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Introduction

The adaptive branch of the immune system is built on
the principle that the enemy can take any shape or form,
but will display different protein sequences from the
host. A highly flexible mechanism has evolved to recog-
nize foreign protein segments based on a developmen-
tally programmed series of transient cell-cell synapses
between T cells armed with T cell antigen receptors
(TCR) and antigen-presenting cells (APC) decorated with
peptide ligands. The ligands are composed of peptides
held in a surface groove on major histocompatibility
complex molecules (MHC-peptide) that together form
an interacting surface for the TCR (Garcia et al., 1996).
Immature T lymphocytes (thymocytes) develop with
each cell expressing one of a vast diversity of TCRs.
Thymocytes interact with epithelial and dendritic APC
in the thymus to test the interaction of the TCR with
self-MHC-peptide complexes. Thymocytes undergo
apoptosis if they express a TCR with a “strong” interac-
tion with any self-protein segment, or if there is no inter-
action with self-MHC peptide complexes. Conversely,
thymocytes proliferate and differentiate into mature T
cells if they express a TCR that has a “weak” interaction
with self-protein sequences and, hence, provide the po-
tential for stronger recognition of foreign protein se-
quences in the future. Defining “strong” and “weak”
in this context requires an understanding of how TCR
interact with MHC—-peptide complexes and how these
interactions are linked to downstream events in T cell
activation.

The activation of the mature T cell requires interaction
of the TCR and MHC-peptide complexes in a specially
organized cell-cell junction between the T cell and the
APC that has been aptly described as an immunological
synapse (Norcross, 1984; Paul and Seder, 1994). The
physical interaction of TCR with MHC-peptide com-
plexes is unique among signaling systems in that it takes
place over a continuum of kinetic parameters with differ-
ent sensitivity thresholds at different points in develop-
ment. When appropriately engaged, the TCR becomes
the epicenter for assembly of an intensively studied sig-
naling complex. The immediate and long-term response
of T cells to MHC—-peptide complexes is subject to tun-
able thresholds that are partly set in the synapse and
determine the outcomes of T cell development and the
immune response. The tuning of signaling thresholds in

*E-mail: dustin@pathbox.wustl.edu [M. L. D.], achan@im.wustl.edu
[A.C.Cl]

Review

this system is vitally important to the host since overre-
action to self-proteins can lead to crippling autoimmune
disease and underreaction to pathogen derived foreign
sequences leads to equally disastrous susceptibilities
to infection or tumors. Immature and mature T cells
exhibit differences in signaling requirements, currently
the role of the immunological synapse remains less de-
fined for the function of immature T cells.

Recent studies have emphasized the importance of
cell asymmetry, cytoskeletal dynamics, membrane or-
ganization and molecular patterning in setting thresh-
olds for the T cell activation process. Dynamic molecular
patterns can be visualized by fluorescence microscopy
in the immunological synapse (Monks et al., 1998; Wiilf-
ing et al., 1998; Grakoui et al., 1999). Shortly after contact
between the T cell and APC, a bull’s-eye pattern forms
with a central region dominated by integrins surrounded
by a ring of engaged MHC-peptide complexes (Figure
1A). Over a period of minutes this bull’s-eye inverts re-
sulting in a mature immunological synapse character-
ized by a central group of activated TCRs (the central
supramolecular activation cluster or cSMAC) that is sur-
rounded by a large ring of adhesion receptors (the pe-
ripheral supramolecular activation cluster or pSMAC)
(Figure 1B). Maintenance of this stable bull’s-eye pattern
correlates well with multiple parameters of effective acti-
vation of the T cell and the immune response. The clarity
with which the T cell uses signaling to build large supra-
molecular assemblies and the potential for differential
assembly of these complexes to dictate distinct biologi-
cal outcomes of TCR activation provide a unique oppor-
tunity to further understand this process.

Currently there are a limited number of observations
of molecular events inimmunological synapse formation
and our understanding of the molecular basis of this
process is based on an array of model systems where
the relationship to the entire process of immunological
synapse formation is not entirely clear. Nonetheless, it
is useful that the physiological T cell activation process
can be broken down into a series of discrete steps. In
some cases the model systems used to test molecular
requirements for TCR-induced morphologic alterations
relate only to one or two of these steps, rather than the
entire process. Hence, the best way to organize diverse
information about the molecular basis of immunological
synapse formation and full T cell activation is to use
these steps as an initial framework. Below we discuss
the morphologically defined stages of T cell activation
and then provide a framework for the molecular basis
of this process in terms of basic building blocks of cy-
toskeleton, membrane structure, and signaling.

Steps of Physiological T Cell Activation

The current paradigm for physiological T cell activation
can be broken down into several steps. The T cells
are first polarized (1) and attracted to potential APC by
chemoattractants. Next, polarized T cells enter into non-
antigen-specific adhesion (2) with the APC. Adhesion
receptors bring TCR and MHC into proximity in a manner
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Figure 1. Immunological Synapse Formation and Some Basic Signaling Networks Connecting Signaling and Actin Polymerization

(A and B) The pattern of MHC-peptide complexes (green) and ICAM-1 (red) in a model immunological synapse at <30 s (A) and 1 hr (B)
(Grakoui et al., 1999). The white outline is drawn to provide a scale for the T cell . Scale bar = 2 um. (C) Vaccinia signaling pathway leading
to actin polymerization. (D) A simplified view of signaling pathways leading from surface receptors to actin. The arrows reflect binding or
inductive interactions in the pathway. PLC = phospholipase C, PI-3-K = phosphatidylinositol-3-kinase; PIP; = phosphatidylinositol-3,4,5-

trisphosphate.

that determines subsequent TCR engagement and sig-
naling thresholds. The TCR is then engaged (3) by
MHC-peptide complexes. If the interaction of TCR and
MHC-peptide complexes exceeds developmentally and
environmentally determined kinetic and numerical thresh-
olds, then signaling and immunological synapse forma-
tion (4) are initiated. The synapse must be stabilized (5)
for several hours for full T cell activation. Termination
(6) of theimmunological synapse results from repolariza-
tion of the T cell to disassemble the cSMAC and migrate
away from the APC. We will discuss our current under-
standing of the mechanisms of these steps below follow-
ing introduction of two broad concepts.

