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Abstract 

 

T cell activation, differentiation and expansion are induced by signals generated upon 

engagement of TCR by agonist peptide:MHC. At the site of T cell interaction with an antigen 

presenting cell, TCR, accessory proteins such as CD28 and LFA-1, and the Src family kinases 

(SFK) Lck and Fyn, accumulate and form the immunological synapse. Lck is the key signaling 

molecule, initiating TCR signals by phosphorylating the ITAM in the CD3/  subunits resulting 

in the recruitment and activation of Zap-70 and further propagation of the signaling cascade. 

Fyn is a positive mediator of T cell signaling, sharing specific substrates in common with Lck, 

and also acts as a negative regulator by phosphorylating the adaptor protein, PAG. 

Phosphorylated PAG binds Csk and its recently identified binding partner, the protein 

phosphatase PEP, recruiting them to the plasma membrane where they can inhibit the SFK. The 

differential localisation of the kinases, with Fyn compartmentalised to lipid rafts in mature T 

cells and the majority of Lck being non-lipid raft associated could explain the unique functions 

attributed to each kinase. 

 

In order to examine the interactions between SFK and their negative regulators in T cell 

activation, CD8
+
 T cells from mice expressing the class I MHC-restricted TCR, F5, were 

investigated. In naïve T cells Lck, Fyn, Csk and PEP were shown to co-localise to the site of 

activation-induced tyrosine phosphorylation following early TCR crosslinking. In contrast, in 

memory T cells Csk, PEP and Fyn not only co-localised with the site of TCR activation but also 

distributed at the distal end of the cell, suggesting differential redistribution of key negative 

regulators away from the site of TCR engagement in these cells. In the absence of Fyn there was 

no change in Csk localisation despite the loss of PAG phosphorylation, suggesting another 

adaptor protein can recruit Csk to the plasma membrane. Caveolin-1, a cholesterol-rich 
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activation and stored within cytosolic vesicles include perforin and granzymes. CTL release 

perforin at the immunological synapse (IS) to create transmembrane pores within the target cell 

membrane, enabling delivery of granzymes to the target cell. Granzyme B cleaves various 

intracellular substrates including pro-apoptotic factors such as Bid, a Bcl-
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undergoes a maturation process characterised by the presentation of peptide by MHC II and 

upregulation of co-stimulatory molecules CD80 (B7.1), CD86 (B7.2) and CD40 on the cell 

surface. iDC induce regulatory rather than effector T cell differentiation, with iDC stimulated 

through CD40-CD40L interactions shown to differentiate into tolerogenic DC, with enhanced 

IL-10 production (Tuettenberg et al., 2010). Mature DC have potent T cell stimulating activity, 

expressing a variety of adhesion molecules including CD11a (LFA-1), CD50 (ICAM-2), CD54 

(ICAM-1), CD58 (LFA-3), and CD102 (ICAM-3) to enable rapid adherence to target cells, and 

up-regulate the chemotactic receptor CCR7 for direction to secondary lymphoid organs.  

 

The conventional DC or myeloid CD11c+DC (mDC) express TLR-2, -3 and -4 and are activated 

by engagement of these receptors to secrete cytokines to prime naïve T cells. The mDC produce 

IL-12, skewing naïve CD4
+
 T cells towards a TH1 phenotype, and secrete type I interferons to 

trigger recruitment of macrophages (Reis e Sousa et al., 1997; Siegal et al., 1999). More 

recently, a rarer DC cell subtype, plasmacytoid CD11c
-
DC (pDC) were identified, expressing 

only

http://en.wikipedia.org/wiki/T_cells
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surface bound MHC II molecules to activate Ag-specific TH cells (Lanzavecchia, 1985). These 

two functions appear interdependent as signaling through the BCR is a prerequisite for targeting 

of the Ag to the MHC II containing cellular compartments (Wagle et al., 2000). B cell peptide 

presentation to a primed TH2 cell, enables the binding of CD40L present on the TH2 cell to 

engage the CD40 molecule expressed on the B cell surface. In conjunction with the TH2 

secreted cytokines IL-4 and IL-13, the B cell undergoes Ig class-switching. Naïve B cells 

produce IgM and IgD and upon T cell-dependent activation, signals derived via both CD40 and 

cytokine receptors drive the B cell to switch Ab production to IgG, IgA or IgE Ab. During 

isotype switching, the constant region of the Ig heavy chain is rearranged but the variable 

regions remain constant thus maintaining Ag specificity.  

 

There are also soluble Ag that can become membrane associated during the immune response 

through tethering to Fc or complement receptors, that present in the form of immunocomplexes 

(IC), with recent studies suggesting they may be the main form of Ag encountered in vivo by B 

cells (Depoil et al., 2008), (reviewed in Carrasco and Batista, 2006; Kosco-Vilbois, 2003). 

Within GC in the follicles, there is infiltration of B cells in the networks of resident follicular 

dendritic cells (FDC) that retain and express intact IC and it has been suggested that FDC may 

support B cell differentiation, proliferation and memory cell maintenance (Haberman and 

Shlomchik, 2003). FDC express high levels of inter-cellular adhesion molecule-1 (ICAM1) and 

vascular cell adhesion molecule-1 (VCAM1) as well as complement receptors CR1 (CD35) and 



http://en.wikipedia.org/wiki/PI3K
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modify the APC to prime CD8
+
 T cells (Clarke, 2000). CD40-CD40L interaction has been 

shown to be essential signal for B cell memory and proliferation, expression of activation 

markers, Ig production, isotype switching and formation of GC (Gray et al., 1994a; Gray et al., 

1994b). 

 

T cells also express CD150 (SLAM) a type 1 glycoprotein, encoded by the gene SLAMF1 

(signaling lymphocytic activation molecule family member 1). CD150 is expressed on 

thymocytes, memory T cells, B cells, platelets, NKT cells, and mature DC. CD150 becomes up-

regulated following cell activation, redistributing to lipid rafts and co-localising with the TCR 

(Howie et al., 2002; Mehrle et al., 2008). The cytoplasmic tail of CD150 associates with SH2 

domain-containing proteins such as the SLAM-associated protein (SAP) adaptor molecule. SAP 

acts to modulate CD150-mediated signaling pathways through the recruitment of Fyn to the 

SLAM receptor, enabling Fyn and Lck phosphorylation of Tyr residues in the cytoplasmic tail 

of SLAM (Chan et al., 2003; Li et al., 2003; Simarro et al., 2004). CD150 ligation induces Akt 

phosphorylation and triggers extra-cellular signal related kinase (ERK)1/2 pathways in T cells 

and Hodgkin's lymphoma cell lines (Howie et al., 2002; Yurchenko et al., 2005). CD150 

engagement increases TCR induced 3.&ș�DQG�1) -ț%��DFWLYDWLRQ��as well as IL-4 production in 

a SAP- and Fyn-dependent manner (Cannons et al., 2004). 

 

1.8 Co-inhibitors 

Lymphocytes receive signals to either counteract or modify the activating signals delivered 

through Ag receptors and co-stimulatory molecules. Modifying signals are transduced through 

receptors that bear an immunoreceptor tyrosine based inhibitory motif (ITIM) in their 

cytoplasmic tails. Upon inhibitory receptor ligation, the ITIM is phosphorylated by Src family 
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(Pfrepper et al., 2001). Thus the negative affects of SIT could be attributed to its recruitment of 

Csk to modulate the SFK. The characterisation of SIT deficient mice demonstrated there was an 

alteration of activation thresholds in T cells, including elevated levels of CD5 in DP thymocytes 

(Posevitz et al., 2008). 

 

A second member of the CD28 family of T cell regulators is Programmed Death 1 (PD-1), 

which is upregulated upon activation of T cells, B cells and monocytes (Agata et al., 1996; 

Ishida et al., 1992). The cytosolic domain of PD-1 contains an ITIM, and recruits both SHP-1 

and SHP-2 upon ligand binding. PD-1 has two ligands that are members of the B7 family; PD-

L1, expressed on DC, macrophages, B cells and a variety of non-hematopoeitic cells and PD-L2 

which is restricted to DC and marcophages (Freeman et al., 2000; Keir et al., 2008; Latchman et 

al., 2001). PD-1 engagement by either PD-L1 or PD-L2 reduced IL-2 production by 60-70% 

following anti-CD3/PD-L1 monoclonal antibody (mAb) stimulation of CD4
+
 and CD8

+
 T cells 

and also led to fewer rounds of cell division compared to anti-CD3 stimulation alone (Carter et 

al., 2002). Furthermore, costimulation with mAb anti-CD28 was able to reverse PD-1 mAb 

inhibition in CD4
+
 T cells by sustaining 

http://en.wikipedia.org/wiki/Ligands
http://en.wikipedia.org/wiki/B7_(protein)
http://en.wikipedia.org/wiki/PD-L1
http://en.wikipedia.org/wiki/CD273
http://en.wikipedia.org/wiki/Phosphoinositide_3-kinase
http://en.wikipedia.org/wiki/Protein_Phosphatase_2
http://en.wikipedia.org/wiki/PTPN11
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CD80/86 results in a reduction of IL-2 production and expression (Stein et al., 1994). CTLA-4 

http://en.wikipedia.org/wiki/Transmembrane_receptors
http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/JAK-STAT_pathway
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Type II cytokine receptors are similar in structure to the type I receptors previously described 

but do not express the amino acid motif, WSXWS, in the extracellular portion of the receptor, 

characteristic of the t

http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Stat1
http://en.wikipedia.org/wiki/Transcription_(genetics)
http://en.wikipedia.org/wiki/Adaptor_protein
http://en.wikipedia.org/wiki/TRADD
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1.10.1  Initiation of the TCR Signaling Cascade 

Following TCR engagement by pMHC, TCR/CD3 clustering leads to lipid raft coalescence and 

to the concentration of positive mediators of TCR signaling (downstream kinases and their 

substrates) and the active exclusion of TCR signaling negative regulators such as Csk and 

protein Tyr phosphatases (PTPases) (Fig 1.1A). 
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interface and was also required for the spreading of T cells on anti-TCR coated coverslips 

(Huang et al., 2008).  

 

Both Zap-70 
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close to, albeit underneath the plasma membrane, in the cortex at IS (Rahmouni et al., 2005). 

The requirement of Csk for T cell development and during TCR signaling is highly critical as 

embryonic cells show increased basal SFK activity and in addition, knockdown of Csk is 

embryonically lethal due to early stage neural tube defects (Imamoto and Soriano, 1993). Csk is 

ubiquitously expressed but it is thought that the Csk
-/-

 phenotype is caused by aberrant 
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parasynaptic area is located within the cytosolic cortex, underneath the IS, where a fraction of 

Csk molecules localised between the IS membrane and the pool of G3BP, which remained 

exclusively parasynaptic (Rahmouni et al., 2005). It is thought G3BP interaction may counteract 

the role of PAG as seen by the use of RNAi to G3BP and the associated concomitant increase in 

Lck
pY505 

phosphorylation (Rahmouni et al., 2005). Therefore, G3BP acts as a positive regulator 

of TCR signaling by specifically augmenting Csk activity through its repositioning following 

TCR activation. 

