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Abstract

This year marks the twenty-fifth anniversary of the first Annual Review in Immunology article to

describe features of the T cell antigen receptor (TCR). In celebration of this anniversary, we begin

with a brief introduction outlining the chronology of the earliest studies that established the basic

paradigm for how the engaged TCR transduces its signals. This review continues with a description

of the current state of our understanding of TCR signaling, as well as a summary of recent findings

examining other key aspects of T cell activation including crosstalk between the TCR and integrins,

the role of costimulatory molecules, and how signals may negatively regulate T cell function.
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Introduction

Twenty-five years ago, Annual Review in Immunology published its first review describing

features of the structure we now know as the T cell antigen receptor (TCR) (1). In recognition

of this anniversary, this article begins by highlighting a sampling of seminal observations made

in the decade following the initial description of the TCR. The discoveries made during this

period established the basic paradigm for how TCR engagement initiates the earliest

biochemical events leading to cellular activation, described nicely in an Annual Review in

Immunology article in 1996 (2) (Figure 1a). This historical perspective sets the stage for a

discussion of our current state of understanding of the molecular and biochemical events critical

for T cell activation that have emerged from the work of multiple laboratories.

Describing the TCR Complex

In the early 1980s, several groups began experiments to identify and characterize the antigen

receptor on T cells. One approach made use of newly developed molecular techniques,

ultimately leading to the identification of the genes responsible for the antigen-binding proteins

(3–5). An even earlier approach relied on immunization of mice with T cell clones of a defined

specificity, hybridomas, or clonal T cell tumors in the hope that antibodies would be generated

that would react with the receptor responsible for binding to antigen (6–8). Such antibodies
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were produced and were then used first to demonstrate interference with antigenic responses

and later to perform the initial biochemical characterization of the receptor itself. These studies

revealed a complicated cell surface structure that included proteins reactive with antibodies

against the nonpolymorphic CD3 proteins (initially thought of as three polypeptides, γ, δ, and

ε) (9), as well as variable proteins designated α and β.

The antigen-binding function of αβ was obvious early on, both by inference, due to their highly

polymorphic nature and similarity to immunoglobulin, and experimentally, as early gene

transfer experiments demonstrated that antigen/major histocompatibility complex (MHC)

reactivity tracked with expression of these receptor components (10,11). However, it was less

obvious what role the CD3 proteins played in TCR function. Several lines of evidence

suggested that the CD3 molecules were critical for signal transduction: unlike αβ, the CD3

molecules had long cytoplasmic tails, and anti-CD3 antibodies resulted in T cell activation,

although it was difficult to conclusively demonstrate signaling function. One early effort

involved an attempt to create cell lines expressing αβ without CD3 or CD3 without αβ, thereby

creating reagents to investigate the independent role of the receptor components. These

experiments were not successful, as it became clear that there is an obligatory co-expression

of αβ with CD3 (12). These studies did result, however, in the creation of the first in a long

line of genetically altered Jurkat T cells that have been instrumental in our understanding of

how the TCR complex couples to its signaling machinery (13).

Early Signaling Studies

Initial investigations into how the TCR transduces its signals began with the observation that

TCR-deficient Jurkat T cells could be stimulated pharmacologically with the combination of

phorbol esters and Ca2+ ionophores (14). This observation led to speculation that engagement

of the TCR might stimulate the same signals that these reagents induced. This notion was tested

directly in experiments demonstrating increases in intracellular free Ca2+ following CD3 or

TCR stimulation in both Jurkat cells and primary T cells. The source of the Ca2+ increase was

shown to be a combination of Ca2+ released from an intracellular pool in response to inositol

trisphosphate (IP3) production and influx of Ca2+ from outside of the cell (15). It was presumed

that phorbol esters were important because of their ability to activate protein kinase C (PKC,

now known to be a family of enzymes), whose activity is regulated physiologically by

diacylglycerol (DAG). Concurrent studies in other systems had demonstrated that a single

enzymatic reaction, hydrolysis of the membrane phospholipid phosphatidyl inositiol 4,5

bisphosphate by phospholipase C (PLC), generates both IP3 and DAG, suggesting that the TCR

may function to regulate PLC activity.

Testing this notion proved somewhat difficult at first, as PLC regulation was initially described

downstream of heterotrimeric guanosine triphosphate (GTP)-binding proteins associated with

seven transmembrane domain receptors. An exhaustive but unsuccessful search ensued for the

GTP binding protein critical for coupling the TCR to PLC activation. Insight into how the TCR

may initiate PLC activation emerged from a confluence of discoveries in immune cells and

other lineages. These discoveries included the finding that stimulation of the TCR resulted in

changes in protein phosphorylation, including inducible phosphorylation of the newly

described ζ chain of the CD3 complex (16) and the observation that growth factor receptors

with intrinsic protein tyrosine kinase (PTK) activity also stimulated PLC function. In contrast

to seven transmembrane domain receptors, however, receptor PTKs were shown to stimulate

another PLC isoform, PLCγ. Although none of the TCR components possessed enzymatic

activity themselves, cytosolic PTKs of the src family (in particular lck and fyn) were being

described in T cells. These PTKs were either associated with the TCR (17) or with the CD4

and CD8 co-receptors (18,19), both known to be important for TCR signaling. These

observations, coupled with the new knowledge that T cell activation required PTK function
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(20), led to a new TCR signaling paradigm in which the TCR recruited cytosolic PTKs to

activate key second messengers.

How CD3 Transduces Its Signals

Testing this model led to a search for additional substrates of the TCR-stimulated PTKs. Among

the most attractive candidates were tyrosines within the CD3 molecules themselves that fell

within a motif present once within CD3 ε, γ, and δ and in triplicate within each ζ chain and

found also in key immunoreceptors on other immune cell lineages. The signature of these

motifs (21), eventually designated immunoreceptor tyrosine-based activation motifs (ITAMs),

is two tyrosines flanking a series of amino acids including key leucine/isoleucines with

stereotypic spacing. Numerous laboratories demonstrated that the ITAM tyrosines were in fact

phosphorylated upon TCR ligation, but defining the importance of this posttranslational

modification for TCR function was not trivial. Since the CD3 molecules could not be expressed

without the αβ chains, several groups created chimeric molecules fusing the cytoplasmic

domains of individual CD3 chains to extracellular and transmembrane domains from other

proteins (22–24). These cDNAs in chimeric proteins were then transfected into T cell lines

selected for TCR loss. Antibody crosslinking of the extracellular domain of the chimeras

recapitulated all of the known TCR-mediated signaling events leading to cellular activation.

Mutation of the key ITAM tyrosines (or altering their spacing) abrogated the ability of the

chimeras to activate the cells, thus demonstrating that tyrosine phosphorylation of the CD3

ITAMs was an early and requisite step for TCR-mediated T cell activation.

Studies of the CD3 chimeras led naturally to the question of the purpose for ITAM

phosphorylation. Unlike growth factor receptors whose intrinsic enzymatic activity is enhanced

by tyrosine phosphorylation, the CD3 molecules have no such effector function on their own.

It was speculated, therefore, that tyrosine phosphorylation of the ITAMs might serve as docking

sites for interactions with other proteins. Indeed, it was soon shown that phosphorylated

CD3ζ (and later other ITAM-containing proteins) was a recruitment site of a 70 kDa

phosphoprotein that turned out to be the syk kinase family member ZAP-70 (ζ-associated

protein of 70 kDa) PTK (25). A model therefore emerged that engagement of the TCR led to

src PTK activity resulting in ITAM phosphorylation and recruitment of ZAP-70. This

converted the TCR with no intrinsic enzymatic function to an active PTK able to phosphorylate

a spectrum of substrates leading to a myriad of downstream signals that, when integrated

appropriately (along with signals from other co-receptors), leads to T cell activation (26).

The basic tenets of this model have stood the test of intensive investigation. In the 15 years

since ZAP-70 was cloned, investigators have filled in many of the gaps between the TCR and

initiation of effector functions. Much has been learned about substrates of the PTKs (including

src, syk, and more recently tec family members) activated by the TCR and how these molecules

participate in T cell activation, about how signaling complexes are organized by adapter

proteins to bring effector proteins together, and about the unexpected intersection of particular

signaling pathways. With the accumulation of data, it has also become clear that signaling via

the TCR complex is not a linear event starting at the receptor and ending in the nucleus. Instead,

there appears to be complex feedback and feedforward regulation at each step. Ironically, one

of the most central signaling questions that remains is how does receptor binding translate most

proximally into an activating signal. Many models have been proposed, but none has yet

withstood the rigor of subsequent investigation. This review summarizes our current

understanding of many of these issues and poses some of the intriguing questions that remain.

