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Abstract

In CD8+ T cells, engagement of the TCR with agonist peptide:MHC molecules causes dynamic 

redistribution of surface molecules including the CD8 co-receptor to the immunological synapse. 

CD8 associates with the Src-family kinase Lck, which in turn initiates the rapid tyrosine 

phosphorylation events that drive cellular activation. Compared to naïve T cells, Ag-experienced 

CD8+ T cells make shorter contacts with APC, are less dependent on costimulation, and are 

triggered by lower concentrations of Ag, yet the molecular basis of this more efficient response of 

memory T cells is not fully understood. Here we show differences between naïve and Ag-

experienced CD8+ T cells in colocalisation of the Src-family kinases and their negative regulator, 

Csk. In naïve CD8+ T cells there was pronounced colocalisation of Src-family kinases and Csk at 

the site of TCR triggering, while in Ag-experienced cells, Csk displayed a bipolar distribution 

with a proportion of the molecules sequestered within a cytosolic area in the distal pole of the cell. 

The data show that there is differential redistribution of a key negative regulator away from the 

site of TCR engagement in Ag-experienced CD8+ T cells, which might be associated with the 

more efficient responses of these cells upon re-exposure to antigen.
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Introduction

A hallmark of immunological memory is that upon Ag re-encounter previously activated T 

cells have a faster response than naive T cells. Memory CD8+ T cells may be activated by 

peptide concentrations up to 50 times lower than those required to activate naive CD8+ T 

cells (1) and show a shorter lag time for entry into cell cycle and production of cytokines 
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(2). However the molecular basis of the increased sensitivity of memory T cells remains 

poorly understood. Activation of αβ CD8+ T cells requires binding of the TCR together with 

the co-receptor, CD8, to MHC class I molecules containing antigenic peptides (pMHCI) 

resulting in the redistribution of these molecules to a discrete area called the immunological 

synapse (IS). The CD8 co-receptor is directly associated with a member of the Src-family 

kinases (SFK), p56lck (Lck) (3) which is important for the co-receptor function of CD8 (4). 

The immediate targets of Lck are the ITAMs of the TCR-associated CD3 and ζ chains and 

ZAP70. In resting T cells the activity of the SFKs is regulated by the balancing interactions 

of the phosphatase, CD45 (5, 6) and the kinase, Csk (7, 8). Precisely how signal transduction 

is initiated is unclear, but it involves a combination of colocalisation of the TCR and its co-

receptor, and possible further oligomerisation of these complexes, which increases the local 

concentrations of kinases and their substrates (9). In addition, the active exclusion of 

negative regulators of signaling, such as phosphatases, particularly CD45 (10) and carboxy-

terminal Src kinase (Csk) from the IS is thought to play an important role in signal initiation 

(11). Indeed, resting T cells are maintained in a quiescent state by the local action of 

phosphatases, as shown by the ability of phosphatase inhibitors to activate T cells in the 

absence of receptor engagement (12).

One possible explanation for the increased sensitivity of effector/memory CD8+ T cells to 

antigenic stimulation is that the balance or distribution of protein tyrosine kinases (PTK) and 

protein tyrosine phosphatases (PTP) is regulated differently than in naïve cells, resulting in 

their characteristic lower activation threshold. The availability of Lck is a key determinate of 

the activation threshold of primary T cells (13, 14), therefore how Csk regulates the activity 

of Lck has an important influence on T cell activation (15, 16). Csk is a cytoplasmic PTK 

that down-regulates SFK activity by phosphorylating the carboxy-terminal inhibitory 

tyrosine and promoting a closed, inactive conformation of the kinase (17). The activity of 

Csk is regulated by its cellular localisation (15, 16, 18) and by interactions via its SH2 

domain which increases the kinase activity of Csk (15, 19). Csk is recruited to the plasma 

membrane (PM) and thus the vicinity of its SFK target proteins via binding of its SH2 

domain to phosphorylated transmembrane adapter proteins such as Csk-Binding Protein/

Phosphoprotein Associated with Glycosphingolipid-enriched microdomains (Cbp/PAG) 

(hereafter named PAG) (20, 21). The second major SFK expressed in T cells, p59fyn (Fyn), 

plays a role in the recruitment of Csk to the PM by phosphorylating PAG following T cell 

activation. Fyn selectively phosphorylates PAG on Tyr314 which is the primary residue that 

interacts with the Csk SH2 domain (20). Together these enzymes modulate signal duration 

downstream of the TCR, forming an integral part of a negative feedback system that 

regulates T cell activation. Overexpression of Csk resulted in inhibition of TCR-induced Tyr 

phosphorylation and IL-2 production (8). Similarly, constitutively targeting Csk to the PM 

inhibited T cell activation (15, 16) emphasising the importance of cellular localisation for 

Csk function. Furthermore, loss of PAGpY314 in Fyn knock-out (FynKO) CD8+ T cells 

decreased the duration of pMHC stimulation required to stimulate IL-2 production, 

suggesting that Fyn is involved in a negative feedback loop involving Csk (13).

Early localisation of TCR signaling mediators following TCR engagement has been well 

characterised in CD8+ cytotoxic effector cells (CTL) (22). Positive regulators of TCR 

signaling, such as Lck and Zap-70, were shown to concentrate at the site of contact within 
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5-10 minutes of interaction of the TCR with pMHCI on the APC. However, little is known 

about the localisation of negative regulators in CD8+ T cells. Furthermore, relatively few 

studies using naïve or memory CD8+ T cells have addressed the localisation of TCR 

signaling mediators at a single cell level. Biochemical analysis showed that early after T cell 

activation, PAGpY314 and Csk colocalised at the PM, which correlated with increased 

phosphorylation of Lck on its inhibitory residue Tyr505 (23, 24). However it was unclear 

where these interactions occurred relative to the site of T cell:APC contact, or how these 

proteins were distributed. In this study we asked whether there was differential localisation 

of key signaling mediators between naive and Ag-experienced CD8+ T cells that could 

account for the differences in their kinetics of response.