The Cytoskeletal Renaissance

An important building block of the immunological syn-
apse are components of the cytoskeleton. Models for
TCR collaboration with actin have been profoundly influ-
enced by arecent surge in understanding of how surface
receptors are linked to actin polymerization. This renais-
sance has been fueled by years of biochemical and
genetic studies and in the last 10 years by an in vitro
model based on the rocketing locomotion of intracellular
pathogens and viruses in the cytoplasm of infected cells.
These studies have identified a common pathway for
actin polymerization based on recruitment and activa-
tion of the Arp2/3 complex to the membrane surface
(Higgs and Pollard, 2000). Vaccinia virus employs a tyro-

sine phosphorylated membrane protein that links to a
complex of the adaptor protein Nck and WASP, the
protein deficient in Wiskott-Aldrich syndrome, to acti-
vate the Arp2/3 complex (Frischknecht et al., 1999) (Fig-
ure 1C). As we will discuss below, the Vaccinia system
has several parallels to TCR-mediated signaling. WASP
and Arp2/3 are basic components of the actin polymeriz-
ing machinery present in all nucleated cells. However,
it is the unique ways in which these molecules are re-
cruited to receptors at the surface, and the regulation
of an array of actin binding proteins, that shape the
resulting assembilies.

Excitement about Membrane Domains

Membrane domains have become afocus in many areas
of cell biology. Ever since the introduction of fluid mo-
saic models of membranes, there has been discussion of
the idea that membranes may be organized into distinct
lateral domains with enormous potential to organize pro-
cesses such as signaling. Early evidence for membrane
domains came from fluorescence lifetime measure-
ments that identified at least two distinct environments
for fluorescent membrane probes in the plasma mem-
brane of live cells, corresponding to lipid phases with
different degrees of order of their hydrocarbon chains
(Klausner et al., 1980). Perturbation of these domains
resulted in defects in T cell activation (Richieri et al.,
1990). However, there was no concept of domain size
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or associated protein composition and these findings
were not widely exploited. Membrane domains have
taken on renewed interest in recent years due to meth-
ods for biochemical analysis, the association of mem-
brane domains with specific functions, and the ability
to manipulate the domains (Brown and London, 2000).
A particularly interesting type of membrane domain
termed membrane rafts, detergent insoluble domains
(DIGs), or glycolipid enriched microdomains (GEMs) is
relatively ordered compared to the bulk of the plasma
membrane. This domain is enriched in cholesterol, gly-
cosphingolipids, glycosylphosphatidyl inositol linked
membrane proteins, and a variety of acylated cyto-
plasmic proteins, and occupies roughly 10% of the cell
surface. Many important molecules in T cell signaling
are localized to these domains as will be discussed
below. Notably, 3,4,5 and 4,5 phosphorylated forms of
phosphatidylinositol that form binding sites for plecks-
trin homology (PH) domains may also be concentrated
in GEMs (Bunnell et al., 2000). One current idea is that
the GEMs are very small in resting cells with only a few
membrane and peripheral proteins on board each GEM
that may readily coalesce during signaling in response
to receptor crosslinking (Sheets et al., 1999). The ener-
getics of forming these domains is likely to be highly
dependent on proteins in a manner that is still not well
understood. However, GEMs have become an important
organizational principle in many signaling models and
will be discussed extensively below in terms of TCR
signaling and immunological synapse stabilization.

Step 1: T Cell Polarization

The immunological synapse is a provisional structure
that is transiently established in response to the appro-
priately processed antigen in the form of an MHC-
peptide complex on activated APC, such as a dendritic
cell. The T cell must first encounter the dendritic cell,
usually in a secondary lymphoid tissue. Our current un-
derstanding of the migration patterns of mature T cells
and activated dendritic cells provides a mechanism for
this encounter (Forster et al., 1999). Chemokines, such
as secondary lymphoid tissue chemokine (SLC), trigger
both naive and some memory T cells to pass through
high endothelial venules to enter the T cell area of lymph
nodes. At the same time, SLC attracts activated den-
dritic cells from the tissues into lymphatics that allow
these cells access to T cell areas of lymph nodes where
the dendritic cells extend an elaborate web of membrane
processes to facilitate contact with many T cells. This
migration pattern brings these cells into the same arena,
but chemokines also induce important changes in the
T cell that are critical for immunological synapse for-
mation.

Chemokine receptor signaling shares components
with TCR signaling, but is very different in its kinetics
and function (Figure 1D). Chemokine receptor signaling
in the context of polarity and migration is fast and tran-
sient, in contrast to TCR signaling that is sustained over
hours. Chemokine receptors are members of the trans-
membrane serpentine family of receptors, which are
linked to heterotrimeric G proteins. Chemokine binding
releases the Ga, subunit and unmasks an effector bind-
ing site on GBvy subunits. The activated By subunits

recruit a number of signaling components involved in
stimulating Ca?" mobilization (phospholipase C), lipid
phosphorylation (phosphatidylinositol-3-kinase), and acti-
vation of Rho family G proteins involved in actin cy-
toskeletal regulation (Servant et al., 2000). The duration
of GBvy activation and effector function is regulated by
the time required for guanine nucleotide hydrolysis by
the Ga subunit, which in turn is regulated by regulators
of G protein signaling (RGS) proteins. The G protein
subunits are differently lipid modified. The Ga subunit
is palmitoylated so that it may preferentially partition
into ordered phases like GEMs, whereas the vy subunit
is prenylated so that it may preferentially partition into
disordered domains (Moffett et al., 2000). The functional
significance of this differential partitioning is not known.

The initial response to chemokine receptor signaling
is rapid actin polymerization and myosin Il activation,
which has the effect of increasing cytoskeletal tension
(Elson et al., 1990). However, this initial “cringe” re-
sponse polarizes the cell such that the microvilli and
large glycoproteins such as CD43 are transported to the
trailing pole of the cell known as the uropod along with
the microtubule organizing center (MTOC). As impor-
tantly, dynamic actin-based protrusions emerge from
the gradient front (Weiner et al., 1999). In the presence of
an adhesive substrate, activation of adhesion receptors
may stabilize cell polarization and locomotion. The ac-
tin-based protrusions that define the leading edge of
the polarized T cell have the same, if not less, numbers
of TCR than the trailing edge, but the TCR in the leading
structures is vastly more sensitive to engagement by
either MHC-peptide complexes or anti-TCR antibodies
(Wei et al., 1999). Thus, polarized T cells have actin-
based protrusions that are highly reactive to MHC-
peptide complexes. The step of cell polarization pre-
pares the T cells for antigen recognition even before
they touch an APC.