Initiating TCR Signal Transduction

Since identification of the TCR as a complex consisting of the variable αβ chains non-

covalently associated with the non-polymorphic CD3 proteins, considerable work has gone
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into defining the stoichiometry of these interacting molecules. It is now known that the CD3

proteins exist as a series of dimers including γε, δε, and ζζ associated with a single αβ
heterodimer. Although it has been clear for more than 15 years that CD3 transduces signals

from the engaged receptor via its ITAMs, exactly how ligation of the TCR is translated into

the first signal remains controversial. Current models suggest that both TCR aggregation and

conformational changes may play roles in signal initiation.

Two separate but not mutually exclusive conformational changes within the CD3 cytoplasmic

tails have been proposed as mechanisms for TCR-inducible ITAM phosphorylation. It was

shown that in the presence of lipid, the cytoplasmic tail of CD3ζ folds in such a way as to

prevent phosphorylation, while in aqueous solution, the CD3 tail loses this conformation and

is able to be phosphorylated by lck (27). This finding led to the hypothesis that in resting T

cells the CD3ζ tail is tightly associated with the lipid-rich inner leaflet of the plasma membrane,

rendering it inaccessible to lck phosphorylation, but following TCR ligation, it is released from

the membrane and phosphorylated. However, a rigorous test for this model in T cells has not

yet been provided. More recently, attention has turned to a possible conformational change in

CD3ε with the observation that upon TCR ligation a proline-rich region (PRR) in CD3ε is
exposed and available to recruit an SH3 domain of the adapter protein non-catalytic tyrosine

kinase (Nck). Importantly, this occurs prior to CD3ζ and CD3ε ITAM phosphorylation (28).

It was speculated that Nck could then recruit and activate effector molecules required for

subsequent ITAM phosphorylation. However, recent data using mice with retrogenic or knock-

in mutations of the CD3ε PRR have failed to show a requirement for the CD3ε/Nck interaction

in the activation of peripheral T cells (29,30). This observation must be considered in light of

the T cell developmental abnormalities in the knock-in mice. Resolving the importance of the

PRR for mature T cell function requires temporal control of expression of the mutant.

Although the seminal finding that there is a non-ITAM region in CD3 that is critical for TCR

signaling appears firm, several controversies remain regarding the CD3ε PRR. There is

disagreement regarding whether the interaction between Nck and CD3ε is constitutive rather

than inducible (29,31–33). The role of the CD3ε/Nck interaction in mature T cells is also

controversial, as it has been suggested that the interaction (i) is not required for mature T cell

activation (30), (ii) is required for signal amplification and ITAM phosphorylation following

weak TCR ligation (32), or (iii) is required for regulation of TCR activity by inhibiting ITAM

phosphorylation and promoting TCR degradation (33). Ongoing work will provide insights

into solving these controversies.

While CD3 conformational changes may offer explanations for the initiation of the intracellular

kinase cascade, it remains to be answered how peptide/MHC (pMHC)/TCR interactions result

in conformational changes in the intracellular regions of the CD3 complex. Models based on

ligand-induced conformational changes in the TCR and/or TCR aggregation have been

proposed (Table 1). The crystal structures of several pMHC/TCR complexes have revealed

little conformational changes in the TCR heterodimer outside of the binding domain (reviewed

in 34). However, due to the current technical limitations of crystallography and protein nuclear

magnetic resonance spectroscopy, only pMHC/TCR structures in the absence of

transmembrane domains and CD3 components have been elucidated. Therefore, changes

between the components of the TCR/CD3 complex in relation to one another or to the plasma

membrane cannot be ruled out. It has been proposed that the rigid, rod-like transmembrane

domain of the CD3εγ could potentially mediate a piston-like movement of the TCR complex

perpendicular to the plasma membrane after ligand binding, in a manner similar to that reported

for the aspartate receptor (35). Such a model would require external forces that could potentially

be provided by cell-to-cell contact, but this possibility is difficult to reconcile with the ability

of soluble ligands to activate the TCR. Similarly, an external force is required for the recently

proposed “receptor deformation” model, whereby the movement of the T cell as it travels across
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the antigen-presenting cell (APC) exerts a force on transient pMHC/TCR interactions. Only

when the force required to induce conformational changes in the TCR is less than the force

required to break the pMHC/TCR interaction will TCR triggering occur (36). Alternatively,

the “permissive geometry” model for TCR triggering predicts that dimeric pMHCs bind two

TCR/CD3 complexes (37). This interaction results in a rotation of the TCR heterodimers

around one another, displacing the extracellular domains of the associated CD3 molecules. The

transmembrane interactions between the CD3 and TCR dimers serve as pivot points, and the

CD3 movement is scissor-like, exposing previously shielded ITAMs and/or other functionally

important domains. This model is consistent with studies that suggest that TCR aggregation is

required for TCR triggering.

TCR aggregation has long been implicated as a mechanism for TCR triggering. In the classic

aggregation model, cross-linking of TCR/CD3 complexes with multimeric pMHC enables

close contact and transphosphorylation between the CD3 tails and associated PTKs. Clustering

of several TCR complexes also may result in competition for membrane between the CD3ζ
chains, resulting in dissociation of the ζ chains from the membrane (27). Aggregation is

supported strongly by observations that soluble multimeric but not monomeric pMHC can

trigger TCR activation. However, recent biochemical and microscopic studies suggest that

preformed TCR aggregates are present on non-activated T cells (reviewed in 38). In the “kinetic

segregation” model, adhesion and other accessory molecules with short extracellular domains

such as CD2 initiate close contact zones between an APC and a T cell (39). Inhibitory

phosphatases with long extracellular domains such as CD45 are excluded due to their size.

TCR complexes that engage pMHC on the APC surface remain in the close contact zone, where

they are segregated from phosphatases and are able to initiate signal. TCR complexes that do

not engage pMHC are free to diffuse outside of the close contact zone. Shortening the

extracellular domains of inhibitory molecules or lengthening the extracellular domains of

adhesion or accessory molecules can abrogate TCR signaling, suggesting that kinetic

segregation is an important aspect of TCR signal initiation (reviewed in 39). This notion was

expanded with the “diffusion trapping” model in which immobilization or trapping of pMHC/

TCRs in the close contact zones is responsible for TCR signal initiation (40). The valency, or

degree of aggregation, of the pMHC/TCR required for trapping and therefore triggering is

dependent on the affinity and diffusion coefficient of the pMHC/TCR interaction. Another

model has been proposed that suggests that endogenous pMHCs amplify signals produced by

the rare agonist pMHCs by promoting TCR aggregation and a subsequent phosphorylation

cascade (38). Similarly, the pseudodimer model proposes that an agonist pMHC/TCR can

recruit a second TCR in a CD4-dependent manner, and this second TCR binds a “co-agonist”

endogenous pMHC forming a stable pseudodimer that could potentially trigger signaling

through ITAM/lck proximity or possibly through CD3 conformational changes (41). Many of

these models are not mutually exclusive, and it is likely that TCR aggregation, conformational

changes within the TCR complex, and exclusion of inhibitory molecules are all required for

TCR triggering, perhaps in a stepwise fashion.

Proximal Signaling Complex

The earliest step in intracellular signaling following TCR ligation is the activation of src (lck

and fyn) PTKs leading to phosphorylation of the CD3 ITAMs. Recruitment of ZAP-70 follows,

leading to a cascade of phosphorylation events. The past decade has seen the description of a

subcellular assembly and activation of an adapter protein nucleated multi-molecular signaling

complex (Figure 1b). This complex is responsible for propagating the TCR/PTK signal into

multiple and diverse distal signaling pathways.

Among the most important of the ZAP-70 targets are the transmembrane adapter protein linker

for the activation of T cells (LAT) and the cytosolic adapter protein src homology 2 (SH2)
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domain-containing leukocyte phosphoprotein of 76 kDa (SLP-76) (42,43). These two adapters

form the backbone of the complex that organizes effector molecules in the correct spatio-

temporal manner to allow for the activation of multiple signaling pathways. The importance

of these adapters is underscored by studies showing that the loss of either LAT or SLP-76

results in a near complete loss of TCR signal transduction reminiscent of syk/ZAP-70 or lck/

fyn doubly deficient T cells (44–46).

