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Gary Koretzky, Series Editor

Lymphocyte signal transduction

The immune system has a huge stake in keeping
mature T lymphocytes in a resting state until needed.
Inappropriate T cell activation has devastating conse-
quences for the host, including a variety of autoim-
mune diseases (1, 2). It is possible that the T cell main-
tains its quiescent state through overwhelming
negative regulation, but this is unlikely because the T
cell has to be ready to react with great sensitivity to
MHC-peptide complexes on the surface of the antigen-
presenting cell (APC).

As few as three agonist MHC-peptide complexes on
the surface of the APC are sufficient to activate a thy-
mocyte for negative selection, whereas 300 are neces-
sary to activate a naive T cell, with an intermediate
number required for an effector T cell (3). Because only
a fraction of these complexes will be found in the inter-
face with a given thymocyte or T cell, it appears that
thymocytes can be triggered by one MHC-peptide com-
plex and that naive T cells require only about a dozen.
Both thymocytes and mature T cells must measure
interactions of T cell receptors (TCRs) with self-pep-
tides that may be more numerous but that have inter-
actions so weak as to be beyond reliable biochemical
detection (4, 5). This high sensitivity indicates that T
cells are poised to respond when only a few TCRs are
perturbed. How is this high sensitivity achieved?

Another important aspect of T cell activation is that
it must be sustained for a period of hours to program
the T cell for subsequent expansion and differentiation
into effector cells. The shortest period of activation
required for initiating this program in naive CD8 T
cells is 2.5 hours and in naive CD4 T cells is about 24
hours (6–8). The challenge for the T cells is to distin-
guish between very similar MHC-peptide complexes
and to then integrate this process with innate immune
responses over a period of hours. Clues to how the T
cells meet this challenge have been provided by study-
ing the compartmentalization of signaling machinery
and receptors in resting T cells and in T cells actively
responding to physiologically presented MHC-peptide
complexes. In this Perspective, I explore a number of
recent findings that relate to the configuration of sig-
naling components in the resting state and the conse-

quences of perturbing this status quo to generate tran-
sient or sustained signals. I also consider the emerging
role of membrane domains in integrating environ-
mental information with signals from antigens, and I
suggest a model for the recently described role of the
ECM protein agrin in regulation of T cell responses.

The two-signal model
The current model for T cell activation breaks signal-
ing into broad categories. Immunological specificity is
provided by an initial signal, Signal 1, which is acti-
vated when the TCR recognizes processed antigen in
the context of an MHC-peptide complex (9, 10). Innate
immune responses that are essential to temper the
response to antigen occur by means of a distinct sig-
nal, Signal 2, which is mediated by CD28 and various
other coactivators and cytokine receptors (11, 12). Sig-
nal 1 could be considered the immunologically specif-
ic signal that alerts the host to the presence of a novel
MHC-peptide complex, novel being defined by mature
T cells whose previous experience is based on MHC-
peptide complexes encountered in the thymus. The
higher sensitivity of thymocytes to MHC-peptide com-
plexes, relative to mature T cells, contributes to sup-
pression of self-reactive T cells and represents a mar-
gin of safety between thymic negative selection and
mature T cell activation (3).

The immunological synapse
The TCR interactions with MHC-peptide take place in
an intercellular junction, so the organization of the
junction, both in the intercellular and lateral dimen-
sions, is likely to be important for integration of anti-
gen and innate cues. Because Signal 2 may also be
received through an intercellular interaction, it is
important to consider the nature of the intercellular
junction in which these signals are processed. Recent
insights into the molecular basis of this interface reveal
a dramatic redistribution of signaling components to
form an organized “immunological synapse,” a term
that borrows from Sherrington’s turn-of-the-century
coinage describing the grasping interconnections of
neurons as synapses (13). In fact, the immunological
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synapse is one of a class of informational synapses that
relay information across quasistable cell-cell junctions,
others being the neuromuscular junction and many
classes of CNS synapses.