Step 2: Adhesion

It is well documented in vitro and in vivo that T cell
activation requires activity of adhesion receptors. Adhe-
sion receptors are used for physical anchorage and to
provide feedback to the cell about its environment, thus
adhesion and signaling are essentially inseparable
(Springer, 1990). The abundance of appropriate MHC-
peptide complexes is too low to mediate significant ad-
hesion. Therefore, adhesion receptors are required for
efficient TCR engagement. There are several classes of
adhesion receptors that are thought to be important on
T cells. These include integrin family members like LFA-1
interacting with binding partner ICAM-1 and VLA-4 inter-
acting with VCAM-1 and immunoglobulin superfamily
members like CD2 interacting with CD58 (human) or
CD48 (rodent), and CD28 interacting with CD80 or CD86.
All of these molecules are implicated in both physical
adhesion and signaling in multiple studies. The corecep-
tors CD4 and CD8 are also members of the immunoglob-
ulin superfamily that appear to have roles in both adhe-
sion and signaling by binding to nonpolymorphic regions
of MHC class Il and | molecules, respectively, following
TCR engagement. The activation of adhesion receptors
is also related to cellular polarization. It is most likely that
T cells are more sensitive to MHC-peptide complexes at
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the leading lamellipodium because adhesion receptors
are also more active in these regions (Schmidt et al.,
1993). This increased activity can be attributed to an
accelerated cytoskeletal response to ligand-coated sur-
faces as revealed in studies on fibroblasts.

Adhesion receptors interact with ligands with very low
affinity, so effective interaction is dependent on align-
ment of apposing membranes to achieve a high two-
dimensional affinity (Dustin et al., 1997). Two-dimen-
sional affinity is the physiological affinity for an adhesion
receptor or TCR interaction that is expressed in units
of surface density such as molecules/pum? The ratio of
the two-dimensional affinity to the entropy-corrected
solution affinity is the confinement length (o). o is the
average fluctuation in the distance between apposed
membranes in the contact area. For example, the inter-
action of CD2 and CD58 adhesion receptors holds mem-
brane at an optimal distance of approximately 15 nm
based on the crystal structure (Wang et al., 1999), but
with a o of 5 nm. o can be smaller or larger than the opti-
mal separation between membranes based on the rela-
tive order of the interacting membranes and the forces
that act to prevent the optimal spacing between mem-
branes such as glycocalyx repulsion. A corollary of two-
dimensional affinity is that adhesion receptors that are
of similar size may cooperate locally and coexist in the
same domain, while adhesion receptors of different
sizes must segregate laterally (van der Merwe et al.,
2000). To take the CD2 example again, it was predicted
that the 15 nm span of CD2/CD48 interaction would
establish the ideal environment for efficient TCR interac-
tion with ligands and that disrupting this relationship
by making CD48 4-8 nm larger would decrease T cell
sensitivity to antigen. It was found that normal CD48
increased T cell sensitivity to antigen, while larger forms
of CD48 were potent inhibitors to T cell activation and
productive TCR interaction with MHC-peptide com-
plexes (Wild et al., 1999). These experiments indicate
that the unnaturally long CD2-CD48 interaction “stiff-
arms” the TCR away from the MHC—peptide complexes,
thus blocking the initial TCR engagement. It has been
demonstrated that sites of LFA-1/ICAM-1 interaction
(nominal distance 40 nm) and CD2/CD58 interaction
(nominal distance of 15 nm) segregate in contact areas
(Dustin et al., 1998). Thus, adhesion receptor size de-
fines an architectural element of the immunological
synapse.

Another effect of adhesion receptors is in the linkage
of actin-based protrusions to integrin-mediated adhe-
sion. We have observed that integrin-mediated adhesion
is linked to generation of protrusions adjacent to the
adhesive sites that force close contact between plasma
membrane and the substrate (Grakoui et al., 1999). The
molecular mechanism of this process may involve actin
binding proteins of the Ena/VASP family as demon-
strated for establishment of cell-cell contacts in epithe-
lial cells (Vasioukhin et al., 2000). These proteins have
been implicated in slowing fibroblast migration, and this
may have to do with the use of these proteins to divert
adhesive energy to sensory, rather than movement, ac-
tivities (Machesky, 2000). It is of interest then that Ena/
VASP family proteins are linked to the TCR by specific
proteins, including the src family kinase fyn and the fyb/
SLAP adaptor molecule (Krause et al., 2000).

An important aspect of adhesion receptor function is
that it is regulated by TCR (Dustin and Springer, 1989).
The mechanism of this positive feedback is still not
completely understood. Initially it was thought that sig-
nals from the cytoplasm would directly regulate integrin
affinity through a process of inside-out signaling. How-
ever, studies from many labs have failed to identify such
signaling for the key adhesion receptor LFA-1. It appears
now that adhesion receptor regulation by chemokine or
TCR signals is quite subtle, but provides an even more
powerful mechanism for integrating adhesion and sig-
naling. In the current model LFA-1 on the resting lympho-
cytes is held still on the surface by an actin-based cy-
toskeletal interaction that prevents it from cooperating
with its neighbors to form adhesive clusters. This is the
low-avidity form of LFA-1 that maintains the nonadhe-
sive state of circulating lymphocytes. Upon activation
of the T cell by chemokines, the LFA-1 is freed from this
interaction and can diffuse locally, an unexpected form
of inside-out signaling based on manipulation of mem-
brane protein dynamics (Kucik et al., 1996). This allows
molecules to congregate at ICAM-1-rich interfaces with
other cells to nucleate adhesive clusters (Lub et al.,
1997). Interaction with ICAM-1 induces a conformational
change in LFA-1 that initiates a poorly understood sig-
naling cascade, an outside-in signal, that induces new
cytoskeletal interactions that reinforce adhesion. The
ligand-induced conformational change also produces a
higher affinity for ligand, which may provide more time
forinitial pioneering interactions to recruit receptors and
binding partners into an adhesive cluster. The physical
mechanism by which the new cytoskeletal interactions
stabilize adhesion may include promoting increased
membrane alignment and thus higher two-dimensional
affinity. Ligand-induced cytoskeletal association has
not been demonstrated in lymphocytes due to the tech-
nical difficulty of working with these cells, but has been
shown in fibroblasts that offer experimental advantages
(Felsenfeld et al., 1996). In the current model, the affinity
change is not used to increase ligand binding directly
at the level of single receptor-ligand pairs, but is used
to link ligand binding to signaling and a cytoskeletal
response to promote adhesion at the higher organiza-
tional level of forming an adhesive cluster. These adhe-
sive clusters are the raw material for cell locomotion
and the adhesive element of the immunological synapse.

