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Abstract

Although the biochemical events induced by TCR triggering have been well studied, both the

mediators and function of basal signaling in T cells remain poorly understood. Furthermore, the

precise mechanisms by which MHC-peptide interaction with the TCR disrupt the basal

equilibrium in order to induce downstream signaling are also unclear. Here we describe novel

approaches to understanding the basal state of T cells and the mechanisms of TCR triggering by

perturbing regulation of the Src family kinases (SFKs). The SFKs are critical proximal mediators

of TCR signaling that are in turn tightly regulated by the tyrosine kinase Csk and the receptor-like

tyrosine phosphatase CD45. We have developed a small molecule analog-sensitive allele of Csk

and an allelic series of mice in which expression of CD45 is varied across a broad range. Our

studies have unmasked contributions of Csk and CD45 to maintaining the basal state of T cells

and also suggest that dynamic regulation of Csk may be involved in TCR triggering.

The T cell receptor (TCR) is comprised of distinct antigen recognition components (TCRαβ

chains) and signal transduction components (CD3 and ζ chains). Upon peptide/MHC

(pMHC) recognition, the TCR activates a well-studied signal transduction cascade. The

CD4/CD8 coreceptor-associated Src family tyrosine kinase (SFK) Lck is recruited to the

TCR where it phosphorylates the immunoreceptor tyrosine based activation motif (ITAM)

tyrosines of the CD3 and ζ chains. This favors recruitment of the Syk family kinase ZAP-70

which is, in turn, phosphorylated by Lck (Weiss 1993; Wang et al. 2010). Lck forms a

complex with ZAP-70 via binding its SH2 domain to phospho-Y319 (Thome et al. 1995;

Straus et al. 1996). This latter event positions Lck in close proximity to ZAP-70 to amplify

signaling and also may contribute to the stabilization of the interaction of the CD4/CD8

coreceptors with pMHC complexes (Xu and Littman 1993; Artyomov et al. 2010). Together

Lck and ZAP-70 phosphorylate and activate a critical `signalosome' nucleated by the

adaptors Lat and SLP-76 (Koretzky et al. 2006). This signalosome recruits a variety of

effector proteins such as PLCγ1, which in turn activate diverse downstream signaling
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pathways leading to a variety of biological outcomes including cell activation, proliferation,

differentiation, or death depending on cellular context.

Given its critical role in initiating TCR signaling, it is not surprising that Lck is itself tightly

regulated by two tyrosine phosphorylation sites (Hermiston et al. 2009). Phosphorylation of

the activation loop tyrosine (Y394) is required for full Lck kinase activity, while

phosphorylation of the C-terminal inhibitory site (Y505) favors adoption of a closed auto-

inhibited conformation which stabilizes the inactive conformation of the catalytic domain.

This inhibitory tyrosine is in turn reciprocally regulated by the enzymatic activities of the

receptor-like tyrosine phosphatase CD45 and the cytoplasmic tyrosine kinase Csk (Fig.1).

Together this phosphatase/kinase pair impose tight, constitutive control over Lck activity

and shapes both inducible and tonic signaling tone. Here, we highlight recent work from our

lab that sheds light on how CD45 and Csk regulate both basal and inducible TCR signaling.

Models of TCR activation

Despite extensive studies of TCR signal transduction, how ligation of the TCRαβ chains is

coupled to downstream signaling events remains uncertain. Several models that are not

mutually exclusive have been proposed. One such model suggests that a conformational

change is transmitted structurally from the extra-cellular TCRαβ chains to the CD3 and ζ

chain cytoplasmic ITAMs (Gil et al. 2002; Call and Wucherpfennig 2004; Levin and Weiss

2005). Attempts to validate such mechanisms have yielded conflicting results (La Gruta et

al. 2004; Mingueneau et al. 2008). TCR dimerization or oligomerization in the presence of

ligand has also been proposed to occur and mediate T cell activation (Boniface et al. 1998).