Using four colour confocal microscopy and an imaging flow cytometer we followed the 

redistribution of the TCR and CD8 co-receptor together with critical PTKs during early TCR 

engagement. We found that Lck was more efficiently recruited to the site of TCR 

engagement in Ag-experienced rather than naïve CD8+ T cells. Moreover, in Ag-

experienced CD8+ T cells, Csk and Fyn shared a bipolar distribution which was distinct 

from that found in naive cells. In both cell types Csk and Fyn colocalised with LckpY505 at 

the site of TCR engagement, but in Ag-experienced CD8+ T cells a distinct pool of Csk and 

Fyn concentrated within the cytosol at the distal pole of the cell. Our results suggest that 

altered and more efficient signal transduction intrinsic to Ag-experienced CD8+ T cells may 

be due in part to the spatial reorganisation of critical T cell signaling mediators.

Materials and Methods

Mice

F5 Rag-1−/− mice, transgenic for a class 1MHC-restricted TCR with a cognate peptide Ag 

derived from an influenza virus nucleoprotein, NP68 have been described previously (25). 

The generation of F5 FynKO mice have previously been described (13). Mice were bred in 

the specific pathogen free facility at the University of Edinburgh (UK). All experiments 

were approved under a Project License granted by the Home Office (UK) and conducted in 

accordance with the institutional and ethical guidelines of the University of Edinburgh.

Mouse T cell primary cultures and T cell stimulation

Cell preparation and in vitro generation of Ag-experienced CD8+ T cells—
Single cell suspensions from total lymph node (LN) and spleen (SPL) of mice were cultured 

in IMDM medium supplemented with 5% FCS, L-glutamine, 100 U/mL penicillin and 

streptomycin (GIBCO) and 50 μM β-mercaptoethanol, additionally supplemented with 

10nM NP68 for 3 days. The NP68 nonamer corresponds to residues 366-374 of 

nucleoprotein from strain A/NT/60/68 and is the naturally occurring epitope presented to T 

cells by H-2Db (26). Activated CD8+ T cells were then rested for 4 days in 5 ng/mL IL-2 

and 10 ng/mL IL-15 (all from PeproTech, UK).

Cell stimulation—For confocal and Imagestream analysis CD8+ T cells were pre-

incubated with a cocktail of 10 μg/mL biotinylated anti-TCRβ (H57-597, eBiosciences) and 

anti-CD8α (KT15, Abcam) Abs on ice for 30 min. Post-washing in 1×PBS, crosslinking was 
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achieved by addition of 5 μg/mL of streptavidin-543 on ice for 10 min. Cells were then 

incubated at 37°C until termination of cell activation by addition of 4% PFA.

Naïve F5 LN cells or Ag-experienced CD8 T cells were incubated in 96-well tissue culture 

plates (Nunc, Denmark) at a density of 2.5×105 cells /well in complete media containing 

soluble peptide at concentrations of 10−7–10−11M NP68 or 10−7M control peptide from the 

GAG protein of the SF2 strain of HIV (a.ac. 390-398). Alternately, cells were incubated for 

30 min on ice with biotin-labeled TCR (H57-597, eBiosciences) and biotin-labeled CD8 

(KT15, Abcam) at 10ug/mL, washed once and then seeded into 96-well tissue culture plates 

containing complete media supplemented with streptavidin AF-405 at 1/1000 (Molecular 

Probes, UK).

To inhibit phosphatases, 100 μM pervanadate was added for 20 min at 37°C prior to 

downstream applications.

T cell:APC conjugation assay

RMA-S cells were incubated overnight at 1×107/mL in RPMI/0.5% FCS in a 25°C water 

bath to enable stable expression of the MHC I molecules at the cell surface. Cells were 

pulsed for 30 min with 1 μM NP68 or GAG at 25°C, then returned to 37°C/5% CO2 for a 

minimum of 3 hr to facilitate the decay of empty MHC I molecules from the surface. CD8+ 

T cells were preincubated on coverslips for 15 min at 37°C/5% CO2. Pulsed RMA-S cells 

were labelled with 1 μM CellTracker® CMTMR (Molecular Probes, UK), at 5×106/mL, for 

a minimum of 30 min at 37°C/5% CO2. Labelled cells were washed twice in complete 

media and incubated for 3 hr at 37°C/5% CO2 to eliminate excess dye. RMA-S cells were 

mixed with T cells and centrifuged for 1 min 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.

Flow Cytometry

Cells were washed twice with 1×PBS then incubated in LIVE/DEAD® (Invitrogen) for 10 

min at RT, followed by incubation with anti-FcR blocking mAb (2.4G2, Biolegend) for 10 

min at RT and then stained 30 min at 4°C withPE-labelled anti-Vb11 (eBiosciences). For 

detection of intracellular Tyr phosphorylated proteins, cells were fixed in 2% final 

concentration PFA for 30 minutes on ice, washed and permeabilised in 90% ice-cold 

methanol for 30 minutes on ice, then stained with anti-phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (clone 197G2, Cell Signaling) for 1 hr at RT Cells were washed twice in 

FACS buffer washed and incubated with a second layer streptavidin conjugated to an AF 

(Molecular Probes, UK) for 30 min at RT, washed and resuspended in FACS buffer for 

acquisition on FACSCalibur™ or LSR II cytometers (BD). Data were analyzed in FlowJo 

software (TreeStar, Ashland, USA).