The specific cytoplasmic proteins that mediate the
cellular response to ligand-induced changes in integrins
are not well defined. Protein tyosine kinases (PTKs) of
the Syk family and the Rho family guanine nucleotide
exchange factor Vav are implicated in regulation of in-
tegrin activity (Mainiero et al., 2000) (Figure 1D). Integrin-
based adhesive structures known as podosomes are
enriched in actin polymerizing machinery including
WASP and the Arp2/3 complex, which are likely to be
downstream of Syk and Vav, and will induce local actin
polymerization (Linder et al., 2000). Finally, PI3K is re-
quired to generate PIP, for activation of WASP and actin
polymerization. A complex of Src family PTKs, PI3K, and
the tyrosine phosphatase SHP-1 has been implicated
in regulation of integrin function in leukocytes (Roach et
al., 1998). The genetic deficiency of SHP-1 in motheaten
mice results in hyperadhesiveness of leukocytes and a
profound inflammatory disease. Many of these same
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molecules are implicated in TCR signaling and dynamics
following activation.

Step 3: Initial TCR Engagement
TCR engagement is both remarkably sensitive and flexi-
ble. A few foreign MHC-peptide complexes are suffi-
cient to activate a T cell. These interactions have affini-
ties in the 107¢ M range and half-lives on the order of 5
s (Matsui et al., 1994). The interactions between TCR
and self-MHC that are required for positive selection
of thymocytes and survival of mature T cells are more
transient and are very difficult to measure (Boniface et
al., 1999). Explaining how these very weak molecular
interactions lead to biological responses is likely to re-
quire more than membrane alignment and simple two-
dimensional affinity. One mechanism to increase sensi-
tivity is to increase the valency of the interactions.

Multivalent interactions are likely to have an advan-
tage in terms of affinity and dissociation kinetics in cell-
cell interfaces. It is well known that the multivalency
of soluble receptors, such as antibodies, increases the
binding avidity for cell surface ligands by suppressing
dissociation of the antibody from the ligand-coated sur-
face. Although there are many molecular interactions
linking two adherent surfaces, transient molecular inter-
actions in the interface are not protected from dissocia-
tion as long as they are moving independently in the
membrane. This opens the possibility of increasing inter-
action strength by preclustering receptors. If, for exam-
ple, the TCR and MHC-peptide complexes were initially
located in complementary preformed clusters on the
surface of the T cells and APC, respectively, then much
weaker interactions could produce stable binding of one
TCR cluster to an apposing MHC-peptide cluster. This
is because following association, the dissociation of the
clusters from each other would require simultaneous
release of all interactions. The time required for dissocia-
tion of the entire array would then be the key parameter
that determines the response. Positive selection or sur-
vival signals would then result from a basal multivalent
interaction that might induce some local rearrange-
ments to assemble signaling complexes. The inclusion
of even one foreign MHC-peptide complex with alonger
half-life in the self MHC—peptide cluster could induce a
significant increase in the time the TCR and MHC clus-
ters remain associated to assemble more complete sig-
naling complexes toward fully activating the T cell. This
would suggest an important role for self-MHC-peptide
complexes in the sensitive response to agonist MHC-
peptide complexes. Currently, there is no direct support
for this, but there are provocative early indications.
Thereis evidence that MHC class | and class Il molecules
exist in arrays on the surface of APC based on GEMs
(Szollosi et al., 1996; Anderson et al., 2000). It has re-
cently been suggested that these arrays include the
ligands for CD28 (Turley et al., 2000). There is also evi-
dence that TCR and CD2 are associated with GEMs
(Yashiro-Ohtani et al., 2000). Understanding the molecu-
lar organization of the TCR and MHC-peptide com-
plexes on the surface will be an area of intense activity
in the near future.

Models for TCR engagement initially focused on the
idea that each receptor was internalized following en-

gagement (Valututti et al., 1995). This model explains
the ability of a small number of MHC-peptide complexes
to cause degradation of a larger number of TCR in the
responding T cell. An alternative model has emerged,
based on observations of stable MHC-peptide and
TCR accumulations in the immunological synapse and
SMACs (Monks et al., 1998; Grakoui et al., 1999; Johnson
et al.,, 2000). This model is based on formation of a
metastable structure in which many TCR are engaged
in parallel. Parallel engagement provides a clear mecha-
nism for sustained signaling that is essential for full T
cell activation (Dustin and Cooper, 2000). The use of
GFP tagged MHC molecules has permitted the tracking
of molecules on the surface of interacting cells (Wlfing
et al., 1998; Krummel et al., 2000). However, the distribu-
tion of these molecules is regulated by multiple factors
and likely is more complex than any particular binary
interaction. This problem will be even more complex if
it turns out that arrays of receptors are the basic unit
of interaction. However, fluorescence imaging technolo-
gies such as resonance energy transfer, in conjunction
with fluorescent proteins and non-function-blocking Fab
fragments of monoclonal antibodies should facilitate dy-
namic analysis of these membrane assemblies.

Step 4: TCR Signaling and Immunological

Synapse Formation

Engagement of the TCR by MHC-peptide to assembly
of signaling complexes, generates multiple second mes-
sengers, and induces cytoskeletal changes required to
stop the migration of the T cells (the stop signal). The
connection between T cell movement and signaling is
likely to be critical for an in vivo response where
the contact between rare antigen-specific T cells and
APC that have encountered antigens in the periphery
must be preserved (Ingulli et al., 1997). Therefore, some
early second messengers including Ca?* increases and
changes in inositol phospholipid metabolism may focus
on control of immunological synapse formation to lay
the foundation for sustained signaling and full T cell
activation, which requires transcriptional activation (Fig-
ure 1D, Figure 2). The cytoskeletal events linked to early
TCR signaling and the stop signal are the polymerization
of actin at the interface between the T cell and APC and
reorientation of the MTOC from the uropod to just under
the contact interface. Movement of the MTOC is also a
marker for movement of the Golgi apparatus so that
constitutive and regulated secretion are directed at the
immunological synapse (Kupfer et al., 1991). We would
argue that proximal early signaling events not only initi-
ate communication with nuclear processes, but regulate
the actin cytoskeleton, which in turn lays a foundation
for sustained signaling and IL-2 production based on
cell polarization and formation of well defined supramo-
lecular activation clusters within the immunological
synapse.

