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Abstract. The induction of a proper adaptive immune response is dependent on the correct transfer of information
between antigen-presenting cells (APCs) and antigen-specific T cells. Defects in information transfer may result
in the development of diseases, e.g. immunodeficiencies and autoimmunity. A distinct 3-dimensional supramole-
cular structure at the T cell/APC interface has been suggested to be involved in the information transfer. Due to
its functional analogy to the neuronal synapse, the structure has been termed the “immunological synapse” (1S).
Here, we review molecular aspects concerning IS formation, appearance, and cessation. In addition, proposed
functions of the IS are discussed. The process of IS formation occurs in a sequential manner, initially causing
a remarkable large-scale redistribution of a number of integral membrane and cytosolic proteins. At the
T cell/APC interface the structure comprises in its nascent stage a non-random pattern of protein distribution. The
protein pattern is regulated during development of the mature IS and is finally organized into concentric rings of
co-receptors and adhesive molecules surrounding the T cell antigen receptor (TCR). The relocations of proteins
are influenced by passive as well as active mechanisms. Considering the IS as a device enabling cell-cell com-
munication, clarification of its exact function is of huge general as well as therapeutic interest.
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I ntroduction

Living organisms sense and respond to their envi-
ronment by a set of mechanisms referred to as cell sg-
naling. These mechanisms are part of a complex system
of communication that directs basic cellular activities
and coordinates the action of cells. Since errorsin cell-
ular signaling often contribute to diseases such as
cancer and autoimmunity, it isimportant to understand

the basic mechanisms of cell signaling. The neuronal
synapse is a well-known example of a highly de-
veloped structural organization for cell-cell communi-
cation. The interface is easily distinguished from other
areas of the neuron by a distinct 3-dimensional protein
distribution and a polarized secretion of transmitter
molecules. This structure provides an efficient and spe-
cific way of neuronal cross-talking used to generate
aresponse in the postsynaptic partner®.

Abbreviations used: APC — antigen-presenting cell, cSMAC — central supramolecular activation cluster, CTLA — cytotoxic T lympho-

cyte antigen, DC — dendritic cell, DC-SIGN — dendritic cedll-specific ICAM-3 grapping nonintegrin, ERM — ezrin, radixin and moesin
adaptor protein family, ICAM — intercellular adhesion molecule, IS —immunological synapse, LFA — leukocyte functional antigen, MHC
—major histocompatibility complex, MHCp — major histocompatibility complex peptide, MTOC — microtubul e-organizing center, PKC-0
— protein kinase C theta, PSGL — P-selectin glycoprotein ligand, pPSMAC — periphera supramolecular activation cluster, TC — cytotoxic
T lymphocyte, TCR — T cell antigen receptor, TH — T helper lymphocyte.
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The immune system represents another system,
which relies on cell-cell communication, especially
during induction of the adaptive immune response. This
process is initiated by dendritic cells (DCs), which are
specialized antigen-presenting cells (APCs) capable of
engulfing antigens, process them into ~1-2 kDa pep-
tides, and present these to T cells by use of tissue
antigen families encoded by the major histocompati-
bility complexes (MHCs) gene* *> %, Both self and non-
self peptides are presented via MHC molecules for in-
teraction with the T lymphocyte antigen receptor
(TCR). The mgjority of presented MHC peptide
(MHCp) complexes comprises self peptides. Under
normal conditions these MHCp complexes are non-ac-
tivating. In contrast, foreign peptides bound to self
MHC moleculesinduce T cell activation and prolifera-
tion, resulting in either of two distinct types of effector
cells: 1) the cytotoxic T lymphocytes (TCs) that induce
target cell apoptosis through the perforin/granzyme- or
FASL/FAS-mediated pathways’’, or 2) the T helper
lymphocytes (THs) that facilitate activation of anti-
body-producing B cells, TCs and natura killer cells
and regulate pathogen destruction by macrophages® 12,
TCs recognize MHC class | molecules using the TCR
and CD8 co-receptors, whereas THs recognize MHC
class |11 molecules employing the TCR and CD4 co-re-
ceptors™.

The onset of signaling and hence T cell activa-
tion involves the formation of a synaptic structure
at the T cell/APC interface, with many features
similar to those of the neuronal synapse® 2. In
addition to the TCR, this structure includes several
co-stimulatory and adhesion molecules which in-
teract with counter-receptors on the APC.
Together, these different molecules organize them-
selves into a specific 3-dimensional pattern known
as the immunological synapse (IS), composed of
the peripheral and central supramolecular activa-
tion clusters (pPSMAC and cSMAC)®.

Considering the IS as a device enabling communi-
cation between cells of the immune system, this review
mainly aims at describing molecular aspects concerning
the formation, appearance, and cessation of the |S. The
review is structured chronological in regard to the vari-
ous stages that apparently emerge during IS genesis.
Finally, different theories of IS function are discussed.
The focus will mainly be on T cell ISs since these are
the best studied, although antibody-producing B cells
and natural killer cells also form 1Ss with APCs and
target cells, respectively” /.
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T Cédl Polarization during Migration
and APC Encounter

Naive, circulating T cells are relatively undifferen-
tiated and without any obvious asymmetrical planes’®.
Immobilization of integrins such as leukocyte func-
tional antigen (LFA)-1 due to actin cytoskel eton attach-
ment furthermore makes the cells non-adhesive and
maintained in a low-avidity state* . Upon activation
the lymphocytes enhance adhesiveness and show cytos-
keletal polarization and morphological asymmetry?.
T cellsin this crawling state establish two asymmetrical
poles referred to as the leading edge and the uropod.
The leading edge serves as a sensory and propulsive
front pole containing components involved in the de-
velopment of contractive forces, such as F-actin and
myosin light chain. In addition, the chemokine recep-
tors CCR2, CCR5 and CXCR4, responsible for lym-
phocyte chemotaxis, are located in this front lamella.
The front pole, furthermore, contains the nucleus™ ™ &,
During the migrating state, the uropod tends to contain
many critical surface components, including the inter-
cellular adhesion molecules (ICAM)-1, -2, and -3, the
larger trans-membrane adhesion molecules CDA43,
CD44 and P selectin glycoprotein ligand (PSGL)-1, the
TCRs and the co-receptors. In addition, the cytoplasm
and most of the cytoplasmic organelles, i.e. the endo-
plasmic reticulum/Golgi apparatus, the microtubule-or-
ganizing center (MTOC) and secretory vesicles, are
piled up in the uropod. Members of the ezrin, radixin
and moesin (ERM) adaptor protein family, which fa-
cilitate linkage of a number of membrane proteins to
the cytoskeleton, are aso found in this posterior ap-
pendageﬂ* 22,54,78,79, 83, 84

The encounter of the T cell and the APC initiates
a number of cellular responses. The MTOC and the
Golgi apparatus relocate to the area between the nu-
cleus and the APC. The TCRs as well as co-receptors
and several adhesion receptor/ligand molecules, e.g.
LFA-1/ICAM-1, aso accumulate at the T cel/APC
junction. Additionally, a number of adaptor proteins,
including ERMs and talin, are detectable at this |eading
edge®™ 8. This large-scale relocation of T cell mem-
brane molecules has been assumed to rely on a passive,
diffusion-limited, co-capping mechanism suggesting
initial binding of afew ligands to their counter recep-
tors. This causes a diffusional recruitment and inter-
action between increasing numbers of ligand-receptor
pairs, resulting in stable intercellular adhesion®. How-
ever, several recent observations suggest that the re-
ceptor accumulation at the T cell/APC interface ap-
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pears to depend on an active cytoskeleton-associated
mechanism.