Confocal microscopy

Cells were stimulated as described above and fixed in 4% paraformaldehyde, with residual 

PFA quenched in 50 mM glycine for 10 min at RT. Cells were permeabilised in 0.1% 

TritonX-100 for 6 min at RT, washed 4 times in 1× PBS, before staining with anti-Lck (Cell 
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Signaling), anti-phospho-Lck Tyr505 (Cell Signaling), anti-Csk (Abcam) and anti-Fyn 

(Millipore), anti-γTubulin (Sigma) and BODIPY®FL phallacidin (Invitrogen) at 4°C 

overnight in PBS/2% BSA. Cells were washed 4 times in PBS/2% BSA and further 

incubated with species specific anti-F(ab′)2-AF488 or 647 conjugates (Molecular Probes) for 

15 min at 4°C. The secondary Ab was removed by washing 4 times in PBS/2% BSA, 

followed by a 1× PBS wash. Nuclei were stained with DAPI supplemented at 1μg/mL in 

ProLong Fade Gold (Invitrogen) mounting media. Samples were examined on the Leica SP5 

II (Leica Microsystems) with lasers exciting at 405, 488, 543 and 647 nm with the 63× 

objective, using LAS AP software (Leica, USA). Representative images of the localisation 

of each molecule are shown. All confocal analysis were multiple repeats and at least 50 

images were analysed for each molecule. Data was rendered and analysed using Volocity 

software (Improvision) and Image J (NIH, USA). Pearson’s correlation coefficient was 

calculated using Volocity software to determine the pair-wise co-localisation of the signals 

with a student’s paired two-tailed t-test used to determine statistical significance between 

two protein data sets.

For quantitation of protein distribution within a single cell image, a line parallel to the plane 

of the TCR cap was used to identify a 50% region of the cell, termed as proximal, with the 

distal half of the cell posterior to the site of TCR capping termed distal. A background 

threshold was set for the channel to be measured, applied to each image and the sum of 

fluorescence in each region was determined using Volocity software. 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. A student’s 

paired two-tailed t-test was used to determine statistical significance between two protein 

data sets.

Imagestream Analysis

Samples were acquired on a 5-laser, 6 channel ImageStream X (ISx, Amnis Corp, Seattle 

USA) Imaging Flow Cytometer (IFC) with violet (120mW), blue (100mW) and red 

(120mW) laser excitation turned on. The system was ASSIST calibrated immediately prior 

to acquisition (27). Single stained controls were collected with bright field illumination 

turned off in order to generate a compensation matrix post acquisition using the wizard 

imbedded within the IDEAS analysis software package (Amnis corp, an example matrix are 

included in Supplementary Figure 2). TCR/CD8 AF450 emission light was collected in 

camera channel 1, SFK AF488 in channel 2 and CSK AF647 in channel 5. Bright field 

illumination was set in channel 4 and a cell classifier of 20 was set on the area of the bright 

filed image to exclude debris from the data file. A minimum of 10,000 single, live cells was 

collected per sample at 40× magnification. Raw image files (rif) were compensated using 

the defined matrix values and the gating analysis strategy set out in Supplementary Figure 2 

was implemented across all samples to identify live, single in focus AF450, AF488 and 

AF647 triple positive cells. A Pearson’s-correlation coefficient-based feature within the 

IDEAS analysis software called “Bright Detail Similarity R3” (BDS-R3) was used to 

determine the pair-wise co-localisation of the signals on a per cell basis (28).
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Results

TCR plus CD8 engagement optimally redistributes Lck to the site of activation in naïve and 
Ag-experienced CD8+ T cells

In order to compare naive and in vitro generated Ag-experienced CD8+ T cells we used 

Rag−/− F5 TCR transgenic mice, in which all CD8+ T cells recognise NP68 peptide 

presented by H-2Db (25), providing a homogenous population of CD8+ T cells. Naive CD8+ 

T cells were obtained from peripheral LN while Ag-experienced cells were generated in 

vitro by stimulation with peptide for 3 days followed by 4 days incubation in IL-2 and IL-15 

supplemented medium. We confirmed that Ag-experienced F5 T cells were more sensitive 

to stimulation than naïve F5 T cells by measuring TCR down-regulation and Erk 

phosphorylation after stimulation with either peptide or Ab-mediated cross-linking 

(Supplementary Fig. 1). Lower doses of peptide were required to down-regulate TCR 

(Supplementary Fig. 1A), while phospho-Erk was observed with faster kinetics and in more 

cells in the Ag-experienced population (Suppl Fig. 1B), confirming that they were more 

sensitive to stimulation than naïve T cells, as described previously (1).

To investigate whether the heightened responses of Ag-experienced CD8+ T cells to TCR 

stimulation could be due to differences in the distribution of key signaling mediators 

between naïve and Ag-experienced cells, we asked how the distribution and activation of 

Lck was influenced by engagement of the TCR and/or co-receptor. Cross-linking Abs were 

used to stimulate T cells in order to follow redistribution of molecules to defined stimuli in 

the absence of APC and additional costimulatory or accessory molecules. We addressed the 

efficiency of mAb cross-linking to CD3ε or TCRβ alone or the combination of TCRβ + 

CD8α and measured Lck and phosphorylated Tyr (pTyr) residues by confocal microscopy. 

Cross-linking for 5 minutes with CD3ε alone, TCRβ alone or TCRβ plus CD8α drove 

discrete capping in both naïve and Ag-experienced CD8+ T cells as expected (Fig 1). In 

naïve CD8+ T cells, crosslinking CD3ε alone caused only a small proportion of cells (6%) to 

redistribute Lck to the CD3ε cap (Table 1). In contrast, crosslinking with TCRβ Ab alone 

caused more cells (20%) to redistribute Lck (Fig 1A, Table 1). The strongest colocalisation 

of Lck with capped TCR occurred following TCRβ coligation with CD8α, whereupon 28% 

of cells showed redistribution of Lck to the cap (Fig 1A, Table 1). Similarly, pTyr 

recruitment to the cap site occurred in more cells following TCRβ and TCRβ/CD8α 

crosslinking and considerably fewer following crosslinking of CD3ε alone (Fig 1C and 

Table 1), despite the latter generally being considered to be a better stimulus for T cell 

activation. Ag-experienced CD8+ T cells behaved similarly to naïve T cells, although cells 

showed tighter colocalisation of Lck and pTyr residues to the cap site for all the stimuli (Fig 

1B, D and Table 1). In regard to crosslinking of TCRβ and TCRβ/CD8α coligation there was 

a two-fold increase in the number of cells that co-capped Lck in Ag-experienced compared 

to naïve CD8+ T cells, a trend seen also in pTyr localisation (Table 1). Clearly for both naïve 

and Ag-experienced CD8+ T cells direct engagement of the co-receptor with TCR optimised 

recruitment of Lck to the site of capping, although this was improved in Ag-experienced 

cells.
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Differential distribution of Csk and Fyn between naïve and Ag-experienced CD8+ T cells

We asked whether other upstream positive and negative regulators of TCR signals were 

differentially distributed upon TCR-triggering in naïve versus Ag-experienced CD8+ T cells. 

