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Preface

The proper physiological functioning of most eukaryotic cells requires their

assembly into multi-cellular tissues that form organized organ systems. Cells of

the immune system develop in bone marrow and lymphoid organs, but as the cells

mature they leave these organs and circulate as single cells. Antigen receptors

(TCRs) of T cells search for membrane MHC proteins that are bound to peptides

derived from infectious pathogens or cellular transformations. The detection of

such specific peptide–MHC antigens initiates T cell activation, adhesion, and

immune-effectors functions. Studies of normal and transformed T cell lines and

of T cells from transgenic mice led to comprehensive understanding of the molecu-

lar basis of antigen-receptor recognition and signaling. In spite of these remarkable

genetic and biochemical advances, other key physiological mechanisms that parti-

cipate in sensing and decoding the immune context to induce the appropriate

cellular immune responses remain unresolved.

TCR recognition is tightly regulated to trigger sensitive but balanced T cell

responses that result in the effective elimination of the pathogens while minimizing

collateral damage to the host. The sensitivity of TCR recognition has to be properly

tempered to prevent unintended activation by self-peptide–MHC complexes that

cause autoimmune diseases. It is likely that once the TCR is engaged by a peptide–

MHC and TCR signaling begins, additional regulatory mechanisms, involving

other receptors, would increase the fidelity of the response. Such mechanisms that

interpret TCR recognition within physiological settings may provide excellent

targets for selective manipulation of immune responses, either enhancing or sup-

pressing the immunity. However, the study of T cell activation under physiological

conditions faces many technical challenges.

Cloned T cell lines and TCR transgenic mice can address the extremely low

frequency of antigen-specific T cells within the circulating mature lymphocytes.

Anti-receptor antibodies and soluble purified receptor–ligands are commonly used

to selectively engage a particular receptor, even within a polyclonal lymphocyte

population, without engaging any of the many other receptors on the immune cells.

Such approaches were instrumental for identifying the molecular and functional

role of adhesion receptors (LFA-1), co-stimulatory receptors (CD4, CD8, CD28),
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and inhibitory receptors (CTLA-4), to name just a few. However, these precise

reductionist experiments were not designed to explain the remarkable sensitivity of

the T cells and the complex-integrative mechanisms that decode TCR recognition

and execute the necessary response. The study of T cell interactions with live APCs,

where all activating and inhibitory receptors would be able to bind their physiolo-

gical counter-receptors, may be more physiologically appropriate to address these

issues.

Molecular imaging, using immunofluorescence microscopy, enabled the study

of specific cellular interactions of immune cells. Biophysical considerations

predicted that the receptors in T cell that bound their counter-receptors on the

membrane of the APC would stabilize the cell contact. Moreover, the extent of

receptor clustering at the contact is a quantitative and qualitative measure of

receptor–ligand interactions. The first such studies used cloned NKT cells, CTL,

and CD4 T cells and demonstrated that these T cells formed antigen-specific cell

conjugates with their target cells or antigen-presenting cells (APCs). Immunofluo-

rescence microscopy of these cellular conjugates demonstrated remarkable TCR-

specific molecular rearrangements at the T–APC cell contact area, known today as

the immune synapse. The TCR clustered at the synapse in an antigen-specific

manner. Surprisingly, LFA1 and CD4 clustered only when the TCR was engaged,

demonstrating that the interactions of LFA1 with ICAM and of CD4 with MHC

depended on TCR signals. Thus, engagement of one receptor can affect the

responses of other receptors, even without direct physical intermolecular interac-

tions between them.

On the basis of similar consideration, molecular imaging was introduced to

identify the intracellular proteins that are involved in signaling and cell adhesion.

Immunofluorescence microscopic localization of cytoskeletal proteins identified

talin as a key adhesion protein that associates with activated LFA1 and clusters at

the synapse. Interestingly, minimal TCR signaling that is not sufficient to produc-

tively activate the T cells, or treatment with PMA, is sufficient to cause clustering of

talin. Thus, imaging can detect different molecular responses to TCR activation and

link them to different cellular outcomes.

In another cytoskeletal system, the microtubule network also responded to

activation in the T–APC conjugates. The microtubule-organizing center (MTOC)

and its associated Golgi apparatus reoriented within minutes in the T cell to face the

synapse. Unlike the clustering of talin, MTOC reorientation is induced only in

productively activated T cells. Intracellular imaging demonstrated that the role of

this early MTOC/Golgi reorientation is to direct the secretion from activated T

cells. In CTLs, cytotoxic proteins are directed toward the specific target cells to

maximize their effective killing while limiting the damage to innocent bystander

cells. In CD4 cells, selective cytokines are directed toward the activating B cells to

maximize proliferation and differentiation of antigen-specific B cells that will

produce relevant neutralizing antibodies.

Imaging of intracellular proteins detected many of the known proteins that

participate in the biochemical pathways of T cell activation at the synapse. Molec-

ular imaging can also be used as a screen to identify new proteins that regulate
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T cell functioning. Such a screen identified PKCy at the synapse, unlike any of the

other PKC isoforms. Disruption of the PKCy gene in mice demonstrated that PKCy
is essential for T cell proliferation and IL2 production.

The development and use of multilabel three-dimensional deconvolution mi-

croscopy was a turning point in the study of the immune synapse. The biggest

surprising finding is that two intracellular proteins, talin and PKCy, that cluster at
the synapse in response to TCR signaling are spatially segregated at the contact,

with PKCy at the center surrounded by a ring of talin. This spatial segregation is

mirrored also for receptors, with TCR clustering at the center surrounded by a ring

of LFA1. Thus, multiple receptors that are uniformly distributed in the membrane

of unbound T cells cluster upon cell conjugation, but rather than just clustering

randomly they formed distinct SupraMolecular Activation Clusters (SMACs).

These molecular structures are not seen when the TCR bound an antagonistic

peptide, suggesting that restructuring of the synapse and SMAC formation are

essential for T cell functioning. It is important to note that distinct molecular and

structural changes take place on both the T cell and the APC side of the synapse.

From the time of these initial reports many laboratories extensively studied the

structure and function of the synapse in different setups. The use of live cell

imaging provided new insights on the kinetic nature of this immune cell junction.

Quantitative imaging and mathematical modeling are continually challenging our

views of the synapse. The use of new imaging techniques including TIRF and

FRET, which will be discussed in this issue, provide even higher resolution and

identify the detailed kinetics of TCR–microcluster formation. On the other extreme,

multiphoton intravital imaging provides new insights on the dynamics of T cell

interactions with dendritic cells in live mice. The intravital imaging provides the

essential physiological data and context for the T–APC contacts but lacks the

molecular resolution provided by other microscopic methods. New imaging tech-

niques, that are developed continually, are likely to evolve our understanding of

T cell function in health and disease.

Interestingly, it appears that human lymphotropic retroviruses like HIV and

HTLV1 use the immune synapse to evade elimination. HIV and HTLV1 hijack

the endogenous machinery of Golgi/MTOC reorientation and directed secretion to

spread stealthily between interacting cells. Such localized viral transmission within

confined cell contacts, which are referred to as virological synapses, may limit the

access of soluble neutralizing antibodies to the transmitted viruses and may explain

how they evade these antibodies. Moreover, these viruses can induce structural

alterations of the synapse to reduce anti-viral immunity.

Although the importance of the immune synapse as a dynamic cell junction that

regulates intercellular communication and viral transmission is universally recog-

nized, many of the quantitative and qualitative details remain unsettled. The

plasticity of this cell junction has to accommodate many very different binding

partners and control the fate of interacting cells. It is likely that developmental

changes in the state of the T cells or the APCs can impact the structure of the

synapse. It is hoped that uncovering the ordered molecular rearrangement at the

membrane will provide the long sought after clues for the remarkable functional
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sensitivity of T lymphocytes. These dynamic molecular interactions may eventually

explain how engagement of the same TCR can generate different outcomes that

resolve the immune challenges. The reviews in this issue present a broad slice of the

many diverse topics that are currently intensely debated.

Baltimore Abraham Kupfer
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The Immunological Synapse Enters

Its Second Decade. . .

The aim of this current volume is to highlight the recent advances in investigations

of the “Immunological Synapse”, marking the 10-year anniversary of its initial

visualization. From the decade since the discovery of the Immunological Synapse

between T cells and B cells, the term has been extended to a variety of immune cells

including T cells, B cells, and NK cells, and it has been established as a common

feature of activation in immune cells and cellular communication for antigen

recognition. Indeed, the Immunological Synapse structure displays the central

characteristics of antigen recognition by immune cells including self/non-self

discrimination, activation through assembly of signaling molecules, cell–cell com-

munication to determine cell polarity for cell movement/attachment, cytokine

secretion, and cytotoxicity.

During the past decade, concurrent advances in imaging technology have en-

abled the more intricate dissection of the Immunological Synapse at the molecular

level, allowing the analysis of the spatiotemporal dynamics of assembly and

dissociation of various receptors and signaling molecules associated with down-

stream pathways. These investigations have contributed to reshaping our under-

standing of the structure and function of the Immunological Synapse from the

assumptions based on the original descriptions. This progress is elegantly illustrated

by the widely held current view that antigen recognition and activation signals are

induced primarily not from the central cluster as originally postulated, but rather

from microscopic clusters of immunoreceptor located within the periphery of

the synapse. For this volume we have invited a number of key researchers, who

have made a significant contribution to the advances within the field, to offer their

perspectives and current understanding of the molecular processes underlying

the formation and function of the Immunological Synapse. The volume includes

chapters discussing the organization, diversity, signaling, dynamics of Immunological

Synapse and also cellular communication at the Immunological Synapse.

We fully anticipate that the next decade will be characterized by similar exciting

and groundbreaking progress in terms of our understanding of immune cell activa-

tion and immune system regulation, particularly in vivo function and visualization

of the Immunological Synapse and cellular activation. Employing state-of-the-art
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imaging technologies including TIRFM and MPM, we have already been able to

gain some insights into the spatiotemporal dynamics of lymphocyte activation both

in vitro at the molecular level and in vivo at the cellular level. Thus, these strategies

have enabled a glimpse of new insights concerning the various factors regulating

Immunological Synapse, such as the underlying cytoskeleton and the structure of

secondary lymphoid tissues, which may play an important role in the regulation

of immune cell activation in vivo.

Facundo Batista and Takashi Saito

x The Immunological Synapse Enters Its Second Decade…
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Abstract Innate and adaptive immunity is dependent upon reliable cell–cell com-

munication mediated by direct interactions of cell surface receptors with ligands

integrated into the surface of apposing cells or bound directly to the surface as in

complement deposition or antibody mediated recognition through Fc receptors.

Supported lipid bilayers formed on glass surfaces offer a useful model system in

which to explore some basic features of molecular interactions in immunological

relevant contacts, which include signal integration and effector functions through

immunological synapses and kinapses. We have exploited that lateral mobility of

molecules in the supported planar bilayers and fluorescence microscopy to develop
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a system for measurement of two-dimensional affinities and kinetic rates in the

contact area, which is of immunological interest. Affinity measurements are based

on a modified Scatchard analysis. Measurements of kinetic rates are based on

fluorescence photo bleaching after recovery at the level of the entire contact area.

This has been coupled to a reaction–diffusion equation that allows calculation of

on- and off-rates. We have found that mixtures of ligands in supported planar

bilayers can effectively activate T lymphocytes and simultaneously allow monitor-

ing of the immunological synapse. Recent studies in planar bilayers have provided

additional insights into organization principles of cell–cell interfaces. Perennial

problems in understanding cell–cell communication are yielding quantitative mea-

surements based on planar bilayers in areas of ligand-driven receptor clustering and

the role of the actin cytoskeleton in immune cell activation. A major goal for the

field is determining quantitative rules involved in signaling complex formation by

innate and adaptive receptor systems.

Abbreviations

BCR B-cell antigen receptor

LFA Lymphocyte function associated

PKC Protein kinase C

SMAC Supramolecular activation cluster

TCR T-cell antigen receptor

TIRF Total internal reflection fluorescence

1 Introduction: Role of Receptor–Ligand Interaction

in Immunity

Innate and adaptive immunity depend upon the ability of various immune effector

cells to directly engage and communicate with other cell types via receptor–ligand

interactions at membrane interfaces (Springer 1990). Innate immune mechanisms

like the alternative and lectin mediated complement systems and adaptive immu-

nity mediated by antibodies and T-cell receptors are dependent upon interactions of

membrane-attached molecules. At the physical level these interactions are rela-

tively poorly understood because they are more difficult to quantify than the

interactions of soluble ligands with cell surface receptors that mediate cytokine

dependent immune regulation. However, there are examples of cytokines that are

presented in Trans by a receptor subunit on one cell to a distinct signaling subunit

expressed by another cell and many chemokines may be biologically presented on

the surface of other cells to stimulate leukocyte activation and motility (Lucas et al.

2007; Woolf et al. 2007). These relatively new examples can be combined with the
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large numbers of interactions between immunoglobulin super family members,

C-type lectin family receptors and integrin family members that are abundant in

regulation of innate and adaptive immunity. The emergency of precise physical

methods like surface Plasmon resonance and differential scanning calorimetry has

enabled measurement of adhesion molecule interactions in 3D, solution systems.

These interactions tend to have a relatively low affinity and fast dissociation rates,

consistent with mediating dynamic cell–cell interactions (Van Der Merwe and

Davis 2003). A challenge of each of these receptor types is to measure interactions

in the contact areas and to relate these measurements to function. While the

physiological cell–cell interactions can be difficult to plumb by any of the current

methods, the use of model systems is providing insight into these interactions.

The classical methods for studying this type of recognition in the immune

system are to measure contact dependent functional end points without explicitly

addressing the interaction process or to directly measure conjugate formation

between cells. Adhesion or contact dependence is established by separating the

cells suspected of interaction with a filter with pores too small for the cells to pass

through (Lomnitzer and Rabson 1981). If the function persists then it is assumed

that it is not contact dependent, whereas when the function is eliminated it is

assumed that adhesion is required. The direct measurement of conjugate formation

uses microscopy, flow cytometry or bulk cell quantification to determine the

fraction of each cell type that is interacting at a given time point (Shaw et al.

1986). This often involved application of some force to separate non- or weakly

adherent cells, such as vortexing in flow cytometry-based assay or some washing

procedures. Adhesion to substrates can be directly visualized by interference

reflection microscopy (Izzard and Lochner 1976), which allows quantification of

the contact area and certain aspects of the membrane curvature at the edges of the

contact, which can be related to adhesive energy (Kloboucek et al. 1999). All of

these assays assess a process that is mediated by many interactions without

providing any quantitative information. At the other extreme, rolling adhesion

and probabilistic adhesion tests based on limiting contact area and time, but

performing many trials, both operate at the level of single interactions, but provide

limited insight into interactions in established contact areas that mediate most forms

of immune cell communication (Pierres et al. 1996; Zhang et al. 2005). The model

system based upon supported planar bilayers has provided most of the available

quantitative data on molecular interactions underlying cell adhesion. This is an area

in which my lab has been particularly active and I will review results based on this

system obtained in my lab and others.

2 Degrees of Freedom in Immune Cell Activation

Studies in the late 1970s grappled with the issue of how immune cells like mast cells

were activated. It was well established that globular proteins like albumin with

multiple haptens (small molecules that are bound by antibodies) covalently attached
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to this nanoscale scaffold were potent stimuli for activation of macrophages and

mast cells through Fc receptors when the effector cells were pre-incubated with a

IgG or IgE antibodies, respectively, specific for the hapten. The haptens had only

one degree or freedom relative to each other — that of rotation, and binding to cell

surface receptors was well known to induce small receptor clusters in the same time

frame as effector functions were activated (Metzger 1992) (Fig. 1a–b). Phospholipid

anchored haptens in large vesicles were nonclustered and freely mobile, with two

additional degrees of translational movement, yet they could trigger activation of

effector cells that interacted directly with the large vesicles. This ability of mono-

valent ligands to trigger immune cell activation conflicted with the observation that

soluble monovalent haptens, having six degrees of freedom were unable to activate

cells and that only dimeric or oligomeric haptens were able to trigger immune cell

functions by cross-linking the receptors (Metzger 1992; Schlessinger et al. 1976).

Signaling activity in microaggregates generated by antibody cross-linker has been

directly visualized (Stauffer and Meyer 1997). It had been argued by the proponents

of the cross-linking model that the curvature of the vesicles would effectively cluster

the immune cell antibody receptors by focusing them at a point defined by the point

of minimal separation between the cell membrane and the spherical vesicle (Fig. 1c).

In order to test this McConnell and colleagues incorporated the same phospholipid

hapten into a supported planar monolayer deposited on a flat alkylated glass surface

from Langmuir–Blodgett films (Hafeman et al. 1981). The antibody-hapten com-

plexes were mobile in this monolayer as in the vesicle membranes and they still

triggered activation of an oxidative burst and secretion of the lysosomal protein

cathepsin B onto the surface. McConnell and colleagues visualized the accumulation

of the fluorescently tagged antibodies in the contact area, but encountered problems

with accelerated photo bleaching in contact areas with the activated immune cells

so could not document the pattern of receptor engagement that led to activation

(Fig. 1d–g). Transformed mast cells that bound to supported bilayers presenting

laterally mobile IgE evolved small patches of IgE that were interpreted as microag-

gregates of ~100 receptors per <0.1 mm2 spot (Weis et al. 1982). This increased

density of receptors in a small area was proposed to arise due to topological con-

straints of small membrane projections such as microvilli. This mechanism of clus-

tering has not been confirmed nor is it clear that complexes assembled by membrane

curvature-driven aggregation would have sufficient integrity to initiate signaling

(McKeithan 1995). Nonetheless, these experiments framed an enduring enigma of

how apparently monovalent ligands in a fluid phospholipid bilayer can achieve

receptor clusters and activation without an apparent mechanism for cross-linking.

3 Planar Bilayers and the Proof of MHC–Peptide Complexes

The ligands that mediate activation of T lymphocytes are MHC–peptide complexes

that are highly asymmetric type I transmembrane proteins with large extracellular

domains and relatively small cytoplasmic domains. The monolayers used in the
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above study were deposited on the alkylated glass from an air-water interface, a

method requiring organic solvents that are not compatible with membrane proteins.

McConnell’s lab and others overcame this problem by making the observation that

supported bilayers can be formed simply by incubating aqueous solutions of

unilamellar liposome with a clean glass coverslip or with small beads (Babbitt

et al. 1985; Brian and McConnell 1984; Gay et al. 1986; Watts and McConnell

1986). Transmembrane proteins-like MHC class I and class II antigens are readily

incorporated into unilamellar liposomes by detergent dialysis. After fusion of these

proteoliposomes to glass surfaces the MHC molecules were laterally immobile.

These experiments were performed not to study adhesion per se, but to determine if

purified allogeneic or specific antigen bearing MHC molecules could functionally

activate T cells since MHC molecules had been shown by genetic studies to control

the responses of T cells to foreign antigens. Activation of T cells under these

conditions required interaction with 1,000 MHC–peptide complexes (Watts and

a

b

c

d f

ge

Fig. 1 Models for triggering immunoreceptors. It is unlikely that any “one fits all” model exists for

immunoreceptors since they have strikingly different F-actin requirements. The line on the bottom
represents the cell membrane that the Y-shaped figures are the cell surface receptor. The arrows
represent ligands. The sphere is a liposome and the rectangular shapes represent fluid supported

bilayers. (a) Monovalent engagement does not activate most immunoreceptors in general. A

possible exception has been reported for certain antiTCR Fab (Gil et al. 2002). (b) Cross-linking

with antibodies activates most immunoreceptors, at least transiently. (c) IgG on liposomes

activates Fce receptor. In order to active a TCR beads need to be larger than 3-mm diameter

(Mescher 1992). (d) The early planar bilayer experiments with Fc receptors reacting to dimen-

sionally constrained monovalent Ig Fc revealed that receptors could form clusters that were

capable of signaling. This has been explained by assuming that membrane projections allow

concentration of receptors and ligands to support adhesion, but it not clear this would satisfy

kinetic proofreading criteria. (e) Trans and cis interactions might cooperate to promote micro-

aggregate formation and signaling (Reich et al. 1997; Tolar et al. 2009). (f) F-actin dependent

nucleation of a microaggregate by a single MHC–peptide complex. This is not proven, but implied

by titration data. (g) F-actin and myosin IIA dependent force consistent with particle size require-

ments (Galbraith et al. 2002; Mescher 1992)
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McConnell 1986), which probably reflects the requirements for MHC–peptide

complexes to activate T cells with little or no support for other adhesion ligands

found on the surface of natural antigen presenting cells. It should be noted that fluid

bilayer membranes are not biologically passive and that they will bind fibronectin

from serum and support adhesion of immune cells without explicit incorporation of

adhesion ligands (Bonte and Juliano 1986). In later studies we found that even

higher levels of pure MHC–peptide complexes were required to mediate adhesion

(Dustin et al. 1996b). This suggests that serum attachment factors did contribute to

the earlier functional interactions. An interesting study demonstrated that T-cell

antigen receptor (TCR) could actually facilitate the interaction of antigenic peptides

with empty MHC molecules based on fluorescence resonance energy studies using

total internal reflection fluorescence (TIRF) spectroscopy (Watts et al. 1986). It is

no longer thought that TCR facilitates loading of peptides on MHC molecules,

although it appeared to do so in these experiments. This study foreshadowed more

recent studies that have combined TIRF microscopy with supported planar bilayers

to probe the question of how freely diffusing monomeric MHC–peptide complexes

activate T cells.

4 Determination of Two-Dimensional Affinity

The generation of monoclonal antibodies that block the function of allogeneic

cytotoxic T lymphocytes, which is a type of immune cell important in transplant

rejection, identified two adhesion pathways that play a prominent role in human and

rodent immune responses. These molecules were initially defined as lymphocyte

function associated-1 (LFA-1), LFA-2 and LFA-3 (Sanchez-Madrid et al. 1982).

Analysis of blocking of adhesion by pair-wise combinations of these antibodies

revealed that LFA-2 (CD2) and LFA-3 (CD58) were in the same pathway, whereas

LFA-1 was in a separate pathway (Shaw et al. 1986). A screen for antibodies that

were raised to B lymphoblasts (Epstein–Barr virus immortalized cells) from LFA-1

deficient patients and could block LFA-1 dependent aggregation of normal B

lymphoblasts identified ICAM-1 as a surface molecule in the same pathway with

LFA-1 (Rothlein et al. 1986). Supported planar bilayers were used to provide

compelling evidence that CD58 and ICAM-1 were ligands for CD2 and LFA-1,

respectively (Dustin et al. 1987a; Dustin et al. 1988; Dustin and Springer 1988;

Marlin and Springer 1987). In parallel studies, we found that half of the CD58 on

nucleated cells and all of the CD58 on erythrocytes were glycosylphosphatidylino-

sitol (GPI) lipid-anchored, with the other half on nucleated cells having a trans-

membrane domain and short cytoplasmic tail (Dustin et al. 1987b). As noted above,

the McConnell lab had found that antibodies bound to lipid-linked haptens were

laterally mobile in supported bilayers above the transition temperature. This sug-

gested that a GPI-anchored molecule-like CD58 should also be laterally mobile.

We purified the transmembrane form of CD58 from cells that had a biosynthetic

defect in production of GPI anchors and compared this to CD58 from erythrocytes
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(Hollander et al. 1988). We found that the mobile GPI-anchored CD58 was

considerably more active in supported planar bilayers than the immobile transmem-

brane form (Chan et al. 1991). We speculated that the greater activity of the

laterally mobile form of CD58 might be due to its ability to accumulate in the

contact area by diffusion and trapping. We tested this by fluorescently labeling

the CD58 while protecting the active site using the function-blocking antibody.

This fluorescent CD58 was incorporated into a supported planar bilayer and we

imaged the interface using a laser scanning microscope system to detect movement

of the labeled CD58 after CD2+ T cells were added. We were able to quantify the

density binding of CD2 to CD58 in the T cell–bilayer interface (Dustin et al.

1996a). We were then able to perform a Scatchard analysis using this binding

data, which was linear and suggested a 2D dissociation constant (Kd) of 21

molecules/mm2. The 2D Kd measurement has subsequently been refined by model-

ing CD2 diffusion on cells (Dustin et al. 1997b; Zhu et al. 2006, 2007) and

measuring the exclusion of freely diffusing molecules from the contact area

(Bromley et al. 2001; Dustin et al. 2007a) (Fig. 2). The formation of contracts is

dependent upon the 2D Kd more than on the kinetics of the interactions, making the

2D Kd an important parameter (Shao et al. 2005).

5 Kinetic Rates of Interactions in Contact Area

While contact formation is largely dependent upon the 2D affinity, signaling

reactions are dependent upon the kinetic rates of the receptor–ligand interactions

(McKeithan 1995). We noted early in our studies of the CD2–CD58 interaction in

the planar bilayer system that when CD58 was photobleached by a focused laser

beam that fluorescence recovered rapidly even when a large proportion of fluores-

cence in the contact area was destroyed (Dustin et al. 1996a). This observation

suggests that the bleached CD58 is rapidly dissociating from and being replaced

by bright CD58 molecules that diffuse in from outside the contact area. We later

designed a system with a laser beam that could be defocused to bleach CD58 in

the entire contact area (Dustin 1997). In this case, fluorescence can only recover

due to dissociation of interactions followed by new binding with a recovery

process governed by the single reaction rate constant kf(CD2 þ CD58) þ kb,
where kf and kb are the forward and reverse rates, respectively. Cheng Zhu’s lab

determined the diffusion reaction equations needed to calculate kf and kb from the

fluorescence photo bleaching after recovery time course (Tolentino et al. 2008;

Wu et al. 2008). We refer to this method as contact fluorescence recovery after

photobleaching (contact FRAP). Interestingly, the fitting of the recovery data

revealed a kb of 0.074/s, which is at least 100-fold slower than the solution kb of
7.8/s (van der Merwe et al. 1994). The apparent kf was 0.015 mm2/s. It seems very

unlikely that conditions in the contact area would result in a 100-fold stabilization

of the CD2–CD58 bond, so the most likely explanation is that the dissociated

CD58 tend to rebind the same CD2 many times prior to actually diffusing away
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and allowing for exchange only after a half-time of about 10 s. This duration of

interaction suggests that CD2–CD58 interactions have a sufficient effective dura-

tion to contribute to TCR signaling processes and may also account for recent

evidence for direct signaling through CD2–CD58 interactions (Kaizuka et al.

2009). Extensive measurements have not been made for the TCR–MHC–peptide

interaction, but data from a single MHC–peptide density allowed an estimate of

the 2D Kd for the 2B4 TCR interaction with I-Ek with moth cytochrome C peptide

88–103 of 10 molecules/mm2, in the same range as the CD2–CD58 interaction

(Grakoui et al. 1999). This convergence is significant since the 3D interaction of

the TCR has a similar affinity, but a slower on and off rate in solution compared to

CD2–CD58 (Grakoui et al. 1999; van der Merwe et al. 1994).

CD2 + CD58 CD2-CD58 

kf

kb

2D Kd = kb ÷ kf 2D Kd = ([CD2]x[CD58]) ÷ [CD2-CD48]

Measure the free [CD58] and [CD2-CD58] at fixed CD2t

Then at equilibrium [CD2] = (CD2t x ƒ)-([CD2-CD58] x Sb)
Sc[CD2-CD58] = [CD2] 

Kd[CD58]

[CD2-CD58] = (CD2t x ƒ) - ([CD2-CD58] x Sb) 

Kd x Sc[CD58] Kd x Sc

Sc

Sb

[CD2]

[CD58]

[CD2-CD58]

[C
D

2-
C

D
58

]

[C
D

58
]

[CD2-CD58] x (Sb/Sc)

Kd = −1 = 1.7 molec./µm2

slope

[CD2t]

Sc x ƒ

a b

c

Fig. 2 Model for calculation of 2D dissociation constant. (a) The sphere represents a T cell

expressing CD2 that interacts with a plane representing a supported bilayer reconstituted with

different densities of purified FITC–CD58. The cell adheres and the system reaches equilibrium in

20–40 min at 24�C. The bilayer fluorescence and contact area fluorescence were measured. It is

also important to use a distinct non-binding, but similar-sized protein (such as mouse CD48)

labeled with a different dye, like Cy5, to determine the level of exclusion of free CD58 from the

contact area, which is usually 20–40%. This is due to steric crowding in the contact area and is

used to calculate the free [CD58] in the contact area. Measurements are made on 50–100 cells per

data point. Each data point is a different starting CD58 density usually in the range of 10–1,000

molecules/mm2. (b) Derivation of the Golan–Zhu plot (Zhu et al. 2007). The Sb is the area of the
contact between cell and bilayer measured based on CD58 accumulation and CD48 exclusion. Sc is
the area of the entire cell. ƒ is the fractional mobility of CD2 on the surface of the T cell. This is

essentially a modified Scatchard plot (Scatchard 1949) that allows the proportion of the total

amount of CD2 (CD2t) to vary based on its lateral mobility and mass-action driven partitioning

into the contact area. (c) A schematic of a Golan–Zhu plot. Typically four to five densities of CD58

would be tested to provide equally distributed points along the line. The 2D Kd value is based on

the best-controlled published data (Dustin et al. 2007a). This paper also describes a model for

bridge formation by the CD58-Fc chimeric drug alefacept
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6 Tandem Low-Affinity Interactions Have Additional

Limitations

The low affinity Fc receptors, CD16 and CD32, play an important role in binding to

particles and cell surfaces coated with antibodies. Unlike the high affinity IgG FcR

and the IgE FcR the, the low affinity receptors do not bind monovalent antibodies in

solution. Surprisingly, they can also synergize with relatively low CD58–IgG1 Fc

chimera in forming tandem low affinity bridges between cells (Dustin et al. 2007a).

Such low affinity bridges may be important in the function of low affinity natural

antibodies antibodies. These systems also face significant competition from high

concentrations of circulating antibodies, such that a high degree of IgFc aggregation

may be essential to activate these receptors (Dustin et al. 2007a).

7 Segregation of Adhesion Molecules by Size

Adhesion systems involved in immune cell activation normally operate in combi-

nations rather than one at a time. Springer speculated that adhesion molecule size

would be important for the organization of contact areas by forcing segregation of

adhesion receptors like CD2–CD58, which span about 15 nm, and larger adhesion

receptors like LFA-1–ICAM-1, which appeared capable of spanning greater than

30 nm (Springer 1990). It is been confirmed that contacts established by the CD2–

CD58 adhesion mechanism generate uniform intermembrane spacing of 13 nm

(Choudhuri et al. 2005; Milstein et al. 2008). The spacing generated by the

integrin LFA-1 is a more complex issue. Integrins are large, non-covalent hetero-

dimers with a globular domain connected to the membrane by two legs (Luo et al.

2007). LFA-1 activity is regulated by TCR signaling (Dustin and Springer 1989)

and has three affinity states with Kd of 1 mM, 10 mM and 100 nM (Shimaoka et al.

2003). The complete crystal structure of the platelet fibrinogen receptor aIIbb3
demonstrated that integrins have a “genu” or knee like structure that allows the

legs to bend such that the binding site can exist anywhere from 5 to 25 nm from

the membrane (Zhu et al. 2008). Electron microscopy studies demonstrate that

higher affinity conformations correlate with more extended genus (Luo et al.

2007), it remains possible that affinity and bending/extension may be independent.

This would allow variable intermembrane spacing, which is in fact observed in the

contact areas between T cells and planar bilayers containing LFA-1 (Shaw and

Dustin 1997). When CD58 and ICAM-1 are incorporated into the same planar

bilayer-activated T cells, they form a contact in which the accumulation of CD58

and ICAM-1 appear to be completely segregated with interaction domains on a

readily resolved micron scale (Dustin et al. 1998). More recently, we have

performed experiments with engineered versions of CD48 that change the inter-

membrane spacing for different ligands binding to the same receptor, mouse CD2.

CD2, CD58 and CD48 are all members of the immunoglobulin superfamily that
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are built from tandem arrays of small b-sandwich domains that are about 4 nm

long. Van der Merwe and colleagues generated extended forms of CD48 by

adding Ig domains from CD2 or CD22, with the natural binding sites of these

spacer domains mutated (Wild et al. 1999). The extended forms of CD48 inhibit

antigen recognition by T-cell hybridomas and primary T cells (Milstein et al.

2008; Wild et al. 1999). Addition of Ig-like domains might be expected to

increase intermembrane spacing by up to 4 nm per domain, but van der Merwe

and we observed that spacing was increased by 1 nm per domain (Choudhuri et al.

2005; Milstein et al. 2008). We observed that a 1 nm difference in size did not

force segregation, but a 2 or 3-nm spacing difference led to complete segregation

in a narrow range of ligand concentrations in which the two systems coexisted

(Milstein et al. 2008). Outside this narrow range the more functionally abundant

ligand occupied the entire contact area. Therefore, robust lateral segregation over

a wide range of ligand densities, as observed for CD58 and ICAM-1 containing

bilayers likely reflects both the physical process in the extracellular space, and

active membrane/cytoskeletal processes that allow adhesion systems to establish

competitive niches within the contact area.

8 Formation of the Immunological Synapse

The immunological synapse started as a model that cytotoxic T-cell function could

be equated to that of a neural synapse stabilized by LFA-1 and with TCR acting as a

ligand gated Ca2+ channel to trigger delivery of secretory vesicles to the target cells

upon engagement with antigen (Norcross 1984). The TCR was soon shown to

operate based on a tyrosine kinase cascade to activate phospholipase C-g as a

pathway to cytoplasmic Ca2+ elevation (Samelson et al. 1986) and this specific

model was largely set aside. Imaging studies 10 years later revealed a specific

organization of TCR in a central micron scale structure and LFA-1 as forming an

annular disc surrounding the TCR cluster in the interface between antigen specific T

cells and antigenic MHC–peptide complex bearing B cells (Monks et al. 1998).

Kupfer described these patterns of terms of supramolecular activation clusters

(SMACc) since they appeared to involve thousands of non-covalently associated

molecules and were correlated with T-cell activation (Monks et al. 1998). Paul

Allen, Andrey Shaw and I proposed that these SMACs together constituted an

immunological synapse (Dustin et al. 1998; Dustin and Shaw 1999). We went on to

use the supported planar bilayer containing GPI anchored ICAM-1 and a range of

biological active, GPI anchored MHC–peptide complexes to reveal the pathway to

formation of the immunological synapse. Surprisingly, this was based on centripe-

tal transport of TCR engaged MHC–peptide complexes that were initially engaged

in the periphery of the expanding contact area, in what appeared at a coarse grained

view as pattern inversion (Grakoui et al. 1999). Unlike prior studies with antigen

receptor triggering and bilayers, this system explicitly addressed the position of

essential adhesion and specificity controlling elements to reveal a carefully
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orchestrated process. A surprising finding was that the TCR–MHC–peptide inter-

actions in the central SMAC appeared to be stable over hours, which suggested an

extreme version of the rebinding process that was revealed in the contact-FRAP

studies above. We will address this later in this chapter. These dynamic images led

to a number of models for the role of F-actin and the potential of the synapse to

mediate processes like directed secretion and asymmetric cell division (Dustin and

Chan 2000; Dustin and Cooper 2000).

Those interested in more technical information on planar bilayer formation and

flexible methods for ligand deposition for immunological synapse reconstition are

referred to a recently published protocol (Dustin et al. 2007b) and video describing

some of these methods (http://www.jove.com/index/details.stp?ID¼947).

9 Microclusters Drive Activation

The fundamental signaling machinery of the immunological synapse was not

apparent in early coarse-grained views. Kupfer found that the protein kinase C-y
and the Src family kinase Lck were accumulated in or near the central SMAC

(Monks et al. 1998), but subsequent studies revealed a rapid loss of TCR proximal

signaling in this region and persistence of signaling elements in the periphery where

LFA-1 appeared to dominate (Freiberg et al. 2002; Krummel et al. 2000; Lee et al.

2002). Models were developed to accommodate a flexible role of the central SMAC

in signal termination when signaling was strong and signal enhancement when

signaling is weak (Lee et al. 2003). A break-through in understanding signaling

dynamics in the immunological synapse was made by returning to the basic

technological platform introduced by McConnell in 1982 – TIRF microscopy on

supported bilayers. In key observations first made by Varma, microclusters of TCR

were observed to continually form in the periphery of the immunological synapse

and stream inwards to the formed central SMAC (Varma et al. 2006). TIRF was

essential to reduce background to a level where the small aggregates, with as few as

ten receptors each, were visible (Varma et al. 2006). In an important test of the

significance of these structures, we showed that antiMHC–peptide complex anti-

body immediately blocked the formation of the microclusters and signaling was

fully extinguished as the last microclusters reach the central SMAC after about

2 min. Thus, the thousands of TCR accumulated in the cSMAC were insufficient to

sustain Ca2+ signals (Varma et al. 2006). This basic finding was backed by studies

that demonstrated the presence of active signaling molecules only in the micro-

clusters and not in the central SMAC (Campi et al. 2005; Yokosuka et al. 2005,

2008). Earlier studies had demonstrated TCR signaling molecules associated with

antiCD3 induced micro aggregates (Bunnell et al. 2002), but the advantage of the

supported bilayers system over the immobile solid support is that the signaling and

inactivation is a spatiotemporal process that allows deconvolution of the significant

signaling and nonsignaling structures in the TCR “life-cycle.” An interesting hybrid

system has been developed by the Grove’s lab based on using electron beam
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lithography to general nanoscale metallic lines on the substrate that partition of the

bilayer into various geometric patterns. The compartments defined by the metallic

lines allow the formation of microclusters, but prevent the transport of these

clusters across the lines. A 1� 1-mm grid allows the formation of many small

microclusters that cannot be transported centrally to form a central SMAC and this

manipulation actually measurably increased signaling (Mossman et al. 2005). The

planar bilayer system can also be adapted to use natural MHC–peptide ligands or

antiCD3 antibodies for studies on polyclonal T cells or cells with TCR of unknown

specificity (Kaizuka et al. 2007). The mobility of molecules in the planar bilayers

also allow for sorting within the plasma membrane interface. Saito and colleagues

discovered that CD28–CD80 interactions are initially co-localized with TCR–

MHC–peptide interactions in microclusters, but are sorted into a distinct compart-

ment at the boundary between the central and peripheral SMACs (Yokosuka et al.

2008). This mode of rearrangement would not be possible with immobile ligands.

While the smallest TCR microcluster that can be tracked have greater than ten TCR,

a single MHC–peptide may be sufficient to trigger a microcluster based on titration

data (Varma et al. 2006). However, direct observations are needed to test this

possibility. These studies have advanced our understanding of TCR signaling

processes in the synapse, but also have left us with the same fundamental question

that faced McConnell in 1982 – how do freely diffusing monovalent ligands trigger

formation of clusters. It is possible that the solution to this problem will be different

for different receptor systems.

10 Modes of T-Cell Signal Integration

There are many lines of evidence that recognition of agonist MHC–peptide com-

plexes in T cells delivers a stop signal, a prerequisite to form a synapse (Dustin et al.

1996b, 1997a, 1998; Grakoui et al. 1999;Mempel et al. 2004; Negulescu et al. 1996).

However, it is also clear that T cells can integrate signals while migrating over the

surface of antigen presenting cells (Gunzer et al. 2000; Mempel et al. 2004; Skokos

et al. 2007). The Greek routes of synapse can translate as “joined together,” which

implies a high degree of monogamy. Position stability is a characteristic of neural

synapses and has been part of the definition of immunological synapses (Dustin

2008; Dustin and Colman 2002; Dustin et al. 1998; Grakoui et al. 1999). Therefore,

the ability of T cell to integrate TCR signals on the move, which is likely due to

asymmetric adhesions that formmicroclusters at or near the leading edge, represents

a different class of contacts. I have proposed the term “kinapse” to describe these

mobile cell–cell interfaces – literally a “moving junction.” The kinapse has not been

extensively studied using bilayers systems, but some rules have been established.

For example, PKCy activity surprisingly favors kinapse formation while WASP

activity favors synapse formation (Sims et al. 2007). The scaffold for the kinapse is

likely to be talin and integrin dependent motility (Smith et al. 2005).
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11 B Lymphocytes Acquire Antigen by Force

While T lymphocytes bind antigens only when they are presented on the surface of

cells with MHC–peptide ligands, B lymphocytes bind intact antigens many of

which are soluble. Batista considered the possibility that physiological acquisition

of antigens by the B-cell antigen receptor (BCR) in vivo would involve binding of

surface presented complexes through an immunological synapse and developed

cellular and supported bilayer-based tools to study this process (Batista et al. 2001;

Carrasco et al. 2004). In order to present a wide variety of purified proteins to B

cells, Batista and colleagues developed methods to monobiotinylate proteins and

then to capture these to the planar bilayer using biotinylated lipids and streptavidin,

which can be fluorescently labeled for visualization. This has been a generally

useful method for attaching many proteins to bilayers, particularly antibodies. The

only caveate with this approach is that the exact valency of the system is not defined.

Streptavidin likely binds to the bilayer through biotin binding sites and then can

probably capture up to two monobiotinylated antibodies. B lymphocytes will form a

similarly organized immunological synapse with microclusters converging on a

central SMAC, but the biological imperative for the B lymphocyte is to pull the

antigen off the surface such that the contraction and force dependent extraction are

directly related to the B lymphocyte’s subsequent ability to present antigens to T

cells (Fleire et al. 2006). Interestingly, signaling by primary B cells in response to

dimensionally constrained monovalent ligands on a planar bilayer requires CD19

(Depoil et al. 2008). Perhaps CD19 is a factor needed for aggregation of BCR by

monovalent ligands. While the Batista lab works with mature primary B lympho-

cytes, the Pierce lab has focused on a complementary model based on a plasmacy-

toma cell line lacking BCR subunits (Tolar et al. 2005). They have reconstituted this

cell line with fluorescent protein tagged BCR subunits and have used this to monitor

changes in the intramolecular spacing of the cytoplasmic domains of the receptor

complexes. The advantage of using the cell line is that all BCR subunits are

fluorescently tagged and the disadvantage is that signaling requirements may differ

due to the maturity of the cell line and potential differences related to transforma-

tion. The results were nonetheless interesting in that the authors were able to

observe increased spacing of the cytoplasmic domains of the BCR by fluorescence

resonance energy transfer (Tolar et al. 2005). These findings are consistent with

recent work showing that key tyrosine phosphorylation sites are buried in the

plasma membrane and dissociate upon activation (Xu et al. 2008). More recently,

they have offered a novel solution to the old problem of receptor triggering by

monovalent ligands, in this case short peptides with hexahistidine at the C-termini

bound to Ni chelating lipids. This is a useful strategy for attaching any recombinant

proteins that can be generated with a hexahistidine to decahistidine tag in a

monovalent form. They have demonstrated that the extra Ig like domain that is

spliced into the heavy chain of cell surface BCR undergoes a weak, lateral homo-

philic interaction that facilitates aggregation of engaged BCR (Tolar et al. 2009).

This is conceptually similar to earlier models for TCR aggregation (Reich et al.
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1997). A model based on a ligand-dependent release of an aggregation domain from

an inhibitory interaction, which then can propagate to neighboring unligated recep-

tors could account for the ability of one or a few ligands to nucleate larger receptor

clusters. It remains unclear how F-actin would facilitate this process. One notion

would be that the conformational change involved in exposure of this oligomeriza-

tion domain requires a force generated by the actin cytoskeleton.

12 The F-Actin Machine Behind the Synapse

A striking contrast between Fc receptor systems studied by Metzger and McConnell

and the TCR system that we have focused on is that immunological synapse

formation, TCR signaling and microcluster formation are all F-actin dependent

(Bunnell et al. 2002; Campi et al. 2005; Grakoui et al. 1999; Varma et al. 2006),

whereas signaling through the Fce receptor is enhanced when F-actin is depolymer-

ized (Torigoe et al. 2004). In fact, the acquisition of F-actin independence by TCR

microclusters is a property associated with inactivation of signaling in the central

SMAC (Varma et al. 2006). How is F-actin involved in the immunological synapse?

The TCR is directly linked to F-actin polymerizing machinery via Vav, which

activates both Rac and CDC42 (Fischer et al. 1998). Integrins like LFA-1 may also

contribute to this process. Rac activates the Wave2 complex, which activates both

Arp2/3 and Formin mediated actin polymerization in lamellipodia (Gomez et al.

2007; Nolz et al. 2006). CDC42 activates WASp, which is another activator of the

Arp2/3 complex involved in formation of filopodia and podosomes (Carman et al.

2007). TCR microclusters appear to form in lamellipodium like structures on planar

bilayers containing ICAM-1 and MHC–peptide complexes (Kaizuka et al. 2007;

Sims et al. 2007). Therefore the F-actin structures that are associated with micro-

cluster formation and transport are dynamic, branched F-actin networked formed by

Arp2/3. However when WAVE2 is knocked down, early TCR signaling proceeds

normally suggesting that alternative pathways, perhaps WASp-based, are fully

functional (Nolz et al. 2006). T cells express myosin IIA, but its function in synapse

formation and signaling is controversial (Jacobelli et al. 2004; Wülfing and Davis

1998). A requirement for force generation in T-cell activation is consistent with a

distinct size threshold for T-cell activation by MHC–peptide-coated particles

(Mescher 1992). Sheetz found that bead size thresholds for focal adhesion formation

are attributable to force dependence of this process (Galbraith et al. 2002). Myosin

IIA knock down by siRNA and treatment with the myosin II specific inhibitor

blebbistatin both block the translocation of TCR microclusters and impair signaling

at a step between Src family kinase activation and phosphorylation of ZAP-70 and

LAT (Ilani et al. 2009). TCR and integrin microclusters appear to form normally in

the absence of myosin IIA. The immunological synapse is radially symmetric, like a

spreading fibroblast with a radial lamellipodium (Sims et al. 2007). The symmetry of

this system is promoted byWASp and suppressed by PKCy to control the stability of
the immunological synapse (Sims et al. 2007). The role of PKCy in immunological
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synapse stability was surprising, but the result, originally obtained with naı̈ve CD4+

helper T lymphocytes (a type of immune cell that orchestrates many cells in the

adaptive immune response), has been extended to cytotoxic T lymphocytes (Beal

et al. 2008). The radially symmetric lamellipodium is characterized by a 3–5 mm
wide annular region of centripetal F-actin flow, which dissipates in the central region

occupied by the central SMAC (Kaizuka et al. 2007). TCR and LFA-1 microclusters

are transported toward the center. The coupling to centripetally moving actin will

exert forces on the integrin that are sufficient, in simulations, to induce conforma-

tional changes that increase integrin affinity (Zhu et al. 2008). Short-lived LFA-1

microclusters tend to dissociate in the F-actin depleted center and thus accumulate in

the peripheral SMAC, perhaps because of the force dependence of maintaining high

affinity LFA-1 (Zhu et al. 2008). TCRmicroclusters that achieve actin independence

are transported to the central SMAC. Shorter-lived TCRmicroclusters may disappear

at the boundary between the central and peripheral SMACs. The coupling between

TCR microclusters and F-actin flow is not perfect and is based on speed; the TCR

microclusters appear to be linked to the F-actin ~40% of the time. The generation of

chrome barriers in planar bilayers using e-beam lithography has been extended to the

fine analysis of microcluster movement (DeMond et al. 2008). It was found that

microclusters navigate around barriers as long as the barrier was angled toward the

center of the synapse. This confirmed the notion that there is a molecular “clutch”

between the TCR and integrin clusters and the F-actin flow that allows the micro-

clusters to display a mixture of diffusive and directed movement. This clutch appears

to operate in both directions since immobile integrin clusters appear to be able to

slow the centripetal F-actin flow with consequences for stability of signaling com-

plexes (Nguyen et al. 2008). These observations point to important missing informa-

tion in our understanding of lateral mobility of free and engaged ligands in the plasma

membranes of different types of antigen-presenting cells. Synaptic patterns differ

between B cells and dendritic cells as APC, with B-cells resembling structures

formed with supported planar bilayers (Grakoui et al. 1999; Monks et al. 1998) and

dendritic cells displaying more disrupted patterns (Brossard et al. 2005; Tseng et al.

2008). This suggests limited mobility or a high degree of compartmentalization,

which is consistent with the demonstrated role of the actin cytoskeleton on antigen

presenting function of dendritic cells (Al-Alwan et al. 2001a; Al-Alwan et al. 2001b).

Understanding how both sides of the immunological synapse influence each other is

an important area for future research in which planar bilayers will play an important

role; for example, by reconstituting the dynamics of live antigen presenting cell

molecules to T-cell surface receptors reconstituted in supported bilayers.

The physical processes that control the size of microclusters are not clear. It is

interesting that TCR microclusters exclude CD45 from regions about 0.5 mm across

by TIRFM (Varma et al. 2006). Similarly, the segregated patterns formed in mixed

contacts with two receptor–ligand systems differing in intermembrane spacing

differing by 2–3 nm and protein enriched domains formed when two planar bilayers

form intermembrane junctions are all on the scale of 0.5–1 mm (Milstein et al. 2008;

Parthasarathy and Groves 2006; Varma et al. 2006). This suggests that the length

scale of membrane fluctuations may govern the size of microclusters. Modeling
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takes into account, membrane bending parameters that support this model (Weikl

and Lipowsky 2004). A major gap in our current understanding is how dynamic F-

actin contributes with membrane properties to TCR microcluster formation. One

idea may come from studies of integrin microcluster formation, which is also F-

actin dependent. High-speed imaging two-color TIRFM has demonstrated that

a-actinin cross-linked F-actin serves as a scaffold for integrin cluster formation,

rather than as a reaction to initial integrin engagement-based adhesion (Choi et al.

2008). For integrins, this process is initially myosin IIA independent, but nascent

clusters rapidly undergo myosin IIA dependent maturation, which appears also to

be the case for TCR clusters. The high sensitivity of TCR to a small number of

ligands may require a preformed, actin-dependent scaffold.

13 What Is the Function of the Immunological Synapse?

The immunological synapse pattern has captured our imagination and led to a great

deal of speculation, but deriving hard evidence for specific functions has been

challenging. This is because manipulations that control the dynamic synaptic

patterns often have direct biochemical effects on the cell that confound interpreta-

tion of results. Furthermore, since the SMACs are interdependent, it is difficult to

manipulate them independently. In many cases the functional ideas about the

synapse reflect working models with varying degrees of experimental support.

Here are three functions for which there is experimental support:

1. Stop signal: The symmetry of the immunological synapse results in an arrest of

T-cell mobility in 2D in vitro systems (Sims et al. 2007). The arrows in Fig. 3

represent the centripetal F-actin flow observed directly by speckle microscopy

(Kaizuka et al. 2007). Since integrin adhesion molecules are linked to this

F-actin flow the net traction is zero and the cell remains in place. If symmetry

is broken the cell migrates (Sims et al. 2007). Synapse symmetry in vitro and

T–DC interaction time in vivo are well correlated in genetic experiments (Sims

et al. 2007). Stop signals increase dwell time with APC and may be important in

signal integration during afferent and efferent phases of immune responses

(Skokos et al. 2007), but this remains a working model since in vivo swarming,

presumably mediated by local chemokine gradients, may be able to achieve the

same advantages for signal integration.

2. Directed secretion: The cSMAC is an actin depleted zone at the center of the

immunological synapse and thus appears to be an ideal location for directed

secretion (Stinchcombe et al. 2006) (Fig. 3). This process can be observed

directly using supported planar bilayers (Beal et al. 2008; Liu et al. 2009). The

gain in efficiency of killing in going from a partial to complete pSMAC ring is

about threefold (Beal et al. 2008). While the pSMAC does not appear to act as a

tight gasket, it may dynamically contain large complexes through a continual

inward transport of adhesion molecules that generate partial barriers (Kaizuka

et al. 2007).
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3. Asymmetric cell division: This is a fundamental principle in biology for genera-

tion of differentiated cells from stem cells. The termination of the synapse by

asymmetric cell division might give rise to unequal daughter cells fated for

memory (stem cell-like) and effector cells (terminally differentiated) (Dustin

and Chan 2000). T cells appear to undergo LFA-1-ICAM-1 dependent early

asymmetric divisions that give rise to memory cell precursors early in response

to infection in vivo (Chang et al. 2007). This idea has been challenged by others

for studies suggest that memory cells arise from effector cells, rather than being

set aside early in responses (Wherry and Ahmed 2004). However, there are

many common elements in these models and it is agreed that early events in the

time frame of the first synapse formed by a naı̈ve T cell set the stage for

generation of memory T cells. Furthermore, it has been confirmed that loss of

ICAM-1 from antigen presenting cells prevents synapse formation at a standard

antigen dose and impairs effector and memory responses (Scholer et al. 2008),

which is compatible with either model. The major difference in the models is

that the identifiable memory cell precursor divides, relatively few times in the

Actin

LFA-1/TCR

Granules
MVBs

Golgi

Microtubules

Distal pole complex

APC

T cell

Fig. 3 Functional anatomy of the immunological synapse. A composite figure generated from

independently acquired fluorescence micrographs of GFP-actin speckles (Kaizuka et al. 2007) and

ICAM-1 and MHC-peptide complexes in supported bilayers (Grakoui et al. 1999). The legend is

on the left. The arrows indicate the direction of F-actin speckle movement. Green signals in the

periphery represent microclusters and these were added to represent peripheral formation of TCR

and LFA-1 microclusters, which were too faint to detect in the original micrographs, but have

subsequently been detected in many studies using TIRFM illumination or nanofabricated barriers

to capture the microclusters (Campi et al. 2005; Mossman et al. 2005; Varma et al. 2006;

Yokosuka et al. 2005). Structural elements with defined or strongly suspected functions include:

(1) the symmetry F-actin/integrin ring to stop migration, (2) the F-actin depleted central domain

for signal termination, multivesicular body formation and directed secretion, and (3) the polarized

microtubule array and distal pole complex to establish the spindle axis for asymmetric cell division
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asymmetric division model and many times in the effector survival model. It is

conceivable that both of these pathways are utilized with whichever can fill a

memory niche first dominating in a given response.

14 Conclusions

Supported bilayer technology has provided important insights into immune cell

function including the identification of the ligands for the TCR, CD2 and LFA-1,

the chemistry and physics of adhesion and the formation and function of the

immunological synapse. There are still many questions to be addressed and the

planar bilayer technology will continue to be useful due to its ability to simulate key

aspects of membrane presentation of ligands. One of the most valuable aspects of

the supported planar bilayer technology has been the ability to collect highly

quantitative data in an area where this has been challenging: the cell–cell interface.

This quantitative data should bridge the gap between physics-based theories of

adhesion and what happens in functional interfaces. Further discoveries regarding

the function of the immunological synapse are likely on the horizon. Integration of

planar bilayer technology with in vitro cell–cell and in vivo imaging will likely lead

to valuable synergy. A problem with imaging the cell–cell interface is the random

orientation and the relatively poor axial resolution and slow acquisition in 3D. One

approach to this is to orient the cell–cell contact so that the synapse is in one focal

plane. This has been very difficult, even with relatively flat adherent cells, but

recent studies using laser tweezers to orient cell–cell conjugates have shown

promise and generate data in cell–cell interfacts that appears to be of similar quality

to the data obtained with the planar bilayer system (Oddos et al. 2008). Imaging of

fluorescence from tagged molecules like TCR or ZAP-70 has been challenging

in vivo. However, fluorescence intensity and FRET reporters have started to find

applications in vivo (Breart et al. 2008). A new generation of two-photon micro-

scopes with improved sensitivity, better objectives and the wider use of dispersion

compensation to optimize excitation efficiency should provide greater potential to

validate results in vivo and further inspire bilayer-based experiments to access

underlying mechanisms.
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Abstract The cell-biology of intercellular communication between T cells and

their partners has been greatly advanced over the past 10 years. The key morpho-

logical and motility features of cell contact-based communication between T cells

and APCs can now be seen as a collection of patterns for cell–cell interactions

amongst immune cells more generally, each serving to contribute to the outcome of

the contact both locally and globally. Here we review the conservation of these

patterns, amongst which is the emergent “immunological synapse,” and describe a

newly defined example, formed between the adjacent activating T cells. We

subsequently seek to put these and the pattern more generally into the framework

of system-wide behavior of the immune system. We postulate that the patterns are

fine-tuned to provide quorum-like decisions by collections of activating and acti-

vated cells that interact over time and space.