LAT contains nine tyrosines that are phosphorylated upon TCR engagement, which have been

shown to bind the C-terminal SH2 domain of PLCγ1, the p85 subunit of phosphoinositide 3-

kinase (PI3K), and the adapters growth factor receptor-bound protein 2 (GRB2) and GRB2-

related adapter downstream of Shc (Gads) (reviewed in 45). SLP-76 is then recruited to

phosphorylated LAT via their mutual binding partner Gads (47). SLP-76 itself contains three

modular domains: an N-terminal acidic domain with three phosphorylatable tyrosines that

interact with the SH2 domains of Vav1, Nck, and IL-2-induced tyrosine kinase (Itk); a PRR

that binds constitutively Gads and PLCγ1; and a C-terminal SH2 region that can bind adhesion

and degranulation-promoting adapter protein (ADAP) and hematopoietic progenitor kinase 1

(HPK1) (reviewed in 44). While LAT and SLP-76 serve to nucleate this large signaling

complex, the effector molecules themselves also are important for stabilizing the complex. For

example, the Tec family kinase Itk is required in a kinase-independent manner for the

recruitment of the guanine nucleotide exchange factor (GEF) Vav1 to the APC contact site,

while Vav1 is required for optimal SLP-76 phosphorylation and recruitment to LAT as well

as for Itk activation (48–50). These and other data suggest that the formation of the complex

is more complicated than the linear model most often invoked for simplicity. For example,

PLCγ1 has been shown to directly bind to SLP-76, LAT, Vav1, as well as its activating kinase

Itk (reviewed in 51). It is thought that these interactions collectively are required to stabilize

PLCγ1 in the correct conformation within the complex to allow for its optimal activity (52).

Advancements in biochemical and structural techniques are needed to elucidate the precise

allosteric and perhaps stochiometric changes within the multimolecular complex that allow for

signal transduction.

To investigate more precisely the importance of these complex interactions in primary T cells,

several laboratories have generated mice expressing transgenic or knock-in mutations in

specific binding regions in various molecules involved in proximal signaling (53–55). Tyrosine

to phenylalanine mutations in SLP-76 at residues 112 and 128 or 145 in primary thymocytes

and T cells does not result in a loss of SLP-76/Vav1/Nck/Itk interactions, as would be expected

from earlier phospho-peptide mapping studies and studies in cell lines (55). However, these

tyrosine mutations still result in severe defects in downstream signaling pathways consistent

with defective Vav1 or Itk activity. Similarly, mutation of tyrosines on Vav1 does not result

in a loss of interaction with their proposed binding partners, although they do result in

abrogation of Vav1-dependent signaling (53). While the continued interactions of these

proteins seen by immunoprecipitation experiments likely may be due to tertiary interactions

with other domains or other molecules, these studies suggest that SH2/phosphotyrosine

interactions may play important regulatory roles for the activation of effector molecules.

Indeed, structural studies have suggested that the interaction between the SH2 domain of Itk

and a phosphotyrosine results in a conformational switch allowing kinase activity (56).

Consistent with these data, it was recently shown in Jurkat T cell lines that an Itk/SLP-76

interaction is required for Itk kinase activity, although it has not yet been shown if it is

specifically the SH2/phosphotyrosine interaction that mediates this kinase activity (57). Further

studies are required to determine how the activities of molecules beyond Itk are affected by

specific domain-domain interactions within the complex.

The proximal signaling complex results in the activation of PLCγ1-dependent pathways

including Ca2+ and DAG-induced responses, cytoskeletal rearrangements, and integrin
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activation pathways. Ligation of costimulatory receptors such as CD28 augments these

pathways. Below we discuss the mechanisms by which these pathways are activated and

regulated.

PLCγ1 Activation and Signal Transduction

Following TCR ligation, PLCγ1 is found in the proximal signaling complex bound to SLP-76,

Vav1, and LAT, where it is phosphorylated and activated by Itk. Activated PLCγ1 then

hydrolyzes the membrane lipid PI(4,5)P2 (phosphatidylinositol 4,5 bisphosphate) producing

the second messengers IP3 and DAG. These two messengers are essential for T cell function,

and therefore the regulation of PLCγ1 activation has been the subject of intensive studies.

Localization of PLCγ1 to the proximal signaling complex is dependent on LAT and the Gads-

binding region of SLP-76 (52). Activation of PLCγ1 is dependent on Itk kinase activity that,

in turn, is dependent on Vav1, lck, ZAP-70, LAT, and SLP-76 (50,58,59). Following TCR

ligation, Itk is recruited to the membrane through PH domain interactions with PIP3, which

has been locally generated by lck-induced PI3K activity (reviewed in 59). At the membrane,

lck phosphorylates Itk, and the SH2 and SH3 domains of Itk interact with phosphorylated

tyrosine 145 and the PRR of SLP-76, respectively (60–62). The role of Vav1 and ZAP-70 in

Itk activation is not understood but may relate to their involvement in the phosphorylation of

SLP-76 or PI3K activation (43,49,50). A second tec family kinase, Rlk, can also phosphorylate

PLCγ1, resulting in a relatively mild defect in Itk-deficient mice and requiring the study of

Rlk/Itk double deficient mice to better understand the role of tec kinases in T cell activation

(reviewed in 59).

DAG-Mediated Signaling Pathways

TCR-induced production of DAG results in the activation of two major pathways involving

Ras and PKCθ. Ras is a guanine nucleotide-binding protein and is required for the activation

of the serine-threonine kinase Raf-1 that leads to the activation of the mitogen-associated

protein kinases (MAPKs) extracellular signal-regulated kinase 1 (Erk1) and Erk2. Erk

activation results in transcriptional activation of Elk1 and signal transducer and activator of

transcription 3 (STAT3) and lck serine phosphorylation (reviewed in 63). Ras is also involved

in activation of the activator protein-1 (AP-1) (c-Jun/c-Fos) transcription complex and

upregulation of CD69 expression (64). Ras is only active in the GTP-bound state, and its

activation is facilitated by GEFs and suppressed by GTPase activating proteins (GAPs). Two

Ras GEFs are present in T cells, son of sevenless (SOS) and Ras guanyl nucleotide-releasing

protein (RasGRP). RasGRP appears more dominant for early activation of Ras, as SOS cannot

compensate for RasGRP deficiency (65–67). RasGRP is inducibly recruited to the membrane

through a DAG-binding domain (68), where it is phosphorylated by PKCθ (69). SOS is

constitutively bound to the adapter protein GRB2, and upon TCR stimulation, the GRB2 SH2

domain is recruited to and binds phosphorylated tyrosines on LAT, thereby bringing SOS into

the proximal signaling complex where it can facilitate the localized activation of Ras (70). The

significance of these two modes of Ras activation was unclear until recently, when it was shown

that RasGRP-dependent RasGTP production catalyzes SOS activity, resulting in a positive

feedback loop and robust TCR-induced Ras activation (71) (Figure 1c). This unified model

explains the RasGRP dominance, as RasGRP would be required to initiate the production of

RasGTP, which upon reaching threshold levels would catalyze SOS activity and further

amplify the signal.

The second major signaling pathway regulated by DAG is mediated by PKCθ, a PKC family

member that contains a lipid-binding domain specific for DAG, which is important for

recruiting PKCθ to the plasma membrane following T cell activation. However, it has been

proposed that phosphorylation by lck (reviewed in 72) may be required to induce a
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conformational change that enables binding to the lipid phosphatidyl serine (PS), which in turn

enhances binding to DAG, resulting in PKCθ activation (73). Other proximal signaling

molecules, including Vav1, PI3K, and 3-phosphoinositide-dependent kinase 1 (PDK1), also

play a role in PKCθ localization, but details of their contributions are not completely defined

(72).

One critical pathway that PKCθ regulates is NFκB activation. Since both the canonical and

non-canonical activation of this pathway in T cells is described in detail in this volume of

Annual Review of Immunology (see review by Karin and colleagues), we highlight only the

major steps in the classical activation of NFκB downstream of the TCR. The NFκB family of

transcription factors consists of five members. In resting cells, NFκB is found in the cytosol

associated with inhibitor of NFκB (IκB) family members that keep NFκB from moving into

the nucleus. Upon T cell activation, IκB is phosphorylated by the IκB kinase (IKK) complex,

ubiquitinylated, and degraded, allowing NFκB to translocate into the nucleus, where it actives

genes involved in the function, survival, and homeostasis of T cells (reviewed in 74). While

the general pathway of NFκB activation has been known for some time, the specifics of how

PKCθ activation leads to nuclear import of NFκB in T cells is still being elucidated.