 

At this point, it is noteworthy to observe that two groups in 2005 both reported that mice 

lacking PAG exhibited nd 
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recruited to phosphorylated ITIM where it activates and then interacts with neighbouring 

substrates including Lck, which is dephosphorylated at Y394 by SHP1 leading to Lck 

inactivation (Chiang and Sefton, 2001). SHP1
-/-

 mice have abnormal inflammation of organs 

and demonstrate an elevated basal level of activation of naïve LN T cells, which are 

hyperresponsive to TCR signals (Johnson et al., 1999). In addition, upon SHP1 activation, there 

is a concomitant dephosphorylation of Zap-70 and loss of downstream signaling events which 

can be rescued when a dominant negative mutant of SHP1 is expressed, increasing sensitivity to 

TCR signals (Plas et al., 1996). In contrast to SHP1, closely related SHP2, also plays a role in 

the dephosphorylation of Lck, albeit at Y505, as in SHP2
-/-

 T cells there is 

hyperphosphorylation of the Lck
Y505

 negative regulatory Tyr suggesting that SHP2 is a positive 

regulator of TCR signals (Zhang et al., 2004)
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A PTPase with a critical negative regulatory role in TCR signaling, is LYP, which is encoded 

by the PTPN22 gene on chromosome 1p13.3-13.1 in humans (Cohen et al., 1999). The mouse 

ortholog, PEP, was isolated in 1992 and shown to share 70% homology with the human LYP 

(Cohen et al., 1999; Matthews et al., 1992). There is a shorter form of LYP called LYP-2, which 

exists in humans and originates by alternative splicing (Cohen et al., 1999). The 105kDa LYP/ 

PEP has a catalytic amino-terminus PTPase domain and a long carboxy-terminus domain 

containing four proline-rich motifs, termed P1-P4 (Fig 1.4). It is through the P1 motif, that both 

LYP/PEP bind to the SH3 domain of Csk (Cloutier and Veillette, 1996; Cohen et al., 1999). The 

structural basis for the interaction between Csk and PEP was identified by co-crystallisation of 

the SH3 domain of Csk and a PEP-



_____________________________________________________________________________ 

 29 

cells and found to be largely cytoplasmic with low nuclear compartmentalisation (Gjorloff-

Wingren et al., 2000). More recently PEP has been shown to bind Leupaxin, a member of the 

paxillin family, which targets to focal adhesions (Watanabe et al., 2005). In TCR signaling 

Leupaxin has been shown to inhibit JNK 
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conflicting results as to the affects of the mutation on LYP activity (Aarnisalo et al., 2008; 

Lefvert et al., 2008). 

 

A negative regulatory role for PEP in TCR signaling was further identified in 2004 by analysis 

of a PEP
-/-

 mouse. Although naïve CD4
+
 T cells appeared normal ex vivo, following TCR 

stimulation there was an increase in cell cycling (Hasegawa et al., 2004). In vitro generated 

effector CD4
+
 T cells displayed increased Lck

Y394
 phosphorylation and concomitant increases in 

Zap-70 and MAPK activation, elevated calcium flux and more rapid proliferation in response to 

TCR stimulation (Hasegawa et al., 2004). However, PEP
-/-

 mice did not develop autoantibodies 

or autoimmune disease despite having a greater number of TCM cells in the CD4
+
 and CD8

+
 T 

cell compartments. Nonetheless, a recent study showed that combining PEP deficiency with a 

specific point mutation in CD45 (E613R), which alone drives a lupus-like disease on a mixed 

129/B6 but not on a WT B6 background, also resulted in lupus-like disease and accelerated 

memory T cell formation on a B6 background (Zikherman et al., 2009).  

 

1.11 Polarity and the Immunological Synapse  

Upon TCR ligation, the cell receives migratory arrest signals leading to the reorganisation of the 

actin cytoskeleton and associated cytoskeletal and transmembrane proteins. Polarisation occurs 

in respect to the site of TCR engagement, such that clustering of the TCR at the T cell/APC 
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in CTL killing (Kupfer and Singer, 1989a). Later Monks et al. identified a highly structured T 

cell/B cell interface, the SMAC, which was the focal point for clustering Ag receptors and 

signaling molecules with the coupled segregation of adhesion molecules (Monks et al., 1998; 

Monks et al., 1997). 
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there was coinciding loss of microclusters entering the cSMAC (Varma et al., 2006). Thus it 

appeared that the cSMAC TCR clusters were not associated with signaling and could potentially 

be a site of signal termination. Supporting the role of the cSMAC as a site of signal termination 

was the identification of lysobisphosphatidic acid, a lipid involved in sorting ubiquitinated 

membrane proteins for degradation, and the recruitment of Cbl-b and ubiquitin within the 

cSMAC (Varma et al., 2006; Wiedemann et al., 2005). 
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Kupfer et al., 1987b). MTOC orientation is important for cell motility and organelle 

distribution. MTOC reorientation controls the directed secretion of cytokines, granzymes and 

perforin using minus-end directed movement along the microtubules to the target cell (Kupfer et 

al., 1991; Wulfing et al., 1998). In CD4
+
 T cells, MTOC polarisation influences secretion of   

IL-2 and IL-4. More recently it is was shown that CTL form a specialised synapse, where 

docking of the centrioles at the IS, promotes lytic granule migration in a minus-end direction to 

the centrosome and fusion to the membrane (Faroudi et al., 2003; Stinchcombe et al., 2001; 

Stinchcombe et al., 2006).  

 

The reorientation of the MTOC from the uropod in a motile cell to the leading edge of a CTL 

appears h 

end end  of 
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1.11.3 The Distal Pole Complex 

Burkhardt et al. suggested that the formation of the DPC functions to sequester negative 

regulators of T cell signaling which is in agreement with the suggestion that the architecture of 

the IS following TCR activation is a result, rather than a prerequisite of early signaling events 

(Burkhardt et al., 2008; Cullinan et al., 2002). Asymmetric distribution of cell polarity proteins 

including Scribble, Crumbs3 and Par3 has been shown to occur in T cells and may play a 

crucial role in T cell development and the generation of effector or memory lineages (Chang et 

al., 2007; Ludford-Menting et al., 2005). 

 

Upon TCR engagement by pMHC, immunofluorescent tracking of the TCR revealed that there 

is an early TCR bipolar distribution, with TCR clusters forming in the nascent or proximal 

synapse and a large TCR cluster in the opposing distal pole (Dustin and Cooper, 2000). The 

TCR clustering at the distal pole could be due to activated myosin II and actin contraction 

occurring at the trailing edge as the TCR redistr
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Scribble, which interacts with another polarity protein, Dlg, concentrates within the distal of the 

uropod, similarly to ezrin and CD44 in the DPC (Ludford-Menting et al., 2005). Dlg1 may have 

a role in TCR signaling as it contains multiple protein-protein interaction domains, including an 

SH3 domain and numerous PDZ domains, to associate with the TCR, Lck, Zap-70, WASP and 

MAPK for recruitment to the IS (Round et al., 2007; Round et al., 2005). A third polarity 

protein, Lgl remained unpolarised within the uropod, although in the T cell line MD45, 

Crumbs3 concentrated in the distal end of the uropod, where Par3 was actually excluded from 

the distal end and localised within the cell body (Ludford-Menting et al., 2005).  

 

Within minutes of IS formation between activated CD8
+
 T cells with pulsed DC, there was 

disassembly of the uropod and relocation of Scribble and Dlg first to the IS and then both 

proteins redistributed to the distal pole (Ludford-Menting et al., 2005). Interestingly, 

recruitment of Scribble and Dlg preceeded CD3 accumulation at the IS, which remained distal 

until 10 minutes following cell contact, but as CD3 was recruited to the IS, the polarity proteins  

were recruited to the distal pole, where they co-localised with ezrin (Ludford-Menting et al., 

2005). Par3 and Lgl remained in the cell body for 40 minutes after conjugate formation, after 

which time they localised to the IS (Ludford-Menting et al., 2005). In the same 
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1.12 Thesis Aims: 

The broad aim of this thesis was to characterise the localisation of proximal negative regulators 

of TCR signaling in CD8
+
 T cells. To 
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Figure 1.1. Early TCR signaling pathway  

This figure represents an overview of the early signaling events following the binding of the 

pMHC to the TCR/CD3 complex and CD8 co-stimulatory receptor.  

(A) Triggering of the TCR and co-ligation of CD8 (or CD4 on TH 
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Figure 1.3. Structural domains of the tyrosine kinases 

The 4 families of non-receptor tyrosine kinases, SFK, Zap-70, Abl and Tec are closely related in 

their SH1 (kinase), SH3 and SH2 domains. The SFK, Lck and Fyn are highly homologous 

although both have an amino-terminal unique domain which shows no homology and undergoes 

post-translational modifications for targeting each protein to the plasma membrane and lipid 

rafts. Zap-70 lacks the unique domain as does Abl kinase, although Abl is unique in having a C-

terminal proline-rich motif to recruit SH3-containing proteins. Abl is the largest tyrosine kinase, 

also expressing a C-terminal calponin-homology F-actin binding domain, a G-actin binding 

domain, 3 NLS and a nuclear export sequence (NES). Itk (Tec kinase) is unique in having an N-

terminal pleckstrin homology domain (PH) to bind phosphatidylinositol lipids. 

http://en.wikipedia.org/wiki/Phosphatidylinositol
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Figure 1.4. Structural requirements for Csk and PEP interaction 

A schematic representation of the primary structure of Csk and PEP and the residues required 

for their stable interaction. Csk is a kinase structurally similar to the SFK albeit lacking an 

amino-terminal unique domain and C-terminal negative regulatory tyrosine. The 105 kDa 

PTPase PEP has an amino-terminal PTPase domain followed by a large non-catalytic proline-

rich carboxy-terminal domain. The location of the polyproline motifs P1-P4 are highlighted. The 

proline motif (XPpXP) located in the P1 region of PEP binds Csk. The specific sequence in PEP 

is encoded by the residues PPPLPERTP, with each underlined residue required for stable 

interaction between Csk and PEP. In PEP, the arginine (R) amino acid at position 620 has been 

linked to an autoimmunity phenotype in humans when mutate to a bulkier tryptophan (R620W). 
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Figure 1.5. Protein domains and cytoskeletal arrangements of a T cell during 

motility and synapse formation. 

(A) Motile T cells form a leading edge by developing F-actin protrusions and lamellipodium. 

The cell midbody body contains the nucleus and MTOC, with the MTOC positioning directly 

behind the nucleus enabling the MTOC to link the uropod to the lamellipodium for cell 

movement. 