To study whether the T cell cytoskeleton could ac-
count for the polarized accumulation of receptors,
WuLrnG and Davis'™ used a technique where the
general movement of cortical actin cytoskeletal and at-
tached receptors could be monitored by linking specific
antibody-coated beads to surface receptors of antigen-
-specific T cells. They showed that 4+1 min after the
initial increase in the intracellular calcium concentra-
tion — an early marker of T cell activation — the recep-
tors were translocated from the posterior part to the
anterior part of the T cells. This indicates that the pro-
cess of receptor repositioning is active rather than
passive, as it takes place immediately after T cell acti-
vation. Further studies support the idea that receptor
trandocation rely on an active process involving the
actin cytoskeleton. SErrADOR €t al.3* investigated the
dynamics of ERM family proteins and its influence on
the cellular redistribution of membrane adhesion mole-
cules. The ERM proteins contain three conserved do-
mains; an N-terminal domain of ~300 residues, a cen-
tral helical domain of ~200 residues, and a C-terminal
tail of ~100 residues. The N- and C-terminal domains
are responsible for binding to the cytoplasmic part of
adhesion molecules and F-actin, respectively. In this
way ERM proteins function as adaptor molecules, ca-
pable of connecting a number of integral membrane
proteins, including PSGL-1 and ICAM-1, -2, and -3, to
the actin cytoskeleton™ 4 6482 ERM proteins appear
in an inactive and an active state, depending on the
phosphorylation state of a conserved threonine residue
in the C-terminal domain. Only activated ERM proteins
bind the actin cytoskeleton® . During T cell migra-
tion, activated ERM proteins are found in the uropod,
corresponding to the stacking of adhesion molecules? %8,
However, during T cell/APC encounter, the active ERM
proteins accumulate at the leading edge. This suggests
that ERM proteins, and hence the actin cytoskeleton,
may be involved in redistribution of integral membrane
adhesion molecules.

Blocking actin filament assembly with cytochalasin
D has, in addition, been shown to cause a reduced relo-
cation of ICAM-1 and a 10-fold reduction in T cell
activation frequency'®. Nevertheless, specific inhibi-
tion of the actin cytoskeletal motor protein myosin with
butanedione monoxime yields a much more pro-
nounced reduction of receptor translocation'®. This
implies that the receptor/cytoskeletal movements to
a certain degree are dependent on myosin motor pro-
teins.
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Initial Adhesive Contact and Stopping
of the Migrating T Cdll

Which molecules and mechanisms could account
for the initial adhesive contact between the migrating
T cell and the APC? To answer this question a number
of biophysical phenomena must be taken into consider-
ation. Both cell types have a negatively charged glyco-
calyx located at their surfaces mediating an electrostatic
repulsion at close contact® &, To overcome this repul-
sion, only surface molecules of adequate length, to
stand out from the negatively charged glycocalyx, are
ableto create the preliminary contact. Additionally, the
molecules should interact with low affinitiesin order to
create aloose contact between the two cell types, which
provides the background for the TCR-mediated scan-
ning for distinct MHCp molecules at the surface of
different APCS”. It is in general believed that the
TCR/MHCp complex is unable to be involved in the
initial contact due to several features. First of al, this
receptor/ligand couple interacts with extremely weak
affinity® © %, Furthermore, a very low concentration of
specific ligands for a particular TCR are found on the
APC surface” #2, In addition, the extracellular portion
of the TCR and MHC is small (~7 nm) and for that
reason simply buried and suppressed by the surface
glycocalyx® %, Taken together, these facts imply that
a TCR/MHCp-mediated initial adhesion would require
too many MHC molecules and too much time in prac-
tice.

Instead, a number of adhesion molecule pairs have
been proposed to initiate an antigen-independent adhe-
sion of T cells and APCs, the most notable being the
integrin LFA-1 and its major immunoglobulin super-
family ligands and the non-integrins CD2/LFA-3 and
ICAM-3/DC-specific ICAM-3 grapping nonintegrin
(DC-SIGN). CD2/LFA-3 pairs interact with relatively
low affinities, making them appropriate candidates per-
mitting scanning of APCs by T cells® %, However, the
molecules are quite small and therefore tend to interfere
with the glycocalyx during interaction'® 47 52 192 The
LFA-1ICAM-1 adhesion pairs are, on the other hand,
not inhibited by the glycocalyx, as they contain large
extracellular domains®. LFA-1isnormally found on the
cell membranes in an inactive state, activation being
facilitated by, for example, certain chemokines or TCR
occupancy®. Even though the LFA-1/ICAM-1 adhe-
sion pairs fulfill many of the expected properties
necessary to initiate adhesion contact, much discussion
has taken place due to the high-affinity interaction be-
tween the two molecules®. Rather than alowing T cell
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scanning of the APC surface, this seems to be optimal
for conjugate stabilization, which followsinitial contact
and TCR/MHCp engagement. Much evidence suggests
that ICAM-3 adhesion molecules may be involved in
the initial exploratory contact of T cells and APCs. The
molecules are highly constitutively expressed on resting
T cals® and cluster during APC encounter in the con-
tact region, where they are able to facilitate LFA-1/
/ICAM-1 adhesion'®. ICAM-3 adheres through low-
and high-affinity interactions with the APC ligands
LFA-1 and DC-SIGN, respectively®® 363 and has in
addition been shown to exert some co-stimulatory ef-
fects. These include phosphorylation and dephosphory-
lation of a set of signaling moleculesinvolved in T cell
activation and promotion of the cytoskeletal rearrange-
ment causing MTOC translocation® 53 70 %0 |CAM-3
may have a key role in initiating cell adhesion, but
there is still no direct evidence.

Assuming that all of the above-mentioned adhesion
molecules are involved in the initial T cell/APC con-
tact, the most reasonable explanation would be that
ICAM-3 mediates the primary weak adhesive interac-
tion with LFA-1, allowing T cells to scan the APC sur-
face. At this point ICAM-3 may as well contribute to
membrane receptor relocation by co-stimulatory ef-
fects. Subseguently, CD2/LFA-3 interaction may bring
the membranes in close proximity due to their small
size, permitting the TCR/MHCp complex to form. It
appears that TCR, CD2 and ICAM-3 engagement in-
duce LFA-1/ICAM-1 adhesion®® 3* % which at this
stage of interaction would function to reinforce the con-
jugate. High-affinity bonds between ICAM-3 and
DC-SIGN may further stabilize the complex®.

The “stop” signal is possibly the most important
event during T cell/APC recognition, responsible for
detaining the T cell after encounter with the APC. In
an in vitro system, DusrTiN et a.?® have shown that this
stop signal may be mediated by TCRs interacting with
MHCps. By using harvested and stimulated T cells
containing TCRs for a particular epitope, they exam-
ined the migratory behavior of the cells on planar phos-
pholipid bilayers. The planar bilayers were coated with
ICAM-1 and MHCp molecules. The T cells crawled on
the ICAM-1 substrate, but obviously stopped on en-
counter with a relevant MHCp ligand. On encounter
with an irrelevant MHCp molecule they did not stop
their migration. Thus, in contrast to the initial antigen-
-independent adhesive contact, their stop signa, is an
antigen-dependent process. The antigen-dependent stop
signal, shown to be facilitated in vitro by interactions
between a limited number of molecules, i.e
TCR/MHCp and LFA-VICAM-1, questions whether
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a complete IS is necessary to activate T cells. By
measuring the calcium level in T cells simultaneously
to the movements of IS-involved proteins, IRVINE et
al.*® observed that a single MHCp complex is sufficient
to stop migrating T cells, forming a tight interface and
elevate the calcium level. However, at least 10 MHCp
complexes are needed to facilitate IS genesis. Cross-
-linking T cell membrane receptors by antibodies or
tetramers are in addition known to facilitate T cell ac-
tivation without forming an IS, assuming that the cal-
cium level reflects the activation state. This indicates
that only some components of the IS are needed during
the activation process, at least in vitro. The situation is
probably more complex in vivo, requiring further levels
of activation regulation and thereby the need for addi-
tiona 1S components.