Over the past several years, the identification and characterization of a lymphocyte-specific

activation complex has provided some insight into this question. Following TCR stimulation,

a trimolecular complex forms between CARMA1 [caspase recruitment domain (CARD) and

membrane-associated guanylate kinase (MAGUK)-containing scaffold protein], the CARD-

containing adapter protein Bcl10, and mucosa-associated lymphoid tissue lymphoma

translocation gene 1 (MALT1) (72,74). The assembly of this complex is regulated by PKCθ
through its phosphorylation of CARMA1, which is required for CARMA1 oligomerization

and association with Bcl10 (75,76). MALT1 binds to Bcl10 and contributes to the degradation

of the regulatory subunit of the IKK complex (IKKγ) by facilitating its polyubiquitination,

possibly via activation of the E3 ubiquitin ligase tumor necrosis factor receptor-associated

factor 6 (TRAF6) (77,78). Degradation of this regulatory subunit allows for phosphorylation

of IκB by the IKK catalytic subunits, subsequent IκB degradation, and release of NFκB,

resulting in NFκB nuclear localization and gene activation. Recently, MALT1 was shown to

enhance NFκB signaling through its ability to degrade the deubiquitinating enzyme A20, a

negative regulator of NFκB activation (79,80).

One additional component of the complex that was recently identified as a CARMA1-

associating protein is ADAP (81). ADAP, originally defined as a SLP-76-binding partner,

associates with the MAGUK domain of CARMA1 following T cell stimulation. It was

proposed that this interaction might alter the conformation of CARMA1 and enhance its

association with Bcl10 and MALT1 and/or stabilize the CARMA1/Bcl-10/MALT1 complex.

Ca2+-Mediated Signaling Pathways

Ca2+ions are universal second messengers in eukaryotic cells. An extensive review on Ca2+

signaling in T cells can be found in this volume of Annual Review of Immunology (see review

by Rao and colleagues). The IP3 generated by TCR-stimulated PLCγ1 activity stimulates

Ca2+-permeable ion channel receptors (IP3R) on the endoplasmic reticulum (ER) membrane,

leading to the release of ER Ca2+ stores into the cytoplasm. Depletion of ER Ca2+ triggers a

sustained influx of extracellular Ca2+ through the activation of plasma membrane Ca2+ release-

activated Ca2+ (CRAC) channels in a process known as store-operated Ca2+ entry (SOCE)

(reviewed in 82) (Figure 1d). For decades the CRAC channels had only been identified by their

biophysical properties, and it has just been in the past few years that the pore-forming subunit

of the channels was identified as the four transmembrane domain-containing molecule ORAI

(83–85). Additionally, studies in the past few years have revealed the sensor for depleted ER
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Ca2+ stores and the activator of CRAC channels as stromal interaction molecule (STIM) (86,

87). STIM is a transmembrane protein with protein interaction domains both within the ER

lumen and in the cytoplasm and paired EF hands located in the ER lumen, where one hand

binds Ca2+ with low affinity (86,87). Two STIM proteins, STIM1 and STIM2, are found in

mammals, and recent work has shown that STIM1 is important for the initial robust phase of

SOCE, whereas STIM2 is important for maintaining basal Ca2+ levels and sustaining the late

phase of SOCE (88,89). Following ER Ca2+ depletion, STIM1 molecules aggregate in clusters

that preferentially localize to sites of ER plasma membrane apposition, where they co-localize

with clusters of ORAI (90–92). Whether STIM1 and ORAI interact directly or indirectly

remains controversial. While these two proteins are clearly necessary for TCR-induced SOCE,

the biochemical mechanisms by which ER depletion is coupled to CRAC activation remains

to be fully understood. While CRAC channels appear to be the dominant mode of Ca2+ entry

in T cells, other Ca2+ channels exist; however, their relevance remains unclear (reviewed in

82).

TCR-induced increases in intracellular Ca2+ levels result in the activation of Ca2+ and

calmodulin-dependent transcription factors, including myocyte-enhancing factor 2 (MEF2)

and downstream regulatory element antagonist modulator (DREAM), as well as signaling

proteins, including the phosphatase calcineurin and the Ca2+-calmodulin-dependent kinase

(CaMK), that in turn activate a variety of transcription programs (reviewed in 93). Activated

calcineurin dephosphorylates members of the nuclear factor of activated T cells (NFAT)

family, leading to their translocation to the nucleus. In the nucleus, NFATs can form

cooperative transcriptional complexes with a variety of transcription factors, thereby

integrating signaling pathways resulting in differential transcriptional patterns. The most well

studied interaction is NFAT/AP-1 that results in IL-2 production; however, the regulatory T

cell lineage-specific transcription factor forkhead box protein 3 (FOXP3) also has been shown

recently to cooperate with NFAT (94). Other pathways including NFκB and Jnk have been

shown to be Ca2+ dependent; however, these effectors require additional signals, again

emphasizing the crosstalk between Ca2+ and other T cell signaling pathways (95).

Actin and Cytoskeletal Responses

When a T cell is presented with cognate antigen by an APC, signals from the TCR initiate a

program of actin cytoskeletal rearrangements that results in polarization and activation of the

T cell (reviewed in 96). Actin reorganization is essential for T cell function, as actin

polymerization inhibitors impede T cell/APC interactions (97) and abolish proximal TCR

signals (98).

T cell/APC conjugation results in morphological changes, as the stimulated T cell rounds up

and accumulates filamentous actin (F-actin) at the stimulatory interface. These changes are

thought to be dependent on a TCR-induced increase in plasma membrane fluidity and a

decrease in cellular motility. Cessation of motility is associated with the TCR and Ca2+-

dependent phosphorylation and deactivation of the myosin motor protein MyH9; however, the

signaling pathway linking the TCR to this event has not yet been defined fully (99). Plasma

membrane fluidity is increased, in part, by the TCR- and Vav1-dependent transient

dephosphorylation of ERM (ezrin, radixin, and moesin) proteins, resulting in the loss of their

ability to link the plasma membrane to the actin cytoskeleton (100). Ca2+ signaling and integrin

activation downstream of the TCR results in additional modifications of actin-associated

proteins that may play roles in altering plasma membrane rigidity (96).

Accumulation of F-actin at the T cell/APC interface is the result of TCR-induced localized

activation of multiple actin regulatory and polymerizing pathways, the best studied of which

involves the actin-related proteins 2/3 (Arp2/3) complex, although Arp2/3-independent
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pathways also contribute to this process(101). Activation of Arp2/3 requires its interaction with

nucleation-promoting factors (NPF) including Wiskott-Aldrich syndrome protein (WASp),

WASp family verprolin homologous protein (Wave2), and hematopoietic cell lineage specific

protein 1 (HS1). WASp is recruited to the site of TCR activation through its interaction with

the SLP-76-associated adapter protein Nck, where it is activated via Vav1-dependent

stimulation of the Rho-family GTPase Cdc42 (102). Like WASp, Wave2 activation is

dependent on Vav1; however, in this case it is through Vav1-mediated stimulation of a second

Rho-family GTPase, Rac1 (96). Given the proposed reliance of WASp and Wave2 on Vav1-

mediated GTPase activation, it is interesting that actin-dependent processes that are defective

in Vav1-deficient T cells can be rescued with the expression of a GEF-inactive Vav1 mutant,

suggesting that other Rac and Cdc42 GEFs may be able to support TCR-induced actin changes

(53). This result also suggests that other Vav-1 functions are important for TCR-induced actin

changes. Consistent with this is the observation that through its protein interaction domains,

Vav1 may contribute to Wave2 and WASp activation through the recruitment of Dynamin2,

a GTPase known to be important for TCR-induced actin dynamics (103).

