
The immunological synapse: a cause or consequence of T-cell
receptor triggering?

Introduction

A synapse is a specialized structure that forms when the

plasma membranes of two cells come into close apposi-

tion to transmit signals. Initially, this term brings to mind

the long-lasting structures, sometimes life-long, formed

between two neurons, or between neurons and other cell

types such as muscle cells. However, cells of the immune

system also form synapses that, although more transient

than neural synapses, are nevertheless structured and

essential for cell activation. T cells, B cells and natural

killer cells form synapses that are referred to as immuno-

logical synapses (ISs). Of these, we will focus on the ISs

formed between T cells and antigen-presenting cells

(APCs), a structure that forms during the recognition of

the peptide antigen–major histocompatibility complex

(pMHC) ligand by the T-cell antigen receptor (TCR).

The TCR and pMHC are both membrane bound so it is

clear that the TCR will only be triggered by its ligand at

the interface between T cells and APCs. The term ‘immuno-

logical synapse’ was first coined as a result of the seminal

work of Kupfer and colleagues1 showing that a specialized

structure forms at the T-cell : APC interface, consisting of

two concentric rings of molecules. These rings are visible

by confocal microscopy and they were named the central

supramolecular activation cluster (cSMAC) and peripheral

supramolecular activation cluster (pSMAC). Both the

TCR and intracellular signalling molecules like protein

kinase Ch (PKCh) and Lck have been detected in the

cSMAC, whereas the integrin lymphocyte function-
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Summary

The immunological synapse forms as a result of the tight apposition of a

T cell with an antigen-presenting cell (APC) and it is the site where the

T-cell receptor (TCR) is triggered by its antigen ligand, the peptide–MHC

complex present in the APC membrane. The immunological synapse was

initially characterized in the T-cell membrane as three concentric rings of

membrane receptors and their underlying cytoskeletal and signalling pro-

teins. The inner circle, or central supramolecular activation cluster

(cSMAC), concentrates most of the TCR and CD28, and it is surrounded

by the peripheral SMAC that is formed by integrins. Finally, the most

external ring or distal SMAC (dSMAC) is where proteins with large ectod-

omains are located, such as CD43 and CD45, far from the cSMAC. This

arrangement was initially thought to be responsible for maintaining sus-

tained TCR signalling, however, this typical concentric bull’s-eye pattern

is not found in the immunological synapses formed with the APCs of

dendritic cells. Interestingly, TCR signalling has been detected in microcl-

usters formed in the dSMAC area and it extinguishes as the TCRs reach

the cSMAC. Hence, it appears that TCR signalling and full T-cell activa-

tion do not require the formation of the cSMAC and that this structure

may rather play a role in TCR down-regulation, as well as participating in

the polarized secretion of lytic granules. Here, we shall review the histori-

cal evolution of the role of the cSMAC in T-cell activation, finally discuss-

ing our most recent data indicating that the cSMAC serves to internalize

exhausted TCRs by phagocytosis.

Keywords: central supramolecular activation cluster; down-regulation;

immunological synapse; phagocytosis; T-cell receptor
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associated antigen-1 and talin, an actin cytoskeleton-

bound protein, are integrated into the pSMAC ring that

surrounds the TCR. Although both naive T cells and

T-cell blast cells were found to form cSMAC and pSMAC

structures with the typical bull’s-eye pattern when con-

tacting B cells, tumour cells and artificial planar bilayers,

the formation of this structure is not universal.2,3 More

significantly, T cells do not appear to form the bull’s-eye

pattern when contacting dendritic cells (DCs), which on

the other hand are excellent professional APCs capable of

strongly activating T cells. Instead, T cells establish what

have been termed ‘multifocal ISs’ with DCs, because the

TCR appears to cluster at multiple sites at the T-cell : DC

interface.4 Therefore, although the initial hypothesis was

that the bull’s-eye organization of the cSMAC and

pSMAC was crucial to provide a sustained TCR signal,

acting as a ‘molecular machine’ 5 that provokes full

activation of T cells, the variations on this theme indicate

that this is not necessarily the case. Moreover, it has been

possible to show that stimulation through the TCR occurs

before the formation of the mature IS, again supporting

the idea that the IS is not required for T-cell activation.