Lck is the most proximal kinase to be activated upon TCR activation, with recent literature 

suggesting that there is dynamic regulation of Lck activity already at the basal state, partly 

due to the localisation of Csk, which determines TCR signaling initiation and sensitivity (16, 

29). Csk is critical for down-regulating Lck signals as it is the sole kinase able to 

phosphorylate the SFK negative regulatory Tyr, LckY505. In the absence of Csk (30) or upon 

mutation of LckY505 to alanine (Ala) (31) TCR signaling is dysregulated and following 

activation T cell signal termination is impaired. Fyn has also been implicated in negative 

regulation of T cell signaling as it phosphorylates Tyr314 on the transmembrane adapter 

PAG facilitating recruitment of cytosolic Csk to the PM. In the absence of Fyn T cell 

responses are slower to turn off and can predispose to autoimmunity (32). Naive CD8+ T 

cells, in a resting state, display a homogeneous distribution of pTyr, Lck, LckpY505 and Fyn 

at the cell periphery identified by TCRβ and CD8α staining (Fig 2A). Despite lacking the 

amino-terminal modifications of palmitylation, myristoylation and S-acetylation that direct 

Lck and Fyn to the PM (33-35), Csk was also observed to localise with these two SFK 

members. The average Pearson’s correlation coefficient indicated strong colocalisation of 

Csk with both Lck and Fyn (Rr= 0.75 and 0.78 respectively) (Fig 2A). As Csk is the only 

kinase to phosphorylate LckY505 (7, 23), the relative distribution of Csk and LckpY505 was 

investigated. In naïve CD8+ T cells LckpY505 was homogenously distributed at the cell 

periphery, highly colocalised with Csk (Rr= 0.81) (Fig 2A).

In Ag-experienced CD8+ T cells, basal levels of pTyr were again detected at the cell 

periphery together with Lck (Fig 2B). Strikingly, in contrast to naïve cells, Csk distributed 

not only with SFKs at the cell periphery of Ag-experienced CD8+ T cells but was also 

observed within a discrete cytoplasmic area in the majority of cells analysed (Fig 2B). As a 

consequence the average localisation score between Csk with Lck and Csk with LckpY505 

decreased significantly in Ag-experienced compared to naïve CD8+ T cells (p≤0.05 and 

p≤0.01 respectively) . Interestingly, the correlation between Csk and Fyn remained similar 

between naïve and Ag-experienced CD8+ T cells (Rr= 0.78 and 0.77 respectively, p>0.05) 

(Fig 2A, B). In Ag-experienced CD8+ T cells Fyn distributed similarly to Csk, both at the 

cell periphery and within the cytosolic area in which Csk was present (Fig 2B). Similarly to 

naïve cells, Csk demonstrated a significant loss of association with TCRβ/CD8α (Rr= 0.74, 

p≤0.0001) (Fig 2C) and maintained stronger colocalisation with Fyn compared to PM 

associated Lck (Rr= 0.77 and 0.62 respectively), reflecting the increased accumulation of 

Csk with Fyn within the defined cytosolic area. We asked whether the differential 

localisation of Csk in Ag-experienced versus naïve CD8+ T cells resulted in altered Lck 

activity, by examining phosphorylation of Shc which is a target of Lck (36). Ag-experienced 

CD8+ T cells exhibited faster kinetics and greater phospho-Shc following stimulation, 

consistent with stronger activation of Lck in this population compared to naïve CD8 T cells 

(Suppl. Fig. 1).
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Bipolar distribution of Csk and Fyn upon TCR engagement of Ag-experienced, but not 
naïve CD8+ T cells

As Csk and Fyn are regulators of TCR signaling and having identified a second intracellular 

pool of colocalised Csk and Fyn in Ag-experienced cells that was not present in naïve CD8+ 

T cells, we asked how Csk and Fyn behaved upon TCR stimulation in both cell types. After 

TCRβ/CD8α cross-linking, naïve T cells showed strong association of Csk with pTyr, Lck, 

LckpY505 and Fyn (Rr = 0.76, 0.74, 0.74 and 0.82 respectively, Fig. 3A). These associations 

occurred at the site of capping only. In contrast, Ag-experienced CD8+ T cells showed much 

lower association of Csk with pTyr, Lck, and LckpY505 (Rr = 0.56, 0.57 and 0.47, 

respectively), while retaining a strong association between Csk and Fyn (Rr = 0.77, Fig 3B).

The reason that Csk was less well associated with Lck and pTyr in Ag-experienced CD8+ T 

cells after stimulation was because the cytoplasmic pool of Csk, which we identified in 

resting Ag-experienced cells (Fig 2B), remained in the area distal to the TCRβ/CD8α cap 

even after TCR cross-linking. As a consequence, although the capped TCR remained as, or 

even more, tightly associated with pTyr, Lck and LckpY505, the association between TCRβ/

CD8α and Csk reduced from Rr = 0.51 in naïve T cells to Rr = 0.41 in Ag-experienced cells 

(Fig 3C). As before, Fyn retained stronger co-localisation with Csk than with capped TCR in 

both naïve and Ag-experienced CD8 T cells, and in the latter was seen in the distal 

cytoplasmic area.

