine whether Ptpn22 deficiency has an 

impact on one or both pathological features. No difference was observed between 

synovitis or cartilage erosion histological scores between Ptpn22 genotypes, suggesting 

that, at least in this experiment, modest increases in paw swelling observed in joints of 

Ptpn22 deficient mice does not demonstrably translate to differences in inflammatory 

synovitis or cartilage damage (Figure 3-14). 

3.3.2.5 Total lymphoid organ cellularity is no different between Ptpn22 genotypes 15 

weeks after CII in CFA immunisation  

It has previously been reported that the Ptpn22 deficient mouse displays increased 

cellularity in the spleen and lymph nodes compared to Ptpn22 sufficient mice, which was 

significant in the spleen in mice younger than six months old (Hasegawa et al., 2004). In 

my experiment, cellularity of the draining lymph nodes and spleen in unimmunised mice 

at 25-29 weeks of age was double the number in Ptpn22-/- mice when compared to 

Ptpn22+/+ mice (In the spleen: Ptpn22+/+ = 9 x 107; Ptpn22-/- = 18 x 107) (Figure 3-15).  

Differences reached statistical significance in the spleen (p<0.05). 15 weeks following CII 

in CFA immunisation, the cellularity of the lymph nodes was increased in mice of all 

Ptpn22 genotypes but no inter-genotype differences in cell number were observed. In 

the spleen, immunisation resulted in an increase in cellularity in mice of the Ptpn22+/+ 

and Ptpn22+/- genotypes. However, immunisation of Ptpn22-/- mice resulted in a 

decrease in the cellularity of the spleen compared to control unimmunised Ptpn22-/- 

mice.  
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Figure 3-15 Total lymphoid organ cellularity is no different between Ptpn22 genotypes 15 weeks after CII 
in CFA immunisation  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of 
the same age of each genotype (n=5) were also assessed. Mice were sacrificed 15 weeks after 
immunisation and their total cellularity was assessed in (A) draining lymph nodes (dLN) (axillary, brachial, 
inguinal) and (B) spleens (Sp). Representative sizes of Ptpn22+/+ and Ptpn22-/- immunised inguinal lymph 
nodes are shown in (A). Each symbol represents an individual animal, horizontal bars represent mean + SD 
, * P<0.05 One-way ANOVA.  
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3.3.2.6 Lymphoid cells from Ptpn22-/- mice produce more soluble IL-17 and proliferate 

more following CII restimulation in vitro 

I next addressed whether Ptpn22 deficiency influences CII-specific T cell responses. To 

assess CII-specific T cell recall responses, 1:1 suspensions of draining lymph node and 

spleen cells from a subset of the mice (n=5-8 per Ptpn22 genotype) that had been 

injected with CII (those for which enough cells could be obtained) were re-challenged 

with CII ex-vivo for 96 hours. Soluble cytokine production was measured by ELISA (Figure 

3-16) and proliferation was assessed by measuring BrdU uptake using a colorimetric 

assay (Figure 3-17). Cell suspensions from all genotypes were also stimulated to assess 

the maximal cytokine production and proliferation achievable following TCR stimulation 

(with anti-CD3) or following polyclonal stimulation with ConA.  

Ptpn22-/- cells were found to produce a non-significant increase in the basal levels of 

soluble TNF-α in comparison to Ptpn22+/+ and Ptpn22+/- littermates, whereas basal 

levels of all other cytokines were comparable between genotypes (Figure 3-16). In 

response to anti-CD3 stimulation, there was a non-significant trend for the T cells from 

Ptpn22-/- mice to produce increased levels of IL-10, and a subset of mice were seen to 

produce increased IL-17, compared to Ptpn22+/+ and Ptpn22+/- mice, whilst TNF-α and 

IFN-γ production were no different between genotypes. The increases in IL-17 and IL-10 

in the Ptpn22-/- mouse in response to anti-CD3 stimulation were only a trend and did 

not reach statistical significance.  Increased IL-17 and IL-10 production was similarly 

observed in the Ptpn22-/- mouse in response to ConA stimulation, reaching significance 

for IL-10 production by the Ptpn22-/- genotype compared to the Ptpn22+/+ and 

Ptpn22+/- genotypes (p<0.0001). This suggests that the increased IL-17 and IL-10 

production by mice of the Ptpn22-/- genotype results from stimulation of pathways that 

either cross-link the TCR specifically or in response to polyclonal stimulation by conA. CII 

restimulation resulted generally in low levels of cytokine production, but IL-17 soluble 

cytokine production was seen to be increased in T cells from Ptpn22-/- mice, although 

this did not reach statistical significance. IL-17 production by Ptpn22-/- mice in response 

to CII restimulation did not correlate specifically with disease activity in these mice (data 
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not shown).  This suggests that the increased arthritis in these mice is not mediated by 

enhanced IL-17 production.  

The proliferative index of lymphoid cells in response to anti-CD3 or ConA stimulation 

(relative to cell proliferation in the absence of stimulation) revealed a trend for reduced 

proliferation in the Ptpn22-/- mice compared to Ptpn22+/+ and Ptpn22+/- littermate 

controls (Figure 3-17). There appeared to be a gene-dose effect of Ptpn22 on 

proliferation in response to anti-CD3 and ConA stimulation whereby Ptpn22+/- cells 

showed a level of proliferation intermediate between that of Ptpn22+/+ and Ptpn22-/- 

cells. In contrast, upon stimulation with CII, proliferative responses were slightly 

increased in the Ptpn22-/- mice compared to Ptpn22+/+ and Ptpn22+/- littermate 

controls.  

In summary, CII restimulation of Ptpn22-/- lymphoid cells resulted in a trend towards 

increased proliferation and IL-17 cytokine production (albeit non-significant) compared 

to Ptpn22+/+ mice.  
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Figure 3-16 Lymphoid cells from Ptpn22-/- mice in the CIA model reveal a trend towards increased 
production of IL-17 following CII restimulation  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n= 5, 7 or 8 per group) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. 15 weeks after immunisation, 
draining lymph node cells and splenocytes were pooled and plated in 48 well plates and stimulated with 
plate-bound anti-CD3/anti-CD28, ConA or restimulated with collagen at 20μg/ml (CII 20) for 96 hours. Cell 
culture supernatants were measured for IL-10, IL-17, IFN-γ and TNF-α soluble cytokines by ELISA (IFN-γ 
levels could not be compared to known standards and are expressed as fluorescence intensity levels). 
Each symbol represents an individual animal, horizontal bars represent mean +SD, **** P<0.0001 One-
Way ANOVA 
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Figure 3-17 Lymphoid cells from Ptpn22-/- mice in the CIA model proliferate more following CII 
restimulation 
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n= 5, 7 or 8 per group) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. 15 weeks after immunisation 
draining lymph node cells and splenocytes were pooled and plated in 48 well plates and stimulated with 
plate-bound anti-CD3/anti-CD28, ConA or restimulated with CII at 20μg/ml (CII 20) for 96 hours. Cells were 
resuspended and replated in 96 well flat bottom plates in a volume of 100μl containing BrdU. Cells were 
assessed for their ability to proliferate over the next 24 hours in a BrdU colorimetric assay, with 
stimulation indices plotted relative to unstimulated cells. Each symbol represents an individual animal. 
Data are expressed as mean BrdU stimulation index per genotype ± S.D. 
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3.3.2.7 Ptpn22-/- mice display an exaggerated intracellular Th1 phenotype in the CIA 

model 

An array of pro-inflammatory cytokines have been associated with CIA, and it has not 

been conclusively reported whether the disease is selectively Th1 or Th17 driven. In 

addition to the measurement of cytokine secretion in response to CII restimulation of 

unpurified lymphoid cells, it was of interest to assess the ex vivo proportions of 

percentage cytokine positive CD4+ staining lymphoid cells in response to CII in CFA 

immunisation, which would help to identify the specific cytokine profile of the CD4+ T 

cell.  

To this end, the intracellular cytokine staining profiles within the CD4+ T cell 

compartment in mice of each Ptpn22 genotype in the CIA model were examined (Figure 

3-18; representative staining shown in Figure 3-19).  1:1 suspensions of draining lymph 

node and spleen cells were pooled from CII in CFA immunised mice prior to stimulation 

with PMA and ionomycin in the presence of monensin. Subsequently, CD4+ T cells were 

stained intracellularly for their expression of IFN-γ, IL-17, TNF-α and IL-4.  

Intracellular cytokine staining revealed a statistically significant increase in the 

proportion of IFN-γ+ staining CD4+ T cells of the Ptpn22-/- genotype compared to the 

Ptpn22+/+ and Ptpn22+/- genotypes. Proportions of IL-4+, IL-17+ and TNF-α+ staining cells 

were elevated to a similar extent in response to CII in CFA immunisation but were not 

significantly different between Ptpn22 genotypes. Mean fluorescence intensity (MFI) 

staining revealed no differences in cytokine expression between Ptpn22 genotypes at 

the individual cell level (Figure 3-19B). In this experiment, IL-10 cytokine was not 

measured by intracellular flow cytometry due to lack of IL-10 intracellular cytokine 

staining antibody. Levels of intracellular cytokine expression for each mouse were 

compared to each mouse’s arthritic score but no correlations were observed (data not 

shown). The increased Th1 response in response to CII in CFA strongly suggest that 

Ptpn22 regulates the development of Th1 responses. 

. 



- 167 - 

 

 

Figure 3-18 Ptpn22-/- mice display an exaggerated Th1 phenotype in the CIA model  
Male Ptpn22+/+, +/-  and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of 
the same age (n=2 per genotype) were also assessed. 15 weeks after immunisation, draining lymph node 
cells and splenocytes were pooled and stimulated with PMA and ionomycin in the presence of monensin 
for 5 hours. Cells were stained for CD4 and CD3 surface expression, and intracellularly for IFN-γ, TNF-α, IL-
17 and IL-4 cytokines. Each symbol represents an individual animal, horizontal bars represent mean ± SD 
***P<0.001 **** P<0.0001 One-Way ANOVA 
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Figure 3-19 Ptpn22-/- mice display an exaggerated Th1 phenotype in the CIA model- Representative plots  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of 
the same age (n=2 per genotype) were also assessed. 15 weeks after immunisation, draining lymph node 
cells and splenocytes were pooled and stimulated with PMA and ionomycin in the presence of monensin 
for 5 hours. Cells were stained for CD4 and CD3 surface expression, and intracellularly for IFN-γ, TNF-α, IL-
17 and IL-4 cytokines. (A) Representative FACS staining of each Ptpn22 genotype for intracellular cytokines 
(B) Representative MFI of each Ptpn22 genotype for intracellular cytokines 
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3.3.2.8 Anti-CII specific IgG levels are similar between Ptpn22 genotypes 6 weeks after CII 

in CFA immunisation and show similar distributions over time  

The development of joint inflammation in CIA depends on the generation of anti-CII 

autoantibodies. Total levels of anti-CII IgG were tested in the serum of the CII in CFA 

immunised Ptpn22+/+, Ptpn22+/- and Ptpn22-/- mice at three time points post-

immunisation: 6, 10 and 15 weeks (Figure 3-20 & Figure 3-21). No differences were 

observed in the levels of total anti-CII IgG between Ptpn22 genotypes at any time point 

tested and anti-CII IgG levels were not significantly altered over time.  

To explore anti-CII responses in more depth, the levels of anti-CII specific IgG1 and IgG2c 

were computed. Analysis of the total levels of CII-specific IgG1 and IgG2c were similar 

between genotypes at each individual timepoint, although there was a trend towards 

reduced CII-specific IgG1 in the Ptpn22-/- mouse at the 6 and 10 week timepoints, which 

reached statistical significance (when compared to the Ptpn22+/- mouse) at the 6 week 

timepoint (p<0.05).  

In addition to assessing CII-specific IgG levels at each timepoint, it was of interest to 

explore the kinetics over time, which was achieved by determining A.U. of antibody 

concentration by reference to a standard CIA serum (Figure 3-22A). When presented in 

this format, the data suggests that the levels of anti-CII IgG1 and IgG2c (irrespective of 

genotype) peak at the 10 week timepoint. The trend for the decreased anti-CII IgG1 in 

the Ptpn22-/- mouse at the 6 and 10 weeks is maintained, as expected. Interestingly, the 

levels of IgG2c are significantly elevated in the Ptpn22-/- mouse at the 10 week 

timepoint when compared to the 15 week timepoint. To assess this increase further, the 

ratio of IgG1:IgG2c was computed, as it has previously been reported to indirectly reflect 

Th2:Th1 effector T cell responses (Inglis et al., 2007) (Figure 3-22B). An overall decreased 

ratio of IgG1: IgG2c was observed in the Ptpn22-/- mouse at the 6 and 10 week 

timepoints, and this was a reflection of decreased anti-CII IgG1 and increased IgG2c in 

the Ptpn22-/- at these timepoints. These data support an enhanced Th1 polarisation in 

this genotype, which is in keeping with the increased IFN-γ intracellular cytokine staining 
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in the CD4+ T cell compartment of the Ptpn22-/- mouse following CII in CFA 

immunisation.  
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Figure 3-20 Anti-CII specific IgG levels are similar between Ptpn22 genotypes 6 weeks after CII in CFA 
immunisation  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. 6 weeks after immunisation, 
mice were tail bled and levels of CII-specific IgG, IgG1 and IgG2c isotypes measured by indirect ELISA, with 
data presented as fluorescence units. Each symbol represents an individual animal, horizontal bars 
represent mean ± SD *P<0.05 One-Way ANOVA 
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Figure 3-21 Anti-CII specific IgG levels are similar between Ptpn22 genotypes 10 and 15 weeks after CII in 
CFA immunisation  
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. (A) 10 and (B) 15 weeks after 
immunisation, mice were tail bled and levels of CII-specific IgG, IgG1 and IgG2c isotypes measured by 
indirect ELISA, with data presented as fluorescence units. Each symbol represents an individual animal, 
horizontal bars represent mean ± SD N.S. One-Way ANOVA 
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Figure 3-22 Ptpn22-/- mice reveal a trend towards decreased IgG1: IgG2c CII antibody levels 10 weeks 
following immunisation with CII in CFA 
Male Ptpn22+/+, +/- and -/- mice of 10-14 weeks of age (n=9 or 10 per genotype) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. 6, 10 and 15 weeks after 
immunisation, mice were tail bled and levels of CII-specific IgG, IgG1 and IgG2c isotypes measured by 
indirect ELISA. (A) The anti-CII IgG, IgG1 and IgG2c concentrations were determined by reference to 
standard curves generated from 1:2 serial dilutions of a standard CIA serum to calculate the antibody 
content (in A.U.) Data are shown as mean + SEM for all genotypes at each timepoint. *P<0.05 Two-Way 
ANOVA (B) The ratio of IgG1: IgG2c for all genotypes at each timepoint was computed.  
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3.3.3 CIA induction in the C57BL/6 strain is poorly reproducible  

Arthritis was induced successfully in the first CIA disease study, where mice of the 

Ptpn22-/- genotype were observed to develop more inflammation than Ptpn22+/- and 

Ptpn22-/- counterparts, although differences in clinical disease did not reach statistical 

significance (as described in section 3.3.2).  Accordingly, sample sizes were recalculated 

based on the outcome of the first CIA experiment in order to detect a statistically 

significant difference between the wild-type and Ptpn22 deficient genotypes. Thus, two 

CIA studies were undertaken encompassing a total of 20 mice per genotype. These 

attempts failed to induce arthritis at a rate of more than   ̴20% of immunised mice, and 

in those mice that did develop arthritis the severity did not exceed scores of more than 2 

in any one paw, precluding further meaningful analysis (data not shown). Instead, 

lymphoid tissues were harvested from all CIA experiments with the goal of investigating 

in more detail the impact of Ptpn22 on the CD4+ T cell response, before and after CII in 

CFA immunisation. The results of these experiments are described in Chapter 4.  
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3.4 Discussion 

In this Chapter, I demonstrated that inflammatory arthritis can be induced in the 

C57BL/6 strain according to a modified CIA protocol. In two separate studies, I was able 

to report an incidence and severity of inflammatory arthritis development similar to that 

previously published (Inglis et al., 2007). This confirms that CIA can be induced in mice of 

the C57BL/6 strain, which is advantageous as it removes the lengthy and costly 

requirement to backcross genetically modified mice, which are commonly available on 

the C57BL/6 strain (including the Ptpn22-/- mouse) onto the susceptible H-2q strains for 

CIA investigations.  

At the time this PhD project was started, Ptpn22 deficiency had not been investigated in 

the context of chronic inflammation. The main aim of this Chapter was therefore to 

compare arthritis progression in Ptpn22+/+, Ptpn22+/- and Ptpn22-/- mice in the CIA 

model. My work suggests, for the first time, that Ptpn22-/- mice may develop a subtle, 

albeit non-significant, increase in inflammatory arthritis, in comparison to Ptpn22+/+ 

and Ptpn22+/- littermates in the CIA model. Due to the heterogeneous incidence and 

severity of arthritis within groups, this difference did not reach statistical significance. I 

predicted that increased sample sizes would allow to detect a statistically significant 

difference between wild-type and Ptpn22-/- mice. However, poor reproducibility of 

arthritis induction on the C57BL/6 strain precluded any attempts at reproducing this 

observation.  

Histological analysis of joint sections confirmed the increase in arthritis development in 

the Ptpn22-/- mouse that had been observed both by clinical scoring and caliper 

measurements. Importantly, Ptpn22 was not found to differentially regulate the 

processes of synovitis and cartilage erosion.  

The result of increased arthritis development in the Ptpn22-/- mouse in the CIA model 

would be in keeping with the role of the Ptpn22 phosphatase as a negative regulator of 

T cell and immune cell signalling (Burn et al., 2011), and more specifically with its role as 

a negative regulator of the expansion of the effector/memory CD4+ and CD8+ T cell 

populations (Hasegawa et al., 2004).  In simplest terms, it suggests that expansion of the 
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effector/memory T cell pool results in an overactive response to heterologous CII 

immunisation and an enhanced inflammatory phenotype in the absence of Ptpn22.  

Since this work was started, a number of papers have been published on mice lacking in 

Ptpn22 (either through genetic deficiency or knock-down) in models of spontaneous or 

induced inflammation. In agreement with the results described here, Ptpn22 deficiency 

increased the susceptibility to disease in a model of DSS-induced colitis (Wang et al., 

2013). Also in keeping with a role of Ptpn22 as a negative regulator of T cell signalling, 

overexpression of Ptpn22 in T cells in NOD mice was found to protect from diabetes 

through an effect of phosphatase deficiency in decreasing Th1 differentiation (Yeh et al., 

2013). 