Another model posits that MHC-recruitment of CD4/CD8 coreceptor-associated Lck

couples ligand-recognition to signal transduction (Weiss 1993; Xu and Littman 1993;

Artyomov et al. 2010). However, studies of T cells lacking co-receptors have shown that

coreceptors impose MHC restriction but can be dispensible for ligand-mediated TCR

signaling (Locksley et al. 1993; Van Laethem et al. 2007). Over the past decade there has

been growing experimental support for the so-called `kinetic segregation' model of TCR

activation, first proposed by Van der Merwe and Davis in 1996 (Davis and van der Merwe

1996; Davis and van der Merwe 2006). This model proposes that physical proximity of

MHC and TCR on the surface of an antigen presenting cell and a T cell respectively favors

exclusion of bulky transmembrane molecules such as CD45 which play inhibitory roles, in

turn permitting TCR signaling. This model relies on several assumptions, most notably that

the basal state of T cells actually represents an active and dynamic equilibrium rather than a

static `off' state.

Basal TCR signaling

Although signaling events triggered by TCR have been extensively studied, much less is

understood about the basal state of T cells. Active basal or tonic signaling through antigen

receptors has been postulated for many years. Klausner and colleagues were the first to show

that treatment of unstimulated T cells with pervanadate, a general PTPase inhibitor, was

sufficient to trigger ligand-independent phosphorylation of cellular proteins (Garcia-Morales

et al. 1990; Secrist et al. 1993). These data imply that an active equilibrium of kinase and
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phosphatase activity must exist even in the absence of ligand-mediated receptor stimulation..

Further evidence for active signaling in the basal state was provided by the finding that

unstimulated, resting thymocytes and peripheral T cells exhibit high basal ζ chain ITAM

phosphorylation and constitutive association with unphosphorylated ZAP-70. This

phenomenon requires expression of components of the TCR signaling pathway, including

Lck and non-selecting MHC (van Oers et al. 1993; van Oers et al. 1994; van Oers et al.

1996; Stefanova et al. 2002). Given the presence of basal ζ phosphorylation in unstimulated

T cells, we speculate that it is actually ZAP-70 phosphorylation and activation, rather than

merely ζ phosphorylation, that serves as the key initiating event in TCR signaling initiation

in vivo.

Consistent with these early observations, it has been shown that antigen receptors can indeed

signal in a ligand-independent manner in vivo, and this signaling has biological significance.

For instance, the pre-TCR signals in an antigen-independent manner during thymic

development and promotes TCRβ-selection (Irving et al. 1998). Expression of the BCR is

required for B cell survival and inducible deletion of the BCR can be rescued with low-level

constitutive PI3K activity (Lam et al. 1997; Srinivasan et al. 2009). This provides evidence

for a required role for tonic BCR signaling in B cell survival. However, by contrast to the

BCR, inducible deletion of the TCR is associated with relatively long-term T cell survival,

raising the question of which biological function is subserved by putative tonic TCR

signaling (Polic et al. 2001). One potential function for basal antigen receptor signaling

identified in both T and B cells is repression of RAG gene expression (Srinivasan et al.

2009); (Roose et al. 2003). It has also been suggested that tonic TCR signaling is important

to maintain TCRα expression (Markegard et al. 2011).

In addition to a direct function in lymphocyte survival and differentiation, it has also been

suggested that tonic ζ phosphorylation and basal signaling in general might serve to sensitize

or tune receptors to improve ligand recognition and discrimination (Germain and Stefanova

1999; Stefanova et al. 2002). A related hypothesis is that basal signaling enhances the speed

of cellular responses to stimuli (Artomov et al. 2010).

It has been difficult to study basal signaling directly. One approach towards unmasking the

basal equilibrium is to perturb either positive or negative regulators of this balance

genetically. Although mice harboring constitutively active SFKs (Csk-deficient mice and

LckY505F mutant mice) indeed exhibit constitutive TCR signaling that is ligand-

independent, the resting basal state in such mutant T cells is quite perturbed, obscuring

normal tonic signaling (Imamoto and Soriano 1993; Nada et al. 1993; Pingel et al. 1999;

Baker et al. 2000). Optimal strategies for studying the basal state require the use of more

subtle, temporally refined perturbations such as hypomorphic alleles and chemical

inhibitors. Our lab has developed and taken advantage of new experimental tools to subtly

perturb and thereby study the basal state. Here we discuss our findings and place our

observations in the context of recent work from other labs
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A chemical-genetic strategy for rapid and selective modulation of Csk

activity

Csk serves as an essential negative regulator of SFK activity by phosphorylating their c-

terminal inhibitory tyrosine (Okada et al. 1991; Bergman et al. 1992; Chow et al. 1993).