1 Introduction

The immune system can be conceived as bearing similarities to a community of

human beings inhabiting a city or country; immune cells are of varied origin and

abilities (T cells, B cells, natural killer (NK) cells, macrophages, dendritic cells

(DCs), etc.), inhabit varied physical spaces in tissues (interdigitating or surveilling

various organs, peripheral tissues, and secondary and tertiary lymphoid structures),

travel over both short and long distances, interact with one another, and, of course,

introduce changes in their environment. The behavior of immune cells, like that of

individuals, is partially determined by the features of their physical environment.

However, at a deeper level, their behavior is also constrained by their limited means

of communication and interaction.

In describing the optimum size for a city – based on maintaining a social

cohesion – Aristotle concluded that an entire city should be of a sufficiently small

size so that all citizenswould be able to hear a single herald in peace or a single general

in war [Politics VIII]. Such a stipulation has likely been obviated by dramatic changes

in the mechanisms for interaction and communication between individuals

(e.g., “broadcast” media such as the newspaper, telephone, internet, etc.). Are there

equivalent issues of scale for communication in the immune response?

There are indeed clearly equivalent “broadcast” media such as large releases of

soluble cytokines that subsequently permeate organs and organisms and influence

multiple cell types. Although there are beneficial “bread crumb”-like trails of chemo-

kines which apparently line epithelial layers and address activated cells to particular

tissues, are there global soluble signals to communicate for a system requiring careful

recruitment of only specific cells?On thewhole, the so-called large “cytokine storms,”
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particularly those of pro-inflammatory mediators such as gIFN, are more highly

associated with pathogenic states such as “shock” rather than effective and specific

surveillance (Rittirsch et al. 2008). As part of the mandate of the immune system to be

specific and only destroy invading organism, it is apparently quite necessary to

explicitly address messages, even those of “soluble” mediators so that only certain

cells are activated. The “immunological synapse,” a recurring pattern of cell–cell

junctions for immune-cells represents a portion of the solution for the need for explicit

communication. However, as an isolated concept, it does not encompass the total

solution for the need for broad communication over a distance.

It is possible to define collections of “solutions” for optimizing human interac-

tions and communication over space. Indeed, such “patterns” are suggested to exist

on scales from entire urban design down to considerations of the size of rooms in a

house and to be applicable like a “stamp” to treat recurring needs (Alexander et al.

1977). Notably for the analogy to biological systems that arise from defined

behaviors of individual players, it is also theorized that design solutions at small

scales (quality design of social spaces) are part and parcel of the greater functioning

of larger-scales (e.g., entire cities) (Whyte 1988). In a similar manner, the features

or patterns that define cell–cell interactions represent the fundamentals toward

defining the properties of the immune system as a whole.

In this review, we will address what has emerged as “synapse-based patterns” for

cell–cell interactions. We will argue that the “immunological synapse” (IS) as

currently described is amongst a collection of a relatively small number of small-

scale patterns of motility, morphology, and membrane organization that provide

critical features that can permit efficient larger-scale goals to be accomplished:

namely self/nonself discrimination, rapid but flexible responses, and group decision

making based on the regulated formation of these contacts. We will use an analo-

gous “Pattern” framework as a way to define how the properties of cell–cell

contacts provide the adequate specificity, flexibility, and group decision making

properties to specific cell types. In particular, we will expand from the T cell–

antigen-presenting cell (APC) synapse the synaptic structure that initiated the

current intensive study of cell–cell contacts in the immune system, and describe a

recently appreciated T–T synaptic contact and the potential quorum sensing that

might be facilitated by the application of synapse “patterns” to activating T cells.

2 The Emergent Prototypical Immunological

Synapse Dynamics

The contact surface at which T cells recognize and activate in response to peptide

fragments in the groove of major histocompatibility complex (MHC) molecules was

first proposed to be similar to a neurological synapse by Norcross in 1984 (Norcross

1984). The concept was revived in the late 1990s as a result of the observation of

ring-like distributions of integrin lymphocyte function-associated antigen-1 (LFA-1)
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and their ligands (peripheral-supramolecular activating complexes; pSMACs (Monks

et al. 1998)) that surrounded centralized T-cell receptor (TCR)–MHC complexes

(central supramolecular activating clusters; cSMACs (Monks et al. 1998)) at T-APC

contact sites. Concurrent observations of CD2 clusters (Dustin et al. 1998) and

cytoskeletal movement into the contact region (Wulfing and Davis 1998) further

solidified the comparison. However, the term gained wide acceptance when used to

assess the distributions of TCRs and integrins in simplified model lipid bilayers

(Dustin and Colman 2002; Grakoui et al. 1999). It was subsequently argued that

these distributions at an adhesive contact were definitively “synaptic” (as opposed to

focal adhesions, desmosomes etc.) on the basis of being an adhesive contact with a

synaptic space, and characterized by polarized secretion and signaling (Dustin and

Colman 2002; Grakoui et al. 1999). With this rapid progress, there emerged a

frequent but incorrect interchange of terminology “Synapse,” which might best

define the cell–cell contact and “cSMAC/pSMAC,” which defined a frequently

observed organization and differential exclusion of molecules that could be observed

within some of those contacts.

When synapse assembly was analyzed in real-time, concurrent with calcium

influx downstream of TCR triggering, it became apparent that cell–cell contact was

associated with much earlier and smaller TCR–MHC clusters (Krummel et al.

2000), which only later coalesce to the cSMAC/pSMAC structure. Subsequently,

receptor-proximal signaling has been demonstrated to be most active in these and

even smaller initial “microclusters” but mostly extinguished in the centralized

cSMAC structure (Varma et al. 2006; Lee et al. 2002; Mossman et al. 2005),

although some recent data suggests that TCRs in the cSMAC may still support

signaling in particular circumstances (Cemerski et al. 2008). Recent use of photo-

activation of pMHC ligands for the TCR make it clear that early clusters signal

within seconds of ligand engagement (Huse et al. 2007) whereas the formation of

the cSMAC/pSMAC architecture may take minutes (Krummel et al. 2000; DeMond

et al. 2006). A now-modified understanding of a dynamically rearranging synapse

includes active remodeling of the membrane domains giving rise to a dispersed

cluster- dominated “immature” and subsequent cSMAC-bearing “mature” form

(Krummel et al. 2000; Mossman et al. 2005; Campi et al. 2005).

The characterization of immunological synapse dynamics has also been enriched

by other parallel developments. First, it has been revealed that cell–cell communi-

cation and TCR stimulation at T-APC contacts is frequently associated with short-

lived cell–cell contacts rather than prolonged ones. These have not yet proved

tractable to study at the molecular level but were first described for T cells

interacting with peptide loaded dendritic cells in collagen matrices (Gunzer et al.

2000) where stable interactions are rarely observed but which nevertheless pro-

duced T-cell activation. The functionality of short-lived cell–cell interactions is

also suggested by the correlation between expression of early-activation antigens

following transient contacts in vivo (Mempel et al. 2004) and by the ability of cells

to be activated when only given repeatedly interrupted stimuli (Faroudi et al. 2003).

While the outcome of these transient interactions may not be complete activation

and memory formation (Scholer et al. 2008; Hurez et al. 2003), there is emerging
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evidence that such interactions provide ample opportunity for specific and polarized

cell–cell signaling. In particular, the functional act of cytotoxic T lymphocyte

(CTL) killing at T cell–target interactions is achieved with only short-contacts

and does not require the formation of a centralized TCR accumulation (Wiedemann

et al. 2006; Purbhoo et al. 2004). It is thus important to see the stable IS model,

typically including the coalescence of a cSMAC (Grakoui et al. 1999; Krummel

et al. 2000; Varma et al. 2006; Mossman et al. 2005; Campi et al. 2005; Dustin et al.

2006), as one example of signaling and direct cell–cell communication, taken from

a broader selection of patterns.

A further enrichment of the cSMAC/pSMAC model of cell–cell signaling at the

IS is derived from analyses of the contact face morphology and subsequent consid-

eration of the dynamics of membrane apposition for communication at this junc-

tion. In glass-supported lipid bilayers where the apposed system has a flattened

topology and cannot deform, membrane-membrane interfaces form a very flat and

contiguous contact face with the glass-supported surface (Grakoui et al. 1999;

Dustin et al. 2006). In completely juxtaposed settings, aggregation of signaling

molecules could only occur by movement along the membrane; such movement is

indeed observed and typically involves centripetal flow mediated by actin (Varma

et al. 2006; Yokosuka et al. 2005). However, the first live-cell imaging of cell–cell

based TCR-signaling clusters noted that the process was highly dynamic with

clusters forming, dissociating and reforming (Krummel et al. 2000) rather than

smoothly moving only inward. Similar non-radial movement was recently observed

for larger clusters within an NK-APC synapse, when the synapse was observed

specifically “en face” (Oddos et al. 2008). Is this process the same?

An immunological synapse between immune cells and their ligand-bearing

partners appears to contain multiple distinct regions of close membrane–membrane

apposition which may dynamically remodel in addition to permitting TCR and

integrin movements within that juxtaposed membrane space. In support of this,

transmission electron microscopy (TEM) analysis of the physiologically relevant

contacts suggests that a contiguous flat contact interface is not, in fact, representa-

tive of the physiological case for T–DC interactions (Brossard et al. 2005), CTL–

target contacts (Stinchcombe et al. 2001), NK–APC (McCann et al. 2003) and

typically even in T–B interactions (Krummel MF, unpublished).Within such con-

tacts, the membranes only touch sporadically, with the non-attached regions sepa-

rated by distances upwards of 50 nm and for stretches of upwards of 1 mm (Brossard

et al. 2005; Stinchcombe et al. 2001; McCann et al. 2003). In synpases formed by

CTLs and their targets, lytic granules are aligned with these clefts (Stinchcombe

et al. 2001). Thus, the physiologically relevant contacts involve significant synaptic

clefts formed between regions of closely apposed membrane (see cartoon in Fig. 3),

a result that is even more consistent with analogous synapses in neurons than

perhaps was appreciated in early studies. Indeed, the functional significance of

the synaptic nature of the contact, namely the formation of synaptic spaces for

secretion also appears to be supported by the partitioning of secretory domains

(Stinchcombe et al. 2001) and vesicles containing IL-2 and gIFN (Huse et al. 2006;

Reichert et al. 2001; Kupfer et al. 1994; Kupfer et al. 1991) as well as receptors for

these cytokines (Maldonado et al. 2004) at the IS.
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3 Functional Patterns of Cell–Cell Communication

It was then prescient for others (Dustin and Colman 2002) to have previously

defined “features” of synaptic contacts when relating them to neuronal synapse;

including “discreteness,” “adhesion,” “stability” and “directed” secretion. With our

emerging knowledge, it seems timely, however, to look at the current model of an

IS as part of a broader pattern that immune cells utilize for cell–cell communi-

cation. With less emphasis on the molecular organizations within membrane–

membrane junctions of the IS that are to be reviewed by others in this issue, we

suggest that the following represent well-established “patterns” of cell–cell com-

munication in the immune system. For each one, we will describe how the pattern

appears to provide efficient communication to the system as a whole.

3.1 Dynamic Cellular Assembly and Disassembly

T cell–APC interactions are not permanent structures. Rather, the cell–cell contacts

last for seconds to hours but all ultimately result in “abscission” of the T cell from

the APC and possible reattachment to other partners (Fig. 1a). In vivo, there is

considerable variation in the length of contact and the variability appears to be

regulated by the strength of antigenic stimulation (Henrickson et al. 2008; Skokos

et al. 2007) as well as T-cell intrinsic factors (Sims et al. 2007). The timing of first

arrest is also variable: depending on the route of immunization and adjuvant, the

“stop” phase can occur between 2 and 18 h after administration of adjuvant. Some

of the timing certainly is influenced by the rate of loading and/or trafficking of the

antigen to the lymph node. It is clear that, particularly in high-antigen conditions,

soluble peptides administered intravenously can induce cell arrest within minutes

(Celli et al. 2007), suggesting there is no obligate lag-phase for arrest. Thus, there is

variability in the timing of the pattern, but the generation of multiple but transient

cell–cell contacts appears conserved.

This pattern is repeated in CTL–target and NK–target interactions, in which the

effector cells may only stay together with the targets for a few minutes prior to

moving on to another target. Perhaps this case exemplifies the utility of transient

arrest: the ability to interact serially with multiple partners (Wiedemann et al.

2006), which is clearly a benefit to kill most targets. For activating CD4+ T cells,

it likely serves to permit T cells to recognize signals on multiple surfaces, poten-

tially choosing the “best” APC encountered (Depoil et al. 2005). Additionally, it is

also possible that it allows T cells to “tag” and thereby mature multiple antigen-

presenting cells, providing increased specificity for future T cells. This has been

proposed to rely upon the chemokine receptor CCR5 and the locally produced

CCL3 and CCL4 (Castellino et al. 2006; Hugues et al. 2007).

As a general rule, the pattern of transience in cell–cell contacts increases the

number of cells and the area of sites affected by a single cell. In the case of helper
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T cells, which are limited in numbers but must survey vast regions, it is clear that

having multiple contacts may provide clear benefits in expanding the response to

include multiple other cells.

3.2 Defined but Flexible Polarity

Synaptic cell–cell contacts allow cells to provide information in the form of

signaling or killing events in a specific manner. Polarity of signals generated at

cell–cell contacts as well as subsequent secretion into these contacts, then, repre-

sents a second highly conserved pattern of immune cell–cell interactions. As shown

in Fig. 1b, this pattern permits cells to direct messages to one another while

excluding bystanders. As an example, when T cells are engaging a cell presenting

peptide–MHC complexes, it has been shown that CD40L is directly accumulated at

the IS where it is available to crosslink CD40 (Boisvert et al. 2004). Notably, it has

been proposed that this pattern is only true for some signals; vesicles containing

gIFN appear to be more synapse localized while other secreted products such as

TNF and chemokines may be more broadly directed (Huse et al. 2006). However,

given the strict limitation of vesicle–membrane fusion that occurs, there may

ultimately prove to be additional restrictions on these latter molecules. As noted

above, this pattern provides exquisite spatial specificity for inter-cellular commu-

nication by immune cells.

CTL–target and NK–target interactions provide the simplest and most extreme

rationale for highly directional secretion towards a particular cell. Such direction-

ality prevents off-target killing of bystanders and restricts delivery of granules to

the IS (Stinchcombe et al. 2001). At present, the full range of molecular players

achieving this directional specificity are unknown but SNAREs and other proteins

of the microtubule cytoskeleton are likely candidates.

3.3 Close Membrane–Membrane Juxtaposition with a Synaptic
Cleft

The T cell–APC “immunological synapse” was first defined as a synapse by virtue

of the presence of both adhesion domains and signaling domains but it seems that

synaptic clefts are also frequently present. As noted above, TEM analysis of

physiologically relevant contacts suggests that T–DC interactions (Brossard et al.

2005), CTL–Target contacts (Stinchcombe et al. 2001) and typically even T–B

interactions (Krummel MF, unpublished) contain this architecture. As shown in

Fig. 1c, there are frequently spatially restricted areas where cell–cell signaling may

occur surrounded by membrane domains which may restrict direct membrane

contact. The latter domains, however, sample synaptic spaces and provide a region
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for the accumulation of soluble mediators. Notably, the variable spacing of mem-

branes around the closest point of apposition has been suggested to be important for

protein organization in the IS (van der Merwe and Davis 2003; Shaw and Dustin

1997) and MHCs with variable length extracellular domains that result in altered

capacities to signal (Choudhuri et al. 2005). However, some “large” molecules that

are typically excluded, such as CD43, are not excluded on the basis of extracellular

size alone, as tail-less forms can enter the central IS but do not interfere with

signaling (Delon et al. 2001).

The presence of multiple domains in the membrane with different degrees of

junctional “tightness” reflects variations in lipid composition as well as subcortical

actin arrays. In this vein, although this exact architecture may be lacking in glass-

supported approximations of cell–cell contacts, the generation of unique zones of

membrane in the IS of such systems with differing lateral mobility for specific

receptors has been observed in at least one such setting (Douglass and Vale 2005)

and the presence of “rafts” (Anderson and Jacobson 2002) as well as protein

“islands” in distinct regions (Lillemeier et al. 2006), also occurs at T cell–antigen-

coated planar substrate junctions.

This architecture provides flexible regions for signaling receptors, but also

regions into which vesicles may easily fuse and permits ongoing actin-organized

signalosomes to persist in adjacent regions. While the receptors for cytokines are

found in the IS (Maldonado et al. 2004) and cytokines are directed there (Huse et al.

2006; Reichert et al. 2001; Kupfer et al. 1994; Kupfer et al. 1991), the organization

of these receptors relative to microclusters of TCRs or to the synaptic space has not

been resolved. However, it is clear that regions of CTL granule release do not

overlap with regions of TCR accumulation (Stinchcombe et al. 2001), suggesting

that the TCR in the most tightly apposed regions of membrane are distinct from

synaptic clefts.

3.4 Aggregation and Segregation of Transmembrane
Receptors and Lipids

A final pattern that is established in all immunological synapses is the aggregation

of receptor complexes and lipid domains (Fig. 1d). Based on observations of

topology by TEM, there are likely two scales of clusters and at least two methods

of cluster coalescence. Small, initial “micro” clusters likely provide for the forma-

tion of higher-ordering signaling arrays or “signalosomes.” Clusters of TCRs likely

provide a high avidity lattice to capture pMHC complexes on the outside of cells

and trap signaling intermediates in their active state on the inside of the membrane.

Consistent with this, it has been observed that early microclusters of TCRs are in

fact highly enriched for tyrosine-phosphorylation (Varma et al. 2006; Mossman

et al. 2005). At the far edges of the synapse, continuous membrane extension and

retraction are commonly observed and, at the B–DC synapse, have been observed to

be involved in accumulating new ligands for the BCR (Batista et al. 2001).
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Distinct from these initial clusters are the centralized clusters, which are most

likely, associated with internalization of receptor-complexes (Varma et al. 2006;

Mossman et al. 2005). It remains unknown at this point whether coalescence into

these larger domains is fundamentally required for internalization of the TCRs or

simply occurs most efficiently there. Notably, other participants in signaling inter-

mediates such as CD4 (Krummel et al. 2000) and CD28 (Yokosuka et al. 2008)

border centralized TCRs but are not included in the central “cSMAC” (CD4) or

segregated from TCR clusters in cSMAC (CD28), consistent with this being an area

of less-intense or extinguished signaling.

An unresolved question in the field is the way in which these larger clusters

form. As shown for T cells interacting with membranes with reduced lateral protein

mobility, it is likely that the formation of these large clusters hastens termination of

signaling (Mossman et al. 2005).To this end; the dynamics of coalescence of

clusters may involve multiple mechanisms. On the one hand, flat lipid bilayers

demonstrate that TCRs can move laterally along the membrane and in a centripetal

manner (Varma et al. 2006; Mossman et al. 2005; Yokosuka et al. 2005). In

contrast, cluster coalescence in T cell–B cell or NK–APC contacts present a

much less concerted effect, although a centralized cSMAC is typically still formed

(Krummel et al. 2000; Oddos et al. 2008).

One intriguing possibility, in the confines of a cell–cell interaction, is that

multiple mechanisms may act to give the final aggregated structure. While, mem-

brane movement and coalescence of micro clusters in the membrane may drive

cluster aggregation within a give domain (Fig. 1d, middle panel), the joining of

individual membrane–membrane contacts may also be necessary to reorganize

contacts in a full synaptic membrane architecture (“zippering,” Fig. 1d, lower
panel).

Regardless, if signaling is amplified by the formation of initial clusters (Varma

et al. 2006) but attenuated (Mossman et al. 2005), or, in other circumstances

amplified (Cemerski et al. 2008) by cluster coalescence, the fact that membrane

proteins move and membranes remodel provides the scaffold upon which the

kinetics of signaling and direct sensing of peptide complexes is regulated. This

pattern of clustering of receptors at interfaces is in fact conserved across all types of

contacts observed between immune cells, and indeed in most cell–cell signaling

contexts generally.

4 Four Fundamental Immunological Synapse Patterns

Are Observed in the Interactions of Activating T Cells

with One Another

So far, we have described immune synapses formed between two cells in which the

raison d’etre of the synapse is most associated with priming or cytotoxicity in a

specialized cell type (e.g., T cell, B cell, NK cell) by an APC or the functional
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equivalent. In fact, APC-mediated information transfer plays a central role in the

mobilization of multiple arms of immune responses. Thus, it is not surprising that

people have primarily focused on the communication between various types of

immune cells and APCs. However, immune cell interactions in vivo occur in

complex microenvironments where multiple cells dynamically migrate and interact

on complicated networks of cells or extracellular matrixes (Bajenoff et al. 2006;

Lindquist et al. 2004). It seems necessary, then, to begin to consider more complex

multicellular interactions in order to fully understand how the immune system

works. In this regard, direct observation of dynamics of immune cells under various

immunological settings has been instrumental in revealing various modes of

immune cell interactions that have not been fully appreciated before (Cahalan

and Parker 2008; Germain et al. 2006).

Among activating T cells, our group and many others (Bajenoff et al. 2006;

Sabatos et al. 2008; Hommel and Kyewski 2003; Ingulli et al. 1997; Miller et al.

2004; Bousso and Robey 2003; Tang et al. 2006; Garcia et al. 2007) have observed

homotypic interactions (clusters) in antigen-specific T cells during priming in

lymph nodes. Previously, homotypic clusters of T cells had been extensively

observed as features of T-cell activation during in vitro culture assay, and indeed

were shown to be physiologically mediated by LFA-1 (Rothlein et al. 1986;

Rothlein and Springer 1986; van Kooyk et al. 1989). When observing these T-

cell clusters by real-time methods in vitro and in vivo, not only were these clusters

facilitated by integrin-based adhesion, but interactions in the clusters were

dynamic, like those of initially contacting T–APC couples, with individual cells

entering or leaving contacts with dwell times varying from minutes to hours

(Sabatos et al. 2008). This provided evidence for the application of Pattern 1, in

which individual T cells may visit one another for directed information exchange.

As to other comparisons with the exact topological organization of the T–APC IS, it

remains unclear at present whether LFA-1 alone is responsible for the contacts or

whether other adhesion receptors may contribute and, indeed, dominate in the later

phase. On the whole, it is also unclear at present how specificity is maintained

beyond the combined effects of affinity upregulation of LFA-1 (Dustin et al. 1997)

and increased expression of intercellular adhesion molecule-1 (ICAM-1) (Tohma

et al. 1992) induced by TCR signaling. Nonetheless, the transient stability pattern

appears to provide specificity, as unactivated T cells did not participate in these

multicellular clusters and had short interaction times (typically less than 1 min)

during encounters in vivo (Sabatos et al. 2008).

APCs are not strictly necessary for the transient nucleation of T-cell clusters; T

cells stimulated by anti-CD3/CD28 or phorbol 12-myristate 13-acetate (PMA)/

ionomycin formed similarly arrayed and dynamic multicellular clusters. This was

apparently borne out by observations of T–T contacts distal to DC cell bodies,

giving rise to the model for these interactions shown in Fig. 2. However, given the

density of the DC network in lymph nodes (Lindquist et al. 2004), it is impossible to

say with certainty that DC contacts were not occurring.

In addition to “transient stability” (Pattern 1), further characterization of cell–

cell interfaces in the T-cell aggregates revealed that this emerging cell–cell contact
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region matches each of the other communication patterns described in Chap. 3.

This includes the observation that secretory vesicles of T cells are frequently

polarized toward neighboring T cells, indicating directed secretion of soluble

factors between two adjacent T cells (Pattern 2). More in-depth assessment of

cell polarity demonstrated pronounced polarization of pericentrin, an MTOC asso-

ciated protein, toward adjacent activating T cells. We have also been able to detect

this polarized pericentrin localization in T cells activating directly in the lymph

node (Fig. 3) although we’ve only isolated these with low frequency due to

Fig. 2 A model of homotypic

cluster formation of

activating T cells during

in vivo priming. Naı̈ve T cells

are activated by antigen

presenting dendritic cells

after several hours of stable

interactions. Then, they

regain motility, but swarm

around their priming sites

rather than migrate away.

During this dynamic

swarming phase, they form

dynamic homotypic clusters

Fig. 3 MTOC polarization toward T-cell synapse in vivo. Green: OT-II T cell, red: pericentrin.
CFSE-labeled OT-II T cells were injected to C57BL/6 mice, and subsequently immunized with

ovalbumin protein emulsified in complete Freund’s adjuvalent. Draining lymph nodes were

isolated 20 h after immunization, embedded in optimal cutting temperature compound, and frozen

under liquid nitrogen. The frozen lymph nodes were sectioned by a cryostat with 80 mm thick and

pericentrin was stained fluorophore-conjugated antibodies. Images of pericentrin-stained lymph

node sections were acquired using confocal microscope and processed by Imaris
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technical limitations of tissue section staining. Along with secretory vesicle polari-

zation shown by TEM, this indicates directional secretion of soluble factors from

one cell to another cell through the synaptic space. Extending this to specific

cytokines, we demonstrated that polarized vesicles near T–T interfaces contained

interlukin-2, a cytokine produced by T cells during the early phase of activation and

plays a critical role in T-cell activation, proliferation, differentiation, survival, and

even apoptosis (Gaffen and Liu 2004; Kim et al. 2006).

Membrane ultrastructures of interfaces formed between activating T cells ana-

lyzed by TEM also exhibited canonical synaptic structure (Pattern 3); tight mem-

brane apposition of two adjacent T cells with multiple clefts, similar to the

multifocal synapse structure formed between naı̈ve CD4+ T cells and dendritic

cells (Brossard et al. 2005) and that between CTL and targets (Stinchcombe et al.

2001) or NK and their APC (McCann et al. 2003) (Fig. 4). Also, we were able to use

“catch” reagents to localize the sites of uptake of T cell secreted IL-2. This

demonstrated that IL-2 was indeed directed across and accumulated in these

synaptic gaps in the catch assay. Notably, directional secretion of IL-2 is beneficial

for T cells in the clusters in IL-2 reception compared with isolated T cells, due to the

higher local IL-2 concentration at the synaptic junction – both in terms of the

amount of IL-2 accumulated and in terms of the “focusing” of the cytokine into

apparent “patches” within the cell–cell contact.

Finally, consistent with the application of Pattern 4, we demonstrated the

formation of signaling complexes of IL-2 receptors at the T–T synapses; Intracel-

lular pools of IL-2, IL-2 receptors (IL-2Rs), and signaling components of IL-2R

accumulated near the interfaces formed between activating T cells.

Additionally, the synaptic structure appears to alter signaling in a fundamental

way for IL-2 signaling. IL-2 binding to IL-2R induces phosphorylation of STAT-5

by Janus kinase 1 (JAK1) and JAK3 which are associated with b and g subunits of

IL-2 receptor, respectively (Lin and Leonard 2000). Phosphorylated STAT-5

(pSTAT-5) is known to dimerize and subsequently translocate to the nucleus for

the transcription of target genes. We fluorescently stained pSTAT-5 to measure the

Fig. 4 Ultrastructure of T–T synapses. BALB/c wild type T cells were stimulated by PMA/

ionomycin for 18 h, and their clusters were analyzed by transmission electron microscopy

Immunological Synapses Within Context: Patterns of Cell–Cell Communication 37



strength of IL-2 signaling, and substantial amounts of T cells in the clusters

exhibited higher pSTAT-5 staining than isolated T cells, indicating enhanced

IL-2 signaling in the T-cell clusters. Interestingly, pSTAT-5 localized near inter-

faces of cell–cell contact as well as nuclei, and staining of pSTAT-5 near synaptic

junctions revealed bright puncta. When overlaid with intracellular pools of IL-2 by

dual staining, the majority of pSTAT-5 puncta were either co-localized or adjacent

to IL-2 staining of neighboring cells, suggesting that pSTAT-5 accumulation near

synaptic region was a result of directional IL-2 secretion. This observation agrees

well with the finding that IL-2 signaling during anti-viral CD4+ priming was mostly

paracrine, not autocrine (Long and Adler 2006), and indeed synaptic spaces formed

between activated T cells may be the place where IL-2 paracrine delivery occurs.

Together, this provides a newly discovered application of the synapse patterns in

activating T cells, following TCR stimulation. Unlike the more prototypical

(T-APC, B-DC, NK-Target) examples involved in the initial priming of the cells

by antigen–receptor ligand bearing cells, it suggests a specialized platform for

cytokine mediated interactions.

5 Signaling Implication of T–T contacts for IL-2 Receptor

Structure and Function

What does the discovery of “synaptic T–T IL-2 signaling” in particular contribute

to our understanding of this cytokine and its function? It is clear from multiple

studies that IL-2 can be added “in solution” and will function this way (Laurence

et al. 2007; Liao et al. 2008), suggesting that it is not technically necessary that the

secretion starts out being directional. Then, is it possible that there are major

differences between cytokine signaling via synaptic junction and cytokine signaling

by the binding of cytokines from the bulk? It is straightforward to imagine the

enhancement of cytokine signaling via directed secretion of cytokines and polari-

zation of cytokine receptors to the synaptic region by increasing local concentration

of cytokines. In fact, that was the case when the local cytokine level was measured

by cell-based IL-2 capture assay, and cytokine signaling strength was measured by

the level of phosphorylation of STAT-5 (Sabatos et al. 2008). Also, through

synaptic secretion and uptake, the majority of cytokines secreted by one cell

would be captured by the other cell and little cytokine would be released outside

of the synaptic space, resulting in increased specificity/efficiency on a per-molecule

basis. However, the functional significance of this array may extend beyond this

simple “efficiency” aspect and is indicated, as discussed in the observation of

phosphorylated STAT-5 on the membrane in addition to within the nucleus, the

latter being the prevailing result from experiments using soluble cytokines. To

understand this, it is necessary to review the known mechanisms of IL-2 receptor

signaling.
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IL-2 receptor is composed of three distinct polypeptide chain subunits; IL-2Ra
(CD25), IL-2Rb (CD122, also IL-15Rb), and common gc (CD132, also a signal-

ing receptor of many other cytokines such as IL-4, IL-7, IL-9, IL-15, and IL-27)

(Waldmann 2006). Combinations of three subunits constitute receptors with three

different affinities; low affinity receptor IL-2Ra (Kd ~ 10 nM), intermediate

affinity heterodimeric receptor IL-2Rbgc (Kd ~ 1 nM), and high affinity hetero-

trimeric receptor IL-2Rabgc (Kd ~ 10 pM) (Gaffen and Liu 2004; Kim et al.

2006). IL-2Ra is significantly upregulated upon activation, to at least an order of

magnitude higher than the expression level of IL-2Rbgc (Robb et al. 1987), and

has very short cytoplasmic domain. Thus, it is suggested that the main role of IL-

2Ra is to enhance cytokine binding by forming high affinity heterotrimeric

receptors with IL-2Rbgc, or by first capturing IL-2 from the extracellular envi-

ronment, due to its high abundance and fast on-rate, and subsequently forming a

heterotrimeric receptor with IL-2Rbgc (Stauber et al. 2006; Wang et al. 2005).

IL-2Rb and gc are members of type I cytokine receptor super family and play a

central role in IL-2 signaling (Gaffen 2001). Cytokine binding to IL-2Rbgc
triggers phosphorylation of the receptor and JAK1 and JAK3, which are asso-

ciated with the cytoplasmic tails of IL-2Rb and gc, respectively. Phosphorylation
of the receptor induces the association of STAT-5, a key transcription factor of

IL-2 signaling, with the phosphorylated receptor and subsequent phosphorylation

of STAT-5. Then, pSTAT-5 dissociates from the receptor, dimerizes, and trans-

locates to the nucleus to activate multiple genes. At T–T junctions, when the

three polypeptide chains of IL-2 receptors were stained, distinct patterns of

receptor distribution were observed; IL-2Ra distribution was mostly uniform,

while substantial local enrichment of gc in synaptic regions was frequently

observed. (IL-2Rb staining was too dim to be detected.) This, a priori, suggests

a variable stoichiometry of the three-chains across the cell–cell interface; as

mentioned above, expression level of IL-2Ra is at least ten-fold higher than

that of IL-2Rbgc.
Under what conditions of receptor–ligand occupancy might this result be

explained? It could just reflect the local accumulation of trimeric IL-2R near

synaptic interfaces and enhanced paracrine signaling of IL-2 as a result (upper

panel of Fig. 5). However, one interesting possibility is that IL-2 captured by one T

cell’s IL-2Ra may interact with IL-2Rbgc of another T cell through a T–T synapse

(middle panel of Fig. 5). This type of cytokine transpresentation has been well

documented for IL-15, a cytokine with significant similarities to IL-2; IL-15 bound

to the IL-15Ra (Kd ~ 10 pM) of monocytes or dendritic cells can trigger signaling

to NK cells or CD8+ memory T cells, which constitutively express IL-15Rbgc
(Dubois et al. 2002). Given the structural similarity of IL-2Ra and IL-15Ra, IL-
2Ra also can present receptor-bound IL-2 to neighboring cells (Chirifu et al. 2007).

Indeed there is evidence that IL-2 transpresentation occurs between IL-2Ra expres-

sing cells and IL-2Rbgc expressing cells (Eicher and Waldmann 1998). Since the

binding affinity of IL-2 for IL-2Ra is about 1,000-fold lower than the binding

affinity of IL-15 for IL-15Ra, IL-2 transpresentation might require specialized

synaptic junctions such as T–T synapses.
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IL-2 bound to IL-2Rabgc was shown to be subsequently internalized and

degraded with IL-2Rbgc, while IL-2Ra is dissociated from quaternary complexes

in endosomes and recycled to cell surfaces (Hemar et al. 1995). If an IL-2 molecule

bound to IL-2Ra of one cell can interact with IL-2Rbgc on the other cell, the

duration of IL-2 signaling by the IL-2Rbgc expressing cell might be substantially

extended by the suppression of receptor internalization and degradation. Therefore,

local accumulation of pSTAT-5 near the synaptic junction may be an evidence of

extended duration of IL-2 signaling by transpresentation of IL-2.

Additionally, IL-2 transpresentation may be beneficial to “less”-activated T cells

with lower IL-2Ra expression than adjacent “more”-activated T cells that can

transpresent IL-2. In this way, successfully activated T cells may assist new clones

which arrive at the priming site later, or have weaker TCR affinity, or are specific to

less abundant foreign antigens. As a result, diversity of TCR repertoire against

foreign pathogens can be increased and immune evasion by mutation or antigen

presentation disruption can be minimized.

Transpresentation of IL-2 may not be necessary for cooperation among activat-

ing T cells, though. Directionally secreted IL-2 to synaptic spaces could directly

Fig. 5 Three potential configurations of IL-2/IL-2R binding at T–T synaptic junction. IL-2 direc-

tionally secreted to the synapses formed between activating T cells can be bound to the hetero-

trimeric receptor IL-2Rabgc (upper), or be bound first by IL-2Ra of one T cell and subsequently

presented to the other T cell (middle), or be bound to the heterodimeric receptor IL-2Rbgc and

trigger receptor signaling in the absence of IL-2Ra (lower)
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bind intermediate affinity receptor IL-2Rbgc and signal through IL-2Rbgc without
binding IL-2Ra (lower panel of Fig. 5). Again, this is beneficial for T cells with low

expression levels of IL-2Ra. It is important to note that under model antigen

ovalbumin immunization, the activating clusters of T cells were mostly composed

of antigen specific transgenic T cells and participation of wild type T cells in the

clusters was minimal. This indicates that T-cell synapses would not assist activation

of antigen non-specific T cells (Sabatos et al. 2008).

Finally, we note that many receptor–ligand pairs are engaged at the synaptic

junction formed between activating T cells. One example is the interaction of LFA-1

with ICAM-1 and ICAM-2, which plays a critical role in the formation and mainte-

nance of the synapse, but may also trigger some signaling to T cells. It is possible

that T–T synapses may mediate crosstalk between IL-2R signaling and other

receptor signaling pathways by promoting various receptor–ligand interactions.

6 Additional Roles of T–T Synaptic Contact

In the previous chapters, we described a novel immune synapse formed between

activating CD4+ T cells, mostly at the molecular and cellular levels. In this chapter,

we will discuss further the potential roles of T–T synapses in modulating immune

responses under various physiological circumstances. Also, we will extend the

discussion of T–T synapses from homotypic clusters of activating CD4+ T cells

to multicellular clusters composed of multiple subsets of T cells.

6.1 Physiological Circumstances of T-Cell Cluster Formation
and Its Role in Secondary Responses

Only tiny fractions of T cells recognize antigens from a specific pathogen. There-

fore, if all the T cells in the lymph node are randomly migrating in search of

antigens, the possibility of multiple activating T cells intermingling within the same

lymph node would be extremely low. However, it has been recently shown that in

inflamed lymph nodes, when T cells (either CD4+ or CD8+) recognize DCs

presenting their target antigens, both T cells and DCs secrete chemokiness CCL3

and CCL4 to recruit CCR5 expressing T cells (Castellino et al. 2006; Hugues et al.

2007). This chemokine driven migration of activating T cells might enable multi-

cellular cluster formation of activating T cells, even low physiological precursor

frequencies.

CCL3/CCL4 secreted by activating T cells can recruit both CD4+ and CD8+ T

cells. Thus, activating CD4+ T cells and CD8+ T cells may intermingle via synaptic

interactions. Synaptic delivery of IL-2 during priming of CD8+ T cells could drive

then IL-2 paracrine signaling critical for the expansion of CD8+ memory T cell

upon secondary challenge (Williams et al. 2006).
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Increases in precursor frequencies would also increase the probability of synaptic

T–T interactions; memory responses and alloreactive T-cell activation leading

to transplantation rejection are two examples of physiological high precursor fre-

quencies. In fact, substantial clustering of memory T cells in lymph nodes was

observed during the secondary challenge of lymphocytic choriomeningitis virus

(R.S. Friedman, J. Hu, M.F.K., and M. Mattloubian). The clusters we observed

may ultimately play a more prominent role once precursor levels are higher or in

response to pathogens that stimulate a large fraction of T cells in the primary

activation.

6.2 “Quorum Sensing” by the Immune System for Activation
and Differentiation of the Effectors

Can information sharing across a synaptic junction confer the capacity for quorum

decision making in populations of T cells, such that the response ultimately focuses

on the correct response? Even under identical stimulation conditions, cytokine

secretion profiles at the single cell level are quite diverse, and typically only a

subpopulation of T cells produces certain cytokines. A detailed mechanism or exact

reason for this heterogeneity is not clear yet, but the heterogeneity of activating T

cells may require their cooperation for optimal activation and differentiation by

sharing resources. IL-2 is indeed a critical factor for survival, proliferation, and

differentiation of T cells, whose mRNA transcription occurs in only subpopulation

of activating T cells (Saparov et al. 1999). If collaboration is necessary, there might

be a “critical number” of T cells for full activation and differentiation, something

akin to bacterial “quorum sensing.” There are evidences that increases in precursor

frequencies may inhibit full activation and differentiation of T cells due to the

internal competition among T cells for the acquisition of limited amount of

resources in vivo (Bar et al. 2008; Hataye et al. 2006). These results appear to

contradict our “quorum sensing” hypothesis, but it can be reconciled if there are

“optimal” ranges of initial precursor frequencies – below which T cells are poorly

activated due to lack of cooperation, and above which T cells are poorly activated

due to internal competition. Alternatively, clonal competition may occur among

identical clones or clones specific against identical epitopes, while cooperativity

among T cells may take place among activating T cells specific for different

epitopes from identical pathogens.

6.3 Polarization of Helper T-Cell Differentiation
via Synaptic Cytokine Sharing

CD4+ helper T cells differentiate into various subsets of effectors depending on the

cytokine milieu they are exposed to for the effective clearance of diverse pathogens
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(Constant and Bottomly 1997; Bettelli et al. 2008). Key cytokines for Th differen-

tiation and their genetic regulation have been extensively studied, but how those

cytokines coordinate the differentiation of T cells in vivo has still remained elusive.

We propose that immune synapses formed between T cells serve as platforms to

spread differentiated phenotypes of effector T cells by directional secretion of key

cytokines. It has been shown that some cytokines critical for Th skewing such as IL-

2, gIFN, and IL-10 are directionally secreted (Huse et al. 2006), and some of their

receptors are also polarized toward the immune synapses (Maldonado et al. 2004),

suggesting that synaptic secretion of those cytokines via T–T synapse may happen,

and indeed may play a critical role in the propagation of phenotypes of already

polarized T cells participating in the synapses. However, IL-4, a critical cytokine

for Th2 differentiation and also for differentiation of T cells to a newly discovered

IL-9- and IL-10-producing subset (Dardalhon et al. 2008; Veldhoen et al. 2008), is

secreted multidirectionally. Additionally, many pro- and anti-inflammatory cyto-

kines critical for Th differentiation and reprogramming at the periphery are not, or

may not be delivered directionally. Therefore, it is likely that combinations of

synaptic and non-synaptic secretion of cytokines would guide proper differentiation

of activating and activated T cells depending on the circumstances.

6.4 T–T Interactions during the Cessation of the Immune
Response: The Facilitation of Fas/TNF Interactions
Leading to Apoptosis?

Immune synapses formed, even transiently, between T cells may also down-modu-

late the response by facilitating engagements of TNF-receptor family members,

inducing apoptosis to each other. It is well-established that cell–cell contacts by

activating T cells can lead to activation-induced cell death (AICD) (Lenardo 1991),

frequently via Fas/FasL or TNF receptor engagements (Sytwu et al. 1996). It is thus

tempting to speculate that the pattern we have observed for T–T engagements both

in vitro and in vivo will play regulatory roles in permitting or facilitating the down

regulation of the response by this mechanism. To this end, it is worth noting that

synaptic contacts have been shown to recruit other TNF-family-member transmem-

brane proteins to the T–APC synapse (Boisvert et al. 2004).

6.5 Treg Exclusion in T–T Contacts

It was recently reported that regulatory T cells take up IL-2 more rapidly than

activating T cells even though their IL-2Ra expression levels are comparable

(Pandiyan et al. 2007). Since IL-2 is a critical survival factor for activating T

cells, IL-2 deprivation in activating CD4+ T cells due to rapid IL-2 uptake by
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adjacent Treg may cause the death of activating T cells. Synaptic secretion of IL-

2 among activating CD4+ T cells may be important in situations where activating T

cells and regulatory T cells compete for limited amount of IL-2 (Fig. 6). If

combined with the recently reported negative feedback regulation of IL-2 secretion

(Villarino et al. 2007), synaptic secretion of IL-2 in multicellular clusters of

activating T cells may allow for optimal secretion of IL-2 “just enough” for T

cells in the clusters, so that IL-2 uptake/signaling by neighboring Treg may be

minimal. According to our observation, regulatory T cells make only transient

contact with CD4+ T cells during priming in lymph nodes, indicating that regu-

latory T cells will not take part in multicellular clusters of activating T cells (Tang

et al. 2006).

7 Creating System-Wide Decisions Through Collective

and Spatiotemporal Information Sharing

It should be clear from the discussion of the application of synapse patterns at T–T

junctions that such contacts are not neutral for the functioning of the immune

response. In the case of the T–T junction, we have discussed numerous implications

Fig. 6 Effect of synaptic secretion of IL-2 on IL-2 dependent survival of activating T cells. If IL-

2 is secreted via synaptic interface, it will be successfully transferred to the neighboring activating

T cells (left). In contrast, if IL-2 is secreted in non-synaptic manner, most of IL-2 secreted to the

bulk will be taken up by adjacent Tregs, and neighboring T cells may undergo apoptosis due to the

starvation of IL-2 (right)
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of the pattern for the outcome of the T-cell response. These can be summarized by the

following criteria that would seem critical for the integrity of the immune system.

7.1 Cell-Based Vectorial Spreading of Information

High motility between contact formations allows the immune system to use indi-

vidual immune cells as “vectors” to carry information from one contact to another.

Modifications to the cells’ signaling potential from one contact is thus purveyed,

possibly over a great distance, and transmitted as a secretory or transmembrane

signal, at the next.

7.2 Selection of a System of Appropriate Cell Types

Implicit in Pattern 2 is the idea that a given cell may choose to secrete only into a

single cell at any one time. This also implies that it is capable of choosing the “type”

of cell (APC, T, NK, Macrophage, etc.) into which it will secrete. Thus, a wide

variety of synapse opportunities permits the activated cell to discriminate and

activate specific cell types.

7.3 A Very Steep Gradient of Cues at Each Encounter Point

Pattern 3 dictates a very steep gradient of the most important cues surrounding

activated cells. While some secreted molecules might “spill” from the synaptic

space, the concentration would be dramatically higher in the inter-cellular clefts. In

this light it is interesting that chemokines, which attract cells to a region, appear not

to follow Pattern 2 (i.e., may be non-directionally secreted). However, the ultimate

ability of each attracted cell to reap signaling benefits from following a chemokine

cue is still maintained, possibly by selection for the dwell-time in contacts once

contact is achieved. By analogy to the single Herald of Aristotle, it is as if non-

citizens (cells) can still hear the herald but only citizens have the right to vote (to

make a substantial synapse bearing the features of Patterns 2–4).

7.4 Repeated Selection for Specificity and Mutual Enhancement

Since each T, NK, or B cell that moves and re-engages has already been selected for

its recognition of foreign antigen, it transmits to each APC or target a signal that

corresponds to the strength of the signal. Thus, T cells are not only first activated

based on their ability to recognize the pMHC complex alongside the arsenal of
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costimulatory signals that a local APC may provide – it also carries along the ability

to retransmit the degree of stimulation to APCs based on their ability to interact. In

the case of secondary T–APC contacts, this may again rely on the presence of

pMHC complexes on the second APC to influence the synapse duration and

therefore the accumulation of focal signaling clusters (Pattern 4). In the case of

T–T contacts, more primordial “activation” may serve as the basis of mutual

adhesion and lead to specific transmission of information to cells bearing appropri-

ate cell-surface signatures. This permits enhancement of the response over a period

of time while selecting against cells whose specificity for the insult is not as

significant.

8 Concluding Remarks

Two final notes bear stating. Firstly, these patterns are malleable with regard to

microenvironment. Some parts of the patterns may be inhibited by prevailing

conditions – for example the tumor microenvironment could allow contact surfaces

while preventing polarization of secretion (Allows patterns 1, 3, and 4 while

inhibiting 2). Secondly, to understand the building blocks and their implications

is to be able to consider therapeutics. It may be that successful particle-based

therapeutics may be designed to “seed” synapses of various kinds and for various

stages of cell activation.

Therefore, it is the quality of these interactions that actually defines the efficacy

of the system as a whole. In the case of human beings, the quality of interactions

defines the growth and prosperity of the human community; destructive interactions

lead to erosion of structure and the social fabric whereas positive interactions lead

to cooperative growth and prosperity. In the case of the immune system, the quality

of cell–cell interactions defines the successful survival of the larger organism in a

world crowded with parasites and pathogens.
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Abstract The recent development and application of sophisticated technology in

the study of the initial stages of the B-cell immune response has lead to a tremen-

dous revolution in the field. The use of real-time confocal microscopy, total

interference reflection fluorescence (TIRF) microscopy and in vitro models has

revealed the molecular details of the antigen recognition process by B cells.

Moreover, experimental models that allow tracking of antigen in vivo in concert

with multiphoton microscopy have provided critical information as to the how,

where, and when naı̈ve B cells encounter antigen in vivo. This review focuses on

the latest data regarding the early phase of the humoral immune response at

molecular and cellular levels.

Y.R. Carrasco

Department of Immunology and Oncology, National Centre of Biotechnology/CSIC, Darwin 3,

UAM-Campus de Cantoblanco Madrid E-28049, Spain

e-mail: ycarrasco@cnb.csic.es

T. Saito and F.D. Batista (eds.), Immunological Synapse,
Current Topics in Microbiology and Immunology 340,

DOI 10.1007/978-3-642-03858-7_3, # Springer-Verlag Berlin Heidelberg 2010

51



1 Introduction

B cells are essential effectors of the adaptive immune response to pathogens. They

are responsible for pathogen neutralization and clearance by the production of

antigen-specific antibodies. The prompt onset of the humoral immune response is

thus crucial in the fight against invaders. This process depends mainly on the ability

of naı̈ve B cells to hunt for antigen in secondary lymphoid organs (SLO). The

capacity of the B cell to recognize antigen in its native conformation through the

B-cell receptor (BCR) confers an important advantage that accelerates this process.

A large proportion of antigen encounters in vivo responsible for eliciting the

B-cell immune response are in a membrane-bound form. Antigen recognition on a

target membrane leads to the establishment of a stable long-lasting interaction

between the B cell and the antigen-presenting cell (APC), known as Immunological

Synapse (IS) (Batista et al. 2001; Carrasco et al. 2004). The IS was initially

described on T cells (Grakoui et al. 1999; Monks et al. 1998) and later also on

natural killer (NK) cells (Davis et al. 1999). Its main feature is the molecular

rearrangement of ligand/receptors in distinct domains named as supramolecular

activation clusters (SMACs) at the contact zone. In particular, the “mature IS”

presents a central cluster of antigen receptor (central SMAC, cSMAC), BCR/

antigen in the case of B cells, surrounded by a peripheral ring of the adhesion

molecules LFA-1/ICAM-1 (peripheral SMAC, pSMAC) (Carrasco et al. 2004). In

vitro studies point to the critical role of IS formation for B-cell activation (Carrasco

et al. 2004; Fleire et al. 2006); latest results suggest the in vivo existence of this

supramolecular structure (Carrasco and Batista 2007). The actual role of the IS is

highly debated; initially envisaged as the platform for intracellular BCR signalling,

nowadays it is viewed as the stand for efficient BCR-mediated antigen internaliza-

tion that leads to optimal B-cell activation through the recruitment of T-cell help.

The presence and potential roles of the “B cell IS” have been extensively dis-

cussed previously (Batista et al. 2007; Carrasco and Batista 2006a; Harwood and

Batista 2008). Hence, in the current chapter, I will focus on very recent data

concerning the molecular dynamics of the antigen recognition process and IS forma-

tion by B cells. In addition, I will discuss latest findings that have provided insights

into the strategy of naı̈ve B cells for maximizing the efficiency of antigen searching

in vivo. I will also comment on novel data derived from imaging studies performed at

the very early stages of naı̈ve B-cell antigen recognition and activation in vivo.

2 Molecular Dynamics of B-Cell Antigen Recognition

and IS Formation

2.1 A Two-Phase Response Leads to B-Cell Synapse Formation

The recognition of membrane-bound antigen through the BCR triggers a two-phase

cellular response (Fleire et al. 2006) (Fig. 1). First the B cell spreads over the
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surface of the antigen-presenting membrane, reaching a maximum around the 5 first

minutes of contact, and gathers antigen into small clusters via BCR interaction.

Then, a longer contraction phase follows which drives the collection of BCR/

antigen microclusters at the centre of the cell-to-cell contact site. This spreading-

contraction response ends with the formation of the IS (Fig. 1).

The two-phase response shapes the B-cell activation process by promoting a

maximum efficiency in antigen gathering and accumulation (Fleire et al. 2006). The

spreading facilitates BCR-signalling dissemination, therefore B-cell activation, and

allows affinity discrimination of antigens (Fleire et al. 2006). The abundance of

antigen and the affinity of the BCR for it are master regulators of the spreading-

contraction response. High affinity and/or density of antigen promote maximum

membrane spreading and, thereby, the accumulation of increased amounts of

antigen at the cSMAC. In addition, it requires both the initiation of BCR-mediated

signalling and the reorganization of the B-cell cytoskeleton. In this regard, the

tyrosine kinases Lyn and Syk, and the signalling molecules PLCg2 and Vav

Fig. 1 A spreading-contraction response drives Immunological Synapse (IS) formation. The

cartoon summarizes the two-phase response triggered after BCR-engagement. The encounter

of membrane-tethered antigen on the surface of the APC activates BCR-signalling and, therefore,

B-cell spreading (phase 1). During this phase the B cell maximizes antigen gathering by increasing

the contact surface with the APC. BCR/antigen microclusters are also formed, core of the

microsignalosomes assembly. In the phase 2 the B-cell contracts, concentrates the antigen at the

centre of the B cell–APC contact, internalizes it, and establishes the IS
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(GEF for Rho GTPases) have been proved to be key for B-cell spreading (Weber

et al. 2008). The small GTPase Rac2 and Rap GTPases also control the dramatic

morphological changes and cytoskeletal reorganization required for this cellular

response (Arana et al. 2008; Lin et al. 2008).

The B-cell IS presents the two main features of the mature IS, initially described

on T cells (Grakoui et al. 1999; Monks et al. 1998), a cSMAC of BCR/antigen

surrounded by a pSMAC of the adhesion molecules LFA-1/ICAM-1 (Carrasco et al.

2004). In addition, B cells can also recruit the VLA-4/VCAM-1 pair of adhesion

molecules to the mature IS (Carrasco and Batista 2006b). This complex molecular

segregation of receptors implies severe cytoskeletal rearrangements on the B cells;

F-actin polarizes towards the IS and forms a ring where the integrins anchored to

establish the pSMAC. It has been shown that the members of the Vav family of

proteins Vav1 and Vav2, and the GTPases Rac2, but not Rac1 and Rap1 are key

players in the assembly of the F-actin platform at the B-cell IS (Arana et al. 2008;

Lin et al. 2008). The cSMAC lacks F-actin, but it has been suggested an important

role for microtubules in the active vesicle trafficking that takes place at this SMAC

at least on T cells (Serrador et al. 2004; Stinchcombe et al. 2006).

But, what is the role of the IS? In vitro studies showed that IS formation allows

B-cell triggering under antigen-limiting conditions (low density/low affinity), is

important for affinity discrimination by B cells, and finally permits more efficient

B-cell antigen acquisition, essential for later recruitment of T-cell help (Carrasco

et al. 2004; Fleire et al. 2006). This remarkable feature of the B-cell IS enhances

processing and presentation on major histocompatibility complex (MHC) to T cells

when antigen is limited. B cells, thus, are much more sensitive to antigen by

triggering IS formation. As I will discuss later, recent findings indicate the existence

of the B-cell IS in vivo (Carrasco and Batista 2007), what supports the relevance of

this molecular structure for B-cell activation also in vivo.

2.2 Microsignalosomes as the Basic Unit of Signalling in B Cells

Single-cell fluorescence imaging techniques allows the study of the molecular

dynamics of receptors and signalling cascades in their cellular context. This spa-

tially resolved biochemistry in real time offers new insights into the regulation and

function of ligand–receptor interactions and intracellular events. The recent appli-

cation of TIRF microscopy to the study of B cells let to visualize at high molecular

resolution the very early events of the antigen recognition process and BCR-

signalling (Depoil et al. 2008; Weber et al. 2008).