In contrast to our observations of enhanced inflammatory responses, Ptpn22 deficiency 

has been found to result in reduced severity of the EAE model (Maine et al., 2012) and 

Ptpn22 silencing protects mice from spontaneous diabetes (Zheng and Kissler, 2012). In 

these studies and others (Brownlie et al., 2012), it has been reported that Ptpn22 

deficiency results in the development of increased proportions of peripheral CD4+ CD25+ 

FoxP3+ Tregs. Therefore, Ptpn22 seems to regulate both effector/memory CD4+ T cells 

and Treg lineages, and the specific balance between pathogenic and Treg cells is likely to 

determine whether increased autoimmunity or tolerance occurs in the Ptpn22-/- mouse 

in the context of inflammation (Hasegawa et al., 2004, Brownlie et al., 2012). The 

observation of a concomitant expansion of regulatory and effector/memory CD4+ T cell 

compartments in the Ptpn22-/- mouse prompted us to further explore the effect Ptpn22 

deficiency on proportions of effector/memory and regulatory CD4+ T cells in response to 

CII in CFA immunisation in Chapter 4. 

The relative contributions of CD4+ Th1 and Th17 cells as the major pathogenic effectors 

of the CIA model remains a question of some debate. Although the literature generally 

supports a stronger case for the Th17 cells as effectors (reviewed in Introduction), 

deficiency of IL-17 in the CIA model was found to reduce disease incidence by 

approximately 70% (but was not able to abrogate disease), sparking renewed interest in 

the role of other effector cytokines such as IFN-γ (Nakae et al., 2003). Some authors 
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have suggested that the context in which autoantigen is encountered might decide 

whether the pathogenic effector response that ensues is of the Th1 or Th17 lineage 

(Luger et al., 2008). Strong TLR stimulation of the APC with CFA is known to skew 

towards a Th1 response (Billiau and Matthys, 2011, Kai et al., 2006). In this Chapter, in 

addition to observing an increase in inflammatory arthritis in response to CII in CFA 

immunisation in the Ptpn22 deficient mouse, these were also found to have increased 

frequencies of CD4+
 T cells expressing IFN-γ. Together with an increased ratio of CII-

specific IgG2c:IgG1, the data were supportive of exacerbated inflammatory arthritis 

through an enhanced Th1 response in the Ptpn22 deficient mouse. The mechanisms of 

the increased Th1 response in the Ptpn22 deficient mouse will be discussed in Chapter 4 

and Chapter 5. 

In addition to the enhanced Th1 response, an increased role of Th17 cells in the Ptpn22-

/- mouse in the CIA model should not be dismissed. Although Ptpn22 deficiency did not 

appear to reveal an effect on CD4+IL-17+ staining compared to Ptpn22+/+ mice, a trend 

towards increased IL-17 production by Ptpn22-/- lymphocytes, determined by ELISA, was 

observed in response to CII restimulation compared to other genotypes. This 

discrepancy could be attributable to differences in the assays used, given that 

intracellular cytokine staining enumerates cytokine expressing T cells at a single time 

point, while immunoassays of secreted cytokine in cell supernatants of 96hr measures 

cytokine that accumulates over the period of culture. The assays, therefore, measure 

distinct aspects of cytokine expression, and ELISA of culture supernatants might be seen 

as more sensitive. 

I hypothesise that both Th1 and Th17 responses might be elevated in response to CII in 

CFA immunisation the Ptpn22-/- mouse. There are two experimental scenarios that 

support this possibility. Firstly, it has been described that IFN-γ may play both an 

effector and regulatory role in autoimmune arthritis (Schurgers et al., 2011, Boissier et 

al., 1995). Secondly, it could be that through mechanisms of plasticity of Th 

differentiation, lymphocytes of the Th17 lineage might have differentiated to the Th1 

programme. IL-17+ cells have been shown by others to switch to become IFN-γ+ 

“exTh17” cells which have been found to display similarities to Th1 cells but lose 
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expression of IL-17 (Morrison et al., 2013). Of note, double-positive IFN-γ and IL-17 

expressing intermediates were not observed by flow cytometry in my experiments (data 

not shown), but this does not rule out the possibility of these Th1 effectors passing 

through a Th17 stage. I plan to address this further in fate mapping experiments using 

the yellow fluorescent protein (YFP)-IL-17 reporter mouse of Stockinger and colleagues 

(Hirota et al., 2011).   

The increased IL-10 cytokine production that was observed in response to anti-CD3 (as a 

trend), and particularly ConA (where it was significantly higher), stimulation in the 

Ptpn22-/- mouse is very interesting. This will be explored in Chapter 4 but is most likely a 

regulatory cytokine produced either by self-regulating Th1 cells or by Treg cells.  

It was intriguing that in response to CII in CFA immunisation in the Ptpn22-/- mouse a 

slight (but non-significant) reduction in the number of splenocytes was observed. It is 

tempting to speculate a role for Ptpn22 on regulating cell death. This concept has been 

explored by other groups, who have suggested resistance to apoptosis in B cells from 

humans and mice harbouring the PTPN22 R620W and Ptpn22 R619W disease-associated 

variants in response to antigenic stimuli, respectively (Dai et al., 2013, Arechiga et al., 

2009). Conversely, the silencing of Ptpn22 in B cells has been found to increase 

apoptosis (Zheng and Kissler, 2012). Furthermore, knock-down of Ptpn22 in B cells 

displayed decreased survival in culture compared with Ptpn22 sufficient cells. These data 

support a role for Ptpn22 as a negative regulator of apoptosis and provides an attractive 

model, that needs to be formally tested, to explain the trend towards a decrease in 

splenocytes in response to CII immunisation in the Ptpn22-/- mouse. These suggestions 

might also explain the reduced proliferative responses to ConA and anti-CD3 stimulation 

that were observed in a Ptpn22 gene dose-dependent manner.  

Despite initial successes at establishing the CIA model in the C57BL/6 strain, subsequent 

attempts at inducing arthritis were found to be poorly reproducible, as were CII-specific 

T cell responses. Susceptibility to arthritis in the C57BL/6 strain has been variable among 

research laboratories across the world, and this is probably the result from genetic 

variation in the C57BL/6 strain and the use of different CII and adjuvant preparations 
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(Bäcklund et al., 2012). The effects of genetic drift in the C57BL/6 strain are likely to 

result in variability in the immune response, which can influence disease pathology 

(Robinson, 2009). The role of the adjuvant appears to be crucial in establishing arthritis 

in the C57BL/6 strain. A high dose of M. tuberculosis was found to be essential for 

maturation of DC sufficient to prime CD4+ helper T cells for CII immunity in C57BL/6 mice 

(Kai et al., 2006). Another possibility is that the microbiome of the mouse colony, 

determined by the microbial status of the animal housing facility, can influence the 

development of disease. For example, segmented filamentous bacteria have been 

shown to be necessary for the differentiation of pathogenic IL-17+ T cells in the K/BxN 

mouse model (Ivanov et al., 2008, Wu et al., 2010). Other additional sources of variation 

between CIA experiments between different laboratories might also result in low 

reproducibility; for example, differences in diet, sex, animal husbandry and stress have 

all been implicated in varied responses of animals. CIA has been observed to be reduced 

in response to psychological stress in rats (Rogers et al., 1978). In particular, a recent 

paper has linked male-associated olfactory stimuli to increased stress and reduced 

analgesia in rodents (Sorge et al., 2014) 

In contrast to CIA in mice of the MHC II H-2q strain, where the CII T cell epitope has been 

clearly mapped, the T cell autoantigenic determinants for CII specific immunity in 

C57BL/6 mice of the MHC II H-2b haplotype is unknown (Bäcklund et al., 2012). In line 

with this, my T cell recall responses in response to CII immunisation in the C57BL/6 

strain were found to be both very low and poorly reproducible. It is likely that, instead of 

CII, the T cell responds to other proteins present in the emulsified material used for 

immunisation. For example, contaminating pepsin has been shown to be strongly 

immunogenic in the C57BL/6 strain (Bäcklund et al., 2012). Although a pepsin specific 

antibody response was not observed in my experiments this does not exclude the 

possibility that T cells might be responding to other foreign (eg. pepsin or papain) or 

chicken-specific cartilage proteins (eg. proteoglycan) associated with the CII molecule as 

part of the articular matrix (Bäcklund et al., 2012). Indeed, blotting experiments using 

serum from immunised mice found cross-reactivity to unknown antigenic determinants 

that might contribute to the immune response and that were thought to correspond to 

modified CII (Bäcklund et al., 2012).  
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There is not a straightforward relationship between the magnitude of CII-specific 

antibodies and arthritis development. In fact, non-susceptible strains of mice have been 

found to produce levels of CII-specific antibody as high as those produced by susceptible 

strains (Brand et al., 2003). This would be in keeping with my observations, as robust 

anti-CII responses were invariably noted following CII immunisation even in the absence 

of clinically detectable arthritis. Of interest, this observation extends to the autoantigen, 

murine CII (Brand et al., 2003). It appears as though the quality, as opposed to the 

magnitude of the CII specific antibody effector response, is important in determining its 

pathogenicity. For example, it may be that antibody recognition of specific regions of the 

CII molecule that are exposed in the joint is needed for arthritogenicity (Brand et al., 

2003). 

A mouse model has recently been reported in which expression of I-Aq is introduced by 

backcrossing onto the C57BL/6 background (designated C57BL/6N.Q). This resulted in an 

increased incidence and chronicity of arthritis. T cell responses to the immunodominant 

CII260-270 epitope have been reported in this C57BL/6N.Q model (Bäcklund et al., 

2012). Given these advantages, I plan to perform further CIA experiments on the 

C57BL/6N.Q background with a view to reproducing my findings of increased disease 

severity in the Ptpn22-/- mouse and to further characterise CII specific T cell responses 

in this model. Reproducible arthritis induction should allow reliable phenotyping of the 

synovium, which will give valuable information about T cells at the site of inflammation. 

Among other issues, this will clarify the involvement of Th1 vs Th17 cells in the Ptpn22-/- 

mouse in the CIA model.  

Published data suggests that the Ptpn22 R619W mice (Dai et al., 2013), an in vivo model 

to study the function of the disease associated PTPN22 SNP, phenocopy Ptpn22 deficient 

mouse, thus implying that the polymorphism operates as a loss-of-function variant. 

Given that this has been a topic of much debate in man, it will be of considerable 

interest to investigate the phenotype of Ptpn22 R619W mouse in the CIA model. This 

Ptpn22 R619W mouse line (a kind gift from Professor David Rawlings, Seattle Children’s 

Hospital) is currently being derived into our own facility and will be inter-crossed to the 

C57BL/6N.Q line for future studies. Ultimately, this will allow us to investigate how a 
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genetic variant which has been strongly linked to autoimmunity, can lead to 

autoimmune arthritis under specific environmental conditions.  
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Chapter 4 Characterisation of CD4+ T 

cell Responses to CII Immunisation in 

the Ptpn22-/- Mouse 
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4.1 Introduction 

In the previous Chapter, the Ptpn22-/- mouse was studied in the context of the CIA 

model. Ptpn22-/- mice were found to develop a modest, albeit non-significant, increase 

in arthritis compared to Ptpn22+/+ and Ptpn22+/- littermates, as observed both by 

clinical evaluation of paw swelling and histological scoring.  Of particular note was the 

finding that Ptpn22-/- mice displayed significantly enhanced proportions of IFN-γ+ 

staining CD4+ T cells in response to immunisation with chicken CII in CFA.  

Given that the CIA model is a T cell dependent model of inflammation and that Ptpn22 

has been hypothesised to have a crucial role in T cell signalling (Hasegawa et al., 2004), 

CD4+ T cell responses to CII in CFA immunisation were characterised in detail in 

Ptpn22+/+ and Ptpn22-/- mice in this Chapter. In particular, I wished to address some 

specific questions, as outlined in the following sections.  

4.1.1 What is the role of Ptpn22 in controlling the balance of effector/memory 

and regulatory CD4+ T cells in response to CII in CFA immunisation? 

Ptpn22 deficiency has been found to result in an increased proportion of 

effector/memory CD4+ and CD8+ T cells (Hasegawa et al., 2004, Brownlie et al., 2012) as 

well as increased proportions of Tregs (Brownlie et al., 2012), suggesting that a 

concomitant expansion of both the effector/memory and Treg pools occurs in the 

context of deletion of the Ptpn22 gene. It was suggested that an increase in CD4+ CD25+ 

FoxP3+ Treg numbers and function may compensate for the increased activity of 

conventional effector T cells, and preserve immune tolerance (Brownlie et al., 2012). 

In this Chapter, I aimed to assess the effector/memory and Treg phenotype in response 

to CII in CFA immunisation, as a model of an arthritogenic immune response, and to 

examine specifically whether in the context of CII in CFA immunisation the ratio of 

effector/memory: Tregs would be maintained.  
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4.1.2 What is the role of Ptpn22 in controlling Th1 versus Th17 effector cells in 

response to CII in CFA immunisation? 

Prior to the discovery of Th17 cells, Th1 cells were implicated in the pathogenesis of the 

CIA model (Brand et al., 2003). More recently, it has been suggested that Th1 cells may 

have a protective role  (Alzabin and Williams, 2011).  One report suggested that IFN-γ 

may have a biphasic effect on the induction and course of CIA, first enhancing the 

immune response and then regulating the arthritis process (Boissier et al., 1995).  Since 

its discovery, the role of Th17 has been examined experimentally in the context of CIA 

and various other animal models of autoimmunity. Th17 cells have been reported as 

pathogenic in the CIA model and mice genetically deficient in IL-17A are less susceptible 

to CIA (Nakae et al., 2003). It would thus seem as though Th17 cells are the major 

effector cells in the CIA model. However, a number of recent findings would refute this 

simplistic observation. One group has reported that the initial encounter with antigen 

might determine the pathogenic effector response that ensues (Luger et al., 2008). For 

example, CFA is a strong Th1 polarising factor through its ability to promote production 

of IL-12p35 by DCs. More recently, it has become apparent that, rather than becoming 

terminally differentiated, CD4+ T cells retain the capacity to switch phenotype (Murphy 

and Stockinger, 2010). For example, fate mapping experiments have shown that in 

certain experimental models such as EAE, Th17 cells switch off IL-17 production and 

produce IFN-γ (Hirota et al., 2011). Thus, depending on the context of the inflammation, 

polarisation to Th17 and Th1 responses may be directly linked.  

In Chapter 2 there was evidence to suggest a role for Ptpn22 in controlling both Th1 and 

Th17 effector responses in the CIA model. One aim of this Chapter was thus to further 

determine the effect of Ptpn22 deficiency on both Th1 and Th17 effector responses in 

response to CII in CFA immunisation. Given the issues with irreproducibility of T cell 

responses to CII restimulation in the C57BL/6 model that were discussed in the previous 

Chapter, these assays were not investigated. Instead, cytokine production was assessed 

solely by intracellular cytokine staining.  
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4.1.3 What is the role of Ptpn22 in controlling integrin mediated T cell adhesion 

and migration in response to CII in CFA immunisation? 

Previous data from our lab has implicated Ptpn22 in controlling integrin mediated T cell 

adhesion and migration (Svensson et al., 2011, Brownlie et al., 2012). T cells from Ptpn22 

deficient mice have been found to migrate more rapidly than Ptpn22+/+ counterparts. 

Therefore, I wished to understand the expression profiles of LFA-1 and chemokine 

receptors in Ptpn22+/+ and Ptpn22-/- CD4+ T cells in response to CII in CFA 

immunisation.  
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4.2 Aims 

The aims of this Chapter were to: 

Study the Ptpn22-/- mouse versus the Ptpn22+/+ mouse in response to CII in CFA 

immunisation and in this setting: 

1. Characterise the CD4+ Treg and T effector phenotype  

2. Characterise the CD4+ T cell LFA-1 expression and chemokine receptor staining 

profiles 

3. Characterise the CD4+ T cell intracellular cytokine staining profile  

4. Characterise the CD8+ T cell memory compartment  

5. Characterise the IFN-γ+ CD8+ intracellular cytokine staining profile  
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4.3 Results 

A characterisation of the T cell response of Ptpn22+/+ and Ptpn22-/- mice in response to 

CII in CFA immunisation was performed, with a particular focus on the CD4+ T cell 

phenotype. This Chapter summarises the results of three separate CII in CFA recall 

experiments; in two of these experiments mice were sacrificed eight weeks following 

immunisation and in one experiment mice were sacrificed two weeks following 

immunisation.  

4.3.1 Total lymphoid organ cellularity is no different between Ptpn22 genotypes 

eight weeks after CII in CFA immunisation  

10-14 week old male mice of the Ptpn22+/+ and Ptpn22-/- genotypes were immunised 

with CII in CFA. Their lymph nodes and spleens were harvested eight weeks after 

immunisation and the total cellularity of said organs was assessed (at this stage the mice 

were 18-22 weeks of age) (Figure 4-1). Control unimmunised mice of the Ptpn22-/- 

genotype displayed increased cellularity in both the draining lymph nodes 

(approximately double) and spleen (approximately triple), in comparison to Ptpn22+/+ 

mice; this difference reached statistical significance in the spleen (p<0.01). Eight weeks 

following CII in CFA immunisation, the lymph node cellularity was increased to a similar 

number in mice of both Ptpn22 genotypes, whilst in the spleen only the cellularity of the 

Ptpn22+/+ mouse was increased following CII in CFA immunisation (the opposite being 

true for the Ptpn22-/- mouse). Thus, unimmunised Ptpn22-/- mice display increased 

lymphoid organ cellularity in comparison to Ptpn22+/+ mice but the cellularity is no 

different between genotypes following CII in CFA immunisation.   
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Figure 4-1 Total lymphoid organ cellularity is no different between Ptpn22 genotypes eight weeks after CII 
in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 10-14 weeks of age (n=10 Ptpn22+/+; n=11 Ptpn22-/-) were 
injected intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-
matched mice of each genotype were also assessed (n=3 Ptpn22+/+; n=4 Ptpn22-/-). Eight weeks after 
immunisation, mice were sacrificed and their total cellularity was assessed in (A) draining lymph nodes 
(dLN) (axillary, brachial, inguinal) and (B) spleens (Sp). Each symbol represents an individual animal, 
horizontal bars represent mean ± SD ** p<0.01 One-Way ANOVA 
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4.3.2 Characterisation of the CD4+ T cell compartment in response to CII in CFA 

immunisation 

4.3.2.1 Ptpn22-/- mice show a concomitant increase in the proportions of 

effector/memory T cells and Tregs following immunisation with CII in CFA 

Ptpn22 deficiency has previously been shown to result in the accumulation of 

effector/memory CD4+ CD44hi CD62Llo T cells in the lymphoid compartments which 

increases with age (Hasegawa et al., 2004, Brownlie et al., 2012).  The next step was to 

assess what the effect of CII in CFA immunisation would be on the effector/memory 

CD4+ T cell compartment in the Ptpn22-/- mouse. 