Constitutive deletion of Csk causes embryonic lethality due to defective neural development

that is associated with increased SFK activity (Imamoto and Soriano 1993; Nada et al.

1993). Deletion of Csk in immature thymocytes results in TCR and MHC-independent

development of T cells with abnormal expression levels of TCRs and coreceptors (Schmedt

et al. 1998; Schmedt and Tarakhovsky 2001). This aberrant thymic development is

dependent on the presence of Lck and Fyn and suggests that loss of Csk results in the

generation of TCR-like signals in the absence of TCR engagement.

Since the SFKs are membrane-anchored but Csk is a cytosolic protein, one way by which

Csk activity on SFKs is regulated is its reversible recruitment to the plasma membrane or

relocalization to other regions of the cell via an SH2 domain-mediated interaction with

phosphorylated transmembrane adaptors such as PAG and LIME (Brdicka et al. 2000;

Torgersen et al. 2001; Brdickova et al. 2003; Davidson et al. 2003). However, in contrast to

mice deficient in Csk, mice deficient in PAG or LIME or both develop normally, implying

the existence of alternative adaptors or recruitment mechanisms (Dobenecker et al. 2005; Xu

et al. 2005; Gregoire et al. 2007). Therefore, the spatio-temporal localization of Csk in

response to TCR engagement remains poorly understood.

To further investigate how Csk regulates TCR signaling, we generated a novel analog

sensitive allele of Csk, CskAS, whose kinase activity can be specifically inhibited by a small

molecule (Schoenborn et al. 2011). The CskAS allele is designed based on the “analog-

sensitive kinase” technology (Liu et al. 1998; Bishop et al. 2000), whereby a conserved,

bulky gate keeper residue in the ATP-binding pocket of the catalytic domain is mutated to

the smaller glycine residue, resulting in an enlarged pocket that can accommodate a larger

analog of the common non-selective kinase inhibitor, PP1. Inhibition of CskAS is highly

specific since the analog inhibitor is too large to fit into the ATP-binding pocket of wildtype

Csk or other wildtype kinases. To take advantage of this unique allele, we mis-expressed

membrane-targeted CskAS in Jurkat T cells (Schoenborn et al. 2011), and generated BAC

transgenic mice expressing cytosolic CskAS in a Csk-deficient genetic background.

Csk regulates T cell basal state, TCR signaling threshold and TCR signal

termination

Consistent with prior work (Cloutier et al. 1995), Jurkat T cells transfected with a

membrane-targeted CskAS construct exhibited hyperphosphorylation of Lck at its inhibitory

tyrosine (Y505) and were unresponsive to TCR stimulation. However, surprisingly, upon

inhibition of membrane-targeted CskAS with its analog inhibitor, instead of simply restoring

responsiveness to TCR stimulation, we observed activation of TCR signaling in the absence

of TCR ligation. Within seconds of CskAS inhibition alone, Lck phosphorylation at its

activating tyrosine (Y394) was markedly increased and was accompanied by strong
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induction of TCR-ζ chain phosphorylation as well as the phosphorylation of proximal

signaling molecules such as ZAP-70 and LAT. We also observed increased ERK

phosphorylation and intracellular calcium, and the upregulation of CD69 expression. This

unexpected ligand-independent TCR-mediated activation clearly underscores the role of Csk

in establishing and maintaining the basal signaling state. We propose that expression of

membrane-targeted CskAS dampens basal signaling, thus inducing a compensatory rewiring

of the TCR signaling network that drives spontaneous TCR signaling following CskAS

inhibition. Jurkat signal activation which was induced by simply inhibiting membrane-

targeted CskAS was stronger and more sustained compared to that induced by antibody-

mediated TCR stimulation, further suggesting that Csk may play a role in TCR signal

termination.