Activation of the T cell in response to an APC also results in the polarization of the T cell,

whereby the microtubular organizing center (MTOC) moves towards the T cell/APC contact

site (104). While polarization of the MTOC has long been observed as a hallmark of productive

T cell/APC conjugation, the signaling mechanisms responsible for this movement remain

undefined. Recent data suggest, however, that the adapter protein ADAP (a component of the

SLP-76-nucleated complex) may play a role through its interaction with the microtubule motor

protein dynein (105). Movement of the MTOC appears essential for the formation of the

immunological synapse (IS). The IS is an organized structure that develops at the contact site

between the T cell and the APC. It is composed of two concentric regions based on molecular

composition: the TCR-rich central supramolecular activation cluster (cSMAC), surrounded by

the integrin-rich peripheral SMAC (pSMAC) (106,107). Although the IS was described

approximately 10 years ago, its precise role in T cell activation remains unclear. Models have

been proposed suggesting it is essential for both signal initiation and signal termination, while

others suggest that the IS is irrelevant for signaling but essential instead for directed secretion

of cytokines (reviewed in 108). It is likely that the IS is important for different aspects of each

of these processes, likely depending on the precise conditions of cellular activation.

pMHC/TCR ligation also results in the formation of intracellular microclusters that contain the

TCR complex and associated signaling molecules including LAT and SLP-76 (107,109). These

clusters initiate and sustain Ca2+ signals. The clusters persist for a short time, after which they

converge towards the center of the T cell/APC interface at the center of the IS (107,110,111).

Formation and translocation of the clusters is dependent on F-actin dynamics, and new clusters

continue to form even after the mature IS is established (110–112). Integrins play a key role

in sustaining microclusters, emphasizing the importance of integrin activation for T cell

function (113).

Opposite the MTOC and IS another ordered structure forms, known as the distal pole complex

(DPC). Although the role of the DPC is not known for certain, it is speculated that it is critical

to sequester negative regulators away from the TCR activation complex (96). Additionally, the

DPC may contribute to the polarization of key signaling molecules that may be required for

distinguishing memory versus effector fate decisions in recently divided cells (114). Formation

of this complex is dependent on F-actin and the rephosphorylation of ERM proteins that migrate

to the distal pole linking signaling molecules to the cytoskeleton (115).

TCR signaling cascades and pathways downstream of actin reorganization are intertwined and

difficult to tease apart, as many of the effector molecules involved have multiple enzymatic

and adapter functions. WASp, Wave2, and Vav1 signals play roles in TCR-induced signaling
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that appear to be independent of their roles in actin responses (50,116,117). Therefore, loss of

different actin regulators may result in complex TCR signaling defects (118). Future studies

are required to fully understand the feedforward and feedback mechanisms that define the

interdependence between cytoskeletal dynamics and T cell activation.

TCR Inside-Out Signaling to Integrins

Integrins are αβ heterodimeric receptors responsible for mediating cell/cell or cell/matrix

adhesions. Key T cell integrins include leukocyte function-associated antigen-1 (LFA-1) and

very late antigen-4 (VLA-4), which bind their respective ligands intercellular adhesion

molecule (ICAM) and vascular cell adhesion molecule (VCAM) and fibronectin on other

immune cells, endothelial cells, fibroblasts, and extracellular matrix proteins. Activation of

integrins (increasing their affinity and avidity for ligand) is critically dependent upon

biochemical events initiated by the TCR, a process designated “inside-out signaling” (119).

Although the pathway from the TCR to integrin activation has not been completely elucidated,

TCR-mediated activation of several key signaling molecules as well as TCR-induced actin/

cytoskeletal changes have been implicated in this process.

A central regulator of inside-out signaling is the small GTPase Ras-proximity-1 (Rap1). Rap1

enhancement of T cell activation is thought to be through its critical role in mediating TCR-

induced adhesion to ICAM-1. This conclusion is based on studies utilizing overexpression of

dominant-negative and constitutively active forms of Rap1 (120,121) and more recently by

analysis of mice deficient in Rap1A, in which TCR-induced adhesion to ICAM-1 is markedly

reduced (122). The importance of understanding the role of Rap1 is clear, as mutations in Rap1-

mediated integrin activation have been linked to leukocyte adhesion-deficiency syndrome, a

disease that can lead to severe bacterial infections (reviewed in 119).

Many proximal signaling molecules that comprise the early TCR signalosome, including LAT,

SLP-76, and PLCγ1, are required for integrin and Rap1 activation (reviewed in 119) (Figure

2). However, there are downstream effectors that have a more selective role in integrin

activation, including the adapter protein ADAP. T cells from ADAP-deficient mice are

defective in TCR-induced LFA-1 clustering and adhesion to ICAM (123). The association of

ADAP with SLP-76 appears to be required for integrin activation, as overexpression of ADAP

but not a mutant of ADAP that cannot bind to SLP-76 enhances integrin function following

TCR ligation (124,125). Although mice expressing the reciprocal mutation in the SH2 domain

of SLP-76 have been generated and share several characteristics with ADAP-deficient mice,

TCR-induced integrin activation in these mice has not yet been reported.

In addition to its inducible interaction with SLP-76, ADAP constitutively associates with Src

kinase-associated phosphoprotein of 55 kDa (SKAP-55). The ADAP/SKAP55 complex is

important for proper localization of activated Rap1 (124). How ADAP and SKAP-55 recruit

Rap1 to the membrane was unclear until recently when it was shown that a third adapter, Rap1-

GTP interacting adapter molecule (RIAM), which is also constitutively bound to SKAP-55,

associates with activated Rap1 upon TCR ligation resulting in Rap1 movement to the

membrane (126). How RIAM itself relocalizes to the plasma membrane following T cell

stimulation is currently unknown, although it is hypothesized that recruitment may be through

the inducible interaction of phosphoinositide PI(3,4)P2 (a product of T cell activation) and the

pleckstrin homology (PH) domain of RIAM (127).

In addition to mobilization of the ADAP/SKAP-55/RIAM complex that is downstream of early

TCR signals and likely SLP-76 dependent, Rap1-mediated integrin activation is also dependent

upon other TCR-triggered signals, including those leading to activation of PKC. One PKC

target important for Rap1 activation is the serine-threonine kinase protein kinase D 1 (PKD1)

(also known as PKCμ). Following TCR stimulation, Rap1 associates with the PH domain of

Smith-Garvin et al. Page 11

Annu Rev Immunol. Author manuscript; available in PMC 2010 January 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



PKD1 (128). Interestingly, it is this interaction and not the kinase activity of PKD1 that is

required for Rap1 membrane recruitment and activation. Since PKD1 also inducibly recruits

the Rap1 GEF C3G (Crk SH3 domain GEF) to the membrane in a TCR-dependent fashion, it

is tempting to speculate that this event contributes to the dependence of Rap1 on PKD1 for its

activation (128).

Activated Rap1 can also associate with the effector regulator of cell adhesion and polarization

enriched in lymphoid tissues (RAPL). This interaction is coincident with RAPL membrane

localization and necessary for binding of RAPL to the αL-subunit of LFA-1. In cell line models,

this association is important for LFA-1 clustering as well as affinity modulation (129).

In addition to regulating the activation of Rap1, signals from the TCR also regulate cytoskeletal

attachments to integrins. One cytoskeletal binding protein important for integrin activation is

talin. Recent studies in platelets have demonstrated that Rap1 activity enhances the association

of talin with β-integrin subunits through association with RIAM (130). It was suggested that

formation of a talin/RIAM/Rap1 complex enables talin to bind integrins, which may induce

the high affinity ligand-binding state. Talin is not the only actin-binding protein implicated in

TCR-induced integrin activation. Vinculin, WAVE2, and the Arp2/3 complex also play a role

in this process, and defining the precise steps that link early TCR signals to activation of these

molecules is an area of active investigation.

Costimulation

One central tenet of T cell activation is that signaling solely through the TCR results in a non-

responsive state (anergy) in which T cells fail to respond and are then refractory to

restimulation. Co-ligation of other cell surface receptors provides additional signals required

for anergy avoidance and productive T cell activation. Although many cell surface receptors

can enhance signaling through the TCR, CD28 does so more robustly than other costimulatory

molecules.

Numerous studies have shown that CD28 promotes T cell proliferation, cytokine production

(via gene transcription and mRNA stability), cell survival, and cellular metabolism (reviewed

in 131). One key effector downstream of CD28 is PI3K. Following CD28 ligation by its ligands

CD80 or CD86 on APCs, the p85 regulatory subunit of PI3K associates with a pYMNM motif

located in the cytoplasmic tail of CD28 (132). This regulatory subunit recruits the p110 catalytic

subunit of PI3K, which converts PIP2 to phosphatidylinositol (3,4,5) trisphosphate (PIP3) at

the membrane. Localized PIP3 generation serves as a docking site for the PH domains of PDK1

(3-phosphoinositide-dependent protein kinase 1) and its target Akt.