On the basis of these data, the IS is now broadly consid-

ered to be any structure formed at the interface of func-

tional T-cell : APC contacts, whereas the cSMAC and

pSMAC are structures restricted to certain conditions, the

function of which is less clear. In this review, we do not

aim to exhaustively describe the components and events

occurring at the IS, for this readers are referred to recent

excellent reviews,6–10 rather we aim to analyse the physio-

logical function of the structures formed at the IS in a

somewhat critical manner.

The structural diversity of immunological
synapses

Bull’s-eye structures, i.e. a clear focal concentration of the

TCR surrounded by a ring of integrins that forms within

minutes after T-cell : APC contact, are frequently

observed when CD4 T cells are stimulated with B-cell

lymphoma tumour cell lines or with an artificial lipid

bilayer system that anchors pMHC and intercellular adhe-

sion molecule 1 (ICAM-1). This latter approach has per-

mitted high-resolution light microscopy studies to follow

the formation of the molecular aggregates that ultimately

generate the cSMACs and pSMACs. The lipid bilayer sys-

tem allows these processes to be visualized in detail,

although the trade-off is that it is artificial.11 Cytotoxic T

cells (CTLs) also form bull’s-eye ISs with their target cells

and this is believed to be important for the polarized

delivery of cytolytic granules into the IS space. In this sit-

uation, the ring formed by the pSMAC might serve to

prevent the diffusion of perforins and granzymes beyond

the IS space that is defined by the cSMAC and the target

cell plasma membrane.12 Strikingly, the propensity of dif-

ferentiated effector CD4 T cells to form ISs with a bull’s-

eye pattern when they contact B-cell APCs or artificial

lipid bilayers depends on whether they are T helper type

1 (Th1) or Th2 cells: the Th1 cells form well-defined

cSMAC and pSMAC, whereas Th2 cells form multifocal

ISs.13 The term multifocal refers to the formation of small

accumulations of TCRs that do not contain ICAM-1,

although they do contact pMHC on the APC and are

spread across the T-cell : APC interface. Double-positive

thymocytes seem to form multifocal ISs rather than a

well-defined cSMAC and pSMAC 14 but more impor-

tantly, multifocal ISs are characteristic of the interactions

of DCs with naive CD4 and CD8 T cells, and with acti-

vated CD4 T cells.4 Furthermore, the interaction between

the T-cell and APC does not just seem to be a stable con-

tact. In vivo imaging of lymph nodes suggests that T cells

seem to interact with the APCs in either a stable or a

rapid transient manner, forming ISs and immunological

kinapses, respectively. The immunological kinapse is a

brief contact that the T cell makes with different DCs

during its migration in which small accumulations of

TCR are produced. For example, CD4 cells and DCs can

form multifocal ISs or kinapses, both producing calcium

flux and a proliferative response. Hence, it would appear

that the formation of the bull’s-eye pattern with well-

defined cSMACs and pSMACs is not an absolute require-

ment for full T-cell activation.

Going backwards from the cSMAC to
microclusters and TCR nanoclusters

The initial observations that Lck and PKCh co-localized at

the cSMAC suggested that this structure was involved in

transmitting TCR signals.1 However, this paradigm began

to change when it was shown that these putative markers

of TCR signalling co-localize with the pSMAC and not

with the cSMAC.15 This observation suggested that

although the TCR was more concentrated in the cSMAC,

active TCR was mainly present in the external pSMAC

ring. Meanwhile, it was demonstrated that T cells formed

small TCR clusters within seconds of contacting coverslips

coated with anti-CD3 antibodies, which were associated

with the kinase zeta chain-associated (TCR) protein kinase

70 kDa (ZAP70) and with adaptors such as Grb2, linker

for activation of T cells (LAT) and SH2 domain contain-

ing leukocyte protein of 76 kDa (SLP76).16 Subsequently,

the use of recombinant pMHC and ICAM-1 molecules

embedded into artificial planar lipid bilayers enabled

cSMAC and pSMAC formation at the T-cell : planar

bilayer interface to be followed in detail. Using this tech-

nique it was found that the TCR formed small aggregates,

microclusters, at the periphery of the interface that then

moved centripetally and finally converged in the

cSMAC.17,18 These TCR microclusters were formed

beyond the pSMAC ring, in the distal SMAC (dSMAC).
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The newly formed microclusters were associated with sig-

nalling molecules such as ZAP70, Lck, LAT and SLP76,

but these associations were lost as the microclusters

migrated towards the cSMAC. Therefore, it was proposed

that TCR signalling is initiated and sustained in peripheral

microclusters, and that the accumulated TCR in the

cSMAC was not necessarily signalling competent. Hence,

the cSMAC appeared to be a dumping ground for

exhausted TCR rather than a TCR signalling site.