Mice of the Ptpn22+/+ and Ptpn22-/- genotypes were immunised with CII in CFA. Their 

draining lymph nodes and spleens were harvested eight weeks after immunisation and 

the CD4+ T cell compartments were stained with a number of cell surface markers to 

identify the proportions of effector/memory cells (Figure 4-2). Unimmunised Ptpn22+/+ 

and Ptpn22-/- mice revealed similar proportions of effector/memory cells 

(approximately 12% for the lymph nodes and 20-30% in the spleen); a slight increase in 

the proportion of effector/memory T cells in the spleen of the Ptpn22-/- mouse 

translated to a statistical increase in the total cell numbers. Following CII in CFA 

immunisation, the proportion of CD4+ CD44hi CD62Llo staining cells was enhanced in both 

Ptpn22-/- and Ptpn22+/+ mice and was significantly larger in the spleens (40% Ptpn22-/- 

vs 30% Ptpn22+/+) and draining lymph nodes (22% Ptpn22-/- vs 15% Ptpn22+/+) of the 

Ptpn22-/- mice. However, although this translated to a numerical increase in the total 

number of effector/memory T cells following CII in CFA immunisation, this increase did 

not reach statistical significance in either the draining lymph nodes or spleen.  
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Figure 4-2 Ptpn22-/- mice display increased proportions of CD4
+
 CD44

hi
 CD62L

lo
 staining cells in response 

to CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 10-14 weeks of age (n=10 Ptpn22+/+; n=11 Ptpn22-/-) were 
injected intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-
matched mice of each genotype were also assessed (n=3 Ptpn22+/+; n=4 Ptpn22-/-). Eight weeks after 
immunisation, mice were sacrificed (A) Draining lymph node (dLN) (axillary, brachial, inguinal) and (B) 
Spleen (Sp) cell suspensions were stained using fluorescent antibodies. Proportions and total cell numbers 
of CD4

+
 CD44

hi 
CD62L

lo
 cells are plotted. Each symbol represents an individual animal, horizontal bars 

represent mean ± SD. ** p<0.01, *** p<0.001 One Way ANOVA. Representative experiment of 2. (C) 
Representative staining of the effector/memory CD4

+ 
T cell compartment in the dLNs of immunised 

Ptpn22+/+ and Ptpn22-/- mice.  
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A phenomenon recently reported by our group (and others) is that the absence of 

Ptpn22 is associated with the accumulation of Treg cells (Brownlie et al., 2012, Maine et 

al., 2012, Zheng and Kissler, 2012). In the Ptpn22-/- mouse, a  statistically significant 

increase in the proportions of FoxP3+ CD25+ staining CD4+ T cells in both the draining 

lymph nodes (18% Ptpn22-/- vs 14% Ptpn22+/+) and spleens (20% Ptpn22-/- vs 14% 

Ptpn22+/+) was observed compared to the Ptpn22+/+ mouse (Figure 4-3). This 

translated to a statistically significant increase in Treg cell numbers in the Ptpn22-/- 

mouse in both the spleens and lymph nodes. Following CII in CFA immunisation, the 

increase in the proportion of Tregs was found to be further potentiated in the Ptpn22-/- 

mouse compared to the Ptpn22+/+ mouse in both the lymph nodes (24% Ptpn22-/- vs 

16% Ptpn22+/+) and spleen (24% Ptpn22-/- vs 16% Ptpn22+/+). This translated to a 

significantly higher number of Tregs following CII in CFA immunisation in the spleen of 

Ptpn22-/- mice compared to Ptpn22+/+ mice (p<0.05). These data demonstrate that 

following CII in CFA immunisation, Ptpn22-/- show a concomitant increase in the 

proportions of both CD4+ effector T cells and Tregs.  

4.3.2.2 Ptpn22-/- Tregs reveal a modest, but non significant, increase in activation 

following CII in CFA immunisation 

Having observed an increase in the proportions of CD4+ CD25+ FoxP3+ Tregs following CII 

in CFA immunisation in the Ptpn22-/- mouse, the cell surface phenotype of these cells 

was further characterised by flow cytometric analysis (Figure 4-4). CD103 (αEβ7) and 

CD62L surface expression are commonly used as markers of Treg activation (Brownlie et 

al., 2012). Phenotypic analysis revealed that Ptpn22+/+ and Ptpn22-/- Tregs had similar 

levels of surface CD25 in response to CII in CFA immunisation, as determined by the MFI 

staining. As shown in the representative FACS plots, Ptpn22-/- Tregs from draining lymph 

nodes revealed a slight (but non-significant) increase in the proportions of CD103 

positive cells and a slight (but non-significant) decrease in the proportions of CD62L 

positive cells compared to Ptpn22+/+ Tregs in response to CII in CFA immunisation. This 

was accompanied by a non-significant increase in the MFI of CD103 and a decrease in 

the MFI of CD62L, respectively. These data suggest that Ptpn22-/- Tregs may have a 

slightly activated cell-surface phenotype following CII in CFA immunisation .  
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Figure 4-3 Ptpn22-/- mice display increased proportions of CD4
+ 

CD25
+ 

FoxP3
+
 staining cells in response to 

CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 10-14 weeks of age (n=10 Ptpn22+/+; n=11 Ptpn22-/-) were 
injected intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-
matched mice of each genotype were also assessed (n=3 Ptpn22+/+; n=4 Ptpn22-/-). Eight weeks after 
immunisation, mice were sacrificed (A) Draining lymph node (dLN) (axillary, brachial, inguinal) and (B) 
Spleen (Sp) cell suspensions were stained using fluorescent antibodies. Proportions and total cell numbers 
of CD4

+ 
CD25

+
 FoxP3

+ 
cells are plotted. Each symbol represents an individual animal, horizontal bars 

represent mean ± SD. * p<0.05, ****p<0.0001 One Way ANOVA. Representative experiment of 2 (C) 
Representative staining of the CD4

+
 Treg cell compartment in the dLNs of immunised Ptpn22+/+ and 

Ptpn22-/- mice.  
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Figure 4-4 Ptpn22-/- Tregs display a modest, but non-significant, increase in activation in response to CII in 
CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 10-14 weeks of age (n=10 Ptpn22+/+; n=11 Ptpn22-/-) were 
injected intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Eight weeks after 
immunisation, mice were sacrificed, draining lymph node cell suspensions stained using fluorescent 
antibodies. CD4

+
 CD25

+ 
FoxP3

+ 
cells from lymph nodes were assessed for levels of cell-surface (A) CD25 (B) 

CD103 and (C) CD62L expression by flow cytometry. Representative histograms are shown and graphs 
show the MFI ±S.D of CD25, CD103 and CD62L expression; and mean percentage ± S.D of CD103

+
, CD62L

+ 

Tregs in the positive gate. N.S.  Unpaired T Test 
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4.3.2.3 Kinetics of Treg induction in the Ptpn22-/- mouse following CII in CFA 

immunisation  

Next, the effect of a shorter term CII in CFA immunisation on the effector/memory and 

Treg populations in Ptpn22-/- mice was determined. A secondary aim was to investigate 

whether younger mice would show an imbalance in the effector/memory:Treg 

populations following CII in CFA immunisation, given previous accounts that increases in 

the proportion of the Treg subset becomes apparent in older (>6 month old) mice but is 

not present in 6 week old mice (Brownlie et al., 2012). Thus I aimed to study the effect 

of CII in CFA immunisation on immune cell homeostasis in the presence of potentially 

reduced Treg function that is present in younger, six week old mice.  To this end, the 

effector/memory and regulatory CD4+ T cell subsets of Ptpn22+/+ and Ptpn22-/- mice of 

both eight and 16 weeks of age were compared two weeks after they had been 

immunised with CII in CFA (Figure 4-5).  Mice that were younger than 6 weeks of age 

could not be injected in accordance with Home Office regulations.  

The increase in the proportions of Treg and effector T cell populations that is observable 

in 16 week old mice eight weeks following immunisation was also present two weeks 

following immunisation of mice of the same age with CII in CFA. However, whilst the 

expansion in Tregs in the Ptpn22-/- was significant (p<0.001), in contrast to the eight 

week data, the increase in the proportion of the effector/memory CD4+ T cell 

populations in the Ptpn22-/- mouse in comparison to the Ptpn22+/+ mouse did not 

reach statistical significance two weeks following immunisation.  

The enhanced proportions of Treg and effector T cell populations was observable in the 

unimmunised eight week old Ptpn22-/- mice, although this did not reach significance for 

the effector T cell population. In response to CII in CFA immunisation in the eight week 

old mice, both the effector/memory and Treg populations were seen to be significantly 

enhanced in the Ptpn22-/- genotype. These results indicate that the effector/memory 

and regulatory CD4+ T cell populations expand shortly after CII in CFA immunisation and 

that younger mice reveal a similar increase in their Treg and effector T cell populations 

under normal conditions, which is potentiated following CII in CFA immunisation.  
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Figure 4-5 Kinetics of Treg cell induction in the Ptpn22-/- mouse following CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 6 or 14 weeks of age (n=3 per genotype for 6 week old mice; n=5 
per genotype for 14 week old mice) were injected intradermally at the base of the tail with 100μl of 
2mg/ml chicken CII in CFA. Unimmunised age-matched mice of each age and genotype were also assessed 
(n=4 per genotype at both ages). 14 days following immunisation, mice were sacrificed, draining lymph 
node (axillary, brachial, inguinal) suspensions stained using fluorescent antibodies. Proportions of CD4

+ 

CD44
hi 

CD62L
lo 

and CD4
+ 

CD25
+ 

FoxP3
+ 

T cells are plotted for mice sacrificed at the age of (A) Eight weeks 
and (B) 16 weeks. Each symbol represents an individual animal, horizontal bars represent mean ± SD. * 
p<0.05, ** p<0.01, *** p<0.001, One Way ANOVA   
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4.3.2.4 Ptpn22 modulates patterns of LFA-1 and inflammatory chemokine receptor 

expression in response to CII in CFA immunisation  

Unpublished data from our lab suggests that Ptpn22-/- T cells have an increased 

migratory capacity through the ability of Ptpn22 to regulate signalling downstream of 

integrin engagement. I hypothesised that Ptpn22-/- T cells would migrate more 

efficiently to the joint in the CIA model, and that this might explain the increase in joint 

swelling observed in paws of Ptpn22-/- mice (Chapter 3). Expression levels of LFA-1 

(Figure 4-6) and of the inflammatory chemokine receptors CXCR3, CXCR4 and CCR5 

(Figure 4-7; representative staining Figure 4-8) in the CD4+ T cell compartment were 

investigated in response to CII in CFA immunisation. Levels of expression are presented 

as MFI, and percentage positive chemokine receptor staining was also assessed for the 

chemokine receptors by comparison to the FMO control.  

Unimmunised CD4+ T cells from Ptpn22-/- mice revealed a slight increase in surface 

expression of the integrin LFA-1. The MFI of LFA-1 surface expression was statistically 

increased on CD4+ T cells eight weeks after CII in CFA immunisation (p<0.05). The 

chemokine receptor CXCR4 was expressed on  ̴70-90% of lymph node cells, and 

expression was slightly elevated in the Ptpn22-/- mouse, although this did not reach 

statistical significance. Upon immunisation, the expression pattern of CXCR4 on CD4+ T 

cells was increased in the Ptpn22+/+ and Ptpn22-/- mouse to a similar extent 

(approximately 5-10%). CXCR3 expression was very low and difficult to detect (below 

2%), and the expression analysis cannot be meaningfully interpreted on the CD4+ T cell 

compartment. CCR5 expression was found to be quite variable within Ptpn22 genotypes 

(ranging from approximately 5-17%). Although there was a general trend for slight 

increase in expression in the Ptpn22-/- mouse (10% in Ptpn22+/+ and 12.5% in Ptpn22-/-

), this was not potentiated in response to CII in CFA immunisation.   
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Figure 4-6 Ptpn22-/- CD4
+
 T cells from lymph nodes upregulate LFA-1 expression in response to CII in CFA 

immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 14 weeks of age (n=5 per genotype) mice were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-matched 
mice of each genotype were also assessed (n=4 per genotype). Two weeks after immunisation, mice were 
sacrificed and draining lymph node cells were stained for CD4 and CD3 surface expression, and for LFA-1 
surface expression for analysis by flow cytometry. Each symbol represents an individual animal, horizontal 
bars represent mean ± SD.**** p<0.0001, One Way ANOVA   
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Figure 4-7 Ptpn22-/- CD4
+
 T cells from lymph nodes reveal a minor, but non-significant, increase in their 

chemokine receptor expression in response to CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 14 weeks of age (n=5 per genotype) were injected intradermally at 
the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-matched mice of each 
genotype were also assessed (n=4 per genotype). Two weeks after immunisation, mice were sacrificed and 
draining lymph node cells were stained for CD4 and CD3 surface expression, and for (A) CXCR4, (B) CXCR3 
and (C) CCR5 chemokine receptor surface expression for analysis by flow cytometry. Both MFI and % 
positive cells are shown. Each symbol represents an individual animal, horizontal bars represent mean ± 
SD. N.S, One Way ANOVA   



- 199 - 

 

 

 

Figure 4-8 Ptpn22-/- CD4
+
 T cells from lymph nodes reveal a minor, but non-significant, increase in their 

chemokine receptor expression in response to CII in CFA immunisation Representative plots  
Male Ptpn22+/+ and Ptpn22-/- mice of 14 weeks of age (n=5 per genotype) mice were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-matched 
mice of each genotype were also assessed (n=4 per genotype). Two weeks after immunisation, mice were 
sacrificed and draining lymph node cells were stained for CD4 and CD3 surface expression, and for CXCR4, 
CXCR3 and CCR5 chemokine receptor surface expression for analysis by flow cytometry. Representative 
staining of each chemokine receptor is shown in comparison to the FMO control.  

 

 

 



- 200 - 

 

 

The staining patterns of LFA-1 and the CXCR3, CXCR4 and CCR5 chemokine receptors 

were also investigated specifically in the effector/memory CD4+ T cell subset (Figure 4-9 

and Figure 4-10). This staining revealed a significant increase in MFI of CXCR4 in the 

Ptpn22-/- mouse following CII in CFA immunisation (p<0.05), indicating that CXCR4 

expression was induced in activated T cells. Percentage positive cells for CCR5 and 

CXCR3 expression and MFI for LFA-1 expression on the effector/memory CD4+ T cell 

population were slightly increased in the unimmunised Ptpn22-/- mouse but were found 

to be no different between Ptpn22 genotypes following CII in CFA immunisation.  
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Figure 4-9 Ptpn22-/- and Ptpn22+/+ CD4
+ 

CD44
hi 

CD62L
lo 

T cells from lymph nodes display similar LFA-1 
expression in response to CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 14 weeks of age (n=5 per genotype) mice were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-matched 
mice of each genotype were also assessed (n=4 per genotype). Two weeks after immunisation, mice were 
sacrificed and CD4

+ 
CD44

hi 
CD62L

lo 
cells from lymph nodes were stained for LFA-1 surface expression for 

analysis by flow cytometry. MFI is shown. Each symbol represents an individual animal, horizontal bars 
represent mean ± SD.N.S, One Way ANOVA   
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Figure 4-10 Ptpn22-/- CD4
+
 CD44

hi 
CD62L

lo 
T cells from lymph nodes upregulate their CXCR4 chemokine 

receptor expression in response to CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 14 weeks of age (n=5 per genotype) were injected intradermally at 
the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-matched mice of each 
genotype were also assessed (n=4 per genotype). Two weeks after immunisation, mice were sacrificed and 
CD4

+ 
CD44

hi 
CD62L

lo 
cells from lymph nodes were stained for (A) CXCR4, (B) CXCR3 and (C) CCR5 

chemokine receptor surface expression for analysis by flow cytometry. Both MFI and % positive cells are 
shown. Each symbol represents an individual animal, horizontal bars represent mean ± SD. * p<0.05, One 
Way ANOVA   
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4.3.2.5 Ptpn22-/- cells reveal a modest increase in chemotaxis towards SDF-1α 

To elucidate a functional role for the increased CXCR4 expression that had been 

observed in the Ptpn22-/- CD4+ T cells, chemotaxis of CD4+ T cells to SDF-1α was 

investigated using chemotaxis chambers (Figure 4-11). Briefly, cell suspensions were 

prepared from draining lymph nodes of age-matched Ptpn22+/+ or Ptpn22-/- mice in 

RPMI, and were applied onto micropore filters that had been coated with ICAM-1. In the 

lower chamber, SDF-1α was supplemented to RPMI in a range of concentrations and the 

cells were left to migrate on the filters for 3 hours at 37˚C. Cells were collected from the 

lower chamber and stained using FACS antibodies to allow the determination of the 

proportion of CD4+ T cells that had migrated through the filter.  

The kinetics of T cell migration were similar between Ptpn22 genotypes in response to 

increasing concentrations of SDF-1α, reaching maximal migration in the region of 30% at 

the highest concentration of SDF-1α tested (100ng/ml). Importantly, background 

migration on filters that had not been coated with ICAM-1 was below 5% and no 

different between genotypes.  This confirms the LFA-1 dependency for migration for this 

assay. When normalising the percentage migration at the different SDF-1α 

concentrations to the migration that occurred in the absence of chemokine, there was a 

modest, but non-significant, increase in migration of the Ptpn22-/- T cells towards SDF-

1α, when compared to T cells from Ptpn22+/+ mice.  These results suggest that 

increased CXCR4 expression on Ptpn22-/- CD4+ T cells is associated with a modest, non-

significant, increased chemotaxis towards SDF-1α in vitro.  
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Figure 4-11 Ptpn22-/- CD4
+ 

T cells reveal a modest increase in chemotaxis towards SDF-1α  
The chemotaxis toward SDF-1α of CD4

+ 
T cells from Ptpn22+/+ and Ptpn22-/- mice was assessed in an in 

vitro chemotaxis assay. Lymph node suspensions were prepared from Ptpn22+/+ and Ptpn22-/- mice and 
applied onto micropore filters that had been coated with ICAM-1. As a control, some cells were applied 
onto micropore filters that had been coated with PBS (labelled as PBS control). In the lower chamber, SDF-
1α was supplemented in a range of concentrations and the cells were left to migrate on the filters for 3 
hours at 37˚C. Cells were collected from the lower chamber and stained using FACS antibodies to allow the 
determination of the proportion of CD4

+
 T cells that had migrated through the filter. Results are shown as 

mean ± SEM of triplicate determinations. (A) % migrated cells (B) Fold migration normalised to no 
chemokine control well.  N.S AUC 
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4.3.2.6 CD4+ T cells from Ptpn22-/- mice produce more intracellular IL-10 and IFN-γ in 

response to CII in CFA immunisation 

Given the poor reproducibility of CII recall responses in the C57BL/6 strain (Chapter 3), I 

sought to investigate the CD4+ intracellular cytokine production profile following CII in 

CFA immunisation.  

Mice of the Ptpn22+/+ and Ptpn22-/- genotypes were injected with CII in CFA and the 

intracellular cytokine staining profile of their CD4+ T cells was investigated eight weeks 

after immunisation by flow cytometry.  The expression profile of IFN-γ, IL-17, TNF-α, IL-4 

and IL-10 were assessed. The cytokine staining profiles of the draining lymph nodes 

(Figure 4-12) and spleen (Figure 4-13; representative staining in Figure 4-14) were 

investigated separately. 

Intracellular cytokine staining of the draining lymph nodes revealed no differences in the 

cytokine staining profiles of unimmunised CD4+ T cells from Ptpn22+/+ and Ptpn22-/- 

mice. However, CII in CFA immunisation significantly increased the proportion of IFN-γ+        

( ̴5% in Ptpn22-/- vs 3% in Ptpn22+/+) and IL-10+ (6% in Ptpn22-/- vs 4% in Ptpn22+/+)  

CD4+ T cells in the mice of the Ptpn22-/- genotype, compared to the Ptpn22+/+ mice 

(p<0.01 in both cases). The proportions of IL-4+, IL-17+ and TNF-α+ cells were elevated in 

response to CII in CFA immunisation but were no different between Ptpn22 genotypes. 

