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The immunological synapse and the

actin cytoskeleton:
molecular hardware for T cell signaling

Michael L. Dustin! and John A. Cooper?

The actin cytoskeleton seems to play two critical
roles in the activation of T cells. One of these roles
is T cell shape development and movement, includ-
ing formation of the immunological synapse. The
other is the formation of a scaffold for signaling
components. This review focuses on the recent
convergence of cell biology and immunology stud-
ies to explain the role of the actin cytoskeleton in
creating the molecular basis for immunological
synapse formation and T cell signaling.

Two roles of the actin cytoskeleton inT cell activation
Over 20 years ago, studies on the ligand-induced movement of
immunoglobulin on the surface of B cells called attention to a special
relationship between the actin cytoskeleton and antigen receptors-S.
Recent studies of T cells have focused our attention again on this spe-
cia relationship. Actin filaments play at least two important roles in
antigen recognition. Thefirst is micrometer-scale molecular movements
on the surface of the T cell*®. This large-scale molecular rearrangement
results in formation of an immunological synapse organized into dis-
tinct supramolecular activation clusters®. The second role of actin fila
ments appears to involve signaling complexes that are dependent on a
scaffold of actin filaments™2. The actin scaffold may also recruit or sta
bilize specialized membrane domains enriched in glycolipids and sig-
naling molecules that are implicated in T cell activation®*°,

Role of actin filaments in initial adhesion

The formation of theimmunological synapseisamultistep process that
begins with adhesion between the T cell and antigen presenting cell
(APC). Theoreticaly, it is possible that the T cell antigen receptor
(TCR) could initiate this process by interacting with major histocom-
patibility complex molecule (MHC)-peptide complexes, but in practice
this would require too many MHC-peptide complexes and too much
time'®Y’. Instead, the initial adhesion is mediated by integrins such as
LFA-1 or by non-integrin molecules such as CD2-CD58 or
DCSIGN-ICAM-3%#2, The common goa of these adhesion mecha
nisms is to overcome the barrier to close cell-cell contact posed by the
negatively charged glycocalyx of the T cell and APC?%, Both the T cell
and APC have large glycocalyx components such as the mucin CD43,
which come into conflict with each other at a [(50—100 nm separation
of cell membranes®. This distance cannot be spanned by the TCR and
MHC-peptide complex, which interact at (115 nm?%, One solution to
this problem is to use abundant adhesion molecules—such as CD2 and

CD58—to bring cells to within 15 nm of each other, by formation of
thousands of transient, low affinity interactions®? %, T cells are sensi-
tive to small numbers of MHC-peptide complexes on the APC?. Precise
alignment of apposing membranes at (115 nm is probably essentia for
this high sensitivity. However, small adhesion molecules such as CD2
and CD58 are also prevented by the glycocalyx from interacting and
reguire active processes to initiate adhesion®. The integrin LFA-1 and
its major immunoglobulin superfamily ligand ICAM-1 can interact at
M0 nm and can thereby initiate adhesive interactions when appropri-
ately activated®*. These large adhesion molecules initiate active mech-
anismsto promote the interaction of smaller adhesion molecules, bring-
ing the actin cytoskeleton to center stage.

The actin cytoskeleton plays a dual rolein regulation of LFA-1. The
resting leukocyte has two surface domains: low flat surfaces and
microvilli. Integrins such as LFA-1 are located on the low flat surface
aong with other large glycoproteins like CD43%* (Fig. 1). In contrast,
L-selectin is located at the ends of the microvilli where they are well
positioned to initiate interactions with ligands on endothelial cells®.
The flat surface is supported by a cortical actin cytoskeleton that is
interlaced with microtubules and intermediate filaments®”. LFA-1 on
resting leukocytes is maintained in alow activity state by an inhibitory
interaction with the cortical actin cytoskeleton®“°, This inhibitory
interaction may be mediated in part by talin, a large actin and integrin
binding protein®. The inhibitory interaction prevents lateral movement
of the integrins in the membrane that may be important for encounter-
ing ligands and clustering of integrins. In this state the lymphocyte is
not well prepared for antigen recognition and requires non-antigen
dependent signals to rearrange its surface topology for high sensitivity
to MHC-peptide complexes.