The data show that the engagement of membrane-tethered antigen drives the

formation of BCR microclusters containing IgM and IgD (Depoil et al. 2008)

(Fig. 1). These microclusters contain around a 100 BCRs, and lack the presence

of the inhibitory phosphatase CD45. The BCR-microclusters are hot spots of

signalling molecule recruitment, as they are enriched on tyrosine phosphorilated

proteins. Nevertheless, initial BCR clustering seems to be signalling independent
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and occurs by diffusion trapping (Depoil et al. 2008). A recent spatiotemporal

characterization of the early signalling events after BCR engagement shows the

sequential action of the tyrosin kinases Lyn and Syk on B-cell spreading, and the

recruitment of Syk to the BCR-microclusters (Weber et al. 2008). The signalling

molecules PLCg2 and Vav are also later recruited, and together with Btk and Blnk

play a key role in the dissemination of the intracellular signalling and in the

spreading cellular response, as previously mentioned (Weber et al. 2008). Still it

is necessary to define the molecular effectors and/or mechanisms that turn the

microcluster-signal in the cytoskeletal rearrangements that drive the B-cell

spreading-contraction response after antigen encounter.

Thus, the organization of immunoreceptors into microclusters is seen as “an

exquisite and flexible way to regulate their signalling activity” (reviewed in

(Harwood and Batista 2008)). Individual microclusters permit the dynamic recruit-

ment of other clusters containing positive or negative regulators that may modulate

the immunoreceptor signalling. Furthermore, being hot spots of signalling, the

microclusters have been re-named as “microsignalosomes” and are considered as

the basic unit of signalling in B cells, as also reported on T cells (Campi et al. 2005;

Varma et al. 2006; Yokosuka et al. 2005). All together, these recent findings point at

the concept of microsignalosomes as the common entity for signalling among

lymphocytes.

2.3 The Importance of the Context

The presentation of antigen on a cell membrane implies the presence of a molecular

context with the capacity to modulate the process of antigen recognition and

activation of B cells. Previous studies point to an important role of the “adhesive
context” on the B-cell response (Carrasco and Batista 2006b; Carrasco et al. 2004).

The adhesion molecules ICAM-1 and VCAM-1, ligands of the LFA-1 and VLA-4

integrins, respectively, are highly expressed on the surface of FDC, DC and

macrophages. These proteins promote the interaction of B cells with potential

antigen presenting cells (Koopman et al. 1991; Kushnir et al. 1998). Furthermore,

the recognition of antigen in their presence lowers the threshold for B-cell activa-

tion (Carrasco and Batista 2006b; Carrasco et al. 2004). This is mainly achieved by

promoting B-cell adhesion through LFA-1 and VLA-4 expressed on the B-cell

surface, in synergy with BCR antigen engagement. The increased adhesion enlarges

the contact area of the B cell with the APC and, thus, facilitates antigen engagement

and synapse formation. The signalling cascade initiated upon BCR engagement that

leads to integrin activation and adhesion involves src-family tyrosine kinases, Vav1

and Vav2, PLCg2, PI3K and the small GTPase Rac2, but not Rac1 (Arana et al.

2008; Spaargaren et al. 2003).

The presence of co-receptors and their ligands in the molecular context of antigen

recognition modulates also B-cell activation. A recent study of the very early events

of B-cell antigen recognition and activation demonstrate an unpredicted and critical

Molecular and Cellular Dynamics at the Early Stages of Antigen Encounter 55



role for the co-receptor CD19 in enhancing BCR signalling in response to

membrane-tethered antigen (Depoil et al. 2008). CD19 seems to act as a membrane

adaptor protein with the capacity of association with many signalling molecules

such as Vav, PI3K and the tyrosin kinase Lyn. The transient recruitment of CD19 to

BCR-antigen microclusters promotes signal amplification by bringing signalling

molecules to the contact surface; as a result, the number of microclusters increases

and, therefore, it promotes B-cell activation. Inhibitory co-receptors are also players

on this supramolecular organization. FcgRIIB is a potent negative regulator of

B-cell activation when it is colligated to the BCR through antigen-containing

immune complexes (Sohn et al. 2008). The authors suggest that this is achieved

through the destabilization of the BCR association with lipid rafts, therefore, the

impairment of early BCR-signalling and synapse formation (Sohn et al. 2008).

2.4 Antigen Presenting Cells

Different cell types present native antigen tethered on their surface to B cells. For

example, follicular dendritic cells (FDC) retain antigen in the form of immune

complex through Fc receptors and complement receptors on their surface and

present it to B cells (Haberman and Shlomchik 2003; Kosco-Vilbois 2003). Several

evidences show the capacity of Dendritic Cells (DC) to capture and retain native

antigen, transport it to SLO and present it to B cells (Balazs et al. 2002; Berney et al.

1999; Colino et al. 2002; Wykes et al. 1998). My very recent work and two other

groups have shown how SLO resident macrophages capture antigen arriving via the

lymph from peripheral tissues and present it to B cells in the primary follicle

(Carrasco and Batista 2007; Junt et al. 2007; Phan et al. 2007). So far, the molecular

mechanism or mechanisms by which DC and macrophages present intact antigen to

B cells are practically unknown.

Therefore, in vivo antigen presentation to B cells may take place by different

routes; possibly the use of one or another, or more than one, is going to be

determined by aspects such as the physical properties of the antigen itself, its

amount, as well as its entrance route into SLO. As it will be discussed in the next

section, recent reports address these questions in vivo. The set up of experimental

models to track antigen in vivo alongside the use of multiphoton microscopy have

shed light on this quite obscure topic.

3 Cellular Dynamics at the Onset of the B-Cell Response In Vivo

3.1 The Naı̈ve B-Cell Migration Pattern: Searching for Antigen

Naı̈ve B-cells survey for specific antigen the SLO, where pathogens and other

potential antigens are driven. The strategy of naı̈ve B cells to maximize the
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efficiency of this search is based on their continuous recirculation between spleen,

lymph nodes and other structures that form part of the secondary lymphoid tissue

network. Naı̈ve B cells enter lymph nodes from the blood through the high

endothelial venules (HEV), and migrate across the T-cell zone to localize in the

follicular area, where they can spend up to 24 h before exiting through the efferent

lymphatics, return to the blood, and repeat the same process (Cyster 2005; Okada

and Cyster 2006). This homeostatic migration of naı̈ve B cells is orchestrated by

members of the chemokine and chemokine receptor families, in particular

CXCL13/CXCR5, and by the lysophospholipid sphingosine-1-phosphate (S1P)

and its receptor S1P1.

Once naı̈ve B cells arrive in the follicular area, they move at an average speed of

6 mm/min, as observed by multiphoton microscopy studies (Miller et al. 2002;

Okada et al. 2005). Follicular B-cell basal motility depends on chemokine receptor

signalling (Han et al. 2005), probably on the CXCL13/CXCR5 pair. This dynamic

behaviour allows naı̈ve B cells to explore the entire follicular area, thus increasing

their chances to find specific antigen. The FDC network in the follicles serves as a

scaffold for follicular B-cell movement (Bajenoff et al. 2006). FDC are the main

CXCL13 producers in the lymphoid tissue (Cyster 2005), and express high levels of

Fc and complement receptors that they use to capture and display antigen to B cells

(Szakal et al. 1989; Tew et al. 1997). Naı̈ve B cells would thus encounter antigens

along the paths on which they move. The synergy between these two mechanisms,

the dynamic behaviour of naı̈ve B cells within follicles and antigen retention on the

substrate for B-cell movement, maximize the efficiency of the naı̈ve B cell search

for specific antigen.

After a period of random movement in the follicle, naı̈ve B cells return to

circulation to continue the search in other SLO. The egress of follicular B cells is

regulated by S1P/S1P1 (Matloubian et al. 2004). S1P is abundant in blood, in

contrast with its low levels in lymphoid tissue. It is suggested that the diminished

presence of this ligand in lymphoid tissue allows up-regulation of S1P1 receptor

levels at the cell membrane (Okada and Cyster 2006; Pham et al. 2008); as a

consequence, naı̈ve B cells would sense and respond to S1P, overcome retention

signals and exit the lymphoid tissue.

3.2 Early Steps in Antigen Recognition and Activation of Naı̈ve
B Cells

Naı̈ve B cells organize in follicular structures within the SLO. The follicle has long

been considered the main site for B-cell antigen encounter, with the FDC network

as the surface that displays antigen, in the form of immune complexes (Tew et al.

1997). Nonetheless, there was no bona fide evidence for the relevance of follicular

structures and the FDC network in the initial stages of B-cell priming. Moreover,

the role of FDC in the B-cell response has been intensely debated (Haberman and
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Shlomchik 2003; Kosco-Vilbois 2003). The development and recent application of

new imaging technology, in particular confocal microscopy and real-time multi-

photon microscopy, has provided crucial mechanistic insights into this topic. Using

distinct experimental models to track antigen in vivo (low molecular weight

antigen, antigen coated-particles, antigen-containing immune complexes, antigen

coated-viruses), four groups underlined the primary follicle as the location for

antigen encounter by naı̈ve B cells, stressing the boundary between the follicle

and the subcapsular sinus (SCS) as the main B-cell priming site within the whole

follicular area (Carrasco and Batista 2007; Junt et al. 2007; Pape et al. 2007; Phan

et al. 2007) (Fig. 2). A macrophage subset located at the lymph node SCS has a

critical role in the capture and transport of antigen from the SCS into the follicle

and, thus, in the presentation of antigen to follicular B cells (Junt et al. 2007)

(Fig. 2).

The follicles are the main spot for concentration of the diverse repertoire of

naı̈ve B cells. The strategic location of follicles close to the antigen-draining zones

of SLO (SCS in lymph nodes, marginal zone (MZ) in spleen) allows rapid B cell

access to incoming antigens. By these two means, concentration and location, naı̈ve

B cells ensure efficient detection of cognate antigens.

3.2.1 Tracking Antigen Recognition In Vivo

The tracking of particulate antigen in vivo allows quantitative studies of the initial

stages of B-cell antigen recognition. By just 60 min after administration of

Fig. 2 Priming of naı̈ve B cells in draining lymph node follicles. Panel on the left shows a cartoon

that summarizes where naı̈ve B cells can encounter specific antigen within the follicle. SCS

macrophages have an important role in presenting antigen to naı̈ve B cells, but probably also

FDC. In addition, naı̈ve B cells would encounter small antigen that diffuses through the small gaps

of the SCS floor. The two different dynamic stages described for antigen-loaded B cells are also

highlighted (dashed line boxes) in the cartoon: (a) Naı̈ve B cell of rounded cell shape, mainly

stopped, and attached to the antigen-binding site. A cluster of antigen is detected at one side of the

B cell (Immunological Synapse-like); (b) Naı̈ve B cell showing a polarized, migratory cell shape,

actively migrating and carrying antigen in the uropod. Panels on the right show multiphoton

microscopy images of both B-cell dynamic stages (a) and (b); naı̈ve B cells and antigen are shown

in red and in green, respectively
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antigen-coated particles, almost 50% of follicular cognate B cells have encountered

and captured antigen; frequency increases with time, and by 24 h nearly all cognate

B cells in the follicle have encountered antigen, become activated, and migrate to

the B cell–T cell boundary, seeking T-cell help (Carrasco and Batista 2007). At

very early time points (up to 4 h after antigen administration), antigen-loaded

B cells localize only in the upper half of the follicles, indicating that particulate

antigen encounter occurs mainly near the SCS (Fig. 2). Moreover, the quantity of

particulate antigen per specific B cell increases with time, suggesting that B cells

acquire antigen in sequential encounters within the follicle before migrating to the

B cell–T cell border (Carrasco and Batista 2007). The whole process is accelerated

when low molecular weight antigen is used (Pape et al. 2007). The majority of

follicular cognate B cells acquire antigen by 10 min after administration; again,

initial encounter with small antigens takes place near the SCS (Fig. 2).

The brief period post-administration required for antigen detection and capture

by specific naı̈ve B cells also suggests that B-cells residing in the follicle at the time

of antigen arrival constitute the majority of the antibody response. In the distinct

models analyzed (Carrasco and Batista 2007; Junt et al. 2007; Pape et al. 2007;

Phan et al. 2007), antigen was administered only once and was consumed mainly by

the cognate B cells in the follicle at that time. B cells entering the follicle probably

have a role in persistent infections, in which antigen would arrive continuously to

the follicle, as well as in later phases of the antibody response.

Although the four reports highlight the boundary between the follicle and the

SCS as a key site for B-cell priming, their observations also suggest additional

possibilities. In the absence of large numbers of cognate B cells, antigen is

deposited on the FDC surface (Carrasco and Batista 2007); in addition, non-cognate

B cells capture antigen from the SCS macrophages by a complement receptor-

dependent pathway and deliver it to FDC (Phan et al. 2007). These findings suggest

that in normal conditions of B-cell clonal abundance, the follicular FDC network

may also be a location for naı̈ve B-cell antigen encounter (Fig. 2).

3.2.2 In Vivo B-Cell Dynamics

Multiphoton microscopy has allowed real time, in situ visualization and study of

B-cell dynamics during the initial stages of antigen encounter in draining lymph

node follicles. As discussed above, follicular naı̈ve B cells move by “random walk”

at an average velocity of 4–6 mm/min (Miller et al. 2002; Okada et al. 2005). Two

distinct forms of behaviour are observed relative to naı̈ve B-cell localization within

the follicle (Carrasco and Batista 2007). While naı̈ve B cells are highly motile deep

in the follicle, they move more slowly and describe short tracks in the zone near the

SCS. This may allow careful scanning of the SCS macrophages, the crucial route of

antigen entry into the draining lymph node. The signal(s) that promote this different

behaviour are unknown, but it could be due to the distinct substrates of movement

(macrophages vs. FDC), to different chemotactic signals (a chemokine other than

CXCL13), or to both.
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Antigen exposure changes the dynamics of cognate B cells by gradually decreas-

ing their movement within the follicle (Carrasco and Batista 2007; Okada et al.

2005). At the earliest time points in the antigen recognition process, antigen-loaded

B cells show two distinct forms of behaviour or stages at the single cell level

(Carrasco and Batista 2007) (Fig. 2). In one case, naı̈ve B cells are highly motile,

showing a polarized, migratory shape and bearing the antigen in the uropod; these

cells are found mainly deep in the follicle. In the second case, the naı̈ve B cells are

rounded and are confined to a small area of movement in which they can stay for

prolonged periods (>15 min); they appear to be attached to the antigen-binding site,

which forms a cluster at one side of the cell. These B cells localize mainly at the

boundary between the follicle and the SCS. Antigen recognition thus further

reduces B cell movement in the area near the SCS.

3.2.3 B-Cell IS In Vivo

The rounded B-cell shape, its prolonged confinement to a small area with almost no

movement, and in particular, the formation of an antigen cluster to which it

attaches, are all hallmark features of the B-cell IS (Batista et al. 2001; Carrasco

et al. 2004) (Fig. 2). In addition, some B cells showed in vivo a spreading-

contraction response in order to gather antigen coated particles into a cluster

(Carrasco and Batista 2007). The multiphoton microscopy findings detailed above

perfectly fit with the in vitro data and, thus, indicate the in vivo existence of the

B-cell IS (Carrasco and Batista 2007). Despite the crucial roles of the IS for in vitro

B-cell activation (discussed below), its relevance for B-cell activation in vivo

remains to be addressed.

4 Concluding Remarks

Talking in molecular terms, the in vitro studies have reached a striking progress

in the understanding of the initial stages of membrane-tethered antigen recogni-

tion and B-cell activation. The IS formation is critical for increasing the sensibil-

ity of B cells to antigen. The spreading-contraction response triggered after BCR

engagement that heads IS assembly, maximizes the gathering and collection of

antigen. The observation in vivo of a synapse-like structure upon B-cell antigen

encounter stresses the relevance of these in vitro findings. In addition, the

antigen-induced BCR-microclusters emerge as the sites for initiation of B-cell

signalling and core of microsignalosomes construction from which the signalling

propagates. Still important issues remain to be addressed. The on-going use of

single-cell imaging techniques in the study of the molecular mechanisms under-

lying the early events of B-cell activation will continue to impart knowledge in

the years to come.
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Going bigger, the recent findings discussed here have shed light on the “how,

where and when” in vivo naı̈ve B cell encounter antigen. The follicle-SCS bound-

ary in lymph nodes emerges as a key B-cell antigen recognition site and the follicles

as the location for B-cell priming. The SCS macrophages are a device for capturing

antigen that arrives via the lymph and transfers it to the follicle; they are also

important for presenting antigen to naı̈ve B cells. Spleen MZ macrophages may

have a similar function, in this case facilitating the presentation of blood-borne

antigens to follicular naı̈ve B cells. Finally, the quickness of naı̈ve B-cell recogni-

tion after antigen administration suggests that B cells are initial sensors and

effectors of the adaptive immune response. In conclusion, a more defined picture

is now emerging of the initial steps of the B-cell response; though the studies

discussed here focus their attention in the lymph nodes, it is possible that we will

find a similar scenario in the other SLO. The development of experimental models

that allow real time, in situ antigen tracking and visualization of the early stages of

the B-cell immune response in vivo has been vital for these advances. It will be

exciting to see the data that arise from the use and improvement of these models, for

answering the many still-open questions about the nature of the B-cell immune

response.
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Abstract Cell contact-dependent inhibition and regulation of immune responses

play an essential role in balancing the need for rapid and efficient responses to a

wide variety of pathological challenges, while at the same time maintaining self-

tolerance. Much attention has been given to immune synapses that lead to the

activation of, for example, cell-mediated cytotoxicity, and here we compare the

supramolecular dynamics of synapses that lead to inhibition or regulatory functions.

We focus on natural killer cells where such different synapses have been best

studied. An emergent principle is that inhibition or regulatory responses are com-

monly achieved by selective recruitment of signalling proteins to the synapse and

exclusion of membrane-proximal intracellular proteins needed for activation.

We also discuss evidence that an inhibitory synapse triggers or maintains effector

cells in a migratory configuration, which serves to break the synapse before the

steps needed for effector cell activation can be completed. This model implies

that the concept of kinetic-proofreading, previously used to describe activation of
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individual T-cell receptors, can also apply in determining the outcome of intercel-

lular conjugation.

1 Introduction

Many of the key cell surface molecules involved in immune cell surveillance have

been identified and an important new scientific frontier is to understand where and

when each protein–protein interaction occurs to regulate cell functions. Thus,

imaging has a major role to play in contemporary cell biology and one interesting

theme to emerge is that immune cell communication is often accompanied by the

segregation of proteins into micrometre-scale domains at an intercellular contact or

immune synapse (IS) (Davis 2006). More recently, it has been shown that kinases,

adaptors and antigen receptors accumulate at synapses within micron- or sub-

micron-scaled structures termed microclusters. T- and B-cell receptor signalling,

for example, is initiated in such microclusters (Bunnell et al. 2002; Campi et al.

2005; Yokosuka et al. 2005) and these signals are terminated as microclusters move

from the periphery to the centre of the IS (Harwood and Batista 2008; Seminario

and Bunnell 2008; Varma et al. 2006; Yokosuka et al. 2005). In natural killer (NK)

cells, phosphorylation of inhibitory killer cell immunoglobulin (Ig)-like receptors

(KIR) is restricted to microclusters (Treanor et al. 2006) implicating that inhibitory

signalling is also restricted to microclusters. The emerging new paradigm is that

interactions between immune cell kinases, adaptors and other proteins are at least in

part controlled by the dynamics of supramolecular assemblies rather than isolated

protein–protein interactions that are commonly depicted in textbook diagrams

of immune receptor signalling pathways. While this has been widely discussed

for immune cell activation, here we review what happens at an IS where inhibitory

or regulatory signals dominate.

2 Definition of Inhibitory Immune Synapses

It is well established that inhibitory receptor functions are crucial to maintaining

self-tolerance and control responses spatially and temporally while allowing

rapid and efficient responses when appropriate (Long 1999). This is particularly

evident from the data associating inhibitory receptor dysfunction, or genetic varia-

tions in inhibitory receptor expression, with susceptibility to a variety of diseases,

including autoimmunity, viral infection and cancer (Chouaib et al. 2002; Pritchard

and Smith 2003; Rajagopalan and Long 2005). Broadly, inhibitory receptors can

be divided into two classes based on the presence or absence of cytoplasmic

immunoreceptor tyrosine-based inhibition motifs (ITIMs). Inhibition by ITIM-

containing receptors is initiated by tyrosine phosphorylation and recruitment of

Src homology 2 (SH2) domain-containing phosphatases SHP-1 and/or SHP-2 or the
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SH2 domain-containing inositol phosphatase (SHIP) (Daeron et al. 2008; Long

2008). Engagement of inhibitory receptors changes the micrometre-scale organiza-

tion of proteins at the IS, compared to activating interactions to form a so-called

“inhibitory immune synapse” (Davis and Dustin 2004). An inhibitory synapse is not

merely a transient intercellular contact at which little happens. Such transient

interactions may occur when T cells briefly interact with target cells or APCs that

lack a relevant peptide/MHC and they do not involve assembly of an IS. Rather, an

inhibitory synapse can be defined as an intercellular contact at which the encounter

causes proteins to segregate into micrometre-scale domains and where directed

signalling serves to terminate or prevent immune cell activation.

Such inhibitory immune synapses were first proposed for NK cells conjugated to

EBV-transformed B cells that were protected from lysis by expression of class I

MHC protein recognized by inhibitory NK-cell receptors (Davis et al. 1999). It is

broadly accepted that expression of class I MHC protein facilitates self-tolerance by

NK cells and that conversely, viral-infected or tumour cells can become susceptible

to lysis by NK cells via decreased expression of self class I MHC protein (Karre

et al. 1986). Commonly referred to as the “missing self-hypothesis” (Ljunggren and

Karre 1990), this provides a conceptual framework in which the importance of an

inhibitory IS is well-documented.

Recently, ligation of inhibitory receptors has been shown to assemble distinct

synaptic structures in many other immune cell interactions, including those involv-

ing T cells, B cells and macrophages (Dietrich et al. 2001; Fourmentraux-Neves

et al. 2008; Guerra et al. 2002; Henel et al. 2006; Schneider et al. 2008; Sohn et al.

2008; Tsai and Discher 2008). For example, subpopulations of T cells express

inhibitory receptors of the KIR family, the C-type lectin-like heterodimer CD94/

NKG2A, the Ig-like transcript (ILT) 2 or members of the CD28:B7 Ig superfamily,

such as CTLA-4 (CD154) (Peggs et al. 2008; Ugolini and Vivier 2000). Engage-

ment of these receptors negatively regulates signalling through the T-cell antigen

receptor (Chouaib et al. 2002; Peggs et al. 2008; McMahon and Raulet 2001;

Snyder et al. 2002; Ugolini and Vivier 2000; van Bergen et al. 2004) and influences

the supramolecular organization of the IS (Dietrich et al. 2001; Fourmentraux-

Neves et al. 2008; Guerra et al. 2002; Henel et al. 2006; Schneider et al. 2008). The

B cell inhibitory receptor FcgRIIB similarly disrupts formation of an activating

synapse in response to membrane bound antigen (Sohn et al. 2008). The formation

of a phagocytic contact between macrophages and red blood cells is inhibited by

binding of the inhibitory receptor SIRPa (CD172a) to its ligand CD47 (Tsai and

Discher 2008). These data extend the concept of the inhibitory synapse to other

cellular interactions and demonstrate its broad relevance.

3 Formation of Inhibitory Synapses

The inhibitory NK-cell IS is the best studied inhibitory IS and may be considered

“prototypic” (see Fig. 1 for a summary of molecular processes at the inhibitory

NK-cell IS). Inhibition of NK-cell activity through engagement of inhibitory
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Fig. 1 Comparison of the inhibitory and cytolytic NK-cell IS. Contacts between NK cells and target

cells that are protected from NK cell attack result in the formation of an inhibitory synapse with

recruitment of inhibitory receptors bound to their respective MHC ligands (Davis et al. 1999;

Eriksson et al. 1999b). Initially, inhibitory receptors appear in small clusters that move from the

periphery to the centre of the IS to form larger aggregates during IS maturation (Oddos et al. 2008).

Concomitantly, the phosphatases SHP-1 and SHP-2 and the kinase Lck accumulate. In the early

inhibitory IS, cytoskeletal proteins talin and F-actin and GM1-rich microdomains are detectable

(Masilamani et al. 2006; Treanor et al. 2006; Vyas et al. 2002, 2004). Lck, F-actin, talin and GM1-

rich microdomains are excluded from the inhibitory IS at later time points, while SHP-1 and SHP-2

remain (Vyas et al. 2002, 2004). Inhibitory receptors segregate from integrins and arrange in

different patterns across the synapse being either homogeneously distributed, ring shaped, or

containing multiple exclusions (Almeida and Davis 2006; Carlin et al. 2001; Davis et al. 1999;

Vyas et al. 2004). Activating receptors, e.g., CD2 and 2B4, are present within the inhibitory IS

(Schleinitz et al. 2008). Finally, the NK cell detaches from the target and moves away. Target cells

that display reduced expression of class I MHCprotein or increased expression of activating NK cell
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receptors is essential to provide protection of “self” (Ljunggren and Karre 1990)

because, in contrast to T- and B-cells, NK-cell activation does not depend on

antigen receptors and is independent of prior sensitization or priming. Inhibitory

receptors expressed on human NK cells include the ITIM-containing class I MHC

protein binding KIRs and CD94/NKG2A (Lanier 2005). These inhibitory receptors

and their ligands rapidly cluster at an inhibitory IS (Davis et al. 1999; Dietrich et al.

2001; Egen and Allison 2002; Eriksson et al. 1999b; Fourmentraux-Neves et al.

2008; Henel et al. 2006; Standeven et al. 2004). Interestingly, clustering of KIR and

its class I MHC protein ligands is largely a spontaneous process triggered by

binding alone. Accumulation of these proteins does not require receptor signalling

or ligation of adhesion molecules (Fassett et al. 2001; Faure et al. 2003) and is

largely independent of actin reorganization or ATP-driven cellular processes

(Almeida and Davis 2006; Carlin et al. 2001; Davis et al. 1999; Standeven et al.

2004). Indeed, insect cell transfectants expressing class I MHC protein, considered

to not express any other ligands for NK cells, can trigger efficient clustering and

tyrosine phosphorylation of KIR at the NK-cell IS (Faure et al. 2003). Intriguingly,

clustering and phosphorylation of KIR does require the presence of divalent cations

such as Zn2+ (Davis et al. 1999; Fan et al. 2000; Fassett et al. 2001; Rajagopalan and

Long 1998; Rajagopalan et al. 1995; Vales-Gomez et al. 2001), although the

molecular basis for this remains unclear. It still remains to be established if efficient

spontaneous clustering of inhibitory NK-cell receptors and ligands is essential for

their function but it is tempting to speculate that the rapid spontaneous clustering of

inhibitory receptors and ligands is important in keeping NK-cell responses tightly

controlled. In contrast, however, recruitment of the inhibitory receptor CTLA-4 to

the T-cell IS is proportional to the strength of the TCR stimulus (Egen and Allison

2002). This difference may reflect an interesting distinction in the functions and/or

mechanisms by which these different inhibitory receptors operate but this requires

further investigation.

The supramolecular organization of class I MHC protein across an inhibitory

NK-cell IS can form a single cluster, a ring, or a cluster containing multiple regions

where class I MHC protein is excluded (Almeida and Davis 2006; Carlin et al. 2001;

Oddos et al. 2008). These configurations are dynamic and interchangeable (Almeida

and Davis 2006). However, these patterns are less clear for peripheral blood NK-cell

clones compared to larger immortal NK-cell lines and thus, it seems unlikely that

class I MHC protein being organized in a single or multiple foci, for example, has

any direct influence on the outcome of the cell–cell interaction (Almeida and Davis

2006). Instead, recent evidence points to the extent of co-localisation or segregation

Fig. 1 (continued) ligands will activate NK cell cytotoxicity. Early stages of the cytolytic IS are

characterized by actin reorganization, the accumulation of GM1-rich microdomains and the recruit-

ment of kinases and adapter molecules including Lck, Syk, ZAP-70 and SLP-76 (Orange et al. 2003;

Vyas et al. 2001, 2002, 2004). During maturation, f-actin reorganizes to form a ring in the periphery

of the IS, while the MTOC and lytic granules polarize towards the centre (Culley et al. 2009;

McCann et al. 2003; Orange et al. 2003; Orange et al. 2002; Vyas et al. 2001). Inhibitory receptors

can still be present in cytolytic IS but cluster in multifocal patterns (Almeida and Davis 2006;

Schleinitz et al. 2008)

<
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between different receptor/ligand pairs within the organized IS being the important

issue. For example, the level of expression of HLA-C on target cells determined its

supramolecular organization and the extent of segregation from ICAM-1 (CD54) at

theNK-cell IS (Almeida andDavis 2006). Strikingly, for individual peripheral blood

NK clones, specific thresholds in the level of target cell HLA-C needed to cause

segregation of HLA-C from ICAM-1 at the IS, directly correlated with the threshold

needed to functionally inhibit cytotoxicity (Almeida and Davis 2006). Thus, the

organization of HLA-C at the IS, determined by its level of expression, may directly

influence NK-cell inhibition by regulating the proximity of activating and inhibitory

receptors. This would be consistent with earlier studies, using mAb cross-linking,

demonstrating that co-clustering of activating and inhibitory receptors was required

for inhibition (Blery et al. 1997).

What causes the segregation of different receptor/ligand pairs across the inhibi-

tory NK-cell IS remains unproven. In the “kinetic-segregation model” for T cell

receptor triggering it has been proposed that proteins can be organized according to

the size of their extracellular domains (Davis and van der Merwe 2006). Accord-

ingly at the inhibitory NK-cell IS, it has been demonstrated that larger proteins, e.g.,

CD43, are excluded from the IS (McCann et al. 2003). Moreover, the size of KIR-

MHC protein is significantly smaller than that of LFA-1 (CD11a/C18)-ICAM-1,

which is consistent with their segregation being driven by size differences (Davis

2002; Davis and van der Merwe 1996, 2006; McCann et al. 2002; Springer 1990).

Such a model would also explain why the extent of segregation between these

proteins was greater when their expression levels were increased (Almeida and

Davis 2006). However, a prediction of this model would be that the size of the

synaptic cleft would match the size of different proteins where they clustered. In

contrast, at least after fixation for examination by electron microscopy, the size of

the synaptic cleft varies considerably and apparently randomly, seemingly able to

accommodate a range of protein sizes in close proximity (McCann et al. 2003).

Thus, it is important to study in more detail whether the size of proteins influences

their organization at the NK-cell IS and if so, it must be clarified whether this

affects protein segregation at the level of microclusters and/or larger-scale segre-

gation across the synapse.

While some receptor/ligand pairs can accumulate spontaneously, active receptor

signalling also plays a crucial role in the organization of inhibitory synapses.

Functional ITIM tyrosines and the catalytic activity of SHP-1 are required for

disruption of the actin cytoskeleton and exclusion of GM1-rich microdomains

from NK-cell or cytotoxic T-cell synapses (Fassett et al. 2001; Guerra et al. 2002;

Lou et al. 2000; Masilamani et al. 2006). Proteins associated with GM1-rich

microdomains play an essential role in the initial phosphorylation of activating

NK-cell receptors (Inoue et al. 2002; Watzl and Long 2003). Thus, one way in

which inhibitory NK-cell receptors can be effective, is by blocking the actin-

cytoskeleton dependent recruitment of signalling proteins within GM1-rich micro-

domains to the IS (Endt et al. 2007; Fassett et al. 2001; Fourmentraux-Neves et al.

2008; Guerra et al. 2002; Lou et al. 2000; Masilamani et al. 2006; Sanni et al. 2004;

Sohn et al. 2008; Tsai and Discher 2008; Vyas et al. 2002; Vyas et al. 2004; Watzl
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and Long 2003). Consistent with this model, activating receptors CD2 and 2B4

(CD244) are not inhibited from being recruited to an inhibitory NK-cell IS

(Schleinitz et al. 2008), but rather are likely to be impaired in their ability to signal

there. Similarly in B cells, for example, the inhibitory receptor FcgRIIB blocks

association of the BCR with lipid raft-like domains and also prevents subsequent

accumulation of BCR-enriched microclusters in the centre of the synapse (Sohn

et al. 2008). In T cells, the inhibitory receptor CTLA-4 inhibits formation of

ZAP-70 microclusters (Schneider et al. 2008). Taken together, this suggests a

common principle in that inhibitory synapses still accumulate activating receptors

and ligands, but specifically exclude the membrane-proximal intracellular proteins

needed for activation.

4 Balancing Synapses with Kinapses and Kinetic Proofreading

at the Cellular Level

The term kinapse has recently been proposed to describe junctions involvingmoving

T cells that allow signals to be integrated (Dustin 2008a, b). Kinapses lack the degree

of stability characteristic for synapses and cell polarity is maintained in the direction

of cell movement, rather than being orientated to face the intercellular contact. It is

well established that ligation of the TCR delivers a stop signal to T cells (Dustin et al.

1997) that precedes synapse formation (Lee et al. 2002). NK cells similarly crawl

over the surface of target cells, notably with higher motility for inhibitory contacts

(Burshtyn et al. 2000; Davis et al. 1999; Eriksson et al. 1999a). Likewise, ligation of

activating NK-cell receptors provides a stop signal that results in symmetrical

spreading of NK cells over their targets, while ligation of inhibitory receptors

provides a reverse-stop signal that breaks the symmetry of spreading and encourages

NK-cell migration (Culley et al. 2009). Similarly, the inhibitory receptor CTLA-4

reverses the TCR-mediated stop signal (Schneider et al. 2006). Thus, an inhibitory

synapse may be considered as a transient symmetrical synapse driving an effector

cell to revert to its migratory kinapse configuration. PKCy andWASp were found to

favour T cells forming a kinapse or synapse, respectively (Sims et al. 2007). It would

be interesting to determine if inhibitory NK-cell IS exploit these pathways in driving

cells to a kinapse configuration. Indeed, inhibitory signals in NK cells are known to

directly regulate cytoskeletal processes involvingWASp (Krzewski et al. 2006) and

Vav (Stebbins et al. 2003).

It is well established that cytolytic NK cell synapses go through sequential steps

that lead to the directed release of lytic granules (Davis 2002, 2009; Davis and

Dustin 2004; Krzewski and Strominger 2008; Orange 2008; Wulfing et al 2003).

Thus, the process of cellular activation can be considered as directly analogous to

the model of kinetic-proofreading for triggering individual TCR signals

(McKeithan 1995). Specifically, there are a number of steps that two cells in contact

must go through before lytic granules are released or other effector functions
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realized. These include a multitude of cellular processes, such as calcium flux,

integrin-mediated tight adhesion, MTOC reorientation, translocation of granules to

the synapse and many others. These steps introduce a series of time delays from

initial intercellular contact until the effector function is realized, e.g. lytic granules

are released. Thus, an inhibitory synapse serves to shorten the half-life of the

intercellular conjugate and break the IS before these steps can be completed,

preventing effector functions.

5 Unzipping the Synapse

There has been extensive research on the assembly of the IS yet relatively little

attention has been given to its disassembly. Thousands of individual protein–protein

interactions exist across the IS such that the disassembly of this contact cannot be

trivial. Perhaps most acutely, when inhibition dominates the outcome of surveil-

lance, e.g. at the inhibitory NK-cell IS, protein–protein interactions accumulated at

the synapse must be rapidly removed or broken so that NK cells can readily move on

to survey other target cells. Similarly, for cytolytic interactions involving CTL or

NK cells, it is unclear how the effector cells efficiently move away from dead or

dying target cells. Efficient disassembly of the synapse is important to allow cells to

move between target cells and must be necessary, for example, for CTL or NK

cells to sequentially kill several target cells (Bhat and Watzl 2007; Martz 1976). It

has been demonstrated that some receptors are endocytosed from the IS upon

ligation, e.g., the T-cell receptor (TCR) (Cemerski et al. 2008; Lee et al. 2003),

but it has not been directly tested whether or not these events are important in the

disassembly of the IS. Indeed, it is unclear how many protein-protein interactions

would need to be removed from an IS to allow cells to move apart. Alternatively, it

can be envisaged that exocytosis of the synaptic membrane from the target cells or

APCs could contribute to the disassembly of the IS. This could relate to the common

process of intercellular transfer of surface proteins between immune cells that can

occur by several specific mechanisms (Davis 2007; LeMaoult et al. 2007). More

broadly, the extent to which specific signalling events control termination of the

synapse has been little studied. It is well understood that inside-out signalling leads

to a high-affinity conformation of LFA-1 that in turn contributes to intercellular

conjugation and assembly of the IS (Luo et al. 2007). However, it has been far less-

studied whether or not specific signals could return LFA-1 to a lower affinity state

and contribute to the disassembly of the synapse.

6 Regulatory Synapses

In addition to the autonomous interaction of NK cells with infected or transformed

cells, research has expanded in recent years to study the cross-talk between NK

cells and other immune cells, including monocytes, macrophages, dendritic cells
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and T cells. These interactions can augment or initiate NK-cell responses to

pathological challenges and can also shape adaptive immune responses, e.g., by

triggering DC maturation (Andoniou et al. 2008; Fernandez et al. 1999; Moretta

et al. 2006; Newman and Riley 2007; Raulet 2004; Strowig et al. 2008). Contact-

dependent reciprocal stimulation plays an important role during these interactions

and several studies have therefore investigated the organization of these intercellu-

lar contacts termed regulatory synapses (Borg et al. 2004; Brilot et al. 2007;

Nedvetzki et al. 2007; Pallandre et al. 2008).

7 The Regulatory NK-Cell Synapse

Regulatory NK-cell synapses are long lasting and accumulate activating receptors,

cytokine receptors and adhesion molecules (Borg et al. 2004; Brilot et al. 2007;

Nedvetzki et al. 2007; Semino et al. 2005). Figure 2 summarizes current knowledge

of the molecular arrangements at such regulatory NK-cell synapses. In contrast to

an inhibitory IS, cytoskeletal components, f-actin, fascin and talin as well as

GM1-rich microdomains all accumulate at the regulatory IS (Borg et al. 2004;

Brilot et al. 2007; Nedvetzki et al. 2007; Semino et al. 2005). Inhibitory receptors

do still cluster at such IS and accumulate adjacent to clusters of cytokine receptors,

surrounded by a ring of LFA-1 and talin (Brilot et al. 2007). Cytokines and cytokine

receptors accumulate at the regulatory NK-cell IS (Borg et al. 2004; Brilot et al.

2007; Semino et al. 2005). IL-18 is directionally secreted across the synapse

between NK cells and immature DCs (iDCs) and stimulates secretion of HMGB1

by NK cells, which in turn is necessary to induce DC maturation (Semino et al.

2005). Mature DCs (mDCs) polarize preassembled stores of IL-12 towards the NK-

cell IS (Borg et al. 2004) and NK cells accumulate the high affinity subunit of the

IL-15 receptor, IL-15Ra, at the IS (Brilot et al. 2007). Polarization of cytokines

towards the regulatory NK-cell IS implicates an importance of synapse formation

for directed cytokine secretion. This is likely to be important in a wide range of

immune cell interactions. For example, co-culture experiments using a transwell

membrane recently determined that IL-18 is delivered to NK cells in a contact

dependent manner by Kupffer (liver macrophage-like) cells (Tu et al. 2008). As

determined for T cells, a general principle is that some cytokines and chemokines

are secreted multi-directionally from effector cells, to have a broad impact on

inflammation, while others are secreted directionally via the IS where specific

intercellular communication is required (Brilot et al. 2007).

8 Triggering Cytokine Secretion Versus Cytolysis

There is evidence that immature DCs are susceptible to lysis by NK cells and

acquire protection from lysis by maturation (Moretta et al. 2006; Strowig et al.

2008). Killing of iDCs can be triggered via the natural cytotoxicity receptor NKp30
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(CD337) (Ferlazzo et al. 2002; Spaggiari et al. 2001) while increased expression of

class I MHC protein during DC maturation provides protection from NK-cell lysis

(Carbone et al. 1999; Ferlazzo et al. 2002). Whether macrophages induce a cyto-

lytic or regulatory NK-cell IS depends on the activation state of the macrophage in

terms of the strength of TLR-4 stimulation (Nedvetzki et al. 2007). Macrophages

that are stimulated with a low dose of LPS form regulatory synapses, characterized

by the recruitment of the NK-cell receptor 2B4, while stimulation with a high dose

of LPS induces upregulation of NKG2D (CD314) ligands on macrophages that

triggers NKG2D-mediated killing (Nedvetzki et al. 2007).

It is particularly intriguing that 2B4 is recruited to the regulatory NK-cell-

macrophage IS and is important for triggering cytokine secretion (Nedvetzki

et al. 2007), while at other synapses, e.g., during interactions with tumour cell

targets, 2B4 ligation triggers cytotoxicity (Bhat et al. 2006). Mechanisms must be in

place to determine the function of 2B4-mediated activation. One possibility is that

Fig. 2 The regulatory NK-cell IS. The interaction of NK cells with DCs or macrophages can

induce NK cell proliferation or cytokine secretion, without triggering cytotoxicity. The resulting

IS has therefore been termed regulatory (Borg et al. 2004; Brilot et al. 2007; Nedvetzki et al. 2007;

Pallandre et al. 2008). DCs polarize the MTOC and cytokines including IL-12 and IL-18 towards

the IS (Borg et al. 2004). In NK cells, the IL-15Ra subunit is recruited to the contact site where it

segregates from inhibitory NK-cell receptors (Brilot et al. 2007). Furthermore, adhesion molecules

and their ligands, e.g. LFA-1, DC-SIGN and ICAM-3, polarize towards the cell interface (Borg

et al. 2004; Brilot et al. 2007). Both, NK cells and DCs show reorganization of the actin-

cytoskeleton, with cytoskeletal proteins including f-actin, talin and fascin accumulating at the

synapse (Borg et al. 2004; Brilot et al. 2007). Additionally, GM1-rich microdomains enrich within

the NK cell membrane in the contact area (Borg et al. 2004). Macrophages stimulate NK cell

proliferation and cytokine secretion and prime NK cell cytotoxicity against susceptible target cells.

This is largely dependent on the engagement of the 2B4 receptor, which is recruited to the centre of

such regulatory synapses. In these contacts F-actin accumulates at the synapse from within

macrophages, but not NK cells. Macrophages exposed to a high dose of LPS upregulate ligands

for the NK cell receptor NKG2D and are subsequently killed by NK cells. These cytolytic NK

cell–macrophage synapses accumulate NKG2D and the signalling adapters DAP10 and CD3z at
the centre of the IS, while ICAM-1 locates to the periphery. F-actin accumulates at the contact area

from within the NK cells, but not in the macrophages (Nedvetzki et al. 2007)
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this depends on the synergy with other activating receptors. Indeed, only specific

combinations of activating receptors can induce granule exocytosis in human NK

cells (Bryceson et al. 2006). Receptors not specifically associated with NK-cell

activation can be important in determining the NK cell response. For example, the

chemokine CX3CL1 influences the distribution of KIR at the NK cell–DC synapse

and is able to prevent phosphorylation of its ITIMs (Pallandre et al. 2008). Of

particular interest, 2B4 has been shown to directly interact with a variety of

signalling molecules (Eissmann et al. 2005) and to mediate activation of granule

exocytosis or cytokine secretion (Kubin et al. 1999; Nakajima et al. 1999; Tangye

et al. 1999), as well as inhibition (Parolini et al. 2000; Sivori et al. 2002). Thus, the

availability of downstream signalling proteins at the IS may determine the outcome

of 2B4 stimulation in NK cells. In this case, regulatory synapses would function by

selectively recruiting certain membrane-proximal adaptors or kinases, analogous to

the restricted recruitment of signalling proteins seen at inhibitory synapses.

Overall, it is clear that there is an important role for the IS in balancing

activation, regulation and inhibition of immune responses. Much of what has

been achieved so far is a direct result of the inter-disciplinary approach that

immunologists have taken relatively recently to probe molecular recognition by

individual cells. The continuing development and application of new techniques

that allow intercellular communication to be probed with superior spatial and

temporal resolution will enable scientists to resolve many of the outstanding issues

highlighted throughout this review. Already, numerous recent super-resolution

imaging techniques have the potential to directly report the spatial and temporal

relationships of the key molecules (Fernandez-Suarez and Ting 2008). Perhaps

most exciting is that as we continue to probe immune cell recognition with superior

resolution, unexpected signalling and integration mechanisms that were not appar-

ent at conventional diffraction-limited resolution will surely be revealed.
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Abstract T cell activation begins with the interaction between an antigen-specific

T cell and an antigen-presenting cell (APC). This interaction results in the

formation of the immunological synapse, which had been considered to be

responsible for antigen recognition and T cell activation. Recent advances in

imaging analysis have provided new insights into T cell activation. The T cell

receptor (TCR) microclusters, TCRs, kinases, and adaptors are generated upon

antigen recognition at the interfaces between the T cells and the APCs and serve

as a fundamental signaling unit for T cell activation. CD28-mediated costimula-

tion is also found to be regulated by the formation of microclusters. Therefore, the

dynamic regulations of TCR and CD28 microcluster formation, migration, and

interaction are the key events for the initiation of T cell-mediated immune

responses. Comprehensive analyses of the composition and characteristics of the

TCR microcluster have identified its dynamic features. This review will outline

new discoveries of the microclusters and its related concept in T cell activation.

1 Introduction

T cells play a pivotal role in orchestrating the immune system. T cell responses are

induced by antigen recognition through the T cell receptors (TCRs), which bind

antigen peptide–major histocompatibility (MHCp) complexes on antigen-present-

ing cells (APCs). It was known that upon interaction between the T cells and the

APCs, TCRs and other accessory molecules accumulated at the interface between

the two cell types (Norcross 1984; Paul et al. 1987). Just ten years ago, the

immunological synapse was defined as a special molecular architecture for recog-

nition and signaling, where the receptors and adhesion molecules could be structur-

ally and kinetically organized for the initial and sustained T cell activation (Monks

et al. 1998; Grakoui et al. 1999). The concept of the immunological synapse

beautifully correlated with what was known about T cell antigen recognition and

activation; however, this model could not explain early activation events, which can

occur within 1 min. Amuch smaller signaling unit was predicted to form prior to the

mature immunological synapse formation. Indeed, the TCR microcluster was

discovered as a signaling cluster containing receptors, accessory molecules, and

downstream signaling molecules (Bunnell et al. 2002; Campi et al. 2005; Yokosuka

et al. 2005; Saito and Yokosuka 2006). Microclusters dynamically change the

localization and the assembled molecules at the immunological synapse and induce

initial and sustained TCR signaling as well as costimulation signals (Depoil et al.

2008; Yokosuka et al. 2008). This model is now known to describe the signaling of

other lymphocytes, including B cells, natural killer (NK) cells, and natural killer

T (NKT) cells (Davis and Dustin 2004). In this review, we discuss the signaling

clusters for T cell activation from the viewpoint of the microclusters as the

minimum signaling unit that can be visualized and propose a new model of T cell

activation.
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2 The Immunological Synapse

2.1 Discovery of the Immunological Synapse

T cells recognize cognate antigen by interacting with APCs to form immunological

synapses (Huppa and Davis 2003). The term “synapse” was first used in the immune

system by Norcross in 1984 in a prescient theoretical paper describing the accumu-

lation and function of various molecules at the T cell–APC interface (Norcross

1984), and, ten years later, Paul revived this term (Paul and Seder 1994). Similar to

the CD4+ T cell–APC synapse, Kupfer noticed the reorientation of the microtubule-

organizing center (MTOC) and Golgi apparatus toward the cytotoxic T lymphocyte

(CTL)–target cell interface as an early event in CTL killing. Later, his group

reported membrane and cytoskeletal reorientation at the junction between a

T cell–B cell conjugate, leading to the important discovery of the supramolecular

activation cluster (SMAC), a highly patterned clustering and segregation of cell

surface molecules, particularly antigen receptors and adhesion molecules (Monks

et al. 1997; Monks et al. 1998). Dustin and his colleagues superbly demonstrated

the kinetics of immunological synapse formation using the McConnell’s planar

bilayer system (McConnell et al. 1986; Grakoui et al. 1999). The immunological

synapse has been identified not only in the T cell–APC conjugates but also at the

interface between B cell–membrane-bound antigen (Fleire et al. 2006), NK cell–

target cell (Orange 2008), and NKT cell–CD1d-expressing cell (McCarthy et al.

2007). On the other hand, as we discuss later in Sect. 5, there has been known

variability in functional heterogeneity of the immunological synapse, particularly

of the central-SMAC (c-SMAC). Some T cell lines, thymocytes, as well as T cells

upon weak stimulus do not show SMAC formations.

2.2 Architecture of the Immunological Synapse

The immunological synapse is traditionally characterized by a “bull’s eye” struc-

ture, c-SMAC, and peripheral-SMAC (p-SMAC) (Monks et al. 1998; Huppa and

Davis 2003; Dustin 2009) (Fig. 1). The major components of the c-SMAC are key

molecules for T cell signaling, such as TCR/CD3–MHCp, CD28 – or cytotoxic

T-lymphocyte antigen-4 (CTLA-4) – CD80/CD86, and protein kinase C y (PKCy).
In contrast, the p-SMAC is composed of cytoskeleton-related or adhesion mole-

cules structurally supporting the immunological synapse, such as leukocyte func-

tion-associated antigen-1 (LFA-1)/talin – intracellular adhesion molecule-1

(ICAM-1) and CD2–CD48/CD58. The distal-SMAC (d-SMAC) was defined later

as a region enriched in molecules with long extracellular domains, such as CD45

(Freiberg et al. 2002) and CD43 (Allenspach et al. 2001; Delon et al. 2001; Revy

et al. 2001; Roumier et al. 2001; Stoll et al. 2002). The alignment of these receptors

was originally determined by the size of the ectodomain, supported by the kinetic
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segregation model (Davis and van der Merwe 2006). It was thought that the

c-SMAC mediates antigen recognition and subsequent T cell activation, whereas

the p-SMAC supports T cell–APC conjugation and maintains the architecture of the

immunological synapse.

3 TCR Microclusters and the Immunological Synapse

3.1 Discovery of TCR Microclusters

It was known for many years that TCR cross linking caused the multimerization of

TCR/CD3 complexes and induced T cell activation. Although it was suggested

Fig. 1 Architecture of the conventional immunological synapse. The immunological synapse is

traditionally depicted by a “bull’s eye” structure between a T cell and an antigen-presenting cell

(APC) (Monks et al. 1998; Grakoui et al. 1999; Davis and Dustin 2004). (a) The CD3 core is

clearly identified at the stable conjugation between a T cell and an APC by fluorescence-labeled

anti-CD3e antibodies (lateral view, top). The immunological synapse is divided to central-supra-

molecular activation cluster (c-SMAC), peripheral- (p-) SMAC, and distal- (d-) SMAC in the

vertical view (bottom). (b) The alignment of the receptors and the adhesion molecules are

considered to be ordered by size of ectodomain (Davis and van der Merwe 2006); T cell receptor

(TCR)/CD3 complex – MHC-peptide (MHCp), CD28/protein kinase C y (PKCy) – CD80/86,

cytotoxic T-lymphocyte antigen 4 (CTLA-4) – CD80/CD86, Agrin, and lysobisphosphatidic acid

(LBPA) in the c-SMAC; CD2–CD48/CD58, leukocyte function-associated antigen-1 (LFA-1)/

talin–intracellular adhesion molecule 1 (ICAM-1), F-actin, and CD4/Lck in the p-SMAC; and

CD43/moesin, CD45, and F-actin in the d-SMAC (Davis and Dustin 2004)
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that even a single MHCp (Irvine et al. 2002) could trigger a transient calcium

response in T cells, tetrameric MHCp was a potent stimulus for sustained activation

(Boniface et al. 1998). Receptor clustering following recruitment of signaling

molecules was first imaged for FceRI on mast cells, where the clusters recruited

Syk and phospholipase C (PLC) g1 (Stauffer and Meyer 1997), and a study using

live HeLa cells showed stimulation-induced membrane recruitment of zeta-chain-

associated protein kinase 70 kDa (ZAP-70) and CD3z (Sloan-Lancaster et al. 1998).
Thereafter, using the antigen-presenting lipid bilayers, an outermost ring of TCR–

MHCp at the T cell–bilayer interface and its subsequent translocation toward

the center were demonstrated (Grakoui et al. 1999). However, the time course of

c-SMAC formation does not fit to that of the early signaling such as tyrosine

phosphorylation and intracellular Ca2+ flux. Thus, special clustering other than

c-SMAC may be induced prior to c-SMAC formation. Davis and Krummel first

observed small clustering of CD3z at the interface between a T cell and a B cell

lymphoma prior to c-SMAC formation. These CD3z clusters were initially syn-

chronized with the onset of the calcium response and stabilized at the center of the

interface (Krummel et al. 2000; Krummel and Davis 2002). Samelson and Bunnell

used anti-CD3-coated coverslips and Jurkat T cells introduced by various fluores-

cence-tagged molecules and discovered the generation and dynamic movement of

the clustering of TCRs, their downstream molecules, and the phosphoproteins

(Bunnell et al. 2002), which they called “signaling clusters” as soon as T cells

attached to the coverslips. Finally, we have established the combined technology of

total internal reflection fluorescence microscopy (TIRFM) and antigen-presenting

lipid bilayers and developed a new understanding of “TCR microclusters” as a

minimal unit mediating both initial and sustained TCR signaling (Campi et al.

2005; Yokosuka et al. 2005; Saito and Yokosuka 2006).

3.2 Dynamics of TCR Microcluster Formation

TCR microclusters are first generated as transient structures composed of 30–300

TCRs at the initial contact region of the T cell–APC or T cell–bilayer interface

(Yokosuka et al. 2005; Varma et al. 2006). They are sequentially formed at the new

contact regions of the interface during the first few minutes during cell spreading.

The number of visible TCR microclusters is 100–300 per cell and increases upon

stimulation with high-dose antigens or strong agonists, as is the size of the micro-

clusters (Yokosuka et al. 2005). After maximum spreading, all TCR microclusters

translocate toward the center of the interface to form the c-SMAC of the conven-

tional immunological synapse (Fig. 2).

How TCR microclusters translocate to form the c-SMAC is not clear yet

(Mossman et al. 2005). Actin cytoskeleton-mediated translocation is a possible

candidate (Billadeau et al. 2007). An actin-rich ring was generated at the peripheral

boundary of the T cell–anti-CD3-coated coverslip and continuously remodeled by

TCR engagement (Bunnell et al. 2001), and the actin polymerization inhibitor
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blocked TCR microcluster translocation (Varma et al. 2006). It was proposed that

continuous actin flow generated from outside to inside at the interface is critical for

the centripetal translocation of TCR microclusters and the segregation from LFA-1

(Vicente-Manzanares and Sanchez-Madrid 2004; Kaizuka et al. 2007). Recently,

myosin IIA was suggested to function in TCRmicrocluster translocation (Ilani et al.

2009). Critical roles for actin rearrangement have also been shown in the CD3z–
microfilament association (Rozdzial et al. 1995) and the T cell response. Further-

more, various cytoskeleton-related molecules has been shown to be involved in the

regulation of the immunological synapse (Vicente-Manzanares and Sanchez-

Madrid 2004; Billadeau et al. 2007): Wiskott–Aldrich syndrome protein (WASp)

and WASP-interacting protein (WIP) (Sasahara et al. 2002; Barda-Saad et al.