Analysis of the intracellular cytokine staining of splenic T cells revealed a different 

staining pattern to the draining lymph nodes in that there was a trend towards a 

numerical increase in the percentage of IFN-γ+, IL-17+, IL-4+ and IL-10+ CD4+ T cells in the 

spleen in the Ptpn22-/- unimmunised mice (this was significant for IL-10). Upon 

immunisation, the increase in the percentage of CD4+ T cells expressing IFN-γ or IL-10 in 

the Ptpn22-/- mouse reached statistical significance.  

It has been suggested that Th1 cells may be able to regulate their own activity by 

producing IL-10 (O'Garra and Vieira, 2007). CD4+ T cells from the LN were analysed for 

co-expression of IFN-γ and IL-10 (Figure 4-15). IFN-γ+ IL-10+ co-expression by Ptpn22-/- 

CD4+
 T cells was significantly increased in comparison to Ptpn22+/+ mice.  
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These data demonstrate an increase in the proportion of IFN-γ+ and IL-10+ CD4+ T cells in 

the Ptpn22-/- mouse in response to CII in CFA immunisation. It is possible that these 

cytokines are co-expressed by the same cell enabling it to regulate its own activity. 

4.3.2.7 Kinetics of IL-10 and IFN-γ production by Ptpn22-/- CD4+ T cells in Ptpn22-/- mice 

following CII in CFA immunisation  

Next, the effect of a shorter term CII in CFA immunisation on the intracellular cytokine 

staining profile in Ptpn22 deficient mice was investigated. Additionally, the question was 

asked as to whether younger mice would display a similar increase in IL-10+ and IFN-γ+ 

staining CD4+ T cells following CII in CFA immunisation. To this end, the proportions of 

IFN-γ+ and IL-10+ CD4+ T cell staining subsets of Ptpn22+/+ and Ptpn22-/- mice of 16 and 

eight weeks of age were compared two weeks following immunisation with CII in CFA 

(Figure 4-16). The 16 week old Ptpn22-/- mice displayed a similar increase in their 

proportions of CD4+ IFN-γ+ and IL-10+ populations as were observed eight weeks 

following immunisation with CII in CFA.  

Eight week old unimmunised mice revealed a very similar staining profile in response to 

a two week CII in CFA immunisation as the 16 week old mice, namely an increase in the 

proportions of their CD4+ IFN-γ+ and IL-10+ populations in the Ptpn22-/- genotype 

compared to the Ptpn22+/+ genotype (1.8% Ptpn22-/- vs 0.9% Ptpn22+/+ for IFN-γ and 

1.7% Ptpn22-/- vs 0.9% Ptpn22+/+ for IL-10) (p<0.05 and p<0.01, respectively).  

These results indicate that the increased proportion of IFN-γ and IL-10 intracellular 

staining cells is apparent shortly after CII in CFA immunisation and that younger mice 

phenocopy this cytokine staining profile. 
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Figure 4-12 CD4
+
 T cells from Ptpn22-/- mice display a higher proportion of intracellular IL-10

+
 and IFN-γ

+ 

staining cells in response to CII in CFA immunisation- Lymph nodes  
Male Ptpn22+/+ and -/- mice of 10-14 weeks of age (n=9 per genotype) were injected intradermally at the 
base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of the same age (n=3 
per genotype) were also assessed. Eight weeks after immunisation, mice were sacrificed and draining 
lymph node cells were stimulated with PMA and ionomycin in the presence of monensin for 5 hours. Cells 
were stained for CD4 and CD3 surface expression, and intracellularly for IFN-γ, TNF-α, IL-17, IL-4 and IL-10 
cytokines. Representative experiment of 2. Each symbol represents an individual animal, horizontal bars 
represent mean ± SD **P<0.01 One-Way ANOVA 
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Figure 4-13 CD4
+
 T cells from Ptpn22-/- mice display a higher proportion of intracellular IL-10

+
 and IFN-γ

+ 

staining cells in response to CII in CFA immunisation- Spleen  
Male Ptpn22+/+ and -/- mice of 10-14 weeks of age (n=9 per genotype) were injected intradermally at the 
base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of the same age (n=3 
per genotype) were also assessed. Eight weeks after immunisation, mice were sacrificed and splenocytes 
were stimulated with PMA and ionomycin in the presence of monensin for 5 hours. Cells were stained for 
CD4 and CD3 surface expression, and intracellularly for IFN-γ, TNF-α, IL-17, IL-4 and IL-10 cytokines. 
Representative experiment of 2. Each symbol represents an individual animal, horizontal bars represent 
mean ± SD **P<0.01 One-Way ANOVA 
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Figure 4-14 CD4
+
 T cells from Ptpn22-/- mice display a higher proportion of intracellular IL-10

+
 and IFN-γ

+ 

staining cells in response to CII in CFA immunisation- Representative staining spleen  
Male Ptpn22+/+ and -/- mice of 10-14 weeks of age (n=9 per genotype) were injected intradermally at the 
base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of the same age (n=3 
per genotype) were also assessed. Eight weeks after immunisation, mice were sacrificed and splenocytes 
were stimulated with PMA and ionomycin in the presence of monensin for 5 hours. Cells were stained for 
CD4 and CD3 surface expression, and intracellularly for IFN-γ, TNF-α, IL-17 and IL-4 and IL-10 cytokines. 
Representative staining of each intracellular cytokine is shown in comparison to the FMO and 
unstimulated Ptpn22+/+ control.  
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Figure 4-15 CD4
+
 T cells from Ptpn22-/- mice display a higher proportion of intracellular IL-10

+
 IFN-γ

+ 

double positive staining cells in response to CII in CFA immunisation- Lymph nodes  
Male Ptpn22+/+ and -/- mice of 10-14 weeks of age (n=9 per genotype) were injected intradermally at the 
base of the tail with 100μl of 2mg/ml chicken CII in CFA. Control unimmunised mice of the same age (n=3 
per genotype) were also assessed. Eight weeks after immunisation, mice were sacrificed and lymph node 
cells were stimulated with PMA and ionomycin in the presence of monensin for 5 hours. Cells were 
stained for CD4 and CD3 surface expression, and intracellularly for dual IFN-γ

+
IL-10

+
 cytokine staining. 

Representative experiment of 2. Each symbol represents an individual animal, horizontal bars represent 
mean ± SD **P<0.01 One-Way ANOVA 
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Figure 4-16 The increase in intracellular IL-10 and IFN-γ production by Ptpn22-/- CD4
+ 

T cells is apparent 
two weeks after CII in CFA immunisation and is also observed in younger Ptpn22-/- mice  
Male Ptpn22+/+ and Ptpn22-/- mice of 6 or 14 weeks of age (n=3 per genotype for 6 week old mice; n=5 
per genotype for 14 week old mice) were injected intradermally at the base of the tail with 100μl of 
2mg/ml chicken CII in CFA. Unimmunised age-matched mice of each age and genotype were also assessed 
(n=4 per genotype). 14 days after immunisation, mice were sacrificed, draining lymph node cells were 
stimulated with PMA and ionomycin in the presence of monensin for 5 hours. Cells were stained for CD4 
and CD3 surface expression, and intracellularly for IFN-γ and IL-10 cytokines at the age of (A) Eight weeks 
and (B) 16 weeks. Each symbol represents an individual animal, horizontal bars represent mean ± SD. * 
p<0.05, ** p<0.01, *** p<0.001, One Way ANOVA   
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4.3.3 Characterisation of the CD8+ T cell compartment in response to CII in CFA 

immunisation  

4.3.3.1 Ptpn22-/- mice display increased proportions of activated CD8+ CD44+ CD122hi 

cells in response to CII in CFA immunisation 

The effect of CII in CFA immunisation on the activation of Ptpn22+/+ and Ptpn22-/- CD8+ 

T cells was determined. Mice of the Ptpn22+/+ and Ptpn22-/- genotypes were 

immunised with CII in CFA. Their draining lymph nodes and spleens were harvested eight 

weeks after immunisation and the CD8+ T cells were stained with a number of cell 

surface markers to identify the proportions of activated CD8+ T cells (Figure 4-17). A 

small, but non-significant, increase in the proportions of CD8+ CD44+ CD122hi T cells was 

observed in Ptpn22-/- when compared to Ptpn22+/+ mice and this difference reached 

statistical significance in response to CII in CFA immunisation in both the lymph nodes 

and spleen (p<0.01 and p<0.05, respectively). In unimmunised mice, the trend for 

increased numbers of activated CD8+ T cells was maintained when total cell numbers 

were calculated, reaching statistical significance in the spleen. The Ptpn22-/- CII in CFA 

immunised mice revealed a numerical increase in the total numbers of activated CD8+ T 

cells in the spleen compared to the Ptpn22+/+ CII in CFA immunised mice, but this did 

not reach statistical significance.  

4.3.3.2 CD8+ T cells from Ptpn22-/- mice display a higher proportion of intracellular IFN-γ+ 

staining cells in response to CII in CFA immunisation 

CD8+ T cells produce high levels of IFN-γ upon activation (Teixeira et al., 2005). Given 

that increased proportions of IFN-γ+ CD4+ T cells were observed in the Ptpn22-/- mouse 

in response to CII in CFA immunisation, the question was asked as to whether a similar 

increase in IFN-γ staining cells would be observed in the CD8+ T cell compartment in the 

absence of Ptpn22. Thus, the proportion of IFN-γ+ CD8+ T cells was assessed in Ptpn22+/+ 

and Ptpn22-/- mice in response to CII in CFA immunisation (Figure 4-18). Mice of the 

Ptpn22+/+ and Ptpn22-/- genotypes were injected with CII in CFA and the intracellular 

expression of IFN-γ in the CD8+ T cell compartment was assessed by flow cytometry. 

Intracellular cytokine staining of both the draining lymph nodes and spleen revealed no 
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differences in the cytokine staining profiles of CD8+ T cells from unimmunised Ptpn22+/+ 

and Ptpn22-/- mice. However CII in CFA immunisation significantly increased the 

proportion of IFN-γ+ CD8+ T cells in the mice of the Ptpn22-/- genotype, compared to the 

Ptpn22+/+ mice (p<**P<0.01, ****P<0.0001 in the lymph nodes and spleen, 

respectively).  

These data indicate that Ptpn22 regulates the development of IFN-γ production by CD8+ 

T cells.  
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Figure 4-17 Ptpn22-/- mice display increased proportions of activated CD8
+
 CD44

+
 CD122

hi
 staining cells in 

response to CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 10-14 weeks of age (n=9 Ptpn22+/+; n=11 Ptpn22-/-) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-matched 
mice of each genotype were also assessed (n=3 Ptpn22+/+; n=4 Ptpn22-/-). Eight weeks after 
immunisation, mice were sacrificed (A) Draining lymph nodes (dLN) (axillary, brachial, inguinal) and (B) 
Spleen (Sp) cell suspensions were stained using fluorescent antibodies. Proportions and total cell numbers 
of CD8

+ 
CD44

+
 CD122

hi 
cells are plotted. Each symbol represents an individual animal, horizontal bars 

represent mean ± SD * p<0.05,**P<0.01 One-Way ANOVA. Representative experiment of 2. (C) 
Representative staining of the CD8

+ 
CD44

+
 CD122

hi 
T cell compartment in the dLN of immunised Ptpn22+/+ 

and Ptpn22-/- mice.  
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Figure 4-18 CD8
+ 

T cells from Ptpn22-/- mice display a higher proportion of intracellular IFN-γ
+ 

staining cells 
in response to CII in CFA immunisation  
Male Ptpn22+/+ and Ptpn22-/- mice of 10-14 weeks of age (n=9 per genotype) were injected intradermally 
at the base of the tail with 100μl of 2mg/ml chicken CII in CFA. Unimmunised age-matched mice of each 
genotype were also assessed (n=3 per genotype). Eight weeks after immunisation, mice were sacrificed (A) 
Draining lymph node (dLN) (axillary, brachial, inguinal) and (B) Spleen (Sp) cell suspensions were 
stimulated with PMA and ionomycin in the presence of monensin for 5 hours. Cells were stained for CD8 
and CD3 surface expression, and intracellularly for IFN-γ cytokines. Each symbol represents an individual 
animal, horizontal bars represent mean ± SD **P<0.01, ****P<0.0001, One-Way ANOVA. Representative 
experiment of 2. (C) Representative staining of the IFN-γ

+
 intracellular cytokine expression by CD8

+
 T cells 

in the Sp of immunised Ptpn22+/+ and Ptpn22-/- mice.  
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4.4 Discussion  

In the previous Chapter, I explored the development of arthritis in the Ptpn22+/+, 

Ptpn22+/- and Ptpn22-/- mouse in the CIA model and found that mice of the Ptpn22-/- 

genotype develop a modest increase in inflammatory arthritis which was accompanied 

by an enhanced Th1 response. In this Chapter, I have examined the T cell response to CII 

in CFA immunisation in the Ptpn22-/- mouse in more detail.   

Ptpn22 deficiency results in a concomitant increase in the proportion of 

effector/memory CD4+ and CD8+ T cells and Tregs (Brownlie et al., 2012). It has been 

suggested that the increase in CD4+ CD25+ FoxP3+ Tregs may compensate for the 

function of increased numbers of effector/memory T cells thus resulting in the 

maintenance of immune tolerance or homeostasis. I wished to explore the effect of 

Ptpn22 deficiency on proportions of effector/memory and regulatory CD4+ T cells in 

response to CII in CFA immunisation. CII in CFA immunisation was found to result in an 

increase in the proportion of effector/memory T cells in the Ptpn22-/- mouse and this 

associated with a concomitant and significant increase in the proportion of Tregs. 

Therefore, it appears that the enhanced regulatory mechanisms may compensate for 

the enhanced effector/memory CD4+ T cells in response to CII in CFA immunisation in 

the Ptpn22-/- mouse, and explain to some extent the subtle disease phenotypes 

between genotypes observed in the CIA experiments. Importantly, a similar effect was 

apparent regardless of whether the CD4+ compartment was analysed two or eight weeks 

following immunisation. I questioned whether the ratio of effector/memory: Treg cells 

could be increased in response to CII in CFA immunisation in younger Ptpn22-/- mice, 

since the Treg phenotype had not previously been reported in mice of six weeks of age 

(Brownlie et al., 2012). However, in response to CII in CFA immunisation, the proportions 

of Treg cells in eight week old Ptpn22-/- mice were found also to be increased to a 

similar extent to that defined in 16 week old mice.  

The increased proportion of Tregs in the Ptpn22 deficient mouse has previously been 

shown to confer protection in models of diabetes and colitis. Although one paper 

suggests greater intrinsic potential of the Ptpn22-/- Tregs at the single cell level, this is 
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not agreed by others (Brownlie et al., 2012, Zheng and Kissler, 2012). Another point of 

contention is whether the increased Tregs in the Ptpn22-/- mouse are thymically derived 

or induced in the periphery (Brownlie et al., 2012, Maine et al., 2012, Zheng and Kissler, 

2012). My data suggest that the Tregs in the Ptpn22-/- mouse might correspond to 

iTregs, as indicated by their expression of CD103 but low expression of CD62L following 

immunisation with antigen (Van et al., 2008). Recently, it has been suggested that 

Ptpn22 might be a FoxP3 regulating factor and may therefore be important in setting the 

threshold for Treg differentiation. In this paper low TCR strength was able to result in 

increased Tregs in the Ptpn22-/- mouse (Fousteri et al., 2014). 

I hypothesize that the increased proportions of Tregs in the Ptpn22-/- mouse restrain 

the pro-inflammatory burden of increased proportions of effector/memory T cells, 

thereby preventing the further development of inflammatory arthritis in the CIA model. 

In order to observe the effect of Ptpn22 deficiency on effector/memory T cells in 

response to CII in CFA immunisation with reduced regulatory restraints, future 

experiments could involve repeating the CIA model using Ptpn22-/- mice that have been 

depleted of Tregs through depletion of CD25 positive cells, an intervention which has 

previously been shown to increase the severity of CIA (Morgan et al., 2003). 

One of the main findings from this Chapter is the increase in the proportion of Th1 cells 

in response to CII in CFA immunisation in the Ptpn22-/- mouse, that corroborates the 

enhanced proportion of IFN-γ+ CD4+ phenotype and increased IgG2c:IgG1 anti-CII levels 

in the Ptpn22-/- mouse that had been observed in the CIA model (Chapter 3). A recent 

paper has also supported a role for Ptpn22 in Th1 polarisation; demonstrating that 

Ptpn22 overexpression in T cells results in attenuated Th1 differentiation of naïve CD4+ T 

cells.  The enhanced Th1 response predicts that the Ptpn22-/- mouse may be resistant to 

intracellular infections. This hypothesis needs to be formally tested in further 

experimentation. These data might be particularly important given that humans 

expressing the R620W variant display increased Th1 responses, which might explain on 

the one hand their increased susceptibility to autoimmunity but also their increased 

resistance to infections such as tuberculosis (Vang et al., 2013). CD8+
 T cells also 

represented a very important source of IFN-γ in the Ptpn22-/- mouse upon CII in CFA 
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immunisation. CD8+ T cells are a primary source of IFN-γ and are thought to also 

enhance Th1 differentiation (Teixeira et al., 2005). Therefore, lack of Ptpn22 in the CD8+ 

T cell could be beneficial for viral infections and anti-tumour immunity.  

In addition to increased expression of IFN-γ, levels of the immunosuppressive cytokine 

IL-10 were also found to be significantly increased in the CD4+ T cell in the Ptpn22-/- 

mouse in response to CII in CFA immunisation. The source of this IL-10 could be either 

the Treg or the Th1 cell (Cope et al., 2011, O'Garra and Vieira, 2007). Th1 cells have the 

capacity to autoregulate their own activity by co-inducing IFN-γ and IL-10, and then 

downregulating IFN-γ production. T cells from RA patients have been shown to express 

high levels of both cytokines (Cope et al., 2011). In the experiments described in this 

Chapter there was some evidence of co-expression by CD4+ T cells of IL-10 and IFN-γ 

which was increased in the Ptpn22-/- mouse, suggesting that the Th1 cells in the Ptpn22-

/- mouse have the capacity of autoregulation. This implies that there may be further 

autoregulation occurring in the Ptpn22-/- mouse in addition to the Treg phenotype. In 

future experiments, further staining of the CD4+ T cell compartment will allow the 

determination of the specific CD4+ cellular source of the increased IL-10.   

Recent data from our lab has implicated Ptpn22 in controlling integrin mediated T cell 

adhesion and migration (Svensson et al., 2011, Brownlie et al., 2012). T cells from Ptpn22 

deficient mice have been found to migrate more rapidly than their Ptpn22+/+ 

counterparts. Additionally, Ptpn22-/- mice were reported to have increased LFA-1 

abundance and it was suggested that Tregs from Ptpn22-/- mice could traffic to sites of 

inflammation more efficiently and form more stable contacts with their target cells 

(Brownlie et al., 2012). The abundance of LFA-1 was also found to be increased in 

Ptpn22-/- CD4+ T cells in this experiment, although it was not found to be specifically 

increased in the effector/memory CD4+ T cell compartment.  