Generation of these second messengers involves the
sequential activation of three distinct families of protein
tyrosine kinases (PTKs)—the Src, Syk, and Tec families
of PTKs. The CD4 and CD8-associated Lck, as well
as the Fyn PTK (members of the Src family of PTKs),
phosphorylate the two tyrosine residues within the im-
munoreceptor tyrosine-based activation motif (ITAM)
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Figure 2. Model for Molecular Assembly in the Immunological Synapse

The bottom membrane is the T cell plasma membrane and the top membrane is the APC membrane. Green regions of membrane are rafts,
which are initially very small. Engagement by MHC-peptide complexes induces TCR oligomer formation and coalescence of rafts into larger
structures incorporating CD4 and LAT. Transphosphorylation by Lck and ZAP-70 initiate assembly of a signaling complex with ties to second
messengers and actin. The signals originating from the immunological synapse are integrated at the level of the plasma membrane and in
the nucleus to determine key events of T cell activation. Small yellow circles represent tyrosine phosphorylated residues, the small red ovals
are GTP bound to GTPases, and the purple rectangle in the membrane are inositol phospholipids. The processes depicted are spread over
different TCR complexes for pictorial clarity. The actual organization of complexes regulating Ca?*, NF-kB, Map kinases (MAP-K), and Actin

remains to be determined.

encoded within each of the TCR signaling modules.
Crosslinking of chimeric receptors with cytoplasmic do-
mains solely encoding the TCR{ or € ITAMs is sufficient
not only for the generation of second messengers that
are induced following TCR crosslinking, but also for
MTOC polarization and actin polymerization (Letourneur
and Klausner, 1992; Lowin-Kropf et al., 1998).

Src family PTKs are regulated by an intramolecular
interaction between the SH2 domain and a C-terminal
phosphotyrosine that keeps the kinases in an inactive
conformation. The C-terminal inhibitory site (505 in Lck)
is phosphorylated by the c-Src kinase (Csk), and this
phosphate is removed by the CD45 protein tyrosine
phosphatase. Tyrosine phosphatases are not highly
specific for particular substrates, so CD45 also inacti-
vates Ick by dephosphorylating the 394 autophosphory-
lation site (D’Oro and Ashwell, 1999). CD45 is likely to
be regulated by two processes: dimerization and local-
ization. Dimerization of CD45 inhibits phosphatase ac-
tivity (Mejeti et al., 1998). CD45 is excluded from GEMs
based on biochemical studies (Rodgers and Rose,
1996). Beyond GEMs, the location of CD45 in the immu-
nological synapse has been controversial and highlights
the complexity of assigning subcellular localization
based on fluorescence microscopy alone. Two studies
with cell-cell systems have demonstrated that CD45 is

present in the immunological synapse at some times
(Sperling et al., 1998), while being excluded from the
synapse at other times (Leupin et al., 2000). A kinetic
study revealed initial exclusion of CD45 from the central
area of integrin engagement, followed by transport of
CD45 back to the vicinity of the cSMAC, possibly in
endosomal structures (Johnson et al., 2000). The mecha-
nism of CD45 movement in the immunological synapse
is not known. One possibility is that CD45 may be ex-
cluded from the contact based on the size of its ectodo-
main (van der Merwe et al., 2000).

There is also an indication that Csk compartmentaliza-
tion may play an important role in T cell activation based
on studies of the docking protein Phosphoprotein-asso-
ciated with glycosphingolipid-enriched microdomains
(PAG) or Csk binding protein (CBP) (Brdicka et al., 2000;
Kawabuchi et al., 2000). This GEM localized docking
protein is phosphorylated in resting T cells and binds to
the SH2 domain of Csk. PAG/CBP is dephosphorylated
following TCR engagement and presumably releases
Csk from the plasma membrane/GEM compartment
(Brdicka et al., 2000). In turn, Csk would be sequestered
away from Lck and other Src-PTK targets. Consistent
with this model, the Csk SH2 domain is required for its
ability to attenuate TCR activation, where cells express-
ing a mutant Csk molecule with a nonfunctional SH2
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domain can be rescued by targeting the SH2 mutant to
the plasma membrane (Cloutier et al., 1995; Brdicka et
al., 2000; Kawabuchi et al., 2000). Thus, at least two
factors may modulate Lck activation in forming the im-
munological synapse: CD45 exclusion from the contact
site and Csk release from its GEM localized docking
site.

Phosphorylation of both tyrosine residues within the
TCR ITAM mediates the binding of ZAP-70 and Syk
(members of the Syk-family of PTK) with the phosphory-
lated receptor. TCR activation through formation of a
TCR-MHC-CD4/CD8 ternary complex, in turn, colocal-
izes Src and Syk, as well as Tec, families of PTKs with the
activated receptor to induce their enzymatic activation.
Loss of any of the three families of PTKs abrogates
normal T cell development and function (Cheng and
Chan, 1997; Yang et al., 2000). Similarly, T cell lines
lacking Lck or expressing a dominant-negative form of
ZAP-70 are unable to polarize the MTOC following TCR
crosslinking (Lowin-Kropf et al., 1998). Thus, it appears
that the sequential activation for Src and Syk families
of PTKSs is required not only for the generation of second
messengers, but also for normal cytoskeletal reorgani-
zation following T cell activation. While Syk protein tyro-
sine kinases interact with the phosphorylated receptor
encoded ITAMs, their subcellular localization relative
to the maturing synapse remains unclear. Furthermore,
while membrane localization of the PTKs is similarly
required for efficient TCR activation, additional studies
are required to define their localization relative to the
immunological synapse.