2004), Abelson interactor (Abi) (Zipfel et al. 2006), ezrin-radixin-moesin-binding

phophoprotein EBP50 (Itoh et al. 2002), the leukocyte-specific homolog of cortac-

tin HS1 (Gomez et al. 2006), WASP-family verprolin homologous protein

2 (WAVE2) (Nolz et al. 2006), the receptor tyrosine kinase c-Abl (Huang et al.

2008), and the hematopoietic specific actin- and Arp2/3 complex-binding protein

Coronin-1A (Mugnier et al. 2008).

4 TCR Microcluster as a Signalosome for T cell Activation

4.1 Microcluster Composition

Biochemical studies have identified dozens of signal transducing molecules and

their assembly for TCR downstream signaling. However, these pathways do not

necessarily reflect the spatial and temporal regulation in real-time in cells. TCR–

MHCp binding triggers both assembly of these molecules and formation of TCR

microclusters; it is critical for our understanding of the process to identify which

signaling molecules are involved. Using anti-CD3-coated coverslips, Samelson’s

group obtained images of microcluster-localizing molecules that included kinases,

adaptors, and effector molecules (Seminario and Bunnell 2008). We and others

have shown the assembly of most of these molecules within TCR microclusters in

normal T cells on a planar membrane (Campi et al. 2005; Yokosuka et al. 2005;

Fig. 2 (continued) signaling and induce tyrosine phosphorylation and intracellular calcium flux,

resulting in the initial T cell activation. CD28 specifically recruits protein kinase C y (PKCy) at
TCR microclusters. (b) After reaching the maximum spreading, the T cell starts to contract. TCR

microclusters centripetally migrate and fuse with each other to form a large aggregation of the

receptors. However, kinases and adaptors dissociate from TCR microclusters. (c) Ten minutes

later, TCR microclusters finally form a central supramolecular activation cluster (c-SMAC),

which is divided into two regions with the different CD3 density. The CD3-high (CD3hi) region

is a single clod of TCRs, but in contrast the CD3-low (CD3lo) region contains CD28, which

effectively retains PKCy at the relatively outer region of the c-SMAC, suggesting T cell sustained

signaling. New functional TCR–CD28 microclusters are continuously generated at the peripheral

edge and translocated toward the c-SMAC, which may support PKCy recruitment to the plasma

membrane and maintain both the TCR-proximal signaling and the shape of the immunological

synapse

<

The Immunological Synapse, TCR Microclusters, and T Cell Activation 87



Saito and Yokosuka 2006; Varma et al. 2006; Yokosuka et al. 2008; Yokosuka and

Saito 2009) (Fig. 3). By analyzing colocalization of the signaling molecules with

TCR microclusters, the following molecules were localized with initial microclus-

ters; ZAP-70, phosphatydilinositol-3 kinase (PI3K), linker for activation of T cells

(LAT), growth factor receptor-bound protein 2 (Grb2), Grb2-related adaptor pro-

tein (Gads), Src homology 2 domain-containing leukocyte-specific phosphoprotein

of 76 kDa (SLP-76), non-catalytic region of tyrosine kinase (Nck), the guanine

nucleotide exchange factor Vav, PLCg1, PKCy, and F-actin and its relating mole-

cule WASp (Bunnell et al. 2002; Barda-Saad et al. 2004; Singer et al. 2004; Campi

et al. 2005; Yokosuka et al. 2005; Braiman et al. 2006; Balagopalan et al. 2007;

Seminario and Bunnell 2008; Yokosuka et al. 2008).

Do phospholipid metabolites of the plasma membrane contribute to the cluster-

ing of intracellular molecules? Activated PLCg1 generates inositol triphosphate

(IP3) and diacylglycerol (DAG), which induces intracellular calcium flux and

membrane recruitment of the cysteine-rich domain (CRD)-containing molecules,

respectively. Phosphoinositide 3-kinase (PI3K) produces phosphatidylinositol

3,4,5-trisphosphate (PIP3), which recruits pleckstrin homology (PH)-domain-con-

taining molecules such as PLCg1, Akt, Vav, and Itk. Both CRD and PH-domain

fluorescent probes (Costello et al. 2002; Spitaler et al. 2006) do not accumulate in

TCR microclusters, whereas PLCg1 and PI3K do, suggesting that the generation of

these second mediators might be essential but not sufficient for these signaling

pathway through TCR clustering.

Assembly of these signaling molecules in TCR microclusters is transient and

occurs in the newly generated microclusters. Every TCR microcluster initially

contains almost the same components, but most of the kinases and adaptors

dissemble from the microclusters before reaching the c-SMAC, and appear to be

internalized by endocytosis. A critical question is whether signaling molecules

internalized without TCR are still active in signal transduction. In this regard,

analysis of SLP-76 clusters in Jurkat T cells suggested active signaling as the

intracellular compartments. These SLP-76-containing microclusters were relatively

stable, localized with LAT and Gads, internalized into the subcellular compartment,

and eventually induce sustained activation signals (Bunnell et al. 2006). Similar

subcellular signalosomes were reported for Ras signaling at Golgi and in an

autophagosome-like structure in B cells (Mor and Philips 2006). However, because

clusters of SLP-76 or ZAP-70 in normal T cells were not detectable after their

dissociation from TCR microclusters on antigen-presenting lipid bilayers, it

remains to be determined whether these molecules continue to induce active signals

intracellularly in normal T cells.

4.2 Evidence of Microclusters as Signalosome

The most critical feature of the TCR microcluster is that it functions as the

signalosome for T cell activation by recruiting the most proximal TCR signaling
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molecules to induce activation within the microclusters. From the earliest time

point, each TCR microcluster contains TCRs, kinases, and adaptors (Campi et al.

2005; Yokosuka et al. 2005; Saito and Yokosuka 2006). The evidence that each

TCR microcluster can transmit activation signals was obtained in two ways. One

was the detection of phosphoproteins such as phospho-CD3z and phospho-ZAP-70

within the microclusters, and the other was the fact that the kinetics of the

intracellular calcium flux paralleled that of microcluster formation. Thus, the

TCR microcluster, not the c-SMAC, functions as a signalosome for T cell activa-

tion. After c-SMAC formation, microclusters are continuously generated at the

periphery of the interface, and are stained for phospho-tyrosine or phospho-ZAP-

70. Blocking the generation of new TCR microclusters resulted in inhibition of

T cell activation, demonstrating that TCR microclusters are required for T cell

activation (Varma et al. 2006).

4.3 Lipid Raft Microdomains and TCR Microclusters

The detergent-insoluble glycolipid-enriched membrane (GEM) fraction, referred to

as lipid raft (Hancock 2006), has been extensively analyzed as a plasma-membrane

microdomain for TCR signaling and often in the context of the immunological

synapse (Shaw 2006). It has been shown that various signal components are

localized in lipid raft. Those include Src family kinases, Ras, G proteins, adaptor

proteins such as LAT, as well as various GPI-anchored proteins. Cross linking of

ganglioside GM1 by the cholera toxin-B subunit (CT-B), induced lipid patches

colocalized with Lck, LAT, and TCRs (Janes et al. 1999) and lead to T cell

activation. The functional significance of lipid raft was shown by the observation

that LAT mutant lacking palmitoylation site, which was not localized in lipid raft

fraction, failed to induce T cell activation signals (Zhang et al. 1998). In addition, it

has been shown that CD28 engagement led to the clustering of raft microdomains at

Fig. 3 (continued) MHC–peptide (MHCp) (blue) triggers the clustering of TCR and the transient

association of CD4–Lck, which phosphorylates CD3z and zeta-chain associated protein kinase

70 kDa (ZAP-70). Activated ZAP-70 phosphorylates the downstream adaptors (light blue): linker
for activation of T cells (LAT), Src homology 2 domain-containing leukocyte-specific phospho-

protein of 76 kDa (SLP-76), and Grb2-related adaptor protein (Gads). The phosphorylated

adaptors assemble together and lead to main pathways for T cell activation: LAT–growth factor

receptor-bound protein 2 (Grb2) for Ras–mitogen-activated protein kinase (MAPK) signaling and

SLP-76–Vav–Wiskott–Aldrich syndrome protein (WASp) for actin polymerization. Phospholi-

pase C (PLC) g1 (orange), which is activated by interleukin-2 tyrosine kinase (Itk), cleavages

phosphatidylinositol-4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol-triphosphate

(IP3) responsible for NFAT–calcineurin pathway. Upon ligand binding, CD28 (green) translocates
to TCR microclusters and recruits phosphatydilinositol-3 kinase (PI3K) and protein kinase C y
(PKCy). PI3K produces phosphatidylinositol 3,4,5-trisphosphate (PIP3), which ensures the con-

nection to PI3K–Akt pathway. PKCy leads to nuclear factor-kB pathway through the caspase

recruitment domain-containing membrane-associated guanylate kinase protein-1 (CARMA1)–

Bcl10–mucosa-associated-lymphoid-tissue lymphoma-translocation gene 1 (MALT1) complex

<
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the immunological synapse (Viola et al. 1999), and PKCy was recruited there (Bi

et al. 2001). In spite of these initial studies for important roles of lipid raft as the

platform for recruiting signaling molecules for T cell activation and the colocaliza-

tion with immunological synapse (c-SMAC), there are accumulating data to dem-

onstrate no critical role for activation. The raft-associated molecules including Lck,

Fyn, GM1, and cholesterol were not highly concentrated at TCR microclusters

(Bunnell et al. 2002), and fluorescence resonance energy transfer (FRET) among

GPI-linked proteins was not detected even in the presence of focal condensation of

GPI-linked proteins or CT-B (Glebov and Nichols 2004). We analyzed the rela-

tionship between the TCR microclusters and lipid raft. The lipid raft probes did

not accumulate in the TCR microclusters (A. Hashimoto-Tane, T.Y., T.S.; unpub-

lished observations). Furthermore, single-molecule imaging analyses illustrated the

coclustering of CD2, LAT, and Lck microdomains, which required protein–protein

interactions but not lipid rafts (Douglass and Vale 2005). In contrast, the FRET

analysis using a lipid raft probe demonstrated the B cell receptor (BCR)–lipid raft

association but this association was limited at the newly formed BCR microclusters

and induced just transiently for a few seconds in B cells (Sohn et al. 2008).

Collecting together, although lipid raft does not appear to support as the platform

for TCR microclusters and protein interaction within TCR microclusters is critical

for activation signals, the functional nanoscale association with TCR microclusters

remained elusive. On the other hand, the new technology, transmission electron

microscopy of plasma membrane sheets, suggests pre-existing protein clusters

on plasma membrane in cholesterol-enriched domains despite raft or non-raft-

associating domains (Lillemeier et al. 2006)

5 c-SMAC Function

5.1 Dual Functions in TCR Signaling

In the conventional immunological synapse, the c-SMAC, as the site for TCR

clustering, was suggested to control TCR signaling. However, the finding of the

TCR microcluster leads us to reconsider this issue. The pattern of the immunologi-

cal synapse suggested a causal relationship between TCR radial position and its

signaling activity. Prolonged signaling was generated at the trapped periphery of the

c-SMACs but not in the center (Mossman et al. 2005). On the other hand, the

patterning “TCRs inside and LFA-1 outside” was required for stable contact, normal

PKCy clustering, and interferon (IFN)-g secretion (Doh and Irvine 2006). Shaw and

colleagues first proposed that the c-SMAC was involved in TCR degradation by

analyzing CD2AP-deficient T cells exhibiting no generation of c-SMACs but

augmented responses (Lee et al. 2003). Further observations supporting this hypoth-

esis followed; a lipid for multivesicular body for degradation, lysobisphosphatidic

acid (LBPA), was localized at the c-SMAC after strong TCR stimulation (Varma
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et al. 2006) and the enrichment of ubiquitin and Cbl-b recruitment at the immuno-

logical synapse (Wiedemann et al. 2005). CD45 required for the initial activation of

Lck is topologically excluded from the synapse (Shaw and Dustin 1997; Davis and

van der Merwe 2006), but later is recruited back to the c-SMAC to terminate TCR

signaling by dephosphorylation of phosphoproteins in the TCR microclusters

(Johnson et al. 2000; Varma et al. 2006). In contrast, there are some suggestions

of a possible function of the c-SMAC for the activation of signaling. ZAP-70 is

partially recruited to the c-SMAC under some restricted conditions (Yokosuka et al.

2005) and SLP-76 microclusters in Jurkat cells stimulated upon anti-CD3-antibody-

coated coverslips transmigrate to the perinuclear space (Bunnell et al. 2006). It is

suggested that stronger TCR stimulation causes earlier and stronger degradation at

the c-SMAC whereas weaker stimulation results in prolonged accumulation of

phospho-tyrosine and PIP3 (Cemerski et al. 2008), and further that fully phosphory-

lated CD3z is translocated into the c-SMAC upon stimulation with a low-dose

peptide. Recently, we showed that costimulation signal is sustained in cSMAC by

demonstrating that CD28 and PKCy formed clusters at the c-SMAC in a manner

depending on the CD28–CD80 binding (Yokosuka et al. 2008). For this regulation,

it is noteworthy that the c-SMAC has two functionally different regions (see

Sect. 7.2). The clustering of PKCy at the c-SMAC is a hallmark of the conventional

immunological synapse and leads to caspase recruitment domain-containing

membrane-associated guanylate kinase protein-1 (CARMA1) activation and

Bcl10 assembly for nuclear factor-kB (NF-kB) activation. It has been reported

that Bcl10 was placed at the cytoplasmic face of the c-SMAC and formed

“punctate and oligomeric killing or activating domains transducing signals”

(POLKADOTS) (Schaefer et al. 2004). Collectively, based on these reports,

there may be differential regulation of signaling pathways; TCR microclusters

induce a calcium response and actin polymerization through the ZAP-70–LAT–

SLP-76–PLCg1 pathway, whereas the c-SMAC may be induce NF-kB activation

through the PKCy–Bcl10 pathway.

5.2 Cell Polarity and the c-SMAC

The c-SMAC appears to regulate cell polarity. The MTOC was relocated to the

CTL–target cell interface (Kupfer and Dennert 1984) and lytic granules were

transported along microtubules toward the MTOC and secreted at a unique region

along the c-SMAC (Stinchcombe et al. 2001; Faroudi et al. 2003; Stinchcombe et al.

2006). The translocation was regulated by formin – but not Arp2/3-mediated actin

nucleation (Billadeau et al. 2007; Gomez et al. 2007). Russel and colleagues first

demonstrated that the cell polarity proteins: Scribble, Crumbs3, and Par3, which

were initially identified in epithelial cells, were also asymmetrically distributed in

T cells (Ludford-Menting et al. 2005). Cell polarity is crucial for the asymmetrical

division of the T cell developing to an effector or memory lineage (Chang et al.
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2007). Kupfer et al. demonstrated directionality in cytokine secretion by T helper

(Th) cells, similar to theMTOC (Kupfer et al. 1991). Pooling of effector cytokines at

the immunological synapse effectively differentiates Th1/2 cells by the regulation

of IFN-g receptor 1 condensation and signal transducer and activator of transcrip-

tion 1 (STAT1) recruitment (Maldonado et al. 2004, 2009). In contrast, tumor

necrosis factor and the chemokine CCL3 are released in all directions, even from

T–APC conjugates (Huse et al. 2006), suggesting that there are two types of spatial

regulation of cytokine secretion: polarized secretion toward synapse and non-polar-

ized secretion. Conversely, the chemokine receptor CCR5, but not CCR7, was

sequestrated at the T cell–APC interface, making the cell insensitive to chemotactic

gradients and to obtain costimulatory signaling through chemokine receptors

(Molon et al. 2005).

6 Heterogeneity of the Immunological Synapse and the c-SMAC

The immunological synapse was originally characterized in T cells as the c-SMAC

and p-SMAC. Although this structural concept is widely accepted to occur in other

lymphoid cells, it is not necessarily associated with any segregation into the

SMACs, and sometimes other characteristic structures are induced; e.g., the lytic

synapse on CTLs (Stinchcombe et al. 2001) and the inhibitory synapse and the

microclusters on NK cells (Davis and Dustin 2004; Orange 2008).

A variety of the immunological synapses are generated in different contexts.

Some T cell lines are activated without forming any c-SMACs (Purtic et al. 2005).

Immature thymocytes form multifocal CD3 and Lck clusters, but not a c-SMAC

(Hailman et al. 2002; Richie et al. 2002). At the T cell–dendritic cell (DC) interface,

TCR submicronic contact spots can be visualized by electron microscopy, and these

multifocal TCR clusters can fully induce T cell activation without large-scale

segregation of TCR and LFA-1 (Brossard et al. 2005). These examples lead us to

conclude that T cells do not require c-SMAC formation in every situation. Upon

stimulation with lower-dose antigen or a weaker stimulus, CTLs can kill their target

cells without forming c-SMACs (Faroudi et al. 2003; Purbhoo et al. 2004). The

requirement for c-SMAC formation to induce T cell activation depends on TCR

characteristics. In the case of low-affinity/avidity TCR, c-SMAC formation is well

correlated with T cell activation induction (Purtic et al. 2005). However, Davis and

colleagues have shown that just ten MHCp can induce the typical immunological

synapse, three MHCp can induce cytotoxicity (Purbhoo et al. 2004) and, further,

only one MHCp can induce transient calcium responses (Irvine et al. 2002). Since

these small numbers of antigen-peptide-bearing MHCs induce activation in collab-

oration with self-peptide-bearing MHCs, the relationship with TCR-microclusters

has to be determined. Collectively, T cells can be activated even in the absence of

c-SMAC formation, where TCR microclusters play central roles in transducing

activation signals.
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7 Costimulation Regulation by TCR Microclusters

and the c-SMAC

7.1 Costimulation and TCR Microclusters

Most costimulatory receptors and their ligands are localized at the immunological

synapse where they might modify T cell activation (Alegre et al. 2001; Acuto and

Michel 2003) (Table 1). The discovery of the TCR microcluster led us to reevaluate

the structural and functional features of T cell activation at the immunological

synapse. Recently, we found a small clustering of CD28 at the T cell–bilayer or T

cell–APC interface, which was named “CD28 microclusters” (Yokosuka et al.

2008). Their formation depends on binding to the ligands CD80/CD86. High-

density ligands generate clear clustering of CD28. At the beginning of antigen

stimulation, these microclusters are completely colocalized with TCR microclus-

ters and are then translocated toward the center to form a c-SMAC. There are few

molecules that translocate into c-SMAC after colocalization in TCR microclusters.

The movement of CD28 suggests the existence of a molecule that translocates from

microclusters to the c-SMAC together. Although CD28 signaling has been analyzed

for years, critical molecules in this pathway and the relationship between CD28 and

TCR signaling pathways have not been defined yet. For a decade, biochemical

analyses have suggested some candidates such as PI3K, protein phosphatase 2A

(PP2A), Grb2, Gads, interleukin-2 tyrosine kinase (Itk), Vav, and Akt (Alegre et al.

2001; Acuto and Michel 2003), but most of these molecules function downstream

of TCR as well as CD28. PI3K, which has been thought to be the most critical

molecule in this pathway, dissociates from the TCR–CD28 microclusters in the

same way as other TCR signaling molecules such as SLP-76. In contrast, PKCy
translocates to the outer region of the c-SMAC and remains there for more than 1 h,

suggesting its contribution for sustained T cell signaling. Indeed, blockade of

CD28–CD80 interaction by CTLA-4-Ig resulted in the disappearance of the annular

accumulation of not only CD28 but also PKCy at the c-SMAC, indicating that

CD28 recruits PKCy to the c-SMAC. The functional importance of PKCy for full T
cell activation and maturation is consistent with previous functional and biological

studies as well as with the phenotypes of PKCy-deficient mice (Sun et al. 2000;

Pfeifhofer et al. 2003) and PKCy imaging (Monks et al. 1997; Monks et al. 1998).

7.2 Functional Subregions Within the c-SMAC

High-resolution images of T cells on antigen-presenting lipid bilayers revealed two

distinct regions within the c-SMAC (Yokosuka et al. 2008) (Fig. 4). One is a TCR/

CD3 high-density (CD3hi) region, the traditional c-SMAC, and another is a TCR/

CD3 low- (CD3lo) and CD28 high-density region. The CD3hi c-SMAC is a rigid
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structure that had lost the ability of lateral movement of receptors and does not

contain any tyrosine phosphorylated proteins. In contrast, the CD3lo c-SMAC

maintains rapid lateral movement and demonstrates colocalization of both CD28

and PKCy. Structurally, it is located at the outer region of the entire c-SMAC in an

annular form. Formation of the CD3hi c-SMAC is limited to strong TCR stimulation,

whereas the CD3lo c-SMAC is formed and continuously colocalized with PKCy
following weak stimulation, even if the CD3hi c-SMAC is not detected. PKCy
recruitment to the c-SMAC is dependent on TCR-mediated signaling from the

initially and sequentially formed TCR microclusters; furthermore, the amount

of PKCy in the c-SMAC and the area occupied by PKCy within the c-SMAC

are dependent on the density of the costimulatory receptor and its ligand. Taken

together, these features of CD3hi and CD3lo c-SMAC imply that the CD3hi c-SMAC

Fig. 4 The c-SMAC composition characterized by the strength of TCR and costimulatory

signaling. (a) The two regions with the different density of CD3, CD3-high (CD3hi) and CD3-

low (CD3lo), were identified within the central-supramolecular activation cluster (c-SMAC) in a T

cell expressing EGFP-tagged CD3z settled on a antigen-presenting lipid bilayer (top) (Yokosuka
et al. 2008). The figure at the bottom is a differential interference contrast (DIC) image of the one

at the top. (b) The scheme presents our hypothesis in the relationship between the T cell response

and the TCR/CD3 composition within the c-SMAC. The c-SMAC size correlates with the TCR

signal strength. Without costimulation, stronger TCR signaling induces more intensive internali-

zation and degradation of TCRs forming the CD3hi regions, which may result in T cell anergy or

apoptosis. CD28-mediated costimulation increases the area of the CD3lo region that is constructed

by CD28, lower level of TCR/CD3, and protein kinase C y (PKCy), which results in the cytokine

production and T cell survival. PKCy is dynamically reorganized at the relatively outer region of

the CD3lo region in an annular form
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might be the result of TCR internalization and degradation and that the CD3lo

c-SMAC might function in continuous costimulatory signaling for sustained T

cell activation (Saito and Yokosuka 2006; Dustin 2009; Yokosuka and Saito 2009).

8 T cell Activation Models and the TCR Microcluster Model

Several models for the initiation of TCR signaling have been discussed over

the years (Box 1). We propose here the “TCR microcluster model” (Saito and

Yokosuka 2006; Seminario and Bunnell 2008; Yokosuka and Saito 2009). Based on

the finding that the TCR microcluster is the signalosome and the minimal unit for T

cell activation, we propose that a single microcluster induces transient signals in the

limited time span but that the continuous generation of TCR microclusters in a

spatially and temporally regulated manner provides the sustained signals required

for full T cell activation. The formation of both TCRmicroclusters and the c-SMAC

is dependent on the avidity of TCR, which influences the activation/degradation

balance. Furthermore, several different modes of costimulation can modulate

activation status.

The “multimerization model” is the fundamental basis of the TCR microcluster

model (Davis et al. 2007; Seminario and Bunnell 2008). Because dimerized TCRs

can induce the initial and transient calcium response, the minimal unit for signal

transduction could be a dimer. However, there is a correlation between the stimula-

tion strength and microcluster formation, and thus a microcluster might be at the

limit of what can be imaged by current technologies. Whereas a dimer provides a

digital signal, a microcluster may convert this into an analog signal as the sum of the

initial inputs. There is supportive evidence for the functional importance of receptor

multimerization, such as the conformational change of CD3z (Aivazian and Stern

2000) and multimodal clustering of adaptors (Houtman et al. 2006). Endogenous

peptides could have a synergistic function with dimeric MHC, but this function is

still controversial from the view of themicrocluster model, since endogenousMHCp

failed to enhance TCR triggering on lipid bilayers (Ma et al. 2008).

The “kinetic segregation model” (Davis and van der Merwe 2006) is featured by

the grossly segregated c-SMAC and p-SMAC, but the microcluster model seems to

be the opposite. The initial small-sized microclusters of TCR–MHCp are scattered

over the entire interface, which is filled with tall molecules LFA-1–ICAM-1

(Yokosuka et al. 2005; Varma et al. 2006; Kaizuka et al. 2007). These molecules

are clearly excluded from the TCR microclusters, whereas smaller molecules

CD28–CD80 are colocalized there (Yokosuka et al. 2008). Consequently, the

TCR and CD28 move to the c-SMAC, whereas the LFA-1 and CD45 enclose the

TCR–CD28 as a p-SMAC and c-SMAC, respectively. Therefore, the kinetic segre-

gation model is tightly connected with the microcluster model at the microscale.

The microcluster model is also reminiscent of the “serial triggering model”

(Valitutti et al. 1995). Each microcluster is generated transiently and induces

short-term signals, but TCR microclusters continue to be generated from the
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initiation of cell–cell contact to SMAC formation. This system represents serial

triggering at the large scale.

Box 1: T cell activation models

Kinetic proofreading model

As a quantitative model, McKeithan (McKeithan 1995) and McConnell

(Rabinowitz et al. 1996) hypothesized that T cell activation was governed

by the half-life (t1/2) of the TCR–MHCp interaction. The temporal lag

between ligand binding and receptor signaling may elicit qualitatively differ-

ent signals. Longer t1/2 determines a strong response induced by agonists or

strong agonists, and shorter t1/2 determines a weaker response by weak

agonists, null peptides, or antagonists (Davis et al. 1998).

Serial triggering model

T cell activation requires sustained activation for several hours. TCR affinity

to MHCp is low, and TCR activation induces only a brief spike of intracellu-

lar signals. To solve this paradoxical requirement for T cell activation,

Lanzavecchia and his colleagues set up this model to explain how a small

number of agonist MHCp governed the activation and down-modulation of a

large number of TCRs. They suspected that a single complex could serially

engage and trigger up to approximately 200 TCRs (Valitutti et al. 1995). The

dissociation rate calculated from kinetics of TCR–MHCp is likely to this

model. For T cell activation, approximately 8,000 TCRs are required to be

triggered (Viola and Lanzavecchia 1996).

Kinetic segregation model

van der Merwe first proposed this model by the topological view of the cell

surface molecules at the T cell–APC interface (Davis and van der Merwe

1996; Shaw and Dustin 1997). The tight intercellular contact causes the

segregation of the molecules by sizes of their ectodomain. This model is

supported by the structural features and kinetics of the immunological syn-

apse proved by segregation patterning (Monks et al. 1998; Grakoui et al.

1999): the smaller receptors in the center whose distance is 15 nm and the

taller adhesion molecules in the periphery whose distance is 42 nm (Davis

and van der Merwe 2006).

Multimerization model

This model shows that the minimum unit of T cell activation is known to be a

dimer on the basis of antibody-induced dimerization (Imboden and Stobo
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1985) and crystal structure of dimeric MHC (Brown et al. 1993). Initial but

transient calcium response is induced by a single MHCp, but monomeric

MHCp in solution fails to stimulate most T cells (Boniface et al. 1998;

Cochran et al. 2000), with one exception (Delon et al. 1998). More multi-

oligomeric ligands induce more substantial TCR clods and more intensive T

cell activation (Boniface et al. 1998). This model is supported by other

evidences: clustering-induced conformational change of CD3z being

more accessible for Lck (Aivazian and Stern 2000) and multimodal cluster

formation of multimeric and multipoint binding of receptors and adaptors

(Houtman et al. 2006).

Conformational change model

The crystal structures of TCR–MHCp (Garcia et al. 1996; Reinherz et al.

1999) were solved in late 1990s and the subtle differences of TCR–MHCp

characterized. Although structural change has not obtained upon antigen

binding by the ectodomain of TCR, biochemical data revealed that the

TCR–MHCp ligation induces the structural change TCR–CD3 complex,

particularly in CD3e, which exposes the proline-rich sequence and recruits

Nck to induce downstream signaling (Gil et al. 2002; Mingueneau et al.

2008). This model is also hinted by the conformational change in Iga upon

BCR engagements by membrane-binding antigens (Tolar et al. 2005).

Pseudo-dimer model

Quite a few MHCs carry cognate antigen peptides for the responsible TCRs,

whereas a great majority of MHCs carry endogenous self-peptides. Davis and

colleagues modified the “dimer of dimers model” on the basis of this phe-

nomenon, and the crystallographic study which showed CD4 tail associating

with Lck was far from their own TCR/CD3 complex than expected (Davis

et al. 2007). Upon the stimulation by artificial MHC dimers carrying an

agonist peptide on one MHC and a self-peptide on another, T cells respond

to the particular repertoires of self-peptides (Krogsgaard et al. 2005). In this

model, the fast off rate of TCR–self-MHCp would engage hundreds or

thousands of different TCRs that could drive signaling up to the required

threshold for T cell activation.

TCR microcluster model

For the present proposed model, see the text.
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9 Concluding Remarks

In this review, we have reconsidered the bona fide functions of the immunological

synapse and discussed the features of the TCR microcluster, a novel cluster of

TCRs dynamically assembling the downstream signaling molecules. Compared to

the classical idea of the immunological synapse, the microcluster model is able

to explain better the mechanisms of T cell activation from the most critical point

of view of spatial-temporal regulation of the “signalosome.” TCR microclusters

dynamically change during the course of T cell recognition and activation within

the immunological synapse. After the initial binding of a TCR with an MHC/

peptide, TCR assembles to form clusters at the initial contact area. Thereafter, the

TCR microclusters exhibit spatial translocation from the peripheral edge to the

center and, chronologically, association and dissociation with kinases and adaptors

during their movement toward the center, and accumulation and internalization

at the c-SMAC. Individual signaling molecules may behave differentially along

with the movement of the TCR microcluster: ZAP-70 only transiently associates

with the TCR microcluster at the periphery; accumulated PKCy remains for hours

at the midpoint; and TCRs are internalized and degraded at the center.

The analysis of TCR microclusters provides novel insights into the dynamic

regulation of T cell signaling not only at the immunological synapse but also within

the entire cell. Further analysis by spatio-temporal imaging of TCR signaling will

unveil the complex network of the regulatory systems for T cell activation and

function.
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Abstract The immunological synapse is a dynamic structure, formed between a

T cell and one or more antigen presenting cells, characterized by lipid and protein

segregation, signaling compartmentalization, and bidirectional information

exchange through soluble and membrane-bound transmitters. In addition, the

immunological synapse is the site where signals delivered by the T cell receptors,

adhesion molecules, as well as costimulatory and coinhibitory receptors are

decoded and integrated. Signaling modulation and tunable activation thresholds

allow T cells to interpret the context in which the antigen is presented, recognize

infectious stimuli, and finally decide between activation and tolerance. In this

review, we discuss some strategies used by membrane receptors to tune activation

signals in T cells.
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1 Introduction

The adaptive immune response is initiated by activation of T and B lymphocytes in

secondary lymphoid tissues, where dendritic cells (DCs) carry antigens collected in

the periphery. In the case of T lymphocytes, T cell receptors (TCRs) recognize and

interact with specific antigenic complexes formed by antigen-derived peptides

bound to membrane proteins encoded by the class I or class II genes of the major

histocompatibility complex (MHC) and expressed on the DC surface. Since a single

DC presents on its membrane many different combinations of peptide–MHC

(pMHC) molecules, the number of specific antigenic complexes for a T cell can

be very low (10–100) (Harding and Unanue 1990; Christinck et al. 1991; Sykulev

et al. 1996). For example, while a single antigenic complex elicits a transient

calcium influx, at least ten pMHC complexes are required to induce the formation

of the immunological synapse (Irvine et al. 2002). T cell priming is therefore a very

sensitive process because it induces a variety of cellular responses including

proliferation, secretion of cytokines, and cytotoxic mediators, but it is initiated by

very few ligands.

Another key feature of the immune response is its specificity: T cells must be

able to discriminate precisely between an infectious stimulus and a noninfectious

one and tune their response in accordance with the molecular context in which the

antigen is presented. Establishing checkpoints for signaling is therefore a very

important aspect in T cell activation (Acuto et al. 2008).

As discussed in this review, T cell sensitivity and specificity are extremely

interconnected and both depend on T cell costimulatory molecules, which integrate

and amplify TCR signaling at the immunological synapse. While the activating and

inhibitory molecular interactions have half-lives in the order of seconds (Davis

et al. 1998), the duration of signaling that is required to achieve T cell priming

ranges from a few to several hours (Iezzi et al. 1998; Lanzavecchia et al. 1999).

During the prolonged interaction with the DC, the T lymphocyte integrates all

signals delivered by its TCRs as well as stimulatory and inhibitory receptors. This

signaling integration ensures the amplification required for sensitivity, as well as

the checkpoints required for specificity.

2 CD28 and Lipid Rafts

T cell priming is strongly influenced by signals delivered through the costimulatory

molecule CD28. In contrast to adhesion molecules, such as the leukocyte function-

associated antigen 1 (LFA-1), which exert their costimulatory action by facilitating

and prolonging the contact between the antigen presenting cell (APC) and the T cell

(Bachmann et al. 1997), CD28 lowers the T cell activation threshold and allows

T cell priming by few antigenic complexes (Viola and Lanzavecchia 1996). Several

reports have demonstrated that CD28 can enhance several signaling pathways

leading to gene transcription (Pages et al. 1994; Su et al. 1994; Tuosto and Acuto

110 A. Viola et al.



1998; Viola et al. 1999; Viola 2001; Acuto and Michel 2003), suggesting that CD28

acts as a general amplifier of early TCR signaling. Indeed, T cells from CD28-

deficient mice can be activated using higher doses of antigen, demonstrating that

the signals delivered by CD28 can be easily replaced by stronger TCR signaling

(Shahinian et al. 1993; Kundig et al. 1996). Thus, CD28 represents a signaling

amplifier for naive T cells and therefore determines the sensitivity of the adaptive

immune response. CD28 ligands, namely B7-1 and B7-2, are expressed at high

levels by pathogen-activated professional APC, such as mature DCs, as well as

activated B cells and macrophages. On most APC populations, B7-2 is expressed

constitutively at low levels and is rapidly upregulated upon activation, whereas

B7-1 is inducibly expressed later after activation (Freeman et al. 1993; Hathcock

et al. 1994; van Vliet et al. 2007). In DCs, the switch from an immature to an

inflammatory phenotype expressing CD28 ligands and capable of inducing T cell

priming depends on the interaction between pattern recognition receptors (PRRs)

and pathogen-associated molecular patterns. For example, Toll-like receptor (TLR)

signaling pathways regulate the activation of different transcription factors leading

to expression of costimulatory molecules and chemokine receptors and to the

production of inflammatory cytokines (Janeway et al. 1989; Medzhitov and

Janeway 2002; Akira et al. 2006). In addition, inflammatory cytokines may

themselves trigger DC maturation in the absence of microbial stimulation (Blanco

et al. 2008).

CD28 costimulation is therefore possible when APCs present antigens in the

context of infection and/or inflammation. This system allows the use of T cell

sensitivity in favor of specificity: TCR signaling will be amplified and T cells will

be primed only if “danger” signals are present in our body. In other words, a

qualitative signal, such as presence or absence of inflammation, can be interpreted

through quantitative and tunable events, such as phosphorylation of signaling

mediators, and calcium influxes.

Although several laboratories have investigated CD28 downstream signals, the

precise mechanism of CD28-mediated costimulation is not clearly understood.

Several molecules, such as phosphoinositide 3-kinase (PI3K) (Pages et al. 1994;

Harada et al. 2003), lymphocyte specific protein tyrosine kinase (Lck) (Holdorf

et al. 1999; Liu et al. 2000), growth factor receptor-bound protein 2 (Grb2) (Raab

et al. 1995), Grb2-related adaptor protein (Gads) (Watanabe et al. 2006),

IL2-inducible T cell kinase (Itk), the guaninenucleotide exchange factor Vav

(Villalba et al. 2000), protein kinase B (PKB) (also known as Akt) (Kane et al.

2001), protein phosphatase 2A (PP2A) (Chuang et al. 2000; Alegre et al. 2001), and

protein kinase C y(PKCy) (Villalba et al. 2000), have been implicated in the CD28-

mediated pathway. In the case of PKCy, it has been recently shown that CD28 is

responsible for recruitment of the kinase into TCR–CD28 microsclusters and for its

retaining at a spatially unique and dynamic subregion of central supramolecular

activation cluster (Yokosuka et al. 2008).

While searching for a mechanism responsible for CD28-induced amplification

of the TCR signaling cascade, we hypothesized that costimulation might promote

membrane lipid rearrangement at the immunological synapse and thus generate an
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environment in which signals are protected from phosphatases and amplified.

Indeed, we had shown that in the absence of CD28 costimulation, tyrosine phos-

phorylation of TCR signaling mediators is very transient since they are depho-

sphorylated in a few seconds by the action of phosphatases. By contrast, when

CD28 costimulation is provided, the stability of TCR-induced phosphorylation is

long-lasting and persists for minutes (Viola et al. 1999). Interestingly, we found that

stimulation of resting T cells with anti-CD3 plus anti-CD28 antibody-coated beads

induces recruitment of the ganglioside GM1, a membrane raft marker, to the TCR

triggering site (Viola et al. 1999). Several studies confirmed and expanded this

initial observation (Dupre et al. 2002; Paccani et al. 2005; Round et al. 2005) and

suggested that raft recruitment into the immunological synapse occurs only in

T cells with high activation stringency (Ebert et al. 2000; Balamuth et al. 2001;

Kovacs et al. 2002) and requires CD28 signaling (Viola et al. 1999; Tavano et al.

2004; Tavano et al. 2006).

Membrane rafts are small (10–200 nm in diameter), heterogeneous, highly

dynamic, sterol- and sphingolipid-enriched domains that compartmentalize cellular

processes. They have been implicated in protein sorting in several cell types

(Schuck and Simons 2004), but the precise role of membrane rafts in organizing

receptor assembly at the immunological synapse is not fully understood. However,

the correlation between the capacity of a molecule (either a signaling molecule or a

fluorescent probe) to be recruited into the immune synapse and its preference for a

“raft environment” is quite strong. At the T cell synapse, membrane rafts may

function as platforms for the formation of multicomponent transduction complexes.

Indeed, these microdomains are constitutively enriched in proteins involved in the

early phases of TCR signaling, such as the Src family kinases Lck and Fyn, the

adapter protein LAT, phosphoprotein associated with glycosphingolipid-enriched

domains (PAG) or Csk-activating protein (Cbp), and Lck-interacting molecule

(LIME) (Pizzo and Viola 2004). Furthermore, the composition of raft-associated

proteins changes after T cell stimulation, suggesting that rafts are dynamic plat-

forms for T cell signaling. Thus, upon TCR stimulation many signaling proteins

become concentrated in rafts, including the zeta-associated protein 70, the phos-

pholipase Cg, Vav, PKB, and PKCy (Pizzo and Viola 2004).

As already mentioned, T cell stimulation by APCs results in a dramatic redistri-

bution of membrane rafts toward the immunological synapse, and this process

requires CD28 signaling (Tavano et al. 2004; Tavano et al. 2006). On the other

hand, CD28 has been long recognized as an important organizer of the actin

cytoskeleton. The TCR–CD28-triggered polymerization of actin at the immune

synapse is regulated by the action of the guanine nucleotide-exchange factor VAV,

the small Rho GTPase CDC42, the Wiscott–Aldrich Syndrome protein (WASP),

and the ARP2/3 complex. However, the mechanism of membrane raft mobilization

into the immunological synapse was unclear until recently.

The ARP2/3 complex cooperates with filamins, which are actin cross-linking

proteins, to generate and maintain the cortical actin cytoskeleton (Stossel et al.

2001). It has been suggested that the linkages between actin filaments formed by the

ARP2/3 complex are metastable and dissociate, whereas interactions between the
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actin-binding protein filamin A (FLNa) and actin filaments are stable for long

periods of time (Flanagan et al. 2001). Interestingly, FLNa, which is expressed in

T cells, was recently shown to interact with CD28 in a stimulation-dependent

manner (Tavano et al. 2006). After physiological stimulation, CD28 recruits

FLNa into the immunological synapse (Tavano et al. 2006), where FLNa organizes

TCR (Hayashi and Altman 2006) and CD28 signaling (Tavano et al. 2006). RNA

interference (RNAi)-mediated knockdown of FLNa expression resulted in loss of

accumulation of membrane rafts at the immunological synapse, as well as

impairment of CD28-dependent costimulation (Tavano et al. 2006). In addition,

mutations in the CD28 cytoplasmic tail that led to abrogation of the CD28–FLNa

interaction also resulted in impaired mobilization of membrane rafts to the immu-

nological synapse (Tavano et al. 2004; Tavano et al. 2006). These data strongly

indicate a role for FLNa in the recruitment of membrane rafts into the immunologi-

cal synapse and suggest that CD28 signaling provides for a membrane-raft-based

compartmentalization of key signaling intermediates at the immunological synapse

for amplification of TCR-derived signals.

3 Chemokines and Their Receptors

Chemokines are small cytokines with selective chemoattractant properties coordi-

nating the homeostatic circulation of leukocytes as well as their migration towards

sites of inflammation or injury. Homeostatic chemokines are constitutively pro-

duced and involved in maintaining leukocyte trafficking, as well as the architecture

of secondary lymphoid organs, whereas inflammatory chemokines are produced by

activated cells and recruit leukocytes to inflamed tissues. Similar to cytokines and

costimulatory molecules, chemokine and chemokine receptor synthesis is regulated

by infectious and inflammatory stimuli, such as TLR and nuclear oligomerization

domain (NOD)-like family ligands (Park et al. 2007; Werts et al. 2007; Serbina

et al. 2008). Although their major role is to direct leukocyte trafficking, chemokines

can be useful in helping T cells to interpret the context in which an antigen is

presented. We have demonstrated that the T cell chemokine receptors CCR5 and

CXCR4 are recruited into the immunological synapse during T cell–APC interac-

tion (Molon et al. 2005). When approaching an APC, T cells emit CCR5 (or

CXCR4)-enriched protrusions that indent the APC surface; this situation resembles

the concentration of chemokine receptors at the leading edge of chemoattractant-

stimulated T cells (Gomez-Mouton et al. 2004). These interactions culminate in the

formation of a stable synapse, where CCR5 and CXCR4 are stably concentrated.

Chemokine receptor accumulation at the T cell synapse requires secretion of

chemokines by the APC, substantiating an important role for the activation state

of the APC in this process. The consequence of chemokine release at the immuno-

logical synapse and of chemokine receptor recruitment into this region is T cell

costimulation. Indeed, during T cell activation, CCL5 and CXCL12 chemokines

enhance T cell proliferation and cytokine production (Taub 1996; Karpus et al.
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1997; Molon et al. 2005), suggesting that at the immunological synapse chemo-

kines function as soluble immunotransmitters and are potent T cell activators.

At the T cell synapse, chemokine receptor triggering modifies, and is modified

by, other receptor pathways in a complex signaling cross-talk. For example, both

TCR and chemokine receptors activate adhesion molecules through inside-out

signaling (Dustin and Springer 1989; Constantin et al. 2000), whereas CD28 and

chemokine receptors participate in TCR signaling amplification. Interestingly, TCR

triggering modifies chemokine receptor signaling properties (Molon et al. 2005),

too. Chemokines receptors are seven transmembrane spanning proteins coupled to

heterotrimeric G protein – i.e., G protein-coupled receptors (GPCRs). Chemokine

binding to chemokine receptors dissociates Gai, the Ga most commonly associated

with those receptors, and Gbg subunits of the heterotrimeric G proteins, leading to

calcium flux and activation of the PI3K, and the small Rho GTPases signaling

pathways, among others (Thelen and Stein 2008). Consistent with Gi association,

the majority of chemokine responses are inhibited by treatment with pertussis toxin

(PTx) (Goldman et al. 1985). Nevertheless, in some circumstances, PTx cannot

completely block chemokine-induced responses owing to chemokine receptor

association to G proteins other than Gi, such as Gq/11 or G16 (Thelen and Stein

2008). Interestingly, chemokine receptor accumulation at the immunological syn-

apse is insensitive to PTx treatment, indicating that the process does not involve

Gi-mediated signaling (Molon et al. 2005). Compatible with this, we found that

chemokine recognition in the context of the immunological synapse induces a

Gq/11-mediated CCR5 signaling, suggesting that chemokine receptor signaling

pathways are modified by TCR triggering (Molon et al. 2005). Notably, coupling

of Gq to the chemokine receptors delays their internalization, explaining the

accumulation of CCR5 and CXCR4 at the T cell immunological synapse. In this

scenario, chemokine receptors prolong the duration of T cell–APC interaction and

facilitate T cell activation by increasing LFA-1 affinity (Tybulewicz 2002; Shamri

et al. 2005), reinforcing T cell–APC pair attraction and avoiding premature splitting

due to other chemoattractant sources. In addition to stabilization of the immune

synapse, chemokine receptors may induce costimulation through specific signaling

pathways cooperating with the TCR. For example, Gq-mediated signaling triggers

the translocation of nuclear factor of activated T cells (NFAT) to the nucleus (Boss

et al. 1996); moreover, chemokine receptors bind FLNa (Jimenez-Baranda et al.

2007), suggesting that actin reorganization is a common strategy used by CD28 and

chemokine receptors to amplify TCR signaling (Fig. 1).

Although CD28 and chemokine receptor may share some signaling intermedi-

ates in delivering TCR costimulatory signals, they may operate in very different

physiological contexts. Indeed, while CD28 is expressed on naı̈ve T cells, the

expression of chemokine receptors is finely tuned during all stages of T cell

activation. We have demonstrated that the costimulatory properties of CCR5 and

CXCR4 chemokine receptors depend on their ability to form heterodimers

(Contento et al. 2008). CXCR4 and CCR5 homodimers are not recruited into the

immunological synapse and do not costimulate T cell activation, although they are

perfectly functional in inducing chemotactic responses (Contento et al. 2008),
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Fig. 1 Costimulation at the immunological synapse. In peripheral tissues, resting DCs recognize

pathogens through pattern recognition receptors (PPRs). Signals delivered by PPRs allow DCs to

switch from an immature to a mature, inflammatory phenotype. Mature DCs upregulate the

expression of costimulatory molecules, such as B7-1 and B7-2, and of the CCR7 chemokine
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indicating that chemokine receptor homo- and heterodimers have distinctive sig-

naling and biological properties. Interestingly, while CXCR4 is constitutively

expressed in T cells, CCR5 expression is induced by antigenic or inflammatory

stimuli. Thus, the context in which T cells are activated will determine the chemo-

kine receptor expression pattern and their costimulatory functions.

4 Coinhibitory Receptors

Regulation of T cell responses requires a stringent control of the turn-on and turn

off mechanisms. Negative signals delivered at the immunological synapse by the

inhibitory receptors may be important for limiting the size and duration of immune

responses and, thus, for maintaining the equilibrium between health and disease.

Interestingly, the two CD28 ligands, B7-1 and B7-2, which are crucial for initiating

T cell responses, are required to deliver negative signals to T cells and turn them

off. The CTLA-4 (cytotoxic T lymphocyte antigen-4) coinhibitory molecule

belongs to the CD28:B7 immunoglobulin superfamily and binds to B7-1 and

B7-2 with higher affinity than does CD28 (Brunet et al. 1987; Linsley et al. 1991;

Collins et al. 2002; Peggs et al. 2008). However, CD28 is constitutively expressed

by resting T cells, whereas CTLA-4 expression requires TCR triggering (Perkins

et al. 1996), indicating that the two molecules are involved in temporally distinct

process of T cell activation. In agreement with this notion, CTLA-4 knockout mice

die of polyclonal CD4+ T cell lymphoproliferation (Tivol et al. 1995; Waterhouse

et al. 1995), which seems to be initiated by TCR signaling (Waterhouse et al. 1997)

and requires CD28 co stimulation (Linsley et al. 1991).

CTLA-4 coligation with the TCR results in reduced tyrosine phosphorylation of

TCR signaling effectors (Guntermann and Alexander 2002), inhibition of extracel-

lular signal-regulated kinase (ERK)/c-Jun N-terminal kinase pathways (Calvo et al.

1997), reduced NF-kB and AP-1 activation (Olsson et al. 1999) and inhibition of

cell cycle progression, IL-2 secretion, and T cell proliferation (Krummel and

Allison 1996). Competition with CD28 for its ligands and recruitment of the

phosphatases Src homology 2 (SH2) domain-containing phosphatase-1 (SHP-1),

Fig. 1 (continued) receptor, which allows them to migrate into lymph nodes. T cells enter lymph

nodes via high endothelial venules (HEVs) and actively scan DC’s surface with their TCRs. TCR

ligation by pMHC complexes expressed on DC leads to the formation of a stable T cell–DC

conjugate and, at the immunological synapse, to the initiation of a complex signaling cross-talk.

On the one hand, TCR triggering activates LFA-1 (inside-out signaling) and it may directly modify

chemokine receptor signaling (Gi–Gq switch). On the other hand, CXCR4/CCR5 heterodimers and

CD28 induce TCR costimulatory signals. In addition, chemokine receptor signaling at the immune

synapse activates adhesion molecules, which are important to stabilize the conjugate and favor

TCR ligation. All receptors induce massive rearrangements of the actin cytoskeleton at the

immunological synapse, an event required to stabilize the T cell–DC pair. In addition, CD28.

interaction with the actin-binding protein FLNa induces accumulation of membrane rafts at the

synapse, a process that may be crucial to amplify TCR-induced signal transduction

<
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SHP-2, and PP2A into the immune synapse are among the possible mechanisms

responsible for CTLA-4 coinhibition (Teft et al. 2006). In addition, CTLA-4 may

counteract TCR-induced stop signals and increase T cell motility (Schneider et al.

2006), thus reducing the stability of the T cell–APC conjugate.

Another negative regulator of the TCR signaling, belonging to the CD28:B7

immunoglobulin superfamily, is the PD-1 (programmed death-1) receptor, which is

expressed on activated T cells, as well as B cells, monocytes, and natural killer

T (NKT) cells (Peggs et al. 2008). PD-1 knockout mice develop antibody-mediated

autoimmune diseases (Nishimura et al. 1999; Nishimura et al. 2001) and, accord-

ingly, in T cells, PD-1 interaction with its ligands – PD-L1 and PD-L2 – results in

recruitment of SHP-1 and SHP-2 and inhibition of proliferation and cytokine

production (Keir et al. 2008). Interestingly, PD-L1, which is not only expressed

on APCs but also on resting and activated T cells, can bind B7-1 (Butte et al. 2007)

and act as a coinhibitory receptor in T cells in vitro and in vivo (Latchman et al.

2004).

5 Conclusions

The immunological synapse is an exquisite site for cross-talk among several

signaling pathways. Adhesion molecules, chemokines, as well as costimulatory

and coinhibitory receptors are all involved in the complex process of tuning TCR

signaling and T cell activation thresholds. This is achieved through two major

strategies: the control of the stability of the T cell–APC conjugate, and/or the

generation around the TCR of a molecular environment that either amplifies or

inhibits protein tyrosine phosphorylation (Fig. 2).

Although we can describe detailed signaling pathways for most of the single

receptors acting at the immune synapse, we still do not know how these pathways

are integrated during the various phases of T cell activation. An integrated view of

Fig. 2 Two strategies to tune T cell activation. Costimolatory and coinhibitory receptors may tune

T cell activation acting at two different levels: conjugate stability or signal transduction. Adhesion

molecules facilitate T cell activation by stabilizing T cell–APC interaction, whereas CD28 and

PD1/PD1L tune the amplitude of TCR signaling. Interestingly, CTLA-4 and the CXCR4/CCR5

heterodimer operate at both levels, delivering signals that modify conjugate stability and T cell

activation
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the immunological synapse signaling would allow us to understand the contribution

of each ligand–receptor pair to T cell dysfunctions in pathology and to design novel

immunotherapeutic strategies.
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Abstract The activation of classical ab T cells is initiated when the T cell receptor

(TCR) recognizes peptide antigens presented by major histocompatibility complex

(pMHC) molecules. This recognition always occurs at the junction of a T cell and

antigen-presenting cell (APC). Existing models of T cell activation accurately

explain the sensitivity and selectivity of antigen recognition within the immuno-

logical synapse. However, these models have not fully incorporated the diverse

microcluster types revealed by current imaging technologies. It is increasingly clear

that a better understanding of T cell activation will require an appreciation of the

diverse signaling assemblies arising within the immune synapse, the interrelation-

ships between these structures, and the mechanisms by which underlying cytoskel-

etal systems govern their assembly and fate. Here, we will provide a brief

framework for understanding these issues, review our contributions to current

knowledge, and provide perspectives on the future of this rapidly advancing field.

1 Challenges in Antigen Recognition

The adaptive immune system plays an essential role in the defense against patho-

genic microorganisms. Randomly assembled clonotypic receptors allow lympho-

cytes to recognize a nearly unlimited repertoire of antigens. In most vertebrates, T

lymphocytes recognize foreign and self-derived antigens that are presented by

endogenous major histocompatibility complex (MHC) proteins. This ability, cou-

pled with developmental pruning of the initial T cell receptor (TCR) repertoire,

enables T cells to distinguish self from non-self. This capacity allows T cells to play

a crucial role in the orchestration of effective immune responses.

The properties of the TCR are constrained by the need to meet two conflicting

imperatives. On the one hand, T cells must rapidly identify and respond to patho-

genic organisms in order to prevent life-threatening infections. On the other hand,

T cells must be finely tuned to prevent spontaneous self-recognition and the

initiation of autoimmune responses. These pressures have resulted in the develop-

ment of systems that ensure encounters between rare T cells and antigen-bearing

antigen-presenting cells (APCs) and enable the recognition of low doses of antigens

with exquisite fidelity. The recognition of antigens by the rare T cells bearing

cognate TCRs is facilitated by the coordinated recruitment of T cells and APCs

to secondary lymphoid organs. Once present in these organs, T cells migrate rapidly

across stromal cell networks (Bajenoff et al. 2006). Current estimates suggest that

this rapid scanning allows a single antigen-bearing APC to be tested by 500–5,000

T cells/h (Breart and Bousso 2006). Recent estimates suggest that the frequency of

T cells capable of recognizing a given antigen is approximately 1 in 300,000 (Moon

et al. 2007). Given these parameters, T cells of the appropriate specificity will come

into contact with antigen-bearing APCs within the first hours to days of an infec-

tion. To effectively initiate successful immune responses, these potential recogni-

tion events must be efficiently converted into productive signals, while hundreds of

thousands of irrelevant interactions must fail. This sensitivity and specificity is
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achieved through the formation of a specialized junction linking the T cell and

APC, known as an immunological synapse. Both systems require the dynamic

modulation of the T cell cytoskeleton. In the first case, these changes enable

circulating T cells to be recruited into lymphoid organs and to be converted into

polarized T cells capable of rapid migration. In the second case, these changes

enable T cells that engage antigen to stop migrating and to form the synaptic

structures that support optimal antigen recognition.

2 T Cell Migration and Synapsis

Circulating T cells are roughly spherical and are densely coated with microvilli.