The initial antigen-dependent stop signal seems to
compete with chemokine gradients, which influence the
T cdl to continue chemotaxis. By establishment of
aliquid culture system, in which T cells could be sim-
ultaneously exposed to antigen and chemokine gra-
dients, BromLEY et al.™® demonstrated that only certain
chemokines were able to reverse or prevent the
TCR/MHCp-mediated stop signal. They divided the
chemokines into two groups according to their ability
tointerfere with T cell stopping: the dominant and sub-
ordinate groups, capable of suppressing the stop signal
and not, respectively. Included in the dominant group
are chemokines engaging CXCR3 and CCRY receptors,
whereas the subordinate group comprises chemokines
which affect CXCR4, CCR2, CCR4 and CCR5 recep-
tors. Furthermore, it has been demonstrated that APCs
with appropriate MHCps do not stop T cells in 3-di-
mensiona gels in contrast to liquid culture models™.
This suggests that other environmental factors, in addi-
tion to the chemokine forces, may influence the initial
antigen-dependent interaction of the T cell and APC.
The mechanism may involve T cell interaction with
collagen fibers of the extracellular matrix?,

Molecular Remodeling and Segregation
at the T CdIl/APC Interface

At the T cell/APC interface a number of morpho-
logical changes and molecular micro-scale redistribu-
tions occur prior to IS formation'® 32 %, Monks et a.%®
were the first to describe the segregation of molecules
at the interface, taking advantage of digital imaging.
They were able to show a redistribution of molecules
by staining cell-surface receptors with specific anti-
bodies in fixed T cell/APC couples, isolated at various
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times after cell mixture. Later, the process described by
Monks et a.% was confirmed in other types of experi-
ments which, furthermore, have provided knowledge
about the dynamics of 1S formation. By seeding Ore-
gon-green-labeled MHCp molecules and Cy5-labeled
ICAM-1 molecules into artificial lipid bilayers that
lacked other APC molecules, Grakour et a.*® could
follow the | S formation consecutively in real timeusing
live cells. These experiments also revealed that the
strong agonist MHCp complexes yielded a more pro-
nounced high-density MHCp accumulation at the
T cell/APC interface compared with the weak agonist
MHCps. Simultaneous measurement of theintracellular
Ca®* concentration has shown that the receptor dyna-
mics follows the onset of Ca* signaling. This tech-
nique, used by Grakoul et a.*® has been utilized to
clarify the redistribution of a number of surface mole-
cules, eg. TCR/MHCp and LFA-1/ICAM-1. More re-
cently it has been possible to collect entire 3-dimen-
siona data-sets of IS formation, taking advantage of
flourescently conjugated receptors and improvements
in high-speed video microscopy> .

The observations by Monks et al.®® and Grakou! et
al.*® suggest that, following the initial T cell/APC en-
gagement, a distinct molecular pattern is created. The
adhesion molecules LFA-1 and ICAM-1 accumulate in
the center of this pattern being surrounded by a sphere
of TCRYMHCps. However, by taking advantage of
more sophisticated methods, KrumMEL €t al.>* demon-
strated that, previous to this phenomenon, dispersed
microclusters (<1 um?) of TCRs and CD4 appear at the
T cdl/APC interface. These structures are very dy-
namic, constantly moving and forming/reforming over
time, and occur almost at the onset of intracellular Ca?*
signaling. This indicates that the initia event in T cell
activation is mediated by these microclusters. Never-
theless, it seems clear that the formation of TCR micro-
clusters follows the relocation of membrane proteins
from the posterior to the anterior of the T cell. This
suggests that another mechanism is responsible for the
large-scale movement of proteins to the leading edge.
If this process has to be antigen dependent, it would
require TCR engagement before formation of TCR
microclusters. Perhaps even smaler TCR aggregates
arethe primary initiators. Another possible explanation
would be that this large-scale relocation is antigen in-
dependent. Revy et a.” have shown that membrane
proteins may accumulate at the intercellular interfacein
the absence of any antigen-specific activation. These
proteins may facilitate the initial signaling, e.g. a small
Ca** respons and some tyrosine phosphorylation, and
thereby recruitment of other membrane proteins.
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ICAM-3 could be suggested as a candidate, accumulat-
ing at the interface either in the presence or absence of
an antigen.

Within 5-10 min, the microclusters typically ar-
range into the structure observed by Monks et al.*® and
Grakour et a.®, At this early stage the molecular or-
ganization is referred to as the nascent |S. The nascent
organization is inverted within minutes and finally con-
sists of a central cluster of TCRYMHCps surrounded
by a ring of LFA-1/ICAM-1 adhesion molecules. At
this stage the formation is known as the mature IS,
which consists of the cSMAC and pSMAC areas'® % ©,
Non-random patterns of protein distribution for a num-
ber of adhesion and accessory receptors have now been
documented. CD4 co-localizes as previously described
with the TCR at the initial stage of 1S formation. How-
ever, during maturation of the IS, the CD4 co-receptor
migrates to the pSMAC, while the TCR tends to
coalesce in the cSMAC. The purpose of this dissoci-
ation is not fully understood, but suggests that the CD4
co-receptor is only needed to “boost” recognition of
MHCp and is not required during the following activa-
tion® % % The heavily glycosylated membrane pro-
tein, CD43, is totaly excluded from the cSMAC and
PSMAC areas®, whereas there is still much discussion
about the location of the tyrosine phosphatase
CD45° ¥, At time of contact, before TCRs condensate
into the cSMAC, CD45 is interspersed within the
microclusters. Subsequently, CD45 seemsto migrate to
the pPSMAC, athough a discrete pool of CD45 is ob-
served in the cSMAC®. The CD2/LFA-3 adhesion
molecules have been recognized between the cSMAC
and the outer LFA-1/ICAM-1 ring®. Another set of
mol ecules with well-known strong impact on activation
of naive T cells are the co-stimulatory receptor CD28
and its ligands CD80/CD86, localized on T cells and
APCs, respectively %, Recently, it has been observed
that CD80 and CD86 are exported to the plasma mem-
brane of DCs linked to MHCps molecules. At the sur-
face they remain associated within the cSMAC area®.
Since the antigen receptors of MHCp ligands are lo-
cated in the cSMAC areaon T cells, CD28 presumably
accumulate at the same location.

A number of cytoplasmic adaptor and signaling
molecules are in addition found in a distinct pattern in
the mature |S. Monks et al.®® demonstrated that talin
and protein kinase C (PKC)-6 locadlize to the pSMAC
and cSMAC, respectively. Talin is a cytoskeletal adap-
tor protein which connects actin filaments and inte-
grins, including LFA-1%°. Thus, the observation seems
reasonable, as LFA-1 localizes in the same area of the
mature |S. PKC-6 isinvolved in signaling transduction
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through the TCR in response to stimulation and co-lo-
calization of TCR, and PKC-6 in the cSMAC isfor that
reason anticipated®. Other proteins facilitating TCR-me-
diated signaling, e.g. the tyrosine kinases Lck and Fyn,
have also been detected in the cSMAC area®.
Looking at the IS development over time, it is re-
veaded that various molecules are uniformly distributed
a the T cdl/APC interface at the pre-contact stage.
However, at initial cell-cell contact, the TCR/MHCp
complexes redistribute and form microclusters within
seconds. At this stage the T cell membrane protrudes
in order to alow the small TCR/MHCp complexes to
combine. Within several minutes the cSMAC is de-
veloped by migration of, for example TCR/MHCp and
CD28/CD80-86 towards the central area. The mature
IS, consisting of the cSMAC and pSMAC areas, are
observed within 30 min of T cell/APC contact® >,

Mechanisms Contributing to Molecular
Remodeling at the T Cel/APC Interface

The mechanisms leading to this reorganization and
segregation of the surface molecules at the T cell/APC
interface can be divided according to whether the
mechanisms rely on passive or active forces, respec-
tively. The passive mechanisms depend on a number of
factors, which include, for example, interaction of are-
ceptor with its counter-receptor at the contact interface
and biophysical aspects. In contrast, the active mechan-
isms are driven by cellular processes as, for instance,
remodeling of the cortical actin cytoskeleton.