Akt phosphorylates multiple proteins enabling it to affect numerous cellular responses.

Activation of Akt enhances the nuclear translocation of NFκB, which has positive effects on

the expression of pro-survival genes including Bcl-xl. This function, coupled to the ability of

Akt to inhibit transcription factors that promote cell cycle arrest, results in Akt-driven cell

survival and proliferation (131). Akt also affects optimal transcription of NFAT regulated

genes, such as IL-2. One well-known target of Akt is GSK-3 (glycogen-synthase kinase 3), a

serine-threonine kinase that promotes nuclear export of NFAT (133). Thus, inactivation of

GSK-3 by Akt might be one pathway responsible for prolonged NFAT nuclear localization

and thus IL-2 transcription following CD28 costimulation. Recently, a GSK-3-independent

mechanism by which Akt may regulate NFAT activity was suggested. This model posits that

phosphorylated NFAT is bound by the scaffolding protein Homer, thus inhibiting access of

calcineurin to NFAT (134). CD28 ligation was proposed to induce Akt-mediated

phosphorylation of Homer, resulting in its dissociation from pNFAT. Unbound pNFAT would

then be susceptible to calcineurin phosphatase activity and nuclear entry. Whether this pathway

is Akt dependent remains to be rigorously tested. Lastly, TCR/CD28 co-ligation increases the
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cell surface expression of the insulin transporter Glut1, leading to increase glucose uptake and

glycolysis (135,136), also reported to be mediated by Akt. Together, these data provide a

framework for how Akt mediates T cell growth and survival downstream of CD28.

The CD28-mediated generation of PIP3 also serves as a docking site for the PH domain of Itk.

Although Itk inducibily associates with the LAT/SLP-76/Gads/PLCγ1 complex that forms

following TCR ligation, its localization and activation is also dependent upon PI3K generated

PIP3 (59). Itk can also associate directly with CD28 via the CD28 proximal PxxP motif (59).

It has been proposed that this interaction keeps Itk in close proximity to lck (which binds to

the distal PxxP motif of CD28), allowing for lck-mediated phosphorylation and activation of

Itk (137) and enhanced Ca2+ flux, another characteristic of CD28-mediated signaling.

Although the proline motifs in the tail of CD28 are required for CD28-mediated proliferation

and IL-2 production, these motifs are dispensable for Bcl-xl upregulation (138). This function

appears to be more reliant upon the proximal YMNM p85 binding site (138). Thus, CD28 can

differentially regulate proliferation and survival in activated T cells.

Another more recently described function of CD28 is induction of arginine methylation.

Following CD28 ligation, protein arginine methyltransferase activity increases, and arginine

methylation of multiple proteins, including Vav1, is induced. Vav1 arginine methylation

appears to occur in the nucleus and correlates with IL-2 production (139). While the precise

biologic significance of this posttranslational modification is unknown, this pathway may

provide yet another mechanism by which CD28 regulates TCR signaling.

Many of the pathways described above are activated by TCR ligation alone; however, the

magnitude of the response is considerably augmented with CD28 co-ligation. This has led to

speculation that CD28 engagement results primarily in a quantitative rather than qualitative

change in T cell activation parameters (131). While this appears to be true for a number of

signaling pathways, sufficient data have accumulated to support the notion that CD28 binding

also results in outcomes that are qualitatively distinct from those seen with TCR stimulation

alone.

CD28-deficient mice exhibit dampened immune responses to a variety of infectious agents

(reviewed in 131). While these studies demonstrate the importance of costimulation by CD28,

not all immune responses are severely impacted by its loss (140). Such observations indicate

that molecules other than CD28 can provide costimulation for T cells. Indeed, multiple surface

receptors have been described as having costimulatory functions. Included among these are

CD2, CD5, CD30, 4-1BB, OX40, inducible costimulator (ICOS), and LFA-1. For this review,

we focus on the CD28-related protein ICOS and two members of the tumor necrosis factor

receptor (TNFR) family to provide examples of how costimulatory molecules can link to

downstream effectors, either directly or through adapter proteins.

Unlike CD28, which is expressed at constant levels on both resting and activated T cells, ICOS

is inducibly expressed on activated T cells (141). ICOS deficiency results in impaired immune

responses, similar to yet not as severe as those observed in CD28 knock-out models, suggesting

that these two molecules may function in similar pathways (142). Indeed, ICOS shares several

structural features with CD28 including a YMXM motif in its cytoplasmic tail that associates

with p85 (142). This site is presumed to be responsible for PI3K-driven Atk and/or Itk

activation observed downstream of CD3/ICOS stimulation, which likely contributes to the

similarities seen in CD3/CD28 and CD3/ICOS-stimulated cells (143). ICOS does not induce

IL-2 gene transcription as CD28 does. Failure to induce IL-2 has been attributed, at least in

part, to the inability of the YxxM motif of ICOS to associate with Grb2, an association that is

present via this motif in CD28 (144). Therefore, although ICOS activates genes similar to those

induced by CD28, there are differences in the degree to which particular genes are expressed.
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These differences have in vivo relevance, as mice doubly deficient in CD28 and ICOS are

severely defective in generating immune responses (145).

Outside of the CD28 family of costimulatory molecules, the OX40 (CD134) and 4-1BB

(CD137) members of the TNFR family provide costimulation upon engagement with their

ligands OX40L and 4-1BBL. Like CD28, OX40 or 4-1BB ligation induces activation of PI3K/

Akt, NFκB, JNK, and p38 MAPK (146). However, unlike CD28 and ICOS, OX40 and 4-1BB

do not directly associate with protein kinases but rather link to downstream signaling through

the TRAF (TNFR-associated factor) family of adapter proteins. The proteins involved in

linking TRAF signaling to NFκB and the JNK/p38 pathways have not been completely

elucidated in primary T cells. However, studies in other systems implicate TRAFs themselves

in the direct recruitment of the IKK complex as well as serine/threonine kinases that initiate

signaling to JNK and p38 (reviewed in 147).

Many of the same genes are regulated downstream of CD28 and TNFR family members. One

reason for such overlap may be due to the timing of receptor expression. CD28 is expressed

early and is critical for induction of an immune response. It promotes expression of several

other costimulatory molecules including ICOS, OX40, and 4-1BB. Once expressed, these

receptors prolong or sustain an immune response, and in the case of OX40 and 4-1BB, are

important for memory T cell formation (146). The use of alternative means by which to active

these similar pathways, e.g. direct binding to kinases versus use of adapter proteins, may also

allow for differential negative regulation of these pathways. In fact, some TRAF proteins

negatively regulate NFκB; thus, association of TNFRs with different TRAF family members

can modulate the immune response (147). Lastly, a role for many costimulatory molecules,

including ICOS and 4-1BB, in the development and/or function of regulatory T cells is

becoming increasingly apparent (148). This layer of complexity will have to be taken into

account when deciphering the roles of costimulatory molecules in vivo.

Negative Regulation of TCR Signaling

As outlined above, signaling through the TCR triggers an array of signals that activate multiple

effector pathways. Activation of these pathways is regulated to ensure that T cells respond to

appropriate ligands and for the proper duration. As with positive regulation of T cell signaling,

negative regulation is mediated through both TCR-generated signals and those emanating from

other cell surface receptors (Table 2).

Even the most proximal TCR signaling events are actively regulated. For example, multiple

proteins contribute to the regulation of lck activity. C-terminal src kinase (Csk) is responsible

for phosphorylating lck on its inhibitory tyrosine residue (Y505) and maintaining lck in an

inactive state (149, reviewed in 150). Countering this is the phosphatase CD45 that

dephosphorylates the inhibitory site allowing for lck autophosphorylation and activation.

Interestingly, CD45 can also limit lck activity by dephosphorylating its active site (150).

Whether CD45 negatively or positively impacts TCR signaling is likely to be controlled by its

proximity to TCR-stimulated effector molecules during TCR engagement and whether CD45

itself is in an enzymatically favorable conformation.

An additional layer of lck regulation initiated by TCR signals has been proposed. As a means

to explain how the TCR can distinguish between strong and weak ligands, it was shown that

weak or antagonistic TCR ligation results in rapid lck-mediated phosphorylation of SHP1 (SH2

domain-containing protein-tyrosine phosphatase) (151). SHP1 then dephosphorylates the

active site of lck, resulting in cessation of the TCR signal. Conversely, in the presence of strong

or agonistic TCR ligation, Erk is rapidly activated and phosphorylates lck on Ser59. This

activity is thought to prevent SHP1 binding, thus keeping lck active to sustain TCR signals
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and further amplify Erk activity. The extent to which this regulatory loop operates in vivo in

the context of agonist stimulation awaits the generation and analysis of mice harboring a

mutation at the indicated lck serine residue.