These narrow membrane extensions contain bundled actin filaments and possess a

distinct tip structure. Microvilli contribute to the entry of circulating T cells into

secondary lymphoid organs by facilitating T cell rolling on high endothelial venules

(HEVs). Rolling is initiated when proteins enriched at the tips of microvilli engage

ligands expressed on the vascular endothelial cells that comprise the HEV wall

(Springer 1994). These interactions, coupled with the shear forces exerted by fluid

flow within the HEV, cause T cells to roll along the surface of the HEV. Leukocyte

rolling is an active process in which microvilli function as springs and tethers to

resist the intense shear forces encountered at the vascular wall (Park et al. 2002;

Snapp et al. 2002). This requires the coupling of the integrins and selectin ligands of

the microvillus tip to underlying actin filaments and the capacity of underlying actin

filaments to lengthen and develop tension in response to mechanical strain. These

processes slow the rolling T cells, facilitating encounters with chemokines immo-

bilized on the vessel wall. Chemokine receptors then trigger cytoplasmic signaling

cascades which upregulate integrin affinity and avidity and promote T cell spread-

ing on the vascular wall. This response requires the modification of rigid interme-

diate filament networks composed of vimentin and the remodeling of cortical actin

networks stabilized by the ezrin/radixin/moesin (ERM) family of cytoskeletal

adaptors (Brown et al. 2001; Shaw 2001; Nijhara et al. 2004). Subsequently,

T cells exit the vascular space and enter the surrounding tissue. This process is

initiated with the formation of integrin-dependent adhesive structures known as

podosomes. Recent studies have demonstrated that T cells can pass directly through

endothelial cells in a process known as transcellular diapedesis (Petri and Bixel

2006; Carman et al. 2007). This process is associated with the maturation of the pro-

adhesive podosomes into invasive structures resembling the lamina-penetrating

invadopodia of cancer cells.

T cells that have escaped circulation and entered secondary lymphoid organs are

exposed to chemokines, which direct T cell polarization and the initiation of rapid

amoeboid movement. These processes require the formation of domains with

distinct cytoskeletal properties (Dustin 2008). The leading edge of the cell is

composed of exploratory actin-rich structures that are driven forward by the

dynamic polymerization of actin. At least two distinct structures are observed in
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this region: thin filopodia, which contain bundled actin filaments, and sheet-like

lamellipodia, which contain branched actin filaments. At the base of the leading

edge is the lamellum, which generates integrin-dependent adhesive contacts

required for efficient locomotion (Ponti et al. 2004). The rear of the cell contains

the microtubule-organizing center (MTOC) and is drawn into a tail-like structure

referred to as a uropod (Sanchez-Madrid and Serrador 2009). This trailing structure

is assembled through the action of myosin II and is the primary site of membrane

internalization in crawling cells (Jacobelli et al. 2004; Samaniego et al. 2007). The

uropod is also enriched in moesin, the ERM-interacting membrane glycoproteins

CD43 and CD44, and the polarity-regulating proteins Dlg and Scribble (del Pozo

et al. 1998; Ludford-Menting et al. 2005). Collectively, these systems define an axis

of polarity compatible with directed migration. Movement is accomplished through

the generation of adhesive contact at the leading edge, the application of myosin

II-dependent forces, and the detachment of adhesive structures at the rear of the cell

(Morin et al. 2008).

In response to antigen, T cells stop crawling and form an immunological

synapse. Stopping is accompanied by the reorientation of the protrusive and

adhesive systems of crawling T cells, so that movements parallel to the migration

substrate are redirected toward the stimulatory surface (Krummel and Macara 2006;

Dustin 2008). Since the APC presents a barrier to movement, these systems are

redirected outward, along the surface of the APC. In this manner, the front-to-rear

axis characteristic of migrating T cells is converted into the symmetric edge-to-

center axis characteristic of the immune synapse. Thus, actin-rich regions at the

boundary of the synapse correspond to the leading edge and lamellum found in

migratory T cells. Similarly, the center of the synapse, which excludes integrins and

recruits the MTOC, corresponds to the rear of a crawling T cell. In addition, myosin

II-dependent cytoskeletal flows are reoriented so as to transport material from the

rear of the cell toward the synapse, and from the edge of the synapse toward the

center of the synapse (Wulfing and Davis 1998; Ilani et al. 2009). However, other

components of the uropod, including moesin, CD43, CD44, Dlg, and Scribble, are

retained at the rear of the cell, within a “distal pole complex” (DPC) opposite the

contact interface (Cullinan et al. 2002; Ludford-Menting et al. 2005). Thus, T cells

participating in immune synapses retain a front-to-back axis defined by ERM-

interacting proteins and polarity proteins, but extensively modify a distinct axis

orchestrating MTOC positioning, myosin II-dependent membrane flows, and

integrin-dependent locomotion.

The stopping behavior associated with the formation of an immune synapse

allows T cells to ignore the abundant extraneous stimuli provided by the majority

of the APC present in secondary lymphoid organs. In addition, T cell stopping

facilitates the identification of additional cognate pMHC, which may be diluted

several thousandfold among irrelevant pMHC (Valitutti et al. 1995). Although the

sustained delivery of antigen-dependent signals is essential for optimal T cell

proliferation, the signals transmitted during this period do not require sustained

monogamous interactions between T cells and APCs (Huppa et al. 2003; Friedl et al.

2005; Henrickson et al. 2008). In fact, T cells activated and observed in vivo, within
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intact lymphoid organs, initially alternate between periods of mobility and conju-

gate formation. These interactions result in the upregulation of numerous activation

markers, demonstrating that T cells are capable of integrating signals that are

distributed in space and time. During this migratory phase, signals initiated by the

TCR suppress the dissolution of synapses; nevertheless, the boundaries of the

immune synapse remain dynamic and permit T cell reorientation toward APCs

bearing higher doses of antigen (Negulescu et al. 1996; Depoil et al. 2005). These

properties are well suited for the recognition of rare and widely dispersed antigens,

and for the identification of the most potent APCwithin the local microenvironment.

3 Models of Antigen Recognition

T cell activation is associated with the downmodulation of several thousand TCR

molecules by much smaller numbers of cognate pMHC (Valitutti et al. 1995). The

serial triggering hypothesis proposes that this is achieved through the serial recog-

nition of an individual pMHC by tens to hundreds of TCR molecules. In this

model, the immune synapse anchors the responding T cell to an APC, facilitating

efficient serial recognition of pMHC. However, the demand for efficient serial

recognition is at odds with the kinetic proofreading hypothesis (McKeithan

1995). This model predicts that the correlation between pMHC half-life and

antigenicity is a direct result of the time required to assemble a potent signaling

complex at the TCR. The opposing demands of these hypotheses explain the

observation that efficient T cell activation occurs only within a narrow range of

pMHC half-lives (Davis et al. 1998).

The relatively short half-lives of agonist pMHC inevitably impact the affinity of

interaction with the TCR. In addition, the unusual nature of the TCR–pMHC

interaction limits the surface available for the selective recognition of distinct

antigenic peptides. Given these constraints, how is selective antigen recognition

achieved? Topological models of T-cell activation posit that the immune synapse

generates domains of membrane apposition that are dominated by a distinct param-

eter, known as the two-dimensional affinity (Shaw and Dustin 1997). This parame-

ter becomes progressively more important as the separation of the membranes

decreases and as the rigidity of the confining membranes increases. The TCR and

pMHC are ideally suited to this mode of interaction in that they are short, jointly

spanning only 13 nm, their interacting surfaces face directly outwards, and their

interaction is not thought to involve major structural rearrangements in the direction

of confinement (Kuhns et al. 2006). Although the TCR–pMHC pair is dwarfed by

the abundant glycoproteins CD43 and CD45, the repulsive interactions mediated

by these proteins are expected to be overcome by the pro-adhesive functions of

integrins, such as LFA-1 (Springer 1990). Because the distance spanned by LFA-1

and ICAM-1 is large, and because cognate pMHC are rare, abundant accessory

molecules, such as CD2, are predicted to enforce rigid membrane separations

compatible with TCR engagement (Dustin et al. 1996a). Junctions with these
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properties could reduce the steric barriers to pMHC recognition, facilitate encoun-

ters between the TCR and pMHC, and appropriately orient the TCR and pMHC

with respect to one another. Furthermore, these tightly apposed membrane domains

could exclude the large tyrosine phosphatases CD45 and CD148, thereby creating

permissive domains for signal initiation by the TCR.

4 The Structure of the Immune Synapse

In the late 1990s, the Kupfer laboratory revealed the first detailed views of the

immune synapses formed between CD4+ T cells and antigen-presenting B cells

(Monks et al. 1997). En face views of these synapses, generated using optical

deconvolution and digital reconstruction techniques, revealed distinct concentric

domains (Monks et al. 1998; Freiberg et al. 2002). These domains are commonly

referred to as supramolecular activation complexes (SMACs). The formation of a

compact cluster rich in the TCR was predictive of T-cell activation, and could be

induced only by agonist peptides (Monks et al. 1998). This central SMAC

(cSMAC) was also enriched in PKCy and marked the site of MTOC recruitment

(Monks et al. 1997). A pro-adhesive domain enriched in LFA-1 and Talin was

observed in response to either antagonist or agonist peptides; this domain typically

surrounded the cSMAC, and was therefore denoted the peripheral SMAC

(pSMAC). The distal SMAC (dSMAC), found at the boundary of the synapse,

was initially defined as a domain containing CD45, which was largely absent from

the cSMAC and pSMAC. However, CD45 is not significantly enriched in the

dSMAC, and is found at comparable levels on all surfaces outside of the immune

synapse (Johnson et al. 2000; Leupin et al. 2000; Freiberg et al. 2002). More

recently, the dSMAC has been redefined as an actin-rich region containing circum-

ferential lamellipodia (Varma et al. 2006; Dustin 2008). As discussed above, a

fourth domain, known as the DPC, is found outside of the contact, at the opposite

pole of the T cell (Cullinan et al. 2002; Ludford-Menting et al. 2005).

Within 1 year of the initial description of the cSMAC, the Dustin laboratory

provided the first insights into the dynamic evolution of the immune synapse

(Grakoui et al. 1999). In these studies, the APC was replaced by supported lipid

bilayers bearing laterally mobile and fluorescently tagged ligands. In this manner,

Dustin’s group was able to dynamically visualize changes in the distributions of the

TCR and the LFA-1 during the maturation of an immune synapse. The TCR was

initially enriched in a thin ring at the boundary of the contact, outside of a central

domain containing LFA-1. This pattern gradually inverted as the TCR was drawn

into the center of the contact, creating patterns analogous to the cSMAC and

pSMAC observed in conjugates. Consistent with these previous studies, the ability

to form a central TCR cluster was strictly dependent on ligand quality. These

studies also established that the assembly of a cSMAC was rigorously correlated

with the half-life of the pMHC and was predictive of T-cell proliferation. Collec-

tively, these discoveries provided direct support for the topological and kinetic
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proofreading models of T-cell activation. Perhaps more profoundly, these studies

emphasized the crucial roles played by dynamic spatial rearrangements within the

immune synapse and spurred the application of dynamic imaging techniques to the

study of immune signaling.

Although these observations suggested that the cSMAC played a fundamental

role in T cell activation, this hypothesis was dealt a blow by the discovery of

multifocal immune synapses. These immune synapses exhibit multiple TCR clus-

ters, which are small, are distributed throughout the contact, and persist without

being consolidated into a central structure (Krummel and Davis 2002). In part, this

distinction appears to be determined by intrinsic qualities of the T cell and APC.

Compact central clusters analogous to those observed in the synapses formed by

naive CD4+ T cells and B cells were also reported in the synapses formed by Th1-

polarized CD4+ T cells and the cytotoxic synapses generated by naive CD8+ T cells

(Balamuth et al. 2001; Potter et al. 2001; Stinchcombe et al. 2001; Thauland et al.

2008). In contrast, multifocal synapses were identified in the synapses formed by

thymocytes and Th2 polarized CD4+ T cells, and in the synapses formed by naive

T cells and dendritic cells (Balamuth et al. 2001; Hailman et al. 2002; Brossard

et al. 2005; Dustin et al. 2006; Thauland et al. 2008). These cell types are all

activated normally, indicating that the dispersed TCR clusters typical of multifocal

synapses are competent to induce T cell activation.

5 Cytoskeletal Rearrangements Associated with Contact

Formation

Although early descriptions of the immune synapse focused attention on the role of

the cSMAC in T cell activation, this domain is not assembled quickly enough to

participate in the rapid calcium responses triggered upon pMHC recognition. To

clarify the topological context in which TCR engagement occurs, T cells were

imaged using interference reflection microscopy (IRM), a technique that enables

the visualization of cellular membranes apposed to the underlying substrate. These

studies revealed that T cells migrating on lipid bilayers generate a striking arc of

tight contact with the substrate at the tip of the leading edge (Dustin et al. 1996b).

These leading contacts were separated from the cell body by a distinct gap, and

were consistent with the extension of lamellipodia from the cell body toward the

substrate. Since crawling T cells preferentially respond to APCs presented at the

leading edge, TCR engagement was likely to be initiated within these small

contacts (Negulescu et al. 1996). Calcium signals were subsequently observed

following de novo TCR engagement in the periphery of a newly formed, expanding

contact. However, these studies did not provide the temporal resolution required to

separate contact initiation from its sequelae (Grakoui et al. 1999).

To understand the behavior of these early contact structures in greater detail, the

Samelson laboratory dynamically visualized the synapses formed between Jurkat

Multiple Microclusters: Diverse Compartments Within the Immune Synapse 129



T cells and coverslips bearing immobilized stimulatory antibodies specific for

CD3e (Bunnell et al. 2001). Using confocal IRM (cIRM), which is capable of

resolving exceedingly small differences in membrane–substrate spacing, we were

able to visualize the earliest contacts generated by protrusive structures (Bunnell

et al. 2003). In the absence of a stimulatory ligand, this structure remained constant

in size and drifted slowly across the substrate. In contrast, stimulatory surfaces

triggered the expansion of the initial structure and the development of thin, arc-

shaped contacts distal to the previous boundary of the synapse. This rapid change in

morphology was completed within seconds, producing a poorly sealed synapse,

characterized by dispersed contact points and large gaps. Thereafter, the expanding

synapse exhibited increasing radial symmetry, which resulted from the cyclical

formation of arc-shaped contacts at sites distal to the outermost existing contacts.

This phase of synapse expansion was marked by the progressive sealing of the gaps

between contact points, and culminated in 3–5 min with the formation of a tightly

sealed contact bounded by a circumferential adhesive ring. This arrangement

persisted for an additional 10–15 min, during which the adhesive ring thinned

and then broke down. Thereafter, the T cells gradually rounded, yielding a smaller

contact surrounded by retraction fibers extending to the previous boundary of the

synapse. These studies clarified the topological details of synapse formation and

established that dramatic changes in T-cell morphology could be initiated by TCRs

engaged within individual contacts no larger than 400 nm in diameter.

Using a variety of fluorescent imaging techniques, we established that the rapid

morphological changes observed in the early synapse involve the extensive remo-

deling of the actin cytoskeleton (Bunnell et al. 2001; Bunnell et al. 2002). By

imaging T cells expressing a chimera of actin and enhanced green fluorescent

protein (EGFP), we established that the first points of contact were generated by

filopodia and lamellipodia. The initial contact triggered the extension of larger,

sheet-like lamellipodia from the T cell body, confirming that the initial triggering of

the TCR occurs within contact domains rich in filamentous actin. The tips of these

newly generated lamellipodia formed new contacts distal to the initial point of

contact, producing the gaps observed by IRM. These gaps were not evident by

standard confocal microscopy, but typically spanned ~120 nm, a distance too great

to support receptor–ligand interactions (Bunnell et al. 2003). As they extended,

these early lamellipodia merged, generating a symmetric circumferential lamelli-

podium. Actin also accumulated at the base of these pioneering lamellipodia, in

dense fibers that extended vertically from the substrate. Both structures advanced in

lockstep, and were continuously remodeled as polymerized actin was cleared from

the center of the contact. As with our IRM studies, these observations suggested that

the growth of the synapse is sustained by self-reinforcing cycles of contact forma-

tion and lamellipodial extension at the boundary of the synapse. Within 3–5 min,

the circumferential lamellipodium was reduced in size as the dense actin-rich

region reached the advancing boundary of the synapse. This dense circumferential

ring corresponded to the adhesive ring observed by IRM and persisted in place for

an additional 10–15 min. During this period, small, transient lamellipodia extended

from the perimeter of the synapse. These structures clearly displayed retrograde
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actin flows, which were directed toward the center of the synapse (Bunnell et al.

2001; Nguyen et al. 2008). These flows supported the hypothesis that the movement

of actin could be harnessed to drive the centralization of activated TCRs (Grakoui

et al. 1999).

The program of cyclical contact expansion described above proceeds similarly

with little regard for the T cell type, the mechanism of TCR ligation, or the mobility

of the TCR ligand. In all model systems, the earliest TCR engagement occurs in an

exploratory actin-rich structure. Resting cells plated on coverslips contact the

substrate via pre-existing protrusive structures resembling filopodia (Bunnell

et al. 2001, 2002; Barda-Saad et al. 2005). In contrast, migrating T cells preferen-

tially recognize antigen within the tight contacts generated by the leading edge

(Grakoui et al. 1999). The first productive contact triggers a rapid burst of expan-

sion that is similar in extent and duration whether the T cells are stimulated on

coverslips, lipid bilayers, or antigen-bearing APC (Tskvitaria-Fuller et al. 2003;

Varma et al. 2006; Kaizuka et al. 2007). This expansion involves the cyclical

extension of symmetric lamellipodia and the formation of a lagging ring of actin-

dense structures. The primary difference between these models only becomes

apparent once the immune synapse reaches its maximum extent. During this

phase, the synapses elicited by immobile ligands maintain peak spreading, whereas

the synapses induced by laterally mobile ligands gradually contract, permitting a

partial rounding of the responding T cell. This difference is likely to result from the

tethering of the TCR to the actin cytoskeleton (Rozdzial et al. 1995, 1998). The

resulting linkage may permit immobilized TCR to resist the centripetal forces

generated by retrograde actin flows and by myosin-dependent motors (Bunnell

et al. 2001; Kaizuka et al. 2007; Nguyen et al. 2008; Ilani et al. 2009).

6 The Regulation of Contact Formation and Persistence

The role of cytoplasmic calcium in the initiation and maintenance of the immune

synapse remains controversial. Based on the properties of its effectors, calcium

elevations are likely to antagonize cell migration by disrupting the cortical actin

cytoskeleton and by downregulating integrin-dependent adhesive contacts (Gremm

and Wegner 2000; Franco and Huttenlocher 2005). This hypothesis is consistent

with the observation that cytoplasmic calcium elevations arrest the movements

of migratory T cells (Negulescu et al. 1996). Calcium elevations also contribute to

the maintenance of monogamous conjugates, perhaps by suppressing integrin-

dependent movements away from the APC (Negulescu et al. 1996; Delon et al.

1998). However, in studies involving resting T cells plated on stimulatory cover-

slips, we observed that transient cytoplasmic calcium elevations are required

for maximal T cell spreading (Bunnell et al. 2001). This observation can be

reconciled with the more general role of calcium by considering the initial states

of the responding T cells. In the first two cases, the T cells were polarized, and

had already dedicated a large pool of actin to cell migration. In the latter case,
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the responding T cell was in a resting state. We propose that the transient calcium

elevations initiated following contact contribute to the remodeling of static pools of

actin, liberating the cytoskeletal components required for rapid contact expansion.

We demonstrated that lamellipodia formed at the boundary of the expanding

contact function as exploratory structures that preferentially generate contacts via

their tips (Bunnell et al. 2001). Recent studies have shown that the Arp2/3 complex,

which governs actin branching, plays a major role in the extension of lamellipodia

during contact expansion (Gomez et al. 2007). Several protein families position and

activate Arp2/3 complexes, and each family gives rise to a distinct set of actin-rich

structures (Billadeau et al. 2007). The Arp2/3-activating Abi/WAVE complexes are

regulated by Rac-family GTPases and have been decisively implicated in the

assembly of lamellipodia. In T cells, the disruption of these complexes abolishes

the extension of lamellipodia in response to TCR ligation (Nolz et al. 2006; Zipfel

et al. 2006). The consequences associated with this change are profound, and

include reductions in the area of contact, the inhibition of integrin-mediated

adhesion, and the suppression of signals initiated by the TCR. Intriguingly, the

Abi/WAVE complex “surfs” along the tips of growing lamellipodia, maintaining

the position required to sustain the expansion of these lamellipodia (Zipfel et al.

2006). This surfing behavior may explain the ability of the TCR to influence actin

polymerization at distal sites. We propose that the defective extension of lamelli-

podia in LAT-deficient cells, which do not effectively activate Rac, is caused by

defects in the activation of Abi/WAVE complexes (Bunnell et al. 2001; Ku et al.

2001).

During the expansion of the immune synapse, circumferential lamellipodia are

continuously remodeled, giving rise to a dense ring of actin-rich structures that

extend vertically from the contact surface (Bunnell et al. 2001). These structures are

similar in appearance to the podosome belts observed in osteoclasts (Jurdic et al.

2006; Luxenburg et al. 2007). Podosomes, which are the primary constituents of

these belts, are composed of bundled actin filaments that dynamically incorporate

actin monomers near the plasma membrane, at the base of a vertical “pillar.”

Podosome formation requires a distinct Arp2/3 activator, the Wiskott–Aldrich

Syndrome protein (WASP), which is preferentially activated by Cdc42 (Tomasevic

et al. 2007; Calle et al. 2008). Both WASP and Cdc42 are recruited to the immune

synapse and contribute to its stabilization (Cannon et al. 2001; Labno et al. 2003;

Tskvitaria-Fuller et al. 2006). This stabilization is likely to be mediated by the

formation of a circumferential belt of podosomes. Therefore, we propose that the

instability of the immune synapses formed by LAT-deficient T cells is due, at least

in part, to the inability of these cells to recruit and activate WASP (Bunnell et al.

2001; Barda-Saad et al. 2005).

Our studies also raised the possibility that LAT and PLCg1 indirectly regulate

the stability of the immune synapse by controlling the organization of the microtu-

bule cytoskeleton. Consistent with this hypothesis, the recruitment of the MTOC to

the center of the contact is dependent on ZAP-70 and the downstream adaptors LAT

and SLP-76 (Kuhne et al. 2003). Subsequent studies have shown that the MTOC is

dynamically repositioned toward sites of active TCR signaling (Depoil et al. 2005;
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Huse et al. 2007). In fact, local increases in the abundance of diacylglycerol are

sufficient to reposition the MTOC within existing synapses (Quann et al. 2009).

Given the role of LAT in the activation of diacylglycerol production by PLCg1, the
failure to appropriately polarize the MTOC could also contribute to the early

dissociation of the contacts formed by LAT-mutant cells (Bunnell et al. 2001).

7 Signal Initiation within the Earliest Contact

In our 2001 study, we established that synapse expansion was dependent on the

transient elevation of intracellular calcium. This indicated that biochemical events

downstream of the TCR must progress to the point of initiating a calcium flux

before the dynamic expansion of the immune synapse could begin. Because a single

sub-micrometer contact point was sufficient to initiate these dramatic morphologi-

cal rearrangements, we reasoned that the entire TCR-proximal signaling apparatus

must be recruited into the initial contact within the relatively short period of time

between contact initiation and expansion. At the time, a series of dynamic studies

employing either bilayers or conjugates had provided precedents for this view.

These studies revealed that calcium elevations preceded the consolidation of the

cSMAC, and occurred within 30–60 s of the formation of peripheral TCR clusters

less than 1 mm in diameter (Grakoui et al. 1999; Johnson et al. 2000; Krummel et al.

2000).

8 The TCR Microcluster

In 2002, we demonstrated that immobilized antibodies trigger the recruitment of

the TCR into well-defined “microclusters” ~500 nm in diameter (Bunnell et al.

2002). Notably, these structures were comparable in size to the filopodial contacts

observed in our previous studies. Consistent with their predicted role in signal

initiation, these TCR microclusters colocalized with ZAP-70 and were the primary

sites of phosphotyrosine accumulation in the synapse. Using an EGFP chimera, we

established that ZAP-70 microclusters were preferentially assembled at the

expanding boundary of the synapse, in regions of tight contact with the substrate.

However, the resulting ZAP-70 microclusters remained stationary, reflecting their

interaction with the immobilized TCR. Crucially, the assembly of the TCR into

microclusters was independent of Src-family tyrosine kinases; this property indi-

cated that microclusters could precede the initiation of downstream signals by the

TCR. In conjunction with concurrent studies employing T cell–APC conjugates,

our observations provided the first direct evidence for the recruitment of down-

stream signaling molecules into the small, peripheral TCR microclusters formed

prior to the consolidation of the cSMAC (Freiberg et al. 2002; Lee et al. 2002). In

addition, our studies established the competence of individual TCR microclusters
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by revealing that peak calcium elevations often occur when the synapse consists of

a single point contact comparable in size to one TCR microcluster. In landmark

studies employing total internal reflection fluorescent microscopy, the Dustin and

Saito laboratories observed analogous TCR microclusters on pMHC-bearing lipid

bilayers (Campi et al. 2005; Yokosuka et al. 2005). These structures also recruited

ZAP-70, and were remarkably similar to the structures observed on immobilized

antibodies with respect to their size, tyrosine phosphorylation, peripheral nucle-

ation, insensitivity to Src-family kinase inhibition, and capacity to elicit calcium

responses. However, in contrast to our model, the fluid bilayer preserved the

centripetal movements responsible for the consolidation of the TCR into a

cSMAC. In an elegant extension of these studies, Varma et al. demonstrated that

the sustained calcium signals associated with persistent synapses are entirely

driven by newly formed TCR microclusters arising in the periphery of the contact

(Varma et al. 2006). Collectively, these observations emphasized the roles played

by peripheral TCR microclusters in the initiation and maintenance of downstream

signals, and de-emphasized the contribution of the cSMAC to these processes.

8.1 Rapid Signal Initiation in TCR Microclusters

The kinetic proofreading model of T-cell activation posits that the pMHC half-

lives associated with productive T-cell activation are dictated by the speeds of the

biochemical processes that drive the formation of competent signaling complexes

following TCR ligation (McKeithan 1995; Davis et al. 1998). Our ability to

observe the recruitment of downstream signaling molecules to the TCR in intact

cells enabled us to test this hypothesis directly (Bunnell et al. 2002). Using cIRM

in conjunction with confocal fluorescence microscopy, we were able to show that

ZAP-70 is recruited to the TCR within 15 s of contact formation. Building on

previous photobleaching studies, we established that the recruitment of ZAP-70

to the TCR is extremely rapid, with half-maximal recoveries occurring within

7–10 s. Our studies also indicated that downstream signaling complexes must be

assembled with similar speed, as calcium responses could be initiated within 12 s

of the formation of a single ‘point’ contact. Comparable speeds of signal initia-

tion were observed in studies employing pMHC-bearing lipid bilayers, demon-

strating that our results were not artifacts arising from differences in ligand

affinity and mobility (Campi et al. 2005; Yokosuka et al. 2005). The precision

of these measurements was not superseded until 2007, in studies employing

primary T cells plated on immobilized and photoactivatable pMHC (Huse et al.

2007). These studies indicated that LAT phosphorylation could be observed

within 4 s. Diacylglycerol production and calcium flux lagged slightly, and

were observed within 6–7 s. These measurements were all compatible with the

half-lives of agonist pMHC, and therefore demonstrated that T cells can generate

fully competent signaling complexes within the window of time dictated by

individual pMHC recognition events.
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8.2 TCR Microclusters as Topological Confinement Domains

Topological models of T-cell activation predict that antigen recognition occurs

within tight contact domains that provide membrane separations compatible with

TCR engagement and provide a permissive signaling environment by excluding

large tyrosine phosphatases. In our 2002 study, we demonstrated that TCR is

selectively engaged and activated within distinct membrane domains that are closely

apposed to the substrate (Bunnell et al. 2002). This observation supported topological

models of T cell activation, and suggested that the relevant domains of tight mem-

brane apposition would be similar in size to the observed TCR microclusters.

Subsequently, transmission electron microscopy (TEM) studies of antigen-induced

T cell–dendritic cell synapses validated this prediction (Brossard et al. 2005). These

synapses contained tightly apposed membrane domains that excluded LFA-1 and

were comparable in size to TCR microclusters, averaging 220–300 nm in diameter.

In the same 2002 study, we established that TCR/ZAP-70 microclusters exclude

CD45, which was otherwise distributed uniformly throughout the synapse. Similarly,

CD45 was excluded from TCR microclusters elicited on pMHC-bearing lipid

bilayers (Varma et al. 2006). Collectively, these studies confirmed the existence of

membrane microdomains with the topological properties required to facilitate TCR

engagement and to exclude large phosphatases, such as CD45 and CD148.

8.3 TCR Microclusters and the Kinetic Segregation Hypothesis

The kinetic segregation model incorporates aspects of the topological and kinetic
proofreadingmodels; however, this model was the first to explicitly incorporate the

small sizes of the topological confinement domains associated with TCR micro-

clusters (Davis and van der Merwe 2006). In fact, this model requires that the

topological confinement domains that generate permissive signaling environments

remain small, so as to permit TCRs ligated by non-agonist pMHC to escape before

becoming fully phosphorylated. This model, which was profoundly influenced by

the discovery of TCR microclusters, has proven highly effective. For example,

subsequent studies have confirmed that the size-dependent exclusion of tyrosine

phosphatases from tight contacts contributes to the establishment of a permissive

microenvironment for TCR signaling (Irles et al. 2003; Lin and Weiss 2003).

Conversely, chimeric receptors that increase the length of the TCR–pMHC com-

plex, or that loosen the rigid membrane spacing enforced by accessory molecules,

inhibit T cell activation (Choudhuri et al. 2005; Milstein et al. 2008). Signal

Initiation within the Earliest Contact

9 The SLP-76 Microcluster

The rapid initiation of calcium fluxes following the formation of a TCR micro-

cluster indicated that competent signaling complexes must be assembled within a
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comparable time frame. In addition, the restricted distribution of phosphotyrosine

indicated that these signaling complexes would be assembled in close proximity to

the TCR. Using a series of fluorescent chimeras, we confirmed that LAT, Grb2,

Gads, and SLP-76 are rapidly and continuously recruited into peripheral micro-

clusters that are similar in size to TCRmicroclusters (Bunnell et al. 2002). Pair-wise

immunofluorescent studies, performed in cells fixed after 2 min of stimulation,

revealed that these molecules extensively colocalize with one another and with

ZAP-70 in TCR microclusters. Subsequent analyses have extended the list of

signaling molecules dynamically recruited into microclusters to include Lck,

SOS1, Vav1, Nck, WASP, and PLCg1 (Bunnell et al. 2002; Barda-Saad et al.

2005; Douglass and Vale 2005; Braiman et al. 2006; Bunnell et al. 2006; Houtman

et al. 2006). These adaptors and effectors are sufficient to mediate critical TCR-

proximal biochemical events, including tyrosine phosphorylation; the activation of

the small GTPases Ras, Rac, and Cdc42; actin polymerization; and the production of

second messengers, which include diacylglycerol and inositol 1,4,5-trisphosphate.

In addition, we established that a pivotal negative regulator of T cell activation, the

ubiquitin ligase c-Cbl, is recruited into these microclusters (Bunnell et al. 2002;

Balagopalan et al. 2007). Of these signaling molecules, only SLP-76 has been

visualized on lipid bilayers, where it is also recruited into microclusters that contain

the TCR and ZAP-70.

9.1 The Stabilization and Movement of SLP-76 Microclusters

Although SLP-76 initially colocalized with ZAP-70 in TCR microclusters, SLP-76

rapidly segregated into distinct structures that were transported toward the center of

the immune synapse (Bunnell et al. 2002). Comparable structures formed on lipid

bilayers and underwent analogous centripetal movements. In both systems, SLP-76

microclusters were transported at speeds ranging from 0 to 100 nm/s, depending on

the time post stimulation and the position of the microcluster within the synapse

(Yokosuka et al. 2005; Nguyen et al. 2008). In contrast, LAT, Grb2, and Gads did

not undergo centripetal transport when overexpressed alone, and were rapidly

cleared from the synapse (Bunnell et al. 2002). Subsequent analyses revealed that

the persistence of SLP-76 microclusters is sensitive to the level of SLP-76 expres-

sion, and that the coexpression of SLP-76 with either LAT or Gads enhances the

recruitment of these adaptors into persistent SLP-76 microclusters (Barr et al. 2006;

Bunnell et al. 2006). In the absence of SLP-76, LAT was recruited into micro-

clusters; however, these structures were labile and immobile (Bunnell et al. 2006).

In contrast, mutations eliminating the membrane-distal Grb2-binding

tyrosine phosphorylation sites in LAT completely eliminated its ability to enter

microclusters (Houtman et al. 2006). Conversely, the recruitment of SLP-76 into

persistent, centripetally transported microclusters required the integrity of the TCR-

proximal signal apparatus, and was severely curtailed in the absence of Lck, ZAP-

70, or LAT, or in the presence of dominant-negative forms of Gads or SLP-76
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(Singer et al. 2004; Bunnell et al. 2006). These observations are consistent with a

model in which Lck and ZAP-70 collaborate to phosphorylate LAT, which is

assembled into Grb2-dependent oligomeric complexes that are stabilized and

transported following the recruitment of Gads and SLP-76. Additional effector-

binding motifs within SLP-76 contribute to the stability of this core complex,

implicating Nck, Vav1, and Itk in the persistence and movement of SLP-76 micro-

clusters (Bunnell et al. 2006). In contrast, persistence and movement were unaf-

fected by the loss of PLCg1; thus, this effector protein does not contribute to the

overall stability of the SLP-76 microcluster (Bunnell et al. 2006).

9.2 The SLP-76 Microcluster as an Analog-to-Digital Converter

In modern variants of the kinetic proofreading model, the engaged TCR first gives

rise to an anatgonistic signal mediated by SHP-1 and then, only after sufficient time

has elapsed, triggers the formation of a complex capable of activating the serine-

threonine kinase Erk (Stefanova et al. 2003; Altan-Bonnet and Germain 2005).

Once Erk is activated, it phosphorylates Lck, which is thereby protected from

inactivation by SHP-1. The removal of the inhibitory pressure exerted by SHP-1

drives a feed-forward loop that rapidly maximizes the activity of Erk, producing a

binary all-or-nothing response. However, it is not intuitively obvious how Erk

activation, which typically requires several minutes, influences the extremely

rapid events that “encode” the quality of the pMHC ligand within seconds. We

have proposed that this transfer of information requires the formation of SLP-76

microclusters (Seminario and Bunnell 2008). As discussed above, these structures

contain adaptors and effectors that are known to activate Ras and trigger cascades

resulting in the activation of Erk. Multiple perturbations impacting the components

of SLP-76 microclusters lead to their dissociation within ~90 s of their formation

(Bunnell et al. 2006). The uniform kinetics of microcluster disassembly, despite the

diverse nature of these perturbations, could be explained by the involvement of an

antagonistic pathway capable of disassembling these microclusters and by the

existence of a feed-forward loop capable of promoting microcluster stabilization.

These observations are compatible with models in which the quality of the pMHC

interaction is rapidly encoded at the TCR and is subsequently decoded within

SLP-76 microclusters. Thus, the ability of SLP-76 to enhance microcluster persis-

tence may provide the primary mechanistic basis for its crucial roles in signaling

pathways downstream of the TCR (Koretzky et al. 2006).

9.3 The Segregation of SLP-76 Microclusters from the TCR

Our 2002 and 2006 studies established that SLP-76 microclusters elicited by the

TCR contain a “core” complex consisting of LAT, Gads, and SLP-76. These
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SLP-76 microclusters persisted for several minutes as they moved toward the center

of the contact, despite the fact that the TCR and ZAP-70 microclusters that gave

rise to these structures were immobile (Bunnell et al. 2002, 2006). Photobleaching

studies revealed that the pool of SLP-76 present in these microclusters is

in dynamic equilibrium with the cytoplasmic pool of SLP-76; therefore, these

microclusters remain competent to recruit SLP-76 long after departing their TCR-

dependent sites of nucleation (Barr et al. 2006). These studies suggested that TCR/

ZAP-70 microclusters and LAT/Gads/SLP-76 microclusters are distinct entities.

This hypothesis was consistent with elegant TEM studies from the Oliver labora-

tory, which revealed that the mast cell receptor (FceRI) and LAT are recruited into

distinct, but adjacent, membrane domains ranging from 200 to 500 nm in size

(Wilson et al. 2000, 2001). To clarify the kinetics with which SLP-76 segregates

from the TCR, we directly observed peripheral TCR microclusters as they gave rise

to SLP-76 microclusters (Nguyen et al. 2008). In contrast to our studies with LAT

and SLP-76, we found that the TCR and SLP-76 microclusters colocalized only at

the moment of SLP-76 microcluster nucleation. Subsequently, SLP-76 microclus-

ters “stuck” to the boundaries of distinct TCR microclusters as they migrated

toward the center of the synapse, behaving as if the TCR microclusters presented

barriers to their movement. To date, it is unclear whether SLP-76 microclusters

segregate from the TCR in bilayer-based systems, as the TCR is also translocated

towards the center of the synapse in these models (Yokosuka et al. 2005). However,

the Davis laboratory has reported the segregation of microcluster components from

the TCR in primary T cells stimulated on immobilized pMHC (Lillemeier et al.

2006). Therefore, this discrepancy is unlikely to result from the quality of the

stimulatory ligand, and is more likely to involve the resistance of immobilized

ligands to translocation and internalization. Additional studies will be required

to clarify whether SLP-76 microclusters segregate from the TCR under more

physiological stimulation conditions, in which the available TCR ligands display

intermediate lateral mobilities.

9.4 SLP-76 Microclusters Are Primarily Organized
by Protein–Protein Scaffolds

The role of lipid rafts in the initiation of signals by antigen receptors remains an

extremely contentious issue (Hancock 2006; Shaw 2006). For some time now, it has

been clear that models involving large preassembled signaling platforms, which we

facetiously refer to as “battleship”models, are not viable. In support of this assertion,

the distributions of raft-resident GPI-anchored proteins were not appreciably

impacted under conditions in which a raft-resident adaptor, LAT, was recruited

into microclusters (Bunnell et al. 2002). Similarly, Src-family tyrosine kinase

inhibitors abolished the recruitment of LAT into signaling microclusters, even

though the TCR continued to be recruited into well-defined microclusters under
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these conditions (Bunnell et al. 2002). We also established that raft-resident mutants

of LAT lacking their distal tyrosine phosphorylation sites were incapable of being

recruited into SLP-76 microclusters (Bunnell et al. 2006). Douglass et al. came to

similar conclusions after imaging single molecules of raft and non-raft probes

(Douglass and Vale 2005). In these studies, raft probes diffused more freely

through the plasmamembrane, and were almost completely unaffected by activating

stimuli. In contrast, the mobility of raft-resident proteins was almost entirely

dictated by their ability to participate in protein–protein interactions. Nevertheless,

it would be premature to dismiss the involvement of distinct lipid microenviron-

ments in the activation of antigen receptors. For example, the TEM studies

discussed immediately above have reported the segregation of the membrane into

domains with distinct properties (Lillemeier et al. 2006). Similarly, dynamic studies

employing dyes sensitive to the ordering of the plasma membrane have confirmed

that raft-like domains arise during T-cell activation (Gaus et al. 2005). Elegant

studies employing fluorescence resonance energy transfer (FRET) have identified

similar changes accompanying B-cell activation (Sohn et al. 2008). Although these

changes are likely to be driven by the assembly of protein-dependent scaffolds, it is

certainly possible that the protein-driven packing of raft-resident proteins, such as

LAT, into small microclusters will influence the local membrane composition. Thus,

protein scaffolds may influence the local organization of the membrane, which may

in turn influence the functions of proteins present within these microdomains.

10 Integrin Microclusters

Although integrins play critical roles in the formation of the immune synapse,

relatively few studies have examined whether integrin signaling proceeds through

the formation of microclusters. As early as 2003, the Koretzky laboratory demon-

strated that LFA-1 was capable of driving SLP-76 into microclusters in neutrophils

(Newbrough et al. 2003). However, integrins were not shown to elicit SLP-76

microclusters in T cells until this year (Baker et al. 2009). To date, only one

study has directly addressed whether integrins themselves are recruited into micro-

clusters in T cells. In this study, which employed antibody-bearing stimulatory

bilayers, the TCR and LFA-1 were immediately assembled into distinct micro-

clusters in the periphery of the synapse (Kaizuka et al. 2007). This differs from the

situation observed with TCR and SLP-76 microclusters, which initially colocalize

at their sites of origin in the cell periphery. As lamellipodial actin flowed toward the

center of the contact, the TCR and integrin microclusters were swept inwards at

comparable speeds. Single molecule studies revealed that the fates of these micro-

clusters diverged as they approached the boundary of the cSMAC. Whereas indi-

vidual TCR molecules proceeded through this boundary without hindrance,

integrins were incapable of penetrating this barrier. Thus, that the cSMAC may

act as a topological filter capable of excluding the taller integrin complexes.
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10.1 Integrins Impact the Movement of SLP-76 Microclusters

Given the pivotal role of SLP-76 in T cell activation, we wished to determine

whether the potent costimulatory signals transmitted by integrins impacted SLP-76

microclusters. Because previous studies had shown that VLA-4 could elicit the

phosphorylation of SLP-76, we chose to evaluate the effects of VLA-4 on SLP-76

microclusters (Hunter et al. 2000). Costimulation through VLA-4 was highly

effective, and enhanced TCR-dependent increases in cytoplasmic calcium levels

and transcription factor activation. Although VLA-4 ligation increased the number

of SLP-76 microclusters observed in response to low-dose stimulation of the TCR,

comparable effects were observed using non-costimulatory pro-adhesive ligands,

such as CD43 (Nguyen et al. 2008). However, the ligation of VLA-4 selectively

inhibited the movement of SLP-76 microclusters toward the center of the immune

synapse. This effect was associated with the retention of SLP-76 microclusters at

their peripheral nucleation sites, and resulted in an overall increase in the coloca-

lization of SLP-76 with phosphotyrosine in the cell periphery. This observation

paralleled the work of Mossman et al. who demonstrated that tyrosine phosphory-

lation and T cell activation were both enhanced when the responding cells were

stimulated on “gridded” lipid bilayers incapable of supporting long-range move-

ments of TCR microclusters (Mossman et al. 2005). This led us to predict that

VLA-4 was preventing the movement of SLP-76 microclusters through its impact

on the actin cytoskeleton, rather than by inhibiting the molecular motors responsi-

ble for microcluster movement. In accordance with this hypothesis, VLA-4 ligation

coordinately slowed the movement of SLP-76 and the underlying actin network.

Furthermore, acute perturbations that arrested ongoing actin flows immediately

halted the centripetal movement of SLP-76 microclusters. This observation was

consistent with previous studies showing that comparable treatments halt the

inward flow of TCR microclusters formed on lipid bilayers (Varma et al. 2006).

Although we were not able to examine these movements in physiological conju-

gates, several precedents indicated that the lateral mobility of an integrin ligand

within an APC influences the ultimate position of the corresponding integrin on the

responding lymphocyte (Mittelbrunn et al. 2004; Carrasco and Batista 2006).

10.2 Adaptors Linking Integrins to SLP-76 Microclusters

Over the last several years, a series of publications has identified a pathway that

has the potential to couple integrins to SLP-76 microclusters. Initially, the

Koretzky laboratory established that the Gads-binding site within SLP-76 was

dispensable for the transmission of integrin-dependent signals through SLP-76

(Judd et al. 2002; Abtahian et al. 2006). Our own studies indicated that the Src

homology 2 (SH2) domain of SLP-76 plays a crucial role in the assembly of SLP-76

microclusters (Bunnell et al. 2006). This domain of SLP-76 binds to the adaptor
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protein ADAP, which is phosphorylated in response to VLA-4 ligation (Hunter

et al. 2000). Subsequent studies confirmed that ADAP is the crucial intermediate

that enables integrins to recruit SLP-76 into Gads-independent microclusters

(Baker et al. 2009). The mechanisms coupling ADAP and SLP-76 to integrins are

likely to involve a complex of proteins including SKAP55, Rap1, RIAM, and Talin

(Han et al. 2006; Kliche et al. 2006; Menasche et al. 2007). ADAP interacts with

SKAP55, and these proteins jointly regulate the recruitment of Rap1 to the plasma

membrane. RIAM binds to ADAP and SKAP55, and facilitates the interaction of

Rap1 with Talin. The presentation of Rap1 to Talin promotes the interaction of

Talin with critical motifs in the tails of b-integrins (Lee et al. 2009). At present, it is
unclear whether the interactions linking SLP-76, ADAP, and SKAP55 to Rap1,

RIAM, and Talin are sufficient to limit the mobility of SLP-76 microclusters.

Further, it is not clear whether the stimulatory integrins will reside within SLP-76

microclusters, or in distinct, laterally interacting integrin microclusters, as is

observed for the TCR.

11 Accessory Microclusters

Diverse receptors possess the common structural and topological properties

required to generate domains of membrane apposition compatible with the engage-

ment of the TCR. Dynamic imaging studies recently established that at least two of

these receptor families participate in microclusters, providing significant new

insights into the general properties of these accessory receptors. The first family

includes CD2 and its ligands, which are discussed below. The closely related

SLAM family members are likely to play similar and overlapping roles in T-cell

activation, but will not be discussed as they have recently been reviewed elsewhere

(Schwartzberg et al. 2009). The second family includes the classical costimulatory

receptor CD28 and its inhibitory counterpart CTLA-4. Although CD28 has typi-

cally received more attention as a costimulatory receptor, the overlapping functions

of CD2 and CD28 have been appreciated for nearly a decade (Green et al. 2000).

11.1 CD2 Microclusters and the Inner Adhesion Ring

Almost two decades ago, Springer proposed that CD2 could facilitate the formation

of the tight membrane juxtapositions required for optimal TCR engagement

(Springer 1990). Subsequent studies confirmed that CD2 and LFA-1 are assembled

into distinct contact domains, and determined that the accumulation of CD2 within

the center of the synapse is governed by the interaction of the CD2 tail with the

adaptor protein CD2AP (Dustin et al. 1998). The first studies to describe the

formation of cSMAC-like structures on lipid bilayers also established that CD2

was recruited into an inner adhesion ring, which occupied the space between the

TCR-rich cSMAC and the LFA-1 containing pSMAC (Grakoui et al. 1999). This

Multiple Microclusters: Diverse Compartments Within the Immune Synapse 141



inner ring clearly contributed to cell adhesion, although this role was most evident

in the absence of integrin ligation (van der Merwe et al. 2000; Bromley et al. 2001).

However, the positive role of CD2 was thrown into doubt when the disordered

synapses formed in the absence of CD2AP were shown to result in enhanced TCR-

dependent signals (Lee et al. 2003). These doubts were supported by the discovery

that CD2 contributes to the formation of a large, central membrane invagination,

which appears to contribute to the downmodulation of activated receptors

(Singleton et al. 2006).

The recruitment of CD2 into signaling microclusters was first observed in T cells

stimulated by TCR-specific immobilized antibodies (Douglass and Vale 2005). In

these studies, CD2 colocalized with the TCR, Lck, and LAT in microclusters that

excluded CD45. In addition, CD2 recruitment required the phosphorylation of LAT.

Photobleaching studies revealed that CD2 dynamically exchanges between micro-

clusters. However, these CD2-containing structures are not translocated within the

plane of the contact, in marked contrast to the mobile SLP-76 microclusters

observed in the same model system (Bunnell et al. 2002). This is somewhat

perplexing, as the recruitment of CD2 into microclusters requires LAT, which is

an integral component of SLP-76 microclusters. Therefore, it will be interesting to

determine whether CD2 and SLP-76 display distinct patterns of clustering and

movement when coordinately expressed in the same cells. Subsequent studies

employing lipid bilayers revealed that CD2 is capable of initiating similar micro-

clusters, which recruit the TCR and LAT, and exclude CD45 (Kaizuka et al. 2009).

The coengagement of the TCR and CD2 results in the coordinated redistribution of

both receptors into signaling microclusters. Over time, the TCR and CD2 gradually

segregate from one another, giving rise to a dephosphorylated central cluster con-

taining the TCR, and a phosphotyrosine-rich ring that accumulates CD2. These data

indicate that the TCR and CD2 communicate with overlapping sets of downstream

effectors, but display differing susceptibilities to downmodulation. Furthermore,

these properties suggest that the CD2-rich inner adhesion ring observed in immune

synapses contributes to T cell activation.

11.2 CD28 Microclusters Promote Costimulation and Stable
Adhesion

In the first bilayer-based studies of the immune synapse, CD28 behaved differently

than CD2 and was recruited into the cSMAC (Grakoui et al. 1999). However,

studies employing APCs indicated that CD28 is coordinately enriched with PKCy
in an annular ring that surrounds the cSMAC, but remains internal to the pSMAC

(Tseng et al. 2005). By manipulating the tail of the CD28 ligand, Tseng et al. were

able to show that the position of CD28 was ultimately determined by the APC, and

that the retention of CD28 in the annular ring was correlated with optimal T cell

activation. Subsequent studies, employing lipid bilayers, revealed that CD28 is
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recruited into the TCR-rich signaling microclusters that are assembled upon contact

initiation (Yokosuka et al. 2008). As in the studies with CD2, CD28 gradually

segregated from the TCR, and formed an inner ring that surrounds the TCR, but

remains internal to the integrin-rich pSMAC. This inner ring retained a dynamic

composition, provided a docking platform for PKCy within the immune synapse,

and contributed to optimal T cell proliferation.

CD28 can contribute directly to T cell adhesion; however, its ability to partici-

pate in adhesive interactions is controlled by its tail and by signaling through the

TCR (Bromley et al. 2001). In fact, the signaling pathways initiated by CD28 may

have a greater impact on the formation of stable conjugates. Recent studies have

indicated that CD28 and its inhibitory counterpart CTLA-4 reciprocally regulate

stable adhesion and that this aspect of their function is responsible for the profound

hyper-responsiveness observed in CTLA-4 deficient animals. This hypothesis is

outlined in the “reverse stop” model of CTLA-4 function, in which CTLA-4 is

thought to promote the disruption of productive conjugates by preferentially acti-

vating pro-migratory pathways (Rudd 2008).

12 The Bi-Functional cSMAC

One of the most intriguing features of the immune synapse is its capacity to boost

weak signals and to moderate super-optimal signals. The inhibitory potential of the

cSMAC was first suggested by the observation that the cSMAC was relatively poor

in tyrosine-phosphorylated species, and was confirmed using T cells that exhibited

aberrant synapses lacking well-defined cSMACs (Lee et al. 2002; Lee et al. 2003).

These cells accumulated abnormally high levels of tyrosine phosphorylation in the

synapse and failed to appropriately terminate antigen-dependent signals. In

response these observations, Lee et al. developed a computational model in

which a bi-functional cSMAC enhances T cell activation by concentrating pMHC

ligands in the center of the contact and terminates signaling by promoting the

internalization and degradation of fully activated TCR complexes.

12.1 Microcluster Centralization and Termination

In our early imaging studies, we readily identified a positive correlation between the

centralization of SLP-76 microclusters and the efficiency of T cell activation

(Bunnell et al. 2002). However, this relationship was difficult to interpret because

microcluster centralization was tightly associated with microcluster persistence

(Bunnell et al. 2006). Nevertheless, the colocalization of the inhibitory ubiquitin

ligase c-Cbl with TCR and SLP-76 microclusters suggested that this situation was

clarified somewhat when studies performed on lipid bilayers revealed that TCR

microclusters are readily accumulated in the center of the synapse, whereas
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signaling microclusters containing either ZAP-70 or SLP-76 dissociate prior to

their arrival in the cSMAC (Campi et al. 2005; Yokosuka et al. 2005). Subsequent

studies progressively clarified that inhibitory functions were associated with micro-

cluster centralization and cSMAC formation. Using immobilized stimuli, we

demonstrated that SLP-76 microclusters undergoing centralization are rapidly

internalized and disassembled. In addition, we determined that lipid raft- and

ubiquitin-dependent pathways contribute to the movement and termination of

SLP-76 microclusters (Barr et al. 2006). In the same year, the cSMAC was

shown to contain significant amounts of lysobisphosphatidic acid (LBPA). The

presence of this lipid, which assists the targeting of ubiquitinated proteins into

degradative compartments, further clarified how the cSMAC could terminate TCR-

dependent signals (Varma et al. 2006). Finally, in a comprehensive study from the

Samelson laboratory, the ubiquitin ligase c-Cbl was shown to enter TCR and SLP-

76 microclusters, to directly ubiquitinate LAT, and to promote the termination of

these microclusters (Balagopalan et al. 2007). Collectively, these studies proved

that ubiquitin-dependent internalization and degradation pathways direct the termi-

nation of TCR-dependent signals in the cSMAC.

12.2 Signal Amplification in the cSMAC

The positive role of the cSMAC in signal amplification has proven harder to

establish experimentally. Hints of this function were apparent in the first studies

examining microcluster movement on lipid bilayers (Yokosuka et al. 2005). In

these studies, the lowest doses of pMHC resulted in the persistent detection of

phosphorylated species of ZAP-70 in the center of the immune synapse. In a more

exhaustive and conclusive study of this phenomenon, Cemerski et al. confirmed

that, under conditions of low antigen abundance, the cSMAC generates sustained

signals that contribute to productive T cell activation (Cemerski et al. 2008).

Mathematical models of synapse formation suggest that this sustained phosphory-

lation is driven by the concentration of pMHC within the cSMAC and is enabled by

the inability of weaker ligands to promote efficient TCR downmodulation.

13 Concluding Thoughts

13.1 Revisiting the SMACs: Toward Terms with Functional
Definitions

The initial subdivision of the immune synapse into distinct SMACs was devised

more than a decade ago. Although these concepts have proven useful, the recent

explosion of studies examining microclusters, in all of their various forms, has
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yielded complexities that were not anticipated at the inception of this terminology.

For example, the original definition of the dSMAC as a domain enriched in CD45

did not prove useful, as CD45 is present at comparable levels on the lateral surfaces

of the T cell (Freiberg et al. 2002). However, the recent redefinition of the dSMAC

as a zone defined by the thin circumferential lamellipodia associated with the

immune synapse has much greater explanatory power (Dustin 2008). One of the

primary advantages of the newer definition is that it identifies underlying cell

biological processes characteristic of the domain. This has facilitated further

insights into how this domain operates through the identification of parallels with

other models systems. In this case, the re-definition led to the hypothesis that the

retrograde actin flows characteristic of lamellipodia could contribute to the centrip-

etal microcluster flows within the immune synapse (Varma et al. 2006; Nguyen

et al. 2008).

In this vein, it is worth considering the unique properties of the distal tips of the

lamellipodia that comprise the dSMAC. As noted above, TCR engagement during

the expansion of the contact is almost exclusively restricted to these tips. How is

this accomplished? Our own studies have identified the Abi/WAVE complex as a

molecular marker for an exceedingly narrow domain at the distal tips of the

circumferential lamellipodia of the dSMAC (Zipfel et al. 2006). We propose that

these proteins form the core of specialized distal tip complex (DTC) that is involved

in lamellipodial growth, the pre-positioning of pro-adhesive molecules, and the

generation of mechanical forces required to approximate the T cell and APC

membranes during scanning interactions, and to extrude large phosphatases such

as CD45 from nascent contacts (Nolz et al. 2006, 2007; Billadeau et al. 2007). The

latter concept provides a viable explanation for the requirement for dynamic actin

polymerization in T cell activation, and is discussed elsewhere as the mechanical
segregation model (Seminario and Bunnell 2008).