To visualize better the proportion of molecules that redistributed towards the proximal and 

distal poles of stimulated naïve and Ag-experienced CD8+ T cells, we used spectral overlaps 

and RGB histogram analysis. A merge image sectioned from the proximal (designated by *) 

to the opposing, distal end (trajectory represented by a white line) showed that in naive 

CD8+ T cells the majority of Lck, LckpY505, Fyn and Csk molecules polarised to the site of 

the TCRβ/CD8α cap (Fig 4A). Similar analysis of Ag-experienced CD8+ T cells identified a 

proportion Csk at the proximal pole of the cell, colocalising with pTyr, Lck and LckpY505 

and Fyn (Fig 4B). In addition a large peak of both Csk and Fyn molecules was detected in 

close association with each other at the distal end of Ag-experienced (Fig 4B) but not naïve 

(Fig 4A) CD8+ T cells. Moreover, in Ag-experienced CD8+ T cells, the peak representing 

Csk at the distal pole was much broader than that at the proximal pole. The latter was more 

similar to the peak width of known membrane-associated molecules, such as Lck, while the 

former was in keeping with the notion that the distal pool of Csk is largely cytoplasmic.

In addition we calculated the proportion of each molecule found in the proximal and distal 

poles of a cell by sectioning the merge image into the proximal end (P), identified by the 

TCRβ/CD8α cap, and the opposing distal end of the cell (D) (Fig 4C). The results in Fig. 4C 

show clearly that Csk was significantly less polarised to the site of the TCRβ/CD8α cap in 

Ag-experienced CD8+ T cells than naïve T cells (p≤0.0001). Similarly, the majority of Fyn 

molecules were significantly more concentrated in the distal pole of stimulated Ag-

experienced CD8+ T cells (Fig 4C) compared to naïve T cells (p≤0.0001), further 

confirming the close association between Fyn and Csk. Additionally, significantly more 

pTyr and Lck molecules were recruited to the TCRβ/CD8α cap in Ag-experienced rather 

than naïve CD8+ T cells (p≤0.01). These data show that distribution of signaling molecules 

changes between naïve and Ag-experienced CD8 T cells such that the latter have tighter 
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association of Lck, a positive regulator of T cell signaling, and exclusion of Csk, a negative 

regulator of signaling from the IS.

Csk is sequestered from Lck and the TCR following activation

In order to follow the kinetics of redistribution of proximal PTKs upon T cell stimulation of 

Ag-experienced CD8+ T cells we utilised a high throughput imaging flow cytometer, 

Imagestream, which although lacking the high resolution afforded by the confocal studies, 

enabled us to obtain a measure of the spatial distribution of molecules from large numbers of 

cells over multiple time points. The Imagestream allows the separation of cells based on 

multiple parameters including removal of apoptotic cells based on Live/Dead staining so 

that only viable activated Ag-experienced CD8+ T cells were analysed (gating strategy is 

detailed in Supplementary Fig 1). A log-transformed Pearson’s correlation coefficient was 

used to measure colocalisation (Bright Detail Similarity score, BDS), and the 

morphometrically relevant biological (MRB) control (37) of Lck and TCRβ/CD8α signals 

was used to set a threshold on two signals known to heavily co-localise. On this basis we 

determined that median BDS scores of <1.5 (indicated by the broken line in the histograms, 

Fig 5B) corresponded to dissimilar image pairs, and conversely scores >1.5 were similar 

image pairs.

Analysis of Ag-experienced CD8+ T cells showed that at Time 0 the localisation of Csk 

significantly correlated with TCRβ/CD8α, Lck and LckpY505 (BDS ≥1.5) (Fig 5A-B), 

suggesting all proteins shared similar spatial location, in line with the confocal data (Fig 2). 

Following TCRβ/CD8α crosslinking, Lck retained strong colocalisation with TCRβ/CD8α 

(BDS >2), while 5 mins after stimulation the correlation between Csk with TCRβ/CD8α, 

Lck and LckpY505 was lost (BDS <1.5). The only molecule with which Csk remained 

colocalised was Fyn (BDS >1.5) up to 40 mins after activation. The loss of correlation 

between Csk and TCRβ/CD8α or Lck 5 minutes after TCR crosslinking (Fig 5A) was due to 

the bipolar distribution of Csk in Ag-experienced CD8+ T cells as seen in confocal analysis 

(Fig 3B). Interestingly, although LckpY505 maintained a strong colocalisation with TCRβ/

CD8α early after crosslinking beyond 20 minutes this was reduced, so that by 40 minutes 

after TCR stimulation the BDS was ≤1.5, suggesting the negatively regulated form of Lck 

disappears from the TCRβ/CD8α cap over time. Overall these data indicate that exclusion of 

Csk and Fyn from the site of TCR engagement is a dynamic process which is maintained for 

at least 40 minutes following activation.

Csk localisation is not dependent on Fyn

Given the close association between Csk and Fyn in these studies we asked whether the 

observed distribution of Csk required the presence of Fyn. Csk is recruited to the PM by 

interaction with membrane associated adaptor molecules including the transmembrane 

adaptor PAG (20, 21). In resting T cells PAG is phosphorylated on Y314 by Fyn, generating 

an SH2 binding site for Csk (20). Previously we showed that Fyn knockout (FynKO) CD8+ 

T cells were more sensitive than WT cells to Ag stimulation, which correlated with 

abrogation of phosphorylation of PAGpY314 and was consistent with a loss of negative 

feedback (13). Therefore we asked whether the spatiotemporal localisation of Csk would be 

altered in Ag-experienced FynKO F5 CD8+ T cells. Somewhat surprisingly, there appeared 
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to be no difference to WT cells in the localisation of Csk in either unstimulated Ag-

experienced FynKO CD8+ T cells or following TCRβ/CD8α mediated activation (Fig 6). In 

both WT and FynKO Ag-experienced CD8+ T cells, Csk was identified at the periphery of 

the cell as well as localising within a distinct cytosolic pool (Fig 6A). Following TCRβ/

CD8α crosslinking, there was no difference in the localisation of Csk between WT and 

FynKO T cells, with Csk displaying a bipolar distribution (Fig 6A). Quantification of the 

distribution of Csk molecules in polarised WT and FynKO Ag-experienced CD8+ T cells 

showed no significant difference between the two genotypes (Fig 6B). These data suggests 

that the bipolar distribution of Csk observed in Ag-experienced CD8+ T cells is not 

dependent on PAGpY314.