The enzymatic activities of these three PTK families
are required to phosphorylate a growing number of
linker proteins that function as scaffolds to localize and
assemble signaling complexes. Most notable are the
SH2-containing leukocyte protein of 76 kDa (SLP-76)
and the transmembrane Linker for Activation of T cells
(LAT) (Myung et al., 2000; Zhang et al., 2000). Moreover,
these linker proteins are required for the coordinate acti-
vation of a diverse number of signaling pathways. Phos-
phorylation of multiple tyrosine residues within the cyto-
plasmic tail of LAT provides docking sites for the binding
of PLCy1 (required for Ca?* increases), the Grb2 and
GRAP adaptor molecules (implicated in Ras activation),
and the Gads adaptor protein (also known as GrpL,
Mona, Grid, Grblg, Grb2L, and Grp40) (Liu and McGlade,
1998; Zhang et al., 2000). The latter interacts with a
number of proteins including SLP-76 and facilitates the
translocation of SLP-76 containing signaling complexes
to the GEMs (Liu et al., 1999). Tyrosine phosphorylation
of SLP-76 also permits the assembly of macromolecular
complexes involving the Vav guanine nucleotide ex-
change factor and the Nck adaptor protein (see below).
Hence, the appropriate tyrosine phosphorylation of
these linker proteins by the TCR-activated PTKs is re-
quired to coordinate signaling pathways and normal T
cell function.

TCRs are transported from the initial site of engage-
ment to the center of the synapse by a remarkable,
active process. This process proceeds from the first
seconds following contact to 5 or 10 min when formation
of the cSMAC is complete. This process overlaps almost
completely in time with the period of most profound
tyrosine phosphorylation of TCR-associated compo-

nents and the highest levels of Ca®* signaling. The for-
mation of the cSMAC has a basic resemblance to the
process of capping first described in the 1970s (Unanue
et al., 1972). The major difference is that immunological
synapse formation requires continued coordination of
TCR engagement and adhesion during formation of the
cSMAC, while capping is triggered by high-affinity anti-
body cross-linking and typically does not require adhe-
sion receptor engagement. It should be noted that in
vitro coengagement of adhesion receptors and TCRs
with antibodies can enhance signaling, but this process
is most likely different from immunological synapse for-
mation. At this time, most of the studies that dissect the
molecular mechanism of TCR movement during signal-
ing have focused on the more accessible capping of
TCRs with antibody crosslinking. This is likely to provide
a good model for the generation of actin and myosin
activation by TCR signals, but less physiologic for TCR
engagement or the coordination of the TCR signaling
with adhesion.

The movement of TCR on the surface at the peak
of TCR signaling is correlated with the linkage of TCR
signaling to actin polymerization and cytoskeletal reg-
ulation. This is likely to involve activation of Rho fam-
ily GTPases by guanine nucleotide exchange factors
(GEFs), such as Vav, which is tyrosine phosphorylation
by the Src and Syk PTKs rapidly after TCR engagement
(Crespo et al., 1997). Using purified Vav and heterolo-
gous expression systems it has been shown that tyro-
sine phosphorylation of Vav contributes to the activation
of Rac and Cdc42 GDP/GTP exchange (Han et al., 1997).
Rac plays a critical role in actin polymerization and the
formation of lamellipodia and membrane ruffles; Cdc42
mediates the formation of filopodia. Consistent with the
importance of Rho family GTPases in cytoskeletal reor-
ganization, vavi™" T cells are unable to form actin
patches or receptor caps following TCR crosslinking
(Fischer et al., 1998; Holsinger et al., 1998). In addition,
expression of mutant Cdc42 molecules in T cells inter-
feres with MTOC formation and actin polymerization
following receptor activation (Stowers et al., 1995). The
activation of members of the Rho family of GTPases is
an essential component for actin polymerization and
receptor aggregation. Recent data indicates that Rho
family members may have additional roles in regulating T
cell differentiation and development. For example, Rac2
has been shown to be specifically expressed during
differentiation of T cells to a Th1 proinflammatory pheno-
type (Li et al., 2000). In these cells, Rac2 has a specific
role in transcriptional activity of interferon-y promoters
and rac2~~ mice demonstrate attenuated production of
interferon-v. In addition, inhibition of Rho function in the
thymus results in an arrest at the earliest stages of T
cell development (Costello et al., 2000). Additional stud-
ies will be required to determine the role of these small
G proteins in immunological synapse formation.

Phosphorylation of multiple tyrosine residues on SLP-
76 creates docking sites that bind distinct SH2 domain
containing molecules, including Vav and Nck (Bubeck
Wardenburg et al., 1998). The activation of Vav and the
subsequent generation of GTP-bound forms of Rho-
GTPases regulates a number of proteins that mediate
reorganization of the actin cytoskeleton. Since Nckinter-
acts with both Pak and WASP, two proteins that are
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dependent on Rho family GTPase activation, this scaf-
folding is required for the colocalization of the activated
GEF, Vav, with the Rho-GTPase-dependent Pak and
WASP molecules to regulate Pak activation and actin
polymerization. While Pak has been implicated in cy-
toskeletal reorganization and colocalizes with focal ad-
hesions in fibroblast cell lines (Harden et al., 1996), its
function in T cell cytoskeletal reorganization remains
undefined. A potentially important pathway involves ac-
tivation by Pak of LIM-kinase and myosin light chain
kinase to modulate the actin cytoskeleton.

WASP also functions in a Rho-dependent fashion (Ro-
hatgi et al., 1999). As mentioned above, WASP, the mo-
lecular defect in the Wiskott-Aldrich syndrome (WAS),
interacts with WIP and the Arp2/3 complex to induce
actin nucleation, a process which can be regulated by
both Cdc42, PI(4,5)P, and Grb2. Patients with Wiskott-
Aldrich syndrome as well as wasp~~ murine T cells dem-
onstrate defective T cell proliferative capacities and re-
ceptor capping following TCR crosslinking (Snapper et
al., 1998). In addition, missense mutations within WASP
that interfere with WIP-WASP interactions have been
described in WAS patients and further support the func-
tional significance of the WASP/WIP complex in T cell
function (Stewart et al., 1999). While the GEF that con-
tributes to WASP function has not been fully defined,
Vav appears a likely candidate as vav”/~ T cells also
demonstrate capping defects following TCR crosslink-
ing, though other Pak-associated GEFs, such as PIX,
may also regulate the cytoskeleton (Manser et al., 1998).
In addition, SLP-76, which interacts with Vav and Nck,
also interacts with tyrosine phosphorylated FYB/SLAP-
130 (da Silva et al., 1997). The latter has been described
to localize at the receptor cap with WASP and Arp2/3,
and inhibition of binding between FYB/SLAP-130 and
Eva/VASP or WASP/Arp2/3 complexes impairs TCR-
dependent actin polymerization (Krause et al., 2000).
However, while vav - T cells also exhibit multiple signal-
ing defects in Ca?*, Erk, JNK, and NF-kB activation (Cos-
tello et al., 1999), wasp™~ T cells exhibit normal Erk
and JNK activation, and only a 20% reduction in TCR-
induced increase in Ca?". Hence, there appear to be a
subset of Vav effectors that selectively regulates the T
cell cytoskeleton.

