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Abstract

A major regulator of lymphocyte survival and activation is the
transcription factor nuclear factor-kB (NF-xB). Controlled
activation of NF-kB is essential for the immune and
inflammatory response as well as for cell proliferation and
protection against apoptosis. The NEMO/IxB kinase (IKK)
complex is the central integrator of most stimuli leading to
NF-xB activation, but a detailed knowledge of the upstream
events is available only for a limited number of stimuli. In
particular, although most players have probably been
identified, relatively little is known about the detailed
molecular mechanisms involved in the cascade leading to
NF-xB activation following engagement of the T-cell receptor
by a foreign antigen. In this review, we discuss recent insights
into this specific signal transduction cascade, and the way it
is controlled both spatially and temporally.
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Introduction

Nuclear factor-kB (NF-xB) is the generic name of a family of
transcription factors that act as dimers and regulate genes
involved in the inflammatory and immune responses as well
as in some aspects of cell growth, survival and differentiation.
The aim of this review is to summarize our current knowledge
of NF-xB activation in response to T-cell receptor (TCR)
stimulation. The NF-«xB family comprises five subunits: c-Rel,
RelA (p65), RelB, NF-xB1 and NF-xB2, each encoded by a
distinct locus. In most cells, the major proportion of NF-xB
proteins resides in the cytoplasm in a latent state, seques-

tered by inhibitory proteins, called IxB’s. The activation of NF-
kB can be divided into two phases. The first phase involves
cytoplasmic events leading to the activation of a kinase
complex composed of three subunits: 1xB kinase (IKK)a, IKKf
and NEMO/IKKy. IKKx and IKK are catalytic kinase subunits,
whereas NEMO is a structural and regulatory subunit. This
kinase complex phosphorylates two serine residues in the N-
terminal region of the IxBs, leading to their polyubiquitination
and proteasome-mediated degradation.! The main conse-
quence of IkB degradation is the translocation of NF-xB
dimers to the nucleus. Recently, a second NF-«xB activation
pathway (called the alternative pathway) based on regulated
processing of NF-xB2/p100 precursor protein has been
identified.2 This pathway is involved in NF-xB activation in
response to a specific set of stimuli that includes BAFF, LTf
and CD40L, and seems to be more specifically involved in
B-cell maturation and lymphoid organ formation. Following
stimulation, NF-kB2/p100 is partially degraded in a NIK (a
member of the MAPKKK family) and IKKa-dependent
manner, therefore, liberating p52/relB complexes which
activate a subset of NF-«xB target genes.*

Following these cytoplasmic events, the second phase
occurs primarily in the nucleus and involves post-translational
modifications of the NF-xB subunits, which are required to
regulate NF-xB transcriptional activity.>” This two-step me-
chanism of NF-«xB activation is common to all cell types and
stimuli, however, TCR-mediated activation of NF-xB is
characterized by the orchestration of the signaling process in
spatially segregated domains. We will focus this review on the
events that take place upstream of the IKK complex as the
connection between TCR activation and specific nuclear
modifications of NF-«xB subunits is currently poorly understood.

Several genetic studies have identified signaling compo-
nents involved in the TCR to NF-«B pathway: ZAP-70,8 SLP-
76,%° PLCy1,° SAP,' Fyn,'® PKC0,"" vavi,'? Bcl-10,'3
Carmal,'*'S MALT1/paracaspase’®'” and RIP-2.1®"° These
molecules can play important roles at distinct times and
places during the different phases of the NF-«xB response in
the course of TCR stimulation. Biochemical studies have
established a putative chronological model of activation of
these effectors. In this model, PKCO acts upstream of a
complex of three proteins (Carmal, Bcl10 and MALT1),
referred as Carma1-Bcl10-MALT1 (CBM), in order to promote
the activation of the NEMO/IKK complex. However, this
mechanism is also spatially controlled and other players are
needed for the recruitment of CBM into a region called the
Supramolecular Activation Cluster (SMAC), for the regulation
of CBM activity and also for the recruitment of IKK to the CBM
complex (Figure 1).