Nevertheless, the relationship between peripheral TCR

microclusters and signalling activity, and between cSMAC

and inactivity, does not seem as clear when strong and

weak agonist pMHCs are compared. Whereas stimulation

with a strong agonist peptide antigen results in a cSMAC

deprived of tyrosine phosphorylated proteins, such pro-

teins are detected in the cSMAC following stimulation

with a weak agonist.19 However, strong agonists are also

known to induce the formation of cSMACs more effi-

ciently than weak agonists.1,5 Therefore, while most TCR

signalling probably takes place in microclusters, the

cSMAC may also participate depending on the strength of

the signal. Alternatively, cSMAC formation may simply be

a consequence and not a cause of strong TCR signalling.

The TCR microclusters are associated with the CD4 and

CD8 co-receptors, the co-stimulatory CD28 receptor, and

internally with PKCh, adaptors, and the Lck and ZAP70

tyrosine kinases. Treating T cells with PP2, the Src tyrosine

kinase inhibitor that also inhibits the TCR priming tyrosine

kinases Lck and Fyn, prevents ZAP70 recruitment but not

the formation of TCR microclusters, suggesting that mi-

croclusters are the site where TCR signalling initiates.17

This raises the question as to how TCR microclusters are

formed? Are they the result of the lateral aggregation of

TCRs promoted by pMHC binding or is a TCR signal

required that is independent of Src kinase activity?

Our own work showed that the TCR is organized into

pre-existing oligomers in resting T cells.20These TCR

oligomers contain between two and 20 TCRs in a linear

arrangement that can be detected under the electron

microscope, but not using standard optical microscopy

because they are smaller than the wavelength of visible

light (< 200 nm). As a result of their nanometer size, we

named these pre-existing TCR oligomers as TCR nanocl-

usters.21 The organization of TCRs into nanoclusters sug-

gests that TCR signalling might be initiated in these

structures by mechanisms that do not necessarily involve

TCR clustering because the TCR is already pre-clustered.

Hence, conformational changes might be responsible for

initiating TCR signalling. Interestingly, using ligands of

different valences that are separated by spacers of

variable length, we concluded that both TCR cross-link-

ing (as established previously22,23) and conformational

changes were required for full T-cell activa-

tion.21,24Whether this cross-linking of different TCRs

occurs between TCRs within a single nanocluster or

between TCRs of different nanoclusters, thereby bringing

together several nanoclusters, is something that still

remains unclear. Nevertheless, experiments using single

molecule detection by high-speed photoactivated localiza-

tion microscopy (hsPALM) indicate that in resting

T cells, the TCR forms nanoclusters in protein-rich areas

called ‘protein islands’, and that these nanoclusters grow

in size after pMHC engagement.25 Interestingly, the LAT

adaptor was also found in nanoclusters independent of

the TCR nanoclusters, although the TCR and LAT na-

noclusters coalesced in a lateral manner upon activation

with pMHC, without intermixing.26 Therefore, our work-

ing hypothesis is that TCR signalling is initiated in pre-

existing nanoclusters and these grow until they become

visible by confocal microscopy, as well as associating

with adaptors and other signalling molecules to generate

the microclusters that are detected as signalling assem-

blies in the periphery of the IS.

The role of the cSMAC: activation or
deactivation?

In terms of signalling, the initial idea of the cSMAC as a

structure necessary to provide a sustained TCR signal has

progressively changed to one in which the cSMAC fulfils

a dual role in sustaining and terminating the TCR signal,

depending on the strength of TCR ligation by pMHC.

Strong agonist stimulation was found to produce cSMAC

formation without detectable tyrosine phosphorylation,

whereas stimulation with weak agonists results in

cSMACs with active tyrosine kinase phosphorylation.19,27

This difference may indicate that the cSMAC is important

for the signalling induced by weak but not strong agon-

ists. Alternatively, cSMAC formation may simply be a

consequence of the intensity of TCR signalling, serving to

internalize and down-regulate the TCR from the ISs.