In order to investigate the localisation of Csk at the distal structure, we first asked whether 

its presence was influenced by the action of PTPs. Many intracellular PTPs act as negative 

regulators of TCR signaling, so we inhibited PTP activity with pervanadate (Na3VO4), 

which gives increased pTyr and generation of SH2-binding domains, altered Csk 

localisation in Ag-experienced CD8+ T cells. Inhibition of cellular PTP activity by treatment 

of cells with Na3VO4 resulted in redistribution of Csk from the cytosol (indicated by arrows 

in unstimulated, Fig 6C) to the cell periphery, with almost complete loss of the cytosolic 

structure. These data argue that compartmentalisation and sequestration of Csk from the PM 

is maintained by PTP activity in Ag-experienced CD8+ T cells. Staining with γ-tubulin 

showed that the centrosome was present in the distal area of the Ag-experienced cell in 

which Csk was found to accumulate (Fig 6D). Somewhat surprisingly the centrosome did 

not re-localise to the cap following TCR pus CD8 cross-linking (Fig 6D). It has been shown 

that the centrosome localises to the IS following Ag stimulation of CTL and that docking of 

the centrosome at the IS requires signals from Lck (38). We confirmed that the formation of 

Ag-specific conjugates between Ag-experienced CD8 T cells and peptide-pulsed RMA-S 

cells relocated the centrosome to the IS (Fig 6D). In addition we followed the location of 

Csk in Ag-specific conjugates and found that Csk was distributed at both the IS and to a 

lesser extent at the distal pole of the cell at the 5min time point (Fig 6D). By 10 mins of 

conjugation most Csk molecules were associated with the IS and this association became 

more localised over time (Suppl Fig 3B). Therefore the re-distribution of Csk and the 

centrosome is influenced by the nature of the stimulus, and surprisingly, despite the 

observation that cross-linking with TCR and anti-CD8 Abs causes robust Lck 

phosphorylation, this is insufficient to re-localise the centrosome to the site of capping.

These results identify differences in the distribution of signaling molecules in naïve and Ag-

experienced CD8+ T cells both in the resting state and following TCR activation with 

antibody stimulation. Taken together they indicate that loss of the critical negative regulator 

Csk from the PM reduces the threshold of TCR triggering in effector/memory CD8+ T cells. 

Furthermore, upon TCR triggering with antibodies, Csk and the centrosome remain 

sequestered at the distal pole of the cell.

Discussion

The molecular basis for the increased sensitivity of memory T cells to TCR triggering by Ag 

is currently unknown. Using confocal imaging of endogenous molecules, we addressed this 
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issue by asking whether we could see differences in the distribution of key proximal 

signaling molecules between naïve and Ag-experienced CD8+ T cells, in both the resting 

state and following TCR engagement. We show that Csk, the primary negative regulator of 

the SFKs, Lck and Fyn, has a unique cytoplasmic location in Ag-experienced cells, which 

was not seen in naïve CD8+ T cells. In addition there was a pool of Csk associated with the 

cell periphery, which was common to both cell types. Upon TCR engagement the discrete 

cytoplasmic pool of Csk was maintained in the distal pole of the cell away from the TCR. 

The data suggested that this pool of Csk was located in a cytoplasmic structure, as it was 

disrupted upon removal of cholesterol. Fyn, but not Lck, was associated with the 

cytoplasmic pool of Csk, whereas both Fyn and Lck were associated with peripherally 

distributed Csk. However, there was no absolute requirement for Fyn to maintain the 

cytoplasmic pool, as it was undiminished in FynKO Ag-experienced CD8+ T cells. Our data 

support the hypothesis that the reduce threshold of activation seen in Ag-experienced CD8+ 

T cells could be facilitated by the spatial redistribution of proximal signalling mediators, 

such as sequestration of Csk into the cytosol away from its substrate Lck at the PM.

We showed previously that the availability of Lck was an important element in determining 

the activation threshold of primary T cells (36). More recently it was suggested that the 

activity of Lck was crucial for initiating T cell activation (29). Up to 40% of Lck in resting T 

cells was found to be constitutively active and a proportion of this activated pool was 

phosphorylated on the regulatory Tyr505 residue, previously thought to mark only inactive 

pools of Lck (29). Csk is the PTK responsible for phosphorylating the SFK members on 

their regulatory Tyr but, unlike the SFKs, Csk is not constitutively targeted to the PM. 

Instead Csk is recruited by interaction of its SH2 domain with a variety of Tyr 

phosphorylated proteins (15, 39-43). Constitutive targeting of Csk to the PM reduced the 

basal state of activity of primary T cells (16) indicating that the localisation of Csk is 

important in regulating the signaling threshold even in the absence of Ag.

The presence of a distal pole complex (DPC) that forms early after TCR activation has been 

previously identified in CD4+ T cells (44-46) and was shown to concentrate negative 

regulators of T cell signaling including, SHP-1 and PAG. Localisation of PAG to the DPC 

was potentially mediated by Ezrin, as EBP-50 which is the intermediary protein linking 

PAG to the actin cytoskeleton through Ezrin, was also localised to the DPC (47). However, 

the arrangement of molecules in the DPC was different from that observed here, as the DPC 

was distributed as if attached to the PM, whereas we found Csk to have a distinct 

cytoplasmic location. In addition molecules were reported to localise to the DPC only after 

pMHC Ag presentation (44, 45, 47), whereas we found Csk colocalising in the cytoplasmic 

pool in Ag-experienced CD8+ T cells to be constitutive and unchanged by Ab-mediated 