Proximal Events in TCR Signaling

In T lymphocytes, the primary activating signal is the
recognition of suitable peptide — MHC ligands on the surface
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Figure 1 A spatio-temporal model for TCR-induced NF-«B activation. (a) Stimulation of T cells via TCR/CD28 costimulation elicits sequential activation of two classes
of protein tyrosine kinases: Src family kinases Lck and Fyn first phosphorylate the TCR, then ZAP-70 is recruited to the phosphorylated TCR. ZAP-70 then
phosphorylates the adaptor proteins LAT and SLP76. These phosphorylations organize multimolecular complexes containing PLC-y1 and the nucleotide exchange
factor Vav1. Active PLC-y1 generates IP3, which induces the release of Ca2 + from intracellular stores, and DAG, which stimulates PKC0. (b) PKC0 is translocated into
the IS through a mechanism requiring the activation of PI3K by the engagement of CD28, then PI3K induces PDK1 recruitment to the plasma membrane and PDK1 in
turn phosphorylates PKC6 on threonine 538, a process required for the recruitment of PKC@ to the plasma membrane. This recruitment is also stimulated by Vav1 and by
the engagement of the SLAM receptor through a pathway involving Fyn and SAP. Once in the IS, PKC@ is phosphorylated by Lck on tyrosine. The activation of PKC6 is
essential for the release of WASP from WIP inhibition and subsequently for F-actin polymerisation. PKC@ also phosphorylates Moesin, a molecule involved in actin
reorganization during vesicular trafficking to the plasma membrane. (c) Subsequently, PDK1 allows the direct binding of PKCO to IKK and also the recruitment of Bcl10
and MALTT to the lipid rafts through the phosphorylation of Carma1 by PKCO. Caspase 8 is also required for TCR-induced NF-«B activation by facilitating the binding of
IKK to the CBM complex. (d) Finally, PKC6, the CBM and the IKK complexes are recruited to the TCR signaling complex in the IS. A poorly understood mechanism
involving ubiquitination of NEMO and phosphorylation of IKK by TAK1 then leads to the activation of the IKK complex. Once activated, the IKK kinases phosphorylate
the 1xB inhibitors of NF-xB inducing their ubiquitination and degradation. Following this process, NF-xB translocates to the nucleus and activates its target genes.
Finally, the termination of NF-«B involves specific mechanisms such as targeted degradation of signaling molecules (indicated for Bcl10 in the figure)

of antigen presenting cells (APC). Binding of MHC/antigen
complexes by the TCR, or cross-linking by anti-TCR or anti-
CD3 antibodies orchestrate intracellular protein tyrosine
phosphorylation events. These events are sequentially
activated by three families of protein tyrosine kinases: Src,
Syk and Tec. Signals from other cell surface receptors,
particularly CD28, cooperate with TCR signaling to produce
full T-cell activation.?’ The nature of this costimulation is
difficult to ascertain. CD28 is engaged by its ligands B7-1
(CD80) and B7-2 (CD86). One model is that CD28 plays a role
in augmenting signals delivered through the TCR rather than

delivering a unique second signal, but this is still a matter of
debate. Ultimately, these signals result in T-cell differentia-
tion, entry into cycle, and the production of cytokines such as
interleukin 2 (IL-2). Induction of IL-2 secretion is mediated by
the binding of the inducible transcription factors AP-1, NF-AT
and NF-xB to the promoter region of the IL-2 gene. These
transcription factors are regulated by distinct mechanisms
and while we have focused this review on NF-kB, the
cooperative binding of all these factors is required for
expression of IL-2 as well as of a number of other genes in
response to TCR signaling.