Activation of lymphocytes releases the inhibitory cytoskeletal inter-
action, so that LFA-1 can diffuse in the plane of the membrane®. At this
stage it is likely that activating signals are non-antigen-specific signals
from chemokines or other environmental cues that link the preparation
for antigen recognition to specific environments (for example, lymph
nodes) or processes (for example, inflammation)*#. Chemokine signal-
ing activates a heterotrimeric G-protein-initiated signaling cascade that
activates phospholipase C, phosphatidylinositol-3-kinase, protein kinase
C and Rho family G-proteins leading to activation of myosin light chain
kinase and local actin polymerization*. Activation of myosin I1, the con-
ventional form of myosin that forms bipolar “thick filaments’, initially
increases the cortical stiffness of the leukocyte by contracting the corti-
cal actin shell®. Further contraction by myosin |1 results in the collapse
of the original cortical actin cytoskeleton to the side of the cell occupied
by the microtubule organizing center (Fig. 1). Thisretraction of the rest-
ing cell cortical actin cytoskeleton creates an opening for new actin
polymerization to form membrane protrusions at the leading edge of the
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Figure 1. Chemokine induced cytoskeletal polarization. Conversion of a
spherical resting T cell to a polarized migratory T cell. Actin is in green, microtubules
in blue and myosin Il in red. Right arrows indicate movements of cell surface struc-
tures on the lymphocytes that have just been exposed to a chemokine gradient (4).
Chemokine receptor on naive T cells include CCR7, which binds SLC and ELC; and
CXCR4, which binds SDF-1. The microvilli are swept to the back of the cell along
with CD43. Arrows on left hand diagram indicate direct of force exerted by actin
polymerization on the leading edge.

newly polarized and motile lymphocyte. The myosin Il and actin aggre-
gate in the new trailing edge along with the microvilli and a number of
proteins, including the large glycocalyx component CD43, through its
interaction with the adapter protein ezrin®. The movement of CD43 to
therear edge of the cell may promote detachment of adhesion at the rear
of the cells, while promoting interactions at the leading edge by reliev-
ing steric inhibition. The activation-induced polarization of the lympho-
cyteisfunctionally important. Lymphocytes are more sensitive to MHC-
peptide complexes or anti-TCR antibody-induced activation at the lead-
ing edge than at the trailing edge®. Although initial polarization is stim-
ulated by chemokines, long-term exposure to cytokines such as inter-
leukin 2 maintains the polarized phenotype, even in the absence of exter-
nal chemotactic gradients®.

A number of properties of the leading edge contribute to efficient
receptor-ligand interactions. New actin polymerization is concentrated
in leading protrusions and receptors in these regions are highly
mobile®. Actin structuresin these regions also respond rapidly to recep-
tor engagement. For example, interaction of a mobile integrin with lig-
and triggers a new, adhesion-stabilizing, interaction with the actin
cytoskeleton®™. It has been suggested that this positive interaction may
be mediated by a-actinin, an integrin and an actin binding protein dis-
tinct from talin*. Talin may also participate at this stage by stabilizing
the LFA-1 clusters and the high affinity form of LFA-15152, Cytoskeletal
interactions with engaged integrins trigger expansion of close contact
areas®. The integrin clusters are also transported in a directed fashion
resulting in movement of the T cell over the substrate or APC>%, Areas
adjacent to active integrin clusters are forced into close contact with the
apposing membrane®. These areas of forced close membrane apposition
are probably the nucleation sites for interaction between smaller adhe-
sion mechanisms and antigen receptors, and could be characterized as
sensory contact domains.