The passive mechanisms

One notable observation is that the plasma-mem-
brane molecules as mentioned vary considerably in
size. The extracellular part of the TCR and MHCp is
only ~7 nm, which makes it unusually small compared
with other highly abundant surface molecules, as for
instance CD43 (~43 nm) and CD45 (~23-50 nm). The
adhesion molecule family of integrins is about 21
nmé 8, Significant reorganization must therefore occur
in order to allow TCR/MHCp engagement. A mechan-
ism of receptor relocation within the synapse has been
proposed which is based on the differences in the
dimensions of the receptor/ligand interactions'® %, Ac-
cording to this theory, the smaller molecules will clus-
ter together in membrane regions that are intimately
connected with each other upon T cell/APC interaction.
Larger molecules will also tend to cluster together, but
in other, separate membrane regions, where the mem-
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branes are more distantly situated. The process is con-
nected to the membrane protrusions, which are ob-
served on the T cell surface at the same time. Whether
the membrane protrusions are promoted by passive bio-
physical mechanisms or by an active actin cytoskele-
ton-mediated mechanism is uncertain. The theory pro-
poses further arguments that the relative shortness of
the TCR/MCHp complex (~14 nm) compared with
other membrane molecules, is responsible for the sub-
sequent trandocation of TCRMHCps into the center
of the interface. Larger molecules, e.g. LFA-1, ICAMs
and CD45, would migrate to the exterior of the synapse,
simply due to steric mechanisms.

A study done by WiLp et al.'% support the idea that
passive mechanisms based on molecule dimensions are
responsible for the receptor/ligand reorganization at the
T cdl/APC interface. In an in vitro system they ex-
pressed modified variants of the CD2 ligand, CD48, in
transfected Chinese hamster ovary cells. CD48 is the
rodent analog of the human CD58 or LFA-3. The im-
munoglobulin loop present in CD48 molecules was
either truncated or extended, using parts of CD2 or
CD22. Under normal conditions, the function of
CD2/CD48 is to enhance MHC-restricted T cell
antigen recognition and to deliver a co-stimulatory sig-
nal during T cell activation® 4 %81 Wip et .’ dem-
onstrated that whereas wild-type or shortened CD48
enhanced the CD2-bearing T cell antigen recognition,
the extended form exerted an inhibitory effect, prevent-
ing the TCR engagement of MHCp. The authors con-
cluded that alteration in CD48 dimension may cause
“mis-placing” in the T cell/APC interface and hence
prevention of co-stimulation. Thus, it looks like the
final location of each surface molecule in the IS de-
pends on awell-defined design in regard to dimension,
and that a close membrane contact is necessary for T cell
antigen recognition. Taking advantage of mathematical
models, other authors have also proposed that the mole-
cular reorganization is based on spontaneous self-ass-
embly mechanisms. This further supports the idea of
a passive molecular segregation at the cell surface™.

The active mechanisms

If the molecular reorganization only relied on
passive mechanisms it would require a relatively high
lateral mobility*, allowing the molecules to diffuse
freely in the plasma membrane. Roughly 70% of the
CD2 molecules located at the T cell surface have been
shown to be mobile®. Similar observations have been
found for other surface molecules®. However, only
about 20% of the TCRs on mature T cells are mobile®.
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This indicates that the TCRs either have a basal asso-
ciation with the cytoskeleton, which stabilizes them, or
are inhibited by diffusion barriers in the membrane in-
volving, for example, other membrane proteins or lipid
rafts. One possible link between the TCRs and the
actin-based cytoskeleton may be formed via the actin
filament-coupling protein VASP. The TCRs are linked
to VASP through the adaptor protein Fyb, which inter-
acts with Fyn and VASP. Upon initial antigen receptor
triggering, the TCRs activate actin polymerization
through Nck, WASP, Vav and Arp2/3. This may force
further TCRs to the T cell/APC interface® %, Addi-
tionally, the actin polymerization could account for the
T cell membrane protrusions observed during T cell/
/APC encounter, which causes the TCR/MHCp com-
plexes to cluster and expand in areas of close mem-
brane proximity.

VASP protein bonds between the TCRs and the
actin cytoskeleton are probably not the only mechanism
responsible for forming linkage between the two, as
indicated by studies of Fyn-deficient mice™.

An active mechanism responsible for the transport
of engaged TCRs from the pSMAC to the cSMAC has
not been identified so far. However, the process may
involve activation of myosin II. Myosin 11 is comprised
of two actin filament-binding myosin heads and a neck
region containing the essential and regulatory light
chains. Ca?*/calmodulin complexes are able to interact
with the regulatory light chains. At low Ca?* concen-
tration, interaction between myosin and the actin fila-
ments is inhibited. However, at a sufficiently high Ca?*
concentration, the myosin heads are activated due to
phosphorylation of the regulatory light chains. Thisin-
duces a conformational change in the myosin heads,
allowing them to bind actin filaments. Due to the bipo-
lar structure of myosin filaments, they are able to cross-
-link different actin filaments. Thus, activation leads to
a gathering of actin filaments and the associated mem-
brane proteins®.

Severa other adaptor proteins are, in addition, in-
volved in linking various surface molecules to the actin
cytoskeleton. As described earlier, talin and LFA-1 co-
-localize in the pSMAC area of the mature 1S®. This
indicates that talin, and hence the actin cytoskeleton,
could account for the localization of LFA-1. CD2APis
another example of an adaptor protein which may be
responsible for CD2 reorganization”.

Even though it has been demonstrated that the rear-
rangement of surface proteins into distinct supramole-
cular clusters may rely solely on passive self-assembly
processes, much indicates that an active actin cytos-
kel eton-driven mechanism could be responsible for the
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T cell/APC interface reorganization as well. Probably,
the two processes interact with each other, implying
that active cellular interventions (e.g. directed cytos-
keletal rearrangement) can either amplify or regulate
the passive processes.

Duration and Cessation
of the T Cell/APC Conjugation

Intense effort has been made to elucidate the basic
mechanisms leading to IS formation during T cell
antigen recognition. In contrast, detailed information is
lacking concerning duration and cessation of the
T cell/APC conjugation. An in vivo experiment by
SroLL et al.*® has provided someinsight into the process
of IS termination. Using 4-dimensional confocal im-
aging they were able to visualize the cessation of the
T cell and APC in intact mouse lymph nodes. They
showed that upon division of activated T cells, the
mother and daughter cells were separated from the
APC. Thisindicatesthat mitotic-derived cellular factors
areresponsible for IS termination. Furthermore, factors
in the extracellular milieu influence the duration of
T cell/APC interaction and hence the duration and cess-
ation of IS formation. Several factors have been pro-
posed, including chemokine gradients™ and T cell in-
teractions with collagen fibers of the extracellular
matrix*!. The extracellular factors probably act in com-
bination with several cell-derived mechanismsin order
to determine the duration of T cell/APC interaction.

The Function of the IS

The main function of the ISis still under discussion.
Initially it was believed to serve as a device for initiat-
ing, stabilizing, and sustaining TCR signal transduction
during APC encounter. This proposal seemed reliable
for at least two reasons. First, the surface area of the
interface is substantial (~50 um?), allowing a consider-
able number of adhesion molecules to interact, thus
stabilizing the area. Second, the postulate made sense
considering the prolonged TCR-mediated stimulation
required in order to fully activate T cells. However,
recent investigations have demonstrated that a role for
thelSininitiating TCR signaling is very unlikely. TCR
triggering and hence activation of proximal tyrosine
kinases, as for instance Lck and Zap-70, occurs within
seconds of antigen encounter, while the assembly of the
mature IS may take several minutes®. Thus, as TCR
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signaling precedes IS assembly, the IS cannot be re-
sponsible for initiating TCR signaling.