The correspondence between the pSMAC and Talin-dependent and integrin-

mediated adhesion has remained remarkably robust. In addition, the discovery

that myosin contributes to centripetal microcluster flows within the pSMAC has

confirmed the usefulness of the recent analogy between the pSMAC and the

lamellum (Dustin 2008; Ilani et al. 2009). However, the discovery of the multi-

focal synapse demonstrated that definitions referring to the pSMAC “surround-

ing” a central TCR cluster have outlived their usefulness. Importantly, this

domain does not appear to possess a specific membrane topology, and instead

tolerates a wide range of membrane separations (Brossard et al. 2005). The high

affinity of the integrin–ligand bond and the flexibility of the integrin leg

domains may facilitate this behavior. This feature may play a crucial role in the

relatively unrestricted movement of TCR and accessory microclusters through

this domain.

After years of confusion, recent studies addressing the behaviors of CD2 and

CD28 within the immune synapse have begun to clarify the confusing properties of

the central domain that was originally defined as the cSMAC. However, it is

becoming increasingly clear that this confusion has arisen because the “classical”

cSMAC is actually composed of two distinct domains. The most central domain
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contains inert, dephosphorylated TCR that comprise a distinct, immobile pool. This

domain is also enriched in LBPA, which is a marker for multivesicular bodies and

lysosomes (Varma et al. 2006). In recent reviews, this domain has been referred to

as the cSMACa or as the CD3hi cSMAC (Dustin 2009; Yokosuka and Saito 2009).

We suggest that this downmodulatory domain should continue to be referred to as

the cSMAC.

Previous studies indicated that CD2 is present in an inner adhesion ring (Grakoui

et al. 1999; van der Merwe et al. 2000). This domain, which fills the gap between

the TCR-rich central domain and the classical pSMAC, is also highly enriched in

CD28, which remains in a dynamic equilibrium and represents the primary site to

which PKCy is recruited (Yokosuka et al. 2008). This domain has been referred to

as the cSMACb or as the CD3dim cSMAC, and has been suggested to function as a

“costimulatory signalosome” (Dustin 2009; Yokosuka and Saito 2009). This

domain possesses many of the properties of the active TCR microclusters that

arise in the periphery of the immune synapse. For the sake of clarity and simplicity,

we suggest that the active domain interposed between the cSMAC and pSMAC

should be referred to as an “inner” or “intermediate” SMAC (iSMAC). Given the

involvement of CD2, CD28, and their associated signaling molecules in pathways

leading to the activation of WASP, we suggest that this domain may possess many

properties commonly associated with podosomes (Badour et al. 2003, 2007; Calle

et al. 2008).

13.2 A Cell Biological Basis for Model-Independent
Microclusters?

To date, microclusters have most frequently been observed using distinct planar

systems involving either coverglass-immobilized antibodies or lipid bilayers

bearing pMHC and ICAM-1. More recently, hybrids models have emerged.

Thus, TCR microclusters have been observed on lipid bilayers functionalized

with anti-CD3e and ICAM-1, whereas “protein islands” and Grb2-positive micro-

clusters have been observed using surface-immobilized pMHC (Lillemeier et al.

2006; Huse et al. 2007; Kaizuka et al. 2007). Together, these planar systems

possess several very significant advantages. First, they enable the visualization of

the entire contact interface in a single frame, enormously enhancing dynamic

analyses of contact architecture. Second, these systems exploit the intrinsically

higher resolution of the xy-plane relative to the z-axis (~0.2 mm vs. ~1.0 mm),

offering images of superior quality to those derived by digital reconstruction from

z-stacks. Third, these systems are compatible with TIRF microscopy, which offers

a substantial increase in resolution along the z-axis. Finally, these systems enable

the precise control of the stimulatory and costimulatory ligands presented on the

substrate.
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Despite significant differences in the affinity and mobility of the TCR ligands

employed in each case, these model systems have yielded striking similarities.

These include (1) the formation of TCR and ZAP-70 containing microclusters

(Bunnell et al. 2002; Campi et al. 2005); (2) the specific exclusion of the tyrosine

phosphatase CD45 from TCR microclusters (Bunnell et al. 2002; Varma et al.

2006); (3) the formation of signaling microclusters containing CD2, LAT, and

SLP-76 (Bunnell et al. 2002; Campi et al. 2005; Douglass and Vale 2005;

Yokosuka et al. 2005; Kaizuka et al. 2007); (4) the speed with which downstream

scaffolds and effectors are recruited (Bunnell et al. 2002; Huse et al. 2007); (5)

the intimate relationship between microcluster formation and calcium signaling

(Bunnell et al. 2002; Campi et al. 2005); (6) the ligand densities required to

support microcluster formation (Yokosuka et al. 2005; Varma et al. 2006; Nguyen

et al. 2008); (7) the consistent sizes of microclusters (Varma et al. 2006; Nguyen

et al. 2008); (8) the segregation of microclusters containing CD2, LAT, and SLP-

76 from microclusters containing the TCR and ZAP-70 (Douglass and Vale 2005;

Yokosuka et al. 2005; Lillemeier et al. 2006; Nguyen et al. 2008; Kaizuka et al.

2009); (9) the speed and directionality of SLP-76 movement (Bunnell et al. 2002;

Yokosuka et al. 2005; Nguyen et al. 2008); (10) the peripheral origin of newly

formed microclusters (Bunnell et al. 2002; Yokosuka et al. 2005); (11) the obser-

vation that barriers to microcluster centralization favor T-cell activation (Mossman

et al. 2005; Nguyen et al. 2008); (12) the involvement of the actin cytoskeleton in

microcluster movement (Varma et al. 2006; Nguyen et al. 2008; Ilani et al. 2009);

and (13) the development of concentric zones characterized by divergent levels of

tyrosine phosphorylation (Barda-Saad et al. 2005; Campi et al. 2005; Mossman

et al. 2005; Nguyen et al. 2008). Although current models of T-cell activation

acknowledge the crucial roles of ligand half-life and ligand size in the initiation of

signals by the TCR, these observations indicate that the affinity, mobility, and size

of the TCR ligand play unexpectedly small roles at the level of the microcluster.

Despite the higher affinities and divergent sizes of the antigen receptors

involved, microclusters with very similar properties have been observed in mast

cells, NK cells, and B cells (Wilson et al. 2000, 2001; Newbrough et al. 2003;

Fleire et al. 2006; Silverman et al. 2006; Treanor et al. 2006; Depoil et al. 2008;

Weber et al. 2008; Tolar et al. 2009). Based on the extensive parallels between

the distinct models of microcluster formation outlined above, and between the

diverse cell types listed here, we suggest that the properties of microclusters are

dictated by conserved cell biological processes that are set in motion following

the recognition of surface-associated antigens. These processes need not depend

on the precise biophysical parameters that govern specific receptor–ligand inter-

actions. We currently favor a mechanical segregation model in which protrusive

actin structures generate the privileged contact domains predicted by the kinetic

segregation model (Davis and van der Merwe 2006; Seminario and Bunnell

2008). We expect these structures to facilitate ligand recognition, and anticipate

that the dimensions of these contact domains are dictated by the sizes of the actin-

rich processes that give rise to them. Modern kinetic proofreading models suggest

that rare triggering events of high quality flip a digital “switch” that enables the
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rapid population of a contact domain with activated receptors. However, we

propse that the limited sizes of these structures will restrict the number of docking

sites available for downstream effectors. Thus, the response profiles of immune

cells could be channeled toward specific productive outputs, despite enormous

variations in ligand quality and abundance. These are precisely the properties

associated with T cell activation (Ma et al. 2008).
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Abstract The B cell receptor (BCR) generates both antigen-independent and

dependent intracellular signals that are essential for B cell development and anti-

body responses against pathogens. However, the molecular mechanisms underlying

the initiation of BCR signaling are not understood completely yet. The advent of

new imaging technologies is allowing the earliest events in B cell signaling to be

viewed both in vivo in lymphoid tissues and in vitro in living cells, in real-time,

down to the single molecule level. Here we review recent progress in the use of these

technologies to decipher the earliest events that follow B cell antigen recognition.

Based on recent data using these techniques, we propose a model for the initiation of

BCR signaling in which the binding of antigen induces a conformational change in

the BCR’s extracellular domains leading to BCR oligomerization and signaling.
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We conclude that testing this model will require an in-depth understanding of the

unique structural and organizational features of the BCR in the plasmamembrane of

living B cells in the presence and absence of antigen.

1 Introduction

A hallmark of adaptive immunity is the production of highly specific, high-affinity

antibodies that serve to eliminate pathogens from the host. The production of

antibodies is triggered by direct recognition of antigens by the clonally distributed

B cell antigen receptors (BCRs) expressed on B cell surfaces. Once bound to

antigens, the BCR triggers a sequence of intracellular signaling events and the

internalization of antigens, which ultimately result in B cell proliferation and

differentiation into plasma cells secreting antibodies (Reth 1992). In addition to

the antigen-induced initiation of antibody responses, the BCR also generates what

are believed to be antigen-independent signals that are important for the develop-

ment and homeostasis of B cells. In pre-B cells, the expression of the pre-BCR,

containing a surrogate light chain, leads to clustering of the pre-BCR and the

commencement of the development of the pre-B cells into mature B cells

(Bankovich et al. 2007; Ohnishi and Melchers 2003). In resting mature B cells,

the BCR produces continuous low level “tonic signals” that are critical for B cell

survival (Campbell 1999; Monroe 2006). With such a wide range of functions of the

BCR, the molecular mechanism of initiation of BCR signaling is likely to be both

intricate and interesting.

The BCR is a multichain receptor composed of a membrane form of immuno-

globulin (mIg) and a heterodimer of Iga and Igb accessory chains (Reth 1992).

Although the mIg binds antigens, its short cytoplasmic tails do not directly connect

to the B cells signaling machinery. The all-important intracellular signaling and

internalization of the antigen–BCR complex are the function of the cytoplasmic

domains of the Iga and Igb chains. Over the last several years, many of the

components of the B cell’s intracellular signaling cascades have been characterized

in considerable detail (Kurosaki 1999). The first proteins that are activated and

recruited to the BCR-following antigen binding are members of the Src-family

kinases, namely Lyn, Blk, and Fyn (Dal Porto et al. 2004). Src kinases phosphory-

late essential tyrosines in the intracellular domains of Iga and Igb. These tyrosines
are part of the immunoreceptor tyrosine-based activation motives (ITAMs), and

once phosphorylated they bind the SH2 domains of the kinase Syk. The activation

of the Src-kinases and Syk triggers signaling cascades that involve the activation of

at least four major signaling pathways, including phospholipase C, the Rho family

of GTPases, Ras, and phosphatidylinositol-3-kinase (Campbell 1999; Kurosaki

1999). In addition, the initial signaling also triggers internalization of the BCR–

antigen complex into intracellular compartments where the antigen is processed and

presented on MHC class II molecules.

Although the downstream signaling pathways that connect the phosphorylated

BCR Iga and Igb chains to B cell activation are becoming well characterized, the
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initial molecular events that follow antigen binding to the BCR and lead to ITAM

phosphorylation still remain largely obscured. Understanding the molecular

mechanisms by which antigen binding to the BCR ectodomains is transduced to

the intracellular domains of the BCR’s Iga and b chains to initiate ITAM phos-

phorylation is essential to fully comprehend the function and regulation of the BCR

both in antibody responses and in development. The key aspects of B cell biology

that are inherently dependent on the function of the BCR include the ability of

B cells to recognize and respond to the universe of foreign antigen structures that

confront the immune system; the ability of B cells to discriminate the affinity of

antigen binding to promote the development of high-affinity B cells; the modulation

of BCR signaling by coreceptors; and the BCR’s generation of antigen-independent

tonic signals.

The first unique aspect of the BCR is that it is a clonally distributed receptor with

an extraordinary diverse repertoire generated by random recombination of V region

genes encoding the antigen-binding domains of the mIg. Through this diverse

repertoire, B cells are able to respond to an enormous array of antigen structures

ranging from components of the bacterial cell wall to small chemical compounds.

The ability to respond to such a variety of ligands differing in their structure, size,

and valency is a unique property of B cell immunity and is critical for antibody

function. However, this property of the BCR raises a fundamental question

concerning the mechanism by which signaling is initiated: namely, how does the

binding of the universe of foreign antigens by BCRs ultimately engage the common

mechanism of ITAM phosphorylation? In this context, understanding the mecha-

nism of BCR activation may provide a molecular basis for the broad recognition of

antigens by the BCRs.

A second unique aspect of the B cell response to antigen is the B cells’ ability to

discriminate the affinity of the interaction of the antigen with the BCR (Batista and

Neuberger 1998). Affinity discrimination is essential for the affinity maturation of

antibodies through iterative cycles of somatic hypermutation and antigen-driven

selection, ensuring that antibodies have sufficient affinity for the pathogens or their

products to prevent disease. The affinities that BCRs can discriminate are in the

range of 10�6–10�10 M (Batista and Neuberger 1998). Presumably, BCR signaling

is sensitive to the affinity of the BCR–antigen interaction because the longer the

half-life of the BCR–antigen complex, the longer the time the cytoplasmic domains

have to initiate intracellular signaling. However, the mechanism by which the BCR

discriminates such a wide range of affinities is not clear. It is particularly puzzling

how affinity maturation occurs in response to multivalent antigens. The avidity of

the binding of the bivalent BCR to multivalent antigens that contain many epitopes

will provide a large advantage during affinity maturation over BCR binding to

monovalent antigens containing only a single epitope. However, the high-avidity

interaction may quickly reach the ceiling of the affinity discrimination range,

leading to lower than desired affinities of the IgG secreted antibodies that cannot

benefit from the avidity effect. Thus, understanding the mechanism of BCR activa-

tion will likely have important consequences for our understanding of the genera-

tion of high-affinity antibodies and ultimately aid in vaccine design.
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Third, B cell responses appear to be both positively and negatively regulated at

multiple levels. B cell coreceptors that interact with the BCRs on the cell surface

and modulate BCR signaling, depending on the context of the antigen or the state of

the B cell, play an important role for this regulation. Recent studies focusing on

CD19 and the FcgRIIB (Depoil et al. 2008; Sohn et al. 2008a) illustrated that to

understand how coreceptors interact with the BCR, we will need to understand the

localization and structure of the activated BCR and as well as that of the coreceptors

on the B cell surface. A clearer understanding of this process may reveal new

strategies to modulate BCR signaling.

Fourth, an essential feature of the BCR is its ability to propagate tonic signals

required for B cell survival in the apparent absence of antigen binding. In this pro-

survival signaling, the BCR cooperates with the BAFF receptor (Stadanlick et al.

2008). Abrogation of either the BCR or the BAFF receptor leads to B cell death

(Thompson et al. 2000; Kraus et al. 2004; Batten et al. 2000). Conversely, excessive

signaling from the BAFF receptor leads to B cell hyperplasia and autoimmunity

(Thien et al. 2004). It is possible that a similar dysregulation of the BCR’s pro-

survival signaling may lead to diseases. For example, there are indications that BCR

signaling is required for the survival of certain types of B cell lymphomas (Shaffer

et al. 2002). Presumably, a better understanding of the mechanisms by which the

BCR initiates tonic signals could provide opportunities to regulate B cell fate under

pathological conditions.

Collectively, these examples illustrate that knowledge of the molecular mechan-

isms that underlie the activation of the BCR will ultimately be required to gain an

in-depth understanding of how B cells develop and how antibody responses are

generated. An important step in our effort to understand BCR signaling is to learn

more about how B cells recognize antigens in vivo and how the binding of the

antigens to the BCR in living B cells leads to intracellular signaling. Here we

describe a new picture of BCR activation that is emerging from the use of recently

developed imaging technologies. By looking at living B cells both in vivo in

lymphoid tissue and as single cells in vitro, these new approaches offer a view of

the activation of B cells that was not possible before. Hopefully, learning about the

BCR activation in live B cells in real time will lend insights into how the BCR

functions in development and how antigen binding activates the BCR and triggers

antibody responses.

2 How B Cells See Antigens In Vivo

Although a considerable amount has been learned about the mechanisms of BCR

activation from studies of B cells stimulated with soluble antigens in vitro, studying

B cell interacting with antigens in vivo in specialized microenvironments of the

lymphoid tissues will be essential to gain a full understanding of how B cells

recognize and are activated by antigens. B cells enter lymph nodes through the

high endothelial venules in the paracortex and then rapidly move through cortex
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and B cell follicles localized underneath the lymph node capsule (Tarlinton and

Lew 2007). Recently, using two-photon intravital imaging techniques, several

groups were able to look inside lymph nodes and directly observe B cells engaging

their antigens. Within minutes of injection of fluorescently labeled small soluble

antigens in the periphery, the antigens were detected in B cell follicles, suggesting

that small, soluble antigens have the ability to specifically enter the follicules and

activate follicular B cells (Pape et al. 2007). In contrast, particulate antigens, such

as virions and immune complexes, trafficking through the lymph were efficiently

captured by a subset of macrophages lining the floor of the subcapsular sinus.

Translocating the antigens from the subcapsular sinus into the lymph node cortex,

the macrophages presented the antigens to B cells migrating through the cortex.

This resulted in rapid accumulation and activation of B cells at the subcapsular

sinus (Carrasco and Batista 2007; Phan et al. 2007; Junt et al. 2007).

In addition to the contacts with the subcapsular macrophages, B cells were also

seen to engage antigens that had been carried into the lymph node by dendritic cells

(DCs) (Qi et al. 2006). It is well established that DCs arriving from the periphery

present processed antigens to T cells in the T-cell zone of the lymph node.

However, unprocessed native antigen was also detected on the DC surfaces and

these DC were able to stimulate B cells that migrated through the T-cell zone after

they entered the lymph node through the high endothelial venules. These remark-

able findings collectively indicate that antigen presenting cells (APCs) actively

assist B cells in antigen recognition in vivo. Although at present we do not know

how the antigens are captured and presented to B cells by APCs, it is likely that the

B cell–APC contact represents a critical step in B cell activation in vivo, at least for

some forms of antigens. These observations point to the importance of understand-

ing how B cells respond to antigens presented in cellular contacts with APCs.

3 Imaging B cell Interactions with Antigen In Vitro:

Defining the B cell Immune Synapse

Earlier work from Batista and colleagues showed that B cells avidly respond to

antigens presented on the surface of APCs (Batista et al. 2001). When binding

membrane antigens, B cells form a highly organized contact area called the

immunological synapse that resembles synapses observed in T cells and NK cells

engaging their APC or target cells. The B cell immunological synapse is composed

of a central aggregate of the antigen-engaged BCRs, called the cSMAC. Surround-

ing the cSMAC is a ring of adhesion molecules called the pSMAC, which includes

the LFA-1–ICAM-1 pair. Evidence was also provided that during formation of the

immunological synapse, B cells are not only activated to signal but also to extracted

and internalized antigen from the presenting cells. These seminal findings sug-

gested that the organization of the BCR in the immunological synapse is important

for BCR activation and antigen internalization.

A Conformation-Induced Oligomerization Model for B cell Receptor 159



In more recent studies, Batista et al. showed that B cell activation and immune

synapse formation can also be observed in B cells interacting with antigens

anchored to planar lipid bilayers, providing an experimental system that offered

better resolution of the initial steps of the contact of the B cell with the antigen

(Carrasco et al. 2004; Fleire et al. 2006; Weber et al. 2008). These studies showed

that after B cells touch antigen-containing bilayers in a few contact points, they

initiate a BCR-signaling-and actin-dependent spreading that allows the B cells to

reach over the antigen-containing bilayer and collect a large number of antigens.

The first contact and spreading of the B cells results in the formation of micro-

clusters containing the antigen-engaged BCR. The BCR microclusters stream

along actin fibers to the center of the synapse, where they accumulate to form

the cSMAC. The spreading of the B cells is short-lived, however, and is quickly

followed by contraction that collects all the BCR-bound antigen to the cSMAC.

These remarkable observations indicated that the recognition of antigens pre-

sented by APCs is a much more active process than previously thought. Because

the amount of antigen that the B cells engages depends on the spreading, which in

turn is fueled by BCR signaling, B cell spreading provides a positive feedback on

the BCR-mediated collection of antigens. This feedback amplifies the differences

in the collection of antigens of variable affinity for the BCR and improves the B

cell’s ability to discriminate between low- and high-affinity antigens (Fleire et al.

2006).

Detailed observations of BCR microclusters as they first formed showed that

they assembled almost exclusively at the sites of initial contact of the B cell with the

antigen-containing membrane and in the peripheral lamellopodia of the spreading

B cells (Fleire et al. 2006; Tolar et al. 2009). This is despite the fact that there are

BCRs available on the B cell body and antigen available on the corresponding areas

of the presenting membrane. In the case of lamellopodia, the new contacts occurred

through the cycles of lamellopodia lifting, protruding, and adhering with the

antigen-presenting membrane. It is possible that the curvature of the membrane in

the contact sites leads to confinement of the BCRs bound to antigens at a certain

distance from the presenting membrane. Diffusion of new BCRs into this contact

point and their binding would thus create a high concentration of the engaged BCRs

promoting BCR clustering.

Although the resolution to observe microcluster formation has been achieved

only for imaging B cells in vitro, it is reasonable to think that similar mechan-

isms promote BCR microclustering in B cells engaging antigen on APC in vivo

as they migrate through lymphoid tissues. Likely, the spreading of B cells is

similar to the common mechanism by which cells form adhesion contacts. The

mechanical activity of the lamellopodia is a result of a coordination of actin

polymerization and actin–myosin contraction (Giannone et al. 2007). Eventually,

pulling on the adhesion sites results in strengthening of the adhesion sites, and a

similar effect may result in compacting the BCRs in microclusters (Smith et al.

2008). Consistent with this idea, disruption of the actin cytoskeleton in lympho-

cytes reduces the ability of the immunoreceptors to form microclusters (Arana

et al. 2008).
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4 Models for the Mechanisms by Which BCRs Cluster

The observation that BCRs form microclusters in the first steps of the immune

synapse formation suggests that BCR microclusters may be the B cell’s elementary

signaling units. Indeed, imaging of intracellular signaling molecules in living

B cells showed that the formation of the BCR microclusters is followed within

seconds by recruitment of Lyn and Syk to the clusters and the initiation of calcium

signaling through PLCg2 (Fleire et al. 2006; Weber et al. 2008; Sohn et al. 2008b).

The proposal that the BCR microclusters are the structures in which BCR signaling

occurs begs the questions as to how these structures are formed and what we can

learn about the initiation of BCR signaling from the mechanism of their formation.

The current prevailing model for BCR clustering and activation is one we will

refer to as the “crosslinking model.” A shared feature of soluble antigens that are

able to stimulate B cells is that they are multivalent, containing multiple BCR

epitopes (Brezski and Monroe 2008). Although there is some controversy (Kim

et al. 2006), most data confirm that for responses to soluble antigens, the BCRs must

be crosslinked by the engagement of multiple binding sites on the antigen mole-

cules (Metzger 1992). These data suggest that binding of multivalent antigens

crosslinks the BCRs inducing clustering of the cytoplasmic domains of the BCRs.

Proximity of the cytoplasmic domains of two or more clustered BCRs would allow

recruitment of Src-kinases and phosphorylation of the ITAMs by mechanisms that

have yet to be delineated. The notion that BCR crosslinking by multivalent antigen

initiates signaling was reinforced by the crystal structures of antibodies showing

that binding of soluble antigens does not propagate any conformational changes

from the antigen binding site to the constant domains that could initiate signaling of

the BCR. In addition, the requirement for crosslinking of the BCR to initiate

signaling was compatible with the ability of related ITAM containing receptors to

signal only after crosslinking by multivalent ligands (Metzger 1992). However, in

the case of the BCR, the requirement for crosslinking does not explain B cell

responses to small, relatively soluble antigens, such as toxins. Also, B cells produce

antibodies to rapidly diffusing cell membrane components, such as phospholipids,

that cannot directly crosslink the BCR for any significant period of time. In

addition, not all oligomeric antigens may be able to crosslink the BCR into a

configuration that would bring the cytoplasmic domains of the clustered BCRs

into physical proximity (Reth et al. 2000).

In the context of these limitations of the crosslinking model, an alternative

explanation of the requirement for multivalency of soluble antigens warrants

consideration. Reth and colleagues proposed that multivalent antigens disrupt an

auto-inhibited configuration of the BCR present in preformed BCR clusters (Reth

et al. 2000). According to this “permissive geometry” model (Minguet and Schamel

2008), the binding of the antigens reorganizes the BCRs in the clusters into an

active geometry. In this model, the individual BCRs do not change conformation

but rather reorient one to another to trigger signaling. Alternatively, it is possible

that the binding of antigen leads to a conformational change in the BCR
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ectodomains on the cell surface that promotes oligomerization, clustering, and

signaling. We refer to this model as the “conformation-induced oligomerization”

model (Fig. 1). In the following sections we discuss this model in greater detail and

describe new single molecule imaging techniques that are providing evidence in

support of the model. We then discuss how this model accommodates key aspects

of B cell biology.

5 Insights into the Mechanism of BCR Microcluster

Formation from Single Molecule Imaging

To analyze the molecular mechanism by which the BCRs assemble into micro-

clusters in more detail, we recently developed imaging techniques to observe

individual BCRs during microcluster formation (Tolar et al. 2009). To observe

single BCR molecules, we labeled a small proportion of the BCR on the surface of

B cells with fluorescent Fab fragments of Ig-specific antibodies. Under these

conditions, individual labeled BCR could be observed in B cells spreading on

bilayers containing antigens by total internal reflection microscopy (TIRF). The

BCRs could be tracked for up to a few seconds, which is long enough to observe

their behavior as they form microclusters. Using this imaging technique, we found

that BCRs in resting cells were mostly mobile on the cell surface. However, during

spreading of the B cells on the antigen-coated bilayers, BCRs immobilized as they

formed microclusters. Surprisingly, the immobilization of the clustered BCRs was

observed even after the BCR bound to monomeric antigen on the fluid lipid

bilayers. This finding indicates that the microclusters form without the need for

Fig. 1 Schematic illustration of the “conformation-induced oligomerization” model for B cell

receptor (BCR) signaling. The BCR is preferentially in a closed, inactive conformation in resting

cells. Binding of monovalent soluble antigen does not change the conformation of the BCR and

does not induce signaling. Binding of membrane antigens pulls the BCR’s ectodomains into an

active conformation exposing an oligomerization interface in the membrane proximal region of

the membrane immunoglobulin. Assembly of the BCR oligomer leads to perturbations of the local

lipid environment, opening of the cytoplasmic domains and the initiation of signaling
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physical crosslinking of the BCRs. By combining fluorescence resonance energy

transfer (FRET) between BCRs tagged in their cytoplasmic domains with FRET

donor and acceptor fluorescent proteins with TIRF microscopy, we showed that

within the first seconds of microcluster formation the BCRs come into close

molecular proximity even though the BCRs were not physically crosslinked by

antigen (P. Tolar, unpublished observation).

It is possible that the immobilization of the BCR as it forms microclusters reflects

attachment of the BCR to the membrane cytoskeleton or to large complexes of

intracellular signaling molecules. However, we found that the immobilization of the

BCR in the microclusters was completely independent of the cytoplasmic domains of

the BCR or of the presence of the Igab subunit (Tolar et al. 2009). Thus, the

microclusters are composed of immobile oligomeric arrays of the BCR formed solely

through intrinsic properties of the extracellular and transmembrane of domains the

mIg. To search for the minimal requirements for the microclustering of the mIg, we

carried out mutational studies and showed that the immobilization of the mIg in

microclusters induced by antigen binding depends on the presence of the Cm4 domain

as well as on a WTxxST motif in the transmembrane region. Cm4 is the membrane

proximal domain that forms a homodimer at the bottom of the canonical Fc structure

shared in all Ig molecules (Herr et al. 2003; Wan et al. 2002; Huber et al. 1976). The

WTxxST motif in the N-terminal part of the transmembrane domains is predicted to

line the side of the transmembrane helix that is opposite of the putative Igab interac-

tion site. Notably, the WTxxST motif-containing side of the transmembrane domain

has been previously implicated in the formation of BCR oligomers observed after

lysis of B cells with limiting amounts of detergents (Schamel and Reth 2000).

Single molecule imaging showed that the mIgM molecules that lacked the Cm4
domain and had the mutation of the WTxxST motif still accumulated and were

confined in their movement inside of structures similar to microclusters (Tolar et al.

2009). However, they could not immobilize in the microclusters, suggesting that

they could not form the oligomeric structures. Measurement of signaling activity of

a chimeric receptor consisting of the mutated IgM and intracellular domains of Iga
or Igb showed that the constructs were significantly compromised in the tyrosine

phosphorylation in the synapses as well as in the upregulation of CD69. Con-

versely, the expression of the Cm4 domain alone, but not larger parts of the Fc

region of the mIg, led to spontaneous clustering of the construct. Similar clustering

was observed after expression of Cg3, the membrane proximal domain of IgG. In

addition, when expressed with the Igab heterodimer, clustering of the Cm4 domain

led to spontaneous recruitment of Syk into these clusters and upregulation of CD69.

These findings are consistent with a model of microcluster formation in which

the Cm4 and the transmembrane region contain a homotypic clustering interface

that is not accessible in the mIg in resting B cells. Binding of membrane antigen

confines the BCR in the contact areas with the presenting membrane and unmasks

the clustering interface in the Cm4 domain, which together lead to the formation of a

BCR oligomer that promotes signaling from the cytoplasmic domains. As men-

tioned above, we refer to this model as to the “conformation-induced oligomeriza-

tion model” (Fig. 1).
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6 Is There Evidence for Conformation-Induced

Oligomerization Predicted by the Model?

How can monovalent membrane antigens binding to the BCRs unmask a clustering

interface? As mentioned above, structural studies suggest that it is unlikely that the

binding of the antigen propagates conformational changes to the Fc through a direct

allosteric mechanism (Metzger 1974). Structural studies as well as electron micros-

copy also provided no evidence for the clustering of soluble antibodies engaged by

soluble antigens (Løset et al. 2004), although the Fc region of antibodies has some

role in the formation of immunoprecipitates (Møller and Christiansen 1983; Møller

1979). Nevertheless, it is possible that the binding of a membrane antigen to the

BCR induces a change in the Fc region of the Ig indirectly. Stretched by the antigen

binding between the B cell membrane and the APC, the BCR could be subjected to

a pulling or twisting force. The force could induce conformational changes within

the Cm4 and transmembrane domains, leading to formation of a clustering interface

as depicted in Fig. 1. Alternatively, the force could induce a reorientation of the

Cm3 to allow access to a preformed clustering interface in Cm4 and the transmem-

brane domains. It is also possible that similar activating changes in the BCR could

be induced by soluble multivalent antigens, in which case the force would come

from the binding of several BCRs to a single antigen object.

Although the structure of the Fc region of the IgM is not available, numerous

structures have been solved of the Fc regions of IgG, IgE, and IgA (Herr et al. 2003;

Wan et al. 2002; Huber et al. 1976). The canonical Fc region is composed of two

angled Ig domains that pair to form a rhombus. In principle, the Fc region can

undergo changes of the interdomain angle, leading to opening and closing of the top

of the structure. In the available structures, the opening of the interdomain angle has

been observed after binding to Fc receptors (Wurzburg et al. 2000; Radaev et al.

2001). Although these conformational changes are relatively subtle in IgG binding

to FcgRs, they are substantial in IgE binding to FceRI, where the opening is

potentially associated with a reorientation of the Ce2 domains (Wan et al. 2002).

Interestingly, the changes of the angle between Ce3 and Ce4 domains are propa-

gated to the AB and EF loops of the Ce4 at the bottom and side of the Fce. However,
whether similar changes may be induced in the IgM and IgG BCR remains

unknown. Likely, studying the Ig structure in the context of the full BCR complex

will be necessary to better understand these issues.

7 Implications of the “Conformation-Induced Oligomerization”

Model for B cell Biology

Although we do not currently understand the structural changes in the BCR that

could initiate BCR oligomerization in the microclusters, there are interesting

implications of the conformation-induced clustering model that are relevant for B
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cell biology. Importantly, the presence of a clustering interface in the BCR suggests

that microcluster formation is independent of the antigen valency. The homotypic

interaction of the membrane proximal and transmembrane domains may thus

potentially be important for B cell responses to antigens that do not directly cross-

link the BCR, or to antigens that crosslink the BCR into a configuration that does

not directly bring the cytoplasmic domains of the BCR into an active configuration.

Separately engaged BCRs would in this case associate laterally on the cell surface

and bring the BCR into an active conformation by the interaction of their Cm4
domains leading to efficient signaling. Thus, the clustering interface in the BCR

could broaden B cell responses to a wider range of antigens. The ability of BCRs to

oligomerize and signal following monovalent binding to antigen would also allevi-

ate the problem of avidity in the B cell’s discrimination of antigen affinity.

The specific structure of the oligomeric BCR may also contribute to BCR’s

interaction with membrane signaling adaptors and BCR coreceptors that modulate

B cell activation. For example, recent studies showed that the coengagement of the

BCR and FcgRIIb during recognition of membrane-bound immune complexes

blocks B cell spreading and the interactions of BCR microclusters with signaling

components, suggesting that the FcgRIIb blocks early steps of BCR activation in

the microclusters (Sohn et al. 2008a). In addition, B cell spreading and intracellular

signaling in response to membrane antigens requires the recruitment of the posi-

tively signaling transmembrane adaptor CD19 (Depoil et al. 2008). CD19 amplifies

BCR signaling by recruiting intracellular signaling proteins such as Vav and PI3

kinase to the plasma membrane. While in response to soluble antigens CD19

interacts with the BCR as a part of the CD19–CD21–CD81–TAPA-1 complex

that recognizes complement-tagged antigens, the involvement of CD19 in B cell

responses to membrane antigens is independent of complement binding and occurs

through dynamic interactions of the CD19 directly with BCR microclusters. These

examples raise the possibility that the oligomeric BCR is the structure that interacts

with positive and negative coreceptors to provide regulation of the earliest steps in

B cell activation. Understanding how coreceptors interact with BCR microclusters

may lead to new ways to modulate dysregulated B cell responses, particularly in

autoimmune diseases.

The intrinsic ability of the BCR to cluster suggests that there may be a low level

of spontaneous BCR clustering in resting B cells that may underlie antigen-

independent tonic signaling. It is the current prevailing view that tonic BCR

signaling is a result of a “leaky” regulation of the BCR’s signaling pathways that

are inherently at a fine balance between receptor phosphorylation and dephosphor-

ylation (Monroe 2006). However, it is also possible that the tonic signaling is

generated from the spontaneous clustering of a small fraction of BCR due to

conformational flexibility of the extracellular domains. If so, the tonic signaling

would arise from transient, albeit structurally defined BCR clusters. Such sponta-

neously forming clusters would be of interest as they may be potentially the basis of

exaggerated constitutive BCR signaling under pathological conditions. For exam-

ple, in the rare heavy chain disease, somatic deletions in the VH-Cm2 region lead to
constitutive signaling from the truncated BCR, resulting in a B cell proliferative
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disorder (Corcos et al. 1991, 1995). It is possible that the truncation of the mIg

domains unmasks the clustering interface of the BCR, as we observed in the

expression of the isolated Cm4 domain. It will be interesting to investigate whether

the mechanism of BCR clustering contributes to more common diseases such as B

cell lymphomas. In this case, understanding the mechanism of formation of BCR

clusters may provide a new target for the intervention of the pathological BCR

signaling.

8 The Unsolved Problem of Transducing Conformational

Changes in the BCR Ectodomains to the Cytoplasmic

Domains

Collectively, the data reviewed here suggest that the transition of the resting BCR

into its active state involves specific participation of the extracellular and trans-

membrane regions of the BCR. But how are changes induced by antigen binding in

the extracellular domains transduced through the transmembrane domains to the

intracellular domains? In vitro, peptides representing the intracellular domains of

Igab are unstructured, providing little information as to what specific changes may

lead to the recruitment of Src-kinases and the phosphorylation of the ITAMs

(Sigalov et al. 2004). However, it is not known whether the cytoplasmic domains

of the native BCR complex in living cells take on a more defined structure. Using

FRET to measure the distance between the BCR’s Ig, Iga, and Igb cytoplasmic

domains, we observed that the cytoplasmic domains of the BCRs come into close

proximity in the first ~5 s of microcluster formation (Tolar et al. 2005). After that,

the FRET between the intracellular domains rapidly drops to a level of FRET that is

still higher than the FRET in resting cells. This FRET pattern was observed in cells

expressing any combination of BCR chains containing donor and acceptor fluores-

cent proteins, reporting either inter- or intramolecular BCR chain interactions. The

FRET pattern suggests that while the BCRs remained clustered, the cytoplasmic

domains opened up. The opening required phosphorylation of the ITAMs, but was

independent of the recruitment of Syk or other downstream molecules. Thus, it is

possible that in resting BCRs, the cytoplasmic domains of Iga and Igb are in a

closed, folded conformation in which the tyrosines of the ITAMs are not accessible

as depicted in Fig. 1. Binding of Src-kinases and/or phosphorylation of the ITAMs

stabilizes a new open or unfolded conformation and allows the initiation of down-

stream signaling.

One mechanism by which the BCR may recruit Src-kinase in the first seconds of

microcluster formation is by inducing changes in local lipid composition in the

microclusters. Such lipid changes could be induced by perturbation of the mem-

brane by the local concentration of the BCR transmembrane domains, leading to

transient trapping of the myristoyl and palmitoyl fatty acid membrane anchor of

Src-family kinases. We recently showed by FRET in living cells that the interaction
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of a probe containing this lipid anchor with the BCR occurs rapidly after the onset

of microcluster formation and overlaps with the very initial recruitment of Lyn to

the BCR (Sohn et al. 2006, 2008b). The interaction of the lipid probe was transient

and limited to nascent microclusters in the periphery of the immune synapse,

whereas Lyn interacted with the microclusters during their trafficking to the

cSMAC, suggesting that protein–protein interactions, presumably mediated by

the SH2 domains binding to phosphorylated ITAMs, stabilize Src-family interac-

tion with the BCR to sustain signaling.

9 Conclusions

Although experimental data are far from providing a complete picture of the

mechanisms by which antigen binding activates the BCR, they collectively suggest

that our currently incomplete understanding of these mechanisms is due to gaps in

our knowledge of the structure and organization of the full BCR complex in living

B cells. It will be exciting to watch these gaps being filled in the near future as new

technologies allows closer and closer views of the BCR on the B cell surface.

Hopefully, the knowledge of the structure of the BCR in the B cell plasma

membrane, together with a better understanding of B cell recognition of antigens

during an immune response in vivo, will render a clearer picture of BCR activation

and the early signaling steps. With much remaining to be learned, the near future

may still bring many surprises.
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Abstract The co-receptors CD4 and CD8 are important in the activation of T cells,

primarily because of their ability to interact with the proteins of theMHC, enhancing

recognition of the MHC–peptide complex by the T cell receptor (TCR). An antigen-

presenting cell presents a small number of antigenic peptides on its MHCmolecules,

in the presence of a much larger number of endogenous, mostly nonstimulatory,

peptides. Recent work has demonstrated that these endogenous MHC–peptide com-

plexes have an important role in modulating the sensitivity of the TCR. But the role

of the endogenous nonstimulatory MHC–peptide complexes differs in MHC class I

and class II-restricted T cells. This chapter discusses the data on the role of CD4 or

CD8 co-receptors in T cell activation at the immunological synapse, and the role of

non stimulatory MHC–peptide complexes in aiding antigen recognition.

1 Introduction

The CD4 and CD8 proteins have long been known to be important in antigen

recognition, and in the discrimination between antigens presented by MHC class I

or class II molecules. Their precise role has been more difficult to elucidate. Recent

data suggest that endogenous MHC–peptide complexes are involved in the activa-

tion of T cells by antigen, making the T cells more sensitive to low quantities of the

antigen. The means by which these endogenous peptides aid in antigen recognition

appear to be different in MHC class I and class II-restricted T cells. In this chapter,

we review the data on CD4 and CD8 in the immunological synapse, and their

apparently different modes of action in aiding TCR activation by limited antigen

quantity in the presence of endogenous, nonstimulatory, MHC–peptide complexes.

2 Co-Receptors in the Immunological Synapse

2.1 MHC Recognition by Co-Receptors

CD4 and CD8 can bind to MHC class II or class I respectively, and over-expression

of CD4 or CD8 on one cell type allows cell–cell binding to another cell type that

overexpresses the relevant MHC molecule (Doyle and Strominger 1987; Norment

et al. 1988). However, CD4 and CD8 are not usually thought to have an important

role in adhesion in the absence of overexpression. Their main role is believed to be

in their ability to act as co-receptors, to bind the MHC at the same time as TCR, and

thus stabilize the TCR–MHCp complex. However, while there is clear evidence of

this role for CD8, there is no similar evidence for CD4.

Because both CD4 and CD8 bind to the Src-family kinase Lck through their

intracellular tails, this causes Lck to be brought into proximity with a TCR that is

recognizing antigen, where it kick-starts the signaling cascade. CD4 is believed to

be much more efficient at this function by virtue of a stronger interaction with Lck

(Hurley et al. 1989).
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Although both CD4 and CD8 interact with nonpolymorphic parts of the different

MHC molecule classes (König et al. 1992; Moebius et al. 1993; Potter et al. 1989;

Salter et al. 1990), they are radically divergent in structure: CD4 has a single

polypeptide chain consisting of four immunoglobulin-like domains, of which the

most amino-terminal membrane distal domain binds to MHC class II (Wang et al.

2001; Wu et al. 1997). There is some evidence that CD4 molecules can form

noncovalent dimers through their membrane-proximal domains, which would result

in a protein with the predicted ability to bind and therefore to cross-link two MHC

class II proteins (Moldovan et al. 2002; Wu et al. 1997). In contrast, CD8 is an

obligate dimer that can consist of aa or ab chains, covalently bound to each other.

These dimers form a binding site for a single MHC class I protein (Gao et al. 1997;

Kern et al. 1998). It is commonly believed that a co-receptor and TCR interact with

the sameMHC–peptide molecule, but as yet no structure of a complete TCR–MHC–

peptide–co-receptor complex has been obtained. The X-ray crystal structures of

TCR–MHC–peptide leave room for the TCR to bind; similarly, CD4–MHC–peptide

and CD8–MHC–peptide structures also leave room for TCR binding.

The cytoplasmic domain of CD4 has a site for palmitoylation (Crise and Rose

1992), which allows it to associate with lipid microdomains (Balamuth et al. 2004),

where Lck is preferentially found. CD8b also has a palmitoylation site, but CD8a
does not, so the CD8aa dimer is less likely to associate with lipid microdomains

and therefore come into contact with Lck than CD8ab (Arcaro et al. 2001). This

combination of motif and opportunity may partially explain why CD8ab is a

stronger co-receptor than CD8aa, even though they bind equally well to MHC

class I (Garcia et al. 1996).

2.2 Co-Receptor Recruitment to the Immunological Synapse

CD4 and CD8 are recruited to the immunological synapse during antigen recogni-

tion (Krummel et al. 2000; Kupfer et al. 1987; Zal et al. 2002) (Fig. 1). This

recruitment occurs very fast – within seconds – during antigen recognition, and

the movement of co-receptor within the T-cell–APC contact area can be very

dynamic (Zal et al. 2002). There is evidence of the co-receptor leaving the synapse

while TCR accumulates (Krummel et al. 2000). Although the recruitment of Lck to

the synapse requires its interaction with CD4 or CD8, activation of Lck as measured

by phosphorylation occurs predominantly at the periphery of the synapse, rather

than in the central region (Lee et al. 2002). There is strong evidence that during

recognition of strong antigens, TCR forms microclusters in the peripheral synapse.

This is where signaling is initiated, with TCR being endocytosed in the central

synapse (Varma et al. 2006). However, with weaker stimulation, activated Lck is

found in the central regions of the synapse (Cemerski et al. 2008).

In our early experiments on CD4 and TCR movement, we found that CD4 could

move to the synapse between a T cell and an antigen presenting cell even when

antigen was not available (Fig. 1d) (Zal et al. 2002). Thus the CD4 concentration in

the synapse must have been due to the CD4 interaction with class II, irrespective of
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the peptide presented. This is referred to as noncognate MHC recognition, in

contrast to the cognate recognition that is found between TCR and its specific

MHC–peptide complex. The noncognate recruitment of CD4 was considerably

slower than CD4 recruitment in the presence of antigen (Fig. 1b, d), and did not

occur with all antigen-presenting cell types (Gascoigne and Zal 2004; Zal et al.

2002). In contrast, the noncognate recruitment of CD8 showed little difference

between the presence and absence of specific antigen (Yachi et al. 2005). This

indicated that the noncognate CD8–MHC class I interaction was sufficient to recruit

CD8 and presumably MHC class I to the synapse.

3 Co-Receptor Interaction with NonCognate MHC Class I

in Antigen Recognition

3.1 NonStimulatory Peptides Aid MHC Class I-Restricted
Antigen Recognition by T Cells

Several studies have demonstrated that endogenous nonstimulatory peptides can

enhance recognition of antigenic peptides (Krogsgaard et al. 2005; Yachi et al.

Fig. 1 CD4 co-receptor recruitment to the immunological synapse and FRET between TCR and

CD4. (a), (b) show a time course of interaction between T cell and an APC presenting antigenic

peptide. (c), (d) show the same with an APC that does not present the antigenic peptide. (a), (c)

show the FRET response between CD3z–CFP and CD4–YFP, using a heat scale (Zal et al. 2002).

(b), (d) show the fluorescence of the CD3z–CFP (green) and CD4–YFP (red). Only the antigenic

stimulation causes close interaction between TCR and CD4, as reported by FRET between CD3z–
CFP and CD4–YFP (a versus c), though both APCs recruited CD4 to the immunological synapse

(b and d). Recruitment was much slower in the absence (d) versus the presence (d) of antigen.

Reproduced with permission from Zal et al. (2002)
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2005, 2007). This is particularly noticeable when the antigen is in limiting

quantity, and in fact can explain why T cells are sensitive to tiny amounts of

antigen – T cells have been reported to respond to a single antigenic peptide

(Irvine et al. 2002; Sykulev et al. 1996), with full activation with as little as three

(Purbhoo et al. 2004). The mechanism by which the endogenous peptides aid

recognition appears to differ between MHC class I and class II-restricted T cells

(Gascoigne 2008; Yachi et al. 2005, 2007). Here we will first deal with class

I-restricted cells.

The RMA-S cell line is deficient in the Tap2 gene so peptides are not loaded into
the MHC class I molecule as it is folded. In the presence of exogenously added

peptides, though, the class I is correctly folded (Ljunggren et al. 1989; Townsend

et al. 1989), and at low temperature (~30�C) the class I molecules are folded and

expressed at the cell surface without peptide. If the temperature is raised to 37�C,
they fall apart (Ljunggren et al. 1990). This phenomenon has been used to load

specific peptides onto class I molecules in the presence of very few other peptides –

the RMA-S cells are cultured for a period at 30�C, the peptide of interest is added,
and culture continued. This allows the peptide to associate with the class I mole-

cule. The temperature is then raised to 37�C to destroy the class I molecules that

have not bound peptide. We used this method to load RMA-S cells with titrated

amounts of an antigenic peptide. We were able to measure the amount of antigenic

class I–peptide complexes by using a specific antibody recognizing this complex

(Porgador et al. 1997).

We found that the ability to stimulate T cells, as measured by a number of

different parameters, declined steeply as the amount of antigen was reduced (Yachi

et al. 2005, 2007). When the titration of antigen was performed in the presence of

excess nonstimulatory peptides, the curve was shifted substantially, such that

stimulation occurred at much lower concentrations of antigen than in the absence

of the nonstimulatory peptides (Fig. 2). Using T hybridoma cells, this was true for

the formation of conjugates between the T cells and antigen presenting cells

(APCs), for TCR downregulation, and for the induction of close interactions

between the TCR–CD3 complex and the co-receptor CD8 using Foerster Reso-

nance Energy Transfer (FRET) microscopy (Yachi et al. 2005). Immature pre-

positive selection thymocytes and naı̈ve primary CD8+ T cells also showed lower

activation by a given amount of antigen on its own, compared to activation in the

presence of nonstimulatory peptides (Yachi et al. 2007). We tested a number of

different peptides that are known to bind to the MHC class I molecule (H2–Kb),

including a peptide from a virus that does not stimulate the TCR that we tested, and

several that are natural endogenously produced Kb–binding peptides that do not

stimulate T cells or thymocytes bearing this TCR (Santori et al. 2002). Remarkably,

each of the ~10 different peptides that we tested showed roughly equivalent ability

to aid in antigen recognition (Yachi et al. 2005, 2007). This ability was demon-

strated most strikingly when we loaded the RMA-S cells with a very small amount

of antigen and then titrated in the nonstimulatory peptides: the stimulation of the

responding T cells correlated with the amount of MHC class I expressed on

the RMA-S cell surface (Fig. 3). Indeed, all our data led to the conclusion that
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the important factor in the role of the endogenous/nonstimulatory peptides in aiding

antigen recognition is in fact due to the expression of the MHC class I protein,

rather than to the specific peptide that it presents.

Fig. 2 Increased T-cell activation by endogenous nonstimulatory peptides at limiting antigen

quantities. (a) shows the amount of TCR endocytosis at differing quantities of antigen OVA–Kb

expressed on the cell surface of RMA-S cells, either alone or with added nonstimulatory peptides

derived from VSV, Erk, or the P815 tumor antigen. Erk and P815 are natural endogenous Kb–

binding peptides (Santori et al. 2002). (b) shows the percentage of T cells in conjugates with

RMA-S cells treated as in (a). (c) shows the interaction between TCR and CD8 by the FRET signal

between CD3z–CFP and CD8b–YFP. Used with permission from Yachi et al. (2005)
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Evidence from other labs also supports these findings. Early data showed an

adhesion function of mouse CD8 in binding to noncognate MHC class I, after

antigenic stimulation (O’Rourke et al. 1990), and this was recently confirmed for

human CD8–MHC class I interactions (Varghese and Kane 2008). Interestingly, the

effector memory cells and activated CTL, but not the naı̈ve CD8+ T cells, showed

this antigen-enhancement of CD8–class I binding (Varghese and Kane 2008).

In a different experimental system, MHC class I–peptide complexes were bound

as arrays of about ten molecules to quantum dots (Anikeeva et al. 2006). These were

able to activate CTL as long as at least one of the class I molecules presented the

antigenic peptide. If all ten had a nonstimulatory peptide, then there was no

activation. The role of the nonstimulatory MHC–peptide complexes was to bind

to CD8, as they did not promote recognition of a single antigenic MHC–peptide if

they were mutated at the CD8 binding site (Anikeeva et al. 2006).

It must be noted that there are some reports that failed to show an effect of the

endogenous MHC class I in aiding T-cell activation by antigen. In an experiment

similar to our own, Sporri and Reis e Sousa (2002) compared T-cell activation by

the Tap-sufficient RMA parental line with Tap-deficient RMA-S. The responses to

RMA-S were strong enough and the authors concluded that the lack of endogenous

peptides on the RMA-S cells did not affect stimulation by antigenic peptide (Sporri

and Reis e Sousa 2002). When we performed the same experiment, we found

significant difference between activation by RMA-S and RMA – the RMA cells

induced stronger activation of T cells than did the RMA-S cells for the same amount

of antigenic peptide presented (Fig. 4) (Yachi et al. 2007). Our main set of

experiments, however, was to compare RMA-S cells with antigen plus or minus

nonstimulatory peptides. Thus we were comparing the same cells, using the

Fig. 3 The ability of nonstimulatory MHC–peptide ligands to enhance antigen recognition

depends on their quantity rather than their sequence. A small amount of antigen was added to

RMA-S cells (OVA). This resulted in very low expression of the epitope for the anti-OVA–Kb.

Other nonstimulatory peptides were titrated in to increase the overall amount of Kb expression.

This increased expression of Kb correlated with increased activation of thymocytes. Used with

permission from Yachi et al. (2007)
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anti-Kb–peptide antibody (Porgador et al. 1997) to measure the amount of antigenic

MHC–peptide on the cell surface, comparing the response to the same amount of

antigen in the presence or absence of other exogenously added nonstimulatory

peptides. This is probably a better way to assay the role of the nonstimulatory

peptides than relying on the endogenously produced peptides of the RMA cells.

Also, the RMA and RMA-S cells have been separated for over 20 years and may

have other, more subtle, differences.

We conclude that the nonstimulatory peptides have a real effect on MHC class

I-antigen recognition. It may have been overlooked in some studies because of the

high sensitivity of the responding T cells which can show a response to small

quantities of antigenic peptide alone. This may be because of the small but real

number of endogenous peptides – derived from signal peptidase activity on nascent

transmembrane and secreted proteins – that are expressed on the RMA-S cells.

3.2 The FRET Response Between CD8 and TCR–CD3,
and What It Tells Us About the Role of Endogenous
Peptides in T-Cell Activation

Our studies on T-cell activation by low amounts of antigen in the presence or

absence of endogenous/nonstimulatory peptides included the rather surprising

result that FRET between the fluorescently labeled CD3z–CFP and CD8b–YFP
was enhanced by the presence of these nonstimulatory peptides (Fig. 2) (Yachi et al.

2005). This FRET response, like that between CD3z–CFP and CD4–YFP in an

MHC class II-restricted T cell, is a measure of the close apposition of the CD4 or

CD8 co-receptor to the TCR/CD3 complex – presumably the TCR that is interact-

ing with the antigenic MHC–peptide complex (Gascoigne and Zal 2004; Yachi

et al. 2005, 2006; Zal and Gascoigne 2004a,b; Zal et al. 2002). This means that the

Fig. 4 Endogenous peptides

on RMA cells support antigen

recognition. RMA and

RMA-S cells were incubated

with titrated amounts of

antigen (OVA peptide) and

used to stimulate naı̈ve CD8+

T cells expressing the OT-I

anti-OVA–Kb TCR. CD69

upregulation was assessed as

a function of expression of the

OVA–Kb epitope recognized

by the 25-D1.16 mAb

(Porgador et al. 1997). Used

with permission from Yachi

et al. (2007)
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noncognate CD8–MHC class I interaction was somehow enhancing the cognate

TCR–CD8 interaction induced by antigen (Fig. 2) (Yachi et al. 2005).

This suggested to us that the role of the noncognate CD8–MHC class I interac-

tion is to concentrate the MHC class I and the CD8 (and therefore also Lck) proteins

(“Pre-concentration model,” Fig. 5). Either of these would have the overall effect of

increasing antigen recognition and the cognate TCR–CD3–CD8 interaction. Con-

centration of MHC class I molecules would make it quicker and more efficient for

the TCR to “find” the antigenic MHC class I–peptide amongst the mass of the

nonstimulatory class I proteins. The on rate of the interaction is concentration-

dependent, and the kon of a TCR–MHC–peptide interaction (as measured in solu-

tion) can have a significant effect on the biological outcome of TCR recognition,

even if the koff has a larger influence overall (Alam et al. 1996, 1999; Gascoigne

et al. 2001; Rosette et al. 2001; Stone et al. 2009). Thus the TCR would bind to

MHC–peptide at a faster rate, the off rate remaining unchanged, so the TCR would

sort through the available MHC–peptide complexes until it associates with one to

which it binds more strongly. Looking at this pre-concentration model from the

point of view of concentration of the CD8–Lck, the CD8 is more available to

stabilize the TCR interaction with antigenic MHC–peptide, and the Lck similarly is

more available to start the signaling cascade. Obviously, these two mechanisms are

Fig. 5 Models of co-receptor

function in T-cell activation.

For consistency, these are all

drawn using CD8 as the co-

receptor. However, the

pseudodimer model (b) is

derived from studies of CD4+

MHC class II-restricted

T cells (Krogsgaard et al.