(B) Upon contact with APC and Ag recognition, the cell receives stop signals and alters its 

shape to form the IS, with associated changes in cytoskeletal architecture, namely the 

movement of the MTOC to a position just below the IS. 
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Chapter 2: Materials and Methods 

 

2.1 Materials and solutions 

2.1.1 1x TAE 

40 mM Tris-acetate (Calbiochem-Novabiochem, UK) 

1 mM EDTA (Sigma-Aldrich, UK) 

2.1.2 TE buffer 

10 mM Tris-acetate, pH7.5 (Calbiochem-Novabiochem, UK) 

1 mM EDTA (Sigma-Aldrich, UK) 

2.1.3 Formamide loading buffer  

80% w/v Deionised formamide (Sigma-Aldrich, UK) 

1 mg/ml Xylene cyanol FF (Sigma-Aldrich, UK) 

1 mg/ml 
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2.1.8 Luria-Bertani agar 

10 g/L Tryptone (Sigma-Aldrich, UK) 

5 g/L Yeast extract (Sigma-Aldrich, UK) 

10 g/L Sodium chloride (Sigma-Aldrich, UK) 

14 g/L Agar (Sigma-Aldrich, UK) 

2.1.9 Western Blot lysis buffer 

1% Triton-X100 (Fluka-Sigma-Aldrich, UK) 

20 mM EDTA (Sigma-Aldrich, UK) 

0.15 M Sodium chloride (Sigma-Aldrich, UK) 

1 mM Sodium orthovanadate (Sigma-Aldrich, UK) 

1/100 Protease inhibitor cocktail (Sigma-Aldrich, UK) 

1 mM Sodium fluoride (Sigma-Aldrich, UK) 

2.1.10  Western Blot 3x reducing sample buffer  

30% w/v Glycerol (Sigma-Aldrich, UK) 

187.5 mM Tris-acetate pH6.8 (Sigma-Aldrich, UK) 

10% v/v 2-ȕPHUFDSWRHWKDQRO��6LJPD-Aldrich, UK) 

9% w/v SDS (Fisher-Scientific, UK) 

2.1.11  Western Blot running buffer 

100 mM Tris-acetate (Sigma-Aldrich, UK) 

100 mM HEPES (Invitrogen, UK) 

3 mM SDS (Fisher-Scientific, UK) 

2.1.12  Pre-permeabilisation concentrated stock solution 

25 mM Hepes (Invitrogen, UK) 

38 mM Potassium aspartate (Sigma-Aldrich, UK) 

38 mM Potassium glutamate (Sigma-Aldrich, UK) 

38 mM Potassium gluconate (Sigma-Aldrich, UK) 

2.5 mM Magnesium chloride (Sigma-Aldrich, UK) 

1.5 mM EGTA (Sigma-Aldrich, UK) 
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2.1.13  Pre-permeabilisation buffer 

20% Pre-permeabilisation Concentrated Stock Solution (listed in 2.1.12) 

10% 2.5 M Sucrose (Sigma-Aldrich, UK) 

2.1.14  Culture media 

RPMI (Sigma-Aldrich, UK)
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2.2 Cell Lines 

2.2.1 CD8αβ F5 hybridoma T cell line 

The F5 hybridoma cell-line was generated by fusing activated F5 CD8+ T cells with the BW 

K\EULGRPD�FHOO�OLQH�WUDQVIHFWHG�ZLWK�&'�Į��$V�VXFK��LW�H[SUHVVHV�WKH�&'�Įȕ�FR-receptor as well 

as a TCR transgenic for the influenza peptide Nuclear Protein 68 (NP68) (described in 2.5). The 

cell line is maintained under genetLFLQ� �*����� VHOHFWLRQ� ����� ȝJ�PO), to ensure surface 

expression of the CD8 co-receptor.  

2.2.2 RMA-S cell line  

RMA-S is an Ag processing defective cell-line obtained from a Rauscher virus-induced tumor. 

It lacks the transporter TAP2, such that peptides can not be transported from the cytosol to the 

cisternae of the endoplasmic reticulum for assembly of MHC I molecules. This leads to the loss 

of surface expression of stable class I molecules. At lower temperatures (25°C), pulsing with 

peptide for 30 minutes permits assembly of stable surface pMHC complexes. 

 

2.3 Mice 

F5 Rag-1-/- mice are transgenic for a class I major histocompatibility complex-restricted T cell 

receptor with a soluble cognate peptide Ag derived from an influenza virus nucleoprotein, NP68 

(Mamalaki et al., 1992). Fyn-/- mice were generated by removing Fyn through homologous 

recombination in embryonic stem cells (Stein et al., 1992). 
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2.8 Stimulation conditions 

2.8.1 Activation with pMHC beads 

To measure stimulation and proliferation, cells were plated at a density of 1x106 cells per 48-

well plate, with beads added to a final ratio of 1:1. Cells were incubated at 37°C/5% CO2 for the 

indicated time points. 

2.8.2 In vitro T cell activation  

For Ag-specific stimulation of F5 CD8+ T cells using soluble NP68 peptide, preparations of 

total LN cells were seeded in 48-well tissue culture plates (Nunc, Denmark) at a density of 

5x105 cells per well in RPMI culture media. Samples were incubated with 1 nM of NP68 

peptide at 37°C/5% CO2. Cultures were terminated at specific time points by fixation with 4% 

PFA. In other experiments cells were co-incubated with NP68 and 5 ng/ml IL-2 cytokine 
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2.9 Conjugate assays 

2.9.1 pMHC dimer bead conjugation assay 

6x105 beads were preincubated on coverslips for a minimum of 2 hours. Cells were added to a 

final ratio of 1:2 cells to beads and centrifuged for 2 minutes at 800 rpm to commence conjugate 

formation. Cells were then placed at 37°C/5% CO2 for the indicated time points, until fixed by 

addition of 4% PFA. 

2.9.2 Pulsed RMA-S cell conjugation assay 

2.5x105 CD8+ T cells were preincubated on coverslips for 15 minutes at 37°C/5% CO2. Pulsed 

RMA-
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&'�Į  KT-15 Rat biotin Abcam 1/100 

MHCII M5/114.15.2 Rat PE eBiosciences 1/100 

CD25 PC61.5 Rat PE, APC eBiosciences 1/200 

CD28 37.51 Hamster - eBiosciences �ȝJ�Pl 

CD44 IM7 Rat FITC, APC eBiosciences 1/200 

CD69 H1.2F3 Hamster FITC, PE
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2.12 5-colour FACS staining and analysis 

The expression of cell surface markers was assessed using 5-color flow cytometry. 5x105 cells 

ZHUH�LQFXEDWHG�LQ�����ȝO 
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a MOFLO cell sorter (DAKO Cytomation, USA), collecting YFP+ 
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2.15.3  Amplification of PEP and Csk cDNA 

PEP and Csk were amplified with the introduction of unique �¶�EcoRI or HindIII restriction 

sites (Table 2.2, underlined) respectively DQG��¶�ScaI restriction site (Table 2.2, underlined) to 

facilitate directional cloning and fusion to the fluorescent protein respectively�� 7KH� �¶� VWRS�

codon of PEP and Csk was not incorporated into the �¶� primer. The sequences of 

oligonucleotides used for amplifying PEP, PEP-ScaI:F with PEP_5'EcoRI:R and Csk, 

CSK_ScaI:F with CSK_5'HindIII:R are listed in Table 2.2. PCR was performed on the PEP and 

Csk cDNA using HotStar  Taq DNA polymerase High Fidelity enzyme using the following 

thermal cycling conditions; an initial denaturation step at 95
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Primer1 Oligonucleotide Sequence 

Pep5_3-F1 �¶-GGTTCCATGTTGTTTGGGTCG-�¶ 

Pep5_3-F2 �¶-CCAGCTTTTCCCCACCG-�¶ 

Pep5_3-F3 �¶-GCCTACAGAACGTGTTCAGC-�¶ 

Pep3_5-F1 �¶-CGTTCTGTAGGCTTGCTTGG-�¶ 

Pep3_5-F2 �¶-GGTTTAACGGTGGGGAAAAGC-�¶ 

Pep3_5-F3 
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2.17.3  Restriction endonuclease digestion 

DNA was diluted in a 1x NEBuffer (supplied with variable MgCl2 concentrations, New England 

Biolabs, UK���ZLWK�����ȝJ�PO BSA and 1U of appropriate rHVWULFWLRQ�HQGRQXFOHDVH�IRU���ȝJ�RI�
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VHFRQGV��&HOOV�ZHUH�LQFXEDWHG�LQ�����ȝl SOC PHGLD�DW����&�IRU���KRXU������ȝO of transformation 
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pellet was rinsed with ice cold 70% ethanol, air-dried for 5 minutes and resuspended in sterile 

water. 

2.17.11  Concentration of DNA by ethanol precipitation 

One-tenth volume of 3 M NaOAc pH5.2 was added to the DNA solution, followed by two 

volumes of cold 95% ethanol. Precipitation occurred overnight at -20°C. DNA was pelleted at 

4°C for 15 minutes at 13000 rpm and following aspiration of the supernatant, the DNA was 

washed once with ice cold 70% ethanol and air dried. DNA was resuspended in TE buffer      

(10 mM Tris-acetate pH7.5, 1 mM EDTA). 

 

2.18 cDNA Transfection 

F5.BW hybridoma cells or memory CD8+ T cells were passaged 24 hours prior to transfection. 

On the day of transfection, cells were counted and washed once in 1xPBS to remove salts. Cells 

were resuspended at a concentration of 5x106 FHOOV�LQ�����ȝO of the carrier solution supplied with 

the Mouse T Cell Nucleofector® kit (Lonza, Switzerland) and electroporated using the CD8+ T 

cell parameter, X-001, of the Nucleofector® Device (Lonza, Switzerland). Cells were 

WUDQVIHFWHG�ZLWK����ȝJ�SODVPLG�'1$�RU�DV�RWKHUZLVH�LQGLFDWHG�DQG�UHVWHG�IRU�D minimum of 4 

hours at 37°C/5% CO2 in media supplied with the Nucleofector kit®.  

 

2.19 Biochemical analysis by Western Blot 

Cell pellets were harvested and lysed to the equivalent of 10x107 cells per 1 ml lysis buffer (1% 

Triton-X100, 20 mM EDTA, 0.15 M NaCl, 1 mM Na3VO4, 1/100 protease inhibitor cocktail, 1 

mM NaF) and lysed for 30 minutes at 4°C, centrifuged at 15000 rpm for 30 minutes at 4°C and 

transferred to clean eppendorf tubes. Protein supernatant at a volumH�RI����ȝO was added to 3x 

reducing sample buffer (30% w/v glycerol, 187.5 mM Tris-acetate pH6.8, 10% v/v 2-

mercaptoethanol, 9% w/v SDS) and incubated for 5 minutes at 95°C prior to separation on a 

pre-cast 10% Tris-glycine gel (Novex, Invitrogen, UK) at 125V for 90 minutes in supplied 

running buffer (100 mM Tris-acetate, 100 mM HEPES, 3 mM SDS). Protein was transferred by 

electro-blotting onto polyvinylidene diflouride (PVDF) membranes (Immobilon-
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Tween-20 and 0.01% SDS at room temperature for 1 hour. Membranes were washed 3 times for 

10 minutes in PBS with 0.1% Tween-20 and visualised using the Odyssey Infrared Imagining 

System (LI-COR Biosciences).  

 

2.20 Cell treatments 

2.20.1  Digitonin pre-permabilisation 

Adherent cells on micro-well slides (described further in 2.21) were placed on ice and washed 

once with ice-cold 1x PBS. Cells were subsequently washed in chilled pre-permeabilisation 

buffer (listed in 2.1.13) and then permeabilised for 5 minutes in pre-permeabilisation buffer 

containing 40 g/ml digitonin (Sigma-Aldrich, UK) on ice. Cells were then washed twice in 

chilled pre-permeabilisation buffer containing 2% BSA, followed by two washes in chilled pre-

permeabilisation buffer and then fixation in 2% PFA for at least 30 minutes.  

2.20.2  Methyl-beta-cyclodextran (MBCD) treatment for cholesterol   

depletion 

Cells at a concentration of 1x106/ml were incubated in complete media supplemented with      

10 mM MBCD (LC Laboratories, USA) for 15 minutes at 37°C/5% CO2 and then fixed with 

2% PFA. 

2.20.3  STI-571 (Imatinab) treatment for inhibition of Abl kinase 

Cells at a concentration of 1x107/ml were incubated in complete media supplemented with      

10 M STI-571 (LC Laboratories, USA) for 15 minutes at 37°C/5% CO2 and then fixed with 

2% PFA. 

2.20.4  PP2 treatment for inhibition of SFK 

Cells at a concentration of 1x107/ml were incubated in complete media supplemented with      

10 M PP2 (Gibco BRL, UK) for 15 minutes at 37°C/5% CO2 and then fixed with 2% PFA. 
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2.20.6  Phorbol 12,13-dibutyrate (PDBu) treatment for PKC activation 

Cells at a concentration of 1x106/ml were incubated in complete media supplemented with    

100 nM PDBu (Sigma-Aldrich, UK) for 30 minutes at 37°C/5% CO2 and then fixed with       

2% PFA. 