Although not required for initial TCR signaling, 1S
establishment is essential to intensify TCR-mediated
signaling and achieve proper T cell activation®. One
possible mechanism would be by carefully regulating
incluson and exclusion of various molecules from the
T cell/APC interface. Up-concentration of the co-sti-
mulatory molecule CD28 in the cSMAC isone example
of including a molecule which in turn will amplify TCR
signaling'. In contrast, phosphatases may be excluded
from the cSMAC in order to avoid interference with the
kinase activity required for TCR signaling. Although
controversial, the tyrosine phosphatase CD45 is an
example of a molecule that is removed from the
CSMAC® %% & However, it is still not obvious why
physical separation of positive and negative regulators
of signaling would reguire molecular segregation at the
T cdl/APC interface on such a large scale, i.e
micrometers, as observed for the IS.

The supramolecular organization of the IS has aso
been linked to directed secretion™ %> %2, This implies
that T cell effector molecules are secreted in alocalized
manner on the APC or target cell surface. In this way
the only cell affected is the cell with which the T cell
has formed a synapse, thus reducing bystander effects.
The effector functions may, for instance, be secretion
of cytokines and cytotoxic agents produced by CD4*
and CD8" T cells, respectively.

As demonstrated by VauituTT et a.%” afew MHCp
complexes may be responsible for triggering many
TCRs. One possible function of the IS may be to pro-
vide a molecular organization which could serve as
a site alowing this serial TCR triggering. One could
imagine that new TCRs constantly arrive to the cSMAC
of the IS, driven either by passive or active forces, and
that they subsequently are internalized and degraded
after fulfilling their signaling function® . This persist-
ent delivery of new TCRs to the cSMAC may possibly
occur by different cellular mechanisms. Active lateral
movement of TCRs mediated by the actin cytoskeleton
has been suggested®. Although this mechanism seems
realistic, it implies that the TCRs have to pass the
pPSMAC area, comprised partly of strongly interacting
adhesion molecules. If these adhesion molecules form
a dense sphere around the cSMAC, they would prob-
ably inhibit the trandocation of TCRs. To avoid this
obvious problem, the TCRs could enter the cSMAC
simply by an endo/exocytotic pathway transocating
TCRs from the rear of the cell to the cSMAC, as pre-
viously suggested by us. At least two different endocy-
totic pathways exist to regulate TCR expression levels

T. Klemmensen: The Immunological Synapse

at the T cell surface®. One pathway is dependent on
tyrosine kinase activity. Following tyrosine phosphory-
lation the TCRs are endocytosed via clathrin-coated pits
and subsequently sorted for lysosomal degradation.
Thus, this pathway leads to a diminished total amount
of TCRs requiring new synthesis for restoring the pre-
vious level. However, another pathway, which relies on
recycling of TCRs, is more relevant in this case. This
pathway is mediated by the balance between PKC and
serine/threonine protein phosphatase activities and is
dependent on serine phosphorylation of CD3y by PKC?.
Activation by PKC initiates the endo/exocytotic cycling
pathway, which may account for the redistribution of
TCRs to the cSMAC? 67 100 A gmilar exocytotic
pathway could be proposed considering directed secre-
tion of, for example, cytokines and cytotoxic agents.

Recently, a model has been suggested that relates
some properties of the neuronal synapse to the 1S,
According to thismodel it is believed that the IS forms
a gasket into which soluble as well as membrane-an-
chored molecules are exocytozed. The directed exocy-
tosisisfacilitated by APCs, which are considered to be
the pre-synaptic cells. Newly synthesized MHCp com-
plexes are co-secreted with co-stimulatory molecules,
e.g. CD80 and CD86, into the synapse to interact with
appropriate receptors located on the post-synaptic
T cell sde. In this model, it is assumed that a very low
number of MHCp complexes are present at the pre-sy-
naptic side on initial encounter with the T cell. How-
ever, following the low level of agonist-induced activa-
tion, a positive-feedback mechanism is established,
causing further delivery of MHCp complexes to the
interface. This phenomenon is suggested to provide the
basis for sustained TCR signaling.

Clearly, a better understanding of the structure and
function of the IS will lead to an improved knowledge
of how T cells communicate with other cells and are
activated. Advances in this field could open up the
prospect of development of new therapeutics for
a number of immunological diseases.

References

1. ALAM S. M., TRAVERS P. J., WUNG J. L., NAsHOLDS W., RED-
PATH S., JAMESON S. C. and GASCOIGNE N. R. (1996): T-cell-
-receptor affinity and thymocyte positive selection. Nature, 381,
616—620.

2. ALcoVvER A. and ALARCON B. (2000): Internalization and intra-
cellular fate of TCR-CD3 complexes. Crit. Rev. Immunol., 20,
325-346.

3. AReNDT C. W., ALBRECHT B., Soos T. J. and LITTMAN D. R.
(2002): Protein kinase CO: signading from the center of the
T cdl synapse. Curr. Opin. Immunoal., 14, 323-330.

4. BANCHEREAU J.,, BRIERE F., CAux C., DAvVousT J,, LEBECQUE S,,



T. Klemmensen: The Immunological Synapse

10.

11

12.

13.

14.

15.

16.

17.

18.

10.

20.

21

Liu Y. J., PULENDRAN B. and PaLucka K. (2000): Immuno-
biology of dendritic cells. Annu. Rev. Immunol., 18, 767—
811.

. BANCHEREAU J. and STEINMAN R. M. (1998): Dendritic cells

and the control of immunity. Nature, 392, 245-252.

. BARCLAY A. N., BROWN M. H., LAwW S. K. A., MCKNIGHT

A. J, TOMLINSON M. G. and VAN DER MERWE P. A. (1997):
The leucocyte antigen factsbook. 2nd edition, Academic Press,
London, 1-613.

. BaTisTA F. D., IBER D. and NEUBERGER M. S. (2001): B cells

acquire antigen from target cells after synapse formation. Na-
ture, 411, 489-494.

. BENNETT S. R., CARBONE F. R., KARAMALIS F., MILLER J. F.

and HEATH W. R. (1997): Induction of a CD8" cytotoxic
T lymphocyte response by cross-priming requires cognate
CD4" T cdl help. J. Exp. Med., 186, 65-70.

. BEYERS A. D., BARCLAY A. N., LAw D. A., HE Q. and WILL-

IAMS A. F. (1989): Activation of T lymphocytes via monoclo-
nal antibodies against rat cell surface antigens with particular
reference to CD2 antigen. Immunol. Rev., 111, 59-77.
BINNERTS M. E. and vAN KoovK Y. (1999): How LFA-1 binds
to different ligands. Immunol. Today, 20, 240-245.

Bossi G., TRaAMBAS C., BooTH S., CLARK R., STINCHCOMBE
J. and GRIFFITHS G. M. (2002): The secretory synapse: the se-
crets of aseria killer. Immunol. Rev., 189, 152—-160.
BOUR-JORDAN H. and BLUESTON J. A. (2002): CD28 function:
a balance of costimulatory and regulatory signals. J. Clin. Im-
munol., 22, 1-7.

BrRoOMLEY S. K., BURACK W. R., JOHNSON K. G., SOMERSALO
K., SIMs T. N., SUMEN C., DAvIS M. M., SHAwW A. S, ALLEN
P. M. and DustiN M. L. (2001): The immunological synapse.
Annu. Rev. Immunol., 19, 375-396.

BrROMLEY S. K., laBONI A., DAvIS S. J.,, WHITTY A., GREEN
J. M, SHAw A. S, WEIss A. and DusTIN M. L. (2001): The
immunological synapse and CD28-CD80 interactions. Nat. Im-
munol., 2, 1159-1166.

BrROMLEY S. K., PETERSON D. A., GUNN M. D. and DusTIN
M. L. (2000): Cutting edge: hierarchy of chemokine receptor
and TCR signals regulating T cell migration and proliferation.
J. Immunol., 165, 15-19.

CAMPANERO M. R., DEL Pozo M. A., ARROYO A. G., SANCHEZ-
-MATEOS P., HERNANDEZ-CASELLES T., CRAIG A., PuLIDO R. and
SANCHEZ-MADRID F. (1993): ICAM-3 interacts with LFA-1
and regulates the LFA-1/ICAM-1 cell adhesion pathway.
J. Cell Bial., 123, 1007-1016.