The importance of SHP1 function is evident, as mice deficient in SHP1 develop severe

autoimmunity (152). SHP1 can be recruited quickly to the TCR complex via its association

with lck. However, SH2 domain-containing phosphatases are typically recruited to

phosphorylated ITIMs (immunoreceptor tyrosine-based inhibitory motifs) present in the

cytoplasmic tails of cell surface receptors. Recently, the ITIM-bearing inhibitory receptor

carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) was identified as a

potential candidate for SHP-1 recruitment in human T cells (153). CEACAM1 upregulation

occurs hours after stimulation; thus, it is likely that SHP1 regulates initial TCR signaling events

as well as late signaling termination events. Given the impact SHP1 activity has on immune

regulation, it will be important to understand exactly how SHP1 is recruited into the TCR-

ligated signaling complex.

Adapter proteins also play a critical role in negatively regulating TCR signals. The downstream

of kinase (Dok) adapter proteins, Dok-1 and -2, are expressed in T cells. Coordinated deletion

or knock-down of these proteins results in increased TCR cytokine production, proliferation,

prolonged phosphorylation of ZAP-70, LAT, SLP-76, and Akt, and the development of a lupus-

like renal disease with high anti-double-stranded DNA antibody titers (154,155). Dok can

associate with several negative regulators including SHIP-1, Csk, and RasGAP; however, how

these associations mediate the negative regulatory role of Dok proteins remains to fully

elucidated. Recent structure/function studies in T cell lines showed that the phosphotyrosine

binding domain (PTB) of Dok-1 and -2 can bind the ITAM motif in CD3ζ, making it tempting

to speculate that Dok may compete with ZAP-70 for ITAM binding (154). Whether this

interaction is relevant in vivo remains to be shown. Dok proteins can also be recruited inducibly

to a LAT, Grb2, and SHIP-1-containing molecular complex (155). This finding is intriguing

and begs the question as to how LAT participates in both positive and negative signaling

pathways. Determining the domains necessary for the assembly of this negative regulatory

complex and whether it is separate from or a part of the stimulatory LAT-containing complex

may provide insight into how early phosphorylation events are regulated.

It has been suggested that SLP-76 can also be a target of negative regulation. The serine/

threonine kinase HPK1 inducibly binds to the SH2 domain of SLP-76. This kinase has been

reported to have both positive and negative effects on TCR signal transduction; however, its

role as a prominent negative regulator was confirmed recently by the description of HPK1-

deficient mice. HPK1-deficient T cells exhibit enhanced phosphorylation of several early

signaling molecules, and HPK1-deficient mice are more susceptible to experimental

autoimmune encephalomyelitis (EAE) than wildtype mice (156). As a possible explanation for

these phenotypes, two groups have shown that HPK1 can phosphorylate a serine residue in

SLP-76 that mediates recruitment of 14-3-3 family members (156,157). 14-3-3 proteins have

been implicated in the regulation of several signaling pathways. Thus, although the precise

mechanism by which HPK1 disrupts TCR signal transduction remains unclear, identification

of a SLP-76/14-3-3 interaction may indicate that this mechanism involves a conserved method

of signal transduction regulation.

The role of a novel family of proteins in regulating TCR signaling has become appreciated

more recently. The suppressor of T cell receptor signaling (Sts) family of proteins contains two

members, Sts-1 (TULA2) and -2 (TULA). Combined deficiency in these proteins leads to

hyperproliferative T cells and an increased susceptibility to autoimmunity (158). When the

phenotype of Sts-1 and -2 knockout mice was described, the mechanism of negative regulation

was unclear. Although still not understood fully, recent studies indicate that the C-terminal
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phosphoglycerate mutase domain of Sts-1 acts as a phosphatase with specificity for Syk and,

to a lesser degree, Src family members, thus providing a model for how Sts-1 may negatively

regulate TCR signal transduction (159). Interestingly, Sts-2 has very little phosphatase activity

and, in cell line models, can enhance ZAP-70 activation (160). Recent studies demonstrating

that Sts-2 can bind to and induce the degradation of c-Cbl (a negative regulator of TCR

signaling; see below) have provided a mechanism by which Sts-2 may act as a positive regulator

of T cell activation (161). Whether net ZAP-70 activity is ultimately increased or decreased in

response to an in vivo challenge likely depends on the relative expression of these two family

members.

Cbl proteins play an important role as negative regulators of T cell signaling. Two family

members, c-Cbl and Cbl-b, are immune modulators, as deletion of each gene in vivo leads to

hypercellularity and, in the case of Cbl-b, spontaneous mulitorgan infiltration (162,163). Both

c-Cbl and Cbl-b facilitate the ubiquitination of proteins, targeting them for degradation. They

also mediate the downregulation of the TCR following stimulation with antigenic peptides and

have been recently shown to play a role in the dissipation of the early signaling complex

(163–165). Thus, Cbl proteins, by way of their ability to regulate protein degradation, provide

an example of yet another means by which TCR signaling is terminated.

Similar to the necessity of signals provided by the TCR to be complemented by costimulatory

molecules, TCR-generated regulatory signals are also aided by co-receptor signals. Cytotoxic

T lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1) are two examples of such

receptors that limit the expansion and activation of TCR-triggered T cells. These molecules

are found on activated T cells with peak expression 24–48 hours after stimulation. Genetic

studies have documented the importance of both for maintaining self-tolerance. By 5–6 days

after birth, CTLA-4-deficient mice exhibit activated peripheral T cells, splenomegaly, and

lymphocytic infiltrates into non-lymphoid organs (166). Although less striking, PD-1-deficient

mice also develop autoimmune features including the development of a lupus-like disease by

6 months of age (167). Like costimulatory receptors, inhibitory receptors utilize similar motifs

and molecular pathways to those used by the TCR when propagating a negative signal; they

may even provide docking sites for these shared molecules (168,169). Another mode by which

inhibitory receptors have been proposed to function is to utilize the same ligand and/or

signaling molecules as costimulatory receptors, thus setting up the potential for competition

or sequestration of ligands or key substrates. This means is best illustrated by CTLA-4 and

CD28, which share the ligands CD80 and CD86 and counter each other in the regulation of

cell cycle proteins, cytokine expression, and Cbl-b expression.

Conclusions

As in the first 10 years after identification of the TCR, the past 15 years have seen a dramatic

expansion in our understanding of the biochemical pathways triggered downstream of the TCR.

We now appreciate more fully how PTKs couple to effectors and second messengers via the

utilization of adapter proteins, how Ras and NFκB pathways are activated, how Ca2+ ions are

sensed, that TCR signaling can be required for the activation of other cell surface receptors,

and that the actin cytoskeleton does more than just dictate cell shape. Studies investigating

signal transduction by costimulatory molecules have highlighted the importance of both signal

amplification and the induction of additional signaling pathways, and discoveries of

spontaneous or induced models of autoimmunity have brought negative regulation of these

signaling pathways to the forefront. However, as often noted in this review, links between

many signaling molecules and cellular outcomes remain poorly defined. Future studies will be

required to fill gaps in our knowledge and likely will reveal new and unexpected interactions

between currently known and unknown molecules.
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This review primarily focused on the signal transduction pathways in mature T cells. Over the

next 15 years, it will be important to apply current and new knowledge to other T cell lineages,

including T regulatory cells, natural killer T cells, and memory T cells, to establish whether

these paradigms are universal. In the coming years, the population-based analysis that

established the field of signal transduction will be driven towards single cell analysis. We can

anticipate this technological shift will allow for better analysis of human T cells and the

application of basic science to human disease.

Sidebar

Arguing by Analogy: Comparing and Contrasting Signaling Pathways by Multiple Receptors

and Lineages

Key insights important for understanding T cell activation have come from studies in non-

immune mammalian cells and cells of lower organisms, including the observation that PTKs

could link to the phosphatidylinositiol pathway and the paradigm describing adapter proteins

as integrators of signal transduction. T cell biologists have also provided unique insights to

their non-immunologist colleagues. Examples include a mechanism for recruitment of non-

receptor PTKs to enzymatically inactive surface receptors and the notion that protein tyrosine

phosphatases may be positive as well as negative regulators of PTK pathways.