The pathogenesis of CIA involves the recruitment of leukocytes to the joint. The 

inflammatory chemokine receptors CXCR4, CCR5 and CXCR3 have all been implicated in 

the development of CIA (Al‐Banna et al., 2014, Chung et al., 2010, Bao et al., 2005). 

CXCR3 and CCR5 are expressed primarily on Th1 cells in the rheumatoid synovium 
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(O'Garra et al., 1998). Th1 cells have been shown to be attracted to RA synovial fluid 

through the SDF-1/CXCR4 system and SDF-1 is expressed at high levels in RA synovial 

tissues (Burman et al., 2005, Bradfield et al., 2003). A role for Ptpn22 in regulating 

chemokine receptor expression was assessed by comparing expression of CXCR3, CCR5 

and CXCR4 on the CD4+ T cells, as well as on the effector/memory CD4+ T cell between 

Ptpn22+/+ and Ptpn22-/- mice both in resting (unimmunised) and activated (immunised) 

T cells. Although there was a trend for increased expression of chemokine receptors in 

the Ptpn22-/- mouse, and this was generally found to increase following T cell activation, 

the most significant finding was an increase in the abundance of CXCR4 expression in the 

Ptpn22-/- effector/memory CD4+ T cell in response to CII in CFA immunisation. 

Functionally, Ptpn22-/- CD4+ T cells showed a modest, albeit non-significant, increase in 

migration to the chemokine SDF-1α. Given that CXCR4 has been shown to physically 

associate with the TCR (and utilises Zap70) to signal in T cells this observation merits 

further study (Kumar et al., 2006). Further meaningful experimentation will involve 

analysis of CXCR4 expression in the joints of arthritic mice in the CIA model and 

chemotaxis on these cells in particular.  
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Chapter 5 Regulation of Th1 Effector 

Responses by Ptpn22 
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5.1 Introduction 

In Chapter 3 and Chapter 4, it was demonstrated that in response to CII in CFA 

immunisation, the proportions of IFN-γ+ CD4+ T cells in the lymphoid organs of Ptpn22-/- 

mouse were increased compared to Ptpn22+/+ mice. Furthermore, upon immunisation, 

Ptpn22-/- mice revealed a decrease in the ratio of IgG1:IgG2c CII specific antibodies 

compared to control Ptpn22+/+ mice. Together, these data suggest a functional role of 

Ptpn22 in the balance of the Th1 response in response to CII in CFA immunisation. The 

next aims were thus to understand the regulation of Th1 effector responses by Ptpn22. 

To this end, T cell intrinsic and extrinsic (ie. APC mediated) mechanisms of Th1 

regulation by Ptpn22 were investigated.  

5.1.1 Does Ptpn22 have a T cell intrinsic role in controlling Th1 polarisation? 

Through its ability to regulate TCR signalling, it was hypothesised that Ptpn22 might have 

a T cell intrinsic role in T cell polarisation. Other PTPs, such as SHP-1, have previously 

been shown to regulate Th1 development (Yu et al., 2005) whilst dual-specificity 

phosphatase 16 (DUSP-16) has been shown to favour Th2 responses (Musikacharoen et 

al., 2011). The T cell intrinsic contribution of Ptpn22 as a regulator of Th1 differentiation 

was investigated both in an in vitro and in vivo assay of Th differentiation. The in vivo 

model utilised was a variation of a model of lymphopenia induced differentiation 

(Goldrath and Bevan, 1999, Salmond et al., 2014, Singh et al., 2001, Sprent and Surh, 

2011). 

5.1.2 Does Ptpn22 have a DC intrinsic role in controlling Th1 polarisation? 

In addition to investigating the role of Ptpn22 as a T cell intrinsic regulator of Th1 

polarisation, the question was also asked as to whether Ptpn22 might regulate Th1 

polarisation through a T cell extrinsic mechanism, namely through its effect on the DC. 

For example, previously it has been reported that DC-specific ablation of the PTP SHP-1 

promotes Th1 polarisation and induces autoimmunity (Kaneko et al., 2012). DCs have a 

vital role in initiating and modulating immune responses of T cells to pathogens. Mature 

DCs present MHC-antigenic peptide complexes together with co-stimulatory molecules 
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to naïve CD4+ T cells. They are also able to secrete various cytokines. In this context, the 

DC is able to direct the differentiation of the naïve T cell into effector T cells such as 

those of the Th1, 2, or 17 lineages (as reviewed in Chapter 1). IL-12p70 production by 

DCs has been shown to promote cell-mediated immunity against a variety of pathogens 

by favouring Th1 responses (Athie-Morales et al., 2004). IL-12p70 binds to the IL-12Rβ2 

and signals through the Janus Kinase (Jak)/STAT signalling pathway.  STAT-1, STAT-4 and 

T-bet have been shown to be important in the production of IFN-γ in response to IL-12 

(Thierfelder et al., 1996, Gollob et al., 1998).  

It has previously been reported that DCs and macrophages express high levels of Ptpn22 

(Arimura and Yagi, 2010; biogps.org). There is increasing understanding as to how 

Ptpn22 might regulate DCs. In one paper Ptpn22-/- DCs augmented co-stimulatory 

marker upregulation after LPS stimulation and revealed increased capacity to activate 

antigen-specific T cells (Zhang et al., 2011). A recent paper has described a positive role 

for Ptpn22 in potentiating TLR driven type-1 IFN dependent immunity in DCs (Wang et 

al., 2013). These effects of Ptpn22 were found to be conferred not by its direct 

phosphatase activity, but instead by a mechanism involving TRAF3 ubiquitination, which 

potentiates IRF3 and IRF7 phosphorylation (Wang et al., 2013).  

In our lab, a post-doctoral member has reported siginificantly increased numbers of 

CD8α- cDCs in the spleen and lymph nodes of Ptpn22-/- mice (Dr Harriet Purvis, personal 

communication). CD8α- cDCs have an important role in CD4+ T cell activation and in 

immunity to extracellular pathogens. This suggests that Ptpn22 regulates DC 

proliferation and differentiation, and may in turn regulate differentiation of naïve T cells 

into Th cells.  

It is difficult to distinguish between DC intrinsic versus T cell intrinsic effects of Ptpn22 

deficiency in the global Ptpn22 deficient mouse. To address this issue, specific analysis of 

the role of Ptpn22 in the DC in promoting Th1 responses was investigated by performing 

in vitro co-cultures of DC with TCR transgenic CD4+ T cells, which would allow use of DCs 

that are either sufficient or deficient for Ptpn22. Ptpn22 sufficient OT-II TCR transgenic 

CD4+ T cells were used, allowing for the determination of antigen-specific proliferation 
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and cytokine production elicited by Ptpn22 genotype specifically in the DC. OT-II mice 

express Vα2/Vβ5 TCR specific for OVA peptide in the context of MHC Class II I-Ab. 

The increased Th1 polarisation in Ptpn22-/- mice that had been observed in previous 

Chapters was observed in response to antigen immunisation in the presence of CFA.  

CFA is a mycobacterial lysate that stimulates through TLR2. Th1 immunity is normally 

activated by CFA. Given that the role of Ptpn22 in the DC on Th1 polarisation was to be 

investigated, a number of factors were incorporated into the co-culture model which 

would promote Th1 responses. Firstly, for the DCs, BMDCs were grown in GM-CSF. GM-

CSF is produced at low constant levels during steady-state conditions but its production 

is increased during inflammation, and it is thought to promote the response of 

inflammatory DCs which have a strong immunogenic phenotype and can promote Th1 

responses (van de Laar et al., 2012). The BMDCs were matured in the presence of LPS 

from E. coli, which is a well-known factor in priming DCs for the promotion of Th1 

responses.  
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5.2 Aims 

The aims of this Chapter were to: 

1. Determine whether immunisation with ovalbumin in CFA promotes a similar Th1 

accumulation to CII in CFA immunisation in Ptpn22-/- mice.  

2. Determine whether Ptpn22 is a T cell intrinsic factor in driving Th1 polarisation in 

vitro and in vivo. 

3. Investigate the role of Ptpn22 on the growth and LPS-induced maturation of 

BMDCs.  

4. Utilise the BMDC: OT-II transgenic T cell co-culture system to investigate whether 

Ptpn22 is a T cell extrinsic factor in driving Th1 polarisation in vitro through its 

effect on the BMDC.  
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5.3 Results 

5.3.1 Ptpn22-/- mice display an exaggerated Th1 phenotype in response to CII 

immunisation in CFA 

It has previously been shown that Th1 cells, together with Th17 cells, may play a role in 

the pathogenesis of CIA (Damsker et al., 2010). In Chapter 3, a CIA disease study 

revealed significantly increased proportions of intracellular IFN-γ+ CD4+  T cells in the 

draining lymph nodes and spleen of the Ptpn22-/- genotype upon PMA and ionomycin 

stimulation compared to mice of the Ptpn22+/+ and Ptpn22+/- genotypes. The increase 

in the proportion of IFN-γ+ CD4+ T cells in the Ptpn22-/- mouse was also apparent in 3 

additional CII in CFA recall experiments, where mice were harvested either 2 or eight 

weeks following immunisation (Chapter 4). These results suggest increased polarisation 

of the Ptpn22-/- CD4+ T cell toward the Th1 lineage in response to CII in CFA 

immunisation and the two week data reveal a relatively early effect of the phosphatase 

in regulating Th1 polarisation. 

It was of interest to investigate whether the polarisation to the Th1 lineage in the 

Ptpn22-/- mouse could be reproduced in response to an alternative, foreign antigen. 

Thus, the CD4+ T cell cytokine profiles in the lymphoid organs following immunisation of 

Ptpn22+/+ and Ptpn22-/- mice with ovalbumin in CFA and CII in CFA in parallel, 18 and 

14 days post immunisation, respectively, was assessed (Figure 5-1). Immunisation with 

ovalbumin in CFA lead to an increase in percentage of IFN-γ+ CD4+ T cells in the Ptpn22-/- 

mouse compared to the Ptpn22+/+ mouse in an analogous way to CII in CFA 

immunisation, although for the ovalbumin in CFA immunisation this did not reach 

statistical significance.  

This data suggests that enhanced Th1 polarisation in the Ptpn22-/- mouse may occur in 

response to general antigen in CFA, but this requires further investigation. 
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Figure 5-1 Ptpn22-/- mice display an exaggerated Th1 phenotype in response to CII immunisation in CFA   
Male Ptpn22+/+ and Ptpn22-/- mice of 10-14 weeks of age (n=3 or 5 per group) were injected 
intradermally at the base of the tail with 100μl of 2mg/ml chicken CII in CFA (CII) or subcutaneously with 
200ul of 1mg/ml ovalbumin protein in CFA. Animals were sacrificed 18 days (CII) or 14 days (Ovalbumin) 
following immunisation, draining lymph node cells and splenocytes were pooled and stimulated with PMA 
and ionomycin in the presence of monensin for 5 hours. Cells were stained for CD4 and CD3 surface 
expression, and intracellularly for IFN-γ cytokine. Each symbol represents an individual animal, horizontal 
bars represent mean ± SD. ** P<0.01, Unpaired T test. 
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5.3.2 Polarisation of naive polyclonal Ptpn22+/+ and Ptpn22-/- CD4+ T cells is 

similar in vitro in the absence of APCs 

PTPs have a role in TCR signalling and thus may have a role in T cell differentiation. For 

example, Th1 polarisation has previously been shown to be defective in mice mutant for 

the phosphatase SHP-1 (Yu et al., 2005). To determine whether Ptpn22 is a key T cell-

intrinsic factor that regulates differentiation of Th cells, its function was tested in an 

assay of in vitro Th polarisation in the absence of APCs.   

Naïve CD4+ CD44lo CD62Lhi T cells were isolated from the lymph nodes of Ptpn22-/- and 

Ptpn22+/+ mice and stimulated under Th1 cell polarising conditions using IL-12 and anti-

IL-4. Six days later, Th1 cells differentiated from naïve lymphocytes were determined by 

examining the IFN-γ and TNF-α intracellular staining profiles of the differentiated cell 

populations upon stimulation with PMA and ionomycin (Figure 5-2). The absence of 

Ptpn22 did not alter the differentiation of Th1 cells, since the percentages of the 

intracellular IFN-γ+ and TNF-α+ CD4+ T cell populations were no different between 

genotypes.  

In parallel experiments to the Th1 polarising conditions, the role of Ptpn22 in Th2 and 

Th17 polarisation was also examined (Figure 5-2).  Again, no differences were observed 

in the differentiation of naïve CD4+ CD44lo CD62Lhi T cells to either lineage, as determined 

by the proportions of IL-4+ and IL-17+ staining CD4+ T cells, respectively. Although a 

modest increase in IL-4 levels in Ptpn22-/- T cells is shown in the representative 

experiment (17.46 versus 5.37%), this finding was not consistent, and over multiple 

experiments no differences in IL-4 production were observed between the Ptpn22+/+ 

and Ptpn22-/- Th2 polarised cells. These results suggested that, under the conditions of 

TCR strength used here, Ptpn22 does not appear to be a T cell intrinsic factor that 

regulates Th cell lineage commitment. 
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Figure 5-2 Polarisation of naive polyclonal Ptpn22+/+ and Ptpn22-/- CD4
+
 T cells is comparable in vitro in 

the absence of APCs 
Expression of IFN-γ, TNF-α, IL-4, IL-10 and IL-17 in activated CD4

+
 T cells generated in vitro from purified 

naive CD4
+
 CD44

lo
 CD62L

hi
 T cells from wild-type or Ptpn22-/- mice cultured with plate bound anti-CD3 and 

anti-CD28 (plate bound anti-CD3; soluble anti-CD28 for Th17) for five days in various polarising conditions 
as described in Methods. Cells were cultured in the absence of APCs and restimulated for 5 h with PMA 
and ionomycin, in the presence of monensin. (A) Percentages of IFN-γ

+
, IL-4

+
, IL-10

+
, IL-17

+
 and TNF-α

+
 

CD4
+
 T cells for unpolarised cells and cells polarised to Th1, Th2 and Th17 lineages. Data are mean ± SEM 

for representative experiment of 3 independent experiments, triplicate cultures per experiment N.S., 
Unpaired T test (B) Representative flow cytometry cytokine staining from 1 independent experiment.  
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5.3.3 Polarisation of naive polyclonal Ptpn22+/+ and Ptpn22-/- CD4+ T cells is 

similar in vivo in a lymphopenic environment 

To further investigate how Ptpn22 regulates Th development in vivo the ability of CD4+ T 

cells from Ptpn22+/+ and Ptpn22-/- mice to differentiate into IFN-γ producing cells in an 

in vivo model of lymphopenia-induced differentiation was investigated (Figure 5-3).  

Naïve CD4+ CD44lo CD62Lhi T cells were purified separately from Ptpn22+/+ and Ptpn22-/- 

mice, labelled with CTV and injected intravenously into sex-matched Rag2-/- mice. The 

frequency of naïve CD4+ T cells was comparable before injection (data not shown).  

It had previously been shown that in a lymphopenic environment Ptpn22-/- naïve CD4+ T 

cells proliferate/survive more than their wild-type counterparts in response to contact 

with self-ligands in a lymphopenic environment (Brownlie et al., 2012). We observed a 

similar phenomenon when assessing proliferation of Ptpn22+/+ and Ptpn22-/- T cells 

recovered from recipient mice 3 days after injection and chose to study cytokine 

production at the 7 day timepoint, when proliferation rates were found to be more 

comparable between genotypes, as was indicated by similar levels of CTV dye dilution 

(data not shown).  

7 days after injection, CD4+ T cells from splenocytes were assessed for their levels of 

intracellular cytokine production. No differences were observed between Ptpn22+/+ and 

Ptpn22-/- T cells in their ability to produce intracellular cytokines (IFN-γ, IL-4, IL-10, IL-

17A and TNF-α were measured) (Figure 5-3).  In particular, no differences were observed 

in the ability of naïve CD4+
 T cells to convert to cells of a Th1 phenotype. These data 

provided yet further evidence to suggest that Ptpn22 deficiency in T cells alone is 

insufficient to regulate Th differentiation. 
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Figure 5-3 Polarisation of naive polyclonal Ptpn22+/+ and Ptpn22-/- CD4
+
 T cells is similar in vivo in a 

lymphopenic environment  
(A) Naïve CD4

+ 
CD44

lo 
CD62L

hi
 T cells were sorted by FACS from Ptpn22+/+ and Ptpn22-/- mice of 6-7 

weeks of age. 1 million naïve CD4
+
 cells were injected i.v. into Rag2-/- hosts. 7 days after injection, 

splenocytes from each recipient Rag2-/- mouse were stimulated with PMA and ionomycin in the presence 
of monensin for 5 hours. Cells were surface stained for CD4 and CD3 surface expression, and intracellularly 
for IFN-γ, IL-4, IL-10, IL-17A and TNF-α cytokines. Each symbol represents an individual animal, horizontal 
bars represent mean ± SD. N.S., Unpaired T test. (B) Representative staining of each intracellular cytokine 
is shown for CD4

+
 T cells from Rag2-/- mice 7 days following injection with Ptpn22+/+ and Ptpn22-/- naïve 

CD4
+
 T cells. Experiment performed by Dr Georgina Cornish.  
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5.3.4 Ptpn22+/+ and Ptpn22-/- immature BMDCs mature similarly following LPS 

activation 

The impact of Ptpn22 deficiency on the ability of haematopoietic cell precursors to 

differentiate into DCs in vitro was studied. This was undertaken by growing BMDCs in 

the presence of GM-CSF, since this growth factor promotes the differentiation of cDCs 

from mouse haematopoietic progenitor cells. BMDCs from mouse femurs of Ptpn22+/+ 

and Ptpn22-/- mice were cultured for a period of 7 days in vitro in the presence of GM-

CSF. Comparable levels of CD11c expression and maturation status were observed for 

Ptpn22+/+ and Ptpn22-/- BMDCs as determined by flow cytometric analysis of CD11c, 

CD40, CD86 and MHC class II expression (Figure 5-4A, C).  

Next, the maturation phenotype of Ptpn22+/+ and Ptpn22-/- BMDCs in response to LPS 

stimulation was compared. LPS induced similar maturation of Ptpn22+/+ and Ptpn22-/- 

BMDCs as determined by flow cytometric analysis of CD40, CD86 and MHC-II. Data for 

maturation are expressed as MFI (Figure 5-4C) with representative plots shown (Figure 

5-4B).  