The generation of sensory contact domains probably involves forma
tion of actin-based protrusions, such as filipodia (thin spikes) or lamel-
lipodia (flat sheets) (Fig. 1). These protrusions generate force based on
actin polymerization®. The protrusive force exerted by these structures
is counter-balanced by the anchoring force of the integrin interactions
at the center of the contact arez®. The formation of actin protrusionsis
controlled by small G-proteins of the Rho family including Cdc42 and
RhoA%. RhoA isinactivated by the C3 ribosyltransferase. The C3 ribo-
syltransferase blocks LFA-1 activation and also inhibits production of
interleukin 2 and sustained Ca?* elevation in response to TCR engage-
ment%-%. An efficient scheme for moving antigen receptors to within
ligand binding range of the apposing membrane would be to nucleate
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actin assembly from the antigen receptors themselves. A link between
the TCR and actin-based structures may be formed by VASP, an actin
filament—coupling protein. One mechanism for linking VASP to the
TCR is through the adapter protein Fyb that interacts with Fyn and
VASPL82, There are probably other mechanisms for forming this link-
age as T cells from Fyn-deficient mice have normal sensitivity to anti-
gen®. VASP is associated with protrusive structures employed in initial
interactions of epithelial cells and thus may provide an appropriate
linkage to actin to initiate TCR engagement with ligands®. Regardless
of this, thefirst critical role for the actin cytoskeleton appears to be col-
laboration with chemokine receptor—-mediated signals and adhesion
molecules to initiate physiological TCR engagement.

Formation of the synapse

When agonist MHC-peptide complexes are present on an antigen-pre-
senting surface with integrin ligands, the coordination of adhesion,
the actin cytoskel eton and antigen receptors takes on a different char-
acter. The T cell stops migrating®® and generates a central area of
integrin engagement surrounded by a close-contact region that
includes the bulk of engaged TCRS (Fig. 2a). Over a period of min-
utes the engaged TCR are transported to the center of the contact area
and the engaged integrins are forced into a surrounding ring (Fig.
2b)58. This pattern can be stable for several hours and sustained sig-
naling on this timescale is required for full T cell activation (Fig.
2c)%". Tracking of TCR on the T cell surface reveals an initial bipolar
distribution. Small clusters form in the nascent synapse in response to
MHC-peptide complex interaction, with one large cluster at the oppo-
site pole of the cell. This paradoxical clustering at the cell pole away
from the APC is probably due to myosin Il activation and actin fila-
ment contraction at the original trailing edge (see Web movies 1-4;
http://dx.doi.org/10.1038/20000000). Over a period of several min-
utes the small TCR clusters rearrange to form a large central cluster
within the immunological synapse and additional TCRs move from
the distal pole into the central cluster of the synapse. The transport of
receptors to the immunological synapse was discovered by Wiulfing
and Davis and requires myosin |14 Therefore in the motile T cell,
myosin |1 isinvolved in generating aflow of actin towards the rear of
the cell, which is reversed on synapse formation. This reversal in the
polarity of actin movement requires engagement of the TCR along
with either LFA-1 or CD28* The formation of the immunological
Synapse organization is sensitive to the density and quality of MHC-
peptide complexes®s. Therefore, the process of forming the immuno-
logical synapse involves the entire T cell surface and the actin and
myosin cytoskeletal systems to translate the short-lived interaction of
TCR and MHC-peptide complexesinto a stable supramolecular struc-
ture of cell-sized proportions.

Molecular links between the TCR and actin cytoskeleton
The TCR is a multi-subunit transmembrane glycoprotein composed of
the antigen binding a and B subunits, and the invariant CD3 complex
and {-chains. The cytoplasmic domains of the CD3 and ¢ polypeptides
contain immune-receptor tyrosine activation motifs (ITAMs) that
become phosphorylated by src family tyrosine kinases such as Lck
upon TCR engagement. Each ¢ subunit has three ITAMs and each
ITAM has two tyrosines. The ITAMs are necessary for TCR-induced
actin polymerization®. ITAM phosphorylation patterns in the ¢
polypeptide are ordered such that phosphorylation of both tyrosinesin
an ITAM is only observed with agonist MHC-peptide complexes®.
ITAMs with both tyrosines phosphorylated are required to recruit the
non-receptor tyrosine kinase ZAP-70 through its paired SH2
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domains™. ZAP-70 activation may be inhibited by the phosphatases
SHP-1 and CD45 and degradation targeting factors c-Chl and
Chl-b™7¢, The large transmembrane tyrosine phosphatase CD45 also
has a positive role in activation of Lck. These positive and negative
regulators contribute to setting thresholds for T cell activation. ZAP-
70 phosphorylates sites that lead to the recruitment of adapter proteins
SLP-76 and LAT™. With respect to the actin cytoskeleton, SLP-76 is
particularly unusual because it recruits Vav and Nck*. Nck recruits
WA Sp (a deficiency of which causes Wiscott-Aldrich Syndrome). Vav
activates Rho-family G-proteins Cdc42 and Rac. In its inactive state,
WA Sp assumes a closed conformation that cannot interact with the key
actin regulator Arp2/3, a complex containing actin related proteins 2
and 3 plus five other polypeptides®. Activated Cdc42 interacts with
WA Sp to induce an open conformation that recruits and activates the
Arp2/3 complex. Inositol phospholipids, in part generated by action of
phosphatidyl inositol 3-kinase linked to the TCR recruited adapter
molecule LAT, also appear to contribute to activation of WA Sp through
interaction with the pleckstrin homology domain of WA Sp®&2, WA Sp
also associates with a proline-rich adapter protein, WIP, which has
actin and profilin binding sites and augments actin polymerization®.
Activated forms of Rho family G-proteins orchestrate the formation of
complex actin-based structures by activating multiple effector mole-
cules”. Activated Cdc42 generates filipodia, fine actin containing
projections, and Rac generates lamellipodia, flat areas of active actin
polymerization at membranes that can appear as “ruffles’ at the
outer edge of the immunological
synapse (see Web movies 5-7;