Cell Death and Differentiation
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Following the activation of the TCR/CD3, the Src family
kinase Lck is recruited to the TCR complex via its association
with CD4 or CD8 coreceptors. Lck phosphorylates conserved
motives of the CD3 complex, the ITAMs, leading to the
recruitment of ZAP-70, a 70 kDa protein tyrosine kinase of the
Syk family. ZAP-70 in turn phosphorylates several substrates
including the transmembrane adaptor molecule LAT and the
cytosolic adaptor protein SLP-76. These proteins then serve
as docking surfaces for other adaptors such as Grb2, GADS,
the p85 regulatory subunit of phosphatidylinositol-3 kinase
(P13-K) and phospholipase Cy. Grb2 may also mediate the
activation of the Rho family GTPases Rac and Cdc42 by
indirectly recruiting Vav, a member of the Dbl superfamily of
Rac/Rho-specific guanine nucleotide exchange factors. This
function is also carried out by SLP-76, which binds both Grb2
and Vav in response to TCR ligation. The association between
tyrosine-phosphorylated SLP-76 and Vav seems to be
required for NF-kB activation in response to coengagement
of CD3 and CD28.8 In addition to its involvement in TCR-
induced NF-kB activation, Vav is also important for NFAT,
AP1, JNK activation and for sustained Ca®* signaling.'®*
Recent data suggest that Vav associates with IKKq, targets
it to the membrane and activates it in response to CD28
stimulation.?2 Vav is also required for translocation of PKC0 to
the immune synapse in response to CD3/CD28 costimula-
tion,® although the physiological importance of this event is
still unknown.

A Central Role for PKC0

Emerging evidence suggests that PKC6, a novel Ca®*-
independent PKC isoform essentially expressed in skeletal
muscle and lymphoid tissue (but not in B cells) is required
for TCR-mediated activation of mature T cells,®* and is
selectively implicated in NF-xkB and JNK activation. The
activity of PKCO is essentially regulated by membrane
recruitment and conformational changes. Among the several
PKC isoenzymes expressed in T cells, PKC0 is the only one to
be translocated to the plasma membrane following TCR
activation.®®> This membrane relocalization of PKCO is
associated with its redistribution into insoluble membrane
microdomains called ‘rafts’, where a variety of intracellular
molecules, such as Lck, ZAP-70, LAT have been
shown to accumulate. The presence of PKCO in these
structures is necessary for NF-xB activation,?® and has been
associated with three different, although not mutually
exclusive, mechanisms:

(a) Vav and Lck have been shown to be required for the
membrane relocalization of PKC6.2627 In addition, the
raft-resident fraction of PKC0 is physically associated with
Lck, therefore, facilitating its phosphorylation by Lck on
Tyr,%® an important event for NF-«B activation.

(b) The membrane recruitment and activation of PKC0 in
response to CD28 engagement is also mediated by a
PI3K- and Vav/Rac-dependent but PLC independent
pathway. Activation of PI3K induces PDK1 recruitment
to the plasma membrane and PDK1 in turn phosphory-
lates PKCO on threonine 538, which induces its recruit-
ment to the membrane lipid rafts.2328:2%
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(c) Recently, it has been shown using a genetic approach
that SAP, the protein mutated in X-linked lymphoproli-
ferative disease (XLP), is recruited to the TCR contact site
and plays a critical role in TCR-stimulated PKCO and
Bcl10 recruitment to raft fractions.'® These recruitments
are stimulated by the engagement of the SLAM family
receptors and are independent of Vav and Akt.™® Although
study of the role of Fyn in PKC6 regulation has led to
conflicting results,® Fyn-deficient cells exhibit defects
similar to those seen in SAP-deficient cells.”® Further-
more, this study suggests that a SAP/Fyn-mediated
pathway is involved in the fine-tuned regulation of a
subset of NF-xB family members.

Therefore, signals that emanate from the TCR (Lck), from
CD28 (PI3K/Akt) and from SLAM (SAP/Fyn) are required for
an efficient translocation of PKC6 to the lipid rafts and for the
TCR-mediated activation of NF-xB. Interestingly, PKC6 not
only translocates into membrane lipid rafts, but also into the
central region of the SMAC (see ‘The immunological synapse
controls TCR signaling’).