Accordingly, weak agonists would form cSMACs in which

tyrosine phosphorylation persists because the TCR is not

internalized. This hypothesis is also consistent with the

finding that CD28 and PKCh co-localize strongly in

cSMACs, although they remain segregated from most of

the TCR that accumulates in the centre.28 These results

indicate that there is still signalling activity in the periph-

ery of the cSMAC but that the TCR at the centre has

been designated for down-regulation. The idea of the

cSMAC serving a termination role is favoured by the

finding that Cbl-b, a ubiquitin ligase, and a strong ubiqu-

itin signal both concentrate in the cSMAC.29,30 The mul-

tivesicular body marker lysobisphosphatidic acid (LBPA)

is also found in the cSMAC, further suggesting that

this structure is associated with internalization and

degradation.

Irrespective of whether the cSMAC participates in sus-

tained TCR signalling, the bull’s-eye structure could be

important for CTL killing activity. The CTLs establish ISs
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in which the cSMAC is divided into two zones: one with

a high concentration of TCR and the other serving as a

space into which cytolytic granules deliver their con-

tent.31 The two concentric pSMAC and cSMAC rings

might be important for CTL function because the inte-

grin-rich pSMAC could serve as a sealing ring to prevent

the diffusion of perforins and granzymes beyond the

cSMAC. Hence, the activity of these proteins would be

concentrated on the target membrane, and the actin-free

cSMAC would facilitate granule fusion and secretion

through the CTL’s membrane. The polarization of lytic

granule release into the IS space is made possible by the

polarization of the microtubule cytoskeleton: lytic gran-

ules are transported along microtubules in a plus-end

direction, that is moving away from the centrosome.

TCR-triggering promotes the translocation of the centro-

some to a position just beneath the cSMAC, which aids

the polarization of lytic granule secretion by CTLs and of

Golgi stacks, which appear quite close to the IS mem-

brane.32 This Golgi polarization towards the IS means

that CD4 T cells secrete the cytokines interleukins 2, 4,

and 5 and interferon-c towards the synaptic space

defined by the cSMAC.33,34 Furthermore, the receptor for

interferon-c is also translocated to the IS in a polarized

manner, suggesting that it may influence the TCR signal-

ling at this site that promotes T-cell differentiation to the

Th1 stage.35 The cell polarization caused by the forma-

tion of the IS is also thought to be decisive for asymmet-

ric cell division, provoking differentiation towards

effector and memory T cells.36

Accordingly the IS appears to polarize T cells in a man-

ner that might be determinant for their effector functions,

such as target cell killing, targeted cytokine secretion,

T-cell differentiation and asymmetric T-cell division. Fur-

thermore, the cSMAC may exert an important structural

function by becoming the site for polarized secretion of

lytic granules and cytokines because of it being an actin-

free membrane site.