2.20.7  U1026 treatment for Mek inhibition 

Cells at a concentration of 1x106/ml were incubated in complete media supplemented with      

20 M U1026 (Calbiochem-Novabiochem, UK) for 30 minutes at 37°C/5% CO2 and then fixed 

with 2% PFA. 

 

2.21  Sample preparation for confocal microscopy 

Cells were resuspended at a density of 1x106 FHOOV�SHU�P/�ZLWK����ȝ/�FHOO�VXVSHQVLRQ�DGGHG�WR�

the centre of a well on a 10-well multispot microslide (Hendley-Essex, UK). Cells were 

incubated for 20 minutes at 37°C/5% CO2��DIWHU�ZKLFK�WKH����ȝ/�VROXWLRQ�ZDV�DVSLUDWHG�IURP�

the slide. Cells were fixed in 4% PFA at 4°C. After 30 minutes, cells were washed 4 times in 1x 

PBS and residual PFA was quenched in 50 mM glycine for 10 minutes at room temperature. 

Cells were permeabilised, unless otherwise stated, in 0.1% TritonX-100 for exactly 6 minutes at 

room temperature and then washed 4 times in 1x PBS. Intracellular staining occurred at 4°C 

overnight following incubation of cells in PBS/2% BSA containing primary Ab (listed in Table 

2.1). Cells were washed 4 times in PBS/2% BSA and further incubated with AF fluorescently 
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2.22  Statistical calculations 

2.22.1  Calculation of protein distribution 

To calculate the distribution of a protein within a single cell image, the sum of fluorescence was 

determined using Volocity 3D image analysis software. A background threshold was set for the 

channel to be measured and applied to each image. The sum of fluorescence above the threshold 

minimum generated by the imaging software was recorded and entered into the following 

formulae: 

 

(P-D)/(P+D) 

 

Where: 

P = the fluorescence in the proximal half of the cell 

D = the fluorescence in the distal half of the cell 

 

The proximal half of the cell is identified by the presence of TCR capping, with the distal half 

of the cell posterior to the site of TCR capping. 

2.22.2  Calculation of percentage of protein in the distal pole 

To calculate the percentage of protein within the distal pole the following formulae was used: 

 

D/(P+D) 

 

Where: 

P = the fluorescence in the proximal half of the cell 

D = the fluorescence in the distal half of the cell 

 

The proximal half of the cell is identified by the presence of TCR capping, with the distal half 

of the cell posterior to the site of TCR capping. 

 

2.22.3  t-statistic 

$� VWXGHQW¶V� WZR-tailed t-test was used to compare the difference, within an equal amount of 

samples (n=25), between the distribution [(P-D)/(P+D)] of two specified proteins following 

TCR crosslinking. 

 



http://www.gifted.uconn.edu/siegle/research/correlation/corrchrt.htm
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Interestingly, it was later shown that Fyn, the SFK sharing 70% sequence homology with Lck 

and known to also participate early within the TCR signaling pathway, did not localise to the 

plasma membrane in Jurkat cells or activated T cells but instead was associated with the 

centrosome as well as the microtubule spindles radiating from the centrosome (Ley et al., 1994). 

More recently, lipid rafts were identified as functioning to segregate Lck from Fyn in resting 

naive T cells and only following TCR and co-receptor ligation could activated Lck translocate 

into lipid rafts and co-localise with Fyn, promoting Fyn activation (Filipp et al., 2003). Taken 

together these data imply that there is an functional interdependence between Lck and Fyn but 
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Using F5 TCR Tg CD8
+
 T cells, the spatio-temporal localisation of Lck

pY505
, Fyn and Csk in 

vitro was investigated, following crosslinking the TCR with CD8, enabling visualisation of 

early signaling events. Of particular interest was comparing early TCR signaling events 

between naïve and memory CD8
+
 T cells. The following chapter shows that a proportion of Csk 

co-localises with Lck
pY505

 and Fyn at the site of TCR crosslinking in both naïve and memory 

cells but that Csk and Fyn distribute more readily to the distal pole in memory CD8
+
 T cells. 

 

3.2 Ligation of the TCR with CD8 is required for optimal recruitment 

of Lck to the site of TCR activation 

Lck is the proximal kinase involved in TCR signaling and has previously been shown to be 

recruited to the T cell/APC interface within minutes of TCR ligation (Lee et al., 2002b). The 

first biochemical change detected upon signaling through the TCR, is an increase in phospho-

Tyr of the signaling mediators. Initially work aimed to optimise suitable methods of Ab-induced 

TCR activation for immunofluorescent imaging of proximal intracellular signaling mediators.  

 

Ab-induced capping is an energy-dependent process causing the redistribution of surface 

molecules, polarising the cell and artificially generating a site of TCR activation, to resemble 

the IS formed between a T cell and APC in vivo. The mAb specifically binds to surface 

molecules moving them, together with their associated molecules, to form a cap. I therefore 

asked whether Lck could be concentrated at the site of mAb-induced capping and generate an 

increase in Tyr phosphorylation. Peripheral lymphocytes derived from a TCR Tg mouse, F5 
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ligation. The kinetics of Csk disassociation and reassociation with lipid rafts and PAG, as well 

as phosphorylation of PAG
Y314

 by Fyn, have previously been studied by lipid raft fractionation 

and biochemical assays (Davidson et al., 2003; Davidson et al., 2007; Davidson and Veillette, 

2001). I chose to observe the localisation of Csk and its associations with Fyn and Lck during 

early TCR signaling events by immunofluorescent imaging.  

 

To relate the events in the IS to TCR-mediated signaling I used the specific phospho-Tyr mAb 

to recognise the activated forms of key targets downstream of the TCR and act as a positive 

control for subsequent capping assays. Additionally, to address the role of Csk associated to the 

negative regulation of Lck and TCR signaling events I used a phospho-specific Ab directed 

against Lck
pY505

, the Tyr specifically targeted by Csk (Okada and Nakagawa, 1989
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T cell activation results in rapid downregulation of the TCR itself as well as membrane 

endocytosis and recycling. As Csk appears to be recruited from the membrane into the cytosol 

following TCR crosslinking (Fig 3.9), I asked if the Csk structure found within the cytosol was 

dependent on cholesterol for its localisation. Two methods of cholesterol depletion were used, 

pre-permeabilising cells with digitonin before fixation and methyl-beta-cyclodextran (MBCD) 

incubation. Digitonin pre-permeabilisation has previously been shown to permeabilise the 

plasma membrane, depleting soluble cytoplasmic proteins without permeabilising the limiting 

membrane of the intracellular organelles (Bucci et al., 1992). Briefly, cells were pre-

permeabilised on ice with a low concentration (40 ng/ml) of the cholesterol depleting compound 

digitonin concentrated within an osmotically balanced solution (solution listed in 2.1) for 5 

minutes prior to 4% PFA fixation. This method (described in 2.20.1) is a modified version of a 

published protocol by Hannah et al, shown to remove unbound soluble cytosolic proteins prior 

to PFA fixation, thus revealing more defined organelle structures and protein associations 

(Hannah et al., 1998). Similarly to Na3VO4 treatment, digitonin disrupted the cytosolic pool of 

Csk (Fig



_____________________________________________________________________________ 

 83 

following TCR engagement, but then similarly concentrated at the DPC within 20 minutes 

(Shaffer et al., 2009). The movement of ezrin and moesin has been documented using TCR 

stimulation provided by artificial, as well as professional APC, therefore I wanted to observe 

affects of Ab-induced TCR crosslinking, on the localisation of both ezrin and moesin in 

memory CD8
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through exclusive phosphorylation Lck
Y505

 (Davidson et al., 2007). Moreover, the data support 

that there are differences in the localisation of key signaling molecules between naïve and 

memory CD8
+
 T cells, suggesting that the rapid recall response of memory CD8

+
 T cell upon 

Ag re-challenge could be attributable to a loss of suppression on the activity of Lck at the 

plasma membrane by sequestration of Csk into the cytosol. Csk recruitment to the membrane 

via interactions with PAG, is dependent on exclusive PAG
Y314

 phosphorylation by Fyn as well 

as activation of Csk by PKA, which was shown to increase Csk activity by 2-4 fold (Tasken et 

al., 1997). PKA and Csk form a complex with PAG and EBP50, the latter binding ezrin and 

anchoring the PAG complex to the actin cytoskeleton. In agreement with findings from the 

Burkhardt group, I observed that ezrin co-localised to the site of TCR ligation early after T cell 

activation (Fig 3.13) (Shaffer et al., 2009). Recently Ezrin, with the scaffold protein Dlg1, was 

shown to be necessary for the positioning 529d2ezrin 
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follow two avenues of investigation. The first would be to visualise PAG early after TCR 

ligation, although three different anti-PAG Ab were not successful in detecting PAG in memory 

CD8
+
 T cells following TCR crosslinking. To possibly overcome this technical hurdle, and 

additionally observe changes in the interaction of Csk with PAG, we could utilise modified 

green fluorescent proteins: CFP and YFP, to monitor a FRET response which is indicative of a 

molecular association. I generated a CskCFP fusion protein (described in 2.15), which could be 

paired with a functional PAGYFP protein described previously (Matsuoka et al., 2004). 

Matsouka et al. observed FRET signal at the cell periphery of COS cells co-expressing CFPCsk 

and PAGYFP within minutes of EGF stimulation, suggesting that early after cell activation and 

the concomitant activation of SFK, Csk is recruited to the membrane by PAG interaction to 

temper SFK activity (Matsuoka et al., 2004). It would therefore be exciting to identify how soon 

after TCR crosslinking FRET could be detected between PAG and Csk in memory CD8
+
 T cells 

and moreover to characterise where in the polarised cell this occurs. An alternative study, would 

be to determine if PAG is responsible for the localisation of the Csk/EBP50 complex by 

activating PAG
-/-

 CD8
+
 T cells. It is tempting to speculate that the loss of PAG would cause 

redistribution or possibly drive disassociation of the Csk/EBP50 complex. However, in PAG
-/-

 T 

cells, Csk was previously found 
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elongated cell polarity supports TCR triggering by 
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the cell and the cellular response. Ab-crosslinking can drive the cell towards apoptosis (Kupfer 

et al., 1987a; Tite et al., 1986), which could be associated to the high levels of pERK generated 

early after TCR activation (Fig 3.4). Furthermore, in respect to CTL interaction with its target 

cell, this is a more biogically relevant model as there are many fluid interactions taking place at 

the cell/cell contact site compared to the static Ab-crosslinking model.  

 

In conclusion, our study underscores the importance of cell polarity and how this is altered 

dependent on the requirements of the cell. Naïve CD8
+
T cells have a greater requirement for 

costimulation and become activated only following prolonged Ag exposure compared to 

memory cells. It appears that this in part, could be due to the removal of TCR signaling 

mediators Csk and Fyn from the plasma membrane, limiting their interactions with their 

substrates residing, thereby reducing the threshold of negative regulation to overcome following 

TCR engagement. The further exclusion of a significant proportion of Csk and Fyn molecules 

from the IS, concentrating them in the DPC, further supports the more rapid recall response of 

memory CD8
+
 T cells.  
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Figure 3.2. CD8α crosslinking alone is sufficient to recruit Lck to the site of 
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Figure 3.14. The Golgi complex and MTOC distribute to the distal pole of the cell 

following TCR activation of memory CD8+ T cells 
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complex as it stands in the current model, as it suggests that loss of association of Csk with 

PEP
R619W

, increases PEP phosphatase activity and potentially implies that PEP is recruited to the 

membrane through association with another adaptor protein or that Csk binding down-regulates 

phosphatase activity. 