REVIEW

to induce dramatic actin polymerization. Recruitment of Nck and N-
WASp to Vaccinia virus particles in the cytoplasm of infected cells
stimulates formation of actin “rockets’ that propel particles through
the cytoplasm in a process dependent only on actin polymerization®.
The movement of Vaccinia particlesin the cytoplasm is similar to the
movement of Listeria monocytogenes in which the ActA protein on
the bacterial surface directly recruits Arp2/3 to induce formation of
actin rockets®™®, Listeria-based motility has now been reconstituted in
a system with four purified proteins: actin, Arp2/3, capping protein
and cofilin®. This study was a milestone, providing formal proof that
actin polymerization generates motile force. It is thought that the
mechanism of actin polymerization involves the ability of activated
Arp2/3 complexes to bind the sides of existing actin filaments and to
nucleate new barbed filament ends (the fast growing end) while cap-
ping the pointed end®. This “dendritic nucleation” process results in
arapidly expanding network of polymerized actin that exerts force on
the particle®. The ability of WASp to stimulate this process has been
observed directly in vitro®.

Vaccinia utilizes a tyrosine phosphorylated transmembrane protein
to recruit Nck and N-WASp and is thus more analogous than Listeria
to the antigen receptor systems. In T cells, mutationsin SLP-76 or Nck
result in impaired TCR-stimulated actin polymerization*. Mice defi-
cient in Vavl or WA Sp show specific defectsin T cell activation and
actin polymerization in response to antibody cross-linking®®.
Human patients deficient in WA Sp exhibit defectsin T cell activation

http://dx.doi.org/10.1038/20000000).
In T lymphocytes these signaling
processes, as assessed by tyrosine
phosphorylation and Ca?* mobilization,
are maxima during the few minutes
following initial interaction with the
APC when the immunological synapse
is forming.

Key molecular components recruit-
ed to the activated TCR are sufficient

)

ATP-Actin

Arp2-3 activation
nucleation

Figure 2. Model for actin dynamics in
three stages of immunological synapse
formation. (a-b) Schematic model for
immunological synapse formation linked to
details of actin dynamics. MHC-peptide com-
plexes are green and ICAM-1 is red. The boxes
link to insets with detailed description of mole-
cules linking TCR and actin at different stages of
synapse formation. (a) Dendritic nucleation
model of actin polymerization triggered by acti-
vation of the Arp2/3 complex in the presence of
actin (clear parallelogram, ATP bound; purple
parallelogram, ADP bound), capping protein
(red square) and cofilin (blue triangles). Initially