Csk inhibition activates SFKs and proximal but not full TCR signaling

CskAS BAC Tg mice, by contrast to our Jurkat mis-expression model, express normally

regulatable cytosolic rather than membrane-targeted Csk. Importantly, by taking advantage

of Csk+/− mice, endogenous Csk could be eliminated by breeding. Viability and T cell

development appear normal in these animals. Upon inhibition of CskAS in primary

thymocytes and mature CD4 T cells from these BAC Tg mice, we observed rapid

hyperphosphorylation of the activating tyrosines of both Lck and Fyn (Fig. 2). This

observation confirms the critical role of Csk in restraining SFK activity in resting primary T

cells in order to maintain the basal equilibrium and prevent aberrant TCR activation. We

anticipated concomitant dephosphorylation of the inhibitory tyrosine of Lck with CskAS

inhibition since this tyrosine is a direct Csk substrate. Unexpectedly, by contrast to the

activation loop tyrosine, dephosphorylation of the Lck inhibitory tyrosine occurred more

slowly and was incomplete, suggesting that pools of Lck may exist that are inaccessible or

protected from phosphatases such as CD45.

Importantly, in thymocytes, ZAP-70, LAT and PLCγ1 were phosphorylated comparably to

anti-CD3 crosslinking following CskAS inhibition, indicating that even in the absence of

segregation of bulky transmembrane phosphatases such as CD45 from the TCR, proximal

TCR signaling events can be triggered simply by perturbing Csk activity. Our work implies

that Csk relocalization or modulation alone may trigger TCR signal initiation. Unexpectedly,

and in contrast to Jurkat T cells, CskAS inhibition was not sufficient to drive efficient

downstream ERK phosphorylation or to increase intracellular calcium. This correlated with

impaired increases of inositol phosphates, suggesting that the defective propagation of TCR

signaling to the calcium and MAPK pathways resulted from a failure of PLCγ1 to hydrolyze

phosphatidylinositol-4,5-bisphosphate (PIP2).

The cortical actin cytoskeleton can serve as a barrier for free movement of proteins in or at

the plasma membrane (Kusumi et al. 2005). When CskAS was inhibited in BAC Tg

thymocytes in the presence of an actin modulating agent such as cytochalasin D, full TCR

signaling was restored, and a concomitant increase in intracellular calcium as well as strong

ERK phosphorylation was observed. This suggests that the cortical actin cytoskeleton can

regulate the access of PLCγ1 to PIP2. Recently, it was shown that the actin cytoskeleton can

restrict lateral diffusion of B cell transmembrane molecules and limit signaling (Treanor et
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al. 2010). Alternatively, PIP2 may be sequestered by various actin regulatory proteins and

the addition of actin modulating agents may disrupt these interactions and release PIP2 for

hydrolysis (Di Paolo and De Camilli 2006; McLaughlin and Murray 2005). Interestingly,

inhibiting CskAS in thymocytes in the presence of mature dendritic cells could also restore

full TCR signaling. Rescue was dependent on the presence of MHC and B7 molecules on

the dendritic cells, suggesting that a major function of TCR and CD28 interaction with these

molecules may be to reorganize the actin cytoskeleton.

Although inhibition of CskAS alone in Jurkat cells induced full TCR signaling, this was not

the case in CskAS BAC Tg T cells where additional stimuli were necessary. We propose two

hypotheses to account for this difference. First, Jurkat T cells express endogenous Csk and

activation of these cells by CskAS inhibition could simply reflect the dominant-negative

effects of the SH2 and SH3 domains of the transfected membrane-targeted CskAS. Second,

Jurkat cells have more active basal signaling and stronger inducible signaling due to loss of

PTEN and SHIP lipid phosphatases, critical negative regulators of signaling.