TCR crosslinking. Upon interaction with APC and formation of conjugates, T cells round up 

as they receive stop signals (48, 49). The assembly of the IS occurs in various stages which 

depend on distinct cytoskeletal rearrangements that facilitate the integration of signals, but 

the requirement of the IS may vary between CD4+ and CD8+ T cells, and whether the cells 

are naïve, have effector functions or are multifunctional memory cells. In naïve CD4+ T 

cells, microclusters containing CD3, TCR and PLCγ aggregate within the SMAC, the site of 

T cell signalling. In CTL, a correlation between the formation of the dSMAC and the 

docking of the centrosome at the PM has been demonstrated, the latter required for granule 
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delivery and lytic function (50). The signals delivered through TCRβ/CD8α crosslinking 

were not sufficient to polarise nonmigratory Ag-experienced CD8+ T cells, perhaps reducing 

their full effector function or limiting their multifunctional potential. Regardless, early 

signalling events immediately downstream of the TCR were enhanced in Ag-experienced 

CD8+ T cells compared to naïve T cells, which may be attributed to the removal of Csk from 

the PM and its active sequestration within a cytoplasmic structure both in a basal state and 

following TCR triggering acting to dynamically regulate Csk activity, possibly by inhibiting 

activation by PKA at the PM (51).

It was striking that Fyn showed a very tight co-localisation with Csk both at the cell 

periphery and in the cytoplasmic pool, unlike Lck which was only co-localised with Csk at 

the PM. Fyn is responsible for phosphorylating PAGpY314, which is the major pTyr residue 

that recruits Csk (20, 52). We were unable to determine whether PAG co-localised with Csk 

in the cytoplasmic pool, as available anti-PAG antibodies gave excessive background 

staining in confocal microscopy. Certainly Fyn-mediated PAG phosphorylation was not 

essential for this localisation of Csk, as FynKO Ag-experienced cells showed similar 

distribution of Csk to WT CD8+ T cells. However, the absence of an overtly deleterious 

phenotype in PAGKO mice (53, 54) and in FynKO mice (55, 56) argues that molecules 

other than Fyn and PAG are also able to influence Csk localisation.

In this study we addressed the requirement of key signaling mediators associated with TCR-

dependent activation and therefore triggered the TCR through Ab-crosslinking of CD3, or 

TCR plus CD8 in the absence of costimulation, which has been reported to affect IS 

formation between naive and memory T cells (57). It has been shown previously that Lck 

associates with the co-receptor (3, 58), whereas Fyn interacts with TCR/CD3 (59). Indeed, 

FynKO T cells became hyporesponsive upon anti-CD3 stimulation (55, 56), most likely 

because Lck was not activated to the same extent as when CD3 was engaged in combination 

with anti-CD4/CD8 (60). In support, our data identified that anti-CD3 alone was largely 

inadequate at redistributing Lck from around the cell periphery to the CD3 cap, compared to 

TCR, which generated a 3-fold increase in Lck coincident with the TCRβ cap. It was not 

until additional CD8 coligation that maximal colocalisation of Lck was observed in both 

naive and Ag-experienced CD8+ T cells. Of interest, Ag-experienced CD8+ T cells were 

twice as efficient in redistributing Lck as naïve CD8+ T cells, which is consistent with 

previous findings that a greater proportion of Lck molecules are found at the PM associated 

to the coreceptor in memory CD8+ T cells (61). This suggests that there is a rapid 

reorganisation of positive mediators of TCR signaling in Ag-experienced compared to naïve 

CD8+ T cells, which may contribute to the enhanced memory cell response.

Our data are consistent with the requirement for specific compartmentalisation of signaling 

mediators for the regulation of T cell homeostasis and the altered sensitivity to Ag 

stimulation that occurs between naïve and Ag-experienced CD8+ T cells. We propose that 

early TCR triggering events drive divergent signaling events between naive and memory 

CD8+ T cells, and it is the rapid reorganisation of signaling molecules that contribute to 

enhanced memory cell responses.
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Csk C-terminal Src kinase

LN lymph nodes

IS immunological synapse

PAG phosphoprotein associated with glycoshingolipid-enriched microdomains
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pMHCI peptide MHC Class 1

PTK protein tyrosine kinase

PTP protein tyrosine phosphatase

pTyr phosphorylated tyrosine

SFK Src family kinase

SPL spleen

WT wild-type
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Figure 1. TCRβ/CD8α ligation is required for optimal redistribution of Lck and Tyr-
phosphorylated proteins
CD8 T cells from naïve F5 mice (A and C) or following in vitro differentiation into Ag-

experienced CD8+ T cells (B and D) were stimulated by crosslinking of biotinylated CD3ε, 

TCRβ and TCRβ/CD8α mAb, as indicated, with streptavidin conjugated to Alexa Fluor (AF) 

543 for 5 min. Following fixation and permeabilisation, cells were stained for Lck (A-B) 

and pY (C-D) and nuclei stained with DAPI. Scale bar represents 3 μM (Naïve) and 3.5 μM 

(Ag-experienced). A single 2D optical section (along x-y axis) is shown in each panel, with 
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data representative of at least 50 cells for each crosslinking mAb from 2 independent 

experiments.
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Figure 2. Naive and Ag-experienced CD8+ T cells differentially localise Csk and Fyn
Confocal immunofluorescence of resting naïve (A) and Ag-experienced (B) CD8+ T cells 

stained with anti-TCRβ plus CD8α, DAPI, Csk, pY, Lck, LckpY505, and Fyn, as indicated. A 

single 2D optical section (along x-y axis) is shown in each panel with colocalisation shown 

as a merge image of green and red pixels (column 5). Scale bar represents 3 μM (Naïve) and 

3.5 μM (Ag-experienced). (C)Tables show values for colocalisation of white (column 2) and 

green (column 3) pixels. Pearson’s correlation coefficient (Rr) was calculated using 

Volocity software from 2 independent experiments.
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Figure 3. Csk and Fyn display bipolar distribution in Ag-experienced CD8+ T cells following 
TCRβ/CD8α mediated activation
Confocal immunofluorescence of (A) naïve and (B) Ag-experienced CD8+ T cells 

stimulated with TCRβ/CD8α for 5 min. Cells were fixed, permeabilised stained for Csk, 

column 4, and in column 3 for pTyr (top row), Lck (second row), LckpY505 (third row) and 

Fyn (bottom row). A single 2D optical section (along x-y axis) is shown in each panel, and 

all red and green colocalised pixels represented as white pixels on a merge image of 3+4. 