 

Loss of Csk/PEP interaction may result in PEP mislocalisation, therefore I chose to address the 

localisation of PEP
R619W

 during TCR signaling. Furthermore, a recent study by Fiorillo et al. has 

identified LYP as a substrate for Lck in Jurkat cells (Fiorillo et al., 2010). The authors 

suggested that LYP, through its association with Csk, is recruited to the plasma membrane 

following early TCR signaling events and the carboxy-terminal LYP residue Y536, becomes 

phosphorylated by activated Lck, which leads to reduced phosphatase activity (Fiorillo et al., 

2010). It was further reported that mutated LYP
R620W

 had reduced Y536 phosphorylation 

following TCR stimulation and Fiorillo et al. postulated that this could be due to differential 

compartmentalisation, or at least loss of Lck access to LYP
R620W

 (Fiorillo et al., 2010). 

Therefore, beyond determining the localisation of PEP
R619W

 during TCR signaling, it would be 

interesting to observe if the association between PEP and Lck changes upon expression of the 

PEP
R619W

 variant. 

 

A PEP 
-/-

 mouse been previously described (Hasegawa et al., 2004). Over the age of 6 months, 

PEP
-/-

 mice presented increased SPL and LN size, with associated increases in cell number. The 

response of PEP
-/-

 naïve CD4
+
 T cells following early activation events appeared relatively 
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Lck localisation, when its substrate, PEP was absent from the TCR signaling pathway in PEP
-/-

 

CD8
+
 T cells. Finally I asked whether there would be a relocalisation of PEP

R619W
, in 

comparison to PEP
WT

 following TCR activation. I found that in vitro generated PEP
-/-
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increase in the TCM compartment of CD4
+
CD44

hi
CD62L

hi
 PEP

-/-
 T cells compared to PEP

WT
 

(10% and 3.58% respectively) (Fig 4.2B), which was paralleled in the CD8
+
 TCM compartment. 

This increase was not seen in the CD4
+
CD44

hi
CD62L

lo
 subset (Fig 4.2B). Furthermore the 

increase in the TCM compartment is not matched by increases in activation markers CD25 or 

CD69 (Fig 4.2B), which maybe expected considering TCM cells are less activated than effector/ 

TEM cells. 

 

Thymocyte development of PEP
-/- 

 and PEP
WT

 controls was similar, with CD4
+
 SP, CD8

+
 SP 

and CD4
+
CD8

+
 DP subsets showing no appreciable differences (Fig 4.3A). Within the DP 

population CD5 expression was marginally increased in PEP
-/-

 mice (blue line) compared to the 

PEP
WT

 controls (red line) (Fig 4.3B), which closely resembled 

line) ( Tm
  406.7549
B5(t)-4(hi)61 45
/F2t
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Figure 4.4 may translate into enhanced proliferation which could ultimately explain increased 

cell recovery shown in the experiment in Figure 4.1. 

 

To investigate differences in early T cell activation events and the memory phase in PEP
-/-

 

versus PEP
WT

 CD8
+
 T cells, I generated Concanavalin A (Con A) stimulated blasts. Equal 

numbers of naïve T cells isolated from PEP
-/-

 and PEP
WT

 LN and SPL were stimulated with 

ConA for 3 days and rested in cytokines IL-2 and IL-7 for an additional 4 days. Figure 4.5A 

shows that following d3 there were increased PEP
-/- 

T cell numbers (denoted -/-, blue line) 

compared to PEP
WT

 controls (denoted +/+, red line). Additionally, further marked increases in 

PEP
-/-

 T cell numbers over PEP
WT

 were observed in T cell blasts rested in IL-2 and IL-7 for 4 

days (Fig 4.5A). An increase in total cell number could be indicative of the ability of PEP
-/-

 T 

cells to proliferate more rapidly than the PEP
WT

 counterparts or that they are better equipped to 

survive. Further experiments, involving CFSE dilution would be needed to confirm if, indeed 

PEP
-/-

 T cells do proliferate more rapidly. As expected, there is only a marginal increase in 

CD25 and CD69 expression at d3 of ConA stimulation of either PEP
-/-

 and PEP
WT

 T cells (Fig 

4.5B) and no further change in activation markers in the remaining 4 days of culture with IL-2 

and IL-7. The lack of marked differences in expression of activation markers could be attributed 

to the late time point of analysis, at least for CD69 as its upregulation occurs as early as 2 hours 

following ConA stimulation and thereafter peaks at 24 hours.  

 

The cells generated at the end of the above mentioned culture (d7 in Fig 4.5B) were re-

stimulated using increasing concentrations of anti-CD3 mAb for an additional 24 hours and 

analysed for re-expression of activation markers. I observed at all concentrations, a marked 

increase in CD69 expression and associated elevated MFI levels in PEP
-/-

 memory CD8
+
 T cells 

(
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4.5 PEP co-localises with Csk at the site of TCR activation 

The localisation of PEP in lymphocytes has not yet been reported. In an early study, HeLa cells 

were transfected with a transgene encoding for PEP and the PEP protein was identified to reside 

in the nucleus (Cloutier and Veillette, 1996). Although PEP does have an NLS (Cohen et al., 

1999), the association between PEP and Csk, which has been shown to occur within the 

cytoplasm is a mechanism believed to sequester PEP within the cytosol (Gjorloff-Wingren et 

al., 2000). Furthermore, biochemical analysis has shown that despite its association with Csk, 

PEP was not present within lipid rafts and membrane fractions (Cloutier and Veillette, 1999; 

Gjorloff-Wingren et al., 1999). In Chapter 3, Csk localised predominantly at the cell periphery 

in naïve and memory CD8
+
 T cells (Fig 3.5 and 3.8 respectively) and in memory cells localised 

in a distinct structure within the cytosol (Fig 3.8), thus the relationship of the PEP/Csk complex 

was further investigated. All commercially available Ab directed to PEP and LYP were tested, 

as well as a sera (121.8) generated from immunised rabbits, donated by A. Veillette, with only 

the latter able to detect a PEP signal by immunofluorescence.  

 

Two strategies were chosen to test the 121.8 sera by western blot (WB), cell lysates from PEP
WT

 

memory CD8
+
 T cells transfected with a PEPYFP construct and comparison of cell lysates from 

PEP
-/-

 versus PEP
WT

 CD8
+
 T cells. PEP

WT
 memory CD8

+
 T cells were transfected with a 

plasmid containing either GFP, or a YFP fusion protein of PEP
WT

 or PEP
R619W

 (as described in 

4.6). Lane 2 in Figure 4.9 contains a lysate of PEP
WT

 memory CD8
+
 T

 
cells that had been 

electroporated with no DNA. The lysate in lane 3 contains PEP
WT

 cells transfected with GFP 

alone, whereas lanes 4-5 contain lysates from cells transfected with PEP
WT

YFP and 

PEP
R619W

YFP fusion proteins respectively (Fig 4.9). The use of sera 121.8 consistently detected 

mul
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PEP and Csk (Fig 4.10, E). Comparison of PEP
-/-

 with PEP
WT

 CD8
+
 T cells shows much of the 

staining may be non-
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~1000bp fragment with an amino-terminal C>T nucleotide change. The two fragments were 

identified by agarose gel electrophoresis as shown in lanes 2-3 respectively in Fig 4.11B. These 

fragments were gel purified (lanes 4-5) and used as templates for the second round 

amplification which generated an ~1800bp fragment using primers F1 and R1 (Fig 4.11A), with 

both WT and C1858T fragments shown in lanes 6-7 in Figure 4.11B. Mutation of C1858T 

introduces an XcmI site which was used to determine the efficiency of the nested PCR and 

generation of the C1858T PEP cDNA fragment as shown in Figure 4.11B, where XcmI digest 

generated a ~800bp and ~1000bp fragment only in the PCR product of the C1858T fragment 

(lane 10), compared to the original cDNA clone and the WT fragment (lanes 8 and 9 

respectively). A pMAX
®
 vector containing a pCMV promoter region to drive efficient transgene 

expression following electroporation, an MCS for introduction of the PEP cDNA and a SV40 

polyA site to confer transcript stability was used as a template to generate a YFP expression 

vector (Fig 4.11C). A DNA sequence encoding monomeric YFP (mYFP) was amplified 

(Primers listed in Table 2.2) to incorporate a SmaI site (CAGCCC) followed by a 10 aa amino-

terminal linker region (GGGSGGSAAS, in red, Fig 4.11C) and a carboxy-terminal SpeI site for 

ligation into the MCS. The amino-terminal SmaI site generates a blunt-end following 

endonuclease digestion, introducing a 3 nucleotide sequence encoding a serine residue (red S in 

Fig 4.11C) to add to the existing 10 aa linker region. Following ligation of the PEP fragment 

back into the original cDNA image clone by EcoRI and StuI ligation, the full length PEP cDNA 

was amplified with a third reverse primer (listed in Table 2.2) which anneals to the carboxy-

terminal of the PEP cDNA incorporating a ScaI site (AGTACT) and removing the PEP cDNA 

stop codon (Fig 4.11C). Thus when the PEP cDNA is digested by ScaI, a blunt carboxy-

terminal end is generated, 
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The transfection studies discussed so far were performed on WT resting memory F5 CD8
+
 T 

cells, which also express endogenous PEP. As previously mentioned, we were not successful in 

direct detection of endogenous PEP. However, with the use of transfection technology, PEP
WT

 

was detected at the site of TCR crosslinking, where it co-localised with Csk and additionally 

revealed the mislocalisation of PEP
R619W

. 

 

4.8 Discussion 
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hypothesising that a suboptimal signal strength for PEPWT T cells may be enough for naïve  

PEP-/- T cells to overcome, due to a lower threshold of negative regulation. Indeed, at          

������ ȝJ�PO of anti-CD3 mAb stimulation there was an increase in PEP-/- CD8+ T cell 

activation, which was lost at an LQFUHDVHG�FRQFHQWUDWLRQ�RI�������ȝJ�Pl anti-CD3 mAb TCR 

stimulation (Fig 4.4). The Hasegawa study noted that within the first 2 days of anti-CD3 mAb 

stimulation PEPWT and PEP-/- naïve T cells demonstrated comparable growth, [3H]thymidine 

incorporation, cytokine production, mobilisation of calcium, Tyr phosphorylation of cellular 

proteins and expression of activation markers (Hasegawa et al., 2004). Repeating a similar 

analysis with a titration of anti-CD3 concentrations could provide greater insight into the 

negative regulatory role of PEP. If indeed, at a lower concentration of TCR stimulation, PEP-/- 

naïve CD8+ T cells also displayed increased calcium flux, CFSE dilution and tyrosine 

phosphorylation of numerous PEP substrates including LckY394 and Zap-70Y493, this would 

suggest that weaker TCR signals that would normally be insufficient to drive T cell activation 

and cell cycling, would be adequate for PEP-/- T cell proliferation. This could in part explain the 

observed increase in cell numbers
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a gain-of-function mutation that confers a high susceptibility risk to type 1 diabetes and 

rheumatoid arthritis (Bottini et al., 2006; Vang et al., 2005). An increase in phosphatase activity 

in vitro has previously been reported (Vang et al., 2005), with overexpression studies in primary 

human T cells and Jurkat cells revealing that LYPR620W more potently tempers TCR signaling 

than LYPWT  (Rieck et al., 2007; Vang et al., 2005). LYPR620W GHSKRVSKRU\ODWHV�/FN��7&5ȕ�DQG�

other downstream signaling molecules following TCR stimulation in vitro and demonstrated a 

more efficient reduction in calcium mobilisation than LYPWT in primary T cells (Vang et al., 

2005). Elevated catalytic activity directed at downregulating Lck, Zap-70, Vav and other TCR 

downstream signaling molecules may shift thymic selection, as loss of TCR responsiveness 

would elevate the th
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functional consequences of the LYPR620W polymorphism remain unclear. Therefore, I chose to 

investigate the localisation of the mouse ortholog of LYPR620W, PEPR619W during early TCR 

signaling events and not only compare its distribution to PEPWT but to additionally investigate 

the relationship of the phosphatases with Csk. 