ATP-actin is added to the barbed end of the filament, but is then hydrolyzed to ADP + inorganic phosphate.
Once this occurs the Arp2/3 complex dissociates. Cofilin then promotes the dissociation of the inorganic
phosphate leading to filament fragmentation. Cofilin phosphorylation by LIM kinase inhibits actin binding and
increases filament half-life. (b) The role of bipolar myosin Il filaments (red) in contraction of the actin net-
work to form the central cluster of engaged TCR.The formation of many long capped actin filaments is like-
ly to require inhibition of cofilin. One potential mechanism is the ability of the Rac-activated form of the p21-
activated kinase to active LIM kinase, which phosphorylates cofilin and inhibits its function. These more sta-
ble filaments may then be linked into the TCR associated actin by actin filament cross-linking proteins like a-
actinin or L-plastin. Contraction of the actin gel by activated myosin Il results in formation of the central TCR
cluster. (c) The contracted dendritic actin network serves as a scaffold for protein kinese C-8 and other mol-
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Figure 3. Parallel versus serial modes of TCR trigger-
ing. (a) The parallel mode of TCR triggering results from the
incorporation of triggered TCR into the central cluster. The
star symbolizes signaling. Data on TCR down regulation sug-
gest that multiple TCR are occupied at different times by
each MHC-peptide complex. However, many TCR are trig-
gered in parallel through incorporation into a higher order
structure. The entire TCR cluster is degraded en bloc when
the T cell and APC separate'*. (b) The serial mode of TCR
triggering results from the rapid dispersal of triggered TCR
without incorporation into a higher order structure. The
MHC-peptide complexes can be used to engage many TCR
in a serial fashion.
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and actin-based structures®. These defects were
observed despite the presence of two other Vav iso-
forms and at least one additional WA Sp isoform.
Theinitial TCR clusters that form at the periphery
of the nascent immunological synapse are likely to
be sites of extensive dendritic nucleation growth of
actin networks (Fig. 2a, inset). Theimmunological synapse model pre-
dicts that synapse formation will be at least partially defective in Vav-
and WA Sp-deficient mice.

Models for sensory contact and cluster assembly

The close sensory contacts adjacent to sites of integrin engagement are
probably generated by actin polymerization nucleated at the membrane
by the Arp2/3 complex. Regions of the T cell surfacerich in active pro-
trusions are most sensitive to MHC-peptide complexes on APCs or to
anti-CD3 on beads™%. Therefore the protrusions should be richin TCR.
The TCR has relatively low lateral mobility on the surface of T cells
with only 20% of proteins showing free diffusior®. It is likely therefore
that the TCR has a basal association with the cytoskeleton that may be
mediated by proteins such as Fyn, Fyb and VASP as described above.
The TCR would then be forced toward the surface of the APC to make
for efficient interaction with the APC surface MHC-peptide complexes.

Following antigen receptor triggering, it is clear that the TCR recruits
Nck, WASp and Vav in a manner that is likely to activate the Arp2/3
complex and trigger rapid actin polymerization (Fig. 2a, inset). This
polymerization may drive the MHC—peptide-engaged TCR clusters fur-
ther against the APC surface to expand the area of close contact.

The mechanism by which the MHC-peptide—-engaged TCR are then
transported to the center of the contact to form the central TCR cluster
is not known. A likely mechanism would involve the activation of
myosin Il. Myosin |l can be activated by the interaction of Ca?*-
camodulin with myosin light chain kinase, which phosphorylates the
regulatory light chain of myosin®. The bipolar myosin filaments then
contract the actin filaments into a dense gel bringing along associated
surface proteins (Fig. 2b, inset). This mechanism is thought to account
for the flow of actin towards the rear end of cells undergoing amoeboid
motion®-, Stabilization of the actin filaments to provide a substrate
for the myosin Il based motility may be promoted by activation of the
p21 activated kinase (PAK) at the TCR through the action of Vav and
SLP-76%. Activated PAK in turn activates LIM kinase, which phos-
phorylates an inhibitory residue on cofilin®. Cofilin participates in the
disassembly of actin filaments. Inhibition of cofilin should result in a
longer half-life of actin filaments that could then be contracted by acti-
vated myosin Il. An aternative mechanism for engaged TCR move-
ment to the center of the synapse would be that actin polymerization
itself would drive the complexes inward. Either of these hypotheses
can account for the observation that the number of MHC-peptide com-
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plexes in the central compartment of the immunological synapse is
related to the degree of complete ITAM phosphorylation and ZAP-70
recruitment. This is because both models are sensitive to the rate of
actin filament formation stimulated at the TCR in response to ZAP-70
recruitments.
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How is the integrin ring maintained?