Within the immune system, biologists studying TCR signaling have been the donors and

recipients of information that has been useful for investigators examining the signaling

pathways of other cell surface receptors (e.g. integrins) and other hematopoietic lineages. It is

clear that although basic paradigms may be similar, each cell type and receptor utilizes unique

ways to regulate signal transduction cascades. Additionally, recent studies have demonstrated

that pathways thought to be distinct (e.g. integrins and immunoreceptors) instead intersect at

multiple levels. Future insights into how diverse signaling pathways are integrated to result in

the appropriate biologic response in will undoubtedly continue to benefit from comparing and

contrasting activation events downstream of multiple receptors in different immune and non-

immune cell lineages.
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Mini glossary

Signal transduction 

Biochemical events linking surface receptor engagement to cellular responses

ITAM  

Immunoreceptor tyrosine-based activation motif, a short peptide sequence in the

cytoplasmic tails of key surface receptors on hematopoietic cells. This motif is

characterized by tyrosine residues that are phosphorylated by src family PTKs

enabling the ITAM to recruit activated syk family kinases

Adapter protein, Cellular protein that functions to bridge molecular interactions via characteristic domains able to mediate protein 

protein or protein:lipid interactions

Inside-out signaling 

Signals initiated by engagement of immunoreceptors that lead to conformational

changes and clustering of integrins thereby increasing the affinity and avidity of

the integrins for their ligands
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Costimulation 

Signals delivered to T cells by cell surface receptors other than the TCR itself

that either potentiate or interfere with T cell activation

Important acronyms

TCR  

T cell antigen receptor

ITAM  

immunoreceptor tyrosine-based activation motif

PKC  

protein kinase C

PLC  

phospholipase C

PTK  

protein tyrosine kinase

PI3K  

phosphoinositide 3-kinase

pMHC  

peptide major histocompatibility complex (MHC) complex

NFAT  

nuclear factor of activated T cells

cSMAC  

central supramolecular activation cluster

pSMAC  

peripheral supramolecular activation cluster
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Figure 1. TCR proximal signaling then and now: filling in the gaps

Then: a. TCR signaling mid-1990s (adapted from 2). Ligation of the TCR/CD3 results in

activation of src and syk family PTKs associated with the intracellular CD3 domains that then

activate PLC and Ras-dependent pathways.

Now: b–d. Current understanding of how the TCR couples to PLC activation (b), Ras (c), and

the molecular basis for Ca2+ influx (d). b. The link between PTKs and downstream pathways

(including those in c and d) is a multi-molecular signaling complex nucleated by the adapter

proteins LAT, Gads, and SLP-76. Lck activates ZAP-70 to phosphorylate (p) tyrosine residues

on LAT, which then recruits Gads and its constitutive binding partner SLP-76. ZAP-70-

mediated phosphorylation of SLP-76 results in the recruitment of multiple SH2 domain-

containing effector molecules (circles) and adapter proteins (octogons). SH3 domains

(hatching) also link effectors to adapters and contribute to stabilization of the complex. c.

Activation of Ras involves two Ras GEFs (Sos and RasGRP) in a positive feedback loop. TCR-

induced production of DAG (see b) results in the membrane recruitment of RasGRP, where it
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is phosphorylated and activated by PKC. RasGRP then facilitates the removal of GDP from

Ras, which can then bind GTP and become activated. GTP-bound Ras then binds Sos (bound

constitutively to GRB2, which is inducibly recruited to LAT), increasing its GEF activity

resulting in a positive feedback loop and robust Ras activity. d. The link between depletion of

ER Ca2+stores and CRAC channel activation is Stim. TCR-induced IP3 production (see b)

results in the activation of IP3 receptors (IP3R), which release Ca2+ from the ER into the

cytoplasm. Stim contains paired EF hands within the ER lumen, which bind Ca2+. Upon

depletion of ER stores, Ca2+-free Stim molecules cluster and are thought to move to areas of

ER/plasma membrane proximity where they co-localize with CRAC channels (the pore-

forming subunit has been identified as Orai1) and contribute to their activation and the

subsequent influx of Ca2+.
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Figure 2. A model of integrin activation

Upon TCR ligation, the LAT/SLP-76-nucleated signalosome assembles. This complex allows

for the activation of three pathways necessary for inside-out activation of integrins. Vav1 and

Itk contribute to the actin reorganization required for integrin mobility (pathway A).

Mobilization of the ADAP/SKAP-55/RIAM complex is necessary for activated Rap1 plasma

membrane localization (pathway B). An active Rap1/RIAM complex induces the association

of talin with integrin β tails, perhaps resulting in altered integrin affinity. Thirdly, PLCγ1-

mediated activation of DAG leads to PKD1 activation and association with Rap1 (pathway C).

This interaction is required for Rap1 activation and contributes to Rap1 recruitment. Rap1 in

turn recruits RAPL, and subsequent RAPL binding to αL subunits results in integrin clustering

and affinity changes.
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Table 1

Recent models for initial TCR triggering

Model Description

Piston-like movement An external force from the APC/T cell interaction pushes the TCR/CD3 complex in a piston-like fashion perpendicular to the plasma
membrane, exposing activating motifs on the intracellular regions of CD3 chains

Receptor-deformation The force of the motility of the T cell as it moves over an APC induces TCR triggering only when pMHC/TCR interactions are of a
high enough affinity to withstand the force long enough to undergo a conformational change

Permissive geometry pMHC dimers bind TCR/CD3 dimers inducing a rotational scissor-like conformational change in CD3 chain(s) that reveal previously
hidden intracellular activation motif(s)

Kinetic segregation Signal initiation occurs due to exclusion of inhibitory molecules in the tight contact zone between the T cell and the APC, thereby
shifting the enzymatic steady state towards an activating state

Diffusion trapping Expanded kinetic segregation model in which the affinity/diffusion coefficient of the pMHC/TCR dictates the valency of TCRs required
to “trap” the complex in the tight contact zone and therefore initiate a productive signal

Pseudodimer Agonist pMHC/TCR recruits a second TCR via interaction with its associated CD4, the second TCR then binds a “co- agonist”
endogenous pMHC forming a stable pseudodimer that triggers signaling via proximity of ITAMs to CD4- associated lck and/or by
conformational change
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Table 2

Sampling of inhibitors of TCR signaling

Molecule Interactions and/or function Deficiency phenotype

Csk(149,150) (Kinase) • Phosphorylates inhibitory Y505 of lck • Csk knockdown in primary T cells: increased
proliferation and IL-2 production

HPK1 (156,157) (Kinase) • Phosphorylates SLP-76 providing 14-3-3
binding site

• Increased SLP-76, PLCγ1, LAT, ZAP-70, Vav1
phosphorylation

• Enhanced T cell proliferation

• Enhanced disease in EAE model

SHP1 (151,152) (Phosphatase) • Dephosphorylates lck and Zap70

• Association with lck inhibited by Erk
activation

• Defective positive selection

• Splenomegaly, lymphadonopathy

• Alopecia, inflamed tissues

Sts-1 (158,159,161)
(Phosphatase)

• Dephosphorylates Zap-70

• Binds c-Cbl and ubiquitinylated proteins

• Sts-1−/− Sts-2−/−: hyperproliferative T cells and
increased susceptibility to EAE

DoK-1, Dok-2 (154,155)
(adapters)

• Binds Csk, RasGAP, SHIP-1

• PTB domain can associate with CD3ζ
ITAMs

• Dok-1−/−Dok-2−/−: increased T cell cytokine
production, enhanced pZAP-70, pLAT, and perk

• Lupus-like renal disease

• Production of anti-double stranded DNA antibodies

c-Cbl, Cbl-b (162–164) (E3
ligase)

• Catalyzes attachment of ubiquitin to
proteins

• Promotes TCR down- regulation

• c-Cbl−/−: splenomegaly, increased TCR expression
and ZAP-70 phosphorylation

• Cbl-b−/−: multiorgan lymphocytic infiltration,
increased IL-2 production, autoantibody production

CTLA-4 (166,169) (inhibitory
receptor)

• Binds ligands CD80 and CD86

• Recruits phosphatases SHP1 and PPA2

• Multiorgan lymphocytic infiltrates

• Splenomegaly

• Elevated serum immunoglobulin

PD-1 (167,168) (inhibitory
receptor)

• Binds ligands PD-L1 and PD-L2

• Recruits SHP1

• Lupus-like disease

• Increased serum immunoglobulin
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