Collectively, these results show that Ptpn22 does not notably influence the maturation 

programme of BMDCs following differentiation in the presence of GM-CSF nor their 

activation phenotype following LPS stimulation in vitro.  
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Figure 5-4 Ptpn22+/+ and Ptpn22-/- BMDCs mature similarly following LPS stimulation 
(A) Bone marrow progenitor cells were isolated from the femurs of Ptpn22+/+ and Ptpn22-/- mice and 
cultured for 7 days in the presence of GM-CSF to generate immature BMDCs. Immature BMDCs were 
analysed for CD11c surface expression by flow cytometry (B) BMDCs were matured in the presence of LPS 
(100ng/ml) for 12 hours. Surface expression of CD40, CD86, and MHC-II was analysed by flow cytometry. 
Data shown are representative histograms from five independent experiments. (C) As in (B), showing 
paired experiments for surface expression of CD40, CD86, and MHC-II before and after LPS stimulation. 
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5.3.5 LPS stimulation of BMDCs enhances IFN-γ and IL-17 cytokine production 

by responder OT-II CD4+ T cells  

E. coli LPS signals through TLR4 and was chosen for BMDC maturation as it skews the 

induction of Th1 responses which was relevant to subsequent experiments (Pulendran 

et al., 2001). 

The effect of maturation of Ptpn22+/+ and Ptpn22-/- BMDCs with LPS on cytokine 

expression by the CD4+ T cell was investigated in an in vitro co-culture system. To this 

end, OVA-specific, MHC class II- restricted (I-Ab), αβTCR transgenic mice (OT-II mice) 

were used, where the majority of CD4+ T cells are OVA-specific through expression of 

Vα2 and Vβ5 TCR chain transgenes. Specifically, in vitro experiments were conducted in 

which BMDCs from Ptpn22+/+ or Ptpn22-/- mice were co-cultured with wild-type OT-II 

CD4+ T cells in the presence of OVA peptide 323-339. Intracellular cytokine staining data 

are expressed as percentage cytokine positive staining cells for IL-17 and IFN-γ and as 

MFI for TNF-α (in the cytokine staining profile for TNF-α it is not possible to distinguish 

between positive and negative cytokine staining populations). The levels of cytokine 

secretion by the CD4+ T cell (assayed by cytokine ELISA) were also assessed (Figure 5-5). 

LPS stimulation of either Ptpn22+/+ or Ptpn22-/- BMDCs promoted an increase of 

approximately 5% in IFN-γ+ OT-II CD4+ T cells after 6 days in co-culture (regardless of the 

Ptpn22 genotypes of the BMDC) compared to the unstimulated BMDCs. Soluble IFN-γ 

cytokine was also found to accumulate (by approximately three- fold) in the cell culture 

supernatant following LPS treatment of the BMDCs, as determined by ELISA. IL-17+ OT-II 

CD4+ staining cells were reduced in proportion but soluble IL-17 cytokine was found to 

have accumulated in the cell culture supernatant in response to co-culture with LPS- 

stimulated BMDCs of either Ptpn22 genotype. This accumulation was more than a four-

fold increase in the Ptpn22+/+ mice. TNF-α cytokine production (either intracellular or 

soluble) by the OT-II CD4+ T cell was no different regardless of whether it was in co-

culture with mature or immature BMDCs of either Ptpn22 genotype.  
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Collectively, these data support a role of LPS maturation of the BMDC in the induction of 

both Th1 and Th17 responses by the OT-II transgenic CD4+ T cell in co-culture 

experiments with OVA 323 peptide.  

 

 

 

 

 

 

 

 

 



- 235 - 

 

 

Figure 5-5 LPS stimulation of BMDCs enhances IFN-γ and IL-17 cytokine production by responder OT-II 
CD4

+
 T cells  

CD4
+
 T cells from Ptpn22+/+ OT-II mice were co-cultured for 6 days with BMDCs (100,000 T cells: 50,000 

DCs in 96 well round bottom plate) from Ptpn22+/+ or Ptpn22-/- mice that were either immature (-LPS) or 
matured with LPS (100ng/ml) (+LPS) and had been pre-pulsed with OVA 323 peptide at 1μg/ml. (A) TNF-α, 
IL-17 and IFN-γ production by CD4

+
 T cells was analysed by flow cytometry following restimulation for 5 h 

with PMA and ionomycin, in the presence of monensin. Percentages of cytokine producing cells are shown 
for IFN-γ and IL-17; MFI is shown for TNF-α. (B) Cytokine production measured by ELISA. Data averages 
from 3 independent experiments (each experiment is one animal per genotype), minimum duplicate wells 
per experiment. Horizontal bars represent mean + SEM. * p<0.05, Two-Way Anova. 
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5.3.6 Ptpn22+/+ and Ptpn22-/- antigen- pulsed BMDCs promote similar 

proliferation in OT-II CD4+ T cells 

Given that a T cell intrinsic effect of Ptpn22 on Th1 polarisation had not been observed 

in studies of Ptpn22 deficient T cells (Section 5.3.2) it was reasoned that Ptpn22 might 

still regulate Th1 polarisation in a cell extrinsic manner, through its effect on the APC 

rather than the T cell. 

To test this hypothesis directly in vitro, experiments were performed in which OVA 323 

pulsed, LPS-activated BMDCs from Ptpn22+/+ or Ptpn22-/- mice were co-cultured with 

wild-type Ptpn22+/+ OT-II CD4+ T cells.  

First, the effect of the genotype of the BMDC on influencing OT-II CD4+ T cell 

proliferation was investigated 6 days after co-culture initiation by labelling OT-II CD4+ T 

cells with CTV vital dye and examining the dye dilution by flow cytometry. A range of 

OVA 323 peptide concentrations was tested in this system (ranging from 0.001 to 

1μg/ml) (Figure 5-6A). Decreasing levels of proliferation were observed in response to 

decreasing concentrations of OVA 323 peptide, as evidenced by reduced dye-dilution 

peaks. No differences were observed between the proliferation promoted by the co-

culture with Ptpn22+/+ and Ptpn22-/- BMDCs at any OVA 323 peptide concentration 

tested. 

Following the initial phase of OT-II CD4+ effector population differentiation, cells were 

re-challenged with fresh OVA 323 peptide loaded BMDCs for a further 24 (Figure 5-6B) 

and 48 hours (Figure 5-6C) and proliferation in response to re-challenge was determined 

by CTV vital dye dilution. The BMDCs used for rechallenge were of the same genotype as 

those used to initially set up the co-culture. No detectable differences were observed 

between the proliferation of the effector CD4+ T cell population of the cells that had 

been co-cultured with BMDCs of the Ptpn22+/+ or Ptpn22-/- genotype.   

Together, these data indicate that Ptpn22 does not regulate proliferation of the T cell in 

a cell extrinsic manner and this is true regardless of whether the T cell that is being 

stimulated is a naïve or an effector cell that is re-exposed to its cognate antigen. 
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Figure 5-6 Ptpn22+/+ OT-II CD4
+
 T cells proliferate similarly in in vitro co-culture with OVA 323 pulsed 

Ptpn22+/+ or Ptpn22-/- BMDCs  
CD4

+
 T cells from Ptpn22+/+ OT-II mice were co-cultured with LPS- matured BMDCs (100,000 T cells: 

50,000 DCs in 96 well round bottom plate) from Ptpn22+/+ or Ptpn22-/- mice that had been pre-pulsed 
with OVA 323 peptide at a range of concentrations (1μg/ml, 0.1μg/ml, 0.01μg/ml, 0.001ug/ml). Data are 
for (A) 6 days after co-culture initiation; and following re-stimulation with freshly-pulsed APCs for a further 
(B) 24 hour and (C) 48 hours. Histograms show OT-II proliferation as measured by dilution of CTV dye. 
Graphs show percentage of OT-II CD4

+
 T cells from that have undergone 0–8 cell divisions, as calculated by 

the FlowJo curve-fitting software. Representative experiment of two.  
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5.3.7 Ptpn22-/- BMDCs promote Th1 differentiation of OT-II CD4+ T cells in vitro 

following antigen re-challenge 

Next, the effect of the Ptpn22 genotype of the BMDC on the cytokine production profile 

of the OT-II CD4+ T cell was investigated in vitro by performing co-culture experiments in 

a similar fashion to those described in Section 5.3.6.  OVA peptide pulsed, LPS- activated 

BMDCs from Ptpn22+/+ or Ptpn22-/- mice were co-cultured with wild-type Ptpn22+/+ 

OT-II CD4+ T cells over a period of six days. Expression of positive intracellular cytokine 

staining cells (Figure 5-7; MFI Figure 5-9) or secreted (Figure 5-10) IFN-γ, IL-17 and TNF-α 

production were assessed by intracellular flow cytometry or ELISA, respectively. OVA 

323 peptide was tested at 1, 0.1 and 0.01μg/ml to explore the influence of TCR signal 

strength on this experimental system. Representative intracellular cytokine staining is 

shown in response to OVA 323 stimulation at 1μg/ml (Figure 5-8). Summary intracellular 

data are expressed as percentage cytokine positive staining cells for IL-17 and IFN-y only 

(in the cytokine staining profile for TNF-α it is not possible to distinguish between 

positive and negative cytokine staining populations). 

Six days after BMDC: OT-II CD4+ T cell co-culture initiation an OVA 323 dose dependant 

decrease in the proportions of IFN-γ+ OT-II CD4+ T staining cells was observed regardless 

of the Ptpn22 genotype of the BMDCs used in the co-culture. In contrast to the effect on 

IFN-γ, lower strength TCR stimulation promoted increased proportions of IL-17+ OT-

II+CD4+ staining cells. Importantly, no differences were observed in the proportions of 

intracellular cytokine staining cells between the OT-II CD4+ T cells co-cultured with 

BMDCs of either the Ptpn22+/+ or Ptpn22-/- genotypes at any OVA 323 concentration 

tested six days after co-culture initiation (Figure 5-7A; Figure 5-8A). MFI staining of IFN-γ, 

IL-17 and TNF-α was found to be no different between Ptpn22 genotypes (Figure 5-9A).  

Cytokine secretion data measured by ELISA found no difference in the levels of IFN-γ, 

TNF-α or IL-17 soluble cytokine production between the OT-II CD4+ T cells co-cultured in 

the presence of BMDCs of either the Ptpn22+/+ or Ptpn22-/- genotypes at any OVA 323 
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concentration tested six days after co-culture initiation. Levels of TNF-α cytokine 

production were very low (Figure 5-10A). 

Following OT-II CD4+ effector population expansion, T cells were re-challenged with 

fresh OVA 323 loaded BMDCs for a further 24 and 48 hours. Once again, proportions of 

intracellular cytokine staining cells or secreted IFN-γ, IL-17 and TNFα production were 

assessed by flow cytometry or ELISA, respectively. At 24 and 48 hours post re-

stimulation similar trends were observed in the proportions of IFN-γ+ and IL-17+ OT-II 

CD4+ T cells in response to decreasing concentration of OVA 323 as those observed for 

the six day time point, namely a decrease in IFN-γ and increased IL-17 production in 

response to decreasing OVA 323 concentration (Figure 5-7, Figure 5-8, Figure 5-9 B-C). 

This was most striking at the 24 hour restimulation timepoint. This was found to occur 

irrespective of the Ptpn22 genotype of the BMDC. Levels of intracellular TNF-α, as 

measured by MFI, were no different between OVA 323 concentration (Figure 5-9B-C). 

The cytokine secretion data phenocopied the intracellular data in that IFN-γ accumulates 

with increasing OVA 323 peptide at 24 and 48 hours after effector OT-II CD4+ T cell re-

stimulation, whilst the opposite is true for IL-17. In contrast to the intracellular cytokine 

staining data, ELISA revealed an accumulation of TNF-α and IL-17 cytokine in cell culture 

supernatant in response to restimulation with increasing OVA 323 peptide concentration 

(Figure 5-10 B-C). The highest levels of soluble IL-17 production by the OT-II CD4+ T cell 

were measured at the 24 hour restimulation timepoint.  

Importantly, at the highest dose of OVA 323 peptide tested (1μg/ml), there was a robust 

and significant increase in the proportions of effector IFN-γ+ OT-II CD4+
 staining cells 24 

and 48hours post OVA 323 re-stimulation with BMDCs of the Ptpn22-/- as compared to 

the Ptpn22+/+ genotype (this was observed for both percentage positive staining and 

MFI) (Figure 5-7, Figure 5-8, Figure 5-9 B-C). Increased levels of IFN-γ cytokine 

production in the cell culture supernatant in response to co-culture with Ptpn22-/- 

BMDCs recapitulated the intracellular cytokine data (Figure 5-10 B-C). At lower 

concentrations of OVA 323 peptide stimulation, no such difference was observed. A 

numerical increase in TNF-α cytokine secretion by OT-II CD4+ T cells co-cultured with 
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Ptpn22-/- BMDCs was also observed following re-stimulation and this increase matched 

the IFN-γ cytokine profile; in the case of TNF-α this did not reach statistical significance. 

In accordance with the reciprocal relationship between IFN-γ and IL-17 production, 

levels of IL-17 cytokine production were numerically higher in the OT-II CD4+ T cells that 

had been co-cultured with BMDCs of the Ptpn22+/+ genotype (this was not significant).  

The results of these experiments suggest that Ptpn22 may have a T cell extrinsic role in 

promoting Th1 polarisation of effector T cells in response to antigen re-stimulation of 

the OT-II effector population, as evidenced by increased IFN-γ and TNF-α production.  

The data indicate that Ptpn22 deficiency in DC is sufficient to perturb Th1 

differentiation. 
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Figure 5-7 Ptpn22-/- BMDCs promote Th1 differentiation of OT-II CD4
+
 T cells in vitro following antigen re-

challenge-Intracellular cytokine data  
(A) CD4

+
 T cells from Ptpn22+/+ OT-II mice were co-cultured for 6 days with LPS- matured BMDCs (100,000 

T cells: 50,000 DCs in 96 well round bottom plate) from Ptpn22+/+ or Ptpn22-/- mice that had been pre-
pulsed with OVA 323 peptide at a range of concentrations (1μg/ml, 0.1μg/ml, 0.01μg/ml). 6 days after the 
initial activation in culture, cells were re-stimulated with BMDCs of the same genotype that had been 
peptide pulsed with OVA 323 at the same concentration as the original BMDCs, for a further (B) 24 and (C) 
48 hours. IL-17 and IFN-γ production by CD4

+
 T cells was analysed by flow cytometry following 

restimulation for 5 h with the phorbol ester PMA and ionomycin, in the presence of monensin. 
Percentages of cytokine producing cells are shown for IFN-γ and IL-17. Data averages from 4 independent 
experiments (each experiment is one animal per genotype), minimum duplicate wells per experiment. 
Horizontal bars represent mean + SEM. ** p<0.01, Two-way ANOVA 
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6.3.1.1 Reduced signalling strength may reveal a functional role for Ptpn22 in pathways 

downstream of immune complex ligation  

Two other laboratories have reported arthritis of equal severity between Ptpn22 

genotypes (Wang et al., 2013, Maine et al., 2014), while another group has reported 

reduced arthritis development in the Ptpn22-/- mouse in the K/BxN serum transfer 

model compared to the Ptpn22+/+ mice (personal communication from Dr Mohini Gray, 

University of Edinburgh). The overall severity of arthritis in response to K/BxN serum 

transfer reported by these groups was much greater than that reported in my 

experiments (reaching maximal levels of 12 in the study of Wang et al. and a 40% 

increase in paw thickness over unimmunised controls in the report by Maine et al.) 

(Maine et al., 2014, Wang et al., 2013). It was reasoned that the impact of Ptpn22 in 

pathways downstream of immune complex ligation might be uncovered under 

conditions of lower signal strength, for example at low levels of IgG1/FcγR stimulation. It 

was therefore hypothesised that the batch of serum used in my experiments might be 

less arthritogenic than the serum used in the experiments reported by the groups of 

Sherman, Peterson and Gray.  

Analysis of serum anti-GPI antibody levels are commonly used as a measure of K/BxN 

serum arthritogenicity (Monach et al., 2008). Therefore, to test this hypothesis directly, 

an indirect ELISA was undertaken to assay the levels of anti-GPI antibodies in the serum 

used for injection and arthritis induction in our experiments (serum A) and compared 

directly to an aliquot of serum kindly provided by Dr M. Gray (serum E) (Figure 6-3).  

Serum from control mice provided an indication of background levels of anti-GPI in the 

serum of unmanipulated C57BL/6 mice. Anti-GPI levels of serum A and serum E were 

elevated in comparison to serum from control mice.  In contrast, anti-GPI levels of serum 

A were found to be reduced in comparison to serum E, suggesting that the serum used 

in my experiments may be less arthritogenic than serum used by others. Therefore, 

there is a batch to batch dependency in serum anti-GPI antibody levels which might 

explain differences in arthritis induction and severity between experiments.  
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Figure 6-3 Levels of arthritogenic anti-GPI antibodies vary amongst batches of serum obtained from K/BxN 
arthritic mice  
Anti-GPI titres in sera from K/BxN arthritic mice from Edinburgh (E) and Australia (A) and control non-
arthritic C57BL/6 mice were measured by indirect ELISA with data presented as fluorescence units. Serum 
was tested at a dilution of 1:3000 in PBS. 
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6.3.2 Levels of FcγR mediated endocytosis are similar in BMDCs of Ptpn22+/+ 

and Ptpn22-/- mice 

Based on the initial findings in the K/BxN serum transfer model, a series of experiments 

were designed to explore and compare FcγR mediated function in cells from Ptpn22 

sufficient and deficient mice. FcγR mediated endocytosis is dependent on Src and Syk 

family kinase signalling (Berton et al., 2005). Given that Src and Syk family kinase 

members are negatively regulated by Ptpn22 in other immunoreceptor pathways such 

as the TCR and BCR, it was hypothesised that Ptpn22 might therefore regulate the 

process of FcyR mediated endocytosis. To test this hypothesis, an in vitro assay of FcyR 

mediated endocytosis was performed on phagocytic cells from Ptpn22+/+ and Ptpn22-/- 

mice. 

BMDC from Ptpn22+/+ and Ptpn22-/- mice were generated following culture with GM-

CSF, as described in Methods, prior to phenotyping for the expression of FcγR. The cell 

surface expression of FcγRIIb/III, FcγRIII and FcγRIV on BMDCs generated from 

Ptpn22+/+ and Ptpn22-/- mice was found to be no different (Figure 6-4).  

To test the role of Ptpn22 in Fc receptor mediated endocytosis, immature Ptpn22+/+ 

and Ptpn22-/- BMDCs were incubated with fluorescently conjugated BSA immune 

complexes (Oxyburst, Sigma) at 4°C, warmed to 37°C to allow uptake and to acquire 

fluorescence positivity, a measure of internalised immune complex, and then analyzed 

by flow cytometry (Figure 6-5). Immune complex uptake was assessed at different time 

points up to 90 minutes. As a control, cells were rested on ice under conditions where 

immune complex uptake would be limited, or warmed to 37˚C but incubated in the 

presence of the Src kinase inhibitor PP2 or the inactive control inhibitor PP3.  Following 

incubation at 37˚C, residual immune complexes bound at the cell surface but not 

endocytosed were eluted from cells using a low pH buffer (denoted “acid strip”). 