Regarding its conformational changes, it has been shown
that the amino-terminal region of PKC# is responsible for
inactivation of its catalytic region under nonstimulated
conditions. A constitutively active PKCO can thus be gener-
ated by replacing a critical Ala (A148) by Glu in the amino-
terminal region (PKCO A/E), therefore, leaving the catalytic
site free for interaction with substrates.3'*2 Overexpression
assays and genetic studies have demonstrated the selective
implication of PKC0 in mediating NF-«B activation via the TCR
pathway. Indeed, overexpression of a constitutively active
form of PKC# is able to activate NF-xB 3373% in a T-cell and
stimulus-specific manner: this constitutive form of PKC0 is not
active in nonlymphoid cells, and a kinase-deficient form of it
inhibits TCR-induced, but not TNFx or IL-1-induced NF-xB
activation.33%

Inactivation of the pkc gene in the mouse confirmed that
this kinase is a critical participant in the NF-kB pathway
leading to IL-2 transcription in mature but not immature T
lymphocytes.'" However, these results have been recently
challenged by a second study,®® in which NFAT transactiva-
tion following CD3/CD28 engagement in mature T cells
derived from PKC#0 knockout mice was completely abrogated,
but NF-xB transactivation was only slightly reduced. The
reasons for these discrepancies might involve differences in
the inactivation strategies, but further experiments are clearly
required to resolve this issue. The generation of PKCO
deficient T-cell lines should be a powerful tool to further
examine these points.

The induction of NF-xB by PKC6 has been shown to be
selectively mediated by IKK3.333% Therefore, PKC# is not
involved in the so-called alternative pathway of activation of
NF-xB.%"

Recently, it was shown that the linker region of Carma1
(located between the coiled coil and PDZ domains) is
phosphorylated by PKCO after lymphocyte activation.3®
Another study reported that engagement of the B-cell antigen
receptor leads to the phosphorylation of the linker region of
Carmal by PKCp.%° These phosphorylation events are the
critical link that controls the assembly of the CBM complex by



regulating the accessibility of Carmal for interaction with
Bcl10/MALT1 and thereby NF-«B signalling.

In addition, several studies suggest that PKCO may
contribute to the dynamic organization of the immune synapse
by regulating the phosphorylation of actin-interacting
proteins.*® Moesin, a member of the ERM family of actin
cytoskeletal membrane linkage proteins, is phosphorylated in
vitro by PKC# on Thr,%%8 in the actin-binding domain, thus
regulating the interaction of Moesin with the actin cytoskele-
ton. It has also been shown that PKC0 is implicated in the
mechanism of recruitment in the immune synapse of WASP,
the Wiskott-Aldrich syndrome protein.*' WASP plays a critical
role in T-cell activation and actin reorganization. It is keptin an
inactive conformation through its association with WASP
interacting protein (WIP). Upon TCR engagement, the WIP—
WASP complex is recruited to ZAP-70 in the immune synapse
by the adaptor protein CrkL, and following PKCO-mediated
phosphorylation of WIP, WASP is released from the complex.
The dissociation of this complex is important for F-actin
polymerization and IL-2 synthesis.

The CBM Complex Activates the NEMO/
IKK Complex

Carma1, Bcl10 and MALT1 play an important and previously
unforeseen role in antigen receptor-induced NF-«xB activation
downstream of PKC, but relatively little is known about the
precise function of these molecules, nor how they connect to
upstream PKC’s. Bcl10 was originally identified as a target
of a recurrent chromosomal translocation t(1;14)(p22;q32)
associated with aggressive MALT lymphomas. Several
groups concurrently identified Bcl10 as a novel member of a
family of proteins with a caspase recruitment domain
(CARD).*? As several proteins containing a CARD motif are
involved in controlling apoptosis, it was initially suggested that
the function of Bcl10 was to regulate proapoptotic signaling
pathways. Bcl10 deficient mice did not confirm these
predictions but rather unraveled an unexpected role of Bcl10
in humoral and cellular immune responses, antigen-induced
proliferation and activation of NF-xB in T and B cells.'® In
addition, Bcl10-deficient mice exhibit defects in neural tube
closure. Bcl10 is essential not only for the function but also for
the maturation of B cells,*® and its impairment results in a
reduction of the number of follicular and marginal zone B cells.
The signaling defect in Bcl10—/— cells cannot be overcome by
treatment with direct PKC activators (such as PMA or PMA/
ionomycin). Thus, these findings identify Bcl10 as a key player
in antigen receptor-induced NF-«B activation downstream of
PKCs.