Scale bar represents 3 μM for naïve cells and 3.5 μM for Ag-experienced cells. (C) Tables 

Borger et al. Page 20

J Immunol. Author manuscript; available in PMC 2015 October 07.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



show values for colocalisation of white (column 2) and green (column 3) pixels. Pearson’s 

correlation coefficient (Rr) was calculated using Volocity software from at least 2 

independent experiments (Rr 3+4 naïve, n=40; Rr 2+3 naive, n=50; Rr 3+4 n=50; Rr 2+3 

n=50).
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Figure 4. Csk and Fyn are significantly less polarised to the site of activation in Ag-experienced 
CD8+ T cells than naïve T cells
(A) Naive and (B) Ag-experienced CD8+ T cell merge images (first column) generated from 

the images in Figure 3 were sectioned (white line) from the proximal site of cell 

polarisation, indicated by the astrix (*), to the distal end, generating a RGB histogram 

(second column), using ImageJ software. The histogram lines indicate the distribution and 

MFI of protein throughout the cross-section of the cell. (C) Protein distribution was 

calculated within the merge images from experiments presented in Figure 3. Using Volocity 
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software, the sum of fluorescence above background of each condition was calculated in 

both the proximal half of the cell, identified by the presence of the TCRβ/CD8α and denoted 

P as shown in the representative image. The amount of fluorescent units were entered into 

the formulae (P−D)/(P+D), where D, represents distal fluorescence. Thus a protein fully 

polarised at the TCRβ/CD8α cap will score 1 (pY, second panel), a protein with bipolar 

distribution will score closer to 0 (Csk, third panel) and a protein fully localised in the distal 

pole will score −1 (image not shown). The data set of 1 experiment, comprising 25 images 

for each condition was used to generate the protein distribution graph and calculate p-values 

as determined by the Student’s two-tailed t-test; where p≤0.05 = *, p≤0. 01 = **, p≤0.001 = 

***, p≤0.001 = ****. The data are representative of at least 2 independent experiments.
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Figure 5. Csk is maintained away from the site of TCR activation in Ag-experienced CD8+ T 
cells
Ag-experienced CD8+ T cells were stimulated with TCRβ/CD8α and Streptavidin AF405 

(column 1) for the indicated times (0-40 min), fixed, permeabilised and intracellular proteins 

were stained for Csk, column 3, and in column 1 for Lck (A), or LckpY505 (B) or Fyn (C). 

Each panel shows representative cells from the median BDS-R3 value at 0 and 5 min, with 

colocalisation shown as a merge image of green and red pixels (2 + 3). Graphs of the median 

BDS-R3 score for the indicated image pairs on a per cell basis, are the mean of 3 

independent experiments ± SEM (for some points the error bars are too small to be visible 

outwith the symbols). The dotted line denotes the MRB-determined threshold below which 

two signals are considered to be dissimilar by the BDS-R3 score (<1.5).
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Figure 6. Csk localisation does not require PAGpY314

(A-B) Ag-experienced F5 (FynWT) and Ag-experienced F5 FynKO CD8+ T cells were 

crosslinked with TCRβ/CD8α and Streptavidin AF543 for 5 min fixed, permeabilised and 

intracellular proteins were double stained for Csk with Lck and LckpY505. (B) The sum of 

fluorescence above background of each condition was calculated using Volocity software in 

both the proximal and the distal half of the cell. The data set of 1 experiment, comprising 25 

images for each condition was used to generate the protein distribution graph and calculate 

p-values as determined by the Student’s two-tailed t-test; where p≤0.05 = *, p≤0.01 = **, 
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p≤0.001 = ***, p≤0.001 = ****. The data is representative of 2 independent experiments. 

(C) Ag-experienced CD8+ T cells were treated for 20 min with Na3VO4, stained with TCRβ/

CD8α, fixed, permeabilised and stained for Csk, with nuclei stained with DAPI. A single 2D 

optical section (along x-y axis) is shown in each panel and an overlay of red and white 

pixels is represented as a merge image. Scale bar represents 1.3μM. Arrows indicate 

distribution of Csk in cytoplasm. Data is representative of at least 50 cells of each condition 

from 3 independent experiments. (D) Ag.experienced CD8+ T cells were conjugated to 

NP68- or GAG-pulsed RMA-S cells for 5-min (top 2 panels) or activated by TCRβ/CD8α 

cross-linking (bottom 2 panels) and fluorescently labeled with Abs to Csk and γ-tubulin to 

label the centrosome. Images were rendered with Volocity software. Representative 

conjugates containing GAG-pulsed RMA-S (first panel) or NP68-pulsed RMA-S (second 

panel) each intracellularly labelled with Mitotraker (white) and a single Ag.experienced 

CD8+ T cell. Scale bar represents 6 μM. Data is representative of at least 50 cells of each 

condition from 2 independent experiments.
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I

Efficiency of Ab crosslinking in redistributing Lck and pY.

Capping Ab Co-capping Ab T cell subset No. of cells counted % of cells capped % of cells co-capped

Anti-CD3ε Lck Naïve 1260 27 6.1

Ag.experienced 1385 16 13

pY Naïve 1260 27 12

Ag.experienced 1385 16 16

Anti-TCRβ Lck Naïve 1637 32 20

Ag.experienced 760 34 40

pY Naïve 1637 32 28

Ag.experienced 760 34 56

Anti-TCRβ/CD8α Lck Naïve 1325 20 28

Ag.experienced 826 23 66

pY Naïve 1325 20 45

Ag.experienced 826 23 62

Volocity software was used to manually count individual Ab crosslinked naive and Ag-experienced CD8+ T cells and count the number of cells 
co-capping Lck and pY.
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