Importantly, our work supports a modified version of the kinetic segregation model in which

Csk relocalization or modulation may contribute to TCR signal initiation. Indeed, recent

work from the Zamoyska lab demonstrates a pool of Csk is relocalized to the distal pole in

effector CD8 T cells following TCR stimulation (Borger et al. 2013). Surprisingly, we show

that activation of SFKs with the CskAS inhibitor is not sufficient on its own to fully trigger

TCR signaling and additional actin remodeling may be required for downstream signal

propagation. Our studies suggest that the kinetic segregation model is insufficient to account

for T cell activation upon TCR ligation. It has also been well demonstrated that

costimulation via CD28 mediates actin cytoskeletal changes (Kaga et al. 1998; Tskvitaria-

Fuller et al. 2003). Thus, under physiologic signaling conditions where TCR signaling may

be limiting, additional requisite actin remodeling could perhaps be provided by CD28

costimulation by its recruitment and activation of Vav, the guanine-nucleotide exchange

factor for Cdc42 and Rac, important mediators of actin polymerization (Salazar-Fontana et

al. 2003; Kovacs et al. 2005; Tavano et al. 2006; Boomer and Green 2010).

An allelic series of CD45-expressing mice

CD45 phosphatase activity is essential to counteract the function of Csk kinase in regulating

Lck C-terminal tyrosine phosphorylation. Indeed, CD45-deficient T cells and cell lines

exhibit constitutive hyper-phosphorylation of Y505 (Kishihara et al. 1993; Sieh et al. 1993;

Byth et al. 1996; Stone et al. 1997; Mee et al. 1999). As a result, CD45 is absolutely

required for TCR stimulation and consequently for T cell development. An Lck Y505F

transgene is sufficient to rescue TCR signaling and T cell development in CD45-deficient

mice, establishing this tyrosine as a physiologically relevant substrate and Lck as a critical

mediator of CD45 function in vivo (Stone et al. 1997; Pingel et al. 1999; Seavitt et al. 1999).

However, it has been suggested that in addition to its critical positive regulatory role, CD45

also plays a negative regulatory role, and indeed this forms the basis for its putative function

in the kinetic segregation model of TCR triggering. Dephosphorylation of the activation

loop tyrosine of Lck (Y394) may be the biochemical basis for the negative regulatory role of
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CD45 (Ashwell and D'Oro 1999; McNeill et al. 2007). Indeed, dual hyperphosphorylation of

Lck at both the inhibitory and activating tyrosines has been reported in many CD45 deficient

cell lines and mice (Ashwell and D'Oro 1999). Several groups have independently generated

CD45 single isoform transgenic mice with subphysiologic CD45 expression levels

(Kozieradzki et al. 1997; Ogilvy et al. 2003; McNeill et al. 2007). The dual positive and

negative regulatory roles of CD45 are unmasked when CD45 expression levels are altered.

In order to unmask novel functions for CD45, we have taken advantage of an ENU-

generated variant of CD45, lightning, with low surface expression but preserved splicing. By

further combining this allele with wild type and knockout CD45 alleles, we have generated

an allelic series of mice in which expression of normally spliced CD45 is varied across a

broad range on all hematopoietic cells (Zikherman et al. 2010).

Signaling through the pre-TCR complex at the thymic TCRβ-selection checkpoint occurs in

a ligand-independent, SFK-dependent manner, and is partially blocked in CD45−/− mice

(Byth et al. 1996; Irving et al. 1998). Increasing CD45 expression across the allelic series

partially rescues this beta-selection defect, but surprisingly, very high CD45 doses were

required for complete rescue (Zikherman et al. 2010), as they were for rescue of other basal

TCR signaling markers, such as expression of CD5 and TCRβ on pre-selection double

positive thymocytes, as well as basal TCR ζ-chain phosphorylation. Our data suggest that

CD45 plays a predominantly positive regulatory role during ligand-independent signaling

and that CD45 phosphatase activity must be continuously counter-regulated in the basal

state by Csk. To test this hypothesis, we generated CD45 allelic series mice in which the

dose of Csk was reduced by half. We observed further partial rescue of these basal signaling

phenotypes in allelic series animals with Csk dose reduction. These data were consistent

with our model and revealed a tightly regulated and dynamic balance between CD45 and

Csk in the basal state.