Carma1 (CARD11/Bimp3) was identified by several groups
as a Bcl10 interacting protein*=" and represents the only
lymphocyte-specific member in a family of membrane-
associated guanylate kinase (MAGUK) proteins that interact
with Bcl10 through CARD-CARD interactions. Like other
proteins of the same family, Carmal is characterized by the
presence of an amino-terminal CARD domain, followed by a
coiled coil motif and a MAGUK motif containing a PDZ (a motif
present in the Psd-95, DIg (discs large) and ZO-1 (zonula
occludens-1) proteins), a Src homology-3 (SH3) domain and a
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guanylate domain (GUK). Several lines of evidence support a
role for Carma1, upstream of Bcl10 in TCR-induced NF-«xB
activation. First, overexpression of Carmai induces NF-xB
activation as well as Bcl10 phosphorylation.*® This activation
does not take place in Bcl10—/— cells, suggesting that
Carmaf is an upstream regulator of Bcl10.%® Second, Carmaf
is constitutively associated with lipid rafts, interacts with Bcl10
and the TCR complex upon TCR stimulation *® and is required
for the recruitment of Bcl10 to clustered TCR complexes.'
The interaction of Carma1 with Bcl10 and its effect on NF-xB
activation is prevented by a mutation in its CARD domain
(L39R).*® Third, inactivation of Carma in cell lines by somatic
mutagenesis or RNA interference results in selectively
impaired activation of NF-«B by the TCR.*®*° The defect in
Carmal-deficient T cells was found to lie downstream of
PKC0, and it was further demonstrated that Carma1 connects
PKC6 to Bcl10.%° Fourth, genetic inactivation of Carmat inthe
mouse results in a complete block in T- and B-cell immunity,
including inactivation of the NF-xB and JNK pathways in
response to TCR and BCR crosslinking.'*'%%"52 Knockout
mice exhibit a profound defect in the development and/or
survival of B1 and NK cells, and a complete loss of B-cell
response to LPS, anti-lgM, CD40L and antigen, as well as a
decreased T-cell response to the TCR.®" Fifth, constitutively
active PKCO does not induce NF-xB activation in Carma1i-
deficient cells.®® Sixth, PKCO phosphorylates Carmal and
mutation of the phosphorylation sites completely abolish the
function of Carma1.%® Altogether, these findings demonstrate
that Carma1 plays a crucial role downstream of PKC¢ and
upstream of Bcl10 in the activation of the NF-xB pathway in
response to TCR stimulation.