The immunological synapse organizes and segregates
adhesion molecules and TCR-associated components
into two major compartments (14, 15). These areas,
referred to as supramolecular activation clusters
(SMACs), include the central (c) SMAC, which is
enriched in TCRs, and the peripheral (p) SMAC, which
contains lymphocyte function associated–1 (LFA-1)
and talin (16). APC surface components are also inte-
gral to these clusters, such that MHC-peptide com-
plexes are found in the cSMAC, whereas ICAM-1, the
LFA-1 counter-receptor, is concentrated in the pSMAC.
Other APC specializations may exist, such as preclus-
tered structures with class I and II MHC molecules and
the CD28 ligand CD80 (17). The cSMAC also contains
engaged CD28, while the pSMAC contains CD2 and
LFA-1 in segregated domains (14, 15). These are not
homogenous structures, but they seem to be composed
of smaller clusters that can sometimes be interspersed,
as when LFA-1 and CD2 penetrate the cSMAC region.

The immunological synapse develops over a period of
minutes following initial interactions of the T cell and
the antigen-presenting surface. Initially, the TCR is not
necessarily engaged in the center, but as the cell-cell
interaction develops, it translocates from the periphery
into the center of the synapse. Formation of the
synapse is concurrent with early TCR signals and
depends upon an intact actin cytoskeleton, perhaps
because actin polymerization and myosin-based con-
traction help localize the TCR and LFA-1 (18). It has
also been proposed, based on mathematical models,
that actin supports synapse formation by altering the
physical properties of the membrane and the kinetics
of the receptor-ligand interaction to favor the sponta-
neous self-assembly of synaptic components into struc-
tures of varying stability (19). The synapse is predicted
to be stable when it includes agonist MHC-peptide
complexes, but not antagonist MHC-peptide complex-
es. Intracellular transport mechanisms are also impli-
cated in this process (20) and may serve to accelerate
the formation of synapses, which may be stable over a
period of hours, depending on their intrinsic features,
such as receptor kinetics and arrangement and the
physical properties of the membrane.

Membrane rafts
The organization of surface receptors and signaling
components in the membrane and interactions with
the cytoskeleton contribute to the balance of positive
and negative factors that regulates TCR signaling. The
first data to suggest that the fluid mosaic model had
to be modified to incorporate lateral membrane
domains were based on fluorescent dyes that reported
differing degrees of order in the hydrophobic core of
biological membranes (21). The concept of membrane
domains was given biochemical substance by the
observation that one class of domains enriched in cho-
lesterol and sphingolipids is not fully soluble in non-
ionic detergents and can be isolated as a low-density

fraction on density gradients. The finding that glyco-
syl phosphatidyl inositol–anchored proteins with
apparent relevance to signaling processes are enriched
in this fraction suggested that these domains are more
than a biochemical curiosity (22). The current view is
that these domains, or “rafts,” are small regions of
detergent-resistant liquid-ordered phase lipids in a
bulk membrane with liquid-crystalline properties (23).
Since the liquid-ordered phase is dependent upon cho-
lesterol, agents like methyl-β-cyclodextrin, which can
extract cholesterol from membranes, preferentially
disrupt these domains. Cholesterol extraction results
in a profound inhibition of phospholipase C–triggered
Ca2+ mobilization in T cells (24) but, paradoxically,
activates phosphotyrosine signaling and the mitogen-
activated protein kinase (MAPK) signaling pathway
(25). Because full T cell activation requires triggering
of the MAPK pathway, the Ca2+/calcineurin/nuclear
factor of activated T cells pathway, and the NF-κB
pathway, however, T cells do not become fully activat-
ed as a result of cholesterol depletion. Nevertheless,
the partial signal that occurs under these conditions
indicates an important role of rafts in maintaining the
resting state of T cells. As discussed below, two regula-
tory circuits associated with rafts have been described
that illustrate the roles of rafts in resting mature T
cells and in T cell activation.