In contrast to basal signaling, we observed very different sensitivity to CD45 dose in the

context of ligand-dependent TCR signaling. As previously reported (Koretzky et al. 1990;

Koretzky et al. 1991; Stone et al. 1997), CD45−/− T cells were refractory to stimulation

through the TCR. We observed that even very low levels of CD45 expression could rescue

in vitro TCR signaling in response to anti-CD3 ligation. Furthermore, cells with very low

CD45 expression were super-sensitive to such TCR ligation. Increasing CD45 expression

down-regulated TCR signaling (calcium and phosphor-Erk assays) and flattened the dose

response curve. This work clearly unmasks a negative role for CD45 in response to in vitro

TCR cross-linking. However, by taking advantage of an in vivo reporter of TCR signaling in

which GFP expression is under the control of the Nur77 regulatory region, we have recently

found that in vivo TCR signaling at the thymic positive selection checkpoint in allelic series

mice does not seem to mirror these in vitro assays (Zikherman et al. 2012). This suggests

that a positive regulatory role for CD45 may dominate TCR signaling in vivo irrespective of

CD45 expression level.
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Regulation of Lck phosphorylation by CD45

The effects of different levels of CD45 on TCR signaling, T cell development and function

is most likely a manifestation of different levels of its phosphatase activity. The most well

established substrate of CD45 is Lck. We examined the phosphorylation status of the T cell-

specific SFK Lck and confirmed previous observations that phosphorylation of the negative

regulatory tyrosine Y505 is highly sensitive to the expression of CD45 (Figure 3). CD45

dose correlated with the phosphorylation status of Lck Y505. Further, this sensitive titration

of Lck Y505 phosphorylation occured in the basal state and correlated with basal TCR

signaling in the CD45 allelic series of mice, suggesting the presence of constitutive counter-

regulation of this tyrosine site by Csk.

Interestingly, the activation loop tyrosine of Lck is also sensitive to CD45 dose in resting

primary T cells (Fig. 3). Thymocytes with low levels of CD45 have higher levels of

phosphorylation at this site, suggesting that CD45 directly or indirectly is capable of

dephosphorylating the activation loop tyrosine in addition to the inhibitory tyrosine of Lck,

potentially exerting opposing effects on SFK function and activity. However, it should be

mentioned that there are other phosphatases, such as PEP, that have also been implicated in

the dephosphorylation of Y394 (Cloutier and Veillette 1999). These findings are consistent

with results reported in the context of an allelic series of CD45RO transgenic animals

(McNeill et al. 2007). We propose that the positive regulatory role of CD45 is directed at the

inhibitory SFK tyrosine phosphorylation, while the negative regulatory role of CD45 is

directed at the activation loop tyrosine of Lck. However, our studies rely upon analysis of

whole cell lysates. Discordance between in vitro and in vivo TCR activation in CD45 allelic

series T cells raises the possibility that specific pools of Lck are differentially regulated by

CD45 and that those pools that are probed via whole cell lysates and in vitro stimulation

may not correspond to pools that mediate signaling in vivo.

CD45 and Csk regulate the basal state of T cells

Under basal conditions, Csk is recruited to the plasma membrane by the phosphorylated

adaptor PAG (and/or other as yet unidentified adaptors). We propose that dynamic

regulation of Csk might account for differential requirements for CD45 during basal and

inducible signaling (see model Fig. 4). In the basal state, high doses of CD45 are required to

dephosphorylate the inhibitory tyrosine of Lck because local concentrations of Csk are high.

Under basal conditions therefore, the positive regulatory role of CD45 prevails. Upon

antigen receptor ligation, Csk is rapidly removed from the proximity of its substrate by an

unclear mechanism, such as, perhaps, rapid dephosphorylation of an adaptor molecule like

PAG. Indeed, one must consider alternative adaptors, since the PAG deficient cells have

little phenotypic change (Dobenecker et al. 2005). Moreover recent work suggest that Csk

may relocalize to other regions of the cell (Borger et al. 2013). CD45 now acts unopposed

upon the inhibitory tyrosine of Lck, such that the dominant factor influencing Lck activity

under these circumstances is the phosphorylation status of the activation loop tyrosine. Now

the negative regulatory role of CD45 prevails. Indeed, reducing the dose of Csk by half has

no effect on in vitro anti-CD3 stimulation of allelic series thymocytes. However, this model

fails to account for the discordance between in vitro and in vivo observations of ligand-
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dependent TCR signaling. These differences may in turn reflect dependence upon different

pools of Lck in each of these processes. However, it remains unclear which pools of Lck are

most relevant for in vivo ligand-dependent and ligand-independent TCR signaling, and how

access of Csk to these pools is regulated dynamically.