The initial observation that PKCH is preferentially de-
tected in the center of the SMAC following TCR engage-
ment raised the possibility of its role in T cell function
(Monks et al., 1998). In fact, PKC6 is biochemically and
functionally associated with Vav (Villalba et al., 2000).
Whereas Vav plays an important role in activation of
multiple TCR-mediated signaling pathways, PKC6 ap-
pears to be involved primarily in transcriptional regula-
tion. PKCO~~ T cells demonstrate a selective defect in
NF-«B activation (Sun et al., 2000). Though cytoskeletal
reorganization in PKC6~~ T cells was not examined,
a recent study using overexpression of constitutively
active and dominant-negative mutants of PKC6 in Jurkat
T cells failed to demonstrate any defects in TCR-induced
actin polymerization (Villalba et al., 2000). Therefore, it
appears unlikely that PKC6 is required for synapse for-
mation. On the other hand, it is possible thatimmunolog-
ical synapse formation will be required to activate PKC6.
Further study is required to better define the mechanism

of PKC# activation and recruitment to the immunological
synapse and its potential selective targets.

The other cytoskeletal component that is likely to play
an important role in transport of TCR to the center of
the immunological synapse is myosin Il. Activation of
myosin Il is required for antibody dependent capping
and for actin based cell locomotion (Braun et al., 1978).
These actions of myosin Il are based on its ability to
contract actin gels in a manner that can move actin-
associated receptors in a polarized fashion in the plane
of the plasma membrane. Myosin Il is activated by myo-
sin light chain kinase which, in turn, is activated by a
Ca?*/calmodulin based mechanism. Myosin light chain
kinase is also influenced by other kinases; for example,
it is inhibited by Pak. Myosin Il also contributes to long
range receptor transport from the free surface of the T
cell into the contact area within a few minutes of initial
T cell activation (Wilfing and Davis, 1998). Therefore,
there are ingredients in the acutely activated T cell to
orchestrate cSMAC formation based on actin polymer-
ization from the engaged TCR and myosin Il activation.

Step 5: Stabilization

Duration of signaling is also a critical parameter for T
cell activation. The maintenance of the immunological
synapse over many hours may be promoted by molecu-
lar changes during maturation of the immunological syn-
apse. For example, the MHC-peptide complexes accu-
mulated in the cSMAC are held tightly as measured
by fluorescence photobleaching recovery experiments
(Grakoui et al., 1999). This was surprising since the intrin-
sic interaction of the TCR and MHC-peptide complex
is transient and would not be expected to prevent MHC-
peptide exchange in the immunological synapse. This
locking of the MHC-peptide complex suggests forma-
tion of a higher order structure and may be related to the
lateral interactions of TCR and MHC molecules following
ligand binding (Reich et al., 1997). Alternatively, the re-
cruitment of more rigid lipid rafts to the T cell and APC
sides of the immunological synapse may contribute to
stabilization (Figure 2). Stabilization of phosphotyrosine
signals has been associated with the recruitment of
GEMs to the interface between T cells and anti-TCR
coated beads triggered by coligating the costimulatory
molecule CD28 (Viola et al., 1999). While the nature of
the signals that are generated from the stable immuno-
logical synapse is not as well understood as the early
signals described above, itis clear that sustained signal-
ing (up to 20 hr) is necessary for full T cell activation
(lezzi et al., 1998).

The association of TCR signaling components with
GEMs may provide insights into requirements for stabili-
zation of the immunological synapse. The more rigid
platform provided by GEMs may increase the stability
of signaling complexes by increasing cooperation of the
multiple transient interactions on which these com-
plexes are built (Felder et al., 1993). While the TCR in
resting cells are weakly associated with GEMs, accumu-
lating evidence suggests that molecules important in T
cell activation, as well as the TCR itself, traffic into these
microdomains following receptor engagement. More-
over, molecules such as CD4, PAG, Lck and LAT, which
are palmitoylated, are preferentially detected within
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GEMs. Expression of a nonpalmitoylated mutant of Lck
or atransmembrane chimera with a non-S-acylated form
of Lck, and hence unlikely to reside in GEMs, is unable
to mediate TCR-activation of a number of downstream
signaling pathways (Janes et al., 1999). Similarly, GEM
localization of LAT is also required for TCR-mediated
signaling events (Zhang et al., 1998). The ability of tyro-
sine phosphorylated LAT to bind and assemble signaling
complexes as discussed above within these GEMs sug-
gests that targeting of signaling complexes to these
domains represents an important feature of T cell activa-
tion. Two recent studies of thymocytes demonstrate that
LAT tyrosine phosphorylation and the movement of the
TCR and ZAP-70 into GEMs is correlated with Erk activa-
tion and T cell development (Werlen et al., 2000).

While providing a more rigid platform, the GEMs may
also help organize competing or antagonistic pathways
to sustain TCR signaling and maintenance of the immu-
nological synapse. The localization of signaling com-
plexes to these microdomains may sequester signaling
complexes from negative regulatory proteins, such
as protein phosphatases including CD45. Additionally,
these domains are enriched for a variety of cytoskeletal
components including actin. Hence, the assembly of
signaling complexes within these domains may also lo-
calize proteins such as Vav and WASP with their binding
partners to facilitate cytoskeletal reorganization. It has
been demonstrated recently that GEMs may also nucle-
ate actin polymerization in a manner dependent on PIP,,
tyrosine phosphorylation, WASP, and the Arp2/3 com-
plex (Rozelle et al., 2000).