Davis D. M. (2002): Assembly of the immunological synapse
for T cells and NK cells. Trends Immunol., 23, 356-363.
Davis S. J. and VAN DER MERWE P. A. (1996): The structure
and ligand interactions of CD2: implicationsfor T-cell function.
Immunol. Today, 17, 177-187.

DE FOUGEROLLES A. R., QIN X. and SPRINGER T. A. (1994):
Characterization of the function of intercellular adhesion mole-
cule (ICAM)-3 and comparison with ICAM-1 and ICAM-2 in
immune responses. J. Exp. Med., 179, 619-629.

DE FOUGEROLLES A. R. and SPRINGER T. A. (1992): Intercel lu-
lar adhesion molecule 3, a third adhesion counter-receptor for
lymphocyte function-associated molecule 1 on resting lympho-
cytes. J. Exp. Med., 175, 185-190.

DeL Pozo M. A., NIETO M., SERRADOR J. M., SANCHO D.,
VICENTE-MANZANARES M., MARTINEZ C. and SANCHEZ-MA-
DRID F. (1998): The two poles of the lymphocyte: specialized

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

385

cell compartments for migration and recruitment. Cell Adhes.
Commun., 6, 125-133.

DeEL Pozo M. A., SANCHEZ-MATEOS P., NIETO M. and SAN-
CHEZ-MADRID F. (1995): Chemokines regulate cellular polariz-
ation and adhesion receptor redistribution during lymphocyte
interaction with endothelium and extracellular matrix. Involve-
ment of CAMP signaling pathway. J. Cell Biol., 131, 495-508.
Demotz S, GRey H. M. and SETTE A. (1990): The minimal
number of class Il MHC-antigen complexes needed for T cell
activation. Science, 249, 1028-1030.

DianzaNl U. and MALAVAS F. (1995): Lymphocyte adhesion
to endothelium. Crit. Rev. Immunol., 15, 167—200.

DIETRICH J., HOU X., WEGENER A. M. and GEISLER C. (1994):
CD3y contains a phosphoserine-dependent di-leucine motif in-
volved in down-regulation of the T cell receptor. EMBO J,, 13,
2156-2166.

DieTRICH J., KASTRUP J.,, NIELSEN B. L., Opum N. and GEISLER
C. (1997): Regulation and function of the CD3y DxxxLL motif:
a binding site for adaptor protein-1 and adaptor protein-2 in
vitro. J. Cell Biol., 138, 271-281.

DustiN M. L. (1998): Making a little affinity go a long way:
atopological view of LFA-1 regulation. Cell Adhes. Commun.,
6, 255-262.

DusTIN M. L., ALLEN P. M. and SHAwW A. S. (2001): Environ-
mental control of immunological synapse formation and dura-
tion. Trends Immunol., 22, 192-194.

DusTtiN M. L., BRoMLEY S. K., KAN Z., PETERSON D. A. and
UNANUE E. R. (1997): Antigen receptor engagement delivers
astop signal to migrating T lymphocytes. Proc. Natl. Acad. Sci.
USA, 94, 3909-3913.

DusTiN M. L. and CHAN A. C. (2000): Signaling takes shapein
the immune system. Cell, 103, 283-294.

DusrtiN M. L. and CoLMAN D. R. (2002): Neural and immuno-
logical synaptic relations. Science, 298, 785-789.

DustiN M. L. and CooPer J. A. (2000): The immunological
synapse and the actin cytoskeleton: molecular hardware for
T cell signaling. Nat. Immunol., 1, 23-29.

DusTIN M. L., FERGUSON L. M., CHAN P. Y., SPRINGER T. A.
and GoLAN D. E. (1996): Visualization of CD2 interaction with
LFA-3 and determination of the two-dimensional dissociation
congtant for adhesion receptors in a contact area. J. Cell Bidl.,
132, 465-474.

DustiN M. L. and SPRINGER T. A. (1989): T cell receptor
cross-linking trangently stimulates adhesiveness through LFA-1.
Nature, 341, 619-624.

FArRouDI M., ZARU R., FAVIER B. and VALITUTTI S. (2002):
New insights to the functional role of the T cell-antigen presen-
ting cell immunological synapse. Biol. Res,, 35, 133-137.
FAWCETT J., HOLNESS C. L., NEEDHAM L. A., TURLEY H., GAT-
TERK. C.,,MAsoN D. Y. and Simmons D. L. (1992): Molecular
cloning of ICAM-3, a third ligand for LFA-1, constitutively
expressed on resting leukocytes. Nature, 360, 481-484.
GEUJTENBEEK T. B., TORENSMA R., VAN VLIET S. J, VAN
DuiNHOVEN G. C., ADEMA G. J.,, VAN KoovK Y. and FIGDOR
C. G. (2000): Identification of DC-SIGN, anovel dendritic cell-
-specific ICAM-3 receptor that supports primary immune re-
sponses. Cell, 100, 575-585.

GrAKOUI A., BROMLEY S. K., SUMEN C., DAvVIS M. M., SHAW
A. S, ALLEN P. M. and DusTIN M. L. (1999): The immuno-
logical synapse: a molecular machine controlling T cell activa-
tion. Science, 285, 221-227.



386

39.

41.

42.

45.

46.

47.

49.

50.

51

52.

53.

54.

GREENFIELD E. A., NGUYEN K. A. and KucHroo V. K. (1998):
CD28/B7 cogtimulation: areview. Crit. Rev. Immunol., 18, 339-418.

. GUERMONPREZ P., VALLADEAU J., ZITVOGEL L., THERY C. and

AMIGORENA S. (2002): Antigen presentation and T cell stimu-
lation by dendritic cells. Annu. Rev. Immunol., 20, 621-667.
GUNZER M., SCHAFER A., BORGMANN S., GRABBE S., ZANKER
K. S, BROCKER E. B., KAMPGEN E. and FRIEDL P. (2000):
Antigen presentation in extracellular matrix: interactions of
T cells with dendritic cells are dynamic, short lived, and se-
quential. Immunity, 13, 323-332.

HARDING C. V. and UNANUE E. R. (1990): Quantitation of
antigen-presenting cell MHC class |Il/peptide complexes
necessary for T-cell stimulation. Nature, 346, 574-576.

. HEISKA L., ALFTHAN K., GRONHOLM M., VILJA P., VAHERI

A. and CARPEN O. (1998): Association of ezrin with intercellu-
lar adhesion molecule-1 and -2 (ICAM-1 and ICAM-2). Regu-
lation by phosphatidylinositol 4, 5-bisphosphate. J. Biol.
Chem., 273, 21893-21900.

. HELANDER T. S., CARPEN O., TURUNEN O., KovANEN P. E.,

VAHERI A. and TIMONEN T. (1996): ICAM-2 redistributed by
ezrin as atarget for killer cells. Nature, 382, 265-268.
HERNANDEZ-CASELLES T., RuBlo G., CAMPANERO M. R., DEL
Pozo M. A., MUurRO M., SANCHEZ-MADRID F. and APARICIO P.
(1993): ICAM-3, the third LFA-1 counterreceptor, is a co-stimula-
tory molecule for both resting and activated T lymphocytes.
Eur. J Immunol., 23, 2799-2806.

HuniG T. (1985): The cell surface molecule recognized by the
erythrocyte receptor of T lymphocytes. |dentification and par-
tial characterization using a monoclonal antibody. J. Exp. Med.,
162, 890-901.

IKEMIZU S., SPARKS L. M., VAN DER MERWE P. A., HARLOS K,
STUART D. I., JoNES E. Y. and Davis S. J. (1999): Crysta
structure of the CD2-binding domain of CD58 (lymphocyte
function-associated antigen 3) at 1.8-A resolution. Proc. Natl.
Acad. Sci. USA, 96, 4289-4294.