Subcellular pools of Lck

Work from the Acuto lab has investigated the phosphorylation state of different subcellular

pools of Lck in T cells and provides evidence for a basal equilibrium of four subsets of Lck

with distinct phosphorylation states and activity levels in resting T cells (Fig. 1)(Nika et al.

2010). One notable feature of this study is the identification of active forms of Lck in

unstimulated T cells that does not appear to increase significantly upon TCR stimulation.

This raises the possibility that such active Lck pools are relocalized/partitioned relative to

the TCR before and after activation of the T cell and that additional activation of Lck may

not be important for TCR triggering (Davis and van der Merwe 2011).

However, recent work from the Schraven lab with a FRET-based Lck conformational

reporter and FLIM technology suggests that TCR activation by anti-CD3 ligation or SAg

correlated with conformational changes in a small pool of Lck with presumed increased Lck

kinase activity (Stirnweiss et al. 2013). This has very different implications for the

mechanism of TCR triggering. It will be critical to study individual functionally-relevant

pools of Lck to resolve this controversy, perhaps in the context of CskAS model system and

the CD45 allelic series.

CD45, Csk, and the kinetic segregation model of TCR triggering

CD45 has been postulated to play a critical role in the kinetic segregation model of TCR

activation. The Vale lab has recently reported reconstitution of heterologous 293 cells with

proximal components of the TCR signaling pathway (James and Vale 2012). In this model

system, segregation of CD45 away from the TCR-APC interface is both necessary and

sufficient for ZAP-70 recruitment to the membrane-associated ITAM domains of the TCR.

These data are consistent with the kinetic segregation model of TCR triggering. Recent work

from van der Merwe and colleagues also suggests that the large ectodomain of CD45 helps

to limit its negative regulatory role during TCR signaling, possibly by limiting association

with TCR microclusters (Cordoba et al. 2013).

Our studies of the CD45 allelic series reveal a dual positive and negative regulatory role for

this phosphatase, as previously suggested. However, in vivo we find that CD45 has a

predominantly positive regulatory role during basal/tonic TCR signaling and apparently

during thymic positive selection as well. This feature of CD45 is not evident in the Vale

reconstituted cell line model where CD45 has an exclusively negative regulatory role. We

speculate that this may be partially due to unconstrained localization of Lck which might

miss the important contribution of distinct pools of Lck that are present in primary cells.

This model system also focuses exclusively on proximal signaling events such as ZAP-70

recruitment to the membrane and its phosphorylation. Previous studies have shown that

ZAP-70 is constitutively associated with phosphorylated TCR ζ-chains in primary T cells

(van Oers et al. 1994). Our recent CskAS studies have shown that proximal activation of Lck
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is actually not sufficient to trigger full T cell activation. These observations raise the

possibility that the reconstituted heterologous cell system may not reflect the normal basal

equilibrium of primary T cells.

The initial proposal of the kinetic segregation model postulated that exclusion of CD45 from

the immune synapse was critical in shifting the basal equilibrium and permitting TCR

signaling. However, the time scale for CD45 relocalization and the earliest detectable

biochemical events upon TCR stimulation seem incommensurate as the latter occur far more

quickly than the former. This suggests that CD45 relocalization may help to maintain

signaling at the immune synapse but may not account for the initiation of TCR signaling.

Our studies of the CskAS model system suggest that modulation of Csk location or activity

might contribute to TCR triggering, but suggest that this would also be insufficient. Taken

together, this work confirms the contributions of CD45 and Csk to maintaining an active

basal equilibrium but suggests that acute SFK activation is insufficient to trigger T cell

activation and that some other event is required for full TCR signaling, perhaps involving

cytoskeletal rearrangement of the triggered T cell.