 

If indeed LYPR620W is a gain-of-function mutation it begs the question, how is LYPR620W 

recruited to the plasma membrane to interact with its substrates residing there if it does not 

associate with Csk? PEP does possess an NLS at aa 730-802, and was originally reported to be 

wholly localised within the nucleus of COS transfected cells (Gjorloff-Wingren et al., 2000), 

with a later study observing PEP to be distributed not only in the nucleus but also 

homogenously within the cytoplasm when expressed in Hela cells (Flores et al., 1994). In both 

the F5.BW CD8+ T cell line and primary CD8+ T cells transfected with PEPWTYFP, localisation 

of PEPWTYFP was shown to be excluded from the nucleus, instead distributing within the 

cytoplasm as well as near the plasma membrane (Fig 4.13B and Fig 4.15 respectively). This 

result was not surprising, as PEP has previously been identified within the cytoplasm during 

fractionation analysis (Davidson et al., 1997) although PEP was not shown to be present within 

the membrane fraction (Davidson et al., 2003). As PEP is involved in TCR signaling and Tyr 
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The current model of the role of PEP in T cells is that of a negative regulator of T cell signaling, 

accomplished by its direct dephosphorylation of the SFK, ITAM, Zap-70 and Vav (Fig 1.1B). 

One crucial element generally overlooked in the discussion of PEP function is that as yet, no 

published data identifies PEP at the plasma membrane during T cell signaling or indeed in a 

resting T cell (Davidson et al., 2003). A previous study found that PEP was not found in 



_____________________________________________________________________________ 

 137 

dephosphorylation of a phosphopeptide substrate modelled after the Lck autophosphorylation 

site (Y394) (Vang et al., 2005). This study was not in the context of overexpression with Csk, 

with a latter study investigating the activity of LYPR620W as a function of its association with 

Csk, revealing both LYPR620W and the mouse ortholog to be hypomorphs (Zikherman et al., 

2009). As I have identified the localisation of PEPR619WYFP at the plasma membrane and at the 

IS, this provides evidence that PEPR619W is associating with a protein other than Csk to aid in 

directing it to the IS. The association of PEPR619W with another adaptor protein may be a 

consequence of the amino acid mutation (R>W) generating a new binding site as when the P1 

polyproline region is absent, as previously described, there is loss of functional PEP.  

 

Fiorillo et al reported that LYPWT is phosphorylated on Y536 but LYPR620W is not, suggesting 

that LYPR620W localises differently to LYPWT avoiding downregulation by Lck (Fiorillo et al., 

2010). Although it appears that LYPR620W is not phosphorylated by Lck, PEPR619W was shown to 

distribute at the plasma membrane (Fig 4.16), suggesting that PEPR619W may still have access to 

its substrates, and if it is not being downregulated by Lck this would support the hypothesis that 

PEPR619W is a gain-of-function mutation. Furthermore, unlike PEPWTYFP, a significant 

proportion of PEPR619WYFP distributed to the distal pole of the cell (Fig 4.16-4.17), excluding it 

from association with Lck. It would be interesting to identify what protein PEPR619W is 

associating with to direct it to the memb
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et al., 2010). Thus FRET would reveal that Lck and PEPWT/ PEPR619W were associating with Lck 

but would not show what the consequence of this association was.  

 

The risk of overexpression assays to investigate protein function is that they can lead to 

mislocalisation and off-target effects in respect to dephosphorylation. I chose to initially 

identify the localisation of PEP before investigating its effects downstream of the TCR but a 

primary concern already at this stage was that its overexpression may saturate the normal niche 
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a loss-of-function mutation and reduce the risk of SLE (Orru et al., 2009) and Addisons Disease 

(Skinningsrud et al., 2008). Therefore there are potential therapeutic targets of LYP, which all 

appear to downmodulate its phosphatase activity, with the R262Q mutation shown to be 

beneficial in reducing the affects of various autoimmune diseases. This may imply that 

suppression of LYP maybe more easily compensated for than the gain-of-function associated to 

autoimmunity. 
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Figure 4.2. PEP-/- memory CD8+ T cell numbers are slightly increased compared to 

PEPWT controls 

Spleenocytes and lymphocytes were analysed from 10 week old PEP
-/-

 mouse (denoted 
-/-

) and 

its littermate PEP
WT

 (denoted 
+/+

) control. 

Cell suspensions were stained with Ab to CD4 and CD8 and those falling within the viable gate 

were used to measure the frequency of CD4
+
 and CD8

+
 T cells.  

(A) The CD4:CD8 ratio within the lymph nodes were calculated (n=3) + SD, in 3 independent 

experiments. The CD4:CD8 ratio in the spleen was calculated on 1 age match, 

mouse 
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Figure 4.3. CD5 expression is elevated in the thymi of PEP-/- mice compared to 

PEPWT controls 

Thymocytes were analysed from 10 week old PEP
-/-

 mouse (denoted 
-/-

) and its littermate PEP
WT

 

(denoted 
+/+

) control. Cell suspensions were stained with Ab to CD4 and CD8 and those falling 

within the viable gate were used to measure the frequency of CD4
+
CD8

+
 DP T cells, with the 

CD5 profile analysed on DP T cells, which is representative of n=3, in 3 independent 

experiments. 
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Figure 4.11. Generation of the PEPWTYFP and PEPR619WYFP fusion proteins 

(A) The C1858T mutation (indicated on the diagram as a red C in the PEPWT sequence and a 

red T in the PEPmutant sequence) introduces an aa change at 619 of an Arg to a Trp (denoted 

on the diagram as a blue R in the PEPWT sequence and a blue W on the PEPmutant sequence 

respectively). The mutation additionally leads to the creation of an 
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Chapter 5. The role of caveolin-1 in memory CD8
+
 T cells 

 

5.9 Introduction 

Caveolae were originally identified in endothelial and epithelial cells as cholesterol and 

sphingolipid-rich invaginations in the plasma membrane (Fig 5.1A
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a major v-Src substrate in Rous sarcoma virus-transformed cells and was also shown to form a 

complex with normal cellular c-Src in endothelial cells (Glenney and Zokas, 1989; Lisanti et al., 

1994). Recent studies have identified Fyn as responsible for caveolin-1 phosphorylation on 

Y14, and Fyn overexpression in human fibroblasts leads to increased caveolin-1 

phosphorylation at a basal level in resting fibroblasts and caveolin-1 hyper-phosphorylation in 

response to stress (Sanguinetti et al., 2003). Y14 phosphorylated caveolin-1 (pCaveolin) is an 

SH2 binding domain protein and is known to recruit Grb7, to augment EGF signaling and 

promote Csk translocation to the plasma membrane in fibroblast cells (Fig 5.1B) (Cao et al., 

2002; Lee et al., 2000). Interestingly, in embryonic fibroblasts that are deficient for Csk, 

pCaveolin and SFK activity are significantly elevated, suggesting that Csk may be able to 

attenuate SFK activity following recruitment to the caveolae (Cao et al., 2004). Y14 is 

contained within the motif Y-Xaa-Xaa-W, which is a consensus binding site for the SH2 

domain of Abl kinase (Songyang and Cantley, 1995). Abl
-/-

 mice show a loss of pCaveolin 

following oxidative-induced stress, whereas upon over-expression and activation of c-Abl there 

was a prominent increase in pCaveolin (Sanguinetti and Mastick, 2003). 

 

Caveolin-1 has been proposed to play an important role in cell migration, controlling the 

polarisation and asymmetric distribution of cytoskeletal proteins (Isshiki et al., 2002; Shaul and 

Anderson, 1998). Caveolin-1 is linked to the actin cytoskeleton by filamin (
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in a Fyn/Csk negative feedback signaling pathway in other cell types (Fig 5.1B). I initially 

aimed to identify whether caveolin-1 was present in T cells and if found, to further define a 

function for this integral membrane protein in memory CD8
+
 T cells in respect to TCR 

signaling. Indeed I found that caveolin-1 is expressed in CD8
+
 T cells, and furthermore, 

caveolin-1 localised the plasma membrane in resting memory CD8
+
 T cells, becoming 

phosphorylated by Lck, Fyn and Abl within the cSMAC early after T cell activation. 

 

5.10 Csk is recruited to the site of TCR activation in Fyn deficient 

memory CD8
+
 T cells 

In Chapter 3, Csk was found to co-localise with Fyn at the IS in naïve and memory CD8
+
 T 

cells (Fig 3.6 and Fig 3.9 respectively). However, an intracellular structure concentrating Fyn 

and Csk within the cytosol in memory CD8
+
 T cells was also detected (Fig 3.8-9). In resting T 

cells, PAG has been shown to recruit Csk in a Fyn-dependent manner (Yasuda et al., 2002). Fyn 

specifically phosphorylates PAG
Y314

, which binds Csk via its SH2 domain. In Fyn
-/-

 T cells, loss 

of PAG
Y314

 phosphorylation has been shown to abrogate the association of Csk and PAG 

(Davidson et al., 2007). Interestingly, in resting naïve PAG
-/-

 T cells, Csk was still identified at 

the plasma membrane and PAG
-/-
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stronger than for total Lck (r=0.0673, p<0.01 and r=0.336, p=ns respectively). Crucially, there 

was no difference in the interaction between Csk and Lck
Y505
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with an Ab raised against caveolin-1 (clone 7C8) previously published in immunofluorescence 

studies (Tamilselvam and Daefler, 2008). A weak band at 22kDa consistent with the reported 

molecular weight of caveolin-1, was detected, together with additional bands likely to be non-

specific background (Fig 5.5A). Hybridisation with an antibody directed at pCaveolin, revealed 

that indeed, pCaveolin is expressed in Na3VO4 treated memory CD8
+
 T cells but could not be 

detected in untreated cells. Thus, T cells do express caveolin-1, although basal phosphorylation 

of caveolin-1 in resting memory CD8
+
 T cells is either undetectable or absent.  

 

In order to gather an independent validation of pCaveolin expression in T cells, FACS analysis 

was used to monitor its expression in resting memory CD8
+
 T cells. The histogram in Figure 

5.5B shows that there is basal expression of pCaveolin
 
in resting memory CD8

+
 T cells (black 

line) as there was >4-fold increase in MFI compared to the Ab-isotype control (grey shaded). 

Consistent with the WB analysis, inhibition of total cellular PTPases with Na3VO4
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RQ� WKH� 6).�� WKXV� SUHLQFXEDWLRQ� RI� FHOOV� ZLWK� ��� ȝ0� 67,-571 for 15 minutes was used to 

specifically inhibit Abl in the following studies.  

 

Abl inhibition (STI-571) of FynWT memory CD8+ T cells showed a reduction of pCaveolin (Fig 

5.8B, blue line) to the same level as when the SFK were inhibited by PP2 (grey shaded), 

indicating that the activation of caveolin-1 is downstream of Abl. Abl and Fyn/Lck may be in 

the same pathway to phosphorylate caveolin-1 but whether Abl is upstream or downstream of 
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the plasma membrane, which is in agreement with the fact that pCaveolin is generated 

following phosphorylation by the SFK residing there. 