Actin polymerization at the immunological
synapse

The TCR signalling promotes the rearrangement of the

actin cytoskeleton at the IS.16 Conversely, the actin cyto-

skeleton is required for both the formation of TCR mi-

croclusters at the periphery of the IS and their centripetal

movement towards the cSMAC.17,30,37 Interestingly,

microtubules do not play an important role in the forma-

tion of TCR microclusters, whereas they are determinant,

together with the actin cytoskeleton, for the centripetal

migration of microclusters.8,17,38 Indeed, inhibition of

myosin IIa (both pharmacologically and by RNAi) does

not affect the formation of TCR microclusters but rather,

it prevents their centripetal migration towards the

cSMAC.39 Hence, this actin motor might be involved in

‘pulling’ the TCR microclusters to the cSMAC and in the

retraction of the peripheral actin ring. Surprisingly, proxi-

mal TCR signalling is prevented by myosin IIa inhibition,

including the phosphorylation of ZAP70 and LAT, sug-

gesting that actin contraction is necessary for the integra-

tion of the TCR signalling complex.40 Hence, it would be

interesting to determine if myosin IIa intervenes in the

aggregation of the pre-existing TCR and LAT nanoclus-

ters detected by hsPALM.41

The cSMAC as a phagocytic structure

T cells acquire plasma membrane fragments and MHC

molecules from APCs by a process widely known as trog-

ocytosis, which in the case of T cells is dependent on IS

formation.42 Trogocytosis is not a form of clathrin-medi-

ated endocytosis. Rather, we recently showed that the

small TC21 and RhoG GTPases are required for the

acquisition of APC membrane fragments and MHC, and

that the TCR is not internalized from the cSMAC in the

absence of these GTPases or in the presence of dominant

negative or constitutively active mutants.43 Interestingly,

the cSMAC appears to be completely devoid of clathrin

pits when examined by electron microscopy, and knock-

down of the clathrin heavy chain does not affect TCR

internalization from the cSMAC by the TC21- and RhoG-

dependent pathway. RhoG mediates phagocytosis of

apoptotic bodies by macrophages and caveolin-dependent

endocytosis, whereas phagocytosis is characterized by the

absolute dependence on actin cytoskeleton remodelling

and phosphatidylinositol 3-kinase (PI3K) activity. We

previously found that TC21 directly binds to the non-

phosphorylated immunoreceptor tyrosine-based activation

motifs of the TCR, and it regulates tonic TCR signalling

by recruiting and activating the p110d catalytic subunit of

PI3K. Moreover, we found that T cells can phagocytose

large inert particles by a TCR-triggered TC21- and RhoG-

dependent mechanism. Accordingly, we proposed that the

cSMAC primarily serves to down-regulate the TCR by

phagocytosis.43 Hence, the trogocytosis of MHC and

membrane fragments from the APC would be the result

of frustrated phagocytosis. When a substantial number of

TCRs accumulate in the cSMAC, a TC21-mediated signal

is produced that activates PI3K and the formation of an

invagination, which serves to ‘swallow’ the cSMAC and

all the accumulated TCR (Fig. 1). It has been considered

that TCR signalling is equivalent to tyrosine phosphoryla-

tion of the TCR itself and of its downstream effectors.

However, it remains to be determined whether what is an

apparently inert cSMAC, in terms of signalling, is indeed

a site of TC21-dependent PI3K activity in the absence of

detectable tyrosine phosphorylation. In this regard, the

accumulation of PI3K products in the cSMAC has been

detected under conditions of strong agonist stimulation,

when tyrosine phosphorylation is not evident.19
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These data suggest that the cSMAC primarily serves a

structural role that is critical for the polarized secretion of

lytic granules, and for the phagocytosis/trogocytosis of the

TCR and APC membrane fragments. This trogocytosis at

the cSMAC would desensitize T cells by serving as a site

for the disposal and phagocytosis of previously engaged

TCRs. The accumulation of ubiquitinylated proteins and

multivesicular body (MVB) markers at this site would be

consistent with this interpretation.
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Figure 1. T-cell receptor (TCR) internalization from the immunological synapse (IS). The cartoon depicts the formation of a classical IS between

a T cell and either an antigen-presenting cell (APC) or a supported planar bilayer, which are not shown for simplicity. In resting T cells, the

TCR is forming pre-existing nanometer-scale oligomers that are called TCR nanoclusters. A few seconds after recognition of the antigen peptide

major histocompatibility complex (pMHC) on the APC membrane, the TCR starts forming larger oligomers that are visible in the light micro-

scope and are called microclusters (MC). In these MC the TCR is associated with co-stimulatory receptors (CD28) to tyrosine kinases (Lck and

ZAP70), serine kinases [protein kinase C (PKCh)] and adaptor molecules (LAT, SLP76). Signals transmitted by TCR MC promote the polymeri-

zation of the actin cytoskeleton in the form of an expanding ring that spreads the T cell’s membrane on the pMHC-loaded APC’s membrane.

This spreading of the T cell’s membrane allows the interaction of more TCRs with new pMHC ligands. From this point of maximal expansion

(a), the IS starts to contract resulting from a contraction of the peripheral actin ring (b). At this point, a centripetal movement of TCR MC is

observed in which kinases and adaptors are being released from the TCR MC resulting in the accumulation on the centre of the IS of TCR MC

not apparently associated with signalling proteins. New signalling MC are continuously formed at the periphery of the IS, which continuously

migrate towards the centre of the IS. This process leads to the formation of the classical bull’s-eye pattern of a mature IS (c) in which the TCR

concentrates in an internal ring essentially devoid of signalling proteins called the central supramolecular activation cluster (cSMAC). The periph-

ery of the cSMAC is still decorated with CD28 and PKCh. The cSMAC is surrounded by a ring of integrins (peripheral SMAC; pSMAC), which

is also surrounded by a more distal ring (the dSMAC) of membrane proteins like CD43 and CD45 with large ectodomains. The expanding and

contracting actin rings are indicated by green circles. The cSMAC is devoid of polymerized actin. (d) The TCR can be endocytosed by a clathrin-

dependent mechanism (green arrow) from the pSMAC and other areas external to the cSMAC and is also internalized from the cSMAC by a

clathrin-independent phagocytic mechanism (red arrow) that is accompanied by the trogocytosis of APC membrane fragments containing pMHC.

This figure has been inspired by Yokosuka et al.10
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