Beside Bcl10 and Carma1, the human paracaspase MALT1
has been recently identified as a caspase like protein involved
in NF-xB activation.>®** The molecular structure of MALT1 is
characterized by an N-terminal death domain (DD) followed
by two immunoglobulin (Ig)-like domains and a C-terminal
caspase-like domain. The C-terminal caspase-like domain
characterizes MALT1 as a member of the paracaspase family,
an evolutionary conserved family of unknown function.>* Like
Bcl10, the gene encoding this protein is involved in a
chromosomal translocation seen in some MALT lymphomas.
This translocation (t(11;18) (g21;921)) encodes a chimeric
protein consisting of the N-terminal portion of the antiapoptotic
protein c-lIAP2 linked to the C terminus of MALT1, which is
capable of activating NF-xB.%* In addition to their common
implication in the pathogenesis of MALT lymphoma, Bcl10
and MALT1 physically and functionally interact to synergisti-
cally activate NF-xB.53%4 Both the ability to bind Bcl10 and an
intact caspase-like domain are required for the synergistic
activation of NF-kB by Bcl10 and MALT1.53%* Two studies
have reported the analysis of MALT1 deficient mice, although
with conflicting results.'®** While they both show that in
contrast to Bcl10 deficiency, inactivation of MALT1 does not
cause defects during neurodevelopment, they present con-
flicting results regarding the immune system. In one paper, the
phenotype of the mice was reminiscent of that of Carma1 and
Bcl10 deficient mice, with profound defects in proliferation,
cytokine production and NF-xB activation in antigen-stimu-
lated T cells, and defects in BCR, LPS and CD40-induced
stimulation of B cells.’® However, these mice demonstrated
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intact JNK activation after T- and B-cell stimulation. In the
second paper, the T-cell defect was nearly identical (despite
impairment of the JNK pathway, which was a bit unexpected
as this pathway was not affected by the absence of the
upstream molecule Bcl10), but the B-cell situation was
different: MALT1 was required for B1 and marginal zone B-
cell development, but dispensable for anti-IgM, LPS
and anti-CD40 induced proliferation of mature splenic B2
cells and activation of NF-«xB in response to BCR stimulation.
This discrepancy might be due to different strategies used to
inactivate the MALT1 gene. Nevertheless, in the two papers
all immunoglobulin isotypes tested were found to be reduced
and MALT1—/— mice failed to mount an immune response
after immunization.'” A breakthrough in the field came with a
recent paper from the Dixit laboratory,>® showing that Bcl10
mediates NEMO polyubiquitination (through Lys63-linked
chains) in a MALT1-dependent manner. This step seems
important for the ‘activation’ of NEMO, since a mutant form of
this protein that cannot be ubiquitinated inhibits Bcl10-induced
NF-«xB activation. In parallel, others have shown that TRAFS,
an adaptor protein already known to be involved in NF-xB-
activation by stimuli such as IL-1, and recently demonstrated
to function as an ubiquitin ligase catalyzing the formation of
K63-linked polyubiquitin chains,>®%” mediates IKK activation
by Bcl10 and MALT1 in conjunction with the TAK1 kinase, a
member of the MAPKKK family®® (see Chen et al., this issue).

Regulation of the CBM Complex Activity
and Recruitment

The mechanism by which Bcl10 activity is regulated in the
CBM complex is not fully understood. A number of studies
suggest that this regulation involves phosphorylation events,
but the positive or negative effect of these events is still a
matter of debate. What is clear is that overexpression of
Carmal induces Bcl10 phosphorylation as well as NF-xB
activation.*® This suggest that Carma1 connects Bcl10 to its
potential(s) kinase(s) or that it activates a Bcl10-associated
kinase. Indeed it was demonstrated that Carma1 connects the
protein kinase PKC6O to Bcl10 to positively regulate NF-xB
activation,®® although it was not demonstrated that PKCo
directly phosphorylates Bcl10.5° Consistently, SAP-deficient
T cells showed a defect in PKC6 localization in addition to an
inefficient recruitment and phosphorylation of Bcl10.'® An-
other kinase, RIP2 has also been suggested to regulate Bcl10
signaling.>® RIP2 (also known as Rick, CARDIAK or CCK) is a
serine/threonine kinase that contains a CARD domain at its
carboxy terminus, and shares sequence similarity with RIP,
an essential kinase for NF-xB activation by TNF.6° Genetic
studies have demonstrated that RIP2 is required for optimal
activation of NF-kB and T-cell proliferation upon TCR
stimulation.'®'® Indeed, RIP2 deficient T cells show severely
reduced proliferation upon CD3 or CD3/CD28 stimulation, as
well as a reduced NF-«B activation and IL-2 production. They
also show impaired differentiation to Th1 cells. A recent paper
suggests that RIP2 associates with and phosphorylates Bcl10
in response to TCR engagement.®®