GEMs may also provide a structural basis for forma-
tion of TCR and MHC-peptide arrays to enhance the
avidity of interactions as described above. While more
ordered lipids are a prominent feature of GEMs, it is
likely that proteins also regulate the formation of these
structures. For example, these proteins may organize
the TCR and CD2 on the T cell and MHC-peptide com-
plexes and GPIl-anchored proteins like CD48 on the APC
to provide a more stable platform for the receptor inter-
actions. It has been suggested that antigen processing
in the APC may lead to organization of MHC class |
and class Il molecules into GEMs along with CD80, the
binding partner for the T cell signaling molecule CD28.
While there is currently no evidence that the CD28 coex-
ists with GEMs in the T cell membrane, the interaction
of CD28 with CD80/MHC arrays may translocate CD28
into proximity of the TCR within GEMs to initiate CD28
synergism with the TCR. CD28 coengagement with the
TCR results in more sustained tyrosine phosphorylation
of TCR itself and of Vav (Tuosto and Acuto, 1998). The
localization of adhesion receptors in the mature immu-
nological synapse may have a profound impact on the
potential of these receptors to regulate T cell activation.
Interestingly, CD28 interactions with CD80 are fre-
quently clustered in the center of the immunological
synapse, while CD2 interactions with CD48 often accu-
mulated in a unique supramolecular cluster (Grakoui et
al., 1999).

Step 6: Termination
The termination of immunological synapse formation
occurs in the time frame of 24-48 hr in vivo (Ingulli et

al., 1997). Effector T cells in vitro terminate interactions
more rapidly and this process has been observed. The
ability to sustain the immunological synapse appears to
depend not only on the number of MHC—-peptide com-
plexes engaged, but on how they are organized. Poorly
organized synapses are observed to spontaneously ter-
minate in the time frame of 30 min. After which the T
cell acquires a new polarity or direction that can be
identified based on the pattern of adhesion receptor
engagement. The T cell moves away from the site and
the cSMAC is degraded or shed. The signals that focus
T cell polarity on the synapse, involving proteins like
Cdc42 (Stowers et al., 1995), are likely to be critical to
sustain synapses in vivo. In support of this it has been
observed that integrin-mediated adhesion at points on
the T cell outside the synapse can disengage the syn-
apse when polarity is not maintained by active TCR
signaling.

There have been a number of in vitro observations
that report mobility of T cells over APC during antigen
presentation (Underhill et al., 1999). This movement sug-
gests that the structure of the immunological synapse
is not well maintained in these interactions, although
this has not been directly examined. It is possible that
the behavior of T cells on professional APC may be
regulated by a number of local factors. For example,
chemokine gradients can disrupt immunological syn-
apse formation and it is possible that T cells attaching
to cultured macrophages may face a complex land-
scape of TCR interactions and local chemokine gradi-
ents (Bromley et al., 2000). This could be an important
factor if a T cell enters a tissue with many antigen-
positive cells. The ability of the T cell to navigate in such
a tissues space would be dependent on the ability of
some guidance signals to override the TCR stop signal.
In addition to chemokines, collagen extracellular matrix
also promotes more dynamic interactions of T cells and
APC (Gunzer et al., 2000). In lymph nodes key chemokine
receptors are likely to be desensitized as the T cell pas-
ses through the high endothelial venules and the T cell-
APC interaction is sequestered from extracellular matrix
(Ebnet et al., 1996). Therefore, lymph nodes may present
an environment for formation of prolonged (hours) T
cell-APC interactions.

The termination of this type of immunological synapse
may be as simple as the entry of the T cell into mitosis,
which has profound effects on adhesion and cytoskele-
tal assembilies. If one daughter cell maintained the syn-
apse, this could form a basis for asymmetric cell division
to generate a daughter cells with predispositions toward
different developmental fates. This could be useful for
dividing cells into effector and memory phenotypes in
the appropriate ratios (Sallusto et al., 1999). Alterna-
tively, one possibility is that death or migration of the
dendritic cell may also limit the duration of immunologi-
cal synapse formation (Ingulli et al., 1997).

Conclusions

Focusing on the individual steps of physiological T cell
activation allows application of a number of genetic and
biochemical studies on model systems to be applied to
understanding the integrated process of T cell activa-
tion. The flow of events from initial polarization of the T
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cell to formation and termination of the synapse may
span a period of 2 days in vivo. What are the determi-
nants that control this process? We know that the kinet-
ics of the TCR interaction with the MHC-peptide com-
plex, the number of MHC-peptide complexes, and the
presence of specific adhesion receptors are all impor-
tant. Additional molecules and environments are likely
to play an important role in formation of stable synapses.
These determinants appear to regulate the interaction
of signals and morphogenic processes such as actin
polymerization and myosin Il activation in the synapse.
The process of immunological synapse formation has
been studied most extensively in mature effector T cells.
Further study will be required to determine the role of
immunological synapse formation for different popula-
tions of T lymphocytes in vivo, including naive T cells
and memory T cells, which have different activation re-
quirements in terms of number of MHC-peptide com-
plexes and duration of signaling. Within the effector and
memory populations there are further functional divi-
sions of T cells into phenotypes that stimulate phago-
cytic antimicrobial responses (Th1) or stimulate allergic
type hypersensitivity reactions (Th2). While Th1/Th2
choice is determined by cytokines, response of T cells
to cytokines may be modulated by the immunological
synapse just as the response of fibroblasts to growth
factors is modulated by focal adhesions. The immuno-
logical synapse conceptis also important in understand-
ing directed cytokine secretion (Paul and Seder, 1994).
T cells secreting different cytokines at different targets
may form different kinds of synapses. Further study is
required to determine the role of synapse formation in
T cell differentiation and in the distinct effector functions
of these cells. Finally, the area of T cell development is
largely unexplored with respect to immunological syn-
apse formation. It will be exciting to determine how
temporal changes in gene expression in the develop-
mental lineage alter cell interaction and the underlying
molecular patterns. Is the bull’s-eye pattern of the immu-
nological synapse (Figure 1B) the supramolecular shape
of things to come in signaling? While the concept of the
synapse is over a hundred years old, studies in both
the nervous system and immune systems on molecular
organization of synapses are just beginning. It is likely
that many surprises are still in store.
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