2005). (a) The “classical”

model where the co-receptor

stabilizes the interaction

between TCR and antigenic

MHC–peptide. (b) The

“pseudodimer” model, where

co-receptor cross-links two

TCRs, one interacting with

antigenic MHC–peptide, and

the other interacting with

endogenous MHC–peptide.

(c) The “pre-concentration”

model, where the co-receptor

interaction with antigenic or

nonstimulatory MHC–

peptide causes concentration

of MHC–peptide, co-

receptor, and Lck to the

synapse
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not mutually exclusive. We have some preliminary data indicating that the concen-

tration of CD8/Lck is the more important aspect (JH, PPY and NRJG, unpublished).

We believe that this pre-concentration model (Fig. 5) is sufficient to explain our

data on endogenous/nonstimulatory peptides in helping T-cell activation by small

amounts of peptide. However, the situation with MHC class II-restricted cells is

different, as described in the following sections.

4 Differing Co-Receptor Roles in Recognition of Endogenous

MHC Class I– and II–Peptide?

4.1 NonStimulatory Peptides Aid MHC Class II-Restricted
Antigen Recognition by T Cells

The initial idea of aid for antigen recognition caused by endogenous peptides came

from studies showing that freshly isolated T cells show partial phosphorylation of

the CD3z chain (Van Oers et al. 1994). This is caused by interactions with

endogenous MHC–peptide complexes (Witherden et al. 2000), and enhances rec-

ognition of antigen (Stefanova et al. 2002). A study of the immunological synapse

found that during antigen recognition, endogenous as well as antigenic MHC class

II–peptide complexes became concentrated at the synapse (Wulfing et al. 2002).

This finding was greatly extended by showing that a set of endogenous non-

stimulatory peptides were concentrated to the synapse during antigen recognition

(Krogsgaard et al. 2005). Soluble dimers of MHC class II molecules bound to these

endogenous peptides did not stimulate the T cells to flux Ca2+, whereas dimers of

the antigenic peptide did stimulate the T cells. When mixed MHC class II dimers

were made with one antigenic peptide and one endogenous peptide, stimulation was

achieved by a subset of the endogenous peptides, indicating that these endogenous

peptides were able to enhance recognition of the antigen. Similar results were

obtained with peptides added to cells expressing “empty” MHC class II molecules,

to which peptides were added in a manner analogous to the RMA-S experiments

described for class I experiments above (Krogsgaard et al. 2005). These data, like

those obtained for the MHC class I-restricted response, indicated that recognition of

endogenous nonstimulatory peptides aids antigen recognition. However, there is a

fundamental difference in that only a subset of the endogenous nonstimulatory

MHC class II–peptide complexes worked in this way (Krogsgaard et al. 2005),

whereas all of the tested endogenous nonstimulatory MHC class I–peptide com-

plexes functioned to help antigen recognition (Yachi et al. 2005; Yachi et al. 2007).

There synapse-recruitment of the endogenous nonstimulatory MHC class II–

peptide complexes was TCR rather than CD4-dependent (Wulfing et al. 2002),

whereas our data show it to be CD8 rather than TCR-dependent for the class I system.

Krogsgaard also tested the importance of the CD4–MHC class II interaction in

stimulation by antigen plus endogenous peptide, finding that when they mutated the
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CD4-binding site of MHC class II for the molecule presenting antigen, stimulation

was abolished. When they mutated this site on the endogenous peptide-presenting

molecule, stimulationwas not abolished. Taking account of these data and the finding

that a single antigenic peptide can stimulate T cells (in the presence of endogenous

peptides on an APC) (Irvine et al. 2002), these authors proposed a “pseudodimer”

model for T-cell activation (Fig. 5). In thismodel, the extracellular,membrane-distal,

domains of CD4 bind to the antigenic MHC peptide complex, which is bound by a

TCR. The intracellular region of CD4, with Lck, is associated with the intracellular

portion of another TCR molecule, in this case interacting with the nonstimulatory

endogenous MHC–peptide complex. Thus the CD4 bridges two TCRs bound to two

different species of MHC class II–peptide complexes. This model suggests that the

TCR that is bound to the endogenous MHC–peptide, rather than the one bound to the

antigenic MHC–peptide, is the one that will be phosphorylated.

4.2 Predictions and Tests of the Pseudodimer
and Pre-Concentration Models

The pseudodimer model of T-cell activation predicts that the strength of agonist

affects the ability of the endogenous nonstimulatory peptides to aid its recognition.

Thus, the weaker the agonist (i.e., the faster the off rate of the TCR–MHC–peptide

interaction), the smaller the proportion of the different endogenous peptides that

would be able to act as co-agonists (Krogsgaard et al. 2005; Li et al. 2004). In

contrast, the pre-concentration model predicts that the ability of the endogenous

nonstimulatory peptides to aid recognition will not be reduced as the agonist

strength decreases, as pre-concentration requires only that the co-receptor–MHC–

peptide interaction be active.

Evidence has been forthcoming to support the prediction of the pseudodimer

model in an MHC class II-restricted system. More of the tested endogenous

peptides were able to help recognition of a strong agonist than were able to help

recognition of a weaker agonist (Krogsgaard et al. 2005; Li et al. 2004). We

performed a similar experiment in our MHC class I-restricted system. Recognition

of the original antigen (as the strong agonist) was compared to three weaker

agonists of varying strengths. We found that the recognition of each of the weaker

agonists was aided by all of the different nonstimulatory peptides that we tested

(Fig. 6) (Yachi et al. 2007). Indeed, we found that recognition of weak ligands was

more reliant on recognition of the nonstimulatory MHC–peptides. These data

indicate that for CD8+ cells, the role of the endogenous nonstimulatory peptides

is not through formation of a TCR pseudodimer, although we have not formally

ruled out any contribution from the TCR interaction with the nonstimulatory MHC–

peptide complexes. As noted above (Fig. 3), the endogenous nonstimulatory pep-

tides seem to work in RMA-S cells by their ability to stabilize expression of MHC

class I proteins.
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Fig. 6 The ability of nonstimulatory peptides to enhance antigen-recognition is independent of

agonist strength. RMA-S cells were loaded with titrated amounts of antigen (OVA; a), a weaker

agonist (Q4; b) or a very weak agonist (T4; c) in the absence or presence of various endogenous

Kb-binding, OT-I nonstimulatory peptides (Santori et al. 2002). The upregulation of CD69 on pre-

positive selection thymocytes from OT-I transgenic Tap�/� mice was assessed and expressed in

relation to the expression of the OVA–Kb epitope of mAb 25-D1.16 mAb (Porgador et al. 1997).

Used with permission from Yachi et al. (2007)
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We are now taking an approach to studying the nonstimulatory peptides where

single-chain MHC class I–peptide complexes (Yu et al. 2002) are used in the

absence of other class I molecules. This allows us to mutate the CD8-binding site

or a TCR-binding site in the antigenic or the nonstimulatory MHC class I–peptide

complex. Our preliminary data indicate that the nonstimulatory MHC class I–

peptide complex must be able to interact with CD8 for it to aid in antigen recogni-

tion, and also that reactivity to antigenic peptide on a nonCD8–binding MHC class I

molecule can occur with high expression of a nonstimulatory CD8–binding class

I–peptide complex (JH, PPY, NRJG, in progress).

This information leads us to the conclusion that for MHC class I-restricted

T cells, at least, the data are adequately explained by the pre-concentration model

(Yachi et al. 2005, 2007). As this is simpler than the pseudodimer model, Ockham’s

razor causes us to prefer the pre-concentration model. In any event, data from the

MHC class I-restricted system do not follow the predictions of the pseudodimer

model. Results from an MHC class II system seem to support the pseudodimer

model, however. This suggests a fundamental difference between the role of the

co-receptors in the MHC class I and class II-restricted cells.

4.3 Different Roles for CD4 and CD8 Co-Receptors
in Endogenous Peptide Recognition

CD8 has a higher affinity for MHC class I than CD4 has for MHC class II. Most

workers have been unable to measure the CD4–class II interaction, while that of

CD8–class I is relatively well defined (Gao et al. 1997; Garcia et al. 1996; Kern

et al. 1998; van der Merwe and Davis 2003). Experiments on binding of MHC

tetramers to T cells find that the CD8–MHC class I interaction enhances tetramer-

binding, but no CD4–class II interaction is detectable in this manner (Boniface et al.

1998; Bosselut et al. 2000; Crawford et al. 1998; Daniels and Jameson 2000; Kerry

et al. 2003). Can this explain the difference in the role of the endogenous non-

stimulatory peptides?

In thymocyte development, the tipping-point of affinity where the weakest

negative-selecting ligands turn into positive selecting ligands (Alam et al. 1996)

appears to be similar to the affinity of the CD8–MHC class I interaction (Daniels

et al. 2006; Naeher et al. 2007). This has led to the suggestion that the affinity of the

CD8–MHC class I interaction, being higher than that of the TCR interaction with

nonstimulatory endogenous ligands, is the “affinity driver” for the molecular inter-

actions in the synapse, with the implication that it occurs before the TCR–class I

interaction (Gascoigne 2008). In contrast, the affinity of the class II-restricted TCR

for the nonstimulatory MHC class II–peptide (being stronger than the CD4–class II

interaction) is the affinity driver, implying that the TCR–class II interaction would

occur before CD4–class II. Certainly, the TCR has some affinity for MHC proteins

that is encoded in the CDR1 and CDR2 of the a- and b-chains (Dai et al. 2008; Sim
et al. 1996, 1998; Zerrahn et al. 1997).
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4.4 Does Co-Receptor–MHC Interaction Precede or Follow
TCR Recognition of pMHC?

The noncognate CD8–MHC class I interaction has been shown to be enhanced by

initial recognition of cognate antigen-MHC by the TCR (O’Rourke et al. 1990;

Varghese and Kane 2008). However, we found that CD8 became concentrated at

the synapse between a T cell and an APC in the absence of any antigenic stimula-

tion (Yachi et al. 2005, 2006). We could even find CD8 recruitment to the synapse

when we used a T-cell hybridoma lacking TCR (P.P.Y., unpublished). When we

titrated the amount of peptide on the RMA-S cells - whether antigenic or non-

stimulatory - we found that the amount of CD8 concentrated to the synapse

correlated with the number of MHC class I molecules (Yachi et al. 2005). This

data suggested that the CD8 interaction with MHC class I occurs independently of

TCR recognition of antigen. Structural data (Gao et al. 1997; Kern et al. 1998) and

the fact that noncognate MHC class I tetramers can bind to T cells, albeit weakly

(Bosselut et al. 2000; Daniels et al. 2006), support this idea. Recent fluorescence

correlation measurements of lateral diffusion rates indicate that the TCR interaction

with antigenic MHC class I–peptide is preceded by the CD8–MHC class I interac-

tion and that this aids in binding of MHC class I–peptide to TCR (Gakamsky et al.

2005).

In the case of the CD4 class II interaction, we also demonstrated that CD4

becomes concentrated at the immunological synapse and that this occurred without

the presence of antigen, although its recruitment was more efficient when antigen

was present (Fig. 1b, d) (Zal et al. 2002).

It is possible that recognition of antigen causes a qualitatively different interac-

tion between CD8 and MHC class I to occur. In the past we suggested that the CD4–

MHC class II interaction could set up an energetic barrier to TCR interaction with

the class II molecule, such that only a TCR with a higher affinity than the CD4–

class II interaction would be able to displace CD4 and therefore make the antigen-

specific interaction (Gascoigne and Zal 2004; Zal et al. 2002). This could explain

data showing that CD4 becomes excluded from the synapse even while TCR

becomes concentrated within the synapse (Krummel et al. 2000).

4.5 Adhesion and TCR Cross-Linking in T-Cell Activation

There are several studies that showed that T cells could be activated by monomeric

antigenic MHC–peptide complexes (Delon et al. 1998; Doucey et al. 2003; Ma et al.

2008; Randriamampita et al. 2003), in marked contrast to other studies showing that

cross-linking was necessary (Boniface et al. 1998; Cochran et al. 2000). These data

can be reconciled by the observation that all studies showing activation by mono-

meric MHC–peptide used systems where the T cells were stimulated on immobi-

lized substrates, whereas the studies demonstrating a requirement for cross-linking
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all used soluble MHC–peptide complexes (Randriamampita et al. 2003). The

mechanism by which this works is that adhesion leads to a transient increase in

cyclic AMP, which in turn leads to Erk activation, sensitizing the T cell for the

monomeric MHC–peptide stimulation (Conche et al. 2009). Immobilization of

MHC–peptide has also been shown to occur as a result of an interaction between

MHC class I molecules and ICAM1, causing concentration of both antigenic and

nonstimulatory MHC class I–peptide complexes in the immunological synapse, and

leading to increased T cell activation (Segura et al. 2008). These data suggest that

part of the role of the nonstimulatory MHC–peptide complexes is to aid in the cell

adhesion, which in turn aids the priming of the T cells.

5 Concluding Remarks

The emergence of T-cell recognition of endogenous peptides in the activation of

T cells by antigen is a fascinating aspect of the immune system’s importance in

distinguishing self from nonself. In the old “needle in the haystack” metaphor, it

shows the importance of the haystack in the search for the needle, in that the

individual straws of hay appear to enhance the ability of the T cell to be stimulated

by the needle, when it is finally encountered. The mechanism by which this occurs

appears to be different in MHC class I and class II-restricted T cells. In the former,

the CD8–MHC interaction appears to drive the formation of complexes that allow

faster scanning through the MHC–peptide complexes by the TCR, or better con-

centration of co-receptor and Lck, or both. In the latter, the TCR–MHC–peptide

interaction seems to be stable enough to drive cross-linking of TCRs by CD4 in a

pseudodimer.
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Abstract The site of contact between T lymphocytes and antigen-presenting cells

becomes, upon antigen recognition, an organized junction named the immunolo-

gical synapse. Various T cell organelles polarize, together with microtubules,

toward the antigen-presenting cell. Among them, intracellular vesicular compart-

ments, such as the Golgi apparatus, the recycling endosomal compartment, or

cytotoxic granules help to build the immunological synapse and ensure effector

functions, such as polarized secretion of cytokines by helper T cells, or exocytosis

of lytic granules by cytotoxic T cells. Lymphotropic retroviruses, such as the human

immunodeficiency virus type 1, the human T cell leukemia virus type 1, or the

Herpesvirus saimiri, can subvert some of the vesicle traffic mechanisms impeding
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the generation and function of the immunological synapses. This review focuses on

the polarization of vesicle traffic, its regulation, and its role in maintaining the

structure and function of the immunological synapse. We discuss how some

lymphotropic viruses target the vesicle traffic in T lymphocytes, inhibiting the

formation of immunological synapses and modulating the response of infected

T cells.

1 Introduction

Seminal work from the 1980s provided the initial evidence of asymmetrical organ-

elle distribution in helper T cells encountering antigen-bearing B lymphocytes, or

in cytotoxic T cells (CTLs) encountering target cells. The T lymphocyte microtu-

bule organizing center (MTOC) and the Golgi apparatus were found oriented to the

antigen-presenting cell (APC). T-cell helper cytokines and cytotoxic granules

appeared to be secreted toward the B cell and the target cell, respectively (Geiger

et al. 1982; Kupfer and Dennert 1984; Kupfer et al. 1986, 1991, 1994; Kupfer and

Singer 1989a, b; Yanelly et al. 1986). These studies set the bases for understanding

the intimate physical and functional interactions between the two main types of T

lymphocytes and their respective APCs.

The rapid development and accessibility of microscopy imaging technology

further helped to define the spatial and temporal organization of the T cell–APC

contact zone and lead to the notion of immunological synapse (Grakoui et al. 1999;

Monks et al. 1998). During the last decade, a plethora of reports contributed to the

current understanding of the mechanism of generation, the spatial and temporal

organization, and the diversity of functions of immunological synapses. It appears

clear today that immunological synapses are highly organized and dynamic

cell–cell contacts where T cell activation is initiated and tuned, and where effector

functions can be targeted to specific APCs or target cells (i.e., recent reviews Dustin

2008; Huse et al. 2008; Stinchcombe and Griffiths 2007).

The generation and function of immunological synapses involve a complex set

of molecular transport mechanisms that engage at least four types of intracellular

membrane compartments: the Golgi apparatus, secretory lysosomes, the early

recycling endosomal compartment, and the late endosomal–lysomal compartment.

The orchestrated action of several of these vesicle traffic mechanisms helps to

maintain the concentration of key signaling molecules at the synapse and guaran-

tees secretory mechanisms related to effector functions, like polarized secretion of

cytokines or cytotoxic granules.

Human lymphotropic retroviruses, such as the human immunodeficiency virus

type 1 (HIV-1), the human T leukemia virus type 1 (HTLV-1), and the Herpesvirus

saimiri (HVS), target key T cell signaling molecules vesicle traffic, impairing the

formation and function of the immunological synapses and hence modulating the

response of the infected T lymphocytes.
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2 Polarized Vesicle Traffic to the Immunological Synapse

2.1 Polarization of the Microtubule Cytoskeleton

Intracellular vesicle transport mechanisms are intimately linked to the microtubule

cytoskeleton. Microtubules and their associated proteins direct and organize vesicle

traffic to particular sites of the polarized cells. Likewise, polarized vesicle traffic to

the immunological synapse occurs via the polarization of the microtubule cytoskel-

eton. Soon after contact with Ag-bearing APCs, the MTOC reorients toward the

stimulatory contact zone (Fig. 1a). MTOC reorientation depends on TCR signaling

and is regulated by posttranslational modifications of tubulin and by microtubule-

based molecular motors. These issues have been previously reviewed (Pais-Correia

et al. 2007; Rey et al. 2007; Valenzuela-Fernandez et al. 2008; Vicente-Manzanares

and Sanchez-Madrid 2004) and will not be developed here. Microtubules project

from the MTOC toward the periphery of the immunological synapse where they

appear to anchor (Kuhn and Poenie 2002), while the MTOC closely apposes to the

plasma membrane in a central area of the synapse (Stinchcombe et al. 2006).

Several protein complexes may facilitate the anchoring and movement of micro-

tubules at the periphery of the immune synapse pulling the MTOC close up to the

contact zone. Microtubule-based molecular motors, such as dynein (Combs et al.

2006; Martin-Cofreces et al. 2008), the Rac1, and Cdc42 effector IQGAP

(Stinchcombe et al. 2006), and members of the formin family of cytoskeletal

regulators (Gomez et al. 2007) were shown to be necessary for MTOC polarization

to the immunological synapse. Their individual contribution to this phenomenon is

however still poorly understood.

2.2 Polarization of the Golgi Apparatus and the Secretory Vesicle
Traffic

The Golgi apparatus is associated with the MTOC and reorients together with it

following microtubule reorganization (Fig. 1b). Although the Golgi apparatus

might release several secreted proteins, one of the main functions of Golgi polari-

zation to the immunological synapse is thought to be the polarized secretion of

helper cytokines, such as interleukin (IL)2, IL3, IL4, or interferon gamma (IFNg),
toward the APC in order to perform the T cell regulatory functions (Barcia et al.

2008; Depoil et al. 2005; Huse et al. 2006; Kupfer et al. 1991, 1994; Reichert et al.

2001). Interestingly, whereas vesicle compartments containing helper cytokines

remain associated with the MTOC and polarize toward the synapse, the vesicles

carrying inflammatory cytokines, such as the tumor necrosis factor, or the chemo-

kine CCL3, distribute in a nondirectional manner (Huse et al. 2006). These two

vesicular compartments could be distinguished by the presence of vesicle traffic
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regulators, such as Rab3d and Rab19, which were displayed by helper cytokine

vesicles, or by the presence of the SNARE protein syntaxin-6, which was mainly

present in vesicles containing inflammatory cytokines. Vesicles carrying helper and

inflammatory cytokines can also display some common vesicle traffic regulators,

but none of them expressed Rab27a, which controls cytotoxic granule transport (see

below). Therefore, different proteins seem to regulate the transport of cytokines and

lytic granules to the synapse. Worth noting, T cells contacting various APCs

displaying different concentration of antigen make a choice and polarize their

Fig. 1 Polarized vesicle traffic to the immunological synapse. (a) Antigen recognition triggers the

rapid reorganization of the actin and microtubule cytoskeleton at the APC contact site. This leads

to the polarization of the MTOC that positions close to the contact site and drives the polarization

of several membrane compartments, like the Golgi apparatus (b), the endosomal compartment (c),

and the secretory lysosomes (d). Vesicle traffic from these different compartments is therefore

directed to the immunological synapse, helping its organization and function
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helper cytokine intracellular compartment toward the APC presenting the stronger

stimulus (Depoil et al. 2005).

2.3 Polarization of Cytotoxic Granules

Among the different vesicle transport studied in T lymphocytes, the polarized

secretion of lytic granules by CTLs has been the best studied and extensively

reviewed by others (Stinchcombe and Griffiths 2007). Lytic granules are a particular

type of lysosomes called secretory lysosomes (Bossi and Griffiths 2005). They carry

perforin, granzymes, and Fas ligand, and rapidly polarize and fuse in a precise zone

of the synapse of CTLs with target cells causing the rapid destruction of the target

(Stinchcombe et al. 2001b). The study of several human genetic diseases causing

immunodeficiency and albinism helped in the characterization of proteins that

regulate the polarized traffic of lytic granules to the immunological synapse, and

the melanocytes secretion required for pigmentation (Clark and Griffiths 2003;

Stinchcombe and Griffiths 2007). Some of these proteins are also altered in particu-

lar mutant mouse strains. For instance, the protein LYST causes the Chediak–

Higashi Syndrome and determines the Beige phenotype in mice (Barbosa et al.

1997; Perou et al. 1997). The GTPase Rab27a causes the Griscelli syndrome

(Menasche et al. 2000) and the ashen mice phenotype (Wilson et al. 2000). More-

over, mutations in the Rab geranylgeranyl transferase leading to dysfunction of

Rab27a are responsible for gunmetalmice (Detter et al. 2000). Both types of Rab27a

alterations inhibit lytic granule delivery to the immunological synapse although at

different stages (Stinchcombe et al. 2001a). Munc13-4 was identified as the protein

defective in patients with familial hemophagocytic lymphohistiocytosis (HLH)

(Feldmann et al. 2003). Munc13-4 can interact with Rab27a, likely connecting

lytic granule movement and docking. It controls the late steps of lytic granule

maturation and exocytosis in CTLs and mast cells (Menager et al. 2007; Neeft

et al. 2005). The lack of the adapter protein AP-3 in patients of Hermansky–Pudlak

syndrome leads to altered transport of lytic granules along the microtubules in CTLs

(Clark et al. 2003). It is at present unknown whether AP3 is directly required for

lysosome transport on microtubules, or allows the transport of other proteins

involved in this process (Stinchcombe and Griffiths 2007). Noteworthy, when

T cells establish simultaneous contacts with several target cells, they polarize most

of their lytic granules toward the target cell that attracts the MTOC, and much less to

the other ones. Nevertheless, both targets can be lysed (Wiedemann et al. 2006).

2.4 Polarization of Endosomal Compartments

Endosomal compartments are formed by a complex assembly of intermingled

tubules and vesicles that sort internalized proteins, reorienting them either to a
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recycling pathway back to the plasma membrane, or to lysosomes for degradation.

Both recycling endosomes and late endosomes/lysosomes polarize to the immuno-

logical synapse (Fig. 1b). The recycling endosomal compartment rapidly polarizes

together with the MTOC to the T cell–APC contact zone and can transport mem-

brane proteins that are being constitutively internalized and recycled back to the

plasma membrane, such as the TCR (Alcover and Alarcón 2000; Das et al. 2004).

Inhibition of endocytosis, polarization, recycling, or endosome fusion with the

plasma membrane strongly reduces TCR accumulation in the synapse. Therefore,

endosomal transport is essential to target TCRs and likely other molecules to the

APC contact site, facilitating their accumulation in the immunological synapse

(Das et al. 2004). The vSNARE VAMP-3, the t-SNAREs syntaxin-4 and SNAP-23

(Das et al. 2004), and the GTPase Rab35 (Patino-Lopez et al. 2008) are involved in

this process. The negative regulator of T-cell activation CTLA4 is also transported

via endosomes to the immune synapse (Linsley et al. 1996).

Late endosomes different from lytic granules also seem to polarize to the

immunological synapse. A marker of this compartment, the lipid LBPA (lysobi-

sphosphatidic acid) was found very close to the center of the immunological

synapse (c-SMAC) of helper T cells, suggesting that receptors clustered in the

c-SMACmay be sorted to a degradation pathway. This may be part of a mechanism

that drives the extinction of TCR signals at the synapse (Varma et al. 2006). This

process requires some endocytic adaptors such as CD2AP whose absence delays the

disappearance of TCRs from the synapse and prolongs T-cell activation (Lee et al.

2003). It is at present unknown whether only TCRs, or also signaling molecules,

could be sorted for degradation at the immunological synapse.

2.5 Polarization of Vesicular Compartments Carrying Signal
Transduction Proteins

Some membrane associated signal transduction proteins, such as the protein tyro-

sine kinase Lck, or the adaptor LAT, also transit through vesicular compartments

that are organized around the MTOC. These compartments polarize toward the

APC contact site, and appear to release their cargo at the immunological synapse

favoring Lck and LAT synaptic accumulation (Bonello et al. 2003; Ehrlich et al.

2002; Montoya et al. 2002). The nature of these vesicular compartments is at

present unknown. Although an overlap between these compartments and transfer-

rin-containing endosomes was reported, higher resolution images showed that Lck

and LAT intracellular compartments were intermingled with, but distinct from,

transferrin+ endosomes (Thoulouze et al. 2006; M-I, unpublished observations).

Lck is contained in vesicles expressing the traffic regulator protein MAL, a com-

ponent of the specialized machinery for apical protein targeting. Moreover, in

T cells lacking MAL, Lck is retained in intracellular vesicles and does not access

the cell cortex or detergent resistant microdomains. MAL effect was specific for

196 A. Alcover and M.-I. Thoulouze



Lck, since the fate of Fyn was not altered (Anton et al. 2008). MAL-deficient cells

were activated to a lower extent, indicating that Lck vesicle transport is essential for

the Lck localization required for efficient T-cell activation. It is at present unknown

how the intracellular traffic of Fyn and LAT is controlled and whether they share

some regulatory mechanisms with Lck.

2.6 The Immunological Synapse, an Active Zone for Vesicle
Docking and Fusion

Vesicles from the different compartments cited above converge at the immunolog-

ical synapse under the control of TCR signaling. Thus, different types of vesicles

need to dock and fuse at the right place and time, and in a regulated manner. The

site of vesicle docking and fusion at the immunological synapse appears to be

located between the cSMAC and the p-SMAC (Das et al. 2004; Stinchcombe et al.

2001b). This suggests that, like in neural synapses, immunological synapses may

contain active zones in which regulated docking and fusion of vesicles take place.

In neural synapses, vesicle docking and fusion is mediated by a set of proteins that

orchestrate the different stages of this complex process. Briefly, SNARE complexes

formed between one v-SNARE, VAMP-1/synaptobrevin-1, present in the transport

vesicle and two t-SNAREs, syntaxin-1, and SNAP-25, present in the target mem-

brane bring vesicles and plasma membrane together ensuring membrane fusion.

In addition, the Munc18-1 protein control SNARE complex formation and may be

involved in fusion, whereas Munc13 and RIMs are important for vesicle priming.

Finally, synaptotagmins are Ca2+-sensitive proteins that control stimulus dependent

vesicle fusion processes (Rizo and Rosenmund 2008). Similar regulators are

involved in immune synapse formation and function. Thus, two t-SNAREs,

Syntaxin-4 and SNAP-23 accumulate at the immunological synapse of CD4 T

cells and a v-SNARE, VAMP-3, is present in recycling endosomes and is necessary

for TCR accumulation in the synapse (Das et al. 2004). Moreover, Munc13-4 is

necessary for lytic granule fusion in CTLs (Feldmann et al. 2003; Menager et al.

2007). Finally, some synaptotagmin-like proteins Slp1 and Slp2 contribute to lytic

granule secretion in CTLs (Holt et al. 2008). It is at present unknown whether the

different vesicle fusion processes that take place at the immunological synapse

involve common or specific fusion regulatory machineries.

3 Infection by Lymphotropic Viruses Modulates

Intracellular Molecular Trafficking

to the Immunological Synapse and T-Cell Signaling

As strict parasites, viruses hijack the cellular machineries of infected cells to

replicate and/or persist. Concomitantly, they have to evade innate and adaptive

immune responses to establish infection and disseminate in vivo. For some
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lymphotropic viruses, infection leads to important alterations of T lymphocyte

biology that contribute both to T-cell dysfunctions and to viral dissemination. As

in any viral reservoir, several components of the lymphocyte machineries are first

enlisted for viral progeny production. Moreover, by interfering with intracellular

protein trafficking, modulating receptor signal transduction, or modifying cytoskel-

eton integrity, virus infection can impair the physiological immune synapse, and as

a consequence, the initiation of an appropriate adaptive immune response.

Three lymphotropic retroviruses infecting CD4 T cells were reported to target

trafficking or signaling mechanisms involved in immunological synapses forma-

tion, HIV-1, HTLV-1, and HVS (Fig. 2). They share the ability to target early T-cell

signaling molecules, such as the protein tyrosine Lck or the adaptor LAT. Both

molecules traffic toward the immune synapse via intracellular vesicles (see

Sect. 2.5). Understanding how these viruses target vesicle traffic of signaling

molecules may help us to better define the process of virus infection and decipher

the importance of these traffic mechanisms for the generation and function of

immunological synapses.

3.1 HIV-1

HIV-1 infection leads to severe CD4 T lymphocyte dysfunctions that take place

during AIDS pathology. Infected T cells lose their capacity to control T-cell

activation mechanisms and cannot balance the processes of T-cell proliferation

and effector function versus those leading to apoptosis.

HIV-1 impairs the capacity of T lymphocytes to form immunological synapses.

Conjugate formation and TCR and Lck clustering at the synapse are strongly

inhibited. This is due, at least in part, to the effect of HIV-1 on TCR and Lck

intracellular trafficking. In HIV-1-infected T cells, Lck accumulates in the endo-

somal compartment, whereas TCR traffic is slowed down at both the endocytosis

and recycling steps. The HIV-1-encoded protein Nef is necessary and sufficient to

cause both effects, but the molecular mechanism is still unknown (Thoulouze et al.

2006). Nef interacts with several intracellular trafficking adaptors and Rab proteins

(Burtey et al. 2007; Schaefer et al. 2008) that could be involved in Lck or TCR

traffic. Moreover, Nef alters the intracellular traffic and cell surface expression of

several membrane molecules, including CD4 and CD28 (reviewed in Das and

Jameel 2005; Piguet et al. 1999), that could affect immune synapse formation.

The effect of Nef on Lck accumulation in endosomes is however not mediated by

Nef-induced CD4 downregulation (Thoulouze et al. 2006), and it could result either

from molecular interaction of Nef with Lck (molecular targeting) (Baur et al. 1997;

Dutartre et al. 1998), or from a Nef-mediated effect on the intracellular compart-

ment carrying Lck (compartment targeting). Recent studies indicate that Nef effect

on Lck intracellular traffic involves the Nef domain that mediates the interaction

with Pak2, but it is independent of actin remodeling (Haller et al. 2007). Worth

noting, Nef distinctly affects molecules sharing the endosomal trafficking pathway,
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like the transferrin receptor and the TCR (Das et al. 2004; Thoulouze et al. 2006),

suggesting that Nef targets the traffic of particular molecules rather than that of the

whole endosomal compartment. Finally, contrary to Nef encoded by HIV-1, Nef

proteins encoded by non pathogenic lentiviruses like HIV-2, or simian immunode-

ficiency virus (SIV), induced TCR downregulation. It was therefore proposed that

the ability of Nef to downregulate TCR surface expression and to inhibit T-cell

activation was related with lower viral pathogenesis (Schindler et al. 2006).

Fig. 2 Modulation of T lymphocyte polarization by lymphotropic viruses. Some lymphotropic

viruses, like HIV-1 and HVS, subvert endosomal traffic in the T cell, impeding the formation of the

immunological synapse and modulating TCR signaling. (a) Under physiological conditions T cells

polarize the endosomal trafficking toward the APC contact site, targeting receptors (i.e., TCR) and

signaling molecules (i.e., Lck) to the immunological synapse and contributing to their clustering at

the synapse. (b) Expression of the HIV-1-encoded protein Nef and the HVS-encoded protein Tip is

necessary and sufficient to induce TCR and Lck retention in endosomes impairing the formation of

T cell–APC conjugates, the clustering of molecules at the synapse, and TCR signaling. It remains

unknown whether both viral proteins effects involve the same mechanism
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No differences were found among these Nef proteins in their capacity to collapse

Lck traffic (Haller et al. 2007).

Other HIV-1 encoded products, such as Vpu and Vpr were shown to modulate

intracellular trafficking of key T-cell molecules. Thus, Vpu downmodulates CD4

expression (Nomaguchi et al. 2008), whereas Vpr downregulates CD28 and upre-

gulates CTLA4 (Venkatachari et al. 2007). Finally, in HIV-1 infected T cells, the

HIV-1 Env protein shares its vesicular traffic with CTLA4 (Miranda et al. 2002), a

molecule that is targeted to the immune synapse via intracellular vesicles (Linsley

et al. 1996). Thus, HIV-1 developed different mechanisms to impair immune

synapse formation, targeting via several accessory molecules the intracellular traffic

and the functions of the TCR, various costimulatory receptors, and some signaling

molecules.

Interestingly, although HIV-1-induced inhibition of immune synapse formation

is concomitant with defective early TCR signaling, downstream signaling pathways

leading to IL2 production are not inhibited, but rather upregulated (Fenard et al.

2005; Thoulouze et al. 2006). This suggests that HIV-1 infection induces opposite

effects at different stages of T-cell signaling.

The advantage of immunological synapse inhibition for HIV-1 survival, and the

consequences for HIV-1 pathogenesis are not clear at present. HIV-1 may alter the

natural balance between T-cell activation processes leading to proliferation and

effector functions versus apoptosis, establishing a new balance that may favor viral

replication while preventing the effectiveness of T-cell responses (Fackler et al.

2007).

3.2 HTLV-1

Contrary to HIV-1, HTLV-1 infection of CD4 T cells does not induce an over

immuno-suppression, persisting in its host in the context of a normal immune

response. HTLV-1 alters T cell physiology in various ways and may lead to

T cell transformation and leukemia in a low percentage of infected individuals

(Asquith and Bangham 2008).

Recent data indicate that HTLV-1 might affect the generation and function of

immunological synapses. Thus, the HTLV-1-encoded accessory protein p12I

enhances LFA-1-mediated T-cell adhesion, by inducing LFA-1 clustering on the

plasma membrane. This would predict an increased capacity of HTLV-1-infected

cells to form conjugates with APCs (Kim et al. 2006). Moreover, HTLV-1 infec-

tion, through the expression of the protein Tax, enhances the capacity of T cells to

polarize in response to antigen-independent cell contacts, which could prime the

infected T cell for rapid polarization (Nejmeddine et al. 2005). However, p12I was

shown to affect the activation of T cells stimulated by APCs. P12I can interact with

LAT and impair TCR signaling by inhibiting the phosphorylation of LAT, Vav, and

PLCg, as well as NFAT transcriptional activation. A pool of p12I accumulating

with lipid rafts at the T cell–APC contact could be responsible for this inhibitory
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effect (Fukumoto et al. 2007). P12I could also act in a LAT-independent manner

following TCR activation, leading to STAT5 and NFAT translocation to the

nucleus (Nicot et al. 2001), increased IL-2 production (Ding et al. 2003), and

decreased IL-2 requirement for T-cell proliferation (Nicot et al. 2001). These

contrasting effects of p12I on T-cell activation are still poorly understood, but as

for HIV-1, they may alter the natural balance between T-cell activation processes

leading to proliferation and effector functions. It remains to be defined whether in

the context of HTLV-1 infection, several HTLV-1-encoded proteins (i.e., p12I,

Tax) cooperate to modulate immunological synapse generation and function in a

way to favor virus adaptation to the host environment.

3.3 Herpesvirus saimiri

Like other Herpesviruses, HVS persists in its host through the ability to establish a

latent infection with periodical reactivations that produce infectious virus.

The expression of the HSV-encoded protein Tip (tyrosine kinase interacting

protein) was shown to modulate TCR signaling and impair the formation of the

immunological synapses (Brinkmann and Schulz 2006; Cho et al. 2004). Tip is

expressed primarily during viral latency, but it is not required for viral replication

(Duboise et al. 1998), it is constitutively present in lipid rafts, and interacts with

Lck. Tip inhibits early events of TCR signaling by sequestering Lck, TCRz, and
LFA-1 in an intracellular vesicular compartment (Cho et al. 2004, 2006; Jung et al.

1995; Park et al. 2003). Tip interacts with p80, a lysosomal protein that interacts

with Lck and mediates Lck intracellular sequestration, sorting to lysosomes, and

degradation (Park et al. 2002). In addition, Tip expression downregulates TCR and

CD4 surface expression through distinct molecular mechanisms (Cho et al. 2006;

Park et al. 2003).

Thus, HVS might inhibit immune synapse formation by encoding Tip, which

collapses the traffic of Lck, LFA-1 and TCRz, and downmodulates CD4 and TCR.

A main difference with the effect of HIV-1 Nef is that Tip is mainly expressed

during virus latency. It is tempting to speculate that signaling inhibition would

prevent activation-induced apoptosis and prolong the life span of infected cells thus

favoring virus latency.

In conclusion, modulation of immune synapse formation and TCR signaling

appears as a common strategy employed by lymphotropic viruses to avoid host

immune responses and T-cell activation during latency (Fig. 2). By expressing Nef

and Tip, respectively, HIV-1 and HVS downregulate CD4 and Lck from the plasma

membrane, accumulating them in endosomal compartments. By contrast, through

p12I expression, HTLV-1 targets and inactivates the LAT adaptor - another signal-

ing molecule known to traffic through intracellular vesicular compartments.

Whether LAT is directly inactivated by p12I interaction or sequestered in intracel-

lular compartments remains to be defined.
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Neither HIV-1 Nef, nor HTLV-1 p12I downregulate TCR cell surface expres-

sion, whereas HVS Tip does. In this respect, HVS resembles SIV and HIV-2 which

down-regulate TCR by means of their respective Nef proteins through a still

undefined mechanism (Schindler et al. 2006). Interestingly, SIV and HIV-2 also

collapse Lck intracellular traffic (Haller et al. 2007). TCR-down modulation could

represent an additional mechanism to avoid immunological synapse formation and

further modulate T-cell activation.

Therefore, the modulation of intracellular trafficking by these lymphotropic

viruses appears as a subtle regulation of TCR signaling that may be favorable at

various stages of these virus cycles. First, at the stage of virus replication, the

modulation of T-cell activation may favor an equilibrium that ensures virus genome

expression while reducing activation-induced apoptosis. Next, at the stage of

latency, TCR signaling modulation may reduce virus genome expression ensuring

the persistence of the virus reservoir. It is interesting that although these three

different lymphotropic viruses adapted to the host environment by distinct means,

all three target the same signaling pathway in the infected cell.

Finally, HIV-1 and HTLV-1 can subvert the mechanism of T-cell polarization

involved in immune synapse formation and utilize cell–cell contacts to spread

directly from cell to cell. By analogy to immunological synapses, these viral-

induced cell–cell contacts were called virological synapses. They were character-

ized by the clustering of Gag and Env viral proteins in the infected cell side, and the

transfer of viral RNA and proteins to the target cell (Igakura et al. 2003; Jolly et al.

2004; Sol-Foulon et al. 2007). Interestingly, recent data indicate that Lck facilitates

assembly of HIV-1 at the T-cell plasma membrane (Strasner et al. 2008), and that

ZAP-70 kinase regulates virological synapse formation between HIV-1-infected

and target T lymphocytes (Sol-Foulon et al. 2007). This suggests that some molec-

ular mechanisms involved in virus egress and virological synapse formation could

interfere with those underlying immunological synapse formations, although this

needs further investigation.

4 Conclusion and Remaining Questions

Multiple vesicular transport mechanisms are involved in the generation and func-

tion of helper and cytotoxic T-cell immunological synapses. Some lymphotropic

viruses target these mechanisms, impairing the formation of immunological

synapses, modulating early T-cell responses and using them to spread to other cells.

A number of important questions remain to be answered to elucidate both of

these physiological and pathological processes. For instance:

l Which are the molecular mechanisms controlling the polarized traffic of the

different types of vesicular organelles? Are they common or specific to the

different organelles, or to the different cargo proteins?
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l Do all these vesicular organelles utilize the same sites for vesicle docking and

fusion at the immunological synapse? Do they all use the same fusion machinery

and regulatory proteins?
l What is the importance of the endocytosis of receptors and signaling molecules

at the immunological synapse, and their eventual sorting to lysosomes, for the

negative modulation of T-cell signaling?
l Do viruses that perturb these trafficking processes target cargo proteins, or traffic

regulators? Are they common for different viruses?
l More generally, is the targeting of T-cell intracellular traffic by viruses first

dedicated to virus progeny generation and virus spread, or to the modulation of

T-cell responses?
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and exhibit a strikingly dynamic molecular organization. In this review, we focus

on the diversity of immunological synapses and on their plasticity in response to

stimulation. We discuss how the study of the adaptable features of immunological

synapses can be instrumental to a better understanding of the complex regulation of

adaptive immunity.

1 Introduction

T lymphocytes expressing the ab T cell receptor (TCR) are activated by the

engagement of their TCR with peptide/MHC (pMHC) complexes displayed on

the surface of antigen-presenting cells (APC). A distinct feature of T cell activation

is that the TCR/pMHC interaction occurs in the context of a specialized signaling

domain formed at the T cell/APC contact site: the immunological synapse (IS)

(Dustin et al. 1998; Grakoui et al. 1999). The etymology of sunaci (sunapsis,
connection) follows from the Greek words sun (sun, with) + apto (apto, bind) =
sunapto, joint together. In neurophysiology, the term synapse indicates the func-
tional connection between neurons for signal exchange. The term IS indicates that

like neurons cells of the immune system can form specialized contacts for signal

exchange (Dustin et al. 1998; Grakoui et al. 1999; Norcross 1984).

A decade ago, supra-molecular activation clusters (SMAC) have been described

at the IS (Monks et al. 1998). SMAC are micrometer-scale molecular structures that

assemble within a few minutes after T cell/APC encounter. They are composed of

two concentric regions: the central SMAC (cSMAC) in which the TCR accumulates

and the peripheral SMAC (pSMAC) in which the integrin LFA-1 is enriched. More

recently, the term distal SMAC (dSMAC) has been proposed (Freiberg et al. 2002)

and refers to the periphery of the IS, where large and heavily glycosylated mole-

cules such as CD43 and CD45 are enriched (Huppa and Davis 2003). Concentric

and symmetric molecular rearrangements were originally considered the hallmark

of the prototypical IS. Conversely, it is now well established that, depending on the

activation state of T lymphocytes, on the nature of the APC, and on the strength and

quality of antigenic stimulation, IS can adopt different molecular compositions and

three-dimensional architectures and can mediate different biological functions

(Friedl et al. 2005; Trautmann and Valitutti 2003). Moreover, as we will discuss

in this review, recent research showed that IS can exhibit a high degree of dyna-

mism and adaptability since their structure and signaling characteristics can be

remodeled in response to variable stimuli during the different phases of antigenic

stimulation.

In the present survey of recent research on IS, we will first illustrate howmuch IS

can be heterogeneous in shape and function. We will then focus on explaining the

key role of the actin cytokeleton as a founding element of IS dynamic architecture.
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Finally, we will discuss how IS behave as versatile and adaptable integrators of

T cell activation.

2 Heterogeneity of Immunological Synapses

Immunological synapses exhibit a high degree of heterogeneity all along their “life

cycle”: from their assembly during initial T cell/APC contact to their mature stage

as they assist T cell effector functions.

2.1 Antigen-Independent Initial Cell–Cell Contact

Both T cells and APC (such as dendritic cells (DC), B cells, and macrophages)

exhibit an actin cytoskeleton-dependent mobility that allows them to migrate and to

encounter a large number of cellular partners (Miller et al. 2002). Conjugation of

T cells with APC is initially mediated by the interaction between adhesion mole-

cules such as LFA-1 on the T cells and ICAM-1 on APC. This step does not require

the TCR/pMHC interaction and is per se highly variable: frequency, rapidity, and

stability of antigen-independent conjugate formation can significantly differ

depending on the T cell activation state of and on the nature of the APC. Effector

T cells are in general more efficient than naive T cells in forming conjugates with

adjacent cells (including parenchymal cells in tissues) due to a higher expression

level of adhesion molecules (Springer 1990). Among APC, mature DC are the most

efficient in binding T cells and therefore tend to form conjugates with multiple

T cells simultaneously. This is due to the large cellular surface of DC, their highly

dynamic dendrites that probe the surrounding environment (Lindquist et al. 2004)

and the expression of high levels of adhesion molecules on their surface (Benvenuti

et al. 2004). Environmental factors also influence the frequency and duration of

T cell/APC interactions. Kinetic observation of the T cell migration in tissues has

established that the lymphoid organs and peripheral interstitial tissues provide a

three-dimensional reticular network that governs cellular migration (Friedl et al.

2005; Germain et al. 2008). As a consequence, the microanatomy and the molecular

composition of tissue conduits along which the T cell migration takes place can

influence the frequency and the duration of initial cell–cell encounters (Bajenoff

et al. 2006; Germain et al. 2008). Importantly, variations in the local concentrations

of chemokines displayed along the reticular network can affect the opportunity of

T cell/APC encounters. Along this line, it has been shown that antigen-presenting

DC engaged with CD4+ T cells are activated to secrete chemokines (CCL3/4) and

attract CCR5+CD8+ T cells (Castellino et al. 2006).
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2.2 Antigen-Driven Cell–Cell Contact Stabilization

Upon productive TCR/pMHC engagement, T cell adhesion to APC increases via an

inside-out signaling resulting from the translation of TCR triggering into increased

affinity and avidity of LFA-1/ICAM-1 binding (Alon and Dustin 2007). At the same

time, the T cells undergo a shape remodeling and stop their progression via a

mechanism dependent on [Ca2+]i increase and on myosin II inactivation (Dustin

et al. 1997; Jacobelli et al. 2004; Negulescu et al. 1996). The phase of antigen-

driven cell–cell contact stabilization can be highly variable. The “stop signal”

depends both on the T cell and APC functional characteristics and on the strength

of antigenic stimulation. At saturating antigen concentrations in vitro, T cells are

firmly bound to APC and exhibit only limited motility while undergoing sustained

signaling (Espagnolle et al. 2007). Differently, at limiting antigen densities (that

most likely reflect the strength of antigenic stimulation in physiological conditions),

the “stop signal” is rather transient. Within a few minutes after conjugate formation,

T cells start to move again and undergo sustained signaling while crawling on the

APC surface (Valitutti et al. 1995). The stability of T cell/APC contacts can also be

influenced by additional factors. It has been shown that CTLA-4 expression by the

T cells inhibits the “stop signal” upon conjugation with cognate APC (Schneider

et al. 2006). Moreover, the presence of the surrounding regulatory T cells (Treg)

can affect in vivo the stability of naive T cell/DC conjugates (Tadokoro et al. 2006).

Finally, it has been proposed that “costimulatory” chemokines secreted by the APC

might increase the stability of the conjugates and the level of T cell activation. In

contrast, “distracting” chemokines might compete with forces engaged during the

“stop signal” and prevent formation of stable conjugates (Viola et al. 2006).

2.3 Molecular Segregation and Signal Transduction

The study of the relationship between molecular rearrangements at the IS and signal

transduction in the T cells has yielded somewhat contradictory findings (Valitutti

2008). The cSMAC was initially seen as an area of signal integration/amplification

responsible for the remarkable T cell sensitivity to antigenic stimulation (Monks

et al. 1998; Grakoui et al. 1999). This view has been challenged by the observation

that large-scale molecular segregation at the IS is dispensable for productive TCR

engagement (Zaru et al. 2002). This observation together with the experimental

evidence that signal transduction initiates in the periphery of the IS and precedes

cSMAC formation (Lee et al. 2002) has established that signaling at the IS is not

mechanistically linked to the formation of a central area of signal transduction.

A more recent model on the functional role of cSMAC/pSMAC segregation has

been proposed. It predicts that the cSMAC and pSMAC regions have reversed

roles as compared to the initial model: the periphery of the IS would be the area

where productive engagement of the TCR takes place, while the cSMAC would be
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the area where the TCR and recruited signaling components are degraded, resulting

in extinction of the signal transduction (Lee et al. 2003; Varma et al. 2006).

Studies combining the in silico and in vitro approaches contributed to further

revise this paradigm and suggested that the cSMAC, by enhancing weak signals and

attenuating strong ones, could function as an adaptive controller of T cell activation

(Lee et al. 2003; Cemerski et al. 2007, 2008). The current view on signaling at the

IS postulates that depending on the strength of antigenic stimulation, the rate of

TCR degradation at the cSMAC and consequently the foci of sustained signaling

evolve differently (Lee et al. 2003; Cemerski et al. 2008; Varma et al. 2006;

Valitutti 2008). At strong antigenic stimuli, signal transduction occurs in the

cSMAC (Cemerski et al. 2008; Leupin et al. 2000), however tyrosine phosphoryla-

tion events are barely detectable because of the high rate of degradation of TCR

(Cemerski et al. 2008; Lee et al. 2003) and of recruited signaling components

(Penna et al. 1999). For weak antigenic stimuli, the rate of TCR degradation is

slower and thus the cSMAC becomes a preferential area of sustained signal

transduction where TCRs accumulate and are engaged by MHC molecules also

accumulated into the IS center (Monks et al. 1998; Grakoui et al. 1999). This view

extends previous results indicating that TCR internalization and degradation may

play a central role in extinguishing T cell responses (Cai et al. 1997; Valitutti et al.

1996b) as it posits a subtle role of the balance between signaling and degradation in

fine-tuning T cell activation. All in all, IS signaling characteristics and their

adaptability to stimulation support the notion that these signaling areas can be

heterogeneous in structure and can exhibit versatile signaling characteristics.

2.4 Heterogeneous IS Support T Cell Biological Functions

IS heterogeneity interestingly reflects the variability of T cell biological functions.

A typical example of how specific molecular patterning at the IS associates to

specific T cell effector function is given by the IS forming at the CTL/target cell

contact site. It is well established that CTL exhibit a dual activation threshold.

Indeed, they can be triggered to lethal hit delivery by as few as three to five specific

pMHC present at the IS (Purbhoo et al. 2004), whereas they require a strong

antigenic stimulus to be activated to cytokine production (Valitutti et al. 1996a).

Strong antigenic stimulation (sufficient to elicit both cytotoxicity and cytokine

production) results in large-scale concentric molecular segregation reminiscent of

the one seen in CD4+ helper T cells (Faroudi et al. 2003a). Limiting antigen

concentrations (sufficient to elicit cytotoxicity) however result in undetectable or

rudimentary molecular segregation at the IS; yet individual CTL polarize their lytic

granules toward target cells and annihilate them (Faroudi et al. 2003a). The terms

lytic and stimulatory synapses have been coined to indicate these different synaptic
phenotypes (Faroudi et al. 2003a). The structure of the segregated IS formed by

CTL upon optimal antigenic stimulation does not fully resemble the one formed by

CD4+ T cells. It has been indeed described that at the CTL/target cell IS, two
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distinct domains are formed: a signaling domain (corresponding to a cSMAC) and

a secretory domain where tubulin cytoskeleton and lytic granules converge

(Stinchcombe et al. 2001).

It is interesting to note that naive CD8+ T cells seem to be even less dependent

than CTL on the formation of concentric IS for the activation of their biological

response. Even when receiving a strong antigenic and costimulation stimulus, the

naive CD8+ T cells have been shown to be activated to IL-2 production and

proliferation in the absence of a discrete cSMAC/pSMAC segregation at the IS

(O’Keefe et al. 2004).

Another example in which the IS structure mirrors T cell biological function is

given by the naive T cells/DC encounter under conditions leading to Th1 or Th2

commitment. Upon IS formation, T cells (in particular those from mice biased

toward Th1 phenotype) show IFN-g receptor enrichment at the IS (Maldonado et al.

2004). This enrichment is prevented in conditions antagonizing Th1 polarization

such as the presence of IL-4 in the extracellular milieu (Maldonado et al. 2004).

Finally, also the step of negative selection in thymocytes appears to have its

synaptic hallmark. It has been shown that the thymocytes undergoing negative

selection form partially segregated IS in which TCRz-chain is seen mostly at the

periphery of the thymocyte/stromal cell contact site (Richie et al. 2002).

In conclusion, IS has have been shown to be highly heterogenic in their build-up,

signaling characteristics, molecular composition, and three-dimensional structure.

This high degree of diversity may result from a high degree of molecular dynamics

occurring at the T cell/APC contact site allowing T cells to adopt IS structures that

better adapt to stimulation conditions and optimally integrate the different stimuli.

3 Dynamics of IS Assembly and Signal Integration:

Central Role of the Actin Cytoskeleton

It is well established that actin cytoskeleton integrity is required for productive

T cell/APC encounter and for the assembly of key signaling networks at the T cell/

APC contact site (Billadeau et al. 2007). The actin cytoskeleton exerts multiple

tasks during the T cell/APC interaction. As illustrated in Fig. 1, these tasks are

thought to include: (a) morphological transition from elongated shape to round-up

shape following adhesion to the APC (Negulescu et al. 1996; Valitutti et al. 1995);

(b) formation of lateral membrane protrusions allowing scanning the surface of the

APC (Tskvitaria-Fuller et al. 2003); (c) stabilization of the MTOC and secretory

machinery polarization (Stinchcombe et al. 2006) ; (d) molecular segregation into

signaling platforms (Campi et al. 2005); (e) centripetal motility of receptors and

signaling platforms (Kaizuka et al. 2007; Varma et al. 2006);(f) receptor endocyto-

sis (McGavin et al. 2001). Among the pleiotropic roles of the actin cytoskeleton in

the T cell/APC cognate interaction and signaling, we focus in this section on the

role of the actin cytoskeleton in IS molecular assembly and dynamics.
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The build-up of IS molecular organization can be explained by two mechanisms

that are most probably interconnected: cytoskeleton-driven movements and diffu-

sion-trapping. The actin cytokeleton is highly enriched at the T cell/APC interface

very early after contact. It follows a first outward swiping motion that widens

the cellular interface and then a second phase of inward swiping motion

(Tskvitaria-Fuller et al. 2003). This second phase may correspond to the actin

waves centripetally converging toward the center of the IS, observed at the contact

with planar lipid bilayers embedded with MHC and ICAM-1 (Kaizuka et al. 2007;

Varma et al. 2006). Actin cytoskeleton integrity has been shown to be required for

the formation of the TCR microclusters at the T cell/lipid bilayer contact site and

for signaling within the TCR microclusters (Varma et al. 2006). It has also been

established that both the TCR and LFA-1 microclusters are transported along the

centripetal actin flow toward the cSMAC (Kaizuka et al. 2007). Interestingly,

distinct patterns of cSMAC enrichment for the TCR and LFA-1 microclusters

have been observed, possibly due to differential actin interactions (Kaizuka et al.

2007). The molecular links responsible for the anchorage of receptors and signaling

components to the underlying actin filaments remain largely unknown to date.