Cells incubated at 4˚C did not internalise the BSA immune complex, as evidenced by 

absence of positive green fluorescence staining. By contrast, accumulation of 

fluorescently tagged immune complex was observed when the cells were incubated at 

37˚C, in a time dependent manner. Ptpn22+/+ and Ptpn22-/- BMDCs revealed similar 
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kinetics of immune complex accumulation in response to addition of the immune 

complex at 60μg/ml. Maximal fluorescence positivity was reached at the 60 minute time 

point, when approximately 40% of the cells were found to have internalised the immune 

complex. Cells that were pre-incubated with PP2 were less able to internalise the 

immune complex at the 60 minute timepoint, as demonstrated by a reduction to 10% of 

immune complex positive cells. This demonstrates the dependency of Src family kinase 

members in the signalling pathway leading to immune complex internalisation in this 

assay.  This reduction was not apparent when cells were incubated with the negative 

control inhibitor PP3. 

It was hypothesised that reduced signal strength might uncover a role for Ptpn22 as a 

negative regulator of FcγR mediated signalling pathways, in an analogous manner to the 

phenomenon that been observed in the K/BxN serum transfer model (Section 6.3.1.1). 

Thus, the phenomenon of FcγR mediated endocytosis was investigated in Ptpn22+/+ and 

Ptpn22-/- mice by titrating the concentration of immune complexes to 15μg/ml, 

7.5μg/ml and 3.75μg/ml (Figure 6-6). Reducing the concentration of immune complex 

was found to lower the percentage internalisation of immune complex, as expected. 

However, no differences were observed in FcγR mediated endocytosis between Ptpn22 

genotypes when immune complex was added in a rate-limiting concentration.  

In summary, Ptpn22+/+ and Ptpn22-/- BMDCs reveal similar rates of immune complex 

internalisation.  
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Figure 6-4 FcγRIIb/III, III and IV expression is similar between BMDCs of Ptpn22+/+ and Ptpn22-/- mice  
Bone marrow progenitor cells were isolated from the femurs of Ptpn22+/+ and Ptpn22-/- mice and 
cultured for 7 days in the presence of GM-CSF to generate immature BMDCs. FcyR IIB/III, III and IV 
expression levels were analysed by flow cytometry. For FcγRIII expression, cells were pre-incubated with 
FcγRIIB specific antibody (clone K9.361). For FcγRIV expression, cells were incubated with unlabelled 
FcγRIV (clone 9E9), and indirectly labelled with a secondary polyclonal goat anti-hamster FITC conjugated 
secondary antibody. Data shown are representative staining from two independent experiments.  
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Figure 6-5 FcγR mediated endocytosis is similar in Ptpn22+/+ and Ptpn22-/- BMDCs  
350,000 BMDCs from Ptpn22+/+ or Ptpn22-/- were suspended in 200μl medium and pre-incubated with 
60μg/ml fluorescently conjugated BSA immune complexes (Oxyburst, Sigma) for 20 minutes on ice, to 
allow the immune complex to bind to the cell surface. Cells were incubated at 37°C for different lengths of 
time to allow internalisation of the immune complex. (A) Immune complex internalisation is shown as % 
immune complex positive cells normalised to 0 minute timepoint. Data are mean ± SD for representative 
of two experiments, triplicate wells per experiment. As a control, cells were rested on ice under conditions 
where immune complex uptake would be limited, or warmed to 37°C but incubated in the presence of the 
Src kinase inhibitor PP2 or the inactive kinase inhibitor PP3. Following incubation at 37°C, residual immune 
complexes bound at the cell surface but not endocytosed were eluted from cells using a low pH buffer 
(denoted “acid strip”) (B) Representative staining.  
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Figure 6-6 FcγR mediated endocytosis is similar in Ptpn22+/+ and Ptpn22-/- BMDCs in rate limiting 
conditions  
350,000 BMDCs from Ptpn22+/+ or Ptpn22-/- were suspended in 200μl medium and pre-incubated with 
3.75, 7.5 or 15μg/ml fluorescently conjugated BSA immune complexes (Oxyburst, Sigma) for 20 minutes 
on ice, to allow the immune complex to bind to the cell surface. Cells were incubated at 37˚C for different 
lengths of time to allow internalisation of the immune complex. Immune complex internalisation is shown 
as % immune complex positive cells normalised to 0 minute timepoint. Data are mean ± SD, duplicate 
wells per time point for (A) 15μg/ml Oxyburst or single wells per timepoint for (B) 7.5μg/ml and (C) 
3.75μg/ml Oxyburst. As a control, cells were rested on ice under conditions where immune complex 
uptake would be limited, or warmed to 37˚C but incubated in the presence of the Src kinase inhibitor PP2 
or the inactive kinase inhibitor PP3. Following incubation at 37˚C, residual immune complexes bound at 
the cell surface but not endocytosed were eluted from cells using a low pH buffer.  
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6.3.3 Optimising protocols for studying the role of Ptpn22 in regulating FcγR 

signalling 

In addition to investigating functional differences in Fc related pathways, another aim 

was to understand regulation by Ptpn22 of signalling pathways downstream of FcγR 

ligation. This section summarises some of the efforts undertaken to establish a working 

and reproducible model of FcγR stimulation. These experiments set the scene for future 

investigations that will be undertaken in the lab to study regulation of FcγR signalling in 

cells from wild-type and Ptpn22 deficient mice.  

6.3.3.1 Fc receptor stimulation with immobilised mAb 

Previously, it has been shown that immobilised IgG can induce persistent Erk signalling 

and high TNF-α production by phagocytic cells (Ambarus et al., 2012, Luo et al., 2010, 

Gupta and Booth, 2010). Interaction of phagocytes with IgG which has been immobilised 

on a planar surface, a process known as “frustrated phagocytosis” (Henson, 1972), has 

been used extensively to gain insights into the process of phagocytosis. As a first 

attempt to measure signalling downstream of FcγR engagement, a variation of the 

frustrated phagocytosis model was used, whereby plates were coated with varying 

concentrations of the mouse anti-FcγR mAb 2.4G2 (IgG2b). Cytokine production by 

BMDCs was measured following incubation on the immobilised IgG for 24, 48 or 72 

hours (Figure 6-7). IL-6 and TNF-α cytokine production in the supernatant was measured 

by ELISA.  

A modest dose-dependent increase in cytokine production, at low levels, was observed 

in response to increasing concentrations of immobilised IgG2b. As a control, BMDCs 

were found to respond robustly to zymosan stimulation by producing approximately 

10,000 pg/ml of TNF-α and IL-6, as expected. Cytokine production did not appear to 

accumulate over time after the 24 hour timepoint, as indicated by similar levels of 

cytokine production at 24, 48 and 72 hours. Immobilised IgG did not augment TLR-

induced production of cytokine. Similar results were obtained when BMDCs were 

stimulated with endotoxin free immobilised IgG1 (data not shown).  In summary, low 

levels of cytokine production are detected following FcγR engagement with immobilised 
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Ig. At higher cell densities and cell volumes, although total levels of TNF-α and IL-6 

cytokine production were increased, a titratable effect was not observed (data not 

shown). In summary, immobilised IgG was found to induce low levels of cytokine 

production by BMDCs and this effect was barely titratable. This method was not pursued 

further as it was considered that Fc cross-linking would be a more physiological method 

for Fc immunoreceptor activation.  

6.3.3.2 Fc receptor stimulation using soluble HAGG 

Having tested the effects of immobilised IgG on cytokine production by BMDCs, the 

effect of soluble immune complexes was next investigated. Initially, stimulation of 

BMDCs with HAGG was investigated (Figure 6-8). A solution of IgG from rabbit serum 

was heated at 63˚C for 20 minutes and then cooled down to 4˚C. The aggregated IgG 

was centrifuged at 5000rpm and the supernatant discarded. Cytokine production by 

BMDCs was measured following stimulation with increasing concentrations of HAGG. 

However, the addition of HAGG had no effect on cytokine production. Interestingly, 

background production of TNF-α by cells that had been incubated in the absence of 

HAGG was high (approximately 150pg/ml). When, as a control, zymosan was used to 

stimulate macrophages, a clear dose dependent increase in TNF-α production by the 

BMDCs was observed.  

 

 

 

 

 

 

 



- 267 - 

 

 

Figure 6-7  Poor induction of inflammatory cytokine production by BMDCs following binding to 
immobilised IgG 
96 well, flat bottomed plates were incubated with a range of concentrations of anti-FcγR purified rat 
IgG2b anti-mouse mAb (clone 2.4G2) at 37°C for a minimum of 1 hour to allow the antibody to adhere to 
the plastic. BMDCs from C57BL/6 mice were allowed to adhere to the antibody coated plates in a model of 
“frustrated phagocytosis” over a period of 24, 48 or 72 hours. 100,000 BMDCs were added to each well in 
a final volume of 200µl. (A) IL-6 and (B) TNF-α cytokine production in the cell culture supernatants were 
measured by ELISA (data are mean from duplicate wells + SD). As a control, cells were stimulated with 
soluble zymosan at a concentration of 10µg/ml at the 72 hour timepoint (Zym); some of these cells had 
also been allowed to adhere to the IgG2b at 10µg/ml (Zym + IgG 10).  Zymosan data are taken from a 
single well. 
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Figure 6-8 Poor induction of inflammatory cytokine production by BMDCs following stimulation with 
HAGG  
A solution of IgG from rabbit serum (10mg/ml) was heated at 63˚C for 20 minutes and then cooled down 
to 4°C. The HAGG were centrifuged at 5000rpm and the supernatant discarded. HAGG was resuspended to 
the desired concentration. 100,000 BMDCs from C57BL/6 mice were added to each well of a 96 well 
round-bottom plate in a final volume of 200µl. HAGG were added to the culture medium at 1, 10 or 
100μg/ml over a period of 72 hours. As a control, cells were stimulated with soluble zymosan at the 
indicated range of concentrations. Cytokine production in the culture medium was assayed by ELISA (data 
are from a single well).  
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6.3.3.3 Fc receptor stimulation using immune complexes 

Cytokine production by BMDCs in response to stimulation with a commercially available 

immune complex was investigated (Ryan et al., 1990). The reagent consists of insoluble 

BSA-anti-BSA immune complexes (Oxyburst, Sigma). The production of cytokines (IL-6, 

TNF-α) by BMDCs in response to incubation with this BSA immune complex was 

measured (Figure 6-9). An initial experiment on BMDCs from C57BL/6 mice revealed a 

dose dependent increase in cytokine production in response to incubation with 

increasing concentrations of the immune complex at 72 hours. As a positive control, 

cells were seen to produce high levels of cytokine in response to stimulation with 

zymosan. Because a convincing dose dependent increase had been revealed in response 

to immune complex stimulation using this system, the cytokine production by Ptpn22+/+ 

and Ptpn22-/- BMDCs was investigated in this system in response to increasing 

concentrations of immune complex after 24, 48 and 72 hours (Figure 6-10). No 

differences were observed in cytokine production between Ptpn22+/+ and Ptpn22-/- 

BMDCs. This would suggest that cytokine production downstream of Fc ligation is not 

differentially regulated in the absence of Ptpn22. However, the presence of endotoxin 

contamination in this assay, which would override the response to FcR stimulation, 

cannot be discounted and is currently being investigated.  
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Figure 6-9 Induction of inflammatory cytokine production by BMDCs following stimulation with a BSA 
immune complex  
500,000 BMDCs from C57BL/6 mice were added to each well of a 96 well round-bottom plate in a final 
volume of 200µl. The cells were cultured in the presence of BSA immune complex (Oxyburst, Sigma) at a 
range of concentrations over a period of 72 hours. As a control, cells were stimulated with soluble 
zymosan at a concentration of 10µg/ml. Cytokine production in the culture medium was assayed by ELISA 
(data are mean from duplicate wells + SD). 
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Figure 6-10 No differences in inflammatory cytokine production by Ptpn22+/+ and Ptpn22-/- BMDCs 
following stimulation with a BSA immune complex  
500,000 BMDCs from Ptpn22+/+ and Ptpn22-/- mice were added to each well of a 96 well round-bottom 
plate in a final volume of 200µl. The cells were cultured in the presence of BSA immune complex 
(Oxyburst, Sigma) at a range of concentrations over a period of 24, 48 or 72 hours. As a control, cells were 
stimulated with soluble zymosan at a concentration of 10µg/ml. (A) TNF-α and (B) IL-6 cytokine production 
in the culture medium was assayed by ELISA (data are from duplicate wells, mean + SD, except for the 
zymosan stimulated cells at the 24hour time point).  
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6.3.3.4 Fc receptor cross-linking of FcγRIIb/III 

Protein phosphorylation of tyrosine residues occurs following FcγR ligation and is 

propagated by Src and Syk family kinases. FcR cross-linking activates MAPK signalling 

pathways, and thus signal transduction downstream of FcR cross-linking can lead to 

ERK1/2 phosphorylation (Garcia-Garcia and Rosales, 2002, Luo et al., 2010).  Induction of 

Syk and ERK phosphorylation in response to antibody mediated FcγRIIb/III cross-linking 

was investigated. Levels of phosphorylated Erk in response to FcγRIIb/III cross-linking 

were investigated by both immunoblotting and phosphoflow; in addition 

phosphorylated Syk was investigated by phosphoflow (Figure 6-11).  

Stimulation of BMDCs with pervanadate induced a strong positive pErk signal which 

could be measured both by immunoblotting and flow cytometry.  However, cross-linking 

using the secondary antibody did not induce a phospho-Erk or phospho-Syk signal above 

and beyond the phosphorylation signal observed in response to mAb alone. In summary, 

antibody-mediated cross-linking of FcγRIIb/III results in low levels of phosphorylated Syk 

and Erk signalling intermediates.  
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Figure 6-11 FcγRII/III crosslinking on BMDCs does not result in upregulation of pErk by phosphoflow or by 
biochemistry  
BMDCs in serum-free media were incubated on ice for 20 minutes with anti-FcγR mAb 2.4G2 at 5μg/ml. 
After washing with PBS, a secondary cross-linking anti-rat IgG was added 20μg/ml. Cells were then 
warmed to 37°C and incubated for the indicated lengths of time to induce FcγR cross-linking. As a positive 
control, cells were stimulated with the pan phosphatase inhibitor pervanadate at 10μM. (A) For analysis 
by phospho-flow, cells were permeabilised and intracellular pErk and pSyk was measured using 
fluorescent conjugated specific antibodies (B) For biochemistry, cells were lysed and equivalent amounts 
of cellular protein were subjected to SDS-PAGE and immunoblotting with anti-pErk antibodies. Blots were 
stripped and re-probed with anti-Erk antibodies to confirm equivalent loading of lysates.  
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6.4 Discussion  

In this Chapter, the possibility that Ptpn22 might regulate signalling pathways 

downstream of IgG engagement was explored by comparing progression of arthritis in 

Ptpn22+/+ and Ptpn22-/- mice in the K/BxN serum transfer model of arthritis. Ptpn22-/- 

mice were found to develop more severe arthritis than their wild-type counterparts in 

response to K/BxN serum transfer. Given the crucial dependence of this inflammatory 

arthritis model on FcγR signalling and complement activation, these data suggested a 

previously undefined role for Ptpn22 as a negative regulator of effector pathways 

downstream of immune complex engagement.  

The results presented here differ from two recently published papers, which describe no 

difference in arthritis development in the K/BxN serum transfer model between mice of 

the Ptpn22-/- and Ptpn22+/+ genotypes (Wang et al., 2013, Maine et al., 2014). It is 

tempting to speculate that these discrepancies might result from differences in the 

levels of arthritogenic anti-GPI antibodies between serum batches used in different 

laboratories. It follows from this that the arthritogenicity of the serum used in my 

experiments might be reduced compared to that used in the experiments reported by 

Wang et al. and Maine et al., as suggested by low levels of anti-GPI antibody.  There is an 

increasing body of evidence supporting a role for Ptpn22 in regulating signals of low 

strength, whilst not having an effect on strong signals. In support of this hypothesis, the 

Zamoyska group recently demonstrated that Ptpn22 can limit the response to weak 

agonist peptides in CD8+ T cells (Salmond et al., 2014). Also, as described in Chapter 5, 

Th1 differentiation was found to be affected by the absence of Ptpn22 when the TCR 

was stimulated at very low levels (Fousteri et al., 2014). There is evidence to suggest 

that the arthritogenicity of the serum used in my experiments was reduced in 

comparison to the serum used by the group of Dr M. Gray (University of Edinburgh), 

whose unpublished experiments have described an increase in arthritis development in 

the Ptpn22+/+ mouse (personal communication).  This working hypothesis will be tested 

formally in future experiments now that the K/BxN mouse model is available in our 

laboratory at King’s College London.   
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FcγR signalling is one of the pathways whose activation is central to the K/BxN serum 

transfer model, and a pathway that is known to be dependent on Src and Syk family 

kinase members. Given that these are known targets of Ptpn22 in TCR and BCR 

pathways, I hypothesised that Ptpn22 might also regulate signalling through the FcγR.  

Accordingly, I set out to explore whether Ptpn22 negatively regulates FcγR signalling, 

which, to my knowledge, has not been specifically reported in the literature. The role of 

Ptpn22 in regulating FcγR signalling is also relevant and interesting given that the 

disease associated variant has been linked to diseases that have a strong autoantibody 

component.  

I first sought to study the role of Ptpn22 in Fc mediated pathways ex vivo. Fc receptor 

mediated signalling is a well-defined pathway which is mediated through ITAMs and Src 

family kinases (Goodridge et al., 2012). I explored the role of Ptpn22 on Fc receptor 

mediated phagocytosis in BMDCs by measuring uptake of a fluorescently tagged BSA 

immune complex. I was able to demonstrate the dependency of Src family kinases in this 

pathway by greatly inhibiting endocytosis in the presence of a Src family kinase inhibitor. 

Surprisingly, Fc receptor mediated endocytosis was not found to be dysregulated in the 

absence of Ptpn22, even when the FcγR signal was titrated to low doses. This could 

either imply that Ptpn22 does not regulate Src family kinases in the process of Fc 

mediated phagocytosis, or more likely, that there is redundancy with other 

phosphatases that might compensate for the function of Ptpn22 in its absence; such 

compensatory mechanisms may be operational through expression of other members of 

the PTP-PEST family, PTP-PEST and PTP-HSCF, or indeed other phosphatases such as 

CD45 or SHP-1, which are also known negative regulators of Lck (Štefanová et al., 2003). 

A scenario such as this has previously been described in the literature; CD45 and CD148 

have both been linked to regulation of Fc receptor mediated pathways and double 

deficiency was found to reduce Fc receptor mediated endocytosis. However, single 

deficiency of either phosphatase was insufficient to impair Fc receptor mediated 

endocytosis (Zhu et al., 2008). 

Another aim of this Chapter was to establish working and reproducible protocols for 

studying FcγR signalling. Several approaches have been used in the scientific literature to 
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study the effects of FcγR engagement. Gold standard techniques include the use of 

immune complexes and cross-linking using antibodies (Nimmerjahn and Ravetch, 2008). 

FcγR signalling is a complex pathway to study as it involves multiple genes, it is 

controlled by both activatory and inhibitory receptors and it requires the knowledge of 

the stimulatory potential of pathophysiologically relevant immune complexes. 