Rafts show self-control
The common pathway for TCR-activated signaling
involves a protein tyrosine kinase (PTK) cascade
including members of three PTK families: the Src fam-
ily, the Syk family, and the Tec family (26, 27). The Src
family member Lck has a critical early role in trigger-
ing the cascade that then recruits the Syk family kinase
ZAP-70 and the Tec family kinase Itk. The regulation
of Lck is therefore critical for maintaining the resting
state of the T cell and for initiating the activation of
signaling cascades. The recruitment of ZAP-70 to the
TCR is dependent upon dually phosphorylated
immunoreceptor tyrosine-based activation motifs
(ITAMs; see Billadeau and Leibson, this Perspective
series, ref. 28) in the cytoplasmic domains of the CD3
and ΤCR ζ chains. Additional signaling components
are recruited through the adapter protein linker of
activated T cells (LAT) (29). LAT is a palmitoylated
transmembrane protein with a small extracellular
domain and a large cytoplasmic domain with multiple
tyrosines. Lck and Fyn are palmitoylated on their
amino-terminus. The palmitoylation of LAT, Lck, and
Fyn leads to concentration of these molecules in rafts.
Lck regulation is interwoven with its localization, such
that rafts can be seen to have a central role in both rest-
ing and activated T cell signaling.

The regulation of Src family PTKs has been illumi-
nated by structural studies (refs. 30, 31; see also Her-
miston et al., this Perspective series, ref. 32). Regula-
tion revolves around two tyrosines: the activation loop
tyrosine (394 in Lck) that is autophosphorylated to
activate the kinase domain, and the C-terminal regu-
latory tyrosine (505 in Lck), which is phosphorylated
by the C-terminal Src kinase (Csk) and interacts with
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the SH2 domain by an intramolecular interaction (33).
A third regulatory locus is based on the intramolecu-
lar interaction of the SH3 domain with the connecting
peptide between the SH2 domain and the kinase
domain. When the C-terminal tyrosine is phosphory-
lated and the SH3 domain is engaged with the con-
necting peptide, the kinase is held in a “closed” con-
formation in which it is relatively inactive and its
activation loop is unphosphorylated (Lck† in Figure 1).
Removal of the phosphate from tyrosine 505 by the
transmembrane tyrosine phosphatase CD45 partially
activates Lck, and further activation can be achieved
by high concentrations of ligands for the SH3 domain
that together “open” the conformation of the kinase
(34, 35) (Lck* in Figure 1). Therefore, the regulation of
Lck depends, in part, upon the relative local activities
of Csk and CD45.

Because CD45 can also dephosphorylate the activa-
tion loop tyrosine, it may be necessary for the cell to
keep this phosphatase in a distinct compartment, away
from sites of Lck activity (36). Indeed, CD45 is exclud-
ed from rafts and probably only encounters Lck at the
boundary between rafts and nonraft membranes or
under conditions where one or the other molecule par-
titions into a less favored membrane domain. CD45 is
also reduced in density fivefold in the immunological
synapse, but it is found in nearby endosomal compart-
ments, which may afford it access to Lck (37). Accord-
ing to this model, access of CD45 (outside the rafts) to
Lck (inside the rafts) will depend greatly on the stabil-
ity of these membrane domains and the rate of tran-
sient movement of raft resident or excluded proteins
into the adjacent domains. This issue is critical for
understanding how the raft compartment works in sig-
naling and is a matter of current debate: Is moving
through a raft like more like getting stuck in quicksand
or like walking through a revolving door?