 

5.15 Caveolin-1 phosphorylation increases upon TCR activation and 

loss of Csk co-localisation with Lck 

Having identified a basal level of pCaveolin in resting memory CD8+ T cells, I asked whether 

pCaveolin increased upon T cell activation. After 7&5ȕ�&'�Į�FURVVOLQNLQJ of naïve CD8+ T 

cells (Fig 5.11A), Lck (ii, A, green) and Fyn (ii, B, green), became polarised to the site of 

capping (i, white) as expected. Caveolin-1 (Fig 5.11A, ii, C, green) and pCaveolin (ii, D, green) 

were more concentrated at the IS rather than the distal end of the cell, and they both strongly 

maintained their co-localisation with Csk (0.934 and 0.909 respectively, p<0.01). Interestingly, 

in memory CD8+ T cells, whereas Lck and pCaveolin fully localised to the site of TCRȕ�&'�Į�

crosslinking (Fig 5.11B, ii, A and D respectively, green), caveolin-1 (ii, C, green) remained 

much less polarised, distributing similarly to Fyn (ii, B, green) and Csk (iii, red). As previously 

shown (Fig 3.9), following mAb crosslinking, Fyn co-localised strongly with Csk (r=0.811, 

p<0.01) not only at the site of capping but also within a cytosolic Csk structure localised at the 

distal end of memory CD8+ T cells (Fig 5.11B, iv-v, B). Futhermore, caveolin-1 strongly co-

localised with Csk (r=0.833, p<0.01) (Fig 5.11B, ii, iv-v, C), although intriguingly pCaveolin 

was not detected within the cytosolic Csk structure (ii, iv, D). 

 

A large number of images were statistically analysed to confirm the differences observed in the 

localisation of caveolin-1 and pCaveolin in both naïve and memory CD8+ T cells (Fig 5.12A-

B). In naïve CD8+ T cells all proteins (Lck, Fyn, Csk and caveolin-1) distributed more to the 

proximal end of the cell than observed in memory cells (Fig 5.12A). However, Csk, caveolin-1 

and pCaveolin were significantly less polarised than Lck and Fyn which strongly redistributed 
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7&5ȕ�&'�Į�FURVVOLQNLQJ�LQ�PHPRU\�&'�
+ T cells (Fig 5.13). Overall, these data suggest that 

regulation of pCaveolin is dually dependent on its cellular localisation and levels of expression. 

  

5.16 Abl is redundant for activation-induced caveolin-1 

phosphorylation, although Fyn is required for optimal induction 

In order to follow the levels caveolin-1 phosphorylation over time, Fyn
WT

 and Fyn
-/-

 memory 

CD8
+
 T cells were stimulated by 7&5ȕ�&'�Į� crosslinking for 5 or 10 minutes. Following 

7&5ȕ�&'�Į� crosslinking, a newly generated pool of pCaveolin was present above basal levels 

in both Fyn
WT

 and Fyn
-/-

 memory CD8
+
 T cells. Upon 7&5ȕ�&'�Į�OLJDWLRQ�for 5 minutes there 

was a 1.4-fold increase in pCaveolin MFI, which was similar to that observed in FynWT 
memory 

CD8
+
 T cells (Fig 5.14A). However, in Fyn

WT
 cells there was a further increase in pCaveolin 

expression between 5 and 10 minutes, generating a further 2-fold shift in pCaveolin MFI, while 

in the absence of Fyn there was no discernible increase beyond the 5 minute time point (
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Only time points pertaining to 1.5, 3 and 24 minute stimulations are shown in the figure for 

clarity of the results. 

 

NP68 stimulated Fyn-/- memory CD8+ 
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conjugated to T cells. RMA-S cells loaded with the GAG peptide formed a minimal number of 

conjugates with memory F5 CD8+ T cells during incubation for 20 minutes (Fig 5.16B). The 

bottom row of Figure 5.16B shows a representative conjugate between a GAG-pulsed RMA-S 

(white) and a memory F5 CD8+ T cell. As expected, with presentation of an irrelevant peptide, 

F-actin did not distribute to the IS. In NP68-pulsed RMA-S cells the dynamics of F-actin 

support that of previous studies (Bunnell et al., 2001). Following 2.5 minutes of conjugate 

formation between NP68-loaded RMA-S cells and memory CD8+ T cells, F-actin (Fig 5.16B, 

iii, green) was polarised to the site of APC/T cell contact and correspondingly, pCaveolin (iv, 

red) was localised with F-actin at the IS. It appeared that at 2.5 minutes, where clustering of F-

actin was visible, there was only a small core of pCaveolin localising with F-actin at the IS. 

Following 5 minutes of con
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caveolae surface invaginations had not been identified by electron micrograph (Fra et al., 1994). 

Recent studies have identified caveolin-1 in human monocytes, macrophages, neutrophils, and 

B cells, as well as various cell lines, including Jurkat T cells, summarised in Figure 5.17 (Table 

5.1) (reviewed in (
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Different techniques have been used to identify pits including ultrathin sections (Sargiacomo et 

al., 1993), colloidal silica-coating (Schnitzer et al., 1995), membrane fractionation (Kurzchalia 

et al., 1995) and freeze-fracture immunoelectron microscopy (Fujimoto et al., 2000). Electron 

micrographs of freeze-fractured adipocytes revealed that the neck of caveolae was highly 

distinct from the bulb, with the neck specifically co-localising with the insulin receptor, actin, 

talin and the polarity proteins, ERM (Foti et al., 2007). This recent study by Foti et al.

et al
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shuttling between the ER and Golgi complex (Conrad et al., 1995). This would imply that the 

activation state of the cell could alter the localisation of caveolin-1. 

 

As caveolin-1 expression is dependent on the cellular compartmentalisation of cholesterol, and 

it is likely that the cell activation state may affect the synthesis and movement of cholesterol, 

levels of cellular cholesterol may ultimately affect the expression of caveolin-1 in some cell 

types. A recent study which identified caveolin-1 in B cells, only achieved this upon stimulation 

through the BCR with LPS. mRNA levels of caveolin-1 were detectable 12 hours post-

stimulation, peaking at 24 hours, with a total loss by 72 hours (Medina et al., 2006). In addition, 

protein levels of caveolin-1 were not detected until 24 hours after initial stimulation 

demonstrating that in B cells caveolin-1 expression is regulated by the activation state of the 

cell (Medina et al., 2006). As B cells differentiate into plasma cells they undergo profound 

morphological changes with intense membrane trafficking, which in T cells may not occur to 

the same degree. Thus, it is possible that the early studies failures to detect the expression of 

caveolin-1 in lymphocytes may be attributable to the activation state o
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pCaveolin within the cSMAC generates many questions to be addressed, in particular, what is 

the association of pCaveolin with recently described microcluster formation and movement 

(Yokosuka and Saito, 2009)
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shown). Caveolin-1 GFP fusion proteins have been previously described and it was shown that 

their expression and function was almost indistinguishable from endogenous caveolin-1 

(Volonte et al., 1999). It would therefore be of interest to generate a FRET pairing of Csk and 

caveolin-1 to determine the molecular association of these proteins in both resting and activated 

T cells. An additional comparison could then be made between the association of Csk with 

pCaveolin
 
and Csk with PAG following TCR activation, investigating the kinetics of both 

associations. This information may suggest whether the associations of Csk with the adaptor 

proteins are occurring as a function of T cell activation or perhaps serve a more homeostatic 

role. If a molecular association between Csk and caveolin-1 was demonstrated in T cells, then 

caveolin-1 could possibly be a major protein responsible for the recruitment of Csk to the 

plasma membrane in PAG
-/-

 T cells. However, the association of Csk with caveolin-1 may be 

dependent on cell-type differences. Biochemical analysis in unstimulated adipocytes and 

fibroblasts, revealed that Csk was not associated to caveolin-1 (Cao et al., 2004; Sanguinetti et 

al., 2003). Contrastingly, in mouse embryonic fibroblasts there was a constitutive level of 

pCaveolin and Csk association (Radel and Rizzo, 2005)
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in Fyn
-/-

 cells whereas levels were unaltered in Src
-/-

 (Cao et al., 2002; Sanguinetti et al., 2003) 

In addition, pCaveolin could be reconstituted in Fyn 
-/-

 and Src
-/-

Yes
-/-

Fyn
-/-

 (SYF
-/-

) fibroblast 

cells upon Fyn re-expression (Cao et al., 2002; Sanguinetti et al., 2003). Despite a similar 

requirement for Fyn in the phosphorylation of caveolin-1 in T cells, it does appear to be more 

redundant, with Lck able to compensate for the loss of Fyn. Using Lck
-/-

 T cells in parallel with 

Fyn
-/-

 T cells would further tease out the role of each kinase in the phosphorylation of caveolin-

1 in resting CD8
+
 T cells as well as the relationship of the SFK with Abl in this pathway. 

 

The role of Abl in signaling pathways of hemaotpoetic cells is much less understood than its 

role in nonhaematopoeitc cells, where its role in actin regulation has been studied. In addition, 

to add to the complexity in studying the role of Abl, Abl overexpression has been shown to 

drive constitutive Abl activity (Sanguinetti and Mastick, 2003) and Abl
-/-

 mice exhibit serious 

developmental abnormailities (Tybulewicz et al., 1991). Recent studies in T cells revealed that 

Abl is activated upon TCR engagement and requires Lck activity, as in the Lck-deficient JCam1 

cell line, Abl kinase activity was lost compared to Jurkat cells deficient in Zap-70, which 

presented efficient Abl kinase activity (Zipfel et al., 2004). Abl has been reported to be 

downstream of Lck (Gu et al., 2007; Zipfel et al., 2004), thus PP2 inhibition of the SFK would 

not identify if the phosphorylation of pCaveolin
 
was attributable to Abl or Lck/Fyn. I therefore 

addressed this by inclusion of the specific Abl inhibitor, STI-571. In Fyn
-/-

 CD8
+
 T cells the Abl 

inhibitor did not influence basal caveolin-1 phosphorylation (Fig 5.8), which would indicate 

that Lck was the sole kinase responsible for phosphorylating caveolin-1 in Fyn
-/-

 resting 

memory CD8
+
 T cells. In contrast, upon inhibition of Abl in Fyn

WT
 CD8

+
 T cells there was 

ablation of pCaveolin to tsio108((i)-4(n)11( )-119(t)6(o )-108(t)(si)4(o1.t.dJ

ET
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Lck and Fyn are dually acetylated following post-translational modifications of their unique 

domain, targeting them to lipid rafts within the plasma membrane of T cells. Palmitylation of 

Fyn was shown to be a requirement for co-fractionation with caveolin-1, while in contrast, 

singly acetylated Src did not co-purify with caveolae in various non-haematopoetic cell lines 

(Shenoy-Scaria et al., 1994). Furthermore, it has been shown that palmitylation of caveolin-

-
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cells revealed that upon TCR engagement, Abl inhibition in WT cells had only a subtle impact 

on pCaveolin which reached almost the same levels as WT cells with active Abl (Fig 5.14). 

This result further supports that upon TCR stimulation and loss of Fyn-mediated recruitment of 

Csk to the membrane, active Lck can override the negative feedback loop and phosphorylate 

caveolin-1. Future studies to further address this, could involve varying the amount of TCR 

stimulation to determine if there is an affect of TCR signal strength on pCaveolin-1 

upregulation. For example, at low signal strength Lck may not be able to overcome the Fyn-

mediated negative feedback loop, thus a threshold of activation which would be required for 

Lck to wholly mediated pCaveolin upregulation. 