Unanswered questions

Our studies and recent work in the field leave a number of important questions unanswered,

including the fundamental problem of how TCR ligation leads to T cell activation. Where is

Csk localized relative to its substrate and how is its localization regulated in the basal state

and upon TCR triggering? What are the functionally relevant pools of Lck and are these

pools activated upon TCR triggering, or merely relocalized? Under which conditions in vivo

does CD45 play a negative regulatory role and how can this function be unmasked? Is CD45

enzymatic activity itself regulated or constitutive, and if so, does the extracellular domain

contribute via kinetic segregation? Finally, do Csk and CD45 fully account for control of the

basal state of T cells? What function does this dynamic equilibrium serve and how is it

transformed with TCR triggering? We anticipate that the novel model systems we have

developed may serve as experimental platforms from which to address some of these

questions.
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Figure 1. SFK activity is reciprocally regulated by Csk and CD45
Phosphorylation of a c-terminal tail negative regulatory tyrosine of SFKs by Csk facilitates

its interaction with its SH2 domain, resulting in a closed, catalytically inactive conformation.

Dephosphorylation of this site by CD45 favors an open conformation. Phosphorylation of

the catalytic site tyrosine is required for full kinase activity. CD45 and PEP can negatively

regulate SFK activity by dephosphorylating the catalytic site tyrosine.
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Figure 2. Highly specific inhibition of CskAS allele leads to SFK activation
A. The bulky gate keeper residue of wildtype (WT) Csk is mutated from threonine to

glycine in the CskAS allele, generating a larger catalytic pocket that can bind a bulkier

analog of PP1, 3-IB-PP1. B. Wildtype (WT) or CskAS BAC transgenic (AS) thymocytes

were treated with DMSO or 10μM 3-IB-PP1 for 3 minutes, then lysed and analyzed by

immunoblotting for SFK phosphorylation using Lck pY505 Ab and Src pY416 Ab (Cell

Signaling) that recognize the inhibitory phospho-tyrosine of Lck and the activation loop

phospho-tyrosine of the SFKs respectively (upper band = Fyn, lower band = Lck). Total Lck

is probed as a loading control.
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Figure 3. An allelic series of CD45 expressing mice unmasks positive and negative regulation of
Lck
A. Surface CD45 expression assessed by FACS in double positive thymocytes from CD45

allelic series mice (L= lightning allele; H Tg= CD45 H transgene expressed in the context of

nomal endogenous CD45 expression). B. Unstimulated thymocytes from allelic series mice

are probed for SFK phosphorylation using Lck pY505 Ab and Src pY416 Ab (Cell

signaling) that recognize the inhibitory phospho-tyrosine of Lck and the activation loop

phospho-tyrosine of the SFKs respectively (upper band = Fyn, lower band = Lck). Total Lck

is probed as a loading control.
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Figure 4. Csk and CD45 regulate T cell basal and inducible signaling by controlling the dynamic
equilibrium of Lck activity
A. In resting T cells, Csk is recruited to the plasma membrane by membrane-resident

adaptors that have yet to be fully identified. Together with CD45, they control the

phosphorylation status of the negative regulatory tyrosine of Lck, resulting in the generation

of an equilibrium of distinct species of Lck with different levels of activity. It remains to be

determined whether each of these Lck species have distinct localizations at the membrane,

and whether they differentially associate with CD4/CD8 coreceptors. This equilibrium level

of Lck activity sets the T cell basal signaling tone that may allow for peripheral survival,

downregulation of RAG genes expression as well as increase TCR sensitivity to ligand. B.
When the T cell encounters an antigen presenting cell (APC) bearing its cognate pMHC, the

TCR is engaged, inducing the phosphorylation of the TCR ITAMs and ZAP-70 by active

Lck. Precisely how this occurs remains poorly defined, and may involve an increase in the

amount of active Lck due to a change in the relative activities of Csk and CD45 at the

membrane, or a relocalization of preexisting active Lck to the proximity of the TCR. A

change in the balance of Csk and CD45 activity may be achieved by relocalization of Csk

off the membrane or away from Lck. The additional interaction of CD28 with B7 may

initiate actin remodeling events that promote downstream propagation of the proximal TCR

signal to the calcium and MAPK pathways, by enabling hydrolysis of PIP2 by PLCγ1. Full

activation of TCR signaling results in T cell proliferation and differentiation.
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