. IRVINE D. J.,, PURBHOO M. A., KROGSGAARD M. and DAvIS

M. M. (2002): Direct observation of ligand recognition by
T cells. Nature, 419, 845-849.

JacoBsoN K., ISHIHARA A. and INMAN R. (1987): Latera diffu-
sion of proteins in membranes. Annu. Rev. Physial., 49, 163—
175.

JANEWAY C. A., TRAVERS P., WALPORT M. and SHLOMCHIK
M. (2001): Immunobiology. 5th edition, Churchill Livingstone,
New York, USA, 1-34.

JoHNSON K. G., BROMLEY S. K., DusTIN M. L. and THOMAS
M. L. (2000): A supramolecular basis for CD45 tyrosine phos-
phatase regulation in sustained T cell activation. Proc. Natl.
Acad. Sci. USA, 97, 10138-10143.

JoNES E. Y., DAvis S. J, WiLLIaMS A. F., HARLOs K. and
STUART D. I. (1992): Crystal structure at 2.8 A resolution of
asoluble form of the cell adhesion molecule CD2. Nature, 360,
232-239.

JUAN M., VINAS O., PINO-OTIN M. R., PLACES L., MARTINEZ-
-CACERES E., BARCELO J. J., MIRALLES A., VILELLA R, DE LA
FUENTE M. A. and VIVES J. (1994): CD50 (intercellular adhe-
sion molecule 3) stimulation induces calcium mobilization and
tyrosine phosphorylation through p59fyn and p56lck in Jurkat
T cdl line. J. Exp. Med., 179, 1747-1756.

KRUMMEL M. F., S;iaAsTAD M. D., WULFING C. and DAvIS
M. M. (2000): Differential clustering of CD4 and CD3¢ during
T cell recognition. Science, 289, 1349-1352.

55

56.

57.

59.

61.

62.

65.

66.

67.

69.

70.

T. Klemmensen: The Immunological Synapse

. Kuprer H., Monks C. R. and KupFeR A. (1994): Small splenic

B cells that bind to antigen-specific T helper (Th) cells and face

the site of cytokine production in the Th cells selectively pro-

liferate: immunofluorescence microscopic studies of Th-B

antigen-presenting cell interactions. J. Exp. Med., 179, 1507—

1515.

LANZAVECCHIA A. and SaLLusTo F. (2001): Antigen decoding

by T lymphocytes: from synapses to fate determination. Nat.

Immunol., 2, 487-492.

LAURITSEN J. P., CHRISTENSEN M. D., DIETRICH J., KASTRUP J,,

Obum N. and GEIsLER C. (1998): Two distinct pathways exist

for down-regulation of the TCR. J. Immunol., 161, 260-267.

. LEEK. H., HOLDORF A. D., DusTIN M. L., CHAN A. C., ALLEN

P. M. and SHaw A. S. (2002): T cell receptor signaing

precedes immunological synapse formation. Science, 295,

1539-1542.

LeEurPIN O., ZARU R., LAROCHE T., MULLER S. and VALITUTTI

S. (2000): Exclusion of CD45 from the T-cell receptor signal-

ing area in antigen-stimulated T lymphocytes. Curr. Biol., 10,

277-280.

. Liu S., CaLDERWOOD D. A. and GINSBERG M. H. (2000): Inte-

grin cytoplasmic domain-binding proteins. J. Cell Sci., 113,

3563-3571.

Liu S. Q. and GoLAN D. E. (1999): T-cell stimulation through

the T-cell receptor/CD3 complex regulates CD2 |ateral mobility

by a calcium/calmodulin-dependent mechanism. Biophys. J.,

76, 1679-1692.

LobisH H., BERK A., ZIPURSKY S. L., MATSUDAIRA P., BALTI-

MORE D. and DARNELL J. (1999): Molecular cell biology. 4th

edition, W. H. Freeman and company, New York, USA, 751—

792.

. LobisH H., BERK A., ZIPURSKY S. L., MATSUDAIRA P., BALTI-
MORE D. and DARNELL J. (1999): Molecular cell biology,
4. edition, W. H. Freeman and company, New York, USA,
911-999.

. MANGEAT P., Roy C. and MARTIN M. (1999): ERM proteinsin

cell adhesion and membrane dynamics. Trends Cell Bial.,

9, 187-192.

MATsul K., BONIFACE J. J, REAY P. A., SCHILD H., FAZEKAS

DE ST., GROTH B. and DAvis M. M. (1991): Low affinity inter-

action of peptideeMHC complexes with T cell receptors.

Science, 254, 1788-1791.

MATsul K., BoNIFACE J. J., STEFFNER P., ReEay P. A. and

DAvis M. M. (1994): Kinetics of T-cell receptor binding to

peptide/l-Ek complexes: correlation of the dissociation rate

with T-cell responsiveness. Proc. Natl. Acad. Sci. USA, 91,

12862—-12866.

MENNE C., MOLLER SORENSEN T., SERSMA V., VON ESSEN M.,

Obum N. and GElsLER C. (2002): Endo- and exocytic rate con-

stants for spontaneous and protein kinase C- activated T cell

receptor cycling. Eur. J. Immunol., 32, 616-626.

. MEUER S. C., Hussey R. E., FaBel M., Fox D., Acuto O.,

FITzGerALD K. A., HoDGDON J. C., PROTENTIS J. P., SCHLOSS

MAN S. F. and REINHERZ E. L. (1984): An aternative pathway

of T-cell activation: a functional role for the 50 kd T11 sheep

erythrocyte receptor protein. Cell, 36, 897-906.

Monks C. R., FREIBERG B. A., Kuprer H., SciaKky N. and

KupPFER A. (1998): Three-dimensional segregation of supra-

molecular activation clustersin T cells. Nature, 395, 82—86.

MoNToYA M. C., SANCHO D., BONELLO G., COLLETTE Y ., LAN-

GLET C., HE H. T., APARICIO P., ALCOVER A., OLIVE D. and



T. Klemmensen: The Immunological Synapse

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81

82.

83.

84.

85.

SANCHEZ-MADRID F. (2002): Role of ICAM-3 in the initid in-
teraction of T lymphocytes and APCs. Nat. Immunal., 3, 159—
168.

NIETO M., FRADE J. M., SANCHO D., MELLADO M., MARTINEZ
A. and SANCHEZ-MADRID F. (1997): Polarization of chemokine
receptors to the leading edge during lymphocyte chemotaxis.
J. Exp. Med., 186, 153-158.

NORCROSS M. A. (1984): A synaptic basis for T-lymphocyte
activation. Ann. Immunol. (Paris), 135D, 113-134.
PENNINGER J. M. and CRABTREE G. R. (1999): The actin cytos-
keleton and lymphocyte activation. Cell, 96, 9-12.

Qi S. Y., GRoVES J. T. and CHAKRABORTY A. K. (2001): Sy-
naptic pattern formation during cellular recognition. Proc. Natl.
Acad. Sci. USA, 98, 6548-6553.

Revy P., SospeDRA M., BARBOUR B. and TRAUTMANN A.
(2001): Functional antigen-independent synapses formed be-
tween T cells and dendritic cells. Nat. Immunol., 2, 925-931.
REY M., VICENTE-MANZANARES M., VIEDMA F., YANEZ-MO M.,
URzAINQUI A., BARREIRO O., VAZQUEZ J. and SANCHEZ-MA-
DRID F. (2002): Cutting edge: association of the motor protein
nonmuscle myosin heavy chain-1lA with the C terminus of the
chemokine receptor CXCR4 in T lymphocytes. J. Immunol.,
169, 5410-5414.

RusseLL J H. and Ley T. J. (2002): Lymphocyte-mediated cy-
totoxicity. Annu. Rev. Immunol., 20, 323-370.
SANCHEZ-MADRID F. and DEL Pozo M. A. (1999): Leukocyte
polarization in cell migration and immune interactions. EMBO
J., 18, 501-511.