Furthermore, glycosylation patterns of the Fc region can also modulate the binding 

affinity of the antibody to the Fc receptors. In my hands, these difficulties were further 

compounded by the lack of relevant reagents.  

The last part of this Chapter summarises some of the initial efforts undertaken to 

establish an appropriate model for studying the regulation of FcγR signals and 

downstream effector responses. BMDCs were explored as a model cell type for a 

number of reasons. Firstly, BMDCs are very easy to grow in GM-CSF and have high 

expression of activatory FcγRs, particularly FcγRIII, which would be hypothesised to 

reduce the threshold for cellular activation imposed by the inhibitory FcγRIIb receptor 

(Guilliams et al., 2014). Furthermore, the DC cell lineage has an important role in 

inflammatory arthritis and expresses high levels of Ptpn22. Expression of FcγR II/III, III 

and IV was found to be similar in Ptpn22+/+ and Ptpn22-/- BMDCs that had been grown 

in the presence of GM-CSF for 7 days. The intention was to optimise the study of FcγR 

signalling pathways in the BMDC, and once established, this would allow investigation of 

said pathways in the neutrophil and mast cell, given their central role in mediating 

inflammatory arthritis in the K/BxN serum transfer model.  

As a first step, initial protocols involved the stimulation of BMDCs through immobilised 

antibodies and measurement of inflammatory cytokine production was used as a 

downstream functional readout. The effector responses were rather modest, as 

manifest by low levels of cytokine production and/or by poorly titratable cytokine 

production in response to increasing signal strength or stimulus. I hypothesise that this 

may be due to the low strength of signal occurring in the absence of immunoreceptor 

cross-linking.  
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In light of these initial findings, it was hypothesised that cross-linking of the FcγRs would 

provide a more physiological and robust stimulus. Use of HAGG was attempted as a 

stimulus to mimic immune complex, but was not found to induce cytokine production. 

This may have been due to ineffective immune complex formation. Thus, a commercially 

available immune complex was used for stimulation. This was found to induce increased 

IL-6 and TNF-α cytokine production in a dose-dependent manner in BMDCs. Stimulation 

of Ptpn22+/+ and Ptpn22-/- BMDCs in response to increasing concentrations of immune 

complex revealed no differences in inflammatory cytokine production. This result would 

be in keeping with the lack of phenotype that was observed in the absence of Ptpn22 in 

FcγR endocytosis. However, it cannot be excluded that the cytokine production was due 

to TLR stimulus arising through endotoxin contamination in the immune complex 

preparation. This is currently being tested by assaying the preparation for endotoxin 

contamination.  Furthermore, the immune complex was not found to be an appropriate 

stimulus to elicit calcium flux in BMDCs, which was tested as an alternative upstream 

readout of receptor proximal FcγR stimulation (data not shown).  

Finally, experiments were undertaken to crosslink FcγRII/III by coating the BMDCs with a 

primary antibody, crosslinking with a secondary antibody at 37˚C, and measuring 

phosphosignalling by phosphoflow or by biochemistry. However, cross-linking using the 

secondary antibody did not induce a phospho-Erk or phospho-Syk signal above and 

beyond the phosphorylation signal observed in response to mAb alone. Importantly, in 

all the experiments performed, BMDCs were found to respond as expected to 

stimulation with zymosan or pervanadate, which were included as positive controls.  

The choice of FcγRII stimulation was based on the availability of commercially available 

antibodies to FcγRIII. It was also thought to be relevant due to the fact that it is elicited 

by stimulation with IgG1, the dominant subtype in the anti-GPI response in the K/BxN 

mouse.  FcγRIIb and FcγRIII are very similar in structure and indistinguishable to binding 

using anti-FcγR mAb 2.4G2, implying that both an inhibitory and activatory receptor are 

co-stimulated. Stimulation of the inhibitory FcγRIIb receptor can be prevented by using a 

blocking antibody to FcγRIIb. However, a preliminary investigation of blocking FcγRIIb (a 

kind gift from J.Ravetch) in the cross-linking experiments was not found to increase the 
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signal any more than that detected in the absence of FcγRIIb block (data not shown).  A 

further issue with stimulating FcγRIII is that it only has low to medium affinity 

stimulation (Guilliams et al., 2014). 

Extensive discussions with Dr Jeffrey Ravetch, one of the world’s leaders in FcR biology 

and signalling, have provided future direction for establishing an effective protocol for 

eliciting FcγR signalling that will enable the study of Ptpn22 in this process. FcγRIV is a 

strongly activatory FcγR which is advantageous to explore in future experimentation as it 

can bind to IgG2a and IgG2b with high affinity (Nimmerjahn and Ravetch, 2006). 

Furthermore, antibodies and IgG that bind to FcγRIV provide the advantage that they do 

not cross-react with the inhibitory FcγRIIb. Bone marrow derived macrophages are 

reported to express high levels of FcγRIV and have been suggested as an appropriate cell 

type for investigation (Guilliams et al., 2014). FcγRIV antibodies are now available in our 

lab (a kind gift from Dr Jeffrey Ravetch) and will enable me to conduct a series of 

experiments that investigate FcγRIV cross-linking, downstream signalling and effector 

responses, and how these are regulated by Ptpn22. Experiments are also planned to 

investigate the use of either immune complexes of the strong affinity IgG2a subclass or 

IgG2a opsonized sheep red blood cells for the stimulation of bone marrow derived 

macrophages. In both protocols, membrane proximal signalling events, including calcium 

flux and phospho-signalling of intermediates in the MAPK pathway, will be measured in 

addition to production of pro-inflammatory cytokines. Finally, FcγR expression has been 

reported to be modulated by other factors, which could be addressed in future 

experiments. For example, Th1 cytokines such as IFN-γ can upregulate the expression of 

activatory FcγRs (Pricop et al., 2001).  

Should the study of FcγR signalling pathways in the BMDC reveal an important role for 

Ptpn22 in the regulation of said pathways, this could have important implications on the 

role of the phosphatase in controlling aspects of antigen processing and presentation to 

T cells through FcR dependent pathways. Differences in triggering of FcγR in BMDCs 

could ultimately affect Th polarisation (Guilliams et al., 2014) thus allowing the further 

study of T cell extrinsic mechanisms resulting in Th1 polarisation in Ptpn22-/- mice that 

was described in Chapter 5.  
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Chapter 7 General Discussion  
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7.1 Summary of the main findings of this PhD project 

Given its strong association with autoimmunity, the PTPN22 locus is under intense 

scrutiny to understand the potential mechanisms that result in disease association. An 

initial understanding of how the phosphatase operates in the context of physiological 

pathways can provide information enabling us to better understand disease 

pathogenesis and, in the longer term, reveal potential therapies.  

Whilst it is extremely important to understand the functional consequences of genetic 

variation of the PTPN22 gene in the human, there are a number of limitations to this 

approach. Firstly, complete absence of the PTPN22 phosphatase has not been reported 

in man; to some extent this precludes the study of basic functions of the gene 

(independently of specific genetic mutations). Furthermore, the functional effects of 

single point mutations may be subtle and hard to dissect from studies of cells from 

outbred populations. Some of these issues can be circumvented by performing 

functional genomics in the mouse, providing a convenient model to analyse gene 

function in the context of the whole organism with a short generation time.  

A number of laboratories across the world have utilised mouse models to try to further 

understand Ptpn22 function. These include models of Ptpn22 deficiency (Brownlie et al., 

2012, Hasegawa et al., 2004, Wang et al., 2013, Salmond et al., 2014, Maine et al., 2012, 

Maine et al., 2014), the Ptpn22 R619W knock-in mouse (Zhang et al., 2011, Dai et al., 

2013), the Ptpn22 knock-down mouse (Zheng and Kissler, 2012), and transgenic models 

of Ptpn22 overexpression and R620W expression (Yeh et al., 2013, Wu et al., 2014, 

Wang et al., 2013). These models are summarised in Table 1-1 and Table 1-2.  

Before I started my PhD studies, no experiments had been performed using the Ptpn22 

deficient mouse in the context of chronic inflammation. In this PhD project, I set out to 

investigate the Ptpn22 deficient mouse in the context of chronic inflammatory disease, 

by investigating its role in T cell activation and downstream effector pathways.  

In this PhD thesis I describe a negative regulatory role for Ptpn22 in Th1 differentiation 

in the CIA model resulting in exacerbated inflammatory arthritis in the Ptpn22 deficient 
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mouse. I provide evidence to suggest a T cell extrinsic influence of Ptpn22 deficiency on 

the APC in promoting pathways of Th1 differentiation. Furthermore, I provide 

preliminary findings suggesting a role for Ptpn22 in the regulation of IgG1 mediated 

downstream effector pathways, as evidenced by increased inflammatory arthritis in the 

K/BxN serum transfer model in Ptpn22 deficient mice. In general terms, the data 

presented herein are in line with a negative role for Ptpn22 in regulating immune cell 

signalling (Bottini and Peterson, 2014).   
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7.2 Ptpn22 R619W: gain- or loss-of-function? 

Whilst studies of Ptpn22 deficiency are important to understand the function of the 

protein, one crucial point of investigation surrounds the understanding of the function 

of the R619W variant in the mouse. Importantly, Ptpn22 R619W has been found to 

predispose to autoimmunity in an analogous manner to the human PTPN22 R620W 

variant. However, a prerequisite of this association is that the R619W variant is present 

on a background of autoimmune predisposition (Dai et al., 2013).  

To date, mouse studies of the R619W variant have generally supported a loss-of-

function phenotype, since the variant behaves like the Ptpn22 deficient mouse. Indeed, 

R619W mice have revealed increased TCR signalling, increased effector/memory 

peripheral T cells, GC formation, increased antibody production and decreased type-I 

IFN production; all of which phenocopy the Ptpn22-/- mouse (Hasegawa et al., 2004, Dai 

et al., 2013, Zhang et al., 2011, Zheng et al., 2014). However, there have been some 

differences documented between the Ptpn22 deficient mouse and the Ptpn22 R619W 

mouse, particularly with regards to BCR signalling and B cell selection (Dai et al., 2013). 

Therefore, complete loss of protein can function differently in subtle ways to a loss-of-

function polymorphism. It is also possible that the disease associated variant functions 

differently in different immune cells and pathways.  

The murine R619W variant has been found to recapitulate many of the findings of the 

human R620W variant, namely increased effector/memory peripheral T cells and 

decreased mature B cells (Zheng et al., 2014, Dai et al., 2013, Zhang et al., 2011, Rieck et 

al., 2007). However, a major discrepancy between both variants is the function on TCR 

and BCR signalling. Whilst the murine Ptpn22 R619W variant generally supports the loss-

of-function hypothesis (Dai et al., 2013, Zhang et al., 2011), in humans, a number of 

studies support a gain-of-function hypothesis, suggesting that the R620W polymorphism 

renders the phosphatase catalytically more active (Vang et al., 2005, Rieck et al., 2007, 

Fiorillo et al., 2010) or able to dissociate from Csk in order to confer its inhibitory activity 

on signalling (Vang et al., 2012). It is not understood why these differences exist, but one 
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explanation may involve the difference in structure between murine and human 

orthologues.  

This topic clearly necessitates further investigation.  Over the coming months I plan to 

investigate inflammatory arthritis progression in the R619W mutant mouse (a kind 

donation from Professor David Rawlings, Seattle Children’s Hospital) in the CIA model. 

These data will add to the knowledge of the functional consequence of R619W variation 

in a model of chronic inflammation.  
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7.3 Studies on the function of Ptpn22 beyond the T cell  

To date, the function of PTPN22 has been best characterised in the T cell and B cell, 

since these are the dominant cell lineages expressing antigen receptors, whose signal 

transduction pathways are thought to be regulated by this PTP. However, PTPN22 is also 

highly expressed in other immune cells, including myeloid cells (Arimura and Yagi, 2010; 

www.biogps.org). The function of PTPN22/Ptpn22 in these cell types is beginning to be 

understood. For example, in DCs and macrophages, it has been reported that Ptpn22 

absence results in reduced type-1 IFN responses (Wang et al., 2013). Furthermore, 

neutrophils from individuals with PTPN22 C1858T were observed to increase ROS and 

calcium production following stimulation (Bayley et al., 2014).  Thus, it is critical that we 

explore the function of PTPN22 in other signalling pathways involving Src and Syk family 

kinases. An appropriate method for screening pathways that are potentially regulated by 

Ptpn22 is to test for their Src and Syk dependence by using the inhibitors PP2 and 

piceattanol (respectively). In the Cope Lab, we have adopted this approach and have 

found interesting differences in the Src dependency of pathways (for example, 

endocytosis has been found to be Src dependent whereas micropinocytosis has not).  

7.3.1 Integrin signalling 

Our lab has described a role for PTPN22/Ptpn22 as a negative regulator of integrin 

signalling (Svensson et al., 2011, Brownlie et al., 2012). Ptpn22 deficiency in mice or 

PTPN22 knock-down in human T cell blasts have been shown to be associated with 

increased T cell migration when compared to Ptpn22+/+ counterparts; R620W human 

variants have been found to phenocopy PTPN22 knock-down (Svensson et al., 2011; 

Burn et al., manuscript in preparation). PTPN22 has been found to co-localise with 

signalling intermediates at the cell leading edge by confocal microscopy and to co-

immunoprecipitate with integrin signalling intermediates such as Lck, Zap-70 and Vav 

(Svensson et al., 2011; Burn et al., manuscript in preparation). In the mouse, lack of the 

Ptpn22 phosphatase has been shown to increase LFA-1-dependent adhesion in Tregs 

(Brownlie et al., 2012).  These data, together with our current knowledge about the role 

of LFA-1 in the stabilisation of the mature immunological synapse, suggest that integrin 

http://www.biogps.org/
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signalling in PTPN22 mutant T cells or the APC may have an impact on the very earliest 

phase of adaptive immune responses. More stable contacts may promote more 

sustained T cell: DC interactions.  This notion is currently being tested in the Cope lab. 

7.3.2 FcγR signalling 

This thesis implicates Ptpn22 as a negative regulator of downstream IgG1 mediated 

effector pathways. I propose that Ptpn22 may be a negative regulator of FcγR signalling, 

through its ability to negatively regulate Src and Syk signalling intermediates. Initial 

investigations have suggested no difference in the extent of FcγR mediated antigen 

uptake between Ptpn22+/+ and Ptpn22-/- DCs. This may represent compensatory 

mechanisms by other PTP-PEST phosphatases in the absence of Ptpn22. I now wish to 

investigate regulation of FcγR activatory signalling pathways emanating from FcγRIV 

ligation in Ptpn22+/+, Ptpn22-/- and Ptpn22 R619W bone marrow derived macrophages. 

I will focus my future studies on differences in the phosphorylation status of Src and Syk 

signalling intermediates, calcium flux and downstream effector responses such as 

cytokine production and maturation marker upregulation. Ptpn22 variants will be 

further characterised in the K/BxN serum transfer model to confirm whether the R619W 

variant functions in the same way as the Ptpn22-/- mutant.  

7.3.3 DC function  

In this thesis, I have documented a cell extrinsic influence of Ptpn22 deficiency on the 

APC in promoting pathways of Th1 differentiation in OT-II transgenic T cells in an in vitro 

co-culture system. This could not be ascribed to differences conferred by the absence of 

Ptpn22 in maturation status (signal 1), co-stimulatory molecules (signal 2) or antigen 

uptake by FcγR mediated pathways in the BMDC. Although initial observations by Wang 

et al. suggested otherwise, the possibility remains that Ptpn22 might be negatively 

regulating expression of pro-inflammatory cytokines (signal 3) in response to LPS 

stimulation (Wang et al., 2013). This requires further study in future experiments. In 

particular, it will be relevant to study differences in IL-12p70 production by Ptpn22+/+ 

and Ptpn22-/- BMDCs stimulated with LPS. Ptpn22 may have a negative regulatory role 
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on Src and Syk family kinase members in the NFκB signalling pathway in response to LPS 

stimulation. Alternatively (or additionally) I hypothesise that T cells might be more able 

to form cell contacts with antigen pulsed  Ptpn22-/- DCs (“sampling of antigen”) through 

an LFA-1 dependent mechanism (as suggested recently by Salmond and colleagues 

(Salmond et al., 2014)). The in vitro data described in this thesis will be corroborated by 

performing in vivo experiments involving adoptive transfer of Ptpn22+/+ or Ptpn22-/- 

DCs into OT-II transgenic mice crossed onto the Ptpn22+/+ or Ptpn22-/- genetic 

background. 

It has previously been shown that Ptpn22 promotes TLR driven Type 1 IFN dependent 

immunity (Wang et al., 2013). Ptpn22 genetic deficiency or variation may differentially 

regulate additional PRR signalling pathways. In support of this hypothesis, a post-

doctoral member in the Cope Lab has found that Ptpn22 negatively regulates the Dectin-

1 signalling pathway (Dr Harriet Purvis, personal communication). In Ptpn22-/- BMDCs, 

enhanced Syk activation and IL-6 secretion has been observed in response to stimulation 

with C. albicans. The study of Ptpn22 in controlling PRR signalling pathways may uncover 

additional, as of yet not understood, roles of Ptpn22.  
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7.4 The importance of Ptpn22 in controlling signals of low strength 

One important observation that has been made by a number of groups, and which I 

extend to my own observations in this thesis, is that Ptpn22 regulates pathways of low 

signal strength. Ptpn22 was observed to limit TCR triggering and production of 

inflammatory cytokines induced by weak agonists in naïve CD8+ T cells as well as effector 

CD8+ T cells (Salmond et al., 2014). Furthermore, Th1 and Treg differentiation were 

found to be affected by the absence of Ptpn22 only when the TCR was stimulated at very 

low levels (Fousteri et al., 2014, Brownlie et al., 2012).  In my preliminary experiments, I 

suggest that low triggering of the FcγR signalling pathway by low levels of arthritogenic 

antibody in the serum was able to uncover a previously unreported role for Ptpn22 as a 

negative regulator of signalling downstream of IgG1 binding. These results highlight the 

importance of investigating the regulation by Ptpn22 of pathways promoted by weak 

affinity ligands.  
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7.5 Ptpn22: potential regulator of multiple innate and adaptive immune 

pathways 

Based on information that we have gathered in our laboratory, and which has been 

alluded to in this thesis, it is tempting to speculate a role for Ptpn22 in negatively 

regulating multiple points in the innate and adaptive immune response. Amongst other 

pathways, this could be in antigen uptake (although as of yet we have not found any 

abnormality), antigen presentation, T cell activation and differentiation, and 

downstream effector pathways (including, for example, stimulation of FcR by immune 

complexes). We predict that the net effect of these alterations result in the increased 

inflammatory arthritis observed in the Ptpn22 deficient mouse in the CIA and K/BxN 

serum transfer models. These data will be confirmed in the CIA model by crossing mice 

on to the C57BL/6N.Q strain to improve CII immunity. Ultimately, the cumulative effect 

of small changes conferred by Ptpn22 genetic variation (or its absence in the mouse) 

could have important overall consequences on autoimmunity.  The subtleties in these 

aberrations and their impact over time could explain why susceptibility to autoimmune 

disease is manifest in adults, in some cases in the 5th or 6th decade of life. 
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