In addition to the positive effects of Bcl10 on NF-xB
signaling in response to TCR stimulation, Bcl10 phosphoryla-
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tion events have also been implicated in the negative
regulation of this pathway. Recently, it has been shown that
Bcl10 becomes phosphorylated and is subsequently de-
graded through the lysosome pathway in response to PMA in
a NEMO-independent but PKC6-dependent manner.5' Some
unexpected results showed that Bcl10 can be phosphorylated
by the NEMO/IKK complex itself and that this event may
contribute to negatively regulate TCR-induced NF-«xB signal-
ing cascade.®? Since the activation of NF-xB in response to
TCR engagement requires the activation of the NEMO/IKK
complex by the CBM complex, the question is where and how
do these complexes interact. One kinase upstream of PKCs is
3-phosphoinositide-dependent kinase (PDK-1), whose acti-
vity is regulated by PI3 K. Recently, Lee and co-workers have
shown that PDK1 is involved not only in the regulation of PKC0
activity but also in the recruitment of PKC6# and Carma1 to the
lipid rafts.?® Furthermore, they have defined two independent
functions of PDK1: the pool of PDK1 associated with PKC6O
recruits the IKK complex to the lipid rafts whereas the pool of
PDK1 associated with Carmal recruits Bcl10 and MALT1.
Another study has demonstrated that FADD and caspase 8
bind to CBM to allow the recruitment and activation of IKK.53
Thus caspase 8 may facilitate the oligomerization of CBM
which has been shown to be activated at least partially
through this process.

The Immunological Synapse Controls
TCR Signaling

While the complex sequence of events during which T cells
recognize foreign peptides bound to major histocompatibility
complex begins to emerge, less is known about the spatial
and dynamic characteristics of these events. Over the last
several years, new approaches involving a variety of cell
imaging techniques have been developed to address this
issue.®* Using these techniques, it has become clear that
intracellular signaling molecules, adaptors and cytoskeletal
proteins appear to be associated with highly spatially and
temporally organized structures. These highly organized
molecular assemblies have been termed Supra-Molecular
Activation Clusters (SMACs). The specialized area formed at
the contact site between T cells and antigen-presenting cells
(APC) has been generically termed the ‘Immunological
synapse’ (IS). The time-dependent molecular composition
and the functional role of the SMAC and the IS are under
intense investigation. For example, the rapidity of the
recruitment of intracellular proteins to the T-cell-APC contact
site, under conditions of complete or partial activation, may be
correlated with the specific function of a signaling molecule. In
addition, the spatial segregation of intracellular proteins in
distinct areas of the SMAC (central-SMAC (c-SMAC) and
peripheral-SMAC (p-SMAC)) correlates with their importance
in the activation pathway. For example, it has been shown that
TCR-mediated tyrosine kinase signaling occured primarily at
the periphery of the synapse and is largely terminated before
mature IS formation.®®

Over the past few years, several laboratories have shown
that the signaling components of TCR-mediated NF-xB
activation are localized in the IS. Although the relationship



between the IS and membrane lipid rafts remains unknown,
several studies have shown that PKC0 colocalizes with rafts
to the central region of the 1S.26%7 In naive CDA4T cells, TCR-
mediated signals are sufficient to induce the capping of PKC6
to the region of TCR engagement by its ligand, however,
examination of the morphology of the IS revealed that CD28-
mediated signals are required for the localization of PKC6 to
the c-SMAC of the synapse.?”

Carmal is a member of the membrane-associated guany-
late kinase (MAGUK) and a general feature of these proteins
is their association with membrane proteins. Carmail is
constitutively present in lipid rafts and is recruited to the IS
where it colocalizes with Bcl10 following TCR stimulation. *8:
The recruitments of Carma1 and Bcl10 are dependent upon
the integrity of the TCRp chain. Indeed, it has been reported
that a mutant of the transmembrane and cytoplasmic domains
of the TCRp chain is impaired in recruiting Carma1 and Bcl10
and consequently in activating NF-xB.®” In addition to being
important for the recruitment of Bcl10 to the IS, Carmal may
also be important for the recruitment of PKC6.5® However,
another study did not reach the same conclusion but rather
concluded that recruitment of PKC6 to central and peripheral
IS occurred normally in Carma1 deficient T cells.®® In addition,
two other components, SAP and the receptor SLAM, which
are also recruited to the IS, are required to favor the presence
of PKC0 in the 1S.7°