Although Csk is a soluble kinase, its SH2 domain has
recently been found to interact with the transmembrane
adapter protein Csk-binding protein (Cbp, also known
as PAG) (38, 39). Cbp includes a very small ectodomain
and a large cytoplasmic domain containing palmitoyla-
tion sites and multiple phosphorylation sites. Its struc-
ture is very similar to that of LAT, and, like LAT, it is
concentrated in rafts. However, while LAT predomi-
nantly recruits activating signaling molecules, Cbp
recruits the negative regulator Csk. Csk is also found in
a complex with the soluble protein tyrosine phos-
phatase PEP, which acts efficiently to dephosphorylate
the Lck activation loop (40). Given the dual action of
Csk and PEP, Cbp apparently recruits a potent Lck
downregulation complex. The current working model
is that activated Lck in the rafts phosphorylates Cbp
and increases recruitment of Csk to the vicinity of the
activated Lck (Figure 1). Thus, in the resting state Lck
recruits its own silencer. Following activation, not only
is Lck activity triggered, but Cbp becomes dephospho-
rylated by an as-yet unidentified phosphatase. These
findings may in part explain the ability of cholesterol
extraction to activate the kinase cascade in T cells in a
transient manner, since dissolution of rafts will separate
Lck from Cbp/Csk/PEP and permit it to interact with

CD45. Thus, it appears that rafts are centers of signal-
ing in which balanced negative regulation can be
reversed rapidly during TCR triggering.

Keeping rafts apart
Segregation of surface receptors is an important aspect
of the immunological synapse and represents an impor-
tant insight into the mechanisms of T cell regulation.
In immunological synapse formation, not all the mole-
cules that are engaged at the interface move to the same
point in the synapse. In this regard, synapse formation
is unlike the clustering seen when bivalent antibodies
are used to “cap” surface proteins. In co-capping exper-
iments, all the associated molecules appear to move to
the same point, with no segregation of the various com-
ponents. Thus, CD2 and LFA-1 will co-cap in antibody
studies (41), but they remain segregated from one
another in the immunological synapse and other cell-
cell interfaces (42). While LFA-1 is in communication
with the TCR through a process of inside-out signaling
(43), LFA-1 and the TCR are segregated in the immuno-
logical synapse (14, 16). This segregation is significant,
because it places constraints on direct collaboration
between LFA-1 and the TCR. For example, the adapter
protein Fyb/SLAP-130 (see Leo et al., this Perspective
series, ref. 44) associates physically both with the TCR
and functionally with integrins such as LFA-1 (45, 46).
It links TCR signaling to LFA-1 activation (47, 48), but
molecules of Fyb/SLAP-130 that interact with the TCR
will be far from the site of LFA-1 activation. Thus, active
Fyb/SLAP-130 may have to diffuse across micrometers
of cytoplasm to transduce a signal from TCR to LFA-1.

The basis of segregation of CD2-CD48 interactions
from LFA-1–ICAM-1 interactions, and TCR–MHC-pep-
tide interactions from LFA-1–ICAM-1 interactions, is
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Figure 1
Regulation of Lck by rafts and Cbp. Cbp is localized to rafts in resting
cells, where it is phosphorylated by active Lck*, an Src family PTK. This
modification recruits Csk, which inactivates Lck† by phosphorylating its
C-terminal regulatory site, and PEP, which dephosphorylates the Lck
activation loop. Another phosphatase, CD45, is localized outside the
rafts but may have access to Lck at the lateral boundary or during rare
meetings due to partitioning into the same membrane domain. Activa-
tion of the TCR results in dephosphorylation of Cbp through the action
of an unidentified phosphatase, thus removing the inhibitory complex
containing Csk and PEP.



likely to be the difference in size of these molecules. T
cell CD2 and TCRs on the T cell hold CD48 and MHC-
peptide, respectively, on the APC at an intermembrane
distance of about 15 nm. In contrast, LFA-1 on the T
cell holds ICAM-1 on the APC at an intermembrane dis-
tance of about 40 nm (49). CD2 and TCR are of similar
size, so they may be expected to cosegregate and coop-
erate. Consistent with this model, extended forms of the
CD2 ligand CD48 on the APC not only fail to enhance
but actually inhibit T cell activation (50).