An intriguing aspect of the immunological synapse is the interdepen-
dence and coordination of adhesion and signaling complex formation.
The engaged TCR and associated actin filaments move into the center
of the synapse, but LFA-1—which is also functionally associated with
actin—remains in a discrete peripheral ring of adhesion. This occurs
even when the LFA-1 ligand, ICAM-1, is freely mobile—so anchorage
to the substrate by ICAM-1 cannot explain failure of LFA-1 to also
cluster in the middlie. One possible mechanism is the association of
LFA-1 with talin (alarge cytoskeletal protein with multiple attachment
sites to integrins), the cytoskeletal protein vinculin and actin filaments.
Talin is strongly accumulated in areas of LFA-1 engagement within the
immunological synapse®. Talin has been implicated in lateral immobi-
lization of integrin complexes* and may play an important role in pro-
tecting integrin-mediated contact from being swept to the center of the
synapse. The adhesion molecule CD2 also appears to establish and
maintain a position outside the center of the synapse, but largely inside
the integrin ring®. This localization of CD2 may be stabilized by
CD2AP, an adapter protein implicated in CD2 movement and formation
of stable cell-cell junctions in the kidney®"%.

Modes of T cell activation

The formation of a stable synapse in the inductive phase of an immune
response may serve a number of functions. For example, amigrating T
cell must stop moving when it encounters antigen. The synapse would
allow cytokine secretion by the T cell to be focused on an APC or tar-
get cell®. The synapse provides a structural “hardware” solution to
integrating signals from the environment in the form of supramolecular
compartments. It appears that these compartments are stable over sev-
eral hours, and that a threshold number of MHC-peptide complexes
(B0) must be engaged in parallel to generate the structure. Therefore,
this massively parallel triggering process is well geared to produce a
high fidelity deterministic signal based on MHC-peptide number and
quality, and the adhesion molecules on the APC (Fig. 3a). The forma-
tion of these supramolecular clusters may carefully measure MHC-
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peptide number and kinetics of interaction with the TCR, and thus set
arigorous threshold for full T cell activation.

A distinct mode of T cell signaling had been proposed earlier based
on serial engagement'®. In this process the TCR are triggered for sig-
naling and then eliminated at the single receptor level (Fig. 3b).
Molecular segregation in contact areas provides a coreceptor-indepen-
dent mechanism for signaling initiated by single TCR engagement
eventsi®1%, However, serial triggering has not been directly observed
in cell contacts and isindirectly studied through TCR down-regulation,
a process equally compatible with serial triggering or resolution of an
immunological synapse. Support for serial triggering is also provided
by studies in which T cells move while signaling, even from APC to
APC™4, Although significant movement appears to rule out formation
of a stable immunological synapse in these examples, the molecular
organization of these mobile synapses have not been investigated.
Direct observation of serial triggering would require following the nat-
ura history of single TCR molecules, which may soon be possible
given current rate of progress in imaging technol ogy*®1%,

It is thought that serial-engagement requires actin polymerization to
set up appropriate contact areas and signaling scaffolds (but that thisis
not necessary for large-scale receptor movement)”'%. This mode of sig-
naling can achieve high sensitivity because each MHC-peptide com-
plex can trigger many TCRs'®. Such a system may receive a significant
number of incorrect cell activation events due to the problem of sepa-
rating the baseline of spontaneous signals from true engagement events.
In primary activation of mature T cells, the cost of incorrect activation
could be very high (for example, autoimmunity) so the added fidelity
through formation of the synapse may be an evolutionary response to
this cost. On the other hand, in developing T cells, the cost of incorrect
activation in positive and negative selection may be less problematic.
Incorrect activation in positive selection results in production of a
mature T cell that poorly recognizes self-MHC and thereforeisnot like-
ly to be activated in the periphery by any self-MHC—peptide complex.
These cellswould probably die off dueto lack of survival signalsin the
periphery'®. Incorrect activation during negative selection results in
loss of acell that would have been a useful mature T cell. Small num-
bers of such errors may not be serious because they do not generate
destructive cells.