Finally, the core NF-xB activating machinery, the NEMO/
IKK complex, is also recruited to the IS and can be co-
precipitated with the TCR following stimulation.®® Moreover,
artificial targeting of NEMO to the IS is sufficient to specifically
induce NF-xB activation in response to TCR stimulation. This
result is also supported by the recent finding that Carmat is
essential for recruitment of IKK into c-SMAC and for its
activation %668

It is now well documented that the IS is a specialized
domain where sustained engagement and signaling of TCR
occur. Increasing evidence indicates that the IS may play a
dual role in T-cell activation, being not only the area where T-
cell activation occurs but also the place were key activation
molecules are degraded. Indeed the IS has recently been
identified as the area where TCR-induced protein ubiquitina-
tion occurs.”®”" Whether or not signaling components of the
TCR-mediated NF-xB pathway are also degraded in the IS
remains an open question.

Concluding Remarks

In lymphocytes, NF-xB controls the expression of multiple
genes essential for the immune response. The signaling
pathways leading to the activation of NF-«xB in this context
have been the subject of intense studies. A plausible cascade
of events in T cells is as follows: PDK1 recruits PKC6 and
Carmal to the 1S.28 Then, Carmal is phosphorylated by
PKCO0,%8 therefore, enabling the association with Bcl10/
MALT1 to form the CBM complex. The NEMO/IKK complex
is then recruited to Carma1 with the help of caspase 8.5 The
following step is the ‘activation’ of Bcl10 by a putative kinase.
Then, Bcl10 activates the NEMO/IKK complex through a
MALT1-dependent ubiquitination mechanism.®® Finally, the
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selective termination of NF-xB activation involves active
mechanisms such as the degradation of key signaling
molecules. This mechanism should protect cells from the
deleterious effect of chronic activation or should induce T-cell
anergy. Indeed, it has been shown that sustained signaling
through Ca®* and calcineurin results in lysosomal degrada-
tion of PKCO and PLC-y1, a process involved in T-cell
unresponsiveness (anergy) and tolerance.”?

This signaling pathway is observed in ‘mature’ T-cells and
represents an important step for T-cell proliferation in
response to antigens and pathogens. However, different
stimuli leading to NF-xB activation have been shown to be
involved at distinct steps of T-cell differentiation.”® These
signaling events are initiated by T-cell specific differentiation
products, for example, the pre-T-cell receptor (pre-TCR) and
mature TCRof, and play a critical role in T-cell lineage
commitment and T-cell development and functions. In
parallel, a specific role for signaling by a member of the Notch
family, Notch3, has been demonstrated at the pre-TCR
checkpoint.”® Indeed, the in vivo expression of a constitutively
activated form of Notch3 in the thymus is responsible for NF-
«B activation in all thymocyte subsets and peripheral T cells.”
However, it is unclear whether the pre-TCR and Notch
activate NF-«B through a signaling pathway identical to the
one described for mature T cells. Recently, it has been
reported that PKCO is a downstream target of Notch3
signaling and that its activation and membrane translocation
require a functional pre-TCR in order to trigger NF-xB
activation.”® Clearly, further work will be required to determine
whether the signaling intermediates relevant to NF-xB
activation in mature T cells are also implicated in T-cell
differentiation.

In conclusion, the use of mouse and cellular genetic models
as well as biochemical studies have established a coherent
picture of the molecular events leading to the activation of
NF-«B following the engagement of the TCR by an antigenic
peptide. A better knowledge of the specific regulators
controlling this pathway would help to design immunosup-
pressive drugs able to target NF-«xB activation, which is often
found to favor the appearance and development of lymphoid
malignancies.
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