The role of rafts in this physical segregation should
also be considered. Activated TCRs translocate into
rafts at least transiently, but the CD28 coreceptor, an
important source of Signal 2, does not appear in bio-
chemical analyses to be localized to rafts. However, it is
clear that the CD28 and the TCR colocalize within the
central cluster of the immunological synapse (14, 15).
Therefore, it is possible that the central cluster of the
immunological synapse is not homogenous but repre-
sents a mosaic of raft and nonraft membranes that can-
not be resolved by light microscopy. This is a particu-
larly important point, since the finding that CD28 can
trigger recruitment of the ganglioside GM1 to sites of
TCR engagement had originally lent support to the

model that the center of the immunological synapse is
highly enriched in raft membranes. Despite this enrich-
ment, it now appears, the central cluster may include
diverse membrane structures. Similarly, electron
microscopy studies on the Fcε receptor (FcεR) indicate
that signaling may be focused in small but heteroge-
neous membrane domains (51). These regions, which
contain the receptor itself, along with LAT and various
Src and Syk family PTKs, are adjacent to clathrin-coat-
ed pits, to which the FcεR is delivered along actin-rich
tracks. Since clathrin-coated pits form on nonraft
membranes (52), it is likely that the LAT-enriched
regions are rafts that are surrounded by nonraft mem-
branes, decorated with clathrin. Even under the condi-
tions in which the electron micrographic study was
done, which favored raft clustering, local membranes
appeared as a patchwork, with significant interfaces
between domains and evidence for specific transport
paths between raft and nonraft regions. Such hetero-
geneity is consistent with the active endocytosis and
exocytosis known to occur in the central region of the
immunological synapse. The diverse membrane struc-
tures in the central region likely serve multiple func-
tions in TCR signaling.

The functional significance of raft dynamics
The idea that receptor or raft rearrangement will be
important for signaling suggests that regulating this
process will ultimately affect the immune response, as
has been suggested to explain suppression of immune
responses by the bivalent lectin galectin-3 (53). 
Mgat-5–deficient mice, which lack a carbohydrate mod-
ification that generates the ligand for galectin-3, are sus-
ceptible to autoimmune disease and are hyperrespon-
sive to a variety of stimuli. They also show enhanced raft
accumulation at sites of activation. Remarkably, this
phenotype can be mimicked in normal T cells by adding
a simple sugar inhibitor of galectin-3 binding, suggest-
ing that galectin-3 forces associations between surface
molecules that inhibit the molecular rearrangement
required for effective immunological synapse forma-
tion. It remains uncertain whether this interference
affects Signal 1 (TCR interaction), Signal 2 (costimula-
tion), or both, but it has been suggested that raft move-
ment contributes to Signal 2 and that galectin-3 specif-
ically opposes costimulatory signals. The absence of
such signals in thymi of Mgat-5–deficient animals
would then erode the margin of safety between thymo-
cytes and mature T cell activation, perhaps accounting
for their autoimmune disease.

Agrin is a high–molecular weight component of
ECM whose best-known role is in aggregation of the
acetylcholine receptor in the neuromuscular junction
(NMJ). This function, which is mediated by the recep-
tor type PTK Musk (54), appears to be quite specific
to the nervous system, since spliced forms of Musk
that are required in this response are highly motor
neuron–specific and have no obvious counterparts in
the immune system. Agrin, conversely, is a large mul-
tidomain protein expressed in multiple tissues, where
it probably acts in varied roles (55). A modified form
of agrin associated with splenic lymphocytes 
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Figure 2
Hypothesis for agrin regulation of immunological synapse formation. (a)
Raft-aggregating activity of agrin proteoglycan is regulated by intramol-
ecular interaction with heparan sulfate chains. (b) When these chains are
degraded by the lymphocyte heparanase, the raft-aggregating activity is
expressed. (c) Recent evidence indicates that T cell agrin glycoprotein
(agrinact) enhances synapse formation and T cell activation. Conversely,
if agrin glycoprotein is prevented from entering the synapse, perhaps
through an interaction with laminin or other ECM components, the for-
mation of the synapse may be destabilized by ectopic raft aggregates,
thus preventing T cell activation. Thus, in the presence of specific ECM
components, the effect of actin conversion from proteoglycan to glyco-
protein may be inhibitory, whereas in an ECM-depleted site like a lymph
node it may enhance responses.