Therefore, some T cell development and possibly also mature T cell
survival signals may bereceived in a serial, rather than parallel, manner.
Seria engagement predicts that the signaling process in immature T
cellsistuned to discriminate between the noise of spontaneous receptor
firing, and very small numbers of isolated engagement events. Thisisa
“software integration” process that relies on determining the rate and
duration of single TCR engagement events as opposed to the “ hardware
integration” process of the immunological synapse, where a stable
structure is formed to sustain parallel TCR signaling events. It has been
proposed that CD4 or CD8 lineage decisions may be controlled by the
duration of signaling inimmature T cells'*, and that the role of CD4 in
promoting synapse formation® may provide the long term (C110 h) sig-
naling required for an immature T cell expressing both CD4 and CD8
to develop into a CD4* mature T cell. Therefore, it will be very impor-
tant to determine the degree to which different types and developmen-
tal stages of T cellsrely on these alternative signaling mechanisms, par-
allel or serial, for responding to MHC-peptide complexes in vivo.

The molecular mechanisms that tie mature T cell activation to
synapse formation are not clear. It islikely that there will be differences
in signaling pathways between immature and mature T cells. Specific
synapse-dependent signaling molecules appear in key aspects of mature
T cell activation. For example, protein kinase C-6 (PKC-8) is required
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for activation of NF-kB in mature T cells, but not in immature T cells'™.
Although it is possible that this developmental differencein therequire-
ment for PKC-8 is due to some redundancy in immature T cells, it is
equally possible that this difference reflects areal difference in signal-
ing mechanisms. PKC-8 is unique among PKC formsin its localiza-
tion to the central supramolecular activation cluster within theimmuno-
logical synapse'®2.

Role of actin filaments in signaling

Disruption of actin filaments blocks T cell activation immediately”s13,
One hypothesis for this effect isthat actin filaments establish a scaffold
for assembly of signaling complexes. Adapter proteins would be
involved in linking specific signaling pathways to actin as has been
demonstrated in other systems'**S, One candidate for recruitment
through the actin scaffold is PKC-8, the kinase recruited to the center
of the mature synapse (Fig. 2c, inset). PKC-0 activity is dependent on
Vav, but its recruitment to the TCR cluster appearsto beindirect and is
dependent on the ability of Vav to induce actin polymerization'2. The
actin scaffold may also recruit or stabilize glycolipid-rich rafts that con-
centrated in the vicinity of the engaged TCR*. The impact of the actin
scaffold may be to sustain signaling complexes by protecting compo-
nents from degraadation. For example, CD28 co-engagement with the
TCRisrequired for effective raft recruitment in primary stimulation of
mature T cells. Cbl-b is aring finger protein that functions in suppres-
sion of signaling by acting as a ubiquitin ligase to target neighboring
proteins for degradation by the proteosome™™. The Chl-b*- mouse has
a hyper-responsive T cell phenotype that can be aleviated by crossing
to the CD287- mouse. One could speculate that the role of CD28 in
organizing the cytoskeleton in the immunological synapse may be, in
part, to protect certain signaling molecules from proteolysis by linking
them to the actin scaffold, and thus prolonging signals from engaged
TCR. The contribution of the actin scaffold to sustained signaling is
probably important for full T cell activation which can require up to 20
h of sustained signaling®. The kinetics of APC clusters with T cellsin
Vvivo are also consistent with an important role of sustained signaling in
Vi vollﬁ,l]]_

Conclusions

Since the classic experiments of Mechnikoff on the attack of ameobo-
cytes on foreign bodies', immunologists have appreciated the impor-
tance of cell motility and cytoarchitecture to the immune response. Our
current understanding of the actin cytoskeleton is based on information
gathered from alarge number of model systems as diverse as biochem-
istry of soil amoeba, genetics of yeast, and microscopy of fish kerato-
cytes. Advancesin protein chemistry, mammalian genetics and imaging
technologies have allowed the applications of lessons from these model
systems to the function of specific cytoskeletal proteinsin T lympho-
cytes paired with antigen presenting systems in vitro, or in the context
of the entire organism. The ability to formulate and test hypotheses
based on actin mechanisms shared by diverse organisms should lead to
further identification and discovery of unique aspects of the lympho-
cyte cytoskeletal-signaling system that may provide tomorrow’s
immunological therapies.
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