SANCHO D., VICENTE-MANZANARES M., MITTELBRUNN M.,
MonTOYA M. C., GORDON-ALONSO M., SERRADOR J. M. and
SANCHEZ-MADRID F. (2002): Regulation of microtubule-orga-
nizing center orientation and actomyosin cytoskeleton rear-
rangement during immune interactions. Immunol. Rev., 189,
84-97.

SaxToN M. J. and JacoBsoN K. (1997): Single-particle track-
ing: applications to membrane dynamics. Annu. Rev. Biophys.
Biomal. Struct., 26, 373-399.

SELVARAJ P., PLUNKETT M. L., DusTIN M., SANDERS M. E.,
SHAW S. and SPRINGER T. A. (1987): The T lymphocyte glyco-
protein CD2 binds the cell surface ligand LFA-3. Nature, 326,
400-403.

SERRADOR J. M., ALONSO-LEBRERO J. L., DEL Pozo M. A,
FURTHMAYR H., ScHWARTZ-ALBIEZ R., CALVO J,, LozAaNO F.
and SANCHEZ-MADRID F. (1997): Moesin interacts with the cy-
toplasmic region of intercellular adhesion molecule-3 and is
redistributed to the uropod of T lymphocytes during cell polar-
ization. J. Cell Biol., 138, 1409-1423.

SERRADOR J. M., NIETO M., ALONSO-LEBRERO J. L., DEL Pozo
M. A., CALVO J., FURTHMAYR H., SCHWARTZ-ALBIEZ R., LOZA-
NO F., GONZALEZ-AMARO R., SANCHEZ-MATEOS P. and San-
CHEZ-MADRID F. (1998): CDA43 interacts with moesin and ezrin
and regulates its redistribution to the uropods of T lymphocytes
at the cell-cell contacts. Blood, 91, 4632-4644.

SERRADOR J. M., URzAINQUI A., ALONSO-LEBRERO J. L., CA-
BRERO J. R., MoNTOYA M. C., VICENTE-MANZANARES M.,
YANEZ-M0O M. and SANCHEZ-MADRID F. (2002): A juxta-mem-
brane amino acid sequence of P-selectin glycoprotein ligand-
1 is involved in moesin binding and ezrin/radixin/moesin-di-
rected targeting at the trailing edge of migrating lymphocytes.
Eur. J Immunol., 32, 1560-1566.

SHAwW A. S. and DusTIN M. L. (1997): Making the T cell re-

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

387

ceptor go the distance: atopological view of T cell activation.
Immunity., 6, 361-369.

SINGER S. J. (1992): Intercellular communication and cell-cell
adhesion. Science, 255, 1671-1677.

SPERLING A. |., SEDY J. R., MANJUNATH N., KUPFER A., ARD-
MAN B. and BURKHARDT J. K. (1998): TCR signaling induces
selective exclusion of CD43 from the T cell-antigen-presen-
ting cell contact site. J. Immunol., 161, 6459-6462.
SPRINGER T. A. (1990): Adhesion receptors of the immune
system. Nature, 346, 425-434.

SPRINGER T. A., DusTIN M. L., KisHimMoTo T. K. and MARLIN
S. D. (1987): The lymphocyte function-associated LFA-1,
CD2, and LFA-3 molecules: cell adhesion receptors of the
immune system. Annu. Rev. Immunol., 5, 223-252.
STARLING G. C., MCLELLAN A. D., EGNER W., SORG R. V.,
FAWCETT J., SMMONS D. L. and HART D. N. (1995): Intercell-
ular adhesion molecule-3 is the predominant co-stimulatory
ligand for leukocyte function antigen-1 on human blood den-
dritic cells. Eur. J. Immunol., 25, 2528-2532.

SteiN P. L., LEE H. M., RicH S. and SoRIANO P. (1992):
pp59fyn mutant mice display differential signaling in thymo-
cytes and periphera T cels. Cédll, 70, 741-750.
StINCHCOMBE J. C., Boss G., BooTH S. and GRIFFITHS G. M.
(2001): The immunological synapse of CTL contains a se-
cretory domain and membrane bridges. Immunity, 15, 751—
761.

StoLL S, DELON J,, BROTZ T. M. and GERMAIN R. N. (2002):
Dynamic imaging of T cell-dendritic cell interactions in
lymph nodes. Science, 296, 1873-1876.

TOMINAGA Y., KITA Y., SATOH A., Asal S, KATO K., ISHIKA-
wA K., HoRIUCHI T. and TAKAsSHI T. (1998): Affinity and
kinetic analysis of the molecular interaction of ICAM-1 and
leukocyte function-associated antigen-1. J. Immunol., 161,
4016-4022.

TSUKITA S. and YONEMURA S. (1999): Cortical actin organiz-
ation: lessons from ERM (ezrin/radixin/moesin) proteins.
J. Biol. Chem., 274, 34507-34510.

TURLEY S. J, INABA K., GARRETT W. S,, EBERSOLD M., UN-
TERNAEHRER J.,, STEINMAN R. M. and MELLMAN [. (2000):
Transport of peptide-MHC class I complexes in developing
dendritic cells. Science, 288, 522-527.

VALITUTTI S, MULLER S., CELLA M., PADOVAN E. and LAN-
ZAVECCHIA A. (1995): Serial triggering of many T-cell re-
ceptors by a few peptideeMHC complexes. Nature, 375,
148-151.

VAN DER MERWE P. A., BARCLAY A. N., MAsoN D. W.,
DAVIES E. A., MORGAN B. P., TONE M., KRISHNAM A. K.,
IaNELLI C. and Davis S. J. (1994): Human cell-adhesion
molecule CD2 binds CD58 (LFA-3) with a very low affinity
and an extremely fast dissociation rate but does not bind CD48
or CD59. Biochemistry, 33, 10149-10160.

VAN KOOYK Y., VAN DE WIEL-VAN KEMENADE P., WEDER P.,
Kuigpers T. W. and FIGDOR C. G. (1989): Enhancement of
LFA-1-mediated cell adhesion by triggering through CD2 or
CD3 on T lymphocytes. Nature, 342, 811-813.

VON EsseN M., MENNE C., NIELSEN B. L., LAURITSEN J. P,,
DIETRICH J., ANDERSEN P. S., KARJALAINEN K., Obum N. and
GEISLER C. (2002): The CD3y leucine-based receptor-sorting
motif is required for efficient ligand-mediated TCR down-
-regulation. J. Immunol., 168, 4519-4523.

WALKER L. S., GULBRANSON-JUDGE A., FLYNN S., BROCKER T.



388

102.

103.

and LANE P. J. (2000): Co-stimulation and selection for T-cell
help for germinal centres: the role of CD28 and OX40. Immu-
nol. Today, 21, 333-337.

WANG J. H., SMOLYAR A., TAN K., Liu J. H., Kim M., SUN
Z. Y., WAGNER G. and REINHERZ E. L. (1999): Structure of
a heterophilic adhesion complex between the human CD2 and
CD58 (LFA-3) counterreceptors. Cell, 97, 791-803.

WiLb M. K., CaMmBIAGGI A., BRowN M. H., DAVIES E. A.,
OHNO H., SAITO T. and VAN DER MERWE P. A. (1999): Depend-
enceof T cell antigen recognition on the dimensions of an access-
ory receptor-ligand complex. J. Exp. Med., 190, 31-41.

104.

104.

T. Klemmensen: The Immunological Synapse

WOULFING C. and DAvis M. M. (1998): A receptor/cytoskele-
tal movement triggered by costimulation during T cell activa-
tion. Science, 282, 2266—2269.

WOULFING C., SIAASTAD M. D. and DAvIS M. M. (1998): Vis-
ualizing the dynamics of T cell activation: intrecellular adhe-
sion molecule 1 migrates rapidly to the T cell/B cell interface
and actsto sustain calcium levels. Proc. Natl. Acad. Sci. USA,
95, 6302—6307.

Received in June 2003
Accepted in August 2003