 

Therefore, the current model I propose is that Fyn is required for Abl phosphorylation (Fig 

5.15). Abl is responsible for phosphorylating pCaveolin in resting CD8
+
 T cells as Lck activity 

is being tempered by tonic Tyr505 phosphorylation, mediated indirectly through Fyn 

phosphorylation of PAG
Y314

 and recruitment of Csk. As Abl is not regulated by Csk, it can 

remain active maintaining basal caveolin-1 phosphorylation. This would also identify a novel 

role of Abl in the maintenance of SFK activity. Upon TCR activation, there is rapid 

dephosphorylation of PAG
Y314

 and loss of Csk from the membrane. At this point, Lck actively 

phosphorylates caveolin-1 until PAG
Y314

 is rephosphorylated by active Fyn and Lck activity is 

downregulated. Thus, when Fyn is absent from this pathway, Lck does not have the same 

threshold of negative regulation to overcome and can regulate caveolin-1 phosphorylation in 

both resting and activated T cells, even with loss of Fyn-mediated Abl activity. 
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Figure 5.7. Caveolin4( 5.7. )] TJ
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Figure 5.9. Model of the caveolin-1 phosphorylation pathway in resting memory 

CD8+ T cells 

Proposed model of the phosphorylation of caveolin-1 in resting memory CD8
+
 T cells 

downstream of the TCR. In WT resting memory CD8
+
 T cells (labelled Fyn

WT
) caveolin-1 

phosphorylation is mediated by Abl downstream of Fyn as it can be inhibited by incubation 

with either PP2 (blue) or STI-571 (red) treatment. In the absence of Fyn (Fyn
-/-

, grey shaded 

panel) caveolin-1 phosphorylation, albeit slightly reduced, is dependent solely on Lck as it can 

be inhibited fully by PP2, with no effects on pCaveolin-1 attributed to STI-571. 
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Figure 5.15. Model for the caveolin-1 phosphorylation pathway following TCR 

signaling in memory CD8+ T cells  

Proposed model of the phosphorylation of caveolin-1 in activated memory CD8
+
 T cells 

downstream of the TCR. In memory CD8
+
 T cells stimulated through the TCR, caveolin-1 

phosphorylation is mediated predominantly by Lck in both Fyn
WT

 and Fyn
-/-

 cells, with only a 

slight dependence on Fyn/Abl activity. This is in contrast to resting memory CD8
+
 T cells, 

where Abl, downstream of Fyn is wholly responsible for pCaveolin, as it can be inhibited by 

incubation with either PP2 (blue) or STI-571 (red) treatment in Fyn
WT

 cells.  



_____________________________________________________________________________ 

 222 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Resting memory CD8
+
 T cells 

Activated memory CD8
+
 T cells 





_____________________________________________________________________________ 

 224 

 

 

 

 

 

 

 

 

A 

B 

0

20

40

60

80

100

120

Uniform
distribution

Accum Ring Co-localise
w. actin

c-SMAC

F-actin pCaveolin-1

Protein localisation

%

GAG

2.5 min

5 min

10 min

Uniform
distribution

C 



_____________________________________________________________________________ 

 225 

Figure 5.17. Surface receptors and signaling molecules that associate with caveolae 

and glycolipid enriched microdomains (lipid rafts) in immune and non-immune 

cells. 

The table comprises a list of surface receptors and signaling molecules that have been identified 

as present in either caveolae or lipid rafts. The top row highlights the identification of caveolin-

1 within this Chapter and the signaling molecules co-localised with it. The following group lists 

immune cells and cell lines that have been shown to concentrate receptors and/or signaling 

molecules to lipid-rich membrane areas and the final group of non-immune cells reported as 

having defined caveolae within the membrane and associated signaling molecules.   
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Chapter 6. Final Discussion 

The overall aim of this Thesis was to further our knowledge in the localisation of proximal 

signaling regulators during early TCR activation. To provide greater insight and add to current 

literature, I aimed to address this issue from various angles including determining the 

localisation of negative mediators of signaling following early TCR engagement, comparing the 

polarisation of these molecules in naïve and memory CD8+ T cells, as well as addressing what 

happens when key regulators are absent from the TCR signaling pathway. In addition I 

investigated the role of membrane adaptor proteins in orchestrating effective TCR signaling. 

 

A striking result from this Thesis was the identification that key mediators of the TCR signaling 

pathway, Csk and Fyn distributed differentially between naïve and memory CD8+ T cells 

following TCR stimulation. Despite the minimal cytosolic space afforded to naïve CD8+ T cells, 

it appeared that there was a far greater concentration of Csk and Fyn within the cytoplasm of 

memory compared to naive CD8+ T cells. Upon stimulation of naïve CD8+ T cells, Lck and Fyn 

were shown to concentrate at the IS, with a portion of Lck phosphorylated on Tyr505 and co-

localising with Csk. The majority of Csk molecules were seen to concentrate at the IS in naïve 

CD8+ T cells with only a small proportion remaining distributed globally at the cell periphery. 

In contrast, upon TCR stimulation of memory CD8+ T cells, the cytosolic pool of Fyn and Csk 

positioned at the distal end of the cell, localising with EBP-50 (Fig 6.1). Intriguingly, the 

concentration of Csk, Fyn and EBP-50 at the distal pole preceeded the localisation of ezrin and 

moesin which were concentrated at the IS or homogenously distributed at the plasma membrane 

respectively (Fig 6.1).  
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plasma membrane, promoting interaction of Csk/PEP with their membrane bound substrates. 

PEPR619W has been shown to be a more potent phosphatase than PEPWT(Vang et al., 2005) and 

recently it was shown that PEP, as part of a complex with Csk, was directed to the membrane to 

be downregulated by Lck (Fiorillo et al., 2010). Taken together, the data suggests that there is 

an additional binding partner of PEPR619W by which it can be recruited and compartmentalised to 

avoid downregulation by Lck. Redundancy between the signaling molecules became an 

underlying issue of this thesis, which was continuously readdressed. For example, in respect to 

PEP, loss of PEP has been shown to present only a subtle phenotype with enhanced signaling 

during thymocyte development, increased lymphoid organ size and expansions in the TCM 

compartment in peripheral lymphoid organs. This is in stark contrast to mice deficient in PTP-

PEST, a PTPase that similarly interacts with many common PEP substrates, including Csk, 
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appears to occur in different signaling pathways, with PAG involved in TCR signaling and 

paxillin primarily involved in integrin signaling.  Caveolin-1 participates in both signaling 

pathways in other cell types and it is unclear currently how it interfaces with these pathways in 

T cells. The redundancy of these proteins may only become apparent perhaps, when a key 

signaling molecule is absent from the TCR signaling pathway. 

 

During embryogenesis, Csk is essential for neural tube closure and for the development of the 

embryo (Imamoto and Soriano, 1993; Nada et al., 1993), while PAG is dispensible (Dobenecker 

et al., 2005; Xu et al., 2005). During thymic development, Csk regulates SFK function with Csk 

deficiency leading to TCR- and MHC-independent development of T cells (Schmedt et al., 

1998; Schmedt and Tarakhovsky, 2001), while PAG has no exclusive role. Furthermore, PAG 

was not essential for Ag-specific negative or positive selection, demonstrating that PAG is not 

involved in the modulation of weak or strong signals received through the TCR in thymocytes. 

The amount of lipid-raft associated Csk was not affected by the absence of PAG and the levels 

of Lck and Fyn phosphorylation in their carboxy-terminal Tyr did not alter in PAG-/- 

thymocytes (Dobenecker et al., 2005). Taken together, this identifies PAG as a non-strategic 

player in the modulation of the TCR signaling pathway. Therefore there must be redundancy 

with another phospho-protein or membrane adaptor in T cells. The surprising candidate that was 

identified in this Thesis was caveolin-1, previously thought not to be expressed in T cells, albeit 

its upregulation in T cell leukemia was recently been observed (Sawada et al., 2010). 

 

Similarly to PAG, caveolin-1 is phosphorylated by Fyn in fibroblasts and adipocytes and 

responsible for the recruitment of Csk to the plasma membrane. In T cells the SFK regulation of 

caveolin-1 phosphorylation is not wholly dependent on Fyn. I have identified a novel, integral 

role for Abl in the phosphorylation of caveolin-1 in resting memory CD8+ T cells. Interestingly, 

Abl-mediated phosphorylation was dependent on Fyn but intriguingly, when Fyn was removed 

from the caveolin-
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could still be recruited to the plasma membrane through Lck-mediated phosphorylation of 

caveolin-1. In Figure 6.2 I propose an alternate model to the mediation of TCR signaling such 

that, similarly to PAG, caveolin-1 present within the plasma membrane is phosphorylated in a 

Fyn-dependent, Abl-mediated pathway in resting CD8+ T cells, recruiting Csk to the plasma 

membrane to temper unwanted cellular 
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2007)
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(Capozza et al., 2003). Although caveolin-1-/- mice do not present an increase in mammary 

gland tumor formation, they show significantly more mammary epithelial cell hyperplasia and 

fibrosis than WT mice (Lee et al., 2002a), and a dominant-negative form of human caveolin-1 

(P132L) has been observed in many human breast cancers (Galbiati et al., 1998). Oncogenic 

transfection of cultured cells causes a loss of caveolin-1 expression, with over-expression of 

caveolin-1 in tumour cells shown to suppress the transformed phenotype and significantly slow 

cell growth (Engelman et al., 1997; Koleske et al., 1995). In terms of cancer research, it would 

be interesting to induce spontaneous tumors in caveolin-1-/- mice and examine tumour 

development and progression. In this regard it may be informative to cross caveolin-1-/- mice 

with a tumor-prone transgenic mouse line. For example, a line expressing a gene that encodes 

the polyome middle T Ag under the control of the mouse mammary tumor virus promoter 

(MMTV-PyMT) form spontaneous tumors at 8 weeks of age and once crossed with caveolin-1
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Figure 6.1 Csk and Fyn polarise within the distal pole complex following TCR 

crosslinking of memory CD8
+
 T cells 

A schematic diagram of formation of two protein complexes at opposing poles of memory 

CD8
+
 T cell following TCR crosslinking and activation (adapted from Cullinan et al., 2002; 

Yokosuka, et al., 2009). Upon TCR engagement with pMHC a T cell stops migrating and 

changes shape, requiring the redistribution of proteins. CD8 co-receptor associated Lck 

concentrates within the IS and is phosphorylated on Y505 following the recruitment of Csk 

through Fyn-mediated phosphorylation of PAG and caveolin-1. At this time point the ERM 

proteins have not yet redistributed to the distal pole complex, although Csk, Fyn and EBP-50 

are seen to concentrate in a cytosolic pool in the posterior of the activated T cell.  
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Figure 6.2 Proposed role of caveolin-1 in the TCR signaling pathway 

This figure represents an overview of the early signaling events following the binding of the 

pMHC to the TCR/CD3 complex and CD8 co-stimulatory receptor. The TCR signaling pathway 

on the left is modelled on the classical pathway where upon triggering of the TCR and co-

ligation of CD8 (or CD4 on TH cells) CD8-associated Lck is recruited to the phosphorylated 

ITAM of the TCR/CD3 complex. Following relocalisation of Fyn and Lck, Fyn phosphorylates 

PAG promoting the recruitment of Csk to the membrane, presumably in complex with PEP 

where they can down-modulate TCR activation. The signaling pathway to the right, is an 

alternative pathway suggesting the potential role of caveolin-1 in T cell signaling, whereby Abl, 

mediated by Fyn, is able to phosphorylate caveolin-1 in resting T cells, recruiting Csk from the 

cytosol to downregulate Lck activity. Upon TCR activation, activated Lck overcomes the 

negative feedback loop and can phosphorylate its substrates including caveolin-1. 
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Chapter 7. Supplementary Figures 
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