promotes T cell activation (56) and has been shown
to drive the clustering of lipid rafts and surface mol-
ecules on these cells. Significantly, this protein, but
not the agrin forms found in the NMJ or elsewhere,
also favors the antigen-specific activation of T cells
from TCR transgenic mice. The active form of agrin
is produced posttranslationally in activated lympho-
cytes. Its molecular weight is consistent with removal
of the heparan sulfate chains to convert it from a pro-
teoglycan into a conventional glycoprotein (57), pre-
sumably mediated by heparanase produced by acti-
vated lymphocytes (58, 59).

The simplest model for agrin function holds that, like
galectin-3, the agrin glycoprotein binds specifically to
some raft constituent. Unlike the galectin, however,
agrin may directly aggregate rafts in the immunologi-
cal synapse to promote T cell activation. The heparan
chains of the agrin proteoglycan may mask these active
sites such that only the agrin glycoprotein without the
heparan sulfate chains will be active in raft clustering.
T cell–derived heparanase is likely to modify both the
T cell–derived and ECM forms of agrin to convert them
to the active glycoprotein form. In the hypothetical
model shown in Figure 2, the effect of the resulting
agrin glycoproteins may be opposite, depending upon
the relative location. Soluble agrin glycoprotein and
agrin glycoprotein associated with the T cell surface
may promote raft clustering the synapse. In contrast,
agrin glycoproteins in the ECM may inhibit T cell acti-
vation by inducing ectopic raft clusters that cannot be
translocated into the synapse.

Thus, like galectin-3, agrin is a new candidate
immunomodulator in the ECM that may differential-
ly regulate regional immunity and autoimmune
responses. Testing these ideas will be easiest in mouse
model systems, although the agrin-deficient mouse is
perinatal-lethal, so the generation of chimeric mice or
conditional knockouts will be necessary (60).

Conclusions
The immunological synapse and membrane rafts
reflect two levels of resolution in our view of T cell
activation. The initial and highly productive focus of
the field has been on biochemistry with its molecular-
level detail and the ability to identify the critical mol-
ecules and test their role in a second level of genetic
analysis. Over the last two years, there has been an
increasing attention to the compartmentalization of
signaling in lymphocyte activation. The immunolog-
ical synapse is a micron-scale structure that is readily
followed with a light microscope. Therefore, signifi-
cant progress should be made in the near future on
the genetics of immunological synapse formation and
the importance of this process in a number of normal
and pathological situations. On the other hand, rafts
are submicroscopic structures that really cannot be
resolved by light microscopy. Even when we can see
them, for example, following receptor aggregation,
they are probably not concentrated to the point of
homogeneity. The well-defined clusters of the
immunological synapse are likewise probably a mosa-
ic of different membrane domains.

Techniques to bridge the resolution gap and provide
a continuous line of experimental observations from
the molecular to the cellular level are emerging, and
more progress is predicted. Nonetheless, recent stud-
ies linking biochemistry, membrane structure, and the
supramolecular organization of the immunological
synapse, or simpler membrane caps, have provided a
number of important new concepts for immunobiol-
ogy, including the potential importance of manipu-
lating immunological synapse formation and T cell
activation with soluble raft-binding proteins. Even in
the resting cell, where rafts are homogenously distrib-
uted, the action of these compartments is evident in
the signaling homeostasis that maintains T cell sur-
vival and leaves quiescent T cells poised in a state of
Zen balance — resting but ready.
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