Actin remodelling at the IS
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Fig. 1 Actin remodeling at the IS. Schematic representation of the pathways leading to actin

nucleation in the T cells and of the IS life cycle stages controlled by actin cytoskeleton dynamics.

The arrows indicate some of the molecular connections (e.g., between cell surface receptors and

actin nucleators) described in the literature. The main IS molecular events thought to be dependent

on actin cytoskeleton dynamics are depicted at the contact between a T cell (with actin in green)
and an APC (red)
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In addition to contribute to the IS assembly by driving molecular movements

through direct anchorage, the actin cytoskeleton could also provide a network for

diffusion-trapping events. Surface receptors and intracellular molecules associated

to the plasma membrane diffuse along the lipid bilayer and have a lateral motility

determined by their molecular size, their interaction with defined membrane

domains and their association within molecular clusters (Harder et al. 2007).

Upon cognate interaction with an APC, the diffusion pattern of surface molecules

can be affected, for example, through interactions with molecular partners with

reduced mobility. Actin-anchored molecular platforms and the actin network itself

may serve as molecular traps affecting the diffusion of IS components such as

receptors and signaling molecules.

The interactions of IS components with the actin cytoskeleton may be dynamic

and may alternate between different modes. Indeed, upon T cell activation, some

molecules appear to transit from a state of actin cytoskeleton anchorage to a

diffusion mode. This is the case for CD43, which is anchored to the actin-binding

protein moesin in resting conditions. As a result of the TCR activation, the CD43 is

uncoupled from the actin cytoskeleton and follows a free diffusion mode that drags

it out of the IS. As a further step of transition, the CD43 is reanchored to moesin

following its exclusion from the IS center (Delon et al. 2001).

The relationship between actin cytoskeleton polymerization and signaling in

T cells is presently not fully clear. It is commonly assumed that the networks of

polymerized actin and actin-binding proteins are implicated in T cell signaling by

providing the framework for the build-up of signaling platforms. We favor the idea

that a bidirectional cross-talk between actin cytoskeleton organization and TCR

mediated signaling could lead to IS assembly and signal integration. In support of

this idea, induction of a rise in [Ca2+]i has been shown to reduce the overall mobility

of TCR on the T cell surface via a mechanism dependent on actin cytoskeleton

polymerization (Dushek et al. 2008). This observation suggests that although actin

polymerization is usually considered to be required for signaling at the IS, reverse

mechanisms (signaling events required for actin polymerization) exist as well. It is

tempting to speculate that a TCR induced [Ca2+]i increase, by enhancing actin

polymerization, could in turn modulate TCR mobility. This might be instrumental

in regulating the supply of TCR to the IS during sustained T cell/APC interaction

(Dushek et al. 2008) and in promoting the formation of signaling structures

enriched in polymerized actin such as TCR micro-clusters (Varma et al. 2006).

Along the same lines, a recent study has shown that engagement of the integrin

VLA-4 retards the dynamics of inward actin flows at the IS. As a result, the

persistence of phosphorylated SLP-76 within ZAP-70-containing microclusters at

the periphery of the IS is increased, which promotes sustained signaling (Nguyen

et al. 2008). These sets of results therefore illustrate how initial receptor engage-

ment rapidly regulates actin cytoskeleton remodeling which in turn tunes receptor

dynamics. This cross-talk therefore appears central to optimize local assembly of

associated signaling cascades and to regulate the duration and intensity of T cell

activation.
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All in all, a large number of studies link the actin cytoskeleton to a direct role

in the molecular build-up of the IS. The actin cytokeleton can therefore be seen as

a founding element of the dynamic and polymorphic IS architecture. Importantly,

the multitask activity of the actin cytoskeleton at the IS might reflect an ability to

translate various stimuli at the plasma membrane into adapted remodeling

patterns.

4 Actin Regulatory Proteins: Integrating MultiFactorial

Stimulation into Adapted Actin Remodeling in

Time and Space

Actin cytoskeleton remodeling during the T cell activation is controlled by multiple

actin-regulatory proteins. The biochemical activities of these proteins include nucle-

ation, bundling, stabilization, severing, and depolymerization of actin filaments. The

confinement of the specific actin remodeling patterns and dynamics at the IS area is

ensured by the local recruitment and activation of actin regulatory proteins by small

GTPases of the Rho family, by phosphoinositides and by receptor-associated kinases

and adaptors. Additional levels of local activation may be ensured by links between

the actin and tubulin cytoskeletons, as well as by interaction with proteins promoting

or sensing membrane deformation (Takenawa and Suetsugu 2007). Recent studies

have started to unravel how the specific actin-regulatory proteins (mainly actin-

nucleating proteins) regulate actin dynamics and thereby control the quality and

intensity of T cell activation. An emerging concept is that individual actin regulatory

proteins play specific roles in the build-up of IS and in the signaling pathways

originating from the IS (Fig. 1, Billadeau et al. 2007).

The most studied actin-regulatory protein is the hematopoietic specific WASP

(Wiskott–Aldrich syndrome protein). WASP is activated downstream of Cdc42 and

nucleates actin through the Arp2/3 complex by forming new actin branches on the

sides of existing actin filaments (Takenawa and Suetsugu 2007). WASP deficiency

in humans, due to inherited mutations in the corresponding gene, causes the

Wiskott–Aldrich syndrome, a rare and severe primary immune deficiency (Ochs

and Thrasher 2006). WASP-deficient T cells exhibit consistent defects in IL-2 and

Th1 cytokine production as well as in proliferation (Molina et al. 1993; Trifari et al.

2006). Following TCR triggering, WASP is rapidly recruited to the plasma mem-

brane in association with lipid rafts and is activated by GTP-bound Cdc42 at the site

of TCR stimulation (Cannon et al. 2001; Dupre et al. 2002; Krause et al. 2000;

Sasahara et al. 2002).

It appears clear that WASP-driven actin nucleation at the nascent IS is dispens-

able for conjugate formation and firm adhesion (Krawczyk et al. 2002). However,

controversial results have been obtained as whether WASP is required for IS

assembly (Badour et al. 2004; Cannon and Burkhardt 2004; Dupre et al. 2002;

Nolz et al. 2006). A recent study may reconcile the initially diverging sets of data
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(Sims et al. 2007). This study shows that WASP defective naive T cells display

normal initial IS formation, but are unable to reform IS after breaking of the IS

symmetry. IS appear indeed to be subject to periodical destabilization and breaking

of their symmetry, a phenomenon induced by PKCy and inhibited by WASP.

Controlled periodic destabilization of the IS would favor T cell activation and

ultimately IL-2 secretion (Sims et al. 2007). The functional purpose of the PKCy-
driven continuous IS instability would be to increase the scanning activity of the

T cells thus favoring signal collection on the APC surface. Conversely, it is

tempting to speculate that WASP-driven stabilization of IS may favor asymmetric

cell divisions important for memory/effector differentiation (Chang et al. 2007).

This may favor a more robust skewing toward the Th1 effector cells in agreement

with the observation that T cells from WASP-deficient patients have been shown to

have defects in producing Th1 cytokines (Trifari et al. 2006).

The other members of the WASP family regulating actin nucleation through the

Arp2/3 complex are N-WASP and the WAVE(1–3) isoforms (Takenawa and

Suetsugu 2007). However, among them, mainly WAVE2 is expressed in T cells.

WAVE2 activation is controlled by the Rho-GTPase Rac1. Knock-down of

WAVE2 in Jurkat T cells suppresses actin polymerization at the IS (Nolz et al.

2006) and affects the T cell/APC conjugate formation. Therefore, actin nucleation

in the T cells appears to be initiated by WAVE2, which mediates actin-rich

membrane protrusions during adhesion to the APC and initiation of synapse

formation. WASP-driven actin nucleation would be predominantly required in a

second phase, to stabilize interactions between the T cells and APC.

A third important activator of the Arp2/3 complex in T cells is HS1, the

hematopoietic lineage-restricted homolog of the actin-binding protein cortactin.

HS1 may act in concert with WAVE2 and WASP since it appears to play a key role

in stabilizing existing branched actin filaments by bridging the Arp2/3 complex

with F-actin (Gomez et al. 2006). Through diverse interaction motifs, WASP,

WAVE2, and HS1 can interact with multiple signaling molecules downstream

of numerous IS-localized receptors Fig. 1. These include the TCR, CD28, CD2,

chemokine receptors, and integrins. Therefore, these proteins appear to control T

cell activation by integrating in a coordinated fashion signals originating from key

activatory and regulatory receptors present at the IS.

It is tempting to speculate that actin cytoskeleton could contribute to IS diversity

since distinct actin regulatory proteins may control the assembly and stability of

different IS architectures endowed with different functions. An interesting illus-

tration of this concept is the recently described role of formins at the IS of CTL

(Gomez et al. 2007). Formins act as effectors for different small Rho-GTPases.

However, in contrast to the Arp2/3-dependent actin nucleating proteins, formins

nucleate and elongate nonbranched F-actin filaments, thereby structuring a dis-

tinct actin network. In CTL, the formins Diaphanous-1 (DIA1) and Formin-like-1

(FMNL1) are not involved in regulating F-actin accumulation at the IS, but instead

they colocalize with the centrosome and control MTOC polarization and killing

of target cells. Differently, Arp2/3 complex-depleted cells, which cannot form

F-actin-rich lamellipodia, still polarize actin-based filopodia and are still capable
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of MTOC polarization. Therefore, by assembling distinct actin meshworks, Arp2/

3 dependent nucleators (WAVE2 and WASP) and formins may control distinct

functions at the IS, namely activation versus polarized secretion. This further

suggests that distinct F-actin nucleators might be specialized in assembling dis-

tinct IS architectures in CTL. For instance, depending on the strength of antigenic

stimulation they might be implicated in assembling lytic versus stimulatory IS at

the CTL/target cell contact site, leading to distinct cellular functions (Faroudi et al.

2003a).

5 Immunological Synapses Are Adaptable Structures

On the basis of the initial in vitro descriptions, IS were originally viewed as long-
lived and “monogamous” structures formed at the contact site between one T cell

and one APC.

A first in situ study addressing this issue in explanted lymph nodes supported this

view by showing that T cells form long-lasting contacts with antigen-presenting

DC, while continuing to move over the DC surface (Stoll et al. 2002). Following the

initial observation of prolonged contacts formed in situ (Stoll et al. 2002), several

in vivo studies showed that sustained T cell/APC interaction is a central step in

antigen recognition by T cells (Bousso and Robey 2003; Mempel et al. 2004; Celli

et al. 2007; Miller et al. 2002).

Nevertheless, the notion of long-lived IS has evolved during the last few years.

Indeed, additional in vivo studies have shown that during the first few hours after

entry into lymph nodes, T cells typically make sequential and short-lived contacts

with a number of cognate DC. Serial short-lived contacts are productive since they

result in the upregulation of the activation marker CD69 in T cells (Mempel et al.

2004). Herickson et al. recently showed that the duration of this initial phase

correlates inversely with the number of specific pMHC per DC and with the density

of antigen-presenting DC in the lymphoid tissue (Henrickson et al. 2008). This

suggests that the initial period of transient contacts allows the T cells to achieve a

state of preactivation that is required only at limiting pMHC densities. At high

pMHC densities, phase 1 becomes very short or even dispensable. This first phase is

followed by a second phase during which prolonged contacts are established

between T cells and antigen-presenting DC (Mempel et al. 2004). Long-lived

contacts (phase 2) are followed by a third phase during which dividing T cells

regain mobility (Mempel et al. 2004; Miller et al. 2004). Additional studies showed

that during these late serial encounters in vivo, T cells can integrate signals from

different APC resulting in sustained IL-2R expression and IFN-g production (Celli

et al. 2005).

Taken together, the observations made in vivo raise the question of whether

long-lasting T cell/APC contacts are strictly required for T cell activation. A

consistent interpretation is that different T cell responses may be more or less

dependent on stable contacts. While the upregulation of activation markers such as
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CD69 and CD25 in naive T cells and the production of IFN-g in already activated

T cells would be achieved or maintained by sequential T cell/APC encounters, the

activation of naive T cells to IL-2 production and proliferation would require

prolonged contacts between the T cells and APC.

In vitro studies corroborate this interpretation. Gunzer and Friedl showed that

naive T cell/DC interactions within three-dimensional collagen matrices are short

and sequential (Gunzer et al. 2000). This work provided the first indication that

T cell activation can occur in vitro in conditions in which T cells preferentially form

short-lived contacts. Furthermore, Faroudi et al. showed that individual human

effector T cells integrate signals for IFN-g production during sequential activation

periods (Faroudi et al. 2003b). Finally, using time-lapse video microscopy to

monitor activation of the individual naive T cells expressing a reporter transgene

for IL-2, Weaver and colleagues showed that T cells establishing transient interac-

tions with DC are activated (as detected by upregulation of CD25) but do not

express IL-2. Only T cells establishing prolonged dynamic contacts with DC

express IL-2 (Hurez et al. 2003).

Recent research has also revised the notion of monogamous synapses. Time-

lapse video microscopy of the T cell/APC interactions in vitro and visualization of

cellular dynamics in lymphoid tissues showed that both T cells and APC can

simultaneously engage multiple cellular partners (Valitutti et al. 1995; Okada

et al. 2005; Miller et al. 2004). These observations raise the question of how the

T cells can sense signals derived from different contact sites and accordingly adjust

their responses. A study in which helper T cells were simultaneously conjugated

with APC displaying different densities of cognate pMHC provided a first answer to

this question. Depoil et al. showed that during simultaneous interaction with

different APC, the T cells form dominant foci of signal transduction at the contact

site with the APC providing the strongest stimulus and rapidly polarize their

secretory machinery toward these cognate cells. Interestingly, preformed IS

between the T cell and the APC displaying low pMHC densities can be rapidly

disassembled and reformed toward APC offering higher pMHC densities, indicat-

ing that extra-synaptic TCR detecting a stronger stimulus can outcompete the

signals derived from intra-synaptic TCR and drive cellular reorientation (Fig. 2,

Depoil et al. 2005).

Using a novel approach based on photo-activated pMHC, Huse et al. were able

to detect the activation of signal transduction in the T cells with high time/space

resolution. Their work shows that activation of different foci of signal transduction

instantaneously drives the T cell repolarization responses (Huse et al. 2007). These

recent findings support the notion that IS are dynamic and adaptable structures

remodeled by changes in antigenic stimuli received from different APC.

The IS formed at the CTL/target cell interface also exhibits a high degree of

flexibility. It has indeed been shown that in CTL interacting simultaneously with

two target cells displaying similar pMHC densities, the MTOC oscillates between

those two target cells (Kuhn and Poenie 2002). More recently, it has been shown

that when the CTL interact simultaneously with multiple target cells offering

different antigenic stimuli, they polarize their lytic granules (lytic synapse) in
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the direction of the different target cells and kill them simultaneously (Fig. 2,

Wiedemann et al. 2006). Interestingly, in conjugation with a target cell offering

an antigenic stimulus strong enough to induce the formation of a stimulatory
synapse and a second target cell offering low antigenic stimulus, a CTL is able to

establish simultaneously a stimulatory synapse with the first target and a lytic
synapse with the second one (Fig. 2, Wiedemann et al. 2006).

All in all, the above discussed results demonstrate that the IS of both helper and

cytotoxic T cells are not static and monogamous structures. On the contrary, they

are dynamic and versatile signaling areas allowing the T cells to discriminate

among different signals received simultaneously and to adjust their biological

Sensing APC–2 IS re-orientationContact APC–1 IS stabilization

b “Multiple killing” of target cells encountered simultaneously

Signal strength discrimination at the T helper cell/APC contact site

APC with high
pMHC density

Helper
T cell

APC with low
pMHC density

Target cell with high
pMHC density

Target cells with low
pMHC density

CTL

a

Fig. 2 Immunological synapses are versatile structures. (a) A helper T cell simultaneously in

contact with two APC offering antigenic stimuli of different strength polarizes toward the APC

offering the strongest stimulus. An IS is formed between a T cell and an APC displaying a low

antigen density (APC 1, blue). Signal transduction takes place at this IS as detected by antipho-

sphotyrosine staining (yellow). Upon conjugation with a second APC (APC 2, red) displaying a

stronger antigenic stimulus, a second IS begins to be formed at the contact site with the second

APC while T-cell tubulin cytoskeleton (black), Golgi apparatus and mitochondria (not shown,

(Depoil et al. 2005)) re-polarize toward the stronger stimulus. The first IS is progressively

disassembled in parallel with the ongoing formation of the second one. (b) A CTL kills simulta-

neously multiple target cells offering antigenic stimuli of different strength. CTL form a stimula-
tory synapse with a target cell offering a strong antigenic stimulus (red) as represented by

antiphosphotyrosine staining (yellow) and MTOC polarization (black). Lytic granules (violet)
are secreted in the direction of this target cell as well as in the direction of additional adjacent

targets offering weak antigenic stimuli (Wiedemann et al. 2006)
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function accordingly. It is interesting to note that a basic difference exists between

the helper T cells and CTL. While the helper T cells selectively polarize their

secretory machinery toward the APC offering the strongest stimulus (Depoil et al.

2005), CTL polarize their lytic granules toward multiple target cells simulta-

neously, regardless of their stimulatory potential (Wiedemann et al. 2006). As a

consequence, the helper T cells provide their help in a dedicated fashion, while the

CTL are not selective in rapidly killing multiple cellular targets. These specific

behaviors are both instrumental to the efficacy of adaptive immune responses.

6 On the “Raison d’être” of Immunological Synapse Plasticity

We have seen through this survey of the literature of the last decade that IS can be

diverse and adaptable depending on the cell types considered and the nature and

quality of the antigenic stimulation. As revealed by the active actin remodeling at

the IS, these structures appear to be highly dynamic to allow a given T cell to

optimally integrate the stimuli received during antigenic stimulation. Are those

qualities enough to define the IS as “plastic” structures? By analogy with the

function of neuronal synapses, one could envisage that IS would be the signal

integrators regulating the process of T cell “plasticity.” The concept of plasticity in

biology has been developed in the field of neurosciences. It refers to the ability of a

system (the brain) to achieve novel functions (learning, memory), by transforming

its internal connectivity (neuron networks) in response to stimuli. It implies that a

plastic system is not only based on preprogramed functions and transformations

(Will et al. 2008). Following that definition, one may consider that the process of

T cell differentiation and maturation following antigen encounter is endowed with

some level of plasticity. It is clearly established that naive CD4+ T cells bear the

potential to differentiate into distinct lineages, including Th1, Th2, Th17, and

inducible T-regulatory cells. Recent studies have brought to light the concept that

the commitment to these T cell subsets is not solely genetically determined and is

probably more plastic than previously thought. It was recently suggested that

epigenetic mechanisms are underlying the plasticity of effector and regulatory

T cells (Lee et al. 2009; Wei et al. 2009). In that context, it is tempting to speculate

that the relative plasticity of T cell differentiation is at least in part mirrored by the

highly tunable capacity of the IS to integrate and decode stimuli. During the

navigation of a given naive T cell within the site of cognate antigen stimulation,

the IS would integrate and decode the sequence of stimuli delivered. This includes

pMHC stimulation as well as other membrane bound and soluble factors presented

by the different APC encountered at the same time or sequentially. This integrative

process would result in a specific tuning of the activation of a given T cell. As a

result, T cells would indeed commit to well-defined differentiation paths, but a

certain degree of flexibility and variability could be provided via the IS.

Another intriguing level of plasticity is linked to the notion that IS may serve as

structural devices that simultaneously integrate stimuli and direct polarized
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secretion. We have seen that the CTL can assemble distinct IS structures (lytic
versus stimulatory) depending on the strength of antigenic stimulation. Thus, they

can functionally uncouple signal integration from polarized lytic granule secretion

(Faroudi et al. 2003a; Wiedemann et al. 2006). An interesting question is to define

how a stimulatory synapse can combine both signal integration and lytic granule

exocytosis. It is likely that the spatial separation of signaling and secretory domains

(Stinchcombe et al. 2001) and the temporal separation between secretory mechan-

isms (occurring within 2–3 min) and later signaling cascade assembly (Wiedemann

et al. 2006) can contribute to allow stimulatory synapses to accomplish their

multitask function. It is tempting to speculate that a multitask organization for

signal integration and secretory events might also be at work in naive T cell and

helper T-cell synapses to allow these cells to coordinate signal integration with

secretory mechanisms.

Finally, IS plasticity can also be shaped by the context in which the T cell/APC

encounter occurs. In vivo, in a context of a packed cellular environment such as a

secondary lymphoid organ, a T cell engaged in a cognate interaction with an APC

will most probably also be interacting with other cells that may influence the quality

of the T/APC encounter. IS stability can be modulated by the local density of

antigen-specific T cells that could therefore compete among them for conjugation

with cognate APC. Accordingly, it has been shown that as T cells clonally expand

and accumulate, they downregulate the ability of additional T cells to form long-

lasting productive IS (Garcia et al. 2007). IS function may also be subverted by

third-party cellular components. A relevant example is given by Treg, that can

interfere with the Th cell/APC communication at the IS (Sumoza-Toledo et al.

2006), and in particular with the polarized secretion of IFN-g toward the APC

(Esquerre et al. 2008).

In conclusion, recent lines of evidence highlight IS plasticity as a key instrument

of intercellular information transfer. Future research dedicated to the definition of

molecular mechanisms regulating IS dynamics in vitro and to visualization of IS in

situ, in different contexts of immune activation and regulation, will be instrumental

to better understand IS plasticity. Furthermore, system biology approaches, by

integrating multiple cellular and molecular parameters, will shed new light on

how the plasticity of cell–cell communication at the IS contributes to the tuning

of adaptive immunity.
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Abstract CD4+ T cells engage different activating cells during their generation in

the bone marrow and thymus and during their homeostasis and activation in the

periphery. During these processes, T cells or their precursors establish a molecular

platform for communication in the interface between the two cells that is called

immune synapse (IS). Here we review the current knowledge about those different

IS. Apart from looking at the structure and signalling of the IS from the T cell

region, we will also focus on the area of the IS partner, mostly antigen-presenting

cells (APC). We will discuss the features of different APC and their role played in

the control of the resulting activated or differentiated T cell. We will also demon-

strate that despite 10 years of research into the subject, large areas of this field are

yet to be explored. This will keep us busy for the years to come – new exciting

results lie ahead of us.
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1 Introduction

A T cell interacts with many different cell types during its generation, functional

maturation, and effector phase. During each event, it forms a synapse to decode the

information provided by the opposite cell and to respond to it accordingly. For the

developing and mature T cells, this structure would be called immune synapse (IS).

The general concept of the IS will be described extensively in other chapters of this

issue and we will not define it further here. The interested reader is referred to some

extensive reviews on the subject (Friedl et al. 2005; Reichardt et al. 2007a; Bromley

et al. 2001). For the sake of this review, we invite you to our tour through the life of

a T cell thereby looking through a virtual “nano-camera” that always focuses on the

currently formed synapse while we follow a T cell precursor from its birth place in

the bone marrow to the thymus, the lymph node and, ultimately, the peripheral

effector site. With this approach, we will provide an overview of what is currently

known about the antigen-presenting cells (APC) or stimulating cells encountered

during this developmental path, the peculiarities of the synapses formed and their

impact on T cell function.

2 Generation of T cell Precursors in the Bone Marrow:

The Hematopoietic Synapse

The life of a T cell starts in the bone marrow. As all blood cells, T cells are derived

from hematopoietic stem cells (HSC) that reside within the bone marrow. Single

HSC are able to repopulate the entire system of blood cells in lethally irradiated

recipients and thus transplantation of allogeneic or autologous HSC represent

important options in the therapy of certain cancer or autoimmune diseases

(Osawa et al. 1996).

Despite intensive research and successful clinical application, the basic biology

of the HSC in the marrow is still not well known. HSC are very rare. Only

0.05–0.5% of all bone marrow cells are considered to be HSC in humans (Gunsilius

et al. 2001). The place within the bone marrow cavity, where HSC reside, has been

termed “niche” although the nature of the cell type actually forming the niche is still

a matter of debate (Geiger et al. 2007; Kopp et al. 2005; Scadden 2006). Very recent

imaging data suggest that osteoblasts, which had long been suspected to form the

niche (Wilson and Trumpp 2006; Adams and Scadden 2006), are not in direct

contact with transplanted HSC (Lo Celso et al. 2009). What is known and also

supported by several independent groups is the fact that the niche is close to and in

direct contact to the inner surface of the calcified bone, the endosteum (Lo Celso

et al. 2009; Nilsson et al. 2001; Wilson and Trumpp 2006; Köhler et al. 2009).

The HSC have to perform two important tasks: the maintenance of their own

numbers (self renewal) and the generation of mature blood cells (hematopoiesis).

The central process for this function is a cell division event that generates two
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nonidentical daughter cells, a HSC and a cell that will differentiate into mature

cells. Therefore, this process has been termed asymmetric division (Adams and

Scadden 2006). The surface of the niche-forming cell is considered critical for the

decision about which cell will remain an HSC and which will differentiate, but the

defined ligands or molecular mechanisms that would govern this decision are still

hypothetical (Wilson and Trumpp 2006).

Despite its importance for hematopoiesis in general and the T cell system in

particular the synapse that forms when an HSC contacts a niche cell has not been

investigated so far. Thus, the molecular structure of this synapse is undefined as is

the difference in the structure of niches that foster asymmetric or symmetric

divisions including those leading to the earliest bone-marrow-resident precursors

of T cell development (see below). Promisingly, there are now systems available,

that allow the direct imaging of symmetric and asymmetric division of HSC on

stromal cells in cell-culture in vitro (Wu et al. 2007). Such models can be a first

step towards the analysis of the structure of the cell–cell synapse. Since the system

is based on the HSC-specific expression of GFP in transgenic animals, it might

even allow identifying individual HSC in their niche in the marrow, an indispens-

able prerequisite for any approach towards an analysis of HSC-niche synapses

in situ.

3 Generation of T cells in the Thymus: Thymic Synapses

The next step in the life of a T cell is its “education” from a non-committed bone-

marrow precursor to a real T cell. This happens in the thymus. The thymus is the

organ where thymocytes are scanned for the reactivity of their T cell receptors

(TCR). Each thymocyte has a unique TCR that is generated in a chance process via

somatic recombination from a set of genetic building blocks (Germain 2002). Thus,

despite being able to generate TCR with a specificity against any possible foreign

antigen, this process also bears the risk of generating TCRs with no useful affinity to

function properly at all. More dangerous, however, is the risk of generating TCRs

which are reactive against self structures. In a process called positive selection the

thymus sorts out the fraction of thymocytes that have a non-reactive TCR. Negative

selection is then used to delete self reactive cells. In addition, thymic selection

defines which T cell subtype, CD4 or CD8, will be generated, as early thymocytes

are not yet defined in this respect (von Boehmer et al. 2003).

Thymic development starts with the immigration of precursor cells from the

bone marrow. The identity of these cells is still a matter of debate and it has even

been discussed that HSC directly enter the thymus (Boehm and Bleul 2006). More

recent data indicate that a very rare population of precursors characterized by the

markers Lin�Sca–1+c–Kit+CCR9+Flt–3low leaves the bone marrow and directly

seeds the thymus, then giving rise to all the later stages of thymic T cell develop-

ment (Benz et al. 2008). The point of entry at the cortico-medullary junction of the

thymus also forms the niche for these cells in a manner similar to the bone marrow
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niche for HSC. As in bone marrow biology the identity of the thymic niche cell is

yet unclear. Discussed cell types are endothelial cells of the blood vessels at the

exit site of the seeder cells or thymic epithelial cells in this area (Boehm and

Bleul 2006).

It is clear that the thymus seeding cells which still have the principal capacity to

also form B cells rapidly lose this ability after thymus entry. This is mediated by the

receptor Notch1 on the thymus seeding cells as well as all the later stages of

thymocytes which are triggered by the ligands Delta-1 or Jagged expressed on

thymic stromal cells (Visan et al. 2006b). The signalling of this pathway already

starts at the cortico-medullary junction and a competition of the seeder cells with

more advanced stages of thymocyte development for the limited amounts of Notch-

ligands seems to regulate the coverage of the niches and, thus, thymus size and

cellularity (Tan et al. 2005; Visan et al. 2006b). It is not known, how long the

thymus seeders are occupying a given niche site and how they are dislodged or

whether they are more resident and constantly undergo asymmetric divisions to

produce offspring that undergoes thymocyte development (Boehm and Bleul 2006).

In any case, the contact of a thymus seeder cell with its niche can be considered the

first T cell-specific synapse. To the best of our knowledge, the molecular structure

of this synapse is unknown despite its critical importance for T cell biology. Given

the rarity of the cell type (it was demonstrated, that only 200 cells form the entire

repertoire of seeder cells in the thymus and are sufficient to generate all thymocytes

(Spangrude and Scollay 1990)) it will be challenging to analyze the synapse within

the organ itself, although individual cells have been visualized in situ (Lind et al.

2001). However, use of highly enriched precursors cultured in contact with bone

marrow stromal cells transfected with the Notch-ligand Delta-like 1 might provide

a first approach for an in vitro analysis of this synapse (Benz et al. 2008; Schmitt

and Zuniga-Pflucker 2002).

T cell precursors generated from the niche-resident seeding cells move upwards

to the subcapsular thymic area, thereby more and more committing to the T cell

lineage (Lind et al. 2001). Again Notch-ligands are essential but cells which are

contacted during this period are not well defined. The next critical synapse, and also

the first which is well investigated is the IS leading to positive or negative selection

of thymocytes (Ebert et al. 2008; Ehrlich et al. 2002). This synapse is also the first

that uses peptide loaded MHC complexes as critical structure for the determination

of a differential outcome of thymocyte activation. Presenting cells are cortical

epithelial cells and medullary epithelial as well as dendritic cells (DC)

(Germain 2002).

Historically, the first thymic synapse investigated was the one inducing negative

selection of thymocytes which have rearranged their TCR and now express both

CD4 and CD8 (double positive, DP) (Richie et al. 2002). A “classical” IS consists

of a round interaction plane of 1–2 mm diameter which is organized in several

structural areas termed SMACs (supra molecular activation clusters) by their

discoverers (Monks et al. 1998). Conventionally, the central cSMAC is enriched

in signalling components and peripheral pSMACs contain adhesion molecules

(Monks et al. 1998), although meanwhile numerous deviations from this concept
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have been described (Friedl et al. 2005). In addition to imaging of the synapse itself

(Reichardt et al. 2007b) we have described the cellular dynamics underlying the

synapse formation and found, that T cells engaging DC during antigen presentation

do interact in transient short contacts (Gunzer et al. 2000). This has later been

confirmed by intravital imaging and was extended by the finding that, at later

stages, contacts of T cells to DC or of thymocytes to selecting stromal cells are

longer-lived (Bousso et al. 2002; Mempel et al. 2004).

When investigating the synapse formed by a DP cell with a negatively select-

ing stromal cell, it came as a surprise that the important TCR-signalling mole-

cules LCK and CD3z were selectively excluded from the cSMAC (Richie et al.

2002). This was partly an inherent feature of the thymocyte itself, because the

same cells after being positively selected to naı̈ve T cells and then stimulated to

become mature T blasts made synapses with mostly central accumulation of LCK

and CD3z. However, also the APC was important in this respect, because

exchanging the thymus-derived stromal cell with a more peripheral type of

APC (CH27 B cells) allowed thymocytes to establish a central accumulation of

CD3z and thymic stromal cells inhibited this pattern when synapsing with

peripheral blasts (Richie et al. 2002). Another important finding of the authors

was the fact that the cells contacted a negative-selecting stromal cell in a very

long-lasting manner. This was interpreted as a way of the stromal cell to ensure

that the thymocyte could not escape before negative selection was completed

(Richie et al. 2002).

In the same study positively selecting synapses were also investigated, unfortu-

nately, however, only at one imaging plane that did not allow extracting informa-

tion on the spatial organization of LCK or CD3z within the IS. The positively

selecting synapses induced less efficient recruitment of LCK or CD3z to the

interface with the selecting cell (Richie et al. 2002). The same group recently

published a further analysis of positively and negatively selecting synapses. They

found, that just two negatively selecting pMHC molecules in the interface were

sufficient to induce almost complete cell death in reacting thymocytes. This was

associated with complete and sustained nuclear recruitment of the key transcription

factor NFATc in the thymocytes. At the same time, positively selected thymocytes

could not form a clearly discernible synapse but instead established multiple short

encounters with stromal cells that also led to a considerable nuclear import of

NFATc. Interestingly, this reorientation of NFATc was dependent on the recogni-

tion of self pMHC molecules on the selecting cell pointing to the fact that opposite

to the negatively selecting event, the positive selection requires multiple short

encounters with self pMHC that slightly tickle the TCR but do not lead to robust

nuclear import of NFATc (Ebert et al. 2008).

In vivo, the synapses described above generate a set of T cells that are either

CD4 or CD8, recognize self ligands well enough to be kept alive but not as

efficiently as to be deleted. These surviving cells, only ~5% or all generated DP

thymocytes, are now called naı̈ve T cells and leave the thymus via the blood stream

to enter peripheral lymphatic organs in their hunt for truly activating foreign ligands

(Gunzer 2007).
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4 Antigen Presentation in the Lymph Node Is Mainly

Done by Dendritic Cells

At the end of their journey through the circulation, naı̈ve T cells will regularly leave

the blood vessels by entering secondary lymphoid organs, namely the spleen and

the lymph nodes. It is in the lymph node, where T cells spend much of their life

awaiting a specific, matching antigen to be presented to them. Thus, the lymph node

is the “home” of the T cells, and immunologists termed the lymphocyte’s behaviour

to go to lymph nodes as “homing” (Goodnow and Cyster 1997).

Within the lymph node, there exist several distinct topographic zones with a

specific microenvironment providing optimal conditions for cell development and

cell–cell interaction. T cells will leave the blood vessels in specialized zones with

comparatively enlarged diameter and thickened endothelial walls, termed high

endothelial vessels or HEVs (Stamper and Woodruff 1976). The presence of

entry receptors such as CD62L (L-Selectin) ensure that naı̈ve-T cells enter the

lymph node in a multi-step process right here (Springer 1994). HEVs are predomi-

nantly positioned close to paracortical T cell zones where T cells will immediately

encounter antigen-loaded DC. This is where the “classical” T cell priming

following contact to APC will occur (Mempel et al. 2004; von Andrian and

Mempel 2003).

Full T cell activation is reached when a T cell encounters a mature DC. High

levels of MHC-II and co-stimulatory molecules such as CD80, CD86 provide an

efficient stimulating surface for the T cell (Banchereau and Steinman 1998). In case

of infection and peripheral inflammation, maturation of immigrating DC will begin

in (inflamed) peripheral tissues and while DC move through afferent lymphatic

vessels to deliver their captured antigen to the lymph node (Itano et al. 2003). In

addition, antigen can also float through afferent lymph and be captured by the

lymph node resident DC (Sixt et al. 2005). Productive interactions between T cells

and DC presenting a matching antigen will immediately lead to changes in the

cytoskeletal architecture of the T cell, permitting cholesterol-enriched microdo-

mains (lipid rafts) in the cell membrane to coalesce into a platform for intercellular

adhesion molecules, signal-transduction molecules, and numerous TCR/MHC pair-

ings (Friedl et al. 2005). The segregated clusters of TCR–MHC at the cell–cell

interface between T cells and mature DC (which usually display an active cyto-

skeleton) are comparatively small, and are hence termed microcluster (Brossard

et al. 2005). In addition, small clusters of co-stimulatory molecules such as CD28,

and adhesion molecules such as LFA-1 are also present (Tseng et al. 2008). Thus,

the basic components of larger, supramolecular clusters, as found between T cells

and B cells ((Monks et al. 1998) and see below) are present. What the microclusters

lack in size they make up in numbers: several tens of contact spots between T cells

and DC were reported (Brossard et al. 2005). Larger segregational complexes

leading to the picture of a mature IS with distinct cSMAC and pSMAC,

respectively, develop by conflating microclusters, possibly driven by cytoskeletal

forces (Tseng et al. 2008; Seminario and Bunnell 2008). However, in terms of
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functionality, it seems inappropriate to judge small, multifocal clusters as “imma-

ture” and large clusters as “mature” structures. In fact, microclusters may represent

the basic form of a larger cSMAC–pSMAC-type of IS, and key signalling events

are probably to be shared in both systems. Very simplified, TCR signalling and

CD80 assembly in the central part are essential but not sufficient elements for

effective signalling. CD28 also enriches at the cSMAC and drives recruitment of

the protein kinase C theta (PKCy), one of the key molecules of T cell signal

transduction (Monks et al. 1997). Activated T cells will then differentiate into T

effector cells.

At the level of the IS, a molecular distinction between the classical effector lines

Th1 and Th2 was uncovered when it was found that the interferon-gamma receptor

co-polarizes much more rapidly with engaged TCR in a Th1-prone mouse strain

(C57BL/6) than in a Th2-prone strain (BALB/c) and that this co-polarization is

prevented in the presence of IL-4, a cytokine directing T cells into a Th2 profile

(Maldonado et al. 2004). Thus, a molecular link was established between TCR and

cytokine signalling and it was shown how the physical conformation of the IS can

direct T cell differentiation. A totally different role for the IS was proposed in a

seminal paper from the group of Steven Reiner. They showed that synapsing T cells

preparing to divide in the process of proliferation expressed an asymmetric compo-

sition of surface molecules. After division of the cells this asymmetric surface

composition led to two differentiated cell types: an effector type of T cell (the

daughter cell that contained the initial IS) and a memory type of cell (the daughter

cell that was generated from the membrane part opposite of the synapse). Thus, IS

might also have important influence on the future fate of T cells (Chang et al. 2007).

Indeed, this observation bears all the components described above for asymmetric

division of HSC in the bone marrow, with the “niche” being the surface of the APC

itself. This example powerfully demonstrates how the APC can influence the

overall outcome of a T cell response. Structural differences between naı̈ve and

memory CD4+ T cells were also described in another study, where the IS of

memory T cells was found to contain more pre-clusters of signalling molecules

and an increased recruitment of the tyrosine phosphatase CD45 compared to naı̈ve

T cells (Watson and Lee 2004). However, apart from that, not a lot of information is

available on IS formation in other effector lines such as Th17 cells or Treg (see

below).

Once activated, the default pathway of T cells is to leave the lymph node.

Upregulation of sphingosine-1-phosphate-receptor type 1 enhances T cell egress

towards high levels of sphingosine-1-phosphate in deeper regions of the lymph

node (Lo et al. 2005). In getting ready to leave, T cells pass through a last distinct

zone of the lymph node, the medulla. Along medullary cords and crossing medul-

lary sinus spaces T cells will reach efferent lymphatic vessels which will ultimately

bring them back to the central blood circulation (Sanna et al. 2006; Wei et al. 2005).

The medulla is characterized by a high number of B cells and macrophages (Krall

and Braun 1992). Venous vessels in the medulla carry a somewhat differing

repertoire of L-selectin ligands and may contribute to T cell homing to a small

extent (M’Rini et al. 2003). The physiological importance of this is, however,
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unknown. Although the medulla is full of APC, solid experimental evidence is

lacking that priming processes would occur in the medulla and that this might

contribute to the immune response. Again, we have no knowledge of the existence

or specific nature of IS formation by T cells in the lymph node medulla.

In general, the full activation of a CD4þ T cell is, however, rare. Most T cells

will die without ever meeting the right antigen and maturing into a full-blown,

cytokine-producing and help-providing effector cell. Rather, the default situation of

presentation to a T cell is absence of “danger” (Matzinger 2002). Thus, in a

perfectly functioning, germ free body, encountered DC will exclusively present

fragments of own, healthy cells and structures. The presenting DC will be an

inactivated, immature (iDC), as no signs of inflammation or microbial attack

flanked its way through afferent lymph vessels or are present in the T-zone’s

micromilieu. This can be judged by the surfacemarker DEC-205, which is expressed

on most DC in the T zone of a non-inflamed lymph node (Witmer-Pack et al. 1995)

and defines immature DC (Bonifaz et al. 2002). The majority of contacts between

iDC and T cells will not lead to T cell activation. In fact, most have no effect on the

differentiation profile of the T cells and they would remain naı̈ve by definition.

However, CD4þ T cells depend on contacts to MHC-II molecules presenting self

ligands for survival (Brocker 1997; Muranski et al. 2000; Stefanova et al. 2002). Is a

synapse involved in this process? How does it look? We don’t know. It probably

resembles the synapse or merely absence of synapse that was described above for

positive selection in the thymus. But more work is needed to really prove this point.

As soon as the strength of signalling elicited in the T cell reaches a certain

threshold, by increasing affinity between TCR and peptide–MHC ligand and/or by

increased co-stimulatory activity, the T cell will start to undergo a differentiation

process. There are suboptimal signals which are too low to reach full effector

potential. These signals are called sub-optimal, yet do induce a type of differentia-

tion that is distinct from both pure survival and full effector function. In fact,

suboptimal T cell activation, potentially also mediated, following contacts to self

peptides, is currently discussed to be one major source of regulatory T cells (Treg)

originating in the periphery (Hsieh et al. 2004; Shevach et al. 2006). Whether the

formation of an IS during the induction of a Treg differs from an IS during regular,

full T cell activation is unclear.

At the end of T cell activation, a specific T cell effector type has formed.

Classical effector T cells will migrate to peripheral tissues to secrete stimulating

cytokines such as IFNg. Whether this also involves cell–cell contacts or the

formation of an IS with a target cell, e.g. local macrophages, is not well known.

However, physical interaction between macrophages/monocytes and local T cells

have been demonstrated during granuloma formation in vivo (Egen et al. 2008). As

for the function of Treg, there is evidence that many Treg, namely the Foxp3þ

natural Treg (nTreg) require direct cell–cell contact for them to become effective

(Gondek et al. 2005). Still, a direct physical interference of Treg with the formation

of classical T–DC has not been demonstrated yet. In contrast, Treg were shown to

preferentially form clusters with DC in vitro and delay the maturation of DC

(Serra et al. 2003; Onishi et al. 2008). Treg also interfere with the recruitment of
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signalling molecules such as PKCy towards the IS in naı̈ve T cells (Sumoza-Toledo

et al. 2006). However, the specific composition of a putative regulatory IS between

a Treg and a DC or between a Treg and a naı̈ve T cell during regulation is

completely unexplored.

5 B Cells as APC

Structure and molecular makeup of the IS can change completely, when a different

type of APC than DC is involved. Still, few studies were undertaken to directly

compare the IS formation following T cell contact to varying APC. As such, we

have shown that the cellular interface between T cells and naı̈ve B cells presenting a

peptide specific for the TCR is characterized in vitro by a comparatively large,

mature IS, which is stable for many hours (Reichardt et al. 2007b). B cells were

known to always form stable cell pairs with T cells in vitro and in vivo (Gunzer et al.
2004; Okada et al. 2005). This was in contrast to DC, which contact T cells mostly

in the range of minutes, at least during the early phases of T cell activation (Gunzer

et al. 2000; Miller et al. 2004; Bryce et al. 2004). The long interaction between B

cells and T cells was somewhat counterintuitive, as longer contacts are generally

believed to be more effective (Celli et al. 2007; Scholer et al. 2008) while B cells,

foremost naı̈ve B cells, are very inefficient APC (Masten and Lipscomb 1999;

Lassila et al. 1988). In contrast, the IS structure emerging from DC–T contacts is

usually much smaller and transient, hence the terms microcluster or kinapse are

appropriately used in describing them. These structures have been recently

reviewed (Dustin 2008; Seminario and Bunnell 2008) and will also be covered in

more detail in other chapters of this issue. Examples of the divergent IS structures

found in pairs of T cells contacting naı̈ve B cells or DC, respectively, are visualized

in Fig. 1.

As for naı̈ve B cell–T cell pairs, it came as another surprise when it was found

that T cells following such extended contacts displayed an aberrant effector pheno-

type with regulatory capacity. These B cell-generated Treg, TofB, were able to

inhibit solid organ transplant rejection in the mouse (Reichardt et al. 2007b). Thus,

it was possible to speculate, that the naı̈ve-B cell–T cell–IS represents a novel type

of IS, the regulatory IS. However, at present, the direct molecular link between the

B–T–IS formation and Treg cell function is still unknown.

One characteristic feature of the B–IS is its prolonged, hour-long presence.

However, a long-term stable IS induced by B cells may not necessarily reflect

high signalling activity. Such, interference with actin polymerization in MHC-II

triggered B cells abrogated activation of contacting T cells while B–T conjugate

formation remained unaltered (Delaguillaumie et al. 2008). In contrast, active

cytoskeletal reorganization was shown to be needed for IS formation in T–DC

pairs (Al-Alwan et al. 2001). Thus, while actin assembles at the IS in both types of

APC, it probably has distinct functions during antigen presentation and possibly

IS formation. Conjugate formation, actin accumulation at the IS, and signalling
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intensity can well be separated events. Along the same line, B cells depend

very much on LFA-1 for T cell binding and activation (Hosseini et al. 2009),

while DC do not (Gunzer et al. 2004).

In fact, the interplay between Rap1, LFA-1, and the co-stimulatory molecules

CTLA-4/CD28 in B cells vs. DC recently led us to comprise a model to link the

observed differences in conjugate formation and differential T cell activation in

DC–T vs. B–T pairs (Reichardt et al. 2007b). As co-stimulatory molecules are also

one focus point in studying differentiation between effector and Treg cell pheno-

type and potentially its respective IS structure, we will describe this in a little more

detail below. Taken together, the cytoskeletal architecture of the cellular contact

between T cell and APC can be one important parameter in determining the

signalling pattern present in these contacts.

The second characteristic point of the B–T synapse is its large central part, the

cSMAC. The role of the cSMAC is currently very incompletely understood. More

complexity to the role of the cSMAC during T cell activation was added recently

when it was found that the signalling activity in the cSMAC can significantly

change throughout the persistence of the IS (Grakoui et al. 1999; Lee et al. 2002).

In any case, the current concept of synapse function considers the cSMAC an area

of TCR internalization and signal termination (Lee et al. 2003; Cemerski et al.

2008). Also, it is certainly possible that the amount of signalling is determined by

the (TCR-matching) quality of the antigen (Cemerski et al. 2008). This might be

particularly true when approaching from the lower side of TCR ligand affinity:

many reports conclude that below a certain threshold, no (productive) physical

Fig. 1 Naı̈ve CD4+ T cells form a mature immunological synapse when contacting specific

antigen-presenting naı̈ve B cells but not when contacting DC. Transmitted light (a, d) and two

color confocal (b, c, e, f) microscopy. (a–c) Individual pairs of T cells and naive B cells, loaded

with TCR-specific peptide demonstrate localization of the entire TCR signal (red) at the contact

plane in direct view (b) and in en face 3D reconstruction (c). (d–f) In contrast, pairs between

T cells and DC show TCR staining scattered over the cell body without preferential accumulation

of TCR at the contact site to DC. For details on experimental conditions and imaging see Reichardt

et al. (2007b)
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contact will be established between APC and T cell. However, when low affinity

TCR ligands are present, the outcome might depend on other factors, such as

costimulation and activation of cytoskeleton (Al-Alwan et al. 2003). Taken

together, the prolonged persistence of a mature IS, which is characterized by a

clearly defined cSMAC, could “tip the balance” towards negative signalling and/or

the possible induction of a regulatory phenotype.

6 T Cells Helping B Cells to Function

A very different case of B–T pairings emerges during the process of providing

T cell help to B cells. Follicular helper T cells (TFH) invade B cell zones of the

lymph node in order to provide (CD40L–CD40-mediated) help to turn on the

B cell’s antibody-producing machinery (Breitfeld et al. 2000). The current view is

that B cells receive a strong activation signal following uptake of specific antigen

via their B cell receptor (BCR) and are enabled to migrate along a chemotactic

gradient towards the T cell zone (Casamayor-Palleja et al. 2002; Reif et al. 2002).

Thus, activated B cells will enrich at the border between B- and T-zone and be

interaction partners for immigrating TFH cells (Reif et al. 2002; Okada et al. 2005).

The physiological aim of this interaction is to provide help to B cells and to

ensure specificity of this process. The specificity is ensured by the peptide that is

presented by the B cell via its many MHCII molecules to the TFH. It is molecularly

linked to the antigen, to which its BCR is binding, because this BCR mediated the

uptake of the antigen (Goodnow et al. 2005). The B cell seeking help needs to

“find” a TFH that has previously been activated in the T zone by a DC towards the

T cell epitopes of the same antigen. By this mechanism it is ensured that only

those antigens that are present in large enough amounts to be presented by DC to

T cells and also taken up by BCRs from specific B cells, will lead to full-blown

antibody responses. An autoreactive B cell, that by chance generates a BCR which

can take up and present self proteins, would normally not find a cognate TFH, since

this should have been deleted by thymic selection (Goodnow et al. 2005).

The synapse forming between a B cell and a TFH is central for the development

of high-affinity antibodies. By means of surface molecules such as ICOS or

CD40-L, TFH make sure that germinal centre B cells receive signals allowing

them to transform into antibody secreting plasma cells. Tight control of these

signals is required. Uncontrolled provision of follicular help as in the Roquin-

defective mouse mutant sanroque can lead to severe autoimmunity (Vinuesa

et al. 2005). In addition, a differing set of cytokines (Nurieva et al. 2008) as well

as specific proteins such as signalling lymphocytic activation molecule-associated

protein (SAP) are likely to play a role (Kamperschroer et al. 2008). In the light of

these facts it is really striking that the synapse between a germinal centre B cell and

a cognate TFH has not been investigated so far. This gap in our knowledge should be

closed in the next years.
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7 IS and APC-Mediated Induction of Treg: Focus on

Co-stimulatory Molecules

While the TCR ligand recognition displays a high specificity ensuring tailor-made

immunes response at the clonotypic level, T cells of diverse phenotypes may result

from APC contact depending on context and APC specification. As we have seen,

the duration of specific APC–T cell contacts, such as in DC–T and B–T pairs, can

vary strongly, and the duration by itself may not be a good parameter for judging the

outcome of the T cell activation (Reichardt et al. 2007b). Such, stable interactions

between T cells and DC were observed in vivo which precede both the outcome of

tolerance or immunity (Shakhar et al. 2005). If duration is less of an issue, other

factors in which DC and B cells are known to differ vastly may be of greater

importance: co-stimulatory signals and cytoskeletal activity.

There is a long known role for co-stimulatory signals, in particular of the CD28/

ICOS/CTLA-4/PD-1 family of co-stimulatory molecules, in the decision making of

a T cell in developing full (pro-inflammatory) effector function versus regulation,

anergy, or systemic tolerance. While CD28 is a molecule providing positive signals,

CTLA-4 is a master negative switch of T cell activation (Rudd and Schneider

2003). The co-stimulatory molecules can differ in structural features yet share

signalling motifs and compete for recruitment towards the cSMAC (Egen and

Allison 2002). As such, the inducible co-stimulatory molecule, ICOS, shares

similar binding motifs with CD28 in its cytosplamic tail (Fos et al. 2008). The

PD-1/PD-L2 assembly exhibits distinct structural and organizational features. Even

more co-stimulatory pathways are likely to be involved in vivo. In CD28 �/� mice,

blockade of the CD40–CD40L and CD134 (OX-40)–CD134L interaction in

combination was necessary to achieve prolonged transplant survival (Habicht

et al. 2007).

The common signalling element downstream of all of these co-stimulatory

(or rather co-modulatory) molecules is PI3K. Co-stimulatory signalling via PI3K

results in recruitment of PKCy to the cSMAC. PKCy is a central player in the

mediation of T cell differentiation into Th1, Th2, Th17 effector lines and a core

component of the IS (Marsland and Kopf 2008). In fact, PKCy “follows” CD28 in

spatial distribution at the IS. Normally, following TCR activation and CD80

ligation upon productive APC contact, CD28 is recruited to the cSMAC. The

recruitment to cSMAC is a necessary step for efficient TCR signalling as defective

CD28 unable to move to the cSMAC will still recruit PKCy, yet the downstream

signalling events (NFkB activation) will be diminished (Sanchez-Lockhart et al.

2008). Within the cSMAC, PKCy was shown to cluster with CD28 in unique

compartments, which is thought to represent one core element of costimulatory

signalling (Yokosuka et al. 2008).

PKCy-mediated TCR signals also control the activity of the small GTPase Rap1,

which modulates affinity and spatial organization of LFA-1 (Bos et al. 2001;

Letschka et al. 2008). It is tempting to speculate that inefficient co-stimulatory

activity (such as that provided by naı̈ve B cells) fails to recruit CD28 and thus PKCy
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towards the cSMAC. Failure of CD28 to induce the Rap1-inactivator RAP1GAP

would lead to more active Rap1 (Rap1-GTP) which in turn would stabilize LFA-1

for enhancement of cellular adhesion and possibly enlargement of the cell–cell

interface and thus the cSMAC (Reichardt et al. 2007b).

Regulation of these processes is tight and complex. Depending on ICOS surface

expression and potentially other mechanisms, activatory or regulatory PI3K sub-

domains are recruited to the IS (Fos et al. 2008). Thus, ICOS can participate in the

control of (class 1A) PI3K signalling, a key component of T cell signalling. As for

PKCy, delayed recruitment to the IS in T cells under regulation was described

earlier (Sumoza-Toledo et al. 2006). Is a regulatory synapse “simply” characterized

by less costimulatory ligands being recruited to the IS? Naı̈ve B cells are notorious

for low surface expression of CD80, CD86 (and MHC-II) (Masten and Lipscomb

1999; Reichardt et al. 2007b). However, while a lack of CD28 may distract a T cell

from gaining full effector function, Treg may need CTLA-4 in the IS for their

functioning (Flores-Borja et al. 2008; Wing et al. 2008). In fact, CTLA-4 sounds

like the perfect candidate molecule for co-stimulation-controlled immunoregula-

tion: CTLA-4 expressed on T cells can act back on antigen-presenting DC and

induce tolerogenic behaviour (Onishi et al. 2008). In addition, as stated above, Treg

are shown to act via direct cell–cell contact, interfere with DC development, and

require CTLA-4 for their function. CTLA-4 KOmice were found to have functional

Foxp3þ Tregs, however, blocking of CTLA-4 in wt mice abrogated suppression by

Treg (Tang et al. 2004). In general, data from KO systems should be interpreted

with special care as compensation mechanisms during development cannot be ruled

out. As such, CD28 signals are potentially needed for CTLA-4 induction during

thymic T cell development in the first place (Tai et al. 2005). Again, this underlines

the complex interaction between these molecules. In addition, even if the overall

composition of the IS may differ only slightly, the kinetics of its spatiotemporal

assembly might determine the functional outcome. Thus, sophisticated imaging

studies will be required to unravel differential build up of IS towards Treg cells.

8 Concluding Remarks

In the present review we have attempted to highlight several aspects of what is

currently known about the IS formed by T-helper cells or precursors with surround-

ing, mostly antigen-presenting, cells during a life cycle of T cell generation and

function. We have put together a rough overview about the current state of the art.

Nevertheless, 10 years after the initial description of the structure the literature is so

vast, that a full review is no longer possible. Searching ‘Pubmed’ for the terms

“immunological synapse” or “immune synapse” yields almost 1,700 papers as of

Dec. 2008. This demonstrates impressively, how the field has evolved. Table 1

represents a summary of relevant information on the subject as laid out within this

review. It also serves to highlight, that despite 1,700 papers there are still many gaps

in our knowledge about individual IS formation serving distinct physiological
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functions that warrant further study and are likely to bring about fascinating

information on this key topic of immunological research.
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